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Preface

Target discovery isafield that has existed for several years but is so vibrant
today because of the recent progress in our understanding of the molecular
mechanisms of many human diseases and the technical advances in target
identification and validation. More sophisticated gene profiling technologies,
such as DNA microarrays and serial analysis of gene expression, permit rapid
identification of lead targets. Moreover, analysis of gene networks in living
organisms allows the identification of target genes that operate in defined
physiological pathways. With the sequencing of several genomes completed
and the rapidly growing gene expression databases, there is now greater
impetus than ever before for in silico discovery of therapeutic targets. Also,
recent advances in genetic technologies have increased our ability to generate
mouse models for human diseases. The implications of these genetically
modified animals in drug development are several, including identification of
new drug targets, predicting efficacy, and uncovering possible side effects.
Together, these recent technical advances should allow researchers to make
the most informed choice early and advance the chosen targets toward clinical
studies.

Regarding cancers, any difference between a cancer and a normal cell could
potentialy be exploited as a therapeutic target. The hope is that drugs targeting
specific constituents or pathways in cancer cells will provide more effective
therapy, either alone or in combination with other currently used anticancer
drugs. In addition to drug targets, identifying new target antigens remains as
much of a challenge as improving tumor vaccines aready in the clinic. New
techniques such as SEREX, phage display, proteomics, and reverseimmunol ogy
have not only yielded a significant number of new tumor antigens, but they have
influenced our understanding of the interaction between the immune system and
tumor cells. New adjuvants to improve vaccine potency are also being
discovered.

Validating potential drug targets is one of the most critical steps in drug
discovery. At present, the currently available target identification technol ogies
appear to yield too many targets. Therefore, programs need to focus on defining
the targets that are specific and “druggable” with small inhibitors. While true
target validation comes only when a selective inhibitor for the chosen target is
tested in patients and exhibits efficacy in the appropriate human disease, the
appropriate cell cultureand animal studiesprior to thetrial are not only required
but should provide crucia information regarding the validity of the chosen tar-
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Vi Preface

get. Approachesto target validation might involve the use of small interfering
RNAs, antisense oligonucleotides, antibodies, or engineered transgenic or
knockout mice. Notably, several human diseases such as cancers and
autoimmune disorders can be modeled in the mouse, making it an ideal tool to
accel erate the validation process of new agents and the assessment of risk and
toxicity.

Because of the rapid technical progressin thetarget discovery and validation
field, we decided to divide Target Discovery and Validation Reviews and
Protocolsinto two separates books, each describing specific topics. Volume 1,
Emerging Strategiesfor Targets and Biomarker Discovery, providesthe recent
technological advances for the identification of molecular drug targets,
biomarkers, and tumor antigens. In addition, it describes the role of knockout
micein functional genomicsand target validation, aswell asthe clinical impact
of gene expression profiling on oncology diagnosis, prognosis, and treatment.
Volume 2, Emerging Molecular Targets and Treatment Options, concentrates
on target validation strategies and on efforts to bring agents against specific
targets closer to clinical application. We are presenting very up-to-date
overviews and protocols by expertsin the field. The covered topics will be of
interest to researchers, pharmaceutical companies, and clinicians interested in
developing or using new therapies. In addition, Target Discovery and
Validation Reviews and Protocols will assist academic clinicians and students
of biology, medicine, or pharmacy to appreciate the progress of the past few
yearsin our understanding of cancer pathogenesis, cell signaling, gene profiling
approaches, tumor immunology, tumor immunoediting, and immune tol erance.

| would like to thank the authors for their contributions, Anne Dybwad for
critical reading of the manuscripts, and all those involved in the production of
Target Discovery and Validation Reviews and Protocols.

Mouldy Sioud
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Main Approaches to Target Discovery and Validation

Mouldy Sioud

Summary

The identification and validation of disease-causing target genesis an essential first step in drug
discovery and development. Genomics and proteomics technol ogies have already begun to uncover
novel functional pathways and therapeutic targets in several human diseases such as cancers and
autoimmunity. Also, bioinformatics approaches have highlighted several key targets and functional
networks. In contrast to gene-profiling approaches, phenotype-oriented target identification allows
direct link between the genetic alterations and a disease phenotype. Therefore, identified genes are
more likely to be a cause rather than a consequence of the disease. Once a gene target or a mecha-
nistic pathway isidentified, the next step is to demonstrate that it does play acritical rolein disease
initiation, perpetuation, or both. A range of strategies exists for modulating gene expression in vitro
and in vivo. These strategies include the use of antibodies, negative dominant controls, antisense
oligonucleotides, ribozymes, and small-interfering RNAS. In contrast to in vitro assays, mouse
reverse genetics such as knockout phenotypes has become a powerful approach for deciphering
gene function and target validation in the context of mammalian physiology. In addition to disease-
causing genes, the identification of antigens that stimulate both arms of the immune system is the
major goa for effective vaccine development. The hope is that target discovery and validation
processes will concurrently identify and validate therapeutic targets for drug intervention in
human diseases.

Key Words: Bioinformatics; genomics; microarray; protemics; target discovery; target vali-
dation; transgenic animals; tumor antigens.

1. Introduction
1.1. Target Discovery
1.1.1. Genomics and Related Technologies

During the last decade, we have witnessed an enormous expansion in our
knowledge in understanding the molecular and cellular mechanisms underlying

From: Methods in Molecular Biology, vol. 360, Target Discovery and Validation Reviews and Protocols
Volume I, Emerging Strategies for Targets and Biomarker Discovery
Edited by: M. Sioud © Humana Press Inc., Totowa, NJ
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2 Sioud

disease pathogenesis and perpetuation. Although the human project has made
available as many as 5000 potential new targets for drug intervention (http://
function.gnf.org/druggable) (1), yet the main chalenge facing the pharmaceutical
industry is il to identify and validate novel disease-causing genes and to uncover
additional rolesfor genes of known functions. Molecular profiling, which includes
genomics and proteomics, has provided powerful tools with which to analyze gene
expression in diseased and normal cells and tissues (2-8). An obvious exampleis
MRNA expression profiling by using DNA microarray for large-scale analyss of
cellular transcripts by comparing expression levels of mRNAs. In al cases, gene
expression has been analyzed using clustering algorithms that group genes and
samples on the basis of expression profiles. Because the mgor chalenge of
genomics studies is the detection of significant changesin gene expression levels,
the use of adequate controls and statistical tests is crucial for these technologies.
Based on the experimental design, appropriate agorithms should be used.

Microarray technology has been applied to the study of breast cancer to isolate
tumor-specific genes as markers for diagnosis and prognosis, monitor changes in
gene expression during chemotherapy to set predictors for outcome, classify duc-
tal tumors based on epithelial cell subtypes, and identify candidate molecular tar-
gets (2,3). Also, the technology enabled the discovery of novel functiona
pathways, prognostic and therapeutic targets in various cancer types. In addition to
their vaue for analyzing patient samples, gene profiling techniques also can pro-
vide important insight into disease when applied to experimental models that can
be geneticaly or pharmacologicaly manipulated. Chapters 4 and 5, Volume 1,
review these technologies and their applications to the study of breast and pancre-
atic cancers, providing aframework for appreciating the promise, while discussing
the challenges ahead in trandating genomics into real diagnostic, prognostic, or
therapeutic products.

Although microarray technology has been successfully used to identify candi-
date targets, it islimited to detection of whatever is spotted on adide, making it a
“closed” approach for gene discovery. In contrast, other systems-based technolo-
gies such as differential display, representational difference analysis (RDA), and
serial analysis of gene expression (SAGE) are capable of detecting both known
and nove genes for any sample (5,9) (see Chapter 6, Volume 1). By screening for
genes associated with high- but not low-grade human non-Hodgkin's B-cell lym-
phoma by RDA, we have identified a novel centrosome/microtubul e-associated
coiled-coil protein (CSPP) involved in cell cycle progression and spindle organi-
zation (10). Overexpression of CSPP is observed in human diffuse large B-cdll
lymphomas and correlated to shorter survival (10). Asillustrated in Fig. 1, overex-
pression of green fluorescent protein-tagged CSPP in human embryonic kidney
(HEK)293 protein inhibited bipolar spindle formation and induced aberrant
mitotic spindle structures such as the depicted monopolar spindle.


http://function.gnf.org/druggable
http://function.gnf.org/druggable
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Fig. 1. Overexpression of green fluorescent protein-tagged centrosome/spindle pole
associated protein in HEK293T cells (DNA, blue; CSPPegfp, green; and o-tubulin, red).

Expressed sequence tag (EST)-derived expression analysis and SAGE are
based on the principle that frequency of sequence tag samples from a pool of
cDNA is directly proportional to the expression levels of the corresponding
gene. Chapter 4, Volume 1, showed that SAGE could potentially be used to
identify prognostic and therapeutic targets in human pancreatic cance.

The rapidly growing gene expression databases and improvement in bioin-
formatics tools set the stage for a new in silico strategy to discover therapeu-
tic targets (2,6). Numerous gene expression studies in several cancer types
can be downloaded from public databases. Notably, ESTs derived from
diverse normal and tumor cDNA libraries offer an attractive starting point for
cancer gene discovery. However, it is worth noting that although the in silico
detection of gene variants holds great promise, it is subjected to the same lim-
itations of all bioinformatics approachesin that the results need experimental
validation to avoid false leads derived from noisy data. Chapter 2, Volume 1,
highlights the strengths of in silico studies to identify diagnostic, prognostic,
and therapeutic targets in several cancer types. One of the identified genes,
SM2, was validated in vitro and in vivo, and it could predict prostate cancer
development. Interestingly, its knockdown induced apoptosis in cancer cells
but not in normal cells.
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A more fruitful approach for discovering drug targetsisto analyze pathways
known as genetic networks rather than individual genes. Once a pathway is
identified as being relevant for the disease, it is then possible to assess the indi-
vidual signaling proteins of the pathway for their potential druggability (8).
New bioinformatics tools are being developed that will allow the projection of
potential pathway alterations on the basis of the expression data. The analysis
of gene networks after gene disruption or drug treatment should play an impor-
tant role in identifying and validating drug target genes. In addition, this
approach alows for the identification of pathways that are directly or indirectly
affected by adrug in acellular system. Chapter 3, Volume 1, provides an excel-
lent illustration of gene network analysisin living organisms and describes the
computer tools that can be used to analyze the data. Also, the identification of
families of gene targets that are affected by drug treatment would be of great
scientific interest as well as considerable pharmaceutical importance. When a
signaling protein family already contains known drug targets, algorithms can
define additional druggable family members. The advantage for searching for
sequence similarity would allow the identification of novel drug targets and the
design of selective drugs against only the target under investigation (8). It is
worth nothing that cancer cells do not invent new pathways; they use preexist-
ing pathways in different ways or they combine components of these pathways
in a new manner. DNA microarray studies should provide insight into the con-
nectivity of these connections.

Gene profiling and in silico analysis of expression databases to discover new
target genes also are evaluated for the discovery of tumor antigens (6). 1dedly,
these new genomics approaches to antigen discovery in cancer should focus on
finding target genes overexpressed in cancer cells with a higher degree of tumor
specificity that are capable of inducing cellular immune responses in the host
immune system. However, for most antigens defined by genomics approach, it is
not yet known whether thereis an endogenous immune response in patients. Thus,
any identified gene target requires validation to demonstrate immunogenicity.

The main goal of several studiesis to identify variants in genes that might
affect disease outcome, drug response, or both. For example, human leukocyte
antigen (HLA) molecules are characterized by high degree of polymorphism,
and numerous allelic variants of both class | and class |11 molecules have been
described. Many immune diseases are associated with certain HLA genes (11).
However, the observed associations are far from absolute because some indi-
viduals carrying a given HLA molecule will never develop the associated dis-
ease. Therefore, for human diseases, it is important to understand how
nongenetic factors interact to influence the phenotype. In addition to genetic
changes, a set of human cancersis developed by de novo methylation in genes.
Mainly, tumor suppressor genes where promoter methylation diminishes or
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abolishes expression give advantage to tumor cells. The challenge ahead is to
efficiently translate these epigenetic changes into real therapies. Chapter 2,
Volume 2, highlights the epigenetic alterations in cancers and suggests poten-
tial therapeutic strategies.

When a gene variant is associated with drug response, there is often an obvious
direction to pursue for making clinical use of the polymorphism (12). However,
in complex genetic diseases, risk factors often do not lead to obvious treatment
implications. For example, the discovery of Brcal and Brca2 genesinvolved in
hereditary breast cancer has provided critical insight into the mechanisms of
carcinogenesis; however, neither gene is a viable therapeutic target. It isworth
noting that mutations in a single gene can cause severe disease as exemplified
by rare genetic diseases such as cystic fibrosis. With respect to treatment of
these genetic disorders, where the gene responsible for the disease may have
exerted its effect during the developmental process, gene therapy will play a
crucial role.

1.1.2. Forward and Reverse Genetics

The major advantage of using genetic approaches instead of expression pro-
filing genomicsisthat thereisaclear link between agenetic ateration and adis-
ease phenotype. Among the commonly used model organisms, the mouse is the
preferred choice because, genetically, it isrelatively close to human. Today, most
human diseases can be mimicked in mouse (13). To date forward genetics has
been most extensively performed using the chemical mutagen N-ethylnitrosouera
(ENU) to produce random mutations in the genome (14,15). ENU induces single
base-pair DNA alteration distributed through the genome. In addition to chemical
mutagenesis, random integration of retroviruses or transposons could be the
most desirable screen because the vector sequence provides a molecular finger-
print for the mutated gene, thereby facilitating its identification.

Although the observed dterations are limited to cellular effects, phenotype
screening in mammalian cells can represent a valuable first method for target
discovery. Loss-of-function genetic screens by using RNA interference (RNAI)
now represents one of the most used technologies (16). RNAI is a powerful nat-
ural cellular process in which double-stranded RNAS (dsRNAs) target homolo-
gous mRNA transcripts for degradation (17). In this process, the dsRNA is
recognized by an RNase |11 nuclease, which processes the dsRNA into small-
interfering RNAs (sSRNAS) of 19 nucleotides, with two nucleotide 3’ overhangs
(18). Subsequently, these intermediates are incorporated into an RNA-interfering
silencing complex, which contains the proteins needed to unwind the double-
stranded SRNA and cleave the target mMRNA at the site where the antisense
RNA isbound. In addition to chemical synthesis, SRNAs can be expressed with
ahairpin loop from plasmids and viral vectors, which offers the opportunity for
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both transient and permanent cellular transfection (16). Given the complete
seguence of the human genome, it is now possible to design SiIRNA librariesto
target virtually any human gene and to screen for their contribution in human
diseases. Large-scale gene knockdown studies using RNAI have been reported
recently in mammalian systems. For example, RNAi-based inhibition of 800
genes led to the identification of novel players in the p53 and nuclear factor
nuclear factor-xB pathways (19,20). The results indicate that a phenotype-
based approach using RNAi in mammalian cells is feasible and will provide
an efficient high-throughput approach for analysis of gene function and
target discovery. In Chapters 7 and 8, Volume 1, Taira and colleagues used
ribozyme and siRNA libraries to screen human cells for genes with arolein
cancer cell migration and apoptosis. These studies verified the involvement
of several known genesin these pathways as well as novel geneswith no prior
involvement.

Reserve genetics based upon functional mutation studies in animals has been
successfully used to characterize genes involved in vital cellular pathways such
as apoptosis and cel signaling. Moreover, knockout mice have proven to be
invaluable tools for the functional analysis of biological process relevant to
human physiology and diseases (13). Compared with other techniques, gene
knockout models offer severa advantages in drug target discovery. Indeed, the
technology enables the discovery of target function as well as the mechanism-
based side effects that might result from the inhibition of the target under investi-
gation in mammals. There are severa known human genes whose druggability
was appreciated only after knockout studies (21). For example, athough the
human gene was identified several years ago, interest in acetyl-CoA carboxylase
2 (ACAC2) as target gene was recognized only recently because ACAC2 knock-
out exhibited asignificant increase in fatty acid oxidation and lower glucose level
than wild-type mice (22). This example illustrates the suitability of gene knock-
out technology to reveal relevant information about gene function and pharma
ceutical utility of the target. ACAC2 protein is more likely the target of the
antidiabetic drug gluocophage (metformin). Although the ultimate model organ-
ism is human, transgenic knockout mice not only facilitate drug target discovery
and validation but also have contributed in our understanding of human diseases
and normd physiology. Chapters 10 and 11, Volume 1, describe the utility of trans-
genic animasin target discovery, validation, and production of therapeutic proteins.

1.1.3. Proteomics

Cedlular signaling events are driven by protein—protein interactions, posttrans-
lational protein modifications, and enzymatic activities that cannot be predicted
accurately or described by mRNA levels. Also, potentially important therapeutic
targets might be differentially expressed at the protein but not mRNA level 2. Thus,
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information obtained through transcript analysis needs complementation with
information on the cellular protein level. Proteomics, the study of the proteins and
protein pathways, is a promising technique for the rational identification of novel
therapeutic targets (23). Two-dimensional (2D) polyacrylamide gel electropho-
resis, multidimensiona liquid chromatography, mass spectrometry, and protein
microarray are among the proteomics techniques available for target discovery.
Usualy, protein extracts from cells or tissues are analyzed by 2D gel eec-
trophoresis to identify differentially expressed or modified proteins. This tech-
nique is followed by mass spectrometry to determine the identity of individual
protein spots of interest from the silver-stained gels. Also, several subcellular pro-
teins fractions can be separately analyzed by proteomics, thereby reducing the
complexity of the proteome. Regarding target and biomarker discovery, recent
studies stress the power of combining several approaches to identity informative
drug targets. For example, the combination of DNA microarray, SAGE, and pro-
teomics led to an unbiased elucidation of new cancer biomarkers (see Chapter 4,
Volume 1). Additionally, proteomics approaches can identify posttrandational
modifications that can be important in the discovery of tumor antigens. Analysis
of protein extract from cancer cells by immunoproteomics has resulted in the
identification of novel tumor antigens (see Chapter 16, Volume 1).

Severa other techniques such as the yeast two-hybrid system, protein chips,
and phage display have joined proteomics strategies now available for profiling
immune response in patients and identification of tumor antigens. During the
past decade, several tumor antigens were discovered using SEREX (22,24,25),
amethod that screens the antibody response of cancer patients against alibrary
containing autologous or allogeneic tumor cDNA libraries (see Chapter 29). In
contrast to SEREX, the selectivity and specificity are expected to be higher
when iterative methods are used. By biopanning peptides or cDNA phage-display
libraries, we have identified peptides and antigenic proteins to which patients
developed humoral immune responses (26,27). The technique, known as phage
display, should substantially accelerate the pace of tumor antigen discovery
and could provide a molecular signature for immune responses in different
types of cancer. Chapter 14, Volume 1, provides an excellent overview of the
immune system and technical advances in tumour antigen discovery. It aso
highlights the problem of immune tolerance and tumor editing, particularly to
cancer vaccine devel opment.

Whereasthe principal goal of gene or serum profiling isto identify novel ther-
apeutic targets, or serological markers, predictive screening strategies primary
attempt to characterize treatment responses, coupled with the secondary aim of
identifying novel therapeutic molecules. By contrast to the analysis of single
serum biomarkers, protein arrays can be used to detect group of proteins that, in
the aggregate, contain significantly more predictive information than do individual
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serum biomarkers. This synergismisalso true for the analysis of gene biomarkers
detected by DNA microarrys. Given the importance of serological biomarkers, we
have developed a protein microarray containing several immunoselected phage-
displayed peptides and shown its application in breast cancer diagnosis (28).
Chapter 17, Volume 1, describes this novel approach and highlights the impor-
tance of protein arrays in target discovery and validation (16).

1.2. Target Validation

Once a gene target or a mechanistic pathway is identified, the next step is
to demonstrate that it does play acritical role in disease initiation, perpetuation,
or both. A range of in vitro assays exists for modulating gene expression in vitro
and in vivo. These include the use of antibodies, dominant negative controls,
antisense oligonucleotides, locked nucleic acids, peptide nucleic acids, ribozymes,
and siRNAs. There are several notable examples in which these technologies
have been targeted against genes with already well-characterized roles in dis-
ease states and these examples have served as a proof of concept for their use
in target validation (16).

Today, the RNAI technology seemsto offer anumber of significant advantages
over other srategies, including increased specificity (16). Although prediction
algorithms have begun to offer some guidance for SRNA sequence selection,
identification of highly effective and gene-specific SRNA and their delivery
to human cells is often problematic, and various factors may influence SRNA
action. Chapter 9, Volume 2, describes the latest guidelines for designing effec-
tive SRNAs for functional genomics and target vadidation studies. Also, the
described rules should potentidly enhance our ability to design more effective
hairpin SSRNA libraries. By using acell array, target discovery and validation using
siRNAs can be performed in a high-throughput format (see Chapter 9, Volume 1).
The great advantage of protein knockdown through mRNA modulation isthat only
sequence information about the target geneisrequired. A critical issue for the use
of synthetic SRNAs in target validation is the choice of controls and SRNA
sequences. One should therefore verify that the sequence-dependent off-target
effects are low and that the designed SiIRNAs are not immunostimulatory (29).

Geneticaly maodified animals that either overexpress (transgenic animals) or
no longer express the target (knockout animals) are extremely useful in the target
validation and drug discovery processes. These models represent the best avail-
able tool for examining the complex interaction that underlines pathological
responses. When the target is a single gene, target validation will frequently
involve producing atransgenic animal that carries either the wild-type gene or its
mutated form to demonstrate that this animal is either overexpressing the wild-
type gene or that the mutated gene has a phenotype that mimics a certain aspect
of the human disease. Subsequently, drug screening can be performed in this ani-
mal to show that modulation of transgene expression can have therapeutic effects.
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As with transgenic animals, reverse genetics using mouse knockouts played
acrucial rolein target validation and drug discovery. The lack of the target gene
will simulate the effect of complete target inhibition by the desired, future drug
lead. Interestingly, the 100 best-selling drugs of 2001 are directed at only 43
host proteins that have been validated in mouse knockouts (21). Chapter 11,
Volume 1, describes the utility of thistechnology in functional studiesto under-
stand how mutations lead to diseases. It aso provides excellent protocols and
guidelines for the generation of transgenic and knockout mice. Cre-lox system
has now been used in severa successful studies to generate null mutations in
specific genes. Moreover, novel techniques are described that can create “con-
ditional knockout,” which is designed to model the more relevant therapeutic
intervention. Also, the major techniques to construct transgenic animals are
summarized in Chapter 10, Volume 1.

Animal models of autoimmune diseases have been developed that mimic
some aspects of the pathophysiology of human disease. These models have
increased our understanding of possible mechanisms of pathogenesis at the
molecular and cellular level and have been important in target validation and
testing of new immunotherapies. The most used model of rheumatoid arthri-
tis is the collagen-induced arthritis model in DBA/1 mice, which has both a
cellular and humoral component (30) (see Chapter 13, Volume 2). It seems
that local tumor necrosis factor is the driving force behind the chronic inflam-
mation. Given the chronic nature of autoimmune diseases and the complexity
and redundancy of the involved cytokines and cells, the therapeutic effects of
new molecules should be assessed thoroughly. Overviews of new treatment
options for rheumatic diseases are described in Chapter 14, Volume 2. However,
despite the discovery of new drugs, corticosteroids, which were life-saving
50 yr ago, remain a stable treatment in several autoimmune diseases, includ-
ing lupus (31).

For some diseases, it might not be possible to mimic the complete human
pathology in the mouse; for others, it might be more desirable to create amodel
of specific pathological (e.g., metastasis) or physiological (e.g., angiogenesis)
processes. Chapter 12, Volume 1, describes the development of in vivo assay
that enables the study of angiogenesis and testing therapies. Also, a murine
model for studying hematopoiesis and immunity in heart failure is described in
Chapter 13, Volume 1. Using the innovative methods described above, severa
therapeutic targets have been identified and validated in vitro and in vivo. Other
chapters in Volume 1 cover many important aspects of target validation and
clinical trials with some of the developed agents.

1.3. Drug Discovery

Once atarget is validated, the next step is the drug discovery processin which
chemical agents with activity againgt a specified target or function are identified
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Fig. 2. Schematic of target and drug discovery steps.

through high-throughput screening (Fig. 2). This process requires the use of robust
assay of target activity and a good collection of component libraries for testing.
Positive “hits” from the primary screening usualy are evaluated on the basis of
efficacy, specificity, toxicity, and pharmacology in anima models, to identify lead
compounds for further optimization. Primary screening for efficacy and specificity
can be performed in cell systems. However, active agentsin vitro may be inactive
in vivo because of in vivo metabolism, eimination, and poor penetration into tar-
getstissues or just because the target was not involved in the pathway under inves-
tigation in vivo. During preclinicd animal studies (e.g., pharmacology and
toxicity), it isimportant to use biomarkers that can be trandated for human usein
phase 1 studies. Additionally, it is urgent to use appropriate animal models and
experimental design. Indeed, many nove drugsthat worked in animal models have
failed in humans. Drugs failed because of lack of efficacy.

Given the huge number of potential druggable targets offered by the human
genome sequence and new technologiesfor target validation such as RNAI, new
smart drugs for most complex diseases may be developed in the near future. To
reach this goal, pharmaceutical companies should examine thoroughly the
validity of the target at early stage and define rational drug discovery programs.
It does not matter how many targets we select: what really matters is whether
the selected targets are involved in the disease under study.
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High-throughput screens of small-molecule inhibitors have generated many
target-specific drugs that could potentially be used for the treatment of patients
with cancer (see Chapters 1 and 2, Volume 2). Also, molecules such as antisense
oligonucleotides, ssIRNASs, and antibody inhibitors used to validate gene targets
are themselves being developed as drugs (see Chapters 7, 10, 12, Volume 2).
However, new developed drugs should be given to the right patients because the
target might be active or present in only certain patients. There is also a grow-
ing list of genetic polymorphisms in drug metabolizing enzymes and transport
proteins that have been shown to influence drug response. Drug concentrations
in plasma can vary more than 600-fold between two individuals of the same
weight on the same drug dosage (see Chapter 17, Volume 2). Therefore, molec-
ular diagnostics need to be developed and integrated with drug development
and clinical trial design.
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Bioinformatics Approaches to Cancer Gene Discovery

Ramaswamy Narayanan

Summary

The Cancer Gene Anatomy Project (CGAP) database of the National Cancer Ingtitute has
thousands of known and novel expressed sequence tags (ESTs). These ESTs, derived from
diverse normal and tumor cDNA libraries, offer an attractive starting point for cancer gene dis-
covery. Data-mining the CGAP database led to the identification of ESTs that were predicted to
be specific to select solid tumors. Two genes from these efforts were taken to proof of concept
for diagnostic and therapeutics indications of cancer. Microarray technology was used in con-
junction with bioinformatics to understand the mechanism of one of the targets discovered. These
efforts provide an example of gene discovery by using bioinformatics approaches. The strengths
and weaknesses of this approach are discussed in this review.

Key Words: Antisense; digital differential display; Down syndrome; genomics; solid tumors.

1. Introduction

The recent completion of the human genome sequencing effortsoffers a new
dimension in gene discovery approaches (1-4). From these vast numbers of
new genes, new diagnostic and therapeutic targets for diseases such as cancer
are predicted to emerge (5). Only a subset of genesis expressedin a given cell,
and the level of expression governs function. High-throughput gene expression
technology is becoming a possibility for analyzing expression of a large num-
ber of sequencesin diseased and normal tissues with the use of microarrays and
gene chips (6-9). A parallel way to initiate a search for genes relevant to cancer
diagnostics and therapy isto data-mine the sequence database (10-14). A large
number of expressed sequences from diverse organ-, species-, and disease-
derived cDNA librariesare being deposited in the form of expressed sequence
tags (ESTs) in different databases.
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The Cancer Gene Anatomy Project (CGAP) database (http://cgap.nci.
nih.gov/) of the National Cancer Institute (NCI) is an attractive starting point
for cancer-specific gene discovery (12). The Human Tumor Gene Index was
initiated by the NCI in 1997 with a primary goa of identifying genes expressed
during development of human tumors in five major cancer sites: (1) breast,
(2) colon, (3) lung, (4) ovary, and (5) prostate. This database consists of expres-
sion information (MRNA) of thousands of known and novel genes in diverse
normal and tumor tissues. By monitoring the electronic expression profile of
many of these sequences, it is possible to compile alist of genes that are selec-
tively expressed in the cancers. Data-mining tools are becoming available to
extract expression information about the ESTs derived from various CGAP
libraries (10,13-15).

Currently, there are 1.5 million ESTsin the CGAP database, of which 73,000
are novel sequences. These sequences a so are subclassified into those derived
from libraries of hormal, precancerous, or cancer tissues. The CGAP database
uses UniGene-based gene clustering. UniGene (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=unigene) is an experimental system for automatically
partitioning GenBank segquences into a nonredundant set of gene-oriented clus-
ters. Each UniGene cluster contains sequences that represent a unique gene. An
essential weakness of the UniGene is that currently it does not allow for the
identification of consensus or contig sequences of a gene. In addition, the
UniGene database is continuously updated and hence the ESTs are often
removed and reassigned to another UniGene. However, the contig or the con-
sensus (Tentative Human Consensus, TC/THC) information can be obtained
from other databases such as TIGR (http://www.tigr.org/). Multiple data-mining
tools from the CGAP database can be used to facilitate the gene discovery.

2. Gene Discovery Strategy

An overal strategy for cancer gene discovery by using bioinformatics
approachesis shown in Fig. 1. Survey sequencing of mRNA gene products can
provide an indirect means of generating gene expression fingerprints for cancer
cellsand their normal counterparts. The cancer specificity of an EST can be pre-
dicted using multiple data-mining tools from the CGAP database. These tools
include X-profiling, digital differential display (DDD), seria analysis of gene
expression (SAGE), electronic-PCR, GeneMap, and microarray databases (see
Chapters 1, 5, 6, Volume 1). For details of these tools, see the CGAP website.

Fig. 1. (Opposite page) Gene discovery strategy. A proposed approach to cancer
gene discovery from the CGAP database is shown. Both novel and known ESTs are
identified using multiple data-mining tools from this database. Further validation in the
wet laboratory provides arational for diagnostic and therapeutic target discovery.
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Recently, atool called digital analysis of gene expression has replaced DDD in
the CGAP database; however, the DDD tool can still be accessed from the
UniGene page. Briefly, these tools allow prediction of ESTs specific to each
cancer type by comparing the occurrence of an EST between two pools of
cDNA libraries in a statistically significant manner. The approaches to doing
follow-up studies on novel or known ESTs may differ. The novel ESTs can be
subject to additional data-mining to identify functional motifs by using the pro-
tein databases from the EXPA Sy (http://au.expasy.org/) server. For anovel EST,
ahint of itsfunction also is obtained from homologue-rel ated information from
amodel organism database such as Homol ogene (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db= homologene), whereas the known ESTs can be subjected
to literature-mining to develop hints of relevance to specific cancer types. The
chosen ESTs (hits) can be validated by reverse transcription (RT)-PCR by using
cDNAs from normal and tumor tissues as well as appropriate cell lines for
specificity and regulation. The expression specificity of the validated ESTs
(leads) provides a rationale for developing a diagnostic application. The drug
therapy use can be inferred using numerous techniques, such as antisense,
small-interfering RNA, and so on.

3. Example of Cancer Gene Discovery

To identify solid tumor-specific genes, the DDD tool of the CGAP database
was used. Both novel and known ESTSs that are selectively up- or downregu-
lated in six major solid tumor types (breast, colon, lung, ovary, pancreas, and
prostate) were identified. DDD takes advantage of the UniGene database by
comparing the number of times ESTsfrom different libraries were assigned to
a particular UniGene cluster. Six different solid tumor-derived EST libraries
(breast, colon, lung, ovary, pancreas, and prostate) with corresponding normal
tissue-derived libraries were chosen for DDD (N = 110). To identify tumor-
and organ-specific ESTs, all the other organ- and tumor-derived EST libraries
(N = 327) were chosen for comparison with each of the six tumor types. The
nature of the libraries (normal, pretumor, or tumor) was authenticated by com-
parison of the CGAP data with the UniGene database. Occasionaly, the
description of the EST libraries in CGAP and UniGene database do not show
a match. Those few libraries showing discrepancies of definition between the
two databases were excluded. The DDD was performed for each organ type
individually. DDD was performed using ESTs from tumors (pool A) and cor-
responding normal organ (pool B) by using the online tool. The output pro-
vided anumerical value in each pool denoting thefraction of sequences within
the pool that mapped to the UniGene cluster, providing a dot intensity. An
example of DDD output for colon tumor-specific gene discovery by DDD is
shown in Fig. 2.


http://au.expasy.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= homologene
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= homologene
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A B Gene Gene Fold
colon | all others index Description
tumors
0.00241 | 0.00008 | Hs.25640 claudin 3 (CLDNS3) 30
(up regulated)
A>B B<A
0.00006 | 0.00283 | Hs.75792 hemoglobin, alpha 1 47
(HBA1) (down
A>B B<A regulated)
0.00000 | 0.00058 |Hs.118843 creatine kinase,
muscle (CKM) —
A>B B<A
0.00020 | 0.00000 Hs.1545 caudal type homeo box
transcription factor 1 +
A>B B<A (CDX1)
0.00031 | 0.00000 | Hs.75792 ESTs +
A>B B<A

Fig. 2. Example of DDD output. The numerical value in each box is the fraction of
ESTswithin the pool that mapped to the UniGene cluster (Hs.) shown. The dot is merely
avisua aid that reflects the numerical values. If any pool participates in a statistically
significant pairwise comparison with another pool, the relationship is indicated. “A>B”
indicates a greater amount of ESTs found in colon cancer libraries versus other libraries
for aparticular gene. If the number of occurrences of an EST in a UniGeneis zero, then
the EST is predicted to be present only in the colon cancer libraries (shown as +/—fold).
If the number isfinite, then the ratio is shown as the -fold difference.

Fold differences were calculated by using the ratio of pool A:pool B.
Statistically significant hits (Fisher exact test) showing >10-fold differences
werecompiled, and a preliminary database was created. Novel ESTs were com-
piled into a separate database. The UniGene database was accessed to establish
an electronic expression profile (E-Northern) for each of the hits to facilitate
tumor- and organ-selective gene discovery. The cytogenetic map position of the
hits also was inferred from the UniGene page. A final database of ESTSs that
were upregulated, downregulated, and showed absolute differences (+/-) in the
six tumor types was created. These hits were functionally classified into major
classes of proteins by using gene ontology. Genes belonging to ribosomal pro-
teins, enzymes, receptors, binding proteins, secretory proteins, and cell adhe-
sion molecules were identified to be differentially expressed in these tumor
types. A comprehensive database of hits was created, providing additional elec-
tronic expression data as well as novel ESTs that were thusidentified (16). This
database can be accessed on the World Wide Web at http://www.fau.edu/cmblby/
publications/cancergenes.htm.


http://www.fau.edu/cmbb/publications/cancergenes.htm
http://www.fau.edu/cmbb/publications/cancergenes.htm
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Colorectal cancer isacommonly diagnosed cancer in both men and women.
In 2006, an estimated 106,680 new cases will be diagnosed, and 55,170 deaths
from colorectal cancer will occur in the United States alone. About 75% of
patients with colorectal cancer have sporadic disease, with no apparent evidence
of having inherited the disorder. The remaining 25% of patients have a family
history of colorectal cancer that suggests a genetic contribution, common expo-
sures among family members, or a combination (http://www.nci.nih.gov/
cancerinfo/pdg/genetics/colorectal). Although tumor suppressor genes such
as deleted in colorectal cancer (DCC), adenomatous polyposis coli (APC),
mutated in colorectal cancer (MCC), or oncogenes such as k-ras offer a prom-
ise for diagnosis of colon cancer, additional more specific markers are urgently
needed to benefit colon cancer patients. With this in view, we chose two genes
from this database predicted to be specific for colon tumors to test the validity
of gene discovery by bioinformatics approaches.

4. Discovery of Colon Cancer-Specific Secreted Marker

To date a secreted marker for colon cancer diagnosis has not been identified.
Hence, an attempt was made to predict and validate a colon cancer-specific EST
that might harbor a signal peptide motif. Sixty-four UniGenes were identified
to be upregulated in colon tumors by the DDD approach. Twenty-four of these
UniGenes were found to be present only in colon tumor-derived cDNA libraries
(CGAPR, SAGE, and UniGene). One UniGene, Hs. 307047, which harbored a
signal peptide motif, was chosen for further analysis. This UniGene currently
has seven different ESTs as a part of the Unigene cluster. The SAGE tag
(ACAGTAATGA) identified for this UniGene was aso in a colon and gastric
tumor-derived library. The TIGR Human Gene Index had a tentative Human
Consensus (THC342146) comprising all of the seven different ESTs shown above
with the longest EST being AA524300. The EST AA524300 was screened
against the National Center for Biotechnology Information database for alu,
vector, and bacterial contamination and was found to have no matches. There
were significant matches against mouse and rat ESTSs, al of them from colon-
derived libraries. An in situ BLAST library-specific search at TigemNet
(http://ww.tigem.it) revealed that this EST was not present in any normal colon
library. In addition, no match was detected against the Bodymap (http://
bodymap.ims.u-tokyo.ac.jp) normal library collections. Comparison againgt the
GeneMap (http://www.ncbi.nim.nih.gov/genemap) suggested that the EST is
located on chromosome 3g13.1. The trandated sequence for this EST, compared
againg the Prosite signature database of EXPASy (http://www.expasy.ch/prosite)
showed that this EST encodes a putative signal peptide, prokaryotic lipid bind-
ing sites, aprenyl group binding site and membrane glycosyl phosphatidylinositol
anchor sites. The prediction of a signal peptide sequence and the colon cancer


http://www.nci.nih.gov/cancerinfo/pdq/genetics/colorectal
http://www.nci.nih.gov/cancerinfo/pdq/genetics/colorectal
http://www.tigem.it
http://bodymap.ims.u-tokyo.ac.jp
http://bodymap.ims.u-tokyo.ac.jp
http://www.ncbi.nlm.nih.gov/genemap
http://www.expasy.ch/prosite
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Fig. 3. Discovery of colon cancer-specific secreted marker. The cDNAs from
matched sets of tumor (T) and normal (N) colon from five different patients were ana-
lyzed by RT-PCR for and for CCRG and actin. M, 100-bp ladder; negative, template
minus control.

specificity alowed us to test arationale of secreted marker discovery for colon
cancer diagnosis. Preliminary RT-PCR analysis of a matched set of tumor and
normal colon-derived cDNASs by using an exon-specific PCR primer pair detected
aproduct in the tumor but not in the normal colon cDNA (Fig. 3). A comprehen-
sive RT-PCR based expression profiling revealed that this geneis expressed only
in normal small intestine among many normal organs. Developmental expression
in the feta brain, kidney, and lung was seen. In addition, cDNAs from matched
sets of tumor and normal tissues of breast, lung, ovary, pancreas, and prostate
were negative for this EST expression, demonstrating that EST AA524300 is
selectively upregulated in colon tumors but not in other major solid tumors.
Furthermore, the EST expression was detected in cDNAs from cell lines of colon
carcinomas, but not in the cell lines of breast, lung, ovary, pancreas, or prostate
carcinomas. The EST expression was detected in three of three adenomas and
three of three carcinomas of colon, but not in the polyp, which suggested that the
putative gene encoded by this EST may be activated during early stages of colon
cancer. Elevated colon carcinomarrelated gene (CCRG) protein expression also
was detected in the paraffin sections of colon tumors in comparison with the
corresponding normal tissues (17).
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The entire cDNA sequence of the CCRG is deposited in GenBank under
accession AF323921. The putative open reading frame codes for 111 amino
acids. The predicted molecular mass of the open reading frame of CCRG is
9.4 kDa, and itstheoretical pl is 7.6. The C terminus has a unique cysteine-rich
motif, 1CX11; 2CX8; 3CX1; 4CX3; 5CX10; 6CX1; 7CX1; 8CX9; 9C10C. A
PFAM search (http://pfam.wustl.edu/) indicated that such a motif is present in
keratin ultrahigh sulfur matrix proteins, metallothionine, and low-density
lipoprotein-receptor-related proteins.

While our work was in progress, several independent |aboratories also iden-
tified this new family of genes. Holcomb et al. (18) identified a novel protein
in amouse model of allergic pulmonary inflammation that they called FIZZ1
(found in inflammatory zone). By performing a genomic screening, this group
identified two other mouse homologs and two human homologs. mFIZZ2,
found in intestinal crypt epithelium, had a human homolog identical to the
original EST discovered in our work (AA524300) and was nhamed hFlIZZ1.
Another group identified a protein in adipocytes that potentially linked obesity
and insulin resistance to diabetes in a mouse model and named it resistin (19).
Two other related proteins were identified in mice and humans, termed
resistin-like molecule (RELM) apha and beta (20). RELM aphais prevalent
in the stromal—vascular fraction of adipose tissue and lung, whereas PEAM [
is found in colonic epithelium. Steppan et al. (20) demonstrated that in mouse
intestine RELM betais predominant in proliferative epithelia at the base of the
crypts and becomes diminished in nonproliferative differentiated epithelia that
have migrated up from the crypt towards the luminal surface (20). Also, in a
min mouse model, which isamodel of familial adenomatous polyposis due to
the harboring of a mutated APC gene (21), increased RELM beta mRNA
expression was observed in tumors (20). Another study showed that RETNLB
MRNA and protein expression was restricted to undifferentiated proliferating
epithelium. These authors also detected RETNLB protein in the stools of
human and mice (22). Another group (23) recently described identification of
a set of novel genes by using representative difference analysis of myeloid
cells from CCAAT/enhancer-binding protein & knockout mice. A human
homolog to one of the novel genes from this study was termed HXCP2, for a
gene selectively upregulated in small intestine and colon. Amino acid homol-
ogy studies indicate that hFIZZ1, RELM beta and HXCP2 are all 100% iden-
tical to the gene we discovered, CCRG. Based on all these results, The Human
Genome Organization Gene Nomenclature Committee recently assigned the
symbol RETNLB (resistin-like ) to the gene encoding CCRG/hFIZZ1/RELM
betd/HX CP2. Other members of this newly described family of genes include
resistin-like o, which shows specificity to adipocytes (24) and bronchial
epithelial cells (25) and Resistin, which is specific to adipocytes (18).


http://pfam.wustl.edu/
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Fig. 4. Structure of human SIM2. (A) Location of the SM2 gene on a partial map
(36,778,564-37,287,771 bp) of chromosome 21. HLCS, holocarboxylase synthetase;
PSMD15, proteasome (prosome, macropain) 26S subunit, non-ATPase, 15; L OC388823,
novel gene supported by EST alignment; MRPL20P1, mitochondrial ribosomal protein
L20 pseudogene 1. (B) mRNAs for both isoforms of SIM2 (SIM2-1 and SIM2-s) are
shown. Boxes represent exons and lines represent introns. The unique 3" sequences for
each isoform are described. bp, base pair. (C) Schematic diagram of the conserved
domains found in both SIM2 proteins. bHLH, basic helix-loop-helix; PAS1 and 2,
PER/ARNT/SIM domains; HST, HIF1-o/SIM/TRH domain; S/T, Ser/Thr-rich region;
NLS, nuclear localization signal; PIS RICH, Pro/Ser-rich region; P/A, Pro/Ala-rich region

5. Identification of Single-Minded 2 Gene as a Drug Therapy Target
for Solid Tumors

Another EST predicted by the DDD tool to be upregulated in colon tumors
belonged to UniGene cluster Hs. 146186, which was homologous to the Down
syndrome-associated SM2 gene. Members of the human SM gene family include
SM1 and SM2, which map to 6016.3-g21 and 21g22.2, respectively (26,27). The
SM2 locus spans over a 365-kilobase region on chromosome 21, as shown in
Fig. 4A (28). In contrast to other species, the human SM2 gene exists in two
distinct forms, the long and short forms (SM2-1 and SM2-s) as shown in Fig. 4B
(26). The original cDNA clone identified was SM2-s, whereas genomic
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sequencing subsequently identified SM2-1. The SM2-s MRNA includes aunique
3’ end, encoded by part of intron 10. This unique region, starting at the last
nucleotide of exon 10 and including 1191 base pairs (bp) of intron 10, encom-
passes both coding and 3’ untrandated sequences. The 3’ end of SM2- mRNA is
encoded by exon 11, which is separated from exon 10 by the complete intron 10
sequence (2528 bp). It is unclear whether these two isoforms are a consequence of
an aternative use of the 3" untrandated region contained within intron 10 of SM2
or are due to mispriming by using an A-rich sequence within thisintron (26).

The SIM proteins belong to afamily of transcription factors characterized by
the basic helix-loop-helix (bHLH) and PAS (PER/ARNT/SIM) protein motifs
(29). Regulation of transcription involves the dimerization of two bHLH-PAS
proteins within the nucleus, DNA binding by the basic region of the bHLH, and
interaction with the transcriptional machinery to modulate gene expression
(reviewed in ref. 29). The N-terminal bHLH isthe key motif for primary dimer-
ization of the two proteins, whereas the PAS domain acts as the interface for
selective protein partnering (29,30). The heterodimerizing partner choice of
PAS proteins is highly specific and determines target gene regulation (31-33).
The human SIM proteins are highly homologous to Drosophila and murine
SIMs in their N-terminal domains, which contain a bHLH motif, two PAS
domains, and the HST (HIF1-0/SIM/TRH) domain (Fig. 4C). In the mouse,
mSIM1 and mSIM2 can heterodimerize with ARNT, ARNT-2 or BMAL1
(31,32,34-36), whereas in humans, hSIM1 and hSIM2 can dimerize with either
ARNT or ARNT-2 (37). A novel 23-amino acid nuclear localization signal was
recently identified between residues 367 and 389 (38). Thissignal isin aregion
found in both forms of the human SIM2 protein.

The C-termina part of the human proteins is considerably divergent from
other family members; however, thereis still high conservation between hSIM 1
and hSIM2 compared with mSIM1 and mSIM2, respectively (26). Both forms
of human SIM2 contain a Ser/Thr-rich region (S348-T366), a Pro/Ser-rich
region (P385-S503), a Pro/Alarich region (P504—P544) and a positively
charged region between R367 and R382. In addition, the long-form protein con-
tains two additional Pro/Alarich regions (P533-P596 and P611-P644) and a
positively charged region (K559-R575). Domains rich in Ser/Thr and proline
residues are present in both transcriptional repressors (39) and transcriptional
activators (40,41), whereas Pro/Ser and Pro/Ala domains are characteristic of
repressor motifs (reviewed in ref. 42).

At thetime of discovery, the SM2 gene has not been linked to any cancer types.
Reasoning that if the DDD prediction of specificity of SM2-s could be validated
in acancer model, we would be able to link the Down syndrome gene SM2 with
cancer and hence derive anovel cancer utility for an aready known gene, further
studies were undertaken.
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The mRNA analysis of SM2-s expression of a panel of tumor and normal
human tissue-derived cDNAs by using RT-PCR showed tumor-specific expres-
sion of SM2-s (43-45). In contrast to the bioinformatics prediction of colon
tumor specificity, the SIM 2-s-specific RT-PCR product also was seen in the pan-
creas and prostate tumor-derived cDNAS but not in the corresponding matched
normal tissues. These results underscore the importance of wet laboratory vali-
dation of the bioinformatics prediction. Using a peptide-specific polyclonal anti-
body to the hSIM2-s unique region, a comprehensive immunohistochemical
analysis of paraffin section-embedded tumor and normal tissues was undertaken.
The mgjority of tumor sections analyzed stained positive. In colon and pancre-
atic specimens, early stage adenomas also showed hSIM2-s immunoreactivity.
In prostate-related samples, hSIM2-s specific immunoreactivity was detected in
amost al tumors of various Gleason scores and in prostatic intragpithelial
neoplasia, but it was not detected in most stromal hyperplasia Interestingly, in
the benign prostatic hyperplasia (BPH) samples, some of the sections (20/36)
showed positive staining. A subset of these retrospective BPH samples (6/6) that
were matched with tumor specimens obtained from the same patient was posi-
tive for IM2-s expression. It is tempting to suggest that hS M2-s was activated
in these BPH patients before clinical manifestation of prostate cancer. Currently,
prostate-specific antigen (PSA) is the only indicator in use for prostate cancer
(46), and additional markers are urgently needed. If validated with a larger
cohort, the SIM2-s gene has the potential to become a predictor of risk of
prostate cancer development. Assay systems similar to the systems used in PSA
can be developed. In an independent prostate cancer profiling study using
microarrays, SM2 was found to be upregulated in prostate cancer tissues, vali-
dating this gene's prostate cancer specificity (21). An example of colon tumor
specificity of SIM2 consistent with the bioinformatics prediction is shown in
Fig. 5. RT-PCR analysis of 14 different tumors and corresponding normal tissues
from colon cancer patients showed the expression of SM2-s genein the tumors.

A potential drug therapy use of the SIM2-s gene is inferred using antisense
knockout studies (44,45). In both colon (RKO) and pancreatic (CAPAN-1) cancer
models, inhibition of SIM2-s expression by antisense resulted in apoptosis in
vitro and in nude mice tumorigenicity models in vivo. The induction of apop-
tosis by the antisense was seen in tumor cells but not in normal rena epithelial
cells, despite inhibition of SIM2-s expression (47). Whereas the antisense-
treated RKO colon carcinoma cells did not undergo cell cycle arrest, severa
markers of differentiation were deregulated, including alkaline phosphatase
activity, amarker of terminal differentiation. Protection of apoptosis and block
of differentiation showed a correlation in the RKO model. In contrast, in normal
renal epithelial cells the SM2-s antisense treatment did not cause induction of
differentiation. These results suggested that the targets of SM2-sin tumor and
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Fig. 5. Colon tumor specificity of the SM2-s gene. Matched tumor and normal tis-
sue-derived cDNAs from 14 independent colon carcinoma patients were analyzed for
SIM2-s and actin gene expression by RT-PCR. The S M2-s-specific PCR products were
hybridized with an internal oligomer probe. M, 100-bp ladder; negative, template minus
PCR control; RT, reverse transcriptase minus control.

normal cells may be different. This finding was consistent with an upregulation
of a key stress response gene, Growth Arrest DNA-damage 45o. in the tumor
but not in the normal cells upon antisense trestment (47). The discovery of
SM2-s and its validation for drug therapy use offers one of the first examples
of bioinformatics approaches to cancer gene discovery (48,49).

6. Identification of SIM2-s Targets by Microarray Technology

The transcription factor function of the SIM family of proteins (26) suggests a
regulatory role. In addition, from therole of SIM inthe midbrain an inference can
be made of its potentia involvement in differentiation (50). The precise molecu-
lar targets of the SIM proteins, however, are not known. The inhibition of SIM2-
sexpression in the RKO cellsinduces pronounced apoptosis within 14-24 h (44).
Hence, we used global gene expression analysis to dissect the molecular targets
that are affected in the antisense-treated cells. RKO colon carcinoma cells were
treated in vitro with either the control or the antisense drug (100 nM) and at 10,
14, 18, and 24 h, RNA from the treated cells was analyzed using the Affymetrix
U133A (largely known genes) Human Genome array. To devel op better reliabil-
ity, each RNA was analyzed using duplicate chips (chip replication) from two
independent experiments (biological replicate). For experimental design,
Minimum Guidelines for Experimental design, MGED guidelines
(http://www.mged.org/) were followed and the entire data set point can be viewed
from the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) with the
accession E-MEXP-101.

The Human Genome U133 (HG-U133) set, consisting of two GeneChip
arrays (A and B), contains almost 45,000 probe sets representing more than
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Fig. 6. Mechanism of the S M2-s antisense from the GeneChip analysis. RKO colon
carcinomacellswere treated with SIM2-s antisense and at the indicated time, total RNA
was analyzed for a global gene expression profile with an Affymetrix U133 A and B
microarray. The GeneChip output from U133A (known genes) was used to build the
preliminary model as shown.

39,000 transcripts derived from approx 33,000 well-substanti ated human genes.
The chip output was subjected to statistical filtering (100% concordance of the
hits from chip and biological replication), p values (>0.05) and -fold changes
(>2-fold). The filtered hits were subjected to gene ontology by using
GeneSpring (http://www.silicongenetics.com), and alist of genes belonging to
distinct families was generated. From the pattern of the unigque gene expression
profile of the antisense-treated cells, a preliminary working model was generated
(Fig. 6). In general, a cascade of gene expression changes was seen that
included early perturbation of signal transduction molecules and transcription
factors. This cascade was followed by induction of differentiation signals such
as leukemia inhibitory factor and growth differentiation factor. In addition, a
key apoptotic signal (FasApo) was activated. Induction of differentiation markers
succeeded the differentiation signals. At alater time-point, the S M2-s antisense
caused activation of proapoptotic genes and downregulation of proteases and
tumor p53. This was accompanied by downregulation of cell cycle genes.
At 24 h of treatment with the SM2-s antisense, signs of stress were apparent,
indicated by upregulation of stress response genes; this upregulation was
accompanied by a downregulation of metabolic enzymes.
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Fig. 7. DDD filter to identify SIM2-s stimulated and repressed genes. SIM2-s-positive
libraries (colon, pancreas, and prostate tumor-derived) were included in pool A and
SIM2-s-negative libraries (breast, ovary, and lung tumor-derived) were included in pool B.
The DDD tool was used to identify SIM2-s coexpressed targets.

Efforts are currently underway to identify direct targets regulated by SIM2-s
by means of bioinformatics approaches by using DDD (Fig. 7). The basis for
this filter is that genes expressed in tumors where SIM2-s is activated (coex-
pressed genes) must encompass the putative SIM2-s targets. The SIM2-s-positive
(pool A) cDNA UniGene libraries can be compared with SIM2-s negative (pool
B) libraries from the CGAP database by using the DDD tool from CGAP to
identify SIM2-s coexpressing genes. Genesthat are elevated in SIM 2-s-positive
libraries (A>B) are predicted to encompass SIM2-s-stimulated genes.
Correspondingly, genes that are downregulated in the SIM2-s-positive libraries
(B>A) are predicted to encompass potential SIM2-s-repressed genes. Among
the A>B list of 581 genes, key apoptotic, survival, signal transduction mole-
cules as well as SM2-s were identified, suggesting a potentia use of thisfilter.
The antisense fingerprint of genes from the time-course experiments can be
compared using this DDD filter. Comparison of A>B output with the fingerprint
of antisense downregulated genes from the chip output is predicted to identify
SIM2-s-stimulated targets. Conversely, comparison of B>A output with the
fingerprint of antisense upregulated genes is predicted to identify SIM2-s
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repressed targets. Such a strategy has been recently used to identify interleukin-
8 coexpressed genes (51).

7. Potential Drawbacks

Although the aforementioned two examples provide a proof of concept for

cancer gene discovery by using bioinformatics approaches, there are severa
areas requiring caution.

1.

Most of the data setsfor ESTsin the CGAP database encompass bulk tissue-derived
cDNAs. These tissues are often contaminated with surrounding normal areas as
well as necrotic regions that may contribute to both fal se positive and false negative
results. In the future, use of laser capture-microdissected tissues should help
dleviate this problem.

The diverse data-mining tools of the CGAP database use the UniGene clustering
as a basis for partitioning the ESTs. However, due to the dynamic nature of the
UniGene clustering, the member ESTs often are reassigned or withdrawn from the
cluster. This reassignment or withdrawal may change the predicted expression
specificity of an EST.

The sources of cDNAs from EST library versus SAGE library are often different;
hence, different tools may identify different ESTs. Thus, the choice of awell vali-
dated library is essential for more effective gene discovery.

Multiple databases such as UniGene, SAGE, and Microarray are available for pre-
dicting electronic expression; however, the results from these databases may not
show a correlation in the sources of tissues.

In the two examples discussed, the CCRG/RETNLB gene validation was consis-
tent with the DDD prediction of colon cancer specificity. In contrast, the SM2
gene was specific not only to colon but also to prostate and pancreatic cancers.
Thus, depending on the user’s definition of stringency of target selection, the
S M2-s gene might or might not have scored positive.

The wet laboratory validation of the chosen EST for expression specificity often
involves the use of patient-derived tissues. It is often difficult to define the degree
of normalnessin the surrounding normal tissues. Further patient-to-patient variation
in gene expression contributes to loss or gain of gene expression. Hence, a statis-
tically significant number of samples needs to be analyzed for a chosen EST
before establishing the specificity of expression.

One of the drawbacks of GeneChip-based experiments is that the chip output can
be very large (thousands of genes). Development of multiple filters at the compu-
tationa level (bioinformatics) and at the biological level (system) is crucia to
reducing the number of potential gene targets.

8. Conclusions

The completion of the human genome sequencing efforts promises to offer new
ways to discover genes with novel diagnostic and therapeutic potentia for diverse
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diseases. Data-mining the cancer genome alows us to rapidly discover cancer
genes as we have shown with two specific examples. Microarray technology and
bi oinformatics approaches can be used in conjunction to facilitate target(s) discov-
ery and to clarify the mechanism. Currently, considerable fal se positives and false
negatives are encountered due to the nature of the cDNA libraries. However, bet-
ter integration of the databases and improvements in the qudity of the EST
librariesin the future will greatly improve the gene discovery process.
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Analysis of Gene Networks
for Drug Target Discovery and Validation

Seiya Imoto, Yoshinori Tamada, Christopher ). Savoie,
and Satoru Miyano

Summary

Understanding responses of the cellular system for a dosing molecule is one of the most
important problems in pharmacogenomics. In this chapter, we describe computational methods
for identifying and validating drug target genes based on the gene networks estimated from
microarray gene expression data. We use two types of microarray gene expression data: gene dis-
ruptant microarray data and time-course drug response microarray data. For this purpose, the
information of gene networks plays an essential role and is unattainable from clustering methods,
which are the standard for gene expression analysis. The gene network is estimated from disrup-
tant microarray data by the Bayesian network model, and then the proposed method automati-
caly identifies sets of genes or gene regulatory pathways affected by the drug. We use an actual
example from analysis of Saccharomyces cerevisiae gene expression profile data to express a
concrete strategy for the application of gene network information toward drug target discovery.

Key Words: Bayes statistics, Bayesian network; Boolean network; drug target; gene network;
microarray data.

1. Introduction

In recent years, microarray technology has produced alarge volume of genome-
wide gene expression data under various experimental conditions, such as gene
disruptions, gene overexpressions, shocks, cancer cells, and so on (Chapters 4 and
5, Volume 1). Based on this new data production, there have been considerable
attempts to estimate gene networks from such gene expression data, and severa
computational methods have been proposed together with mathematical models
for gene networks, such as Boolean networks (1-3), differential equation models
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(4,5), and Bayesian networks (6-10). Although the paradigm based on microarray
technology with the clustering technique has made tremendous impacts on bio-
medical research and practice, the strategy enhanced with computational gene net-
work analysis has not yet been well examined for practica applications. In this
chapter, we focus on a rea application of the gene network analysis aimed at
understanding responses of the cellular system against a drug (11-13).

For identifying and validating drug target genes, the following three ele-
ments are essential: (1) drug-affected genes, (2) druggable genes, and (3) drug-
active pathways. The definitions are as follows:

« Drug-affected genes are the candidates directly affected by the drug.

< Druggable genes regulate the drug-affected genes most strongly from upstream of
the gene network.

< Drug-active pathways are regulatory pathways perturbed by the drug.

These three types of information play an essential role in pharmacogenomics
and are unattainable from clustering methods, which are the standard for gene
expression analysis. This information can only be reached by elucidating the
gene network.

For identifying the drug-affected genes and druggable genes, Fig. 1 shows
the conceptua view of our strategy. From Fig. 1, it can be seen that the infor-
mation of gene networks plays an essential role. To create this information, we
use two types of microarray gene expression data: data obtained by single gene
disruptions, and data obtained by biological experiments of several dose and
time responses to the drug. We use two computational methods, virtual gene
technique and Bayesian networks, for extracting network information from
these data. The details are described in Subheading 3. The computer software
we used for efficient exploration of the estimated gene networksisin Note 1.

Because the drug-affected genes are candidate genes that are directly
affected by the drug, and the druggable genes potentially regulate the drug-
affected genes, thisinformation is very important for identifying and validating
drug target genes. However, the drug-active pathway is not taken into account
in Fig. 1. Because the drug-active pathway plays an important role in under-
standing the drug responses of the cellular system affected by the drug and the
prediction of the side effects, it is also avery important pathway for identifying
and validating drug target genes. The conceptual view of the computational
strategy for identifying drug-active pathways from the same microarray datain
Fig. Lisshownin Fig. 2.

Our approach for identifying drug-active pathways involves mainly two
methods. (1) estimation of the gene network by using a Bayesian network
model from microarray data obtained by single gene disruptions, and (2)
identification of the drug-active pathways from time-course drug response
microarray data by the probabilistic inference on the gene network estimated
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Fig. 1. Conceptual view of the identification of drug-affected and druggable genes (11).
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Discrete Bayesian network

Fig. 2. Conceptual view of the identification of drug-active pathways (13).

in method 1. The drug-active pathways are identified as the subnetworks of the
estimated gene network. The information of time dependency on drug response
time-course data is used for reducing the number of falsely identified path-
ways. By highlighting the genes on the network for each time-point, we can
observe the flow of the drug responses of genes in the network.

We demonstrate the whole process of our method for identifying the drug-
affected genes, the druggable genes, and the drug-active pathways by using 120
disruptant microarray gene expression data and drug response time-course
microarray datafor an antifungal drug, griseofulvin, for Saccharomyces cerevisiae.
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2. Materials

Two types of cDNA microarray measurements of S cerevisiae have been
prepared for our purpose. One type isthe microarray data obtained by gene dis-
ruptions, and the other type is time-course data of responses to an antifungal
medicine. The number of disruptants is 120 for the first type of data, and the
time-course data for one dose consists of five microarrays.

2.1. Microarray Data of Single Gene Disruptions

The first microarray data are obtained by disrupting 120 genes, where
mostly transcription factors are disrupted. The BY4741 (MATa, HIS3D1,
LEU2DO0, MET15D0, URA3DO) is used as the wild-type strain, and purchased
gene disruptions were from Research Genetics (Huntsville, AL). The disrupted
genes are listed in Table 1. To monitor the gene expression profile, cells were
inoculated and grown in YPD medium (1% yeast extract, 1% bacto-peptone,
2% glucose) at 30°C until optical density,, reached 1.0 in the logarithmic
growth phase, and then cells were harvested to isolate MRNA for assay of gene
expression. The respective parental strain was the control used for each disrup-
tant strain. See Aburatani et al. (14) for details. The total RNASs are extracted
from these experiments and labeled by Cy5. These Cy5-labeled RNAs are
hybridized with Cy3-labeled RNAs from nontreated cells. A microarray then
measures 5871 gene expression levels at once.

2.2. Drug Response Time-Course Microarray Data

To determine the previously unknown underlying molecular affects of the
popular generic antifungal agent griseofulvin, we created time-course drug
response microarray data. Griseofulvin is a widely prescribed oral antifungal
agent that is indicated primarily for severe fungal infections of the hair and
nails. Although griseofulvin's molecular action is unknown, it is known that the
drug disrupts mitotic structure in fungi, leading to metaphase arrest.

We incubated yeast cultures in dosages of 10, 25, 50, and 100 mg/mL anti-
fungal medication in culture and took aliquots of the culture at five time-points
(0, 15, 30, 45, and 60 min) after addition of the agent. Here, time 0 means the
start point of this observation and just after exposure to the drug. We then
extracted the total RNAs from these experiments, |abeled the RNAs with Cy5,
hybridized them with Cy3-labeled RNAs from nontreated cells, and applied
them to full genome cDNA microarrays, thereby creating a data set of 20
microarrays for drug response data.

2.3. Data Normalization

It is known that expression profile data measured by microarrays have several
systematic biases, such as spotting position-specific bias, intensity dependent
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Table 1
List of 120 Disrupted Genes

ACE2, ACH1, ADR1, ARGR2, ASG7, ASH1, BAR1, BEM4, BGL2, BOI1, BTT1,
BUD4, BUD6, BUDS, BUD9, CAD1, CAD1, CATS, CIN5, CNB1, CPR6, CUP9,
CWP1, DALS82, DOT6, DST1, ECM22, EGD1, EGDZ2, FIR1, FZF1, GAL4, GALS0,
GAT3, GCN4, GCS1, GZF3, HAC1, HAP2, HAP3, HAT2, HMS2, HMS2, HPA2,
HPAS, HST2, HST4, HTA2, HTB2, INO2, INO4, KREL, LEUS3, LSM1, LY S14,
MAK31, MBR1, MET28, MIG2, MRS1, MUC1, NRG1, OPI1, OSH1, PIP2, RCK2,
RGM1, RGT1, RIC1, RLM1, RMEL, RMS1, RPD3, RSC1, RTG1, SCW10, SCW11,
SCW4, SDS3, SFL 1, SIP2, SKI8, SKN7, SMP1, SPS18, SPT23, SPT8, STB1, STB3,
STB4, STB6, STD1, SUM1, SWI5, SWI6, SWR1, TEA1L, THI2, THI20, TPK1,
TSP1, TUBS, UME1, UMESG, YAP7, YAROO3W, YBLO36C, Y BL054W, Y DR340W,
YERO028C, YER130C, YFL052W, YLL054C, YLR266C, YMLO76C, Y MLO81W,
YNROG3W, Y PLO60W, Y PR125W, Y PR196W

bias, and so on. For extracting reliable information from microarray data, we
need to perform procedures called normalization on such biased data to remove
any systematic and artificial biases. We performed the lowess normalization
method to expression values in each pen group and then also globally normal-
ized the microarray-transformed intensities by the lowess method. The former
method aims at removing the position-specific bias, and the latter method aims
a removing the intensity-dependent bias. For microarray data normalization,
Quackenbush (15) gives an excellent overview.

3. Methods
3.1. Virtual Gene Technique for Identifying Drug-Affected Genes

3.1.1. Virtual Gene Technique

The first task is to find genes directly affected by the drug (Fig. 1, step 1).
For this purpose, the most straightforward approach might be the fold-change
analysis of the drug response microarray data. However, to perform more accu-
rate screening of the candidate drug-affected genes, we use another method,
virtual gene technique, which is more suited for inferring qualitative relations
between genes. We regard the drug as a “virtual gene,” and we consider that the
state of thisvirtual geneis1 (ON) if the drug is dosed; otherwise, it is O (OFF).
Theidealistic approach for identifying the genes directly affected by the virtua
gene may be to use the Boolean network model and to apply the method
developed by Akutsu et a. (1) for inferring Boolean network model that can
suggest a series of mutants for identifying the network. However, it requires
multiple disruptions and overexpressions for one mutant, and the number of
mutants required for identifying the network is not realistic, even for a small
network. Therefore, this approach isnot in our scope, because we can deal with
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Virtual gene

DgeneA | DgeneB | DgeneC | DgeneD | Drugt

gene A Not affected | Not affected [ Not affected | Affected

gene B Affected Not affected | Not affected |  Affected

gene C Affected | Not affected Affected Affected

gene D Affected |Not affected| Affected Affected

Fig. 3. Graphical view of the virtua genetechnique. “D.gene A” meansthis microarray
is observed by disrupting gene A. The dotted circle shows the equivalence class (11).

only single gene disruptants in our measurement experiment. Instead, we focus
on asimpler network model whose structure isamultilevel directed acyclic graph
(dag). Maki et al. (16) also have proposed a naive algorithm for constructing a
multilevel dag based on information on how a single gene disruption affects
other genes. We use this method for finding genes directly affected by the drug
by regarding the drug as a gene, and we call this method the virtual gene tech-
nique. Here, we briefly explain the method.

LetV={g,,..., gp} be the set of all genesand D, ={d,,...,d} C V betheset
of genes to be disrupted. We assume D, contains the virtual genes correspon-
ding to the drug. Our cDNA microarray compares the gene expression level of
amutant with that of awild type for each gene. From a gene disruption exper-
iment for gene d,, we obtain amicroarray data E, [g] ] (1<j £p). Then, by setting
athreshold, n, we define arelation R asfollows

lifa e Dm and Ea[b] > mnor Ea[b] < 1/m.
R@ 0)=1 0 otherwice.

By using the transitive closure R* of R, we define an equivalence relation = .,
onVbya=_bifandonlyifa,be D and{R" (a b)=1} A{R" (b, a) = 1}.
Then, a new relatlon R on the equwalence classes of = .. is defined by R([a]
[b]) =R* (a, b) for a, b e V. Notethat Riswell defined by the definition of =
R defines a dag G on the set of equivalence classes, where self-loop edges are
ignored. An indirect edge ([a], [b]) of Gisan edge such that there is another
path from [a] to [b] in G. By removing all indirect edges from G, we obtain a
multilevel dag. See Maki et a. (16) and Aburatani et a. (14) for more details
about the dag construction. Figure 3 shows an example of the resulting network
based on the virtual gene technique. There are four genes, and their states for
each disruptant and a drug are summarized as the matrix. We can find gene C = ..
gene D and remove indirect edges (drug 1, gene B), (drug 1, gene C), and so
on, and then a network having the virtual drug node as the root is obtained.
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Fig. 4. Downstream pathway of the virtual geneY EXP100mg30min. The shadowed
genes are affected by the drug (11).

Finally, by considering the dag whose root is the virtual gene, the children of
this virtual gene would be the candidate genes directly affected by the drug.
Note 2 gives more comments.

3.1.2. Application of Virtual Gene Technique

Figure 4 isthe result of the virtual gene technique for the drug correspon-
ding to “100mg and 30min.” The root node is the virtual gene corresponding
to the drug, and the genesin the shadowed area are the candidates of the drug-
affected genes. By applying the virtual gene technique to each drug response
data and disruptant microarray data, we can obtain the candidates of the drug-
affected genes. Figure 5 is the superimposed graph of virtual gene technique
generated for five separate time and dosage griseofulvin exposure experi-
ments. Figure 5 suggests that the CIK1 (Gene Ontology [GO] annotation
[function]:microtubule motor activity) expression is significantly affected
under exposure to griseofulvin at each dosage and time point and can be
viewed as a drug-affected genes with high reliability (Notes 3 and 4).
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YEXP10mgl5min YEXP100mgl5min
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Fig. 5. Result of the identification of the drug-affected genes (12).

3.2. Bayesian Networks for Exploring Druggable Genes

3.2.1. Introduction of Bayesian Networks

Bayesian networks are a mathematical model for representing complex
phenomena among a large number of random variables by using the joint
probability. In Bayesian networks, the dependency of the random variablesis
represented by the dag encoding the Markov assumption between nodes. That
is, the state of a hode only depends on its direct parents. Mathematically, we
have a set of random variables { X,,...,X }, and we consider a dag G as the
dependency underling among random variables. The joint probability of the
random variables can be decomposed as follows:

Pr(Xy, - X;) =H R (X; | Pa(X;)), @

where Pa(XJ) isthe set of random variables corresponding to the direct parents
of X in G. Figure 6 is an example of a dag of the random variables
{Xl,X2X3X4} In this case, we have Pa(X,) = {X,,X;}, Pa(X,) = I, Pa(X;) = X,,
and Pa(X,) = J. Then, the joint probability of these four random variables is
decomposed as:

Xpoeees Xg) = PrOX X, Xo)Pr(X,)Pr(XIX, )Pr(X,).
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Fig. 6. Directed acyclic graph.

In gene network inference by Bayesian networks, a gene is regarded as a
random variable and represented by a node in a dag, and the relationship
between a gene and its direct parents is represented as a conditional probabil -
ity Pr(Xj|Pa(Xj)). Boolean networks are a deterministic system that explains a
state of a gene by the Boolean function of the states of its direct parents. On
the contrary, the Bayesian networks use a probabilistic nature to model the
dependencies among genes. Because gene expression data measured by
microarrays contain various kinds of noise, the probabilistic formulation in the
Bayesian networks is advocated to draw more reliable information from
microarray data.

The decomposition in Eg. 1 holds when the structure of the directed acyclic
graph G is given. However, for gene network estimation problem from microarray
data, many parts of the true structure of the gene network are still unknown, and
we need to estimate them from microarray data. This structural learning prob-
lem can be viewed as a statistical model selection problem (17) and can be
solved by using an information criterion, such as the Akaike information crite-
rion, the Bayesian information criterion, and so on. In this chapter, we describe
a method to select a network structure based on the Bayes approach. In the
Bayes statistics, the optimal graph can be selected as the maximizer of the
posterior probability of the graph conditional on the data.

Suppose we have n independent observations D = {x,,...,X } for {X,,... ,Xp} :
where the ith observation X; = (x,,....x))" is the p-dimensional vector. Here &
indicates the transpose of the vector a. In our case, the posterior probability of
the graph can be written as follows:

Tcprior (G) p(D | G)

p(D) ’
where m,;,(G) is the prior probability of the graph, p(D) is the normalizing
constant given by Zenmd(G)p(D |G)and p(D|G) isthemargind likelihood
obtained by

Tpe(G| D) =
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P(DIG) = [p(D,6|G)d6 = | p(D|6,G)p(6 |G)do. 2

Here, p(D | 0, G) isthelikelihood function, and p(0 | G) isthe prior distribution
on the parameter 6. Because the normalizing constant p(D) does not depend on
G, we can find

T pa(GID) &< T (G)P(DIG). @)

Hence, for computing the posterior probability for structural learning of the
Bayesian networks, we need to compute the high-dimensional integral in Eq. 2.
For learning Bayesian networks, Note 5 gives some information.

3.2.2. Bayesian Networks for Discrete Data

Suppose that we have a set of random variables {X,,...,X } and that a ran-
dom variable takes one of m values {u,,...,u.}. Then, we put the conditional
probability as

9,-k| = Pf(X,- = uk|Pa(Xj)= ujl)

for j = 1,..,p; k=1...m | = 1,...mR&P. Note that Y., 6,4 =1 holds.
Here, u, is the Ith entry of the state table of Pa(X;). For example, in Fig. 4,
Pa(X,) = {X,, X3} contains n¥ entries: u,; = (u,, ul) Upp = (U, Uy),ennsUy 2 =
(U, U). Inthis case, we can assume that )S|P a(XJ) u; followsthe mult| nomial
distribution with probabilities 6,,...,6, .
Suppose we have n mdependent observations D={xp....,x} for{X,....X

where x; is one of the m values {u,..., u.}. Based on these observations, the
likelihood function of 9= (Ba)j ki is written by

p(D |6, G) = Hl:[rllem‘“ ,

where NJkI is the number of pairs satisfying (X Pa(X)) (U, u I) in D. In the
computation of the marginal likelihood p(D|G) given |n Eq. 2 for the Bayesian
networks for discrete data, the Dirichlet distribution is usually used as the prior
distribution on the parameter p@ |G). Suppose that the prior distribution on 6 can
be decomposed as p(01G) = 1,11, p6; l«;). where 0, =6y, 0,)"
and oy, = (0., 0yy)" - Here, ey is called a hyperparameter vector We assume
the Dirichlet prior for p(0, |ey)) as

(o il ) et

p(6; o)) = m Ou
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where T (*) isthe gamma function. Then, the marginal likelihood p(D|G) can be
analytically computed as
I1

I'ey,) (o + Ny
D G - J J ] ,
POIG) 1:Ill_lr(ocjﬁr\lj,,) YT @)

where o, =, o, andN;, =, N,,. By replacing P(D|G) in Egs. 3 by 4,

K jkd i

we obtain & (G| D) for the multinomial distribution and the Dirichlet prior
to perform tﬁe structural learning of the Bayesian networks for discrete data.
Thiscriterion is called the BDe metric originaly derived by Cooper and

Herskovits (18).
3.2.3. Bayesian Networks for Continuous Data

Let X] be a continuous type random variable. This situation is more realistic for
gene network inference problem from microarray data, because microarray data
essentidly take continuous variables. In this sense, when we apply the Bayesian
network for discrete data to microarray data, we need to discretize expression data
into severd categories. The number of categories is usualy set to be threg, i.e,
“suppressed,” “unchanged,” and “overexpressed.” However, actualy the number
of categories is a parameter to be estimated, and we should notice that the dis-
cretization leadsto information loss. Therefore, in microarray dataanalysis, acom-
putational method that can handle microarray data as continuous datais advocated.
Asfor discretization of gene expression data, several methods are listed in Note 6.

The decomposition of the joint probability can be hold for continuous
variables by using densities instead of the probabilistic measure and we have

f(Xizywns Xip [0) = Hfj (% Ipa(X;)i, 6),
j

where f, f,..., f are densities, 6 = (6, ...t‘);)t is the parameter vector, and
pa(XJ. ); is the set of observations of Pa(Xj) measured by ith microarray. The
likelihood function is then given by

p(D |6,G) :HH f,(%; [pa(X))i, 6;).
i

Therefore, in the Bayesian networks for continuous data, the construction of
the conditional densities f; (x;|pa(X;);, 6,) is crucia, and this is essentially
the same as the regression problem.

The linear regression model can be used to construct the conditional density
(6) and iswritten as
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X; =Bo+B. P ++ B, Py + ¢, wheepa(X; ); = (P, pY)"

B (k=1,. ,q) are parameters and ¢;; i (i = 1,...,n) are independently and nor-
mally distri buted with mean 0 and variance 02 This model assumes the rela-
tionships between genes are linear, and it is unsuitable to extract effective
information from the data with complex structure. To capture even nonlinear
dependencies, Imoto et al. (9) proposed the use of the nonparametric additive
regression moddl (19) of the form

X = Jl(p(]))+ +m]q (p(]))+8u!

where M () (k=1,..., q) are smooth functions from R to R. We construct M Q]
by the basis function expans on method with B-splines (20,21):

my (p) = Z Y (p),
s=1

where v{) (s=1...M,) are parameters, {B' () ()} is the pre-

scribed set of B-splines, and M. " is the number of B-splines. We then have the
Bayesian network and nonparametrlc regression model

2
1 - 2 2P (p0))
f, (x; 1 pa(X;),0;) = = &XP| - >

2TE(7J- 261'

Note that the Bayesian network model based on the linear regression is
included in this model as a special case. To extend from the additive regression
model to a general regression, see Note 7.

Let the prior distribution on the parameter 0 be specified by the hyperpara-
meter A and let log p(0 |A) = O(n), then the Laplace approximation for integrals
(22—24) gives an analytical solution for computing p(D|G) as follows:

p(D |G) = (2n/n)"2| 3, (6| D) V2 exp{nl, (6 | D)}{1+0, ()},

where
,(61D)== {logp(D |0, G)+ log p(é |2},

82

J(0|D)=- 590" *

—1,(01D),
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r isthe dimension of 8, and 0 is the mode of ,(0 | D). Based on the result of the
Laplace approximation, Imoto et al. (9) derived a criterion named Bayesian
network and nonparametric regression criterion (BNRC) for choosing the
optimal graph:

BNRC(G) =-2logn ,, (G)— 1 log(2n/ n)

+log|J, (6 |D) |-2nl, (8] D). ©
The optima graph G is chosen such that the criterion defined in Eqg. 5is
minimal. Imoto et al. (10) also extended the results of Imoto et a. (9) to handle
the nonparametric heteroscedastic regression.

Recently, research is underway to estimate gene networks from multisource
biological information (see Note 8). Also, the Bayesian networks force us to
consider gene networks as dags, whereas the real biological systems have cyclic
regulation. Some research has dealt with cyclic regulations based on the
dynamic models (see Note 9).

3.2.4. Application of Bayesian Networks for Identifying Druggable Genes

We selected 735 genes from the yeast genome for identifying drug targets
based on the 120 gene disruptant data and drug response time-course data.
These genes were sel ected based on the following strategy. We collected 314 genes
that are known as transcription factors. Ninety-eight of these 314 genes have
already been studied for their control mechanisms. The expression data for 735
genes chosen for our analysis includes the genes controlled by these 98 transcrip-
tion factors from 5871 genes in addition to nuclear receptor-like genes, which
have a pivotd role in gene expression regulation and are popular drug targets. We
have constructed the Bayesian network models described in Subheading 3.2.3.
of these 735 genes from 120 gene disruption conditions. The druggable genes
arethe drug targets related to these drug-affected genes, which we want to iden-
tify for the development of novel leads. We can explore the druggable genes
upstream of the drug-affected genes in the estimated gene network by the
Bayesian network method. Here, we focus on the nuclear receptor-like genes as
the druggable genes for two reasons. (1) In general, nuclear receptor proteins
are known to be useful drug targets, and together they represent more than 20%
of the targets for medications presently on the market. (2) Nuclear receptors are
involved in transcription regulatory affects that are directly measured in cDNA
microarray experiments.

Figure 7 shows a partial resulting network. The druggable genes (top)
that are the nuclear receptor-like genes in the circle connect directly to the
drug-affected genes, and other druggable genes have one intermediary gene per
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Fig. 7. Partial resulting network among the druggable (top), drug-affected (bottom),
and intermediary genes (middle) (11).

one druggable gene. But, we can find more pathways from the druggabl e genes
to the drug-affected genes if we admit more intermediary genes. By using the
Bayesian network model, we can determine the reliability of each edge and
select amore reliable pathway, an advantage of the Bayesian network model in
searching for ideal druggable targets. For information on measuring reliability
of an edge, see Note 10.

We can find the druggable genes for each drug-affected gene, e.g., we
can find the druggable genes for MAL33 and CDC6 shown in Table 2. The
drug-affected gene CDC6 in Table 2 is a protein that regulates the initiation of
DNA replication. It binds to origins of replication at the end of mitosis, directing
the assembly and disassembly of minichromosome maintenance proteins and
the prereplication complex. It isamember of the AAA+ family of ATPases. The
genetic mechanism and effectiveness of this antifungal medication was made
clear by thisresult. It was determined that the localization of CDC6p is huclear;
therefore, any other extracellular molecule, such as a drug, cannot affect it
directly. Thus, our result through gene network analysis indicates that CDC6 is
influenced by the extracellular molecule.
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Table 2
Druggable Genes of MAL33 and CDCé6
Druggable
Drug-affected Parents? Grandparents?
MAL33 (YBR297W): HSP82 (Y PL240C): BAR1 (YILO15W):
Maltose fermentation heat shock protein barrierpepsin precursor
regulatory protein SRB4 (Y ERO22W): GPA1 (YHRO005C):
DNA-directed RNA GTP-binding protein o.

polymerase || holoenzyme  subunit of the pheromone
and Kornberg's mediator pathway

(SRB) subcomplex KAR2 (YJLO34W):
subunit nuclear fusion protein
CDCS6 (Y JL194W): ARP7 (YPRO34W): GAL11 (YOLO051W):
cell division control component of SWI-SNF DNA-directed RNA
protein global transcription polymerase | holoenzyme
activator complex and and Kornberg's mediator
RSC chromatin (SRB) subcomplex subunit
remodeling complex FARL1 (YJL157C):
BAR1 (YILO15W): cyclin-dependent kinase
barrierpepsin precursor inhibitor (CKI)
SLA2 (YNL243W):
cytoskel eton assembly

control protein

aParents’ means these genes connected directly to the drug-affected genes. “ Grandparents’
means there is one intermediary gene between these genes and the drug-affected genes (11).

3.3. Time-Expanded Network Method for Identifying Drug-Active Pathways
3.3.1. Time-Expanded Network Method

Figure 2 shows the conceptual view of our strategy. Asthefirst step (Fig. 2a),
we use the Bayesian network and nonparametric regression model for estimating
a gene network from disruptant microarray data. This model can even capture
nonlinear relationships between genes and is appropriate to estimate the structure
of the gene network. However, the probabilistic inference using the nonpara-
metric regression models has severa problems. One problem is that we need to
consider the extrapolation for handling the drug response data in the estimated
gene network. The other problem isthat we need to consider the calibration that
isaprobabilistic inference from the value of the target gene to the distribution of
its parent genes. The nonparametric regression in our Bayesian network model
may not be suitable to consider the extrapolation problem and the calibration.
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Fig. 8. Strategy to identify the drug active pathways. The red nodes represent drug-
active genes considered to be independent on their parent genes. The green nodes are
parent-active genes considered to be affected by their parent genes. Thered arrows rep-
resent the active paths (13).

To avoid these problems, we use Bayesian networks for discrete data for the
probabilistic inference after estimating the structure of the gene network. We
convert the estimated Bayesian network and nonparametric regression model
into the Bayesian network for discrete data (Fig. 2b). The drug-active pathways
are identified for every time-point (Fig. 2c). This step is based on the
identification of affected genes directly and indirectly by the drug. However, it
is possible that several genes might still be falsely determined as the affected
genes. Therefore, we define time-expanded network (Fig. 8) and consider the
time-dependent relationships among the estimated affected genes to reduce the
number of false positives. The definition of the time-dependent network isgiven
below (see Subheading 3.2.2.). The connected components in the time-
expanded network are selected as the estimated drug-active pathways (Fig. 2d).
This step also can reduce the number of falsely identified pathways.

The identification of drug-active pathways is done based on the probabilistic
inference on the Bayesian networks for discrete data. For this purpose, we convert
the Bayesian network and nonparametric regression model that was used for struc-
tural learning of the gene network into the Bayesian network for discrete data.

At first, we need to discretize the expression values into three categories. We
regard expression values that are greater than a certain threshold h (or less than
h1) as “overexpreesed” (or “suppressed”’) and otherwise as “unchanged.” The
threshold h is determined so that the network estimated by the Bayesian network
for discrete data with h becomes the closest to the network from the Bayesian
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network and nonparametric regression model. After determining the threshold,

we compute the conditional probahility table of the multinomial distribution. Let

XJ be a discrete type random variable. The posterior probability of X = uk|Pa(X‘) =
condltlonal on the n sets of data D = {x;,...,X } can be written asfollows

o+ N,
T (X; =Uk|Pa(Xj )=u;)= L L

> K(ajk’l + Njk’l) |

If ageneisdirectly affected by a drug, the expression level of the gene may
be overexpressed or suppressed independently on the expression level of its par-
ent genes. In contrast, if ageneisnot directly affected by adrug, the expression
value should be determined by the expression values of its parent genes. Based
on this assumption, we define a score function called drag-affected score
(DAYS)] that determines whether jth gene is affected by a drug or its parents,

mos( X, = xIPa(Xj)= u)

DAS; (x,u) = P (X =% ,
J

where x and u are the observed expression values of jth gene and its parents,

and Pr(Xj) isthe marginal probability given by Pr(Xj) =2y i J Pr(X,..., Xp).

This marginalization is often referred as the probabilistic inference and takes

exponential timefor the number of genesand isinfeasiblefor the large network.

To compute this interference efficiently, several approximation algorithms have

been proposed. In this chapter, we use the loopy belief propagation algorithm.

For additiontal comments on the probabilistic inference based on the Bayesian

networks, see Note 11.

Let X (t) and P, (t) is the expression values of jth gene and its direct parents
at ti met The procedure for finding drug-active pathways can be performed by
the following steps.

Step 1. Construct the time-expanded network from the estimated gene network.

Step 2. Compute DAS (x (1), P (t)) and put the constant ¢ (c>0),
if DAS, (% (1), p?t)) <c¢, jthgeneat timet is called a drug-active gene,
if DAS ( ), p (1)) > ¢, jth gene at time't is called a parent-active gene.
We caJi both drug active and parent-active genes affected genes.

Step 3. If adirect edge, in the time-expanded network, from X, (t) to X, (s), where
X,(t) is anode corresponding to uth gene at time t, setisfies with a condition
out of three, this direct edge is called a drug-active path.

(0] X, (s) isadrug-active gene, where s=t + 1 (Fig. 8a).
(i) X, (s) is a parent-active gene, where s=t (Fig. 8b).
(iii) X, (s) is an affected gene, wheres=t+ 1 and v = u (Fig. 8c).

Step 4. Extract connected components of the drug-active paths from the time-
expanded network.
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Fig. 9. (continued)

From the Monte Carlo simulationsin Tamada et a. (13), this method succeeded
in identifying the target drug-affected genes and pathways with the high cover-
age greater than 80%.

3.3.2. Application of Time-Expanded Network Method

From the gene—gene relationships of 735 genes estimated in Subheading
3.2.4., we performed the time-expanded network method to extract drug-active
pathways of the drug griseofulvin. We used the time-course microarray data of
dosing 50 mg/mL, i.e., we used five microarrays corresponding to 0, 15, 30, 45,
and 60 min. Figure 9A shows the identified drug-active pathways in the gene
network estimated in Subheading 3.2.4. The identified drug-active pathways
are colored red.

The identified drug-active pathways are extracted as subnetworks shown in
Fig. 9B. Note that we focus on the subnetworks from the root genes up to the
third descendants. In these drug-active pathways, only nine distinct genes listed
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Fig. 9. (A) Identified drug-active pathways in the 735 gene network estimated in
Subheading 3.2.4.

in Table 3 were the root genes. These genes can be considered as potential genes
that are directly affected by the antifungal drug griseofulvin. Interestingly, most
genes in Table 3 have GO annotations related to cytoplasm or membranes.
The identified drug-affected pathways may €elcidate the system of the affection
of griseofulvin in cell and help to discover new drug targets.

4. Notes

1. For the gene network exploration, it is very difficult to efficiently extract informa
tion from alarge gene network, thus a visualization tool for gene network analysis
playsacrucial role. We therefore also have devel oped a gene network analysis tool
called i.NET that provides a computational environment for various path searches
among genes with annotated gene network visualization. This total system consti-
tutes our method.

2. The advantages of the use of the multilevel dag model are asfollows: (1) The model
isvery simple and can be easily understood, and (2) the model showsthe parent—child
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Table 3

List of Root Genes of Identified Drug-Active Pathways (73)

Gene name GO annotations

CHA1 Serine family amino acid catabolism, mitochondrial nucleoid
CAF16 Regulation of transcription, cytoplasm

PNC1 Chromatin silencing, cytoplasm

ADE5,7 Purine base metabolism, cytoplasm

PIL1 Response to heat, cytoplasm

KGD1 Tricarboxylic acid cycle, mitochondria matrix

FRE1 Iron ion transport, plasma membrane

ADE13 Purine base metabolism

1ZH2 Lipid metabolism, integral to membrane

GO, gene ontology.

relations correctly, when the data have sufficient accuracy and information. However,
this method requires discretization of the expression values into two levels (0 or 1),
and the quantization probably causes information loss. By choosing the threshold 1
appropriately in aheuristic manne, it is reported that this naive agorithm workswell
in practice, dthough the method is not theoretically well founded.

In practice, biological experiments that disrupt the target druggable genes are
needed for confirming the results of the analysis.

For identifying drug-affected genes by the virtual gene technique, we simply con-
sider genes that have five or more virtual genes as the parent genes as the putative
drug-affected genes. That is, genes are under direct influence of the virtual genes.
However, a gene that has only one virtual gene as its parent may be the primary
drug-affected gene, depending on the mode of action for a given drug, and this
possibility must be analyzed case by case.

In Bayesian network literature, for example, Neapolitan (25), it is shown that
determining the optimal network is an NP-hard problem. However, recent develop-
ment of supercomputer technology enables us to optimize the small gene network,
including 40 or fewer genes, by using a suitable algorithm (26). However, for
larger numbers of genes, we use a heuristic strategy such as a greedy hill-climbing
algorithm to discipher graph structure.

The simplest way for discretizing microarray gene expression data is the use of
some thresholds: let {u,, ..., u.} be afinite set of discrete valuesand {1,,..., | .}
be regions satisfying Ul = Rand I, N I =< for i #j. An expression value>qj is
then transformed to U When X € 1, (see Friedman et al. [6]). An dternative way
for discretization isthe use of k-means clustering (8). Also, Shmulevich and Zhang
(27) proposed a method for binalizing gene expression data.

The nonparametric regression model in the Bayesian networks of Imoto et a. (9,10)
is an additive regresson model. However, in redlity, there are severa known
transcriptiona relationships that are more additive. Imoto et al. (28) proposed a
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10.

11.

Bayesian network with moving boxcel median filtering to capture such interactions.
Imoto et al. (29) provided a genera framework to combine microarray data and
varioustypes of biologica dataaimed at estimating gene networks. Tamadaet al. (30)
used promoter elements detection method together with the Bayesian networks
for simultaneous estimation of gene networks and transcription factor binding
sites. Nariai et a. (31,32) used protein—protein interaction data for refining gene
networks estimated from microarray data. Tamada et a. (33) used evolutionary
information to estimate gene networks of two distinct organisms.

The dynamic Bayesian networks (34—36) can estimate gene networks with cyclic
relations from time-course microarray data. Also, Yoshida et a. (37) proposed a
dynamic linear model with Markov switching to estimate time-dependent gene
networks that can allow structural change of the estimated gene network depending
ontime.

For measuring reliability of an estimated edge, the bootstrap (38) is a useful
method. As an advanced method of the bootstrap method, Kamimura et a. (39)
used the multiscale bootstrap method (40) for computing more acculate bootstrap
probability for the estimated edge in the Bayesian network.

Belief propagation (41) is an algorithm to infer the posterior marginal probability
of avariablein the Bayesian networks. The exact computation of thisagorithm is
limited for singly connected networks; however, it takes only linear time in prac-
tice. Generaly, calculating the probability in an arbitrary Bayesian network is
known to be NP-hard (42). Therefore, several approximation algorithms have been
proposed such as the loopy belief propagation (41), the junction tree algorithm
(43), and sampling based methods such as Markov chain Monte Carlo (44).
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Target Discovery and Validation in Pancreatic Cancer
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Summary

Pancreatic cancer is a lethal disease and rational strategies for early detection and targeted
therapies are urgently required to alleviate the dismal prognosis of this neoplasm. The use of
global RNA and protein expression-profiling technologies, such as DNA microarrays, serial
analysis of gene expression, and mass spectrometric analysis of proteins, have led to identifica-
tion of cellular targets with considerable potential for clinical application and patient care. These
studies underscore the importance of pursuing large-scale profiling of human cancers not only for
furthering our understanding of the pathogenesis of these malignancies but also for developing
strategies to improve patient outcomes.

Key Words. Bioinformatics; DNA microarrays; pancreatic cancer; proteomics; target dis-
covery; serial analysis of gene expression; SAGE.

1. Introduction
1.1. Pancreatic Cancer

Infiltrating ductal adenocarcinoma of the pancreas, more commonly known as
“pancreatic cancer” is the fourth leading cause of cancer deaths in the United
States (1). It is estimated that in 2006, approx 213,000 individuals worldwide will
be diagnosed with pancreatic cancer and approx 213,000 will die from this cancer
(2). It isan dmost uniformly fatal disease, with an overal 5-yr surviva rate of less
than 5%. The mgjority (~80%) of patients present with locally advanced or with
metastatic malignancies, rendering the cancers surgically unresectable. Unfortu-
nately, even patients who undergo surgical resection eventualy succumb to
metastatic disease, including those cases where the primary lesion was extremely
small at diagnosis (3). The implication is that pancreatic cancer must metastasize
distantly, before clinical presentation, in virtualy al cases. A smal number of
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cytotoxic drugs and radiation therapy are reported to have modest clinical benefit,
messured as time to progression or clinical improvement, in the trestment of pan-
creatic cancer. The most common current regimen is gemcitabine, used as either
asasingle agent, or increasingly, in combination with a platinum compound (e.g.,
cisplatin or oxdiplatin) (4). Despite these interventions, however, pancreatic can-
cer continues to be, in essence, a disease of near-uniform mortality.

The last 15 yr have seen an exponentia increase in our understanding of the
pathogenesis of pancrestic cancer, and it is now fairly evident that pancreas can-
cer isadisorder of the genome, caused by progressive accumulation of inherited
and acquired mutations (5). These alterations include activating point mutations
in the k-ras gene, overexpression of HER-2/neu, and inactivation of the pl6,
p53, DPC4, and BRCA2 tumor suppressor genes (1,3,6-11). Other mechanisms
may contribute to carcinogenesis of the pancreas, such as overexpression of
growth factors and their receptors or changes in activity of signal transduction
pathways (12,13). Although these gene-by-gene approaches have contributed
toward a better understanding of pancreatic cancer pathogenesis, the advent of
global profiling technologies have led to quantum advances in identifying
molecular targets that can form the substrate for developing rational early detec-
tion and therapeutic strategies for pancreatic cancer (14-22). Unraveling the
transcriptome and proteome of human pancreatic cancers by using large-scale
approaches such as DNA microarrays (23), serid analysis of gene expression
(SAGE) (24), and mass spectrometry (25) have led to an unbiased ucidation of
cancer biomarkers, many of which have are being trandated into direct patient
care, whereas others have the potential to do so in the near future.

In this review, we discuss three approaches. The first two approaches, cDNA
microarrays and SAGE, are used for analyzing the pancreatic cancer tran-
scriptome; and the third approach, liquid chromatography and tandem mass
spectrometry (LC-MS/MS), are used for analyzing its proteome. All three of
these global approaches have been used with considerabl e success for identifica-
tion of molecular targets in human pancreatic cancer. The last portion of this
review focuses on candidate molecular targets identified through such large-scale
profiling studies and how these relate to care of patients with pancreatic cancer.

1.2. DNA Microarrays

DNA microarrays consist of hundreds or thousands of PCR-amplified
cDNAs s or synthetic oligonucleotides spotted onto a glass microscope dlidein a
high-density pattern of rows and columns (23). DNA microarrays were first
used widely to quantify gene expression across hundreds or thousands of genes
simultaneoudly (26,27). To measure gene expression, mRNAs from two different
samples are differentially fluorescently labeled and cohybridized to a DNA
microarray, which is then scanned in dual wavelengths. For each DNA element
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on the microarray, the ratio of fluorescence intensities reflects the relative
abundance for that MRNA between the two samples.

The two-color fluorescence format provides robust measurements of gene
expression ratios, effectively mollifying variations in amounts of spotted DNA
and of hybridization kinetics. In some experimental designs, the selection of the
second-color “reference” specimen is natural, for example, the zero time-point
in a time-course, or the untreated sample in a pharmacological treatment. In
other cases, an arbitrary “universal” RNA reference, comprising apool of mRNA
from cell lines or tissues, is more appropriate (28). Because each sample is
hybridized against the same reference, samples can be readily compared with
each other. In such cases, gene expression ratios are typically “ mean-centered,”
i.e., reported in relation to the average of the specimens assayed (rather than to
the arbitrary reference).

For small specimens (e.g., tissue biopsies or microdissected samples),
insufficient input RNA may be available for the labeling protocol detailed
in Subheading 3.1.3. In such cases, the reader is directed to linear RNA
amplification protocols based on T7 RNA polymerase-mediated in vitro
transcription (29).

1.3. Serial Analysis of Gene Expression

SAGE is a comprehensive expression profiling technology for quantitative
gene expression in samples that does not depend on the prior availability of
transcript information (24). In this aspect, it varies from other expression
profiling technologies such as cDNA microarrays (see Subheading 2.1.2. and
Chapter 5, Volume 1) where analysesislimited to aknown repertoire of arrayed
sequences. The premise of SAGE rests on the concept that a short sequence of
nucleotides (~11 base pairs [bp], known as a “tag”) is sufficient for uniquely
identifying a transcript (24,30). The “serial” aspect of this platform comes
from the generation of “concatemers’ by ligating large numbers of SAGE tags
within a“library” that are then serially analyzed by sequencing for gauging rel-
ative transcript levels.

The sequential steps involved in generation of a SAGE library are illus-
trated in Fig. 1 (30). Briefly, double-stranded cDNA is generated from mRNA
isolated from a sample of interest and immabilized on magnetic beads. The
cDNA is then digested with a frequent cutting restriction enzyme such as
Nlalll and ligated to a linker with a restriction recognition site and a PCR
primer site. Subsequent digestion by another restriction enzyme (e.g., Bsmfl)
generates tags that contain the linker and a short nucleotide sequence (~11 bp)
downstream of Bsmfl recognition site that is specific for the transcript from
which it was generated. Pairs of tags are then ligated to generate so-called
“ditags,” which are PCR amplified, digested by Nlalll to remove the linkers
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Fig. 1. Principles of serial analysis of gene expression (SAGE) analysis. (From ref. 30.)

and concatenated. The concatemers are subcloned into an appropriate vector,
and the colonies resulting thereof are sequenced. The sequence data from a
given SAGE library can be analyzed using a variety of online publicly as well
as commercially available resources (see Subheading 3.2.14.), and any two
or more such libraries (e.g., pancreatic cancer and normal pancreas) can be
compared for differential gene expression. Since its original description,
numerous modifications have been made to the SAGE protocol (31,32),
including a“microSAGE” (33) (separately described as SAGE-lite [34]) tech-
nique that permits generation of libraries from minute quantities of starting
template (nanograms of MRNA), such as from microdissected material.
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1.4. Mass Spectrometric Analysis of Proteins

Initial sample collection and preparation are crucia for obtaining optimal
results for most analytical techniques, including mass spectrometry anaysis of
proteins. Despite the high sensitivity of current mass spectrometers (routine
analysis at femtomole level), great care should be taken to avoid degradation of
the sample because of the high abundance of naturally occurring proteases present
in pancreatic juice and pancrestic tissue. General guidelines and protocols regar-
ding sample handling, initia preparation, and fractionation by one-dimensional
(1D) electrophoresis, staining, tryptic digestion, nano-LC-MS/MS analysis,
database searches, and validation of data are provided in Subheading 3.3.8.
It should be emphasized that these protocols are general protocols that should
be modified if more specific analysisis needed. It is very important not to con-
taminate the sample with, e.g., keratin (hair and skin). In addition, universal
precautions must be followed during handling of the specimens.

1.5. Molecular Targets Identified by Large-Scale Transcriptomic
and Proteomic Analysis of Human Pancreatic Cancers

The large-scale analyses of human pancreatic cancers by using techniques
described above (Subheadings 1.2.—1.4.) has led to the identification of nearly
200 differentially overexpressed transcripts and a similar number of differen-
tially overexpressed proteins (15-18). These molecules have immediate trans-
lational relevance in terms of patient care, harboring the potential for application
in imaging studies, targeted therapies, and early detection. As the ensuing dis-
cussion highlights, such translational work is actively underway. For example,
the transcripts prostate stem cell antigen (PSCA) and mesothelin were
identified by Argani et al. (19,20) as being differentially overexpressed in
human pancreatic cancers by SAGE analysis (19,20). Because both PSCA and
mesothelin are membranous proteins, they can be used for specific targeting of
imaging agents to pancreatic cancers in vivo (35) or as atarget for monoclonal
antibody therapy by using humanized antibodies (see http://www.agensys.
com). Mesothelin also has been used as a target for immunotoxin therapy with
a conjugated anti-mesothelin antibody (36). Most recently, it also has been
reported that mesothelin is a target antigen against which a host immunologic
reaction is mounted by the cytotoxic T-cell repertoire in human pancreatic can-
cer patients (37); thus, it is currently being used in the preparation of pancreatic
cancer vaccines. In addition to therapeutic applications for pancreatic cancer,
PSCA and mesothelin also are secreted proteins; therefore, one can envision
quantitative assessment of these molecules in pancreatic juice samples for early
detection of pancreatic cancer in at-risk patients (38). Claudin 4 is an overex-
pressed cdl surface protein in human pancreatic cancers identified using an
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oligonucleotide microarray approach (39). Thistight junction molecule also has
been used for targeting immunotoxins to pancreatic cancer cells (40,41) as well
for imaging purposes (35). In transcriptomic studies, proteomic analysis of pan-
creatic juice samples has led to the identification of regenerating idet-derived
3 alpha (REG3A), aso known as pancreatitis-associated protein, as overex-
pressed in cancer samples compared with nonneoplastic pancreatic juice (21).
The selective overexpression of REG3A in neoplastic juice samples implies that
this protein can be used as an early detection biomarker for pancreatic cancer.

2. Materials
2.1. DNA Microarrays

1.
2.

w

[N

POOONO O A

20X Standard saline citrate (SSC) solution.

10% Sodium dodecy! sulfate (SDS) solution.

Bovine Serum Albumin (BSA) (cat. no. A7888, Sigma); prepare a10 mg/mL BSA
stock solution, filtered.

Ethanol, 95% (Gold Shield Chemical Co.).

Diamond scribe (cat. no. 52865-005, VWR).

Slide humidifying chamber (cat. no. H6644, Sigma).

Heating block (cat. no. 13259-050, VWR), invert so solid metal surface faces up.
Ultraviolet source (Stratalinker 2400, Stratagene; or equivalent).

Pyrex dish for denaturing spotted cDNA on arrays (cat. no. 08-741F, Fisher).
Slide rack and glass staining dish (Wheaton).

Desktop centrifuge (Beckman Allegra 6R, or equivalent), with microtiter plate
carriers.

2.1.1. Labeling mRNA

NP

NooA~®

8.
9.
10.

RNase-free H,O (cat. no. 9935, Ambion; or equivalent).

Anchored oligo(dT) reverse transcriptase (RT) primer (T,,VN, custom primer from
Operon; or equivalent; HPLC purify); prepare 2.5 pg/ul stock in TEg , buffer.
Superscript |1 reverse transcriptase (cat. no. 18064-014, Invitrogen, Carlsbad, CA).
5X First-Strand buffer (cat. no. Y 00146, Invitrogen).

0.1 M Dithiothreitol DTT (Y 00147, Invitrogen).

RNasin (cat. no. N2511, Promega).

50X dNTP mix: 10 mM dTTP, 25 mM each dGTP, dATP, dCTP, in TE, , buffer);
prepare from ultrapure dNTP solutions; GE Healthcare).

Cy5-dUTP and Cy3-dUTP (cat. nos. PA55022 and PA53022, GE Hedlthcare).
0.5 M EDTA.

Water bath(s) (70, 42, and 37°C).

2.1.2. Hybridization of Labeled Sample

1.
2.

RNase-free H,O (cat. no. 9935, Ambion; or equivalent).
PolyA RNA (cat no. P9403, Sigma). Prepare 10 pug/ul stock solution in TEg ),
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12.

Yeast tRNA (cat. no. 15401-011, Invitrogen). Prepare 5 ng/uL stock solution in
TE, .

Hu?r'?an Cot-1 DNA (cat. no. 15279-011, Invitrogen). Supplied as 1 pg/uL stock
solution.

20X SSC.

10% SDS.

Microcon-30 filters (Amicon).

Hybridization chambers (Corning; Monterey Industries, http://www.montereyin-
dustries.com; or equivalent).

Glass microscope slide cover dlips, 22 x 60 mm (Fisher).

Slide rack and three glass staining dishes (Wheaton).

. Desktop centrifuge (Beckman Allegra 6R, or eguivalent), with microtiter plate

carriers.
Water bath (65°C).

2.1.3. Data Reduction and Analysis

1.

2.

3.

GenePix 4000B scanner (Molecular Devices), or equivalent, for imaging microar-
rays after hybridization.

GenePix software (Molecular Devices), or equivalent, for data extraction (i.e.,
matching pixels to DNA spots; calculating fluorescence ratios).

Microsoft Excel, or more specialized microarray databases (e.g., AMAD,
http://www.microarrays.org/software.html), for data storage, retrieval, and analysis.

2.2. Serial Analysis of Gene Expression

The materials required for SAGE can be divided into 13 discrete steps that
are listed stepwise. Note that some reagents are required in multiple steps.

2.2.1. Kinasing Reaction for Linkers (Step 1)

1

Linker sequences.

a. Linker 1A (obtain gel-purified).
5-TTT GGA TTT GCT GGT GCA GTA CAA CTA GGC TTA ATA GGGACA
TG3.

b. Linker 1B (obtain gel-purified).
5-TCC CTA TTA AGC CTA GTT GTA CTG CAC CAG CAA ATC C[amino
mod. C7]-3'.

c. Linker 2A (obtain gel-purified).
5-TTT CTG CTC GAA TTC AAG CTT CTA ACG ATG TAC GGG GAC
ATG-3.

d. Linker 2B (obtain gel-purified).

5-TCC CCG TACATC GTT AGA AGC TTG AAT TCG AGC AG[amino mod.
C7]-3.
NEB T4 polynucleotide kinase (10 U/uL; cat. no. 201S, New England Biolabs).
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3. The 12% polyacrylamide gel electrophoresis-Tris acetate-EDTA (PAGE-TAE) gel
may be made from the following:
a. 40% Polyacrylamide: 19:1 acrylamide:bis (cat. no. 161-0144, Bio-Rad).
b. 50X TAE buffer (cat. no. 330-008-161, Quality Biological) (see Note 1).

2.2.2. First- and Second-Strand cDNA Synthesis (Step 2)

Dynabeads oligo(dT)25 mRNA direct kit (cat. no. 610.11, Dynal).

Dynal magnetic particle concentrators (MPC-S cat. no. 120.20, Dynal).
Superscript Choice System cDNA synthesis kit (cat. no. 18090-019, Invitrogen).
0.5 M EDTA (cat. no. E7889, Sigma).

SDS (cat. no. L4390, Sigma).

2.2.3. Cleavage of cDNA With Anchoring Enzyme (Nlalll)(Step 3)
1. Nlalll (cat. no. 125S, New England Biolabs).

gkrowpdPE

2.2.4. Ligating Linkers top cDNA (Step 4)

1. T4 Ligase (high concentration 5 U/uL; cat. no. 15224-041, Invitrogen).
2. BSA (cat. no. B9001S, New England Biolabs).

2.2.5. Release Tags Using Tagging Enzyme Bsmfl of cONA (Step 5)

Bmsfl (cat. no. 572S, New England Biolabs).
Phenol-chloroform.

0.5 M EDTA (cat. no. P2069, Sigma).

LoTE: 3mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.

AwWdE

2.2.6. Blunt-Ending Release Tags (Step 6)

1. 2 U/L Klenow (cat. no. 27-0929-01, Pharmacia).
2. 7.5 M Ammonium acetate (cat. no. A2706, Sigma).

2.2.7. Ligate to Form Ditags (Step 7)
1. T4 Ligase (high concentration 5 U/uL; cat. no. 15224-041, Invitrogen).

2.2.8. PCR Amplification of Ditags (Step 8)

Primer 1: 5-GGA TTT GCT GGT GCA GTA CA-3..

Primer 2: 5-CTG CTC GAA TTCAAG CTT CT-3..

40% Polyacrylamide: 19:1 acrylamide:bis (cat. no. 161-0144, Bio-Rad) for making
12% PAGE-TAE gel.

96-Well plates for PCR (cat. no. Z37,490-3, Sigma).

5. Taq polymerase (cat. no. 10996-034, Invitrogen).

wn R

»

2.2.9. Isolation of Ditags (Step 9)

1. SYBR Green| (cat. no. S-7567, Invitrogen).
2. SpinX filtration microcentrifuge tubes (Costar, Cambridge, MA).
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2.2.10. Purification of Ditags (Step 10)
1. TE: 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, pH 8.0.

2.2.11. Ligation of Ditag s to Form Concatemers (Step 11)
1. 40% Polyacrylamide: 37.5:1 acrylamide:bis (cat. no. 161-0148, Bio-Rad).

2.2.12. Ligating Concatemers in pZero (Step 12)

1. Sphl restriction enzyme (cat. no. 182S, New England Biolabs).
2. PZero plasmid (cat. no. K2500-01, Invitrogen).

2.2.13. Electroporation of Ligation Products and Colony PCR (Step 13)

1. ElectroMAX DH10B competent cells.

2. Zeocin (cat. no. R250-01, Invitrogen).

3. Glass beads.

4. Agarose (Select Agar cat. no. 30391-023, Invitrogen).

2.3. Mass Spectrometric Analysis of Proteins

2.3.1. Preparation of Pancreatic Juice and Pancreatic Tissue

Protease inhibitor tablets (cat. no. 1697498, Roche Diagnostics).
DC Protein Assay kit | (cat. no. 500-0111, Bio-Rad).
Scalpel handle (cat. no. S7772-1EA, Sigma).
Scalpel blade (cat. no. S2646-100EA, Sigma).
Phosphate-buffered saline (PBS) tablets (cat. no. P4417-100TAB, Sigma).
Modified radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM
Tris-HCI, pH 7.4, 1% Nonidet P-40 (NP-40), 0.25% sodium deoxycholate, 1 mM
EDTA).
7. Sodium chloride (cat. no. S9888, Sigma).
8. Deoxychoalic acid (sodium deoxycholate) (cat. no. D6750, Sigma).
9. NP-40 (cat. no. 492015, Calbiochem).
10. Trizma base (cat. no. T6066, Sigma).
11. EDTA (cat. no. E4884, Sigma).
12. Sonicator (Sonifier 250, Branson; or similar).

ok~ wWdE

2.3.2. Fractionation by 1D Gel Electrophoresis

1. XCell SurelLock (cat. no. EI0001, Invitrogen).

2. 10% NuPAGE, Bis-Tris gel, 1.5 mm, 10-well (cat. no. NPO315BOX, Invitrogen).

3. 4-12% NuPAGE, Bis-Tris gel, 1.5 mm, 10-well (cat. no. NP0O335BOX,
Invitrogen).

4. 10X NuPAGE sample reducing agent (cat. no. NPO0O9, Invitrogen).

4X NuPAGE LDS sample buffer (cat. no. NPOOO7, Invitrogen).

NuPAGE antioxidant (cat. no. NPOOO5, Invitrogen).

o u
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2.3.3. Protein Staining (Silver Staining and Coomassie Staining)

Colloidal blue staining kit (cat. no. LC6025, Invitrogen).
Acetic acid, glacial (cat. no. A38-500, Flsher).

Methanol (cat. no. MX0475P-4, EMD Chemicals Inc.).
Sodium carbonate (cat. no. S-2127, Sigma).

Silver nitrate (cat. no. SX0205-5, EMD Chemicals Inc.).
Sodium thiosulfate (SX0820-1, EMD Chemicals Inc.).
Formaldehyde (cat. no. 2106-01, J. T. Baker).

Nook~wdE

2.3.4. Tryptic Digestion

Scalpel handle (cat. no. S7772-1EA, Sigma).

Scalpel blade (cat. no. S2646-100EA, Sigma).

10 mM DTT (cat. no. 43815, Sigma).

55 mM lodoacetamide (cat. no. 1-6125, Sigma).

50 and 100 mM NH,HCO, (cat. no. 09830, Sigma).

Acetonitrile (cat. no. 9017-03, J. T. Baker).

12.5 ng/uL Modified trypsin, sequencing grade (cat. no. V5111, Promega).
5% Formic acid (cat. no. 06450, Sigma).

©NO U WNE

2.3.5. Reverse Phase Columns

1. Fused-silicacapillary tubing for liquid chromatography 75 um id/365 um od, (cat.
no. TSPO75375, Polymicro Technologies).

2. Kasil 1™ (potassium/silicate solution) (cat. no. 25110, ASTRO PQ

Corporation).

Formamide (super pure grade) (cat. no. BP228-100, Fisher).

Reverse phase material for liquid chromatography SB-C18, 5-15 um (Zorbax).

5. Reverse phase material for liquid chromatography MS218, 5 um (Vydac,

Columbia, MD).

Methanol (MX0475P-4, EMD Chemicals Inc.).

7. High-pressure vessel for nano-LC column packing (cat. no. SP035, Proxeon
A/S).

~w

o

2.3.6. LC-MS/MS

1. Emitters for liquid chromatography FS360-20-10-N-20; tip, 10 + 1 um (cat. no.
FS3602010N20, New Objective).

2. Mobile phase A (H,O with 0.4% acetic acid and 0.005% heptafluorobutyric
[vIv]).

3. Mobile phase B (90% acetonitrile, 0.4% acetic acid, 0.005% heptafluorobutyric

acid in water).

Acetonitrile (cat. no. 9017-03, J. T. Baker).

Heptafluorobutyric acid (cat. no. H-7133, Sigma).

Glacial acetic acid (cat. no. A38-500, Fisher).

o 0k
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3. Methods
3.1. Microarays

Many universities, medical centers, and companies have established “core
facilities’ dedicated to printing DNA microarrays. Detailed protocols for print-
ing spotted DNA microarrays have been published (42). DNA microarrays also
can be purchased from various commercial vendors (e.g., Agilent Technologies).
The protocols that follow are geared specifically to spotted cDNA microarrays.
Where distinct methods are required for spotted oligonucleotide arrays, alterna-
tive protocols are detailed in Subheading 4.

3.1.1. Processing and Prehybridization of DNA Microarrays

Before use, and unless aready processed by the manufacturer, DNA micro-
arrays should be processed and prehybridized to enhance specific hybridization
to DNA spots and to block nonspecific hybridization to the glass surface. The
following protocol applies to microarrays of cDNAs spotted onto amino-
silane—coated dides (e.g., GAPSII, Corning), a widely used surface for nucleic
acid immobilization.

1. Using a diamond scribe, etch the underside (nonprinted) surface of the array to
demark the boundaries of the printed area (see Note 1). Optionally, if arrayed DNA
spots look small, rehydrate arrays over double distilled H,O (ddH,O) preheated to
50°C by using a dide humidifying chamber (printed surface facing down) for 20 s.

2. Quickly snap-dry each array by placing on a preheated 75°C heating block (printed
surface facing up) for 5 s (see Note 2).

3. UV-crosslink printed DNA onto glass substrate with 60 mJ of energy by using
Stratalinker (place slides printed side up; use Energy mode: 600 x 100 uJ) and
then transfer arrays to a slide rack.

4. Denature arrayed cDNA spots by immersing arrays in near-boiling (see Note 3)
ddH,0O in Pyrex dish and agitate for 2 min.

5. Prehybridize arrays in 3X SSC, 0.1 mg/mL BSA, 0.1% SDS in a glass staining

dish (in awater bath) at 50°C for 60 min.

Rinse arrays by gentle shaking in ddH,O at room temperature for 5 min; repeat twice.

7. Subsequently, plunge arrays into 95% ethanol and agitate for 2 min, spin-dry
arrays in a tabletop centrifuge at 500g at room temperature for 5 min, and use
arrays the same day (for oligonuclectide arrays, see Note 4).

o

3.1.2. Preparation of mRNA

Both total RNA and mRNA are suitable substrates for fluorescence labeling
and expression profiling. Total RNA can be isolated from specimens by using
TRIzol reagent (Invitrogen) or by anion exchange methods (e.g., QIAGEN
RNeasy). mRNA can be isolated by oligo(dT) affinity purification (e.g.,
Invitrogen FastTrack 2.0).
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3.1.3. Labeling of mRNA

1.

5.

6.

For each test or reference sample, in a 1.5-mL Eppendorf tube on ice add the
following:

* 50 g of total RNA (or 2 ug of mRNA).
» 5ugof RT primer, and RNase-free H,O to atotal volume of 15 L.

Heat samples at 70°C for 10 min and then cool onice 3 min, quick spin at 4°C and
hold onice.

Onice, add 3uL of Cy5 dUTP or Cy3 dUTP to test and reference samples, respec-
tively (see Note 5). Tap gently to mix then quick spin.

Onice, add 12.1 uL of RT Mastermix (6 uL of 5X First-Strand buffer, 3uL of 0.1 M
DTT, 0.6 uL of 50X dNTPs, 0.5 uL of RNasin, and 2 uL of Superscript 11). Tap
gently to mix and then quick spin and incubate 42°C for 1 h.

Thereafter, add an additional 1 uL of Superscript 11, mix gently, quick-spin, and
incubate at 42°C an additional 1 h.

Cool oniceand add 3 uL of 0.5M EDTA stop solution, mix gently, and quick spin.

3.1.4. Hybridization of Labeled Sample

1.

10.

Combine Cy5-labeled test and Cy3-label ed reference samples, together with 450 pL
of TE, ,, into aMicrocon-30 filter, and spin 12,0009 for 9-12 min at room tempera-
ture in a microcentrifuge; retained volume should be approx 20 uL (see Note 6);
discard the flow-through.

Add an additional 500 pL of TE, ,, spin at 12,0009 for 9-12 min, and discard the
flow-through (see Note 7).

Add an additional 450 uL of TE,,, 2 uL of polyA RNA stock solution, 2 ulL
of yeast tRNA stock solution, and 20 puL of human Cot-1 stock solution (see
Note 8).

Spin 12,0009 for 9-12 min and discard the flow-through. The retained volume
should be less than 32 L.

Invert Microcon-30 filter into a new Eppendorf tube, and spin at 12,000g for 1 min
to recover labeled cDNA sample.

Transfer the labeled cDNA mixture to a screw-top microcentrifuge tube, deter-
mine the sample volume by using a pipet, and increase the volume to 32 uL by
adding ddH,O.

Add 6.8 puL of 20X SSC and mix. Add 1.2 uL of 10X SDS, mix gently to avoid
forming bubbles.

Boil the hybridization mixture for 2 min, incubate at 37°C for 20 min, and then
quick spin.

Carefully pipet hybridization mixture onto DNA microarray and overlay with a
22- x 60-mm glass cover slip (see Note 9).

Overlay cover dip with several small droplets of 3X SSC (totaling 20 pL) to pro-
vide hydration and then enclose and seal dide in hybridization chamber. Incubate
at 65°C for 16-18 h (see Note 10).
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3.1.5. Washing Microarrays After Hybridization

After hybridization, wash the DNA microarrays to remove unbound labeled
sample. The following three sequential wash steps should be performed using a
dlide rack, transferring among three separate glass staining dishes, each con-
taining volumes of 350400 mL, with gentle agitation:

e Wash 1: 2X SSC/0.03% SDS (see Note 11), at 65°C (see Note 12), 5 min.
¢ Wash 2: 1X SSC, room temperature, 5 min.
e Wash 3: 0.2X SSC, room temperature, 5 min.

After the third wash, DNA microarrays should be spun dry by using a
desktop centrifuge, at 500g at room temperature for 5 min (see Note 13).

3.1.6. Microarray Imaging, Data Reduction, and Analysis

After hybridization, DNA microarrays should be scanned in dual wave-
lengths by using a GenePix 4000B (Molecular Devices) scanner, or equivalent.
GenePix software, or equivalent, should be used to extract fluorescence inten-
sity ratios for each DNA element on the DNA microarray. To compensate for
variable labeling efficiencies, fluorescence ratios can be normalized such that
the average fluorescenceratio for all DNA elementsonthearray issetto 1 (i.e,,
“global” normalization). Microsoft Excel, or any of several more sophisticated
commercia or academic microarray databases (43), can be used to manipulate
and analyze microarray data.

3.2. Serial Analysis of Gene Expression

3.2.1. Kinasing Reaction for Linkers (See Note 14)

The linkers need to be “kinased” as described in the NEB T4 polynucleotide
kinase instructions (New England Biolabs). Briefly,

1. DiluteLinker 1B, 2B, 1A, and 2A to 350 ng/uL.

2. Incubate kinase reaction solution per NEB instructions at 37°C for 30 min and
heat inactivate at 65°C for 10 min.

3. Mix9uL of Linker 1A (350 ng/mL) into the 20 uL of kinased Linker 1B prepared
above (fina conc. 200 ng/uL) to generate “1AB.”

4. Then, mix 9 uL of Linker 2A (350 ng/uL) into the 20 pL of kinased Linker 2B
prepared in Step 2 (final conc. 200 ng/ulL) to generate “2AB.”

5. Anneal both tubes of linkers with the following incubations: 1) 95°C for 2 min,
2) 65°C for 10 min, 3) 37°C for 10 min, 4) room temperature for 20 min, 5) Store
at —20°C. Store at —20°C.

6. Test the anneal mixes. Kinasing should be tested by self-ligating both mixes and
incubating at 37°C for 30 min.

7. Anayzeonal5-mm 12% PAGE-TAE gel. Theligated dimers should run at 80 bp,
and the monomers should be run at 40 bp. Load all of the self-ligated linkers, and
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1 uL of the annealed mixes as negative controls. Kinased linkers should allow
linker—linker dimers (80-100 bp) to form after ligation, while unkinased linkers
will prevent self-ligation. Only linker pairsthat self-ligate greater than 70% should
be used in further steps.

3.2.2. First- and Second-Strand cDNA Synthesis

Use Dyna Dynabeads oligo(dT)25 mRNA direct kit and magnets with
the Superscript Choice system cDNA synthesis kit to accomplish first- and
second-strand synthesis.

1

8.
9.
10.
11.

12.
13.

14.
15.
16.
17.
18.

Thoroughly resuspend Dynabeads oligo(dT)25 beads. Transfer 100-120 pL to an
RNase-free, 1.5-mL Eppendorf tube, and place it on the magnetic Eppendorf tube
holder.

After the mixture of beads and buffer has cleared, remove the supernatant. Then,
wash the beads in 500 uL of lysis/binding buffer, and mix 10 pg of total RNA with
1 mL of lysighinding buffer (see Note 15).

Remove the 500 uL of lysigbinding buffer supernatant from the Dynabeads and
add the RNA-buffer mixture to these prewashed Dynabeads.

Shake at room temperature for 5 min by hand, place the tube on the magnet for
2 min, and remove supernatant.

Woash the beads twice with 1 mL of buffer A/washing buffer.

Wash the beads once with 1 mL of buffer B/washing buffer containing 20 pg/mL
glycogen and subsequently wash the beads four timeswith 100 uL of 1X Firgt-Strand
buffer.

Remove the supernatant and resuspend beads in the First-Strand synthesis mix
from the cDNA Kkit.

Place the tube at 42°C for 2 min and then add 3 L of SuperScript Il RT.
Incubate at 42°C for 1 h. Mix the beads every 10 min by vortexing or tapping the tube.
After incubation, place the tube on ice to terminate the reaction.

Directly to the first-strand reaction, and on ice, add the second-strand synthesis
components for atotal of 500 pL.

Incubate at 16°C for 2 h; mix the beads every 10 min.

After incubation, place the tubes on ice and terminate the reaction by adding 40 pL
of 0.5 M EDTA, pH 8.0.

Place the beads on the magnet and remove the supernatant.

Wash the beads once with 500 pL of 1X BW containing 1% SDS.

Resuspend the beads in 200 uL of 1X BW/1% SDS and heat at 75°C for 20 min.
Wash four times with 200 pL of 1X BW containing 2X BSA.

Wash twice with 200 L of 1X NEB T4 containing 2X BSA.

3.2.3. Cleavage of cDNA With Anchoring Enzyme (Nlalll)

Resuspend the beads by setting up arestriction digest with Nlalll. Mix and

incubate at 37°C for 1 h (mix every 15 min).
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3.2.4. Ligating Linkers to cDNA

1.

akrown

No

After the Nlalll restriction digest, remove the supernatant and wash the beads
twice with 200 pL of 1X BW/0.1% SDS containing 2X BSA.

Wash four times with 200 pL of 1X BW containing 2X BSA (freshly made).
Wash twice with 200 uL of 1X ligase buffer.

Divide the beads into two tubes and place them on a magnet.

Remove the last wash and set up a 10-uL ligation with linker 1AB (1 pL) and
linker 2AB (1 uL) in separate tubes. The amount of linkers used needs to be
adjusted according to the number of cells (see Note 16). Two different linkers are
used to prevent looping of the template in the PCR reaction. The linkers encode
for the Bsmfl restriction enzyme site.

Heat tubes at 50°C for 2 min and then let sit at room temperature for 15 min.
Add 1 pL of T4 high concentration ligase (5 U/uL) to each tube (10-uL reaction).
Incubate at 16°C for 2 h and mix beads intermittently by tapping the tube.

3.2.5. Release Tags by Using Tagging Enzyme (Bsmfl) of cDNA

1

gk own

IS

~

10.

11.

12.

After ligation, wash each sample twice with 200 L of 1X BW/0.1% SDS con-
taining 2X BSA (freshly made), by adding the 200 uL of buffer to the 10-uL
ligation reaction.

Pool tube 1 and tube 2 after the first wash to minimize losses in subsequent steps.
Wash four times with 200 pL of 1X BW/2X BSA (freshly made).

Wash twice with 200 puL of 1X NEB T4 with 2X BSA (freshly made).

Set up arestriction digest with Bmsfl. Bsmfl producesa5’ sticky end of four bases
(10 bp + 4 bp into unknown sequence).

Incubate at 65°C for 1 h, mix intermittently, and then centrifuge at 14,0009 for
2 min at 4°C.

Transfer supernatant to new tube (see Note 17).

Woash beads once with 40 uL of LoTE; thereafter, pool the 200-uL supernatant and
the 40-uL wash (240 pL fina volume).

Perform phenol:chloroform extraction by adding 240 pL of phenol:chloroform,
pH 8.0 (“PC8").

Vortex, then centrifuge for 5 min at 11,000g at 4°C and transfer the upper aque-
ous phase to a new tube.

Then, precipitate with 100% ethanol (EtOH) at —80°C. Centrifuge for 30 min at
21,000g at 4°C. Wash twice with 200 uL of 75% EtOH.

Resuspend pellet in 10 uL of LoTE by pipeting up and down.

3.2.6. Blunt Ending Released Tags

The tags now have a protruding end that needs to be filled in for blunt end
ligation to form the ditags.

1
2.
3.

Set up blunt end ligation by using Klenow (2 U/uL).
Incubate at 37°C for 30 min.
Then, add 190 pL of LoTE (240 uL fina volume).
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Phenol:cholorform extract with 240 uL of PC8 (480 uL total volume).

Vortex, centrifuge for 5 min at 21,0009 at 4°C.

Remove 200 uL of the upper aqueous phase containing the nucleic acids and
aliquot into the “ligase-plus’ tube; aliquot the rest of the agueous upper phase into
“ligase-minus’ tube.

Equalize the volume of the plus and minus ligase samples by adding 160 pL of
LOoTE to the ligase-minus sample. EtOH precipitate both the plus and minus tubes
with 7.5 M ammonium acetate.

Centrifuge for 30 min at 11,0009 at 4°C.

Remove the supernatant and wash twice with 200 puL of 75% EtOH.

Resuspend the ligase-plus reaction in 5 uL of LOTE.

Resuspend the ligase minus reaction in 3 uL of LOTE.

3.2.7. Ligate to Form Ditags

Using high concentration T4 ligase (5 U/uL ), set up aligation to form ditags.

1
2.

3
4,
5

Add 5 pL of 2X ligase-plus mix to the ligase-plus tube.
Add 3 uL of 2X ligase-minus mix to the ligase-minus tube. Therefore, the total
volume of ligase-plusis 10 puL and of ligase-minusis 6 pL.

. Incubate overnight at 16°C.

Add 10 uL of LoTE to the ligase-plus tube (20 uL total volume).

. Add 14 L of LoTE to the ligase-minus tube (20 uL tota volume).

3.2.8. PCR Amplification of Ditags

Usethe P1 and P2 primers (350 ng/uL each) to amplify ditags for atest PCR
to determine the optimal conditions for the large-scale PCR that follows.

1

Optimize amplification by using different dilutions of the ditag template (see Note
18). Cycle conditions are as follows: (A) 1 cycle: 94°C for 1 min; (B) 27 cycles
(ligase-plus) or 35 cycles (ligase-minus): 94°C for 30 s; 55°C for 1 min; 70°C for
30 s, and (C) 1 cycle: 7°C for 5 min.

Use 27 cycles for the ligase-plus reactions, and 35 cycles for the ligase-minus
reactions (see Note 19).

Remove 10 uL from each reaction and mix with 1 puL of loading dye. Electro-
phorese the samples on a 1-mm 12% polyacrylamide gel. Use 10- and 100-bp
ladder as a marker. Amplified ditags should be 102 bp. A background band of
equal or lower intensity occurs around 80 bp. All other background bands should
be of substantially lower intensity. The ligase-minus samples should not contain
any amplified product of the size of the ditags even at 35 cycles.

After the PCR test to determine the appropriate dilution, perform alarge-scale
PCR. About 300 reactions of 50 uL each of the optimal dilution is needed for
the pooled PCR products. Three 96-well plates with a 50-L reaction per well is
adequate. Use one less cycle for the large-scale than for the small-scale PCR.
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3.2.9. Isolation of Ditags

1.

2.

10.

11.

12.
13.

14.

15.

16.

17.

18.

After the large-scale PCR is complete, centrifuge the 96-well microplates in a
swinging bucket centrifuge for 10 min to spin down the condensation.

Collect the PCR products into a 50-mL plastic conical tube and perform a
phenol:cholorform extraction with an equal volume of PC8, and then centrifugein
a swinging bucket rotor for 10 min.

Transfer the upper aqueous phase to a new 50-mL tube and EtOH precipitate with
100% EtOH and 7.5 M ammonium acetate at —80°C.

Centrifuge at 11,000g 4°C for 30 min. Wash with 5 mL of 75% EtOH and centrifuge
for 5 min at 4°C, followed by air-drying the pellet.

Resuspend each pellet in 200 puL of LOTE, pool the two tubes into one 400-pL
sample, and then place it onice. Add 40 pL of 10X loading dye.

Apply 110 uL to each of four 1.5-mm 12% acrylamide TAE gels by using one
large well comb.

Electrophorese the gel for approximately 1.5 h at 160V until the blue xyleneband is
near the bottom of the gel, and the purple bromophenoal blue band has run off the gel.
Stain the gel using SYBR Green | stain, at a 1:10,000 dilution. Let the gel soak in
the stain for 15 min on a shaker.

Visualize the gel on a UV box by using the yellow SYBR Green filter. Protect the
DNA by putting an ethanol-cleaned glass plate on the UV box and then put the gel
on the glass plate.

Cut out only the amplified ditag 102-bp band from the gel. Be sure to remove the
markers and do not take the 80-bp background band.

Place one-third of each band in a 0.5-mL microcentrifuge tube (12 tubes total)
whose bottom has been pierced two times with a 21-gage needle to form small
holes of approx 0.5 mm in diameter.

Pierce the tubes with a syringe needle from the inside out for safety.

Place the 0.5-mL microcentrifuge tubes in 2-mL round-bottomed microcentrifuge
tubes and centrifuge in microfuge at 11,0009 for 5 min at room temperature. This
process breaks up the cut-out bands into small fragments at the bottom of the
2-mL microcentrifuge tubes. If most of the gel is not contained in the 2-mL
microfuge tube.

Centrifuge for an additional 5 min.

Discard 0.5-mL tubes and add 250 uL of LoTE and 50 pl of 7.5 M ammonium
acetate to each 2-mL tube. Tubes can remain at 4°C overnight at this point (see
Note 20).

Vortex each tube, place at 65°C for 15 min, and pulse centrifuge at 9000g to
collect the condensation at the bottom of the tube.

Mix the contents well and the transfer the contents of each tube to a SpinX filtra-
tion tube. Transfer as much of the gel remnants and viscous solution as possible.

Centrifuge each SpinX tube for 5 min at 11,000g at room temperature. EtOH pre-
cipitate the eluates in new 1.5-mL tubes with 7.5 M ammonium acetate by cen-
trifuging at 11,000g for 30 min at 4°C.
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Wash twice with 200 uL of 75% EtOH for 5 min at 4°C for each wash.
Resuspend DNA in 10 pL of LOTE in each tube.

Pool samples into one tube, 120 pL total.

Remove 1 uL for quantitation of DNA concentration. The total amount of DNA at
this stage should be 10 to 20 ug. If the concentration is not this high, EtOH pre-
cipitate and redo the large-scale preparation, and then combine the two 102-bp
band samples. If the DNA concentration is too high, then the sample can be split
in half, and the two digestion reactions can be electrophoresed. If the sample is
split in half, then the reaction should be brought to volume with LOTE.

Digest the 102-bp DNA with Nlalll by incubating 1 h at 37°C (see Note 21).

3.2.10. Purification of Ditags

1
2.

10.
11.

12.

13.

Extract with an equal volume PC8 (400 pL).

Vortex and then centrifuge for 5 min at 11,0009 at 4°C. Be very careful in the
following steps because the small 20-bp DNA segments are unstable. A low tem-
perature and high salt concentration are needed.

Transfer the upper agueous phase into two tubes (200 uL each) and then EtOH
precipitate at —-80°C.

Centrifuge the tubes at 4°C for 30 min at 11,000g.

Remove the supernatant and wash once with 200 puL of cold 75% EtOH. The
EtOH is cold to protect the 26-bp ditags from denaturation. The melting point of
26-bp DNA is below room temperature.

Remove EtOH traces by air-drying on ice.

Resuspend the pellet in each tube in 10 uL of cold TE buffer. This higher con-
centration Tris-HCL buffer (compared with LOTE) is needed to protect the 26-bp
DNA ditags.

Pool the resuspended DNA into one tube (20 uL total). Onice, add 2 uL of 10X
loading dye (22 uL total volume).

Load 5.5 pL of this sample into four lanes of a 1.5-mm 12% polyacrylamide-TAE
gel (10 well) and electrophorese at 100 V to 140 V (see Note 22). Load markers
on both sides of the four lanes of sample leaving one open lane between the sample
lanes and the marker lanes.

Stain the gel using SYBR Green | stain, at a 1:10,000 dilution.

Cut out the 24- to 26-bp band from the four lanes by using a glass plate, pre-
cleaned with EtOH, on top on the UV box.

Place two cut-out bands in each 0.5-mL microcentrifuge tube (two tubes total).
More 0.5-mL microcentrifuge tubes can be used if more lanes are loaded with
26-bp ditags or if the bands are large. Pierce the bottom of 0.5-mL tube two times
with a 21-gage needle and place the tubes in 2.0-mL round-bottomed micro-
centrifuge tubes and centrifuge in the microfuge at 11,000g for 5 min at room
temperature. Continue to spin the tube until all of the gel is collected in the
2.0-mL tube.

Discard the 0.5-mL tubes and add 50 pL of 7.5 M ammonium acetate and 250 pL
of LOTE (in this order) to the 2.0-mL tubes.
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14.

15.

16.
17.

18.

Vortex the tubes and place at 37°C for 20 min. Use four SpinX tubesto isolate the
eluate.

Spin for 5 min at 10,0009 at room temperature. EtOH precipitate in three tubes at
—80°C. Centrifuge at 4°C at 10,0009 for 30 min.

Wash twice with 200 uL of cold 75% EtOH. Air-dry to remove all residual EtOH.
Resuspend each DNA samplein 2.5 uL of cold (4°C) LoTE, making sure that the
total volumeis 8 uL after resuspending the pellet.

Remove 1 pL of the purified ditags for quantification.

3.2.11. Ligation of Ditags to Form Concatemers

Length of ligation time depends on quantity and purity of ditags. Typicaly,

several hundred nanograms of ditags are isolated and produce large concatemers
when the ligation reaction is carried for 1 to 3 h at 16°C. Lower quantities, or
less pure ditags, will require longer ligations.

1

o

10.
11.

Set up aligation by using the pooled purified ditags (7 uL), 5X ligation buffer (2 uL),
and the high concentration (5 U/uL) T4 ligase (1 pL). If the volume of pooled
purified ditags is high, the reaction volume can be increased.

Incubate for 1 h and 10 min at 16°C if you started with 10 ug of total RNA; fewer
ditags require a shorter incubation.

Heat the sample at 65°C for 5 min.

Place it on ice for 10 min and then add loading dye to the ligation reactions. Use
a 1-mm 8% polyacrylamide-TAE gel.

Load the concatemers in the center well, skip alane on either side of the concate-
mers, and then use 100- and 1-kb ladders for molecular markers. Samples are
electrophoresed at 130V until the purple bromophenol blue dye reaches the bottom
of the gdl.

Stain the gel with SYBR Green | 1 at 10,000 dilution (see Note 23).

Visualize on UV box by using the yellow SYBR Green filter. Concatemers will
form a smear with arange from about 100 bp to several kilobases.

| solate the 800- to 1500-bp region and the 1500- to 3000-bp region. As before, place
each of these gel piecesinto a 0.5-mL microcentrifuge tube with a needle-pierced
bottom (two tubes total).

Place the tubes in a 2.0-mL round-bottomed microcentrifuge tube and centrifuge
at 11,000g for 5 min at room temperature. Discard the 0.5-mL tubes and add 300 pL
of LOTE to the 2.0-mL tubes.

Vortex the tubes and place at 65°C for 20 min.

Transfer the contents of each tube into one SpinX microcentrifuge tube and
centrifuge for 5 min at 11,0009 at 4°C. EtOH precipitate both the high- and low-
weight concatemers and place at —80°C overnight.

3.2.12. Ligating Concatemers Into pZero

1. Prepare the pZero cloning vector by digesting with the SpHI restriction enzyme,

by incubating for 20 min at 37°C.
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The Following Volumes Are in Microliters

High mol. wt.  Low mol. wt. No ligase
Fraction fraction fraction Vector only added
Vector 1 1 1 1
5X Ligase buffer 2 2 2 2
T4 Ligase (5 U/uL) 1 1 1 0
dH,0 0 0 6 7
Concatemers 6 6 0 0

2. Remove 1 puL of the digestion to electrophorese on a 1% agarose TAE gel with
markers, and uncut pZero. pZero should migrate in the gel at approx 2.5 kbp.

3. Add 30 pL LOTE to the rest of the sample and heat it a 70°C for 10 min to

inactivate the enzyme. The concentration is now 25 ng/L, and 1 puL can be used

per ligation.

Centrifuge the concatemers and pZero at 11,0009 for 30 min at 4°C.

Wash the concatemers and pZero twice with 200 uL of 75% EtOH.

Resuspend each tube of the purified concatemer DNA in 6 uL of LOTE.

Resuspend the pZero in 30 uL of LOTE (~30 ng/L).

Incubate overnight at 16°C in 1.5-mL Eppendorf tubes. Before putting the ligation

in, be sure that you can continue the next day.

© N Ok

3.2.13. Electroporation of Ligation Products and Colony PCR

1. Add 190 uL of LoTE to the ligation mix to bring the sample volume to 200 L.
Phenol:chloroform extract and precipitate at —80°C, and then centrifuge.

Transfer the upper aqueous upper layer to a new tube. EtOH precipitate the aqueous
phasein 1.5-mL tubes at —-80°C.

Centrifuge at 11,000g at 4°C for 30 min.

Wash four times with 200 pL of 70% EtOH.

Centrifuge at 11,0009 for 5 min at 4°C.

Remove EtOH and air-dry the pellets.

Resuspend each pellet in 10 uL LOTE: these mixtures are your ligation
mixtures.

Place ligation mixtures on ice.

Electroporate the 1 uL of ligation into 25 puL of ElectroMAX DH10Bs célls.
Plate the transformation mixture onto fresh LB-Zeocin plates (100 pg/mL
Zeocin). One hundred microliters of liquid must be dispersed on each plate.
Various amounts of both the high and low concatemer fractions are plated sepa-
rately. The cells are spread by using glass beads with sterile technique. Two dilu-
tions of each fraction are used: (A) 100 uL of undiluted electroporated
competent cell culture and (B) 1:10 dilution of electroporated competent cell
culture (diluted with LB media). (C) 100 uL of the two negative controls also
are plated appropriately.

N

No oA~

© ©
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11. Incubate overnight at 37°C. Keep the rest of the transformation mixtures at 4°C.
Plasmids with insert should have hundreds to thousands of colonies, whereas con-
trol plates should have zero to tens of colonies.

12. Check the insert sizes by performing colony-PCR. Check at least 36 colonies of
each ligation to calculate the average insert size. Set up 25-uL PCR reactions by
using the M13-forward and M13-reverse primers. Use a sterile pipet tip, or a
toothpick, to pick colonies. Suggested parameters for PCR are as follows: (A)
1 cycle: 95°C for 2 min, (B) 30 cycles: 95°C for 30 s, 56°C for 1 min, 70°C for
1 min, (C) 1 cycle: 70°C for 5 min.

13. Electrophorese 5 uL of sample on a1.5% agarose TAE gel at 100V until the purple
bromophenol blue band is near the bottom of the gel. Load a 1-kb and 100-bp
ladder to determine the insert size. Place 1 puL of 10X loading buffer in the wells
of a 96-well PCR plate. Transfer 5 uL of the PCR reactions to the dye by using
the multichannel pipet and load into the gel.

3.2.14. Bioinformatics Analyses of SAGE Tags

The last step of SAGE is to sequence the colonies and to perform appropriate
bioinformatics analyses on the sequenced products to elucidate SAGE tag
sequences and to calculate relative expression levels of various tagsin the sample
(i.e., creation of a SAGE “library”). The frequency of each SAGE tag in the
SAGE library directly correlates with transcript abundance. Sequencing of con-
catemers can be done either in-house in a core facility or at any commercial
sequencing laboratory. The bioinformatics associated with analysis of SAGE
tags is outside the scope of this chapter, but the reader is referred to excellent
reviews on this subject (44-46) as well as to relevant websites (SAGENet,
http://www.sagenet.org/; SAGEMap, http://www.ncbi.nlm.nih.gov/projects/
SAGE/; TagMapper, http://tagmapper.ibioinformatics.org/index_html; and
SAGE Genie, http://cgap.nci.nih.gov/SAGE). Of note, many of the databases
house publicly available SAGE libraries of a variety of human tissues, cell
types, and diseased specimens, including pancreatic cancer, and form areadily
available resource for generating differentially expressed transcriptsin an entity
of interest.

3.3. Mass Spectrometric Analysis of Proteins
3.3.1. Sample Collection and Preparation of Pancreatic Juice

Human pancreatic juice is normally collected during surgery from the pan-
creatic duct of patients undergoing pancreatectomy. A total volume of 20500 pL
is usualy collected and immediately stored at —80°C with or without any pro-
tease inhibitors. The sample should be kept at on ice (4°C) all time when not
stored at —80°C. To remove potential debris the pancreatic juice is centrifuged
at 4°C for 30 min at 16,000g. The protein concentration should be determined
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using a protein assay kit. Severa different protein assay kits can be used,
including, e.g., Modified Lowry and Bradford. Modified Lowry (absorbance at
750 nm) is very sensitive, but it is atwo-step procedure and requires an incuba:
tion time (~15-20 min). In addition, strong acids and ammonium sulfate can
interfere with the measurement in Modified Lowry. The Bradford (absorbance
at 590 nm) method is even more sensitive and can be read within 5 min.
However, proteins with low arginine content will be underestimated when using
the Bradford method. The protein concentration in pancreatic juice can vary
from approx 2—15 mg/mL depending on the specific sample.

3.3.2. Sample Collection and Preparation Pancreatic Tissue

The amount of tissue needed depends on the type of analysis performed. This
protocol is based on ~50 mg of starting material (tissue), which transates into
approx 1025 mg of protein after extraction. Note these numbers are only rough
numbers and can fluctuate from sample to sample.

1. After surgical removal the pancreatic tissue is snap-frozen and stored at —-80°C.
During handling (cutting), the tissue is kept on a clean glass plate placed on top
on an ice bucket to minimize degradation of the proteins. Thetissueisfirst cut into
small pieces by asterile scalpel and transferred to a 1.5-mL tube. Thetissueisthen
gently washed (by inverting the tube) in ice-cold PBS buffer to remove excess
blood from the sample.

2. Remove the PBS buffer and replaced by 1 mL of ice-cold modified RIPA buffer
containing protease inhibitors (150 mM NaCl, 50 mM Tris, pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 1 mM EDTA, and one protease inhibitor tablet per
50 mL).

3. Thetissue is subsequently sonicated (output control, 3 to 4; duty-cycle, 30-40%;
time, 30 s per cycle) three to four times. If possible the sample should be kept on
ice during sonication but otherwise placed on ice for 5 min after every cycle of
sonication. Alternatively, a Polytron homogenizer can be used followed by soni-
cation for protein extraction (on ice).

4. After protein extraction, the sample is centrifuged for 30 min at 4°C, and the
supernatant is transferred to a new 1.5-mL tube.

3.3.3. Fractionation of Pancreatic Juice and Tissue Proteins
by 1D Gel Electrophoresis

Because of the relatively high complexity of pancreatic juice and tissue, it is
recommended that the sample is fractionated by, e.g., 1D or two-dimensional
(2D) gel electrophoresis before nano-LC-MS/MS analysis. Alternatively, one
can perform in-solution digestion combined with 2D LC-MS/MS (not dis-
cussed in this chapter) (47,48). For automated nano-LC-MS/MS analysis,
20-30 ug of sample should be loaded on the gel (higher or lower amounts
of sample can be loaded on the gel depending on the specific analysis).
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Approximately 20-30 ug of protein is transferred to a 1.5-mL tube and mixed
(1:5) with 6X loading buffer containing 10% B-mercaptoethanol. Vortex sample
shortly (5 s) and boil for 5-8 min to denature the proteins beforeloading on 1D gdl.
For most purposes, a 10% gel is recommended, but alternatively a gradient gel
can be used (4-12%) for higher resolution in a broad molecular mass range.
The parameter for running the gel depends on the gel apparatus system and gel
size and has to be done according to the individual manufacturer’s instructions.

3.3.4. Staining of Proteins After 1D Gel Electrophoresis

After resolving the proteinsby 1D gel electrophoresis, the proteins are visuali-
zed by either silver staining (49) or colloidal Coomassie (50). Silver staining
can sensitize proteins down to 1-2 ng of protein (51), whereas colloida
Coomassie staining can detect levels down to approx 10-20 ng of protein. Both
methods are equally compatible with mass spectrometry analysis.

3.3.5. Visualization of Proteins by Silver Staining

1. After resolving the proteins by 1D gel electrophoresis, fix the gel in destaining
solution (50% methanol, 5% acetic acid, 45% water [Milli-Q], [v/v]) for 20-30 min
at room temperature (on shaker).

2. Rinsein Milli-Q water for 30—60 min to remove acid (change water three to four

times). However, the gel can be left overnight in water to reduce background

(more transparent in areas with no protein staining).

Incubate the gel for 1 to 2 min in 0.02% sodium thiosulfate (Na,S,0,).

Wash two times with Milli-Q water (1 min each time).

5. Then, incubate the gel in ice-cold (4°C) 0.1% silver-nitrate (AgNO,) solution at
4°C for 2040 min (on shaker).

6. Subsequently, wash the gel two timesin Milli-Q water (two times for 1 min each)
and then develop in developing solution (0.04% formaldehyde/formalin and 2%
Na,CO,). The development is quenched by discharging the developing solution
and replacing it with 1% acetic acid (see Note 24). After staining (silver or col-
loidal Coomassie), the gel is stored at 4°C in 1% acetic acid (container with tight
lid). The gel can be stored for several months under these conditions.

~w

3.3.6. Visualization of Proteins by Colloidal Coomassie Staining

1. After gel electrophoresis, fix the gel in destaining solution (50% methanol,
5% acetic acid, and 45% water [Milli-Q] [v/v]) for 10 min at room temperature
(on shake).

2. Discharge the destaining solution and replace it by staining solution without

stainer B (55 mL of Milli-Q water, 20 mL of methanol, 20 mL of stainer A).

Incubate at room temperature for 10 min (on shaker).

Add 5 mL of stainer B to the existing solution and leave for 3-12 h.

When protein bands become visible, decant staining solution and replace by

200-300 mL of Milli-Q water.

ok w
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6. Shake the gel for at least 7 h or until the background becomes clear. The water
should be changed several times during destaining (see Note 25).

3.3.7. In-Gel Tryptic Digestion of Proteins Resolved
by 1D Gel Electrophoresis

After visualization of the proteins by either silver staining or colloidal
Coomassie staining, the resolved proteins are digested by trypsin before mass
spectrometry analysis (17).

1. Excisethe gel lane into approx 20-30 bands (depending on the size of the gel).

2. Cut each band into smaller pieces (~2 x 2 mm).

3. Wash the gel pieces from each band with Milli-Q water and water:acetonitrile 1:1
(v/v) two times for 15 min at room temperature. Solvent volumes in the washing
step roughly equaled five times the gel volume.

4, After washing, remove the liquid and cover gel pieces in 100% acetonitrile to
shrink the gel pieces.

5. After approx 5 min, remove acetonitrile and incubate the gel piecesit with 10 mM
DDT in 100 mM ammonium bicarbonate (NH,HCO;) for 45 min at 56°C to
reduce the cysteines.

6. Subsequently, remove the liquid and replace by 55 mM iodoacetamide in 100 mM
NH,HCO, and then incubate for 30 min at room temperature in the dark to
akylate the cysteines.

7. Remove the iodoacetamide solution surplus and wash the gel pieces two timesin
water and acetonitrile as described above and subsequently dehydrate by adding
100% acetonitrile.

8. Rehydrate the gel pieces by incubation in a digestion buffer containing
12.5 ng/uL trypsin (modified sequencing grade, Promega) in 50 mM NH,HCO,
and incubate for 45 min on ice. Enough digestion buffer is added to cover the
gel pieces.

9. After 45 min, replace the digestion buffer by approximately the same volume
50 mM NH,HCO, but without trypsin to keep the gel pieces wet during enzymatic
digestion.

10. Incubate the samples at 37°C overnight.

11. After digestion, remove the remaining supernatant and save it in a 1.5-mL tube.

12. Extract the remaining peptides from the gel pieces by incubating in 5% formic
acid (enough to cover the pieces) for 15 min and then adding the same volume of
100% acetonitrile for further 15-min incubation.

13. Repeat the extraction twice. Collect al three fractions in one tube and dry down
in avacuum centrifuge.

14. Resuspend in 10-20 pL of 5% formic acid.

3.3.8. Liquid Chromatography-Tandem Mass Spectrometry Analysis

Depending on the type of sample analyzed and available hardware (e.g.,
HPLC system and mass spectrometer), the LC-MS/M S setup can be modified
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in many ways. However, two different strategies are frequently used for separa-
tion of peptides. One setup uses two columns in tandem (a precolumn followed
by an analytical column), whereas the second setup only uses a single analytical
column. The tandem column setup is preferred when large volumes (1040 uL)
have to be analyzed or if the samples need to be desalted or washed extensively.
This setup is very robust and can be used for most types of samples. One
drawback is that one might loose sensitivity because of broader chromato-
graphic peaks. Several column materials can be used for precolumns (e.g.,
YMC ODS-A, 5- to 15-um beads; Kanamatzu USA Inc., New York, NY) and
analytical columns (e.g., MS218, 5-um beads;, Vydac) and it is therefore
strongly suggested that several trial runs including different reverse phase
materials are tested for obtaining optimal separation and resolution during the
LC-MS/MS analysis.

The following sections describe a general strategy for building and packing
reverse phase columns used for hano-LC-MS/MS analysis in addition to some
general chromatographic guidelines (LC program, length of gradient, and
context of mobile phase).

3.3.9. Preparation of Reverse Phase Column (Fig. 2)

1. Thecolumn is packed in afused silica capillary tubing (375 um od and 75 um id)
(52). A “frit” restrictor has to be generated inside the fused silica to block the
reverse phase material during packing (the silicatubing is open in both ends). Mix
44 uL of Kvasil 1 with 8 uL of formamide and vortex for 1-3 min (the solution
becomes viscous).

2. One end of a 20- to 25-cm fused silicais dipped in the solution for 1 to 2 s (the
solution will move upward into the fused silica by capillary action). Excess solu-
tion is wiped off and the fused silica is left at room temperature o.n. to poly-
merize. The frit is checked under a microscope and should be approx 2-5 mm in
lengths and has to present a VV-shaped cone pointing outward. The frit can be cut
if it istoo long.

3. Insert the fused silicainto a pressure vessel and wash it with 100% methanol. This
process ensures that solvent can flow through the frit and that when pressure is
applied, the frit is still affixed to the capillary. The reverse phase material (~4 mg)
is placed in aglass microvia and resuspended in 500 uL of methanal.

4. To keep the column material in suspension a small magnetic stirring rod is added
to the glass microvial before placing it in the pressure vessel. Place the pressure
vessel on a stir plate and turn the magnetic stirrer at low speed. Turn the gas (He)
pressure to 50 bar (800 psi), which initiates the packing of the column. The column
should be 5-10 cm for precolumns and 1520 cm for analytical columns.

5. The fused silica is connected to the LC system and flushed with mobile phase B
(90% acetonitrile, 0.4% acetic acid, and 0.005% heptafluorobutyric acid in water)
for 30 min and subsequently 30 min with mobile phase A (H,O with 0.4% acetic
acid and 0.005% heptafluorobutyric [v/v]) to equilibrate the column.
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A

Cone shaped frit Fused silica capillary tubing

B --— Fused silica capillary tubing
(375 um O.D. and 75 um 1.D.)

Slurry of C1g column
material (in methanol)

Small magnet

Magnetic stir plate O

Fig. 2. Preparation of a reverse phase column for nano-LC-MSMS analysis. A frit
restrictor composed of amix of Kvasil 1 and formamide is generated in one end of the
fused silica capillary tubing (375 um od and 75 um id) to block the reverse phase
material during packing. Thefrit restrictor should present aVV-shaped cone and be 2-5 mm
in length (A). The fused silica tubing with the frit restrictor is subsequently placed in
small pressure vessel (frit restrictor pointing outward from the pressure vessel)
containing a slurry of reverse phase material (B). The column is packed by applying
apressure (He) of 50 bar (800 psi) in the pressure vessel. The column should be
approx 15-20 cm in length.

6. The performance of the generated reverse phase column is tested with several tria
runs by atryptic digest of astandard protein (e.g., 100200 fmol of BSA). Elution
time for the individual peaks in the chromatogram should be approx 15-20 s with
100 fmol of BSA and produce seguence coverage between 50 and 60% with a
Mascot protein score of approx 1500 (see Subheading 3.3.11.).
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3.3.10. Sample Analysis (LC-MS/MS)

The sample is automatically loaded onto the column by the autosampler in
the HPLC system. The peptides are loaded onto the reverse phase column by
using alinear gradient of 5-10% mobile phase B (90% acetonitrile, 0.4% acetic
acid, and 0.005% heptafluorobutyric acid in water) during 6-8 min. No pep-
tides will elute during this time interval. If needed, the loading time can be
extended for additional washing or desalting of the sample. The peptides are
subsequently separated and eluted from the column by 10-45% mobile phase B
during 3540 min, followed by 45-90% mobile phase B for 3 min. The column
is finally rinsed flushed with 90% mobile phase B for 1 to 2 min and equili-
brated in 5% mobile phase B for 3 min. The flow rate delivered from the pumps
to the column(s) depends on the LC setup. In a tandem column setup, the flow
rate should be 4 to 5 uL/min during loading and 1-1.5 uL/min for the single
column setup. During peptide separation and elution, the flow rate is decreased
to 250-300 nL/min for both setups. During equilibration of the column, the
flowisagainincreased to 4 to 5 uL/minfor tandem column setup and 1-1.5uL/min
for single column setup. Note that this program is only arough guide and should
be modified as required.

3.3.11. Database Search and Validation

The final step of the analysis is searching the generated LC-MS/M S data by
using a search engine. Severa search engines are available (e.g., Mascot,
SEQUEST, XTandem, and Spectrum Mill) that use their own individual search
agorithms and scoring systems. Here, the Mascot search engine (version 2.0)
is used as an example. Before the search can be performed, peak-list files have
to be generated. Peak-list files are made from the files initially recorded during
the LC-MSMS anaysis (named, e.g. RAW-files on a Micromass instrument)
and contain information about the mass of the precursor selected for MS/IMS
fragmentation and the masses and relative intensity of the fragment ions.
Depending on the type of instrument used for the LC-MSMS analysis, the
search parameters have to be adjusted accordingly. The following Mascot
search parameters can be used for high-resolution type instruments (e.g.,
Micromass QTOF and Sciex Q-STAR). Several search parameters have to
be specified on the Mascot MS/MS ion-search, including peptide tolerance
(set at 0.2 Datons), MS/MS tolerance (set at 0.2 Daltons), enzyme (used in
digestion, trypsin), missed cleavages (set at 1 or 2), fixed modifications (set
carbamidomethylation on cysteins), variable modifications (set oxidation on
methionine), peptide charge (set +1, +2, +3), and monoi-sotopic mass. One also
has to specify the type of database (e.g., NCBInr, SwissProt, or RefSeq) and
taxonomy (e.g. human, mouse, bacteria, or fungi) the peak list files has to be
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search in. A widely used nonredundant database is RefSeq (53) (http://
www.nchi.nim.nih.gov/RefSeq/) from National Center for Biotechnology
Information, which contains 1,310.800 entries from 2780 organisms. One very
important aspect of the final analysisis verification of the data obtained from
the database searches. Far from all proteins retrieved from the database search
are correct. Peptides identified by the Mascot search engine with a peptide
score under 3040 are usually false positives and have to be discarded from the
data set. In cases where protein identification is based on a single peptide, spe-
cial caution has to be taken. The amino acid sequence identified by the Mascot
search engine has to be verified manually to make sure that the MS/IM S spec-
trum truly corresponds to the peptide sequence predicted by Mascot. Manual
validation is therefore essential to avoid alarge number of false positivesin the
list of identified proteins.

4. Notes

1. After processing, the array spots will no longer be visible, so demarking the
boundaries is important for later positioning the labeled sample and cover dlip
correctly.

2. Rehydration should produce spot sizes that are enlarged by approx 20%, with the
DNA distributed more uniformly within spots.

3. Bring ddH,O to aboail in the Pyrex dish and then remove from heat. Add microar-
raysin dlide rack immediately after the boiling (bubbling) has subsided.

4. For processing oligonucleotide arrays, UV-crosslink by using 70 mJ, wash arrays
in 0.2% SDS at room temperature for 10 min, wash three times in ddH,O at room
temperature for 5 min each, rinse in 95% EtOH for 1 min, and then spin-dry in
centrifuge at 500 rpm.

5. Often by convention, the test sample is labeled with Cy5, whereas the reference
sampleis labeled with Cy3.

6. Centrifuge times are estimates. If necessary, here and in subsequent Microcon
steps, spin in additional 1-min increments until volume of retained solution is
approx 20 uL.

7. This additional wash step serves to further remove unincorporated fluorescent
nucleotides. If labeling is successful, the retained labeled cDNA mixture should
be light blue.

8. PolyA and human Cot-1 preannealing serves to block undesirable hybridization to
polyA tailsand highly repetitive DNA, respectively, contained in a subset of cDNA
microarray elements. Yeast tRNA functions to block nonspecific hybridization.

9. A total volume of 40 pL for the hybridization solution is appropriate when using
a 22- x 60-mm cover dip. If using a different-sized cDNA microarray and cover
dip, adjust the total volume of hybridization solution accordingly, while maintaining
final SSC and SDS concentrations.

10. The described hybridization protocol is optimized for cONA microarrays. For
oligonucleotide microarrays, improved hybridization sensitivity and specificity
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11.

12.

13.

14.

15.
16.
17.
18.

19.

20.
21
22.
23.
24,

25.

can be achieved by performing the hybridization with 35% formamide (with the
same concentration of SSC and SDS) and at 42°C for at least 24 h.

Add SDS last to avoid precipitation.

Performing the first wash above room temperature (65°C) provides higher strin-
gency to increase specific to nonspecific hybridization signal. For oligonucleotide
arrays, perform the first wash at 42°C.

Work quickly to avoid air-drying (which will leave salt residue) between the last
wash and spin-dry steps.

High-quality linkers are crucial to several stepsin the SAGE method. Linkers 1A,
1B, 2A, and 2B should be obtained gel-purified from the oligonucleotide synthesis
company. These oligonucleotides can be ordered from Integrated DNA Technologies
or other oligonucleotide synthesis companies.

The RNA volume should not exceed 100 uL.

A 1:10 dilution is often a good start.

Keep the supernatant; it contains your actual tags!

Use1pl of 1/50, /100, and /200 dilutions of ligation product per PCR reaction.
This step indicates the best dilution for the reactions. If the starting RNA is poor
quality, start out with a 1/25 dilution.

The appropriate cycle number is critical for isolating an adequate amount of ditag
DNA for SAGE. Too few cyclesresultin alow yield and may cause problemswith
subsequent steps. Too many cycles give erratic results and also may result in low
yields. Therefore, trying various cycle numbers (e.g., 26, 28, or 30) to determine
the optimal number is recommended.

The DNA seeps out of the gel overnight. Do not leave for more than one night, or
the acrylamide can break down substantially. Do not put at —80°C.

Freezelthaw cycles decrease the effectiveness of Nlalll. Freeze/thaw Nlalll only
once to insure optimal activity.

Do not run the voltage too high or your 26-bp product could melt.

This gel isthin and proneto rip. Be careful!

Developing of the gel should take approx 2 to 3 min and care should be taken not to
overexpose the gdl (have the 1% acetic acid solution ready for quenching the reaction).
Stainer A and B are provided in the colloidal Coomassie kit provided by
Invitrogen.
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Molecular Classification of Breast Tumors

Toward Improved Diagnostics and Treatments

Therese Sgrlie

Summary

Recent advances in gene expression profiling and other “omics’ technologies have revolu-
tionized cancer research and hold the potential of also revolutionizing clinical practice. These
high-throughout approaches have radically changed our ability to study cells and tissuesin amore
comprehensive way. Combined with advanced bioinformatics and the possibility to simulate bio-
logical processesin computers, thisfield of “systems biology” allows us to study the organism as
awhole entity. This chapter describes the molecular classification and characterization of breast
tumors into distinct subtypes by using DNA microarrays and discusses the statistical relation-
ships of the subgroups with clinical features of the disease.

Key Words: Breast cancer, DNA microarrays, gene expression patterns; prediction; prognoss.

1. Introduction

Cancer diseases result from the accumulation of mutations, chromosomal
instabilities and epigenetic changes that together facilitate an increased rate of
cellular evolution and damage that progressively impairs the cell’s detailed and
complex system of regulation of cell growth and death. Changes in gene activi-
ties are further influenced by the microenvironment within and in the vicinity of
tumor cells as well as by exogenous factors. When one combines all of these
aspects with inborn genetic variations among individuals, there is every kind of
reason to expect tumors to display prodigiously diverse phenotypes. Breast
tumors, like most solid cancers, are heterogeneous and consist of severa patho-
logical subtypeswith different histological appearances of the malignant cellsand
different clinical presentations and outcomes, and the patients show a diverse
range of responses to a given treatment. Furthermore, breast tumor tissue shows
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heterogeneity with respect to its microenvironment, including specificaly the
types and numbers of infiltrating lymphocytes, adipocytes, and stromal and
endothelia cells. The cellular composition of tumors is a central determinant of
both the biological and clinical features of an individual’s disease.

Microarray technologies, applied to the study of DNA, RNA, and protein
profiles as well as to the genome-wide distribution of epigenetic changes such
as DNA methylation, can be used to portray atumor’s detailed phenotypein its
unique context (see Chapters 1 and 4, this volume). Systematic and detailed
characterization of tumors on a genomic scale can be correlated with clinica
information and greatly enhance our understanding of the causes and progres-
sion of cancer, ability to discover new molecular markers, and possibilities for
therapeutic intervention. Eventually, advances in tumor portraiture will lead to
improved and individualized treatments.

In recent years, the use of DNA microarraysin breast cancer research has led
to important discoveries: first, individual tumors arising in the same organ may
be grouped into distinct subclasses based on their gene expression patterns,
independent on stage and grade; and second, the biological relevance of such
classification is corroborated by significant prognostic impact (1).

2. Microarray Procedures and Handling of Data

Most published studies have used spotted cDNA arrays that were originally
introduced by Schena and colleagues in 1995 (2); however, commercialy
manufactured oligonucleotide-based arrays are increasingly gaining market
also among academic laboratories. Most of the platforms allow the use of two
different fluorescent labels to distinguish, on the same spots, the abundance of
gene-specific transcripts from two different samples. The data presented herein

Fig. 1. (Opposite page) Strategy for a typical reference-based DNA microarray
experiment. (A) Tumor biopsies are obtained and immediately frozen for isolation of
high-quality RNA. In parallel, RNA from a reference sample, usually a collection of
different cell linesisisolated for use in atwo-color hybridization protocol. (B) The two
samples are differentially labeled with fluorescent nucleotides (by convention Cy5 for
tumor RNA and Cy3 for reference RNA). (C) The two samples are combined and
allowed to hybridize to a DNA microarray in which each gene is represented as a dis-
tinct spot. (D) A laser scanner is used to excite the hybridized array at the appropriate
wavelengths, and the relative abundance of the two transcriptsis visualized in a pseudo-
colored image by theratio of the “red” to “green” fluorescence intensities at each spot.
The ratios are log transformed and placed in a table in which each row corresponds to
a gene and each column corresponds to a single hybridization experiment. (E) For
further data analysis and interpretation of multiple experiments, a wide range of statis-
tical methods exist, both supervised and unsupervised: average-linkage hierarchical
clustering; SAM, and machine learning algorithms. Adapted from ref. 1.
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are based on such a platform. We have routinely used a reference strategy in
which transcripts (or genomic DNA for copy number detection) extracted from
the tumor sample were labeled with one fluorescent dye (Cy5), whereas tran-
scripts from a standard reference (3) were labeled with a different dye (Cy3).
Relative levels of the two transcripts were calculated by log transforming the
ratio between the two fluorescent intensities (Cy5/Cy3; red/green) (Fig. 1).

Appropriate treatment and handling of surgical specimensiscrucial to obtain
high-quality, intact RNA, which is a fundamental requirement for a successful
and reliable microarray experiment. Immediate snap-freezing of clinical sam-
ples after surgery or storage in appropriate buffers that permeate the cells and
stabilize the RNA reduce the chances of jeopardizing both the quality and the
guantity of RNA available for analysis.

The advantage of microarray experiments when applied to the study of cancer
ismost clear when alarge number of samplesisanalyzed similarly and combined
so that variation in gene expression patterns across a large number of tumors can
be investigated. For the analysis and interpretation of microarray data, severa
sophigticated computational tools are available (4,5), and constantly being devel-
oped. In general, they can be divided into unsupervised approaches that entail
searching for patterns in the data with no prior assumptions, and supervised
approachesin which predictions are generated based on existing knowledge of the
data. As more primary data are compiled on specific tissues and tumor types, inte-
grative analyses that explore the data in the context of other data sources may aid
in a deeper hiologica understanding (6). In our analyses of breast tumors, hierar-
chical clustering algorithms have been applied to organi ze both genes and samples
into meaningful groups based on similarity in their overall expression patterns (7).
In addition, different supervised methods to analyze the gene expression profiles
in relation to existing knowledge of the tumor samples have been successfully used
(8-11). Another great chalenge of microarray experiments is the storage of the
massive amounts of data that are generated in these experiments. Common stan-
dards and ontologies for the management and sharing of data are essentia and
have been put forward by the microarray community (12). At present, the chal-
lenges of microarray technology includethe use of different platforms, issuesrelat-
ing to consistent reproducibility, sample variability, and high cost. Despite these
issues, more data comparing different data sets and various microarray platforms
illustrate that the underlying biology is till thelargest contributing factor (13,13a).

3. Molecular Portraits of Breast Tumors
3.1. Whole-Genome Profiling

The phenotypic diversity of tumors is accompanied by a corresponding
diversity in gene expression patterns that can be captured by DNA microarrays.
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Our initial studies of 65 surgical specimens of human breast tissue from 42
individuals by using microarrays representing 8102 genes showed that there
was great molecular heterogeneity among the tumors, with multidimensional
variation in the patterns of gene expression (14). To help provide aframework
for interpreting the variation in expression patterns observed in the tumor
samples, 17 cultured cell lines representing models for many of the cell types
encountered in these tissue samples also were characterized. A subset of 1753
genes was selected, those genes whose transcripts varied in abundance by at
least fourfold from their median abundance in this sample set in at least three
samples. Hierarchical clustering was then used to group both genes and tis-
sue samples together based on overall similarity in their expression patterns
(Fig. 2). Clusters of genes with coherent expression patterns could be related
to specific features of biological variation among the samples, for example,
variation in proliferation rates: the largest distinct cluster of genes was the
“proliferation cluster,” which is a group of genes whose levels of expression
correlate with cellular proliferation rates (15-17). Another large cluster
containing genes regulated by the type | and type Il interferon signal trans-
duction pathways showed substantial variation in expression among the
tumors. Furthermore, clusters of coexpressed genes were identified whose
expression patterns derived from different cell types within the grossly
dissected tumors, including luminal and basal epithelium, stromal fibroblasts,
and lymphocytes (Fig. 2C-J). These findings were corroborated by immuno-
histochemistry (14).

A unique quality of this study was the availability of tumor pairs; 20 tumors
were sampled twice as part of a larger prospective study on locally advanced
breast cancer (T3/T4, N2 tumors, or both) (18-20). After an open surgical
biopsy to obtain the “before” sample, each of these patients was treated with
doxorubicin for an average of 15 wk, followed by resection of the remaining
tumor, when the “ after” sample was obtained. In addition, primary tumors from
two patients were paired with alymph node metastasis from the same individ-
ual. A striking result observed in the cluster dendrogram was that most of the
tumor pairs (15 of the 20 before and after pairs and both primary tumor/lymph
node metastasis pairs) clustered together on terminal branches in the accompa-
nying dendrogram (Fig. 2B). That is, despite the potential confounding effects
of aninterval of 15 wk, cytotoxic chemotherapy, and different sample prepara-
tions, independent samples taken from the same tumor were in most cases rec-
ognizably more similar to each other than either was to any of the other
samples. This finding implied that every tumor is unique and has a distinctive
gene expression signature or portrait. It also implied that the type and numbers
of nonepithelial cellsin tumorsis aremarkably consistent and enduring feature
of each individual tumor. Breast tumors thus seem to be very diverse, but they
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light blue, and the three clustered normal breast samples are highlighted in light
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and the lymphocyte-derived cell linesin brown. (C) Endothelial cell gene expression
cluster. (D) Stromal/fibroblast cluster. (E) Breast basal epithelia cluster. (F) B-cell
cluster. (G) Adipose-enriched/normal breast. (H) Macrophage. (1) T-cell. (J) Breast
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are not internally heterogeneous, when millions of cells are sampled. The finding
that the two primary tumors and the corresponding metastases were similar in
their overall pattern of gene expression suggests that the molecular program of a
primary tumor may be retained in its metastases. This idea has been explored by
other investigators and suggests that metastatic capacity is an intrinsic feature of
the primary tumor and that the fate of the tumor might have been programmed at
an early stage of the disease (21). Hence, specific expression patterns in the pri-
mary tumors may help identifying genes, pathways, or both that are important for
the metastatic process and for tumor progression in general.

3.2. Subclassification

To explore the possibilities for further refining these distinctions among sub-
types of breast tumors, we took advantage of the paired tumor samples. The
specific features of a gene expression pattern that are to be used as the basis for
classifying tumors should be similar in any sample taken from the same tumor,
and they should vary among different tumors. The paired samples therefore pro-
vided a unique opportunity for a deliberate and systematic search for genes
whose expression levels reflected such intrinsic characteristics of the tumors.
Using well measured expression data from the paired samples, a subset of genes
termed “intrinsic gene set” was selected that consisted of genes with signifi-
cantly greater variation in expression between different tumors than between
paired samples from the same tumor (14). The rationale behind thislist of genes
isthat it is enriched for those genes whose expression patterns were characteristic
of each tumor as opposed to those that varied as a function of tissue sampling;
hence, they would be ideally suited for classification.

Our extended analyses have since included an intrinsic gene set of 540 genes
selected from expression data of 45 tumor pairs (including two primary lymph
node pairs) and approx 8000 common genes for all samples (22,23). Together,
122 tissue samples were included in the clustering analysis. 115 carcinomas
and 7 nonmalignant tissues. Most of the tumors were sampled as part of two
independent studies evaluating response to chemotherapy of locally advanced
breast cancer in an adjuvant setting. From the first cohort of patients treated
with doxorubicin monotherapy (19), 55 tumor samples were analyzed, and
from the second cohort of patients treated with 5-fluorouracil and mitomycin C
(20), 34 tumor samples were analyzed. The remaining 26 sampleswere primary
tumor specimens collected either at Stanford or in Norway.

The overal expression patterns showed that the tumors could be classified
into five distinct subtypes, and the main distinction was between tumors that
expressed genes characteristic of luminal epithelia cells (two groups), including
the estrogen receptor (ER) and those that were negative for these genes (three
groups) (Fig. 3). Among the luminal epithelial-type tumors, the largest group,
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by using the intrinsic gene set. (A) A scaled-down representation of the entire cluster
of 540 genes and 122 tissue samples based on similarities in gene expression.
(B) Experimental dendrogram showing the clustering of the tumorsinto five subgroups.
Branches corresponding to tumors with low correlation to any subtype are shown in
gray. (C) Gene cluster showing the ERBB2 oncogene and other coexpressed genes.
(D) Gene cluster associated with luminal subtype B. (E) Gene cluster associated with
the basal subtype. (F) A gene cluster relevant for the normal breast-like group. (G)
Cluster of genes including the ER (ESR1) highly expressed in lumina subtype A
tumors. Scale bar represents -fold change for any given gene relative to the median level
of expression across all samples. Adapted from ref. 22.
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termed luminal subtypeA (dark blue branches), demonstrated the highest expres-
sion of ER, estrogen-regulated protein LIV-1, and the transcription factors
hepatocyte nuclear factor 3, alpha (HNF3A), X-box binding protein 1, and
GATA-binding protein 3 (GATA3) (Fig. 3G). The second, smaller group of
tumors with luminal epithelial characteristics, termed luminal subtype B (light
blue branches), showed low expression of the ER cluster, but it was further dis-
tinguished from lumina subtype A by the high expression of a novel set of
genes such as GGH, LAPTMB4, NSEP1, and CCNE1, whose coordinated func-
tion is unknown (Fig. 3D). Among the three ER-negative groups, the basal
epithelial-like subtype (red branches) was characterized by high expression of
KRT5 and KRT17, annexin 8, CX3CL1, and TRIM29 and was completely
negative for the luminal/ER cluster of genes (Fig. 3E), whereas the ERBB2+
subtype (pink) was characterized by high expression of several genes in
the ERBB2 amplicon at 17g22.24, including ERBB2, GRB7, and TRAP100
(Fig. 3C), suggesting that much of the genetic influences are because of gene
amplification. A normal breast tissue-like group (green branches) was identified
that showed the highest expression of many genes known to be expressed by
adipose tissue and other nonepithelial cell types (Fig. 3F). These tumors aso
showed strong expression of basal epithelial genes and low expression of lumi-
nal epithelial genes. However, it is unclear whether these tumors represent
poorly sampled tumor tissue or adistinct, clinically important group. In conclu-
sion, the molecular portraits defined by gene expression patterns seem to be
stable and homogenous and represent the tumor itself, not merely the particular
tumor sample, because we could recognize the distinctive expression profile of
a tumor in independent samples. The inherent properties of the tumors thus
seem to be sustained throughout chemotherapy as well as between a primary
tumor and its lymph node metastasis, and these properties could be represented
by a relatively small number of genes whose variation in expression formed a
platform for classification.

3.3. Validation

The robustness of the tumor subtypes has been validated in independent
data sets by us (22) as well as by others (24-29). When conducting a similar
analysis of abreast tumor data set published by van't Veer et a. (30), to display
the expression pattern of 460 of the intrinsic genes previously mentioned
across their 97 tumor samples, the same subtypes were noted. In particular,
the basal-like subtype was the most homogenous group of tumors, tightly
clustered together with high correlation to the intrinsic expression centroid
representing this phenotype (22). This relationship has been true for all
data sets analyzed this far, even though they have comprised different patient
populations, indicating that the substantial differencesin the characteristics of
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the patients are lessimportant determinants of tumor expression phenotypes than
intrinsic biology. Our studies aso show that although thereis variability between
microarray platforms, the gene expression profiles emerging from using differ-
ent technologies are highly correlated to the biological variation in the data, and
the same tumor subtype pattern is identified (13a).

4. Clinical Implications

A major god in the field of oncogenomics is to try to answer the clinically
important questions about which tumors will behave aggressively, which tumors
will remain dormant, which patients do and do not require systemic therapy, and
what type of drugs should be used.

4.1. Prognosis

To investigate whether the five different tumor subtypes identified by gene
expression profiling may represent clinically distinct and relevant groups of
patients, univariate survival analyses comparing the subtypes with respect to
overall survival (OS) and relapse-free survival (RFS) were performed. (For these
analyses, only the patients who were enrolled in the two prospective studies on
locally advanced disease were included.) The Kaplan—Meier curves based upon
four subclasses (excluding the normal-like group) showed a highly significant dif-
ference in OS between the patients belonging to the different subclasses (p < 0.01)
(Fig. 4). Specifically, the basal-like and ERBB2+ subtypes were associated
with the shortest survival time. Overexpression of the ERBB2 oncoproteinis a
well-known prognostic factor associated with poor surviva in breast cancer
(31), which also was found for the ERBB2+ group defined in this study.

Perhaps the most intriguing result was the considerabl e difference in outcome
observed between tumors classified asluminal A versus luminal B; the lumina B
group showed a much worse prognosis compared with the luminal A group.
Notably, each patient included in the survival analysis and harboring ER-o
positive tumors were exposed to tamoxifen subsequent to preoperative
chemotherapy and surgery (19,20). The luminal subtype B tumors may represent
aclinicaly distinct group with adifferent and worse disease course, in particular
with respect to relapse, and that may have little effect of tamoxifen treatment. The
potential clinical significance of this molecular subtype is further highlighted by
the similaritiesin expression of some of the luminal B genes with the ER-negative
tumors in the basal-like and ERBB2+ subtypes, which suggests that high level of
expression of these genes is associated with poor disease outcomes.

Most microarray studies of breast tumors to date have investigated the prog-
nostic value of the identified gene signatures (26,30,32—37). Together, they
reveal not only interesting information but also contradictions with respect to
prognhosis. Hence, the real value of the prognosis based on gene expression
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Fig. 4. Kaplan—-Meier analysis of disease outcome in two patient cohorts. (A) Overall
survival for 72 patients with locally advanced breast cancer in the Norway cohort. The
normal-like tumor subgroups were omitted from both data setsin thisanaysis. (B) Time
to development of distant metastasisin the 97 sporadic cases from ref. 30. (Adapted from
ref. 22.)

profiling needs to be further addressed. In a recent study, Eden et a. (38)
reported that an optimal combination of “conventional” prognostic factors was
of similar value as published gene signatures. The great advantage of gene pro-
files as opposed to conventional prognostic factorsis the ability of the biologi-
cal causes, beyond the mere empirical observations, to occur, and to be able to
dissect the molecular biology discriminating different tumor forms (1).
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4.2. Prediction

Despite reduced mortality because of earlier diagnosis and implementation of
adjuvant chemo- and hormone therapies, breast cancer is still the most common
cause of cancer death in women worldwide (39). The patients selected for adju-
vant therapy (based on current criteria) experience a reduction is death hazard
ratio only in the range of 35-30% (40). Even with moderate improvement in out-
come with use of novel drug combinations (41), we are left with the truth that
adjuvant therapy may cure only a minority of the patients. To select patients for
adjuvant treatment, both prognostic and predictive factors are used. In brief, a
prognostic factor defines outcome with respect to survival or relapse-free survival
inagroup of patients (ideally) not exposed to systemic therapy. In contrast, apre-
dictive factor should define sensitivity of atumor to a distinct therapeutic agent.
With the exception of expression of ER-o and progesterone receptor for
endocrine therapy and ERBB2+ amplification for the response to anti-ERBB2
treatment (Trastuzumab®), no predictive factor has unequivocally been accepted.
Thus, the selection of patients for adjuvant therapy is mainly based on prognosis
rather than sendtivity to treatment. Very few microarray studies have addressed
the question of prediction of treatment response by using gene expression patterns
(42-45). However, the predictive values reported in these studies were not robust
enough for usein clinical practice. A key problem when characterizing “biologi-
cal systems’ is the high degree of genetic redundancy. For example, manipulat-
ing TP53 in TP53-defective cell lines may result in atered expression of several
hundred genes (46,47). It ismost likely that only afew of these genes are associ-
ated with the execution of growth arrest or apoptosis. Similarly, the observation
that prognosis or response to drug therapy varies between tumors that are charac-
terized by different gene expression patternsis most likely because there are small
“subgroups’ of geneswithin the clusters whose function determines the outcome.
The gquestion remains how to identify these targets. The mechanisms involved in
senditivity, resistance, or both to therapy are most likely complex and multifacto-
rial; thus, prognosis, or the risk for a particular outcome, should be assessed as a
vector composed of several parameters: metastatic potential, growth rate of the
tumor, and effect of therapy (1). Different subgroups of tumors from the same
organ may respond differently to therapy: hence, molecular stratification of
tumorsis needed to be able to uncover biologically and statistically valid relation-
ships to treatment response.

5. Molecular Characteristics of the Subtypes
5.1. Proliferation Cluster

The previously defined proliferation cluster is agroup of genes whose levels
of expression correlate with cellular proliferation rates (15,16). Expression of
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this cluster of genes varied widely among the tumor samples analyzed in our
study and was generally well correlated with the mitotic index. Genes encoding
two generally used immunohistochemical markers of cell proliferation, Ki-67
and proliferating cell nuclear antigen, also were included in this cluster. The
proliferation cluster has been observed in virtually every tumor type examined,
including ovarian carcinomas (48), lymphomas (49), liver (50), and prostate
cancer (51). More than half of the genesin the proliferation cluster were shown
to be cell cycle regulated when the patterns of expression for these genes were
analyzed in synchronized HeL acell cultures (17). To investigate the expression
of these genes in relation to the five subtypes, expression data were extracted,
and the genes were clustered using average-linkage clustering, but the samples
were ordered according to the subtypes as presented in ref. 22. What could be
learned from this analysis was that the basal-like and the luminal subtype B
both highly expressed these proliferation-associated genes, whereas luminal A,
the normal-like and to some extent, the ERBB2+ subtype, were mostly negative
for the expression of these genes. Thisfinding may indicate large differencesin
the amount of cycling cells among the tumors. That the ERBB2+ tumors were
less proliferative, despite being characterized by overexpression of an oncogene
and being a poor prognostic group, was somewhat surprising. However, this
characteristic underlines the very strong influence of the ERBB2 amplicon on
the expression patterns of these tumors; no other distinct molecular signature
protrudes at the transcriptional or at the genomic level (assessed by array com-
parative genomic hybridization [aCGH]).

5.1.1. Effects of BRCA1 Mutations on Global Gene Expression

Germline mutations in the BRCA1 gene predispose carriers to early onset
breast and ovarian cancer (52). A previous microarray study reported signifi-
cantly different gene expression profiles of tumors from BRCA1 vs. BRCA2
carriers (53). In the data set produced by van't Veer and colleagues (30), breast
tumors from 18 carriers of BRCA1 mutations and two carriers of BRCA2 muta-
tions, aso were analyzed. When we included these 20 tumors along with the
97 sporadic tumor samplesin the clustering analysis, we saw little differencein
the overall pattern, except for the striking result that all the tumors from patients
carrying BRCA1 mutations fell within the basal-like tumor subgroup (22). This
finding indicates that amutation in the BRCAL gene predisposes for the basal-like
tumor subtype, which is associated with lack of expression of the ER receptor and
poor prognosis. As also reported previously, BRCAl-associated breast cancers
are usually highly proliferative, TP53 mutated, and lack expression of ESR1
and ERBB2 (54,55). Recent studies have found that BRCA 1 interacts with and
regulates the activity of the ER and the androgen receptor (56), thereby providing
alink between BRCA1 and hormone-related cancers. Furthermore, wild-type,
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but not mutant BRCA1, was able to inhibit estradiol-induced activation of
extracellular signal-regulated kinase as well as the synthesis of cyclins D1 and
B1, the activity of cyclin-dependent kinases Cdk4 and CDK1, and G,/S and
G,/M cell cycle progression (57).

Differences in mutation frequencies of cancer genes, such as those described
here, highlight the important roles for these genes and associated pathways in
determining the gene expression patterns of the various tumors. Such data allow
us to unveil previously unknown genes that may be involved in tumorigenesis.
Similar variation in expression of a set of genes across a set of samples indi-
cates similar means of regulation and function; hence, it provides a powerful
way of identifying novel biologically important genes that could be used as
markers and targets for therapy. One such example is ras-related and estrogen-
regulated growth inhibitor (RERG) that was identified by its coexpression with
the ER (58). RERG overexpression inhibits growth of tumor cells, and its high
expression is correlated with a favorable prognosis for patients.

5.1.2. Effects of TP53 Mutations on Global Gene Expression

The profound differences (clinical and molecular) among the tumor subtypes
most likely reflect different alterationsin molecular pathways within the tumor
cells. TP53 plays an important role in directing cellular responses to genotoxic
damage and regulates the activation of downstream genes that are involved in
apoptosis, cell cycle arrest, and DNA repair (59-61). Previous studies have
shown that mutations in the TP53 gene predict poor prognosis and are associ-
ated with poor response to systemic therapy (62—64). Even though TP53 itself
isnot differentially expressed at a detectable level acrosstumors, it islikely that
TP53 plays asignificant role in shaping the gene expression patternsin the var-
ious tumor subtypes. The coding region of the TP53 gene (exons 2-11) was
screened for mutations in al but eight tumor samples (not including benign
tumors or normal breast tissue samples) by using temporal temperature gel
electrophoresis (65). The frequencies of TP53 mutations among the different
subclasses was significantly different (p < 0.001). Luminal subtypeA contained
only 16% mutated tumors, whereasthe luminal B, ERBB2+, and basal-like sub-
classes had 71, 86, and 75% TP53-mutated tumors, respectively (Fig. 5). The
finding of TP53 mutations in tumors that simultaneously expressed the ERBB2
gene at high levels supports previous observations of an interdependent role for
TP53 and ERBB2 (20,66).

To more directly investigate the effect of TP53 mutations on the expression pat-
terns in these tumors, we searched for genes whose expression was consistently
different between TP53-mutated and TP53-wild type tumors (two-class signifi-
cance analysis of microarrays [SAM]); [11]). A list of 158 genes significantly
correlated with TP53 status was selected that showed a median false discovery
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TP53 mutation 16
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Fig. 5. Cluster of genes associated with TP53 mutational status. Hierarchical clustering
of 158 genes whose expression levels were significantly correlated to the mutation
status of the TP53 gene (SAM, false discovery rate < 1). Only tumor tissues from the
two prospective studies from Norway were included in the cluster analysis. The tumor
samples are ordered according to the clustering groups from Fig. 3. Frequencies of
TP53 mutations are listed. Adapted from ref. 67.

rate of less than 1% (67). The genes were clustered, whereas the samples were
ordered according to the subtypes (Fig. 5). As expected, many of the genes that
were highly expressed in the mutated tumors (mostly basal-like and luminal B
type tumors) are cell cycle regulated genes such as PLK1, CCNA2, STK6, and
MAPK13 (17). Two of the genes coexpressed with ERBB2 oncogene, GRB7 and
STARD3, aso were found in this gene list, but not the ERBB2 gene itself.
Interestingly, many of the genes whose high expression and specific pattern
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distinguished luminal subtype B from subtypeA, such as GGH, LAPTMB4, and
MYBL2, were highly expressed in TP53-mutated tumors. Among the genes
highly expressed in tumors with a wild-type TP53 gene, most of the genesin
the luminal/ER+ cluster (ER, GATA-3, RERG, and so on) were found, which
recapitul ates the low mutation rate of the luminal subtypeA. Further studies are
needed to determine which of the genes are direct targets of TP53 and which
are present only by association with a particular expression phenotype.

6. Genome-Wide Copy Number Changes

The power of microarraysalsoisillustrated in their broad range of utility; the
same types of DNA microarrays can be used to investigate both the structural
and the expressed genome (68). Variationsin gene expression measured by ana-
lyzing the tumor RNA may be caused by underlying genomic DNA copy
number alterations, which are key genetic events in the development and pro-
gression of human cancers. A genome-wide aCGH analysis of a subset of the
tumors described here was carried out using similar cDNA microarrays
as for the gene expression studies. In total, a profile was generated across
6691 mapped genes in 45 primary breast tumors and 10 breast cancer cell lines
(69). Numerous DNA copy number alterations were detected in the tumors
despite the presence of euploid nontumor cell types; the magnitudes of the
observed changes were generally lower in the tumor samples than the cell lines.
DNA copy number aterations were identified in all cancer cdll lines and nearly
al (40/45) tumors, and on every human chromosome in at least one sample.
Recurrent regions of DNA copy number gain and loss were readily identifiable;
gains within 1q, 8q 17q, and 20g were observed in al breast cancer cell lines,
and a large proportion of tumor samples (75, 48, 50, and 34%, respectively),
consistent with published cytogenetic studies (70-72). The parallel measure-
ments of MRNA levels and copy number alterations revealed a global impact of
widespread DNA copy number alteration on gene expression in tumor cells.
The overall patterns of gene amplification and elevated gene expression are
concordant, i.e., asignificant fraction of highly amplified genes seem to be cor-
respondingly highly expressed (69,73). The concordance between high-level
amplification and increased gene expression is best illustrated for genes on
chromosome 17 (Fig. 6), where the amplicon containing the oncogene ERBB2
is located. A comprehensive analysis of nearly 150 breast tumors by using
aCGH is underway with a specific emphasis on the distribution of genomic
aterations across the subtypes. Preliminary data indicate specific genomic
aberrations to be present in the different tumor subtypes, further supporting our
results that these molecular subtypes of breast cancer represent biologically
distinct disease entities.
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7. Identification of Novel Markers

Gene signatures identified by whole-genome profiling that are significantly
linked to clinically important parameters are valuable sources for discovering
novel prognostic factors and targets for therapy. Many such markers have been
suggested for breast cancer in the literature, in particular for predicting survival
(23,26,30,33,34,74), with varying degree of success. A striking discovery was
the lack of overlap of the predictive genesin most of these studies. This lack of
overlap could be because of different microarray technologies, patient popula
tions, study design, and statistical methods, or it could reflect the redundancy
of valid correlations in such data. Recently, thisideawas investigated in a study
of one single breast cancer data set and by one statistical method (75), where
the researchers showed that the resulting gene set was not unique and was
strongly influenced by the subset of patients selected for the analysis. Many
equally prognostic gene sets could be produced. This illustrates the conse-
guence of molecular heterogeneity even within tumor groups that share the
same histomorphol ogy.

Recently, we have identified a subset of 54 marker genes that specifically
capture the luminal A and the basal-like subtypes (13a), which represent two
clinically very different groups of patients. These markers define a set of highly
validated and promising potential prognostic molecular markers for breast can-
cer, and further confirmation in larger patient cohorts will be conducted.

8. Conclusion and Future Perspectives

Cancer genomics, as illustrated here by DNA microarray techniques, has
challenged the traditionally used tumor classification schemes by identifying
genetic alterations that can be used to group tumors into novel and clinicaly
useful categories. In addition to leading to a improved cancer taxonomy, com-
prehensive gene profiling of tumors promises to enhance our understanding of
the underlying biological processes and their biological effects. It aso offersthe
greatest challenge to how clinical trials should be conducted. Designing the
appropriate clinical trialsin combination with genomics that use optimal labora
tory methods and advanced statistics that incorporate biological knowledge may
offer the opportunity to explore and understand the mechanisms controlling
tumor behavior in vivo. In time, this approach will likely lead to improved prog-
nostication and aid in therapy selection.

Fig. 6. (Coninued) maintained in the bottom panel. The 354 genes present on the
microarrays and mapping to chromosome 17, and for which both DNA copy humber and
MRNA levels were determined, are ordered by position along the chromosome; selected
genes are indicated in color-coded text. Fluorescence ratios (test/reference) are depicted
by separate log, pseudocolor scales (indicated). Adapted from ref. 69.
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Discovery of Differentially Expressed Genes

Technical Considerations

Jystein Resok and Mouldy Sioud

Summary

Identification and characterization of differentially expressed genes may be an important
first step toward the understanding of both normal physiology and disease. A multitude of tech-
nigues belonging to two main categories have been developed to identify the differences in
gene expression between samples from different biological origin: selection techniques and
global techniques. Whereas the selection techniques strive to identify specific differentialy
expressed genes, the global techniques analyze the total transcriptome or a major part of the
RNA population in a defined biological material. By exploiting the known sequences of
the adaptors used in suppressive subtraction hybridization technique, a strategy named novel
rescue—suppression-subtractive hybridization was developed. It should facilitate the discovery
of differentially expressed genes.

Key Words: Differential display; microarray; representational difference analysis (RDA);
seria analysis of gene expression (SAGE); target discovery; target identification.

1. Introduction

There are two eras of selection techniques: before and after the devel opment
of PCR (1). Traditionally, selection was achieved by subtractive hybridization
and differential screening of cDNA libraries. However, the introduction of PCR
made it possible to design several new techniques that sped up gene discovery.
The new techniques also allowed for analysis of small amounts of biological
material (2,3).
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1.1. Selection Techniques

1.1.1. Differential Screening

In differential hybridization, a cDNA library is constructed from one cell
population, and then duplicate membranes of colony/plague lifts are hybridized
separately with probes made from the same cell population and from a cell pop-
ulation to which it is supposed to be compared. Colonies/plaques hybridizing
only to the probe from the library-derived population have expression restricted
to this cell type. Because of high-complexity cDNA probes, the method works
well only for the small subclass of genes that are expressed in abundance in the
cell type from which the library is made (4). Other disadvantages of this method
are the requirement for large quantities of RNA and the ability to identify inter-
esting clones from only one population.

1.1.2. Subtractive Hybridization (Subtractive Cloning)

The basic idea of subtraction cloning is to remove nucleic acids representing
common genes expressed in two different sources of biological material, leav-
ing behind for analysis nucleic acids representing genes that are uniquely or
abundantly expressed in the biological material of interest.

Nucleic acids (first strand cDNA or mRNA) from the material of interest (the
tester or tester population) are hybridized to complementary nucleic acids
(mRNA or first strand cDNA) from the biological material to which it is sup-
posed to be compared (the driver population). The driver population is present
in excess to optimize the probability and speed of the reannealing process of
complementary tester and driver duplexes. Only sequences common to the two
populations can form hybrids. After the hybridization, the duplexes and single-
stranded driver sequences are removed, and the remaining nucleic acid popula-
tion is enriched for tester-specific nucleic acids. The process usualy must be
performed repeatedly to remove all common sequences. Remaining nucleic
acid can either be used to prepare a cDNA library enriched for tester-specific
clones or to generate an absorbed probe that can be used to screen a cDNA
library for tester-specific clones. cDNA clones corresponding to rare mRNAS
(0.005-0.01% of total MRNA) may thereby be detected (4). In the original sub-
traction techniques, first strand cDNA was used as the tester and mRNA as the
driver (5). RNA generally makes a poor tester because it is easily degraded.
Conversely, it makes a good driver because driver molecules not removed dur-
ing the hybrid removal step can easily be degraded enzymatically or by using
alkali treatment. A problem with mRNA as driver, isthat large amounts of start-
ing material are needed, and only two rounds of subtraction can be performed
before the amounts of remaining tester becomestoo small. Thus, the usefulness
of absorbed probes may be limited by the amount of material that is available.
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In the first protocols describing subtraction cloning, double-stranded (ds)
driver—tester was removed by hydroxyapatite (HAP) column chromatography,
and single-stranded driver mRNA was removed by RNase or alkali degradation
(5-7). HAP binds double-stranded molecules more tightly than single-stranded
molecules, enabling separation of driver—tester and driver—driver duplexesfrom
unhybridized tester. Because this method is cumbersome, alternative techniques
for removing driver and tester duplexes have been devel oped, and they involve
both methods for physical removal, enzymatic degradation, immobilization,
and chemical cross-linking (reviewed in ref. 8).

1.1.3. PCR-Based Subtraction Cloning

Using polyA+ mRNA as the driver is possible only when one is able to
obtain large amounts of starting material and when the biological sourcesto be
compared are closely related. When material islimited, or thetissue is complex,
amplification must be performed before subtraction. Multiple rounds of sub-
traction also may require amplification of the resulting population of tester. A
drawback is that the representation of individual transcripts may be atered dur-
ing multiple rounds of amplification. The transcript from both driver and tester
may be amplified from cDNA libraries, by in vitro transcription, or by PCR.

Single-stranded driver is more efficient than double-stranded driver because of
competition between driver—driver duplex formation and the desired driver—tester
duplex formation. This competition necessitates more rounds of subtraction to
ensure optimal subtraction. Amplified single-stranded driver may be obtained
from libraries as single-stranded phagemids (9), by in vitro transcription with T3
or T7 RNA polymerase (10), or by asymmetric PCR on single-stranded template
(11). However, subtraction performed using double-stranded driver also can be
effective (12).

1.1.4. Positive Selection

In positive selection, nucleic acids representing genes uniquely or predomi-
nantly expressed in one source of biological material compared with another
are selected and isolated. Undesired nucleic acids representing genes expressed
in both sources are left behind.

For subtraction cloning, nucleic acids from the interesting material (tester)
are hybridized with nucleic acids from the compared material (driver). In
contrast to subtraction cloning, double-stranded nucleic acids are used both
for driver and tester. The principleisto isolate tester—tester duplexes, represent-
ing genes uniquely expressed in the material of interest. Tester—driver and
driver—driver duplexes as well as unhybridized driver and tester are left behind.
No physical separation of single-stranded and double-stranded nucleic acids
isincluded.
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Compared with subtraction cloning, positive sel ection can be more efficient for
isolating differentially expressed transcripts because subtractive hybridization
rarely goes to completion. Therefore, a background of common unsubtracted
clones may persist. In contrast, because tester concentration is low, the desired
tester—tester duplexes take longer to form than driver—driver duplexes. Thus, rare
clones that have not reannealed are likely to be missed in positive selection. A
solution to this problem is to use reagents, which decreases the aqueous volume,
and thus increases the hybridization rate. Polyethylene glycol and phenol may
serve this purpose (13). Using a normalized tester population also makes positive
selection more effective. The positive selection may be done without including a
PCR step. More recent methods include PCR, which is done in representationa
difference analysis (RDA) and in subtractive suppression hybridization (SSH).

1.1.5. Representational Difference Analysis (RDA)

In RDA, target cDNA fragments from one of two cell populations are
sequentially enriched by favorable hybridization kinetics and subsequently
amplified by PCR, whereas material common to both populationsis eliminated
by selective degradation (14).

RDA, originaly developed as a method for isolation of differences between
two complex genomes (15), has further been developed to cDNA RDA. Thistech-
nique is a PCR-based subtractive hybridization technique for identifying differen-
tially expressed genes. The mRNA from both populationsisisolated and converted
into dscDNA. By cutting this cDNA with afour-base pair (bp) restriction enzyme,
a large proportion of the transcripts will be represented as amplifiable frag-
ments (150 bp-1.2 kilobases [kb]) (16). Amplified fragments, known as*“ represen-
tations” are hybridized at high driver:tester ratio. By using a combination of
linker ligation, restriction cutting, and PCR, exponential amplification of only
tester—tester hybridsis achieved. Single-stranded DNA is enzymatically degraded.

To amplify only true differences, a second and often athird round of subtrac-
tion is performed, in which the ratio of driver to tester isincreased. Difference
products are visible in agarose gels and can easily be subcloned. Transcripts
expressed in less than one copy per cell can be detected with low rate of false
positives (14). In circumstances where many differences are expected, RDA
enriches the products that amplify most effectively, and not necessarily all the
interesting differences. Thus, RDA is not the method of choice when investigat-
ing tissues with abundant differences (14). Because no normalization step is
included, the method is not efficient for the detection of rare transcripts.

1.1.6. Suppression Subtractive Hybridization (SSH)

In SSH, normalization and subtraction are combined in a single step to
equalize the abundance of cDNA within the target popul ation and to exclude the



Gene Target Discovery 119

segquences common to both populations (17). No physical separation or enzy-
matic degradation of undesired sequences is performed.

Asin RDA, dscDNASs representing transcripts from the driver and the tester
populations are digested with a four-base pair restriction enzyme. The tester
cDNA isthen divided into two portions, each ligated to separate sets of adap-
tors. Subtractive hybridization is then performed in two steps. First, an excess
of driver is hybridized to each sample of tester, generating dscDNA hybrid
molecules common between driver and tester molecules as well as dscDNA
between single-stranded (ss) cDNA present only in tester or in excess in the
driver population. In this hybridization, the sscDNA tester fraction is normal-
ized; meaning the concentration of high- and low-abundance sscDNAs become
roughly equalized. This equalization is because the reannealing process is
much faster for the more abundant molecules. Furthermore, sSDNAS represent-
ing differentially expressed mRNAS in the tester fraction are significantly
enriched because common cDNAs form hybrids with the driver. In the second
hybridization step, the two separate hybridizations, containing tester with dif-
ferent adaptors, are mixed without denaturating, and freshly denaturated driver
is added. This process increases the fraction of common tester-generated
cDNAs hybridized to driver-generated cDNA molecules, and enriches the frac-
tion of tester-unique dscDNA molecules flanked by different adaptors. The
ends of the dscDNA molecules are then filled by DNA polymerase, producing
different annealing sites on the differently expressed tester dscDNA molecules
for primersin the following PCR step. Because of the suppression PCR effect,
only dscDNA molecules with two different adaptors can be exponentially
expressed. dscDNA flanked by the same primer anneal to themselves, forming
pan-like structures that prevents exponential amplification (18). In this way,
cDNAs for differentially expressed genes of both high and low abundance are
highly enriched. The SSH procedure also can be modified to identify tran-
scripts moderately (e.g., two- to fourfold) regulated between the tester and
driver populations (19).

The main advantage with SSH is the ability to enrich both for differentially
expressed transcripts with high and low expression levels. A drawback is the
relatively high amounts of starting material needed; 2—4 ug of polyA+ RNA
is normally suggested. Alternatively an amplification step can be incorpo-
rated, or total RNA may be used as starting material (20). Problems associ-
ated with several subtraction strategies are relevant for SSH, such as lack of
restriction sites in some transcripts, and generation of false positives. To
reduce the numbers of false positives, we have developed a strategy that
includes the confirmation step in the selection protocol (21). We present a
protocol for this strategy in this chapter, and name it “rescue suppression sub-
tractive hybridization.”
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1.1.7. Differential Display (DD)

In message display techniques, PCR-amplified fragments representing the
transcripts are visualized on a gel, revealing the differences in gene expression
between populations of two or more sources. No subtraction is included.

Differential display was developed as a quicker alternative to subtractive
hybridization techniques to obtain cDNAs representing differentially expressed
transcripts (22). The basic principle of the technique is to isolate total RNA or
mRNA from the cell types to be compared and then to reverse transcribe the
RNA by using three different “anchor primers’ containing a poly(dT) region
that targets the polyA region of eukaryotic mRNA. The primers differ from
each other in the last 3’ non-T base, fixing the priming site at the beginning at
the polyA tail of three different RNA populations and limiting the number of
RNA species transcribed in each reaction. PCR amplification is performed
using the anchor primers in combination with a short arbitrary primer. The
primers originally used for DD were 14-mer anchor primers with two- (22) and
then one-base—anchored primers (23) to ensure specific priming in the 3" end.
Since then, the selection of primers used for DD has evolved (24). A related
method known as RNA arbitrarily primed PCR (RAP-PCR) that uses only
primers of random sequence was developed in 1992 (25). The objective of both
strategies is to amplify fragments of sufficient length to allow unique identifi-
cation of the mRNA species they represent. As a rule, fragments from 150 to
500 bp can be resolved by size on aDNA sequencing gel (22). PCR primersand
reaction conditions must be chosen to such that a sufficiently small number of
fragments, typically 50-100 fragments are amplified. This amplification can be
achieved by initially running PCR at low stringency to generate mismatching at
a controlled frequency (24). To obtain a comprehensive representation of the
expressed genes of a given cell type, many combinations of anchor and arbi-
trary primer must be used. The amplified cDNAs from the different cell types
are separated by size in adjacent lanes of sequencing gels for comparison. To
identify putative differentially expressed genes, the amplified fragments must
be visualized with either isotopes or fluorescent dyes. Putative differentially
expressed fragments can be excised and eluted from the dried gel and then
reamplified.

Different strategies for analyzing the candidate fragments have been
reported. All strategies involve cloning, sequencing, identification, and confir-
mation of differential expression; however, these steps occur in a variety of
orders. Some approaches streamline the process by incorporating direct
sequencing of DD fragments (26). However, this strategy is limited to frag-
ments generated by different primers on each end. Database matching ultimately
identifies readable sequences.
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There is no doubt that a band pattern showing potentially differentially
expressed transcripts may be obtained in a short time. However, the most time-
consuming and problematic step in the overall DD technique is the confirma:
tion that the isolated cDNA clone represents a differentially expressed gene.
This prablem has led to a multitude of publications reporting i mprovements and
simplification of the basic protocol to reduce the high frequency of false posi-
tives and to confirm the differential expression pattern of selected candidates
(27-30). A high rate of false positives and time-consuming effort to find the true
positives have been the main drawbacks with this method (31,32). In addition,
rare transcripts are difficult to detect.

The advances are the experimental simplicity by which candidates are
obtained, the ability to use aslittle as afew nanograms of starting material (33),
and the possibility to identify novel transcripts.

1.2. Global Techniques

Glaoba cDNA techniques analyze the total or large parts of the mRNA pop-
ulations in a single assay. The aim may be to quantitatively estimate the num-
ber of expressed genes in a defined biological material, estimate their absolute
or relative abundance levels, survey global changes in gene expression patterns
in response to extrinsic and intrinsic factors, identify specific genes whose
expression is atered because of such factors, or simply to identify as many as
possible of the genes expressed in a defined biological material. This process
may or may not include differentially expressed, novel aswell as known genes.
Because of the unstable nature of RNA, the mRNA populations are usually
reverse transcribed into DNA complementary to the RNA strand (cDNA),
which in theory has the same distribution as the original mMRNA populations. It
is the populations of cDNA that normally are the subjects of investigation.

1.2.1. Large-Scale Sequencing of Expressed Sequence
Tag (EST) Sequences

ESTsare segments of sequencesfrom cDNA clonesthat correspond to mRNA.
The tags can thus be used to identify transcripts in a specific tissue. Adams
and co-workers coined the term EST in 1991, when the first high-throughput
sequencing of acDNA library was reported (34). The clones are randomly picked
and either randomly single-pass sequenced, or more commonly, sequenced from
the5” or 3’ ends or both, to generate on average a 200- to 700-bp sequence. Even
much smaller segments are sufficient for rapid identification of expressed genes
by sequence analysis. The initial objective of EST sequencing was to speed
up the process of gene identification and possible splicing alternative events
(35). In addition, large-scale sequencing of EST sequences has proven to be
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apowerful approach to discover novel genes and for transcript profiling (36).
By comparing the transcription profiles from cDNA libraries representing dif-
ferent tissues, differently expressed genes may be identified. However, because
several tissues are represented by low numbers of clones (<10.000), differences
in transcript abundances between EST data sets can serve only as indications of
differential expression. Picking alarge set of clonesfrom al major organs, sev-
eral developmenta stages and disease states, and many individual cell types
provides a large-scale view of differential gene expression that encompasses
human anatomy and development (36). The sequences obtained from several
large-scale EST sequencing projects are available in public databases, such as
dbEST (http://mwww.ncbi.nlm.nih.gov./dbEST/index.html), which currently (2006)
contains 2 million human ESTs.

Asearly asin 1976, Hastie and Bishop (37) found that mRNA of the preva-
lent and intermediate frequency classes comprised more than 50% of the
MRNA mass in atypical cell, but not more than 10% of the different mRNA
species. Later, this finding was supported by Zhang and co-workers (38) who
found that 86% of all transcripts are present at less than five copies per cell. The
low-abundance class of mRNA is thus poorly represented by using primary,
unsubtracted libraries (39). Thus, the use of normalized libraries, in which the
frequency of all clonesiswithin anarrow range (40), has been shown to be ben-
eficial for large-scale sequencing (41,42). To avoid redundant identification of
already identified genes, subtracted cDNA libraries enriched for genes not yet
identified have been constructed (39). By using suppression PCR, Diatchenko
and co-workers (17) combined normalization and subtraction in asingle proce-
dure to make a subtracted library.

Compared with other globa approaches, the advantages with EST sequenc-
ing is that novel transcripts may be discovered, specific identification of
expressed transcripts may be obtained, and sequencing of large numbers of
clones may give a good representation of the transcripts present in the investi-
gated cell type. The major drawback is the laborious effort needed to sequence
alarge number of clones.

1.2.2. Serial Analysis of Gene Expression (SAGE)

SAGE dlows effective quantitative and qualitative analysis of alarge number
of transcripts, including identification of novel expressed genes, thereby gener-
ating a gene expression profile for the investigated cell type (see Chapter 4,
Volume 1). The technology is based on sequencing cloned concatenated tags,
representing fragments of transcripts sufficiently long to be uniquely identified
in sequence databases.

SAGE is another tag sequencing strategy, described in 1995 (43). In SAGE,
short tags (~10 bases) are generated from the 3" end of mMRNA by restriction
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digestion, ligation, and amplification of cDNA. Ligated concatemers of up to
50 tags are cloned into plasmid vectors and sequenced. Compared with conven-
tional EST sequencing, SAGE is 30-50 times more effective per plasmid. The
abundance of a particular tag relates directly to the expression level of the gene
from which it is derived, resulting in a statistical representation of the transcripts
within the investigated cell type. The technology enables high throughput and has
the ability to compare data from numerous sources. Since the development of
SAGE in 1995, it has been applied in alarge number of studiesinvolving different
cell types and organisms (reviewed in ref. 44). The principle of SAGE is as fol-
lows: dscDNA synthesized using biotinylated oligo(dT) primers, is cleaved with a
so-caled “anchoring enzyme,” a four-base restriction enzyme. The resulting 3’
ends are recovered on beads via biotin-streptavidin binding, by using biotinylated
polyT primer. These cDNA fragments are then ligated to linkers containing the
recognition site for arestriction enzyme that cuts approx 14 bp downstream of the
recognition site. The small fragments, each with a9- to 17-bp gene-specific tag are
concatenated into long sequences and cloned into plasmids that are sequenced.

The greatest advantage with the methodology is the high throughput it
allows. It aso provides an absolute quantitation of gene expression, enabling
the combination of results from different laboratories deposited in the public
SAGEmap database (http://www.ncbi.nim.nih.gov/SAGE) and the omnibus
database (GEO) (http://www.nchi.nim.gov/projects/geol). In addition, SAGE
has the power to measure very rare transcripts and to discover novel transcript
not detectable with EST sequencing (see Chapter 4, Volume 1).

The main concern with the method is the short length of the specific tags,
~10 bp. Thislength may be too short to be unique for a specific transcript; espe-
cialy in cases were the tag recognizes conserved domains and gene families.
Thus, multiple genes may share the same tag. In addition, these short tags are
very sensitive to sequencing errors and single nucleotide polymorphisms (45).
These effects may be compensated for by introducing alternative restriction
enzymes, which generate tags with up to 17 bp (46). For a transcript to be
included in the analysis, its gene must have a restriction site for the chosen
restriction enzyme. More transcripts would be present in the tag library by gen-
erating libraries by using several enzymes (47). Whereas a limitation with the
original SAGE was the need of large amounts of starting material (2.5-5 pg of
MRNA), modified strategies such as MicroSAGE (requiring < 10 cells) (48),
SAGE-lite (100 ng of total RNA) (49), and miniSAGE (1 ug of total RNA with-
out PCR amplification (50) have been devel oped.

A more recently developed method based on a similar principle to SAGE is
massively parallel signature sequencing (51). In this method, millions of tran-
scripts are captured and identified by bead-based EST signature sequencing. The
level of expression isanalyzed by counting the number of mMRNA molecules that
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represent each gene. The individual mRNAs are identified through the genera-
tion of 17- to 20-base signature sequences.

1.2.3. DNA Microarray

DNA microarray methods provide simultaneously hybridization-based mon-
itoring of relative expression levels of genes on a genomic scale, from two
Sources.

Important advances have led to the development of DNA microarray technol-
ogy. Firgt, large-scale sequencing projects have made it possible to assemble
collections of DNA corresponding to large fractions of genes in many organ-
isms. Second, development of chip-printing technology has made it possible to
generate microscopic arrays of large sets of immobilized DNA sequences.
Third, advances in fluorescent labeling and detection of nucleic acids have
made the use of DNA microarray simpler and more accurate. The term
“microarray” is normally used for two independently developed technologies:
cDNA microarrays (52) and GeneChip arrays, developed by Affymetrix (53).

The basic principle of the techniques is that cDNA representing expressed
genes from two different sources (normally test and control preparation), and
labeled with two different fluorophores, is hybridized simultaneously in com-
petition to gene-specific probesimmobilized at predetermined positions at high
density on two-dimensional solid microarrays. These solid supports, often
called chips, may contain several thousand sequences, and they represent the
total transcriptome in the investigated cell type. Capturing of the target mole-
cules by the probes on the array through sequence complementation enables
determination of the relative abundance in the two samples of mMRNA corre-
sponding to each arrayed gene. Detection of the hybridization signal is per-
formed by alaser scanner that measures ratio of fluorescence intensities of the
two flours emitted by each gene spot. The two most common platformsfor gene
expression analysis use in situ synthesis of oligonucleotide probes or robotic
deposition of cDNA probes to the solid support. For discussions about aspects
of the array production, sample labeling, hybridization, dataanalysis, and so on,
we refer the readers to comprehensive reviews (54-57).

Advantages with microscale assays are reduction of reagent consumption;
minimized reaction volumes, which increases sample concentration; and accel-
erated reaction kinetics. This assay enables analyzing expression of al the
genesin the organism of interest in one reaction. Because each spot on the array
represent a known sequence, the identity of a gene is known once a signal is
detected. Microchips allow true parallelism and automation, which increases
speed of biochemical research.

Problems concerning limiting amounts of mMRNA may be overcome by using
amplification methods that will not distort the representation of the various
mMRNAs (2,3). Monitoring of relative expression levels is restricted to genes
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Fig. 1. Processing steps in rescue suppression subtractive hybridization (SSH). First,
SSH was carried out using the PCR-selected cDNA subtraction kit (Clontech). PolyA+
RNA (2 ng) was reverse transcribed according to manufacturer’s instructions and then
digested with Rsal restriction enzyme. The adapters were ligated to the tester cDNAs and
the ligation efficiency was investigated. Two rounds of hybridization with an excess of
driver ¢cDNA and one PCR amplification were performed with the driver cDNA.
Subsequently, two rounds of PCR were performed to obtain differentially expressed genes
from which aradioactive probe was prepared. Second, total RNA (20 pg/lane) from either
the tester or the driver was el ectrophoresed on 1% agarose/formal dehyde gels, transferred
to Hybond N+ membrane, and UV-crosslinked. Membranes were hybridized with
32P-|abelled probe representing the entire subtracted PCR fragments, which are expected
to contain genes overexpressed in SKBR3 (tester, left), but not in HMEC cells (driver,
right). Third, the nitrocellulose portion containing differential expressed genes were
marked, cut out, and incubated in 100 pL of water for 10 min at 95°C. Eluted probe mol-
ecules (10 uL) werereamplified in a50-uL PCR reaction by using the secondary PCR con-
ditions as described in the PCR-selected cDNA subtraction kit. The PCR products were
resolved on 2% agarose gels and then purified using the QIAGEN gel extraction kit as
described by the manufacturer. Fourth, the PCR-reamplified probe molecules were cloned
into the pPGEM-T vector (Promega) according to the manufacturer’s instructions, and pos-
itives clones were sequenced using either T7 or SP6 primers by automatic sequencing. The
identity of the sequenced clones was identified by Blast searches. Fifth, individual gene
probes were used in Northern blots to confirm their differential expression (21).

represented by sequences on the array, i.e. known genes. Significant transcrip-
tional changes of excluded genes that may be of importance thus are missed.
However, by arraying amplified open reading frames from genomic DNA,
unknown genes can be analyzed for differential gene expression, and alternative



126 Rasok and Sioud

splicing may be detected effectively as well (58). Problems concerning limiting
number of known transcripts will in a short time be negligible for important
model organisms because genome projects for several species are completed.
Identification of al transcribed genes of model organisms initiates the produc-
tion of arrays harboring every gene for the specific organism and thereby
increases the potential of the method.

1.3. Rescue-Suppression-Subtractive Hybridization

As discussed in Subheading 1, several techniques have been developed to
identify the differences in gene expression between samples from different
biological materials. Suppression-subtractive hybridization is one of the tech-
niques that enables the enrichment of nucleic acids representing genes that are
uniquely or abundantly expressed in cells of interest (7). And as explained
above (Subheading 1.1., item 2), due to the suppression PCR effect, only
dscDNA molecules with two different adaptors can be exponentially
expressed; thus, transcripts differentially expressed in one cell population are
enriched. Despite the identification of differentially expressed genes by using
SSH, a high number of false positives are reported (30). False positives are
transcripts that seem to be differentially expressed by using one technique, but
that are unable to be confirmed by using other independent methods, e.g.,
Northern, the gold standard for verification of differential expression.
Sometimes, these transcripts may represent as much as 50-90% of the identi-
fied candidates (31), especially when two closely related RNA populations are
being compared. Thus, the most time-consuming step is the confirmation that
theisolated cDNA clones represent differentially expressed genes. By combin-
ing PCR-based cDNA subtraction and Northern blotting, truly differentially
genes can be quickly identified (Fig. 1). Notably, this novel strategy enables
integration of the time-consuming confirmation of candidates for differential
expressed transcripts in the selection stage (21).
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Genome-Wide Screening by Using Small-Interfering
RNA Expression Libraries

Sahohime Matsumoto, Makoto Miyagishi, and Kazunari Taira

Summary

RNA interference (RNAI) is an evolutionarily conserved phenomenon in which gene
expression is silenced by double-stranded RNA (dsRNA) in a sequence-specific manner. This
technology has the potential to affect all aspects of target discovery and validation. With the
completion of the human genome, it is now possible to design small-interfering RNA (siRNA)
libraries targeting every human gene. Specific SiRNAs, libraries containing a pathway, gene
family, or gene set of interest, are expected to unsecure new targets in pathways of therapeutic
interest. Here, we highlight the potential of SIRNA screens for target identification by using cell-
based assays.

Key Words: RNA interference; small-interfering RNA (siRNA) library; target discovery;
apoptosis; genomics.

1. Introduction

RNA interference (RNAI) is a phenomenon whereby double-stranded RNAs
(dsRNASs) induce the degradation of corresponding target mRNAS in a
sequence-specific manner (1,2). In this process, the dsRNAs are processed by
Dicer into approx 21-23 nuclectides (nt) with 2-nt 3" overhangs, known as
small-interfering RNAs (siRNAs) (3). Subsequently, these s RNASs are incorpo-
rated into a silencing complex called RNA-induced silencing complex (RISC)
(4), and the SRNA-RISC complexes recognize and cleave the target mMRNA (5)
(Fig. 1). In somatic mammalian cells, long dsRNAs aso induce nonspecific
effects, which are known as the interferon response (6). However, transfection
of sSRNAs in mammalian cells can circumvent the interferon response and
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Fig. 1. Schematic of the mechanism of RNA interference.

efficiently induce the cleavage of corresponding mRNAS (7). Since then, RNAI
has received attention as a breakthrough technology for silencing specific genes
in mammalian cells. However, the efficiency of transfection of synthesized
siRNAs into human cells depends on cell types. Moreover, the RNAI effect
seems to be sustained only for short time (8). To overcome this limitation, sev-
eral groups have developed vectors encoding hairpin RNAs, leading to the
expression of SIRNA in cells and sustained gene silencing (9-14). Applications
of RNAi-based screens were initially applied to Caenorhabditis elegans
(15,16). Similarly, some recent articles highlight the potential of SRNA libraries
for target discovery (17-34). We have screened siRNA library to identify com-
ponents of the dsRNA-induced apoptotic pathway. The SsRNA library contains
700 vectors targeting 241 genes directly or indirectly involved in apoptosis.

2. Materials
2.1. Construction of siRNA Expression Vectors

1. pcPUR hU6 vector (iIGENE Therapeutic, Inc., Tsukuba, Japan, http://www.iGENE-
therapeutics.co.jp). This plasmid contains the human U6 promoter and BspMI
cloning sites (Fig. 2; [11]).
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BspMI BspMI

5'-CACC [ sense  |gtgtgctgtec| antisense | tttte-3'
3'-[ sense  |cacacgacacc aaaaaTACG-5'
Loop

pcPUR hU6

3814 bp SV40 polyA

Fig. 2. Schematic of the pcPUR UG6i cassette.

2. Custom-synthesized oligonucleotides (oligos): primer: 5’-cac ¢ [sense sequence]
gt gtg ctg tcc [antisense sequence] tt ttt-3'; 5'-gca taa aaa [sense sequence] gg aca
gca cac gt gtg ctg tce [antisense sequence]-3'. For each, atleast two favorable sites
(35) should be selected.
BspMI (New England Biolabs, Beverly, MA).
TE buffer: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA.
QIAquick® gel extraction kit (QIAGEN, Valencia, CA).
Ligation high (Toyobo Engineering, Osaka, Japan).
Competent Escherichia coli cells (DH-5c).
Luria—Bertani (LB) medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl in 1 L of
distilled water.

9. LB plates with 100 pg/mL ampicillin.
10. Ampicillin: diluted in distilled water to 100 mg/mL; stock concentration, filter-

sterilized (Wako Pure Chemicals, Osaka, Japan).

© N Uk~ W

2.2. Cell Culture and Transient Transfection
1. HelaS3 cdls (Riken Cell Bank).
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96-Well microtiter plates (IWAKI, Tokyo, Japan).

Dulbecco’'s modified Eagle’'s medium (DMEM) (Sigma-Aldrich, St. Louis, MO).
Fetal bovine serum (Invitrogen, Carlsbad, CA), heat-inactivated at 56°C for
30 min.

0.25% Trypsin solution with 1 mM EDTA (Invitrogen).

Antibiotic-antimyoctic (Invitrogen).

Lipofectamine 2000 (Invitrogen).

Opti-MEM | (serum-free medium, Invitrogen).

PBS buffer: 8 g NaCl, 0.2 g KCl, 1.15gNa,HPO,, 0.2 g Na,HPO, in 1 L distilled
water. Alternatively, 10X PBS can be purchased from Invitrogen.

10. 0.2% Crystal violet stain: 0.2 g crystal violet dye, 2 mL ethanol, 98 mL distilled
water.

AW

© NG

2.3. Library Screening

1. Puromycin (Wako Pure Chemicals): prepare stock solution at 1 mg/mL concentra
tion in PBS and then filter-sterilize.

2. Poly(I:C) (GE Healthcare, Little Chalfont, Buckinghamshire U.K.): dissolve in

PBS and anned as follows: heat to 95°C for 2 min with thermal cycler, cool to

72°C, and then cool to 4°C for 2 h. Adjust to the final concentration 1 png/uL.

FUGENE 6 (Roche Diagnostics, Indianapalis, IN).

4% Paraformal dehyde (Wako Pure Chemicals).

5. Crysta violet (Wako Pure Chemicals): prepare 2% stock solution in PBS.

A w

2.4. Western Blotting

1. Lysishbuffer: 1% Triton X-100, 150 mM NaCl, 20 mM Tris-HCI, pH 7.6, protease

inhibitors (Protease Inhibitor cocktail, Roche Diagnostics, Mannheim, Germany).

DC Protein Assay kit (Bio-Rad, Hercules, CA).

3. Sample buffer: 100 mM Tris-HCI, pH 6.5, 20% glycerol, 4% SDS, 4% mercap-
toethanol, 0.2% BPB (bromo phenoal blue).

4. Bio-Rad Mini-Protein Il Electrophoresis and blotting system.

5. Immobilon™-PSQ membrane (Millipore, Billerica, MA), skim milk (BD
Biosciences, San Jose, CA).

6. Tris-buffered saline (TBS)-Tween: 100 mM Tris-HCI pH 7.5, 0.9% NaCl, 0.1%
Tween-20 (MP Biomedicals, Irvine, CA).

7. Chemiluminescence system (GE Healthcare).

N

3. Methods

As afirst experiment to apply SIRNA screen for target identification, we have
constructed a limited siRNA library of 241 genes to identify genes that modu-
late the ability of dsRNA-induced apoptotic pathway (28,30). We found that the
dsRNA-induced apoptotic pathway is composed of at least three independent
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pathways. Thus, severa signaling proteins might work in concert to affect apop-
tosisin HelLa S3 cells (30).

3.1.

Construction of siRNA Expression Vectors

The siRNA library was constructed in pcPUR hU6 vector (iGENE
Therapeutics, Inc.). The vector contains a human U6 promoter, a puromycin-
resistance gene, and BspMI cloning sites (Fig. 2).

3.1.1. Preparation of Vector DNA

1.
2.

3.

Digest 3-5 pug of pcPUR hU6 plasmid with restriction enzyme BspMI.

Purify the cleaved vector from an agarose gel (0.8%) by using QIAquick gel
extraction kit.

Elute DNA in 30 uL of TE buffer and use 1 uL for ligation reaction.

3.1.2. Preparation of siRNA Oligonucleotides

1

3.

Design and synthesize the required DNA oligonucleotides for targeting the
human genesthat are selected to be included in the library (see Note 1). Once the
target sites are selected, for each site design two complementary oligo-
nucleotides: 5’-cac ¢ [sense sequence] gt gtg ctg tcc [antisense sequence] tt ttt-3
and 5’-gca taa aaa [sense sequence] gg aca gca cac [antisense sequence]-3
(see Notes 2 and 3).

Each pair of oligonucleotides should be annealed using the following conditions:
combine 5 pL of each oligonucleotide (100 M), heat to 95°C for 2 min with ther-
mal cycler, cool to 72°C and then cool to 4°C for 2 h.

Dilute the annealed oligonucleotide to 200-fold with TE buffer.

3.1.3. Ligation and Transformation

1

2.
3.

3.2

2.

Mix 1 pL of the annealed oligonucleotides, 1 puL of the purified DNA vector, and
1 uL of ligation high (the DNA ligase is included).

Incubate the mixture for at least 30 min at 16°C.

Transform the ligated DNA into E. coli host cells (DH5a) by using the follow-
ing protocol: mix the ligated plasmid and competent E. coli host cells (DH50.),
chill the mixture on ice for 5 min, heat shock the cells in hand for 30 s, and
then incubate on ice for 2 min. Plate the cells directly on preheated LB plates
with 100 pg/mL ampicillin. More than 90% of colonies should be positive
clones.

Cell Culture and Transient Transfection

One day before the transfection, plate HeLa S3 cells at 1 x 10* cells/100 uL in
DMEM supplemented with 10% fetal bovine serum and 1% antibiotic-antimyoctic
(see Note 4).

Wash the wells twice with PBS buffer.
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Transfection of siRNA
expression vectors

One clone to one well of 96 wells

Selection with puromysin 1 pg/mL
Only the transfected cells could servive.

36h

Resuspension and replating

l24h

Induction of apoptosis
4
v 4

24 h
Staining with 0.2 % crystal violet

Fig. 3. Schematic screen for proapoptotic genes using sSiRNA library.

3. Add 100 pL of DMEM into each well.
4. For each well, mix 200 ng of sSIRNA expression vector and 25 pL of Opti-MEM

I. In separate tube, mix 45 pL of LipofectAMINE 2000 and 25 pL of Opti-MEM
| (see Note 5).

5. Add the mixed solutions to cells. Each well should be transfected with only one
single sSRNA construct.

6. Culturethe cells at 37°C for additional 24 h.

3.3. Target Identification Using siRNA Screen

Target identification by using SsIRNA library involves several steps that are
illustrated in Fig. 3.
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3.3.1. Puromysin Selection

1. Twenty-four hours after transfection, replate the transfecetd cellsin anew 96-well
plate and add 1 pug/mL (final concentration) puromycin to each well (see Note 6).

2. Incubate the cell at 37°C for 36 h.

3. Wash the wells twice with PBS and add fresh DMEM, transfer the cells into new
96-well plate, and incubate at 37°C for additional 24 h.

3.3.2. Induction of Apoptosis by Transfection With Poly(I:C)

1. For each well, mix 25 uL of Opti-MEM I, 0.125 pug of poly(l:C), and 0.375 uL
FUGENE 6 (see Note 7).

2. After incubation for 15 min at room temperature, add the mixture to the cells.

3. Culture these cells for 24 h.

3.3.3. Assay

1. After 24-hincubation, wash the wellstwice with PBS and fix with 4% paraf ormal de-
hyde for 15 min at room temperature.

2. Incubate the fixed cellsin 0.2% crystal violet liquid (prepared in PBS) for 15 min
and then wash the cells twice with PBS.

In this assay, nonapoptotic cells would be stained with crystal violet. In these
cells, genesthat areinvolved in theinduction of apoptosisare more likely inhibited.

3.4. Validation of Functional siRNA Expression Vectors
by Western Blot Analysis

After the first screening, positive clones should be confirmed with more
stringent conditions, which aims to remove the false positives. Check the levels
of protein or mMRNA knockdown.

1. Plate HeLaS3 cellsat 2 x 10° cellswell in a six-well plate and grow for 24 h.

2. For each well, mix 2 pug of SIRNA expression vector and 250 pL of Opti-MEM 1.

3. For each well, mix 5 uL of LipofectAMINE 2000 reagent and 250 puL of Opti-
MEM | medium.

4. Mix both solutions and incubate at room temperature for 15 min.

Add the mixture to the cells and incubate at 37°C for 24 h.

After incubation, split the cells and transfer approx 1/2 to 1/4 of the split cellsto

a new six-well plate and add 2 mg/mL puromysin (final concentration) and

culture for 36 h. The 96-well plate is assayed for apoptosis as described in

Subheading 3.3.

7. Remove selection medium, wash the cells twice with PBS, harvest the cells, and

centrifuge at 1000g for 5 min.

Remove the supernatant, add lysis buffer to the pellet, and then sonicate the cells.

After sonication, centrifuge the lysates at 10,0009 for 15 min and determine the

protein concentration in the supernatants by using the DC Protein Assay kit.

o u

© ®
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10. Add equa amount of 4X sample buffer (final concentration 2X) to the proteins
and boil at 99°C for 3 min.

11. Size fractionate the proteins (30 pg/well) on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (200 V; 1 h at room temperature).

12. After electrophoresis, transfer proteins to an Immobilon-PSQ membrane (15 V;
overnight at 4°C) using Bio-Rad Mini-Protein Il blotting system.

13. Block membranes with 5% skim milk for 1 h.

14. Wash the membrane with TBS-Tween three times.

15. Incubate with primary antibody in 0.5% skim milk/TBS-Tween for 1 h a room
temperature. Here, we suppose that antibodies against the identified targeted genes
are commercialy available.

16. Wash the membranes with TBS-Tween three times.

17. Incubate with secondary antibody in 0.5% skim milk/TBS-Tween for 1 h a room
temperature.

18. Chemiluminescence reagents detect reactive immunoreactive complexes.

To validate the experimental design and selection assays, include some positive
and negative controls, in particular when the signaling proteins involved in the
investigated pathway are known (see Note 8). Here, we have targeted dsRNA-
dependent protein kinase R (PKR). The sequences of SRNA expression vectors
targeted against two different target sites of PKR transcripts were as follows: site
1, 5-TAA TGA ATC AAT CAA TTCATA-3 andsite 2, 5-AAGACT AAC TGT
AAA TTA TGA-3'. Moreover, two negative controls also were included: NC1, tar-
geting firefly luciferase (5-ATG AAA CGA TAT GGG CTG-3) and NC2 target-
ing Renilla luciferase (5-GTA GCG CGG TGT ATT ATA CCA-3). Asshownin
Fig. 4A, both SIRNA expression vectors targeting PKR suppressed expression of
endogenous PKR. Notably, inhibition of PKR inhibited dsRNA-induced apoptosis
(Fig. 4B, C). Compared with the positive control, S1 to $4 clones also inhibited
dsRNA-induced apoptosis (Fig. 4D) (see Note 9).

Notably, the construction of large SSRNA expression libraries against all
human genes is a big task. These libraries should enable us to identify a num-
ber of known and novel functional genes. Scientists are making agreat first step
in functional genome analysis, and people will soon enjoy the unraveled mys-
tery of cells (17-35).

4. Notes

1. To identify potential off-target effects (33) and nonspecific suppressive effects of
SIRNA expression vectors, or both, for each gene, at least two sites should be tar-
geted. Two active SSIRNAs against the same gene should show the same phenotype.

2. Indesigning the oligonucleotides, we recommend introducing multiple C-to-T (or
A-to-G) mutations in the sense strand, avoiding near the 5’-sense terminal end.
When constructing hairpin-type siRNA expression vectors, some technical prob-
lems may occur, such as sequence difficulty and high rate of mutation in hairpin
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A NC1NC2PC1 PC2 B NC1 NC 2 PC1 PC 2
< Actin

< PKR
NC 1 NC 2
PC1 PC 2

Fig. 4. Example of analysis of dsRNA-induced apoptosis by using SsIRNA expression
vector library. HelL a S3 cells were transfected with SSRNA expression vectors directed
against the gene for PKR at two different sites (site 1 and site 2) or with negative con-
trol vectors (NC1 and NC2). After selection with puromycin, the cells were transfected
with poly(l:C). (A) Western blotting analysis of extracts of cellstransfected with S RNA
expression vectors directed against the gene for PKR (site 1 and site 2; PC1 and PC2)
and negative controls (NC1 and NC2). (B) Plates after staining with crystal violet.
(C) Microscopic images of cells. (D) The wells surrounded by the circle (S1-S4) con-
tain cells that survived under the induction of apoptosis.
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region of SIRNA sequences. Introducing mutations only into the sense strand of
the hairpin RNAs could reduce these problems. Loop sequence derived from nat-
ural microRNA sequence was found to improve silencing efficacy.

3. The followings are the guidelines for choosing the gene targets: avoid stop
sequences of pol 111 (UUUU and UUAUU), regions with GC content <30% or
>60%, repeat sequences, and sites containing single nucleotide polymorphisms.
However, the SsRNA should have low internal stability at the 5-end antisense
strand, high internal stability at the 5’ sense strand (but if thereis low internal sta-
bility at the 5" end antisense strand, this criterion is not so critical), presence of A
(position 19) and U (positions 10 and 19) of the sense strand, absence of G or C
(position 19) of the sense strand and absence of close homology to other gene
sequences.

4. This protocol was designed for HeL a S3. When other cell lines are used, the fol-
lowing conditions need to be optimized: type of transfection reagents, amount of
DNA, used for transfection optimal cell density before transfection and drug
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selection, and puromycin concentration. Initial cell number and puromycin con-
centration affect screening threshold because selection by antibiotics also affects
knockdown efficiency.

5. MasterMix for one 96-well plate should contain 2.5 mL of Opti-MEM | + 25 uL

of LipofectAMINE 2000 reagent.

Puromycin selectioniscritical because the transfection efficiency isnot always 100%.

7. MasterMix for one plate of 96-well plate: 2.5 mL of Opti-MEM | medium, 12.5 ug
of poly(l:C) and 37.5 uL of FUGENES.

8. To select the positive clones correctly, appropriate negative controls should be
included. As negative controls, we use a pcPUR hUG6 vector for firefly luciferase
gene and a pcPUR UG vector for Renilla luciferase gene (30).

9. Some proteins may have long half-lives and therefore phenotypic changes may
reguire longer incubation. The cells could be analyzed approx 5 d after the trans-
fection with SSRNA expression library.

o

References

1. Fire A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E., and Méllo, C. C.
(1998) Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 391, 806-811.

2. Zamore, P. D. (2001) RNA interference: listening to the sound of silence. Nat.
Struct. Biol. 8, 746-750.

3. Bernstein, E., Caudy, A. A., Hammond, S. M., and Hannon, G. J. (2001) Role for
a bidentate ribonuclease in the initiation step of RNA interference. Nature 409,
363-366.

4. Hammond, S. M., Boettcher, S., Caudy, A. A., Kobayashi, R., and Hannon, G. J.
(2001) Argonaute2, a link between genetic and biochemical analyses of RNAI.
Science 293, 1146-1150.

5. Nykanen, A., Haley, B., and Zamore, P. D. (2001) ATP requirements and small
interfering RNA structure in the RNA interference pathway. Cell 107, 309-321.

6. Williams, B. R. (1997) Role of the double-stranded RNA-activated protein kinase
(PKR) in cell regulation. Biochem. Soc. Trans. 25, 509-513.

7. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T.
(2001) Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 411, 494-498.

8. Yang, S, Tutton, S., Pierce, E., and Yoon, K. (2001) Specific double-stranded
RNA interference in undifferentiated mouse embryonic stem cells. Mal. Cell Biol.
21, 7807-7816.

9. Brummelkamp, T. R., Bernards, R., and Agami, R. (2002) A system for stable
expression of short interfering RNAsin mammalian cells. Science 296, 550-553.

10. Lee N. S, Dohjima, T., Bauer, G., et a. (2002) Expression of small interfering RNAs
targeted against HIV-1 rev transcripts in human cells. Nat. Biotechnol. 20, 500-505.

11. Miyagishi, M. and Taira, K. (2002) U6 promoter-driven SsIRNAs with four uridine
3’ overhangs efficiently suppress targeted gene expression in mammalian cells.
Nat. Biotechnol. 20, 497-500.



RNAI Libraries 141

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Paddison, P. J.,, Caudy, A. A., Bernstein, E., Hannon, G. J,, and Conklin, D. S.
(2002) Short hairpin RNAs (shRNAs) induce sequence-specific silencing in
mammalian cells. Genes Dev. 16, 948-958.

Paul, C. P, Good, P. D., Winer, |, and Engelke, D. R. (2002) Effective expression
of small interfering RNA in human cells. Nat. Biotechnol. 20, 505-508.

Sui, G., Soohoo, C., Affar €, B., Gay, F., Shi, Y., and Forrester, W. C. (2002)
A DNA vector-based RNAI technology to suppress gene expression in mammalian
cells. Proc. Natl. Acad. Sci. USA 99, 5515-5520.

Fraser, A. G., Kamath, R. S., Zipperlen, P, Martinez-Campos, M., Sohrmann, M.,
and Ahringer, J. (2000) Functional genomic analysis of C. elegans chromosome |
by systematic RNA interference. Nature 408, 325-330.

Gonczy, P, Echeverri, C., Oegema, K., et a. (2000) Functional genomic analysis
of cell division in C. elegans using RNAi of genes on chromosome |11. Nature
408, 331-336.

Aza-Blanc, P, Cooper, C. L., Wagner, K., Batalov, S., Deveraux, Q. L., and Cooke,
M. P. (2003) Identification of modulators of TRAIL-induced apoptosis via RNAI-
based phenotypic screening. Mol. Cell 12, 627-637.

Miyagishi, M. and Taira, K. (2003) Strategies for generation of an SIRNA expres-
sion library directed against the human genome. Oligonucleotides 13, 325-333.
Berns, K., Hijmans, E. M., Mullenders, J,, et al. (2004) A large-scale RNAI screen
in human cells identifies new components of the p53 pathway. Nature 428,
431-437.

Paddison, P. J,, Silva, J. M., Conklin, D. S., et a. (2004) A resource for large-scale
RNA-interference-based screens in mammals. Nature 428, 427-431

Sen, G., Wehrman, T. S, Myers, J. W., and Blau, H. M. (2004) Restriction
enzyme-generated sSIRNA (REGS) vectors and libraries. Nat. Genet. 36, 183—-189.
Shirane, D., Sugao, K., Namiki, S., Tanabe, M., lino, M., and Hirose, K. (2004)
Enzymatic production of RNAI libraries from cDNAs. Nat. Genet. 36, 190-196.
Hseh, A. C., Bo, R, Manola, J,, et a. (2004) A library of SRNA duplexes targeting
the phosphoinositide 3-kinase pathway: determinants of gene silencing for usein
cell-based screens. Nucleic Acids Res. 32, 893-901.

Kaykas, A. and Moon, R. T. (2004) A plasmid-based system for expressing small
interfering RNA libraries in mammalian cells. BMC Cell Bial. 5, 16.

Colland, F, Jacq, X., Trouplin, V., et a. (2004) Functional proteomics mapping
of a human signaling pathway. Genome Res. 14, 1324-1332.

Luo, B., Heard, A. D., and Lodish, H. F. (2004) Small interfering RNA produc-
tion by enzymatic engineering of DNA (SPEED) Proc. Natl. Acad. Sci. USA 101,
5494-5499.

Zheng, L., Liu, J., Batalov, S,, et al. (2004) An approach to genomewide screens
of expressed small interfering RNAs in mammalian cells. Proc. Natl. Acad. <ci.
USA 101, 135-140.

Futami, T., Miyagishi, M., and Taira, K. (2004) Identification of a network
involved in thapsigargin-induced apoptosis using a library of SiIRNA-expression
vectors. J. Biol. Chem. 280, 826-831.



142 Matsumoto, Miyagishi, and Taira

29. Miyagishi, M., Matsumoto, S., and Taira, K. (2004) Generation of an shRNAi
expression library against the whole human transcripts. Virus Res. 102, 117-124.

30. Matsumoto, S., Miyagishi, M., Akashi, H., Nagai, R., and Taira, K. (2005) Analysis
of double-stranded RNA-induced apoptosis pathways using interferon-response
noninducible small interfering RNA expression vector library. J. Biol. Chem 280,
25,687-25,696.

31. Westbrook, T. F., Martin, E. S., Schlabach, M. R., et al. (2005) A genetic screen
for candidate tumor suppressors identifies REST. Cell 121, 837-848.

32. Kolfschoten, I. G., van Leeuwen, B., Berns, K., et d. (2005) A genetic screen iden-
tifies PITX1 asa suppressor of RAS activity and tumorigenicity. Cell 121, 849-858.

33. Jackson, A. L., Bartz, S. R., Schelter, J,, et a. (2003) Expression profiling reveals
off-target gene regulation by RNAI. Nat. Biotechnol. 21, 635-637.

34. Curran, S. P, Leverich, E. P, Koehler, C. M., and Larsen, P. L. (2004) Defective
mitochondrial protein translocation precludes normal Caenorhabditis elegans
development. J. Biol. Chem. 279, 52,655-52,662.

35. Miyagishi, M. and Taira, K. (2005) siRNA becomes smart and intelligent. Nat.
Biotechnol. 23, (8): 946-947.



8

Hammerhead Ribozyme-Based Target Discovery

Masayuki Sano and Kazunari Taira

Summary

With the accumulation of vast amounts of data as aresult of the sequencing of the human genome,
it is necessary to identify human genes that are involved in various cellular, developmental, and
disease-related processes and to clarify their functions and potential utility astargets in the treat-
ment of disease. |dentification methods based on the use of hammerhead and hairpin ribozymes
have received increasing attention as possible tools for the rapid identification of key genes
involved in biological processes. This chapter describes the method known as gene-discovery by
a hammerhead ribozyme library for elucidation of the gene function. Use of this technology has
already revealed new insights into several important biological phenomena.

1. Introduction

A hammerhead ribozyme is a small RNA molecule with catalytic activity
and it can be engineered to optimize its activity in the intracellular environment.
The hammerhead ribozyme recognizes a target gene via interactions between
the binding arms of the ribozyme and the gene transcript, and it can cleave any
RNA substrate that contains an NUH triple, where N is any nucleotideand H is
A, C, or U. To date, numerous studies have been directed towards applications
of ribozymes in vivo, and many successful experiments suppressing genes of
interest have been reported (1,2).

In our laboratory, successful inactivation of genes by hammerhead ribozymes
in living cells has been achieved by using an appropriate expression cassette
(Fig. 1A). The use of the human tRNAYd promoter ensures a high level of
expression of the ribozymes, and an appropriate design of the expression
cassette leads to the intracellular stability and cytoplasmic transport of the
ribozyme transcripts (3-5). These features would apparently be advantageous
for the exploitation of ribozymesin vivo.
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Fig. 1. The ribozyme-expression system. (A) The tRNAVA portion is attached to the hammerhead ribozyme (indicated by the bold
letters) because the promoters of the gene, namely A and B boxes, areinternal. (B) A plasmid for cloning of randomized ribozymes.
The promoter of a human gene for tRNAVA is inserted into the pPUR plasmid. The restriction enzyme sites, Csp45l and Kpnl, are

used for cloning.
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Libraries of randomized hammerhead ribozymes provide a novel tool for the
identification of functional genes (6-10). While the binding arms can be designed
to include sequences complementary to the target RNA, randomization of bind-
ing arms generates alarge pool of ribozymes that are capable of cleaving many
MRNA substrates. Such a pool of randomized ribozymes is referred to as a
library.

In aribozyme-based gene-discovery system, alibrary of randomized ribozymes
is introduced into cells, where it causes phenotypic changes as a result of
cleaving transcripts that are critically involved in a particular phenotype. The
ribozymes can be recovered from the cells and subsequent sequence analysis,
which involves searching for sequences of a target site in databases with, for
example, the BLAST search program, leads to the identification of the targets of
the ribozymes (6-16). Alternatively, apartial cDNA fragment that subsequently
facilitates the cloning of full-length cDNA can be obtained by 5" and 3’ rapid
amplification of cDNA ends (RACE), a PCR-based cloning technique (11-15).
Once target genes have been identified, they can be characterized individually
with respect to the specific involvement of each in the phenotype of interest.
The process can then be refined and repeated.

The system is simple and direct, as compared to other “high-throughput”
gene-screening methods, and no prior sequence information isrequired. Moreover,
because the system alows the identification of direct effectors of a change in
phenotype, it reduces the level of background and false-positive results and pro-
duces, for the most part, interpretable results. Thus, this gene discovery system
based on the ribozyme library is indeed useful for the rapid identification of
functiona genesin the post-genome era.

2. Materials

2.1. Construction of the Randomized Hammerhead
Ribozyme-Expression Vector

1. tRNAVa-expression vector: pPUR-KE (a plasmid that contains the promoter of a
human gene for tRNAV@ between the EcoRI and BamH| sites of a plasmid pPUR
[Clontech, Palo Alto, CA]; Fig. 1B).

2. Custom-synthesized oligonucleotides.

a Template DNA: 5-TCC CCG GTT CGA AAC CGG GCA CTA CAA AAA
CCA ACT TTN NNN NNN CTG ATG AGG CCG AAA GGC CGA AAN
NNN NNG GTA CCC CGGATATCT TTT TTT-3..
b. Primer A: 5-TCC CCG GTT CGA AAC CGG GCA-3'.
c. Primer B: 5-GCT TGC ATG CCT GCA GGT CGA CGC GAT AGA AAA
AAA GAT ATC CGG GGT-3'.
3. 10X Taq polymerase buffer: 100 mM Tris-HCI, pH 8.3, 15 mM MgCl,,, 500 mM KClI.
4. dNTP mixture: dATP, dCTP, dGTP, and dTTPR, each at 2.5 mM.
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5. 10X L (low-sdt) buffer: 100 mM Tris-HCI, pH 7.5, 100 mM MgCl,, 10 mM
dithiothreitol (DTT).
6. 5 U/uL Tag DNA polymerase.
7. Restriction enzymes: 8 U/uL Csp45l; 10 U/uL Kpnl.
8. 50X TAE buffer: 2 M Tris-acetate, 0.05 M EDTA, pH 8.0.
9. Ethanol: both 100 and 70% in distilled water.
10. Phenol and chloroform.
11. Agarose.
12. SOC medium: 10 g bacto-tryptone, 5 g bacto-yeast extract, 10 g NaCl in 1 L
distilled water.
13. Escherichia coli (JIM109, DH-5a or other) competent cells.
14. Kit for purification of DNA fragments from agarose gels (e.g., QIAquick Gel
Extraction Kit; Qiagen, Hilden, Germany).
15. Kit for purification of PCR products (e.g., QIAquick PCR purification kit; Qiagen).
16. Kit for ligation of DNA fragments to the vector (e.g., DNA Ligation kit Ver.2;
Takara Shuzo Co., Kyoto, Japan).

2.2. Introduction of a Ribozyme Library Into Cells
and Recovery of the Ribozymes

1. Cdl lines (e.g., HeLa S3, HT1080, B16-BL 6 mouse melanoma cells or other).

2. Cell growth medium (e.g., Dulbecco’s modified Eagle's medium [DMEM]; RPMI

1640, Sigma Chemical, St. Louis, MO).

Serum-free medium (e.g., Opti-MEM 1, Life Technologies).

Fetal bovine serum.

Antibiotic mixture (e.g., Antibiotic-Antimycotic, Life Technologies).

Transfection reagents (e.g., Trans| T-LT1, Pan Vera, Madison, WI; LipofectAMINE™

2000, Invitrogen, Carlshad, CA).

7. PBSbuffer: 8000 mg NaCl, 200 mg KClI, 1150 mg Na,HPO, (anhydrous), 200 mg
KH,PO, (anhydrous) in 1000 mL distilled water.

8. Trypsine-EDTA.

o0 kw

3. Methods

3.1. Construction of a Library Expressing Randomized
Hammerhead Ribozymes

The method for constructing a hammerhead ribozyme library includes
three steps. At first, DNA templates encoding ribozyme catalytic core flanked
by a substrate-binding region that is completely randomized should be chemi-
cally synthesized and amplified by polymerase chain reaction (PCR). After
restriction digestion of PCR fragments, they are ligated into the plasmid.
Finally, the plasmids are used for transformation of competent E. coli cells.
Importantly, we must care and maintain the diversity of aribozyme library in
al steps.
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3.1.1. Preparation of the Insert DNA

1.

Synthesize or purchase the DNA template described here;

5-TCC CCG GTT CGA AAC CGG GCA CTA CAA AAA CCAACT TTN NNN
NNN CTG ATG AGG CCG AAA GGC CGA AAN NNN NNG GTA CCC CGG
ATATCTTTTTTT-3

Bold letters correspond to the sequence of the ribozyme's binding arms, and N
stands for any nucleotides (see Note 1).

Amplify the DNA template by PCR. For PCR, the reaction mixture contains (final
concentration): 0.02 uM template DNA, 0.5 uM primer A, 0.5 uM primer B, 1 X
Taq buffer, ANTP mix (0.25 mM each), and 10 U Taq polymerase. Place the reac-
tion mixture in athermal cycler. Program the cycler to excute 6-8 cycles with the
following program: 95°C, 30 s; 55°C, 305, 74°C, 30 s.

Purify the PCR fragments by using a column (e.g., QIAquick PCR purification
kit) or phenol-chloroform extraction, and ethanol-precipitation (see Note 2).
Digest the PCR fragments with the restriction enzymes, Csp45I and Kpnl, in 1X
L (low salt) buffer for >2 h at 37°C. After the reaction, purify the fragments as
described in step 3.

3.1.2. Preparation of Plasmids for Expressing Randomized Ribozymes

1.

Digest the vector plasmid “pPUR-KE” with Csp45l and Kpnl. After digestion,
load the reaction mixture onto a 1.0% agarose gel and electrophorese the sample
in 1X TAE buffer.

Excise gel pieces that contain the fragment of the vector and purify them using a
column (e.g. QIAquick Gel Extraction Kit).

Mix 20 ng of the linerized vector and 550 ng of the insert DNA. The ligation reac-
tion is performed by using DNA Ligation kit Ver.2 at 16°C for >4 h (see Note 3).
For transformation, mix 20 mL of E. coli host cellsand 1 mL of the ligation mix-
ture and incubate it on ice for at least 30 min. After heating the mixture at 42°C in
a hot water, add preheated 180 mL of SOC medium at 37°C.

Incubate the E. coli mixture at 37°C for 1 h and then plate a part of the mixtures
(10 uL and 100 pL) on LB agar plates that contain ampicillin at 100 ug/mL (see
Note 4). Residual solution is subjected to the plasmid preparation.

After colonies have become apparent (12—16 h after plating), count the number of
colonies to statistically check the diversity of the library. For example, if 1000
colonies are found on a plate to which 10 uL of E. coli solution in 200 mL has
been plated, the diversity is estimated as 2 x 10’=1000 (colonies) x 200 (mL)/
10 (uL). To confirm the diversity, about 50 independent clones should be picked
up and sequenced.

3.2. Transfection of the Library Expressing Randomized
Hammerhead Ribozymes and Induction of the Selection Pressure

In this system, genes responsible for a specific phenotype of interest can be

isolated using a ribozyme library. When the library is introduced into cells,
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ribozymes may cleave messenger RNAS, and as a result, may change the cell
phenotype (Fig. 2). Thus, the identification of the target of the ribozyme allows
to the identification of the genes responsible for the specific phenotype.

Probably, one of the most important steps in this system is to isolate cells with
a phenotypic change caused by introducing the library. So far, severa studies have
identified genes of interest that are responsible for many specific phenotypes
(6-16). A maor advantage of the use of the ribozyme library is that no prior
sequenceinformation isrequired and, thus, it alowstheidentification of previoudy
unidentified genes when large numbers of ribozymes are introduced into cells.

For successful experiment, we must carefully discriminate between cells with
phenotypic change and unchanged cells, because the recovery of plasmids from
unchanged cells increases the number of false positives. Thus, we must fully
consider the strategy for reducing such false positives prior to the introduction
of the library into cells.

For example, we identified genes responsible for cell migration by alibrary
of randomized hammerhead ribozymes (6). A line of highly invasive cancer
cells, HT 1080 fibrosarcoma cells, was transfected with a plasmid vector harbor-
ing a randomized hammerhead ribozyme library and subjected to a chemotaxis
assay in 12-um-pore Transwell inserts with fibronectin as a chemo-attractant.
Although HT 1080 cells normally migrate toward a chemo-attractant, some cells
did not migrate toward the chemo-attractant after treatment with the random-
ized ribozyme library. Ribozymes were recovered from cells that remained in
the top chamber and the randomized regions of the ribozymes were sequenced
in order to search for the relevant sequences in databases (Fig. 3).

At the first step, thus, we must design a sophisticated strategy and optimize
the condition for separating positive cells. Here, we describe typical transfection
protocol for introducing a ribozyme library into cells. After transfection, cells
should be separated by induction of the selection pressure that one chooses.

1. Theday before transfection, plate cells at 70-90% confluence in a 10-cm dish on
the day of transfection.

2. Mix 15 uL of LipofectAMINE™ 2000 with 750 uL of OptiMEM | and incubate
at room temperature for 5 min. Appropriate transfection regents can be used,
depending on the type of cells used.

3. Mix 15 pg of the plasmid DNA and 750 uL of OptiMEM 1.

4. Combine the diluted DNA solution with the diluted LipofectAMINE™ 2000
reagent and incubate for 15 min. While complex formation takes place, wash cells
with phosphate-buffered saline (PBS) and replace with 8.5 mL of fresh cell-
growth medium.

5. Apply the complexesto cells and incubate at 37°C for appropriate time (typically
24-48 h) in a CO, incubator.

6. Induce the specific selection-pressure to isolate the cell swith the phenotypic change.
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3.3. Recovery of Active Ribozymes

To isolate plasmids from cells, Hirt's DNA isolation method is often used.
This method enables the recovery of plasmids without nicking, but it is time
consuming and requires many steps. Thus, instead of it, commercialy available
Miniprep kit also can be use, such as QIAGEN's Miniprep kit, to isolate plasmids
from mammalian cells.

When we introduce the ribozyme library into cells, we must consider that one
transfected cell may have more than one type of plasmid. In such case, if one of
the ribozymes should influence the phenctype, other plasmids are also isolated
from the positive cells. Such unrelated plasmids may be regarded as the false-
positives. To reduce the false-positives, in many cases, we need to repeat the
same screening at least three to four times. To do this, the isolated plasmids from
first-cycle selection are used to transform competent E. coli cells. The resultant
library should be introduced into cells as second-cycle selection. To determine
the nature of plasmids, we should sequence individual coloniesin each cycle.

3.4. Identification of the Candidate Genes Responsible
for Phenotypic Changes

With the sequence information derived from substrate-binding arms of the
ribozyme, we can identify candidate genes responsible for the phenotypic
changes either by 5" and 3’ rapid amplification of cDNA ends (RACE) or smple
bioinformatics, searching for homology using the entire sequence as query. The
latter method easily leads to the identification of the candidates. In our labora-
tory, we screen targets by mining the publicly accessible gene database with the
BLAST program at the NCBI website (http://www.ncbi.nlm.nih.gov/blast/).

1. Accessthe NCBI website; Click “search for short nearly exact matches.”

2. Fill in the sequence in the search box. The obtained sequence probably is 15 nt
with one gap such as NNNNNNTHNNNNNNN, where H can be filled in this
format (see Notes 5 and 6).

Click the [BLAST!] button.

Click the [Format!] button. The result will be ready within 5 min.

Sequences and the names of genes with score (bits) and E value are listed.
A higher score and lower E value indicate higher homology.

ok ow

If candidates of interest are found, they must be validated by using other
ribozymes that are capable of cleaving a specific-target mMRNA at other sites.
I nactive ribozymes with point mutations within the catalytic site are convenient
controls in such analysis. Alternatively, inactivation by small interfering RNAs
(siRNAs) can be also used to validate candidate genes. Once target genes have
been identified, they can be characterized individually with respect to the specific
involvement of each in the phenotype of interest.
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4. Notes

1. We recommend that the length of ribozyme’s binding arms should be 7 nt each.
A shorter length of the binding arms may reduce the binding ability to a substrate
and longer length may cause nonspecific binding.

The PCR purification kit removes enzymes and salts as well as excess primers.

3. To check the quality of plasmids, linearized plasmids also should be performed the
ligation reaction in the absent of the insert DNA. Then, we must confirm that no
or very few transformed colonies appear.

4. Do not incubate E. coli cells for more than 1 h. Since each transformed cell repli-
cates at different rates, longer incubation may vary the original population of each
cell.

5. Inthe case of a hammerhead ribozyme, a gap nucleotide described asH (A, C, or U)
does not form a base pairing.

6. Optionally, species restriction may reduce the unrelated sequences. In addition,
ribozymes often target EST (expression sequencing tag), which is the identified
sequences expressing in cells.

N
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Production of siRNA- and cDNA-Transfected Cell Arrays
on Noncoated Chambered Coverglass for High-Content
Screening Microscopy in Living Cells

Holger Erfle and Rainer Pepperkok

Summary

In this chapter, we provide a protocol for the production of transfected cell arrays in living
mammalian cells on noncoated chambered coverglass for the systematic functional analyses of
human genes by high-content screening microscopy. This method should facilitate drug target
validation by small-interfering RNAs.

Key Words: Cell arrays, genomics; high-content screening microscopy; small-interfering
RNAs; siRNA.

1. Introduction

The information available through sequencing of several genomestogether with
high-throughput techniques such as protein analysis by mass spectrometry or
expression and transcription profiling by protein or DNA microarrays has the
potentia to help analyze the complexity of biological processes on a comprehen-
sve scale (see Chapters 2, 4, 5, Volume 1). An eegant high-throughput method
alowing pardld analysisof genefunction inintact living cells has been introduced
recently by Ziauddin and Sabatini (1). In this method, plasmid DNASs or smdl-
interfering RNASs (SRNAS) (2) are printed together with the appropriate transfec-
tion reagents in a gelatin matrix at defined locations on glass dides. Overlaying
these arrays with tissue culture cells results in clusters of living cells transfected
with SIRNAs or expressing the respective cDNAs at each location. In combination
with automated fluorescence scanning microscopy and image processing (3,4), this
method allows the rapid analysis of gene function on alarge scale in intact cells.

From: Methods in Molecular Biology, vol. 360, Target Discovery and Validation Reviews and Protocols
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2. Materials

sIRNA oligonucleotides (QIAGEN, Valencia, CA).

Cy3-labeled DNA marker oligomer (BioSpring, Frankfurt, Germany).

384-Well plates (Nalge Nunc International, Rochester, NY).

Lab-Tek chambered coverglass (cat. no. 155361, Nalge Nunc International).
Transfection reagent Effectene (QIAGEN, Hilden, Germany) or LipofectAMINE
2000 (Invitrogen, Carlsbad, CA).

Sucrose (USB, Cleveland, OH).

7. Gelatin (cat. no. G-9391, Sigma, St. Louis, MO).

8. Fibronectin (Sigma).

gkrowbdpE

o

3. Methods

The method involves five major steps (Fig. 1), including the preparation of
the transfection solutions, followed by their spotting onto a cell substrate (e.g.,
Lab-Tek culture dishes, Nalge Nunc International), plating of the cells onto the
arrays of spotted transfection solutions, preparation of the transfected cells for
functional analysis, and the analysis of transfected cells by high-content screen-
ing microscopy.

3.1. Sources of Tagged cDNAs and siRNAs and Preparation
of Transfection Solutions

3.1.1. Sources of Tagged cDNAs and siRNAs

Information on the collection of novel human cDNAs fused to spectral
variants of the green fluorescent protein (GFP) is available at http://gfp-cdna.
embl.de/ (5).

Synthesized siRNA s targeting human proteins can be obtained from QIAGEN
(http://www1.giagen.com), Ambion (http://www.ambion.com/), or Dharmacon
(http://www.dharmacon.com).

3.1.2. Preparation of Transfection Solutions

The siRNA (plasmid cDNA) gelatin transfection solutions are prepared in
384-well plates (Nalge Nunc International). As transfection reagent, we use
Effectene (QIAGEN) or LipofectAMINE 2000 (Invitrogen), giving optimal
transfection efficiencies for both SsSRNAs and plasmid cDNAsin MCF7, Hel a,
COST7L, or human embryonic kidney (HEK)293 cells. The presence of sucrose
in the spotting solution facilitates the storage of the dried arrays without lossin
transfection efficiencies. Additionally, it is essential for the successful transfer
of the sSsIRNA (cDNA)—gelatin transfection solutions to uncoated substrates
during the spotting procedure. The presence of fibronectin in the gelatin solution
increases cell adherence, resulting in a reduced migration of transfected
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http://www.dharmacon.com
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Fig. 1. Five basal steps of the method: (1) Preparation of the transfection solutions on
an automated liquid handler with a 96-pipet head. (2) Spotting of the transfection solu-
tions with a spotting Robot, e.g. ChipWriter Compact, on Lab-Tek chambered coverglass.
(3) Plating of the cells on dishes with the dried transfection solutions. (4) Preparation of
samples (manually or automatically) for functiond anaysis, e.g., immunostaining.
(5) Analysis of samples by high-content screening microscopy.
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cells away from the spot region. To retrieve the spot regions and to highlight
successfully transfected cells of SSIRNA experiments, a Cy3-labeled DNA
oligonucleotide is used as cotransfection marker. In this case, 0.5 uL of a
40 uM marker solution isincluded in step 1 of the protocol, resulting in a total
oligonucleotide volume of 1.5 uL (1 uL of sSIRNA plus 0.5 uL of Cy3-labeled
oligonucleotide). With this protocal, it is possible to cotransfect plasmid cDNA
and siRNA. In thiscase, 1 uL of SSRNA plus 1 uL of plasmid cDNA are added
in step 1, resulting in atotal volume of 2 uL.

1. Add1puL of the respective SIRNA stock solution (20 uM in RNA dilution buffer
as supplied by the manufacturer) to each well. For plasmid transfections, 1 uL of
plasmid DNA at a stock concentration of 500 ng/uL is added.

2. Add 7.5 uL EC buffer (part of the Effectene transfection kit, QIAGEN) containing
0.2 M sucrose and mix thoroughly by pipeting three times up and down. The EC
buffer can be replaced by water, also containing 0.2 M sucrose for LipofectAMINE
2000 (Invitrogen).

3. Incubate the mixture for 10 min at room temperature.

4. Add 4.5 uL of Effectene transfection reagent (QIAGEN) or 3.5 uL of
LipofectAMINE 2000 (Invitrogen).

5. Incubate for 10 min at room temperature.

6. Add 7.25 uL of 0.08% gelatin (G-9391, Sigma) containing 3.5 x 10~*% fibronectin
(Sigma).

7. Spin down the 384-well plate for 1 min at 216g. The solution is now ready for the
spotting process.

3.2. Spotting the Transfection Solution on Uncoated Lab-Tek Dishes

As a substrate, we use untreated chambered coverglass dishes, allowing
live cell imaging and easy-to-perform immunostaining. We use a ChipWriter
Compact robot (Bio-Rad, Hercules, CA) equipped with PTS 600 (Point
Technologies) solid pins. The distance between the spots is 1125 um, result-
ing in spot diameters of approx 450 wum. The spotted solutions on the Lab-Tek
chamber are dried at room temperature for at least 12 h after printing before
cells are plated. The solutions of one 384-well plate (see Subheading 3.1.)
are sufficient to spot at least 50 identical Lab-Tek chambers, which can be
stored for later use in a dry environment for several months without obvious
loss in transfection efficiencies. The outer dimensions of a Lab-Tek chamber
are 57.2 x 25.6 mm (length x width). Of this area we use, 34.875 mm in
length and 12.375 mm in width to spot 384 samples. Spotting 384 samples on
48 Lab-Tek chambers, by using eight solid pins in the x-direction mode typi-
caly lasts 6 h.

1. We adjust the temperature of the 384-well plate with an in-house—built water-
cooled plate to 12°C.
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N

The dwell time the spotter pins remain in the source plateisset to 0.5 s.

The dwell time the spotter pins remain on the Lab-Tek chamber isset to 0.1 s.

4. Thewashing procedures between the spotting of distinct samples are set asfollows:
a. Wash container: 10 s.

b. Sonication container: 10 s.

¢. Vacuum drying: 10 s.

w

3.3. Plating of Cells on Lab-Tek Dishes With Dried Transfection Solution

The density of the cells plated on the dried spots of a Lab-Tek chamber is
always a compromise between the improved statistics that can be achieved with
high cell densities and the quality of the microscopic analysesthat is best at low
cell densities.

1. Typicaly, we plate 1.25 x 10° actively growing HeLa, MCF7, COSTL, or
HEK293 cells in 2.5 mL of culture medium (Dulbecco’s modified Eagle's
medium containing 10% heat-inactivated fetal calf serum, 2 mM glutamine,
100 U/ml penicillin, and 100 pg/mL streptomycin) on the dried spots of one
Lab-Tek culture dish. This process results in approx 100 to 200 cells residing
on one spot.

2. The incubation time (at 37°C and 5% CO,) for the successful expression of
plasmid cDNAS varies between 12 and 24 h.

3. Theincubation time for RNA interference (RNAI) experiments varies between 20
to 50 h and strongly depends on the stability of the proteins targeted by the
SIRNAs spotted. For long-term experimentslasting several days, e.g., RNAI experi-
ments targeting stable proteins, the cell density needsto be lowered compared with
the density typically used (see step 1), because cells may stop growing because of
contact inhibition at later time-points of the experiment (e.g., 60 h), which makes
experiments addressing cell cycle- or signal transduction-related questions difficult
to interpret.

3.4. Preparation of Samples for Functional Analysis

For functional analysis involving high-content screening microscopy, we fre-
guently use immunofluorescence (6) to monitor molecule-specific morphological
and biochemical parameters. The immunostaining procedure in Lab-Tek cham-
bered glass cover dipsis very effective and cheap because it can be performed
with the same antibody for hundreds of target genes in parallel.

1. For the staining of Lab-Tek chambers, we apply 250 uL of the corresponding-
antibody by carefully distributing the fluid over the spotted area.

2. Incubate for 10 min with the lid closed to avoid rapid evaporation.

3. Wash two times with 2 mL of phosphate-buffered saline (PBS) (30 min each).

4. Stain cell nuclei with 0.2 pg/mL Hoechst B2261 (Sigma). The strong nuclear
staining achieved in thisway facilitates automated focusing during image acquisition
(3) (see Subheading 3.5.).
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5. The stained samples are stored at 4°C either embedded in Mowiol or in PBS
solution containing 0.1% azide after a brief poststaining fixation of the samples
with paraformal dehyde for 2 min.

3.5. Analysis of Samples by High-Content Screening

In principle, images of the cells on the spots can be acquired with any com-
mercially available inverted microscope. We use a ScanR (Olympus Biosystems,
Munich, Germany; [3]) scanning microscope, with automated focus, allowing
time-lapse data acquisition. The microscope is equipped with standard filters to
detect DAPI, GFP, and Cy3. A 10 x /0.4 air or a40 x /0.95 air PlanApo objective
(Olympus) is used for image acquisition.

A key step of the whole image acquisition process is to find the first spot of
the array. We use the fluorescent signal of the cotransfected Cy3 DNA oligonu-
cleotide. In addition, we mark the first spot manually with a thin and water-
resistant black marker pen on the opposite side of the coverglass where the
spots are located, before cell seeding.

1. Assign the spot-to-spot distance, the number of samples, and the array dimensions
(number of samples in x-direction and number of samplesin y-direction).

2. For image processing the images are background corrected by subtracting the ave-
rage pixel value in ablank region of the image. The locations of the cells are deter-
mined by Hoechst nuclear stain. A possible fluorescence statistics can be based on
the mean fluorescence values in a dilated region around the nucleus (including or
not including nucleus, depending on the assay). Average values obtained should be
normalized to the SRNA control (1.0) (nonsilencing) spotted on the same dlide.

4. Notes

1. The spotting robot used has to be able to pass the walls of the Lab-Tek chamber.
2. To achieve the required accuracy of the spot-to-spot distance, high-resolution
spotting robots are necessary.
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Transgenic Animal Models in Biomedical Research

Louis-Marie Houdebine

Summary

Transgenic animals have become a key tool in functional genomics to generate models for
human diseases and validate new drugs. Transgenesis includes the addition of foreign genetic
information to animals and specific inhibition of endogenous gene expression. Recently, animal
models provided novel insight and significantly improved our understanding of the initiation and
perpetuation of human diseases. Moreover, they are an invaluable tool for target discovery, vali-
dation, and production of therapeutic proteins. However, despite the generation of several trans-
genic and knockout models, obtaining relevant models still faces several theoretical and technical
challenges. Indeed, genes of interest are not always available and gene addition or inactivation
sometimes does not allow clear conclusions because of the intrinsic complexity of living organ-
isms or the redundancy of some metabolic pathways. In addition to homologous recombination,
endogenous gene expression can be specifically inhibited using several mechanisms such as RNA
interference. Here, some animal models are described to illustrate their importance in biomedical
research. Moreover, guidelines for generation of these animals are presented.

Key Words. Diseases, models, pharmaceuticals; transgenic animals.

1. Introduction

One of the main aims of modern biology isto identify and characterize the func-
tion of vertebrate genes. Approximately 30 yr ago, it became possible to clone and
investigate the function of most abundantly expressed genes. The discovery of
microsatellite sequences and the complete sequencing of the genome of some
species, namely, mice, have facilitated the identification of genes involved in
human diseases. For example, correlations between the sequence of microsatdllites
and other genetic markers in the same family members with cystic fibrosis led to
the identification of the cydtic fibross transmembrane conductance regulator
(CFTR) gene and mutations that are causing the disease in question. Moreover,
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Fig. 1. Different methods to isolate genes and the contribution of transgenesis in
gene study and use.

forwards genetics using the chemical mutagen ethylnitrosoureato produce random
mouse mutations identified several genes, some of which have been correlated
with the obtained phenotype. Then, the mutated genes were identified and charac-
terized (1). Recently, the systematic sequencing of genomes and expressed
sequence tags has facilitated the identification of most genes (Fig. 1). However, the
functions of most of the predicted human genes are not yet known.

Once a gene is identified, it can be used for severa applications (Fig. 1): for
example, discovery of aleles and mutants, study of gene expression mechanisms,
embryo selection in humans, animal selection, production of the corresponding
protein, gene therapy, and biotechnological applications implementing transgene-
sis (see Chapter 11, Volume 1). These postgenomic approaches, which reconcile
physiology and molecular biology, are one of the major challenges for biologidts.
Transgenesis is one of the mgjor tools of postgenomics. This technique is being
used to produce recombinant protein in milk (2) to adapt pig organs to human
recipients(3), and to improve animal production (4). Yet, at least 95% of transgenic
animals are being generated to study gene function and mechanisms as well as to
create models for the study of human diseases and the vaidation of new drugs.

The first transgenic animals, mice, were obtained in 1980 by using DNA
microinjection into embryo pronuclel. Two years later, it was shown with the
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giant mice expressing the rat growth hormone gene that a transgene not only can
be expressed but also can have a phenotypic effect. The same microinjection
technique was adapted to generate transgenic rabbits, sheep, and pigs (1985) as
well as fish (1986), rats (1990), and cows (1991). The microinjection technique
remains laborious, but it is still the most commonly used technique. Another
major problem of transgenesisis the expression of transgenes. Generally, exper-
iments reach their goal by microinjecting poorly sophisticated vectors. Indeed,
the generation of some mice expressing no more than 10* or 10° copies per cell
of the protein encoded by the transgene is generally possible if five to 10 lines
of animals are prepared. This level of expression is usualy sufficient to obtain
the expected cdllular effect. However, it is not sufficient for the preparation of
large amounts of recombinant proteins, such those expressed in milk. The gen-
eration of transgenic farm animalsis also laborious and costly. Here, it is prefer-
able to use efficient expression vectors to reduce the number of transgenic
founders. The use of reliable vectorsisalso essential to create relevant transgenic
models. Substantial progress has been made in the past decade to design expres-
sion vectors to express transgenes in a satisfactory manner.

Notably, adding foreign genetic information is an important issue and may
provide crucial information about the function of the added gene in whole ani-
mals. Inhibiting an endogenous gene expression also can provide useful infor-
mation about gene function. Using different techniques, severa transgenic and
knockout animal models are being generated and used for various applications
such as target validation.

2. Generation of Transgenic Animals
2.1. Random DNA Integration

Several animal species are used to generate transgenic models: mice, rats,
rabbits, pigs, and more exceptionally sheep, cows, and monkeys. In addition to
these animals, Caenorabditis elgans, Drosophila, Xenopus, and the fish medaka
are taken as models. One of the major advantages of these speciesisthat alarge
number of mutants are available. Gene transfer cannot be achieved with the
same techniques for these different species (5).

2.1.1. DNA Microinjection

The microinjection of alinear DNA fragment into a pronucleus of a one-cell
embryo, which was successfully used for the first time in mice in 1980, is still
the most frequently used technique (6). Its efficiency is limited and lower for
rabbits, rats, and pigs than for mice. It is very low in ruminants. This difference
does not seem to be because of microinjection problems but instead to the nat-
ural capacity of the different genomes to integrate foreign DNA. The optimal
concentration of DNA is1to 2 ng/uL for injection into mouse embryos. Higher
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concentrations become toxic. In rabbits and pigs, the transgenesis yield is
increased but not linearly between 0, 5, and 7 to 8 ng/uL. These concentrations
correspond to approx 1000-5000 copies of the genes. When long DNA frag-
ments are used, the same amount of DNA as for short fragments must be
injected irrespective of the copy number. In ruminants, two reasons are conver-
gent to reduce microinjection efficiency: (1) reproduction is slow with alimited
number of available embryos, and (2) integration of foreign DNA occurs less
frequently than in other mammals.

DNA microinjection in cytoplasm is used in some nonmammalian speciesin
which pronuclel are not visible. Very high amount of DNA (120 million copies
in up to 20 nL) must be injected for success. For unknown reasons, this method
does not lead to an integration of foreign DNA with asignificant yield in severa
species, such as chicken, Xenopus, and medaka. The purity of DNA to be
microinjected must be as high as possible. Usualy, fragments from plasmids or
bacteria artificia chromosome (BAC) vectors have to be isolated using agarose
gene electrophoresis. It is recommended to not add ethidium bromide to DNA.
The band of interest may be visualized in a separate and independent lane of the
gel, by using ethidium bromide. It isalso preferable not to illuminate the gel with
UV light, which breaks DNA. Several kitsincluding columnsto isolate the DNA
fragments from the gel are available. They generally give satisfactory results.

When long DNA fragments have to be isolated from BAC, electrophoresis
must be followed by a digestion of agarose with agarase (7). The activity of
commercial agarase may be variable and |eads to incompl ete agarose digestion.
Batches of agarase must preferably be tested before use. The fraction must
bedialyzed on a filter to eiminate agarose digestion products and to add
polyamines (spermidine and spermine) to stabilize the long DNA fragments.

For long DNA fragments, but also for plasmid fragments, electroelution from
the agarose gels may be used. The eluted material is trapped in a filter and
finally eluted from the filter. Electrocution is simple, and it gives concentrated
and highly purified DNA fragments. The concentration of DNA must prefer-
ably be evaluated by using both a spectrophotometer and an agarose gel elec-
trophoresis. Isolated plasmid fragments may be kept frozen for months before
microinjection. Long DNA fragments must be kept at 4°C and used within a
few weeks. Integrity of long DNA fragments must be checked after 2 or 3 wk
of storage. Any fraction that containsimpurities must be eliminated and replaced
by a new preparation.

2.1.2. DNA Transter by Using Electroporation

Electroporation of medaka embryos generated a large number of transgenic
animals (8). Many groups have not adopted this method, and its efficiency has
not been proved in other species.
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2.1.3. Use of Transposons

Transposons are mobile DNA fragments that integrate genomes with high
efficiency. The gene of interest can replace the transposase gene of the trans-
posons. This replacement prevents the recombinant transposons from being
disseminated in an uncontrolled manner. Thisimpliesthat transposase or agene
coding for this enzyme is coinjected with the transposon to alow its integra-
tion. Transposon Pis currently used to generate transgenic Drosophila. Different
transposons have been designed to be able to transfer genes in a variety of
species. The transposon Mariner proved efficient to generate transgenic chickens
and medaka. The transposon Sleeping Beauty works in mammals as in medaka
(9). Insilkworm, a specific transposon, Piggy Bac, is being used successfully
(20). These trangposons are not significantly complemented by endogenous trans-
posons, and they do not disseminate in host genomes. One of the limitations of
thistechnique isthat transposons can harbor only 2 or 3 kilobases (kb) of foreign
DNA and that cellular mechanisms recognize these foreign sequences and
may silence the transgenes. Research for improving the use of transposons are
underway (11,12).

2.1.4. Use of Viral Vectors

Retroviral vectors have been extensively studied to become a tool for gene
therapy in humans. However, the success with thistool is limited. Yet, retrovira
vectors allowed several immunodeficient children to leave their protective bub-
bles. The efficiency of retrovira vectors has been greatly improved by using
lentiviral genomes and vesicular somatitis virus (VSV) envelope (13). Lentiviral
vectors have the advantage of transferring their DNA to the nucleus at any stage
of the cell cycle. The VSV envelope recognizes any animal cell type, including
oocytes and embryos with high efficiency, and it allows the preparation of con-
centrated viral vectors (Fig. 2).

Retroviral vectors were originaly used to generate transgenic chickens.
Transgenic monkeys a so were obtained with conventiona retroviral vectors (14).
Lentiviral vectors have greatly improved this tool. Transgenic chickens (15),
pigs (16), sheep (17), and cows (18) have been generated in this way much more
easily than with DNA microinjection or with conventional retroviral vectors
(29,20). For unknown reasons, attempts to generate transgene monkeys have not
been successful so far (21). Commercia kits are available to generate efficient
and safe recombinant lentiviral particles, but care must be taken to manipulate
the recombinant particles, especialy when the foreign genes are oncogenes or
are involved in cell multiplication, apoptosis, or signa transduction to cells.
Interestingly, foreign genes transferred by lentiviral vectors are generaly well
expressed, as opposed to those added to conventional retroviral vectors. This
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Fig. 2. Major methods to introduce genes into oocytes and embryos.

high expression may be because lentiviral vectors integrate preferentially in
genome regions containing genes and often within transcribed regions. It
remainsthat lentiviral vectors cannot harbor more than 8 or 9 kb of foreign DNA
and that the regulatory regions present in the viral long terminal repeat (LTRS)
may interfere with the promoters associated to the genes of interest. This inter-
ference may reduce the cell specificity of transgene expression. Sophisticated
vectors inactivate LTR enhancers, but their manipulation is more complex.

In some circumstances, it may be interesting to obtain atransient expression
of foreign genes in the whole cells of the organism or in afew cell types only.
This end can be achieved by using adenoviral vectors. These vectors are exten-
sively studied for gene therapy in humans. Methods to introduce foreign genes
in the adenoviral genome have been standardized. Highly efficiency and safe
vectors can be prepared. They remain stable for afew days without being inte-
grated into host genome. Transient expression experiments should determine
whether a particular gene has an effect. In a positive effect, classical transgenic
animals may be generated to study the function of the transgene. This approach
may enhance the chance of creating relevant models. Adenoviral vectors were
used to express human growth hormone gene transiently and at a high rate in
goat milk (22). In this case, the method seems suitable to predict whether
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arecombinant protein of pharmaceutical interest will be correctly posttran-
scriptionally modified in transgenic animals.

2.1.5. Use of Episomal Vectors

To avoid position effect of chromatin or transgenes, one theoretical possibility
consists of using vectors, which remain autonomous as plasmids or minichro-
mosomes. Several viruses, namely, herpes viruses, are maintained for long peri-
ods in organisms as independent genomes. Chromosome fragments also can
replicate autonomously and be stably maintained. These natural mechanisms
are being used to generate autonomous vectors. Vectors containing the origin of
replication and Epstein—Barr nuclear antigen-1 gene from Eptein—Barr virus are
spontaneously maintained in human cells. Interestingly, plasmids containing a
matrix attached region (MAR) can autoreplicate in a number of animal cell
types (23). It is not known whether this very flexible vector can be used to gen-
erate transgenic animals. Chromosomes fragments containing foreign genes
also can be transmitted to daughter cells in vitro (24) and even maintained in
transgenic mice (25). Additional studies are required before these tools can be
used easily to generate transgenic animals.

2.1.6. Use of Male Gametes

Experiments carried out more than one decade ago showed that mouse sperm
incubated with DNA could generate transgenic animals after in vivo or in vitro
fertilization. This technique proved poorly reproducible in part because sperm
contain DNAse, which degrades the foreign DNA (Fig. 2). The technigue has
been greatly improved, and it allowed the generation of transgenic pigs with a
high yield (26,27) and also of transgenic sheep. This approach, which allowed
gene transfer in rabbit embryos (28,29), is attractive only for animals in which
microinjection is difficult, inefficient, or costly. A new method was defined sev-
eral years ago to generate transgenic Xenopus. Indeed, DNA microinjection
leads to the maintenance of DNA for some stages during embryo development
but not to its integration. This method consists of degrading the membrane of
isolated sperm to facilitate DNA uptake, incubating this damaged sperm in the
presence of DNA, and fertilizing oocytes by using intracytoplasmic sperm
injection (ICSI) (30). This method is currently used in Xenopus, and it has been
extended to mice (31,32). Interestingly, it was recently shown that long DNA
fragments from BAC or yeast artificial chromosome (YAC) vectors could be
efficiently transferred to mouse oocytes (32). For unknown reasons, ICS| did
not allow the generation of transgenic monkeys (33).

Transgenesisin Xenopus has been recently improved after an interesting obser-
vation originaly done in medaka. DNA fragments released from plasmids by
the action of the meganuclease I-Sce 1 (1-Sce) showed a much higher capacity to
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integrate into the medaka genome (34). The mechanism of action of 1-Sce 1 is not
known. It is postulated that the enzyme remains bound to the DNA fragment,
alowing its protection against exonucleases and its unspecific targeting to host
DNA. This approach proved successful in Xenopus but not in mice so far. To
improve DNA binding to sperm, a group recently used a monoclonal capable of
recognizing a surface antigen present in sperm of a number of vertebrates. This
antibody contains a basic amino acid-rich region in its C-terminal end, allowing
a spontaneous binding of DNA and its transfer to oocytes during in vitro or
invivo fertilization ([35,36]; Fig. 2). Direct DNA transfection into sperm precur-
sors in seminiferous tubules can be achieved in mice (37). Alternatively, sperm
precursors may be collected, transfected in vitro, and reimplanted into recipient
testis (38—40). These methods are promising but require additional studies
before being used.

2.1.7. Use of Pluripotent or Somatic Cells

Foreign DNA can be transfected into pluripotent cells or somatic cells fur-
ther used to generate embryos harboring the transgene. Pluripotent cells, also
known as embryonic stem (ES) cells, can be introduced in devel oping embryos
at the morula or the blastocytes stage and give birth to transgenic animal's capa-
ble of transmitting their transgenes to progeny. In practice, this end can be
achieved with only two mouse strains from pluripotent cells that can be cul-
tured. Recent studies showed that ES cells also could be obtained in medaka.
Animal cloning by nuclear transfer was rapidly implemented to generate trans-
genic sheep (41) and cows (42). Although laborious, the method is more effi-
cient than DNA microinjection in ruminant pronuclei, and it has not been
adopted for other animals such as rats, rabbits, and pigs. The use of cloning in
these species is therefore restricted to targeted gene transfer.

2.2. Targeted DNA Integration

For several reasons, it isimportant to target integration of foreign genes. This
approach may avoid uncontrolled position effect of chromatin on transgene
expression. This approach is also the major method to specifically inhibit the
expression of a cellular gene, also known as gene knockout.

2.2.1. Gene Knockout

In all species, although very weakly in plants, aforeign DNA fragment can
replace a genomic DNA by a homologous recombination mechanism. This
replacement implies that relatively long regions of the endogenous and the for-
eign DNA have identical sequences (Fig. 3). Homologous recombination is a
rare event, and it cannot be achieved at a sufficient rate in one-cell embryos
after microinjection of the gene constructs. Gene replacement must therefore be
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Fig. 3. Different methods to integrate foreign genes randomly or in atargeted manner.
(A) Random integration after DNA microinjection, (B) targeted integration in the
HPRT locus, (C) targeted integration in LoxP sites, (D) enhanced targeted integration
by genomic DNA cleavage |-Scel site, and (E) classical targeted integration.

carried out in cells, which can participate to embryo devel opment, including the
formation of gametes. Pluripotent ES cells are currently used for this purpose.
In two lines of mice, pluripotent cell lines keep their capacity to transfer their
genetic modification to progeny. For this purpose, these ES cells are selected in
vitro and implanted into amorulaor ablastocyst (43). This approach is presently
possible only in two lines of mice and in medaka. The other lines and species
alow the generation of chimera after ES cell implantation but no transmission
of the mutation to progeny. Although laborious, this technique all ows the knock-
out of approx 5000 mouse genes. ES cdlls in which the knockout of essentially
all the mouse genes has been achieved are available, allowing the potential inhi-
bition of all the genesin the animals.

2.2.2. Use of Meganucleases

The yield of homologous recombination can be greatly increased by induc-
ing the cleavage of the double strand of genomic DNA at the targeted site. This
increase can be achieved by introducing the site of a meganuclease like 1-Sce 1
(Fig. 3). This double cleavage is a strong stimulation of the reparation system,
which induces the specific gene replacement (44). This induction implies that
an |-Sce 1 has been previously introduced in the animal, either randomly by
DNA microinjection or in a targeted manner by homologous recombination.
This technique allows the introduction of foreign genes always at the same site.
This phenomenon may not suppress the position effect on the transgene, but the
phenomenon is the same for each gene transfer. Recent studies have shown that
some meganucleases may be engineered to recognize specific sites in genomes
rather than their natural restriction sites. This recognition offers the interesting
possibility to target foreign genesin avariety of sitesin the genome. This prom-
ising approach might facilitate gene therapy and favor the generation of relevant
transgenic animal models (45).
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2.2.3. Knock-In Into Hypoxanthine-Guanosine Phosphoribosyl
Transferase (HPRT) Locus

Targeted DNA integration is mainly used to knock out genes. It may be imple-
mented as well to introduce an active gene in a given site of agenome. This oper-
ation known as gene knock-in allows reproducible expression of transgenes
always subjected to the same position effect. The HPRT locus is one the sitesin
which foreign genes are successfully targeted in mice (Fig. 3). This gene is
expressed in al cdl types. Interestingly, the HPRT locus allows not only a satis-
factory expression of foreign genes designed to be expressed in all cell types but
also provesto direct the expression in animals of avariety of gene constructs con-
taining cell specific promoters (46). A company isextensively using thistechnique
to express successfully foreign genes for academic or industrial laboratories.

2.2.4. Use of Cre-Lox P and Flp-FRT Systems

Two systems alow the integration of foreign genes into selected sites of
genomes. One system known as Cre-LoxP is of bacterial origin and the other
system, FIp-FRT, comes from yeast. In these two systems, the short LoxP and
FRT DNA sequences are first introduced into a genome, either randomly or in
atargeted manner. Foreign genes containing either LoxP or FRT sequences can
integrate specifically in the homol ogous sites previously introduced into genomes
under the action of the specific recombinases Cre and Flp, respectively. The
LoxP and FRT sitesin the genome may be retained after the demonstration that
they favor transgene expression. Alternatively, the two LoxP and FRT sites may
have been introduced previously in vectors containing elements able to favor
transgene expression such as insulators.

These two systems require the use of two different sites added on both sides
of the foreign gene. This technique known as recombinase-mediated cassette
exchange allows integration of the foreign gene into the genome but not its
deletion, which spontaneously occurs with asingle site (Fig. 3; [47,48]).

Notably, the Cre-LoxP and the FIp-FRT systems allow the conditional dele-
tion of a gene. For this purpose, two LoxP or FRT sites must be introduced in
the periphery of the gene to be deleted in the genome. This approach implies
two homologous recombinations. The expression of the Cre or Flp recombi-
nases in given tissues induces the specific knockout of the targeted gene. This
knockout can be achieved by crossing mice harboring the LoxP or FRT sites
with other mice expressing the recombinase genes in the chosen tissues.
Alternatively, adenoviral vectors harboring the recombinase genes may be
injected into the tissues in which gene knockout is desired.

The Cre-LoxP and the Flp-FRT systems allow the deletion of long DNA
fragments from a genome and chromosome crossover. In the first case, LoxP or
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FRT sites are added on the same chromosome at a chosen distance. The action
of the recombinases deletes the region between the LoxP or FRT sites. In the
second case, the LoxP or FRT sites may be introduced in two different chromo-
somes. The recombinases induce crossover of the two chromosomes. This oper-
ation has not been achieved frequently because the recombination yield is very
low. These techniques are summarized in ref. 49,

3. Design of Transgene Expression Vectors

In early 1980s, the first transgenesis experiments revealed that human globin
gene could be expressed in a satisfactory manner in cultured red blood cells but
only very poorly in transgenic mice. It took more than a decade to start under-
standing the molecular mechanisms of transgene expression. In practice, many
of transgenes are not expressed in an appropriate manner. Most of them are sub-
jected to position effects. Sometimes, enhancers located in the vicinity of the
transgene alter the cellular specificity of its expression. More frequently, trans-
genes remain silent. This silence was attributed to the presence of silencersin
the vicinity of transgenes. It is now clear that the composition of the transgene
itself induces or does not induce its own silencing.

3.1. Vectors to Enhance Frequency and Level of Transgene Expression

The major reason why a transgene is not expressed seems to be because it is
poorly transcribed, first suggested approx 15 yr ago. This poor transcription sug-
gested that some dista regulatory elements were absent in gene constructs.
The demonstration was given by simultaneous studies carried out in transgene
Drosophila and mice (50). In some people suffering from B-thalassemia, their
B-globin gene promoter and proxima enhancers are not mutated. However,
approx 30 kb upstream of the gene, these patients are lacking a genomic DNA
sequence that contains several hypersensitive sites (HSs) to DNAsel. The addition
of this genomic sequence to the 3-globin gene allowed it to be highly and specif-
ically expressed in transgenic mice. This region known as locus control region
(LCR) is located between the cluster of the four globin genes of the -globin
locus and unrelated genes. This finding supported the idea that the LCR actsasa
barrier insulating unrelated genes. The B-globin LCR contains severa elements.
One element containing a CTCF binding site plays the role of enhancer blocker,
preventing cross-talk between the enhancers and the promoter of the globin genes
and the neighbor genes. Another element seems to be a conventiona distal
enhancer. A third element binds transcription factors having a histoneacetylase
activity. This binding maintains the B-globin locus in an open configuration,
which allows the transcription machinery to express the genes of the locus (51).

Regions having properties more or less similar to B-globin LCR have been
found in an increasing number of loci. These regulatory regions are aso known
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asinsulators. The concept of barrier seems not able to account for all the mech-
anisms of gene regulation. Indeed, essential regulatory elements are present
63 kb upstream of the B-globin gene locus. These elements act by forming
loops, which put remote factors in proximity. This looping forms a hub, which
concentrates all the regulatory factors needed to express agene. The loops often
contain unrelated genes (52). The concept of barrier bordered by LCR seems
more idealistic than realistic. These observationsfit with the long genomic DNA
fragments being needed to obtain a highly reproducible, specific, and copy
number-dependent expression of transgenes. Sometimes, a few elements were
sufficient to improve transgene expression. The 5’HS4 region from the chicken
B-globin locus alow genes to be expressed in al cell types (53) or in specific
cells (54). Recent data have been summarized in areview (55).

In practice, the addition of two copies of 5’HS4 upstream of a promoter
favors expression of atransgene without altering its specificity. In the future, it
seems conceivabl e that many genomic fragments allowing reliable and specific
transgene expression will be available. Their use implies the construction of
vectors containing long fragments of DNA. This end can be achieved essen-
tially by homologous recombination in bacteria by using BAC vectors (56).
Also, the major regulatory elements present in the long DNA fragments will
have to be identified. They will be used to create compact and efficient vectors
for transgene expression. MAR is generally composed of AT-rich sequences
found in LCRs and insulators. They participate to the insul ating effect, but their
capacity to stimulate, alone, transgene expression has rarely been observed.

Other factors control transgene expression. These points have been discussed
inaprevious article (57). The recommendations to obtain frequently satisfactory
expression of transgenes are summarized in Fig. 4. The transgene must not
contain long GC-rich stretches of DNA (58). Some promotersthat are efficiently
used in cultured cdls (simian virus 40, cytomegalovirus [CMV], phosphoglyc-
erate kinase [PGK], thymidine kinase [TK], and el ongation factor [EF] 1) often
do not direct a high expression of transgenes. The transgene is often better
expressed when only one copy isintegrated. The elimination of extra copies may
be achieved using the Cre-LoxP system, but this method is laborious (59). At
least one intron must be present in the vector. Efficient signals for exon splicing,
for mRNA transfer from the nucleus to the cytoplasm, and for the stabilization
of mRNA must be preferably used. To avoid the nonsense-mediated decay effect,
the termination codon of the cDNA or gene must be located no more than 50
nucleotides from the following donor-splicing site. Otherwise, a quality control
mechanism destroys the mMRNA. Enhancers can be valuably added to the con-
structs in the promoter region or within the transcribed region. The presence of
these enhancers may concentrate transcription factors having histoneacetylase
activity, which contributes to maintain chromatin in an open configuration (60).
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Fig. 4. Different elements to be added in a vector to favor transgene expression.

Adaptation of the codons to the organism in which the transgene is introduced
may greatly enhance its expression. The chemica synthesis of cDNAS or genes
is an efficient and not too costly way to obtain these optimized coding regions.
Moreover, the 5" untrandated region (UTR) must contain as little as possible of
secondary structure.

It is sometimes necessary to generate transgenic animals expressing simulta-
neously several genes. The simple way consists of coinjecting two independent
constructs, which cointegrate in 70-80% of the cases. Alternatively, the two
independent constructs may be linked in the same vector. This linkage compli-
cates vector constructions, but it allows a better control of the transgene activity.

Another possibility consists of adding sequences known asinternal ribosome
entry site (IRES) between two cistrons. It is thought that an IRES recruits ribo-
somes directly, independently of the cap. A study carried out in our laboratory
suggests that this mechanism may be not right for al IRESs (61). In practice, it
must be known that biscistronic mMRNAs containing IRES between the two
cistrons express, most of the time, less efficiently their corresponding proteins.
This lower expression is particularly true for the second cistron. The cistron to
be expressed at the lowest level should preferably be put after the IRES. It also
was shown that the second cistron is efficiently expressed if the distance
between the termination codon of the first cistron and the beginning of the IRES
is of approx 80 nucleotides (61).

3.2. Vectors to Inhibit Specific Gene Expression

The understanding of gene function and the generation of animal models rely
in part on the specific inhibition of cellular genes. It is also important to inhibit
the expression of viral genesto study their function or to generate lines of animals
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Fig. 5. Different methods to inhibit specifically the expression of a gene. (A)
Classical gene addition, (B) gene knockout, (C) gene knockdown by targeted gene
silencing (TGS), (D) inactivation of amRNA by hybridizing with an antisense oligonu-
cleotide, (E) knockdown by mRNA inactivation by using sSiRNA, (F) knockdown by
inhibition of MRNA tranglation by using microRNA, (G) inhibition of acellular protein
by using an intrabody, (H) competitive inhibition of a cellular protein by using overex-
pression of a transdominant negative protein, and (1) specific destruction of a given cell
type in vivo (genomic ablation).

resistant to diseases. In Fig. 5, the different levels in which the expression of a
gene can be blocked are shown. The levels are essentially genes themselves,
MRNAS, and proteins. Indeed, the expected effect is most of the time finally at
the protein level. Genes can be specifically inactivated after having been knocked
out. In addition, gene function can be inhibited by several mechanisms, such the
use of smal-interfering RNAs (SRNAS), and synthetic antisense SRNAs and
microRNASs can inactivate specifically mRNAs by inducing their degradation or
the inhibition of their trandation, respectively (see Chapters 4-12, Volume 2).
Recombinant intracellular antibodies known as intrabodies can inactivate pro-
teins. An overexpression of transdominant negative proteins playing the role of
decoys can abrogate specifically protein function as well. To generate relevant
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models, the blocking molecules (SRNAs, mRNAS, transdominant negative
proteins) should be encoded by transgenes, which can be regulated.

3.2.1. Roles of Small RNAs

Recent data show that cells contain a large number of small RNASs, which
have multiple functions: protein synthesis (tRNA and 5S rRNA), control of
chromatin structure, degradation of mRNA, inhibition of translation, control
of MRNA splicing, and other actions yet to be discovered (62).

3.2.2. Use of siRNAs to Inactivate mRNAs

SiRNAs were discovered fortuitoudly a few years ago (63). Long double-
stranded RNAS are cleaved in 21- to 23-base pair (bp) fragments by an enzy-
matic complex (Dicer). Another enzymatic complex, RNA-induced silencing
complex (RISC), targets the small RNAsto complementary mRNASs and induces
their degradation (64). In plants, this mechanism, known as posttranscriptional
gene silencing, acts as an antiviral system. Indeed, a number of viruses are in
double strand at some steps of their replication cycle. SRNAs are not encoded
by genomes. Using siRNAs implies that they are introduced into cells, which
may be achieved by adding synthetic SRNA to cells or whole organisms.
Alternatively, they can be endogenously expressed from appropriate vectors.

Biosynthesis of long double-stranded RNASs can be easily achieved with con-
ventional vectors by using RNA polymerase |l promoters. Long double-
stranded RNAs induce interferon secretion, inhibition of protein synthesis, and
cell death in higher organisms. Long double-stranded RNASs can thus be used
in plants but not in most animals. They are used successfully in early animal
embryos because the interferon mechanism is functional at this stage. RNA
polymerase |11 vectors can synthesize small double-stranded RNAs at a high
ratein all cell types. Promoters from U6 and H1 genes are being used success-
fully for this purpose. Synthetic DNA can direct the synthesis of a double-
stranded RNA containing a short loop between the two complementary strands
and ending in five uridines, acting as atermination signal for RNA polymerase
I11. Partial degradation of the five Us generates RNAs ending with two over-
hanging nucleotides required for SSRNA action (64).

Gene constructs containing RNA polymerase 111 promoter followed by a
short sequence such as sSiRNA are highly expressed in cultured cells, even in
stable clones, but they are essentially silent in transgenic animals. The mecha-
nism of action of RNA polymerase |1l promotersis not fully understood, and
some important elements for in vivo expression may be lacking in the vectors
currently used. Alternative vectors are being used and studied. However, before
generating transgenic animals, it is preferable to determine which siRNAs
or microRNAs induce the most intense knockdown of the targeted genein cell
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systems. Moreover, stable clones expressing the SsIRNA and tested individually
should be tested to evaluate properly the SIRNA efficacy. Alternatively, trans-
fection of SIRNA synthesized in vitro or chemicaly may be transfected with
high efficiency into cells and give a good prediction of the sSIRNA potency.

The U6- or H1-siRNA constructs are expressed in transgenic mice when they
are integrated into lentiviral vectors (65). A vector designed to be devoid of
introns to loose its cap and its polyA tail and containing a RNA polymerase |1
promoter has been constructed. The RNA synthesized by this vector cannot
leave the nucleus. The RNA which can be a long double RNA molecule is
degraded in the nucleus and the 21-23 bp fragments migrate to the cytoplasm
where they can act as SSRNAs. No long double-stranded RNA is in cytoplasm,
and the interferon response is not induced. This vector made it possible the gen-
eration of mice in which ski gene was knocked down. Mice showed essentialy
the same biological properties as those obtained after ski gene knockout (66).
A vector containing a murine CMV early gene promoter, no intron, a minimal
transcription terminator, and a region coding for a sSIRNA was able to generate
an active siRNA (67). A vector containing the ecdysone regulatory system
proved able to synthesize sSSRNA in a controlled manner (68). Vectors based on
the use of the tetracycline-dependent system may be used as well. Ideally, oth-
ers vectors dependent on RNA polymerase Il promoters remain to be found.
They would offer the most flexible system to control SSIRNA synthesisin trans-
genic animals. These vectors must express SSRNA at a high level. Indeed, in
plants and in lower invertebrates such as C. elegans, SSIRNAs are autoamplified,
whereas this mechanism is lost in other species, such as Drosophila, and in
vertebrates (64).

Experimental data have shown that many different SRNAs can be designed
to target an mMRNA, but only some of them seem active. The active SRNA
sequence can be searched empirically, by using SsRNA libraries (69,70). Such
SIRNA screening should be performed with appropriate vectors. The vector
shown in Fig. 6 contains the target sequence followed by IRES and a luciferase
reporter gene. The target sequence may or my not be an open reading frame.
The IRES enables ribosomes to start trandation of the following cistron irre-
spective of the sequence of the proceeding cistron (61). This vector can be
cotransfected plasmid coding for hairpin SsiRNAs. The level of luciferase in
cells should reflect the inhibitory effect of the designed sSiRNA. The same type
of vector may be used for screening SIRNA libraries.

A systematic comparison of the active and inactive SsIRNAs showed that those
siRNAs are the most frequently efficient arerichin GC andrichin AU inthe 5'P
and 3'OH end, respectively, of the sequence similar to that which isin the target.
A U must preferably be present in position 10 of the SIRNA (71-76). Both
strands of a SRNA may target mRNAS. The choice of the strand by the RISC
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Fig. 6. Vector to identify specific SRNAs. The targeted sequence isintroduced before
IRES, which is followed by luciferase gene. The SIRNA cleaves the target, which sup-
presses expression of the luciferase gene.

complex depends on the structure and the stability of the SRNA (77-79). Recent
studies have shown that the Dicer complex generates 21- to 23-bp siRNA, but
that these active RNASs are more efficiently generated when the precursors con-
tains 26 to 27 bp (76,80,81). The structure of efficient SRNAs cannot be com-
pletely predicted. Moreover, the efficiency of SRNAs is dependent not only on
their structures but also of thelocal structure of the targeted MRNA (82). SSIRNAs
may generate side effects. Their sequence may recognize several sequences
unspecifically (83). The systematic search of possible multiple target sequences
in a genome must be preferably achieved to design a specific SRNA. However,
in some cases, SSIRNAs may induce interferon and inflammatory cytokines (84).

Some siRNA may be derived from genomic sequences. Regions of genomes
that are transcribed in the sense and antisense orientation are more numerous
than imagined thus far. This phenomenon may generate multiple sIRNAs hav-
ing important functions in the control of gene expression (85,86). Transgenes
that are integrated in an uncontrolled manner also may be transcribed in both
orientations and generate functional SSIRNAs having unpredictable side effects.
Interestingly, recent studies showed that a RNA fragments resulting from intron
degradation might generate functional siRNAs and microRNAs (87,88). This
finding indicates that single- or double-stranded sequences targeting an mRNA
may be added to introns of RNA polymerase |l-dependent vectors. This
approach offers additional possibilities to use sSIRNA in transgenic models.
Finally, it should be mentioned that SIRNA could be generated from genomic
microRNAS.

3.2.3. Use of siRNA to Inhibit Transcription

Studies carried in yeast, plants, and vertebrates indicate that SSIRNAs induce
targeted modifications of histones, leading to alocal DNA methylation, an inac-
tivation of the promoters, and silencing of the corresponding genes. This phe-
nomenon known as transcriptional gene silencing (TGS) also has been observed
in human cells (89,90). Interestingly, these epigenetic mechanisms, which
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contribute to generate heterochromatin and to inactivate transposons and retro-
virus integrated into genomes, induce a gene silencing that is transmitted to
daughter cells. TGS should therefore be a potent way to silence endogenous or
viral genesin transgenic models.

3.2.4. Use of MicroRNAs

Plant and animal genomes contain several hundred genes coding for 120-bp
RNAs known as microRNAs. These RNAs are processed by an enzymatic com-
plex (Drosha). The resulting short-hairpin RNAs (shRNAS) are processed by
Dicer and act as SiIRNAs to degrade the targeted mRNAS or as potent transla-
tion inhibitors if they recognize sequencesin the 3’ UTR of mRNASs (Fig. 5). It
should be noted that these small RNASs act as SiIRNA if they perfectly match
with the targeted mMRNASs and as trand ation inhibitors if they form several mis-
matches with their target (64,91). The microRNAS play an essential role in the
control of gene expression especially during development (92,93). They
are transcribed by RNA polymerase |1-dependent promoters (94), and they can
be engineered to express recombinant small RNAs activity as sSIRNAs or
microRNAS (95). These observations offer many possihilities to generate trans-
genic models expressing siRNAs or microRNAs. Interestingly, natural
microRNAS are sometimes present in the same transcription unit. A single RNA
polymerase |1-dependent vector may thus express several microRNASs targeting
different mMRNAS. It is interesting to note that several companies are providing
researchers with chemical compounds or kits optimized to synthesize siRNA
and to transfect them into cells (96,97).

3.3. Inhibition of Gene Expression at the Protein Level

Antibodies theoretically offer many possibilities to inhibit protein action.
Monoclonal antibodies can be expressed in transgenic animals to create lines
resistant to pathogens (98), and intrabodies can be expressed in transgenic ani-
mals. Their targeting in cell compartments may be necessary to optimize their
action (99). This approach, although attractive, has not been often used. The
overexpression of a transdominant negative protein acting as a decoy or as a
competitive inhibitor is anatural mechanism of protein action. This concept has
been used in some cases to create models or to generate animalsresistant to dis-
eases. Overexpressed mutated insulin receptor traps the hormone, which cannot
bind anymore to the wild receptor. This binding allows the generation of trans-
genic mice suffering from type 1l diabetes (100). Similarly, transgenic mice
overexpressing the soluble part of the receptor for the Aujeszky disease virus
are protected against the infection (101). Transgenic pigs could be protected as
well, and this protection could reduce the frequency of the disease. The use
of transdominant negative proteins may be easy and efficient. Conventional
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vectors can direct synthesis of these of these proteins. The major limit is the
availability of the proteins having a potent transdominant negative action with-
out any side effect.

3.4 Genetic Ablation

Inducing the specific destruction of a cell type in a given tissue at a well
defined step of development may give interesting information on the function
of these cells. This technique, known as genetic ablation, has been used for
more than 15 yr, although not at a high frequency. The limit of this technique
isto obtain a potent and specific destruction of the targeted cells. Genes cod-
ing for toxins are being used for this purpose. Ideally, the action of the cyto-
toxin should be induced in a precise manner. Two models can exemplify this
approach. One aims at destroying chondrocytes at different stages of develop-
ment. For this purpose, afirst line of mice harbored atransgene containing PGK
promoter active in all cell types associated to a mutated version of TK gene no
longer able to induce infertility in mice. A neo" gene and a transcription termi-
nator separated the PGK promoter and the TK gene. The TK gene was not
expressed in these mice. The first line of mice was crossed with another line
expressing the Cre recombinase specifically in chondrocytes. The neo™ gene
was deleted in chondrocytes of hybrid mice. Fialuridine (FIAU), adrug that is
transformed in a cytotoxic compound in cells expressing the TK gene, was
injected. The injection of FIAU induced chondrocyte destruction at different
steps of development (102). Another model is based on the use of diphtheria
toxin. This protein is extremely potent and its presence in targeted cells must be
strictly restricted to the period of genetic ablation. Transgenic mice expressing
specifically the toxin receptor in a chosen cell type were generated. Injection of
the toxin at any step of the life of the animals induced the destruction of the
cells (103).

3.5. Vectors for Conditional Transgene Expression

Ideally, in a number of situations, inducers not acting on host genes should
selectively and reversibly activate transgenes. This process avoids that a possi-
bility that a natural transgene inducer stimulates or inhibits simultaneously
some host genes, lowering the relevance of the model.

Several systems allowing specific activation of transgenes are available. They
are all based on the use of chimeric transcription factors containing one region
sengitive to the inducer and another region able to stimulate the associated gene.
The most frequently used system is based on the use of tetracycline and deriva-
tives as inducers and tetracycline repressor fused to an animal transcription fac-
tor (104,105). These systems use murine promoters modulated by the fusion
transcription factor. One of the limits of these systems is that the promoter
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Fig.7. Example of a vector expressing a foreign gene under the control of tetracy-
cline or derivatives with a low background of expression.
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Fig. 8. Vector for gene trapping. The random integration of the vector is performed
in ES cellsand further used to develop embryos. The expression of 3-gal actosi dase-neo”
genesrevealsthat the vector wasintegrated into agene. Theinhibition of theinterrupted
gene may be correlated with a phenotypic effect.

retains a dight basal activity in the absence of the inducer. To reduce the back-
ground expression, factors acting as enhancers and silencers can be alternatively
expressed under the action of an inducer such astetracycline. Such a system con-
structed in our laboratory is described in Fig. 7. Transgene expression also can
be controlled at the trandation level (106).

3.6. Vectors for Gene Trap

The systematic identification of genes by genome sequencing and the estab-
lishment of gene expression pattern by DNA chips may be insufficient to deter-
minetherole of agenein agiven biological function. Genetrapping is currently
being used to identify genes of interest. For this purpose, vectors containing a
marker gene, an intron splicing site, and a transcription terminator, but devoid
of promoter, areintroduced by electroporation in ES cells (Fig. 8). Thecellsare
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then used to generate chimeric mice. The expression of the marker gene (often
a hybrid containing B-galactosidase and neomycin-resistant genes) indicates
that the vector was randomly integrated within a gene. This gene can easily be
identified. Interesting models can be obtained in thisway if acorrelation can be
established between the expression of the gene trap vector in a given tissue and
particular health problems in the animals. A series of gene trap vectors have
been designed to identify genes expressed in ES cells or in differentiated tis-
sues, coding for secreted proteins or activated by specific inducers such as hor-
mones or growth factors (107-110). Banks of ES cells in which gene trap
vectors have been introduced are available (111).

4. Transgenic Models: Case Studies

Very diverse models of transgenic animals are currently generated.
Established lines of transgenic animals are available as conventional lines, par-
ticularly for transgenic mice used to study some human diseases.

Severa databases are available. Information on one database recently launched
can be accessed at http://www.biomedels.net/, http://mwww.ebi.ac.uk/biomedels,
and http://research.omn.com/mkmdj. Animals are available in The Jackson
Laboratories (Bar Harbor, ME) and EMMA (European Mouse Mutant Archive)
aswell asin private companies. The number of modelsis very large and some of
them are described in the present review. They have been chosen to exemplify the
potency and the flexibility of transgenesisin this field.

4.1. Preparation of Recombinant Proteins

Recombinant proteins are prepared to study their biological properties and
use as pharmaceuticals. Severa production systems are being used or are in
development: bacteria, yeast, animal cells, and transgenic plants and animals.
Each system offers advantages and disadvantages on a case-by-case basis (112).
Milk from transgenic animalsis one the most mature systems (2). Before being
transferred to farm animals (rabbits, goats, sheep, pigs, or cows) for the large
production of proteins, gene constructs are evaluated in model transgenic mice.
This approach indicates whether the construct expresses efficiently the trans-
gene in milk and whether the foreign protein in milk in properly posttranscrip-
tionally modified.

Some recombinant proteins prepared in Chinese hamster ovary (CHO)
cells or in milk of transgenic animals are not properly glycosylated,
y-carboxylated, or cleaved to generate mature molecules. This limited gly-
cosylation may be attributable to the low level of maturation enzymes in
producing cells. CHO cells overexpressing some glycosylating enzymes
secrete more completely glycosylated proteins. Transgenic mice overex-
pressing the furin gene in their milk can cleave human protein C precursors
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more extensively. Transgenic mice are valuable models to define genesto be
added to farm animals (112).

Pharmaceutical recombinant proteins sometimes induce formation of anti-
bodies in patients. This antibody production may take place because the
recombinant proteins have slightly different structure, namely, in the carbo-
hydrate content. Transgenic animals and essentially mice expressing a
recombinant protein in any of their tissues are models to study the immuno-
genicity of the recombinant protein. Indeed, the recombinant protein belongs
to the self of the animals, which mimics the situation of patients treated by
the protein.

4.2. Xenografting

Using animal, essentially pig, organs for humans would save the lives of
many patients but will not be possible until the strong rejection mechanisms are
not controlled. In the 1990s, an understanding of some of the major regjection
mechanisms urged the generation of transgenic animals harboring genes having
an anticomplement effect. Mice, rats, and rabbits were used for this purpose
before transgenic pigs were prepared (113). Kidneys from transgenic pigs
expressing human DAF and CD59 genes could be kept intact for a few days
after having been grafted to experimental monkeys. This finding validated the
transgenic approach to study rejection mechanisms and to obtain pig organs to
be potentially grafted to humans.

Other transgenic models are regularly obtained by different academic groups
and by private companies to study rejection mechanisms. The most advanced
project is based on transgenic pigs in which the o-galactosy! transferase gene
has been knocked out. This knock out was achieved using the homologous
recombination and cloning techniques described above (114,115). Homozygous
pigs are healthy, and their kidneys grafted to monkeys immunosuppressed by
classica methods could survive more than 2 mo without any degradation,
whereas control organs were destroyed after at most a few days. The expression
of nonpathogen retrovirusin pigs must be controlled to prevent any transmission
to patients (116). Interestingly, strains of pigs not expressing the retrovirus have
been found (117).

4.3. Models for Embryo Development and Organogenesis

Transgenesis is extensively used to study development mechanisms. Gene
addition, knockout, and knockdown are essential tools to determine gene func-
tion in development. Gene coding for proteins giving colorsto cells are currently
used. B-Galactosidase is one of these genes. The blue color resulting from the
enzymatic activity of this protein allows the positioning of cellsin which agiven
promoter is active. B-Gal actosidase suffers from several limitations. Cells must
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befixed and are thus dead before proceeding to the enzymatic reaction. Thisdeath
prevents repeated observation on the same organ. However, the B-galactosidase
gene is GC rich and frequently silenced in transgenic animas. A redesigned
B-galactosidase gene in which most of the codons rich in GC sequences have
been replaced by isocodonsis available. It does not induce gene silencing. Genes
for green fluorescent protein (GFP) and other related proteins having different
colors under UV light are more and more frequently used. They offer the advan-
tage of being easily and repeatedly observed in the same tissues without using
invasive techniques if the organ is in the periphery of the body (118,119).
Moreover, the observation does not require cell death.

Interestingly, a device, Cell Vizio, has been created to observe GFP-labeled
cellsindividually in living animals (119a).

Transgenic rabbits expressing GFP in al their cells (120) are currently used
to follow cells after grafting of organs to other rabbits. Because of its size, the
rabbit makes this approach easier than in mice. Essentialy, in al the major
animal species in which transgenesis has been achieved, GFP animals have
been generated to be used as models.

One limitation of GFP may be that this protein becomes cytotoxic at high
concentration (120).

Other specific examples are also worth consideration. Homozygous goat
lines without horns are subfertile. It has been shown that this infertility is
because of a mutation responsible for an abnormal differentiation of fetal
gonads (121). This abnormality is similar to some human genetic diseases.
Mice are not relevant models for this study (122). Transgenic goats obtained
by cloning are currently being used for this purpose (E. Pailhoux, personal
communication, 2005).

Several hormone receptor genes have been overexpressed or knocked out to
determine their role in tissue growth and differentiation. The mammary gland
iscomposed of two major categories of cells. The parenchyma contains the
secretory epithelial and the myoepithelial cells. The stroma, which surrounds
the parenchyma, is formed by fibroblasts, adipocytes, and connective tissue.
Progesterone is one of the hormones favoring mammary gland growth in vivo
and preventing milk secretion during pregnancy until parturition. The proges-
terone receptor gene is particularly present in the parenchyma. To determine its
role, the progesterone receptor gene was knocked out. The development of the
mammary gland was impaired in these animals. The grafting of the feta
parenchyma from knocked out mice into the stroma of normal mice did not lead
to a development of the mammary gland. Conversely, normal parenchyma
grafted into the stroma of knocked out mice developed to become a normal
mammary gland. These experiments confirm the role of progesterone in mam-
mary gland development, and they point out the different roles of parenchyma
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and stroma. Several other gene modifications in mice have been carried out to
decipher the different mechanisms in the development and the differentiation of
the mammary gland (123).

4.4. Models for Cystic Fibrosis

Cystic fibrosis results from mutations of the CFTR gene. However, severa
hundred mutations have been found in this gene, but only some of them cause
a severe pathogenicity. In contrast, it is known that the most potent mutations,
namely, the AF 508 mutation, have not the same effect in all patients. Thus, the
cooperation with other genes may enhance or attenuate the effect of the muta-
tion. Transgenic mice harboring the AF 508 mutation in their CFTR gene have
been independently generated by several groups. In no single case did the mod-
els seem fully relevant. CFTR is a chloride channel that is less active and not
properly transported to plasma membrane in mutants. Mice have other chloride
channels, and their lungs are only weakly affected by the CFTR gene knockout.
Yet, these animals show intestinal disorders typical of cystic fibrosis. Rabbit
and sheep are expected to be better models for cystic fibrosis because their
CFTR genes are more similar to the human CFTR gene. Experiments are under-
way to generate rabbits and sheep with the mutated CFTR gene, but the magjor
hurdle is that the cloning technique by nuclear transfer must be implemented.

The siRNA approach might be an alternative requiring less laborious tech-
niques. However, inactivation of mRNAs by siRNAs is often not complete,
and the residual expression of mouse CFTR might diminish the relevance of
the model.

4.5. Models Requiring Several Transgenes

In many cases, a mutated gene increases the probability of a disease develop-
ing but is insufficient alone. This situation is seen with the breast cancer BRCAL
and BRCA2 genes in human breast cancer. Severa transgenes must then be
expressed simultaneoudly to generate the pathol ogy. The cooperative effect of two
genes is sometimes unexpected. The transgenic mice used to study amyotrophic
lateral sclerosis exemplify this point. The crossing of two lines of mice, one har-
boring the superoxide dismutase-1 gene and the other gene for a neurofilament
subunit gave much more relevant models than each line separately (124).

Occasionadly, the effect of a knockout gene may be compensated by the
action of a very different gene, revealing a nonanticipated role of the second
gene. Mice in which the LAM2 gene has been knocked out suffer from con-
genital muscular dystrophy. The addition of the agrin gene known to be
involved in the formation of neuromuscular junctions restored muscular func-
tion (125). Alzheimer’'s disease (AD) is complex, and it occurs after a long
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period of incubation. AD is characterized by the extracellular accumulation of
polymerized tau protein. B-Amyloid is cleaved from amyloid precursor protein
(ADP), the cleavage being performed by three secretases: -a., -, and -y (126).
Transgenic mice, in which the ADP gene had been knocked out, kept their sen-
sitivity to the disease (127) because of the presence of another gene called
ADP-like gene. The knockout of the gene is lethal. Transgenic mice with
knocked-out ApoE and IL1 genes are less sensitive to the disease, indicating
that these two genes contribute to AD devel opment.

Different models have been obtained. Some of the models overexpress nor-
mal APD and prenisilin genes, whereas other models express mutated forms of
the genes. None of these modelsreflect al the aspects of AD. Fewer neuronsin
generals are destroyed in the models than in patients. Correlation between
behavioral disorders and accumulation of B-amyloid is not always strict. Yet,
the models show a similar disease pattern, and they may therefore help to iden-
tify active molecules and to design analogs capable of reaching the brain (128).

4.6. Models for Degenerative Diseases

Degenerative diseases generally have sow development, and transgenic
models may be helpful to decipher their mechanisms, not only for Alzheimer’s
disease but also for prion diseases and other pathologies. Prion diseases would
be much less well understood without the contribution of transgenic mice
(129,130). Creutzfeldt—Jakob and related diseases are typicaly pathologies,
which incubate for very long periods and require the cooperation of severa cell
types, especialy when infection occurs by the oral route. It was essential to
show that the PrP—/— mice were insensitive to any prion infection, which then
demonstrated that the PrP gene has amajor role in prion diseases.

Transgenic mice overexpressing the PrP genes from different species
become more sensitive to the prion disease of the same species. This phenom-
enon is amplified when the endogenous mouse PrP gene is knocked out. For
example, PrP—/— mice expressing the bovine PrP gene are sensitive to bovine
spongiform encephalopathy (131). PrP—/— mice expressing the hamster PrP
gene specifically in astrocytes are sensitive to hamster scrapie (132). Transgenic
mice also revealed that some epitopes of the PrP protein are essential for the
transmission of the disease (133), that some PrP alleles are more favorable for
injection than others, and that genetic environmental factors modify the incuba
tion period of bovine spongiform encephal opathy (134).

The prion disease manifests more rapidly when the PrP gene of the mouse
and the cell extract used for infection come from more closely related species.
It was also surprising to observe that the cell extracts become increasingly
infectious after repeated passages to animals. This adaptation has not yet been
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explained at the molecular level. All these studies in vivo have led to the defi-
nition of more flexible in vitro systems in which cultured cells can transform
the Prp®into PrP* (135). Various transgenic mice are invaluable models for the
evaluation of the therapeutic effects of chemical compounds. Encouraging
results showing that different drugs can delay or even partly cure scrapie have
recently been obtained. Other brain degenerative diseases are being studied by
using transgenic models. Transgenic mice, which overexpress the a-synuclein
genein their brain, are used to study Parkinson’s disease (136).

Huntington's disease aso is studied in transgenic mice overexpressing the
Huntington gene variants having oligoglutamines of variable length in their N
terminus (137). Apoptosis plays a major role in many biological events and is
highly conserved in evolution. It is indispensable for development and organo-
genesis that imply specific cell eimination. Defaults in apoptosis may lead to
autoimmune diseases, tumor formation, and neurodegeneracy. At least 25 genes
involved in apoptosis have been knocked out (138), including genes for cas-
pases, adaptors, regulators, bcl2 family numbers, and mitochondrial proteins.
Aging isacomplex phenomenon that has only been partially described. Defects
in genomes seem to be amajor cause of aging. A growing number of transgenic
models are being used to study aging. Mice in which the XPD gene has been
knocked out are more sensitive to oxidative DNA damage. This sensitivity was
increased further when the XPA gene also was knocked out (139). These mod-
elsreflect some of the agent syndromes in human. Arthrosclerosis results from
complex disorders in lipid metabolism. Many genes are involved in this
process. The disease has a genetic component, and its development is favored
by cholesterol-rich diets.

Numerous genes coding for different apolipoproteins, lipases, and other fac-
tors have been added or knocked out in mice (140). These studies have given
important information as to the role of the different genes. However, lipid
metabolism is very different in mouse and human. Mice must be submitted to
diets very rich in cholesterol to mimic even partially atherosclerosis. The rabbit
is much closer to humans for this biological function, and this animal is used
extensively in addition to mice for the study of atherosclerosis (141). Some
transgenic rabbits also are used to define new drugs capable of protecting
humans against arteriosclerosis. Cancer occurs under multiple forms, and it is
the result of several steps occurring sequentially. All these steps result from
aterations of oncogenes and antioncogene expression and activity. Mutations,
chromosomal translocations, and environmental factors are thus responsible for
tumor formation.

Transgenic mice were soon used to try to generate models for cancer study.
The first oncomouse expressed c-myc genein the mammary gland. Further stud-
ies made it possible to identify additional genes involved in mammary cancer
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(142). Genes whose expression is amplified in mammary tumors (c-myc, crbB2,
and cyclin D1) have an oncogenic effect when used as transgenes. Crossing mice
harboring different oncogenes and having knocked-out genes has made it possi-
ble to determine the cooperative actions of some of these genes.

Mice having knocked-out cyclin D1 gene are insensitive to neu and ras onco-
genes, whereasWnt-1 and c-myc genes have kept their capacity to trigger mam-
mary tumors. These data help to search for new drugs capable of inhibiting neu,
ras, and cyclin D1 genes (143,144).

The stability of mammary epithelia cellsis highly dependent on the extracel-
lular matrix. Development of mammary tumors and metastasis are correlated
with local degradation of some of the extracellular matrix components.
Degradation of the extracellular matrix is achieved by metalloproteinases, which
are controlled by specific inhibitors. The role of different genes involved in
extracellular matrix synthesis and degradation is being studied using transgenic
mouse models. A recent study has pointed out the role of Akt gene, which delays
mammary gland involution. This effect is mediated by the prolonged presence of
one of the metalloproteinase inhibitors (145). A better understanding of these
phenomena may lead to the identification of new drugs preventing metastasis.

It is agreed that tumor cells derive from a single cell in which all the muta-
tions required for cancer development occurred, thereby explaining in part why
cancer development is a slow process at the early steps and becomes rapid in
time. The classical transgenic models do not take into account the fundamental
clonal origin of cancers. Specific gene constructs capable of sporadically acti-
vating oncogenes have been designed (146). The technique makesit possible to
activate k-ras oncogene randomly and at a low frequency (147). This new
approach is expected to reflect more precisely the process of tumor formation
under natural conditions.

4.7. Models for Infectious Diseases

Many pathogens have species specificity, and conventional laboratory ani-
mals may not be relevant models. The limitation is often because of the lack of
appropriate receptors for the pathogens in the animal cells. Receptor genes can
then be transferred to animals to be preferentially expressed in tissues, which
are the normal target of the pathogens.

Listeria monocytogenes is responsible for severe foodborne infections. A
surface protein of these bacteria, called internalin, has been generated that rec-
ognizes the intestinal host receptor E-cadherin gene exclusively in the entero-
cytes of the small intestine. This recognition was achieved by using the
promoter from the rat FABP-1 gene. These mice were sensitive to infection by
L. monocytogenes and constitute an excellent model for the study of thisinfec-
tious pathogen. Interestingly, E-cadherin is not expressed in the tight junction
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of the intestinal epithelium, which is accessible only when enterocytes divide.
The mouse model correctly reproduced this phenomenon. They are also good
candidates for internalizing foreign molecules as soon as they are associated
with internalin (148). L. monocytogenes is known to impact cells other than
enterocytes in the organism. This type of tool could study these mechanisms.

Mice sensitive to measles have been obtained by transferring to them the
viral receptor CD46 gene (149). Similarly, mice harboring the gene for the
polymyelitis receptor are used as models to study viral injection (150).

Hepatitis C infection is more complex. This virus does not infect cells in
vitro, and in vivo modés are currently strictly needed. Severe combined
immunodeficient mice harboring human hepatocytes can be infected by serum
from patients suffering from hepatitis C. This model has been greatly improved
by using homozygous transgenic mice expressing the U-plasminogen activator
genein their liver under the control of an albumin promoter. The grafted human
hepatocytes survived alonger time in mice (151).

The HIV-1 virus is known to have two major receptors in human cells, CD4
and CCRS5. Transgenic rabbits expressing the human CD4 gene were shown to
become seropositive after HIV-1 injection (152). Although the virus replicated
in rabhit cells, it was unable to generate disease. The CCRS5 receptor could have
been added to the CD4 rabbits. Because of the difficulty in maintaining rabbits
in appropriate confinement, and for other reasons, many potential mouse mod-
els were generated (153). It finally seemed that transgenic rats expressing al
the HIV-1 genes except gag and pol showed pathology having many similari-
ties to human AIDS (154). Transgenic mice overexpressing the soluble domain
of the pseudorabies virus receptor are highly resistant to infection by the virus.
This model strongly suggests that pigs expressing the same transgene could be
protected against the Aujeszky disease (101).

5. Conclusions and Perspectives

Transgenesisisincreasingly used not only to study gene regulation and func-
tion but also to create models for the study of human diseases. The trend is to
use alower number of more sophisticated models. It isindeed difficult to gen-
erate relevant models because the function of many genes remains unknown or
the genes have not been clearly identified. Genetic background is an important
consideration (155). Transgenesisis more efficient in some strains of mice such
as FVB/N (156). Yet, the genetic background of this strain is not the best for al
the models. Backcrossing is then needed to transfer the transgene to more
appropriate genetic background. That ES cells can be used only in two strains
of miceisaclear limitation to the rapid generation of relevant models. Recent
studies have identified some of the genes that are required for the maintenance
of the pluripotency of ES cells. The transfer of these genes in embryonic cells
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from different mouse strains is currently being performed to tentatively obtain
additional and functional ES cell lines. This approach could be extended to
other species such as rats, rabbits, or pigs to obtain ES cell lines.

Approximately 300,000 lines of transgenic mice are expected to be gener-
ated in the coming years. All the mouse genes will be knocked out or knocked
down. Knockout requiresthe systematic use of ES cells. ES cell clonesin which
all the mouse genes will have been mutated are expected to be available within
5yr (157). A systematic targeting of chromatin regions in mouse ES cells can
be achieved more easily with BAC vectors containing long DNA genome frag-
ments the recombinant BAC vectors are obtained by homologous recombina
tion in bacteria (158). Animal cloning by nuclear transfer offers a substitute to
the use of ES cells. This technique has been implemented to inactivate a gene
in pigs (114,115) and both aleles of two genes (PrP and immunoglobulin-p) in
the same cow (159). This model is expected to occur in rats and rabbits because
techniques to clone these species have been described recently (160,161). No
model using this technique has been reported so far.

The quality of the transgenic models is dependent on the availability of
genes to be studied. It aso depends on the precision with which transgenes
are expressed. Approximately 5-20% of the transgenic mice obtained after
DNA microinjection have insertional mutations, which are revealed most of
the time when the animals are homozygous for the transgene. These uncon-
trolled mutations may alter the relevance of the models. Paradoxically, these
numerous mutants are not frequently used to identify the genes that are
mutated by the integration of the transgene and that induce phenotypic
effects. The transgenes are essentially expressed at a constant rate within a
given line. Some individual variations may occur because of the genetic back-
ground of the animals or because of some epigenetic mechanisms. Large vari-
ability of expression may result from two independently integrated genes
expressed at different rates.

The different tools described here to generate transgenic animals allow for
more regularly obtaining foreign gene integration and expression. The knowl-
edge of the distal gene regulatory elements should help to prepare reliable con-
structs. The systematic search of enhancer blockers in human genome offers
multiple elements to improve gene construct efficiency (162). The use of
shRNA (siRNA and microRNA) for knocking down genes should have a strong
impact on gene studies and replace, in severa cases, the laborious knockout.
Efficient and precise vectors able to express shRNA in transgenic animals
should be available soon. Models based on the use of gene knockout are some-
times disappointing. In up to 30% of the knockouts, no phenotypic effects are
observed, perhaps because of insufficient observations of the animals or
because redundant mechanisms mask the knockout effects. In other cases, the
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interference of the gene, which was knocked out with other genes, is too com-
plex and cannot be analyzed easily, leading no clear conclusion (163).

Gene knockdown by using shRNA also may face problems. The shRNA may
not be grictly specific of the target and affect other genes. Moreover, gene
knockout by shRNAs is generally not complete. Sometimes, the leaked expres-
sion of the targeted gene may reduce considerably the relevance of the model.
Expectedly, the simultaneous use of several shRNAs targeting the same mRNA
should reduce the leaky expression. It has not clearly demonstrated whether the
simultaneous use of multiple shRNAs is justified. Increasingly sophisticated
models are being prepared to mimic the human diseases as much as possible.
Mouse lines harboring different alleles of the same human gene are thus pre-
pared by knock-in to evaluate their involvement in the efficiency of new phar-
maceutical molecules. This process reduces the number of phase Il assays to
be performed in humans (164). Sometimes, the Cre recombinase used to trig-
ger a conditional gene knockout is more precisely expressed when its gene is
inserted into along genomic DNA fragment in BAC vectors.

Notably, many gene knockouts are lethal in the early stages of embryo devel-
opment, e.g., the Rb gene. Chimeric embryos formed by tetraploid Rb+/+
placenta cells and Rb—/— inner cell mass can develop and allow study of Rb
gene inactivation in adults.

Gene knockout may be lethal because one essential organ has become no
longer functional, whereas other interesting effects may take place in other
organs. In these situations, expressing specifically the normal genein this organ
of transgenic mice may restore the function of the organ responsible for animal
death. The effects of the knockout gene can then but studied in the other organs
of the animals (165).

Mice are agood modd to study many but not all the human diseases. Although
mice as humans are mammal s, some functions are too different in the two species,
e.g., lipid metabolism and arteriosclerosis. Thus, transgenic rabbits are exten-
sively used to study human diseases resulting from disorders of lipid metabolism
(141). Rabbits are not intensively used but they are regularly used to generate
models (141). This species has been selected mainly for breeding. The available
lines of rabbits show relatively high heterogeneity in their genetic background.
This characteristic significantly reduces the relevance of the models, particularly
when lipid metabolism is being studied. The establishment of one or two well
characterized lines of rabbits would be helpful for experimenters. This operation
isrelatively costly, and it could result from an international cooperation. This cost
becomes more justified because the rabbit genome is currently being sequenced.
Gene addition in pigsis used to generate specific models that cannot be obtained
with other species (166). Importantly, experiments in animals should be guided
with care and when it is possible, the number of animals should be reduced (167).
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Keratin Transgenic and Knockout Mice

Functional Analysis and Validation
of Disease-Causing Mutations

Preethi Vijayaraj, Goran S6hl, and Thomas M. Magin

Summary

Theintermediate filament (IF) cytoskeleton of mammalian epitheliais generated from pairs
of type | and type |1 keratins that are encoded by two large gene families, made up of 54 genes
in humans and the mouse. These genes are expressed in a spatiotemporal and tissue-specific
manner from the blastocyst stage onward. Since the discovery of keratin mutations leading to
epidermolysis bullosa simplex, mutations in at least 18 keratin genes have been identified that
result in keratinopathies of the epidermis and its appendages. Recently, noncanonical muta-
tions in simple epithelial keratins were associated with pancreatic, liver, and intestinal dis-
orders, demonstrating that keratins protect epithelia against mechanical and other forms of
stress. In recent years, animal models provided novel insight and significantly improved under-
standing of IF function in tissue homeostasis and its role in disease. Pathological phenotypes
detected in mutant mice generated so far range from embryonic lethality to tissue fragility to
subtlety, which often depends on their genetic background. This range implies at |east a partial
influence of yet unidentified modifier genes on the phenotype after the ablation of the respective
keratin. To date, nearly all available keratin mouse models were generated by taking advantage
of conventional gene-targeting strategies. To reveal their cell type-specific functions and the
mechanisms by which mutations lead to disease, it will be necessary to use conditional gene-
targeting strategies and the introduction of point-mutated gene copies. Furthermore, condi-
tional strategies offer the possibility to overcome embryonic or neonatal lethality in some of
the keratin-deficient mice.
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1. Introduction
1.1. Characterization of Genetically Altered Keratin Mice
1.1.1. Two Families of Keratin Genes

Of the currently known and characterized intermediate filament (IF) genes
(1), keratin genes establish the most complex and conserved gene family in
mammals. They are encoded by atotal of 54 members in the human and mouse
genome, located in two different arrays and designated as type | and type |l
clusters (2,3) (see Fig. 1).

All type | keratin genes, except for K18, are clustered on human chromo-
some 17921 in synteny to mouse chromosome 11D, whereasthe type Il cluster,
localized on human chromosome 12¢13, is in synteny to mouse chromosome
15F (4) (The International Human Genome Sequencing Consortium).

The human keratin | gene cluster comprisestotally 977 kilobases (kb), consists
of 27 functional and 4 pseudokeratin type | genes as well as high and ultrahigh
sulfur keratin-associated proteins (KPs) (5). Inthe mouse, the keratin | gene clus-
ter is approx 1,034 kb and highly orthologous in terms of humber as well as ori-
entation of the orthologous keratin genes and KPs (3). The central KP subdomain
(362 kb in human and 466 kb in mouse) divides this cluster into a centromeric
and telomeric portion and contains in human 29 genes coding for high and ultra:
high sulfur (depending on their cysteine content) hair KPs, being transcribed in
the upper cortex of the hair shaft (5). This KP subdomain is surrounded by ker-
atin genes of the inner root sheath of hair follicles (6) and several hair keratin
genes (3). Thus, the human and mouse keratin | gene cluster can be considered as
highly organized in subdomains containing cytokeratins (K9-K24), hair keratins
(K25-K36), and inner root sheath keratins (K38-K41) (Fig. 1).

The human keratin 11 gene cluster is located on chromosome 12g13.13, com-
prises 783 kb and contains 26 functiona typell genes, 5typell pseudogenes, and
3 keratin unrelated pseudogenes. In the mouse type Il cluster, however, there are
27 functional type |l genes, mostly arranged in the same orientation. Interestingly,
both type Il clusters (mouse and human) end up with a type | keratin gene, the
K18 gene. However, the type Il clusters of both species diverge more than their
type | clusters, which could be considered as highly identical. The human type Il
cluster contains shortly upstream of the K18 gene three nonkeratin genes as well
as the cornea-specific keratin gene K3, al of which lack a mouse ortholog. This
difference, most likely, resulted from gene duplication in human and other species
(7) or vice versafrom a K3 gene lost in the mouse genome.

1.1.2. Keratin Assembly, Structure, and Modifications

Similar to other intermediate filament protein, the secondary structure of keratin
proteins can be subdivided into three subdomains: a central, largely o-helical
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Fig. 1. Schematic alignment of both mouse and human keratin type | and type Il gene
cluster. One black arrowhead represents approximately two to three keratin genes orien-
tated in the direction of the tip. Gray arrowheads in (A) delineate keratins of the inner
root sheet of hair follicles (6). The light gray arrowhead in (B) indicates an array of
processed pseudogenes unrelated to keratins. The dark gray arrowheads in (B) highlight
the only type | keratin (K18) at the end of both mouse and human type Il cluster. KAP's
is the abbreviation of a cluster composed of keratin associated proteins (see Note 3).

“rod” domain flanked by non-a helical amino-terminal and carboxy-terminal
domains, which guide two monomers into a double-stranded and parallel coiled-
coil formation. The rod domain itself is composed of four highly conserved
domains, termed 1A and B and 2A and B connected by non-a-helical linkers
(seeFig. 2). An individua o-helical segment exhibits a heptad substructure
(abcdefg),,, in which positions aand d are occupied by hydrophobic amino acids,
thus establishing a seam around the axis of a single right-handed o-helix that
contributes to the formation of the coiled-coil structure. Only a short sequencein
the middle of segment 2B interrupts this regular phasing of heptades that does not
form a coiled-coail structure but rather runsin parallel with the corresponding part
of the second molecule of the adjacent coiled-coil dimmer (8,9).

Specia motifs within the 1B and 2B coil might trigger the self-assembly
of an obligatory type | and Il keratin into a parallel heterodimer that further
assembles into antiparallel, half-staggered tetramers that laterally associate to
the so-called unit-length filaments (ULFs). Finally, these structures anneal lon-
gitudinaly into nonpolar filaments compacting to IFs of approx 11 nmin dia-
meter (10,11). There is mounting evidence from in vitro as well from in vivo
studies that at |east some keratins might replace each other, supporting the idea
of functional redundancy (8).

Motifs within the head domain have been shown to be essential for the for-
mation of filaments, whereas tail sequences are suspected to regulate filament
diameter or to interact with associated proteins. However, a side contribution of
the tail to filament bundling, at least in some keratins, cannot be ruled out (12).
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Fig. 2. (A) Genera structure of an intermediate filament (IF) protein divided into
three different sections:. coiled-coil rod domain (green); head and tail domain (yellow);
keratin type | cluster genes (B, above). The latter are very similar to keratin type Il clus-
ter genes (below) except that they are missing a traditional head and tail domain.
Vertical bars indicate the frequency of already detected human pathological mutations
at a certain position.

Mutations identified in the tail sequences of K1 and K5 have been shown to
be responsible for ichthyosis hystrix and epidermolysis bullosa simplex (EBS)
with migrating erythema. However, the most severe mutations found in keratin
genes are located in the evolutionarily conserved end domains of the o helical
rod (13) rather than in both head and tail domains (14,15). Generally, point
mutations, such asthose found in K5 and K14 that cause different forms of EBS
(16,17) (see Fig. 3A), provide insight into the process of IF formation.
Interestingly, the K14R125C/H mutation has no effect on filament assembly or
length in vitro (10), but it reveals a decreased resilience of filaments against
large deformations (18) and leads to filament aggregation depending on the
molar ratio of mutant to the wild-type protein (19). Filament formation, per se,
seemsto initiate close to the plasma membrane. Therole of desmosomes, which
might play arolein IF assembly is still unclear (20).

Keratin-deficient animals helped answer the question of whether there is a
functionally redundant keratin substituting an ablated keratin. The K5 null mice
(see Fig. 3F) die shortly after birth, lack keratin filaments in the basal epider-
mis, and are more severely affected than K14(—/—) mice. However, the unaf-
fected formation of intact K1- and K10-containing IFs in the suprabasal layers
indicates that K5 is not needed as a“ chaperone”’ or “scaffold” for K1 and K10
(21). Additionally, many studies have been undertaken to determine the influ-
ence of posttrandational modifications such as phosphorylation, glycosylation,
transglutamination, deimination, and ubiquitination on keratin assembly and



Fig. 3. (A) Epidermolysis bullosa simplex (EBS) evoked by mutationsin K5 and aso
K14. (B) Meesmann’s corneal dystrophy elicited by mutationsin K12. (C) Mutationsin
the keratin K6b and also other keratins are likely to trigger epidermolytic hyperkeratosis
(EHK). (D) K4 mutations are reported to be responsible for white sponge nevus. (E)
Pachyonychia congenita caused by mutations in K6a, K6b, and also K17. (F) Ablation
of K5 in mouse causes EBS and neonatal death (21). (G) Total loss of K10 in the
suprabasal epidermis in neonatal mice is without signs of fragility or wound healing
response (75). Thereisfree accessto the picturesA to E, showing patients suffering from
the mentioned syndromes on the World Wide Web. Pictures F and G are derived from the
corresponding publications and dlightly modified.
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filament organization, which we cannot refer to because of space limitations.
For these modifications, more detailed literature is recommended (22—24).

1.1.3. Keratin Gene Expression and Regulation

Today, it is commonly accepted that in simple as well as stratified epithelia,
keratin genes are expressed in a*“pairwise” manner. An acid type | keratin pro-
tein always attaches to a basic type Il keratin to assemble a dimeric structure
(8). Although redundant expression of further type | and type Il keratins in dif-
ferent epithelia readily occurs, expression also takes place in this already men-
tioned pairwise manner. But what regulates this distinct pairwise turning-on and
-off of different type | and Il keratin genes?

The human K18 keratin gene (~10 kb) (25) serves as a prime example of
what might influence the transcriptiona control of a keratin gene. Regulatory
elements (Alu sequences and four putative SP1 binding sites) surrounding the
seven coding exons aswell as an AP-1 consensus site in exon 6 interacting with
Ets-1 elementsin intron 1 have been demonstrated to be involved in the copy
number-dependent and position-independent transgenic expression of hK18.
Additionally, two differentially methylated CpGsislands have been found in the
first intron enhancer (26-28). Recently, taking this knowledge into considera-
tion, Oshima and colleagues verified the coincidence of both hK18 transgene
expression and that of different reporter genesin addition to the gene coding for
the Cre-recombinase subcloned together with an internal ribosome entry side
(IRES) immediately downstream of exon 7 (29).

Results from the paradigmatic expression of the human K18 transgene imply
that putative transcription factor binding sites merely identified in the (core)-
promoter might be not sufficient to explain the specific and pairwise expression
pattern of keratin genes (30-32).

Ininternal so-called “simple” epithelia, K8 and K18 form the pair that is pre-
dominantly expressed from embryonic day (ED)2.5 on (32) and that is comple-
mented by K7, K19, K20, and K23 in most epithelia starting at ED3.5 (32).
Generally, these keratins seem to be able to replace for K8 and K18, provided
that they are expressed in the same cell type (33,34).

In stratified epithelia, the prominent keratins are K5 and K14, which are com-
plemented by different amounts of K15 and K17 in their basal layer (21,35,36).
The upper parts of the epidermis maintain K5 and K14 as proteins, probably
because of their long half-lives, but when keratinocytes start to differentiate they
express highly abundant K1 and K10, accompanied by K1b, K2e, and K9 pres-
ent in upper spinous and granular keratinocytes, particularly exposed to stress
(37,38). Under conditions of proliferation or differentiation such as keratinocyte
migration and wound healing, however, the so-called reinforcement keratins
K6a, Kb, K6e, and K6hf aswell as K16 and K17 often replace either transiently
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or congtitutively K1, K2e, K9, and K10 in mouse and human (39-41). More
related to epidermal appendages, the novel keratin 17 (K17n) gene is mainly
expressed in nail tissue as well as in fili- and fungiform papillae of the oral
mucosa (36).

Nevertheless, the aforementioned concept of “keratin expression pairs’ is
proven by the exception that there is no mouse ortholog to the human K3 gene
(3). Inthe differentiated layers of the human cornea, both K3 and K12 are abun-
dantly expressed; the former keratin hasto be replaced by K5 in the mouse (42).
During embryonic development, keratin protein expression starts very early
with K8 and K18 at ED2.5 (32) being detectable in the surface ectoderm
(43,44) and is followed by K5 (ED9.25) and K14 (ED9.75) (32). Shortly after-
ward, at ED11.5, keratins K6a, K6b, K16, and K17 appear, even before the
onset of stratification at approx ED13.5 in the mouse (45). In this respect, it is
intriguing that the mouse K14 gene might be a direct target of the p53 tumor
suppressor homolog p63 because K14 was expressed at very low levelsin the
single layer of p63-deficient epidermis of mouse (46).

1.1.4. Keratin Function in Cell Signaling and Keratinopathies

Mutations within keratin genes lead to various epidermal diseases. The
diseases have different pathologies mainly caused by cell fragility, which
could be accompanied by a disturbance of the normal cell signaling (1,47,48).
An electronic database including various keratin mutations is available: at
www.interfil.org.

The most prominent K14R125C mutation not only leads to EBS (Fig. 3A)
because of keratin (IF) aggregate formation coinciding with decreased resilience
to mechanical forces but also to a weakening of the K14-tumor necrosis factor
(TNF)a receptor-associated desth domain (TRADD). This weakening leaves
transfected keratinocytes more susceptible for caspase-8—mediated apoptosis
caused by an aleviated cytoprotection mediated by K14-TRADD interactions
(49). Furthermore, cell culture studies with these transfected keratinocytes
revealed that keratin aggregates are in a dynamic equilibrium with soluble sub-
units, suggesting that dominant negative mutations act by altering cytoskeletal
dynamics and solubility largely depending on the “mutant to wild-type” ratio
(19). Keratin mutations render keratinocytes more susceptible to osmotic shock
and activate the stress-activated protein kinase/c-Jun NH_-terminal kinase (INK)
pathway (50).

Generdly, point mutationsin or truncation of epidermal keratinsresult in visible
monogenic keratinopathies, whereas phenotypes of mutated embryonic and
internal epithelial keratins are much more subtle. Depending on the population,
K8 as well as K18 gene mutations (see Tables 1 and 2) have been associated
with cryptogenic cirrhosis, liver disorders, and chronic pancregtitis as well as
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Table 1

Orthologous Human and Mouse Keratin Genes of Type I Cluster

Human Mouse Major Knockout Human
keratin keratin expression phenotype pathology Reference
K9 K9 n.d. Unknown
K10 K10 Suprabasal Hyperkeratosis, Non-epidermolytic 75,77
epidermis acanthosis; K14 hyperkeratosis
compensation
K11P n.d. Unknown
K12 K12 Cornea Cdl fragility Meesmann's Ko et al., 1996
cornedl (see Fig. 3B)
dystrophy
K13 K13 n.d. Unknown
K14 K14 Basal Postnatal death Epidermolysis 35
epidermis at P4, skin bullosa simplex (see Fig. 3A)
blistering (EBS)
cytolysis of basal
cells
K15 K15 n.d. Unknown
K16 K16 n.d. Pachyonychia 93
congenita (see Fig. 3E)



K17

K18

K19

K8
K19

N K18
~ K19

K17

K18

K19

K8
K19

K18
K19

Hair follicles,
nail bed;
esophagus,
activated
keratinocytes

Simple
epithelia

Simple
epithelia

Simple
epithelia

Simple
epithelia

Alopecia,
compensation by
K14 and K16

Mild liver
pathology

None,
compensation by
K18 and/or K20

Embryonic desth
at ED10;
trophoblast/
placental defect

Embryonic death
at ED9.5;
trophoblast/giant
cell fragility

Pachyonychia
congenita

Ulcerative colitis

Unknown

Ulcerative colitis

Ulcerative colitis

93
(see Fig. 3E)

34

63,64

63,51

64
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Table 2

Orthologous Human and Mouse Keratin Genes of Type Il Cluster?

Human Mouse Major Knockout Human
keratin keratin expression phenotype pathology Reference
K1 K1 n.d. Unknown
K2 K2 n.d. Unknown
K3 Unknown
K4 K4 Stratified Cell fragility, acanthosis; White sponge Nesset al.
epithelia K6 partially compensates nevus (1998) (Fig. 3D)
K5 K5 Basa Neonatal death; skin Epidermolysis 21 (seeFig. 3A)
epidermis blistering; cytolysis of bullosa simplex
basal cells (EBS)
K6a K6a Hair follicles; None; compensation Pachyonychia 96 (see Fig. 3E)
activated by K6b congenita
keratinocytes;
nail bed
epithelum
K6a K6a Hair follicles; Tongue lesions; Pachyonychia 93,96 (Fig. 3E)
K6b Kéb activated postnatal death congenita
keratinocytes; P10; Cdll lysis
nail bed upon migration
epithelum during wound

healing; 25% survival
because of
compensation by K18
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K6a K6a Hair follicles; Lysis of the nail bed Pachyonychia 97 (see Fig. 3E)
K6b K6b activated epithelium; neonatal congenita-like
K17 K17 keratinocytes death around P3 nail lesions
K7 K7 Unknown
K8 K8 Simple a) Embryonal death Ulcerative 53-55
epithelia ED12.5; trophoblast colitis
giant cell fragility
(C57BL/6x129X1Sv])
b) Colorectal hyperplasia,
colitis, rectal prolapse,
predisposition for liver
injury (FVB/N)
n.d; not done.

a0rthologous human and mouse keratin genes of each clusters | and |1 are compared in a separate table Tables 1 and 2 follow the new and
open nomenclature based on the principles of the HUGO Gene Nomenclature Committee. A comparative table aligning the old nomenclature
to the novel system is available as a guidelinein Magin et al. (4). The major expression and knockout phenotype is briefly outlined in all cases
where keratin-deficient mice are generated and characterized. Double- and triple-keratin knock outs are shaded in gray. The human pathology
that could be deduced from a mutated keratin gene is briefly outlined but does not inevitably coincide with the phenotype of mice with a tar-
geted deletion in the orthologuous keratin gene. (C57BL/6x129X1SvJ) and (FVB/N) are mice strains.
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ulcerative colitis and Crohn's disease (51,52). Crohn's disease and ulcerative
colitis, together known as inflammatory bowel disease, are chronic illnesses of
unknown origin. The inflammation within the intestinal tract (within the colon
in ulcerative coalitis and anywhere from the mouth to the anusin Crohn's disease)
leads to some or al of the following clinical symptoms: diarrhea (with or with-
out blood), abdominal pain, fever, and fatigue.

1.1.5. Phenotypes of Keratin Knockout and Transgenic Mice
1.1.5.1. SIMPLE AND EMBRYONIC EPITHELIA

Ablation of keratins expressed in simple epithelia and during embryogenesis
only partialy helped to identify their functional significance. Side effects
because of the strain background apparently influence the phenotypical out-
come of generated knockouts. Keratin K8-deficient mice, initially thought to
die from hepatocyte fragility leading to fetal liver bleeding at ED12.5 in the
C57BL/6 strain (53,54), have been later demonstrated to collapse from placen-
tal malfunctions (55). However, keratin K8 deficiency crossed into FVB/N
strain results in viable offspring featuring colonic hyperplasia, diarrhea, and
colitis (53,54). Mistargeting of apical H*/K*-ATPase-f3, anion exchanger AE1/2
and the Na' transporter might lead to the observed phenotype, possibly because
of the net Nat absorption associated with the Cl~ secretion in jejunal epithelia
(33,56). The colonic hyperplasia and colitis were later determined as chronic
spontaneous helper T-cell 2 colitis that probably arises from colonic bacteria
infection (57). Either distinct modifier genes or the second type Il keratin, K7,
expressed early during development, might compensate for the loss of K8 in
FVB/N K8(—/—) mice (Tables 1 and 2).

Hepatocytes from K8(—/—) mice are more susceptible to mechanical stress and
hepatotoxic drugs and secrete less bile acids and ecto-AT Pase, a phenomenon that
is mechanigtically still unexplored (58). Concanavalin A (ConA)-induced liver
damage left K8(—-) [and also K18(—/-)] epithelia cells approx 100 times more
sengitive to TNF-induced cell death and increased both downstream targeted
JNK- and nuclear factor-xB-protein levels. ConA-induced immunoresponse
through activated T-cells was therefore thought to release TNFa, acting on the
TNF receptor (TNFR)2 (59). Moreover, glutathione Stransferase-fusion protein
binding assays suggested an interaction of the N-terminal parts of K8 and K18
with the TNFR2 (59). Primary hepatocytes from K8(—/—) mice being more sensi-
tive to Fas-mediated apoptosis fall into the same category (60). Although trans-
ported by microtubules, Fas receptor abundance at the cell surface was increased
in K8(—/-) mice, thusimplying K8 to contribute to Fas receptor distribution (60).
Concerning other keratins, a direct interaction between the TNFR1-associated
death domain protein (TRADD) and the coil 1a domain of K18 and K14 was
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demonstrated by coimmunoprecipitation (61). TRADD, the adaptor protein link-
ing FADD and RIP to the TNFR1, is thought to be sequestered by K8 and K18
IFs, thereby precluding TRADD to operate as a mediator of apoptosis and thus
modulating TNFR1 signaling. This type of explanation also was used as a para
digm for the interpretation of results after targeted deletion of keratins suspected
to be essentia for embryonic development. The K8 deficiency and subsequent
embryonic lethality at ED12.5 in the sensitive C57BL/6 and 129Sv background
is caused by trophoblast giant cell layer failure, suggested to result from TNF-
sengitive failure of trophoblast giant cell barrier function (55). Materna TNFo.
was thought to trigger an apoptotic response in extraembryonic trophoblast giant
cells becasue after the loss of K8/K 18 IF network, cells can no longer moderate
apoptosis by sequestering TNFR1 and TRADD (55).

Targeted deletion of K18 in C57BL/6 mice wasless dramatic than that of K8.
Keratin K18(—/—) animals are viable, fertile, and show a normal life-span. Old
K18 null mice, however, developed a distinctive liver pathology with abnormal
hepatocytes containing K8-positive aggregates, identified as Mallory bodies, a
hallmark of human alcoholic hepatitis (34). Absence of K8 and K18 in hepato-
cytes furthermore disturbs the function of at least some cell cycle regulators,
such as the signaling integrator 14-3-3, and causes disturbances in cell cycle
regulation and aberrant cytokinesis, which might drive cells into the S-to-G,
transition (62). Except for hepatocytes, in which K19 is not expressed, perfect
IFs between K8 and K19 have been found in these mice, underlining that func-
tional redundancy is common in keratin biology (34). The obvious lack of
defects in K19 deficient mice aso falls into this category (63).

To identify the role of keratins during embryogenesis, double-deficient animals
for K8 and K19 (63) aswell as K18 and K19 (64) have been generated (Tables 1
and 2) to get rid of nearly al K8K19 or al K18/K19 IFs [Note that in
K8(—-)/K19(—-) mice, a compensatory IF network composed of K7 and K18 is
formed.] Mice from both lines die concomitantly between ED9.5 and 10 but from
different phenotypes. In K8(—-)/K19(—/-)-embryos, a decreased number of disor-
ganized |abyrinthine trophoblast and spongiotrophoblast cellswill lead to the pen-
etration of maternal as well as embryonic blood into lesions of the placenta (63).
In K18(—-)/K19(—-)-embryos, a rupture of giant trophoblast cells because of
mechanical fragility, provoked by the maternal blood pressure, lead to hematomas
and deformations of the yolk sac, which might disturb the nutrition of the embryo
(64). Very recently, this defect could be rescued by aggregation of double-deficient
embryos with tetraploid wild-type embryos up to ED11.5 that underscored the
necessity of keratin filaments for the proper function of extraembryonic (like tro-
phoblastic and placentd tissue) rather than embryonic epithelia (65).

A possible explanation for the early embryonic death of K8 (—/-)/K19(—/-)
embryos was in line with that of the single K8 knockout (55). An increment
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of the TNF- or Fas-mediated apoptosis caused by a putative loss of interaction
with the K8-mediated IF network might lead to an atrophy and degradation of
the placenta (59,61). This effect possibly could be proven after rescuing of the
embryonal lethality in a TNFo-deficient mice strain.

1.1.5.2. BASAL STRATIFIED EPITHELIA

In basal keratinocytes, three keratins (K5, K14, and K15) are coexpressed
(8). They are linked to hemidesmosomes via plectin and bullous pemphigoid
antigen-1 (66,67) and to desmosomes via desmoplakin (68) and plakophilin
(69). To investigate the function of these keratins in the basal epidermis, mouse
models have been established by gene targeting: K14-deficient mice, K14(—/-),
of a mixed 129Sv/C57BL/6 background generaly die within 48 h after birth
(although there are some exceptions surviving up to 3 mo). Abundance of K15,
however, is normally compensating for K14, but it is too low in neonatal mice
(35). An age- or tissue-dependent upregulation of K15 in afew K14(—/-) mice
may permit their survival up to 3 mo (35).

Subsequently, deletion of the partner keratin K5, being the only type Il keratin
protein in most basal keratinocytes, should abolish the formation of Ifs, which
was done in a mixed 1290la/BALB/c strain. Indeed, al mice die immediately
after birth (Fig. 3F) containing an extensive cytolysis in amost all basa
keratinocytes (21). Residual type | keratins K14, K15, and K17 (now without
partner keratin) aggregated along hemidesmosomes in K5(——) mice. Because
K5(—/-) pups are more severely affected than K14(—/—) mice, it is likely that
K5 null mutations may be lethal in human EBS patients (Fig. 3F). In contrast
to K14-deficient mice, K5(—/-)-mice showed a strong induction of the wound-
healing keratins K6 and K10 in the suprabasal epidermis of the cytolyzed com-
partments (21). Very early during embryogenesis of K5(—/—)-mice, K8 isableto
compensate for K5 until its expression is downregulated at ED14.5 (32). Thus,
an embryonic keratin (K8) is at least partialy able to compensate for an epidermal
keratin, provided that it is expressed in the same spatiotemporal manner.
Confirmation for this hypothesis can be drawn from transgenic rescue experi-
ments, in which the hK18 transgene was expressed in the basal epidermis of
K14(—/-) mice. Although filaments between K5 and hK 18 have been generated,
they were unable to resist against mechanical stress (70).

Another, more sophisticated transgenic experiment imitated the inducible
expression of the most severe Dowling—Meara-related K14 mutation of EBS
[(R125C) in mouse (R131C) (71), 1995, OMIM 131760] in mice derived from
amixed 129Sv/C57BL/6 strain background. Heterozygous mice seemed normal
with no gross skin phenotype and no microscopic blisters. Homozygous mice,
however, were normal at birth but devel oped extensive blisters on the front legs,
paws, and chest and died within 2 d (72). An inducibl e transgenic mouse model
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was established after mating these mice with a strain expressing a truncated
progesterone receptor-1-Cre-recombinase fusion protein under the control of
regulatory elements of either the K5 or K14 gene promoter (73). Upon induc-
tion with antiprogestin or RU486 only in those cells expressing either K5 or
K14, the Cre-recombinase will be induced to excise the floxed neo-cassette
inserted after the first exon of the mutated K14 transgene (72), thus activating
the transgene. Correspondingly, blisters filled with fluid on the front legs and
paws became visible but healed after 2 wk. The unexpected healing process was
explained with the partial activation of the Cre-recombinase in the nonstem cell
population of basal keratinocytes. The migration and reepithelialization by non-
phenotypic stem cells (containing the floxed neo-cassette) or transiently ampli-
fying cells derived from these stem cells of the untreated surrounding areas was
finally considered as the working hypothesis (72).

1.1.5.3. SUPRABASAL STRATIFIED EPITHELIA

In the upper epidermis, 60% of the total protein content consists of keratins
K1 and K10 (74). Surprisingly, epidermal integrity was maintained in neonates
after targeted disruption of K10 (Fig. 3G). Adult K10(—/-) animals showed a
fivefold increase of basal cell proliferation and hyperkeratosis (75) In the
suprabasal cell layer of the neonatal skin, an IF network composed of K1, K5,
and K14 keratins compensates for theloss of K10 (Fig. 3G), whereas within the
adult skin, an induced upregulation of the cytokeratins K6a, K6b, K16, and K17
might take over at least some of the functions of K10-containing intermediate
filaments (75). Moreover, an induction of cyclin D1 and of c-myc in basal cells
aswell asthat of the cell cycleregulator 14-3-3 in postmitotic keratinocytes was
noted (76), implying an involvement of K10 in the regulation of epidermal cell
proliferation (77). Cell transfection experiments indicated the K10 head domain
to sequester both the Akt as well as the atypical protein kinase C{ kinases
avoiding their translocation to the plasma membrane, thus representing a nega
tive regulator of epidermal cell cycle (78). Therefore, K10 was proposed to sup-
press cell proliferation; however, the K10(—/-) strain contradicts this view
because a general increase of suprabasal cell proliferation could not be
observed (79) except for an increase in sebocyte proliferation and differentia-
tion. Sebaceous gland cells of K10(—/—) mice showed an accelerated turnover
and secreted more sebum, including wax esters, triglycerides, and cholesterol
esters. It was concluded that the suprabasal intermediate filament cytoskeleton
devoid of keratin K10 increased the differentiation of epidermal stem cells
toward the sebocyte lineage (79). Furthermore, K10(—/—) mice treated with 7,12-
dimethylbenz[ a]anthracene/12-O-tetradecanoy! phorbol-13-acetate developed
far less papillomas than wild-type mice. 5-Bromo-2’-deoxyuridine-labeling
revealed a strongly accelerated keratinocyte turnover in K10(—-) epidermis,
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suggesting an increased elimination of initiated keratinocytes at early stages of
developing tumors. The concomitant increase in K6a, K16, and K17 in K10-
deficient epidermis and the increased motility of keratinocytes is in agreement
with the pliability versus resilience hypothesis, proclaiming that K10 and K1
render cells more stable and static. The K10(—/-) knockout represent the first
mouse model showing that loss of a cytoskeletal keratin reduces tumor forma-
tion. This response might be achieved by an accelerated turnover of ker-
atinocytes, possibly mediated by activation of mitogen-activated protein kinase
pathways (80).

Expression of atruncated and dominant negative form of K10 (81,82) pro-
duced skin lesions comparable with severe forms of epidermolytic hyperkeratosis
(EHK) (see Fig. 3C). Moreover, homozygous mice (K10T/K10T) revealed
changes in the composition of epidermal lipids and barrier function (83,84).
Transgenic mice, generated as described for K14 (72), harboring a K10 point
mutation (R154C, equivalent to R156C in the human), produced local blisters
and scaling at the sites of induction that persisted later in life together with unaf-
fected epidermis. Apparently, epidermal stem cells have been targeted in these
mice. In agreement with mosaic form of EHK in humans, which is because of
postzygotic somatic mutations, this finding shows that in the absence of selec-
tive pressure—the mutant K10 is silent in presumptive stem cells—mutant and
wild-type stem cells can coexist. This idea has to be considered in therapy
approaches of EHK; they must include either ablation or correction of mutant
stem cells (85).

Generally, extensively bundled IFs consisting of K1/K10 parallel the surface
of flatted keratinocytes, being covalently cross-linked to cornfield envelope
(CE) proteins (86). However, K10 mutations, resulting in EHK, do not affect
CE integrity (87), which isin contrast at least to some mutations found in K1.
K1 frameshift mutations resulting in the shortening of its glycine-rich V2 tail
domain generate the dominant inherited skin disorder ichthyosis hysterix
(88,89), most likely caused by the inability of the occurring IFs to form bun-
dles. Loricrin, but not involucrin and filaggrin, was found irregularly distributed
throughout the cytoplasm of keratinocytes, thus pointing to a specific role of the
K1 oricrin interaction during CE formation (90). Although the targeted abla-
tion of keratin K1 is not published yet (Meier-Bornheim et al., in preparation),
an interesting aspect to clarify might be if the distribution or assembly of pro-
teins directed to the CE is also disturbed after the loss of K1 within IFs.

The ectodermal dysplasia called pachyonychia congenita (PC) affects epithelial
appendages and resultsin profoundly dyskeratotic nails (Fig. 3E). It can bedivided
into type 1 (Jadahsson—Lewandowski) PC characterized by oral leukoplakia and
pa mar—plantar keratoderma and type 2 (Jackson—Lawler) PC typified by subepi-
dermal cysts, natal teeth, but generally milder nail lesons (91). Type 1 PC is
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caused by keratin K6a, K6b, or keratin K16 mutations, whereastype 2 is generally
evoked by keratin K17 mutations (see www.interfil.org).

Initialy, it seemed easy to mimic the corresponding pathology in mice after
targeted disruption of the corresponding keratin orthologs. However, K 6a-defi-
cient mice do not show any spontaneous skin or oral mucosa lesions (92), and
K17-deficient mice only develop a strain-dependent (C57BL/6) and reversible
alopecia, but they histologically fail abnormalitiesin oral mucosa, glands, foot-
pad epidermis, and nails (36,93). Even mice being double deficient for both K6
geneisoforms aand b contain histologically normal skin epithelial appendages
(94). This obvious discrepancy between the mentioned null mouse models and
the PC disease led to the idea that other keratins, such as K5, K6hf, K14, K16,
or K17n known to be expressed in nail bed epithelium (36,95,96), might com-
pensate their functional loss. Support for this concept of functional redundancy
was provided after targeted deletion of three keratin genes (K6a, K6b, and K17)
by intercrossing the existing keratin-deficient strains to generate the correspon-
ding K6a/K6b/K17 triple-null mouse model (97). These mice also died, as
expected from the double-deficient K6a and K6b mice, shortly after birth but
they exhibited severe lysisto the nail bed epithelium, where al the three genes
are abundantly expressed. Moreover, a decrease in the level of a fourth keratin
protein, K16, was observed (97). Conclusively, the loss of these three keratin
genes strongly suggests that the nail bed epithelium isinitially targeted in PC
(see Fig. 3E).

Wound heding, proliferation, and migration of keratinocytes harvested from
K6a(—/—) animals seemed unaffected compared with wild-type controls (92).
Targeted deletion of both keratin genes K6aand K6b in mice with different genetic
background produced conflicting but interesting results. All K6a(—/-)/K 6b(—/-)-
double deficient mice with a mixed 129Sv-Ck35/C57BL/6 background die about
1 wk after birth, showing growth delay and weight |oss associated with reduced
milk intake, white plagues, and extensive cell blistering in the posterior region
of the dorsal tongue and the upper palate epithelia combined with traumatic fil-
iform papillae in the anterior compartment (94). The anterior compartment of
filiform papillae, normally expressing K6a and K6b, is devoid of keratin IFsin
these double knockouts (94). In contrast, 25% of K6a(—/-)/K6b(—/-) double-
deficient mice with a mixed AB2.2/129SvEv-C57BL/6N background survived
to adulthood with normal hair and nails (see Tables 1 and 2). Nevertheless, 75%
of these double-deficient mice die within the first 2 wk of life because of disin-
tegration of the dorsal tongue epithelium causing a plaque of cell debris that
severely impairs feeding (96). These authors cloned a third, and at that time
unidentified, murine keratin 6 gene (designated K 6hf) likely to be the ortholog
to human K6hf expressed in hair follicles. Redundancy of this novel K6hf gene
in Kéa/Keb-deficient follicles and nails is an attractive explanation for the
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absence of hair and nail defects and also for the, at least partial survival, of
K 6a(—/—)/K6b(—/-) double-deficient mice (96). However, other modifier genes
deviating in both genetic backgrounds could influence either directly or indi-
rectly the abundance and expression pattern of yet unknown genes or the novel
Kehf gene itself.

The contribution to wound healing of K6a and K6b also was investigated
by keratin explant assays, indicating that the lack of these keratins renders
keratinocytes more motile, including changes in the actin filament organiza-
tion that might support either an increase in cell fragility or a more rapid
wound healing (98). In contrast, mice overexpressing K6a proteins with dif-
ferent C-terminal truncations were largely found with severe blistering and
died shortly after birth. Those mice that survived showed lesions in the inter-
follicular epidermis and hair follicles and devel oped severe alopecia followed
by the destruction of the outer root sheath (ORS) cells. The latter finding indi-
cates that the innermost ORS cells are uniquely sensitive to expression of
even slightly altered K6a proteins, suggesting that mutations affecting the
human K6a ortholog expressed in this cell layer could result in alopecia in
humans as well (99).

Although the precise mechanism is far from being understood, the relative
amounts between K6a, K6b, K16, and K17 seem to be important to establish
aless stable but functional keratin cytoskeleton. Itisalso likely that these ker-
atins, but especially K6a and K6b, provide attachment sites for associated
proteins (40,96). The transgenic expression of human K16 in the basal epider-
mis of K14(—/-) mice led to arearrangement of the keratin Ifs and normalized
the epidermisin neonatal animals, but these animals |ater devel oped extensive
alopecia and chronic epidermal ulcers in areas of frequent physical contact,
and alterations in other stratified epithelia (100). As control, mice expressing
a K14 cDNA under regulatory elements of the K16 gene also rescue the blis-
tering phenotype of the K14 null mice with only a small percentage exhibit-
ing minor alopecia. Despite their high sequence similarity, K16 and K14 are
not functionally equivalent in the epidermis and other stratified epithelia, and
itis primarily a carboxy-terminal segment of approx 105 amino acids of K16
that defines these differences (100). Moreover, comparative data from skin
explant assay and wound healing studies revealed a delay in wound healing
as a result from hair shaft fragility and apoptosis in hair matrix cells. This
pathology reverted to normalcy as a consequence of the K14 transgene
expression, implying that the composition of the keratin cytoskeleton can
influence cell migration (101).

K17 predominantly occurs in epidermal appendages (36,41), but it also
occurs in basal cells of stratified epithelia (4). It forms IFs with K5 and any of
the different K6 proteins currently identified (93). In humans, K17 mutations
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are responsible for the nail disorder PC type 2 and for the sebaceous gland
disorder steatocystoma multiplex (102). K17(—/—) mice do not develop a proper
fur coat during the first postnatal week. The alopeciais likely to be caused by
hair shaft fragility and apoptosis in the hair matrix cells being reverted within
the first postnatal hair cycle at 3 wk of age, coinciding with the presumably
compensatory upregulation of K16 (93). The alopecia detected in K17 null ani-
mals was only featured in the mouse strain C57BL/6. The unexpected lack of a
nail pathology in K17 null mice was most recently explained by the expression
of K22 (3,36), which is a pseudogene in humans (3).

1.1.6. Lessons From Loss of Keratin Genes
and Redundant Expression of Other Family Members

The disruption of keratin IFs in the K5(—/-) and K18(—/-)/K19(-/-) mice
(21,63,64), their changed composition in K6a(—/-)/K6b(—/-) and K14(—/-)
mice (35,94,96) as well as the expression of dominant negative mutations in
K10 and K14 (72,81,85) generated phenotypes that were comparable.
However, the molecular mechanisms that might lead to cell and tissue fragility
are either diverging or not clarified yet. The absence, i.e., of the keratin K10
protein (75), has only subtle effects compared with the dramatic outcome of
the presence of amutated (in this case, truncated) form of keratin K10 (81,85).
Often, an inserted mutation more readily leads to a disorganized and aggre-
gated keratin IFs than merely the loss of the corresponding keratin. Within
internal epithelia of the liver or pancreas, keratins are thought to be nonessen-
tial cytoskeletal proteins but rather function as scaffolds, providing proper
topology for other accessory proteins (59,61). In some cases, certain keratins
can compensate for each other; in other cases they cannot. Keratin K19 seems
to fulfill the function of keratin K18 and vice versa, because they have the
same partner keratin K8 (34,61). In other cases, the substitution of K14 by K18
has only partially rescued the phenotypical outcome of the K14 deficiency in
mice (70), probably because of an inappropriate expression level compared
with its partner keratin K5. The replacement of K14 by a K16/K 14 hybrid pro-
tein seemed to achieve and expression level of the same abundance as the part-
ner keratin K5, which rescued the K14 phenotype to alarge extent (100). With
respect to the genetic background in different mouse strains, there are many
deviations found in the resulting phenotypes of the keratin-deficient mice. The
K8 deficiency within the C57BL/6 background is 100% lethal, whereas the
loss of this keratin protein in FVB/N mice alows survival of ~30% of the
affected animals (53). Several different modifier genes might help to compen-
satefor the loss of a certain keratin in one strain, or there isabeneficial expres-
sion profile of redundant keratins that help to overcome the often devastating
consequences of a vanished keratin.
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1.2. Methodological Considerations
1.2.1. Design of Targeting Vectors

Targeted gene manipulation can be accomplished by the use of either
replacement or insertion vectors (103). Replacement vectors are used to disrupt
target gene function by deleting specific gene sequences and by replacing them
with heterologous DNA, usually a drug selection gene or a marker gene to
analyze target gene expression. Insertion vectors are used to disrupt gene func-
tion by inserting heterologous DNA, but they also allow for the introduction of
more subtle genetic alterations such as point mutations. Here, we focus first
on replacement vectors and describe approaches to modify a gene or gene
fragment constitutively or conditionally. Then, we describe how large-scale
genomic deletions are carried out using insertion vectors. All gene-targeting
vectors should be constructed from isogenic DNA (i.e., from the same mouse
strain as the embryonic stem [ES] cell line to be used). Deviation from thisrule
will decrease targeting frequencies by 10- to 1000-fold.

1.2.2. Constitutive and Conditional Alterations

Most IF genes have a gene structure well suited for gene targeting, because
they span approx 10 kb of genomic DNA. To generate a null alele or to intro-
duce consecutively several independent mutations, it is desirable to delete the
coding sequences completely from the genome. Aslong as no more than 20 kb
of genomic DNA is replaced, the efficiency of gene targeting remains high.
A functional null allele also can be generated by deleting the core promoter and
the first coding exon. In such a case, alternative start codons should be consid-
ered that can be removed by site-directed mutagenesis. Figure 4A illustrates
typical replacement-type targeting vectors carrying two segments of sequences
homologous to the gene of interest. A short arm of ~1.5 kb to allow for easy
PCR detection and a long arm of 4-6 kb is required. For PCR detection, one
PCR primer resides in the selectable marker gene, and the other primer resides
outside the region of homology. Homologous arms can either be isolated from
genomic libraries, or, more conveniently, by using long-range PCR from
genomic DNA preparations or bacterial artificial chromosome clones carrying
the gene of interest. Vector arms flank the part of the gene to be manipulated
and carry between them a positive selectable marker gene. Upon homologous
recombination between vector arms and the corresponding genomic DNA, the
selectable marker gene replaces the genomic sequences and creates a modified
gene. In our hands, this approach has resulted in targeting frequencies between
1:5 and 1:35 positive ES cell clones (21,34,75,81,104). The selectable marker
genes that code for resistance against neomycin, hygromycin, puromycin, or
hypoxanthine phosphoribosyl transferase (HPRT) are most commonly used. In
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the latter case, HPRT-deficient ES cells are required. Only ES cells that harbor
an HPRT-minigene can grow in hypoxanthine, aminopterin, and thymidine
(HAT)-containing selective medium. The major advantage of the HPRT system
is that it alows for negative selection in medium containing 6-thioguanine
(6-TG) (103). In our experience, we have not observed any advantage for the
use of negative selectable marker genes outside the homology arms.

In most cases, selectable marker genes with their own promoters, usually
PGK-1, are used. In rare instances, the phosphoglycerate kinase (PGK)-1 pro-
moter becomes silenced because it carries a partial pCpG idand and may haveto
be replaced by other promoters (105). To minimize transcriptiona interference
between the gene's own promoter and the minigene promoter, we recommend
placing the selectable marker gene opposite the target gene's transcriptional ori-
entation. To minimize potential effects of the selectable marker gene on neighbor-
ing genes, and on the phenotype of mice, it isdesirable to removeit. Thisremoval
can be done by placing Lox P or FRT recognition sequences at both ends of the
selectable marker cassette. After transient expression of Cre or Flp-recombinase
in ES cdlls, the marker gene is removed and ES cells become sensitive to the
selective agent. This selectivity allows the use of the original targeting vector to
create ES cells homozygous at the targeting locus (106,107). If conditiona gene
targeting is planned, it is advisable to use FRT sites to tag the selectable marker
gene (Fig. 4B).

For those | F genes that are transcribed in ES cells, very high gene targeting
frequencies can be achieved using promoterless selectable marker genes that
are placed in the first coding exon, either in frame with the endogenous ATG
codon or by positioning the initiation codon of the marker gene downstream
from the major transcription start site. If insertion of a promoterless marker
geneisrequired in an exon further 3" into the gene, an IRES (108) can beincor-
porated to enable tranglation of the marker gene. A slight modification of the
aforementioned design can be used to introduce a promoterless reporter gene
along with the selectable marker to follow the cells carrying the targeted allele.
The enhanced green fluorescent protein- or the more sensitive lacZ-reporter
genes are convenient but do not necessarily provide quantitative readouts
(109,110).

There are several ways to introduce subtle alterations, i.e., point mutations,
into genes. The mutation can be positioned in one of the homology arms of
the targeting vector and be cotransferred along with the selectable marker, pro-
vided recombination does not separate the mutation from the selectable marker
(Fig. 4B). The selectable marker gene has to be positioned either in a noncod-
ing exon or in an intron, from where it can be removed using Flp or Cre-recom-
binases, leaving one recombinase recognition site in the genome. In general,
cotransfer of mutations work well, provided the distance between the marker
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Fig. 4. (A) Conventional gene-targeting experiment for creation of null alee. Top,
genomic locus with two exemplary exons (open boxes). Sequences homologous to
replacement-type gene-targeting vector are in black. Middle, targeting vector with short
and long arms of homology, flanking a sel ectable marker gene (gray). The arrow indicates
the marker gene promoter and its transcription direction. X indicates regions of crossover.
Bottom, targeted locus at which the marker gene has replaced two exons. Arrowheads,
primers used for PCR detection of homologous recombinants. Dotted line, predicted PCR
product. (B) Introduction of subtle alteration by co-transfer. Top, genomic locus. Middle,
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Fig. 4. (Continued) targeting vector. The short arm of homology carries the desired alter-
ation (upright dark gray bar in the 5 open box) created by mutagenesis. If in addition, anew
restriction site has been generated without atering the properties of this sequence, presence
of the desired mutation can be directly screened by redtriction anadysis of PCR products.
Middle, target locus after homologous recombination. Presence or absence of desired dter-
ation is indicated by dotted lines before and after restriction of PCR products. Bottom,
target locus after deletion of marker gene by site-gpecific recombinase. One recognition site
resdes in the genome. (C) Double replacement gene-targeting procedure by using
positive/negative sdection. Top, target locus. Middle, gene-targeting vector. Middle, after the
first gene-targeting step, the gene or gene fragment has been replaced by an HPRT-minigene
(gray box), providing resistance againgt HAT-containing media. The target locus can be
replaced by modified gene sequences. Below, second step gene targeting to introduce a sub-
tle ateration (upright bar) in the left exon. Sdlection in media containing 6-TG (thiogua-
nine) indicates loss of HPRT-marker gene. (D) Conditional gene targeting by using three
Lox P recognition sites. Top, target locus. Middle, gene-targeting vector with lox P site
flanking the exon to be removed upon Cre activation (upright gray boxes, lox P recognition
sites). Thelox P-flanked marker geneisplaced in anintron. After Cre activity, several types
of deletions can occur. Type |, complete excision cregting a null dlele (type 1), Type Il
undesired backwardness of the marker gene. Typel1l, excision creating aconditiona alee.
The outcome is determined by various parameters, e.g., the relative position of the lox P
sites and the extent of Cre activity. (E) Conditional gene targeting by using FRT and lox P
recognition sites. Top, target locus. Gene-targeting vector with FRT sites (light gray upright
boxes) flanking the marker gene (gray) and two lox P sites (gray upright boxes) flanking
the exon open box to be deleted. After homologous recombination and FLP activity, the
marker gene has been removed with one FRT site left behind (black). Upon Cre activity,
the*floxed” exon isdeeted with onelox P siteleft behind. (F) Gene modifications by using
double replacement genetargeting. Top, target locus. Bottom, gene-targeting vector. Below,
after thefirst gene-targeting step, the gene or gene fragment has been replaced by an HPRT-
minigene, providing resistance against HAT-containing media. The target locus can be
replaced by modified gene sequences as indicated below. (1) Replacement with a condi-
tional floxed allele. (2) Replacement with arelated gene (open box). (3) Replacement with
a mutant gene copy (gray box). (4) Replacement with an inducible, promoterless Cre- or
FL P-recombinase to be driven by the target gene promoter. (5) Replacement with a condi-
tional, silent gene copy, followed by awild-type copy of arelated gene (gray box). (6) As
before, but followed by amutant (bar) copy of arelated gene. (G) Generation of large-scale
genomic deletions, based on a HPRT-deficient ES cell line. Top, target locus. Below, target-
ing vector for 5’ flank of targeting vector, consisting of anonfunctiona half-HPRT-minigene
(small gray box, arrow indicates minigene promoter), followed by alox P site (upright dark
gray box) and a neomycin resistance gene (dark gray framed box, arrow marking pro-
moter). After homologous recombination, G418-resistant ES cell clones are identified by
PCR. Below, targeting vector for 3’ end, consisting of a puromycin resistance gene
(light gray box) and the 3" half of a nonfunctional HPRT-minigene (dark gray), preceded
by alox Pste (dark gray upright box). Below, after homol ogous recombination, puromycin-
resistant ES cell clones are identified by PCR. Complex rearrangements can
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gene and the ateration is shorter than between the alteration and the end of the
homology arm. One potential drawback of this strategy is that the expression of
the target gene can be severely atered by placing the marker gene in regulatory
introns (85,111,112).

An dternative strategy follows the so-called double replacement procedure
(113-115) (Fig. 4C). In the first round of gene targeting, an HPRT-minigene
replaces the (part of the) gene to be modified. After the first round of correct
targeting, the minigene isreplaced by a modified version of the original gene or
by another sequence. In the second step, selection with 6-TG allows cell sur-
vival only upon loss of the HPRT-minigene. If HPRT-deficient ES cells are not
available, a combination of two selectable marker genes for positive and nega-
tive selection has been described previously (113,115). In principle, this proce-
dure alows the introduction of many point mutations by using the same
second-round gene-targeting vector. In contrast to Cre-Lox or FRT/FIp proce-
dures, no foreign DNA remains in the target locus (Fig. 4D).

With the use of the site-specific recombinases, conditional cdl type and tem-
pora gene dterations have become feasible (116-120). The original vector
design used a Lox P-flanked marker gene and a third Lox P site placed in an
intron such that the Lox P sites flank an exon to be deleted (117). After Cre-
recombinase activity, three types of excisions can occur (Fig. 4D), of which com-
plete and type Il excisions are the desired excisions and are selectable by the loss
of the marker gene. The type |l excision provides a conditional alele that can be
deleted either in ES cdlls or in vivo, after mating with a strain of mice expressing
the Cre-gene under the control of an appropriate promoter. Because type |1 exci-
sions can be difficult to obtain, an improved strategy relies on the combined use
of Lox P and FRT sites. FRT sites are used to flank the selectable marker gene
and allow its removal by the FIpe gene (121), either in ES cells or in vivo. Two
Lox P sites are placed at intronic or noncoding exon positions to delete (parts of)
the gene of interest (Fig. 4E). Conditional alleles created in this way can be con-
trolled in atemporal manner by using an inducible Cre-recombinase. At present,
tamoxifen, RU 486, and tetracycline-controlled Cre-recombinases, in combina-
tion with various promoters, are available. Currently, there are two limitations of
these inducible transgenes, namely, leakiness at the uninduced stage and the time
to remove the target gene product after Cre expression. It can take severa days
for this process, especialy for IF proteinswith their long half-lives (122). The use

Fig. 4. (Continued) occur after Cre activity, depending on the cell cycle phase in which
Creis active and the chromosomal integration of the two targeting vectors (123). Below,
after Cre activity, the marker genes and the genomic sequences between the two lox P
sites are deleted and surviving, correctly targeted ES cell clones are resistant against HAT
and senditive against G418 and puromycin.
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of Cre- and Flp-recombinases can be combined with double replacement to alow
avariety of options (Fig. 4D,E,F).

1.2.3. Large-Scale Genome Engineering

If it becomes necessary to delete larger genes or gene fragments from the
genome, the approaches described above become inefficient as the distance
between Lox P sitesincreases. To create deletions of alarge segment of chromo-
somal DNA, Bradley and colleagues developed the following scheme, based on
two consecutive homol ogous recombination events, one at each end of the target
locus. The 5" vector consists of a neomycin resistance gene for gene targeting, a
Lox P site, a 5" haf HPRT minigene (nonfunctional HPRT fragment), and
approx 6- to 10-kb of genomic DNA homologous to one end of the target locus
(Fig. 4G). Similarly, the 3’ vector contains a puromycin resistance gene, a Lox
P site, a 3 HPRT-minigene (nonfunctional HPRT fragment), and approx 6- to
10 kb of genomic DNA homologous to the other end of the target locus
(123).The Lox P site has been placed in an intron of the HPRT-minigene. These
vectors can be generated conventionally by sequential insertion of various
genetic componentsinto a plasmid construct (123), or they can be isolated directly
from genomic libraries of premade targeting vectors (see http://www.ensembl.org/
and http://www.ensembl.org/Mus_musculus/). Depending on the orientation of
the LoxP sites, the location of the Lox P site on the two alleles, and whether the
recombination takes place between sister chromatids or between the nonsister
chromatids in the G, phase of cell cycle (see ref. 123), various recombination
events, such as deletion, inversion, and duplication of the region between the
LoxP sites, can occur. Upon Cre activity, recombination between the Lox P sites
reconstitutes a functional HPRT-minigene. This HRRT-minigene provides a
positive selection for this event when the ES cells are cultured in HAT medium.

1.3. Culture of ES Cells

ES cells are avail able from several laboratories and from commercial suppli-
ers. The majority of presently available lines has been derived from one of
several mouse 129 inbred strains and maintain good germline transmission
capabilities. C57BL/6 ES lines are also available, but they seem more suscepti-
ble with respect to germline transmission. Recently, ES cells from F1 or mixed
hybrid genetic background strains were isolated, and they show very high
germline transmission frequencies because of hybrid vigor (124-126). These
cells were developed to shorten the time required for the generation of gene-
targeted mice considerably. The concept is based on the use of tetraploid
embryos, generated by eectrofusion of ES cells, for injection of genetically
engineered diploid ES cells. Tetraploid cells have been shown to give rise
exclusively to extraembryonic tissues, whereas diploid ES cells contribute to
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the embryo proper (127). In consequence, this procedure leads to germline
chimeras that are completely derived from ES cells, saving one breeding step,
equaling 3 mo, along the route of establishing aline of genetically altered mice.
This procedure can be shortened even further by carrying out two rounds of
gene targeting to conditionally target both alleles of the gene of interest (126).
If this gene targeting is performed in ES cells that express an inducible Cree
gene, it is possible to generate mice with two conditionally modified allelesin
6 mo compared with 14 mo.

Many ES cell lines are grown on feeder cells, either primary embryonic
(mouse embryonic fibroblast [MEF]) or immortalized STO cells (available
from the The Jackson Laboratories). If feeder cells are used during drug
selection, keep in mind that they must express the appropriate resistance gene.
Alternatively, ES cells can be grown on gelatinized dishes. Several ES cell
lines are available that maintain an excellent germline potential under these
conditions, including the HPRT-deficient line HM-1, which is in extensive
use in our laboratory (123,128-131). To maintain the germline transmission
potential of ES cells, great care has to be taken with respect to their culture
conditions, including rigorous testing of serum and growth factors and the use
of reagents tested for ES cell work (see Note 1). Recently, the mgjor signal-
ing pathways responsible for the maintenance of ES pluripotency have been
identified and have lead to the formulation of serum-free media with defined
growth factors (130,131). In our hands, these conditions are favorable (see
Fig. 5).

In Subheading 2., culture of HM-1 cellsin standard and serum-free mediais
described, both on gelatin-coated dishes and on feeder cells. Culture conditions
for other ES cell lines are very similar; however, they may react differently on
the same serum batches. It is recommended to follow the advice of the donating
laboratory on the source of serum. In our hands, ES cdll-tested serum batches of
American, Australian, and New Zealand origin, offered by several companies,
are preferable. Changing to serum-free conditions puts cells through a crisis that
lasts three to four passages, after which the line should be expanded and frozen
in aliquots (130,131).

2. Materials
2.1. Reagents and Solution Preparations

Self-renewal of ES cells is dependent on signals from the cytokine leukemia
inhibitory factor (LIF) and from either serum or bone morphogenetic proteins
(BMPs). Hence, two alternative cell media formulations can be used to culture
ES cdlls. One formulation uses fetal bovine serum and the other uses the BMP-2.
Here, we focus on the serum-free conditions to culture ES cells.
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Fig. 5. (A) HM-1 ES cells plated at a low density (10x) grown on a gelatin-coated
dish. Cellsrequire another passage to increase individual colony numbers. (B) HM1 ES
(original magnification x10) colony after afirst step gene targeting ready to be passaged
and screened for homologous recombination event by using PCR. (C) Highly differen-
tiated ES cells (original magnification x25). Note the loss of discrete ES cell border, the
formation of cobblestone-like cells, and ES cells differentiating into fibroblasts that
extend outward from the colony. It is possible to attempt to rescue this colony by pas-
saging several times; however, it is not usually recommended.

1. Components and preparation of 50X stock solutions:

a. Dulbecco’'s modified Eagle’'s medium (DMEM)-Ham's F12 (cat. no. 11320-
033, Invitrogen).

b. Neurobasa medium (cat. no. 21103-049, Invitrogen).

c. Supplement B27 (cat. no. 17504-044, Invitrogen) is 50X, so aliquot as 2 mL
and store at —20°C.

d. Bovine serum abumin (BSA) fraction V (cat. no. 15260-037, Invitrogen)-
13.3 mL/100 mL medium (1:1). Aliquot as 10 mL and store at —20°C.

e. Apo-transferrin (cat. no.11108-016, Invitrogen) 1 g/10 mL medium (1:1).
Aliquot as 0.5 mL and store at —20°C.



230

Vijayaraj, Sohl, and Magin

f. Human insulin (cat. no. 0030110 SA, Invitrogen) stock solution at 4 mg/mL.
Aliquot as 2 mL and store at —20°C.

g. Progesterone (cat. no. P6149, Sigma): dissolve 1 mgin 1 mL ethanol, add 49 mL
of medium (1:1), and filter via0.1-um filter. Aliquot as 1 mL and store at —20°C.

h. Putrescin (cat. no. P6024, Sigma), dissolve in 6.2 mL of medium (1:1).

i. Naselenite (cat. no. S 5261, Sigma) 10 mM stock | solution (0.865g/50 mL
cell culture grade H,0). To obtain stock |1 (100 uM), take 1 mL of stock | solu-
tion and then complete to 100 mL with medium (1:1). Filter sterile (0.1-um fil-
ter) aliquot as 2 mL and store at —20°C.

j. BMP-4 (cat. no. 314-BP, R&D Systems): take 23,30 uL of 25% HCI solution
and complete to 100 mL with cell culture grade H,O (4 mM), and then filter
sterile (0.1-um filter). To each BMP-4 vial add 1 mL of this solution and 1 uL
of BSA fraction V. Aliquot as 100 uL and store at 80°C.

For 500 mL medium:

225 mL DMEM-F12, 225 mL neurobasal medium, 10 mL Supplement B27,
5mL BSA fractionV, 500 uL APO-transferrin, 3.125 mL human insulin, 300 uL
progesterone, 50 mL putrescin, 300 uL Na-selenite, 910 uL glutamine, monoth-
ioglycerol, 500 uL BMP-4, and 1 U/mL of final medium LIF. Store complete
medium at 4°C and use for up to no more than 1 wk.

2.

Gelatin solution; use Sigma G2500 swine skin type | gelatin. Prepare a 1% solu-
tionin cell culture grade water and autoclave. Leave overnight and autoclave again
the next day and store at 4°C. Warm up before preparing 0.1% working dilution.
Trypsin: for 500 mL of trypsin solution, mix the following: 400 mL of cell culture
grade sterile phosphate-buffered saline (PBS), 100 mL of sterile EDTA (1.85 g/L),
and 5 mL of trypsin (cat. no. 25090, Invitrogen). Mix and store as 100-mL aliquots
at —20°C. Once unfrozen, keep aliquots at 4°C.

ES cell freezing medium: athough the ES cells are cultured in the absence of
serum, in our experienceit is advisable to freeze ES cellsin the presence of serum
(seeitem 5). On thawing, the cells are washed twice in serum-free medium before
plating.

Serum-containing culture medium: Glasgow modification of Eagle’s medium
(BHK-21 medium) without tryptose phosphate broth with L-glutamine (cat. no.
041-01710, Invitrogen), 5% 100 mM sodium pyruvate (Invitrogen), 5%
Nonessential amino acids (100X, Invitrogen), 5% Fetal calf serum (FCS)
(Sigma), 15% Monothioglycerol (Sigma), 1:50,000 LIF, 1 U/mL medium.
For homemade LIF, compare individual batches to commercial sources in a
functional assay.

KSOM medium complemented with amino acids: 95 mM NaCl, 25 mM
NaHCO,, 2.5 mM KCl, 10 mM lactate, 0.35 mM KH,PO,, 0.2 mM pyruvate,
0.2 mM MgSO,, 0.2 mM glucose, 1.71 mM CaCl(2H,0), 0.2 mM L-glutamine,
0.01 mM EDTA, 1 mg/mL BSA; phenol red; 100X nonessential amino acids
(2:50); 50X essential amino acids (1:100).
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6. 20 mL 2X Freezing medium: mix 10 mL of complete ES medium, 4 mL of ultra-
pure dimethyl sulfoxide, and 6 mL of FCS. Store at —20°C.

7. 10X HEPES-buffered saline (HBS) for electroporation: mix 16 g of NaCl, 0.74 g
of KCl, 0.252 g of Na,HPO,, 2 g of p-glucose (dextrose), and 10 g of HEPES.
Dissolve all in 180 mL of cell culture grade water, adjust pH to 7.2, bring up to
200 mL, and then filter through 0.1-um pore filter. Store at —20°C.

To prepare 1X HBS, dilute with sterile water, which brings pH to 7.05. HAT
and HT media are bought as 50X stocks from Sigma and used as if they were
100X concentrated. To prepare 100X HAT, dissolve hypoxanthine in 2 mL of
1 N NaOH, add 8 mL of cell culture grade water, and mix well. Add another
10 mL of water and mix until most of the hypoxanthineis dissolved. Add 1 mL
of 1 N NaOH and mix until hypoxanthin is dissolved. Subsequently, add 75 mL
of water, thymidine, and then 100 mL of water. Add aminopterin and mix again
(aminopterin is a poison, so consult material safety data sheet). Filter through
0.1-um filter and then store as 20-mL aiquots at —20°C.

8. 1 mM Aminopterin: weigh out 100 mg and dissolve in 45 mL of cell culture grade
water. Add about 1 mL of 1 N NaOH to dissolve aminopterin, sterilize asin item
7, and then store at —20°C.

9. Additional reagents:

a. 1X Trypsin inhibitor from Glycine max (soybean; cat. no. 074K 1366, Sigma).
Store as 10-mL aliquots at —20°C.

b. 200X Pen/strep (Invitrogen) and stored as 1-mL aliquots at —20°C.

c. G418 (Invitrogen or any other manufacturer). Prepare 40 mg/mL in PBS and
filter sterilize. Store at —20°C. Final concentration used is 350400 pg/mL.

d. Puromycin dihydrochloride (Calbiochem). Reconstituted in water to get a
stock concentration of 3 mg/mL. Final concentration used is 3 pg/mL.

e. Hygromycin B solution (Calbiochem). The final concentration used is 150 pug/mL.

Primocin (cat. no. Amaxa Biosystems) and used against mycoplasms as rec-

ommended by supplier. When using primaocin, Pen/Strep is not additionally

required in the medium.

g. 6-TGisprepared as a1000X stock (i.e., 2 mM). Dissolve 50 mg in small vol-
ume of 1 N NaOH. Add water up to 25 mL, dissolve completely, and filter ster-
ilize. Store as 5-mL aliquots at —20°C.

h. LIF is prepared according to protocol.

i. 0.3 M Mannitol (cat. no. M4125, Sigma) is dissolved in ultrapure water with
0.3% BSA added (cat. no. A4378, Sigma); filter through 0.22-um Milliporefil-
ter and store in aiquots at —20°C.

2.2. Websites, Tables, Vendors, and Vectors

2.2.1. Online Databases

1. http://lwww.mshri.on.ca/nagy/Cre-pub.html.
2. http://jaxmice.jax.org/models/cre_intro.html.

—h
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3. http://genetics.med.harvard.edu/~dymecki/.
4. http://ww.ensembl.org/Mus_musculus/.

2.2.2. Tables

Conditional alleles in mice: tissue-specific knockouts, kkwan@mail.
mdanderson.org.

2.2.3. Vendors

1. http://www.invitrogen.con/.

2. http://www.sigmaaldrich.com.
3. http://www.rndsystems.conv.
4. www.calbiochem.com.

2.2.4. Vectors

1. http://www.aldevron.com/vectors.php?vid=>5.

2. http://lwww.stratagene.com/lit/vector.aspx.

3. http://www.genome.gov/10001852.

4. Mutant Lox P vectors, hiroshi @genetics.hpi-uni-hamburg.de.

3. Methods

3.1. Routine Culture, Generation, and Characterization
of Genetically Altered Mouse ES Cells

Here, we describe culture of HM-1 cells, which are derived from the mouse
strain 129/0la and are HPRT-deficient. They are grown feeder-free and in gel-
atinized dishes. Other feeder-independent ES cell lines are grown essentially in
the same way. For routine culture, cells should be passaged twice aweek, split-
ting them between 1:6 and 1:12, depending on conditions. They should not
be plated too thin because thin plating encourages excessive differentiation.
Overconfluent cultures should be avoided for the same reason. Medium change
should take place every other day as long as the culture is thin; later, medium
should be changed every day. Any drastic change in cell doubling times or cell
morphology is indicative of unwanted damage to the cells, e.g., chromosomal
aberrations (see Note 2). Typical doubling time is approx 20-22 h (see Fig. 5).

3.2. Thawing and Plating Cells

1. Gelatinize flask by using enough gelatin to completely cover the flask or dish.

2. Leaveat room temperature (RT) for at least 10 min. Aspirate off before plating cells.

3. If feeders are used, plate appropriate amount of cells together with ES cells or
plate them 3 to 4 h earlier. Feeder-coated dishes can be used up to 7-10 d. Check
for integrity of monolayer before using them to plate ES cells.

4. Thaw cells quickly in 37°C bath and transfer into 10-mL prewarmed medium.
Spin for 5 min at 250g.
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5. Remove medium, replace with 5 mL of fresh medium containing Pen/Strep, if
necessary, and replate all cells on 25-cm? flask.

6. Thenext day, replace with fresh medium without antibiotics. Routine culture with-
out antibiotics is strongly recommended.

7. Tosubculture, aspirate the medium and wash cellswith 1 mL of prewarmed trypsin
per 25-cm? flask (2 mL/75 cm?).

8. Remove and replace with fresh trypsin and leave in 37°C incubator until cells are
dislodged by gentle agitation. Dislodging happens almost instantly. Do not
overtrypsinize or damage to the cells may result.

9. Add 1 mL of soybean trypsin inhibitor and 4 mL of medium per 1 mL of trypsin
and pipet up and down against flask wall approx 10-20 times (you may vary the
distance between pipet tip and flask wall between 0.5 and 2.5 cm). It is not essen-
tial to obtain a single cell suspension for routine culture, but large cell clumps
must be avoided because they lead to differentiation.

10. Check suspension under microscope before transferring cells into a centrifuge
tube. There should be a uniform size distribution of cells and cell aggregates.

In the meantime, gelatinize new flask(s). Spin cellsfor 5 min at 2509 (at RT),
aspirate off supernatant, and resuspend cell pellet gently in a few milliliters of
medium. Replate at desired density and add 6-8 mL of medium to small flasks
and 25-30 mL to large flasks. A 25-cm? flask yields approx 7-10 million cells,
and a 75-cm? flask yields approx 25-30 million cells.

3.3. Preparation of Feeder Cells From STO or MEF Cells

Here, we describe routine culture and inactivation of feeder cells. When ES
cellsare grown in the presence of feeders, the culture medium containing serum
should be used (refer to freezing of ES cellsin Subheading 2. for medium com-
ponents). There are two ways to inactivate feeder cells, mitomycin C treatment
and y-irradiation.

1. Mitomycin C treatment:

a. Add 10 ug/mL mitomycin C to a confluent culture of feeder cells and placein
incubator for 2to 3 h.

b. Wash the dishes five times with PBS and collect cells by trypsinization (1 to
2 min). Spin cells 3 min at 250g (at RT), discard supernatant, and then resus-
pend 1 times in medium and respin.

¢. Resuspend cellsin ES cell medium and count them. Adjust at appropriate den-
sity, e.g., 108 cellsymL and use them. Mitomycin C-treated feeder cells can be
frozen, following the same regimen as described for ES cell freezing.

2. y-lrradiation:

a. Grow cells to near confluence. Trypsinize cells from 10 to 15 75-cm? flasks,
spin down 3 min at 250g. Discard supernatant. Resuspend cellsin 10-12 mL of
culture medium in a 50-mL plastic tube.
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b. Irradiate cell suspension at 15 Gy for 7 to 8 min.
c. Replate irradiated cells on 10-15 75-cm? gelatinized flasks overnight.
Trypsinize and freeze in aliquots or use in experiment.

For use in ES cell growth, plate feeders on gelatin-coated dishes 1 to 2 h
before plating ES cells. A density of 50,000 cells/em? is required. Feeder layers
last approx 1 wk after treatment.

3.4. Electroporation of ES Cells (First Step of Gene Targeting)

The conditions recommended will work with a Bio-Rad gene pulser and
cuvettes of 0.4-cm electrode gap. Setting: 800V, 3 microfarads (standard). The
conditions will work with any ES line and are relatively insensitive to changes
in cell number and amount of DNA. They do not yield the highest possible
number of transformed cells, but they are gentle to cells. Other settings that
yield higher efficiencies are 250 V, 500 microfarads (optional). Under these
conditions, use 25 ug of DNA and 10° cells per electroporation. Changes in
DNA amounts and cell number alter efficiency and cell viability. Optimal
results are currently achieved if the DNA is purified with Nucleobond or QIA-
GEN columns. EndoFree purified DNA is not necessary, but it may improve
transfection efficiency.

For a standard targeting experiment, trypsinize approx 20-30 million cells.

Determine cell number in a counting chamber.

Resuspend ES cellsin 0.8 mL of 1X HBS buffer.

Add cellsto 200 ug of linearized DNA in 100 uL of sterile TE in Eppendorf tube

(phenol/chloroform-extracted, ethanol -precipitated, remove 70% ethanol in clean

bench).

Mix by pipeting up and down using a 1-mL cell culture pipet.

Transfer into electroporation cuvet.

Apply one pulse (standard or optional) and allow to stand for 10 min at RT.

Add cells to appropriate amount of medium and plate approx 1 to 2 x 10° cells/

10-cm dish in 10 mL of medium.

9. Start positive selection the next day (refer to additional reagentsin Subheading 2.).

Leave one plate without selection to check cell recovery.

10. After 3-5 d, change medium again (electroporation is day 1). Colonies will grow
after 8-10d.

11. Isolate colonies as described in ES cell colony isolation protocol (Subheading
3.6.), use half for PCR and leave the remaining cells in 24-well plate with approx
1 mL of medium.

12. After afew days, multiple colonies should have grown.

13. Aspirate off medium, wash with 0.2 mL of trypsin, and aspirate off again. Add 2
to 3 drops of trypsin and incubate for 3-5 min at 37°C.

14. Add 0.5 mL of medium and break up cell clumps by using a blue-tip Gilson pipet.

15. Transfer cellsto asix-well plate and add 5 mL of medium.

APwWDE
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16. Grow to near confluence.

17. Trypsinize and plate onto two 25-cm? flasks adding two-thirds on one flask and
one-third to the other flask. When confluent, use the two-thirds flask for freezing
cells (two to three vials) and the other flask for preparation of genomic DNA.

18. Maintain selection until targeted ES cells are expanded and characterized by
Southern blotting.

19. To remove cells from HAT selection, replace HAT with HT for at least 2 d before
growing cellsin normal medium. Cells grow slightly faster in the absence of selec-
tion. For HPRT negative selection, the final concentration of 6-TG is5 ug/mL.

20. For correctly targeted ES cells, thaw an aliquot on 25-cm? flask; grow until con-
fluent, and passage on 1X 75-cm?flask. Prepare six to eight freezing aliquots for
blastocyst injections.

3.5. Double Replacement by Using HPRT-Minigenes
(Second Step of Gene Targeting)

1. Keep passage number between first and second gene-targeting step as low as pos-
sible to minimize the accumulation of 6-TG—sensitive cells before el ectroporation.

2. Electroporate approx 20 million cells as in Subheading 3.4. and plate onto six
75-cm? flasks.

3. Apply 6-TG selection at day 6. Most likely, it will be necessary to split cells before
selection. Split in such away that you end up with six near confluent flasks at day 6.
Then, trypsinize cells.

4. From each flask, plate 6 x 1-1.5 million cells onto 10-cm dishes in medium con-

taining 6-TG.

Discard remaining cells.

Change medium after 2 and 4 d, respectively.

7. Colonies grow approx on day 10 (there will only be one to five colonies per dish).
Process resistant colonies as described in Subheading 3.4.
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3.6. Isolation of ES Cell DNA for PCR-Based Genotyping

With good vector design and the use of isogenic DNA for vector construc-
tion, high gene-targeting frequencies can be expected. For a range of different
genes, we noted frequencies of 1:5 to1:35 PCR-positive colonies. Therefore, it
should be sufficient to analyze between 100 and 200 colonies per experiment.
The procedure detailed here is based on using approximately half of a colony
for DNA isolation and the other half for further growth. In this way, positive
colonies can be scored the next day. For analysis, small, slower growing ES cell
colonies with a good morphology should be used.

1. Label colony position with amarker pen and isolate them with ayellow Gilson tip
under the clean bench.

2. Coat 24-well plate with gelatin and remove by aspiration after 1020 min.

3. Pick colonies aong with approx 150 uL of medium by using a P 200 Gilson pipet.
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4. Transfer colony to microtiter plate, disperse by pipetting up and down three to

four times.

Leave half of cellsin well and transfer other half into an Eppendorf tube.

Add 1 mL of selective medium and grow cells until 80% confluent.

Spin down cellsin Eppendorf tube for 2 min at full speed.

Aspirate off supernatant and add 50 pL of 1X PCR buffer. Choose the buffer cor-

responding to Tag polymerase you are going to use. It must contain approx 0.5%

of Nonidet P-40 or Triton X-100 for cell lysis, including 200 ng/mL proteinase K.
9. Vortex briefly and incubate 1 h at 65°C, preferably at slow motion (rotating whesel).

10. Heat 10 min at 95°C to inactivate proteinase K.

11. Spin briefly and use 2-5 pL of cell lysate for 25-uL PCR reaction. You must carry

out PCR immediately after having the extract ready.

3.7. Freezing of ES Cells

Freeze cells from near confluent flasks. One aliquot should contain 2—4 mil-
lions cells. Cells(i.e., 2-3 million per small and 5-8 million from alarge flask).
It is beneficial to freeze cells as concentrated as possible, e.g., in 0.5-1 mL per
vial. Freeze at approx 1°C/min, e.g., by using a Nalgene® freezing container.
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To freeze, trypsinize cells as usual.

Resuspend cells gently in X mL of serum containing medium (see Subheading 2.).
Add X mL of 2X freezing medium (dropwise).

Mix gently and transfer instantly to Nalgene freezing container and place into
—80°C overnight (or at least 4 h).

5. Thereafter, transfer cellsto liquid nitrogen container.
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3.8. Karyotyping of ES Cells

Before using a clone for a second electroporation or for blastocyst injec-
tions, the number of chromosomes should be determined by kryotype analy-
sis. A high degree of euploidy (greater than 70%) is necessary but does not
guarantee germline competence. Therefore, it is preferable to characterize a
sufficient number of euploid clones to increase the probability of germline
transmission.

1. Starting with confluent 25-cm?flasks, the cells are arrested in metaphase by incu-
bating them for 1 h at 37°C, 5% CO, with 1 mL of fresh medium containing 10 pL
of demecolcine solution (10 pg/mL in Hanks' balanced salt solution [cat no. D-
1925, Sigmal; toxic-handle and dispose according to safety guidelines).

Remove medium and wash twice with PBS.

Add 1 mL of trypsin solution and incubate for 4 min at 37°C.

Stop trypsinization by adding 5 mL of medium, spin down cells.

Remove medium and add 1 mL of 0.56% KCI dropwise to the cell pellet.
Resuspend cells by flicking and then add another milliliter of 0.56% K Cl and mix
by flicking.

Incubate at RT for 8-10 min.
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8. Spin down gently (90g; 5 min) and remove supernatant.
9. Add dropwise 2 to 3 mL of chilled fixation solution (3:1 methanol/acetic acid,
freshly prepared) onto the pellet, resuspend by flicking, and incubate 5 min at RT.

10. Spin down gently for 5 min at 90g; and remove supernatant.

11. Repeat fixation procedure once or twice.

12. Finally, resuspend pellet in 0.5-1 mL of fixation solution, drop the solution onto
clean dlides from a distance of 15-30 cm, and air-dry dlides.

13. Check under the microscope if the broken nuclei are sufficiently separated from
each other to ensure that every chromosome can be assigned to its metaphase spread.

14. Incubate dlides for 1 min in Giemsa staining solution (0.4% modified Giemsa
stain, Sigma).

15. Wash twice with distilled water, air-dry, and mount the slides.

16. Count the number of chromosomes in metaphase spreads of the nuclei. Because
direct counting under the microscope is tedious and error prone, it is recom-
mended that pictures be taken on which the counted chromosomes can be
marked.

3.9. Preparation of HM-1 Cells for Blastocyst Injections

A subconfluent 25-cm? flask of cells is sufficient. Ideally, thaw cells 4 d
before injection. Approximately 24 h before microinjection, they should be near
confluent.

1. Trypsinize and replate 70-100% of cells.

2. Change medium early in the morning of the injection. Start trypsinization only
when everything at the microinjection facility is ready to go. Keep in mind that
cells become fragile after 1.5-2 h.

3. Trypsinization: aspirate medium, add 2 mL of trypsin, mix gently, and remove.

Add 3 mL of trypsin and incubate 5-10 min at 37°C to receive single-cell suspen-

sion (check under microscope and continue incubation if necessary).

Add 5 mL of medium and pipet up and down gently.

Spin 5 min at 250g, aspirate medium, and resuspend cells in 5 mL of injection

medium (GMEM, 10% FCS, 20 mM HEPES, 1X Pen/Strep).

6. Before adding cells to microinjection droplet, add 1 pl of ultrapure DNase |
(2040 U/uL). Keep cells on ice during injection.

a &

3.10. Production of Chimeric Mice

The setup for the injection of blastocysts or the production of aggregation
chimeras has been extensively described previously (127).

3.10.1. Preparation of Hormones for Superovulating Female Mice

Prepare stock solution in sterile 0.9% NaCl. Keep solution frozen in conven-
ient aliquots at —20°C until use (hormone stocks are stable in the freezer for
more than 1 yr). Thaw before use and do not refreeze. If aliquots are not used
in full, discard them after injection.
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1. Gonadotropin: gonadotropin from pregnant mare’'s serum (PMS) (1000 or 5000
Ulvidl; cat. no. 367222, Cabiochem). Store powder at 4°C. For administration,
the PMS is resuspended at 50 U/mL in sterile 0.9% NaCl and divided into
aliquots.

2. Human chorionic gonadotropin (hCG): chorionic gonadotropin, human urine,
standard grade (1 mg; cat. no. 230734, Calbiochem). hCG is resuspended at final
concentration of 50 U/mL in sterile 0.9% NaCl and divided into aliquots.

3.10.2. Media

KSOM medium complemented with amino acidsis recommended to overcome
the inability of two-cell embryos to divide further in culture (two-cell block).

3.11. Superovulating of Females for Preparation of Donor Blastocysts

The consecutive action of two hormones is used to superovulate females.
Gonadotropin from PMS (used to mimic follicle-stimulating hormone) is the
first hormone; hCG (used to mimic luteinizing hormone) is the second hormone.
Strain response to such induction is widely variable. The doses used depend
upon the particular strain and age (or weight) of female and are worked out
empirically. For isolation of blastocysts, we use 4- to 5-wk-old C57BL/6J
females; for collecting oocytes, we use 8- to 10-wk-old FVB females. Thetimes
that the PM S and the hCG are administered are relative to each other and to the
light/dark cycle of the mouse room. For alight/dark cycle of 12 h (6 AM—6 Pv),
the optimal isolation protocol is as follows:

1. Injection of the first hormone, PMS, at 12 pm, on day 1:5 U for 4- to 5-wk old
C57BL/6Jand 7.5 U for 8- to 10-wk-old FVB.

2. Injection of the second hormone, hCG, 48 h later at 12 pm, on day 3:5 U for 4- to
5-wk-old C57BL/6J and 7.5 U for 8- to 10-wk-old FVB strain mice.

3. Females are mated with normal males after the second injection, one female per
male. A period of 1 or 2 his normally given for the females to recover from the
stress of injection before mating. Plugs are checked the next morning.

3.11.1. Production of Chimeras by Aggregation
of Diploid With Tetraploid Embryos

The generation of aggregation chimeras has been proven as a powerful tool
for the analysis of genes essential for embryonic development. This technique
can be used to produce a mosaic of two different mice or to restrict the contri-
bution of one mouse to the extraembryonic or embryonic compartments (132).
Because of the limited developmental potential of tetraploid embryos, their
cells contribute preferentially to the extraembryonic tissues of the embryo,
whereas ES cells are unable to form those compartments. By aggregation of ES
cells and tetraploid embryos, it is possible to generate embryos that consist of
a diploid embryo and a tetraploid extraembryonic tissue. This system has the
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power to overcome an embryonic lethal phenotype that is caused by an
extraembryonic defect, if tetraploid wild-type embryos are aggregated with
diploid knockout ES cells (55). The principle of this experiment is outlined in
Hesse et ., 2005 (32). If a homozygous ES cell line of the knockout of inter-
est is not available, knockout embryos of the eight-cell stage can be used for
aggregation. The efficiency is significantly lower, compared with aggregation
with ES cells, because the embryos can still contribute to the extra embryonic
compartments.

3.11.2. Recovery of Two- and Eight-Cell Embryos

Two-cell embryos are flushed out on day 1.5 p.c., whereas eight-cell
embryos are flushed out 1 d later at day 2.5 p.c. To perform these experiments,
the following additional materials are needed: dissecting microscope, flushing
needle (the sharp tip of no. 30-guage 1/2 needle is cut off and then rounded
using sharpening stone), 1-mL syringe, dissecting instruments (fine-pointed
scissors, fine forceps); 5 forceps (Dumont), mouth pipet (aspirator mouth piece,
latex tubing, blue tip, micropipette), sterile tissue culture dishes (35 x 10 mm),
and M2 and KSOM-AA media.

1. Superovulate an appropriate number of CD-1 females (see Subheading 3.10.1.),
mate with CD-1 males, and check for copulation plugs.

2. Onday 1.5 or 2.5 post coitus, sacrifice the plugged females by cervical disloca
tion to obtain two- or 8-cell embryos, respectively.

3. Dissect the oviducts by cutting the upper part of the uterus and underneath the
ovary.

4. Place oviducts in a 35-mm tissue culture dish filled with M2 medium at RT.

Transfer an oviduct into a tissue culture dish with M2 medium under a dissecting

microscope.

Connect the flushing needle to a 1-mL syringe and fill it with M2 medium.

Grab the infundibulum with afine forceps and insert flushing needle.

After successful insertion, hold the needle with the forceps.

Flush out oviduct with 100-150 uL of M2 medium by applying constant pressure.

Repeat all steps for each oviduct dissected.

Spin the tissue culture dish containing the embryos manually with fast circular

movements. This motion brings the embryos to the middle of the dish.

12. Collect al embryos with the mouth pipet and rinse them trough 3 drops of

M2 medium and 3 drops of equilibrated KSOM-AA medium.
13. Store the embryos in KSOM-AA drop under mineral oil in an incubator (37°C;
5% CO,).

o

[
O ©0o~No

3.11.3. Generation of Tetraploid Embryos

Fusion of the blastomeres of two-cell embryos occurs when a square pulse
is applied perpendicular to the plane of contact of the two cells. Adjustable
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alternating current (Ac) field is applied to alow the correct orientation of
embryos (enable, 1 or 2 V on the display). Ac fields that are too high can
cause lysis. The following supplemental materials are needed for these
experiments: cell fusion instrument, two dissecting microscopes, M2 and
KSOM-AA media, 0.3 M mannitol and tissue culture dish with KSOM-AA
microdrops covered with oil (cat. no. M8410, Sigma), and mouth- or finger-
controlled pipet.

1. Place dide with electrodes onto a 100-mm Petri dish by “fixing” it with two drops
of water.
2. Disperseadrop of M2 medium and mannitol over the slide with the el ectrodes and
1 drop of M2 medium under it.
3. Place alarge drop of mannitol between the electrodes.
4. Connect the electrodes with the pul se generator and make sure that all settings are
correct according to the manufacturer.
5. Place al recovered two-cell embryos into the M2 microdrop.
6. Wash a group of approx 30 embryos in the mannitol drop and transfer them
between the electrodes into the mannitol.
7. Switch on the ac current and watch the embryos orientating through a microscope,
until the contact area of the two blastomeresis parallel to the electrodes. Wait until
al embryos are in the proper orientation and use a mouth pipet to abut nonorien-
tated embryos.
Apply the pulse to the embryos and immediately switch of the AC field.
9. Wash the embryos twice in KMSO media and transfer them into a KM SO drop
overlaid by light mineral oil and put them into the incubator at 37°C, 5% CO,,.
10. Exchange mannitol solution to prevent water evaporation and mannitol crystalliza-
tion 45 min after applying the pulse.
11. Check for perfectly fused embryos and put them into a drop of KSOM-AA with
oil overlay.
12. Repeat the pulse with unfused two-cell embryos. Culture tetraploid embryos
overnight at 37°C, 5% CO,,.
13. After culturing for 24 h, use four-cell tetraploid embryos for the aggregation
experiment, and discard al other embryos.

©

3.11.4. Preparation of Aggregation Plate

The following supplemental materials are needed for these experiments:
dissecting microscope, sterile tissue culture dishes (35 x 10-mm Easy Grip;
cat. no. 3001-3, Falcon); 1-mL syringe with 26-gage 1/2 needle of KSOM-AA
medium, light mineral oil (embryo tested), and aggregation (darning) needle
(DN-09).

1. Dispense small drops of KSOM-AA medium (~15 pL each) on a 100 x 20-mm

tissue culture dish. Flood dish with light minera oil, until all drops are covered
completely.
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2. Wash aggregation needle briefly in ethanol.

3. Make about six aggregation wells into each of the drops by pressing and turning
the needle into the ground of the tissue culture dish.

4. Place aggregation plate in an incubator at 37°C, 5%CO, for at least 2 h.

3.11.5. Removal of Zona Pellucida With Tyrode’s Solution

The following supplemental materials are needed for these experiments:
dissecting microscope, acid Tyrode’s solution (cat. no. T1788, Sigma), tissue
culture dishes (100 x 15 mm), M2 and KSOM-AA medium, and mouth

pi pet.

1. Add embryosto the first M2 drop. Rinse 20 embryos in the first drop of Tyrode's
solution and transfer them into the second drop.

2. Observe dissolving of the zona pellucida with the microscope and instantly trans-
fer the embryos to the M2 drop containing 0.3% BSA to prevent embryos from
sticking to the plate or to each other.

3. Wash embryos by transferring them through 3 drops of M2 and 3 drops of

KSOM-AA.
4. Transfer embryosinto a KSOM-AA drop without depressions on the aggregation
plate.

5. Trypsinize ES cells for aggregation if ES cell/tetraploid embryo aggregation is
planned.

3.11.6. ES Cells or Diploid Embryo/Tetraploid Embryo
“Sandwich” Aggregation (Table 3)

The following supplemental materials are needed for these experiments: dis-
secting microscope, prepared aggregation plate with depressions and embryos
with removed zona, trypsinized ES cells or eight-cell embryos, and mouth-
controlled pipet.

1. Transfer tetraploid embryos in 1 microdrop of the aggregation plate without
depressions.

2. Also transfer diploid eight-cell knockout embryos or trypsinized ES cells into
another microdrop.

3. Place atetraploid embryo in each of the aggregation wells.

4. Place an eight-cell embryo or a clump of approx 10 ES cells on the tetraploid
embryo in each depression.

5. Place a second tetraploid embryo on top of the eight-cell embryo or ES cell
clumps, respectively, thus forming a sandwich.

6. Repeat steps 2 to 4 for al aggregations and culture the plate overnight in an incu-
bator at 37°C and 5% CO,,

7. On the afternoon of the next day check aggregates for blastocyst formation.
Transfer blastocysts into the uteri of day 2.5 p.c. pseudopregnant foster
females.
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Table 3

Time Schedule For Aggregation of Tetraploid—-Diploid Embryos

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Superovulation Superovulation Check for Flushing Flushing of Transfer
of CD-1 and 5U of hCG copulation of two-cell eight-cell into uterus
knockout plugs embryos embryos of day 2.5
pseudopregnant
recipients
Electrofusion Setting up
aggregation
5U of PMSG Setting up Mating of Setting up
matings of recipients aggregation
CD-1 and plate
knockout Incubation o/n,
11 5% CO, at 37°C

Incubation o/n,
5% CO, at 37°C
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4. Notes

1

2.

3.

It is important to keep ES cell passage number as low as possible to maximize
germline competence and to minimize genetic and epigenetic alterations. It isrec-
ommended to prepare a sufficiently large stock of frozen vials and to expand avial
every time for a new experiment. In general, ES cells should be split at rates
between 1:6 and 1:12. High- and low-density plating carries the risk of differenti-
ating the cells. Their growth rate (typical doubling time is 20-22 h) should be
carefully monitored; significant changesin growth rate and morphological appear-
ance signal chromosomal alterations and preclude further use of such cells for
gene-targeting experiments.

Toretain their excellent germline transmission potential, it is essential to keep pas-
sage number of HM-1 cells as low as possible. Good germline transmission rates
depend on (1) media, plasticware, and so on; (2) limiting passage number; and (3)
experimental skills. We use cell culture plastic from BD Biosciences, cell culture
grade water, and reagents.

More details about human and mouse keratin clusters can be found in ref. 3.
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The HUVEC/Matrigel Assay

An In Vivo Assay of Human Angiogenesis Suitable
for Drug Validation

Dag K. Skovseth, Axel M. Kiichler, and Guttorm Haraldsen

Summary

The future ability to manipulate the growth of new blood vessels (angiogenesis) holds great
promise for treating ischemic disease and cancer. Several models of human in vivo angiogenesis
have been described, but they seem to depend on transgenic support and have not been validated
in a therapeutic context. Here, we describe an in vivo assay that mimics human angiogenesisin
which native human umbilical vein-derived endothelial cells are suspended in a liquid
laminin/collagen gel (Matrigel), injected into immunodeficient mice, and develop into mature,
functional vessels that vascularize the Matrigel plug in the course of 30 d. Moreover, we demon-
strate how to target this processtherapeutically by sustained delivery of the angiogenesisinhibitor
endostatin from subcutaneously implanted microosmotic pumps.

Key Words: Adoptive transfer; angiogenesis, endostatin; human umbilical vein-derived
endothelial cells; HUVECs; Matrigel; RAG2 mice.

1. Introduction

Angiogenesis is the growth of new capillaries from preexisting blood vessels
(1,2). This multistep process begins with the activation of quiescent endothelial
cells (ECs) leading to vessal dilation and permeabilization accompanied by
degradation of the basement membrane. ECs then migrate toward the angiogenic
stimulus and proliferate to form new patent tubules surrounded by a new base-
ment membrane. The ECs of the sprouting, new vessels adapt to the local demand
of thetissue by differentiation into capillaries, veins, or arteries, and they are sub-
sequently stabilized by recruitment of perivascular cells (reviewed in ref. 3).
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In the healthy adult, the vasculature remains quiescent, except in response to
exercise-induced muscle hypertrophy and during the transient neovasculariza-
tion of the uterus. However, angiogenesis is a prominent feature of wound
repair and has the potential to become an important therapeutic modality in
ischemic disease (4). Angiogenesis is also an attractive target of neoplastic
tumor growth, in particular because ECs are genetically stable and therefore less
likely to accumulate mutations that alow them to develop drug resistance (5).
Indeed, the antiangiogenic approach to treat cancer has made substantial progress
reflected in the recent approval of Avastin (a humanized antibody to vascular
endothelial growth factor-A) for support therapy of colorectal cancer (6).
However, it should be noted that Avastin's effect is restricted to prolonging pro-
gression-free survival times with an average of few months (7). Thus, although
this achievement is a milestone toward antiangiogenic treatment of human can-
cer, it is still far from copying the full potential that Avastin® displayed in ani-
mal experiments. In our view, this discrepancy reflects the lack of both
standardized tools and models that reliably mirror the complexity of tumor
angiogenesis mechanisms in humans.

Characterization of candidates for treatment of angiogenesis-dependent dis-
eases has traditionally been performed using a variety of in vitro and in vivo
models (reviewed inref. 8). Here, we briefly describe the most commonly used
in vivo models based on host vessel growth. One classical in vivo approach has
been the chick chorioallantoic membrane (CAM) assay (9) where angiogenesis
can be monitored in response to implanted slow-release polymer pellets or
organ grafts onto the developing CAM. Another assay exploits the avascular
corneain which slow release pellets induce vascul arization from the limbus and
offer another elegant way to study and manipulate angiogenesisin vivo (10). A
third, frequently used in vivo assay is based on the injection of Matrigel into the
abdominal wall of mice where it polymerizes at body temperature. Matrigdl isa
commercialy available, solubilized basement membrane preparation extracted
from the Engel breth—Hol m—Swarm mouse sarcoma-derived cell line. It contains
laminin, collagen IV, heparan sulfate proteoglycans, entactin, and nidogen, and
it gels rapidly at 22-35°C, forming a solid mass upon subcutaneous injection

Fig. 1. (Opposite page) Development of functional human vesselsin Matrigel and
inhibition of angiogenesis after endostatin treatment. (A) H&E staining of Matrigel
plug (MP) positioned between the skin (S) and abdominal muscle layer (M). (B—F, H,
and I) Immunofluorescence staining for o.-smooth muscle actin (red) and Ulex lectin
staining (green) of Matrigel sections from control and endostatin-treated animals on
days as indicated. (G) Immunofluorescence staining for hCD31 with luconyl blue
inside the vessels indicating functional vessels (phase contrast and immunofluorescent
image of identical fields). Bars= 500 um (A), 50 um (B-). Images (A, E, G, and G).
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and retaining its shape during the experimental period. Mouse ECs invade and
vascularize the Matrigel plug in response to the level of angiogenic agents dis-
solved in the gel (11).

Although these model systems have certainly proven useful for the study of
the angiogenic processes, they rely on the extrapolation of results obtained in
nonhuman systems to the understanding of human disease. Recently, two
experimental models of surgical implantation of human ECs have been pub-
lished. In the first bioassay, developed by Nor and co-workers, microvascular
ECs derived from the skin are suspended in a 1:1 mixture of Matrigel and EC
growth medium and absorbed into poly(L-lactic acid) sponges before subcuta-
neous implantation to immunodeficient SCID mice (12,13). The ECs organize
into functional vessels that carry mouse blood and are covered by o-smooth
muscle actin-positive cellsin the course of 21 d. The fraction of human ECsin
the vessels dropped from 90-100% at day 14 to 50-65% at day 28, perhaps (as
suggested by the authors) caused by mouse ECs replacing apoptotic human
ECs. Furthermore, analysis of the inflammation markers intercellular adhesion
molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and E-selectin
revealed their upregulation in the human endothelium peaking at day 7, possibly
indicating proinflammatory activation of the microenvironment because of trau-
matization of the tissue. The second assay for transplantation of human ECswas
reported by Schechner and colleagues (14,15). In this assay, Bcl-2—transduced
human umbilical vein-derived ECs, HUVECs are suspended in a collagen/
fibronectin gel and incubated for 20 hin vitro to obtain tubular structures before
subcutaneous implantation into immunodeficient SCID/beige mice. Analysis of
day 60 gels revealed functional vesselsthat had the characteristics of capillaries,
venules, and arterioles, carried mouse blood, and were invested by o-smooth
muscle actin-positive cells. The authors observed that the use of Bcl-2—transduced
ECs enhanced the initial formation of vascular structures fourfold and that the
ECs were dependent on Bcl-2 transduction to recruit vascular smooth muscle
cells. Furthermore, transplantation of polymerized collagen/fibronectin gels
where the 20-h initial tubular formation had not taken place in vitro resulted in
avascular gelsin the mice (14,15).

Here, we describe in detail anovel bioassay of human angiogenesisin which
HUVECs suspended in Matrigel are transferred to immunodeficient RAG2
knockout mice by means of a single subcutaneous injection (Fig. 1A) and
develop into mature vessels in the course of 30 days (16). Differentiated ECs
form a functional vascular network by adapting sprouting, migrating, and
proliferating phenotypes to vascularize the Matrigel plug. This process very
closely resembles angiogenesis as it is described in the literature (3,17,18).
Furthermore, we demonstrate the controlled, sustained delivery of endostatin, a
powerful inhibitor of the angiogenic process (19).
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To follow the fate of injected HUVECs and to relate them to the contribu-
tion of preexisting murine vessels, we double stained tissue sections with
antibodies recognizing either human or mouse CD31, which in both species
isapan-endothelial cell marker. In another protocol, we detected human ECs
and invading smooth muscle cells by means of Ulex lectin staining and an
antibody to a-smooth muscle actin, respectively. Thus, specimens excised
1 or 3 d after Matrigel injection revealed single HUVECs uniformly distributed
in the gel (Fig. 1B). After 10 d, we observed single ECs with elongated
cytoplasmic protrusions resembling pseudopods and also ECs that were
lining up and in contact with other ECs (Fig. 1C), particularly at the border
of the Matrigel plug and close to preexisting mouse vessels. After 20 d, we
observed HUVECs forming tubular structures in all areas of the gels and
50% of the vessels were covered by o-smooth muscle actin-positive cells
(Fig. 1D). Some of the vessel structures observed after 20 d also contained
erythrocytes, indicative of functional vessels. On day 40, nearly all human
vessels were fully mature, containing erythrocytes and being surrounded
by a-smooth muscle actin-expressing cells (94.5%) (Fig. 1E,F). Mature
vessels can still be detected in the mice 100 d postinjection, and the human
vessels are composed almost exclusively by human ECs and a-smooth
muscle actin-expressing cells. To further investigate the maturity and func-
tionality of the vessels, we injected intracardially a water-insoluble dye that
does not leave the vascular circulation (luconyl blue) before termination of
the experiment. Because the dye could be observed in the human vessels
together with the erythrocytes, it nicely demonstrated that the vessels were
circulated at the point of sacrifice (Fig. 1G). Furthermore, no signs of infec-
tion or inflammation could be observed after injection and during the experi-
mental period, as assessed by general histology and the finding that the
proinflammatory markers ICAM-1, VCAM-1, and E-selectin were negative
at all time-points.

Several tumor-derived, circulating angiogenesis inhibitors generated
in vivo by proteolytic degradation have been recently identified (reviewed
inrefs. 20 and 21). In particular, a 20-kDa C-terminal proteolytic fragment
of collagen XVIII, termed endostatin, inhibits tumor growth in several
animal models (5,22—-26). Thus, it is not only considered a promising anti-
cancer drug but also has so far failed to reproduce its properties in human
clinical trials (27-29). Although the mechanisms of action are incompletely
understood, endostatin is thought to interact with several endothelial cell
surface receptors that are critically involved in angiogenesis (reviewed in
ref. 30).

In addition to the model itself, we also show how to target adoptively trans-
ferred human endothelial cells by using sustained delivery of the angiogenesis
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inhibitor endostatin as an example. To this end, we subcutaneously implanted
microosmotic pumps that released rhendostatin at a constant rate of 2 pg/h
throughout the experimental period (see Note 1). To alow activation of the
osmotic pumps, Matrigel injections were performed 2 d after pump implan-
tation. In the presence of endostatin, single HUVECs almost completely
failed to migrate or accumulate into vessels. The fraction of cells with a
migratory phenotype (cells expressing F-actin and extending pseudopods)
was at day 10 strongly reduced from 50% in untreated animalsto 13% in the
presence of endostatin. Furthermore, the number of human vessels was
reduced by 95% at day 20 (Fig. 1H) and by 99.5% at days 30 and 40 (Fig. 1l)
after treatment with endostatin based on a vessel:single cell ratio. We also
assessed the maturation of the vessels and found that the ratio of mature
vessels (vessels that were covered by o-smooth muscle actin-expressing
cells) was reduced from 64.3% in untreated to 28.6% in endostatin-treated
animals at day 30. To investigate the possible mechanisms that may have
reduced the ratio of vessels covered with o.-smooth muscle actin-expressing
cells because of endostatin treatment, we analyzed endothelial cell-expressed
platel et-derived growth factor (PDGF)B (currently considered the most impor-
tant recruiter of pericytes during angiogenesis; [31]) by means of in situ
hybridization with a probe to human (h)PDGFB in costaining with Ulex lectin.
Whereas PDGFB transcripts were found in most vascular constructs in both
groups, the remaining single cells that dominate the gels of endostatin-treated
mice were negative. To more accurately quantify the mRNA levels of hPDGFB
at days 10 and 20, we also performed quantitative PCR based on mRNA
from immunopurified human endothelial cells of enzyme-digested Matrigel
plugs and human transcript-specific primers. In line with our in situ observa-
tions, we found that endostatin reduced the copy numbers of hPDGFB by
more than 90 and 70% at days 10 and 20, respectively, compared with
untreated littermates.

Thein vivo HUVEC/Matrigel assay is a convenient and a powerful tool for
the study of vascular morphogenesis, physiological and pathological angio-
genic responses, and functional studies on mature vessels such as inflamma-
tory responses. It offers several possibilities in terms of experimental design,
i.e., a growth factor or inhibitor could be administered to the endothelium
at different stages of vascular development. For example, serial injections of
3 x 300 U of recombinant human tumor necrosis factor-o, over 24 h at the edge
of day 60 Matrigel plugs revealed extravasation of mouse leukocytes through
the human vessels (Skovseth and Haraldsen, unpublished data). Furthermore,
incorporation of growth-arrested, transfected cell lines or tumor cell linesinto
the Matrigel plug is another possibility for manipulating endothelial cell
phenotype regulation.
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2. Materials

2.1.

Cell Preparation

1. Collagenase (cat no. C8176, Sigma).
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2.3.
2.3.

HUVECs isolated from umbilical cords obtained from Rikshospitalet University
Hospital (Oslo, Norway).

MCDB-131 (Invitrogen).

Fetal calf serum (cat. no. F7524, Sigma).

Recombinant human basic fibroblast growth factor (rhbFGF; Sigma).
Recombinant human epidermal growth factor (rhEGF; Sigma).
Hydrocortisone (Sigma).

L-Glutamine (Sigma).

Amphotericine B (Invitrogen).

Gentamicin (Invitrogen).

Trypsin/EDTA (Cambrex Bio Science Copenhagen ApS).

. Mice and Animal Experiments

RAG2 knockout mice (cat. no. 000601-M, Taconic Farms).

Matrigel (BD Matrigel basement membrane matrix, BD Biosciences).

Forceps.

Scissors.

Suture, nonabsorbable.

Hypnorm (fentanyl + fluanisone)/Dormicum (midazolam) solution for anesthesia.
Surgical forceps.

1- to 5-mL Syringe depending on volume used.

23-Gauge injection needle.

Alzet microosmotic pumps (models 1002 [0.25 pL/h, 14 d] or 2004 [0.25 pL/h,
28 d], Alzet).

. Recombinant human endostatin derived from Pichia pastoris (gift from Entremed,

available from Sigma).
Lucony! blue 9600 (BASF Corporation).

Staining of Endothelial Cells
1. Reagents and Equipment for Tissue Processing, Histology,

and Immunohistochemistry

CoNoU~WDNE

OCT (Tissue-Tek).

Cryomold for OCT embedding (Tissue-Tek).
Methanol.

Ethanol.

Xylene.

Cryostat.

Microtome.

Liquid nitrogen.

Acetone.
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10. Nikon E-800 fluorescence microscope (Nikon).

11. F-view digital camera controlled by the AnalySIS 3.2 Software (Soft Imaging
Systems GmbH).

12. Reagents for H&E staining (hematoxylin, hexamine, azophloxine, saffron, and
ethanol).

13. Phosphate-buffered saline (PBS).

14. Bovine serum albumin to dilute antibodies (1.25% for primary reagents and 12.5%
for secondary reagents).

15. SuperFrost or chromalun-coated glass slides.

16. 10% Formalin.

2.3.2. Primary Antibodies (Clone, Working Dilution,
Specification, Source)

hCD31 (hec?, 0.4 ng/mL, mouse 1gG2a, W. A. Muller, New York).

hICAM-1 (RRI/1.1.1, 10 pg/mL, mouse IgG1, R. Rothlein, Ridgefield, CT).
hVCAM-1 (hec?, 0.4 ng/mL, mouse 1gG2a, W. A. Muller, New York).
hE-selectin (hec7, 0.4 ug/mL, mouse 1gG2a, W. A. Muller, New York).

mCD31 (Mec 13.3, /100, rat 1gG2a, A. Vecchi, Milan).

o-Smooth muscle actin, o-SMA (M0851, 10 ug/ml, mouse 1gG2a, DakoCytomation
www.dako.com).
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.3. Secondary Reagents

3

1. Alexa594-conjugated goat anti-rat 1gG (10 ug/mL, Invitrogen).

2. Alexa 546-conjugated goat anti-mouse 1gG (1 ug/mL, Invitrogen).

3. Fluorescein isothiocyanate (FITC)-conjugated Ulex europaeus lectin (1/400,
Vector Laboratories).

. Rhodamine-conjugated phalloidin (1/200, Sigma).

4
2.4. Re-isolation of Endothelial Cells, mRNA Purification, and Analysis

1. Collagenase (cat. no. C8167, Sigma).

2. Dispase Il (Roche Diagnostics).

3. DNasel (Roche Diagnostics).

4. Complete MCDB-131 (containing 7.5% fetal calf serum, 10 ng/mL rhEGF,
1 ng/mL rhbFGF, 1 ug/mL hydrocortisone, 50 pg/mL gentamicin, and 0.25 pg/mL
amphotericin B).

5. 40-um Filter (Falcon).

6. Rock'nroller.

7. Antibody to hCD31 (hec?).

8. Dynabeads M-450 coated with sheep anti-mouse 1gG (Dynal Biotech).

9. Dynal MPC-6 magnet (Dynal Biotech, Oslo).

0. RNeasy mini kit (QIAGEN GmbH).

1. Dithiothreitol (DDT), oligo(dT), and Superscript Ill reverse transcriptase

(Invitrogen).
12. Taq polymerase and buffer, dNTPs.
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13. PDGF-B LightCycler kit (Search-LC).

14. Human PDGFB-specific PCR primers 5'-CAT AGA CCG CAC CAA CGC CAA
CTT C-3 as forward primer and 5-ATC TTT CTC ACC TGG ACA GGT CGC
AG-3’ as reverse primer.

15. Human hydroxymethylbilane synthase-specific PCR primers 5-GTA ACG GCA
ATG CGG CTG-3 as forward primer and 5'-GGT ACG AGG CTT TCA ATG-3
as reverse primer.

16. QuantiTect SYBR Green PCR kit (QIAGEN GmbH).

17. LightCycler (Roche Diagnostics).

2.5. In Situ Hybridization
2.5.1. Probe Generation and Labeling

1. A chloramphenicol-resistant pBC Vector containing a 1-kb insert of hPDGFB

was kindly provided by C. Betsholtz (Department of Medical Biochemistry and

Biophysics, Karolinska Institute, Stockholm, Sweden).

EcoRI and Notl restriction enzymes (New England Biolabs).

3. Phenol/chloroform extraction: phenol saturated TES8, phenol isoamyl acohal,
sodium acetate, 96% ethanol, and 70% ethanol.

4. DIG RNA labeling kit (Roche Diagnostics).

T7 and T3 RNA polymerases (Roche Diagnotics).

Ribohybe (Ventana Medical Systems).
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2.5.2. In Situ Hybridization

1. Ventana Discovery automated histology robot (Ventana Medical Systems).

2. Ventana solutions as supplied by Ventana Medical Systems: mild akaline protease
3, Ribo CC, standard saline citrate (SSC), and BlueMap kit for devel oping the nitrob-
lue tetrazolium salt/5-bromo-4-chloro-3-indolyl phosphate alkaline phosphatase
substrate.

3. Biotinylated anti-digoxin antibody (Jackson ImmunoResearch Laboratories).

4. DIG-labeled RNA probe.

2.5.3. Double Staining of In Situ Hybridized Sections With Ulex Lectin

1. 70, 96, and 100% ethanol baths.
2. Xylene bath.
3. FITC-labeled Ulex lectin and polyvinyl alcohal (PVA).

3. Methods
3.1. Cell Preparation

1. Isolate HUVECs from the umbilical vein with 0.2% collagenase as described by
Jaffe et a. (32).

2. Culture HUVECs in complete MCDB-131 (containing 7.5% feta caf serum,
10 ng/mL rhEGF, 1 ng/mL rhbFGF, 1 ng/mL hydrocortisone, 50 ug/mL gentamicin,
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Fig. 2. Anima handling. (A—C) Injection of Matrigel. (D—F) Implantation of an
endostatin-filled microosmotic pump. (G) Harvesting of a Matrigel plug for RNA
analysis. (H) Vascularized Matrigel plug. Note the Matrigel plug after injection in C
and the polymerized Matrigel under the skin in G (both marked with a circle).
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3.2
3.2.
1

5.

and 0.25 ug/mL amphotericin B) at 37°C in ahumid 95% air, 5% CO, atmosphere
and split the cells at ratios 1:3.

Animal Experiments
1. Transfer of Human Endothelial Cells Into RAG2 Knockout Mice

Trypsinize subconfluent HUVECs, wash, and count. Pellet the cells (3 x 10° cells
per plug) by means of another centrifugation and discard all extra medium from
the tube (see Note 2).

Thaw Matrigel on ice and adjust it to a fina protein concentration of 8 mg/mL
with sterile PBS. Add 200 L of Matrigel per plug to the cell pellet and mix gently
to avoid foaming.

Anesthetize RAG2 knockout mice of 4-12 wk of age by injection of 150 uL of a
saturated mixture of hypnorm + dormicum in the abdominal cavity.

Inject the Matrigel/HUVEC mix (200 uL per plug) subcutaneoudy on the abdominal
midline of the anesthetized animal with a23-gauge needle (Fig. 2A,B; see Note 3).
L eave the mouse on its back to allow gelation of the Matrigel asit will rapidly gel
at room temperature (Fig. 2C). It isalso possible to inject up to four gelsinto one
mouse: one on either side of the abdominal midline and one laterally to the former
in either flanks.

Sacrifice the mice by cervical dislocation upon termination of the experiment.

3.2.2. Implantation of Endostatin Sontaining Microosmotic Pumps

1

wnN

o

3.3.

Fill Alzet microosmotic pump (model 1002 for experiments up to 14 d or model
2004 for up to 28 d) with a 7.9 mg/mL solution of recombinant endostatin.
Anesthetize mice with Hypnorm/Dormicum.

Woash the neck with 70% ethanal.

Make a small midline incision in the skin and carefully make a subcutaneous
pocket by blunt dissection towards the tail, large enough to accommodate the
pump.

Insert the pump and make sure the edges of the skin adapt without strain. If nece-
ssary, extend the pocket to relieve pressure from the implant (Fig. 2D,E).

Close the wound with nonabsorbable suture (Fig. 2F).

Carefully inspect the wound 1 d postinjection for signs of inflammation and infec-
tion before proceeding to injection of the Matrigel plugs.

Histology and Immunohistochemical Analysis of Matrigel Plugs

3.3.1. Methods for Processing and Staining

1.

Sacrifice the mice and use scissors to gently cut out the abdomina wall around the
injected Matrigel plug, making sure to include al tissue layers. Transfer the har-
vested sampleto PBS on ice. Fix samplesin methanol or 10% formalin (4°C; 24 h),
or snap-freeze them in OCT in liquid nitrogen.

Embed the methanol- or formalin-fixed tissues into paraffin and cut 4-um-thick
sections. Deparaffinize and rehydrate the methanol-fixed sections in successive
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baths of xylene (5 min; 20°C), 100% ethanol (1 min; 20°C), 96% ethanol (1 min;
20°C), 70% ethanol (1 min; 20°C), and finally PBS (2 min twice; 20°C) before
staining.

3. Cut frozen sections on a cryotome (4 um) and fix in acetone (20°C; 15 min) before
staining.

4. Stain methanol-fixed and the acetone-fixed sections with H&E for histological
analysis to facilitate identification of Marigel plug.

5. Stain the frozen sections with primary and secondary antibodies with each 1-h
incubation step at room temperature for immunohistochemistry. Wash between
these stepsin PBS for 1 min.

6. Stain the deparaffinized methanol- or formalin-fixed sections with the primary anti-
body (overnight), followed by a 3-h incubation with a secondary fluorochrome-
conjugated reagent for immunohistochemistry. Wash between these steps in PBS
for 10 min.

7. For two-parameter analysis, add rhodamine-conjugated phalloidin or FITC-
conjugated Ulex lectin to the primary antibody solution.

3.4. Harvesting of Human ECs, mRNA Isolation, and Expression
Analysis of Human Endothelium

3.4.1. Isolation of Human Endothelium From Matrigel Plugs

1. Dissect Matrigel plugs from the skin and muscle layers (Fig. 2G, H) and cut into
small pieces with ascalpel onice.

2. Incubate the Matrigel fragments in a mixture of 0.1% collagenase, 0.2% dispase,

and 20 pg/mL DNasel in PBS at 37°C for 40 min on amagnet stirrer (see Note 4).

Woash the cell suspension in 40 mL of cold complete MCDB-131.

Filter the cell suspension through a 40-um sieve filter to remove debris.

Incubate 1 mL of cell suspension with a primary mouse antibody to 0.3 pg/mL

hCD31 (15 min onice).

Woash the cell suspension in 15 mL of cold complete MCDB-131.

7. Incubate 1 mL of the cell suspension with sheep anti-mouse immunoglobulin-
coated Dynabeads according to the recommendation of the manufacturer.

8. Dilutethe cell suspension to 5 mL and extract the rosetting cells on a Dynal mag-
net. Wash the cells by repeating the extraction of rosetting cells five times.

9. Spin down the cells and isolate RNA.
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3.4.2. Isolation of RNA

1. Isolate total RNA and perform on-column DNasel treatment by using the RNeasy
mini kit according to instructions of the manufacturer.

2. Reverse transcribe 200 ng of total RNA by using oligo(dT) and the Superscript 111
reverse transcriptase kit according to the manufacturer’s instructions. In brief,
mix RNA, dNTPs, buffer, DDT, oligo(dT), RNasin, and enzyme to a final
volume of 20 pL and incubate for 1 h at 50°C and subsequently for 15 min
at 70°C.
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3.4.3. Analysis of hPDGFB RNA by Quantitative Reverse Transcription-PCR

1.

3.5.

Amplify human PDGFB-specific transcripts by using 5-CAT AGA CCG CAC
CAA CGC CAA CTT C-3 asforward primer and 5-ATC TTT CTC ACC TGG
ACA GGT CGC AG-3' as reverse primer at 3.0 mM MgCl, and 68°C annealing
temperature.

In brief, for hPDGFB determination in the cDNA samples, mix the cDNA (0.5 pL
of the step 1 reaction), dNTPs, primers, MgCl,, and enzyme mix containing
SYBR Green to afina volume of 20 uL, load into the glass capillaries, and sub-
sequently perform quantitative real-time PCR by using LightCycler. Read the flu-
orescence intensities at 72°C after each PCR cycle.

Quantify hPDGFB copy numbersby using the standard delivered with the PDGF-3
kit from Search-LC.

Quantify the human housekeeping gene hydroxymethylbilane synthase by using
the QuantiTect SYBR Green PCR kit at 60°C annealing temperature, 3.5 mM
MgCl,, concentration with forward primer 5-GTA ACG GCA ATG CGG CTG-3
and reverse primer 5’-GGT ACG AGG CTT TCA ATG-3 as internal control for
the amount of human RNA input.

Determine the actual copy numbers of the transcriptsin the samples by correlation
between the crossing points of the respective PCRs on test samples and standard
samples by using LightCycler Software 3.

In Situ Hybridization of hPDGFB on Human Endothelium in Mice

3.5.1. Probe Generation and Labeling

1

A chloramphenicol-resistant pBC vector containing a 1-kb insert for hPDGFB
flanked by upstream EcoRI and downstream Notl was kindly provided by C.
Betsholtz (Department of Medical Biochemistry and Biophysics, Karolinska
Institute, Stockholm, Sweden).

Linearize the plasmid by overnight incubation with restriction enzymes EcoRI for
the antisense and Notl for the sense probe. Purify the probes by phenol/chloroform
extraction followed by ethanol precipitation.

Transcribe and label the riboprobes by using the DIG RNA labeling kit. Add tran-
scription buffer, RNase inhibitor, NTP labeling mix, and RNA polymerases T7 or
T3 for the antisense or sense probes, respectively, to the purified templates and
incubate for 2 h at 37°C. Add DNasel to the probes and incubate for 15 min
(37°C).

Rinse the probes by overnight precipitation in ammonium acetate, followed by
ethanol wash twice and resuspension in 10 ug/mL Ribohybe.

Prepare the probes for Ventana robot by adjusting the concentration to 0.1 pg/mL
in Ribohybe.

3.5.2. In Situ Hybridization

1.

Prepare freshly cut (4-um) formalin-fixed tissue sections of Matrigel plugs on
SuperFrost glass dides and air-dry at 37°C overnight.
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2. Place dlides in Ventana robot and activate the hybridization protocol. Slides will
be deparaffinized and pretreated for enhanced detection. The probes that are
described here were most efficiently visualized by choosing a mild protocol for
target retrieval (alkaline protease 3 and Ribo CC).

3. Add 100 pL of the sense or antisense dilutions to the sections. The hybridization
is performed at 60°C (6 h) with three stringency washesin 2X SSC (6 min; 60°C).
Riboprobes are detected with biotinylated 2.2 ug/mL anti-digoxin (32 min; 37°C)
and the BlueMap kit.

4. Retrieve the didesfrom the robot and wash the hybridized sections in hot water to
remove the oil.

3.5.3. Double Staining With Ulex Lectin

1. Wash freshly hybridized sections after removal of oil in baths of 70% alcohol
(2 min; 20°C), 96% alcohol (1 min; 20°C), 100% acohol (1 min; 20°C), xylene
(2 min; 20°C) (see Note 5), 100% alcohol (1 min; 20°C), 96% acohol (1 min;
20°C), 70% acohol (1 min; 20°C), and finally PBS (2 min twice; 20°C).

2. Incubate the sections with FITC-labeled Ulex lectin for 1 h at room temperature.

3. Wash the sectionsiin PBS (2 min twice) and mount in PVA (see Note 5).

4. Notes

1. Endostatin released from the osmotic pumps can be detected throughout the exper-
imental period as demonstrated by analysis of endostatin in serum by using an
ELISA kit from Cytimmune Sciences (19).

2. Inour studies, we have used freshly isolated confluent HUVECs in low passage
(passage 1-4 is preferable). A pool of three individual cell culturesin low passage
gives reproducible results in the model system.

3. At al time-points before injection, keep the Matrigel and the Matrigel/HUVEC
mix on ice. It is also important to gently mix the Matrigel/EC suspension in the
syringe before injection to avoid sedimentation of ECs. This mixing can be done
by letting a small air bubble travel through the gel in the syringe.

4. 1t is important to use sufficient amounts of the collagenase/dispase solution to
completely dissolve the Matrigel. Use at least 6 mL of solution for one to five
plugs and 10 mL of solution for six to 12 plugs.

5. Usudly, in situ-hybridized sections would be mounted in Eukitt for greater stability
of the 5-bromo-4-chloro-3’-indolyphosphate p-toluidine (BCIP) signa, but thisis
not favorable for the fluorescent FITC signal. We therefore chose to mount the
stained sections with PVA, which is the standard mounting medium for fluores-
cent signals. Because the PVA does not stahilize the BCIP signal, we recommend
analyzing the sections immediately.
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A Murine Model for Studying Hematopoiesis
and Immunity in Heart Failure

Per Ole Iversen and Dag R. Sgrensen

Summary

Recent epidemiological research indicates that a coexistent anemia among patients with heart
failure might worsen their prognosis. However, whether the reduced synthesis of red blood cells
is a contributing factor to the development and progression to overt heart failure, or whether it
simply is a mere consequence of a dysfunctional heart, remains to be elucidated. Studiesin mice
with experimentally induced acute myocardia infarction leading to subsequent development of a
postinfarction congestive heart failure have shed some light on this problem. Careful analyses of
the number and of the functions of various hematopoietic cells residing in either blood or bone
marrow point to a possible inhibitory role of cytokines, such tumor necrosis factor o, on
hematopoiesis. The present protocols will hopefully encourage further studies of hematopoiesis
and immunity in heart failure by using a combination of anima models with state-of-the-art
techniques in molecular biology to define and validate possible targets for therapy.

Key Words: Cytokines; heart failure; hematopoiesis, mouse; myocardial infarction.

1. Introduction

Heart failure has for a long time remained one of the most common cardio-
vascular disorders encountered in various Western populations (1,2). With the
growing numbers of obese-related pathological conditions, heart failure aso is
expected to rise in developing countries in the years to come. The associated
disease-burden amounts to considerable resources used in terms of money and
health care.

In recent years, several important advances have been made in terms of
pharmacol ogy, including both new drugs (e.g., angiotensin Il receptor blockers)
aswell as altered dosages of established drugs (e.g., beta-blockers). We also have
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witnessed important new contributions in terms of revascularization regimens,
e.g., coronary artery bypass surgery and angioplasty. However, in spite of these
advances, the prognosis of the heart failure patient remains dismal with high
morbidity and mortality (3).

Although the heart failure syndrome is generally characterized primarily as
a hemodynamic disorder with impaired left ventricular function as the main
hallmark, we are still short of a comprehensive understanding of the pathol ogy
of this debilitating disorder. Refinement of tools for measuring minute concen-
trations of biologicaly active molecules as well as the advent of genetically
altered mice has changed our view of heart failure as a mere circulating disor-
der to that of a possible inflammatory condition. In line with this changed
view, several cytokines seem to play important roles in the pathogenesis of
heart failure, at least in experimental models. Hence, in particular, the proin-
flammatory cytokine tumor necrosis factor (TNF)o, and also the interleukins
(IL)-1P and -18, seem to exert cardiodepressive effects in various in vitro and
in vivo settings (4-6).

Paralleling this development is the recognition that patients with heart failure
also suffer from conditions related to an impairment of bone marrow function,
in particular, hematopoiesis. Although not well documented in the past, it has
been a clinical experience that the hemoglobin concentrations of these patients
usually are somewhat reduced. Based on autopsies, Bohm (7) concluded that
agelatin transformation of the bone marrow was more frequent among patients
deceased from heart failure. Later, epidemiological studies concluded that
anemia significantly predicted aworsened outcome among heart failure patients
who were anemic compared with those with normal hemoglobin levels (8,9).
The crucial question is whether the anemia has a true negative impact on
the development and progression to overt heart failure or whether it simply
is a result of a deteriorating bone marrow function because of the failing
heart (10).

Although wild mice and rats can survive amost any climatic condition,
their laboratory relatives have lost the genetic background for this adaptability.
When animals are bred for experimental use, one magjor concern is to produce
individuals or populations with a minimum genetic variance, which makes
the animals sensible to even small changesin the environment that may influence
the outcome of the experiments. Examples of factors that may influence on the
experimental results are physical parameters, such as temperature, humidity,
light cycle, and chemical factors (see Notes 1-4), and also social factors, such
as human contact, cage design, and animal interactions. Control of the most
important of these factors may reduce “the background noise” in animal experi-
ments and make it possible to obtain statistically significant results with a
[imited number of animals.
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We have used a mouse model of postinfarction congestive heart failure com-
bined with various in vitro techniques to specifically study the contribution of
cytokines and thereby try to delineate the mechanism whereby heart failure may
hamper normal hematopoiesis (11,12). Because we are investigating various
aspects of inflammation on heart failure and hematopoiesis, the careful selec-
tion and handling of the experimental animals are particularly important to
avoidance of undesirable confounding effects. This approach relies on first
inducing heart failure by ligation of the left coronary artery to produce an acute
myocardia infarction. Heart failure also may be induced by aortic banding,
atrial pacing or injection of the right ventricular depressant monocrotaline.
After development of overt heart failure, which usually lasts approx 4-6 wk, the
animals are sacrificed, and blood and bone marrow samples are collected. Then,
in vitro methods are used to pinpoint the contribution of various molecules, e.g.
cytokines, to growth and viability of hematopoietic progenitor cells. Importantly,
the development of overt heart failure al'so can be manipulated in vivo by either
direct injection of putative regulatory molecules or constant delivery via
implanted osmoatic minipumps. Here, we present important aspects of this strategy
with particular emphasis on adequate handling of the animals and ways of iden-
tifying putative inhibitors of hematopoiesisin heart failure mice.

2. Materials
2.1. Experimental Animals

For our studies, we have used adult 6- to-8-wk old Balb/c mice (see Note 5).
Consent from appropriate ethics committees before commencing the actual
experiments is mandatory because these experiments involve induction of a
serious and lethal disease.

2.1.1. Health Monitoring

Because most infections in laboratory animals are subclinical, the animals
and biological material to be used must be tested before the experiments. It is
therefore vital to have a sentinel animal program and test regularly for parasit-
ical, bacterial, and vira agents according to the needs of the experiment in
question or by following the recommendations of the Federation of European
Laboratory Animal Associations (FELASA) (13).

2.1.2. Testing of Biological Material

Biological material, such as tumor cell lines, may be tested in antibody
production tests, where the biological material is given via different ports of
entry (per os, intraperitoneal, intravenous, subcutaneous, and intranasal) to
clean animals placed in an isolator. The animals are kept in the isolator for a
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Step 1: Induction of heart failure in the mouse
-Post-infarction

-Aortic banding

-Pacing of left atrium

-Injection of monocrotaline

Step 2: Verification of heart failure
-Measurement of left ventricular end-diastolic pressure
-Ultrasound measurement of left atrium

-Wet-to-dry weight of the lungs post mortem

Step 3: Isolation of blood and bone marrow cells
-Sampling of blood

-Collection of bone marrow

-Separation of leukocytes and hematopoietic progenitor cells

Step 4: Assessment of hematopoietic activity and regulation

-Direct measurement of blood hemoglobin levels and cellular counts

-Colony assays to determine growth of bone marrow progenitor cells

-Markers to assess apoptosis

-Determine lytic ability among T lymphocytes and natural killer cells

-Measurement in progenitor cells of gene expressions and protein contents of putative
hematopoietic regulators, like cytokines

Fig. 1. Proposed sequence for studying hematopoiesisin mice with congestive heart
failure.

minimum of 6 wk before they are euthanized, and serology is used to test for
antibodies against the agents in question. The other option is to use PCR to
ensure that biological material does not harbor viral contaminants that may
influence the outcome of the experiments. It is currently under discussion
whether PCR can replace antibody production (14).

2.2. Anesthetics and Postoperative Analgesics

Because the induction of myocardial infarction requires vascular surgery
on avery small animal (body weight ~25 g), a stable general plane of anes-
thesiaisimportant. After insertion of an endotracheal tube, we recommend a
mixture of 2% isoflurane and 98% oxygen while keeping the animal on a
ventilator. During the postoperative phase, repeated (every 8-12 h) subcuta-
neous injections with buprenorphine (0.3 mg/mL) is used as postoperative
analgesia.

3. Methods
The experimental protocol isoutlined in Fig. 1.
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3.1. Surgery and Induction of Acute Myocardial Infarction
3.1.1. Ligation of Left Coronary Artery

In general anesthesia, a thoracotomy is made, and the left coronary artery is
carefully dissected free of the surrounding tissue. Then, a ligature is placed
around this artery and tightened (see Note 6). In the sham control animals, this
artery is only exposed before the thoracic cavity is closed.

3.2. Secondary Operation and Verification of Heart Failure

By experience, a chronic congestive heart failure devel ops within the next 4
to 6 wk. In general anesthesia, a catheter is introduced into the left ventricular
cavity to measure the end-diastolic pressure (LVEDP) (see Note 7). In this
model, an elevated LVEDP is a hallmark of heart failure (15). An ultrasound
examination of an enlarged left atrium also substantiates a failing heart.
Postmortem, the wet-to-dry weight of the lungs is also assessed because this
parameter isindicative of congestion (see Note 8).

3.3. Sampling of Blood and Bone Marrow Tissue

A blood sample is obtained by heart puncture in deep anesthesia immedia-
tely before the mouse is killed. Then, the femoral bone is isolated, and small
holes are made in both ends. The femoral marrow is then flushed out of the
bone by using a syringe containing either saline or air.

3.4. In Vitro Assays of Hematopoeitic Growth and Leukocyte Activity

Hematopoietic cells are cultured on semisolid media (methyl cellulose) for
approx 2 wk before colonies are scored, and the numbers obtained are taken as
the growth potential of these cells (11).

Neutrophilic activity of cells is measured as their oxygen consumption by
using an O,-sensitive electrode, whereas lytic activity among lymphocytes
(T- and natural killer [NK]-cells) is measured with a conventional °'Cr libera-
tion assay (12).

3.5. Identifying Inhibitors of Hematopoiesis

The gene expression of possible inhibitors (e.g., TNFa) is done by an RNase
protection assay on candidate cells (T- and NK-cells). The corresponding protein
contents are measured with Western blotting (11).

4. Notes

1. The homeotherm animal is able to maintain a constant body temperature, within a
range specific to each species, as a response to changes in the surrounding tem-
perature. When subjected to surrounding temperatures outside this range, the body
triesto remain in the thermoneutral zone by regulation of the flow of heath between
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the core of the body and the body surface. This regulation may affect the meta-
bolic rate of the animal and consequently result in different experimental results
compared with an animal in its thermoneutral zone. It is important that the envi-
ronmental temperature is precisely defined and kept within the defined range. The
temperature must be recorded and published. Environmental parameters are listed
in Appendix A in the Convention of the Council of Europe. Most rodents may be
kept at room temperatures between 20 and 24°C. It isimportant that the tempera-
ture is kept constant, and it must be recorded and published.

2. Relative humidity should be kept in the range of 55+5%. Higher levels of relative
humidity may lead to disturbances in the metabolic rate, and excessively high
levels of relative humidity predispose for pathological conditions.

3. Thelight cycle has an important effect on the animal’s physiology and behavior.
Although most animals have their periods of highest activity during daylight
hours, the majority of laboratory animals are nocturnal and sleep during day. In
general 12 h of light and 12 h of dark is recommended for most laboratory animal
species. The light intensity must be adjusted to the need of the species and should
be constant in all parts of the room.

4. Exposure to chemicals may be a part of the procedure in an experiment or it may
be unintentional in the laboratory animal facility. The most important sources of
chemical contamination are animal excretions, bedding, cage or enclosure materials,
feed, and household chemicals.

5. We prefer to study male mice because these are generally larger than the females.

Size is a critical aspect because the induction of myocardial infarction requires

surgery on the coronary vessels of the small murine heart.

Theligatureistightened so the myocardial tissueis blanched on visua inspection.

7. The use of microtipped transducer catheters is preferable to avoid pressure arti-
facts.

8. Any weight should be adjusted for possible edema, e.g., by expressing the weight
relative to a bone length.
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An Overview of the Immune System and Technical
Advances in Tumor Antigen Discovery and Validation

Mouldy Sioud

Summary

The ability of the immune system to distinguish between self- and nonself antigensis con-
trolled by mechanisms of central and peripheral tolerance. Although the induction and mainte-
nance of tolerance is important for preventing autoimmunity, breaking self-tolerance is a
crucial constituent for combating cancers. Cancer patients are able to develop spontaneous
immune responses to tumors that they bear, however these responses are not suboptimal for
eradicating tumors. Moreover, none of the current immune strategies is able to activate the
immune system to respond against tumor cells as it responds against infectious agents. These
observations have raised the question of how to activate immunity in cancer patients to a thresh-
old required for tumor rejection. Because tolerance is emerging as a central obstacle for immune
recognition of human tumor antigens, this chapter describes how T- and B-cells are generated
and activated in the periphery. It also outlines the technical advances in tumor antigen discov-
ery and validation.

Key Words: B-cell development; B-cell receptor; dendritic cells, genomics; germina center;
immune tolerance; immunoediting; phage display; proteomics; serological analysis of recombinant
tumor cDNA expression libraries (SEREX); T-cell development; T-cell receptor; tumor antigens.

1. Introduction

The primary function of the immune system is to defend the body against
pathogenic microorganisms. The self-nonself (SNS) discrimination model
assumes that the “foreign-ness’ of a particular entity is what triggers the acti-
vation of innate and adaptive responses (1). Given the vast number of genetic
and epigenetic changes associated with carcinogenesis, it becomes evident that
tumors express many neoantigens that should be recognized by the immune
system. In this respect, antibodies against alarge repertoire of tumor-associated
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gene products have been described in cancer patients (2,3). Moreover, we and
others have shown that a high number of T-cells are present within tumors and
that these cells are specifically recruited to tumor beds (4,5). In addition, T-cells
reactive with tumor antigens are present in the peripheral blood and lymph
nodes of diverse patients. Collectively, these results indicate that the immune
system can recognize cancer cells. However, despite their potential immuno-
genicity, tumor antigens do not induce significant immune responses, which
could destroy malignant cells; therefore, a central question is whether recogni-
tion of tumor antigens by immune cells would mainly lead to tolerance.

The different mechanisms for recognition and elimination of pathogens have
been divided in the immune system into “innate immunity,” which encompasses
the presumably more primitive elements of the system, including macrophages,
natural killer (NK), and antigen-presenting cells, and “adaptive immunity,”
which encompasses T- and B-lymphocytes. The activation of innate immunity is
mainly mediated by the recognition of potential pathogens by Toll-like receptors
(TLRs) that are mainly expressed on immune cells such as macrophages, dendritic
cells (DCs), and monocytes (6,7). These receptors function as sensors of infec-
tion and induce the activation of innate and adaptive immune responses. Upon
recognizing conserved structures, which are referred to as pathogen-associated
molecular patterns (PAMPs), TLRs activate host defense responses through
their intracellular signaling domain, the Toll/interleukin-1 receptor (TIR) domain,
and the downstream adaptor protein MyD88. Although members of the TLRs
al signal through MyD88, the signaling pathways induced by individual recep-
torsdiffer (7). Sofar, 10 TLRs have been described in humans, and ligands have
been defined for nine of these TLRs. TLR1 and -2 are activated by triacylated
lipoproteins, TLR3 by double-stranded viral RNA, TLR4 by lipopolysaccharide
(LPS), TLR5 by bacterial flagellin, TLR2 and -6 by diacylated lipopeptides,
TLR7 and -8 by imidazoquinolines and single-stranded RNA, and TRL9 by
unmethylated bacterial CpG DNA sequences (7). Upon activation, TLRs trig-
ger the release of cytokines and the induction of co-stimulatory molecules that
can influence the nature of the adaptive T- and or B-cell responses. Activation
of TLRs aso induces antimicrobial pathways that kill intracellular organisms
(6-8). Although the innate response is rapid, the response sometimes damages
normal tissues, leading to severe diseases, such a sepsis.

Adaptive immunity isthe hallmark of the immune system in higher animals.
It uses antigen-specific receptors expressed on T- and B-cells. The receptors on
B-lymphocytes are Igs, which can be secreted by corresponding plasma cells
after antigenic stimulation. Bound and secreted Igs can bind to a variety of
soluble as well as cell-bound antigens, such as virus proteins. In contrast to
B-cells, T-cells recognize only processed antigens that are presented as pep-
tides by major histocompatibility complex (MHC) class | or Il. Despite this
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difference in antigen recognition, both B- and T-cell receptors have selected
peptides as their major recognition targets. Cells of innate immunity, such as
macrophages and DCs, produce considerable amounts of cytokines, which play
an essentia role in influencing the nature of the adaptive immune responses.

To explain immune tolerance, Polly Matzinger (9) presented the danger
model, which suggests that a specific immune response develops as a result of
danger detection rather than by discrimination between self- and nonself anti-
gens. This model assumes that what really matters is whether the “antigen”
causes damage. It does not matter if the damage is done by a pathogen or by
self-proteins. Although this model refers mainly to immune tolerance, its
assumptions are valid for tumors. Recently, Charlie Janeway (10) has suggested
that antigen-presenting cells (APCs) and other cells of the innate immune
system express a series of pattern recognition receptors (PRRS) specific for
common motifs expressed by several pathogens. These motifs have been
termed pathogen-associated molecular pattern (PAMP). PAMP recognition by
PRRs, in particular TLRs, enables the innate immune system to distinguish self
from nonself and is important not only for triggering innate immunity against
microbial infection but also for priming the adaptive immune response.
Triggering of PRRs activates the APCs and without this activation, no immune
responses occur. This expanded SNS model assumes that the primary role of
the immune system is to distinguish self-tissues from infectious nonself
tissues, and this ability is necessary even for relatively lower organisms that
have innate immune systems, but not adaptive systems capable of generating
antigen-specific T- and B-lymphocytes. However, this model is not completein
that it does not account for responses against transplants or tumors. Because
immune tolerance plays a crucia role in tumor immunology, this chapter
describes how tolerant T- and B-cells to self-antigens are generated and activated
in the periphery, and it outlines the technical advances in tumor antigen dis-
covery and validation.

2. T-Cell Development and Maturation

The main goal of lymphocyte development is to generate a large repertoire
of cells expressing diverse receptors that enable them to recognize and react to
millions of foreign antigens (8). The key challenges of this specific immunity
areto have as broad arepertoire of receptors as possible in the absence of poten-
tially harmful autoreactive lymphocytes. In most adult vertebrates, the bone
marrow contains hematopoietic stem cells (HSCs) that can differentiate into
progenitors with more restricted lineage and that are capable for generating all
blood cell types via commitment events (Fig. 1).

Despite their different roles in the immune response, T-helper (Th) CD4+
cellsand CD8+ cytotoxic T (Tc) cells originate from a common precursor (11).
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Fig. 1. Schematic of hematopoietic cell generation. Hematopoietic stem cells (HSCs)
have self-renewal ability and differentiate through severa intermediatesinto all the line-
age of the hematopoietic system. In the adult, the lymphoid lineage differentiates via the
common lymphoid progenitor (CLP), resulting in the generation of B-, T- and natural
killer (NK) cells.

Activation of human CD34+ hematopoietic stem cells with R848, a specific
ligand for TLR7 and TLRS, induced their differentiation into the myeloid cell
lineage, including macrophages and dendritic cells (Johansen, L. F. and Sioud,
M., unpublished data). This finding would indicate that microbial ligands for
TLRs might shape the homeostasis of innate immune cells. As shown in Fig.
1, the adult lymphoid lineage, which includes NK, B-, and T-cells, is generated
by the differentiation of HSCs via the common lymphoid progenitor (CLP),
which is the earliest lineage-restricted lymphoid progenitor that has the poten-
tial to develop into these cells. Developing lymphocyte must go through several
major developmental checkpoints before becoming a functional mature T-cell
tolerant to self-antigens and having a huge potential to react with unlimited
number of foreign antigens (11,12). The first checkpoint occurs when the CLP
commitsto the T-cell lineage. Recent studies indicated a crucial role for Notch-
1 signaling in this process (Fig. 2). Notch proteins were first identified in
Drosophila and Caenorhabditis elegans by their ability to direct cell fate deci-
sions as well as control survival and proliferation. These proteins are widely
expressed in different tissues, including the hematopoietic system. In the
absence of Notch-1, bone marrow progenitors enter the thymus and develop
into B-cells. Thus, Notch-1 “instructs’ an early lymphoid progenitor to adopt a
T- versus B-cell fate (13,14). Notably, transcriptiona activation by Notch
requires its binding to CSL/RBP-J, leading to the formation of an active tran-
scriptional activation complex. In this respect CSL-deficient bone marrow
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Fig. 2. Notch signaling is required for T-cell development. Notch-1 signaling pro-
motes T-cell development more likely by activating T-cell transcriptional program. In
absence of Notch-1 signaling, B-cell development is activated.

o

progenitors fail to develop into T-cellsin the thymus and consequently develop
ectopically into B-cells (13). Notch-1 signaling also may affect pre-T-cell
receptor (TCR) expression and functions in immature thymocytes. Recent data
indicate that Notch-1 expression is under the control of microRNA-181 (see
Chapter 16, Volume 2).

In contrast to most genes, the genes encoding T- and B-cell antigen receptors
are unusual in that they are composed of a series of V (variable), D (diversity),
and J (joining) gene segments, which require assembly by a site-specific DNA
recombination reaction known as V (D) J recombination. The ability of V, D,
and J gene segments to combine randomly introduces a large element of com-
binatorial diversity into the Ig and TCR repertoires. Also, during the rearrange-
ment process, additional nucleotides not encoded by either gene segments can
be added at the junction between the joined gene segments. This joining process
israndom, and, on average, two out of three rearrangements will be nonproduc-
tive because the joining has occurred in different translational reading frames.
In developing T-cells, rearrangement of TCRB gene occurs before TCRa,
whereas in developing B-cells, assembly of the Ig heavy chain (IgH) gene
occurs before that of the Ig light chain (IgL) genes.

2.1. Pre-TCR Functions as a Biological Sensor

Subsequent to entry into the thymus, T-cell precursors go through a series of
well defined marker changes and selective events (Fig. 3). CLP and the imma-
ture T-cell precursor do not express CD4 and CD8 molecules and are referred
to as CD4—CD8- (double negative [DN]) thymocytes (11). These thymocytes
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then express the recombinases (RAG-1 and RAG-2) and enter a major check-
point in T-cell development, where the DN thymocyte commits to either
the o/ or /6 T-cell lineage (11). Developmental control checkpoints seem to
ensure that T-cells do not complete their intrathymic differentiation programin
the absence of productive TCR gene rearrangements. As aresult, T-cells do not
mature with TCRo3 having inappropriate specificities. If they and 6 genes are
rearranged productively, the cells express the TCR v receptor at the surface and
subsequently follow the yd lineage (15). In these cells, the CD4 and CD8 expres-
sion remains off (Fig. 3). Although successful rearrangement of either B or y8
genes may influence the lineage decision, the mechanism by which thymocytes
choose between the o and o lineage remain unknown (16). However, the suc-
cessful rearrangement of a 3-chain gene must occur before successful rearrange-
ment of both y and 8. Notably, most thymocytes develop into the o lineage. In
this case, the checkpoint transition isinduced by the rearrangement of the TCR.

Productive rearrangement of TCR[ gene leads to the formation of the pre-
TCR signaling complex, which contains a TCRf chain, a nonpolymorphic sur-
rogate o-chain (pTo), and the multisubunit CD3 signaling complex. Assembly
of the pre-TCR of the cell surface of DN thymocytes promotes their survival,
informs them to progress to the CD4+CD8+ (double-positive [DP]) stage of
development and causes them to undergo significant clonal expansion through
an L ck/Ras-dependent signaling pathway (17,18). The assembly of the pre-TCR
establishes a key checkpoint in early thymocyte differentiation at which devel-
oping T-cells undergo “B-selection.” Pre-TCR signaling triggers the phosphory-
lation and degradation of RAG-2, hating B-chain gene rearrangement, thereby
enforcing strict alelic exclusion at the -locus. This processis mainly controlled
by the protein kinase C (PKC)a signaling pathway (16-18). We recently have
found that PK Ca also isinvolved in the differentiation of HSC into the myeloid
lineage (19). Pre-TCR also induces rapid cdl proliferation and eventually the

Fig. 3. (Opposite page) T-cell development. Various stages of T-cell devel opment
in the thymus are shown. Productive V to DJB rearrangement in double negative (DN)
pro-T-cellsresultsin the assembly of the pre-TCR. These pre-T-cells become CD4/CD8
double positive (DP) thymocytes. After TCRP locus alelic exclusion and activation of
V to Jo. rearrangement, DP thymocytes express mature oy TCR. T-cell receptors that
recognize self-peptide/major histocompatability complex (MHC) on thymic epithelial
cells (TECs) with high affinity are deleted by apoptosis (negative selection), whereas
T-cells reacting with self-peptide/MHC complexes with low affinity are positively
selected, resulting in the generation of CD4 or CD8 single positive thymocytes. Also,
the selection results in the progression into regulatory T-cells (Treg) cells and natural
killer T-cells (NKT). Some specific markers are indicated. DN pro-T-cells that succeed
to rearrange the T-cell receptor (TCR) o will lead to the generation of yd T-cells.
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expression of the coreceptor proteins CD4 and CD8 (18). During this prolifera-
tive phase, the expression of RAG-1 and RAG-2 genes is inhibited. Hence, no
rearrangement of the o-chain locus occurs until the proliferative phase ends.

The TCRa chain genes are comparable with Igk and A light chain genesin that
they do not have D gene segments and are rearranged only after their partner recep-
tor chain gene has been expressed. Subsequent to the expression of productive V3
generearrangement and few cyclesof cell division, the developing thymocytes exit
the cell cycle, reexpress RAG-1 and RAG-2, and eventually start rearranging the
o-chain genes. Unlike TCRP-chain, the expression of the TCRo-chain is not in
itself sufficient to shut off gene rearrangement (20). As aresult, up to one-third of
mature T-cells harbor two productively rearranged TCRo. aleles (21). Although
the exact function of the second TCR is unclear, recent data indicated that the
second TCRs are involved in extending TCR repertoires against microorganisms,
and they aso areinvolved in autoimmunity (22). Noteworthy, up to this stage, the
development of the thymocytes has been independent of antigens.

2.2. TCR-Mediated Selection of Thymocytes: Central Tolerance

Productive Vo gene rearrangement allows the developing T-cell to assemble
acomplete TCR molecule, which is expressed on thymocyte surface in associa-
tion with CD3 complex, forming active TCR. Most of the TCR-mediated selec-
tion processes begin at this stage of development that occurs primarily in the
thymus. The selection process includes both positive and negative selection of
immature CD4+ and CD8+ cdlls (Fig. 3). Both processes are regulated through
the interaction between the T-cell receptor expressed by a given DP thymocyte
and peptide presented by thymic epithelial cells (8,11). Thymocytes with TCRs
that bind strongly to MHC-associated self-peptide are eliminated (negative

Fig. 4. (Opposite page) B-cell development and selection. Various stages of B-cell
development in the bone marrow and spleen are shown. In stem cells, Ig genes are in the
germline configuration as found in al nonlympoid cells. In pro-B-cedlls D to JH rearrange-
ment on both heavy chain dleles precedesV to DJH rearrangement. Cells that succeed to
rearrange a functional heavy chain (pre-B-cells) assemble the pre-B-cell antigen receptor
(BCR), which leads to heavy chain allelic exclusion and activation of Ig light chain (IgL)
rearrangement (x and A). After successfully rearrangement of the IgL, immature B-cells
express the BCR (IgM+). Immature B-cdlls that interact strongly with self-antigens are
deleted or undergo another rearrangement at the IgL locus (receptor editing) to alter their
specificity. Most of the autoreactive B-cells are deleted in the bone marrow. However, some
of these autoreactive B-cdlls reacting with self-antigens can be rescued by undergoing
receptor editing to generate new receptor specificity. Nonautoreactive B-cells, exit the bone
marrow viasinusoidal endothelium asIgM-, IgD-positive cells. Notably, immature B-cells
(IgMmPigh |gD'w) progressively acquire more IgD as they develop into mature B-cells.
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selection), whereas thymocytes with TCR that bind with lower affinity to
MHC-associated self-peptides receive prosurvival signals and are allowed to
progress to the simple positive (SP) stage (positive selection). Thymocytes
expressing TCRs that do not interact with the appropriate MHC die by neglect
(immunological ignorance).

Recent studies indicated that the positively selected thymocytes are sub-
jected to a maturation step, which increases the threshold for their activation by
self-selected peptides (23). As a consequence, peripheral mature T-cells are
properly activated by only foreign peptides of higher affinity (dominant epitopes).
In conclusion, T-cell development in the thymus starts with CD4-CD8- DN
thymocytes, which progress to CD4+CD8+ DP thymocytes, and finally to
CD4+ or CD8+ SP thymocytes. Subsequent to maturation, these positively
selected T-cells leave the thymus and eventually enter the circulation (Fig. 3).

3. B-Cell Development and Maturation

3.1. Pre-B-Cell Antigen Receptor (BCR) Functions as a Biological Sensor

Similar to T-cdlls, early B-cell development is ordered by successive rearrange-
mentsof IgH and IgL gene segments during pro-B- and pre-B-cell development
(Fig. 4). Thiscrucial developmental process |leads to the generation of adiverse
antibody repertoire for humoral defense against all possible foreign antigens
(24,25). Thefirst step is antigen independent and takes place in primary lymphoid
organs, the bone marrow, and the fetal liver. In developing B-cells (pro-B-cells),
assembly of the IgH gene occurs before that of the IgL genes. The pro-B-cells
express surrogate light chain encoded by VpreB and A5 genes and the rearrange-
ment machinery encoded by the RAG-1, RAG-2, and TdT genes. In human,
only one VpreB gene has been found, whereas several A5-like genes have been
identified. They are all located on chromosome 22, which also carries the A
light chain genes.

Within the IgH locus, rearrangement begins on both alleles with joining of a
D,, to a J, gene segment. Notably, most cells successfully rearrange two D-J
sequences. These pro-B-cells then go on to recombine aV, segment with one
of the partially assembled DJ, alleles, leading to the generation of pre-B-cell
population. After productive VDJ,, rearrangement, the IgH allele is transcribed
and its message is tranglated, resulting in the production of the transmembrane
form of the heavy chain protein Igu. Because there are two alleles for each
immunoglobulin locus in the diploid genome, each of which can be activated,
each cell must prevent both aleles from making productive chains. This is
accomplished by checking for productive chain as soon as an alele has
rearranged. Thus, 1 heavy chain seems to be functionally equivalent to TCRj-
chain in the early states of lymphocyte development.
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Once afunctiona heavy chain is made, it associates with other proteinsinto
a signaling complex known as the pre-BCR (Fig. 4). In addition to a homod-
imer of Igu, the pre-BCR contains the products of the surrogate light chain
(SLC) genes A5 and VpreB and a heterodimeric signaling module made up of
the transmembrane proteins Igo. and IgB (CD79a and CD7983) (17,24). A
developing pro-B-cell that makes a functional 1g heavy chain is rescued from
apoptosis and enters the pre-B-cell compartment, whereas nonproductiveVDJH
rearrangement on both allelesleads to programmed cell death (25). Cell surface
expression of afunctiona pre-BCR induces two to five cell divisions, leading to
alarge pre-B-cell population that subsequently becomes small resting pre-B-cells
(24,25). Notably, this process generates B-cell clones expressing a common
heavy chain but with the potential to express a diverse array of light chains,
thereby extending B-cell repertoire. Similarly to T-cells, the pre-BCR functions
as a hiological sensor that informs pro-B-cells that they have succeeded in
rearranging a functional 1g heavy chain (17).

Once a functional/productive p heavy chain is formed, the cell proceeds to
the pre-B-stage, expresses the recombinase, and renders the light chain loci
(A and x) accessible to the recombination machinery. The k-chain locus is
generaly rearranged before the A-chain locus; the latter chain only initiates
rearrangement if the k-locus rearrangement has failed to generate a productive
light chain. In contrast to T-cells, the mechanism of allelic exclusion also occurs
at the light chain loci.

As soon as a functional light chain has paired with the preexisting p-heavy
chain, a complete IgM molecule is displayed on the cell surface in association
with Igo and 1gp, forming the BCR of immature B-cell (Fig. 4). If the newly
expressed receptor encounters a strong interaction with self-antigens, B-cell
development is inhibited, and the cell is deleted by apoptosis. This process is
the first negative selection process that B-cells undergo in the bone marrow.
Negative selection at this stage would therefore promote elimination of
unwanted autoreactive specificities while preserving immature B-cells reactive
with foreign antigens. However, a large proportion of autoreactive B-cells
escape clona deletion by altering their BCRs specificity, so that they are no
longer autoreactive, a process called “receptor editing” (26,27) (Fig. 4). Thus,
immature B-cells maintain the rearrangement machinery upregulated to allow
for secondary rearrangements at the IgL chain gene loci. In addition to clona
deletion, autoreactive B-cells are inactivated via a second mechanism called
anergy (25). Anergic B-cells express a unique surface phenotype in that they
express much reduced sigM (because of receptor modulation after antigenic
exposure), normal 1gD levels, and are desensitized to further receptor-induced
signal transduction. The “choice” of an immature B-cells to undergo either
clona deletion or clonal anergy is mainly determined by the concentration
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Fig. 5. Affinity maturation of B-cellswithin the germinal center. Antigen recognized by
the surface IgM of the B-cellsisinternalized, processed, and presented on major histocom-
patability complex (MHC) class Il molecule of the B-cells. The antigen can then be pre-
sented to a primed specific T-cell. The T-cellsin turn produce cytokines, resulting in B-cell
divison and maturation to antibody-secreting cells. This activation occurs mainly within
the germina centers of lymph nodes, where B-cdlls proliferate in the dark zone as centrob-
lasts. These cells do not express surface Ig (Ig-). During cell division they can accumulate
V (D)J hypermutation. Subsequently, some cells express membrane antibodies with
various affinities and migrate into the germinal center light zone as centrocytes with
surfacelg (Ig+). Within the light zone, the centrocytes recover the exogenous antigensfrom
follicular dendritic cells. Antibody—antigen complexes are bound to complement and Fc
receptors on thefollicular dendritic cell surface. Antigensthat bind with high affinity to the
antibody will lead to the positive selection of the centrocytes, resulting into the progression
into plasma and memory B-cells. Antigens that bind weakly to the antibody would either
activate RAG proteins and rearrangement at the Ig light chain (IgL) locus (receptor
revision) or induce apoptosisin B-cells. Revised receptors may acquire high antigenic
affinity, resulting in B-cell export to the periphery and further maturation.

and valency of the interacting self-antigens. In general, highly expressed
membrane-bound antigens or antigens with multiple identical epitopes induce
extensive BCR cross-linking, leading to immature B deletion. In contrast,
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soluble, monovalent antigens mainly induce anergy. Anergic B-cells exhibit a
shortened half-life in the periphery (24).

Once nonautoreactive B-cells are generated, they can leave the bone marrow
for the spleen where they further mature into naive B-cells, which express both
IgM and IgD molecules, by alternative splicing. However, it is not yet clear how,
in the absence of binding to specific antigen in the bone marrow, an immature
B-cell senses that a functional IgM has been made and subsequently receives
signals for further maturation. There are three mature B-cell subsets: follicular
(FO) or B-2 cdlls, margina zone (MZ) B-cells, and B1 cells. FO B-cdlls contain
the bulk of the peripheral B-cell pool and are the main cellular constituent of
the spleenic and lymph node follicles and the bone marrow as recirculating
cells. MZ B-cells constitute a small fraction (5%) of all peripheral B-cells and
arelocated in the marginal zones of the spleen and are responsible for the early
antibody response to blood-borne pathogens. B1 cells are located principally in
the peritonea and pleural cavities. They provide protection against antigen of
the gut and peritoneum. Both MZ and B1 cells are often autoreactive, a prop-
erty that enhance their survival and rapid responses to foreign antigens. Upon
antigen encounter, FO naive B-cells differentiate into plasma cells or memory
cells in secondary lympoid organs, in particular the spleen (Fig. 4). It isworth
noting that in the bone marrow, IgM+ immature B-cells that interact strongly
with sdlf-antigen either are eliminated by apoptosis (negative selection) or
undergo further rearrangement at the IgL loci to alter their specificity, whereas
stimulation via the IgM BCR induces proliferation of mature naive B-cells.
Thus, both cell populations differ in their signaling downstream of the BCR.
Indeed, the BCR isrecruited to lipid rafts, an important structure in cell signal-
ing, in mature B-cells but not in immature B-cells.

3.2. Somatic Hypermutation

B-cells, which express a self-tolerant BCR, exit the bone marrow to join
the peripheral B-cell population. In contrast to TCRs, the BCRs mature anti-
genically. Upon encountering exogenous antigens, which they recognize
specifically by means of the IgM BCR, mature naive B-lymphocytes are acti-
vated, proliferate, and form germinal centers. B-cells are first activated out-
side the follicles by antigen and T-cells (Fig. 5). Then, they migrate into a
primary lymphoid follicle where they continue to proliferate and subse-
quently form the germinal center (GC). Proliferating B-cells reduce the
expression of surface immunoglobulin. These cells are termed centroblasts,
which first proliferate in the dark zone of the GC (Fig. 5). Subsequently,
some cells reduce their rate of cell division and express higher levels of sur-
face immunoglobulin. These cells are termed centrocytes, which are mostly
found in the light zone of the GC. Within the light zone, centrocytes make
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Fig. 6. A second signal is required for B-cell activation. The interaction of the B-cell
antigen receptor (BCR) with the antigen congtitutes the first signal. For thymus-dependent
antigens, the second signd is delivered by the helper cdlls that recognize the antigen as
peptides bound to major histocompatability complex (MHC) 1l molecules on B-cells.
Theinteraction between CD40 ligand (CD40L) on the T-cell and CD40 on the B-cell is
apart of the second signal. For thymus-independent antigens, the antigens or other cells
of the immune system deliver the second signal.

contact with a dense network of follicular dendritic cells (FDCs). B-cells
with mutations that improve affinity for exogenous antigen are positively
selected. However, antigen receptors that fail to bind adequately to low lev-
els of antigen-presented by FDCs can trigger receptor revision, apoptosis, or
both. Notably, negative selection is an important force in the GC, most likely
eliminating approximately one in every two cells.

The main purpose of the GC reaction isto enhance the later part of the primary
immune response. Some GC cells differentiate first into plasmablasts and then
into plasma cells. These nondividing, terminally differentiated plasma cells are
specialized to secrete antibody at a high rate. Other germinal center cells differen-
tiate into memory B-cells, which are long-lived descendants of cells that were
once stimulated by antigen and had proliferated in the germina center. These
cells divide very dowly, if at all. They express surface Ig, but they do not
secrete antibody at a high rate. Signals from both FDCs and T-cells are impor-
tant in stimulating a B-cell to become a memory cell.

Notably, the production of highly efficient neutralizing antibodies requires
antibody affinity maturation, which involvestwo main events (28) (1) immunoglo-
bulin class-switch recombination (CSR), which directs antibody production
towards the synthesis of IgG, IgA, and IgE; and (2) generation of somatic
hypermutation (SHM) in Ig-variable region (V region), which can result in
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amino acid replacements in immunoglobulin V regions that affect the fate of
B-cells. Because not all 1gGs or IgAs carry somatic hypermutations and some
IgMs have such mutations (28), neither CSR nor SHM is a prerequisite of the
other. However, both processes require close cooperation between T- and B-cdlls.
The best known form of such cooperation is the interaction between CD40
ligand transiently expressed on activated Th cells and CD40 molecules consti-
tutively expressed by B-cells (Fig. 6). Defect in this interaction can lead to
hyper-1gM syndromes (29). Because of somatic hypermutations, tolerance must be
induced on B-cells both during their development and after antigenic stimulation
in the secondary lymphoid tissues. Then, useful 1gG molecules require a higher
affinity binding to exogenous antigens, whereas useful TCRs must bind their
MHC-self peptide with a lower affinity.

3.3. Receptor Revision

BCRs that fail to bind adequately to low levels of exogenous antigens pre-
sented by FDCs within the GC can trigger yet another mechanism for optimizing
the B-cell affinity, receptor revision, which refers to secondary rearrangements
in peripheral cells (30). This process is initiated by the absence of signaling
through the BCR and results in secondary RAG-mediated rearrangement at the
IgL locus, leading to the expression of a surface Ig molecule that binds antigen
with affinity higher than that of the parent Ig molecule (Fig. 5). Importantly,
BCR signaling results in a variety of cellular events, including activation, cell
cycling, survival, differentiation, apoptosis, and induction or suppression of Ig
gene rearrangement, depending on the developmental state and interaction with
their microenvironments.

Although antibody response to most protein antigensis dependent on Th cells,
humans and mice with T-cell deficiencies nevertheless make antibodies to many
bacterial antigens. Such antigens are known as thymus-independent antigens
because they stimulate strong antibody responses in athymic individuals. These
antigens are often called mitogens, a mitogen being a substance that induces cells
to undergo mitosis (e.g., LPS). Thisimmunity is an important component of the
humoral immune response to nonprotein antigens that do not engage peptide-
specific T-cell help.

4. Peripheral Tolerance

After development and selection in the thymus or the bone marrow, respec-
tively, naive T- and B-cells migrate to the secondary lymphoid organs (e.g.,
lymph nodes, tonsils, and spleen). These lymphoid tissues, in addition to bringing
T- and B-cells together, contain professional APCs and microenvironments
(e.g., cytokines) that are crucia for T- and B-cell function and survival (8).
APCs include DCs, B-cells, and macrophages.
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Fig. 7. Bridging between innate and acquired immunity. After antigen capturing,
dendritic cells (DCs) migrate to draining lymph nodes. In the absence of danger signal
(e.g., inflammation or exogenous antigens), the DCs remain in an immature state that
present antigen to T-cellsin the absence of co-stimulatory molecules (signa 2). Thiswill
lead to either the deletion of T-cells or the generation of inducible regulatory T-cells (Tr1,
Th3). However, danger signals such tissue inflammations or viral or bacterial infections
induce the maturation of DCs and the migration of alarge number of DCs to draining
lymph nodes. The expression of co-stimulatory molecules by DCs would lead to the
activation of T-cells, activation of B-cells via T-cell-secreted cytokines, and the gener-
ation of effective adaptive immune response.

Despite the different central mechanisms operating on T- and B-positive selec-
tion, itishard to believe that all autoreactive cells are deleted. Many self-antigens
might not have access to the thymus, and others are only expressed later in
life. Thus, not all self-reactive cells are deleted in central organs. Low-affinity
self-reactive T-cells with specificity against antigens not represented in the pri-
mary lymphoid tissues mature and join the periphera lymphocyte pool. So,
there is a requirement for additional cellular and molecular mechanisms that
prevent these autoreactive cells in initiating an autoimmune disease. Several
mechanisms collectively referred to as “peripheral tolerance” normally operate
to prevent autoreactivity. These mechanisms include the induction of anergy
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(unresponsiveness); downregulation of cell surface expression of TCR, BCR,
coreceptor molecules, or a combination; indifference; peripheral deletion; and
immunosuppression (31-33). Noteworthy is that the adaptive immune system
consists not only of immunostimulatory T-cells but also immunosuppressive
T-cells. So far, three subsets of immunosuppressive CD4+ T-cells have been
identified and the best-characterized population is defined by a constitutive
expression of interleukin (IL)-2 receptor a-chain. Although the majority of
these cells, known as regulatory T-cells (Treg cells) are generated in the thymus,
they may be generated in peripheral lymphoid organs under certain conditions
(Fig. 7). The physical interaction of activated Treg cells with CD4+ T-cells is
crucial inloca and specific immunosuppression. However, the suppression can
be antigen nonspecific and independent of inhibitory cytokines such as IL 10
and TGFp. Recent results indicated that depletion of Treg cells could lead to
autoimmunity in animal models. Additionally, dysfunction of these cells has
been linked to autoimmunity in humans (33).

In addition of playing a major role in the activation of T-cells, DCs also can
maintain both central and peripheral tolerance (34). Indeed, mature thymic DCs
are essential for the deletion of newly generated T-cells that have receptors
that recognize self-antigens with high affinity. By presenting tissue antigens to
naive T-cells in the absence of co-stimulatory signals, immature DCs induce
T-cell anergy/deletion or the development of inducible regulatory T-cells,
which produce IL-10 (Fig. 7). Interestingly, some studies indicated that periph-
eral T-cell tolerance also could be maintained by receptor revision (35).
Consistent with the important role of GC in this process, information so far avail-
able seems to indicate that TCR revision is restricted to CD4+ T-cell population.
In addition to central tolerance, potential autoreactive B-cells also are eliminated
in the periphery. However, if an autoreactive B-cell escapes clona deletion or
receptor editing, or it is generated in the GC after somatic mutations, it should be
kept in check by the absence of the appropriate Th cell population, whose toler-
anceis maintained at severa levels (31).

5. Recognition of Self-Antigens Is Crucial for Both T- and B-Cell
Survival: How Strong Can the Interaction Be?

Recent studies indicated that naive periphera T-cells bearing TCRs that fail to
interact with MHC molecules plus self-peptides have a shortened life-span and do
not undergo homeostatic proliferation to maintain the proper balance of lymphoid
cell populations (36,37). To survive, periphera naive T-cells require the recogni-
tion of self-peptide/MHC complexes. TCRs transduce survival signals upon bind-
ing to self-MHC molecules. These results underlie the important roles played
by the selecting self-peptides. Notably, this self-recognition constitutes a per-
manent danger because under certain conditions (e.g., peptide concentration or
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Fig. 8. Schematic of class | pathway of antigen processing. The proteasome digests
endogenous cellular proteins into peptide fragments that are transported to the endo-
plasmic reticulum where they will be taken up by major histocompatability complex
(MHC) I molecules. Subseguently, the complexes are delivered to the cell surface. TAPR,
transporter associated with antigen presentation.

posttrandational modifications), naive T-cell interaction with self-peptides may
trigger their full activation, thereby inducing autoimmunity. Thistype of reactivity
may benefit patients with cancers. Another question is whether B-cells, as T-cdlls,
interact with self for survival. In thisrespect, al peripheral B-cellsfail to be main-
tained when the BCR is deleted, indicating that BCR signaling also isrequired for
B-cdll survival (24). Again, the strength of BCR signaling seems to be a major
player in peripheral B-cell fate. Therefore, the data predict that both T- and B-cells
must interact with self-antigens to survive.

6. Antigen Processing
6.1. Class | Pathway of Antigen Processing

The TCR recognizes antigen only when it is displayed on the surface of the
target cell as peptide fragment by the class | and class 11 molecules of the MHC.
Class| molecules are present on virtually all nucleated cells and predominantly
present peptides derived from endogenous proteins asillustrated in Fig. 8. These
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Fig. 9. Schematic of class Il pathway of antigen processing. The invariant chain
transports the major histocompatability complex (MHC) class |1 molecules from the
endoplasmic reticulum to a specialized endosomal compartment where the invariant
chain is cleaved leaving a small peptide CLIP. Exogenous antigens that are taken up
by endocytosis are cleaved into small peptide fragments within the endosomes.
Within the endosomes, the CLIP fragment is eventually replaced by the cleaved
peptides and then complexes are delivered to the cell surface. CPL, compartment for
peptide loading.

peptides are generated by the proteasomes, multicatalytic protease assemblies
that are responsible for the major pathway of protein turnover in the cytoplasm
(38). The peptides generated by the proteasome are subsequently translocated
into the lumen of the endoplasmic reticulum (ER) by the transporter associated
with antigen presentation (TAP) heterodimer, which may display a certain
degree of specificity by selecting peptides with length and termini optimal for
the class | binding (39). The binding between the peptide and class | molecule
takes place inside the ER. Tumor cells therefore present peptides from tumor
antigens in the context of class | MHC to CD8+ T-cells.

6.2. Class 1l Pathway of Antigen Processing

Class Il molecules are present only on the surface of specialized APCs,
including DCs, B-cells, and macrophages. These are predominantly loaded with
peptides derived from exogenous proteins that enter the endocytic pathway of
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Fig. 10. Critical molecules involved in the interaction between the T-cells and the
antigen-presenting cells. The first signal consists of the T-cell receptor (TCR)—peptide—
MHC interaction. The second co-stimulatory signal resulting from the interaction between
CD28 and B7 molecules, leading to the amplification of the signaling process in naive
T-cellsand protects activated cells from degth. In absence of signal 2, T-cdll activation will
lead to anergy. Several inducible costimulatory molecules, in particular CTLA4, negetively
modulate activation of T-cells. Notably, al of the constitutively expressed co-stimulators
have positive amplifying effects, whereas the group of inducible costimulators contains
positive (e.g., inducible co-stimulatory [ICOS]) and negetive (e.g., CTL4 and PD-1) regu-
lators. APC, antigen-presenting cell.
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the cell by endocytosis (Fig. 9). Thus, proteins released from tumor cells by
secretion, shedding, or tumor lysis are captured by APCs. These antigens are
processed, and peptides are presented to CD4+ cells by MHC class |1. Notably,
the majority of class |l molecules acquire peptidesin aspecialized compartment,
the so-called CPL. The synthesized class || molecules reach this compartment
through the early endosomes. A specia protein called invariant chain is respon-
sible for the proper intracellular trafficking of class Il molecules and peptides
present in ER (40). Defectsin ether class|, 11, or both types of antigen processing
is one of the mechanisms by which bacteria, viruses, and tumor cells escape the
immune system.

7. T-Cell Activation Requires at Least Two Signals

T-cell activation and differentiation require not only TCR recognition of
the antigen—-MHC complex but also co-stimulation through the interaction of
accessory molecules on APCs and their corresponding receptors on
T-lymphocytes (41). Therefore, class | and |1 presentation of peptide antigens
to T-cells (signa 1) is not enough to induce their activation; coreceptor stimula-
tion also is required (signa 2), which is delivered by the same APCs (Fig. 10A).
In the absence of signa 2, T-cells are inactivated via energy (Fig. 10B). The
outcome of T-cell responses after of recognition of specific antigens is modulated
by costimulatory signals, which are required for both lymphocyte activation and
development of adaptive immunity. The engagement of the CD28 molecule
expressed on resting T-cellswith the shared ligands B7.1 (CD80) and B7.2 (CD86)
on activated APCs enhances the T-cell response. Other costimulatory molecules
include lymphocyte function antigen-1 and -2 (42).

Sustained T-cell activation is expected to cause damage to the organism;
thus, once T-cells are activated, they express additional molecules to modu-
|ate the immune response. Among the best studied of these counterregulatory
pathways is the one initiated by engagement of the cytotoxic T-lymphocyte-
associated antigen (CTLA) 4, which is a homolog to the CD28 and binds to
B7.1 and B7.2 molecules with much higher affinity than CD28 (Fig. 10C).
CTLA4 isinduced after T-cell activation and deliversinhibitory signalsto T-cells
that oppose the co-stimulatory signals delivered by CD28, leading to attenuation
of T-cell activation late in the immune response (43). Inducible costimulatory
(ICOS) is another member of the CD28 family, and it is not expressed by naive
CD4+ cdlls, but it is induced after T-cell activation. Programmed desth (PD)
receptor ligand (PD-L) 1 (also called B7-H1) is a recently described B7 family
member that binds to PD-1 expressed by T-cdls (43). This signaling pathway
has been reported to decrease TCR-induced proliferation and cytokine
production.
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In contrast to the expression of B7.1 and B7.2, PD-1 ligands are expressed
not only on hematopoietic cells but also in nonlymphoid organs. The expression
of PD-L1 and PD-L 2 within nonlymphoid tissues suggests that these PD-1 lig-
ands may modulate the autoreactivity of T- and B-cells in peripheral tissues.
However, interaction of PD-L 1 on tumor cellswith PD-1 on tumor-specific T-cells
may induce T-cell tolerance, leading to tumor escape. Together, these observa-
tions underlie the crucial role played by APCs in controlling T-cell activation
and in determining the outcome of the immune responses whether directed
against self or nonself.

8. T- and B-Cell Collaboration

Cross-linking of surface immunoglobulin by exogenous protein antigens
can activate B-cells, however, this activation is not normally sufficient on its
own to activate their proliferation and differentiation into plasma and mem-
ory B-cells. B-cell responses to these antigens are driven by interactions with
a specialized subset of T-cells, namely, the helper T-cells (44). Thus, exoge-
nous antigen, which is recognized by the surface IgM on the B-cell, isinter-
nalized, processed, and reexpressed on the MHC class || molecule of the
B-cell (Fig. 6). This B-cell can then present the antigen to a primed specific
T-cell. When stimulated, the T-cell expresses CD40 ligand, which binds to
CD40 on the B-cell, and the T-cell produces cytokines, leading to B-cell
division and maturation to antibody-secreting plasma cells (45). T-cell inter-
action induces isotype switching from the initial IgM response. As soon as
the isotype switch from IgM to another higher affinity antibody (19G, 1gA,
and IgE) has occurred, some of the activated cells become long-lived mem-
ory cells. Memory is a characteristic hallmark of the adaptive immune
response, thus making the host cells prepared to mount a more powerful
immune response when they encounter the pathogen for the second time.
Cooperation between both arms of the immune system is essential to pro-
duce optimized immune responses capable for eradicating infections. As
mentioned above (see Fig. 6), B-cells also can respond to some antigens in
a T-cell-independent manner by cross-linking of the receptors. However,
these responses are limited to IgM, of poor affinity, and are short lived.

9. Th1 and Th2 Type Responses

Subsequent to T-cell development, two major types of effector T-cells are
generated, Th cells bearing CD4 molecules on their surface and Tc cells bearing
CD8 molecules (Fig. 3). CD4+ T-cells only recognize antigen presented with
MHC class Il and CD8+ T-cells with MHC class |I. CD4+ Th cells recognize
foreign antigen and activate other parts of the cell-mediated immune response
to eradicate the pathogen. They also play a mgjor part in activation of B-cells
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(44). Th cells can be further subdivided functionally by the pattern of cytokines
they produce (46). Thl cells produce IL-2 and interferon (IFN)y, whereas Th2
cells produce IL-4, -5, and -6. Thl-type response plays a major role in cellular
immunity, whereas Th2-type response is critical for cellular immunity. In
mice, 1gG2 B-cell response is associated with a Thl-like immune response
and 1gG1 with a Th2-like response (45). Human type 1 immunity is usually
associated with IgG1 and 1gG3 subclasses, and type 2 immunity is associated
with the 1gG4 isotype and IgE (47). There is one other Th subset, Th3, that
secrets mainly the cytokine transforming growth factor (TGF)B, which can
have suppressive activity on Thl and Th2 cells (48,49). These T-cells may
derive from either thymic Treg cells or peripheral T CD4+ Th cells under certain
stimulation conditions (Fig. 7).

CD8+ Tc cells are directly cytotoxic to cells bearing their specific antigen
and are expected to play important role in tumor immunol ogy through a process
of cell-mediated cytotoxicity that involves Fas, perforin, or both. Perforin-
mediated lysis requires a cognate interaction between the antigen-specific TCR
on a T-lymphocyte and the specific antigen (usually a peptide) presented on an
MHC molecule on the target cell’s plasma membrane. Fas-mediated cytotoxicity
involvestheligation of Fasonthetarget cell by Fasligand on T-cells, but it does
not require a cognate recognition interaction via the TCR. Cytotoxicity also
may be signaled via the tumor necrosis factor (TNF) receptor on a target cell
(8). It has been shown that the CD8+ T-cells also can be subdivided into |FNy-
producing Tcl cells and IL-4—producing Tc2 cells similar to the Th subsets.
Innate effector cells, such asDCs, NK, naturd killer T-cells (NKT), and yd T-cells,
produce severa cytokines, including Thl and Th2 cytokines. Thus, severa
immunoregulatory cells in addition to T-cells control the outcome of an immune
response. A type 1 immunity, which is regulated by IL-12 and IFNYy, plays a cru-
cia role for eradication of tumorsin vivo.

10. Immune Response to Tumors

Based upon the immunosurveillance model (1), the immune system can
play a protective role in tumor development by recognizing and destroying
nascent transformed cells. The first question for many of us was whether
tumor-specific antigens exist, and, if so, whether there is immunological
recognition of these antigens in humans. Studies in mice showed that the
immune system can recognize and reject certain tumors and that immunode-
ficient mice, lacking INF-y and RAG-2, have an increased incidence of can-
cer (50,51). In humans, the incidence of some cancers is increased in
immunodeficient patients and is increased with age, owing to the immunose-
nescence. Evidence provided by autologous typing indicated the presence of
patient-restricted antigens and shared antigens. Moreover, the presence of
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tumor infiltrating lymphocyte supports the activation of these T-cells by tumor
antigens (4,5). Indeed, specific homing of T-cellsinto tumor tissues compared
with the surrounding normal tissues was found (5). The existence of immune
response against tumors has now been validated in several studies (see
Chapter 1-15, Volume 1). However, in contrast to the notion that the immune
system should eliminate tumor cells, the developed responses failed to pre-
vent tumor growth. According to the current view, the immune system also
functions to select tumor variants with reduced immunogenicity capable of
withstanding the tumor-suppressing activity of the immune response (52).
This process, which is referred to as cancer “immunoediting,” is a dynamic
process composed of at least three phases: €limination, equilibrium, and escape. To
become clinically detectable, cancer cells must circumvent both innate and adap-
tive immunity. Thus, the host immunological environment selects tumors during
tumor development and therefore leads to the generation of the selected tumors
that survive with reduced immunogenicity. This heartening truth, which arises
because most of the tumor cells are under constant selection pressure for survival,
has been underlined by several recent studies (52).

11. Technical Advances in Tumor Antigen Discovery

One aim of tumor immunology is to increase the antitumor immune
response and to mediate killing of tumor cells by the host’s immune system,
in particular, Tc cells (53). Given the prevalence of autoantigens on human
cancers and the ability of tumors to induce tolerance to neoantigens acquired
during transformation, tolerance is emerging a central obstacle for immune
recognition of human cancer antigens. Because tumor cells do not express
costimulatory molecules, antigens presented by these cells will induce toler-
ance despite being tumor specific. Thus, one of the main challenges of this
field is to identity tumor antigens capable of inducing protective antitumor
immunity as well as to uncover the cellular and molecular mechanisms that
lead to the strange behavior of the immune system toward tumor cells. To
identify tumor antigens, here referred as tumor-associated antigens (TAAS)
and tumor-specific antigens (TSAS), several techniques have been explored.

11.1. Autologous Typing

Autologous typing was an early approach of determining whether patients
with cancer recognize tumor-specific antigens on the surface of their cancer
cells (54). Serafrom patients with cancer were tested for reactivity with surface
antigens of cultured autologous cancer cells and normal cells. Positive reactiv-
ity simply signifies that the antigens being detected on the target cells. Because
of the potential presence of aloantibodies directed against aloantigens not
present on other autologous cell types, extensive absorption steps are needed to
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demonstrate the specificity of binding. Using this method, a few antigens have
been identified. A major impediment to progress in this approach was the gen-
eral inability to grow primary human cellsin tissue culture.

11.2. Biochemical Approach

This method relies on the purification and anadysis of peptides euted from
MHC molecules of tumor cells. Acid eution of antigenic peptides bound to MHC
class| moleculesfrom tumor cells (55). Subsequently, tumor peptides arefraction-
ated by high-performance liquid chromatography, and then the different fractions
are tested for their ability to sensitize tumor cells for lysis by autologous tumor-
specific cytotoxic CD8+ T-cell clones. Subsequently, peptide fractions conferring
sengitivity to lysis by tumor-specific T-cells are sequenced. Although this method
led to the identification of several human tumor antigens dliciting cellular immune
responses (56), it aso relies on the generation of autol ogous specific T-cell clones.

11.3. T-Cell-Based Identification of Recombinant Tumor Antigens

Several studiesindicated that T-cellsare acritical mediator of tumor immunity.
Establishment of T-cell clones from tumor-infiltrated T-cells was important for
this method. The first experimental approach is based on the transfection of
recombinant cDNA libraries into cells expressing the MHC-presenting mole-
cules (57,58). Autologous tumor-specific cytotoxic CD8+ T-cell clones (CTL)
are then used to test for recognition of the transfected cells. In the case of posi-
tive response, cDNA fragments of the isolated gene are subcloned to define the
region encoding the antigenic peptide. Subsequently, synthetic peptides are
tested in atarget cell sensitization assay for their ability to sensitize target cells
(tumor cells) to lysis by the original tumor-specific CTLs. Using this approach,
Boon and colleagues (57) reported the first successful cloning of human tumor
antigen, termed melanoma antigen-1 or MAGE-1, which elicited a spontaneous
CTL response in the autol ogous melanoma patient (57). Further studies showed
MAGE-1 to be expressed exclusively in normal testis among normal tissues.
The use of this“genetic” approach of T-cell epitope cloning also led to the iden-
tification of the BAGE and GAGE antigens, both of which are recognized by
CTL of melanoma patients (58). Despite the identification of some tumor anti-
gens, thisapproach istechnically challenging in that it requires the establishment
of autologous CTL lines/clones and tumor cell lines from the same patient, a
task not achievable for most epithelial tumor types (58).

11.4. Serological Analysis of Autologous Tumor Antigens
by Recombinant cDNA Expression Cloning (SEREX)

To overcome some of the technical problems related to the generation of T-cdll
clones, in 1995 Sahin and colleagues (59) developed the SEREX technique
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(see Chapter 15, Volume 1). The method does not rely on the availability of T-cell
clones or lines but rather screens antibody response of cancer patients against
autologous (or alogeneic) tumor cDNA expression libraries. Briefly, cDNA
libraries are constructed from tumor tissues or cell linesin a prokaryotic expres-
sion vector such asthelytic phage A. The library is used to transduce Escherichia
coli. Blotting to a nitrocellulose membrane transfers lytic plagues. The mem-
branes are then incubated with diluted patient serum antibodies preabsorbed for
removal of E. coli binding antibodies. Positive-reacting clones are detected by an
enzyme-conjugated secondary antibody specific for human IgG. In their initia
application of this method, they identified MAGE-1 and tyrosine, two antigens
originaly cloned as CTL targets, indicating that the strategy can identify tumor
antigens that elicit a CTL-mediated immune response (59,60). Subsequent stud-
iesidentified an array of TAAsin many human cancers, as demonstrated by more
than 2000 different gene entries of potentially cancer related antigens (see
Chapter 1-15, Volume 1). Notably, strong 1gG antibody responses are considered
to depend on the presence of T-cell help.

The SEREX antigens can be divided into several groups (61): (1) cancer-testis
(CT) antigens (e.g., HOM-MEL-40) are selectively expressed in a variety of neo-
plasms, but not in normal tissues except for testis; (2) differentiation antigens show
a lineage-specific expression in tumors and in norma cells, but not only at a
defined stage of development (e.g., tyrosinase); (3) antigens encoded by mutated
genes (e.g., p53); (4) splice variants (e.g., restin); (5) viral antigens (e.g., HERV-
K10); (6) overexpressed genes (e.g., Gaectin-9) are known to dlicit immune
response by overriding thresholds critical for the maintenance of tolerance;
(7) overexpression because gene amplification (e.g., elF-4y); (8) cancer-related
autoantigens (e.g., HOM-MEL-2.4); and (9) cancer-independent autoantigens
(e.g., HOM-TES-11).

One of thetechnical problemswith SEREX isthat it is based upon aone-step
screening. In contrast, the sensitivity and selectivity are expected to be high
when the selection is performed through iterative, powerful enrichment steps,
thus offering one of the major advantages of phage display method that we have
established in 1993 for the purpose of profiling the immune response in patients
with autoimmune diseases (62). The only prerequisite of this novel approachis
the availability of patient sera. We have extended this method to patients with
cancers, and several tumor antigens have been identified.

11.5. Phage Display

For the generation of peptides or protein collections for the discovery-oriented
method, large numbers of synthetic peptides or recombinant proteins have to
be prepared and purified, which is a magjor technical challenge. Therefore,
recombinant peptides or proteins displayed on phages are highly recommended.
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Fig. 11. Structure of the phage M13, showing minor and mgor coat proteins.
Recombinant peptides and proteins can be expressed as fusion with either plll, pVI, or
pVIII coat proteins.

Peptides expressed on phages have a broad range of applications, which include
drug and target discovery, protein evolution, and rational design. DNA can
be cloned in frame at the amino terminus of the gene encoding for one of the
two-capsid proteins pl1l or pVIl1, and the corresponding fusion product will be
displayed on the surface of the virion (refs. 63-65; Fig. 11). Repertoires larger
than 102 phage clones expressing different peptide sequences can be prepared
from the host without lysis, giving very high titers of ligand-displaying phage.
Notably, phage display offers the advantage of the displayed ligand being
physically associated with the genetic information. Since thefirst reports, many
different peptide phage libraries have been constructed and screened with severa
different ligates (65).

Because the integrity of the C terminus of plll and pVI1Il isessential for effi-
cient phage assembly, insertions of foreign peptides can only be tolerated at the
N terminus. The use of phage for creating cDNA expression libraries has been
hampered by the presence of stop codons in the 3" untrandated regions of
eukaryotic cDNA, which would prevent the fusion to the N terminus of theviral
coat proteins. To overcome this problem, Crameri and Suter (66) explored the
interaction between the Jun and Fos leucine zippers. Here, the Jun domain has
been expressed as afusion with pl1l and Fos expressed as an N-terminal fusion
peptide to aforeign protein. The resulting Fos-fusion protein associates with the
Jun-expressing phage particles. Jesper et a. (67) have described anovel phagemid
vector that allows the functional expression of full cDNA libraries as a fusion
with the C terminus of pV1 protein. The phage coat protein pVI is not known to
be involved in infection, and its C terminus is thought to be surface exposed.
Therefore, the presence of stop codons in full-length cDNA does not prevent
display of cDNA repertoires fused to pVI. More importantly, the developed
cloning system allowsthe display in all three reading frames. We have explored
this expression system to identify tumor antigens (68).

A necessary step in filamentous phage assembly isthe transport of fusion pep-
tides or proteins to the periplasm. This transport is a mgjor limitation to phage
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display if the foreign protein cannot be secreted through the E. coli membrane.
Additionally, the chemical characteristics of the periplasmic environment may
affect the folding, processing, and stability of the protein to be displayed. In part
because of such limitations, systemsusing lytic phagesuch as A, T4, and T7 have
been developed (69). Phage assembly takes place in the cytoplasm, and mature
phages are released by cdll lysis. This sequence implies that the protein included
in the phage capsids is folded and assembled in the cytoplasm and does not
require secretion through the membrane.

The T7 select TM display system exploits the product of gene 10 to dis-
play foreign peptides on the T7 capsid (70). The cDNA inserts are placed at
the carboxy-terminal to the coat protein, so the expression of intact fusion
protein is not affected by the presence of stop codon (71). The T7 bacterio-
phage has a very short life cycle and as a consequence, the time needed to
perform multiple panning cycles is decreased compared with other types of
display. Moreover, phage particles are extremely robust and resistant to
harsh conditions that can be used for phage elution. We implemented this
system in our laboratory and showed its feasibility in identifying tumor anti-
gens (72).

11.6. Application of Phage Display to Study Immune Responses
in Patients

The characterization of B- and T-cell specificitiesis crucia for the under-
standing of the immune response mechanism and its role in the prevention
and cause of human diseases. However, the determination of B- and T-cell
specificities requires access to the parental antigen(s) that initiate the immune
response, a major limiting step if such antigens are not available. We have
shown that random peptide libraries can identify serum antibody specificities
whether or not the parental antigens are known (62,73,74), the rationale being
that antibodies from patient serawill bind to the phage containing the peptide
initiating the immune response against self- or nonself proteins. Thus,
through this strategy, it is possible to probe any specific immune response
in patients. Serafrom patients, in addition to disease-specific antibodies, con-
tains antibodies of irrelevant specificities. To enrich for the disease-specific
epitopes, different approaches for subtraction or counterscreening have been
developed (62,68).

An important application of the phage display technology will be the
analysis of immune responses in patients with cancer, because it has been dif-
ficult to identify immunogenic antigens capable of inducing immune responses
in patients to a level high enough for tumor rejection (68). Although, most of
the studies carried out with phage display libraries have been applied to
homogenous proteins, we have shown for the first time that peptide phage
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Fig. 12. Biopanning phage libraries on patient serum antibodies. In this protocol, the

phage library (e.g., peptides and cDNAS) is incubated with patient serum antibodies.
After incubation, biotin-conjugated anti-human IgG antibody was added to capture the
reacting phages. After incubation, reactive phages are captured on streptavidin-coated
magnetic beads, washed, acid eluted, and then amplified in Escherichia coli. Amplified
phages are used for further rounds of selection.

libraries can be used to determine the specificities of antibodies present in
whole sera of patients with breast cancers (75). Homology search with the
selected peptides identified potential tumor antigens. Importantly, patients
who responded to most of the selected peptides exhibited a good prognosis.
The selected antibody ligands can be an important tool for diagnosis, prognosis,
and immunotherapy. In the case of autoimmunity, the characterization of the
autoimmune responses should facilitate the identification of new autoantigens
that may act as tolerizing vaccines.

11.7. Biopanning and Immunoscreening Techniques

The phage display approach is far superior over one-step screening methods
(e.g., SEREX) because sensitivity and selectivity are extremely high when
selecting through iterative, powerful enrichment steps (68). To select phages
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Fig. 13. Immunoscreening of phage-encoded peptides biopanned on serum antibodies
from patients with breast cancer. After transfer to nitrocellulose and blocking, the mem-
branes were incubated with 8 pg/mL pooled 1gG fraction from breast cancer patients (b),
lymphoma (1), osteosarcoma (0), or normal (n). Subsequent to incubation, alkaline phos-
phatase conjugated anti-human 1gG antibodies detected the immunoreactive phages.

displaying a particular antigen (e.g., peptides, proteins, and cDNA repertoires),
a biopanning technique is used (Fig. 12). In this procedure, serum antibodies
are incubated with the phage library and then biotin-conjugated anti-human
IgG are added. Thus, serum antibody-binding phages can be immobilized on
streptavidin-coated magnetic beads. After several washes to remove non-
specifically bound phages, the bound phages are acid eluted and amplified for
the next round of selection. When using whole sera or purified 1gG fraction, there
are some important parameters to consider during the biopanning experiments.
In contrast to monoclonal antibodies, whole serum affinity selection methods
do not permit facile adjustment of the specific immune response in patient sera.
In addition to tumor antigen-specific antibodies, patient sera contain a large
proportion of physiological antibodies. This composition could result in enrich-
ment of phage-displaying antigens for irrelevant antibodies (62,68). To overcome
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some of these potential problems, we have introduced a subtraction step in
which the undesired antibody-binding phages are subtracted by normal serum
antibodies (62).

After the desired rounds of selection (usually three to four), individual
phages should be tested for binding by, for example, ELISA. To simplify this
time-consuming step, we have used a rapid immunological screening method
(68,75,76). In this method, the immunoselected phage library is transferred to
nitrocellulose membranes, and subsequently the filters are probed by either
serum antibodies from patients or controls (Fig. 13). Therefore, it is possible to
screen many phages in a single step. The data shown in Fig. 13 illustrate the
power of the enrichment achieved by the phage display technology. A strong
reactivity was found with pooled 1gG antibodies from breast cancer patients, but
no significant reactivity was found with 1gG from normals, patients with lym-
phoma, or those with osterosarcoma. Positive clones are clearly distinguishable
from negative clones, confirming the specificity of the immunoreaction.

11.8. Technical Limitation of SEREX and Phage Display Methodologies

The current bacterial expression systems are greatly limited in their ability to
identify antigen that are posttrand ationally modified. These modificationsplay an
important role for proper folding and functioning of many proteins. Moreover,
modifications such as glycosylations are known to affect the immunogenicity of
proteins. As a consequence, several groups have established eukaryotic expres-
sion systems such as baculovirus (77) and retroviral surface display (78).
Recently, the yeast Saccharomyces cerevisiae expression system was applied for
the display and affinity maturation of an scFv antibody via the agglutinin mating
adhesion receptor (79). Yeast display offers the advantage of using flow cytometry
for rapid quantitative isolation of rare binders. The method was used for the
isolation and characterization of tumor antigens recognized by autologous or
allogeneic breast cancer serum (80).

11.9. Identification of Tumor Antigens by Expression Profiling
of Cancer Cells

Another approach to identify tumor antigensisto search for potential T- and
B-cell antigens by mRNA expression profiling, namely, by searching for genes
that are expressed in cancer but not in other normal tissues (81-84). Severa
selection and global techniques have been used to monitor gene expression,
including subtractive hybridization, PCR-based subtraction cloning, represen-
tational difference analysis, suppression subtractive hybridization, differential
display, large-scale sequencing of expressed sequence tag (EST) sequences,
serial analysis of gene expression, and DNA microarray array analysis
(see Chapters 2-6, Volume 1). In addition to tumor antigen discovery, these
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molecular techniques have proven to be a powerful approach for the discovery
of novel therapeutic genes. So far, microararys are the most used methods for
generating quantitative information about the expression of thousands of genes
with relative rapidity. However, novel transcripts cannot be discovered by this
method. To uncover new tumor antigens and therapeutic targets, we have com-
bined PCR-based cDNA subtraction technique and Northern blotting (85).
After cloning and sequencing, several potential known and new targets were
identified, including ADP/ATP carrier protein, ErbB2, and ribosomal protein
RPL19.

A key in tumor antigen discovery before proceeding to vaccine develop-
ment is demonstrating the immunoreactivity of the new target antigens. A
variety of in vitro and in vivo assays are used to identify peptide epitopes
capable of inducing CD8+, CD4+, or both (see Chapter 1-15, Volume 1).
Serum IgG antibody reactivity can be considered as a good indicator for acti-
vated humoral and cellular immunity. Significant antibody reactivity against
several antigens was found in patients with breast cancer compared with
controls (72,75,76,85).

Public access to the human genome sequences, cDNAs derived from nor-
mal and malignant tissues, together with the EST database has facilitated the
discovery of tumor antigens through a bioinformatics approach ([81,84]; see
Chapter 2, Volume 1). The data can be searched for overexpressed genes,
which should be considered as candidate tumor antigens. However, as over-
expression does not always imply that there will be an immune response
against the protein in question; additional steps have to be integrated to direct
the screening efforts toward identifying the best candidate antigen or thera-
peutic target for immunologic or therapeutic intervention. Differentially
expressed genes need to be identified systematically (perhaps by the applica-
tion of rapidly improving gene array technologies), and their immunogenicity
needs to be determined. Ideally, candidate genes would only be expressed in
tumor cells but not in any normal cells.

11.10. Proteomics and Tumor Antigen Identification

It is anticipated that RNA levels of many genes do not reflect protein contents;
therefore, transcriptome analysis might be mideading for target discovery.
Moreover, posttranscriptional modifications cannot be detected by this technique,
and dynamic changes on protein level would not be revealed on the transcriptome
level. Proteomics, the study of proteins and protein pathways, is a promising tech-
nique for tumor antigen discovery (86). It depends on a combination of methods,
including two-dimensional gel eectrophoresis, mass spectrometry, peptide
sequencing, image analysis, and bioinformatics. The promise of thistechnology to
identify novel antigen isdescribed in Chapter 16, Volume 1. Using this method and
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sera from patients with breast cancers, we have identified several potential
tumor antigens, such as ADAM10, dihydrolipoamide S-acetyl transferase, and
B-F1-ATPase.

12. Tumor Escape and Self-Tolerance

Cancer poses a difficult problem for immunotherapy because it arises
from the host’s own tissues. T-cells reactive with dominant determinants of
tumor-associated antigens and perhaps subdominant epitopes are deleted in the
thymus during negative selection. Thus, most of the tumor determinants are
expected to beimmunologically silent; hence, effective tumor immunity cannot
be induced by tumor cells (87). Moreover, as tumors accumulate neoantigens
during transformation, they also gradually induce tolerance in T-cells against
these nepantigens (52). Thus, one of the major problems faced by tumor immu-
nologistsisthe need to find strategies that induce immunity against self-antigens
expressed by tumor cells. The goa of these strategies is to overcome one or
more mechanisms of immune tolerance. During the last years, a number of
approaches have been used by different groups, including the use of antigen
expressed in xenogeneic cells, heteroclitic peptide strategies, xenogeneic DNA
immunization, recombinant viruses expressing tumor antigens, whole cell
vaccines (typically transfected with cytokines or costimulatory molecules), and
exogenous use of cytokines (88).

The absence of efficient tumor-specific immunity can be related to several
mechanisms, such as inadequate APC function and T-cell tolerance toward
tumor antigens, which are seen as self-antigens (89). As mentioned above (see
Fig. 10), initiation of the T-cell response requires stimulation of the TCR via
its peptide/MHC ligand on the APCs as well as co-stimulatory signals (5).
Several signaling events can prevent the initiation of T-cell activation against
tumors, including the CTLA4 pathway (43). Moreover, recent reportsindicate
that several subsets of Treg cells are involved in controlling T-cell tolerance
in the periphery. In addition to the naturally occurring CD4+CD25+ cell popu-
lation, which has been shown to be continuously produced within the thymus,
other T-cell subsets bearing suppressive ability have been described. Among
these subsets, the most important are IL-10—producing type 1 regulatory (Tr1)
cells and TGFB-producing Th3 cells (89). These cells can be derived from the
peripheral naive CD4+ T-cell population under particular conditions of anti-
genic stimulation (see Fig. 7). In addition to IL-10, CTLA4 plays an essential
rolein Treg function. It is constitutively expressed by Treg cells (CD4+CD25+)
but not by other CD4+ T-cell subsets. Tumor cells also secrete immunosuppres-
sive cytokines, such as TGF( and IL-10, which can inhibit T-lymphocyte effec-
tor function. Downregulation of these suppressive cytokines by small-interfering
RNAs (sSRNAs) may increase tumor immunity (90).
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Although much of the initial attention focused on the role of Treg cells in
controlling autoreactivity, there is growing evidence that they significantly
impact on the host response to cancer. In murine models, antibody-mediated
depletion of CD25+ Treg cells enhanced the induction of tumor immunity
(90,91). However, specific depleting antibodies are limited; therefore, new
strategies to modulate survival or apoptosis of Treg are warranted. Reduction of
CD25 Treg cells triggered by certain drugs has been shown to enhance tumor
immunity elicited by vaccination (92).

An additional and highly significant form of immune escape is the ability of
tumor cells to evolve mechanisms that impede antigen processing and presen-
tation, expression of costimulatory molecules, or a combination (89). Recent
studies demonstrated that some tumor cells could overexpressinhibitors of T-cell
activation, such as galectin. Thus, atumor may directly inhibit antitumor respon-
ses by multiple mechanisms (52).

The immunoediting model predicts that in all cases, clinically detectable
tumors will develop and may result in death of the host. However, it cannot
explain why tumors are sometimes spontaneously rejected (93). In some
patients, long-term remission was observed without treatment. Thus, surviving
tumors that acquired insensitivity to immunologic detection, elimination, or
both are destroyed! In my opinion, the analysis of the immune responsesin this
category of patients who spontaneoudly recovered from cancer should facilitate
the design of better vaccines. More recently, we have found that some patients
with breast cancer have developed an antitumor immune response with diversi-
fication of B- and perhaps T-cell epitopes (94). This process, generally termed
“epitope spreading,” was found in al destructive autoimmune diseases (94).
Epitope spreading is more likely to depend on many factors, including the
nature of the autoantigen(s) and the level of established immunologic tolerance.
Thus, the identification of tumor antigens capable of triggering a strong
immune response with epitope spreading should be considered as invaluable
candidates for cancer vaccines.

13. Dendritic T-Cells and Cancer Vaccines

One of theimmune cell typesthat link innate and adaptive immunity and play
amajor role for cancer immunotherapy is DCs (95,96). These cells are able to
affect immunity through several signals, leading to either activation or inhibition
of T-cell response (96). DCs, via the production of soluble cytokines, also acti-
vate other cell types such as NKT cells and NK cells. Immature DCs are highly
phagocytic, but in the absence of co-stimulation, their activation can lead to tol-
erance (97). Under normal conditions, phagocytosed self-antigens should lead to
the induction of tolerance to self and thereby prevent autoimmunity (Fig. 7).
However, immature DCs that captured exogenous antigens undergo maturation,
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Fig. 14. Immunostimulatory small-interfering RNA (siRNA)-liposomes can be
highly effective adjuvant for bridging between type 1 innate and acquired immunity.
Administration of double-stranded siRNA or single-stranded siRNAs in liposomes
induced the activation of Toll-like receptor 7- and 8-expressing monocytes and den-
dritic cells (DCs) to produce cytokines (e.g. tumor necrosis factor [TNF]a, 1L-12)
and interferons (IFNc), which can activate natural killer (NK) cells and natura
killer T-cells (NKT) (97). The produced cytokines induce the activation DCs and
potential maturation of tumor monocytes into dendritic cells, which will activate
T- and B-cells, leading to T-helper (Th) type 1 response. Activated cytoxic T-cells
(CTL) migrate into the tumor site from the draining lymph nodes and eventually will
eradicate tumor cells.

which enables them to migrate to the lymph nodes and to present peptides
derived from the acquired antigens to lymph node-residing T-cells, leading to a
cellular immune response that involves both CD4+ and CD8+ T-cdlls (Fig. 7).
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Because of their important role in immunity, ex vivo-generated antigen-loaded
DCs have now been used as vaccines to improve immunity. Although DCs can
be obtained from several sources, for clinical trials monocyte-derived DCs are
the most widely used DCs. Monocytes can be differentiated into either macro-
phages, which function as scavengers, or DCs, which induce specific immune
responses. Different cytokines skew the in vivo differentiation of monocytes
into DCs with different phenotypes and functions. Alteration of DC function
can be achieved by transfection with immunomodulatory molecules. Endo-
genous signal also can be inhibited by severa techniques, such as the use of
antisense oligonucleotides and SiRNAs.

It is worth noting that the inherent immunogenicity of DCs can be unregu-
lated by stimulation of these cells through various receptors, such as the
TLRs. More recently, we have found that certain sSiIRNA sequences activated
monocytes and DCs via endosomal TLRs, leading to the production of TNFo.
and IFNa (98). Internalization of siIRNAswas a prerequisite to activate TLR7
and -8 signaling pathways, suggesting that encapsulation of immunostimula-
tory siRNA in liposomes may increase their recognition by the innate effec-
tor cells such DCs and macrophages. Besides the activation of DC maturation
by immunostimulatory siRNASs, the inhibition of immunosuppressive
cytokines and host factors by siRNAs should lead to successful cancer vac-
cines. Notably, IL-10-producing Treg cells and IL-10—producing regulatory
DCs suppress cellular immune responses. By targeting IL-10 with an
immunostimulatory siRNA, we hope to both downregul ate the expression IL-
10 and activate innate type 1 response against tumors, asillustrated in Fig. 14.
Several recent studies have documented the utility of siIRNA-mediated gene
silencing in vitro and in vivo (90). Therapeutic vaccination combined with
strategies that seek to inactivate the function of Treg cellsviathe use the RNA
interference should lead to the design of better vaccines.
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Potential Target Antigens for Inmunotherapy Identified
by Serological Expression Cloning (SEREX)

Dirk Jager

Summary

Immunotherapy in cancer relies on the identification and characterization of potential target
antigens that can be recognized by effector cells of the immune system. Several strategies have
been developed to identify such antigens, which then can be used for immunization strategies.
Serological analysis of recombinant tumor cDNA expression libraries (SEREX) identifies tumor
antigens based on a spontaneous humoral immune response in cancer patients. SEREX is not
limited to tumor types that can be grown in cell culture nor does it depend on T-cell clones that
recognize the autologous tumor. SEREX-defined antigens need to be evaluated following an
algorithm of several analytical steps before they become new target antigens for active
immunotherapy: expression analysis to evaluate tumor association, serological analysis with sera
from tumor patients and normal individuals to prove tumor-associated immunogenicity, identifi-
cation of potential peptide epitopes for CD8 and CD4 T-cells, and evaluation in T-cell assays to
demonstrate their potential use as vaccine targets. We recently identified a new breast cancer dif-
ferentiation antigen designated as NY-BR-1 in an autologous breast cancer SEREX screening.
The different steps of further evaluation are summarized in this chapter.

Key Words: Immunotherapy; serological analysis of recombinant tumor cDNA expression
libraries; SEREX; reverse immunology; tumor antigens.

1. Introduction

The immune system interacts with tumor cells during the natural course of
a malignant disease. It was shown for different tumor types by several groups
that the presence of tumor-infiltrating lymphocytes is associated with a better
prognosis in individual patients (1-4). This observation suggests that tumor-
infiltrating lymphocytes recognize tumor-associated antigens expressed by the
tumor cells or by the surrounding tumor stroma (see Chapter 14, Volume 1).
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Furthermore, this immune response seems to be effective, resulting in a better
prognosis and prolonged survival of the individual patient. A number of differ-
ent cloning strategies have been devel oped over the past 15 yr to identify tumor
antigens recognized by T-cells (see Chapter 14, Volume 1): the T-cell epitope
cloning technigue introduced by T. Boon's group (5) was successful in identi-
fying tumor antigens based on spontaneous T-cell (cytotoxic T-lymphocyte
[CTL]) responses. The first tumor-associated antigen identified with this tech-
nique was the melanoma antigen MAGE-1. During the following years, new
tumor-associated antigens such as the BAGE and GAGE gene family were
identified using the same cloning strategy (6,7). These antigens share some
characteristic features: their expression in normal tissues is restricted to germ
cellsin the testis and the ovary, whereas these antigens are widely expressed in
tumor tissues. Therefore, this group of antigens was recognized as a seperate
category, named “cancer-testis’ antigens (8,9). A second category of antigen
comprises the differentiation antigens that are expressed in normal cellsand tis-
sue, such as melanocytes and the malignant counterpart, the melanoma. Using
the same T-cell epitope cloning technique, Melan-A (10), tyrosinase (11),
gp100 (12), and gp75 (13) wereidentified as CTL-defined tumor antigens. Tumor-
specific mutated antigens (CDK4 and p53) also can betargetsfor CTL (14,15).
Mutated antigens are a category of individual antigens; typically, the mutation
is not shared by other individual s, with few exceptions such as the k-ras onco-
gene mutated in pancreatic cancer. Viral and retroviral antigens are frequently
expressed in cancers such cervical carcinoma, and they aso can be recognized by
T-lymphocytes (16).

A different cloning strategy analyzes peptide sequences eluted from sepa-
rated major histocompatibility complex (MHC) class | complexesisolated from
tumor cells lysates. By comparing the peptide sequence to protein databases,
the relevant tumor antigen can often be identified (17).

The identification of tumor antigens that elicited spontaneous T-cell
responses in cancer patients and the discovery of the mechanisms of antigen
expression, processing, and MHC class I-restricted presentation of antigen-
derived peptides made it possible to design peptide-based immunotherapy pro-
tocols. Patients with antigen-positive tumors were vaccinated with the relevant
peptides that are naturally processed and presented in the context of the respec-
tive MHC class | molecule (18). It was shown in several phase | and Il clinical
studies that peptide-specific cellular immune responses (CD4 and CD8) can be
induced by immunizing patients with the respective peptide (19-25). Objective
clinical remissions of single metastases and long-term clinical stabilizations
were observed in some immunized patients, whereas progression of antigen-
negative lesions was frequently documented. This tumor escape phenomenon
occurring in the presence of potent antigen-specific T-cell responses reflects the
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development of clonal heterogeneity in most solid tumors. To circumvent the
selection and outgrowth of antigen-negative tumor cell clones that have a pro-
liferation advantage under the selection pressure of antigen specific
immunotherapy, polyvalent immunactherapy approaches targeting several tumor
antigens expressed at the same time by an individual tumor need to be devel-
oped. To design such polyvaent immunotherapy strategies, it will be necessary
to dissect the antigenic profile of an individual tumor.

2. Serological Analysis of Recombinant Tumor cDNA Expression Libraries

The devel opment of the new cloning technique SEREX with autol ogous serum
(26) to identify tumor antigens based on spontaneous antibody responses in can-
cer patients made it possible to analyze tumor systems that typically do not grow
in cell culture. Another advantage is that SEREX does not rely on tumor-specific
T-cell lines (27). It was shown for several SEREX-defined antigens, e.g., the can-
cer-testis (CT) antigen NY-ESO-1, that spontaneous CD8 T-cell responses corre-
late with a spontaneous humoral immune response in patients with
antigen-positive tumors. The repertoire of antibody-defined tumor antigens corre-
latestightly with the CD4 T-cell antigen repertoire of an individual patient. These
antigens can potentially be recognized by CD8 T-cells (21,28). SEREX has been
used to identify new tumor-associated antigens in different tumor types, which
led to the identification of HOM-MEL-40, a gene identical to the synovia sar-
coma/X breakpoint 2 gene (SSX2) involved in the t(x:18) trandocation in syn-
ovia sarcoma (29), as well as other CT antigens, including NY-ESO-1 (30),
CT7/MAGE-C1 (31), SCP-1(32), cTAGE-1 (33), OY-TES-1 (34), HOM-TES-85
(35), CAGE (36), CTAGE (33), and recently NY-SAR-35 (37). We were success-
ful using SEREX to identify new differentiation antigens, such as RAB38 (38)
and NY-BR-1 (39), aswell as overexpressed antigens, such astumor protein D52,
NY-BR-62, and NY-BR-85. SEREX represents a very useful technique to define
the individual CD4 T-cell tumor antigen repertoire. Today, more than 1200 anti-
gens have been identified by SEREX and are deposited in the SEREX database
of the Ludwig Institute for Cancer Research (http:// www. licr.org/SEREX.html).

3. Critical Steps in Antigen Validation

Severa steps of analysis are necessary for SEREX-defined antigensto repre-
sent potential target antigens for active immunotherapy strategies in cancer
patients. In the first step, a careful expression analysis for each individual antigen
has to be performed by comparing the cDNA sequence to expressed sequence
tag (EST) databases. Antigens with restricted expression by database analysis
are being tested by reverse transcription (RT)-polymerase chain reaction by
using apanel of normal tissue and tumor tissue cODNAsto confirm the restricted
MRNA expression pattern.
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Antigens that are tumor- or tissue-restricted expressed undergo a serological
analysis to define the frequency of spontaneous humoral immune responses in
seraderived from cancer patients as well as healthy individuals. A limited num-
ber of sera can be tested using the phage-plaque assay, for larger scale serology,
the recombinant protein hasto be produced and tested in Western blot or ELISA
assays.

Antigens with tumor- or tissue-specific expression and detectable humoral
immune responses in tumor patients are being further analyzed for T-cell
recognition. We are following an approach called “reverse immunology” where
we test the protein sequence of the respective antigen for potential MHC class
I binding sequences (http://www2.licr.org/, CancerlmmunomeDB, SY FPEITHI
database of MHC ligands, and peptide motifs at http://www.bmi-
heidelberg.com/ syfpeithi/). We focus on HLA-A2 epitopes because HLA-A2
represents the most frequent MHC class | alele in Western European popula
tions. Peptide-specific CTLs can be generated upon in vitro stimulation, and
recognition of target cells expressing the antigenic protein will be documented.
CD8 T-cdll reactivity to the identified epitope can be analyzed in peripheral
blood and tumor lesions of a large series of HLA-A2—positive patients with
antigen-positive tumors.

Tumor antigens that fall into the categories of CT antigens or differentia-
tion antigens, which represent target antigens for CD8 T-cells, can be used to
immunize HLA-A2—positive patients with antigen-positive tumors. The pep-
tides that are recognized by CD8 T-cells will be used for intradermal injection.
The readout includes delayed-type hypersensitivity reaction, induction of
peptide-specific CD8 T-cells (ELISPOT and Multimer), and clinical develop-
ment of the tumor disease.

4. A New Breast Cancer Differentiation Antigen, NY-BR-1

In arecent autologous SEREX screening of abreast cancer cDNA expression
library, we identified a previously unknown antigen designated as NY-BR-1.
About half of the clonesidentified in the screening were derived from NY-BR-1,
whereas the other clones were derived from distinct known and unknown genes.
Comparison with EST databases showed only some cDNA sequences matching
the NY-BR-1 cDNA. Interestingly, some sequences were derived from testis;
one sequence was derived from normal breast. All other antigens identified in
this screening matched to cDNA sequences derived from awide array of normal
tissues, and they were not further analyzed.

Following a combined approach of rapid amplification of cDNA ends-PCR
and database analysis for overlapping cDNA sequences to complete the 5 cDNA
sequence, we were ableto clonethe full-length NY-BR-1 cDNA, which is approx
6 kilobases, coding for a protein of approx 160 kDA. RT-PCR in a normal tissue
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panel by using NY-BR-1-specific primers showed NY-BR-1 mRNA to be exclu-
sively expressed in normal breast, normal testis, and variable in normal prostate.
In tumor tissues, NY-BR-1 is expressed in 70-80% of breast cancers, and 25% of
prostate cancers; al other tumor types are NY-BR-1 negative (39).

Based on the expression analysis, NY-BR-1 represents a new breast differen-
tiation antigen. We produced a short carboxy-terminal recombinant protein for
larger scale serological analysis and found humoral immune responses in approx
10% of patients with NY-BR-1—positive breast cancers. Importantly, all normal
sera were antibody negative. To analyze T-cell responses against NY-BR-1, the
entire NY-BR-1 protein sequence was screened for potential HLA-A2 binding
motifs. Numerous potential binding peptides were synthesized, and CD8 T-cells
derived from seropositive HLA-A2—positive breast cancer patients were stimu-
lated once with each of the peptides and then tested in ELISPOT assay for
peptide-specific recognition. We identified several peptides that were specifically
recognized by CD8 T-cells. We could further demonstrate that those peptides
represent naturally processed and presented NY-BR-1 epitopes. In summary,
we (1) discovered a new tumor antigen by applying SEREX, (2) demonstrated
atumor-specific expression pattern, and (3) identified NY-BR-1—derived peptide
epitopes that are naturally processed and presented to CD8 T-cells. A phase |
clinical trial for HLA-A2—positive patients with advanced NY-BR-1-expressing
breast cancer is planned. Vaccination with the two NY-BR-1-derived peptides
will show whether potent antigen-specific CD8 T-cell responses can be induced.
Clinical effects and potential side effectsin normal breast tissue will be carefully
analyzed. Vaccine strategies aiming at the induction of an integrated immune
response (antigen-specific antibody, CD4, and CD8 cells) use longer peptide
sequences or the entire protein. Such vaccine approaches been have shown to
be efficient in early clinical trials in melanoma patients, and they are currently
being tested in phase 111 trials in high-risk melanoma patients after resection of
lymph node metastases.

5. Conclusions

SEREX isone of severa techniquesthat identify tumor-associated antigens that
have potential use as target antigens for immunotherapy approaches. In the future,
we aim at immunizing patients with a whole array of different tumor-associated
antigens expressed by the individual tumor to induce integrated immune responses
targeting a maximal percentage of cancer cells.
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Identification of Tumor Antigens by Using Proteomics

Francois Le Naour

Summary

The recent progress of proteomics has opened new avenues for tumor-associated antigen
discovery. Here, | describe a two-dimensional (2D), gel-based Western blot approach for
screening and identification of proteins eliciting a humoral response in cancer. Sera from
patients are used in 2D Western blot experiments for screening of autoantibodies, and the
immunoreactive target proteins are subsequently identified by mass spectrometry. Applied to
several types of cancer, this proteomic-based approach has revealed a high frequency of
autoantibodies in serafrom cancer patients and hasled to the identification of novel tumor anti-
gens. Relevant examples are described.

Key Words: Autoantibodies; mass spectrometry; proteomics; two-dimensional (2D) Western
blot; tumor antigens.

1. Introduction

Cancer immunology has along history since it has been worded more than a
century ago that tumor cells could be considered as “nonself” (1). This basic
concept, suggesting that the immune system could be able to recognize tumor
cells and then destroy them, has been strengthened by the observation of spon-
taneous tumor regression in some patients with different types of cancer. To
develop immunotherapeutic intervention, also called immunotherapy or cancer
vaccine, in cancer patients, the field of cancer immunol ogy has been dominated
by the search of tumor-specific and tumor-associated antigens (TAAS) as well
as by the characterization of theimmune cellsinvolved in tumor recognition by
the autologous host. It has now been demonstrated that cancer may €elicit autolo-
gous immune response involving CD8+ cytotoxic T-lymphocytes (CTLS),
CD4+ T-helper cells as well as antibodies (2—4). Tumor rejection is critically
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dependent on CD8+ cytotoxic T-lymphocytes. Thus, attention has been focused
on tumor-specific CD8+ T-cells. Since the cloning of MAGE-1, thefirst reported
antigen to encode a human tumor antigen recognized by autologous CTLSs (5),
an array of autoimmunogenic tumor antigens have been identified (6). Although
the characterization of tumor antigen recognized by cytotoxic T-cellsis crucial,
alimitation stems from this approach requiring the establishment of autologous
target cells in culture and the isolation of stable lines of autologous CTLs
that recognize antigens. In addition, some epithelia cell types are poorly sus-
ceptible to CTLs in vitro. In addition, the B-cell response (antibodies) also has
been demonstrated in cancer patients. Recently, a method called serological
analysis of recombinant tumor cDNA expression libraries (SEREX) has been
used for the identification of tumor antigens (7). SEREX is based on screening
of autoantibodiesin serafrom patients with cancer against an expression library
made with mRNAs from the autol ogous tumor (see Chapter 15, Volume 1). By
applying this strategy to human tumors of different origin, an unexpected fre-
guency of tumor antigens that elicit specific immune responses in the autolo-
gous host has been demonstrated (7—10). However, SEREX is limited by the
necessity to construct expression libraries, and the analysisis usualy restricted
to one or afew patients (7-11).

The recent progress of proteomics, alowing large-scale analysis of proteins
within a single experiment, has opened new avenues for TAA discovery. This
chapter focuses the utility of proteomics for identification of tumor-associated
antigenswith emphasis on proteins eliciting humoral response in cancer patients.

2. Proteomics: The State of the Art

Proteomics designates the study of the proteome. It involves a variety of
approaches combining high-resolution separation techniques with identification
methods such as mass spectrometry. For many years, two-dimensional (2D)
polyacrylamide gel electrophoresis (PAGE) has been the primary technique for
proteomic-based biomarker discovery. Thus, 2D electrophoresis (2DE) allows
the separation of the proteins according to their chargein afirst dimension where
they stop their migration after reaching their isoelectric point (pl) and thenin a
second dimension according to their molecular mass. The proteins can be visua
lized by different staining, such as Coomassie blue or silver, and digitalized.
2DE isahighly resolutive technique leading to the visualization of at least 1000
protein spots in one experiment. Therefore, 2DE allows comparative analysis of
protein expression levels and the visualization of various protein isoforms. The
identification of the proteins can be performed after enzymatic digestion of
the proteins in-gel followed by analysis of the resulting peptides by mass spec-
trometry. This process can be performed by mass fingerprinting, usually using
matrix-assisted laser desorption ionization/time of flight mass spectrometry or
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by “shot gun” analysis by using tandem mass spectrometry (MS/MS). In both
methods, spectraare used for database searches, leading to protein identification.
It should be noted that MS/M S mass spectrometry allows the identification of a
protein from a single peptide. Indeed, after fragmenting that peptide, the second
spectrum (MS/MS or MS?) is used for determining its sequence or a sequence
tag. Recent advances in proteomics have been realized by coupling liquid chro-
matography with mass spectrometry (LC-MS/MS). LC-MS/MS is a powerful
tool for analyzing the composition of complex mixtures (12).

3. 2D Gel-Based Western Blot Approach
3.1. Strategy

A proteomic-based approach, using 2DE followed by Western blot experiments
with serafrom cancer patients, has enabled the identification of tumor-associated
antigens that elicit a humoral response. The methodology to identify proteins
eliciting humoral response in cancer patients involves two essential steps: first,
the screening of autoantigens after serological analysis; and second, the identi-
fication of the target molecule. The use of 2D-PAGE allows separating simulta-
neously several thousand individual cellular proteins from tumor tissue or
tumor cell lines. Separated proteins are transferred onto membranes. Serafrom
cancer patients obtained at time of diagnosis are used as primary antibody for
Western blot analysis and are screened individually for antibodies that react
against separated proteins. The comparison of series of Western blot obtained
with sera from cancer patients with those performed with sera from healthy
individuals led to determination of the occurrence of relevant autoantigens. An
important advantage of this methodology is that isoforms can be separately ana-
lyzed. Notably, some modifications, such as glycosylation, can beimmunogenic.

For identification, the recurrent protein spots that specifically react with sera
from cancer patients are located on silver-stained 2D gels after superimposition
with the blot. The proteins of interest are extracted from the gel and identified
by mass spectrometric analysis.

To confirm the identification of TAASs, a validation step is usually neces-
sary. This step can be performed using classical methods such as Western blot
experiments when antibodies are available. The relevance to cancer in terms
of expression and location may be investigated using ELISA, immunohisto-
chemistry, or by other techniques (Fig. 1).

3.2. Practical and Technical Aspects

2D gels are performed with 100-200 g of proteins from whole cell extracts
of cell lines or biopsies (see Subheading 6.). The first dimension can be
realized using different pH gradients on different sizes of strips. A cocktail of
7 M urea, 2 M thiourea, and 2% CHAPS can be used as a regular buffer for
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Fig. 1. To illustrate the proteome-based approach for targeting autoantigens in
cancer, an example is given from a study on breast cancer (15). The proteins from a
cancer cell line (SUM-44) were solubilized and separated by two-dimensional elec-
trophoresis (2DE). Proteins were transferred onto Immobilon-P polyvinylidene difluo-
ride (PVDF) membranes. The screening of autoantigens was performed by Western blot
using sera from cancer patients or healthy individuals as the primary antibody. The
comparison of the patterns allowed visualization of specific protein spots in cancer.
In our example, three protein spots were specifically reactive (white arrows). For iden-
tification, the protein spots were located on the gel after staining of the proteins and
superimposition with the blot. The proteins of interest were cut out and in-gel
digested. The resulting peptides were analyzed by mass spectrometry. The spectrawere
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isoelectric focalization in reducing conditions. The second dimension corre-
sponds to a regular sodium dodecyl sulfate-PAGE in reducing conditions.
However, a gel gradient is indicated for optimal separations. For better repro-
ducibility of 2D patterns, it is recommended to migrate several 2D gels at a
time. After electrophoresis, proteins can be stained using Coomassie blue or
silver staining compatible with mass spectrometry analysis (13), or transferred
to polyvinylidene fluoride (PVDF) membrane. To monitor the transfer effi-
ciency and the amount of proteins before hybridization, a rapid staining can be
performed using red ponceau. This dye is water soluble and compatible with
following Western blotting. The hybridization step is realized with serum from
patient at a dilution 1/100-1/300. If background is generated, a lower dilution
can be used with subsequent extensive washes. For protein identification,
trypsin digestion is performed as described previously (14,15). After mass
spectrometry, spectra are used for database search by using programs M S-Fit,
Profound, or Mascott (http://prospector.ucsf.edu; www.hgmp.mrc.ac.uk/
GenomeWeb/prot-fragment.html, or www.matrixscience.com).

3.3. Relevant Examples

A study using the 2D gel-based Western blot approach has been used for
tumor antigen identification in breast cancer (15). This approach is described
in Fig. 1 as an example. In this study, sera from patients with breast cancer
and healthy individuals were used. The breast cancer cell line SUM-44 was
used as a source of tumor cell proteins for 2D-PAGE and for Western blot
analysis. A restricted reactivity against a set of three proteins with an esti-
mated molecular mass of 25 kDa was observed in 13% of the patients. These
protein spots were analyzed using mass spectrometry and were identified as
isoforms of the protein DJ-1.

Other interesting examples can be cited. Indeed, sera from patients with lung
adenocarcinomas exhibited a high frequency (60%) and specificity of autoanti-
bodies directed againgt annexins | and 11 (16). A high frequency of autoantibodies
also has been observed in sera from 70% patients with hepatocellular carci-
noma (HCC) (17). However, by contrast with lung adenocarcinoma, reactivity
against 13 protein spots has been observed. This observation may reflect the

Fig. 1. (Continued) then used for database search and protein identification. The
three protein spots were identified as the protein DJ-1. A validation of the identification
has been performed using Western blotting with specific monoclonal antibodies.
Finally, a relevance to cancer has definitely been established after immunochemistry
experiments that led to the observation of differential expression level and location of
the protein between breast cancer and the healthy tissue.
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heterogeneity of HCC, which is a multistage process with the involvement of a
multifactoria etiology and many gene—environment interactions.

Finally, the proteomic-based approach, also caled serologica proteome analy-
sis (SERPA) (18) or proteome-based target evaluation combined with immunore-
active target structure identification explored by sera (Proteomex) (19) has been
applied to different types of cancer, such as rena cdlular carcinoma; neuroblas-
toma, lung, pancreatic, and breast cancers, and HCC (15-25). Severd autoantigens
have been identified that may have clinical applications in diagnosis aswell asin
determining prognosis.

3.4. Alternative Proteomic-Based Approaches and Future Directions

The screening and identification of proteins that dicit humoral response
in cancer have been performed recently by aternative methods (see Chapters 14
and 15, Volume 1). Indeed, a proteomic-based methodology called antibody-
mediated identification of antigens (AMIDA) has been set up (26). The approach
is based on immunoprecipitation experiments using antibodies from serum of
healthy individuals or patients with cancer. The method has been applied for
TAA identification in head and neck cancer, and 12 proteins were identified (27).
Three of the proteins exhibited overexpression in carcinomas by using immuno-
chemistry experiments. In addition, elevated circulating antibodies were
observed in serum from patients with cancer (27). Proteomics is now moving on
the analysis of whole proteins in complex mixtures by using gel-free separation
techniques. For example, protein biochips (or microarrays) are emerging in differ-
ent formats as an aternative to 2DE for differential expression analysis at the pro-
tein level (28). Microarrays of tumor cell-derived proteins have uncovered
immunogenic proteins and autoantibodies in serum from patients with prostate,
colon, and lung cancer (see aso Chapter 17, Volume 1) (28-30).

3.5. Conclusions

Proteomics has emerged recently and is making great progress very rapidly.
Proteomic-based approaches have aready permitted screening and identifica-
tion of TAAs that were not obtained using classical approaches. These proteins
have a potentia clinical utility and may serve as novel cancer markers in
screening, diagnosis, or prognosis. It is likely that proteomics will play an
important rolein the discovery of new TAAs and perhapsin the development of
personalized medicines.

4. Notes

1. 2D-PAGE isavery high-resolution separation technique.
2. 2D-PAGE is not adapted for proteins having extreme molecular weight or for pro-
teins that are highly hydrophobic (e.g., membrane proteins).
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3.

2D-PAGE is usually performed in reducing conditions, which may be an issue for
detection of certain antigens for which epitope(s) involving disulfide bonds would
be lost.
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Protein Arrays

A Versatile Toolbox for Target Identification and Monitoring
of Patient Inmune Responses

Lina Cekaite, Eivind Hovig, and Mouldy Sioud

Summary

Functional proteomics is a promising technique for the rational identification of novel
therapeutic targets and biological markers. The studies of protein—protein interactions have
been gained from the development of high-throughput technologies such as the yeast two-
hybrid system, protein arrays, phage display, and systematic analysis of interaction maps for
the prediction of protein functions. Because antibodies are used extensively as diagnostic and
clinical tools, the characterization of their antigen specificity is of prime importance. Indeed,
screening protein arrays with sera from patients with either cancer or autoimmune diseases
would facilitate the identification of autoantibody signatures that can be used for diagnosis
and/or prognosis of patients. The usefulness of multiplexed measurements lies not only in the
ability to screen many individual marker candidates but also in evaluating the use of multiple
markers in combination. Here, we review the advantage of protein and serum screening of
peptides and cDNA repertoires displayed on phages as well as the fabrication of protein
microarrays for probing immune responses in patients.

Key Words: Autoimmunity; cancer; phage display; protein microarray.

1. Introduction

1.1. Yeast and Phage Technologies as High-Throughput
Proteomics Toolbox

Protein—protein interactions play pivotal rolesin various aspects of the struc-
tural and functional organization of the cell. Today, the identification of proteins
that interact with a protein of interest is a focus of the rapidly growing field of
proteomics.
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Yeast two-hybrid assays and phage display are classical approaches for
systematic protein interaction screening capable of probing numerous interac-
tions. The principle of the yeast two-hybrid technique (1) is based on chimeric
proteins containing parts of GAL4: the GAL4 DNA-binding domain fused to a
protein “X" and a GAL4-activating region fused to a protein “Y”. If X and Y
can form protein—protein complex and reconstitute proximity of the GAL4
domains, transcription of a regulated marker gene occurs. The first genome-
wide two-hybrid screen was performed by Bartel and co-workers for the study
of protein interactions in bacteriophage T7 (2). The first genome-wide studies
of a eukaryotic organism were performed by Uetz and co-workers and Ito and
colleagues in Saccharomyces cerevisiae (3,4). Also, athree-hybrid approach for
scanning the proteome for targets of small-molecule kinase inhibitors have been
developed (5).

Another strategy was introduced by G. P. Smith (6). It uses filamentous M13
bacteriophages. A single binding molecule may be displayed as a protein or
peptide fused to the surface of a bacteriophage and identified by sequencing the
encoding genome. Originally, phage display technology has been used for
selection of ligands for well characterized pure target proteins (e.g., monoclonal
antibodies and cell surface receptors) immobilized on a solid surface (7-9). In
this respect, a large number of peptides and single-chain Fv antibodies have
been selected for their ability bind various target proteins (10,11). Furthermore,
phage display techniques have been applied in profiling immune responses in
patients with autoimmune disease or cancers, and peptides or proteins binding
serum antibodies were identified (9,12—20). Moreover, cancer cell binding pep-
tides were selected from random peptide phage libraries (21).

An advantage of two-hybrid assays and phage display techniques is that no
previous knowledge about the interacting proteins/receptors is necessary for a
screen to be performed. Moreover, two-hybrid screening can be done in a
colony array format, in which each colony expresses a defined pair of proteins
(22). Recently, we have demonstrated that a high-throughput analysis of the
immune response in cancer patients can be performed by phage-based microar-
ray technique (18).

1.2. Examples of Protein Microarrays

Arrays of proteins have been used for both analysis of protein—protein
interactions and biochemical analysis of protein functions. The low volume
requirement and the multiplexed detection capability of microarrays enable
optimal use of precious clinical samples. In addition, the assays are rapid and
amenable to automation, thus large sample sets, as required for biomarker
studies, can be processed and analyzed. Also, through the use of optimized
detection methods and rigorous quality control, the assays can be very sensitive,
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Table 1
Classification of Protein Arrays by Capture/Target Molecules

Target molecular

Capture molecular (immobilized) (hybridized with) References

Monoclonal antibodies, Serum, cellular lysates, (27,28,54-56)
single-chain Fv antibodies antibodies

Atigens (proteins, peptides, Serum (29-32,57)

enzyme complexes,
ribonucleoprotein
complexes, DNA)
Protein fraction from Serum (33,34)
chromatographic separation
(that may be further identified
with mass spectrometry)

(reverse phase arrays)
Yeast two-hybrid system (colony Binding constructs (3-5,58)
arrays)
Recombinant proteins Serum, antibodies, (37-39,41,59,60)
kinases
Random peptides/cDNA libraries Serum, antibodies (11,13-16,18-20,
displayed on phage 43,45,61-66)
Ribosome display Serum, antibodies (48,49)

reproducible, and quantitative (23-27). Together, these experimental features
provide the technology with great potential to have a significant impact on
cancer research.

A protein microarray may consist of antibodies, proteins, protein fragments,
peptides, aptamers, or carbohydrate elements that are coated or immobilized in
a grid-like pattern on small surfaces. The arrayed molecules are then used to
screen and assess patterns of interaction with samples containing distinct
proteins or classes of proteins. There is great variation in use of the protein
microarray technique, when considering selection of the capture molecules.
Aspects of protein coupling to surfaces, sensitivity, dynamic range of detection
techniques, and standardization of data remain to be solved.

One of the critical factors for construction of protein microarrays is the
choice of captures molecules that could optimally find proteing/antibodies in
a complex sample. A diverse set of capture molecules have been used for
screening of serum/antibodies (Table 1). Notably, screening protein arrays
with sera from patients with either cancer or autoimmune diseases would
facilitate the identification of potentialy new autoantigens that could be valuable
for diagnosis and classification of patients. Here, a summary is provided of
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different approaches priming humoral immune responses by a protein
microarray technique.

1.2.1. Protein/Peptide—Antibody Interaction

Miller and colleagues (28). Constructed an antibody microarray containing
184 different antibodies. Forty of the antibodies targeted 32 unigue proteins
that are typically found in the serum of healthy adults, another 13 antibodies
targeted nine proteins that have been detected in the serum of cancer patients,
and the rest of the antibodies targeted normal intracellular proteins. The
serum samples from patients with prostate cancer and healthy control serum
samples were screened using this autoantigen array, and specific reactivity
profile was detected in patients. Indeed, five proteins (von Willebrand factor,
IgM, al-antichymotrypsin, villin, and 1gG) exhibited different reactivity lev-
€ls between the prostate cancer samples and the controls.

Robinson and colleagues fabricated antigen microarrays containing 196 dis-
tinct biomolecules, including proteins, peptides, and enzyme complexes;
ribonucleoprotein complexes; and DNA and posttranslationally modified anti-
gens. Using these arrays, they demonstrated sensitive and specific detection of
autoantibodies in serum derived from patients with various autoimmune
diseases. No autoantigen reactivity was demonstrated in a healthy individual (29).
Quintana and co-workers used protein microarrays consisting of 266 different
antigens to confirm that the future response of mice to induced diabetes could
be predicted by autoantibody repertoires (30). An investigation of antiviral anti-
body responses to vaccine trials with a simian—human immunodeficiency virus
(SHIV), amodéd for HIV, was performed by Neuman de Vegvar and colleagues
(31). They produced antigen microarrays with 430 different proteins and over-
lapping peptides spanning the whole SHIV proteome and identified eight
immunodominant epitopes. Joos and colleagues created a microarray-based
immunoassay containing 18 known autoantigens, which are used as serological
markers in predominant autoimmune diseases (32).

Together, these studies demonstrate the feasibility of using antibody—antigen—
protein microarrays for large-scale, high-throughput screening studies.
Antibodies-antigens are one of the most prominent capture agents with high
affinity and specificity to target molecules. However, these types of capture
molecules should be linked to the investigate diseases before use in high
throughput screening; therefore, uncharacterized proteins will be absent, limit-
ing this approach as a discovery tool.

1.2.2. Reverse Phase Microarray

Other microarray formats have been designed to detect and quantify antibodies
in human serum. Madoz-Gurpide and co-workers created microarrays of protein
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fractions from chromatographic separations of complex protein mixtures (33).
The authors proposed arraying fractions from high-resolution multidimensional
chromatography separations, which serially combine different separation
phases such as reverse phase and ion exchange chromatography, producing as
many as 2000 fractions from a single protein pool. Twenty protein fractions
from the A549 lung cancer cell line were separated by isoelectric focusing and
arrayed. Solubilized proteins from the LoVo colon adenocarcinoma cell line
were separated into fractions, arrayed onto nitrocellulose-coated slides, and
hybridized with individual sera from patients with colon cancer, with lung
cancer, and healthy subjects (34). A distinct pattern of reactivity was observed
with sera from colon cancer relative to lung cancer. One fraction that exhibited
reactivity with 9 of 15 colon cancer sera was subjected to mass spectrometry,
leading to the identification of ubiquitin C-terminal hydrolase isoenzyme 3 asa
potential autoantigen. Notably, reverse phase microarray has the improvement
that novel cancer antigens may be identified.

1.2.3. Peptide-on-Plasmid Display

The advantage of combination of large cDNA expression libraries with
microarray technology isthe direct connection of the DNA sequence information
from aparticular clone to its recombinant, expressed protein. For the generation
of protein biochips, high-throughput subcloning of open reading frames from
the genome of humans, Saccharomyces cerevisiae (35,36), Arabidopsis
thaliana (37,38), or Caenorhabditis elegans (39) was performed. This cloning
approach is strongly dependent on the progress in genome sequencing projects
and the annatation of the human sequences (40). Thus, previoudy uncharacterized
proteins will be absent. Additionally, a clear determination of the expressed
sequence remains difficult because of differentia splicing or posttranslational
maodifications. For these reasons, this approach has proved most valuable in the
production of arrays containing proteins from well characterized organisms.
However, the use of cDNA expression libraries eliminates the need to construct
individual expression clones for every protein of interest and allows identifica-
tion of unknown sequences/proteins. In this respect, Blssow and colleagues
described a human fetal brain expression library (41). Recently, a mouse TH1
expression cDNA library was constructed (42).

1.2.4. Phage-Displayed Peptide/Recombinant Proteins

Peptide and cDNA phage display libraries also have been used to determine
the specificities of antibodies present in the whole sera of patients where
information about the parental antigens is unknown. This phage display-based
approach (termed “fingerprinting”) enables isolation of mimic peptides of
antigens eliciting a humeral response (19,20,43). Antibody fingerprinting is a
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combinatorial screening in which phage display random peptide libraries are
screened on patient antibodies; when successful, such approach can lead to epi-
tope mapping as well as the identification of the corresponding native tumor anti-
gens. Because cancer cells are expected to express severa different antigens,
fingerprinting might yield markers of disease aggressiveness or targets for therapy.

Hansen and colleagues identified several consensus peptide motifs that mimic
some potential tumor antigens, such as nuclear autoantigen sp100 and an unchar-
acterized 66-kDa protein, which has recently been identified as dihydrolipoamide
Sacetyltransferase. Interestingly, serum reactivity to the identified peptides corre-
lated with patient prognosis. Recently, Vidal and colleaguesidentified a consensus
peptide motif that is selectively recognized by antibodies derived from ascitesfrom
ovarian cancer patients and identified the corresponding native antigen mimicked
by the motif: heat-shock protein of 90 kDa (HSP90). Furthermore, they showed
that athough HSP90 is widely expressed in ovarian cancer, the humora response
against HSPOO is tumor associated and stage specific (44).

In addition to peptides, the cDNA repertoiresfrom cancer cells can be displayed
on phage and screened with patient sera (15,19,20,45). Compared with random
peptide phage libraries, phage-displaying cDNA repertoires from cells of interest
may have an advantage for the identification of the parental antigens, because
they represent naturally expressed antigens. In this respect, cDNA repertoires
from breast cancer cell lines T47D and MCF-7 were cloned in the three open
reading frames as fusion with the M13 pV| protein (20). When the libraries were
screened with serum antibodies from patients with breast cancer, phage-encoded
cDNA products were selected. Sequence analysis of the selected clonesidentified
important antigens, including p53, centromere-F, int-2, pentraxin I, integrin 5,
cathepsin L2, and S3 ribosomal protein. The selected phage-displayed cDNA
products were recognized by a significant number of breast cancer sera com-
pared with sera from normal individuals.

In addition to fingerprinting immune responses in patients, phage display
libraries are a valuable tool for the selection of cancer cell binding peptides. In
this respect, we have explored the possibility of selecting small peptides that
bind specifically to breast cancer cell lines. Phage displaying an LTVSPWY
peptide sequence exhibited a specific binding to breast cancer cells. None of the
selected peptides bound to human primary cells from different tissue origin
(e.g., epithelial, endothelial, and hematopoetic) (45). In vivo screening of a
peptide library in a patient also was performed by Arap and coworkers (46,47).
They selected 47,160 motifs that localized to different organs. This large-
scale screening indicates that the tissue distribution of circulating peptides is

Fig. 1. (Opposite page) Hierarchical clustering of patient immunoreactivity against
phage-displayed peptides (23).
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nonrandom. High-throughput analysis of the motifs revealed similarities to
ligands for differentially expressed cell surface proteins, and a candidate lig-
and—receptor pair was identified and validated. These data represent a step
toward the construction of a molecular map of human vasculature, and they
may have broad implications for the development of targeted therapies.

Phage display is a well established technology that alows detection and
characterization of protein—protein interactions. However, screening of large
number of clonesis labor-intensive. Previously, we have demonstrated a proof
of principle of implementation of phage-displaying libraries with microarrays.
The recombinant phages were used for fabricating phage arrays that were fur-
ther screened against either breast cancer or healthy donor serum antibodies. A
significant tumor effect was found with most of the selected phage-displayed
peptides, suggesting that recombinant phage microarrays can serve asatool in
monitoring humoral responses toward phage-displayed peptides (23). As shown
in Fig. 1, the immunoreactivity clusters of patients and healthy donors are
distinguishable, indicating that recombinant phage microarrays can monitor
humoral immune response in patients.

1.3. Ribosome Display

Ribosome display isanin vitro protein display system. The concept isto link
individual proteinsto their genes (“phenotype linked to genotype”) and to create
libraries of such linkages. Similar to phage display, selection of a protein from
the library simultaneously captures its encoding gene, which can then be
expressed or manipulated. Key features of ribosome display are that it is a
wholly cell-free technology that can generate exceptionally large protein libraries
in vitro. The link between protein and gene (MRNA) is made through the ribo-
some as a protein—ibosome-mRNA complex (48,49). DNA elements essentia
for transcription and trandation such as T7 promoter sequence, trandation ini-
tiation site, and immobilization tag sequence are added through PCR assembly
of DNA fragments. A coupled in vitro transcription and translation system
(such as rabbit reticulocyte lysate) is used to produce individual tagged proteins
on atag-binding surface, which then are screened for binding to other proteins
such as enzymes and antibodies.

1.4. Conclusions and Future Challenges

Priming of the humoral arm of the immune system by tumor cells, other
cancer-causing agents, or both is printed in patient sera as a specific antibody
response. Therefore, probing of such humoral immune responses could provide
an effective strategy for cancer screening and therapy. Cancer antigens that may
be accessible to immune system at some stage of the disease may be used for
identification, classification, choice of therapy, or a combination.
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The ideal proteomics-based analytical tool would consist of a microarray
containing alarge number of high-affinity, high-specificity protein ligands. For
humans, this outcome would mean isolating on the order of 100,000 good
monoclonal antibodies or the equivalent capture proteins. In reality, the num-
ber would be much higher, because the detection of different posttrandglation-
ally modified forms of a protein is one of the principal advantages of moving
from nucleic acids to protein-based analytical techniques. However, the high
cost of monoclonal antibody manufacturing is abottleneck for large-scale pro-
duction of antibody microarrays. Thus, it is most likely the field will proceed
in a stepwise manner, and a reasonabl e intermediate goal would be to construct
arrays of small amount of protein-binding ligands directed against proteins of
interest in a particular disease state. Reverse phase arrays and the aforemen-
tioned display techniques allow the rapid and efficient isolation of high-affinity
and -specificity protein ligands. Furthermore, the uses of display techniques
allow identification of unknown biomarkers. It is increasingly evident that
posttranslational modifications of biomolecules could play an essential rolein
coding for both new and native properties. However, the selection of antigens
with modifications is not accessible by peptide-on-plasmid or phage display
techniques. Regardless, the establishment of arobust system that may combine
the advantages of display strategies continuesto be akey challenge. To achieve
certain desired display advantages, severa different viral systems have been
used to display peptides, including lysogenic filamentous phages (6) and lytic
lambda phage (50,51), T7 bacteriophage (52), and T4 bacteriophage (53).
Lysogenic filamentous phages remain the most commonly used phage display
system. For cases in which displayed proteins may be toxic to filamentous
phage assembly or incompatible with the bacterial secretion pathway, lytic
phages can be used that alow displayed sequences to minimize negative
selection. However, selection of recombinant proteins displayed on T7 phage
by arrays seems to be difficult because negative phage immobilized on the
surface showed reactivity to patient antibodies as well (Cekaite et al., unpub-
lished data). One way of addressing this problem isto reduce binding valency by
including abinding competitor, thereby increasing the binding affinity threshold.

The examplesin this chapter show that protein microarray technology is till
initsinfancy, given the diversity of proposed approaches as well as raised prob-
lems. However, this technology is promising tool for priming of the humoral
arm of the immune system.
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