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Preface

All living things carry their genetic information in genes, usually in the
form of DNA. The activity of these genes is regulated to meet the requirement
by the organism itself or as a response to external abiotic factors such as
light, heat, and temperature, but also to biotic factors such as infection by
pathogens. Genes are transcribed into mRNAs, which in turn are translated into
proteins and catalytically active enzymes. Regulation of this system is primarily
obtained by controlling the amount of mRNA that is produced from each gene
and the turnover of the corresponding protein. The mRNA population is often
referred to as the transcriptome and the protein population as the proteome.
The complexity of the system is enormous; all higher organisms, from higher
plants to humans, tend to have a similar number of genes, i.e., approx 24,000.
In order to understand the genetics that underlie biological change such as
development, disease, crop yield, or resistance, it is necessary to perform
comparative transcriptomics to understand how the genes are regulated in
response to these changes.

Several methods for gene expression profiling exist, such as Northern
blotting, Differential Display, EST sequencing, DNA microarrays, and Serial
Analysis of Gene Expression (SAGE). The choice of method depends on the
need for sensitivity and specificity and whether the methods allow monitoring
of genes previously characterized. The dominant method for global gene
expression profiling today is DNA microarrays. An array may consist of up to
100,000 unique single-stranded DNA molecules attached to a glass slide in an
ordered fashion. An advantage of microarray analysis is that once the array has
been made at a high cost, many measurements can be made at a relatively low
cost. However, only known genes can be spotted on the array, so it requires a
detailed knowledge of the genetic background.

SAGE, on the other hand, can measure the expression of both known and
unknown genes. This method relies on the extraction of a unique 14–21 nt
sequence (tag) from each mRNA. These tags are ligated together end to end
and sequenced. In a typical sequence run of 96 samples approx 1600 tags and,
therefore, mRNAs, can be detected. A SAGE study encompasses 50,000 tags
and provides detailed knowledge of the 2000 most highly expressed genes in
the tissue analyzed. Another application of SAGE is to discover new genes.

v



vi Preface

Unknown tags obtained through SAGE analysis of a sample can be efficiently
used as gene-specific primers in Rapid Amplification of cDNA Ends (RACE)
reactions to generate full-length transcripts that can be cloned and sequenced.
In principle, a SAGE experiment consists of a series of molecular biology
manipulations that can be carried out in any molecular biology laboratory with
access to a 96 capillary DNA sequencer. In practice, however, it has proven
difficult to achieve enough clones of the appropriate insert length to facilitate
efficient detection, and many laboratories have found SAGE a difficult, time
consuming, and expensive method.

The aims of Serial Analysis of Gene Expression (SAGE): Methods and
Protocols are twofold: (i) To enable users, inexperienced with SAGE and having
only limited experience in standard molecular biology techniques, to conduct
SAGE experiments by providing detailed, commented, tried-and-tested experi-
mental protocols of SAGE and derived methods from experienced researchers
across the world. (ii) To facilitate the analysis and comparison of data from
SAGE experiments in a correct and efficient way. To achieve this, this book is
divided into two parts. Part 1 discusses the experimental procedures of SAGE
and related methods such as aRNA-LongSAGE, SuperSAGE, DeepSAGE, and
GMAT, and Part 2 discusses the correct extraction and filtering of tags, the
analysis of ditag populations, and the performing of statistically correct compar-
isons of gene expression profiles.

Tag-based gene expression profiling methods, such as SAGE, have been
inhibited by the cost of DNA sequencing despite their advantageous global
and digital nature. But sequence-based gene expression profiling approaches
will become increasingly cost-effective as we approach the $1000 genome with
emerging, much cheaper DNA sequencing technologies. It is the hope that
Serial Analysis of Gene Expression (SAGE): Methods and Protocols may help
many laboratories to their first successful experience with tag-based sequencing
methods and obtain comprehensive, useful, and interpretable data.

Kåre Lehmann Nielsen
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SAGE and LongSAGE

Annabeth Laursen Høgh and Kåre Lehmann Nielsen

Summary

Serial analysis of gene expression (SAGE) is a high-throughput method for global gene
expression analysis that allows the quantitative and simultaneous analysis of a large number of
transcripts. SAGE is a digital method and its sensitivity depends only on the number of tags
sequenced. Furthermore, SAGE is a powerful tool for finding novel genes that are expressed
under certain conditions or in certain tissues. SAGE has been widely used in fields as diverse
as cancer research and the development and study of microorganisms. The SAGE method is a
series of routine molecular biology procedure and can, at least in principle, be carried out in any
laboratory. However, the number of consecutive steps is quite large and in practice, SAGE has
been difficult to carry out on a routine basis.

Key Words: Serial analysis of gene expression; SAGE; LongSAGE; global transcriptome
profiling.

1. Introduction
Serial analysis of gene expression (SAGE) is a high-throughput method for

global gene expression analysis that was introduced by Velculescu et al. in 1995
(1). SAGE is based on two principles. First, a short nucleotide sequence (tag)
from a unique position contains sufficient information to uniquely identify a
transcript. Second, these sequence tags can be linked together to form long serial
molecules (concatemers) that can be cloned and sequenced (1). To obtain the
tags, mRNA is synthesized into complementary DNA (cDNA) using biotiny-
lated Oligo(dT) (Fig. 1). Double-stranded cDNA is cleaved with a frequent

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
Edited by: K. L. Nielsen © Humana Press, Totowa, NJ
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4 Høgh and Nielsen

Fig. 1. Schematic overview of serial analysis of gene expression. mRNA is extracted
and transcribed into double-stranded complementary (c)DNA on Oligo(dT) streptavidin
magnetic beads. cDNA is digested by the anchoring enzyme. The digested cDNA is
divided into two fractions, and ligated to different linkers (Linker A and Linker B).
The tags are released from the streptavidin magnetic beads by digestion of the tagging
enzyme. The linker containing tags are pooled and ligated to form ditags. Following
amplification, linkers are removed by digestion of the anchoring enzyme. Ditags are
isolated, ligated to form concatemers, cloned, and sequenced.
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cutting anchoring enzyme, e.g., NlaIII, that recognizes the sequence CATG.
The 3′-most cDNA fragments are retained using magnetic streptavidin beads.
Subsequently, the sample is divided into two fractions, and two different
linkers are ligated to the fragments. The linkers contain a restriction site for
the tagging enzyme (a type IIS restriction endonuclease, e.g., BsmFI), the
anchoring enzyme, and a priming site for PCR. The tagging enzyme cleaves at
a defined distance up to 20 bp away from its recognition site, and releases the
tags from the magnetic streptavidin beads. The two fractions are pooled, and
two sets of linker tag molecules are ligated together to form linker-ditag-linker
molecules that can be amplified by PCR using linker-specific primers. Ditags
are liberated by digesting with the anchoring enzyme, isolated, and ligated to
form concatemers, which are cloned and sequenced (1). The number of times
a particular tag is observed is proportional to the expression level of the corre-
sponding gene. Dinel et al. (2) have shown that the SAGE method has very
good reproducibility, and that the reproducibility, precision, and sensitivity
of SAGE are indeed increased by increasing the number of sequenced tags.
Furthermore, no a priori knowledge of the genes to be identified is required,
and the sequence tags can be used to expand sequence information by rapid
amplification of cDNA ends (RACE) using cDNA as template (3).

The original SAGE method was modified into LongSAGE by Saha et al. (4),
generating 21-bp tags instead of 14-bp tags by using another tagging enzyme
(MmeI instead of BsmFI). The 21-bp tag contains the restriction site of the
anchoring enzyme (e.g., CATG) followed by a unique 17-bp tag. In theory,
a sequence of 17 bp can distinguish among 17,179,869,184 transcripts (417)
compared to a sequence of 10 bp, which can distinguish among 1,048,576
transcripts (410). Detailed studies using real sequences show that in practice,
SAGE can uniquely identify 94.1 % of Drosophila melanogaster genes and
87.6 % of the Caenorhabditis elegans genes, whereas LongSAGE uniquely
identifies 97.3 % of D. melanogaster genes and 93.5 % of the C. elegans genes (5).

2. Materials
2.1. RNA Extraction

1. Liquid nitrogen.
2. Diethylpyrocarbonate (DEPC) water: add 0.75 mL DEPC to 500 mL Milli Q water.

Shake well, leave the bottle in a fume cupboard overnight, and autoclave. Store at
room temperature.

3. Extraction Buffer: 100 mM LiCl, 100 mM Tris-HCl pH 8.5, 10 mM ethylenediamine
tetraacetic acid (EDTA), 1 % sodium dodecyl sulfate (SDS), 15 mM dithiothreitol
(DTT), in DEPC water.
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4. Phenol pH 4.5 (Sigma-Aldrich, St. Louis, MO).
5. Chloroform:isoamyl alcohol (24:1) (Sigma-Aldrich, St. Louis, MO).
6. Phenol:chloroform:isoamyl alcohol (PCI) (25:24:1) (Sigma-Aldrich, St. Louis,

MO).

2.2. mRNA Binding to Magnetic Beads

1. Dynabeads Oligo(dT)25 (Dynal Biotech Asa, Oslo, Norway).
2. Lysis Buffer: 100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, 1 % lithium

dodecyl sulfate, 5 mM DTT (Invitrogen, Carlsbad, CA).
3. Wash Buffer A: 10 mM Tris-HCl, pH 7.5, 0.15 M LiCl, 1 mM EDTA, 0.1 % lithium

dodecyl sulfate, 10 �g/mL glycogen (Fermentas, Burlington, Canada).
4. Wash Buffer B: 10 mM Tris-HCl pH 7.5, 150 mM LiCl, 1 M NaCl, 1 % SDS,

10 �g/mL glycogen (Fermentas, Burlington, Canada).
5. 5X First Strand Buffer: 250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2

(Invitrogen, Carlsbad, CA).

2.3. cDNA Synthesis

1. DEPC water.
2. dNTP mix, 25 mM each (Fermentas, Burlington, Canada).
3. 5X First Strand Buffer: 250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2

(Invitrogen, Carlsbad, CA).
4. 0.1 M DTT (Invitrogen, Carlsbad, CA).
5. SuperScript™ II Reverse Transcriptase (200 U/�L) (Invitrogen, Carlsbad, CA).
6. 5X Second Strand Buffer: 100 mM Tris-HCl, pH 6.9, 450 mM KCl, 23 mM MgCl2,

0.075 mM �-NAD+, 50 mM (NH4)2SO4 (Invitrogen, Carlsbad, CA).
7. RNase inhibitor (40 U/�L) (New England Biolabs, Ipswich, MA).
8. Escherichia coli DNA ligase (10 U/�L) (Invitrogen, Carlsbad, CA).
9. E. coli DNA polymerase (10 U/�L) (Invitrogen, Carlsbad, CA).

10. E. coli RNase H (5 U/�L) (Fermentas, Burlington, Canada).
11. 0.5 M EDTA (Bie & Berntsen A-S, Rødovre, Denmark).
12. Wash Buffer C: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1 % SDS,

10 �g/mL glycogen (Fermentas, Burlington, Canada).
13. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

bovine serum albumin (BSA) (New England Biolabs, Ipswich, MA).
14. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs, Ipswich, MA).

2.4. Cleavage of cDNA With the Anchoring Enzyme NlaIII

1. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.
2. 100X BSA (New England Biolabs, Ipswich, MA).
3. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs, Ipswich, MA).
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4. NlaIII (10 U/�L) (New England Biolabs, Ipswich, MA).
5. Wash Buffer C: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1 % SDS,

10 �g/mL glycogen (Fermentas, Burlington, Canada).
6. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

BSA (New England Biolabs, Ipswich, MA).

2.5. Ligating Linkers to Bound cDNA

1. Linker1 A (TAG Copenhagen, Denmark):
5′-TTT GGA TTT GCT GGT GCA GTA CAA CTA GGC TTA ATA TCC GAC
ATG-3′

Linker1 B (TAG Copenhagen, Denmark):
5′-PO4 TCG GAT ATT AAG CCT AGT TGT ACT GCA CCA GCA AAT CC
(Amino C7)-3′

Linker2 A (TAG Copenhagen, Denmark):
5′-TTT CTG CTC GAA TTC AAG CTT CTA ACG ATG TAC GTC CGA CAT
G-3′

Linker2 B (TAG Copenhagen, Denmark):
5′-PO4 TCG GAC GTA CAT CGT TAG AAG CTT GAA TTC GAG CAG (Amino
C7)-3′

Linker oligonucleotides (TAG Copenhagen, Denmark) are dissolved in DNA
synthesis and protein sequencing grade water (AppliChem, Darmstadt, Germany)
to a final concentration of 100 �M and stored at −20 �C.

2. 10X T4 DNA Ligase Buffer: 400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT,
5 mM ATP (Fermentas, Burlington, Canada).

3. DNA synthesis and protein sequencing grade water (AppliChem, Darmstadt,
Germany).

4. LS Adaptor A (Linker1 A + Linker1 B) (60 ng/�L).
5. LS Adaptor B (Linker2 A + Linker2 B) (60 ng/�L).
6. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH7.5.
7. T4 DNA Ligase (5 U/�L) (Fermentas, Burlington, Canada).
8. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

BSA (New England Biolabs, Ipswich, MA).

2.6. Release of cDNA Tags Using the Tagging Enzyme MmeI

1. 32 mM S-adenosylmethionine (SAM) (New England Biolabs, Ipswich, MA).
2. DEPC water.
3. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs, Ipswich, MA).
4. DNA synthesis and protein sequencing grade water (AppliChem, Darmstadt,

Germany).
5. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA.
6. MmeI (2 U/mL) (New England Biolabs, Ipswich, MA).
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7. PCI (25:24:1) (Sigma-Aldrich, St. Louis, MO).
8. 7.5 M ammonium acetate (Sigma-Aldrich, St. Louis, MO).
9. Glycogen (20 mg/mL) (Fermentas, Burlington, Canada).

10. 100 % ethanol (Sigma-Aldrich, St. Louis, MO).
11. 70 % ethanol.

2.7. Ligating Tags to Form Ditags

1. 3 mM Tris-HCl, pH 7.5.
2. 10X T4 DNA Ligase Buffer (Fermentas, Burlington, Canada).
3. DEPC water.
4. T4 DNA Ligase (5 U/�L) (Fermentas, Burlington, Canada).
5. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH7.5.

2.8. PCR Amplification of Ditags

1. Cold DNA synthesis and protein sequencing grade water (AppliChem, Darmstadt,
Germany).

2. 10X PCR Buffer: 100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2, 1 %
Triton X-100 (Bie & Berntsen A-S, Rødovre, Denmark).

3. Primer mix (LS DTP 1+2)
LS DTP-1 primer: 5′-Biotin GTG CTC GTG GGA TTT GCT GGT GCA GTA
CA-3′

LS DTP-2 primer: 5′-Biotin GAC CTC GTG CTG CTC GAA TTC AAG CTT
CT-3′

Primer oligonucleotides (MWG-Biotec AG, Ebersberg, Germany) are dissolved
in DNA synthesis and protein sequencing grade water (AppliChem, Darmstadt,
Germany) to a final concentration of 100 pmol/�L and stored at −40 �C.

4. 25 mM MgCl2 (Fermentas, Burlington, Canada).
5. dNTP mix, 25 mM each (Fermentas, Burlington, Canada).
6. Taq polymerase (5 U/�L) (Bie & Berntsen A-S, Rødovre, Denmark).
7. 30 % acrylamide/bis (19:1) (AppliChem, Darmstadt, Germany).
8. Sterile, autoclaved MilliQ water.
9. 50X TAE Buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA, pH 8.3.

10. N,N,N’,N’-tetramethylethylendiamine (TEMED) (Bie & Berntsen A-S, Rødovre,
Denmark).

11. Ammonium persulfate: prepare 10 % solution in water and store at −20 �C.
12. Molecular weight markers for gel electrophoresis: GeneRuler™ 100-bp DNA

ladder (Fermentas, Burlington, Canada) and 25-bp DNA ladder (Invitrogen,
Carlsbad, CA), diluted to a final concentration of approx 0.1 �g/�L.

13. Running Buffer (1X TAE Buffer): 40 mM Tris, 20 mM acetic acid, 1 mM EDTA
pH 8.3.

14. 6X TAE Loading Buffer: 240 mM Tris, 120 mM acetic acid, 6 mM EDTA pH 8.3,
17 % glycerol, bromophenol blue.
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15. Staining solution: 25 mL 1X TAE containing 5 �L ethidium bromide 10 mg/mL
(Sigma-Aldrich, St. Louis, MO).

16. PCI (25:24:1) (Sigma-Aldrich, St. Louis, MO).
17. 7.5 M ammonium acetate (Sigma-Aldrich, St. Louis, MO).
18. Glycogen 20 mg/mL (Fermentas Burlington, Canada).
19. 100 % ethanol (Sigma-Aldrich, St. Louis, MO).
20. 70 % ethanol.
21. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.
22. TE: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 7.5.
23. 50-mL polypropylene centrifuge tubes (Sorvall).
24. 10-mL glass pipet for PCI extraction (see Note 1).

2.9. Isolation of Ditags

1. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,
500 mM potassium acetate, 10 mM DTT (New England Biolabs, Ipswich, MA).

2. 100X BSA (New England Biolabs, Ipswich, MA).
3. NlaIII (10 U/�L) (New England Biolabs, Ipswich, MA).
4. 30 % acrylamide/bis (19:1) (AppliChem, Darmstadt, Germany).
5. Sterile, autoclaved MilliQ water.
6. 50X TAE Buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA, pH 8.3.
7. TEMED (Bie & Berntsen A-S, Rødovre, Denmark).
8. Ammonium persulfate: prepare 10 % solution in water and store at −20 �C.
9. Molecular weight markers for gel electrophoresis: GeneRuler 100-bp DNA ladder

(Fermentas, Burlington, Canada) and 25-bp DNA ladder (Invitrogen, Carlsbad,
CA), diluted to a final concentration of approx 0.1 �g/�L.

10. Running Buffer (1X TAE Buffer): 40 mM Tris, 20 mM acetic acid, 1 mM EDTA
pH 8.3

11. 6X TAE Loading Buffer: 240 mM Tris, 120 mM acetic acid, 6 mM EDTA pH 8.3,
17 % glycerol, bromophenol blue.

12. Staining solution: 25 mL 1X TAE containing 5 �L ethidium bromide 10 mg/mL
(Sigma-Aldrich, St. Louis, MO).

13. PCI (25:24:1) (Sigma-Aldrich, St. Louis, MO).
14. 7.5 M ammonium acetate (Sigma-Aldrich, St. Louis, MO).
15. Glycogen 20 mg/mL (Fermentas, Burlington, Canada).
16. 100 % ethanol (Sigma-Aldrich, St. Louis, MO).
17. 70 % ethanol.
18. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.
19. Spin-X® tubes (Corning Costar Inc., NY).

2.10. Concatenation of Ditags

1. DNA synthesis and protein sequencing grade water (AppliChem, Darmstadt,
Germany).
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2. 10X T4 DNA Ligase Buffer: 400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT,
5 mM ATP (Fermentas, Burlington, Canada).

3. T4 Ligase (5U/�L) (Fermentas, Burlington, Canada).
4. NlaIII (10U/�L) (New England Biolabs, Ipswich, MA).
5. 30 % acrylamide/bis (19:1) (AppliChem, Darmstadt, Germany).
6. Sterile, autoclaved MilliQ water.
7. 50X TAE Buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA, pH 8.3.
8. TEMED (Bie & Berntsen A-S, Rødovre, Denmark).
9. Ammonium persulfate: prepare 10 % solution in water and store at −20 �C.

10. Molecular weight markers for gel electrophoresis: GeneRuler 100-bp DNA ladder
(Fermentas, Burlington, Canada) and 25-bp DNA ladder (Invitrogen, Carlsbad,
CA), diluted to a final concentration of approx 0.1 �g/�L.

11. Running Buffer (1X TAE Buffer): 40 mM Tris, 20 mM acetic acid, 1 mM EDTA
pH 8.3.

12. 6X TAE Loading Buffer: 240 mM Tris, 120 mM acetic acid, 6 mM EDTA pH 8.3,
17 % glycerol, bromophenol blue.

13. Staining solution: 25 mL 1X TAE containing 5 �L ethidium bromide 10 mg/mL
(Sigma-Aldrich, St. Louis, MO).

14. Electroelution device (Elutrap system from Schleicher & Schuell, Dassel, Germany).
15. PCI (25:24:1) (Sigma-Aldrich, St. Louis, MO).
16. 7.5 M ammonium acetate (Sigma-Aldrich, St. Louis, MO).
17. Glycogen 20 mg/mL (Fermentas, Burlington, Canada).
18. 100 % ethanol (Sigma-Aldrich, St. Louis, MO).
19. 70 % ethanol.
20. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.

2.11. Cloning of Concatemers

1. pZErO-1 (1 �g/�L, part of the Zero Background Cloning kit) (Invitrogen
Carlsbad, CA).

2. 10X Buffer 2: 100 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 50 mM NaCl, 1 mM DTT
(New England Biolabs, Ipswich, MA).

3. SphI (5 U/�L) (New England Biolabs, Ipswich, MA).
4. Sterile, autoclaved MilliQ water.
5. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.
6. PCI (25:24:1) (Sigma-Aldrich, St. Louis, MO).
7. 7.5 M ammonium acetate (Sigma-Aldrich, St. Louis, MO).
8. Glycogen 20 mg/mL (Fermentas, Burlington, Canada).
9. 100 % ethanol (Sigma-Aldrich, St. Louis, MO).

10. 70 % ethanol.
11. 10X T4 DNA Ligase Buffer: 400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT,

5 mM ATP (Fermentas, Burlington, Canada).
12. T4 DNA Ligase (5 U/�L) (Fermentas, Burlington, Canada).
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2.12. Transformation of Escherichia coli

1. Positive control: Supercoiled pUC19 plasmid (Invitrogen, Carlsbad, CA).
2. TOP10 Electrocompetent E. coli (Invitrogen, Carlsbad, CA).
3. Electroporation device (EasyjecT Prima, EQUIBIO, Oxford, UK).
4. SOC medium: 2 % tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM

MgCl2, 10 mM MgSO4, 20 mM glucose (Invitrogen, Carlsbad, CA).
5. Low-salt Luria-Bertani (LB) medium: 1 % (w/v) tryptone or casein peptone, 0.5 %

(w/v) yeast extract, 0.5 % (w/v) NaCl, pH 7.5.
6. Zeocin (100 mg/mL, store at −20 �C in darkness, this antibiotic is light-sensitive)

(Invitrogen, Carlsbad, CA).
7. 500 mM IPTG (AppliChem, Darmstadt, Germany).
8. X-gal: 40 mg dissolved in 200 �L dimethylsulfoxide (DMSO) (Fermentas,

Burlington, Canada; Sigma-Aldrich, St. Louis, MO).
9. Low-salt LB agar with Zeocin, X-gal and IPTG: 50 �g/mL Zeocin, 80 �g/mL

X-gal, 1 mM IPTG, 1.5 % (w/v) agar (Bie & Berntsen A-S, Rødovre, Denmark).
10. Sterile 96-well culture plates.
11. Autoclaved toothpicks.

3. Methods
The LongSAGE method described in this chapter is essentially based on

the technique developed by Velculescu and coworkers for obtaining a digital
genome-wide expression profile of the genes involved in selected tissues (1,3,
4,6) The LongSAGE technique generates a unique 17- to 21-bp tag for each
transcript, as opposed to the 10- to 14-bp tag generated by the original SAGE
method.

3.1. RNA Extraction From Potato Tuber Tissue

1. Place Phenol and Extraction Buffer in water bath at 60 �C.
2. Grind 5.0 g of frozen tissue in a mortar with liquid N2 (see Note 2).
3. Transfer frozen powder to a 40-mL (polypropylene) centrifuge tube with a

screw cap.
4. Add 10 mL warm Extraction Buffer + 10 mL warm Phenol. Put on screw cap and

shake vigorously for 30 s.
5. Add 10 mL chloroform:isoamyl alcohol (24:1). Shake vigorously for 30 s.
6. Centrifuge for 10 min at 9682g and 4 �C.
7. Transfer upper aqueous phase to a fresh 40-mL centrifuge tube, and add 10 mL

of PCI (25:24:1). Shake for 30 s.
8. Centrifuge for 10 min at 9682g and 4 �C.
9. Transfer upper aqueous phase to a fresh 40-mL centrifuge tube and add 10 mL of

PCI (25:24:1). Shake for 30 s.
10. Centrifuge for 10 min at 9682g and 4 �C.
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11. Transfer upper aqueous phase to a fresh 40-mL centrifuge tube and add 10 mL of
chloroform:isoamyl alcohol (24:1). Shake for 30 s.

12. Centrifuge for 10 min at 9682g and 4 �C.
13. Transfer aqueous phase to a fresh 40-mL centrifuge tube and add 10 mL of

chloroform:isoamyl alcohol (24:1). Shake for 30 s.
14. Centrifuge for 10 min at 9682g and 4 �C.
15. Transfer upper aqueous phase to a fresh 40-mL centrifuge tube. Measure the

volume with sterile pipet. Add equal volume of 4 M LiCl. Mix gently, and store
tube overnight at 4 �C.

16. The following day, centrifuge for 40 min at 9682g and 4 �C.
17. Decant supernatant (carefully) and immediately add 10 mL of chilled 70 % ethanol

to rinse pellet. Carefully decant ethanol and air-dry pellet for approx 15 min at
room temperature.

18. Resuspend pellet in 150 �L DEPC water, and transfer to a sterile 1.5-mL micro-
centrifuge tube. Take out a sample of 5–10 �L for determination of total RNA
concentration by absorption at 260 nm.

19. Freeze the rest of the sample at −40 �C.

3.2. mRNA Binding to Magnetic Beads

1. Thoroughly resuspend the Oligo(dT)25 beads and transfer 100 �L to an RNase-free,
1.5-mL tube.

2. Place the tube on a magnetic stand for 1–2 min, and discard supernatant.
3. Wash Oligo(dT)25 beads by resuspending them in 500 �L of Lysis Buffer. Place

the tube in a magnetic stand.
4. Prepare RNA sample for binding to the beads. Use 5–50 �g of total RNA or

50–100 ng of mRNA (see Note 3). Adjust volume to 1 mL with Lysis Buffer.
5. Carefully remove the supernatant from Oligo(dT)25 beads, and immediately add

the RNA sample.
6. Mix Oligo(dT)25 beads and RNA sample by slowly rocking the tube on a rocking

platform for 30 min at room temperature and 50 rpm.
7. Place the tube on a magnetic stand for 1–2 min, and carefully remove supernatant.
8. Wash the beads twice by placing the tube on magnetic stand for 1–2 min and

removing the supernatant between washes with 1 mL Wash Buffer A.
9. Wash with 1 mL Wash Buffer B.

10. Wash the Oligo(dT)25 beads four times with 100 �L 1X First Strand Buffer by
placing the tube on magnetic stand for 1–2 min and removing the supernatant
between washes. After the fourth wash, do not remove supernatant (see Note 4).

3.3. cDNA Synthesis

1. Prepare the first strand cDNA reaction mix by mixing the following reagents on
ice: 18 �L 5X First Strand Buffer, 1 �L RNase inhibitor, 57.2 �LDEPC water,
9 �L 0.1 M DTT, 1.8 �L dNTP mix.
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2. Remove the supernatant from the Oligo(dT)25 beads and resuspend Oligo(dT)25

beads containing mRNA in the first strand cDNA reaction mix. Mix gently by
flicking the tube with a finger. Store the tube at 37 �C for 2 min to equilibrate the
reagents.

3. Add 3 �L reverse transcriptase. Mix gently and incubate at 37–42 �C for 1 h. Mix
gently at every 10–15 min by flicking the tube.

4. Meanwhile, equilibrate another water bath to 16 �C for second strand synthesis.
5. Chill the first strand reaction on ice for 2 min, and add the following second strand

reagents in the following order to the tube containing 90 �L of the first strand
reaction: 474 �L DEPC water, 150 �L 5X Second Strand Buffer, 6 �L dNTP mix,
5 �L E. coli DNA ligase, 20 �L E. coli DNA polymerase, 2 �L E. coli RNase H.
Mix contents by vortexing and centrifuge the tube briefly in a benchtop centrifuge.
Incubate the reaction mixture at 16 �C for 2 h, mixing gently every 10–15 min to
resuspend the Oligo(dT)25 beads.

6. During incubation, preheat Wash Buffer C to 75 �C.
7. Place the reaction tube on ice and add 45 �L 0.5 M EDTA to stop the reaction.

Place the tube on a magnetic stand for 1–2 min and carefully remove supernatant
(see Note 5). Add 750 �L warm Wash Buffer C to inactivate the E. coli DNA
polymerase. Mix well and heat the sample to 75 �C for 10–12 min with intermittent
mixing to completely inactivate the polymerase. Place the tube on magnetic stand
for 1–2 min and remove supernatant. Wash again with 750 �L Wash Buffer C.
Perform the wash quickly to prevent precipitation of SDS, which may trap the
beads.

8. Wash sample three times with 750 �L Wash Buffer D and then resuspend beads
in 750 �L Wash Buffer D. (Remove 5 �L of sample to determine the efficiency
of the cDNA synthesis reaction. Store as sample 1 [S1] at 4 �C; see Fig. 2.)

9. Place the tube on magnetic stand for 1–2 min and carefully remove supernatant.
10. Add 200 �L 1X Buffer 4 to the tube and gently resuspend Oligo(dT)25 beads.

Transfer the contents of the tube to a new tube to avoid any traces of exonuclease
activity from E. coli DNA polymerase. Wash the old tube with 200 �L 1X Buffer
4 and transfer the contents to the new tube containing the reaction mix.

11. Place tube on magnetic stand for 1–2 min and remove supernatant.
12. Wash Oligo(dT)25 beads once with 200 �L 1X Buffer 4.

3.4. Cleavage of cDNA With the Anchoring Enzyme NlaIII

1. Remove supernatant and resuspend Oligo(dT)25 beads in: 172 �L LoTE, 2 �L 100X
BSA, 20 �L 10X Buffer 4, 6 �L NlaIII. Incubate for 2.5 h (or 1 h) at 37 �C. Mix
occasionally by flicking the tube with a finger.

2. Meanwhile, heat Wash Buffer C to 37 �C to prevent SDS precipitation.
3. After the reaction is complete, place the tube containing Oligo(dT)25 beads on a

magnetic stand for 1–2 min and carefully discard supernatant.



14 Høgh and Nielsen

Fig. 2. Verification of complementary (c)DNA synthesis, NlaIII digestion and
ligation of linkers. 1: 25-bp DNA ladder. 2: cDNA template, Solanum tuberosum
p23S and p23AS primers used. A band should appear at 314 bp. 3: NlaIII template,
S. tuberosum p23S and p23AS primers used. NlaIII digestion occurs between the two
primer sites and therefore no band should appear. 4: cDNA template, S. tuberosum
60SL3S and 60SL3AS primers used. A band should appear at 201 bp. 5: NlaIII template,
S. tuberosum 60SL3S and 60SL3AS primers used. A band should appear at 201 bp. 6:
25-bp DNA ladder. 7: LS Adapter A template, LS DTP-1 and S. tuberosum 60SL3AS
primers used. A band should appear at 246 bp. 8: LS Adapter B template, LS DTP-1,
and S. tuberosum 60SL3AS primers used. No band is seen with unmatched primers and
adaptors. 9: LS Adapter A template, LS DTP-2 and S. tuberosum 60SL3AS primers
used. No band is seen with unmatched primers and adaptors. 10: LS Adapter B template,
LS DTP-2 and S. tuberosum 60SL3AS primers used. A band should appear at 244 bp.

4. Inactivate NlaIII by washing the tube twice with 750 �L warm Wash Buffer C.
Wash sample three times with 750 �L Wash Buffer D. (Remove 5 �L of sample to
determine the efficiency of the NlaIII digestion. Store as sample 2 [S2] at 4 �C; see
Fig. 2.)

5. Proceed to Ligating linkers to bound cDNA or store tube at 4 �C overnight.

3.5. Ligating Linkers to Bound cDNA

Prior to use, the linker oligonucleotides are phosphorylated and hybridized
to obtain LS Adaptor A and LS Adaptor B. Phosphorylated and hybridized
linkers can be stored at −20 �C in aliquots for single use.

1. Mix the following in two separate tubes; LS Adaptor A: 17 �L Linker1 A, 17 �L
Linker1 B, 4 �L 10X Buffer ATP Poly Nucleotide Kinase; LS Adaptor B: 17 �L
Linker2 A, 17 �L Linker2 B, 4 �L 10X Buffer ATP Poly Nucleotide Kinase.
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2. Place tubes in 100 mL boiling water, and incubate for 1 h leaving water container
at room temperature.

3. Load LS Adaptor ligation mix onto a 10 × 8 cm × 0.75 mm 15 % TAE-
polyacrylamide gel (comb with 10 lanes). Add 10 �L 6X TAE loading buffer to
each tube. Load samples and 25-bp DNA ladder on gel. Conduct gel electrophoresis
in 1X TAE running buffer at 120 V for 1 h. Stain gel in 25 mL 1X TAE running
buffer containing 5 �L ethidium bromide for 5 min at room temperature.

4. Isolate 40-bp bands for LS Adaptors A and B using a scalpel. Transfer gel pieces
to two 0.5-mL Eppendorf tubes marked AdA and AdB, respectively. These tubes
contain a hole made by a sterile needle. Place the 0.5-mL tubes in a 1.5-mL
Eppendorf tube marked AdA and AdB, respectively.

5. Centrifuge at maximum speed in a benchtop centrifuge for 30–60 s.
6. Add 500 �L of the following elution buffer to each tube: 800 �L LoTE, 200 �L

7.5 M ammonium acetate. Elute adaptors form the gel pieces overnight at 4 �C or
at 37 �C for 45 min. Transfer content to 2-mL Spin-X filter tubes and centrifuge at
maximum speed in a benchtop centrifuge for approx 30 s. Add 2 �L glycogen and
1500 �L 100 % ethanol to each tube and vortex briefly. Store the tube at −40 �C
for 30 min, centrifuge at maximum speed in a benchtop centrifuge for 30 min, and
remove and discard supernatant. Wash pellets in 1 mL 70 % ethanol. Leave the tube
on the bench top with the lid open and air-dry pellets for a minimum of 10 min.

7. Resuspend each pellet in 100 �L TE and determine LS Adaptor concentrations.
8. To ligate adaptors to immobilized cDNA, place the tube with beads on a magnetic

stand for 1–2 min and carefully remove supernatant.
9. Wash Oligo(dT)25 beads twice with 150 �L of 1X T4 DNA Ligase Buffer.

Immediately after the final wash, resuspend beads in 100 �L 1X T4 DNA Ligase
Buffer and divide the sample into two new tubes labeled A and B. Be careful
to divide the Oligo(dT)25 beads while they are resuspended, as the Oligo(dT)25

beads may stick to the original tube or pipet tips.
10. Wash each tube (A and B) once with 50 �L 1X T4 DNA Ligase Buffer.

Resuspend Oligo(dT)25 beads in 50 �L 1X T4 DNA Ligase Buffer.
11. Place tubes (A and B) on a magnetic stand for 1–2 min and carefully remove

supernatant. Transfer the tubes to ice and add the following reagent to the beads:
Tube A, 1 �L LS Adaptor A (60 ng/�L), 14.5 �L LoTE, 2 �L 10X T4 DNA
Ligase Buffer; Tube B, 1 �L LS Adaptor B (60 ng/�L), 14.5 �L LoTE, 2 �L 10X
T4 DNA Ligase Buffer.

12. Resuspend Oligo(dT)25 beads by flicking each tube. Heat the tube for at least
2 min at 50 �C. Cool the tube for 15 min at room temperature and then chill on ice.
Add 2 �L T4 DNA Ligase to each tube and mix well. Incubate overnight at 16 �C.

13. The following day, wash each tube three times with 500 �L of Wash Buffer D.
(Remove 5 �L of resuspended Oligo[dT]25 beads from each tube to determine
the efficiency of the adapter ligation. Store samples 3A and 3B [S3A and S3B]
at 4 �C; see Fig. 2.)
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3.6. Release of cDNA Tags Using the Tagging Enzyme MmeI

1. Prepare 10X SAM by adding 1 �L 32 mM SAM to 79 �L DEPC water.
2. Prepare 1X Buffer 4/1X SAM by combining 80 �L 10X Buffer 4, 720 �L DNA

synthesis and protein sequencing grade water, 1 �L 32 mM SAM.
3. Place each tube (A and B) on a magnetic stand for 2 min and remove supernatant.
4. Wash each tube twice with 200 �L 1X Buffer 4/1X SAM. Carefully remove and

discard the supernatant and place tubes on ice.
5. Add the following to each tube: 70 �L LoTE, 10 �L 10X Buffer 4, 10 �L 10X

SAM, 10 �L MmeI. Incubate tubes at 37 �C for 2.5 h with occasional gentle mixing.
6. Place tubes on magnetic stand for 2 min. Do not discard the supernatant (see

Note 6). Carefully remove the supernatant from each tube and pool supernatants
from each tube to a new tube labeled A + B. Add 100 �L of LoTE to tube (A + B)
to yield a total volume of 300 �L.

7. Add 300 �L PCI (25:24:1) to tube and vortex thoroughly. Centrifuge for 5 min at
room temperature and at maximum speed.

8. Transfer 300 �L of the upper aqueous phase to a new tube. Remove 200 �L from
this tube to a new tube (A + B). The remaining 100 �L are used as a negative
control (no ligase). Add 100 �L DEPC water to tube (no ligase) to yield a final
volume of 200 �L.

9. To each tube (200 �L of sample and 200 �L of negative control), add 133 �L 7.5 M
ammonium acetate, 3 �L glycogen and 1 mL of 100 % ethanol. Mix virgorously.

10. Store tubes at −40 �C for a minimum of 30 min and centrifuge at maximum speed
in a benchtop centrifuge for 30–40 min at 4 �C.

11. Carefully remove supernatant from each tube and discard it. Be careful not to
disturb the pellet.

12. Wash each pellet twice with 1 mL of cold 70 % ethanol. After the final wash,
centrifuge each tube again to collect any residual ethanol. Carefully remove the
ethanol by pipet and air-dry for 5–10 min.

13. Resuspend the sample (A + B) pellet in 4 �L LoTE and the negative control
(no ligase) pellet in 2 �L LoTE and incubate at 37 �C for 10–15 min to aid
insolubilization.

3.7. Ligating Tags to Form Ditags

1. Prepare 2X ditag reaction in a sterile microcentrifuge tube on ice by combining:
1.5 �L 3 mM Tris-HCl, pH 7.5, 0.9 �L 10X T4 DNA Ligase Buffer, 1.1 �L DEPC
water, 1 �L T4 DNA Ligase.

2. Prepare 2X Negative Control in a sterile microcentrifuge tube on ice by combining:
2.25 �L 3 mM Tris-HCl, pH 7.5, 0.75 �L 10X T4 DNA Ligase Buffer, 0.75 �L
DEPC water.

3. Add 4 �L of 2X Ditag Reaction Mix to the tags resuspended in 4 �L LoTE (A + B).
4. Add 2 �L of 2X Negative Control Mix to the negative control (no ligase)
5. Incubate tubes overnight at 16 �C.
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3.8. PCR Amplification of Ditags

To optimize PCR conditions, a test PCR is performed using different
dilutions of ditags (1:40, 1:80, 1:160, 1:320, 1:640 in DNA synthesis and
protein sequencing grade water). Ligated LS Adaptors are used as positive
control (1:40). Two PCR reactions containing the negative control (no ligase)
as template, and no template are used as negative controls, respectively (see
Fig. 3).

1. For each PCR reaction mix the following on ice: 1 �L template (diluted ditags
and controls), 36.5 �L cold DNA synthesis and protein sequencing grade water,
5 �L 10X PCR Buffer, 1 �L LS DTP primer mix, 5 �L MgCl2, 1 �L dNTP mix,
0.5 �L Taq polymerase (see Note 7).

2. Perform PCR according to the following procedure: initial denaturation at 94 �C
for 1 min, followed by 28 cycles of denaturation at 94 �C for 30 s, annealing at
53.5 �C for 1 min, and elongation at 70 �C for 1 min (see Note 8).

3. Load 5 �L of each PCR reaction onto a 10 × 8 cm 0.75 mm 15 % TAE-
polyacrylamide gel (comb with 10 lanes). Conduct gel electrophoresis in 1X TAE
running buffer for 45 min at 100 V and 45 min at 120 V. Stain the gel for 5 min in
25 mL 1X TAE containing 5 �L ethidium bromide (see Fig. 3).

4. Select the most appropriate ditag dilution as template for PCR amplification.

Fig. 3. Ditag PCR. 1, 1:40 positive control (Linker A + B); 2, 25-bp DNA ladder;
3, 1:40 template; 4, 1:80 template; 5, 1:160 template; 6, 1:320 template; 7, 1:640
template; 8, 25-bp DNA ladder; 9, negative control (no template); 10, 1:20 negative
control (no ligase). The ditag bands are located at approx 130 bp. The bands seen at
100 bp correspond to ligated linkers without any ditag.
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5. Make 200 50-�L PCR reactions. Mix the PCR reactions in a 50-mL greiner Blue
Cap tube covered with ice. Add the reagents in the following order: 7.3 mL cold
DNA synthesis and protein sequencing grade water, 1 mL 10X PCR Buffer, 200 �L
LS DTP primer mix, 1 mL MgCl2, 200 �L dNTP mix, 100 �L Taq polymerase
and 200 �L template (see Note 9).

6. Mix PCR reaction mix gently by inverting the tube twice.
7. Add 50 �L PCR reaction mix to each well of two 96-well PCR plates on ice using

a multichannel pipet.
8. Perform PCR according to the following procedure: initial denaturation at 94 �C

for 1 min, followed by 28 cycles of denaturation at 94 �C for 30 s, annealing at
53.5 �C for 1 min, and elongation at 70 �C for 1 min (see Note 8).

9. Pool PCR reactions and place on ice. Analyze 5 �L and 10 �L on a 10 × 8 cm ×
0.75 mm 15 % TAE-polyacrylamide gel (comb with 10 lanes). Add 1 �L 6X TAE
loading buffer per 5 �L PCR sample. Load samples and 25-bp DNA ladder on gel.
Conduct gel electrophoresis in 1X TAE running buffer for 45 min at 100 V and
45 min at 120 V. Stain the gel for 5 min in 25 ml 1X TAE containing 5 �L ethidium
bromide. Visualize bands by exposure to ultraviolet (UV) light (see Fig. 4).

10. Store PCR reactions at −40 �C or proceed to isolation of ditags.

Fig. 4. PCR of ditags. 1, 25-bp DNA ladder; 2, 5-�L PCR sample; 3, 10-�L PCR
sample; 4, 25-bp DNA ladder. The ditag bands are located at approx 130 bp. The bands
seen at 100 bp correspond to ligated linkers without any ditag.
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3.9. Isolation of Ditags

1. Extract PCR products in polypropylene tubes by adding an equal amount of PCI
to PCR products (see Note 10). Vortex well. Centrifuge at 2400g for 10 min at
room temperature and transfer the upper aqueous phase (∼9 mL) to a new tube
(see Note 11).

2. Divide sample (4.5 mL) into two centrifuge tubes, and add the following to each
tube: 1150 �L 7.5 M ammonium acetate, 26 �L glycogen, 12.25 mL cold 100 %
ethanol (see Note 12).

3. Mix vigorously. Store tubes at −40 �C for a minimum of 30 min or overnight.
Centrifuge at 12,000g for 30 min at 4 �C. Carefully remove and discard supernatant.

4. Wash pellet twice with approx 25 mL cold 70 % ethanol. Carefully remove ethanol
and air-dry pellet for 15–20 min (see Note 13).

5. Resuspend pellets in 2X 250 �L LoTE, and incubate tubes at 37 �C for 5–10 min to
aid in solubilization. Centrifuge for 5 min at maximum speed. Transfer supernatant
to a new tube.

6. Digest with NlaIII (see Note 14) by adding the following to each 250-�L sample:
30 �L 10X Buffer 4, 3 �L 100X BSA, 10 �L NlaIII. Mix contents well and
incubate at 37 �C for 2 h.

7. Add 60 �L of 6X TAE loading buffer to approx 300 �L of sample from NlaIII
digestion. Load 360 �L onto a 10 × 8 cm × 1.5 mm 15 % TAE-polyacrylamide gel.

8. Conduct gel electrophoresis in 1X TAE running buffer at 90 V for 45 min and 100
for 50 min. Stain the gel for 5 min in 25 mL 1X TAE containing 5 �L ethidium
bromide. Visualize bands by exposure to UV light. Excise the 34-bp product using
a clean scalpel (see Fig. 5).

9. Electroelute ditags by preparing the electroelution device in such a way that the
trap is 1 U-insert wide, place the gel slice into the elution chamber and electroelute

Fig. 5. Isolation of 34-bp ditags. 1, 25-bp DNA ladder; 2, NlaIII-digested 130-bp
ditag sample. The band seen between 25 bp and 50 bp corresponds to 34 bp ditag. The
band at 50 bp corresponds to linkers. The band between 75 bp and 100 bp corresponds
to ditags with one of the linkers. The band at approx 130 bp correspond to undigested
130-bp ditags.
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in 1X TAE running buffer at 100 V and room temperature for 1 h 15 min. Remove
buffer from trap (200–250 �L) and put into a new tube.

10. Add the following to 250 �L sample: 116 �L 7.5 M ammonium acetate, 4 �L
glycogen, 1060 �L cold 100 % ethanol. Incubate at −40 �C for 30 min or overnight.
Centrifuge at maximum speed in a benchtop centrifuge for 40 min and at 4 �C.

11. Wash pellet twice with 1 mL 70 % ethanol. Let the pellet air-dry for a minimum
of 10 min and dissolve the pellet in 10 �L LoTE.

12. Determine the ditag concentration (see Note 15). Approximately 1 �g of 34-bp
ditag is needed for concatenation.

3.10. Concatenation of Ditags

1. Set up a ligation reaction on ice using the gel-purified 34-bp ditags by combining
8 �L 34-bp ditag (1000–2500 ng), 1 �L 10X T4 DNA ligase buffer, 1 �L T4 ligase.
Incubate for 30 min at 16 �C. Heat sample at 65 �C for 15 min to terminate the
ligation reaction.

2. Add 3 �L of 6X TAE loading buffer. Centrifuge briefly the ligation mix at maximum
speed and load entire sample into one well of a 10 × 8 cm × 0.75 mm 12 %
TAE-polyacrylamide gel (comb with 10 lanes).

3. Conduct gel electrophoresis in 1X TAE running buffer at 90 V for 100 min. Stain
the gel for 5 min in 25 mL 1X TAE containing 5 �L ethidium bromide. Visualize
bands by exposure to UV light. Excise band ≥500 bp (see Fig. 6).

4. Electroelute concatemers by preparing the electroelution device in such a way that
the elution chamber is 1 U-insert wide and the trap is 1 U-insert wide. Put the gel
slice into the elution chamber and electroelute in 1X TAE running buffer at 100 V

Fig. 6. Concatemers. 1,3,4,6, GeneRuler™ 100-bp DNA ladder; 2, concatemers; 3,
excised concatemers approx >500 bp.
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and room temperature for 1 h 15 min. Remove buffer from trap (200–250 �L) and
put into a new tube.

5. Extract each tube containing eluate with an equal amount of PCI. Centrifuge at
maximum speed for 5 min at room temperature.

6. Transfer the upper aqueous phase (approx 200 �L) from each tube to a new tube.
7. To each 200 �L eluate add 133 �L 7.5 M ammonium acetate, 3 �L glycogen, and

1000 �L cold 100 % ethanol. Mix well and incubate at −40 �C for a minimum of
30 min. Centrifuge at maximum speed for 30 min at 4 �C.

8. Carefully remove and discard the supernatant. Wash pellet twice with 1 mL cold
70 % ethanol.

9. Carefully remove ethanol and air-dry pellet for 10–20 min. Resuspend pellets in a
final volume of 14 �L LoTE.

3.11. Cloning of Concatemers

1. Linearize 2 �g of pZErO-1 with SphI by mixing the following on ice: 2.0 �L
pZErO-1 (1 �g/�L), 2.5 �L 10X Buffer 2, 1.4 �L SphI (5 U/�L), 19.1 �L sterile
MilliQ water. Incubate at 37 �C for 20 min. Add 175 �l LoTE to the digestion mix,
and an equal volume (∼200 �L) of PCI to the tube and mix vigorously. Centrifuge
at maximum speed for 5 min at room temperature. Transfer the upper aqueous
phase (∼200 �L) to a clean tube. Add 65 �L of 7.5 M ammonium acetate and
600 �L 100 % ethanol. Mix well. Store tube at −40 �C for 30 min, and centrifuge
at maximum speed in a benchtop centrifuge for 30 min at 4 �C.

2. Carefully remove and discard the supernatant. Wash pellet twice with 1 mL 70 %
ethanol and air-dry pellet for 10 min. Resuspend pellet in 60 �L LoTE. Mix well
and aliquot into six 10-�L tubes. Store the tubes at −20 �C. Analyze 2 �L of the
digestion mixture and undigested pZErO-1 on a 1 % agarose gel.

3. Set up the following three ligation reaction on ice: sample (1), 14 �L concatemers,
2 �L pZErO-1/Sph1, 2 �L 10X T4 DNA ligase buffer, 2 �L T4 DNA ligase; no
DNA (2), 1 �L pZErO-1/Sph1, 1 �L 10X T4 DNA ligase buffer, 2 �L T4 DNA
ligase, 6 �L Sterile MilliQ water; no ligase (3), 1 �L pZErO-1/Sph1, 1 �L 10X
T4 DNA ligase buffer, 8 �L Sterile MilliQ water.

4. Incubate for 2–3 h at 16 �C. Inactivate ligase by incubation for 30 min at 70 �C.
5. Add 10 �L sterile MilliQ water to the control reactions. Ligation reactions can be

stored at −80 �C.
6. Add 80 �L LoTE to each of the ligation reactions, and 100 �L PCI and mix

vigorously (see Note 16).
7. Centrifuge at maximum speed in a benchtop centrifuge for 5 min and transfer

upper aqueous phase to a new tube.
8. Add 65 �L 7.5 M ammonium acetate, 3 �L glycogen and 500 �L 100 % ethanol.

Mix well.
9. Incubate at −40 �C for 30 min and centrifuge at maximum speed in a benchtop

centrifuge and 4 �C for 30 min.
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Fig. 7. Plasmid PCR products. 1,14, GeneRuler™ 1-kb DNA ladder; 2,13, Plasmid
PCR products. PCR products larger than approx 250 bp contain concatemers.

10. Carefully discard supernatant and wash pellet four times with 1 mL 70 % ethanol.
11. Air-dry pellet for 20 min, and resuspend pellet in 20 �L LoTE.

3.12. Transformation of Escherichia coli

1. Add 1 �L of ligation reaction (sample, no DNA, or no ligase) into 50 �L of One
Shot® TOP10 Electrocomp™ E. coli and mix gently by stirring with the pipet tip.
Avoid the formation of bubbles.

2. Carefully transfer cells and DNA to a chilled 0.1-cm cuvet. Electroporate the sample
at 1800 V/cm. Add 250 �L of room temperature SOC medium to the cuvet, and
transfer sample to a 15-mL sterile culture tube. Incubate for 1 h at 37 �C, shaking
at 200 rpm.

3. Add 750 �L of low-salt LB medium to the tube and mix. Plate 50–100 �L from
each transformation on low-salt LB agar plates with Zeocin, X-gal, and IPTG, and
incubate in the dark overnight at 37 �C, or at room temperature over the weekend.
Store the remaining transformation reaction at 4 �C (see Note 17).

4. Pick approx 10,000 white colonies (see Note 18) for analysis into a 96-well culture
plate containing 150 �L 100�g/mL LB-amp media (Fig. 7).

4. Notes
1. Glass pipets are recommended when working with large volumes of PCI.
2. Potato tuber contains a great deal of starch and consequently, quite a bit of tissue

is used for extraction. Other, more convenient tissues require less sample.
3. 100 �g of total RNA extracted from potato tissue was used. It is imperative that

undegraded RNA is used.
4. It is important that the oligo(dT)25 beads do not dry out.
5. The oligo(dT)25 beads might stick to the tube, so be very careful when removing

the supernatant. After addition of 75 �C warm Wash Buffer C, the oligo(dT)25

beads will no longer stick to the tube.
6. During MmeI digestion, the cDNA is released from the oligo(dT)25 beads.

Therefore, the supernatant contains the tags and must not be discarded.
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7. First, add DNA synthesis and protein sequencing grade water to each PCR tube
and then add the templates. Make a PCR reaction mix (10 reactions) and add the
reagents in the following order: 10X PCR Buffer, LS DTP primer mix (175 ng/�L
of each), MgCl2 (25 mM), dNTP mix (25 mM of each), and Taq polymerase
(5 U/�L) Mix the volume twice using a P200 pipet. Add the PCR reaction mix to
each tube. Always keep PCR reaction mix and PCR tubes on ice.

8. Preheat heat block to approximately 80 �C before placing PCR reactions in heat
block.

9. It is important to add the template last.
10. The centrifuge tubes are cleaned with 70 % ethanol and air dried before use.
11. The upper phase contains the ditags.
12. It may be difficult to see the pellet because it is smeared all over the back of

the tube. Dissolve the pellet carefully in the final volume of 500 �L LoTE/ 200
reactions.

13. For smaller or larger samples, decrease or increase the amount proportionally.
14. According to the I-SAGE Long kit protocol, a 130-bp purification step should

be conducted. This step is omitted from the protocol described here, because
this step resulted in loss of valuable product. Instead of performing a 130-bp gel
purification, we proceed directly to the NlaIII digestion step, which digests 130-bp
ditags to 34-bp ditags.

15. A dot blot can be used to estimate the concentration of the ditag sample. Use 1 �L
ditag sample and make the following dilutions: 1:5, 1:25, and 1:125. Add 1 �L
of stain (1 �L ethidium bromide + 10 mL DNA synthesis and protein sequencing
grade water) to 4 �L of sample dilutions and to 4 �L of each standard solution
(20 ng DNA, 10 ng DNA, 5 ng DNA, and 2.5 ng DNA). Pipet 5-�L droplets on
household film, visualize under UV light, and compare samples with standards.

16. It is important to PCI-extract and ethanol-precipitate. If these steps are omitted,
the cloning of concatemers into pZErO-1 will result in an insufficient number of
clones.

17. The transformation reaction yields the most colonies when plated the same day of
transformation. Therefore, it is recommended to plate the transformation reaction
the day of transformation or at least the following day.

18. Blue–white screening helps choosing colonies with large inserts. Although white
colonies with short inserts, as well as blue colonies with long inserts, are observed,
all in all, the average insert length is greater for white colonies than for blue ones.
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Robust-LongSAGE (RL-SAGE)
An Improved LongSAGE Method for High-Throughput
Transcriptome Analysis

Malali Gowda and Guo-Liang Wang

Summary

Serial analysis of gene expression (SAGE) is a powerful technique for large-scale
transcriptome analysis in eukaryotes. However, technical difficulties in the SAGE library
construction, such as low concatemer cloning efficiency, small concatemer size, and a high level
of empty clones, has prohibited its widespread use as a routine technique for expression profiling
in many laboratories. We recently improved the LongSAGE library construction method consid-
erably and developed a modified version called Robust-LongSAGE, or RL-SAGE. In RL-SAGE,
concatemer cloning efficiency and clone insert size were increased significantly. About 20 PCR
reactions are sufficient to make a library with more than 150,000 clones. Using RL-SAGE, we
have made 10 libraries of rice, maize, and the rice blast fungus Magnaporthe grisea.

Key Words: SAGE; LongSAGE; magnetic beads; ditags; concatemers; pZErO-1; partial
digestion; MmeI.

1. Introduction
Serial analysis of gene expression (SAGE) was first developed by Velculescu

and his colleagues at the John Hopkins University a decade ago as a new
genomics tool for large-scale profiling of transcripts (1). The principle exper-
imental steps of SAGE are isolating short tags (14–21 bp) from the 3′ ends
of transcripts, generating ditags (ligating two individual tags), concatenating
(ligating ditags together), and cloning these concatemers into a vector for
subsequent sequencing. Specially designed computer programs are then used

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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to extract ditags and individual tags from the DNA sequences, calculate the
frequency of each tag, and match the unique tags to genomic, expressed
sequence tag (EST), and/or complementary DNA (cDNA) sequences. Because
about 30–50 tags can be extracted from each sequence read, the SAGE method
is much more cost-effective for transcript identification than EST sequencing.
SAGE is also superior to microarray, because SAGE provides digital data
for each transcript and is able to identify transcripts expressed at a very low
level (2–3). In addition, SAGE, at least in principle, is a relatively simple
procedure that can be performed in any laboratory without the use of specialized
equipment. Although SAGE is a powerful tool for identifying novel transcripts
and expression profiling (3–4), it has not been extensively used for gene
expression studies in many organisms as a result of certain difficulties in SAGE
library construction (5–7). First, almost all reports used high quantities of initial
mRNA for library construction (1,8) or, when a limited amount of RNA was
available, adopted PCR based pre-amplification of cDNAs and/or ditags (9–13).
Second, as much as 300–1000 PCR reactions have been required for the ditag
isolation, in order to obtain a sufficient amount of ditags. Third, concatemers are
not easily cloned into vectors with high efficiency (5–6). Fourth, the frequent
occurrence of clones without concatemers has forced researchers to adopt PCR-
based colony screening of clones even though it is tedious and expensive (14).
Fifth, in most of SAGE studies, the average insert size is about 300 bp, which
contains approx 22 tags in the conventional SAGE method (6) or approx 15
tags in the LongSAGE method (7).

Recently, in order to successfully adapt the LongSAGE procedure, our
laboratory made substantial improvements to each step in the SAGE method
(Robust-LongSAGE [RL-SAGE]) (7). First, only 50 ng of initial mRNA was
used to make an RL-SAGE library containing more than 150,000 clones.
Second, only 20 PCR reactions were used to obtain an RL-SAGE library.
Third, concatemers were partially digested with the NlaIII enzyme before being
cloned into a vector. Fourth, significant improvements in the cloning efficiency
of concatemers (99 % clones with inserts) and in the insert sizes in the RL-
SAGE libraries (0.8–2 kb) was obtained. Fifth, RL-SAGE clones were randomly
picked directly for sequencing without colony-based PCR screening of clones.
Overall, >150,000 clones (equivalent to 4.5 million tags) were obtained from
each of the RL-SAGE libraries. The steps and gel images in the RL-SAGE
library construction are shown in Fig. 1. Using these steps, we obtained three to
four libraries within a month. The improved method was successfully applied to
mRNA samples (15–17) from Oryza sativa, Zea mays, and Magnaporthe grisea.
The RL-SAGE procedure detailed in this chapter allows a deeper transcriptome
analysis in any organism, which may not be achievable using conventional
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Fig. 1. Robust LongSAGE library construction procedure.

SAGE or LongSAGE procedures. It is noteworthy to mention here that a cancer
genome project has sequenced >30 million tags from >298 tissues using our
modifications (18).

2. Materials
2.1. Total RNA and mRNA Isolation

1. Trizol solution (Invitrogen, Carlsbad, CA).
2. Ditethylpyrocarbonate (DEPC)-treated H2O.
3. Liquid nitrogen.
4. Chloroform.
5. Isopropanol.
6. Ethanol.
7. mRNA isolation kit (Qiagen Inc., Valencia, CA).
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2.2. RL-SAGE Library Construction

1. I-SAGE/I-LongSAGE kit with magnetic stand (Invitrogen, Carlsbad, CA).
2. Siliconized (nonstick) 1.5-mL tubes (Ambion, Inc, Austin, TX).
3. Streptavidin beads (Dynal Biotech Inc., Lake Success, NY).
4. NlaIII, MmeI, and SphI (New England Biolabs, Inc., Beverly, MA).
5. T4 DNA ligase (5 U/�L) from USB (Cleveland, OH).
6. Polyacrylamide gel electrophoresis (PAGE)-purified oligos (Integrated DNA

Technologies Inc, Coralville, IA) (8).
Linker 1A:
5′-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATATCCGACATG-3′

Linker 1B:
5′-TCGGATATTAAGCCTAGTTGTACTGCACCAGCAAATCC-C7
amino-modified-3′

Linker 2A:
5′-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGTCCGACATG-3′

Linker 2B:
5′-TCGGACGTACATCGTTAGAAGCTTGAATTCGAGCAG-C7
amino-modified-3′

7. PCR primers (7–8):
Primer 1: 5′-biotin GTGCTCGTGGGATTTGCTGGTGCAGTACA-3′

Primer 2: 5′-biotin GAGCTCGTGCTGCTCGAATTCAAGCTTCT-3′

8. Magnetic stand (Invitrogen, Carlsbad, CA).
9. Wash Buffer A: 10 mM Tris-HCl, pH 7.5 0.15 M LiCl, 1 mM ethylenediamine

tetraacetic acid (EDTA), 0.1 % lithium dodecyl sulfate, 10 �g/mL glycogen
10. Wash Buffer B: 10 mM Tris-HCl, pH 7.5, 150 mM LiCl, 1 mM EDTA, 10 �g/mL

glycogen.
11. Wash Buffer C: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1 % sodium

dodecyl sulfate (SDS), 10 �g/mL mussel glycogen.
12. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

bovine serum albumin (BSA).
13. Lysis/binding buffer: 100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, 1 %

lithium dodecyl sulfate, 5 mM dithiothreitol (DTT).
14. SOC medium: 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2,

10 mM MgSO4, 20 mM glucose (19).
15. Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA).
16. Phenol:chloroform:isoamyl alcohol (25:24:1,v/v).
17. Vertical gel electrophoresis apparatus for large format gels (15 × 17 cm).
18. 40 % (w/v) acrylamide/bisacrylamide solution (29:1).
19. 10 % (w/v) ammonium persulfate.
20. N,N,N′, N′-tetramethylethylenediamine (TEMED).
21. 0.5-mm spacer and comb.
22. One Shot® TOP10 electrocompetent cells (Invitrogen, Carlsbad, CA).
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23. Low-salt Luria-Bertani (LB) agar plates with Zeocin: 1 % Tryptone, 0.5 % yeast
extract, 0.5 % NaCl, 100 �g/mL Zeocin, pH 7.5.

24. 7.5 M ammonium acetate.
25. Freeze medium: 2.5 % w/v LB broth, 13 mM KH2PO4, 36 mM K2HPO4, 1.7 mM

sodium citrate, 6.8 mM (NH4)2SO4, and 4.4 % v/v glycerol.
26. Zeocin antibiotic: 100 mg/mL in water.
27. TE Buffer: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA.
28. pZErO-1 (1 �g/�L)(Invitrogen, Carlsbad, CA).

3. Methods
3.1. Isolation of Total RNA

1. Grind 2 g of tissue to fine powder in a mortar in liquid Nitrogen.
2. Add 15 mL of Trizol solution and incubate for 10 min.
3. Add 4 mL of chloroform incubate for 5 min and centrifuge for 20 min at 4 �C at

9000g.
4. Transfer supernatant into 10 mL of ice cold isopropanol, mix well, incubate on ice

for 10 min and centrifuge for 15 min (9000g) at 4 �C.
5. Wash the RNA pellet using 15 mL of 75 % ethanol, and dry it at room temperature.
6. Dissolve total RNA in 700 �L of DEPC H2O.

3.2. Isolation of mRNA

1. Take 700–800 �g of total RNA in an RNase-free, 1.5-mL tube, and adjust the
volume to 500 �L with DECP water.

2. Add 500 �L OBB buffer preheated at 37 �C (Qiagen mRNA purification kit).
3. Add 55 �L of preheated (37 �C) Oligotex mixture.
4. Incubate the mixture at 70 �C for 3 min in a water bath, and then place it at room

temperature for 10 min.
5. Centrifuge for 2 min at (9,000 g) and transfer the supernatant carefully to a

new tube.
6. Add 600 �L of OW2 buffer to Oligotext:mRNA pellet.
7. Transfer the mixture to a spin column, centrifuge for 1 min at (9000g) and discard

the flow through.
8. Wash mRNA in the column with 600 �L of OW2 buffer, centrifuge for 1 min at

(9000g) and discard the flow through.
9. Add 100 �L of hot OEB buffer (heated at 70 �C), and centrifuge for 1 min to

collect the mRNA solution.
10. Again, wash column with 100 �Lof hot OEB buffer (heated at 70 �C), centrifuge

for 1 min, and collect the mRNA solution.
11. Precipitate mRNA by adding 20 �L of 3 M sodium acetate and 1 mL of 100 %

ethanol.
12. Wash the mRNA pellet with 70 % ethanol and dry the pellet.
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13. Dissolve in 7 �L of RNase free DEPC water.
14. Estimate mRNA concentration by analyzing 1 �L on a 1.5 % agarose gel and by

absorption at 260 nm.

3.3. Equilibration Oligo(dT) Beads in Lysis/Binding Buffer

1. Transfer 100 �L of oligo(dT) beads to a siliconized (nonstick) tube.
2. Place in a magnet for 1 min and remove the supernatant carefully with a pipet.
3. Add 500 �L lysis/binding buffer and incubate for 2 min at room temperature.
4. Place in a magnet for 1 min and remove the supernatant carefully with a pipet

without disturbing beads.

3.4. Binding mRNAs to the Oligo(dT) Beads

1. Add approx 50 ng of mRNA into 1 mL of lysis buffer.
2. Add this mixture into a siliconized tube containing equilibrated oligo(dT) beads.
3. Agitate on a shaker for 30 min at room temperature.
4. Centrifuge for 30 s at (9000g) place in a magnet for 1 min, and remove the super-

natant.
5. Wash the beads twice with 1 mL of wash buffer A.
6. Wash the beads twice with 1 mL of wash buffer B.
7. Wash the beads four times with 100 �L of 1X first strand cDNA synthesis buffer.

Leave the beads suspended in the last buffer wash.

3.5. cDNA Synthesis

1. Prepare the following first stand cDNA synthesis reaction mixture (see Note 1).
Eighteen microliters of 5X first strand cDNA synthesis buffer, 1 �L of RNaseOUT
(40U/�L), 9 �L 0.1 M DTT, 4.5 �L dNTP mixture (10 �M each) and 55 �L of
water.

2. Place beads in a magnet for 1 min and remove the supernatant carefully and
immediately add the above mixture for first strand cDNA synthesis to the beads.

3. Incubate at 37 �C for 2 min and add 3 �L of SuperScript™ II (200 U/�L) by
incubating at 37 �C for 1 h (vortex beads every 15 min).

4. Then place the above first stand mixture on ice and prepare for second strand
cDNA synthesis by mixing following reagents: 465 �L of water (prechilled on ice),
150 �L 5X second strand buffer, 15 �L dNTPs (10 mM each), 5 �L Escherichia
coli ligase (10 U/�L, 20 �l E. coli DNA polymerase I (10 U/�L), and 5 �l E. coli
RNase H (2 U/�L).

5. Mix the beads with the above mixture for second strand synthesis, and incubate
at 16 �C for 2 h with intermittent mixing every 15 min.

6. Add 50 �L of 0.5 M EDTA (pH 7.5) and place on ice.
7. Place in a magnet for 1 min and remove the supernatant carefully, and wash beads

once with 750 �L of (preheated to 75 �C) buffer C by incubating at 75 �C for
15 min.
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8. Wash once more with 750 �L of buffer C, this time at room temperature (be quick,
otherwise SDS precipitates).

9. Wash once with 750 �L of buffer D.
10. Wash four times with 200 �L of 1X NlaIII buffer.
11. After the final wash, transfer the beads into a new siliconized tube and proceed

with the NlaIII digestion.

3.6. Digest cDNA With NlaIII

1. Prepare for cDNA digestion with NlaIII by mixing the following reagents. 172 �L
water, 2 �L BSA, 20 �L 10X New England Biolabs buffer 4 and 6 �L NlaIII
(1 U/�L).

2. Incubated the above reaction with the beads at 37 �C for 2 h while mixing (flicking
or vortexing) at 15-min intervals. After the incubation, place the tubes on ice and
prepare for washing the beads.

3. Place the tube in a magnet for 1 min and transfer the supernatant carefully to a
new tube. Precipitate the supernatant overnight at −80 �C by adding, to 300 �L,
3 �L glycogen, 133 �L 7.5 M ammonium acetate, and 1 mL of 100 ethanol. Check
cDNA synthesis and NlaIII digestion by analyzing 5 �L of the reaction on a 2 %
agarose gel. A smear ranging from 100 to 1000 bp should be visible. This indicates
successful cDNA synthesis and NlaIII digestion.

4. Wash the beads twice with 750 �L Wash Buffer C (prewarmed at 37 �C).
5. Wash four times with 750 �L of Wash Buffer D.
6. Wash twice with 150 �L of 1 X ligase buffer.
7. Add 200 �L of 1X ligase buffer to beads.
8. Then equally divide beads in two parts (100 �L each) and label as tube A and

tube B.
9. Place in a magnet for 1 min and remove the supernatant. Add 1X ligase buffer.

3.7. Ligation of Adapters A and B to the cDNAs Fragments

1. Mix the following reagents: 1.5 �L Adapter A, 2 �L of 10X ligase buffer and 14 �L
water in one tube (A reaction mix) and 1.5 �L Adapter B, 2 �L of 10X ligase
buffer and 14 �L water in another tube (B reaction mix). Place tube A or B in a
magnet and remove the supernatant. Resuspend the beads in A or B reaction mix,
respectively.

2. Mix the beads well, heat both tubes to 50 �C for 2 min, then cool them to room
temperature for 15 min before placing these tubes on ice.

3. Add 2.5 �L of T4 DNA ligase enzyme (5 U/�L, USB) to each tube, mix well, and
incubate at 16 �C for 3 h while flicking the tubes every 15 min. Allow the ligation
process to continue overnight.

4. Place tubes on a magnetic stand for 2 min and remove the solution. (Note: do
not discard the ligation solution. Instead, load entire sample on a 4 % agarose gel
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alongside equal amounts of Adapter 1 and 2. In the ligation supernatant, only a faint,
unligated band (surplus adapters) compared to adapter bands should be apparent.

5. Wash beads four times with 500 �L of buffer D.
6. Resuspend beads in 200 �l 1X MmeI buffer with 1X S-adenosyl-methionine (SAM).

3.8. cDNA Digestion With MmeI Enzyme

1. Mix in two tubes the following reagents, 30 �L 10X NEB buffer 4, 3 �L 100X
SAM, 20 �L MmeI (2 U/�L), and 220 �L water. Place the beads in a magnet for
1 min and remove the supernatant. Add the MmeI digestion mix to each tube.

2. Mix well and incubate at 37 �C for 3 h.
3. Place the two reactions in a magnet for 1 min and remove the supernatant (containing

tags) carefully from tubes A and B, and pool them together. Discard the beads.
4. Extract the tag solution with an equal volume of phenol:chloroform:isoamyl alcohol

(24:24:1), mix, and centrifuge for 10 min at (9000g) and transfer the upper aqueous
phase to a new tube.

5. Precipitate DNA by adding (for 300 �L solution) 133 �L of 7.5 M ammonium
acetate, 3 �L mussel glycogen and 1 mL of 100 % ethanol) and incubate overnight
at −80 �C.

6. Centrifuge for 60 min at 4 �C and remove supernatant.
7. Wash the pellet twice with 1ml of 75 % ethanol.
8. Dry the DNA pellet for 5–10 min in a fume hood with the lid open (do not dry

completely).
9. Dissolve the DNA pellet in 5 �L of sterile H2O for 10 min at room temperature.

3.9. Ditag Formation

1. To the 5 �L of digested tag solution, add 1 �L 10X ligase buffer, 1.25 �L T4 DNA
ligase, and 2.75 �L water.

2. Incubate at 16 �C overnight.

3.10. PCR Amplification of Ditags

1. Dilute the ditag DNA (ligated product) with sterilized water (1:100).
2. Mix the following reagents and add to 1 �L of the diluted ditags: 34 �L water, 5 �L

10X PCR buffer, 5 �L dNTP mix (2.5 mM each), 1.5 �L MgCl2 (50 mM), 2 �L
Bio-forward primer (350 ng/�l), 2 �L Bio-reverse primer (350 ng/�L), and 0.5 �L
Platinum Taq DNA polymerase (5 U/�L).

3. Mix the PCR reactions well and perform the following PCR cycling profile. After
initial denaturation at 94 �C for 2 min, 27 cycles of 94 �C for 30 s, 55 �C for 1 min,
and 70 �C for 1 min should be followed by 5 min at 72 �C.

4. Perform 20 PCR reactions and check the ditag band intensity on a 4 % agarose
gel by loading 5 �L of PCR product along with 100-bp ladder (if bands are faint,
increase to up to 50 PCR reactions per library). A bright, approx 140-bp ditag band
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and a faint, 100-bp linker band should be observed. Pooling and precipitating DNA
from multiple PCR reactions dramatically reduces sharpness of PCR bands (see
Note 2).

3.11. PAGE Purification of PCR Amplicons of Ditag Band

1. Prepare a 12 % PAGE gel using a medium-sized electrophoresis gel unit
(15 × 17 cm).

2. Prerun PAGE at 100 V for 30 min.
3. Wash wells with buffer, load one PCR sample into each lane, and carry out the

electrophoresis at 75 V for 12 h until xylene cyanol dye reaches three-fourths of
the gel.

4. Carefully remove the PAGE gel and stain with ethidium bromide (1.5 �g/mL) in
200 mL buffer solution for 25 min.

5. Quickly visualize bands by short ultraviolet exposure and excise the ditag band
(∼140 bp).

6. Transfer gel slice into a 0.5-mL tube (bottom punctured by 18-G needle) and place
this tube in a 1.5-mL tube.

7. Centrifuge for 5–10 min at (9000g) until gel slice transfers from the 0.5-mL tubes
to the 1.5-mL tubes.

8. Add 250 �L TE buffer and 50 �L of 7.5 M ammonium acetate.
9. Vortex the mixture and incubate at 65 �C for 2 h. Alternatively, tubes can

remain at 4 �C overnight, and be vortexed and incubated at 65 �C for 30 min the
following day.

10. Transfer gel paste into the SNAP column.
11. Centrifuge for 5 min at (9000g).
12. Extract the flow-through with an equal volume of phenol:chloroform:isoamyl

alcohol) (24:24:1), centrifuge, and transfer the upper aqueous phase to a new tube.
13. To 300 �L of DNA solution, add 133 �L of 7.5 M ammonium acetate, 3 �L mussel

glycogen, and 1 mL of 100 % ethanol.
14. Incubate overnight at −80 �C.
15. Centrifuge for 60 min at 4 �C and wash the pellet twice with 1 mL of 75 % ethanol.
16. Dry the DNA pellet for 5–10 min at room temperature (do not dry completely)

and dissolve the DNA in 60 �L of H2O.

3.12. Digest Ditags With NlaIII

1. Prepare the following reaction mixture and add to the above ditag DNA 186 �L
water, 30 �L 10X NEB buffer 4, 4 �L 100X BSA, and 20 �L NlaIII (20 U/�L).

2. Mix well and divide the above mixture into three tubes (100 �L each) and incubate
at 37 �C for 3 h.

3. The ditag DNA digestion may be checked by loading 5 �L of digested sample on
a 4 % agarose gel. If digestion was successful, a 40-bp ditag band, a 50-bp linker
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band, a faint, 90-bp band from partially digested ditags, and a faint, 140-bp band
from undigested ditags can be seen on a 4 % agarose gel.

3.13. PAGE Purification of NlaIII-Digested Ditags

1. Prepare a 16 % PAGE gel, load the entire digested sample in six lanes, and resolve
at 75 V for 10 h until the big dye reaches to three-fourths from the top (42 bp move
along with the big dye).

2. Remove gel and stain with ethidium bromide as described in Subheading 3.11.,
step 4 above.

3. Isolate the ditag band (∼40 bp) from the gel and incubate gel slice at 37 �C for 2 h
or incubate at 4 �C overnight (do not incubate ditags at 65 �C; this would denature
them).

4. Precipitate the ditags as in Subheading 3.11., steps 12 and 13.
5. Dissolve ditag DNA in 100 �L of TE.

3.14. Purify Ditags Using Streptavidin Beads

1. Transfer 100–400 �L of Dynal streptavidin beads into a 1.5-mL siliconized tube.
2. Remove supernatant from beads using magnetic stand, as described in

Subheading 3.7., step 4 above.
3. Add ditag DNA (100 �L) to Dynal Streptavidin beads, and shake for 30 min at

room temperature.
4. Place on a magnet for 1 min and transfer the ditag-containing supernatant to another

tube. Extract with an equal volume of PCI (refer to Subheading 3.11., step 12),
centrifuge, and transfer the supernatant to a new tube.

5. Precipitate ditag DNA as described in Subheading 3.11., step 13.
6. Dissolve ditag DNA in 5 �L H2O at room temperature for 15–20 min.

3.15. Formation of Concatemers

1. Set up following mixture for the ditag ligation reaction and incubate at 16 �C for
3 h: 5 �L ditag DNA, 1 �L 10X ligase buffer, and 1.25 �L T4 DNA ligase (5 U/�L).

2. Check concatemer formation by resolving 0.5 �L of the ligation mixture on a 2 %
agarose gel.

3. If the ligation process was successful, a smear should be seen from 100–500 bp.

3.16. Partial Digestion of Concatemer DNA With NlaIII

1. To the ligation reaction, add the following reaction mixture: 7 �L water, 2 �L 10X
NlaIII buffer, and 0.3 �L 100X BSA and incubate this mixture at 37 �C for 5 min.

2. Add l �L of NlaIII (10 U/�L), mix well and quickly by flicking the tube, and
incubate for just 1 min at 37 �C. Do not allow more than 1 min of digestion (see
Note 3).

3. Inactivate NlaIII at 75 �C for 15 min and then place the tube on ice.
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3.17. Concatemer DNA Purification on a 6 % PAGE

1. Prepare a 6 % PAGE gel and prerun for 30 min..
2. Load the entire NlaIII-digested ligation mixture in a single lane and load the other

lanes with 1 kb and 100 bp marker DNA.
3. Resolve concatemers on a 6 % PAGE gel at 75 V for 12 h until the big dye reaches

to three-quarters from the top.
4. Purify the concatemer smear above 500 bp as above (see Subheading 3.11.,

step 13).
5. Incubate the gel slice at 65 �C for 2 h, complete SNAP-column purification, and

precipitate by following above steps (see Subheading 3.11., step 13).
6. Add 10 �L of H2O to concatemer DNA pellet.

3.18. Preparation of Vector DNA for Ligation

1. Digest about 2 �g of pZErO-1 vector DNA with SphI by combining the following
reagents: 2 �L pZErO-1, 2.5 �L 10X NEB buffer 2, 19 �L water, and 1.5 �L SphI
(5 U/�L).

2. Incubate at 37 �C for 25 min.
3. To inactivate Sph1, heat the mixture to 70 �C for 20 min, extract with an equal

volume of PCI as in Subheading 3.11., step 12, centrifuge, and remove the super-
natant.

4. Precipitate plasmid DNA as in Subheading 3.11., step 13.
5. Dissolve pZErO-1 DNA in 60 �L of H2O.

3.19. Ligation of Concatemer

Clone concatemers by combining the following: 1.5 �L water, 1.5 �L
concatemer DNA from Subheading 3.17., 1 �L NlaI-digested pZErO-1, 0.5 �L
10X ligase buffer, and 0.5 �L T4 DNA ligase (5U/�L) and incubate the reaction
at 16 �C overnight.

3.20. Transformation

1. Mix about 0.5 �L of ligation mixture with 20 �L of competent cells (e.g., One
Shot® TOP10 Electrocomp™ E. coli).

2. Transform bacteria by electroporation.
3. Transfer transformation mixture into 1 mL of SOC medium and incubate at 37 �C

for 45 min.
4. Plate 100 �L of mixture on low-salt LB (50 �g/mL Zeocin), and incubate overnight

at 37 �C.
5. Randomly pick 20 concatemer clones and check the average insert size by

colony PCR.
6. If insert size is satisfactory, randomly pick about 5000 clones for sequencing that

may yield approx 150–200,000 individual tags (see Note 13, 14 and 15).
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4. Notes
1. Each step in the RL-SAGE procedure is technically challenging. The steps from

cDNA synthesis to concatemer purification are critical. Therefore, it is recom-
mended that users follow the procedure continuously until the purification of
concatemers from a PAGE gel.

2. Partial digestion of concatemers will yield better results. This step has significantly
reduced the number of PCRs required for ditag amplifications from 300 to 20.

3. If concatemers were digested partially with the NlaIII enzyme, we found a dramatic
improvement in insert sizes (from 800 to 2000 bp).

4. Almost all clones were found to have an insert size of around 1.0 kb. These
improvements overcame the need for PCR to screen concatemers for sequencing.

5. Compared to 300-bp inserts (concatemer clones) in conventional SAGE and
LongSAGE libraries (22 tags in conventional SAGE and 14 tags in LongSAGE),
we obtained 1.0 kb inserts (71 tags in conventional SAGE or 47 tags in
LongSAGE).

6. Most reports characterized short concatemers (approx 300 bp or 22 tags), which is
not a practical way to achieve quantitative deep sampling of transcript tags when
following other procedures.

7. Most reports followed colony PCR-based screening of concatemers for large-scale
sequencing because of high rates of empty and smaller concatemers.

8. More than 150,000 clones (concatemers) were obtained in each RL-SAGE library,
which is equivalent to about 4.5 million transcript tags (21 bp).

9. Only 5000 clones from each library were sequenced as a result of the high cost of
sequencing, and from these, about 150–200,000 individual tags were found.

10. A library construction takes about 2 wk if the procedure is followed strictly.
11. Using this method, more than 2 million tags (21 bp) from 10 SAGE libraries were

generated within a single year, as compared to 7 million tags from hundreds of
SAGE libraries since the first report of SAGE in 1995.

12. SAGE methodology can be used easily as a common laboratory tool for transcripto-
me and gene discovery by following our modifications as we report in this procedure.

13. Based on a literature survey, only a few papers have been published using
the LongSAGE procedure, but more than 200 SAGE library papers have been
published in model organisms (www.sagenet.org). This indicates that the SAGE
method has not been fully adopted by the plant research community as compared
to the medical community.
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14. We use SAGEspy software for tag extraction and analysis (16).
15. Recently, RL-SAGE modifications have been adopted in medical research

community by sequencing >30 million tags from >298 tissues (18).
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aRNA-LongSAGE
SAGE With Antisense RNA

Anna M. Heidenblut

Summary

In order to generate serial analysis of gene expression (SAGE) libraries from very small samples
such as microdissected cells, the starting material must first be amplified via PCR or linear ampli-
fication of RNA. In microarray experiments, it has been shown that linear amplification of RNA
can be used to generate reliable gene expression profiles and leads to the detection of expression
differences that are not seen with nonamplified starting material. As the product of the ampli-
fication is amplified antisense RNA (aRNA), linear amplification of RNA cannot be used in
combination with the conventional SAGE protocol. The aRNA-LongSAGE protocol described
herein is an adaptation of the MicroSAGE protocol to the use of aRNA as starting material.

Key Words: RNA amplification; T7 RNA polymerase; amplified antisense RNA; aRNA;
aRNA-LongSAGE; expression profiles.

1. Introduction
Amplified antisense RNA-Long serial analysis of gene expression (aRNA-

LongSAGE) is a modification of the conventional SAGE protocol that allows
the generation of SAGE libraries from very small sample sizes such as microdis-
sected cells (1). As little as 40 ng of total RNA are sufficient to generate an
aRNA-LongSAGE library. This is achieved by linear amplification of RNA,
which is carried out prior to the synthesis of the SAGE library.

Linear amplification of RNA is a method routinely used in gene expression
profiling via microarrays (2). It starts with a cDNA synthesis using a modified

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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oligo(dT) primer that adds the T7 RNA polymerase promoter to the 3′ end
of the cDNA. In vitro transcription of this cDNA with T7 RNA polymerase
yields aRNA. This technique introduces less amplification bias than PCR-based
complementary DNA (cDNA) amplification protocols (3). Furthermore, the
use of aRNA in differential gene expression analysis leads to the detection of
expression differences that are not observed when using nonamplified RNA as
starting material (4,5). The majority of these additional expression differences
can be verified by quantitative real-time PCR (4). The aRNA obtained by linear
amplification of RNA cannot be used in combination with the standard SAGE
protocol, as the latter needs sense RNA for the cDNA synthesis, which is the
first step of library generation.

The aRNA-LongSAGE protocol described herein uses a modified cDNA
synthesis to adapt the SAGE procedure to the use of antisense RNA. This is
done by using a random primer for the cDNA first strand synthesis (see Fig. 1).
This so called “SAGErandom” primer consists of six random nucleotides and

Fig. 1. Schematic overview of the cDNA synthesis in the amplified antisense
RNA-Long serial analysis of gene expression protocol.
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the recognition site of the SAGE anchoring enzyme, NlaIII. The NlaIII site
was included to specifically reverse transcribe only those RNA molecules that
are accessible to the SAGE procedure. After first strand synthesis, the RNA is
digested with RNaseH and the resulting cDNA first strand can be hybridized
to oligo(dT) beads due to its polyA tail. The oligo(dT) sequence on the beads
serves as a primer for the synthesis of the second cDNA strand. After second
strand synthesis, all further steps are done according to the MicroSAGE protocol
(6) adapted for LongSAGE (7). Some minor modifications were introduced to
improve the yield of ditags and the length of concatemers (see Fig. 2 for gel
photographs of an aRNA-LongSAGE library).

Using the LongSAGE rather than the conventional SAGE protocol improves
the annotation of SAGE tags, as LongSAGE tags are 21-bp long whereas
conventional SAGE tags are only 14-bp long. However, the modified cDNA
synthesis used in the aRNA-LongSAGE protocol can be combined with the
conventional SAGE protocol as well as with the LongSAGE protocol.

2. Material
2.1. Preparation of Amplified Antisense RNA

RNA amplification kit, e.g. MessageAmp from Ambion (Huntingdon, UK).

2.2. cDNA Synthesis

1. Diethylpyrocarbonate (DEPC)-treated water: add 2 mL DEPC to 1 L of water (see
Note 1), shake for 30 min, and autoclave.

2. SAGErandom oligonucleotide 5′-NNN NNN CATG-3′, 125 ng/�L.
3. dNTP mix, 10 mM each, store aliquots at −20 �C.
4. Dry ice and wet ice.
5. 5X First Strand Buffer, 0.1 M dithiothreitol (DTT), RNaseOUT, and Super Script

III Reverse Transcriptase (all from Invitrogen, Karlsruhe, Germany).
6. 5X Second Strand Buffer: 94 mM Tris-HCl, pH 6.9, 453 mM KCl, 23 mM MgCl2,

50 mM (NH4)2SO4, 0.75 mM �-NAD.
7. RNaseH (5 U/�L; USB, Cleveland, OH) is diluted with Second Strand Buffer to

a final concentration of 2 U/�L.
8. 1.5-mL sterile, siliconized microcentrifuge tubes (Ambion).
9. Oligo(dT)25Beads (Dynal Biotech Hamburg, Germany) and a magnetic stand.

10. Overhead shaker.
11. Binding Buffer and Washing Buffer B from Dynal (Dynabeads®mRNA Purifi-

cation Kit).
12. Escherichia coli DNA Polymerase I (11.8 U/�L; USB) E. coli DNA Ligase

(10 U/�L; USB) and T4 DNA Polymerase (3 U/�L; New England Biolabs [NEB],
Frankfurt a.M., Germany).

13. Thermomixer and thermocycler for incubation steps.
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Fig. 2. Representative gels of an amplified antisense RNA-Long serial analysis of
gene expression library construction. A, 0.5-�L first strand cDNA on a 1 % agarose gel;
B, ditag PCR on a 12 % polyacrylamide gel (−, negative control; +, positive control);
C, isolated ditags on a 12 % polyacrylamide gel (PCR, 5 �L of ditag PCR prior to
Hsp92II digestion, 4 of 7 lanes with isolated ditags are shown in the photograph);
D, concatemers (C) on a 8 % polyacrylamide gel; E, insert PCR on a 1.5 % agarose
gel, the horizontal line shows the product size that corresponds to an empty cloning
vector.
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14. 0.5 M ethylenediamine tetraacetic acid (EDTA).
15. Buffer BW: 1 M NaCl, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA.
16. BW/BSA: Buffer BW containing 0.1 mg/mL bovine serum albumin (BSA) (NEB).
17. 10X Buffer K from Promega (Ingelheim, Germany).

2.3. Cleavage of cDNA With the Anchoring Enzyme (Hsp92 II)

1. 100X BSA (10 mg/mL; NEB).
2. Hsp92II (10 U/�L; see Note 2) and 10X Buffer K (both from Promega).
3. 5X Ligase Buffer from Invitrogen.

2.4. Ligating Linkers to Bound cDNA

1. Linker1A:
5′-TTT GGA TTT GCT GGT GCA GTA CAA CTA GGC TTA ATA TCC GAC
ATG-3′

Linker1B:
5′-TCG GAT ATT AAG CCT AGT TGT ACT GCA CCA GCA AAT CC(Amino
C7)-3′

Linker2A:
5′-TTT CTG CTC GAA TTC AAG CTT CTA ACG ATG TAC GTC CGA CAT
G-3′

Linker2B:
5′-TCG GAC GTA CAT CGT TAG AAG CTT GAA TTC GAG CAG(Amino
C7)-3′

Linker oligonucleotides are dissolved in LoTE to a final concentration of 350 ng/�L
and stored at −20 �C.

2. LoTE: 3.0 mM Tris-HCl, pH7.5, 0.3 mM EDTA.
3. 10X polynucleotide kinase buffer, 10 mM ATP and T4 polynucleotide kinase

(10 U/�L; all from NEB)
4. HC T4 Ligase (5 U/�L) and 5X Ligase Buffer (both from Invitrogen)
5. 10X Buffer 4 from NEB

2.5. Release of cDNA Tags Using the Tagging Enzyme MmeI

1. 32 mM S-adenosylmethionine (SAM; NEB).
2. MmeI (2 U/�L) and 10X Buffer 4 from NEB.
3. PC8: Roti®-Phenol/Chloroform/Isoamyl alcohol, pH 7.5–8.0 from Roth (Karlsruhe,

Germany), store at 4 �C.
4. 10 M ammonium acetate solution.
5. Glycogen (20 mg/mL) (store at −20 �C).
6. Ethanol.

2.6. Ligating Tags to Form Ditags

HC T4 Ligase (5 U/�L) and 5X Ligase Buffer (both from Invitrogen).
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2.7. PCR Amplification of Ditags

1. 10X BV-Mg Buffer: 670 mM Tris-HCl, pH 8.8, 167 mM (NH4)2SO4, 67 mM
MgCl2, 100 mM �-mercaptoethanol.

2. Dimethylsulfoxide (DMSO), store at −20 �C.
3. dNTP mix, 10 mM each, store aliquots at −20 �C.
4. Oligonucleotides:

Primer 1: 5′-GTG CTC GTG GGA TTT GCT GGT GCA GTA CA-3′

Primer 2: 5′-GAG CTC GTG CTG CTC GAA TTC AAG CTT CT-3′.
PCR primers are resuspended in LoTE to a final concentration of 350 ng/�L and
stored at −20 �C.

5. Taq polymerase.
6. 40 % acrylamide/bis solution (19:1, this is a neurotoxin when unpolymerized;

handle with care) and N,N,N′,N′-tetramethylethylendiamine (TEMED).
7. Ammonium persulfate: prepare 10 % solution in water and store at 4 �C.
8. Molecular weight marker for gel electrophoresis: 25-bp ladder from Invitrogen,

diluted to a final concentration of 50 ng/�L.
9. Running buffer TAE: 40 mM Tris, 20 mM acetic acid, 2 mM EDTA, pH 7.5.

10. Loading buffer: 20.0 % (w/v) Ficoll® 70, 1.6 % (v/v) glycerol, 0.01 % (w/v) lauryl-
sarcosine, 0.001 % (w/v) xylencyanole, 0.001 % (w/v) bromophenol blue in TAE.

11. Staining solution: dilute 5 �L SYBR Green 1 concentrate (BioWhittaker,
Rockland, ME, USA; SYBR Green 1 is toxic, handle with care) with 50 mL TAE.
Prepare staining solution fresh as required; SYBR Green I is not stable in aqueous
solution.

12. 15-mL polypropylene tubes and 5-mL glass pipet for PC8 extraction of amplified
ditags.

13. PC8: Roti®-Phenol/Chloroform/Isoamyl alcohol, pH 7.5–8.0 from Roth, store
at 4 �C.

14. 15-mL centrifugation tubes.
15. 10 M ammonium acetate solution.
16. Glycogen (20 mg/mL) (store at −20 �C).
17. Ethanol.

2.8. Isolation of Ditags

1. 100X BSA, 10 mg/mL.
2. Hsp92II (10 U/�L) and 10X Buffer K (both from Promega).
3. PC8: Roti®-Phenol/Chloroform/Isoamyl alcohol, pH 7.5–8.0 from Roth, store

at 4 �C.
4. 10 M ammonium acetate solution, glycogen (20 mg/mL, store at −20 �C) and

ethanol.
5. TE solution (Invitrogen).
6. 40 % acrylamide/bis solution (19:1; this is a neurotoxin when unpolymerized;

handle with care) and TEMED.
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7. Ammonium persulfate: prepare 10 % solution in water and store at 4 �C.
8. Glycerol.
9. Molecular weight marker for gel electrophoresis: 25-bp ladder from Invitrogen,

diluted to a final concentration of 50 ng/�L.
10. Running buffer TAE: 40 mM Tris, 20 mM acetic acid, 2 mM EDTA, pH 7.5.
11. Staining solution: dilute 5 �L SYBR Green 1 concentrate (BioWhittaker, SYBR

Green 1 is toxic, handle with care) with 50 mL TAE. Prepare staining solution
fresh as required; SYBR Green I is not stable in aqueous solution.

12. Electroelution device (Elutrap system from Schleicher & Schüll, Dassel,
Germany).

13. Chloroform.
14. 3 M sodium acetate solution, pH 5.2.
15. Glycogen (20 mg/mL) (store at −20 �C)
16. Ethanol.

2.9. Concatenation of Ditags

1. HC T4 Ligase (5 U/�L) and 5X Ligase Buffer (both from Invitrogen).
2. PC8: Roti®-Phenol/Chloroform/Isoamyl alcohol, pH 7.5–8.0 from Roth, store

at 4 �C.
3. 10 M ammonium acetate solution
4. Glycogen (20 mg/mL) (store at −20 �C)
5. Ethanol.
6. 40 % acrylamide/bis solution (19:1; this is a neurotoxin when unpolymerized;

handle with care) and TEMED.
7. Ammonium persulfate: prepare 10 % solution in water and store at 4 �C.
8. Loading buffer: 20.0 % (w/v) Ficoll 70, 1.6 % (v/v) glycerol, 0.01 % (w/v)

laurylsarcosine, 0.001 % (w/v) xylencyanole, 0.001 % (w/v) bromphenol blue
in TAE.

9. Molecular weight marker: Smart Ladder Short Fragments from Eurogentec,
Seraing, Belgium.

10. Running buffer TAE: 40 mM Tris, 20 mM acetic acid, 2 mM EDTA.
11. Staining solution: dilute 5 �L SYBR Green 1 concentrate (BioWhittaker, SYBR

Green 1 is toxic, handle with care) with 50 mL TAE. Prepare staining solution
fresh as required; SYBR Green I is not stable in aqueous solution.

12. Electroelution device (Elutrap system from Schleicher & Schüll).
13. Chloroform.
14. 3 M sodium acetate solution, pH 5.2.

2.10. Cloning Concatemers

1. pZErO-1 Supercoiled (1 �g/�L; part of the Zero Background Cloning kit from
Invitrogen).

2. 10X Buffer 2 (NEB) and SphI (5 U/�L; NEB)
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3. LoTE (s.2.4.) and TE (Invitrogen)
4. PC8: Roti®-Phenol/Chloroform/Isoamyl alcohol, pH 7.5–8.0 from Roth, store

at 4 �C.
5. 10 M ammonium acetate solution.
6. Glycogen (20 mg/mL) (store at −20 �C).
7. Ethanol.
8. 5X Ligase Buffer (Invitrogen).
9. T4 DNA Ligase (1 U/�L; Invitrogen).

2.11. Transformation of Bacteria

1. Electrocompetent E. coli Top10 bacteria (part of the Zero Background Cloning kit
from Invitrogen).

2. Electroporation device.
3. Luria-Bertani (LB) broth (Sigma, Taufkirchen, Germany).
4. Zeocin (100 mg/mL; Invitrogen) (store at −20 �C, this antibiotic is light-sensitive).
5. 5-Brom-4-chlor-3-indoxyl-�-d-galactoside (X-Gal) (Roth, store at −20 �C).
6. LB-Zeocin-X-Gal-Agar: 50 �g/mL Zeocin, 80 �g/mL X-Gal, 1.5 % (w/v) agar in

LB broth.

2.12. Insert-PCR

1. 5X RDA buffer: 335 mM Tris-HCl, pH 8.8, 80 mM (NH4)2SO4, 50 mM
�-mercaptoethanol, 0.5 mg/mL BSA.

2. 50 mM magnesium chloride solution.
3. Oligonucleotides:

Insert_for: 5′-CTG GTT AAC CTT ACT GGC TGA GTT AGC TCA CTC ATT
AGG CAC-3′

Insert_rev: 5′-TGT AAA ACG ACG GCC AGT TAC GAC TCA CTA TAG GGC
GAA TTG-3′.

4. 10 mM dNTP-Mix (10 mM each; Promega).
5. Taq polymerase.

3. Methods
3.1. Preparation of Amplified Antisense RNA

Several companies sell kits for RNA amplification via T7 promoter-driven in
vitro transcription of cDNA. All protocols start with cDNA synthesis using a
modified oligo(dT) primer containing the T7 RNA polymerase promoter. After
purification of the cDNA, the in vitro transcription is carried out followed by
purification of the aRNA. The incubation time for the in vitro transcription varies
between protocols. Longer incubation times give a higher yield of aRNA but might
also lead to degradation of part of the aRNA. For the aRNA-LongSAGE protocol,
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the in vitro transcription was carried out for 18 h. Shorter incubation times are
possible, especially if more than 40 ng of total RNA are available for the ampli-
fication procedure. The yield of aRNA can be estimated using an RNA PicoChip
on a BioAnalyzer platform (Agilent, Böblingen, Germany). A minimum of 1.2 �g
of aRNA should be used for the generation of an aRNA-longSAGE library
(see Note 3).

3.2. cDNA Synthesis

1. Add DEPC-treated water to the aRNA to a final volume of 10 �L, then add 2 �L of
SAGErandom oligonucleotide and 1 �L 10 mM dNTP mix and incubate for 5 min
at 65 �C in a thermocycler. After the incubation place sample on dry ice, thaw
on wet ice and add 4 �L First Strand Buffer, 1 �L 0.1 M DTT, 1 �L RNaseOUT,
and 1 �L SuperScript™ III Reverse Transcriptase. Incubate in a thermocycler for
5 min at 37 �C, 1 h at 50 �C, and 15 min at 70 �C.

2. Add 1 �L of RNase H (2 U/�L, diluted in 1X Second Strand Buffer) and incubate
20 min at 37 �C in a thermocycler.

3. Add 0.5 �L DEPC-treated water, mix well, and remove 0.5 �L of the sample for
loading on a 1 % agarose gel.

4. Add 79 �L of DEPC-treated water.
5. Wash 200 �L Oligo(dT)25 Beads with 100 �L of Binding Buffer and resuspend in

100 �L of Binding Buffer.
6. Mix sample with resuspended beads in a siliconized microcentrifuge tube

(Note 4). Put sample in an overhead shaker and rotate for 15 min at room
temperature.

7. Wash sample twice with 200 �L Washing Buffer B and four times with 200 �L
Second Strand Buffer.

8. Resuspend beads in 112.25 �L of icecold DEPC-treated water and add the
following components on ice: 32 �L 5X Second Strand Buffer, 6 �L 0.1 M
DTT, 3 �L dNTP-Mix (10 mM each), 4.5 �L E. coli DNA Polymerase I
(11.8 U/�L), 1.5 �L E. coli DNA Ligase (10 U/�L) and 0,75 �L E. coli RNaseH
(2 U/�L, dilution in Second Strand Buffer).

9. Incubate in a thermomixer for 2.5 h at 16 �C. To keep beads in suspension, mix
sample every 15 min on a vortexer at slow speed (use a setting of 5).

10. Add 4 �L T4 DNA Polymerase (3 U/�L) and incubate for 5 min at 16 �C.
11. Add 4 �L 0.5 M EDTA and 750 �L 1X BW and incubate for 20 min at 75 �C.
12. Wash beads once with 750 �L 1X BW, four times with 750 �L 1X

BW/1X BSA and twice with 200 �L 1X Promega Buffer K that contains
0.1 mg/mL BSA.
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3.3. Cleavage of cDNA With the Anchoring Enzyme (Hsp92 II)

1. Resuspend beads in 200 �L reaction mix containing 1X Buffer K (Promega),
0.1 mg/mL BSA, and 50 U Hsp92II (see Note 2) and incubate in a thermomixer for
1 h at 37 �C. To keep beads in suspension, mix sample every 15 min on a vortexer
at slow speed (use a setting of 5).

2. Wash beads once with 750 �L 1X BW, four times with 750 �L 1X BW/1X BSA,
and twice with 200 �L 1X Ligase Buffer.

3. Resuspend beads in 200 �L 1X Ligase Buffer.

3.4. Ligating Linkers to Bound cDNA

Prior to the first use the linker oligonucleotides are phosphorylated and
hybridized to obtain linkers 1 and 2. Phosphorylated and hybridized linkers can
be stored at −20 �C in aliquots for single use.

1. Linker oligonucleotides 1B and 2B are phosphorylated in two separate tubes by
adding 6 �L LoTE, 2 �L 10X polynucleotide kinase buffer, 2 �L 10 mM ATP
and 1 �L T4 polynucleotide kinase (10 U/�L) to 9 �L of Linker oligonucleotide
(350 ng/�L). The tubes are incubated in a thermocycler for 30 min at 37 �C and
then for 10 min at 65 �C.

2. To hybridize linkers mix the phosphorylated Linker B molecules with 9 �L
of the appropriate Linker A oligonucleotide (350 ng/�L), i.e., mix phospho-
rylated Linker 1B with 9 �L Linker 1A and phosphorylated Linker 2B with
9 �L Linker 2A. Incubate both tubes for 2 min at 95 �C, 10 minutes at 65 �C,
10 min at 37 �C and 20 min at 22 �C in a thermocycler. Add 271 �L of LoTE to
each tube, aliquot and store linkers at −20 �C (final concentration of linkers is
20 ng/�L).

3. To ligate linkers to the immobilized cDNA divide sample (200 �L beads in 1X
Ligase Buffer) equally in two new tubes.

4. Remove the supernatant and resuspend in 9 �L reaction mix containing 5 �L
LoTE, 2 �L 5X Ligase Buffer and 2 �L of phosphorylated and annealed Linker 1
or 2, respectively.

5. Incubate sample for 2 min at 50 �C then for 10 min at room temperature.
6. Add 1 �L HC T4 Ligase (5 U/�L) to each tube, and vortex carefully
7. Incubate at 16 �C for 1.75 h in a thermomixer. To keep beads in suspension, mix

sample every 15 min on a vortexer at slow speed (use a setting of 5).
8. Wash beads once with 500 �L 1X BW/1X BSA.
9. Pool ligation reactions 1 and 2 in a new tube.

10. Wash beads three times with 500 �L 1X BW/1X BSA, once with 200 �L 1X BW,
and once with 200 �L 1X Buffer 4 (NEB).

11. Resuspend beads in 200 �L 1X Buffer 4 (NEB) and store overnight at 4 �C.
12. Wash beads twice with 200 �L 1X Buffer 4 prewarmed to 37 �C.
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3.5. Release of cDNA Tags Using the Tagging Enzyme MmeI

1. Prepare a 1 mM SAM solution by diluting the 32 mM SAM solution that comes
with the MmeI enzyme.

2. Resuspend beads in 200 �L prewarmed (37 �C) reaction mix containing 1X Buffer
4 (NEB), 0.05 mM SAM, and 8 U of MmeI.

3. Incubate at 37 �C for 1 h in a thermomixer. To keep beads in suspension, gently
mix sample every 15 min on a vortexer (use setting 5).

4. Centrifuge at 16,110×g for 2 min in a microcentrifuge.
5. Transfer supernatant to a new microcentrifuge tube (no need to use siliconized

tubes any longer).
6. Resuspend beads in 40 �L LoTE.
7. Centrifuge at 16,110×g for 2 min.
8. Remove supernatant and pool it with the supernatant of the first centrifugation

step (total volume: 240 �L)
9. Extract with PC8: add an equal volume of PC8 to the sample, mix well on a

vortex, centrifuge at 16,110×g for 2 min, and transfer the upper (aqueous) phase
to a fresh microcentrifuge tube.

10. Transfer 40 �L of the sample to a new as the “no ligase” control during ditag
ligation and PCR amplification of ditags. Dilute this negative control with 160 �L
of LoTE

11. Precipitate both sample and negative control by adding 100 �L 10 M ammonium
acetate, 3 �L glycogen and 1 mL 100 % ethanol and centrifuge 30 min at 4 �C and
16,110×g.

12. Wash each pellet three times with 500 �L of 70 % ethanol.
13. Resuspend sample in 1.5 �L of LoTE and 2.5 �L of water; resuspend negative

control in 1.5 �L of LoTE and 3.3 �L of water. Incubate both tubes at room
temperature for 5 min.

3.6. Ligating Tags to Form Ditags

1. Add 1.2 �L 5X Ligase Buffer to sample and negative control, then add 0.8 �L HC
T4 Ligase (5 U/�L) to sample but not to negative control.

2. Incubate for 2.5 h at 16 �C in a thermocycler.
3. Add 15 �L LoTE to sample and to negative control.

3.7. PCR Amplification of Ditags

To optimize PCR conditions a test PCR is run using different dilutions of the
ditags (1:50/1:100/1:200/1:400 in LoTE) as a template at 26, 28, and 31 PCR
cycles. A 1:50 dilution of the minus-ligase control run at 31 cycles serves as
a negative control. Prepare the PCR reactions in a laminar-flow hood to avoid
contamination of the sample.
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1. For each PCR reaction, mix 1 �L of template (diluted ditags), 4 �L of 10X BV-Mg
Buffer, 3 �L of DMSO, 5 �L of dNTP mix (10 mM each), 1 �L of each PCR primer
(350 ng/�L) and 25 �L of water.

2. Add a drop of mineral oil to each well and incubate in a thermocycler for 3 min at
95 �C then hold temperature at 78 �C and add 10 �L of polymerase mix containing
3 �L of Taq polymerase in 1X BV-Mg Buffer to each well.

3. Run PCR for 26, 28, and 31 cycles in parallel, each cycle consisting of 30 s at
95 �C, 30 s at 55 �C, and 30 s at 70 �C. After the last PCR cycle, incubate for 5 min
at 70 �C.

4. Load 5 �L of each PCR reaction on a 20 × 20 cm polyacrylamide gel (12 %, 19:1
acrylamide/bis). Run gel in TAE buffer at 180 V until the bromphenol blue band of
the marker has travelled a distance of about 8 cm (see Note 5). Stain gel in SYBR
Green I solution for 15 min and make bands visible under ultraviolet (UV) light. Set
up a large-scale PCR of 96 PCR reactions using the conditions that were determined
as optimal earlier in this section. Following amplification, pool all reactions in a
15-mL polypropylene tube (see Note 6).

5. Centrifuge for 1 min at 2630×g and remove the mineral oil.
6. Extract with an equal volume of PC8, then centrifuge for 10 min at 2200×g.
7. Transfer 2.1 mL of the sample (upper phase) in each of two centrifuge tubes, add

700 �L of 10 M ammonium acetate, 18 �L of glycogen and 6 mL of ethanol to each
tube. Mix well and centrifuge for 30 min at 4 �C and 12,000×g.

8. Wash pellet twice with 5 mL 70 % ethanol, remove supernatant, and air-dry the
pellet.

9. Resuspend each pellet in 45 �L of LoTE and incubate for 5 to 10 min at 37 �C to
aid solubilization.

3.8. Isolation of Ditags

1. Mix the complete sample (approx 90 �L) with 68 �L of water, 20 �L of 10X
Buffer K, 2 �L of BSA (10 mg/mL), and 20 �L of Hsp92II (10 U/�L) and incubate
for 1 h at 37 �C in a heating block.

2. Extract with PC8, then add 66.7 �L of 10 M ammonium acetate, 3 �L of glycogen,
and 1 mL of ethanol and precipitate the ditags overnight at −70 �C.

3. Centrifuge for 30 min at 4 �C and 16,110×g wash the pellet twice with 500 �L
of 70 % ethanol, dry pellet for 10 min at 16 �C, and resuspend the pellet in 90 �L
of TE.

4. Add 5 �L of glycerol (see Note 7).
5. Load complete sample on a 20 × 20 cm polyacrylamide gel (12 %, 19:1

acrylamide/bis). Run gel at 4 �C and 180 V until the bromphenol blue band of the
marker has travelled a distance of about 8 cm (see Note 5). Stain gel in SYBR
Green I solution for 15 min and make bands visible under UV light.

6. Cut out the 34-bp ditag band.
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7. For electroelution of the ditags, prepare the electroelution device in such a way
that the elution chamber is 2 U-inserts wide and the trap is 1 U-insert wide. Put
the gel slices into the elution chamber and electroelute at 4 �C and 150 V for 2 h,
then reverse polarity and turn on 200 V for 20 s. Transfer the eluted ditags (1 mL
sample volume) from the trap to two microcentrifuge tubes (see Note 8).

8. Extract with PC8.
9. Extract the aqueous phase with an equal volume of chloroform.

10. Precipitate ditags by adding 50 �L of 3 M sodium acetate, 2 �L glycogen, and
1250 �L ethanol to each tube. Incubate at −70 �C overnight.

11. Centrifuge at 4 �C and 16,110×g for 30 min, wash the pellets twice with 500 �L
of 70 % ethanol, air-dry pellets on ice and resuspend both pellets in a total volume
of 7 �L of LoTE.

3.9. Concatenation of Ditags

1. Add 2 �L of 5X Ligase Buffer and 1 �L of T4 Ligase HC (5 U/�L) and incubate
in a thermocycler at 16 �C for 30 min.

2. Add 190 �L of LoTE and extract with 200 �L PC8. Transfer the supernatant to a
new tube.

3. Add 100 �L of 10 M ammonium acetate solution, 3 �L of glycogen, and 700 �L
of ethanol, keep on ice for 10 min, then centrifuge for 15 min at 16,110×g.
Wash pellet twice with 500 �L of 70 % ethanol and resuspend in 10 �L of
LoTE.

4. Add 5 �L of loading buffer, incubate for 10 min at 65 �C, chill sample on ice,
and load on a single lane of an 8 % polyacrylamide gel (acrylamide/bis 19:1; see
Note 9).

5. Electrophorese for 3 h at 130 V. Stain gel in SYBR Green I solution for 15 min.
6. Visualize the bands under UV light and excise concatemers >300 bp from the gel

(see Note 10). Do not excise the large concatemers at the upper edge of the well
(leave a margin of 1 mm gel at the upper edge of the well).

7. For electroelution of the concatemers, prepare the electroelution device in such
a way that the elution chamber is 2 U-inserts wide and the trap is 1 U-insert
wide. Put the gel slices into the elution chamber and electroelute for 60 min at
room temperature, then reverse polarity and turn on 200 V for 20 s. Transfer
the eluted ditags (1 mL sample volume) from the trap to two microcentrifuge
tubes.

8. Extract with PC8.
9. Extract the aqueous phase with an equal volume of chloroform.

10. Precipitate ditags by adding 50 �L of 3 M sodium acetate, 2 �L glycogen and
1250 �L ethanol to each tube. Incubate at −20 �C for 1 h or overnight.

11. Centrifuge at 4 �C and 16,110×g for 15 min, wash the pellets twice with 500 �L
of 70 % ethanol, air-dry pellets and resuspend both pellets in a total volume of
15 �L of water.
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3.10. Cloning of Concatemers

1. Mix 1 �L of pZErO-1 Supercoiled cloning vector (1 �g/�L) with 2 �L of 10x
Buffer 2 (NEB), 16 �L of water, and 1 �L of SphI (5 U/�L).

2. Incubate for 15 min at 37 �C in a water bath (see Note 11).
3. Add 180 �L of loTE and extract with 200 �L of PC8.
4. Precipitate the linearized vector by adding 66.7 �L of 10 M ammonium acetate,

3 �L of glycogen and 1 mL of ethanol and centrifuging for 10 min at 16,110×g.
5. Wash pellet three times with 500 �L of 70 % ethanol.
6. Resuspend the air-dried pellet in 40 �L of TE (final concentration of the linearized

vector is 25 ng/�L).
7. Mix 1 �L of the linearized pZErO-1 with 6 �L of concatemers, 2 �L of 5X Ligase

Buffer, and 1 �L T4 DNA ligase (1 U/�L). Incubate for 1 h at 16 �C and for
another hour at room temperature.

8. Add 190 �L of LoTE and do a PC8 extraction with 200 �L of PC8.
9. Precipitate the sample by adding 66.7 �L of 10 M ammonium acetate, 3 �L

of glycogen and 1 mL of ethanol and centrifuging for 20 min at 16,110×g
and 4 �C.

10. Wash pellet four times with 500 �L of 70 % ethanol.
11. Resuspend the air-dried pellet in 8 �L of LoTE

3.11. Transformation of Bacteria

1. Use 0.8 �L of the ligation product to electroporate an aliquot (40 �L) of electro-
competent E. coli Top 10 (Voltage: 1800 V; see Note 12). Resuspend electroporated
bacteria in 1 mL of LB medium and incubate for 1 h at 37 �C shaking at 220 rpm.

2. Plate 300 �L bacteria suspension on each of three 14.5 cm LB-Zeocin-X-Gal plates.

3.12. Insert-PCR

1. For each PCR reaction, mix 2 �L of 5X RDA-Buffer, 1.2 �L of 50 mM MgCl2,
0.3 �L of each primer, 0.3 �L of 10 mM dNTP-Mix, and 5.9 �L of water.

2. Pipet 10 �L of the PCR-mix into the wells of a 96-well plate and add a drop of
mineral oil into each well.

3. Use a sterile toothpick to gently touch a white bacteria colony (see Note 13), and
then dip it into the PCR mix.

4. To each well and incubate in a thermocycler for 2 min at 95 �C, then hold temper-
ature at 78 �C and add 5 �L of polymerase mix containing 1 �L of Taq polymerase
in 1X RDA Buffer to each well. Run five cycles consisting of 30 s at 95 �C, 30 s
at 60 �C and 45 s at 72 �C, and then run additional 30 cycles consisting of 30 s at
95 �C and 60 s at 70 �C.

5. Run 5 �L of each PCR reaction of a 1.5 % agarose gel to check the insert sizes of
the SAGE library. Empty vectors will give a 330-bp PCR product.
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4. Notes
1. Unless stated otherwise, water means water with a conductivity of at least 18 M�.
2. Hsp92II is an isoschizomer of NlaIII that can be stored at −20 �C. As a

result of different unit definitions for Hsp92II and NlaIII, the volume of
Hsp92II that is needed for digestion steps is much higher than the volume of
NlaIII.

3. If there is more than 1.2 �g of aRNA available, use up to 2.5 �g of aRNA for
the generation of an aRNA-LongSAGE library. More starting material tends to
generate larger insert sizes in our hands.

4. Use siliconized tubes when dealing with magnetic beads to prevent beads from
adsorbing to the surface of the tube. Wash beads by resuspending on a vortexer
at slow speed (use a setting of 5) instead of pipetting the beads up and down, in
order to minimize loss of beads by adsorption to pipet tips.

5. Keeping the travelling distance constant will result in equal electrophoresis condi-
tions between libraries and is better than keeping travelling time constant. Eight
centimeters of travelling distance on a 20 × 20 cm gel gives a good separation of
ditags from linkers.

6. Make sure not to use polystyrene tubes, as polystyrene reacts with PC8.
7. Glycerol is added instead of loading buffer to avoid contamination of the ditags.

Adding glycerol is essential in order to increase the density of the sample. Without
glycerol, the sample will diffuse into the running buffer and be lost.

8. Electroelution from the polyacrylamide gel gives a higher yield of DNA than
elution by diffusion as stipulated in the standard SAGE protocol.

9. This is a different gel from that used in the standard SAGE protocol. Using an
acrylamide/bis proportion of 19:1 instead of 37.5:1 better separates undesired small
concatemers from the concatemers that are cut out from the gel.

10. For no obvious reason, the concatenation step may not work on the first try for
each library. As this protocol does use only a small fraction of synthesized ditags
as template for large-scale PCR, it is possible to try again with a new large-
scale PCR.

11. A fully linearized vector is important for the success of the cloning step. Check
on an agarose gel whether the vector is fully linearized. If the digestion with SphI
was not complete, the digestion should be repeated with a longer incubation time
or with more than 5 U of SphI.

12. Use bacteria from the Zero Background Cloning Kit (Invitrogen). Prepare
competent bacteria according to the instructions given in the kit. In our hands,
this bacteria strain is better than the E. coli DH10B recommended in the original
SAGE protocol.

13. Blue–white screening helps to chose colonies with large inserts. Even though
there are white colonies with short inserts as well as blue colonies with long
inserts, all in all, the average insert size is longer for white colonies than for blue
ones.
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SuperSAGE

Hideo Matsumura, Monika Reuter, Detlev H. Krüger, Peter Winter,
Günter Kahl, and Ryohei Terauchi

Summary

As a tool for high-throughput, quantitative gene expression analysis, serial analysis of gene
expression (SAGE) is one of the most powerful techniques. However, the short size of tags
(14 bp) has hindered the application of SAGE to a vast majority of eukaryotes without sufficient
genomic resources, including expressed sequence tag and genome sequences. To overcome this
problem, we developed SuperSAGE, which is based on 26-bp tags from complementary DNA
(cDNA), using EcoP15I as a tagging enzyme. Because longer cDNA fragments can easily be
recovered by 3′-rapid amplification of cDNA ends (RACE) PCR using primers corresponding to
the 26-bp tag sequences in non-model organisms, SuperSAGE allows the identification of novel
genes in all eukaryotic organisms, and recommends itself as a useful platform in various fields
of biological studies.

Here, we present an updated SuperSAGE protocol, which incorporates several modifications
and some recommendations to avoid total failure, particularly in the EcoP15I digestion step.

Key Words: SuperSAGE; EcoP15I; non-model organisms; transcript profiling; expression
markers.

1. Introduction
The concept of so-called expression markers evolved only a few years

ago, although expressed sequences were highly praised for a full decade. For
example, complementary DNAs (cDNAs) or expressed sequence tags (ESTs),
short synthetic oligonucleotides of 300–500 bp, complementary to the 5′ or 3′

end of a specific messenger RNA and usually derived from a cDNA library by
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random sequencing, represent tags for the state of gene expression in a cell or
tissue type at a given time. Both types have been generated by the hundreds
of thousands and used to design expression arrays, high-density chips onto
which multiple cDNAs, short fragments of cDNAs, ESTs, or gene fragments
are spotted, that allow to determine the expression of multiple genes simultane-
ously. For an expression assay, labeled cDNA from a target tissue is hybridized
to the expression array, and hybridization patterns are directly converted into
information about expressed genes in the sample. Such arrays are now standard
tools to generate expression profiles (transcript profiles, expression finger-
prints), complex, context-dependent and genome-wide patterns of (preferably
all) expressed genes at a given time. The expression profile is character-
istic for a certain cell, tissue, organ, or organisms (e.g., a bacterial cell), but
changes continuously, depending on developmental stage and environment.
Although in worldwide use, expression microarrays still suffer from platform-
or experiment-specific problems (1,2). The major drawback for all microarray-
based expression analyses, however, resides in the fact that expression can be
monitored only of those genes whose sequences are on the chip (“closed archi-
tecture” format). Therefore, gene discovery is not possible with this approach.

More recently, other techniques that produce expression markers in a high-
throughput, genome-wide format without this drawback appeared. Among
these, real competitive (rc)PCR (3), massively parallel signature sequencing
(MPSS) (4), and serial analysis of gene expression (SAGE) (5) stand out
because of their potential and widespread use. In spite of rather complex
protocols, these techniques are quantitative (i.e., the number of each transcript
at any time point can be estimated), comprehensive (i.e., all transcripts can be
recovered), and informative (i.e., each tag extracted from a messenger RNA
can be annotated with high fidelity). It is for these (and other) reasons that
we favor these “open architecture” platforms. Here, we restrict ourselves to
a detailed protocol of a substantially improved variant of the conventional
SAGE procedure, coined SuperSAGE (6–8). The generation of expression
markers with this technology delivers identifiers (tags) of 26 bp for each and
every cDNA, the longest tags ever produced in the SAGE family, which allow
unequivocal and secure annotation to the underlying genes. More excitingly,
SuperSAGE, as the only technique available, permits the simultaneous detection
and quantitation of the transcriptome from two intimately interacting organisms
(e.g., a host and a pathogen, commensal, or parasite) without the physical
separation of both. SuperSAGE tags are also superior agents for RNA inter-
ference (RNAi), because RNA duplexes of 27–29 bp length can be 100-fold
more potent than the traditional 21-mer small interfering RNAs (siRNAs). The
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enhanced potency of the longer duplexes reflects their higher affinity to Dicer,
which links the production of siRNAs to their incorporation into the RNA-
induced silencing complex (RISC) (9,10). Last but not least, SuperSAGE tags
have been spotted directly onto microarrays and were successfully hybridized
to various cDNA samples (Matsumura et al., 2006).

We expect that the increasing use of SuperSAGE, with all of its advantages,
will add to our technical repertoire for transcript profiling and to our knowledge
of the transcriptome and its changes in the life cycle of an organism.

2. Materials
2.1. Linker Preparation

1. Linker oligonucleotides: end-labeled linker oligonucleotides are synthesized by
Operon Biotechnologies, Japan:
Linker-1EA:
(FITC5′–TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATACAGCA
GCATG–3′)
Linker-1EB:
(5′-CTGCTGTATTAAGCCTAGTTGTACTGCACCAGCAAATCCAAA-
3′Amino), Linker-2EA:
(FITC5′–TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGCAGCAG
CATG–3′), Linker-2EB:
(5′-CTGCTGCGTACATCGTTAGAAGCTTGAATTCGAGCAGAAA-3′amino).
These oligonucleotides are purified by high-performance liquid chromatography
(HPLC) (Operon Biotechnologies, Japan).

2. LoTE buffer: 3 mM Tris-HCl, pH 7.5, 0.2 mM ethylenediamine tetraacetic acid
(EDTA).

3. Polynucleotide kinase buffer (10X): 0.5 M Tris-HCl, pH 8.0, 0.1 M MgCl2 and
50 mM dithiothreitol (DTT) (Takara, Japan).

4. T4 polynucleotide kinase (10 U/�L): Store at −20 �C (Takara, Japan).
5. ATP solution: prepare 10 mM solution by dilution of a 100 mM ATP-lithium stock

(Roche Diagnostics, Germany).

2.2. Double-Strand cDNA Synthesis

1. First strand buffer (5X): 250 mM Tris-HCl, pH 8.0, 375 mM KCl and 15 mM
MgCl2(Invitrogen, Carlsbad, CA).

2. Biotinylated adapter-oligo (dT) primer: dissolve synthesized biotin-labeled
oligonucleotides (5′-biotin-CTGATCTAGAGGTACCGGATCCCAGCAGTTTT
TTTTTTTTTTTTT-3′) in LoTE (1 �g/�L). This oligonucleotide was HPLC-
purified by the producer (Operon Biotechnologies, Japan).

3. 0.1 M DTT (Invitrogen, Carlsbad, CA).
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4. 10 mM dNTP: 10 mM each of dATP, dTTP, dCTP, and dGTP (Invitrogen,
Carlsbad, CA).

5. Cloned M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA).
6. Second strand buffer: 188 mM Tris-HCl, pH8.3, 906 mM KCl, 100 mM

(NH4�2SO4, 46 mM MgCl2, 37.5 mM DTT and 1.5 mM NAD (Invitrogen,
Carlsbad, CA).

7. Escherichia coli DNA polymerase (10 U/�L, Invitrogen, Carlsbad, CA).
8. E. coli DNA ligase (1.2 U/�L, Invitrogen, Carlsbad, CA).
9. E. coli RNase H (2 U/�L, Invitrogen, Carlsbad, CA).

10. Phenol:chloroform:isoamyl alcohol (25:24:1) (Invitrogen, Carlsbad, CA)
11. Ammonium acetate: 10 M solution (Wako Chemicals, Japan). Store at room

temperature.
12. Glycogen solution (20 mg/mL; Roche Diagnostics, Germany).

2.3. 26-bp Tag Extraction From cDNA.

1. NlaIII (10 U/�L): Store at −70 �C (New England Biolabs, Ipswich, MA).
2. NlaIII digestion buffer (NEBuffer 4) (10X): 20 mM Tris-acetate, pH 7.9, 50 mM

potassium acetate, 10 mM magnesium acetate and 1 mM DTT (New England
Biolabs, Ipswich, MA).

3. Bovine serum albumin (BSA) (10 mg/mL) (New England Biolabs, Ipswich, MA).
4. Streptavidin-coated magnetic beads (Streptavidin MagneSphere Paramagnetic

Particles) (1 mg/mL): store at 4 �C (see Note 1) (Promega, Madison, WI).
5. Binding and washing (B&W) buffer (2X): 10 mM Tris-HCl, pH 7.5, 1 mM EDTA

and 2 M NaCl. Store at room temperature.
6. T4-DNA ligase (2000 U/�L): store at −20 �C (New England Biolabs, Ipswich, MA).
7. T4-DNA ligase buffer (5X): 250 mM Tris-HCl, pH 7.5, 50 mM MgCl2, 5 mM ATP,

50 mM DTT and 125 �g/mL BSA (New England Biolabs, Ipswich, MA).
8. EcoP15I (2 U/�L): store at −20 �C (see Note 2) (New England Biolabs,

Ipswich, MA).
9. EcoP15I digestion buffer (10X): 100 mM Tris-HCl, pH 8.0, 100 mM KCl, 100 mM

MgCl2, 1 mM EDTA, 1 mM DTT and 50 �g/mL BSA. Store at −20 �C (see Note 3).

2.4. Purification of 26-bp Tags

1. Acrylamide/BIS solution (40 %, 19:1): Store at 4 �C (SERVA, Germany).
2. N,N,N,N’-tetramethyl-ethylenediamine (TEMED) (Wako Chemicals, Japan).
3. Ammonium persulfate: prepare 10 % solution in sterilized water and store at 4 �C.
4. 6X loading dye: 30 %(v/v) glycerol, 0.25 % (w/v) bromophenol blue, and 0.25 %

(w/v) xylene cyanol.
5. SYBR green solution: dilute original SYBR green stock solution 10,000 times with

1X TAE buffer (Molecular Probe, Eugene, OR). Store at 4 �C.
6. Spin-X® column (Corning, Corning, NY).
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2.5. Ditag Formation

1. KOD DNA polymerase in Blunting high kit (TOYOBO, Japan).
2. Blunting buffer (10X) in Blunting high kit (TOYOBO, Japan).
3. Ligation high solution in Blunting high kit (TOYOBO, Japan).

2.6. Ditag PCR

1. GeneAmp 10X PCR Gold Buffer (Applied Biosystems, Foster City, CA).
2. dNTP solution: 2 mM each of dATP, dTTP, dCTP, and dGTP (Applied Biosystems,

Foster City, CA).
3. 25 mM MgCl2 solution. (Applied Biosystems, Foster City, CA).
4. Biotinylated ditag amplification primers: synthesize biotinylated oligonucleotides

(Ditag1E: 5′-biotin-CAACTAGGCTTAATACAGCAGCA-3′, Ditag2E: 5′-biotin-
CTAACGATGTACGCAGCAGCA-3′) by Operon Biotechnologies, Japan and
prepare a solution of 350 ng/�L from each.

5. AmpliTaq Gold (5 U/�L): store at −20 �C (Applied Biosystems, Foster City, CA).

2.7. Purification of Ditag PCR Products and Second NlaIII Digestion

1. Binding buffer (PB buffer) in Qiaquick PCR purification kit (Qiagen, Germany).
2. Qiaquick spin column in Qiaquick PCR purification kit (Qiagen, Germany).
3. Washing buffer (PE buffer, 5X) (Qiagen, Germany): prepare 1X solution by adding

ethanol before use.

2.8. Concatemer Formation and Purification

1. Buffer ERC in MinElute Reaction Cleanup Kit (Qiagen, Germany).
2. MinElute Spin Column in MinElute Reaction Cleanup Kit (Qiagen, Germany).

2.9. Vector Cloning and Transformation

1. pGEM-3Z, plasmid cloning vector (Promega, Madison, WI).
2. SphI (5 U/�L): store at −20 �C. (New England Biolabs, Ipswich, MA).
3. SphI digestion buffer (NEBuffer 2) (10X): 10 mM Tris-HCl, pH 7.9, 10 mM MgCl2,

50 mM NaCl, and 1 mM DTT (New England Biolabs, Ipswich, MA).
4. Calf intestine alkaline phosphatase (CIAP) (10 U/�L) (Takara, Japan).
5. Alkaline phosphatase buffer (10X): 500 mM Tris-HCl, pH 9.0 and 10 mM MgCl2

(Takara, Japan).
6. Electro-competent E. coli cells (ElectroMAX DH10B): store at −80 �C (Invitrogen,

Carlsbad, CA).
7. Liquid culture medium (SOC medium): 2 % tryptone, 0.5 % yeast extract, 10 M

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose (Invitrogen,
Carlsbad, CA).
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8. E. coli plate medium I (Luria-Bertani [LB] medium): 1 % tryptone, 0.5 % yeast
extracts, 1 % NaCl, 1.5 % agar, containing ampicillin (100 �g/mL), 0.004 %
5-bromo-4-chloro-3-indolyl-�-d-galactoside (X-gal), and 0.1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG).

2.10. Colony PCR and Sequencing

1. Taq polymerase (TAKARA Taq, 5 U/�L) (Takara, Japan).
2. PCR buffer (10X): 100 mM Tris-HCl, pH 8.3, 500 mM KCl and 15 mM MgCl2

(Takara, Japan).
3. dNTP solution: 2.5 mM each of dATP, dTTP, dCTP, and dGTP (Takara, Japan).
4. PCR primers for amplification of inserted fragments in pGEM3Z: M13F:

5′- GTAAAACGACGGCCAGT-3′, M13RV: 5′-GGAAACAGCTATGACCATG-
3′ (Operon Biotechnologies, Japan).

3. Methods
In SuperSAGE, tag extraction from cDNA and the corresponding steps are

modified, so that 26-bp tags are obtained by EcoP15I digestion, whereas the
basic experimental procedure principally follows the original SAGE protocol.

Although a substantially improved EcoP15I production procedure that yields
a highly concentrated and pure EcoP15I batch has been developed (12), we
present a SuperSAGE protocol using a commercially supplied enzyme (see
Note 2). However, as stated in Note 3, it is imperative that EcoP15I digestion
buffer be used as described in the present protocol to obtain optimum results.

Compared to the original SAGE method, an additional purification step
(polyacrylamide gel electrophoresis [PAGE] purification) is required after
EcoP15I digestion, because EcoP15I also cuts cDNA sites adjacent to the
poly-A tail, and fragments of various sizes (usually longer than linker-26 bp
tag fragments) are also released from the beads. This purification additionally
eliminates most of the linkers and linker dimers, which compete with ditags in
PCR amplification, from the solution. With this modification, we can reliably
and efficiently amplify ditags from diluted templates (Fig. 1). This modification
should be applicable to other SAGE or LongSAGE methods to increase the
recovery of ditags after PCR.

3.1. Linker Preparation

1. Dissolve synthesized linker oligonucleotides (Linker-1EA, -1EB, -2EA, -2EB) in
LoTE buffer (1 �g/�L).

2. Mix1 �L Linker-1EB or Linker-2EB, 1 �L 10X polynucleotide kinase buffer, 1 �L
10 mM ATP, 10 �L H2O, and 1 �L T4 polynucleotide kinase for phosphorylation
of linker oligonucleotides, and incubate at 37 �C for 30 min.
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Fig. 1. Purification of linker-26 bp tag fragments enhances the efficiency of PCR
amplification of 96-bp ditags. (A) Ligation product, which was not purified with
polyacrylamide gel electrophoresis after EcoP15I digestion, was used as template for
ditag PCR amplification. (B) Ligation product of purified linker-26 bp tag fragment was
used as template for ditag PCR amplification. Arrows indicate amplified ditag fragment
(96 bp) and linker dimer fragment (45 bp). The lane “no template” in B represents the
PCR reaction product without template DNA (blank control).

3. Add 1 �L Linker–1EA or –2EA to the 5′-phosphorylated Linker-1EB or –2EB
solution from the previous step, respectively. After mixing, denature by incubating
at 95 �C for 2 min and cool down to 20 �C for annealing Linker–1EA and –1EB,
and Linker-2EA, and –2EB. The annealed double-stranded DNAs are designated
Linker-1E and Linker-2E, respectively.

3.2. Double-Stranded cDNA Synthesis

1. The synthesis of double-stranded cDNA was performed as described in the cDNA
Synthesis System (Invitrogen), except for the oligo (dT) primer. Dissolve purified
poly(A)+ RNA (2–5 �g) in 29 �L diethylpyrocarbonate (DEPC)-treated water. For
first strand cDNA synthesis, add 10 �L 5X first strand buffer, 1 �L biotinylated
adapter-oligo dT primer, 5 �L 0.1 M DTT, 2.5 �L 10 mM dNTP, and 2.5 �L M-
MLV reverse transcriptase to poly(A)+ RNA, and incubate at 37 �C for 1 h.

2. For second strand cDNA synthesis, add 40 �L 10X second strand buffer, 295 �L
DEPC-treated water, 7.5 �L 10 mM dNTP, 10 �L E. coli DNA polymerase, 1.75 �L
E. coli RNase H, and 1.25 �L E. coli DNA ligase to 45 �L first strand cDNA
solution, and mix. Incubate at 16 �C for 2 h.
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3. Run 10 �L second strand cDNA aliquot, taken out of the reaction solution, on a
1 % TAE-agarose gel. The sizes of most of double-stranded cDNAs should range
from 0.5 to 2.0 kbp (see Note 4).

4. Add half a volume of phenol:chloroform:isoamyl alcohol (195 �L) to the remaining
second strand cDNA solution (390 �L), vortex briefly, and spin at 10,000 g for
a few minutes. Transfer the upper aqueous layer to a new tube (see Note 5).
For ethanol precipitation of cDNA, add 100 �L 10 M ammonium acetate, 3 �L
glycogen, and 1000 �L cold ethanol to the phenol/chloroform extracted solution
and keep at −80 �C for 1 h. Centrifuge at 15,000 g at 4 �C for 30 min. Wash the
pellet twice with 70 % ethanol, and dry. Dissolve the precipitated cDNA in 20 �L
LoTE buffer.

3.3. 26-bp Tag Extraction From cDNA

1. Add 20 �L NlaIII digestion buffer (NEBuffer 4), 2 �L BSA, 152 �L LoTE, and
5 �L NlaIII to the cDNA solution, mix, and incubate at 37 �C for 1.5 h. After
digestion, remove 3 �L to visualize the size distribution on a 1 % agarose gel.
Completely NlaIII-digested cDNA should have a size range between 200 and 300 bp
(see Note 6). Extract the reaction solution with phenol/chloroform and add 100 �L
10 M ammonium acetate, 3 �L glycogen, and 700 �L cold ethanol, followed by
incubation at −80 �C for 1 h for ethanol precipitation. Centrifuge at 15,000 g for
40 min at 4 �C, wash the pellet once with 70 % ethanol, and dry. Resuspend the
precipitate in 20 �L LoTE.

2. Prepare a 1-mL suspension of streptavidin-coated magnetic beads in a 1.5-mL
microtube. Prepare two tubes of bead suspensions for each cDNA preparation. Place
the tubes containing magnetic beads on a magnetic stand for 1 min and remove
the supernatant with a pipet. To wash the magnetic beads, add 200 �L 1X B&W
solution and suspend beads well by pipetting. Place the tube on a magnetic stand,
and remove and discard the supernatant (see Note 7). Add 100 �L 2X B&W solution,
10 �L digested cDNAs (half of the cDNA from the previous step), and 90 �L distilled
water to the washed magnetic beads, and suspend well. Leave the tube for 30 min
at room temperature, so that the biotinylated cDNAs bind to streptavidin on the
magnetic beads. Mix the bead suspension every 10–15 min. Place the tubes on the
magnetic stand, and transfer supernatants, separated from beads, to new tubes. Wash
the cDNA bound on the magnetic beads three times with 200 �L 1X B&W and
200 �L LoTE.

3. To ligate linkers to digested cDNAs bound to the magnetic beads, add 21 �L LoTE,
6 �L 5X T4 DNA ligase buffer, and either 1 �L Linker-1E or Linker-2E solution,
respectively, to the magnetic beads. Note that Linker-1E and -2E are separately
ligated to cDNAs on the magnetic beads in the two tubes. After mixing with pipets,
incubate the beads suspension at 50 �C for 2 min for the dissociation of linker
dimers. Keep the tubes at room temperature for 15 min. Add 2 �L T4 DNA ligase,
and incubate at 16 �C for 2 h. Mix the bead suspension every 20–30 min with
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a pipet. After ligation, wash beads four times with 1X B&W, and three times with
LoTE (see Note 8).

4. For EcoP15I digestion of linker-cDNA on the magnetic beads, add 10 �L 10X
EcoP15I digestion buffer, 2 �L 100 mM ATP, 83 �L sterile water, and 5 �L EcoP15I
to the washed magnetic beads. Incubate beads re-suspended in reaction solution at
37 �C for 2 h with occasional mixing (every 20–30 min).

3.4. Purification of 26-bp Tags

1. Place the bead suspension on the magnetic stand, and collect the supernatant
into a new tube. Add 100 �L 1X B&W to the magnetic beads, and mix. After
separation on the magnetic stand, retrieve the supernatants and combine to the
previously collected solution. Extract this solution, containing linker-tag fragments,
with phenol/chloroform to remove the magnetic beads completely (see Note 9).
Add 100 �L 10 M ammonium acetate, 3 �L glycogen, and 900 �L cold ethanol to
the collected solution (approx 200 �L) in the tube. Keep it at −80 �C for 1 h, and
centrifuge at maximum speed for 40 min at 4 �C. Wash the resulting pellet twice
with 70 % ethanol, and dry by vacuum centrifuge. Dissolve precipitated linker-26 bp
tag fragments in 10 �L LoTE.

2. Prepare an 8 % PAGE gel by mixing 3.5 mL 40 % acrylamide/BIS solution, 13.5 mL
distilled water, 350 �L 50x TAE buffer, 175 �L 10 % ammonium persulfate, and
15 �L TEMED. Pour the solution onto the gel plate (12 cm × 12 cm, 1 mm
thickness), and insert a comb (no stacking gel). Prepare running buffer, (1X TAE),
and add to the upper and lower electrophoresis chambers. Then, add 2 �L 6X
loading dye to 10 �L of the linker-26 bp tag solution mix, and load the sample in
the well. Also, load 3 �L of a 20-bp ladder marker as molecular size marker. Run
the polyacrylamide gel at 75 V for 10 min, and then at 150 V for 30 min (until the
BPB dye front has migrated two-thirds down the gel).

3. After electrophoresis, remove the gel from the plate. Pour 1 mL SYBR green
solution (diluted in 1X TAE buffer) on the plastic wrap, and place the gel on it.
Further, disperse 1 mL SYBR green solution onto the gel and wrap the gel. After a 2-
min staining period, place the gel on an ultraviolet (UV) transilluminator. Under UV
light, three fragments of 46 bp, 69 bp, and 90 bp are observed (see Note 10). Only
the 69-bp band (linker-26 bp tag fragments) is cut out from the gel with a spatula
and transferred to a 0.5-mL microtube. Combine gel slices of both Linker1-tag and
Linker2-tag in the same tube. Make holes at the top and the bottom of the tube with
a needle, and place it in a 1.5-mL microtube. Centrifuge the tube at maximum speed
for 2–3 min. Polyacrylamide gel pieces are collected at the bottom of the microtube.
Add 300 �L LoTE to the gel pieces, and suspend. After incubation at 37 �C for 2 h,
transfer the gel suspension to a Spin-X column, and centrifuge at maximum speed
for 2 min. Extract the eluate with phenol/chloroform, and precipitate by adding
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100 �L 10 M ammonium acetate, 3�L glycogen and 950 �L cold ethanol. Keep it
at −80 �C for 1 h and centrifuge at 15,000 g for 40 min at 4 �C. Wash once with
70 % ethanol and dry. Dissolve the resulting pellet in 8 �L LoTE.

3.5. Ditag Formation

1. Add 1 �L 10X blunting buffer and 1 �L KOD DNA polymerase to the purified
linker-26 bp tag solution (8 �L). For filling-in the ends of linker-26 bp-tag fragments,
incubate at 72 �C for 2 min, and transfer onto ice immediately (see Note 11).

2. Add 30 �L LoTE and 40 �L ligation high to 10 �L blunting solution. Mix well and
incubate at 16 �C for more than 4 h.

3.6. Ditag PCR Amplification

1. To optimize the concentration of template ditag for PCR amplification, prepare
10X and 20X diluted ligation mixtures (from the previous step) with LoTE (each
10 �L), and check for PCR efficiency.

2. Prepare ditag PCR reaction mixture, containing 5 �L GeneAmp 10X PCR Gold
Buffer, 5 �L 2 mM dNTP, 6 �L 25 mM MgCl2, 0.2 �L biotinylated Ditag1E primer,
0.2 �L biotinylated Ditag2E primer, 32.34 �L distilled water, 1�L diluted template
solution, and 0.26 �L AmpliTaq Gold.

3. PCR cycle: 94 �C for 12min, then 27–29 cycles each at 94 �C for 40 s, and 60 �C
for 40 s.

4. Prepare 8 % polyacrylamide gel as described under Subheading 3.4., and load each
6-�L ditag PCR product to the gel. After SYBR green staining, bands of PCR
products are visualized under UV light. Determine the optimal dilution of the ditag
template (see Note 12), judging from intensity of 96-bp amplified ditag, 45-bp
amplified linker-dimers, and fragments of other sizes (Fig. 1B).

5. Once conditions for PCR amplification are optimized, run 40 PCR reactions (40
tubes). Add a blank control (1 �L distilled water is used instead of template; see
Notes 13 and 14).

3.7. Purification of Ditag PCR Products and Second NlaIII Digestion

1. Collect all the PCR solutions (40 reactions, 2 mL) in a 15-mL tube, and add 10 mL
binding buffer (PB buffer). Prepare eight Qiaquick spin columns from the Qiaquick
PCR purification kit, and transfer 750 �L of a mixture between PCR solution and PB
buffer to each column. Centrifuge at 10,000 g for 1 min, and discard flow-through.
Add another 750 �L of residual mixture to each column. After centrifugation at
10,000 g for 1 min, transfer columns to new tubes, and add 750 �L washing buffer
(PE buffer, ethanol added) to each column. Centrifuge at 10,000 g for 1 min, and
discard flow-through. For completely drying the columns, centrifuge at maximum
speed for 2 min. Transfer columns to new 1.5-mL microtubes, and add 30 �L LoTE
to each column for elution. Centrifuge at 10,000 g for 1 min, and collect eluate.
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2. Collect purified ditag PCR products (eluate from the column) in two tubes (approx
120 �L in each tube). Add 15 �L NlaIII digestion buffer (NEBuffer 4), 1.5 �L 100X
BSA, and 12 �L NlaIII, and incubate at 37 �C for 1 h.

3. Prepare 500 �L streptavidin-coated magnetic beads, and wash them once with
200 �L 1X B&W solution. Remove 3 �L digestion solution, and run on an 8 %
PAGE to check digestion with NlaIII. If most of the 96-bp band is digested, and
the 52-bp band is clearly visible, all of the digestion solution is transferred to the
washed streptavidin magnetic beads and mixed well by pipeting (see Note 15).
Leave at room temperature for 20 min. Place the tube on the magnetic stand and
transfer supernatant to a new tube. Add 100 �L 1X B&W to the magnetic beads, and
mix. After separation on the magnetic stand, collect supernatants and combine with
the previously collected solution. Extract with phenol/chloroform (see Note 15).
Add 100 �L 10 M ammonium acetate, 3 �L glycogen, and 900 �L cold ethanol to
the collected solution. Keep it at −80 �C for 1 h, and centrifuge at maximum speed
for 40 min at 4 �C. Wash the pellet once with 70 % ethanol, dry, and dissolve in
10 �L LoTE.

4. Prepare a 12 % polyacrylamide gel (12 cm × 12 cm) by mixing 5.25 mL 40 %
acrylamide/BIS solution, 11.75 mL distilled water, 350 �L 50X TAE buffer, 175 �L
10 % ammonium persulfate, and 15 �L TEMED. Load the sample in 2–4 lanes
(see Note 16), and run the gel as described under Subheading 3.4. Stain the gel
with SYBR green and visualize the bands on the UV transilluminator. Cut out only
the 52-bp bands (ditag) from the gel and transfer to a 0.5-mL tube. Elute DNA
from the polyacrylamide gel using the procedure described in Subheading 3.4. To
completely eliminate biotinylated fragments, treat the eluted solution (300 �L) with
streptavidin magnetic beads (washed once with 1X B&W before use) once again,
and extract the collected supernatant with phenol/chloroform (see Note 17). Ethanol
precipitate by adding 100 �L 10 M ammonium acetate, 3 �L glycogen, and 900 �L
cold ethanol to the supernatant, and mix. Keep it at −80 �C for 1 h, and centrifuge
at 15,000 g for 40 min at 4 �C. Wash the resulting pellet twice with 70 % ethanol,
dry, and dissolve in 6 �L LoTE.

3.8. Concatemer Formation and Purification

1. Add 6 �L ligation high mixture to the purified 52-bp ditag solution, and incubate
at 16 �C for more than 3 h.

2. Prepare a 6 % polyacrylamide gel (12 cm × 12 cm) by mixing 2.6 mL 40 %
acrylamide/BIS solution, 14.4 mL distilled water, 350 �L 50X TAE buffer, 175 �L
10 % ammonium persulfate, and 15 �L TEMED. After 1 h of ligation reaction,
remove 1 �L for an electrophoresis in a 6 % polyacrylamide gel. If the concatemer
is properly formed, smear or ladder DNA is observed above 100 bp.

3. Add 10 �L LoTE and 300 �L buffer ERC from the MinElute Reaction Cleanup
Kit to the ligation reaction. Transfer the mixture to a MinElute Spin Column, and
centrifuge at 10,000 g for 1 min. Discard flow-through and add 750 �L washing
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buffer (PE buffer containing 80 % ethanol). After centrifugation at 10,000 g for 1
min, spin for an additional 1 min at maximum speed. Place the column in a new
1.5-mL microtube and add 10 �L LoTE. Leave it for 1 min at room temperature
and centrifuge at 10,000 g for 1 min. Then, add 1.4 �L NlaIII digestion buffer
(NEBuffer 4) and 1.4 �L 10X BSA to the eluate. Start digestion with 1 �L NlaIII and
incubate at 37 �C for partial digestion of concatemers. After 30–60 s of incubation
(see Note 18), place the tube to 75 �C immediately, and incubate for 20 min.
Afterward, transfer on ice. This NlaIII treatment linearizes circular concatemers as
explained in the robust-LongSAGE protocol (11).

4. Prepare a 6 % polyacrylamide gel (16 cm × 16 cm) by mixing 5.2 mL 40 %
acrylamide/BIS solution, 28.8 mL distilled water, 700 �L 50 × TAE buffer, 350 �L
10 % ammonium persulfate, and 30 �L TEMED. Load the partially digested
concatemers, and both the 20-bp and 100-bp ladder markers in adjacent lanes.
Run the gel at 150 V for approx. 2 h. Visualize DNA within the SYBR green-
stained gel on a UV transilluminator. Cut out the concatemers in the size range
between 500 and 1000 bp, and between 350 and 500 bp separately (see Note 19).
Transfer each gel to a 0.5-mL tube separately, and elute DNA as described above
(Subheading 3.4.). After phenol/chloroform extraction and ethanol precipitation,
dissolve purified concatemers in 6 �L LoTE.

3.9. Vector Cloning and Transformation

1. For digestion of the pGEM-3Z vector, mix 1 �L plasmid, 2 �L SphI digestion buffer
(NEBuffer 2), 15 �L distilled water, and 2 �L SphI, and incubate at 37 �C for 1
h. Add 100 �L PB buffer of the Qiaquick PCR purification kit to the digestion
solution, and purify the plasmid DNA with a Qiaquick spin column, as described
under Subheading 3.7. After washing with PE buffer, elute the plasmid from the
column with 30 �L LoTE. Add 5 �L 10X alkaline phosphatase buffer and 1 �L calf
intestine alkaline phosphatase, and incubate at 50 �C for 30 min. Purify the reaction
with a Qiaquick spin column from the Qiaquick PCR purification kit again. Adjust
the concentration of the purified plasmid to 5 ng/�L in LoTE.

2. To 6 �L of the purified concatemer solution, add 1 �L SphI-digested pGEM-3Z and
7 �L ligation high solution, and incubate at 16 �C for 4 h. Add 300 �L buffer ERC
and purify using a MinElute Spin Column from the MinElute Reaction Cleanup
kit as described under Subheading 3.8. Elute the plasmid from the column with
10 �L LoTE.

3. Place electrocompetent E. coli cells (ElectroMAX DH10B) on ice. In a microtube on
ice, mix 20 �L competent cell suspension and 1 �L plasmid solution. Transfer the
mixture to a chilled 1-mm-distance electroporation cuvet, and electroporate the cells
using the following conditions: 2.0 kV, 200�•, and 25 �F. Recover electroporated
cells in 1 mL SOC medium, and incubate at 37 �C for 1 h with shaking.

4. Plate transformed cells on LB medium containing ampicillin, IPTG, and X-gal.
Incubate the plates at 37 �C overnight.
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5. Prepare a PCR mixture by mixing 2 �L PCR buffer, 1.8 �L dNTP, 1 �L M13F
primer (20 pmol/�L), 1 �L M13RV primer (20 pmol/�L), and 4.2 �L distilled water
(per PCR tube). Pick a white colony by a toothpick, suspend in 10 �L distilled
water in a PCR tube, and add 10 �L PCR mixture.

6. Amplify plasmid inserts by the following PCR program: 94 �C for 20 s, 30 cycles
each of 55 �C for 40 s and 72 �C for 2.5 min, and 72 �C for 10 min. Run PCR
products on a 1 % TAE agarose gel to estimate the average size of the cloned
concatemers (see Note 20).

7. Purify PCR products and sequence them directly. Analyze sequence data with the
SAGE2000 program for 22-bp tags (excluding the common CATG at the 5′-end
of tags).
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4. Notes
1. Streptavidin-coated magnetic beads supplied from other companies can also be

used. However, biotin-binding capacity of the beads may differ from that of
Promega, so that volume of beads suspension for use should be optimized. For
instance, DynaBeads (Dynal Biotech, Norway), 100 �L suspension, have the same
binding capacity as 1 mL of Promega’s beads.

2. M. Reuter, D. H. Krüger, and co-workers are able to overexpress and purify
EcoP15I enzyme, which has both a higher catalytic activity and stability as
compared to the enzyme available from New England Biolabs, and is therefore
especially suited for SuperSAGE (12).

3. Never use the buffer and other solutions attached to EcoP15I enzyme of New
England Biolabs. Only the buffer system described herein is acceptable for
obtaining sufficient amounts of linker-26 bp tags after EcoP15I digestion.

4. If most of the synthesized cDNA is less than 500 bp, then mRNA might be
degraded. It is wise to prepare a new mRNA sample.

5. Phenol/chloroform extraction in other steps also follows this procedure.
6. If you cannot see any down shift of cDNA sizes after NlaIII digestion, you should

not move on. In such a case, first check the activity of NlaIII, and then confirm
whether double-stranded cDNA is properly synthesized.

7. Magnetic beads washing in other steps also follows this procedure.
8. During washing with 1X B&W or LoTE, tubes should repeatedly be replaced

by new ones. This washing step is important for eliminating unligated linkers
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and linker dimers. When substantial amounts of these molecules remained, they
compete with ditags during PCR reaction and yield of ditag PCR products is
remarkably reduced.

9. Phenol/chloroform extraction at this step eliminates contaminated magnetic beads
from the solution.

10. Unligated linker is 46 bp, and linker dimer 90 bp in length. Mobility of each
fragment is delayed, because the bulky fluorescein isothiocyanate (FITC) is
attached to the end. Sometimes, the linker dimer is not visible. If the intensity
of the 69-bp band (linker-26 bp tag) is faint, while the other two bands are
clearly visible, EcoP15I digestion is inefficient, or the amount of cDNA on
the magnetic beads is too low. If no band is visible, linkers might not be
ligated to cDNA. Any contamination of linker-26 bp tags by unligated linkers
or linker dimers should be avoided when cutting out the fragment from
the gel.

11. In place of KOD DNA polymerase, other DNA polymerases (T4 DNA polymerase
or Klenow fragment) can be used for blunting. When other DNA polymerases
are used, purification of blunt-ended linker-26 bp tag fragments is required before
proceeding to the ligation reaction.

12. When preparing the ditag PCR mixture, care should be taken so that no contam-
ination of previously amplified PCR products occurs. Use separate pipets and
solutions, including water, from those used in the experiments after ditag PCR.
Also, use separate labware and gloves. If ditag amplification is observed in the
blank control lane, all the PCR solutions and tips should be renewed, and pipets
should be irradiated with UV light in the clean bench for 15 min to eliminate
contaminating DNA.

13. If you see intensive amplification of fragments of sizes other than 96 bp even in
20X diluted template, you may dilute further, provided that the 96-bp fragment is
still well amplified.

14. No amplification of ditags should be observed in the negative control as shown
in Fig. 1B. If cross-contamination is observed, discard all the solutions and restart
from the ditag PCR amplification step (Subheading 3.6.).

15. Most of the biotinylated fragments of the linker region (primers) are trapped on
the magnetic beads (13), and the 52-bp fragment is clearly separated from other
fragments on a polyacrylamide gel.

16. Loading too much DNA to the well reduces resolution of PAGE. However, when
separated in too many lanes (more than five lanes), the volume of the resulting gel
slices is increased and recovery of DNA from the gel may be suboptimal.

17. To obtain good quality of concatemers, complete elimination of biotinylated
fragments is essential.

18. The time for partial digestion with NlaIII depends on the amount of concatemer
molecules. If most concatemers are less than 500 bp after partial digestion, or
if DNA is not visible in the polyacrylamide gel, more ditag PCR products
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(corresponding to 50–60 PCR tubes) should be subjected to NlaIII digestion and
concatemer formation.

19. Avoid contamination of the larger concatemers with small fragments when you
cut out the fragments from the gel. Small fragments (<200 bp) are more likely to
be cloned into the vector, even if their amount is low.

20. If many small fragments are amplified (>50 % of clones), return to the ditag PCR
step (Subheading 3.6) and increase the number of tubes for ditag PCR
(50–60 tubes).
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Low-Cost-Medium Throughput Sanger
Dideoxy Sequencing

Kåre Lehmann Nielsen

Summary

Serial analysis of gene expression (SAGE) requires the sequencing of DNA. The principal
cost of SAGE is largely determined by the cost of sequencing. Therefore, it is important to have
access to a robust and affordable sequencing system. Here, we describe such a system based on
the sequencing of amplified inserts of concatemer-containing clones.

Key Words: DNA sequencing; medium throughput; PCR products; concatemers.

1. Introduction
Serial analysis of gene expression (SAGE) and LongSAGE are digital gene

expression profiling methods that relies on the counting of DNA sequences
(1,2). For almost 30 yr, DNA sequencing has almost exclusively been conducted
in accordance with the dideoxy chain-terminating method described by Sanger
(3). Lowering of costs and enormous progress in reliability, speed, and
throughput have been achieved in the last decade, mostly as a result of
the technology developments fueled by the human genome project (4,5).
Today, 3 × 96 DNA sequences of 750 bp (10–15 LongSAGE ditags) are
routinely obtained in an ordinary molecular biology laboratory equipped with a
96-channel capillary DNA sequencer by a single technician per day. However,
in order to capitalize on the remarkable throughput of the DNA sequencer, a
robust, low-cost sequence template preparation pipeline with minimal handling
time is required.

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
Edited by: K. L. Nielsen © Humana Press, Totowa, NJ

71



72 Nielsen

PCR (6,7) products constitute excellent DNA sequencing templates for
several reasons: the DNA fragments are relatively small, they are virtually free
of contaminating DNA, and uniform DNA concentrations can be obtained from
a wide size range of clone inserts, which is important for the processing of
multiple samples. Furthermore, they are relatively cheap, and 96 or even 384
reactions can readily be prepared simultaneously.

2. Materials
2.1. Picking and Propagation of Plasmid-Containing Bacteria

1. Standard toothpicks, autoclaved in beakers.
2. Sterile 96-well microtiter plate (round well) from Greiner-BioOne (Frickenhausen,

Germany).
3. Autoclaved low-salt Luria-Bertani (LB) liquid media, pH 7.2: 10 g/L tryptone, 5 g/L

yeast extract, and 5 g/L NaCl, (Bie og Berntsen, Rødovre, Denmark). Store in the
dark at room temperature.

4. LB plates containing 1.2 % agar (Bie og Berntsen) and appropriate antibiotics with
bacterial colonies containing plasmids for sequencing. Store for a maximum of
7 d at 4 �C.

5. 8- or 12-multichannel pipet from Biohit (Helsinki, Finland).

2.2. Plasmid Mini Prep in 96-Well Plates

1. GTE solution: 50 mM glucose, 25 mM Tris-HCl, pH 8.0, and 10 mM ethylenedi-
amine tetraacetic acid (EDTA). Autoclave and store at room temperature.

2. Lysis solution: 0.2 M NaOH and 1 % (w/v) sodium dodecyl sulfate (SDS). Stock
solutions of 0.4 M NaOH and 2 % (w/v) SDS can be made and stored at room
temperature. Mix 1:1 immediately before use.

3. Neutralization solution: prepare a 5 M potassium acetate, pH 4.8, by slowly adding
KOH pellets to 29.5 mL of glacial acetic acid on ice until the pH is 4.8 (see Note 1).
Add water (see Note 2) to 100 mL. Store at room temperature.

4. 2-propanol (Sigma-Aldrich, St. Louis, MO).
5. 70 % EtOH (De danske spritfabrikker, Aalborg, Denmark)
6. Laboratory tissues.

2.3. Amplification of Plasmid Inserts by PCR

1. Taq polymerase 1 U/�L from Fermentas (Burlington, Ontario, Canada). Store
at −20 �C.

2. Taq reaction buffer (10X): 100 mM Tris-HCl (pH 8.8), 500 mM KCl, 8 %
Nonidet P40.

3. Deoxynucleotides, dATP, dTTP, dGTP, and dCTP (100 mM stock solutions) from
Fermentas. Prepare a mix of all four (final concentration 25 mM of each). Store
at −20 �C.
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4. 25 mM MgCl2. Chemicals for PCR are conveniently stored together at −20 �C.
5. Two vector-specific primers (10 �M). Store at −20 �C.
6. 96-well PCR microtiter plate.

2.4. TAE-Agarose Gel Electrophoresis

1. TAE running and gel buffer (50X): 2 M Tris, 1 M acetic acid, and 50 mM EDTA,
pH 7.6–7.8. Store at room temperature.

2. SeaKem GTG agarose (Cambrex, East Rutherford, NJ). Stored dry at room
temperature.

3. Gel casting and running apparatus Mini-Sub Cell GT from Biorad (Hercules, CA).
4. EtBr solution: 10 g/L ethidium bromide (Sigma-Aldrich) in water. Store at 4 �C.
5. TAE loading buffer (5X): 0.2 M Tris, 0.1 M acetic acid, 5 mM EDTA in 50 %

glycerol. Store at 4 �C.
6. DNA size markers: 1 kb GeneRuler™ (Fermentas). Store at 4 �C.

2.5. ExoSAP Digestion of PCR Product

1. Shrimp alkaline phosphatase (1 U/�l) from Fermentas.
2. SAP buffer (10X): 0.1 M Tris-HCl, pH 7.5, 0.1 M MgCl2, and 1 mg/mL bovine

serum albumin (Fermentas). Store at −20 �C or 4 �C.
3. Exonuclease I (20 U/�L) from Fermentas. Store at −20 �C.

2.6. DNA Cycle Sequencing Protocol

1. 40 �M sequencing primer (see Note 3).
2. DYEnamic ET terminator mix (GE-healthcare, Chalfont St. Giles, UK) (see Note 4)
3. 96-well PCR microtiter plate.

2.7. Purification of the Sequencing Reaction by Gel Filtration

1. Millipore (MAHV-N45) filter plate (see Note 5)
2. Sephadex G-50 fine dry powder (GE-Healtcare). Store at room temperature.
3. Filter plate loading device (GE-Healtcare).
4. 96-well PCR microtiter plate.
5. Alignment rings (GE-Healtcare)
6. Homemade alignment ring.
7. Centrifuge for microtiter plates.

3. Methods
Most DNA sequencing failure is caused by insufficient quality or inappro-

priate amount of template DNA. Contrary to what most people think, failure in
capillary-based DNA sequencing is more often caused by too much template
DNA rather than too little. In fact, a single microliter of a reasonable
PCR product (50–100 ng) usually provides the best results. Therefore, when
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designing the present reaction setup, more value was attributed to consistency,
reliability, and minimal handling than to maximum yield. Using this protocol,
we usually process four 96-well plates in parallel and routinely obtain a satis-
factory DNA sequence from 74 % of clones picked.

3.1. Picking and Propagation of Plasmid-Containing Bacteria

1. Add 150 �L LB agar containing 100 �g/�L Zeocin (see Note 6).
2. From agar plates containing bacterial colonies, pick all colonies into the low-salt

LB-Zeocin-containing microtiter plate, one colony in each well (see Note 7).
3. Seal the plate and leave in a 37 �C incubator overnight. Alternatively, incubate in

the dark at room temperature for 2 d (or a weekend) (see Note 8).

3.2. Plasmid Mini Prep in 96-Well Plates

1. Spin the culture plates for 5 min at 900g in a microtiter plate-compatible centrifuge.
2. Discard supernatant by inverting the plate (see Note 9). Wipe off the plate with a

tissue while still inverted.
3. Using a multichannel pipet, add 50 �L of GTE solution, seal the plate, and vortex

for 20 s. Spin the plate for 10 s at 900g to collect the reaction at the bottom of the
well (see Note 10). Remove the seal (see Note 11).

4. To lyse the bacteria, add 100 �L lysis solution to all wells. Mixing is not necessary
at this step.

5. To precipitate most of the proteins, the genomic DNA and cell debris, add 50 �L
of neutralization solution to all wells. A big white precipitate will form. Spin for
15 min at 900g and transfer 100 �L of the clear supernatant to a new plate (see
Note 12).

6. To precipitate the polynucleic acids from the 100 �L of supernatant, add 75 �L
2-propanol, and incubate at −20 �C for 30 min (see Note 13).

7. Centrifuge at 900g for 15 min and discard the supernatant by inverting the plate.
Wipe off the inverted plate. The precipitate is now visible as a faint smear all over
the bottom of the well.

8. Carefully add 150 �L of 70 % ethanol slowly down the side of the wells. Discard
the supernatant by inverting the plate and add another 150 �L of 70 % ethanol
(see Note 14). Discard the supernatant by inverting the plate and wipe off the
inverted plate carefully with a tissue. Leave the plate on the bench top for 10 min
to evaporate residual ethanol.

9. To dissolve the DNA, add 100 �L of water to each well, seal the plate
and vortex for 20 s. Leave it at room temperature for 15 min and vortex for
another 20 s. Spin briefly at 900g for 10 s to collect the reaction in the bottom
of the wells. The plasmid mini preps can be used immediately or stored
at −20 �C.
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3.3. Amplification of Plasmid Inserts by PCR

1. Set up the thermocycler with the following profile: after initial denaturation at 94 �C
for 3 min, 25 cycles of 94 �C for 30 s, 53 �C for 30 s, and 72 �C for 105 s should be
followed by 7 min at 72 �C.

2. To each well of a 96-well PCR plate, add 10 �L of water and then 2.5 �L of the
plasmid mini preps from under Subheading 3.2. (see Note 15).

3. Prepare a mastermix for 96 PCR reactions by combining on ice in the following
order: 570 �L water, 250 �L Taq buffer (10X), 25 �L dNTP mix, 50 �L of each
primer, 300 �L of MgCl2, and 30 �L of Taq polymerase. Mix gently (see Note 16).
Add 12.5 �L to each well and seal the plate (see Note 17).

4. Allow the thermocycler to preheat to 75 �C before inserting the plate into the
thermocycler.

5. Analyze 2 �L on a TAE agarose gel (see Note 18).

3.4. TAE-Agarose Gel Electrophoresis

1. Mix 0.5 g agarose (for a 1 % gel) with 49 mL of water and 1 mLof 50X TAE. Melt
agarose in microwave (see note 19) and add 2 �L of EtBr.

2. Seal a gel casting form with tape (see Note 20), pour the melted agarose into the
form, and insert a comb. Leave on the bench top until hardened.

3. Remove comb and insert in horizontal gel apparatus and submerge in 1X TAE
buffer (see Note 21).

4. Mix the sample with one-fifth volume of 5X loading buffer and load into wells.
Include a suitable DNA size marker (see Fig. 1).

5. Electrophorese at 10 V/cm until the bromphenol blue is about half the distance of
the gel (see Note 22).

6. Visualize DNA bands by exposure to ultraviolet light.

Figure 2 shows a typical sequencing electropherogram from templates
prepared as described.

Fig. 1. PCR products suitable for DNA sequencing. Lanes 1 and 15, 1-kb DNA size
marker. Lanes 2–13, 2- �L PCR product from long-serial analysis of gene expression
concatemer containing pZErO-1 plasmid preparations. Lane 14, negative control (no
template).
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Fig. 2. Typical sequence sequencing electropherogram from templates prepared as
described.
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3.5. ExoSAP Digestion of PCR Product

1. Prepare a digestion mix for 96 samples by combining on ice 202 �L of water,
268 SAP buffer (10X), and 32 �L of shrimp alkaline phosphatase and 32 �L of
exonuclease I.

2. To digest excess primers and triphosphate nucleotides from the PCR reactions, add
5 �L of digestion mix to each well. Incubate at 37 �C for 1 h followed by 80 �C for
20 min (see Note 23).

3. Spin 10 s at 900g to collect any condensation into the bottom of the wells.

3.6. DNA Cycle Sequencing Protocol

1. Set up the thermocycler with the following profile: 25 cycles of 94 �C for 20 s,
57 �C for 15 s, and 60 �C for 1 min followed by 5 min at 60 �C (see Note 24).

2. Assemble the sequencing reaction by adding 6 �L of water and 1 �L of PCR product
from under Subheading 3.5. to each well of a microtiter PCR plate (see Note 25).

3. In a separate tube, add 51 �L of a single sequencing primer to 510 �L of DYEnamic
ET terminator mix. Add 5 �L to each well of the microtiter plate (see Note 26).

4. Insert into the thermocycler and run the program in step 1.

3.7. Purification of the Sequencing Reaction by Gel Filtration

Salts and unincorporated dye terminators must be removed prior to injection
into the capillary sequencer. Excess salts will disturb the electrokinetic injection
process and excess label will result in “dye blobs” in the electropherogram,
decreasing read length (see Note 27).

1. Fill a filter plate with dry Sephadex G-50 fine using a special loading device (GE-
Healthcare) to ensure equal amounts of G50 is loaded into each well (see Note 28).
Add 300 �L of water to each well, put a lid on the plate, place the plate in a plastic
bag, and let the matrix swell at room temperature for at least 1 h (or overnight at
4 �C) (see Note 29).

2. Put the swelled filter plate (with the lid on) on top of a regular 96-well microtiter
plate, using the alignment ring to fix them together. Spin the assembly for 5 min at
900g. Discard the flow-through from the lower plate. Add another 150 �L of water
to each well and put the lid on. Place it on top of the microtiter plate using the
alignment ring and spin for another 5 minutes at 900g. Discard the flow-through.

3. Place the filterplate on top of a PCR plate that is compatible with the MegaBace
loading dock using an appropriate alignment ring (see Note 30). Immediately, add
the sequencing reactions to the wells containing the G-50 matrix. Be careful to add
them in the center of the matrix in each well without disturbing the matrix (see
Note 31). Put the lid on the filter plate, tape the assembly together, and spin at
900g for 5 min.

4. Disassemble the plates and add 10 �L of water to the approx 8 �L of purified
sequencing reaction in each well of the lower PCR plate (see Note 32). Spin the
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plate briefly for 10 s to remove any bubbles; the plate is now ready for loading into
the MegaBace (see Note 33).

5. Discard the used G-50, rinse the filter plate thoroughly with water, leave to dry on
the bench top overnight, and reuse.

4. Notes
1. Be careful when preparing the neutralization solution. The acid–base reaction

liberates a substantial amount of heat, which will cause the solution to boil if not
prepared slowly on ice.

2. Unless stated otherwise, all solutions should be prepared in water that has a
resistivity of 18 M�/cm and an organic content of less than five parts per billion.
However, for small volume solutions up to 10 mL, molecular biology-grade water
from AppliChem can be used to ensure reproducibility even when the local water
systems fail.

3. Not all primers work equally well as sequencing primers, and some protocols
recommend the use of a primer different from the two used to amplify the
product. We have observed no problems, however, with using the same primers
as for the amplification. We use the following primers, which are found in
many cloning vectors: M13-21 (5′-GTAAAACGACGGCCAG-3′), M13 rev (5′-
GCAGGAAACAGCTATGAC-3′), T7 (5′-TAATACGACTCACTATAGGG-3′),
and T7rev (5′-GCTAGTTATTGCTCAGCGG-3′).

4. We are using a MegaBace 1000 DNA sequencer and thus are using the GE-
Healthcare sequencing chemistry.

5. The filter plates are quite expensive. However, if rinsed in water and left to
dry, they can be recycled at least 25 times without significant carryover of DNA
sequence signal.

6. The pZErO-1 vector used for cloning of SAGE concatemers confers resistance to
Zeocin. If others vectors are used, adjust the antibiotics accordingly.

7. To keep track of the picking process, leave the toothpick in the well until an entire
row in the plate is completed.

8. Do not shake the plate. The seal will leak and the cultures will contaminate each
other. A sufficient amount of bacteria is obtained without shaking.

9. Inversion of the plate must take place immediately after centrifugation ends to
ensure that the bacterial pellets stay in the microtiter plate.

10. The short spin is merely to collect droplets deposited on the seal into the bottom
of the wells. The bacteria should not pellet in this step.

11. Press the plate firmly against the bench top while removing the plate seal in order
to avoid spills and cross contaminations.

12. Try to avoid getting any precipitate into the new plate. A small amount of precip-
itate, however, does not influence the result.

13. If using cold 2-propanol (−20 �C), no incubation time is necessary.
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14. It is possible to wash with ethanol without disturbing the precipitate. Alternatively,
the plate can be spun at 2600g for 10 min between each wash.

15. Do not leave the droplet at the side of the well, but pipet directly into to the
liquid already in the wells. It is important to have a reasonable amount of liquid
(10 �L) already in the wells to consistently and reliably transfer 2.5 �L using a
multichannel pipet.

16. Do not vortex the solution; intracellular enzymes are easily inactivated by oxidation
of cysteine residues. Instead, mix gently by pipetting up and down three times
with a 1-mL pipet, set at 500 �L, avoiding bubbles.

17. Complete sealing of the plate is, of course, necessary in order to avoid loss of the
samples due to evaporation. We find silicone mats from Greiner very convenient
for this purpose. We recycle them by submerging them in 1 M NaOH for at least
1 h and subsequently rinsing them with water and 70 % ethanol.

18. We routinely run 12 samples from a plate on a 1 % TAE-agarose gel for monitoring
of sequence template quality. When troubleshooting or modifying protocols, we
run all 96 samples.

19. Use a 100-mL bottle for 50 mL gel to avoid boiling over. Put the lid on loosely to
minimize loss by evaporation.

20. Not all types of tape will stay sealed. Autoclave tape works fine and is often at
hand but is the most expensive. Functional, cheaper alternatives can be found.

21. Add just enough buffer to submerge the gel. Too much buffer will only increase
electrophoresis time and buffer consumption.

22. The bromphenol blue dye migrates as approx 400 bp in a 1 % TAE-agarose gel.
23. The reaction is most conveniently carried out in a thermocycler.
24. The optimal annealing temperature (Tann) of the cycle sequencing reaction depends

on the sequence primer used. Optimal Tann tends to be higher than predicted by
melting temperature calculations made by PCR primer design software. However,
the sequence reaction does not seem to be very sensitive to small changes in Tann,
and we are using the same temperature for the four primers listed in materials.

25. It is important not to add too much PCR template to the sequence reaction.
Typically, a sequence reaction will yield acceptable data in the range of 0.2–3 �L
of PCR product.

26. In fact, the volume can be scaled down to 8 �L. But inaccuracy in pipetting
increases and more reactions fail.

27. There are several methods of desalting sequencing products: ethanol precipitation,
binding of biotin-labeled sequencing products to paramagnetic beads, or even
simple dilution. However, we have found that Sephadex G-50 gel filtration works
well and consistently, and by recycling the filter plates, it is not expensive.

28. It is very important that the same amount of G50 is loaded in each well and from
plate to plate. The washing volumes are finely tuned to match the volume of the
gel filtration matrix. If too large a matrix volume is used, unincorporated label
will contaminate the sequencing products and the yield of sequencing products
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will be lowered. If too small a matrix volume is used, the sequencing product will
be eluted in the washing steps.

29. We usually load 25 plates at a time with dry powder and leave them at room
temperature in a plastic bag. Plates that have been swelled should be used the same
day. If plates have been swelled overnight in the cold, they must be incubated at
room temperature for at least 1 h before use.

30. We are using a homemade alignment ring cut from an acryl plate to ensure that
the filter plate is firmly in place on top of the PCR plate.

31. Reliable transfer is most easily achieved by using an eight-channel pipet set at
10–12 �L.

32. Occasionally, we get an uneven amount of eluted sample volume across the plate.
It can often be rectified by rotating the plate assembly 180 � and spinning for
another 5 min at 900g.

33. We use 40 s injection at 3 kV for this type of sample.
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DeepSAGE
Higher Sensitivity and Multiplexing of Samples Using a Simpler
Experimental Protocol

Kåre Lehmann Nielsen

Summary

Combining serial analysis of gene expression (SAGE) with pyrophosphatase-based ultra-high-
throughput DNA sequencing provides increased sensitivity and cost-effective gene expression
profiling. The combined techniques obviate the formation and cloning of concatemers and the
tedious picking and preparation of sequence templates from bacterial clones that are necessary
with SAGE alone. Furthermore, multiplexing of samples or replicates of analysis is included in
the experimental design.

Key Words: Pyrophosphatase DNA sequencing; ditag sequencing; high throughput; deep
sampling.

1. Introduction
Serial analysis of gene expression (SAGE) is a high-throughput method for

global gene expression analysis (1). SAGE is based on two principles: that
a short nucleotide sequence (tag) from a unique position contains sufficient
information to uniquely identify a transcript, and that the tags, in contrast to the
full-length transcripts, can be amplified without altering relative abundances.
Tags are isolated, ligated together, cloned, and sequenced. In a typical sequence
run of 96 samples, approx 1500 tags, and therefore, mRNAs, are detected.
Because of the cost of sequencing, a SAGE study typically encompasses 50,000
tags and provides detailed knowledge of the 2000 most highly expressed genes
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in the tissue analyzed. In practice, however, it has proven difficult to achieve
enough clones of the appropriate insert length (2) to facilitate efficient detection.

Recently, Margulies et al. (3) presented a new ultra-high-throughput DNA
sequencing technology that, instead of isolating DNA sequence templates from
bacteria, used paramagnetic beads and PCR for the binding and clonal ampli-
fication of DNA fragments. Routinely, more than 200,000 DNA sequences
of about 120 nt of which approx 80 nt is of high quality, are obtained. The
fact that a LongSAGE ditag is about 40 nt long called for an integration
of the two technologies based on sequencing of SAGE ditags instead of
concatemers. The resulting method, DeepSAGE, is an experimentally simple
method of tag-based transcript detection that is similar to LongSAGE (4) but
which, in conjunction with emulsion-based amplification and pyrophosphate-
based ultra-high-throughput DNA sequencing (3), allows the detection of more
than 300,000 tags with less effort and cost than LongSAGE. The sample size
increased the ability to reliably detect low-abundance transcripts and replicates,
or multiple samples in a single run.

2. Materials
2.1. Capture of Poly-Adenylated mRNA on Paramagnetic Beads

1. 10–100 �g of high-quality total RNA from any eukaryotic sample.
2. Dynabeads Oligo(dT)25 (Dynal Biotech Asa, Oslo, Norway).
3. Lysis Buffer: 100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM ethylenediamine

tetraacetic acid (EDTA), 1 % lithium dodecyl sulfate, 5 mM dithiothreitol (DTT)
(Invitrogen, Carlsbad, CA). Lysis Buffer can be prepared in advance and stored at
room temperature, if DTT is excluded and added just prior to use.

4. Wash Buffer A: 10 mM Tris-HCl, pH 7.5, 0.15 M LiCl, 1 mM EDTA, 0.1 % lithium
dodecyl sulfate, 10 �g/mL glycogen (Fermentas, Burlington, Canada). Store at
−20 �C.

5. Wash Buffer B: 10 mM Tris-HCl, pH 7.5, 150 mM LiCl, 1 M NaCl, 1 % sodium
dodecyl sulfate (SDS), 10 �g/mL glycogen. Store at −20 �C.

6. 5X First Strand Buffer: 250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2

(Invitrogen). Store at −20 �C.

2.2. On-Bead Complementary DNA Synthesis

1. Diethylpyrocarbonate (DEPC) water. Store at room temperature.
2. dNTP mix, 25 mM each (Fermentas). Store at −20 �C.
3. 5X First Strand Buffer: 250 mM Tris HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2

(Invitrogen).
4. 0.1 M DTT (Invitrogen). Store at −20 �C.
5. SuperScript™ II Reverse Transcriptase (200 U/�L) (Invitrogen). Store at −20 �C.



DeepSAGE 83

6. 5X Second Strand Buffer: 100 mM Tris-HCl, pH 6.9, 450 mM KCl, 23 mM MgCl2,
0.075 mM �-NAD+, 50 mM (NH4)2SO4 (Invitrogen). Store at −20 �C.

7. RNase inhibitor (40 U/�L) (New England Biolabs, Ipswich, MA). Store at −20 �C.
8. Escherichia coli DNA ligase (10 U/�L) (Invitrogen). Store at −20 �C.
9. E. coli DNA polymerase (10 U/�L) (Invitrogen). Store at −20 �C.

10. E. coli RNase H (5 U/�L) (Fermentas). Store at −20 �C.
11. 0.5 M EDTA (Bie & Berntsen A-S, Rødovre, Denmark). Store at room temperature.
12. Wash Buffer C: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1 % SDS,

10 �g/mL glycogen. Store at room temperature.
13. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

bovine serum albumin (BSA) (New England Biolabs). Store at −20 �C.
14. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs). Store at −20 �C.

2.3. Digesting Complementary DNA With the Anchoring
Enzyme (NlaIII)

1. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5. Store at room temperature.
2. 100X BSA (New England Biolabs). Store at −20 �C.
3. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs). Store at −20 �C.
4. NlaIII (10 U/�L) (New England Biolabs). Store at −80 �C.
5. Wash Buffer C: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1 % SDS,

10 �g/mL glycogen. Store at −0 �C.
6. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

BSA. Store at −20 �C.

2.4. Ligating Linkers to Bound Complementary DNA

1. DNA synthesis- and protein sequencing-grade water (hereafter referred to as DNA-
grade water) (AppliChem, Darmstadt, Germany).

2. Linker1 A:
5′-TTT GGA TTT GCT GGT GCA GTA CAA CTA GGC TTA ATA TCC GAC
ATG-3′

Linker1 B:
5′-PO4 TCG GAT ATT AAG CCT AGT TGT ACT GCA CCA GCA AAT CC
(Amino C7)-3′

Linker2 A:
5′-TTT CTG CTC GAA TTC AAG CTT CTA ACG ATG TAC GTC CGA CAT
G-3′

Linker2 B:
5′-PO4 TCG GAC GTA CAT CGT TAG AAG CTT GAA TTC GAG CAG (Amino
C7)-3′
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(TAG Copenhagen, Copenhagen, Denmark). Dissolve linker oligonucleotides in
DNA-grade water to a final concentration of 100 �M and store at −20 �C.

3. 10X T4 DNA Ligase Buffer: 400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT,
5 mM ATP (Fermentas). Store at −20 �C.

4. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH7.5. Store at room temperature.
5. T4 DNA Ligase (5 U/�L) (Fermentas, Burlington, Canada). Store at −20 �C.
6. Wash Buffer D: 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 200 �g/mL

BSA. Store at −20 �C.

2.5. Releasing SAGE Tags Using MmeI

1. 32 mM S-adenosylmethionine (SAM) (New England Biolabs). Store at −80 �C.
2. DEPC water
3. 10X NEB Buffer 4: 200 mM Tris-acetate, pH 7.9, 100 mM magnesium acetate,

500 mM potassium acetate, 10 mM DTT (New England Biolabs). Store at −20 �C.
4. DNA-grade water (AppliChem, Darmstadt, Germany).
5. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA.
6. MmeI (2 U/mL) (New England Biolabs). Store at −20 �C.
7. Phenol:chloroform:isoamyl alcohol (PCI) (25:24:1) saturated with Tris to pH 8.0.

(Sigma-Aldrich, St. Louis, MO). Store at 5 �C.
8. 7.5 M ammonium acetate (Sigma-Aldrich). Store at room temperature.
9. Glycogen (20 mg/mL). (Fermentas). Store at −20 �C.

10. 100 % ethanol (De Danske Spritfabrikker, Aalborg, Denmark). Store at 5 �C.
11. 70 % ethanol. Store at 5 �C.

2.6. Ditag Formation

1. 3 mM Tris-HCl, pH 7.5.
2. 10X T4 DNA Ligase Buffer (Fermentas). Store at −20 �C.
3. DEPC water.
4. T4 DNA Ligase (5 U/�L) (Fermentas). Store at −20 �C.
5. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH7.5. Store at room temperature.

2.7. Attaching Nucleotide Identification Keys During Amplification
of Ditags

1. Cold DNA-grade water.
2. 10X PCR Buffer: 100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2, 1 %

Triton X-100 (Bie & Berntsen A-S, Rødovre, Denmark). Store at −20 �C.
3. Identification and amplification primer mix: 100 �M of each of the two primers

in DNA-grade water: 5′-GCCTTGCCAGCCCGCTCAGCAAGCTTCTAACGA
TGTACGT-3′ and 5′-GCCTCCCTCGCGCCATCAGAAGTGGTGCAGTACA
ACTAGGCT. The boldfaced three nucleotides are varied from sample to sample.
Store at −20 �C.

4. 25 mM MgCl2 (Fermentas). Store at −20 �C.
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5. dNTP mix, 25 mM each (Fermentas). Store at −20 �C.
6. Taq polymerase (5 U/�L) (Bie & Berntsen A-S, Rødovre, Denmark). Store at

−20 �C.
7. 30 % acrylamide/bis (19:1) (AppliChem). Store at 5 �C.
8. Sterile, autoclaved MilliQ water.
9. 50X TAE Buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA, pH 8.3. Store at room

temperature.
10. N,N,N′,N′-tetramethylethylendiamine (TEMED) (Bie & Berntsen A-S, Rødovre,

Denmark). Store at 5 �C.
11. Ammonium persulfate: prepare 10 % solution in water and store at −20 �C.
12. Molecular weight markers for gel electrophoresis: GeneRuler™ 100-bp DNA

ladder (Fermentas) and 25-bp DNA ladder (Invitrogen), diluted to a final concen-
tration of approx 0.1 �g/�L.

13. Running Buffer (1X TAE Buffer): 40 mM Tris, 20 mM acetic acid, 1 mM EDTA
pH 8.3

14. 6X TAE Loading Buffer: 240 mM Tris, 120 mM acetic acid, 6 mM EDTA pH 8.3,
17 % glycerol, bromophenol blue.

15. Staining solution: 25 mL 1X TAE containing 5 �L ethidium bromide 10 mg/mL
(Sigma-Aldrich).

16. PCI (25:24:1). Store at 5 �C.
17. 7.5 M ammonium acetate. Store at room temperature.
18. Glycogen 20 mg/mL. Store at −20 �C.
19. 100 % ethanol.
20. 70 % ethanol.
21. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5
22. TE: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 7.5
23. 50-mL centrifuge tubes.
24. 10-mL glass pipet for PCI extraction (see Note 1).

2.8. Purifying Ditags

1. 30 % acrylamide/bis (19:1).
2. Sterile, autoclaved MilliQ water.
3. 50X TAE Buffer: 2 M Tris, 1 M acetic acid, 0.05 M EDTA, pH 8.3.
4. TEMED.
5. 10 % ammonium persulfate. Store at −20 �C.
6. Molecular weight markers for gel electrophoresis: GeneRuler 100-bp DNA ladder

and 25-bp DNA ladder, diluted to a final concentration of 0.1 �g/�L.
7. Running Buffer (1X TAE Buffer): 40 mM Tris, 20 mM acetic acid, 1 mM EDTA

pH 8.3.
8. 6X TAE Loading Buffer: 240 mM Tris, 120 mM acetic acid, 6 mM EDTA pH 8.3,

17 % glycerol, bromophenol blue.
9. Staining solution: 25 mL 1X TAE containing 5 �L ethidium bromide 10 mg/mL.
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10. PCI (25:24:1).
11. 7.5 M ammonium acetate.
12. Glycogen 20 mg/mL.
13. 100 % ethanol.
14. 70 % ethanol.
15. LoTE: 3 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, pH 7.5.
16. Spin-X® tubes (Corning Costar Inc., NY).

3. Methods
The method described here produces ample ditag DNA molecules to

serve as template DNA for pyrophosphatase-based sequencing by 454-Life
Science Corp.

3.1. Capture of Poly-Adenylated mRNA on Paramagnetic Beads

1. Thoroughly resuspend the Oligo(dT)25 beads and transfer 100 �L to an RNase-
free 1.5-mL tube. Place the tube on a magnetic stand for 1–2 min, and discard
supernatant using a pipet.

2. Wash Oligo(dT)25 beads by resuspending them in 500 �L of Lysis Buffer. Place
the tube in a magnetic stand, but do not remove the supernatant yet.

3. Combine10–50 �g of total RNA (see Note 2) with Lysis Buffer to a final volume of
1 mL. Carefully remove the supernatant from Oligo(dT)25 beads, and immediately
add the RNA sample. Incubate the beads and RNA sample by on a rocking platform
for 30 min at room temperature.

4. Carefully remove and discard the supernatant from the washed beads, and wash
twice with 1 mL Wash Buffer A by placing the tube on magnetic stand for 1–2 min
and removing the supernatant between washes. Wash with 1 mL Wash Buffer B
and four times with 100 �L 1X First Strand Buffer. After the fourth wash, do not
remove supernatant (see Note 3).

3.2. On-Bead Complementary DNA Synthesis

1. Prepare the first strand complementary DNA (cDNA) reaction mix by combining
the following reagents on ice: 18 �L 5X First Strand Buffer, 1 �L RNase inhibitor,
57.2 �L DEPC water, 9 �L 0.1 M DTT, and 1.8 �L dNTP mix.

2. Remove the supernatant from the Oligo(dT)25 beads and resuspend the beads
containing mRNA in the first strand cDNA reaction mix. Mix gently by flicking
the tube with a finger. Store the tube at 37 �C for 2 min to equilibrate the reagents.
Add 3 �L reverse transcriptase. Mix gently and incubate at 37–42 �C for 1 h. Keep
the beads suspended by flicking the tube every 5 min.

3. Place the reaction on ice for 2 min, and add the second strand synthesis reagents
in the following order to the tube: 474 �L DEPC water, 150 �L 5X Second Strand
Buffer, 6 �L dNTP mix, 5 �L E. coli DNA ligase, 20 �L E. coli DNA polymerase,
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2 �L E. coli RNase H. Mix contents by vortexing, and centrifuge the tube briefly
(a few seconds at low speed) in a benchtop centrifuge. Incubate the reaction mixture
at 16 �C for 2 h, flicking the tube every 5 min to keep the beads suspended.

4. Preheat Wash Buffer C to 75 �C.
5. Place the reaction tube on ice and add 45 �L 0.5 M EDTA to stop the reaction.

Place the tube on a magnetic stand for 1–2 min and carefully remove supernatant
(see Note 4). Add 750 �L warm Wash Buffer C to inactivate the E. coli DNA
polymerase. Mix well and heat the sample to 75 �C for 10 min with intermittent
mixing to completely inactivate the polymerase. Place the tube on magnetic stand
for 1–2 min. and remove supernatant. Wash again with 750 �L Wash Buffer C.
Perform the wash quickly to prevent precipitation of SDS, which may trap the beads.

6. Wash sample three times with 750 �L Wash Buffer D and suspend the beads in
750 �L Wash Buffer D. Place the tube on magnetic stand for 1–2 min and carefully
remove supernatant.

7. Add 200 �L 1X Buffer 4 to the tube and gently resuspend the beads. Transfer the
contents of the tube to a new tube to avoid any traces of exonuclease activity from
E. coli DNA polymerase. Wash the old tube with 200 �L 1X Buffer 4 and transfer
the wash to the tube containing the reaction mix. Place tube on magnetic stand for
1–2 min and remove supernatant.

8. Wash the beads once with 200 �L 1X Buffer 4.

3.3. Cleavage of cDNA With the Anchoring Enzyme (NlaIII)

1. Remove supernatant and resuspend beads in 172 �L LoTE, 2 �L 100X BSA, 20 �L
10X Buffer 4, 6 �L NlaIII. Incubate for or 1 h at 37 �C. Mix occasionally by flicking
the tube. Equilibrate Wash Buffer C to 37 �C to prevent SDS precipitation.

2. After the reaction is complete, place the tube containing the beads on a magnetic
stand for 1–2 min and carefully remove and discard the supernatant.

3. Inactivate NlaIII by washing the tube twice with 750 �L warm Wash Buffer C and
wash three times with 750 �L Wash Buffer D.

4. Proceed immediately to ligating linkers to bound cDNA.

3.4. Ligating Linkers to Bound cDNA

Prior to use, the linker oligonucleotides are hybridized and purified by gel
electrophoresis to obtain Adaptor A and Adaptor B. The Adaptors are stored
at −20 �C in aliquots for single use.

1. Mix the following in two separate tubes: 17 �L Linker1 A, 17 �L Linker1 B,
and 4 �L 10X polynucleotide kinase buffer (Adaptor A); 17 �L Linker2 A, 17 �L
Linker2 B, and 4 �L 10X polynucleotide kinase buffer (Adaptor B). Place the two
tubes in 100 mL boiling water, and incubate at room temperature for 1 h.

2. Load the two LS Adaptor ligation mixes onto a 10 × 8 cm × 0.75 mm 15 % polyacry-
lamide gel (comb with 10 lanes) alongside a 25-bp DNA ladder. Conduct gel
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electrophoresis in 1X TAE running buffer at 120 V for 1 h. Stain gel in 25 mL 1X
TAE running buffer containing 5 �L ethidium bromide for 5 min at room temper-
ature and visualize DNA by exposure to ultraviolet (UV) light.

3. Isolate 40-bp bands for LS Adaptors A and B using a clean scalpel. Transfer gel
pieces to two 0.5-mL Eppendorf tubes that have been punctured at the bottom by
a 16-G needle. Insert the small tubes into 1.5-mL Eppendorf tubes and centrifuge
at maximum speed in a benchtop centrifuge for 30–60 s. The gel pieces are forced
through the small hole and crushed to bits in the process.

4. Add 375 �L LoTE and 125 �L 7.5 M ammonium acetate to the crushed gel in each
tube. Mix by vortexing and elute adaptors by incubation over night at 4 �C. Transfer
all of the contents to 2-mL Spin-X filter tubes and centrifuge at maximum speed in
a benchtop centrifuge for 30 s. Add 2 �L glycogen and 1500 �L 100 % ethanol to
each tube and vortex briefly. Store tube at −80 �C (or better, on dry ice) for 30 min,
centrifuge at maximum speed in a benchtop centrifuge for 30 min, and remove and
discard supernatant. Wash pellets in 1 mL 70 % ethanol. Leave tube on the bench
top with the lid open and air-dry pellets for a minimum of 10 min. Resuspend
each pellet in 100 �L TE and determine LS Adaptor concentration by absorption at
260 nm.

5. To ligate adaptors to immobilized cDNA, place tube with beads on magnetic stand
for 1–2 min and carefully remove supernatant. Wash the cDNA containing beads
twice with 150 �L of 1X T4 DNA Ligase Buffer. After the final wash, resuspend
beads in 100 �L 1X T4 DNA Ligase Buffer and divide the sample into two new
tubes labeled A and B. Be careful to divide the Oligo(dT)25 beads while they are
homogenously suspended.

6. Wash each tube once with 50 �L 1X T4 DNA Ligase Buffer. Resuspend the beads
in 50 �L 1X T4 DNA Ligase Buffer and place the tubes on a magnetic stand
for 1–2 min and carefully remove the supernatant. Transfer the tubes to ice and
immediately add 1 �L LS Adaptor A or B (60 ng/�L), 14.5 �L LoTE, 2 �L 10X T4
DNA Ligase Buffer. Resuspend the beads by flicking each tube and heat at least
2 min at 50 �C. Cool the tube to room temperature for 15 min and place on ice. Add
2 �L T4 DNA Ligase to each tube and mix well. Incubate overnight at 16 �C.

7. The following day, wash each tube three times with 500 �L of Wash Buffer D.

3.5. Releasing SAGE Tags Using MmeI

1. Prepare 10X SAM by adding 1 �L 32 mM SAM to 79 �L DEPC water.
2. Prepare 1X Buffer 4/1X SAM by combining 80 �L 10X Buffer 4, 720 �L DNA-

grade water, and 1 �L 32 mM SAM.
3. Place the two tubes on a magnetic stand for 2 min and remove supernatant. Wash

each tube twice with 200 �L 1X Buffer 4/1X SAM. Carefully remove and discard
the supernatant and place tubes on ice. Add the following to each tube: 70 �L
LoTE, 10 �L 10X Buffer 4, 10 �L 10X SAM, 10 �L MmeI. Incubate tubes at 37 �C
for 2.5 h with occasional gentle mixing.



DeepSAGE 89

4. Place tubes on magnetic stand for 2 min. This time, do not discard the supernatant
(see Note 5). Carefully remove the supernatant from each tube and pool supernatants
in a new tube. Add 100 �L of LoTE to yield a total volume of 300 �L.

5. Add 300 �L PCI (25:24:1) to tube and vortex thoroughly. Centrifuge for 5 min at
room temperature and at maximum speed. Transfer 300 �L of the upper aqueous
phase to a new tube. Transfer 200 �L from this tube to a new tube. The remaining
100 �L are used as a negative control for the ligase reaction (no ligase). Add 100 �L
DEPC water to the no-ligase reaction to yield a final volume of 200 �L.

6. To each tube (200 �L sample and 200 �L negative control), add 133 �L 7.5 M
ammonium acetate, 3 �L glycogen, and 1 mL of 100 % ethanol. Mix vigorously.

7. Store tubes at −80 �C for a minimum of 30 min and centrifuge at maximum speed in
a benchtop centrifuge for 30–40 min at 4 �C. Carefully remove supernatant without
disturbing the pellet from each tube and discard it.

8. Wash each pellet twice with 1 mL of cold 70 % ethanol. After the final wash,
centrifuge each tube again to collect any residual ethanol to the bottom of the tube.
Remove the ethanol using a pipet and leave the tube on the bench top for 5–10 min
with the lid open to remove any traces of ethanol.

9. Resuspend the sample in 4 �l LoTE and the no-ligase control pellet in 2 �L LoTE
and incubate at 37 �C for 10–15 min to ensure solubilization.

3.6. Ditag Formation

1. Prepare 2X ditag reaction in a sterile microcentrifuge tube on ice by combining
1.5 �L 3 mM Tris-HCl, pH 7.5, 0.9 �L 10X T4 DNA Ligase Buffer, 1.1 �L DEPC
water, and 1 �L T4 DNA Ligase.

2. Prepare 2X Negative Control in a sterile microcentrifuge tube on ice by combining
2.25 �L 3 mM Tris-HCl, pH 7.5, 0.75 �L 10X T4 DNA Ligase Buffer, and 0.75 �L
DEPC water.

3. Add 4 �L of 2X Ditag Reaction Mix to the tag solution from above and add 2 �L
of 2X Negative Control Mix to the no-ligase control. Incubate tubes overnight
at 16 �C.

3.7. Attaching Nucleotide Identification Keys During Amplification
of Ditags

To optimize PCR conditions, a test PCR is performed using dilutions of
ditags (1:40, 1:80, 1:160, 1:320, 1:640). Ligated LS Adaptors are used as
positive control (1:40). For negative controls, both a no-template and the no-
ligase control are amplified.

1. For each PCR reaction mix the following on ice: 1 �L template (diluted ditags and
controls), 36.5 �L cold DNA-grade water, 5 �L 10X PCR Buffer, 1 �L LS DTP
primer mix, 5 �L MgCl2, 1 �L dNTP mix, and 0.5 �l Taq polymerase (see Note 6).
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2. Perform PCR according to the following procedure: initial denaturation at 94 �C for
1 min, followed by 28 cycles of denaturation at 94 �C for 30 s, annealing at 53.5 �C
for 1 min, and elongation at 70 �C for 1 min (see Note 7).

3. Load 5 �L of each PCR reaction onto a 10 × 8 cm × 0.75 mm 15 % polyacrylamide
gel (comb with 10 lanes). Conduct gel electrophoresis in 1X TAE running buffer
for 45 min at 100 V and 45 min at 120 V. Stain the gel for 5 min in 25 mL 1X TAE
containing 5 �L ethidium bromide (see Fig. 1).

4. Select the most appropriate ditag dilution and perform 5–10 50-�L PCR reactions
at these conditions. Pool the resulting PCR reactions and place on ice. Analyze
5 �L on a 10 × 8 cm × 0.75 mm 15 % polyacrylamide gel alongside a 25-bp DNA
ladder. Conduct gel electrophoresis in 1X TAE running buffer for 45 min at 100 V
and 45 min at 120 V. Stain the gel for 5 min in 25 mL 1X TAE containing 5 �L
ethidium bromide. Visualize bands by exposure to UV light (see Fig. 2).

5. Store amplified ditags at −40 �C or proceed to Isolation of ditags.

3.8. Purifying Ditags

1. Extract amplified ditags by adding an equal amount of PCI. Vortex well, centrifuge
for 10 min at room temperature, and transfer 400 �L upper aqueous phase to a 2-mL
tube (see Note 8).

2. Add 100 �L 7.5 M ammonium acetate, 5 �L glycogen, and 1250 �L cold 100 %
ethanol. Mix vigorously. Store tubes at −40 �C for a minimum of 30 min or
overnight. Centrifuge at 12,000g for 30 min. Carefully remove and discard super-
natant. Wash pellet twice with 1 mL cold 70 % ethanol. Remove ethanol and air-dry
pellet for 15–20 min.

Fig. 1. Nucleotide identification key-tagged, amplified serial analysis of gene
expression ditags. M, 25-bp DNA marker; NL, no-ligase control reaction. H and D are
ditags derived from mRNA from potato tubers at harvest (H) and 60 d postharvest (D).
Five out of 300 �L PCR product was loaded on the gel.
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Fig. 2. Purified ditags suitable for sequencing. M, 25-bp DNA marker and F, final
pooled ditags from potato tubers after TAE-polyacrylamide gel electrophoresis purifi-
cation. Two microliters out of a total volume of 20 �L was loaded on the gel.

3. Resuspend pellets in 100 �L LoTE, and incubate tubes at 37 �C for 5–10 min to aid
in solubilization. Centrifuge for 5 min at maximum speed. Transfer supernatant to
a new tube.

4. Load the sample in a single lane of a 1.5-mm 12 % TAE-polyacrylamide gel
electrophoresis (PAGE) gel. Conduct gel electrophoresis in 1X TAE running buffer
at 100 V for 90 min. Stain the gel for 5 min in 25 mL1X TAE containing 5 �L
ethidium bromide. Visualize bands by exposure to UV light. Excise 130-bp product
using a clean scalpel.

5. To crush the excised gel piece, place it in a 0.5-mL tube that has been punctured at
the bottom with a 16-G needle. Place that tube in a 1.5-mL tube and centrifuge for
2 min at maximum speed. Elute the DNA by adding 375 �L LoTE and 125 �L 7.5 M
ammonium acetate to the crushed gel in the large tube and incubate overnight at 4 �C.

6. Transfer the entire content to 2-mL Spin-X filter tubes and centrifuge at maximum
speed in a benchtop centrifuge for 30 s. Add 2 �L glycogen and 1500 �L 100 %
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ethanol to each tube and vortex briefly. Store tube at −80 �C (or better, on dry ice)
for 30 min, centrifuge at maximum speed in a benchtop centrifuge for 30 min, and
remove and discard supernatant. Wash pellets in 1 mL 70 % ethanol. Leave tube
on the bench top with the lid open and air-dry pellets for a minimum of 10 min.
Resuspend each pellet in 20 �L TE and estimate concentration, e.g., by absorption
at 260 nm or dot blot (see Note 10), and check the integrity and purity prior to
shipment to 454 Life Science Corporation for sequencing by running of a 12 %
TAE-PAGE (see Fig. 2).

4. Notes
1. Glass pipets are recommended when working with PCI. Many types of plastic are

dissolved in aggressive organic solvents.
2. 50–100 �g of total RNA is preferable. It is imperative that undegraded RNA be

used.
3. It is important that the oligo(dT)25 beads do not dry out.
4. The oligo(dT)25 beads might stick to the tube, so be very careful when removing

the supernatant. After the addition of the 75 �C warm Wash Buffer C, the beads
will no longer stick to the tube.

5. During MmeI digestion, the cDNA is released from the oligo(dT)25 beads.
Therefore, the supernatant contains the tags and must not be discarded.

6. DNA-grade water should be added to each PCR tube followed by the templates.
A PCR Master Mix can be prepared by adding, in the following order, 10X PCR
Buffer; identification and amplification primer mix (175 ng/�L); MgCl2 (25 mM);
dNTP mix (25 mM of each); and Taq polymerase (5 U/�L). Mix by pipetting up
and down twice using a 200-�L pipet. Always keep PCR reaction mix and PCR
tubes on ice.

7. Before placing the PCR reactions in the heat block, preheat it to approx 80 �C.
8. The upper phase contains the ditags.
9. For smaller or larger samples, decrease or increase the amount proportionally.

10. A dot blot can be used to estimate the concentration of the ditag sample. Use 1 �L
ditag sample and make the following dilutions: 1:5, 1:25, and 1:125. Add 1 �L
of stain (1 �L ethidium bromide + 10 mL DNA-grade water) to 4 �L of sample
dilutions and to 4 �L of each standard solution (20 ng DNA, 10 ng DNA, 5 ng
DNA, and 2.5 ng DNA). Pipet 5-�L droplets onto household film, visualize under
UV light, and compare samples with standards.
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High-Resolution, Genome-Wide Mapping of Chromatin
Modifications by GMAT

Tae-Young Roh and Keji Zhao

Summary

One major postgenomic challenge is to characterize the epigenomes that control genome
functions. The epigenomes are mainly defined by the specific association of nonhistone proteins
with chromatin and the covalent modifications of chromatin, including DNA methylation and
posttranslational histone modifications. The in vivo protein-binding and chromatin-modification
patterns can be revealed by the chromatin immunoprecipitation assay (ChIP). By combining the
ChIP assays and the serial analysis of gene expression (SAGE) protocols, we have developed
an unbiased and high-resolution genome-wide mapping technique (GMAT) to determine the
genome-wide protein-targeting and chromatin-modification patterns. GMAT has been success-
fully applied to mapping the target sites of the histone acetyltransferase, Gcn5p, in yeast and to
the discovery of the histone acetylation islands as an epigenetic mark for functional regulatory
elements in the human genome.

Key Words: Chromatin; epigenetics; ChIP; histone; epigenome.

1. Introduction
The expression patterns of eukaryotic genomes are controlled by their

epigenomes mainly on the level of chromatin modifications. The basic structural
unit of chromatin is a nucleosome that is formed by wrapping approx 146 bp
of DNA around a core of eight histone molecules. Various posttranslational
histone modifications regulate gene activity by modifying directly or indirectly
chromatin structure and accessibility (1–3). The patterns of histone modifica-
tions of a specific locus can be determined by chromatin immunoprecipitation

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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(ChIP) assay, which involves stabilization of the histone modifications by
formaldehyde cross-linking and immunoprecipitation of a specifically modified
histone with its associated DNA using antibodies against the specific modifi-
cation. The associated DNA is purified and analyzed by PCR to detect the
presence of a DNA sequence. Large-scale analysis of the ChIP DNA can be
performed on DNA microarrays using the ChIP DNA as probes (ChIP-on-
chip). This method depends on the preselected sequences on the arrays. We
have developed an unbiased method to determine the genome-wide chromatin
modifications of any genomes with known genomic sequences by combining
the ChIP assay with the serial analysis of gene expression (SAGE) protocol
(4–6), which we have named the genome-wide mapping technique (GMAT)
(7). The method is illustrated in Fig. 1. Following cross-linking living cells
with formaldehyde to stabilize the nucleosome and histone tail modifica-
tions, chromatin is fragmented to 300–500 bp by sonication. ChIP assay is
performed to purify the modified histones with bound DNA using specific
antibodies against modified histone tails. After reverse cross-linking, a biotiny-
lated universal linker is ligated to the DNA ends. Treatment with NlaIII enzyme
cleaves the majority of the ChIP DNA. Linkers with the MmeI recognition site
are ligated to the NlaIII-cut DNA ends. Following the LongSAGE protocol,
short DNA sequence tags (approx 21 bp) are isolated by MmeI digestion and
concatemerized to 500- to 1000-bp fragments that are cloned into a sequencing
vector for sequence analysis. Based on the sequence information, the 21-bp tags
are mapped onto the genome, and the detection frequency of a tag represents
the level of the histone modification. GMAT has been successfully applied to
mapping the genome-wide histone acetylation patterns in the yeast and human
genomes (7–8). The distribution of histone H3 acetylation is mapped on yeast
chromosome III and human chromosome 12 as an example (Fig. 2). These
analyses indicate that histones in the promoter regions are highly acetylated in
both yeast and human (Fig. 3). Histone acetylation is an epigenetic mark for
functional chromatin and/or transcription regulatory elements (8).

2. Materials
2.1. Yeast Culture and Chromatin Preparation

1. YPD medium: 1% yeast extract, 2% peptone, 2% dextrose.
2. 37% formaldehyde.
3. 1M glycine.
4. 1X phosphate-buffered saline (PBS): NaCl (9 g/L), Na2HPO4 (0.775 g/L), KH2PO4

(0.165 g/L), pH 7.4.
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Fix living cells with 1% formaldehyde
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Fig. 1. Schematic illustration of the genome-wide mapping technique (GMAT).

5. Lysis buffer : 50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM ethylenediamine
tetraacetic acid (EDTA), 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS), 10 mM Na-butyrate, 1X proteinase inhibitor cocktail,
and 0.1 mM fresh phenylmethylsufonyl fluoride (PMSF).

6. Glass beads (425–600 �m, Acid-washed; Sigma-Aldrich, St. Louis, MO)
7. 1X TE: 10 mM Tris-HCl, pH 7.4, 1 mM EDTA.
8. 10% SDS.
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Fig. 2. Histone acetylation map. Distribution of diacetylated K9/K14 histone H3 on
yeast chromosome III (A) and human chromosome 12 (B,C). The normalized tag count
represents the number of times that a particular tag was detected in the genome-wide
mapping technique library divided by the number of hits of the tag sequence in the
genome.

2.2. Chromatin Immunoprecipitation

1. Radioimmunoprecipitation assay (RIPA) buffer: 1X TE, 0.1% SDS, 0.1% sodium
deoxycholate, and 1.0% Triton X-100.

2. nProtein A Sepharose 4 Fast Flow (GE healthcare Bio-Sciences, Uppsala, Sweden
Pharmacia).

3. Affinity-purified specific antibody.
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Fig. 3. Distribution of tags in the promoter regions and along the gene body region.
Tag distribution was calculated according to the relative distance to ATG start codons
of 6040 yeast genes (A) and to transcription start sites of 21,355 human genes. Tag
density was obtained by normalizing the total number of detected tags to the number
of expected NlaIII sites in a 50-bp window.
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4. 5 M NaCl stock solution.
5. LiCl buffer: 1X TE, 0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate.
6. 20 mg/mL glycogen.
7. 1 M Tris-HCl buffer, pH 8.0 saturated phenol/chloroform (1:1).
8. 3 M sodium acetate, pH 5.2.
9. Ethanol.

2.3. Enzymes and Reagents

1. Proteinase K: 10 mg/mL (Invitrogen, Carlsbad, CA).
2. Klenow enzyme: 5 U/�L, (New England Biolabs, Ipswich, MA).
3. T4 DNA ligase: 400 U/�L, (New England Biolabs, Ipswich, MA).
4. PfuTurbo DNA polymerase: 2.5 U/�L, (Stratagene, La Jolla, CA).
5. NlaIII: 10 U/�L, (New England Biolabs, Ipswich, MA).
6. MmeI: 2 U/�L, (New England Biolabs, Ipswich, MA).
7. Dynabeads M-280 Streptavidin and magnetic stand (Invitrogen, Carlsbad, CA).
8. 7.5 M ammonium acetate
9. Zeocin (Invitrogen, Carlsbad, CA).

10. pZErO-1 plasmid (Invitrogen, Carlsbad, CA).
11. Electromax DH10Bs (Invitrogen, Carlsbad, CA).

2.4. Linker and Primer Sequences

1. Linker WL1: 5′-[biotin]GCGGTGACCCGGGAGATCTGAATTC-3′ (polyacry-
lamide gel electrophoresis [PAGE]-purified).

2. Linker WL2: 5′-GAATTCAGATC-3′ (PAGE-purified).
3. Linker 1A: 5′-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATATCCGA

CATG-3′(PAGE-purified).
4. Linker 1B: 5′-TCGGATATTAAGCCTAGTTGTACTGCACCAGCAAATCC

[aminomod.C7]-3′(PAGE-purified).
5. Linker 2A: 5′-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGTCCGAC

ATG-3′(PAGE-purified).
6. Linker 2B: 5′-TCGGACGTACATCGTTAGAAGCTTGAATTCGAGC-AG[amino

mod.C7]-3′(PAGE-purified).
7. Primer 1: 5′-[dual biotin]GTGCTCGTGGGATTTGCTGGTGCAGTACA-3′

(PAGE-purified).
8. Primer 2: 5′-[dual biotin]GAGCTCGTGCTGCTCGAATTCAAGCTTCT-3′

(PAGE-purified).

2.5. Data Analysis

1. SAGE2000 software ver.4.5 (from www.sage.org).
2. Microsoft Access or other compatible database program.
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3. Methods
3.1. Preparation of Yeast Chromatin

1. Grow 200 mL of yeast in YPD medium at 30 �C until the optical density (OD) at
600 nm reaches about 1.0.

2. Add 5.4 mL of 37 % formaldehyde to a final concentration of 1 % and incubate
for 15 min at room temperature. To stop the reaction, add 15 mL of 1 M glycine
and continue the incubation for 5 min at room temperature.

3. Harvest the cells by centrifugation at 1600g for 3 min at 4 �C.
4. Wash the pellet twice with 20 mL of 1X PBS.
5. Resuspend the pellets in 4 mL of Lysis buffer.
6. Break the cells with 2 mL of glass beads by vigorous vortexing for 10 min.
7. Remove the cell debris and glass beads by centrifugation at 1600g for 3 min

at 4 �C.
8. Dispense the lysates equally into two 15-mL plastic centrifuge tubes.
9. Shear chromatin by sonication with 10 30-s pulses at the maximum setting with

30-s intervals in an ice-water bath (see Note 1).
10. Centrifuge at full speed for 10 min at 4 �C in a microcentrifuge. Store the super-

natant in 1-mL aliquots at −80 �C.
11. To determine the average size and concentration of chromatin, add 150 �L

of 1X TE, 5 �L of 10 % SDS, and 10 �L of 10 mg/mL proteinase K to
50 �L of the chromatin solution and incubate overnight at 65 �C. Purify the
DNA by phenol/chloroform extraction (twice) and ethanol precipitation (see
Note 2).

3.2. Chromatin Immunoprecipitation

1. To a 15-mL centrifuge tube, add 8 mL of RIPA buffer containing 140 mM NaCl
and 400 �L of protein A sepharose beads (bed volume), and 1 mL (approx0.2 mg)
of the chromatin lysate (see Note 3).

2. Incubate the mixture at 4 �C with rotation for 1 h.
3. Centrifuge at 1000g for 3 min at 4 �C.
4. Transfer the chromatin supernatant to a new tube containing 50 �L of fresh protein

A sepharose beads (bed volume). Add 5 �g of the affinity-purified anti-acetylated
histone H3 antibody. Incubate overnight at 4 �C with rotation (see Note 4).

5. Centrifuge at 1000g for 3 min at 4 �C. Discard the supernatant. Wash beads twice
with 5 mL of RIPA buffer containing 140 mM NaCl by rotating for 10 min at room
temperature.

6. Centrifuge as in step 5. Wash beads twice with 5 mL of RIPA buffer containing
300 mM NaCl by rotating for 10 min at room temperature.

7. Centrifuge as in step 5. Wash beads twice with 5 mL of LiCl buffer by rotating
for 10 min at room temperature.



102 Roh and Zhao

8. Centrifuge as in step 5. Wash beads twice with 5 mL of 1X TE by rotating for
10 min at room temperature.

9. Resuspend beads in 200 �L of 1X TE. Add 5 �L of 10 % SDS, and 10 �L of
10 mg/mL proteinase K and incubate overnight at 65 �C. Also treat 100 �L of the
input chromatin in the same way.

10. Centrifuge for 10 s in a microcentrifuge. Transfer the supernatant to a new
Eppendorf tube. Wash the beads with 100 �L of 1X TE. Centrifuge and combine
the supernatants.

11. Extract with phenol/chloroform twice.
12. Precipitate the DNA with 1 �L of 20 mg/mL glycogen (carrier), 30 �L of 3 M

sodium acetate, pH 5.2 and 700 �L of ethanol.
13. Wash pellet with once 70 % ethanol, air-dry briefly, and resuspend DNA in 20 �L

of 1X TE.

3.3. Klenow Treatment and Linker Ligation

1. To 13 �L of DNA, add 3 �L of 1 mM dNTPs, 2 �L of 10X Klenow buffer
(100 mM Tris-HCl, pH 7.5; 50 mM MgCl2; 75 mM dithiothreitol [DTT]),
and 2 �L of Klenow enzyme (10 U). Incubate the mixture at 37 �C for
20 min.

2. Stop the reaction by adding 80 �L of 1X TE. Extract with phenol/chloroform.
Precipitate the DNA by adding 10 �L of 3 M sodium acetate, pH 5.2, 1 �L of
20 mg/mL glycogen, and 250 �L of ethanol.

3. Wash the pellet with 70 % ethanol.
4. Air-dry briefly and resuspend the DNA in 19 �L of 1X TE.
5. Anneal the 5’-biotinylated WL1 and nonbiotinylated WL2: mix 20 �L of 40 �M

WL1, 20 �L of 40 �M WL2, 55 �L of H2O, and 5 �L of 10X NEB buffer 2. Heat
at 95 �C for 5 min, then cool down to 4 �C slowly (about 2 h). Store the mixture
at −20 �C (final concentration: 8 �M).

6. Add 5 �L of 10X T4 DNA ligase buffer (500 mM Tris-HCl, pH 7.5; 100 mM
MgCl2; 100 mM DTT; 250 �g/mL bovine serum albumin [BSA]), 5 �L of the
annealed WL1(biotin)+WL2, 19 �L of H2O, and 2 �L of T4 DNA ligase
(400 U/�L) to the 19 �L of DNA from step 4.

7. Incubate at 14 �C for 16 h.
8. Purify the DNA by phenol/chloroform extraction and ethanol precipitation.
9. Resuspend the DNA in 10 �L of 1X TE.

10. Amplify the ligated DNA: mix 8 �L of DNA, 5 �L of 10X Pfu buffer, 5 �L
of 1 mM dNTPs, 5 �L of 10 �M biotinylated WL1, 26 �L of H2O, and 1 �L of
2.5 U/�L Pfu enzyme. Incubate the reaction mixture at 74 �C for 10 min (see
Note 5). Then, perform 15 cycles of the following: 94 �C, 30 s; 58 �C, 30 s; 74 �C,
45 s (see Note 6).

11. Purify the amplified DNA (about 3 �g) by phenol/chloroform extraction and
ethanol precipitation. Resuspend the DNA in 30 �L of 1X TE.
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3.4. NlaIII Digestion and MmeI Linker Ligation

1. Mix the following: 25.6 �L of DNA, 3 �L of 10X NlaIII buffer, 0.4 �L of 100X
BSA, 1 �L of NlaIII (10 U).

2. Incubate at 37 �C for 2 h.
3. Add 70 �L of 1X TE, extract with equal volume of phenol/chloroform, and precip-

itate with ethanol.
4. Wash with 70 % ethanol, air-dry briefly, and resuspend the DNA in 8 �L of 1X

TE and 50 �L of H2O.
5. Add 8 �L of 10X T4 DNA ligase buffer to the 58 �L of DNA and dispense the

DNA into two tubes (tube 1 and tube 2, 33 �L each).
6. Anneal Linker 1A and Linker 2A to their complementary Linker 1B and Linker

2B, respectively, as following. Mix 20 �L of 40 �M Linker 1A (or Linker
2A), 20 �L of 40 �M Linker 1B (or Linker 2B), 55 �L of H2O, and 5 �L of
10X NEB buffer 2. Heat at 95 �C for 5 min, then cool down to 4 �C slowly
(about 2 h). Store the mixture at −20 �C (final concentration: 8 �M) (see
Note 78).

7. Add 5 �L of 8 �M annealed Linker 1 to tube 1 and 5 �L of 8 �M annealed Linker
2 to tube 2 and heat the tubes at 50 �C for 2 min.

8. Incubate at room temperature for 10 min.
9. Add 2 �L of T4 DNA ligase to each tube.

10. Incubate at 16 �C overnight.
11. Combine the ligation mixture and purify the DNA by phenol/chloroform extraction

and ethanol precipitation.

3.5. Binding to Streptavidin Beads and MmeI Digestion

1. Resuspend the DNA in 20 �L of 1X TE.
2. Add 100 �L of Dynabeads M-280 Streptavidin slurry to a new Eppendorf tube

and use a magnetic stand to remove supernatant.
3. Wash the beads with 200 �L of binding buffer (1X TE, 1 M NaCl).
4. Add 100 �L of the binding buffer and 20 �L of the DNA to the beads.
5. Incubate for 15 min at room temperature with occasional mixing.
6. Discard the supernatant and wash beads twice with 200 �L of the binding buffer.
7. Wash beads once with 200 �L of 1X TE.
8. Immediately digest bead-bound DNA by adding 86 �L of 1X TE, 158 �L of H2O,

30 �L of 10X MmeI buffer, 3 �L of 5 mM S-adenosylmethionine (SAM), 3 �L of
100X BSA, and 20 �L of MmeI (2 U/�L).

9. Incubate at 37 �C for 3 h with occasional mixing.
10. Collect the supernatant and purify the DNA by phenol/chloroform extraction.
11. Precipitate the DNA with 2 �L of 20 mg/mL glycogen, 30 �L of 3 M sodium

acetate, pH 5.2, and 825 �L of ethanol. Incubate in dry ice for 10 min. Centrifuge
for 15 min at 4 �C in a microcentrifuge.

12. Wash the pellet once with 70 % ethanol.
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13. Resuspend the DNA in 9 �L of 1X ligase buffer and add 1 �L of T4 DNA ligase.
14. Incubate at 16 �C overnight.

3.6. PCR Amplification of Ditags

1. Add 90 �L of 1X TE to the 10 �L of ligation mixture.
2. Prepare the following PCR mixture: 100 �L of 10X Pfu buffer, 100 �L of 1 mM

dNTPs, 50 �L of dimethylsulfoxide (DMSO), 35 �L of 10 �M primer 1, 35 �L of
10 �M primer 2, 640 �L of H2O, 20 �L of ligation mixture, 20 �L of 2.5 U/�L pfu
enzyme. Aliquot 50 �L of reaction mixture to each tube.

3. Incubate the reaction mixture at 74 �C for 10 min (see Note 5)
4. Run 25 cycles as follows: 94 �C, 20 s; 55 �C, 30 s; 74 �C, 40 s. Finally, incubate for

5 min at 74 �C.
5. Pool reactions into three tubes (330 �L each) and purify the DNA by

phenol/chloroform extraction.
6. Precipitate the DNA by adding 33 �L of 3 M sodium acetate and 800 �L of ethanol.

Incubate for 5 min in dry ice. Centrifuge for 15 min at 4 �C.
7. Wash twice with 70 % ethanol.
8. Resuspend the DNA in 350 �L of 1X TE.

3.7. NlaIII Digestion and Isolation of Ditags

1. Mix 320 �L of DNA, 40 �L of 10X NlaIII buffer, 4 �L of 100X BSA, and 40 �L
of NlaIII (10 U/�L)

2. Incubate for 2 h at 37 �C. Stop the reaction by adding 400 �L of 1X TE containing
2 M NaCl.

3. Prepare four tubes labeled with A through E. Add 0.1 mL (1 mg) of Streptavidin
beads (Dynabeads M-280) to Tube A, and 20 �L (0.2 mg) of Dynabeads M280 to
B, C, D, and E, respectively.

4. Remove supernatant by magnet and resuspend the beads in 200 �L of wash buffer
(1X TE containing 1 M NaCl and 1X BSA).

5. Remove the wash buffer from A and then add the 800 �L of reaction mix to the
beads.

6. Mix at room temperature for 15 min.
7. Remove the wash buffer from B and then transfer the supernatant from A to B

and mix for 10 min.
8. Remove the wash buffer from C and then transfer the supernatant from B to C

and mix for 10 min.
9. Remove the wash buffer from D and then transfer the supernatant from C to D

and mix for 10 min.
10. Remove the wash buffer from E and then transfer the supernatant from D to E

and mix for 10 min.
11. Collect the supernatant from E and dispense to four tubes (200 �L each).
12. Extract with equal volume of phenol/chloroform.
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13. To the 200 �L of DNA, add 66 �L of 7.5 M ammonium acetate, 2 �L of 20 mg/mL
glycogen, and 825 �L of ethanol.

14. Place in dry ice for 10 min and spin for 15 min at 4 �C.
15. Wash pellets with ice-cold 75 % ethanol.
16. Resuspend the pellets in 30 �L of 1X TE and add 10 �L of 5X BPB loading buffer

(1X TAE).
17. Load 6 �L per lane onto a 12 % polyacrylamide gel (7 cm × 8 cm × 1 mm, 15

wells).
18. Run the gel at 100 V for 1 h until the BPB is at the bottom. Use �X174/HinfI

DNA as a size marker.
19. Stain the gel in 50 mL of H2O containing 0.5 �g/mL ethidium bromide for 2 min.
20. Cut out the band at around 38 bp, which is close to the 40-/42-bp doublets in the

marker DNA.
21. Put the gel slices into two 0.5-mL tubes with a 21-G needle hole at the bottom.
22. Put the 0.5-mL tube in a 2-mL microcentrifuge tube and spin at full speed for

2 min. The gel slices are smashed into the 2-mL tubes through the holes.
23. Remove the 0.5-mL tube and add 250 �L of 1X TE and 50 �L of 7.5 M ammonium

acetate into each 2-mL tube.
24. Shake at 37 �C for 2 h (or overnight).
25. Transfer the gels and sups into a SNAP spin column (Invitrogen) and spin the

eluate into a microcentrifuge tube (2 min at full speed).
26. Dispense the eluate into three Eppendorf tubes (200 �L each) and precipitate by

adding to each tube 2 �L of 20 mg/mL glycogen, 66 �L of 7.5 M ammonium
acetate, and 840 �L of ethanol.

27. Incubate in dry ice for 10 min and spin for 15 min at 4 �C. Wash the pellets twice
with ice-cold 75 % EtOH. Briefly air-dry and resuspend the pellets in 8 �L of
1X TE.

3.8. Concatenation of Ditags

1. Add 1 �L of 10X T4 DNA ligase buffer and 1 �L of T4 DNA ligase (400 U/�L)
to the 8 �L of DNA.

2. Incubate the mixture at 16 �C for 90 min.
3. Check the ligation efficiency by loading 1 �L of the ligation mix onto 1.4 %

agarose/1X TAE gel. Run at 200 V for 10 min (see Note 9).
4. Stop the reaction by adding 2.5 �L of 5X BPB loading buffer containing

0.1 M EDTA.
5. Heat at 65 �C for 5 min. Then, load all of the ligation mixture onto the 1.4 % gel.

Run at 120 V for about 1 h.
6. Cut out the gel slices ranging from 500 to 2000 bp.
7. Isolate the DNA using Qiagen gel-extraction kit.
8. Elute the DNA with 200 �L of 1X TE from the QIAEX II beads. Extract with

phenol/chloroform.
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9. Precipitate the DNA with 2 �L of 20 mg/mL glycogen, 20 �L of 3 M sodium
acetate, pH 5.2, and 500 �L of ethanol. Incubate in dry ice for 5 min. Spin for
15 min at 4 �C.

10. Wash the pellet twice with 70 % ethanol.
11. Resuspend the pellet in 14 �L of 1X TE.

3.9. Cloning Concatemers and Sequencing

1. Digest 2 �g of pZErO-1 with 10 U of SphI for 30 min at 37 �C.
2. Add 1 �L of CIP enzyme (10 U) and incubate for additional 30 min.
3. Dilute to 100 �L with 1X TE.
4. Extract three times with phenol/chloroform.
5. Precipitate the DNA with 1 �L of 20 mg/mL of glycogen, 10 �L of 3 M sodium

acetate, pH 5.2, and 250 �L of ethanol.
6. Wash the pellet with 70 % ethanol.
7. Resuspend the pellet in 80 �L of 1X TE (25 ng/�L).
8. Mix 7 �L of concatemers, 1 �L of digested pZErO-1, and 1 �L of 10X ligase T4

DNA buffer.
9. Incubate at 50 �C for 2 min, cool on ice for 2 min, and add 1 �L of T4 DNA ligase

(400 U).
10. Incubate at 16 �C overnight.
11. Dilute the ligation mixture to 200 �L with 1X TE.
12. Extract with phenol/chloroform.
13. Precipitate the DNA with 2 �L of 20 mg/mL glycogen, 133 �L of 7.5 M ammonium

acetate, and 820 �L of ethanol. Incubate in dry ice for 5 min. Spin for 15 min
at 4 �C.

14. Wash the pellet four times with 70 % ethanol.
15. Resuspend the pellet in 20 �L of 0.3X TE.
16. Dilute the ligation mixture in double-distilled (dd)H2O (1:5). Add 1 �L of the

diluted DNA to 20 �L of Electromax DH10Bs. Mix gently. Transfer to an ice-cold
1-mm electroporation cuvet.

17. Electroporate with a Biorad gene pulser with following settings: 200 �, 25 �F,
and 2000 V.

18. Immediately add 1 mL of SOC and shake at 37 �C for 45 min. Plate onto Luria-
Bertani (LB) plates containing 50 �g/mL zeocin and incubate for 12 h at 37 �C.

19. Pick colonies, prepare DNA, and perform sequencing reactions.

3.10. Sequence Analysis

1. Use the SAGE2000 v.4.5 program to extract tag sequences from raw sequence
data and quantitate the tags as following.

2. Select “New Project” from the “Project” pull-down menu.
3. Change the parameters as follows: “Anchoring Enzyme,” NlaIII–CATG; “Tag

Length,” 17; “Ditag Length,” 36. Click on “Start.”
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4. A project summary window appears after you click on “Continue.”
5. Put all the raw sequence files (∗.seq) into the folder where you created a new

project.
6. Select “Add Tags” from the “Project” pull-down menu. The sequence files should

exist in the “Select Files” field.
7. Check “Auto Analyze” and click on “Analyze.”
8. Close the SAGE2000 program by clicking on “Quit” from the “Project” pull-

down menu.
9. Open LongSAGE.mdb file with Microsoft Access program (see Note 10).

10. To create a reference tag sequence library, download the whole genomic DNA
sequence from the University of California, Santa Cruz (UCSC) or National Center
for Biotechnology Information (NCBI) databases. List forward- and reverse-strand
21-bp tag sequences generated from NlaIII-cutting sites, and position on the
chromosome using a text editor program or simple custom program coded by Perl,
C, or C++ language (see Note 11).

11. Import the reference library to Microsoft Access, identify the tag positions using
the “Create Query” option, and map onto the chromosome.

12. Download gene information from the NCBI or UCSC databases and calculate the
tags’ nearest distance to the gene coding start site for yeast or the transcription
start site for human.

4. Notes
1. Be careful not to make foams that reduce sonication efficiency.
2. The average chromatin size should be 300–500 bp, and the approximate DNA

concentration is 0.2 mg/mL after removing RNA.
3. This is a preclearing step to reduce nonspecific binding of chromatin to protein A

sepharose beads.
4. A control immunoprecipitation with immunoglobulin (IgG) antibody should be

carried out in parallel.
5. This step is for filling-in the complementary strand of the linker region.
6. After finishing the PCR amplification, load 3 �L of the reaction mixture onto an

agarose gel to examine the DNA. If it is insufficient, then perform three more
cycles. Analyze the DNA again.

7. Unlike in the LongSAGE protocol, Linkers 1B and 2B should not be phosphory-
lated, as they may self-ligate.

8. Test PCR reactions should be performed to optimize the amplification with
different dilutions of template (0.1, 0.03, and 0.01 �L of DNA) and different cycle
numbers (25, 28, 30 cycles).

9. Check the ligation products under ultraviolet. Most of them are between 400 and
2000 bp.

10. Refer to the Microsoft Access manual for more details.
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11. The yeast and human genomic DNA libraries with 21-bp tag sequences containing
NlaIII sites are not available to the public. One can make a tag library from any
kind of text editor, including Microsoft Word, by repeating multiple text-search
and/or replace. We downloaded yeast and human genomic DNA sequences from
the NCBI and UCSC databases, respectively, and used Perl programming language
to generate a tag library.
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5′- and 3′-RACE from LongSAGE Tags

Kåre Lehmann Nielsen

Summary

Serial analysis of gene expression (SAGE) studies often yield numerous tags that cannot be
mapped to known gene sequences. Intriguingly, these may represent unknown genes, unknown
parts of genes, or transcript variants. In order to elucidate the origin of these tags, 3′- and 5′-rapid
amplification of complementary DNA ends (RACE) reactions can be performed using primers
identical or complementary to SAGE tags. This way, transcript fragments, or indeed the entire
uncharacterized transcript, can be cloned and sequenced.

Key Words: PCR; RACE; gene discovery; tag identification.

1. Introduction
One of the most important features of serial analysis of gene expression

(SAGE) and LongSAGE is the ability to detect tags from previously unchar-
acterized genes (1;2). Even in this age of high-throughput sequencing, most
genomes have not been sequenced to any significant gene coverage, and
working in these organisms yields many SAGE tags that cannot be mapped
to known transcripts (for an example, see ref. 3). Furthermore, for most
organisms where a reasonable amount of sequencing has been carried out, the
most comprehensive coverage of transcripts is made up by expressed sequence
tag (EST) sequences (e.g., TIGR gene indices at www.tigr.org). These are
primarily derived from the 5′ end of complementary DNAs (cDNAs), as a
result of difficulties in sequencing through the 3′-poly-A tail of eukaryotic
transcripts. Therefore, gene sequence coverage is most complete in the 5′-end

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
Edited by: K. L. Nielsen © Humana Press, Totowa, NJ

109



110 Nielsen

of genes. In contrast, SAGE tags are derived from the 3′-most CATG. Conse-
quently, many tags stem from parts of genes not presently in the databases
and thus cannot be mapped (3). In some ways, these unknown tags are the
most interesting, because they can aid the annotation of coding regions of
genome sequences (2) or might represent entirely uncharacterized genes. In
combination with a high-throughput cloning method, SAGE can work as an
efficient gene-discovery engine (4). An efficient method called GLGI (5;6) has
been published for this purpose, but the method suffers the drawback that only
the 3′ end of the transcript is amplified and cloned. Because the CATG, on
average, is placed near the 3′-end, most frequently the major part of the coding
sequence is located 5′ of the SAGE tag.

Rapid amplification of cDNA ends (RACE) (7) can be used to amplify
both the 5′ and the 3′ end of transcripts, provided a single specific stretch of
DNA sequence is known. Indeed, from SAGE tags and, especially, LongSAGE
tags, a DNA primer that can be used to amplify the transcript from which the
tags are derived can be synthesized (8). The protocol described here has been
developed to minimize the amount of optimization required for each individual
LongSAGE tag to facilitate the determination of many unknown SAGE tags in
parallel.

2. Materials
2.1. Creating a Suitable Environment for RACE Cloning

1. NaOH from Sigma-Aldrich (St. Louis, MO) is dissolved to 1 M in water (see
Note 1). Store in a plastic bottle at room temperature.

2. 70 % EtOH (De danske spritfabrikker, Aalborg, Denmark)
3. New box of pipet tips.

2.2. cDNA Template Preparation

1. 10 �M SMART IV oligonucleotide 5′-AAGCAGTGGTATCAACGCAGAGTGG
CCATTACGGCCGGG-3

2. 10 �M CDS III oligonucleotide: 5′-ATTCTAGAGGCCGAGGCGGCCGACATG-
d(T)30VN-3′

3. 10 �M 5′-PCR primer: 5′-AAGCAGTGGTATCAACGCAGAGT-3′

4. First strand buffer (5X): 250 mM Tris-HCl, 30 mM MgCl2, and 375 mM KCl. Store
at −20 �C.

5. DTT: 20 mM dithiothreitol (DTT) in water. Store at −20 �C.
6. Deoxynucleotides, dATP, dTTP, dGTP, and dCTP (100 mM stock solutions) from

Fermentas (Burlington, Ontario, Canada). Prepare a mix of all four (final concen-
tration 25 m M of each). Store at −20 �C.

7. Taq polymerase 1 U/�L from Fermentas. Store at −20 �C.
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8. Taq reaction buffer (10X): 100 mM Tris-HCl (pH 8.8), 500 mM KCl, 8 % Nonidet
P40. MgSO4 (50 mM) and MgCl2 (25 mM). Chemicals for PCR are conveniently
stored together at −20 �C.

2.3. TAE-Agarose Gel Electrophoresis

1. TAE running and gel buffer (50X): 2 M Tris, 1 M acetic acid, and 50 mM ethylene-
diamine tetraacetic acid (EDTA), pH 7.6–7.8. Store at room temperature.

2. SeaKem GTG agarose (Cambrex, East Rutherford, NJ). Stored dry at room temper-
ature.

3. Gel casting and running apparatus Mini-Sub Cell GT from Biorad (Hercules, CA).
4. EtBr solution: 10 g/L ethidium bromide (Sigma-Aldrich) in water.
5. TAE loading buffer (5X): 0.2 M Tris, 0.1 M acetic acid, 5 mM EDTA in 50 %

glycerol. Store at 4 �C.
6. DNA size markers: 1 kb GeneRuler™ (Fermentas). Store at 4 �C.

2.4. Preparation of RACE Template from �-Phage cDNA Libraries

1. PCI: Molecular biology grade 10 mM Tris (pH 8.0), 1 mM EDTA-saturated
phenol:chloroform:isoamyl alcohol (PCI) (25:24:1) from Sigma-Aldrich. Store at
4 �C.

2. SM buffer: 50 mM Tris-HCl, pH 7.5, 100 mM sodium chloride, 8 mM magnesium
sulfate

3. DNase I solution: 1 mg of DNaseI (Sigma-Aldrich) is dissolved in 10 mL 50 mM
Tris-HCl pH 7.5. Store at −20 �C.

4. 0.5 M EDTA (see Note 2) (AppliChem, Darmstadt, Germany). Store at room
temperature.

5. 10 % (w/v) sodium dodecyl sulfate (SDS) (see Note 3) (AppliChem). Store at
room temperature.

6. 2-propanol from Sigma-Aldrich.
7. 100 % and 70 % EtOH, molecular biology-grade, from De Danske Spritfabrikker.
8. TE buffer: 10 mM Tris-HCl, 1 mM EDTA pH 7.0. Store at room temperature.
9. RNase I solution: 1 mg DNase free RNase I (Sigma-Aldrich) is dissolved in 1 mL

50 mM Tris-HCl, pH 7.5. Store at −20 �C.
10. Proteinase K solution: A 20 mg/mL of proteinase K can be obtained from

Fermentas. Store at −20 �C.

2.5. The SAGE-RACE Reaction

1. Primers should be reverse-phase cartridge or high-performance liquid chromatog-
raphy (HPLC)-purified from TAGC (Copenhagen, Denmark). Dissolve the
lyophilized primer in water to a final concentration of 100 �M and store at −20 �C.
Prior to use, dilute an aliquot to 10 �M. Gene-specific primers should be identical to
the LongSAGE tag (including CATG) for 3′-RACE or reverse complementary to the
LongSAGE tag (including CATG) for 5′-RACE. The vector-specific primers should
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be the T7-primer (TAATACGACTCACTATAGGG) for 5′-RACE and the M13-
21 (GTAAAACGACGGCCAG) for 3′-RACE when using �-phage ZAP cDNA
as template and 5′-PCR primer (5′-AAGCAGTGGTATCAACGCAGAGT-3′) for
5′-RACE and 5′-TAGAGGCCGAGGCGGCCGAC-3′ for 3′-RACE.

2. Deoxynucleotides, dATP, dTTP, dGTP, and dCTP (100 mM stock solutions from
Fermentas). Prepare a mix of all four (25 mM each) and use in the experiments.
This mix should be stored at −20 �C.

3. Taq polymerase, or a mixture of Taq and a proofreading polymerase should be used.
We are using either Taq from Fermentas or Platinum Taq High Fidelity polymerase
from Invitrogen (Carlsbad, CA) (see Note 4).

4. Taq reaction buffers (10X): for the platinum enzyme, the reaction buffer is 600 mM
Tris sulfate (pH 8.9), 180 mM ammonium sulfate. For the Fermentas enzyme,
100 mM Tris-HCl (pH 8.8), 500 mM KCl, 8 % Nonidet P40.

5. MgSO4 (50 mM) and MgCl2 (25 mM) should be used with the Invitrogen and
Fermentas enzyme, respectively. Store at −20 �C.

2.6. Cloning of RACE Products into Escherichia coli

1. TOPO-TA cloning kit from Invitrogen.
2. Escherichia coli TOP10 electrocompetent cells (Invitrogen). Store at −80 �C.
3. Autoclaved Luria-Bertani (LB) liquid media, pH 7.2 (10 g/L tryptone, 5 g/L yeast

extract, and 10 g/L sodium chloride [Bie og Berntsen, Rødovre, Denmark]). Store
in the dark at room temperature.

4. Electroporation cuvets (0.1 cm; BioRAD).
5. Electroporation apparatus, Easyject prima (Equibio, Ashford, UK)
6. LB plates containing 1.2 % agar (Bie og Berntsen) containing 100 �g/mL amplicillin

(Sigma-Aldrich). Store for a maximum of 21 d at 4 �C (see Note 5).

3. Methods
The RACE cloning of SAGE tags is not a simple process for all SAGE

tags. Depending on the nature of the SAGE tag (i.e., GC content, secondary
structure, etc.) some RACE products are more easily obtained than others, and
some reactions fail to provide a specific amplification product. Furthermore,
most reactions will contain spurious amplification products, and it is therefore
of vital importance that multiple RACE clones are sequenced to ensure
that the RACE product is indeed derived from the mRNA from which the
SAGE tag originates. Depending on the organism under investigation and the
extent of gene sequence coverage of that organism, often a quite substantial
number of SAGE tags are derived from unknown transcript sequences. It is
therefore desirable to set up the reactions in parallel and avoid optimization of
individual reactions. To facilitate the sequencing of RACE clones, the 96-well



SAGE-RACE 113

microtiter plate format is preferred. For this reason, we work batches of eight
RACE reactions and sequence 12 clones of each.

3.1. Creating a Suitable Environment for RACE Cloning

Successful amplification of DNA fragments using a single gene-specific
primer and a common primer from a complex solution such as cDNA can
be tricky. For rare transcript, it involves the use of many cycles (up to 40)
of amplification and is therefore very sensitive to even minute amounts of
contaminating DNA. Contrary to what most people think, autoclaving is not
always sufficient for decontamination. The DNA molecule is remarkably stable
and it has been shown that although most DNA is broken into small, 20- to 30-
bp fragments, larger fragments can survive (9). Moreover, tips, tubes, solutions,
and even some pipets may be autoclaved, but it is not feasible to autoclave
tabletops, etc. To minimize the risk of contamination when performing RACE,
we wash the pipets and the tabletop in 1 M NaOH followed by water and 70 %
ethanol. We always use a new pack of pipet tips and new PCR tubes or plates.

3.2. cDNA Template Preparation

A high quality of poly-A primed cDNA template is fundamental to successful
RACE cloning. There are a variety of different kits for preparing cDNA. We
are using the BD-SMART cDNA kit from Clontech (Mountain view, CA) to
prepare double-stranded cDNA (see Note 6). This works well in our hands (see
Note 7).

1. Mix 1 �g of DNA with the 1 �L of the SMART IV and 1 �L of the CDSIII
oligonucleotides in a final volume of 5 �L. Incubate at 72 �C for 2 min. Place on
ice for 2 min and spin briefly to collect condensation to the bottom of the tube.

2. Add 2 �L 5X first strand buffer, 1 �L DTT, 0.5 �L dNTP mix, and 1 �L reverse
transcriptase (see Note 8). Incubate at 42 �C for 1 h (see Note 9). Place on ice.

3. Transfer 2 �L to a new tube and add 80 �L water, 10 �L of 10X PCR buffer, 1 �L
dNTP mix, 2 �L 5′-PCR primer, 2 �L CDS III primer, and 1 U Taq polymerase.

4. Following initial denaturation for 1 min at 95 �C, perform 24 cycles of 95 �C for
15 s and 68 �C for 6 min.

5. Analyze 5 �L on a 1 % TAE-agarose gel (see Fig. 1).
6. The PCR product can be used as template immediately or stored at −20 �C for

later use.

3.3. TAE-Agarose Gel Electrophoresis

1. Mix 0.5 g agarose (for a 1 % gel) with 49 mL of water and 1 mL of 50X TAE. Melt
agarose in microwave (see Note 10) and add 2�l of EtBr.
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Fig. 1. Double-stranded complementary DNA (cDNA) synthesis product. Lane 1,
DNA size marker; lanes 2 and 3, cDNA obtained from potato tuber at 8 wk after
planting after 24 cycles of amplification. A smear of DNA is visible up to 3000 bp, with
several prominent bands present. These bands represent especially abundant cDNA
species.

2. Seal a gel casting form with tape (see Note 11), pour the melted agarose into the
form, and insert a comb. Leave on the bench top until hardened.

3. Remove comb and insert in horizontal gel apparatus and submerge in 1X TAE
buffer (see Note 12).

4. Mix the sample with one-fifth volume of 5X loading buffer and load into wells.
Include a suitable DNA size marker.

5. Electrophorese at 10 V/cm until the bromphenol blue is about half the distance of
the gel (see Note 13).

6. Visualize DNA bands by exposure to ultraviolet light.

3.4. Preparation of RACE Template From �-Phage cDNA Libraries

Preparation of template suitable for RACE can also be made from pre-
existing cDNA libraries (see Note 14).

1. To obtain DNA from �-phages, add 10 �L of a 100 �g/mL DNAse I to 800 �L of
�-phage stock (105 −106 pfu) in SM buffer. Incubate at 37 �C for 1 h.

2. Disruption of phage particles and inactivation of DNaseI is achieved by adding
50 �L EDTA solution and 50 �L of SDS solution followed by incubation for 15 min
at room temperature.

3. Protein and SDS is removed by extracting with 500 �L of PCI (see Note 15), mixing
vigorously for 30 s, and centrifuging at 10,000 rpm in a benchtop centrifuge. The
upper aqueous phase is carefully transferred to a new tube (see Note 16) and the
extraction is performed three times in total.

4. To precipitate DNA, add 600 �L 2-propanol and centrifuge at maximum speed in a
benchtop centrifuge for 15 min. Discard the supernatant. A quite large pellet should
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be visible. Wash the pellet twice with 70 % ethanol (see Note 17). Leave the tube
on the bench top with the lid open to allow evaporation of residual ethanol for
15–30 min (see Note 18). Dissolve the pellet in 200 �L of TE (see Note 19).

5. To remove RNA, add 10 �L of RNase I. Incubate at 37 �C for 30 min. In order to
inactivate RNase I and degrade contaminating protein, add 2 �L of proteinase K.
Incubate at 37 �C for 30 min. Extract twice with 200 �L PCI as above and precipitate
the DNA with 160 �L 2-propanol, and spin in a benchtop centrifuge at 10,000 rpm
for 15 min (see Note 20). Wash with 70 % ethanol and leave the tube with the lid
open for 15–30 min.

6. Dissolve the DNA in 150 �L of TE (see Note 19).
7. Analyze 5 �L on a 1 % TAE-agarose gel (see Fig. 1).

3.5. The SAGE-RACE Reaction

1. Prepare the following PCR profile on the thermocycler. Following initial denatu-
ration at 94 �C for 2 min, 35 cycles of 94 �C for 30 s, 50 �C for 30 s, and 72 �C
for 2 min should be included. Finally, allow all partial extension products to be
completed by incubating at 72 �C for 10 min (see Note 21).

2. In a new PCR tube or plate, add 6.5 �L water, 1 �L template DNA (see Note 22),
and 2.5 �L gene-specific primer. Leave on ice.

3. Prepare a master mix by combining, on ice, 7.5 �L water, 2.5 10X PCR reaction
buffer, 2.5 �L common primer, 0.25 �L dNTP mix, 2 �L MgCl2, and 0.5 �L Taq
polymerase. Multiply the volumes by the number of samples to be prepared plus
one. Remember to include a positive and a negative control (see Note 23). Add
15 �L of master mix to each sample.

4. Let the thermocycler preheat to 75 �C before inserting the tubes or the plate into
the thermocycler (see Note 24).

5. Analyze 5 �L of each reaction on a 1 % TAE-agarose gel. See Fig. 2 for typical
results.

Fig. 2. Typical 5′-rapid amplification of complementary DNA ends (RACE) products
from Long serial analysis of gene expression (SAGE) tags. Lanes 1 and 20, DNA
size marker; lanes 2–19, RACE products obtained using gene-specific primers comple-
mentary to LongSAGE tags and �-ZAP-potato library DNA as template; lanes 21 and
22, positive control; lanes 23 and 24, negative control.
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3.6. Cloning of RACE Products into E. coli

1. Combine 2 �L water with 2 �L RACE product, 1 �L diluted salt solution and 1 �L
Topoisomerase-vector complex (supplied with the kit). Leave on the bench for 5–30
minutes and place on ice. The reactions should be used for bacterial transformation
the same day.

2. Thaw 50 �L of electrocompetent E. coli (see Note 25), and transfer 2 �L of the
TOPO reaction above to the cells. Mix by gently by stirring with the pipet tip a
few times. No incubation time is necessary.

3. Gently transfer the reaction to an electroporation cuvet, insert into the electroporator
and pulse at 1800 V/cm (see Note 26). Immediately add 250 �L of SOC medium
(see Note 27).

4. Transfer to a 10-mL culture tube and incubate for 1 h.
5. Spread 25 and 100 �L on two ampicillin containing agar-plates (see Note 28).
6. Incubate overnight at 37 �C, and pick 12 colonies of each for sequencing.

4. Notes
1. Unless stated otherwise, all solutions should be prepared in water that has a

resistivity of 18 M�/cm and an organic content of less than five parts per billion.
However, for small volume solutions up to 10 mL, molecular biology-grade water
from AppliChem can be used to ensure reproducibility even when the local water
systems fail.

2. Sodium-EDTA cannot be dissolved to 0.5 M because it is an acid, and EDTA is
less soluble in acidic solutions. Complete dissolution can be achieved by adding
small amounts of sodium hydroxide during dissolution. Care should be taken that
pH does not increase above 8.0.

3. SDS foams very easily, and the easiest way to make a solution is to add the
measured amount of powder to half the final volume of water in a measuring
cylinder and then carefully add the rest of the water. Close the cylinder with
Parafilm (thoroughly) and gently invert the tube until the SDS is dissolved.

4. We have not observed great and consistent differences between different
polymerases used.

5. A large portion of agar containing LB media without antibiotics can be divided into
aliquots of 350 mL in 500-mL bottles and autoclaved. These bottles can be stored
in the dark at room temperature. When needed, they can be melted in a microwave
oven and allowed to cool to about 45 �C before addition of a sterile-filtered solution
of an antibiotics stock solution.

6. Double-stranded cDNA can be used for both 5′ and 3′-RACE. However, for 3′-
RACE reactions, first strand cDNA synthesis is sufficient.

7. SMART cDNA synthesis relies on the template-switching ability of Moloney
murine leukemia virus reverse transcriptase. Typically, an RNase H− derivative
(such as PowerScript from Clontech) is used to enrich for full-length clones.
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Deletion mutant variants such as SuperScript™ III (Invitrogen) do not exhibit
sufficient template-switching activity.

8. Do not vortex the solution; intracellular enzymes are easily inactivated by oxidation
of cysteine residues. Instead, mix gently by pipetting up and down five times,
avoiding bubbles.

9. It is important to use an air incubator or a PCR machine with a heated lid.
Otherwise, condensation will appear on the top of the lid. Because the reaction
volume is only 10 �L, the concentration of nonvolatile molecules will change
significantly during incubation and cDNA synthesis may fail.

10. Use a 100-mL bottle for 50 mL gel to avoid boiling over. Put the lid on loosely to
minimize loss by evaporation.

11. Not all types of tape will stay sealed. Autoclave tape works fine and is often at
hand, but is the most expensive. Cheaper alternatives can be found.

12. Add just enough buffer to submerge the gel. Too much buffer will only increase
electrophoresis time and buffer consumption.

13. The bromphenol blue dye migrates as approx 400 bp in a 1 % TAE-agarose gel.
14. We have performed most of our reactions on the �-ZAP-potato library described

in ref. (10). In our hands, this works better than cDNA, especially for the 5′-RACE
reactions.

15. Remember that it is the organic phase (the lower) that should be added to the
sample. The upper phase consists of excess buffer used for the saturation and pH
adjustment of the organic phase.

16. It is crucial for the final result that none of the inter phase or the organic phase is
transferred to the new tube. Ten percent of the aqueous phase should be discarded
in each extraction.

17. For convenience, we store solutions of 70 % ethanol at 4 �C because the pellet tends
to slip more easily when washed with room-temperature ethanol than with cold.

18. Do not use a dessicator. �-DNA is 44-kb, and can be very hard to dissolve if dried
completely.

19. The pellet is often hard to dissolve and it may require incubation at room temper-
ature for an hour. Do not heat the sample, because incomplete annealing of
denatured �-DNA will cause the solution to be viscous.

20. The pellet is significantly smaller than before because the RNA has been removed.
It can sometimes be difficult to see, as it is often smeared over a large area at the
backside of the tube.

21. The annealing temperature is, of course, primer-specific, but 50 �C seems to be
a good compromise for LongSAGE tags. If a reaction fails, we usually try it at
45 �C and 55 �C. It seems to be more difficult to tune the fidelity by altering the
Mg2+ concentration. This is presumably because, when we have one primer that
is common to all or nearly all DNA fragments present, very high specificity of the
gene specific primer is important in order to avoid any nonspecific amplification
products.
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22. When using cDNA, we dilute it 10 times. When DNA purified from �-phages is
used, we dilute it 25–50 times. Approximately 10 ng of template DNA is desirable.

23. We use a plasmid containing the common primer site and an insert for which we
have a primer as the positive control, and a reaction excluding the gene-specific
primer as the negative control.

24. This is not necessary if an antibody inhibited polymerase (Hot-start polymerase)
is used.

25. We use the E. coli Top10 cells, which work fine, but other E. coli cells may be
used. Be careful when thawing cells; they are very vulnerable to lysis by osmotic
shock, because they are in an almost nonsalt buffer. Excessive heating (room
temperature), vortexing, or pipetting up and down will decrease transformation
efficiency dramatically. Either thaw quickly between the fingers (be careful) or
slowly on ice.

26. The exact settings of the electroporator are dependent on the size of the gap
between the electrodes in the cuvet and the electroporator apparatus. Consult the
manual for the apparatus.

27. We are using SOC medium because slightly more transformants are obtained
this way. However, approximately half the transformants are obtained using LB.
Usually, this is sufficient.

28. It can be difficult to spread 25 �L evenly, so we usually add 50 �L of LB media
to the plate before adding the cells, and then spread. We find spreading bacteria
using approximately five small, sterile, disposable glass beads more convenient
than using Drigalski spatulas.
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Extraction and Annotation of SAGE Tags
Using Sequence Quality Values

Jeppe Emmersen

Summary

Data analysis of serial analysis of gene expression (SAGE) tag experiments begins with the
extraction of tags from single-pass sequence files of ditag concatemers. When using DNA base
quality values generated during base calling, it is possible to control the false-positive discovery
rate of unique tags. This chapter describes how to set up a system for generating tag lists from
quality associated sequence data.

Key Words: Phred; quality values; mapping; sequence databases; UniGene.

1. Introduction
The serial analysis of gene expression (SAGE) method for transcriptome

profiling has been termed a “digital” method compared to the “analog” method
of microarrays. The term “digital” implies that SAGE data analysis is simply a
matter of counting the sequence tags after sequencing a number of concatemers.
In reality, the SAGE data only becomes digital after tag extraction. To obtain
a reliable, digital tag count using SAGE analysis, one must address sequence
quality variation and variations in ditag length during the extraction process
and, after tag extraction, tag ambiguity during tag mapping. Here, we describe
some of the problems associated with these two issues in more detail and
discuss how they can be minimized. The Methods section describes how to
make use of sequence quality data for tag extraction using a simple Perl script
and how to map the resulting tag list to a fasta-formatted sequence database.

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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1.1. Variations of the MmeI Site Preference

In LongSAGE, the type I restriction enzyme MmeI combined with type II
enzymes is used to generate the SAGE tags. MmeI cuts the DNA template 21–22
bases downstream from the recognition site, generating a 2-base overhang at the
3′ end (1). When a ditag is formed, only tags with complementary overhangs
can ligate together. Thus, when extracting ditags, the expected size range of
ditags is 36 bases to 38 bases (equal to two times 21 or 22 minus 2-base
overlap, minus the second anchoring enzyme recognition sequence; CATG, for
NlaIII). The distribution of ditag lengths of a human pancreas SAGE library is
seen in Table 1 (2). Notice the near 1:2:1 ratio of ditags with lengths 36, 37,
and 38. Ditags with length 37 are due to a combination of one short tag and
one long tag.

When extracting ditags from the raw sequence, the search algorithm finds the
CATG punctuation generated by the anchoring enzyme recognition sequence.
Thus, in the case of NlaIII, each ditag can be extracted by searching for the
pattern −CATG − (34–36 bases from the complementary DNA [cDNA]) −
CATG-.

Sometimes ditags of larger sizes can be observed. These are probably artifacts
of the ligation process, whereby hybridization occurs between tags overlapping on
one base (ditag size of 39 bases) only or even blunt-ended hybridization (ditag size
of 40) (see Table 1). Such anomalies are to be expected, given the large amount
of different molecules interacting during ditag generation. Although the larger
ditags, in theory, gives more sequence information, which is important for tag
mapping, tag extraction is performed using the lowest allowable tag size to ensure
the most correct tag count. For LongSAGE, the size is usually set to 17 bases, and
any additional sequence information is discarded.

Table 1
Distribution of Ditag Lengths

Ditag length No. of ditags

39 115
38 4288
37 12262
36 6540

From the same sequence data used for Fig. 1, the distri-
bution of ditag lengths was calculated. A Phred quality
threshold of 20 and tag length of 17 bases was used.
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1.2. Other Anchoring Enzymes

The punctuation pattern generated from the anchoring enzyme recognition
site sequence is the fundamental principle behind ditag extraction. This means
that it is easy to change the parameters of the ditag extraction, for example to
use another anchoring enzyme such as Sau3A (GATC) or a different type II
restriction enzyme.

A reason to use more than one anchoring enzyme would be to minimize the
number of genes not containing the recognition site of a particular anchoring
enzyme. For the NlaIII enzyme, the most widely used anchoring enzyme, it has
been shown that approx 2 % of gene sequences in Drosophila melanogaster do
not contain the recognition sequence CATG (3). Similar levels of tag ambiguity
have been found in other organisms (3,4).

1.3. Sequence Quality

Most unique SAGE tags found after ditag processing are found only once (see
Fig. 1). These tags are due either to sequencing errors, which are most prominent
at the 5′ and 3′ ends of a sequence (5), or to the use of single-pass sequencing
of SAGE concatemers. Ideally, each concatemer would be sequenced twice to
confirm each base call. However, this would decrease throughput by 50 %; thus,
sensitivity is preferred over specificity for normal SAGE sequencing. Speci-
ficity, however, can be increased without such a dramatic drop in efficiency
by using a basecaller such as Phred, which attaches a quality value with each
base determined (6). The Phred quality value is a log-transformed measure of
how certain each basecall is. The direct relationship between quality values and
probability of base errors is found by the formula QV = −Log10(Pe)∗10; Pe is
the base error probability. Thus, a quality value of 20 corresponds to a proba-
bility of 99 % for a correct basecall and quality value of 10 to a probability of
90 %. When extracting tags, the Phred quality values can be used to control the
false discovery rate of SAGE tags. The effect of employing a minimum quality
value during tag extraction is shown in Fig. 1.

1.4. Annotation of Tags (Mapping) and Search Strategies

After tag extraction, it is necessary to match each tag to a gene, a process
called mapping. Mapping is simply a process of matching the tag sequence to
a specific gene sequence. This gene sequence should preferably come from a
collection of completely annotated mRNA sequences containing the complete
mRNA molecule or at least information on the 3′ completeness. This means
that choosing the database with which to map tag sequences to genes is an
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Fig. 1. Library-wide statistics for a human serial analysis of gene expression library.
The most important library descriptors are plotted against Phred quality values ranging
from zero to 35: Rejected ditags, Total tags, Unique tags, and Single tags.

essential part of tag annotation. Two features on the DNA sequence help us
identify the correct gene: the tag sequence itself and the use of only the most
3′ anchoring enzyme restriction site of the mRNA sequence.

This suggests that mapping tags to genes is simply a matter of finding
the most 3′ sequence corresponding to each tag sequence. Nevertheless, this
task is hampered by a number of problems. First, not all 3′ sequences are
unique. Particularly closely related genes may share the same 3′ most sequence.
Second, it is not always possible to obtain the complete mRNA sequence. In
particular, many mRNA sequences available from public data repositories lack
information on both 5′ and 3′ untranslated regions (UTRs) as well as polyA-tail
information. This is true even in the advent of large-scale, full-length cDNA
sequencing efforts such as the Mammalian Gene Collection or the similar
RIKEN Arabidopsis initiative (7,8). One reason is that the main efforts are
not aimed at obtaining the entire mRNA sequence, but rather at finding the
full-length open reading frame (FL-ORF) of the mRNA.

If a tag does not match any 3′ CATG virtual tags, a less stringent match
criterionmaybeused.Onepossiblemethodof less-stringent tagmatching isblastn,
which will find all related sequences. On the homepage of the National Center
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for Biotechnology Information (www.ncbi.nlm.nih.gov), a special version of
blastn—“Search for short, nearly exact matches”—is available and can be used for
tag identification. Care should be taken when using this approach, as the number
of possible matches will increase dramatically. Nevertheless, in the case of alter-
native splicing transcripts or sequence polymorphisms, this is probably the best
method, as the BLAST web interface gives direct access to the underlying gene
models. Each case must be reviewed very carefully, so this method is probably best
employed for tags of high interest, i.e., tags found to be differentially expressed
between different tissues. Additional methods such as SAGE- rapid amplification
of cDNA ends (RACE) can then be used to verify the tag annotation (9). There
have been reports of the finding of antisense tags corresponding to antisense RNA
(10). Such tags may be found by generating virtual tags from all possible CATG
sites (NlaIII) with each gene. As the number of false-positives will increase by
such a search, results must be confirmed by other methods such as SAGE-RACE
or Northern blots (10).

1.5. There is no Large-Scale mRNA Database for my Organism!

For most organisms, there are no large databases of mRNA models available.
In this case, it is possible to use assemblies of expressed sequence tag (EST)
sequences for tag mapping (Unigenes). A number of resources publish large-
scale EST assemblies for download (11,12). As the orientation of an EST
assembly is not guaranteed, mapping of tags might include both the most 3′

and the most 5′ tag site.
If no sequence resource can be found in the public databases, the only solution is

to obtain EST sequences from the dbEST subdivision of GenBank or to construct
a new EST library. The latter approach is of course the most cumbersome and
expensive, but it has the added benefit that the sequences originate from the exact
same variety of the organism as used for SAGE analysis. This way, the influence
of sequence polymorphisms among varieties of the same species is minimized.
Subsequent mapping of tags to the custom database may then improve compared
to using a generic database for one organism. An example of this approach is
shown in the SAGE analysis of potato tubers from the Kuras cultivar, where both
a generic Unigene sequence database consisting of all potato varieties generated
by The Institute of Genomic Research (TIGR) and a Kuras tuber-specific EST
Unigene database were used (10,13).

The TIGR-generated database (StGI, Release 9) consisted of 32,553
unigenes, whereas the kuras0-specific database consisted of 1088 unigenes.
Mapping of 58,322 Kuras LongSAGE tags found seven tags unique to the
Kuras variety among the 50 most abundant tags.
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2. Materials
1. A computer with the Perl language installed. For Windows, Perl can be obtained

from www.activestate.com free of charge.
2. For base calling DNA sequences with associated quality values, a copy of the base

calling program Phred is needed. Phred is free of charge for noncommercial use
and can be obtained at www.phrap.org. A license agreement must be completed
before Phred is made available.

3. The Perl scripts for tag extraction (sage-phred.pl) and tag mapping (sage-map.pl)
can be obtained from je@bio.aau.dk.

3. Methods
The following describes how to set up an environment for importing raw

DNA sequences from a MegaBace DNA sequencer (GE Healthcare) and convert
these to lists of tag counts using simple Perl scripts. This section assumes
the user has limited experience with Linux but has access to a Linux system.
Commands to executed are shown in bold on separate lines, options for
commands are shown in bold italics.

3.1. Setting Up Software

Phred is part of the Phred-Phrap package, written by Phil Green. A
commercial version for Microsoft Windows can be obtained from CodonCode
(www.codoncode.com).

Assuming the source codes for Linux have been obtained, a binary executable
of Phred must be compiled from the source code.

1. The Phred source files come in a zipped tar archive. Create a new folder for Phred:
mkdir Phred.

2. Move the tar archive to this folder and change the working directory to Phred: cd
Phred.

3. Unpack the source files: tar –zxf name-of-tar-archive.
4. Make the executables: make.
5. There are now two important files present in the folder: the Phred executable and

the data file containing base calling data from different sequencers. The Phred
program must be made executable by the system: chmod 777 phred.

6. Move the executable to a folder in your path. To see what is in your path, use the
env command and look for the Path variable: env

7. Move the Phred program and the parameter file phredpar.dat to the folder /usr/bin/
(root privileges may be needed for this):
mv phred /usr/bin/.
mv phredpar.dat /usr.bin/.
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8. Now the Phred program must be made aware of the path to the parameterfile. This is
done by adding the following line to the bash shell initialization file /etc/profile using
a text editor: PHRED_PARAMETER_FILE = “/usr/bin/phredpar.dat” export
PHRED_PARAMETER_FILE

3.2. Base Calling With Phred

The system is now set up for base calling with Phred. Copy the sequencer
files from the sequencing instrument to a separate folder in the home directory.
Here we will name this folder Megabace_in. For the MegaBace sequencer,
these files end in .esd. Each file should have a unique name, otherwise they
will be over written during the base calling process. Make a folder for the
Phred files: mkdir Megabace_ phred

Base calling is executed by the following command:
Phred –id Megabace_in –pd Megabace_ phred

3.3. Tag Extraction

Tag extraction can now be performed using the script sage-phred.pl. To
obtain an overview of options for tag extraction, execute sage-phred.pl without
options as follows:

perl sage-phred.pl
usage: sage-phred.pl [options] <Phred sequence directory>
options

-q <quality threshold> [20]
-d <duplicates included> [default − off = 0; on = 1]
-l <length of tag> [default = 17]
-k <keep good tag from bad ditags> [default − off = 0; on = 1)

Options for sage-phred.pl are always numeric, so to include duplicate ditags
in the tag counts, type sage-phred.pl –d 1.

The most important parameter is the -q option. This is set to a default of
20 but can be changed to more or less stringent parameters. The length of the
SAGE tag extracted is set by the -l option. By setting this parameter to 10,
it is possible to generate tag lists that can be compared to tag lists from the
original protocol. The -k option set to 1 makes the script keep tags consisting
of bases with quality values of at least those set as the threshold, even though
the partner tag of a ditag contains bases below this threshold. With this in
mind, it is now possible to make a tag extraction from the sequence folder
generated previously: sage-phred.pl –q 20 –l 17 –k 1 –d 0 Megabace_ phred
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will extract all tags from the folder Megabace_ phred, using a quality threshold
of 20, extract tags of length 17 (excluding anchoring enzyme site), include all
good tags, and discard duplicate ditags.

The folder Megabace_phred–results–20–17–0 contains the results from
the extraction; the numbers in the folder name indicates the most important
parameters of the extraction.

Five files are generated in the tag extraction process:

1. A tag count file consisting of tags separated by a tab.
2. A tag file in fasta format, with the header defined by the tag sequence and the tag

count. This file is provided for easy mapping of nonexact tags with blastn.
3. A list of duplicated ditags.
4. A summary of tag extraction, listing the unique tags, total number of tags, ditags

rejected from bad sequence quality, and distribution of ditag lengths.
5. A ditag file.

3.4. Mapping Tags to a Sequence Collection

1. The SAGE tag list generated by sage-phred.pl can be used to map the tags to
a fasta-formatted sequence collection using the sagemap.pl script. Before using
this script, line 22 must be edited to reflect the location of the databases: my
$databasepath = “path to fasta formatted databases”.

2. Executing sagemap.pl with the option -d view will provide a list of available
databases in the database folder.

3. Mapping the tags extracted from Megabace_phred folder is performed the
following way:
cd Results-Megabace_ phred-20-17-0
sagemap.pl –t tags-Megabace_ phred-20-17-0.tsv –c databasefile

4. This will produce two files in the results directory:
Annotation-Megabace_phred and SAGEmap-Megabace_phred (see Note 1).
The Annotation- file contains all mappings in tabulated columns. The Function-
file contains all annotation extracted from the sequence header. These files contain
multiple mapping concatenated in one column.

5. The SAGEmap- file contains only one mapping in tabulated columns. If the
sagemap.pl script is invoked using the parameter -a 1, all possible virtual tags
will be extracted. The complete Sense tags mappings are found the SAGEmap-
Sense file and antisense mappings in the SAGEmap-Antisense- file. Using this
option will increase the time needed for computation considerably, as every possible
tag-virtual_tag combination is searched. The mapping types can be referred to as
“genome mode” vs “cDNA” mode.

6. When mapping tags to sequence databases, the number of identified tags can be
increased by using different databases or by using non-exact matching algorithms
such as BLAST. If each database mapping is ranked according to fidelity, this
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approach may yield additional results. For instance, mapping human sequence
databases can be ranked from RefSeq, available from GenBank; Predicted cDNA,
available from complete genome assemblies at EnSembl; or cDNA Unigene collec-
tions, available from either TIGR or Unigene (see Note 2).

4. Notes
1. Tabulator separated files are easily imported into any spreadsheet program, such

as Excel, for further analysis.
2. As a final resort, blastn can be used to annotate important tags by searching internal

tag sequences. This makes the annotation more uncertain, but may help identify
alternative splice variants.
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Correction of Technology-Related Artifacts in Serial
Analysis of Gene Expression

Viatcheslav R. Akmaev

Summary

Serial analysis of gene expression (SAGE) is a powerful technique for measuring global
gene expression through sampling of transcript tags. SAGE tag collections or libraries serve as
a rich data source for differential gene expression analysis, transcriptome mapping, and gene
discovery. Transcriptome mapping and gene discovery are facilitated by extensions of SAGE,
e.g., Long SAGE, where the transcript tags are elongated by utilization of a different tagging
enzyme. SAGE, as a sequencing-based technique, is prone to errors resulting in artifact SAGE
tag sequences and erroneous tag numbers. A methodology to pinpoint and correct tag artifacts
is necessary to fully exploit the value of large SAGE libraries.

SAGEScreen is a tag sequence correction algorithm. The algorithm is a multistep procedure
that addresses error rates and performs ditag and tag processing. The error rate estimates are
based on a stochastic model of PCR and sequencing related mutations. The ditag processing
step is essential for calculation of unbiased tag numbers, and the tag processing step allows for
filtration of tag sequence artifacts and adjustment of tag numbers.

Key Words: SAGE; Long SAGE; PCR errors; sequencing errors; SAGE tag artifacts.

1. Introduction
Serial analysis of gene expression (SAGE) is an abundant source of genomic

data. SAGE is a protocol for systematic, high-throughput generation of short
expressed sequence tags (ESTs) from a tissue sample, producing a global
profile of gene expression. The SAGE technique allows for collection of
short mRNA sequence tags from a specific position in the transcript. The tag

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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position is defined by the location of the 3′-most anchoring enzyme restriction
site. The most commonly used enzyme for this purpose is NlaIII. Comple-
mentary DNA (cDNA) fragments from cleavage with anchoring enzyme are
further processed with a tagging enzyme, typically, a type IIS restriction endo-
nuclease, BsmFI. Following amplification, cloning, and sequencing, the SAGE
protocol results in a set of vector inserts from which ditags and, ultimately,
tag sequences are extracted and counted. In theory, tags of this length are
sufficiently specific to map the transcriptome. In fact, a majority of the human
SAGE tags map uniquely to UniGene clusters (1). Given such a bi-directional
map, expression levels of the transcripts are inferred from observations of the
SAGE tags. Several groups have advanced the original SAGE protocol with
the use of different tagging enzymes (2,3). Particularly in LongSAGE, a type
IIS restriction endonuclease, MmeI, cleaves 21–22 bases downstream of the
anchoring enzyme restriction site, thus, yielding longer tag sequences. The
LongSAGE protocol improves the specificity of the tag-to-transcript mapping,
and allows for direct tag sequence queries in the genome.

By nature, the SAGE protocol is subject to sequence errors introduced by
PCR and sequencing. Suboptimal fidelity of these procedures can introduce
artifact tag sequences. Such “mutations” usually do not occur frequently for
individual transcripts, and may have little effect on the quantification of differ-
ential expression of moderately expressed genes. Their consequences are greater
for expression measurements of rare transcripts and prediction of novel genes.
SAGE sequence errors have been extensively studied (4). In LongSAGE, the
expected proportion of tag sequences affected by PCR mutations in a tag library
is about 3.5% and the expected proportion of tags affected by sequencing errors
is about 15.6%. In combination, these numbers lead to the overall error rate
of about 17%. Empirical error rates observed in several LongSAGE libraries
varied from 10% to 19% (4). The volume of errors in SAGE is worth attention.
Approximately 80% of the artifact tags are one-base variants of authentic tag
sequences, and more than 95% of the mutants are one- or two-base variants.
Erroneous tags usually form clusters of sequences related to particular genuine
tag sequences. The hierarchical structure of tag sequences in SAGE libraries is
exploited in SAGEScreen.

2. Materials
1. DNA Sequencing Analysis software (Applied Biosystems, Foster City, CA).
2. Phred software (Laboratory of Phil Green. Genome Sciences Department, University

of Washington).
3. Programming language, e.g., C, C++, Perl.
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3. Methods
From the theoretical calculations and observed error rates, it is evident that

the volume of erroneous SAGE tags is substantial. Artificial tags are rare
and diverse, and a majority of them have observations in the single digit
numbers. The error rate projections indicate that mutant tag sequences constitute
approximately one-sixth of a tag library. On the scale of tag sequences, the
proportion of mutant sequences may very well reach 30–40 %. The correction
algorithm that we have developed is a multistep approach that exploits the
intrinsic structure of SAGE data, utilizes empirical estimates of the error rates,
and preserves the discrete and stochastic organization of SAGE tag sampling.
The first step of the algorithm is analysis of ditags. Observed duplicate ditags are
generally discarded in SAGE data processing to control for PCR amplification
bias (see Note 1). The algorithm finds potentially mutant ditags and removes
them from the library with little risk of affecting true tag counts. The next
step of the algorithm is the calculation of the empirical error rates from the
expression patterns of abundant SAGE tags. Based on these rates, the algorithm
seeks clusters of tag variants related to one true tag sequence. Subsequently,
the variants are deleted from the data set, and their counts are added to the
parent tag counts. At the end, only potentially genuine variant tags are retained
in the library. Throughout this chapter, the following notation is assumed: L is
the SAGE tag length.

3.1. Ditag Processing (see Fig. 1)

Processing of SAGE ditags requires a tab-delimited list of ditags, with ditag
sequences in column one, the ditag counts in column two, and in columns three
and four, information about the fidelity of the left and right tag, respectively,
based on a sequence data processing algorithm such as Phred (5). The fidelity
of the tags is denoted as 1 for being legitimate and 0 otherwise. In situa-
tions where fidelity information is not available, for example when processing
sequence data with the DNA Sequencing Analysis software from Applied
Biosystems, columns three and four are filled with 1s if the tag sequences are
complete and 0s if the sequences contain ambiguous nucleotide symbols such
as “N,” “Y,” etc.

Based on the list of ditags, a first-pass SAGE library is created. The first L
nucleotides of the ditag sequence are saved as the left SAGE tag and the
reverse-compliment last nucleotides of the ditag sequence are saved as the right
tag. Tag counts are accumulated for legitimate tags. The tag counts of the
low-quality tag sequences are set to zero. Every pair-wise combination of ditag
sequences from the ditag list is analyzed.
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Fig. 1. Ditag processing workflow.
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1. Tag combinations are compared. If the two ditags generate identical tag pairs, the
shorter ditag is deleted from the list and the next ditag pair is processed.

2. If the two ditags do not generate identical tag pairs, the algorithm checks whether
the two ditag sequences are one- or two-nucleotide variants (see Note 2). If not,
the next ditag pair is processed.

3. If the two ditag sequences are one- or two-nucleotide variants, the counts of the
four tags are compared. If one of the ditags has the left tag count larger than or
equal to the left tag count of the other ditag and the right tag count larger than or
equal to the right tag count of the other ditag with one of the tag counts strictly
larger, then the ditag with the larger tag counts is retained in the list and the other
ditag is deleted. If the left tag with larger count and the right tag with larger count
belong to the different ditags, then a new ditag is formed of these two tags and
added to the list and the two original ditags are discarded. In all other cases, the
both ditags are retained and the next pair is processed.

When all ditag pairs are analyzed, a second-pass SAGE library is built
similarly to the first pass library.

3.2. Estimation of Error Rates (see Fig. 2)

The algorithm analyzes a tab-delimited list of SAGE tags and their counts.
The error rates are estimated from observed mutations in abundant transcripts.
The abundance of these transcripts must be large to guarantee reasonable
expectations of substitutions, deletions, and insertions. It is recommended that
the threshold be set at 50 tag counts for LongSAGE libraries.

1. Abundant tags are selected in the SAGE library, e.g., SAGE tags with counts of 50
and above.

2. For each abundant, or in other words, parent tag, all one- or two-nucleotide variant
SAGE tags with lower tag counts are found, and the error-free parent tag count
is determined by adding the counts of the variant tags to the parent tag count.
The variant tag sequences are sorted into three bins: substitutions, deletions, and
insertions. If the mutation type is ambiguously defined, the substitution takes prece-
dence. The counts of the tags in each bin are summed and divided by the error-free
parent tag count, thus converting the mutation counts to the mutation frequencies.

3. At this step, the algorithm works with three collections of numbers—the substitution,
deletion, and insertion frequencies derived from the parent tags. If the collection
size is sufficient (the recommended size of the set is 10 and above), the median of
the collection is taken as the mutation frequency estimate, f̂ .

4. To obtain error rate estimates, the following equation is numerically solved for r̂
for each of the three mutant types (see Note 3):

L · r̂ · �1− r̂�L−1 = f̂ (1)
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5. If the size of one of the frequency collections is not sufficient and the mutation
frequency is unreliable, it is recommended that the error rates observed in a high-
quality, large SAGE library are used. We suggest the following estimates (see
Note 4):

r̂substitution = 0�004
r̂deletion = 0�0006
r̂insertion = 0�0005

(2)

3.3. Tag Processing (see Fig. 3)

The tag processing step works with two inputs—a tab-delimited SAGE
library and error rates. Additionally, the user needs to specify a p-value
threshold. This threshold is used in the statistical test.

1. Calculation of the parent tag count cutoff:

C0 = log �1−p0�

1− �1− r̂substitution − r̂deletion − r̂insertion�
L

(3)

where p0 is the p-value threshold. The tags with the count larger than the count
cutoff, C0, are selected as parent tags.

2. For each parent tag:

a. The one- or two-base variant SAGE tag sequences with counts smaller than the
parent tag count are located and saved in a cluster.

b. The tag’s adjusted p-value is calculated for each tag in the cluster (see Note 5):

pt =
i=S∑

i=Ct

e−Pm ·P i
m

i! (4)

pa
t = pt ·Am (5)

where Pm is the probability of the tag sequence mutation based on the error rates,
Ct is the tag count, S is the cumulative count of the tag cluster (including the
parent tag count), and Am is a Bonferroni-like p-value adjustment: Am = L · 11

for single-mutation tags and Am = 11 ·L · 11 ·L −1
2

for double-mutation tags (see

Note 6).
c. Statistical testing of individual tags. All tags with the adjusted p-value smaller

than the p-value threshold are removed from the cluster (see Note 7).
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d. The cluster p-value is calculated based on the counts of the mutant tags and the
parent tag count (see Note 5):

pc =
i=S∑

i=Cc

e−Pe ·P i
e

i! (6)

where Pe is the probability of generating an erroneous tag sequence based on the
error rates and Ce is the cumulative counts of the tags in the cluster excluding
the parent tag count.

e. Statistical testing of the cluster size. If the cluster p-value is larger than the
p-value threshold ( pc > p0), then all the tags are retained in the cluster, otherwise
the tag with the smallest p-value is removed from the cluster and the test is
performed again.

f. Tag sequences retained in the cluster are called child tags and the child–parent
relationships are saved for the final processing step.

3. When all the parent tags are processed, the child–parent relationships are resolved
and the child tag counts are added to the parent tag counts with the child tag
sequences deleted from the library (see Note 8).

4. Notes
1. In general, it is accepted that duplicate SAGE ditags are discarded. However, the

expected proportion of ditags with two highly abundant tags may not be negligible.
In this case, the tag counts may be adjusted after the ditag processing step.

2. It is important to optimize the search in the selection of one- or two-base variant
sequences. For example, one might calculate the numbers of the nucleotides for
ditag and tag sequences prior to the search and efficiently discard tag or ditag pairs
when the numbers differ by three or more nucleotides.

3. Eq. 1 is quickly solved with the secant method (6).
4. The error rate estimates in eq. 2 were observed in a LongSAGE library of more

than 100,000 tags. This library was preliminary processed by phred with the quality
score of 20.

5. Poisson approximation to the binomial distribution is used in eqs. 4 and 6.
6. The Bonferroni-like adjustment constant in eq. 5 represents the overall number

of one-base mutant sequences and two-base mutant sequences. In the case of the
one-base mutations, it is estimated as the number of bases (L) multiplied by the
number of mutation types (11): 3 substitutions, 4 insertions, and 4 deletions. This
number is certainly not precise but is a reasonable first order estimate.

7. The statistical tests in the tag processing step control for the type-II error (effec-
tively the null hypothesis is if the observed variants are technology related mutants).
As a result of the nature of this problem, exact calculation of the type-I p-value is
not possible unless all genuine tag sequences are known.
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8. When resolving child–parent relationships in the tag processing step, it is important
to note that some of the tags may be classified both as child and parent, implying
that the higher order relationships must be resolved.
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Duplicate Ditag Analysis in LongSAGE

Jeppe Emmersen

Summary

The Long serial analysis of gene expression (SAGE) protocol generates ditags from tags
with overlapping overhangs, thereby increasing the probability of duplicate ditag formation in
LongSAGE. In this chapter, a tool is presented that facilitates the analysis of duplicate ditags in
LongSAGE studies to determine whether they should be included or not.

Key Words: SAGE; ditags; Perl; transcriptome; probability; PCR; amplification bias.

1. Introduction
In the original serial analysis of gene expression (SAGE) protocol, ditags were

generated by ligating two blunt-ended 14-bp tags (1). To avoid bias due to cloning
and PCR artifacts, duplicate ditags were discarded during the extraction process,
a procedure that was continued after the LongSAGE protocol (2). By deriving the
basic probability expressions for SAGE and LongSAGE, it is possible to verify
whether discarding duplicate ditags has a significant effect on the resulting tag
counts.Because theoriginalSAGEprotocolgeneratesblunt-ended tags, theproba-
bility of two tags combining to form a ditag was independent of their sequence:
P(AB) = P(A)∗P(B), where the probability is simply the frequency of each tag.
For two tags with equal probabilities of 0.02, the ditag probability would be
0.004. If 25,000 ditags were sampled to form a 50,000-tag library, the tag counts
would be 1000 and the number of expected duplicate ditags would be 10—i.e.,
only 1 % of the tag counts. Discarding duplicate ditags, in this case, had little
effect on the overall tag counts, and was thus justified by the risk that some

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
Edited by: K. L. Nielsen © Humana Press Inc., Totowa, NJ
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may stem from experimental artifacts. In LongSAGE however, the MmeI enzyme
generates a 21- to 22-bp long tag, which has a 2-bp overhang at the 3′ end. This
overhang ensures that only tags complementary to each other at the 3′ end can
ligate together. This changes the basic probability of each ditag AB to be chosen
to: P(AB) = P(A)∗P(B)∗16, i.e., the probability of B is now dependent of A if A is
chosen first and a uniform distribution of compatible overlaps is assumed. Going
back to first example of a typical 50,000-tag SAGE study, two tags of tag count
1000 with a compatible overhang would, on average, give rise to 160 duplicate
ditags, a nonnegligible 16 % fraction of the total tag count. In reality, the distri-
bution of the 3′ overhangs is not uniform. Figure 1 shows the distribution of
overhang dinucleotides for a human pancreas SAGE library (Pa1b), which vary
considerably from the uniform 1/16 distribution (=0.0625) (3). Using these data,
up to a threefold difference in tag counts is observed, depending on inclusion or
exclusion of duplicate ditags.

A plot of the relationship between tag counts generated by discarding or
including duplicate ditag reveals no general nonrandom bias of including
duplicate ditags (see Fig. 2). On the contrary, the inclusion of duplicates
increases tag counts proportional with abundance, as should be expected from
the probability equations.

A major complication of analysis is variability of the MmeI enzyme in the
size of the restricted DNA fragments. The enzyme digests either 20 or 19
nucleotide downstream of its recognition sequence, generating two different
overlaps, and consequently gives rise to 40, 41, or 42 bp ditags in different

Fig. 1. Tags observed with and without inclusion of duplicate ditags from the
LongSAGE study of pancreatic acinar cells (3) shows a linear relationship of tag counts.
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Fig. 2. The distribution of observed compatible overhangs from ditags of lengths
40 bp and 42 bp.

ratios (Table 1). Therefore, the ditag probability must be calculated for each
individual fragment. Taking these considerations into account, the ditag proba-
bility becomes: P(A′B′) = TA′ /T ∗

total TB′ /TPPT, where TA′ is total tag count of A′,
TB′ is total tag count of B′, Ttotal is total library tag count, and TPPT is total
possible partner tags for the overhang between A′ and B′, with A′ and B′ being
one of two possible length representations of the tags. The expected occurrence
of each ditag in library of Dtotal becomes: DAB = D ∗

total TA/T ∗
total TB/TPPT.

The last expression provides the theoretical basis to verify the observed
duplicate ditag counts by correlating with the predicted ditag counts when

Table 1
The Distribution of Ditag Lengths in a LongSAGE Study of
Pancreas Acinar Cells (3)

Tag length 35 36 37 38 39 40
Number of ditags 222 3342 11330 7307 218 53
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Fig. 3. Observed vs predicted ditags from the LongSAGE study of pancreatic acinar
cells (3). Outliers identified as contaminants are indicated by arrows. Removal of these
increases the correlation coefficient from 0.61 to 0.95.

duplicate ditags are included in the tag extraction. Tags with large deviations
from the predicted counts can be verified manually and possible contaminants
removed from further analysis. For SAGE libraries generated from amplified
mRNA, this may be a useful quality check of the amplification linearity (3,4).
This is implemented in the longsage_bias algorithm, which is implemented as
a Perl program described in the methods section of this chapter. This algorithm
can be used to correlate duplicate ditag counts and identify suspicious ditags
that merit closer inspection, not to correct tag counts. An example is shown
in Fig. 3, where the arrows indicate identified contaminants. Removal of these
tags increases the Pearson Product Moment correlation from 0.61 to 0.95.

2. Materials
1. The analysis of duplicate ditags can be performed using the Perl script

longsage_bias.pl. This script can be obtained from www.bio.aau.dk/en/
biotechnology/software_applications or by email request to je@bio.aau.dk. The Perl
package can be obtained from www.activestate.com for windows and is normally a
standard on Unix machines. The module Getopt::Std is needed for the script to run and
can be obtained from either ActiveState using the PPM engine or by searching CPAN.
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2. The input files for this script is a directory of phd files generated by the Phred base
caller (6).

3. Methods
To run the analysis, type longsage_bias.pl Input_Directory. This generates

a new folder, containing all files generated by the analysis. The results folder
is named for the input directory and the date of run.

The output from the analysis run consists of three files: a predict file, a ditag
file, and a tag file. The analysis prints out several statistics—the log output.
The log output can be redirected to a file using the < redirection operator.

1. The predict file is a tab separated file (see Note 1) listing all tags derived from
duplicated ditags and various variables, the most important being the counts of
two associated tag found in duplicated ditags and the predicted counts for each
duplicated ditag (see Note 2) By plotting the observed ditag count against the
predicted ditag count for each ditag pair, it is easy to spot any deviations from the
linear relationship. In general, the less abundant a tag is, the more variation is seen
as a consequence of sampling. As a rule of thumb, tag pairs exhibiting more than
fivefold deviations from their predicted ditag count merit further investigation. For
example, in a SAGE library from pancreas mRNA, an unknown ditag predicted to
be found 8 times was found 86 times, a more than 10-fold increase in abundance.
Further analysis by BLAST revealed this ditag to consist of two tags derived
from the Escherichia coli �-lactamase gene, thus a likely result of contamination
(see Note 3).

2. The log-file output contains several library-wide statistics from the ditag extraction
and subsequent tag extraction (Table 2). The first section lists possible monotags,
i.e., where a single anchoring enzyme (CATG for NlaIII) site was found in the
beginning of the ditag sequence file, but no closing site within the chosen ditag size
limit. The second section contains a resume of the ditag extraction: the number of
total ditags found, the number of possible monotags, and the number of correctly
formatted ditags rejected because of sequence quality. The third section is a list
of ditags formed by the same monotag. The fourth section lists the total number
of tags extracted from the ditag list, a distribution of the 16 possible dinucleotides
participating in the overlap of the tags as generated by the MmeI enzyme (determined
from ditags of length 40 and 42 bp), the number of total dinucleotide overlaps, and
finally, a distribution of ditag lengths (Table 1). The ditag file and the tag file are
tabulated outputs of DNA tag sequences and corresponding tag counts. These may
be used for further analysis, i.e., mapping of the tags.

4. Notes
1. Tabulator separated files are easily imported into any spreadsheet program, such

as Excel, for further analysis.
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2. For each ditag A-B, there are two entries: one for A-B and one for B-A. The
values may differ slightly as a result of limitations in the data sets, but converge
for larger tag counts.

3. To visualize as many outliers as possible, it is adventitious to plot the data using
logarithmic axes.
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Statistical Comparison of Two or More SAGE Libraries
One Tag at A Time

Gerben J. Schaaf, Fred van Ruissen, Antoine van Kampen,
Marcel Kool, and Jan M. Ruijter

Summary

Several statistical tests have been introduced for the comparison of serial analysis of gene
expression (SAGE) libraries to quantitatively analyze the differential expression of genes. As
each SAGE library is only one measurement, the necessary information on biological variation
or experimental precision is lacking. Therefore, each test includes its own approach to derive
such a variance measure from the data set or a theoretical distribution. Because the confidence
in tag counts depends on the library size, a test between two or more libraries should be based
on original tag counts. When groups of libraries are compared, the test should determine that
the proportion of a specific tag in all libraries is the same (null hypothesis), but also offer the
possibility to detect specific differences between individual libraries and groups of libraries. The
Z-test and the G-test encompass these characteristics and are described for the comparison of
two libraries and (two or more) groups of libraries, respectively.

Key Words: SAGE-statistics; Z-test; binomial distribution; G-test; log–likelihood ratio; multi-
nomial distribution; null hypothesis.

1. Introduction
The serial analysis of gene expression (SAGE) procedure can be described

as taking a sample from a large population of tags and counting the number
of each specific tag, and can thus be well approximated as sampling with
replacement (1). The number of specific tags in a SAGE library per total number

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
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of tags in that library is assumed to be an unbiased estimate of the number of
copies of a specific mRNA per cell (see eq. 1). This fraction is, therefore, a
direct estimate for the abundance or proportion of specific mRNA transcripts
in that cell. The number of specific tags is the result of the probability of each
tag to be sampled from the total population and, therefore, can be assumed
to be binomially distributed. For the large number of tags sequenced in one
library, this binomial distribution can be very well approximated by a normal
distribution (2).

The aim of most SAGE studies is to identify genes of interest by comparing
the number of specific tags found in two or more SAGE libraries. In other words,
the aim of a comparison of SAGE libraries is to reject the null hypothesis that
the observed tag counts in these libraries are equal. Testing of this hypothesis
is hindered by the fact that each SAGE library is only one measurement:
the necessary information on biological and experimental precision is lacking.
Biological variation may reflect any biological influences, such as tissue-
specific gene expression, changes in expression due to developmental differ-
ences, disease states, and transcripts lacking a particular recognition site for the
anchoring enzyme (as a result of mutations or alternative splicing). Technical
variation may be caused by incomplete digestion of samples leading to incorrect
tags and tag counts, RNA degradation, or sequencing errors. Several statis-
tical tests have been described as finding differences in tag abundance either
between two (pair-wise) or among multiple libraries. These tests all include
their own assumptions about the origin and properties of the tag variation. In
general, the power of the statistical analysis of SAGE data depends largely
on the accuracy of the determined tag proportion, which is dictated predomi-
nantly by the library size (for detailed description of size effects, see ref. 2). In
this chapter, we describe the Z-test (comparison of two libraries [3] ) and the
G-test (comparison of multiple libraries [4] ). These tests focus on proportions
of specific tags in each library and thus account for (differences in) library
size. It is important to note that in most comparisons between specific tags in
SAGE libraries, there is no a priori knowledge of the direction of the effect.
Therefore, all decision rules must be formulated to result in a two-sided test.
Note that all available tests for the statistical comparison of two or more SAGE
libraries must be executed for each individual tag. No tests for groups of tags
or whole libraries have been developed.

The Z-test proposed by Kal et al. (3) is based on the normal approximation of
the binomial distribution (3,5). The test statistic Z is calculated as the difference
in proportions divided by the standard error of this difference when the null
hypothesis is true (eq. 2). The Z-statistic is approximately normally distributed
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and can, therefore, be compared to the �/2-percentile of the normal distribution.
An additional advantage of the Z-test is that this method of testing provides
a way to calculate the number of tags that must be sequenced to detect a
difference as significant. Other tests to identify differences between two SAGE
libraries have been published and are extensively reviewed and compared in
recent literature (2,6,7). In general, all tests for the comparison of tag counts
between two libraries lead to the same conclusion (2). Computer programs for
the comparison of two libraries have been made available (2,6,7).

Because all SAGE libraries can be considered an unbiased representation
of the transcriptome of the tissue that they are derived from, all available
SAGE libraries can be compared directly. Each new library can be included in
the statistical comparison of (a selection of) the many libraries that are now
available in a number of public databases. Statistical comparison of such a set of
libraries is not straightforward. Performing all possible pair-wise tests in a large
collection of libraries is statistically invalid and would lead to unacceptable
accumulation of false positives (Type I error). When a correction for multiple
testing (see Note 1) is used, the resulting test is very conservative. A number
of tests has been suggested recently for the comparison of groups of SAGE
libraries. These include the t-test between the normalized tag counts in two
libraries (8) or the Chi-square test among pooled tag counts (9). The short-
coming of the first approach is that such a t-test treats all tag counts as equally
reliable, which ignores the fact that confidence depends on library size (2,10).
On the other hand, pooling of tag counts completely ignores the between-library
variation. Neither approach can, therefore, be considered valid for testing differ-
ences between groups of SAGE libraries. To overcome these shortcomings, a
weighted t-test (10) and, more recently, logistic regression approaches, which
can deal with more than two groups of SAGE libraries, were proposed (11,12).
Each of these procedures deals with the within-library and between-library
variation by introducing weight factors or scaling terms. In all of these methods,
the testing procedure starts with the classification of the SAGE libraries into
two or more groups based on a priori assumptions. However, similarly to other
multiple-comparison-of-group approaches, an overall test of the null hypothesis
that all libraries share the same tag proportion should precede such a grouping
of libraries. To this end, we recently introduced a test that is the direct multili-
brary extension of the Z-test (3) or Chi-square test (13). Like these two-sample
tests, the multisample log–likelihood ratio test, (dubbed G-test in agreement
with Sokal and Rohlf [14] ) is based on the binomial distribution of SAGE
tags. The G-test, which originates from the analysis of frequencies, offers the
above-mentioned overall test as well as a straightforward procedure by which
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to continue when this null hypothesis is rejected, and it can be concluded that
the tag proportions in the libraries are not all equal. The latter procedure was
adapted to fit the design of SAGE experiments and has recently been described
in detail (4).

2. Materials
2.1. Equations

2.1.1. Proportions

The proportion ( p) of a certain mRNA transcript with tag count n in a SAGE
library of size N:

p =
nspecific tags

Ntotal tags

(

=
nspecific mRNA/cell

Ntotal mRNA/cell

)

(1)

The expected proportion in each of k libraries, when the null hypothesis, that
all libraries have equal proportions, is true:

p0 =∑

k

nk

/
∑

k

Nk (2)

2.1.2. Z-Test

Test statistic:

Z = p1 −p2√
p0�1−p0�/N1 +p0�1−p0�/N2

(3)

with p1 and p2 from eq. 1 and p0 from eq. 2
Detectable difference:

p1 −p2 > Z�/2

√
p0�1−p0�/N1 +p0�1−p0�/N2+

Z�

√
p1�1−p1�/N1 +p2�1−p2�/N2

(4)

Required number of tags in each library:

N >

(
Z�/2

√
2p0�1−p0�+Z�

√
p1�1−p1�+p2�1−p2�

p1 −p2

)2

(5)
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2.1.3. G-Test

Overall test statistic:

Gintrinsic = 2
∑

k

∑

s+ns

�n · ln �n/n0�� (6)

with n and n0 per library.
Test statistic per individual library:

Gindividual	t→st = 2
∑

s+ns

�n · ln �n/ �pstN��� (7)

Test statistic per group of libraries:

Gpooled	t→st = 2
∑

s+ns

{
∑

k

nk · ln

(
∑

k

nk

/(

pst

∑

k

Nk

))}

(8)

2.2. Software

The Z-test and G-test have been implemented in the SAGEstat and G-test
software programs, respectively. SAGEstat accepts manual input of data, but
for complete libraries, both programs are based on data stored in Microsoft
Excel. The programs are available on request by sending an e-mail to
biolab-services@amc.uva.nl with subject SAGEstat or Gtest, respectively.

3. Methods
In this section, we describe how to perform the calculations required for

the Z-test and the G-test, as they are implemented in the above-mentioned
programs. The Z-test is to be used to test differences between tag counts
in two libraries (Subheading 3.1), and can be used to plan a SAGE exper-
iment with two libraries (Subheading 3.2). For the comparison of tag counts
in groups of multiple libraries, the log–likelihood ratio or G-test is to be
used (Subheading 3.3). Note that these test procedures between libraries are
performed for each tag individually.

3.1. Comparison of Tag Counts in Two Libraries: Z-Test

3.1.1. Difference between Two Tag Counts

1. Calculate the proportion ( p1 and p2) of the tag in each library (eq. 1).
2. Calculate the proportion p0, which is the expected proportion when the null

hypothesis is true (eq. 2).
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3. Use these proportions, and the library sizes N1 and N2 in eq. 3 to calculate the test
statistic Z.

4. Compare Z to the �/2 percentile of the normal distribution (Z�/2) or calculate the
P-value of Z using the NORMSDIST function of MS Excel.

In the SAGEstat program, the library sizes and specific tag counts can be
entered manually and the program will perform these calculations (Fig. 1).

For the comparison of all tag counts in two libraries, the previous procedure
is to be repeated for every tag. This procedure has been automated for all tags
in two libraries and implemented in the SAGEstat software. Note, however,
that by testing tags in the libraries sequentially, the Type I error accumulates
(see Note 1). A multiple testing correction must be applied to prevent false
positives.

Fig. 1. The master screen of SAGEstat. SAGEstat can be used to perform the
different possibilities of the Z-test (testing and planning experiments with two SAGE
libraries) as described under Subheadings 3.1. and 3.2.
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3.1.2. Calculation of Critical Values

Another way to easily compare the tag counts in two whole libraries is
to calculate critical values, which are defined as the tag counts that must be
found in the second library for the difference with the tag count in the first
library to be statistically significant different. The critical values depend on the
library sizes N1 and N2, and the calculation requires the user to determine the
accepted level for the Type I error (�, incorrect rejection of the null hypothesis;
two-sided) (see Note 2).

The SAGEstat program can be used to perform these calculations. In
principle, the program systematically simulates increasing tag counts in the first
library and uses eq. 3 (with increasing tag counts) to determine the number of
tags in the second library at which the resulting P-value leads to rejection of
the null hypothesis at the required level of significance.

3.2. Planning a SAGE Experiment With Two Libraries

The normal approximation of the binomial distribution that forms the basis
of the Z-test can also be used to easily calculate the required number of tags
in each library for a certain expected difference in proportion to be tested as
significantly different. The principle of these calculations is given in Fig. 2. The

Fig. 2. Illustration of the derivation of the sample size equation. When the null
hypothesis (H0) is true, the expected value of the difference p1−p2 is 0. The distance
between this expected value and critical value is Z�/2SEp0. When the alternative
hypothesis is true, the distance between the true p1−p2 and the critical value is
Z
SEp1−p2. Therefore, the distance from 0 to p1−p2 is given by the sum of these two
distances (eq. 4).
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calculation can be performed manually as described under Subheading 3.2.1.,
but for a range of differences they can easily be carried out using the SAGEstat
software. The calculations are based on eq. 4, which gives the difference in
proportions that can be expected to be detected at significance level � and with
a power 1−
 for libraries of size N1 and N2. For equal library sizes, eq. 4 can be
converted into eq. 5 (2,5). In this form, the equation can be used to calculate the
common library size that is required to detect an expected difference (p1 − p2)
at significance level � with a power 1−
.

3.2.1. Calculate the Required Number of Tags in Each Library

1. Determine the expected difference in tag proportion.
2. Decide which significance level (�) is required and look up Z�/2 in the normal

distribution.
3. Decide which power (1−
) is required and look up Z
 in the normal distribution.
4. Use eq. 5 to calculate the library size N for both libraries.

The SAGEstat program can be used to calculate the library size for a range
of expected differences, defined as fold-difference between tag proportions
(Fig. 3).

Fig. 3. Planning (SAGE) experiments: number of tags that must be sequenced in
two SAGE libraries. Number of tags that must be sequenced in each of the libraries to
detect a 2- to 20-fold difference in abundance at a significance level of 0.001 and a
power of 0.9.
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While planning a SAGE experiment, eq. 4 can also be used to:

• Calculate the detectable difference between two libraries when the library sizes, the
significance level, and the required power have been determined.

• Calculate the reachable power of the experiment for an expected difference when
the library sizes and the significance level have been decided.

• Calculate the number of tags required in the second library when the number in the
first library, the significance level, and the required power are fixed.

The latter option can be used when one is planning to compare a new library
to a SAGE library that has already been constructed. Because the conversion
of eq. 4 into eq. 5 is not possible when the library sizes N1 and N2 are not
equal, these calculations must be based on eq. 4. This requires an iterative
procedure that is much too laborious to execute manually, and a program such
as SAGEstat must be used. Examples of such calculations are given in Ruijter
et al., 2002 (2).

3.3. Comparison of Tag Counts in Multiple Libraries: G-Test

As discussed in the Introduction, the analysis of multiple SAGE libraries
comprises a two-step procedure. First, the null hypothesis that the proportion for
a specific tag is the same in all libraries in the set must be tested. To this end, the
overall G-statistic (Gintrinsic; eq. 6) is calculated and compared to the Chi-square
distribution. When this null hypothesis is rejected, different approaches can be
chosen to determine in which libraries the tag is differentially expressed. One
can calculate an individual G-statistic for each library to test the significance of
its deviation from the overall expected proportion. However, after the rejection
of the null hypothesis, the results of such a test are hard to interpret biologically.
When a priori knowledge of the included libraries is available, e.g., based on
tissue origin, one can choose to continue with a comparison of the user-defined
standard and test subsets of libraries. This approach is referred to as an “a
priori” or “supervised” comparison of subsets. Together with the overall test,
the proposed test procedure proceeds through five decision rules, and a tag must
pass each subsequent rule to be considered differentially expressed between the
standard and test set of libraries.

The calculation of the G-statistic is based on a multinomial distribution,
which is a generalization of the binomial distribution to the case where an
attribute has more than two classes. For the calculation of the G-statistic,
the data for one tag are placed in a contingency table with the libraries as
columns and two rows per column. The top row of this table contains the
tag counts for the current tag in each library (specific counts) and the bottom
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row contains the number of other tags (nonspecific counts.) The numerator
of the likelihood ratio is the probability of observing the frequencies in this
contingency table. The denominator is this probability when the libraries and
tag counts are independent. The G-statistic is defined as two times the logarithm
of this likelihood ratio and, for a comparison of k SAGE libraries, simplifies
to eq. 6 (14).

3.3.1. Rule 1: Overall Test

First, test the overall null hypothesis that all k libraries in a collection of
libraries have the same proportion of a specific tag. Because the overall G-
statistic is based on the expected proportion, which is calculated from all data
in the current data set, this statistic is referred to as Gintrinsic (Fig. 4).

1. Calculate p0, which is the expected proportion when the null hypothesis is true,
using eq. 2.

2. Use p0 and each library size to calculate n0; the number of expected tags in that
library when the null hypothesis is true is n0 = p0N, in which N is the size of the
library.

3. Calculate the “n·Ln(n/n0)” term in eq. 6 (in the case of zero tag counts, see Note 3).
In this term, Ln represents the natural logarithm, and n is the number of observed tags
in a library. This term must be calculated and summed for specific and nonspecific
tags. This sum is the contribution of each library to Gintrinsic.

4. Calculate Gintrinsic according to eq. 6 (sum over all k libraries and multiply by 2)

0.00001

0.0001

0.001

0.01

N MC A G G A M N N N G N NC N A

Gindividual
Gintrinsic

p0

Fig. 4. Testing the null hypothesis with the G-test (overall test; Gintrinsic). Gintrinsic is
used to test the homogeneity of the whole library set (rule 1). This test uses the intrinsic
p0 as reference proportion. Note that Gintrinsic is the sum of Gindividual.
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The distribution of the G-statistic approximates the Chi-square distribution
(14) and, therefore, the P-value of the observed Gintrinsic is determined from
the �2-distribution with k−1 degrees of freedom (df). Based on the chosen
significance level � (see Note 2) and the obtained P-value, the null hypothesis
is rejected when Gintrinsic > �2

�	n−1	df . In that case, the tag can be considered to
be informative, i.e., the information contained in the tag counts may reflect
some aspects of the difference between the original libraries (Fig. 4).

When Gintrinsic leads to rejection of the overall null hypothesis, one can
proceed to the next step (Subheading 3.3.2.) of the G-test procedure. To this
end, the libraries are grouped into a standard set and one or more test sets (see
Note 5 for guidelines).

3.3.2. Rule 2: Homogeneity of the Standard Set

The intrinsic G-statistic of the standard set is calculated (Gwithin	 st) to test
the homogeneity among tag proportions found in the standard set.

1. Calculate the expected proportion for the standard set ( pst; eq. 2 with the sums of
n and N of the libraries in the standard subset; Figs. 5 and 6).

2. Calculate n0	st for each library in the standard set.
3. Calculate Gwithin	 st similarly to Gintrinsic (eq. 6 with k as the number of libraries in

the standard set).

Fig. 5. Supervised G-test: Gwithin	 st and Gindividual	 t−>st . Supervised G-test with the
proportion of an user-defined standard subset (pst) as reference. Gwithin	 st is used to
test the homogeneity of the standard set of libraries (rule 2). Gindividual	 t−>st tests the
deviation of each individual library in the test set from the average proportion of the
standard set (rule 3).
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Fig. 6. Supervised G-test: Gwithin	 st , Gwithin	 t and Gpooled	 t−>st . Supervised G-test
with the proportions of an user-defined test subset (pt) and standard subset (pst) as
reference. Gpooled	 t−>st is used to test the difference between a test set and the standard
set (rule 4). Gwithin	 t , tests the homogeneity of the test set and can be used to obtain a
more stringent set of differentially expressed genes (rule 5). The sum of Gindividual	 t−>st

adds up to the sum of Gpooled	 t−>st and Gwithin	 t

Like Gintrinsic, the degrees of freedom of Gwithin	 st are the number of libraries
in the subset minus 1. When the tag proportion in the standard set is considered
homogeneous (Gwithin	 st < �2

�	n−1	df ), proceed to next rule (Subheading 3.3.3).
Otherwise, the tag is considered to be not informative for the current subset
classification.

3.3.3. Rule 3: Compare Individual Libraries in the Test Sets
With the Standard Set

To determine whether the tag proportion in each individual library in the
test set can be considered significantly different from the overall abundance of
the standard set, the Gindividual	t−>st is calculated for each test library.

1. Calculate the proportion pst of the standard subset (as under Subheading 3.3.2.)
2. Calculate the expected tag count in the each test library, n0	st , as the product of pst

and the size Nt of the current test library (Fig. 5)
3. Calculate Gindividual	 t−>st using eq. 7. Gindividual	 t−>st is two times the sum of

nt·ln�nt/n0	 st�, with nt as the number of observed tags in the current test library.
This term is summed for the specific and nonspecific (s + ns) tags.

Each Gindividual	 t−>st has one degree of freedom. When the tag proportion in each
individual library in a test set is considered significantly different from the overall
abundance of the standard set (Gindividual	 t−>st > �2

�	1	df ) one can proceed to next rule
(Subheading 3.3.4). Otherwise, one has to consider this tag noninformative. This
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rule may be too stringent when many libraries are included in the comparison. In
that case, it may be necessary to change the stringency of the G-test ( see Note 6).

3.3.4. Rule 4: Test the Difference Between a Test Set
and the Standard Set

To determine whether the average tag proportion of a test set libraries
differs significantly from that of the standard set the Gpooled	 t−>st is calculated.
Gpooled	 t−>st reflects the difference between the average proportion observed in
the test set and the expected proportion when the test set does not differ from
the standard set (Fig. 6).

1. Calculate the pooled observed tag count nt for the subset with k libraries.
2. Calculate the pooled expected tag count n0	st using the expected proportion pst and

the sum of the library sizes Nt .
3. Calculate Gpooled	 t−>st using eq. 8.

When more than one test set is defined, Gpooled	 t−>st must be calculated
for each set. Gpooled	 t−>st has one degree of freedom. When Gpooled	 t−>st >
�2

�	1	df , the tag is considered to have a significant different proportion in the
test set compared to the standard set. Optionally, to increase the stringency
for selecting tags with significant different proportions, proceed to next rule
(Subheading 3.3.5).

3.3.5. Rule 5: Homogeneity of a Test Set of Libraries

To obtain a more stringent set of tags with significantly different proportions,
one can calculate the Gwithin	 t . This G-statistic reflects the homogeneity of
proportions of a specific tag in the test subset of n libraries (Fig. 6). Tags that
pass this rule can be considered to have homogeneous abundances within the
test set of libraries. Gwithin	t is calculated similarly to Gintrinsic (eq. 6 with k as
the number of libraries in the test subset) but with n0 based on the expected
proportion of the test subset (eq. 2 with sums of test subset). Like Gintrinsic, the
degrees of freedom of Gwithin are the number of libraries in the subset minus 1.
When the G-statistic is significant (Gwithin	 t < ��2

�−1df ), the hypothesis that the
test set is homogeneous must be rejected.

For the relation between the different G-statistics, consult Note 4. This
supervised G-test procedure was described in detail in Schaaf et al. (4), and
examples of tags that are either rejected by or pass each of the five rules are
shown in Table 1. The above G-test procedure is implemented into the G-test
computer program (Fig. 7) (4).
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Table 1
Application of the Decision Rules on 25 Tags From Four Rhabdomyosarcoma
(RMS) and Two Normal Muscle SAGE Libraries (4)

The cells in the table give the P-values of the respective G-statistics. The decision rules are
indicated at the bottom of the table. Grayed-out P-values do not satisfy the decision rules. Only
the tags without gray cells are considered to be differentially expressed. All rules are tested with
� = 0.05 as significance level.

4. Notes
1. The Type I error accumulates when more than one hypothesis test is done within

one experiment. When n pair-wise comparisons are done and each decision is
based on a significance level �, then the chance that one or more of the decisions
are wrong accumulates to 1−(1−�)n, which for 10 comparisons and � = 0.05,
already increases to over 40 %. Therefore, the significance level (�) should be
adjusted to safeguard against the accumulation of false-positive rate that may
result from multiple testing. Several approaches to correct for multiple testing
have been described, such as the Bonferroni correction (5) or the False Discovery
Rate (FDR; 15). With the thousands of tests in one SAGE analysis, the Bonferroni
correction becomes very stringent and therefore very conservative. Other methods
have been proposed to remedy this. Van den Oord and Sullivan (16) argue that it
is better to base the corrected significance level on reducing false discoveries as
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Fig. 7. G-test program interface to define the five decision rules as described under
Subheading 3.3.

well as the proportion of true detection and give an equation to this end (16). A
common misconception is that the Type I error occurs when the test is performed.
When one has 10 tags with the same tags counts in two libraries, of course only
one test is be performed and the results copied for each of the 10 tags. However,
when it comes to accumulation of Type I error one has in fact done all 10 tests.
This is because the error does not occur during the test but during the sampling:
each of the 10 samples may contain a random sampling error and, therefore, turn
out to be a false positive.

2. The significance level � of a hypothesis test is the chance that one is willing
to accept that a true null hypothesis is rejected (Type I error or false positive).
In discovery-driven research, the choice of � is not immediately important. The
tags that are the most promising for future research are the ones that deviate most
from the expected proportion, and these are the ones with the lowest P-value.
So, ranking the tags in ascending order of P-value provides a list with the most
interesting genes at the top. A very different situation occurs when research is
hypothesis-driven or diagnostic. Then, the choice of � determines whether or not
a tag is labeled “differentially expressed.” In short, the choice of � depends on
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the consequences of a false-positive decision on the one hand and those of a
false-negative decision on the other.

3. In the statistical analysis of SAGE libraries, tags that are not observed in one of
the libraries included in the test are often excluded from the test. However, very
low abundant transcripts, and thus zero tag counts, still may reflect a true low
transcript abundance, and their exclusion from the analysis may constitute a loss
of valuable information. However, the n·ln(n/n0) term that is part of the equations
of all G-statistics can not be calculated when the observed tag count n is zero.
Therefore, a zero-substitution procedure must be implemented when comparing
multiple libraries. Replacing zeros by 1 might lead to high tag abundances in small
libraries compared to the tag count of 1 in a larger library. Similarly, replacing
zero tag counts by a number close to zero can lead to clearly false-positive test
results. The zero-substitution procedure that is implemented must have a minimal
effect on the test statistic and should not contribute to the decision whether to
reject the null hypothesis. To obtain such an optimal zero substitution value, one
has to simulate random tag counts of 0 and 1 for each of the libraries in the
current collection of SAGE libraries. These simulated tag counts can be generated
in such a way that the tag count is always 0 in the smallest library and always
1 in the largest library. The other libraries are assigned either a 0 or 1, with the
chance of getting a 1 depending on the library size. After each assignment of a
0 or a 1 tag count to each of the libraries, an iterative procedure determines a
zero-substitution value that gives the minimal Gintrinsic for this simulated tag. The
whole process must be repeated and the mean zero-substitution value is then used
in the G-test procedure of all tags in the libraries. This way, it is ensured that
the zero-substitution, a value between 0 and 1, in itself will add only a minimal
contribution to the G-statistic. This approach is purposely conservative: genes that
change from no to low expression and in which the tag count difference between 0
and 1 is real will undeservedly not show up as differentially expressed. However,
the described substitution procedure itself will not lead to a significant P-value
and therefore avoids false positives.

4. An important characteristic of the G-statistic is the additivity of G-values. The
total G-value in the supervised comparison of subsets is given by the following
equation.

∑
Gindividual =∑

Gwithin +∑Gpooled (9)

This additivity of G is also observed at the subset level: the sum of its Gindividual

values is equal to the sum of Gwithin and the Gpooled of that set. The Gpooled of the
standard set is 0. Note that the above sum of Gindividual, also denoted as Gextrinsic,
is greater than Gintrinsic (eq. 6). The latter is based on the overall proportion of
all libraries, whereas Gextrinsic is based on the average proportion of the standard
subset. Because Gextrinsic is based on an a priori defined set, its degrees of freedon
are equal to the number of libraries.
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5. The supervised procedure as described under Subheading 3.3. can be summa-
rized as a comparison of the mean tag proportion in the test set with the mean
proportion in the standard set. Therefore, the most reliable selection of the differ-
entially expressed tags is obtained when the tag proportions in the standard set
are highly homogeneous, and the mean tag proportion in the standard set is a
good representation of the abundance of the transcript in that group of libraries.
In other words, the variation in the standard set needs to be minimal. When
comparing SAGE libraries from diseased tissue to libraries generated from their
normal counterparts, generally, the variation between normal tissues from different
individuals will be smaller than the variation between the diseased tissues from
these individuals. These normal tissue SAGE libraries should then be grouped in
the standard set, those from the diseased tissue in the test subset. However, when
comparing, for instance, subtypes of tumors, this distinction will not be so clear.
One can approach this problem by performing a hierarchical cluster analysis (see,
for instance, Shannon et al. [17]) using different distance measures. Then, the
standard set can be chosen as those libraries that cluster most closely together.
It should be noted that hierarchical cluster methods are developed for continuous
data and are not specifically developed for the discrete data that SAGE data repre-
sents. Cluster analysis will be highly influenced by low tag counts, and such tags
should not be included when this analysis is performed. Another drawback of
cluster analysis of SAGE data is the data normalization that must precede such
a test. Because the confidence in SAGE tag counts depends on the library size,
normalized data can only be compared when the library sizes are similar.

6. The supervised procedure as described under Subheading 3.3. was optimized for
a comparison of six libraries (two in standard set and four in the test subset). These
subsets of libraries were very different so that the G-test readily identified 277-tags
as significantly different at a significance level of 0.05. However, when the number
of libraries increases, rule 3 (Gindividual	 t−>st > �2

�	1	df ) may be too stringent. One
can lower the stringency of this step in the G-test procedure by setting a threshold
on the number of libraries in the test set that must pass rule 3 (Subheading 3.3.3.).
As mentioned above, rule 5 (Subheading 3.3.5.) is optional and confers much
stringency to the G-test. Obviously, the number of tags with significantly different
proportions selected is dependent on the chosen significance level for each of
the rules. Note in this respect that rules 1, 2, and 5 test homogeneity whereas
rules 3 and 4 test a difference (see also Note 2).
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Scaling of Gene Expression Data Allowing
the Comparison of Different Gene Expression Platforms
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Summary

Serial analysis of gene expression (SAGE) and microarrays have found a widespread appli-
cation, but much ambiguity exists regarding the amalgamation of the data resulting from these
technologies. Cross-platform utilization of gene expression data from the SAGE and microarray
technology could reduce the need for duplicate experiments and facilitate a more extensive
exchange of data within the research community. This requires a measure for the correspon-
dence of the results from different gene expression platforms. To date, a number of cross-
platform evaluations (including a few studies using SAGE and Affymetrix GeneChips) have been
conducted showing a variable, but overall low, concordance using different overall correlation
approaches, such as Up/Down classification, contingency tables, and correlation coefficients.
Here, we demonstrate an approach to compare two platforms based on the calculation of the
difference between expression ratios observed in each platform for each individual transcript.
This approach results in a concordance measure per gene, as opposed to the commonly used
overall concordance measures between platforms. This between-ratio difference is a filtering-
independent measure for between-platform concordance. Moreover, the between-ratio difference
per gene can be used to identify transcripts with similar regulation on both platforms.
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expression; expression profiling.
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1. Introduction
Methods for the analysis of gene expression profiles have gone through

progressive development over recent years. Traditionally, the level of
transcribed mRNA has been analyzed using methods such as Northern blots,
quantitative reverse-transcription (RT)-PCR, differential display (1,2), repre-
sentational difference analysis (3), total gene expression analysis (4), and
suppressive subtractive hybridization (5,6). All of these methods, although
fruitful and still in use, have a limited scope with regard to the number of genes
that can be analyzed simultaneously. Because of this limitation, new methods
have been developed, including serial analysis of gene expression (SAGE) (7),
massive parallel signature sequencing (MPSS) (8), cDNA and oligo microarray
chip technologies (9–13), and Affymetrix GeneChips (11).

SAGE is based on the high-throughput sequencing of concatemers of short
(13–14 bp; recently, 21–25 bp) sequence tags that originate from a known
position within a transcript and therefore theoretically contain sufficient infor-
mation to identify a transcript (7). In contrast to microarrays, SAGE estimates
the abundances (expression levels) of thousands of transcripts without prior
knowledge of the transcripts being expressed. The proportion of the tag within
the total number of tags in the library gives a direct estimate of the abundance
of the transcript within a biological sample. The proportional nature of the
data enables easy exchange among researchers, thus allowing the creation of
large public SAGE data sets for numerous human tissues, both normal and
diseased (14,15).

In contrast to SAGE, DNA microarrays are used to measure relative
expression levels between samples of thousands of known transcripts. Currently,
three array variants are being used (for reviews, see refs. 16 and 17), i.e.,
spotted cDNA microarrays, spotted oligonucleotide microarrays, and synthe-
sized oligonucleotide microarrays (Affymetrix GeneChips). The advantages of
Affymetrix GeneChips are that they are highly sensitive, enabling the detection
of mRNAs present at levels as low as 1 transcript in 100,000 (11) when the
probe-labeling step is not considered (18). They are suitable for high-throughput
analyses of multiple samples, and data can easily be shared and used for
comparisons by other researchers using the same chips.

At present, SAGE, oligo microarrays, complementary DNA (cDNA)
microarrays, and Affymetrix GeneChips are the most widely used techniques for
determining gene expression levels and gene expression ratios. These different
gene expression profiling platforms are often used in parallel, and data generated
with the different techniques must be compared, and interchanged, within and
between laboratories.
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To determine the overall correspondence between expression levels or
expression ratios of two different platforms, several methods have been
used (Fig. 1A–C). These include the parametric (Pearson) or nonparametric
(Spearman) correlation coefficients between platforms, and contingency tables
with varying numbers of classes for each platform. For the latter, a correspondence
measure can be calculated as the percentage of transcripts falling in the cells on the
diagonal (Fig. 1B). An extreme form of the contingency table has only two classes
per platform (ratios above and ratios below 1) and therefore only four cells. This
form of concordance estimation is dubbed “Up/Down classification” (Fig. 1A).
None of these correspondence measures was deemed satisfactory because they
treat very different ratios as similar (points A and B in Fig. 1A), which disqual-
ifies the Up/Down classification as a reliable agreement measure. The use of
contingency tables with more classes is a better approach, but here, some genes
will be considered to be “in disagreement” although they have nearly corre-
sponding expression ratios in both platforms (points A and B in Fig. 1B). The
Pearson correlation coefficient is a measure for the fraction of variation in Y
that is explained by the variation in X, and as such, only gives a measure for the
tendency of the plotted points to increase simultaneously (solid line, Fig. 1C).
However, when studying the correspondence between gene expression platforms,
the expected linear relation has a slope of 1, when the results of both platforms
are in complete correspondence (dashed line, Fig. 1C), and the deviation of the
observed scatter plot from this expected relation should be tested. To remedy these
pitfalls, we recently introduced a correspondence measure based on the difference
between the log(ratio) values in the two platforms for each individual transcript
(19) (Fig. 1D). Apart from serving as the basis for a measure for overall platform
concordance, this method also provides the user with an agreement measure for
each individual transcript, which is of more interest than the overall correlation.

To demonstrate our approach, between-ratio difference measures were
compared to the customary correlation measures in a comparison of the
SAGE and Affymetrix platforms using reference RNA and Wilms’ tumor
gene expression ratios (19). The comparison of gene expression ratios based
on contingency tables with Up/Down classification and a contingency table
diagonal lead to an agreement of 63 % and 76 % between platforms, respec-
tively. The Pearson correlation coefficient between platforms was 0.453
(P < 0.01). Regression analysis shows a linear trend with a slope of 0.477 for
Affymetrix v SAGE, which, according to the correlation coefficient, differs
significantly from a slope of 0. However, this slope also deviates significantly
from the slope value of 1, which is expected when the platforms are identical
(t-test for slopes; P < 0.001). A comparison of SAGE and Affymetrix data



172 van Ruissen et al.
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C D
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Fig. 1. Illustration of the methods used for the comparison of expression profiles
from different platforms. (A) Up/Down classification: the points A and B, with very
different ratios, are both considered to reflect a common tendency. (B) Contingency
table diagonal: the points A and B, with very similar ratios, end up in different classes.
(C) Correlation coefficients: the solid line fits to the point cloud which has a significant
correlation coefficient between X and Y. However, the dashed line (Y = X) is the
expected line when both platforms show identical expression patterns. (D) Schematic
representation of the proposed method where the agreement measure between platforms
is based on the absolute difference between expression ratios.

using our proposed classification based on the difference between the two ratios
per Unigene cluster and accepting a 0- to 3-fold difference as indicative for
agreement between the two platforms (red points in Fig. 5, discussed later)
showed that the two platforms have an agreement of 78 %. This correspondence
measure turned out to be hardly sensitive to different selections of Unigene
clusters. Splitting the data based on the expression level resulted in 78 % and
90 % agreement for low and high expressed genes, respectively. This shows
that the between-ratio difference results in a robust between-platform corre-
spondence measure. Moreover, the between-ratio difference provides the user
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with a correspondence measure per individual gene that can be used to select
those genes for which a predetermined correspondence level is reached.

The overall similarity, in our example, between SAGE and Affymetrix
GeneChips is modest when expression ratios are compared. The correspondence
improves to 90 % when only highly expressed transcripts are included, which
means that noise is filtered out for both platforms. The differences between
SAGE and Affymetrix GeneChips were not caused by a biased selection of the
final data set, differences in GC content of the included transcripts, or extreme
ratios resulting from low gene expression values. The observed cross-platform
differences arise from intrinsic properties of the platforms themselves, differ-
ences in the principle of determining the expression levels, such as absolute
(SAGE) vs quantitative (microarray) mRNA levels, and/or processing and
analytical evaluation (20).

In this chapter, we describe the application of our approach to determine
the similarity between SAGE- and Affymetrix GeneChips-generated gene
expression profiles of two independent RNA samples.

2. Materials
To perform the comparison of SAGE and Affymetrix (or microarray)

platforms using the approach outlined in the methods section, one should either
obtain SAGE and Affymetrix data of a test (X) sample and a control (Y) sample
(e.g., National Center for Biotechnology Information [NCBI] website; Gene
Expression Omnibus) or create the data using the I-SAGE kit (Invitrogen) and
standard manufacturer’s protocols for Affymetrix or microarray hybridizations.
Ultimately, one will end up with two data sets consisting of an identifier in the
case of SAGE a tag; for Affymetrix, a probe ID or accession number; and the
respective gene expression data of a test and a control sample. In this chapter,
we describe the comparison of SAGE and Affymetrix platforms (which has been
described in full detail in ref. 19). Through the Methods section and supple-
mentary notes, we give results from our comparison to demonstrate our findings.
For a comparison of two other platforms, different results will be obtained.

3. Methods
3.1. Annotation of SAGE Tags and Affymetrix Probe Sets

1. Annotate the extracted SAGE tags based on the SAGE Genie principles (21) (see
also Chapter 15) through several stringent filters using data from the Cancer Genome
Anatomy Project (CGAP) website (15). A detailed explanation is given in ref. 19. In
the final comparison, tags matching to multiple Unigene clusters must be excluded.

2. Match the probe sets on the Affymetrix chips to their corresponding Unigene
clusters based on the accession numbers provided by Affymetrix.
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3.2. Matching of Platforms

1. Match the data from the two different gene expression profiling platforms on the
basis of their Unigene Cluster (see Fig. 2 and Note 1).

2. Include only those clusters for which a one-to-one relation between the two platforms
is found. These clusters are called unambiguous Unigene clusters (see Note 2).

3. Filter the data for the presence of gene expression (tag count > 0 in both SAGE libraries
and a “present” signal on the arrays for both RNA samples) (see Fig. 3 and Note 3).

4. Calculate the between sample ratio for each gene in each platform = X/Y (see Note 4).

SAGE Affymetrix GeneChips HG-U133A

SAGE tags

Unigene Clusters

Probe sets

Unigene Clusters

Matching of Platforms
Unigene Clusters

Unique
match

Unambiguous2 Unigene Clusters

With current
knowledge

not comparable

Calculations & Comparisons

No

Yes

Filtering
Tagcount > 0 AND Present signal Affymetrix

Final data set
Unigene Clusters

Annotation to Unigene Clusters1

Ratio comparison
•Scaling of platform data

•Pearson correlation coefficients
•Contingency tables

•Difference in log ratios
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5. Check that the final data set is an unbiased representation of the total dataset, and
verify that the dataset is not skewed by ratios obtained through low expression
signals or GC content (see Note 5).

3.3. Scaling of Expression Ratios Between Platforms (see Fig. 4)

The relation between the gene expression ratios observed in the SAGE and
Affymetrix platforms cannot be assumed to be a simple, linear, Y = X relation.
This will already be clear from the different ranges of ratio values in each
platform. To compare the ratios observed in both platforms, at least the range of
observed ratios should be similar. In this scaling, the 10th and 90th percentiles
are used to prevent undue influence of extreme ratios. Because in each platform,
the observed ratio of 1 can be assumed to be true (see Note 6), the simplest
function to scale the range of ratios of one platform to that of the other platform
is a quadratic equation based on three values.

1. Calculate the 10Log of the between-sample ratios for each gene for each
platform.

2. Calculate the 10th percentile of the log(ratio)s less than 0 (= R10) and the 90th
percentile of the log(ratio)s above 0 (= R90) for each platform.

3. Calculate the parameters for a quadratic scaling of platform B (Affymetrix) to the
10th–90th percentile range of platform A (see Note 6).

a = 0
b = �R90�A�R90�B

2 −R10�A�R90�B
2�/�R90�B�R10�B

2 −R10�B�R90�B
2�

c = �R90�A�R10�B −R10�A�R90�B�/�R90�B
2�R10�B −R90�B�R10�B

2�
(1)

�
Fig. 2. Flow chart for matching data from two gene expression platforms. Serial

analysis of gene expression (SAGE) tags were converted into Unigene clusters using
data from the Cancer Genome Anatomy Project website. Accession numbers from
Affymetrix GeneChips were also converted to their corresponding Unigene cluster.
Platforms are matched according to their Unigene cluster, and only unambiguous
Unigene clusters are selected. Finally, data are filtered for tag counts >0 and present
calls on microarray platforms.
1In the complete process of annotation, a large number of tags or probe sets are lost
for the following reasons. SAGE: 11,733 tags with no annotation, 13,113 tags with
no reliable annotation, 913 tags with multiple Unigene Clusters, 80 tags belonging
to linker sequences, 20 tags belonging to repetitive sequences, 22 tags belonging to
mitochondrial DNA. Affymetrix: 1795 Probe sets no longer belong to a Unigene Cluster
(Build 160). The remaining 20,488 probe sets represent 13727 unique Unigene clusters.
2Unambiguous Unigene clusters refer to those clusters that occur only once within each
platform.
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Fig. 3. Demonstration of the unbiased sample selection. Frequency distribution of
the Affymetrix intensity and serial analysis of gene expression (SAGE) tag counts from
the final matched data set (1094 Unigene clusters) and the total matching data set. The
smoothed line represents the distributions of the total data set in each platform. For
both Affymetrix (classes with an intensity width of 10) and SAGE (classes based on
tag counts), the distributions of the final data set and the total data set do not differ
from each other (Chi-square values of 327 [df = 323; P = 0.412] and 104 [df = 105;
P = 0.506], respectively).

4. Use parameters a, b, and c to calculate the scaled log(ratio) of all log(ratio) values
of platform B (Affymetrix):

RB�Scaled = a +b�RB + c�R2
B� (2)

3.4. Overall Comparison of Expression Ratios Between Platforms

After transforming both platforms to the same scale, the absolute difference
between the log(ratio)s per individual gene can be calculated. The resulting
between-ratio differences can be classified into classes of width 0.5, which
corresponds to an approximate threefold difference in expression ratio between
platforms (see Note 7). The resulting classification can be used to calculate a
correspondence measure between platforms. Additionally, these classes can be
used to label individual genes in a between platform scatter plot of ratios.



Scaling of Gene Expression Data 177
R

10
A

R
90

A
SA

G
E

–1,6 –1,2 –0,8 –0,4 0,0 0,4 0,8 1,2 1,6

600

400

300

200

100

0

0,
0

0,
4

0,
8

1,
2

1,
6

–1
,6

–1
,2

–0
,8

–0
,4

30
0

20
0

10
0 0

Frequency

0.6

0.6

–0.6

0.4

0.4

–0.4

–0.4

0.2

0.2
–0.2

–0.2
0

0

0.8

–0.8

Affymetrix Log (ratio)

Fr
eq

ue
nc

y
SA

G
E

 L
og

(r
at

io
)

Affymetrix

R90BR10B

Pl
at

fo
rm

 B
 L

og
(S

ca
le

d 
ra

tio
)

Platform B Log(ratio)

–0.6

Fig. 4. Example of the scaling procedure. This figure represents the steps necessary
to scale one platform to the other. Here, we scaled the Affymetrix platform to the serial
analysis of gene expression (SAGE) platform as outlined in this chapter. On top and
on the left, the Log ratios are drawn for both platforms. In the center, the graph of
the quadratic equation is plotted, and the dashed arrows represent the scaling of the
Affymetrix platform to the SAGE platform using the calculated 10th and 90th percentiles.

1. Calculate the between-ratio difference for each gene:

Differencei = ABS�RA�i −RB�scaled�i� (3)

2. Recode the between-ratio differences into classes [ClassNDiffi; (0 through 0.5 = 0.5)
(0.5 through 1 = 1) (1 through 1.5 = 1.5) (1.5 through 2 = 2) (2 through 2.5 = 2.5)
(2.5 through 3 = 3) (3 through 3.5 = 3.5) (3.5 through Highest = 4)] (see Note 7).
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3. Create a frequency table of the resulting classes and calculate the correspondence
measure between platforms as:

Correspondence = 100∗class�0�5�/number of ratios (4)

4. Create a scatter plot of the log(ratio) values of platform A against the scaled
log(ratio)values of platform B and mark the spots by their class (see Fig. 5)

3.5. Comparison of Expression Ratios of Individual Genes
Between Platforms

Because the between-ratio differences are approximately normally
distributed (Fig. 6), it is possible to attach a probability value to each individual

Fig. 5. Concordance measures between platforms. A and B represent an example of
how to visualize the concordance measure of the two platforms. A shows a graph in
which the different concordance classes are plotted in different colors, and B shows a
frequency table of the different concordance classes.
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Fig. 6. Concordance measure per gene. The frequency distribution of the between-
ratio differences is shown, and from the plotted normal curve, it can be seen that
the between-ratio differences have an approximately normal distribution. This can,
as explained in detail, be used to calculate a probability value for each individual
between-ratio difference.

difference. This P-value gives an indication of the position of a gene in the
between-ratio difference distribution and as such can be used to identify genes
with a deviating behavior between platforms.

1. Calculate a standardized difference (DiffSt) for each gene i. DiffSti = ((RA�i− RS�i) −
m) / s; where m is the mean of the between-ratio differences and s is the standard
deviation of the between-ratio differences (see Note 8).

2. Use a normal distribution function to assign a P-value to this standardized difference.

Note that this P-value cannot be used to test whether the ratio difference
equals zero. Such a test requires a gene-specific variance estimate in the denom-
inator of the standardized difference, and such a variance estimate cannot be
obtained from the four nonreplicated expression values that are used to calculate
the ratio difference (see Note 9).
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4. Notes
1. The matching of data from two different gene expression profiling platforms (as

illustrated in Fig. 2) poses a few problems. In our example, on the one hand, a
SAGE tag may link to more than one Unigene cluster, which results in matches
with multiple different Affymetrix probe sets. On the other hand, multiple tags
originating from one Unigene cluster might match with one Affymetrix probe
set. Examining all multiple matches for each individual transcript is extremely
laborious and beyond the scope of this study.

2. This matching step already results in a considerable reduction of data available for
the comparison.

3. Our final example comparison of SAGE and Affymetrix contains 13 % of the
SAGE Unigene clusters and 8 % of the Affymetrix Unigene clusters. These data
represent 32 % of the unambiguous Unigene clusters. Only 1094 tags and probe
sets were uniquely matched to the same Unigene clusters and were “present”
in both tissue samples and platforms. This relatively low number underscores
the major problem of how to merge different expression platforms. However, in
view of the following quantitative comparison of gene expression platforms, it is
important to note that a comparison of frequency distributions of all clusters and
of the selected clusters showed that the final selection of 1094 Unigene clusters
does not represent a biased sample, neither for the SAGE tag counts nor for the
Affymetrix array intensities. This is illustrated in Fig. 3, in which the frequency
distributions are given for Affymetrix intensities and SAGE tag counts from the
final data set of 1094 Unigene clusters. The smoothed line, which represents the
frequency distribution of all SAGE tag counts and all Affymetrix intensity data
(only present calls), does not differ from the distribution of the subset included in
the comparison of the two platforms.

4. In most gene expression studies, alterations of expression levels are expressed in
relation to the simultaneously determined expression level of a reference sample,
and conclusions are drawn based on these ratios. To this end, expression ratios
were calculated between the reference RNA and the Wilms’ tumor data for the
SAGE tag counts as well as for Affymetrix HG-U133A GeneChips spot intensities.
In this comparison, the final data set containing only the between-sample ratios
for unambiguous transcripts was used, allowing effective comparison of the two
platforms. This use of ratios might have the disadvantage of losing information
about individual expression values. However, it corrects for platform specific
variations, such as probe design, hybridization efficiencies, etc.

5. Variation due to “noisy fold ratios” generated from low-intensity transcripts is a
widespread cause of error when computing statistics on ratios without accounting
for the intensities from which the ratios were derived (22). Within our data set,
we have shown that the final data set is an unbiased selection of the total data set
(Fig. 3). Additionally, the mean intensity signals for both SAGE and Affymetrix
GeneChips appear to be randomly distributed over the ratio distribution (data not
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shown). This indicates that the difference in expression ratios between platforms is
not caused by low-intensity values. It has been suggested that the GC content of the
transcripts could influence the correspondence between platforms (23). Statistical
analysis showed that ratio differences did not depend on the GC content of the
transcript. However, Unigene clusters showing good agreement between platforms
tend to depend on the high GC content of the corresponding probe sets. This
indicates that expression data from probe sets with a higher GC content show a
better agreement with their corresponding SAGE data and are more reliable. Note
in this respect that for a Unigene cluster, the GC content of a probe set is not
necessarily the same as that of a transcript.

6. As a result of the chemistry, physics, and statistics of the detection technique, in each
platform the observed gene expression is a nonlinear transformation of the real gene
expression level. As an example, the saturation of the array hybridization means that
the high expression levels are truncated. However, because such artifacts affect genes
in both tissues in the same way, an observed expression ratio of 1 can still be expected
for genes that are not differentially expressed in the studied tissues. On the other hand,
these saturation effects, as well as the relatively larger Poisson error in the detection
of low-intensity values, will affect the ratios on both sides of the ratio distribution
in an unpredictable way. Similarly, the sampling error in SAGE will affect ratios for
lowly expressed genes, despite the fact that SAGE tag counts are linearly related to
transcript abundance. Finally, the discrete nature of tag counts, combined with the
necessarynormalizationof tagcounts to tagsper50,000,willhavenonlineareffectson
the observed ratio distribution in the SAGE platform. Therefore, the relation between
the gene expression ratios observed in the SAGE and Affymetrix platform cannot
be assumed to be a simple linear relation. To directly compare the ratios observed
in both platforms, at least the range of observed ratios should be similar. Because in
each platform the observed ratio of 1 can be assumed to be true, the simplest function
to scale the range of ratio of one platform to that of the other platform is a quadratic
equation based on the ratio of 1 and the 10th and 90th percentiles (R10 and R90, respec-
tively). The implementation of this quadratic scaling takes into account that the ratio
distribution is not symmetrical around ratio 1. Note that the scaling uses log(ratio)
values. Effectively, the ratio data of the Affymetric platform are scaled in such a way
that: R10B�scaled = a+b�R10A +c�R10A

2 and R90B�scaled = a+b�R90A +c�R90A
2. Because

ratio 1 stays 1, the intercept parameter (a) of the quadratic equation is 0. The above
scaling rules result in the parameter equations given in Subheading 3.3., step 4. A
schematic representation of the scaling is given in Fig. 4. Some of the choices in the
scaling procedure can be considered to be ad hoc. However, given the current state of
understandingof thecausesforwithinandbetweenplatformvariability, itwasdeemed
best to opt for a simple quadratic scaling equation to convert the distribution of ratios,
which is asymmetric around 1 to a common scale. With increasing knowledge on the
physics, chemistry, and sampling statistics, better conversion functions will emerge.
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7. The category width was arbitrarily defined at 0.5, representing a 0- to 3-fold
difference.Thiswidthcanbedefinedby theuser toaccommodatepersonalpreference.

8. The approximately normal distribution of the between-ratio differences (Fig. 6)
allows the calculation of a standardized difference value for each gene from which
a P-value can be obtained. The standardized difference and its P-value can be used
as a measure for the position of a specific gene within the distribution of between-
platform ratio differences, and as such they can serve as a statistical threshold to
determine which genes can be confidently interchanged between platforms. For
instance, in the current study, the transcripts with a less than 0.5-fold between-ratio
difference (red dots in Fig. 5) have a chance of at least 0.8 that they show similar
gene expression on both platforms. Note, however, that this P-value cannot be
used to test whether the ratio difference equals zero. Such a test requires a gene-
specific variance estimate in the denominator of the standardized difference, and
such a variance estimate cannot be obtained from the four nonreplicated expression
values that are used to calculate the ratio difference.

9. For the comparison of two different gene expression profiles starting from ratio
measurement for both platforms, a software application is available to perform
all calculations en produce an output of calculated values (E-mail: biolab-
services@amc.uva.nl; Subject, PlatformScaling).
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Clustering Analysis of SAGE Transcription Profiles
Using a Poisson Approach

Haiyan Huang, Li Cai, and Wing H. Wong

Summary

To gain insights into the biological function and relevance of genes using serial analysis of
gene expression (SAGE) transcription profiles, one essential method is to perform clustering
analysis on genes. A successful clustering analysis depends on the use of effective distance or
similarity measures. For this purpose, by considering the specific properties of SAGE technology,
we modeled the SAGE data by Poisson statistics and developed two Poisson-based measures to
assess similarity of gene expression profiles. By employing these two distances into a K-means
clustering procedure, we further developed a software package to perform clustering analysis
on SAGE data. The software implementing our Poisson-based algorithms can be downloaded
from http://genome.dfci.harvard.edu/sager. Our algorithm is guaranteed to converge to a local
maximum when Poisson likelihood-based measure is used. The results from simulation and
experimental mouse retina data demonstrate that the Poisson-based distances are more appropriate
and reliable for analyzing SAGE data compared to other commonly used distances or similarity
measures.

Key Words: Clustering analysis; (Dis)similarity measures; Poisson statistics; K-means
clustering; SAGE data.

1. Introduction
Serial analysis of gene expression (SAGE), an effective technique for

comprehensive gene expression profiling, has been employed in studies of a
wide range of biological systems (1–5). Previous efforts to develop SAGE
analysis methods have been focused primarily on extracting SAGE tags and

From: Methods in Molecular Biology, vol. 387: Serial Analysis of Gene Expression (SAGE): Methods and Protocols
Edited by: K. L. Nielsen © Humana Press, Totowa, NJ

185



186 Huang, Cai, and Wong

identifying differences in mRNA levels between two libraries (2,3,6–11). To
gain additional insights into the biological function and relevance of genes
from expression data, an established strategy is to perform clustering analysis,
which is to search for patterns and group transcripts with similar expression
profiles. This strategy has led to the fundamental question of how to measure
the (dis)similarity of gene expression across multiple SAGE libraries. An
effective distance or similarity measure (12), which takes into account the
underlying biology and the nature of data, would be the basis for a successful
clustering analysis. Commonly used distances or similarity measures include
the Pearson correlation coefficient and Euclidean distance. Pearson correlation
is used to detect the shape coherence of expression curves; Euclidian distance
can be used when the data are normally distributed and the magnitude of
expression matters. Other measures of relationships include likelihood-based
approaches for measuring the probabilities of clusters of genes in Gaussian
mixture modeling (13–15), etc. These measures have been proven useful in
microarray expression data analysis. However, SAGE data are governed by
different statistics; they are generated by sampling, which results in “counts.”
In this regard, clustering analysis of SAGE data should involve appropriate
statistical methods that consider the specific properties of SAGE data.

In one of our previous studies (16), we assumed that the tag counts follow a
Poisson distribution. This is a natural assumption considering that SAGE data
are generated through a random sampling technique. Based on this assumption,
two Poisson-based measures were developed to assess the similarity of tag
count profiles across multiple SAGE libraries (16). One measure was defined
based on Chi-square statistic, which evaluates the deviation of observed tag
counts from expected counts in each cluster. This method was called PoissonC.
The other measure was based on the log-likelihood of observed tag counts,
which determines the cluster membership of a transcript by its observed
counts’ joint probability under the expected Poisson model in each cluster. This
method was called PoissonL. A packaged clustering program with a modified
K-means procedure and with the two measures implemented is available at
http://genome.dfci.harvard.edu/sager.

In this chapter, we will introduce this Poisson-based SAGE clustering method
and evaluate its performance by applying it to a simulation dataset and an exper-
imental mouse retinal SAGE dataset. These additional applications to those
described in Cai et al. (16) further demonstrate the advantages of the Poisson-
based measures over Pearson correlation and Euclidean distance in terms of
producing clusters of more biological relevance. We also verify that the Poisson
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likelihood-based clustering algorithm PoissonL is guaranteed to converge to a
local maximum of the Poisson likelihood function for observed data.

2. Materials
1. Software: online web application website as well as a Linux and Microsoft Windows

software are available at http://genome.dfci.harvard.edu/sager.
2. License agreement: the program is copyrighted by Li Cai, Haiyan Huang, and other

contributors, and is free for nonprofit academic use. It can be redistributed under
the terms of the GNU General Public License as published by the Free Software
Foundation; either version 2 of the License, or any later version. This program is
distributed in the hope that it will be useful for research purpose, but without any
warranty.

3. Data: the file format is a classical expression matrix, with each row representing
the counts for a single tag over multiple SAGE libraries and with each column
representing the counts for all tags in a single library. The packaged program prefers
tab-delimited format. The specific extensions supported by the packaged program
are txt, xls, wk1, wk3, wk4, mdb, fp5, 123, and dat.

4. Minimum computer hardware requirements: the computer used to run this program
should meet at least the following requirements: (1) at least 256 MB of RAM;
(2) an at least 1-GHz CPU; (3) a hard drive with at least 500 MB of free
disk space; (4) Microsoft Windows 9x/NT/ME/2000/XP or any Linux operating
system.

3. Methods
In the following sections, we rationalize the Poisson assumption on SAGE

data and provide a detailed description on the Poisson probability model, by
which two Poisson-based similarity measures were defined (see Note 1). We
also verify that the introduced clustering algorithm with the likelihood-based
similarity measure is guaranteed to converge to a local maximum of the Poisson
likelihood function. Finally, we present the application of the Poisson-based
method to a simulation dataset and a real dataset.

3.1. Poisson Assumption

In an SAGE experiment, the tag extraction is performed on a set of transcripts
that are sampled from a cell or tissue. As discussed in Man et al. (10), this
sampling process is approximately equivalent to randomly taking a bag of
colored balls from a big box. This randomness leads to an approximate multi-
nomial distribution for the number of transcripts of different types for tag
extraction (17). Moreover, as a result of the vast amount and numerous varied
types of transcripts in a cell or tissue, the selection probability of a particular
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type of transcript at each draw should be very small, which suggests that the
tag counts of sampled transcripts of each type can be approximately Poisson
distributed.

3.2. Probability Model

The above arguments suggest a Poisson-based probability model, which can
be specified by the following two assumptions.

3.2.1. Assumption 1

Yi(t), the count of tag i in library t, are independent Poisson variables with
parameters �i(t)�i, where �i is the expected sum of counts of tag i over all
libraries (unrelated to t), �i(t) is the contribution of tag i in library t to the sum
(�i) expressed in percentage, and the sum of �i(t) over all libraries equals to 1.

Assumption 1 forms the basis of the probability model. By definition,
�i reflects the gene general expression level, �i(t) describes the expression
changes across libraries, and �i(t)�i re-distributes the tag counts according to the
expression profile [�i(t)] with the sum of counts across libraries kept constant.
The tags with similar �i(t) over t (libraries) will be grouped together, because
an established strategy for finding functionally related genes is to group genes
with similar expression patterns (18). This motivates Assumption 2.

3.2.2. Assumption 2

The tags in the same cluster share a common profile of �i(t) over t. The
common profile is denoted by � = [�(1), �(2), � � �, �(T)], where T is the total
number of libraries considered. � then represents the cluster profile.

Now, let Yi = [Yi(1), � � �, Yi(T)] denote the vector of counts of tag i across
T libraries. Then, under the above two assumptions, for a cluster consisting of
tags 1, 2, � � �, m, the joint likelihood function for Y1, Y2, � � �, Ym is

L���� � Y	 ∝ f�Y1� � � � � Ym � ���1� � � � � �m	 =
m∏

i=1

T∏

t=1

exp�−��t	�i	���t	�i	
Yi�t	

Yi�t	!
� (1)

The maximum likelihood estimates (MLEs) of � and �1, � � �, �m are

�̂i =∑

t

Yi�t	� and �̂�t	 =
m∑

i=1

Yi�t	

/ m∑

i=1

�̂1 =
m∑

i=1

Yi�t	

/ m∑

i=1

∑

t

Yi�t	� (2)
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3.3. Two Poisson-based Similarity Measures for Clustering Tags
With Similar Expression Profiles

Given a cluster consisting of tags 1, � � �, m, the MLEs of parameters �
and �i in eq. 2 provide the expected Poisson distributions for the tag counts
in each cluster. This forms the basis of the definitions of the following two
measures, which evaluate how well a particular tag (gene) fits in each of the
clusters.

3.3.1. Likelihood-Based Measure

It is natural to use the log-likelihood function log f (Yi��, �i) to evaluate how
well the observed counts (Yi) fit the expected Poisson distributions. The larger
the log-likelihood is, the more likely the observed counts are to be generated
from the expected model. For a cluster consisting of tags 1, 2, � � �, m, the
dispersion is defined as

L = − log f�Y1� � � � � Ym � �̂� �̂	 =∑m

i=1

∑T

t=1
��̂�t	�̂i −Yi�t	 log��̂�t	�̂i	+ log�Yi�t	!		�

(3)
The optimal partition of the genes into k distinct clusters can be obtained by
minimizing the cluster dispersion L1 +L2 + � � �+Lk .

3.3.2. Chi-Square Statistic-Based Measure

The Chi-square statistic can evaluate the deviation of observed counts from
expected counts in each cluster. For a cluster consisting of tags 1, 2, � � �, m, the
dispersion can be defined as

D =∑m

i=1

∑T

t=1
�Yi�t	− �̂�t	�̂i	

2
/

��̂�t	�̂i	� (4)

The smaller D is, the tighter the cluster is. The optimal partition of the genes
into k distinct clusters can be obtained by minimizing the cluster dispersion
D1 + D2 + � � �+ Dk . Using the Chi-square statistic as a similarity measure, the
penalty for deviation from large expected count is smaller than that for small
expected count. This is consistent with the above likelihood-based measure
because the variance of a Poisson variable equals its mean.

3.4. Clustering Procedure

Using the above two measures, Cai et al. (16) modified the K-means
clustering algorithm to group tags with similar count profiles. The K-means
clustering procedure (19) generates clusters by specifying a desired number
of clusters, say, K, and then assigns each object to one of K clusters so as to
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minimize a measure of dispersion within the clusters (see Note 2). We outline
the algorithm from Cai et al. (16) as follows:

1. All SAGE tags are assigned at random to K sets. Estimate initial parameters �
�0	
i

and �
�0	
k = ��

�0	
k �1	� � � �� �0

k�T		 for each tag and each cluster by eq. 2.
2. In the (b+1)th iteration, assign each tag i to the cluster with minimum deviation

from the expected model. The deviation is measured by either L
�b	
i�k = − log f�Yi �

�
�b	
k � �

�b	
i 	 or D

�b	
i�k =∑

t

(
Yi�t	−�

�b	
k �t	�

�b	
i

)2
/

��
�b	
k �t	�

�b	
i 	�

3. Set new cluster centers �
�b+1	
k by eq. 2.

4. Repeat step 2 until convergence.

Let c(i) denote the index of the cluster that tag i is assigned to. The above
algorithm aims to minimizes the within-cluster dispersion

∑
i Li�c�i	 or

∑
i Di�c�i	�

The algorithm using the likelihood-based measure L was called PoissonL, and
the algorithm using the Chi-square based measure D was called PoissonC. We
want to point out that PoissonL is guaranteed to converge to a local maximum of
the joint likelihood function for the observed data under the assumed probability
model. We present the proof below.

3.4.1. Lemma 3.4.1.

Each iteration in the PoissonL algorithm is guaranteed to increase the
likelihood for the observed data under the assumed probability model, and thus
the algorithm is guaranteed to converge to a local maximum of the likelihood
function.

3.4.2. Proof of Lemma 3.4.1.

Under the Poisson model described under Subheading 3.2., the tag count
profiles Y1, Y2, � � � , YN are assumed to be independently generated from K
different joint Poisson distributions, whereas the information on which and
what model generates each tag count profile is unknown. Let yi be the cluster
label for tag i, and 
 = ��1� � � � � �K� �1� � � � � �N	 be the model parameters with
�K and �i defined as under Subheading 3.2. Then, the objective is to find the

 and yi that maximize

L(� � Y) =∏N

i=1
f�Yi��	 =∏N

i=1

∏K

k=1
f�Yi��k� �i	

I�yi=k	� (5)

where I(yi = k) equals 1 when yi = k and 0 otherwise.
In the (b+1)th iteration of PoissonL, for i = 1, .., N and k = 1, .., K,

we estimate
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y
�b+1	
i = arg min

k

Li�k = arg max
k

f�Yi���b	
k ��

�b	
i 	 (by step 2 of the algorithm), and (6)

��b+1	 = arg max



∏N

i=1

∏K

k=1
f�Yi��k� �i	

I�y�b+1	
i =k	 (by step 3 of the algorithm). (7)

Then� L���b+1	 � Y	 =∏N
i=1

∏K
k=1 f �Yi � �

�b+1	
k � �

�b+1	
i 	I�y�b+1	

i =k	

(by (7)) ≥∏N
i=1

∏K
k=1 f�Yi � �

�b	
k � �

�b	
i 	I�y�b+1	

i =k	

(by (6)) ≥∏N
i=1

∏K
k=1 f�Yi � �

�b	
k � �

�b	
i 	I�y�b	

i =k	 = L(��b	 � Y),

(8)

which means that each iteration in PoissonL is guaranteed to increase the
likelihood for the observed data, and thus the algorithm is guaranteed to
converge to a local maximum.

PoissonC and PoissonL differs at the step of updating y�b+1	
i � In

PoissonC, y
�b+1	
i = arg min

k

D
�b	
i�k � under which f�Yi � �

�b	
k � �

�b	
i 	1�y

�b+1	
i =k	 ≥ f�Yi �

�
�b	
k � �

�b	
i 	1�y

�b	
i =k	 and therefore L�
�b+1	 � Y	 ≥ L�
�b	 � Y	 may not hold

because Di�k is not always monotone relative to the likelihood function. The
nonmonotone domain is, however, vastly small. In practice, the nonmonotone
domain is often sufficiently small and negligible for the considered dataset such
that PoissonC agrees with PoissonL and converges to a local maximum. One
big advantage of PoissonC compared to PoissonL is that it runs much faster
based on the current version of program (see Note 3).

PoissonL is actually a specific version of Classification EM algorithm (CEM)
(20). The objective likelihood function of CEM under the mixture Poisson
model is

LCEM�� � Y	 =∏N

i=1

∏K

k=1

(
f�Yi � 
	I�yi=k	f�yi = k � �	

)
� (9)

which is equivalent to eq. 5 when the prior conditional probability of yi given

 is uniform (see Note 4).

3.5. Implementation

PoissonL and PoissonC are implemented in both C++ and Java. The
implementation in C++ is based on the open source code of the C
clustering Library provided by de Hoon et al. (21) (http://bonsai.ims.u-tokyo.
ac.jp/∼mdehoon/software/cluster/software.htm) (see Note 5). We developed
a web-based application as well as Microsoft Windows and Linux versions
of software to perform the clustering analysis. The software is available at
http://genome.dfci.harvard.edu/sager.
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3.6. Examples

Two examples are presented here to demonstrate the advantages of Poisson-
based measures over other commonly used distance or similarity measures in
analyzing SAGE or Poisson-like data. Because these examples are independent
of the ones shown in Cai et al. (16), they can serve as an additional validation
of the Poisson-based measures.

3.6.1. Example I: Clustering Results of Simulation Data

Data. The distributions used to generate the simulation dataset are described
in Table 1. The simulation dataset consists of 46 vectors of dimension 5
with components independently generated from different Normal distributions.
The mean (�) and variance (�2) parameters of the normal distributions are
constrainedby�2 = 3 �.Thisapplicationevaluates theperformanceofourmethod
on data with Poisson-like properties: variance increases with mean. Success
in this dataset would shed light on more broad applications of our method.

In our simulation dataset, the 46 vectors belong to six groups (named A, B, C,
D, E, and F) according to the Normal distributions from which they are generated.
The six groups are of size 3, 6, 6, 9, 7, and 15, respectively. For comparison,
we applied PoissonC together with Eucli (classical K-means clustering algorithm

Table 1
5-Dim Simulation Dataset With Normal Distributions � 2 = 3�

Group ID Mean parameters of the normal distributions (�)

Group A a1 ∼ a3 1 1 1 15 150
Group B b1 ∼ b6 15 1 1 1 150
Group C c1 ∼ c4 10 30 30 60 10

c5 ∼ c6 100 300 300 600 100
Group D d1 ∼ d7 200 70 70 10 10

d8 ∼ d9 2000 700 700 100 100
Group E e1 ∼ e5 210 120 10 10 10

e6 ∼ e7 2100 1200 100 100 100
Group F f1 ∼ f3 5 50 5 5 5

f4 ∼ f6 5 75 5 5 5
f7 ∼ f9 5 100 5 5 5

f10 ∼ f11 50 500 50 50 50
f12 ∼ f13 50 750 50 50 50
f14 ∼ f15 50 1000 50 50 50
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using Euclidian distance) and PearsonC (K-means clustering procedure using
Pearson correlation as similarity measure) to the simulated data. The clustering
results from different methods are shown in Fig. 1. The simulation data is available
at http://www.stat.berkeley.edu/users/hhuang/SAGE.html.

Results. In Fig. 1, only PoissonC has clustered the vectors perfectly into
six groups. All of the other methods fail to correctly separate the vectors from
Group A and Group B. Eucli works the worst when it is applied to unnormalized
data. It fails to identify any of the six clusters. This is because Euclidian
distance can be overly sensitive to the magnitude of changes. To reduce the
magnitude effects, we further apply Eucli to the rescaled data. The rescaling
is performed so that the sum of the components within each vector is set the
same. The clustering result of Eucli on rescaled data is clearly better than the

Fig. 1. Graphs of clustering results for simulation data. Horizontal axis represents
the index of the 46 vectors, which belong to six groups (named A, B, C, D, E, and F)
that are marked at the top of the figure. Vertical axis represents the index of the cluster
that each vector has been assigned to by each algorithm.
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result on unnormalized data. Groups C, D, and E have been correctly identified
(see Note 6).

We perform an additional 100 replications of the above simulation. PoissonC
correctly clusters 34 of the 100 replicate datasets. Eucli, on rescaled data,
correctly clusters 2 of the 100 datasets whereas PearsonC or Eucli, on unnor-
malized data, never generates correct clusters.

We also want to point out that there is a small error in the simulation results
presented in Table 1 and Fig. 1 of Cai et al. (16). For the data in Table 1, Fig. 1
reported a perfect clustering result by PoissonC, which is not correct. But the
conclusion made from that example that PoissonC is superior to other methods
is still valid because PoissonC has only wrongly clustered one tag.

3.6.2. Example II: Clustering Results of Experimental SAGE Data

For further validation, we apply PoissonC, PearsonC, and Eucli to a set of
mouse retinal SAGE libraries.

Data. The raw mouse retinal data consists of 10 SAGE libraries (38,818
unique tags with tag counts ≥2) from developing retina taken at 2-d intervals,
ranging from embryonic to postnatal and adult (16,22). One thousand four
hundred sixty-seven of the 38,818 tags with counts ≥20 in at least one of the
10 libraries are selected (see Note 7). To effectively compare the clustering
algorithms, a subset of 153 SAGE tags with known biological functions are
further selected (see Note 8). These 153 tags fall into five clusters based on
their biological function(s) (see Table 2a). One hundred twenty-five of these
genes are developmental genes, which can be further grouped into four clusters
by their expressions at different developmental stages. The other 28 genes
are unrelated to the mouse retina development. This dataset is available at
http://www.stat.berkeley.edu/users/hhuang/SAGE.html.

Results. PoissonC, PearsonC, and Eucli are applied to group these 153 tags
into five clusters. Results show that the performance of PoissonC is superior
to other methods (see Table 2b). We should also note that PoissonC is only

Table 2a
Functional Categorization of the 153 Mouse Retinal Tags
(125 Developmental Genes; 28 Nondevelopmental Genes)

Function Groups
TotalEarly I Early II Late I Late II Non-dev.

Number of tags 32 34 32 27 28 153
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Table 2b
Comparison of Algorithms on 153 Tags

Algorithm
# of tags in incorrect

clusters
% of tags in incorrect

clusters

PoissonC 22 14.4
Eucli on normalized data 36 23.5
PearsonC 26 17.0
Eucli NA NA

Clusters generated by Eucli were too messy.

slightly better than PearsonC in this application because the shapes of the
gene expression curves are quite different from each other among these five
clusters and the Pearson correlation can powerfully detect the shape coherence
of curves.
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4. Notes
1. The main advantage of the described method is that the newly designed measures

consider both the magnitude and shape when comparing the expression patterns
(� represents the shape and � represents the magnitude in our model), whereas
Euclidian distance is focused only on the magnitude of changes and Pearson
correlation is overly sensitive to the shape of the curve.

2. An unsolved issue in K-means clustering analysis is the estimation of K, the number
of clusters. If K is unknown, starting with arbitrary, random K is a relatively poor
method. Hartigan proposed a stage-wise method to determine the K value (19).
However, when sporadic points are present in the dataset, Hartigan’s method may
fail. A recently introduced method, TightCluster (23), partially solves this problem
by using a resampling scheme to sequentially attain tight and stable clusters in the
order of decreasing stability. The Poisson based measures can be implemented in
the TightCluster program to apply the TightCluster method to SAGE data.

3. PoissonL and PoissonC performed similarly when they were applied to many small
simulation and experimental data sets. For large datasets, PoissonC should be more
practical, as the current version of PoissonL (installed in the software package) is
too slow. There is still much room for improving the PoissonL algorithm.
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4. We can also derive an EM algorithm for fitting the mixture Poisson model. The
associated objective likelihood is

LEM�
�Y	 =∏N

i=1
f�Yi��	 =∏N

i=1

(∑K

k=1
f�Yi��	f�yi = k��	

)
� (10)

The E-step and M-step of the algorithm can be described as follows:
E-step: with the estimated ��b	 = ��

�b	
1 � � � � ��

�b	
K � �

�b	
1 � � � � � �

�b	
N 	� compute
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M-step: find 
�b+1	 = arg max



Q�
�
�b		�

Clearly, in the above EM algorithm, the objective likelihood function and therefore
the optimal clustering results depend on the prior conditional probability of yi

given 
. Preliminary simulation comparisons among PoissonL, PoissonC, and the
EM algorithm show that they perform similarly. Further comparisons of these
algorithms are ongoing.

5. The new measures were employed into a K-means clustering procedure to perform
the analysis. The algorithm used for iteratively updating cluster assignments is
an algorithm implemented in the C clustering library, which is publicly available
(21). The algorithm terminates when no further reassignments take place. Because
the convergent results of this algorithm are quite sensitive to the initial cluster
assignments, usually, the algorithm should be run on many different initials to
obtain an optimal result. The within-cluster dispersion should better be recorded
to compare the results.

6. When the users are not confident about whether the data are Poisson-like or not,
a good choice could be Eucli (K-means algorithm using Euclidian distance). Our
experience tells that Eucli is quite stable and reliable when it is applied to data that
are appropriately postnormalized according to the clustering purpose, i.e., the data
can be rescaled to reduce the effects of magnitude if only the shape of expression
pattern determines the clustering. Good measurement methods should consider
both magnitude and shape of the expression patterns.

7. For clustering analysis, tags with only one count are usually excluded from analysis
due to sequencing error problem. To select the potential most biologically relevant
genes, tags with less than 2–10 counts can be excluded depending on how large
the SAGE libraries are and how many total number of tags is intended to analyze.

8. Annotation of SAGE tags is through SAGEtag to UniGene mapping (24). The
mapping is based on “SAGEmap_tag_ug-rel.Z” provided by the National center
for Biotechnology Information (ftp://ftp.ncbi.nlm.nih.gov/pub/sage/map/), which
contains all annotated SAGE tags mapping to UniGene clusters. However, there
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are many ambiguities on the SAGE tag annotation. There are tag sequencing errors
(25), and also the mapping between tags and genes can be nonunique. In one
planned project, we propose to reduce this error by inferring the real expression
level of genes from “weighted” counts of all mapped tags, where the weights can
be determined by the available mapping quality information. An EM algorithm is
feasible for this task.
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Identifying Nonspecific SAGE Tags by Context
of Gene Expression

Xijin Ge and San Ming Wang

Summary

Many serial analysis of gene expression (SAGE) tags can be matched to multiple genes,
leading to difficulty in SAGE data interpretation and analysis. As only a subset of genes
in the human genome are transcribed in a certain type of tissue/cell, we used microarray
expression data from different tissue types to define contexts of gene expression and to annotate
SAGE tags collected from the same or similar tissue sources. To predict the original transcript
contributing a nonspecific SAGE tag collected from a particular tissue, we ranked the corre-
sponding genes by their expression levels determined by microarray. We developed a tissue-
specific SAGE tag annotation database based on microarray data collected from 73 normal
human tissues and 18 cancer tissues and cell lines. The database can be queried online at:
http://www.basic.northwestern.edu/SAGE/. The accuracy of this database was confirmed by
experimental data.

Key Words: SAGE; microarray; tag annotation; non-specific SAGE tag; tissue-specificity.

1. Introduction
Reference database plays a key role in mapping serial analysis of gene

expression (SAGE) tags to genes. The widely used SAGEmap (1) and SAGE
Genie (2) are constructed by comparing the tag sequences to expressed
sequences deposited in public expression databases. However, a significant
portion of conventional 14-bp-long tags is nonspecific (3), and could be origi-
nated from multiple genes. This leads to difficulties in downstream functional
analysis, and limits the usefulness of SAGE data in transcriptome study.
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Public mRNA and expressed sequence tag (EST) sequences used to construct
tag-to-gene mappings are derived from diverse sources, including those from
various tissues at various developmental stages, or under different pathological
conditions. Considering that many genes are expressed only or mainly in a
specific tissue type but not or rarely in the others, it is possible to improve
the tag-to-gene mapping by putting short SAGE tags into a context of tissue
origin. The specificity of SAGE tags could be increased if we only compare tag
sequence with transcripts expressed in the corresponding tissue type. However,
it is difficult to directly parse dbEST to classify these sequences as a result of the
diversity of tissue sources and the lack of well-defined format and vocabulary.

DNA microarray has been used for systematic studies on tissue-specific
gene expression (4–6), based on longer probes (>24 bp) specifically designed
to detect known transcripts. In a tissue-specific manner, such microarray data
could be employed to predict the most likely contributing gene for nonspecific
SAGE tags. We developed a microarray data-based, tissue-specific SAGE tag-
to-gene mapping methodology that will enable the unique mapping of thousands
of ubiquitous tags (7).

2. Construction of the Database
2.1. Tag-to-Gene Mapping

SAGEmap “full” and “reliable” mappings are downloaded from the National
Center for Biotechnology Information (NCBI) (human, NlaIII, build 182,
http://www.ncbi.nlm.nih.gov/SAGE/index.cgi?cmd=mappings).

2.2. DNA Microarray Data for Normal Tissues

Su et al. conducted a systematic microarray study of gene expression in
human tissues (6; http://symatlas.gnf.org). Their dataset covered 73 normal
tissue types and 6 cancerous tissue types or cell lines. Each tissue was
represented by two replicates of pooled RNA samples. The expression
information was collected by using the combination of HG-U133A array
(Affymetrix, Santa Clara, CA) and a custom array designed to detect additional
transcripts mainly based on in silico predictions. Raw microarray (Affymetrix.
cel) files are provided by the authors. In addition, microarray data of 12
common cancers reported in ref. 8 was downloaded from http://carrier.
gnf.org/welsh/epican/index.htm.

2.3. DNA Microarray Data Processing

1. Raw microarray image (.CEL) data were processed using Microarray Suite (MAS)
5.0 software to produce expression score (“signal”) and a detection P-value.
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2. Starting from probe annotation files downloaded from the Affymetrix web site
(http://www.affymetrix.com), we extracted the target sequence IDs used for probe
design.

3. Annotation is performed by searching for this GenBank accession number in the
latest version of UniGene. We linked 22,283 probe sets to 13,263 UniGene clusters
(Build #182).

4. For the custom array, a BLAST search was performed against representative
sequences in UniGene database. We mapped 3606 target sequences to 2782 UniGene
clusters with a cutoff E-value of 1 × 10−50. Together, 15,045 UniGene clusters were
identified from the microarray data covering 79 human tissue and cell types.

5. Microarray data from 12 common cancer tissues collected by Affymetrix HG-U95
array (8) was also incorporated. A total of 12,532 probe sets was matched to 7438
UniGene clusters.

2.4. Construction of Tissue-Specific Annotation Database

The process is illustrated in Fig. 1.

1. Calibrate the DNA microarray data. The averaged expression score from two repli-
cates was applied to determine the genes expressed in each tissue type. If the
confidence in expression levels of both replicates was low as indicated by the
detection P-value (>0.06), the gene was not considered expressed in this tissue.
For genes represented by more than one probes, all probe information was included
to enhance specificity.

Fig. 1. The process for annotating nonspecific serial analysis of gene expression
tags based on DNA microarray data.
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2. Identify the SAGE tags matched to multiple UniGene clusters in the SAGEmap
“full” and “reliable” database.

3. The UniGene clusters matched by the same SAGE tag are ranked according to their
expression levels in microarray data. As highly expressed genes are more probable
contributors of the tag, a probability score was calculated for each UniGene cluster
by dividing its expression level by the sum of expression levels of all clusters
matching the same tag. Suppose there are N clusters matching to the same tag and
gi (i = 1� � � N) is the expression score of the i-th cluster; the probability score pi for

the i-th cluster is calculated by pi = gi

/
N∑

1
gj �

4. Such predictions for 91 types of tissues/cell lines are incorporated into a MySQL
database and a Perl script is constructed to enable online query of this database
(http://www.basic.northwestern.edu/SAGE/). For a list of SAGE tags, this script
first searches against a list of uniquely mapped tags that are, according to SAGEmap,
“full” or “reliable,” and the remaining tags are then queried from a table containing
predicted tag-to-gene mapping in the selected tissue. The database is updated period-
ically.

2.5. Experimental Confirmation of the Predicted Genes

The human CD34+ hematopoietic cell SAGE library (9) was downloaded
from the gene expression omnibus (GEO) database. A set of 54 nonspecific
tags is chosen for experimental confirmation using the generation of longer
complementary DNA (cDNA) for the gene identification method (10). In the
GLGI reaction, a SAGE tag was used as the sense primer, the tail sequence
located at the 3′ end of cDNA incorporated during cDNA synthesis was used
as the antisense primer, and the CD34+ cDNA was used as the template for
PCR amplification (see ref. 10 for more details). The amplified 3′ cDNA was
cloned and sequenced, and their corresponding UniGene clusters were deter-
mined by BLAST against the UniGene database. When comparing predicted
identifications of a group of 54 multiple-matching tags with those that obtained
through the GLGI method, we observed agreement in 49 (or 90 %) of the tags.

3. Database Query
The tag-to-gene mapping database can be accessed through an online

query interface at http://www.basic.northwestern.edu/SAGE/. Users first select
a tissue type that resembles that of user’s SAGE library. Multiple 10-bp tags
(without CATG sites) can be posted in one query. The output of annotation
reports the query SAGE tag, Affymetrix microarray probe ID, tissue type,
ranking and score of the annotation, and the UniGene cluster ID, GenBank
accession number, full name, symbol, and Locus Link of the annotated gene.
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When the exact tissue type used for SAGE library construction is not included
in the database, a closely related tissue type could be used for the annotation as
a common set of genes might be expressed between these tissue types. Tissue
selections can be made based on common developmental origins of endoderm,
mesoderm, or ectoderm.

The current database of tag annotation is also helpful in the data mining of
existing SAGE libraries stored in public gene expression databases. It is now
possible to predict the identity of the nonspecific tags that are differentially
expressed among libraries and perform functional analysis such as searching for
functionally overrepresented gene ontology (GO) terms. Although experimental
confirmation using methods like GLGI will be needed, our database makes it
possible to analyze hundreds or thousands of nonspecific SAGE tags that are
related to certain diseases or biological activity.
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