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Tumor markers and antigens are normally highly expressed
in malignant tissue, but not in the surrounding normal tissue.
Serial Analysis of Gene Expression (SAGE) is a technology
that counts mRNA transcripts and can be used to find those
genes most highly induced in malignant tissues. SAGE pro-
duces a comprehensive profile of gene expression and can be
used to search for tumor biomarkers in a limited number of
samples. Public sources of SAGE data, in particular through
the Cancer Genome Anatomy Project, increase the value of
this technology by making a large source of information on
many tumors and normal tissues available for comparison.
Although the perfect tumor-specific gene does not exist, the
differences in gene expression between tumor and normal can
be exploited for therapeutic or diagnostic purposes.

1. Introduction

During tumor growth, the pattern of expressed genes
in the tumor diverges from that of the surrounding nor-
mal tissue. Simple knowledge of which tumor genes
are induced compared with normal tissues can aid in
locating clinically useful markers or antigens, even
though the molecular basis of the altered expression is
typically unknown.

Frequently, genes over-expressed in tumors have
been sought as a marker for early detection. Tumor
markers are used to indicate the presence of cancer, or
to follow response to therapy. Typically tumor markers
are assayed by the detection of protein from serum or
other accessible body fluids or tissues. Tumor markers
are clearly useful, but there is a lack of good markers
for most cancers where early detection is warranted.

Proteins over-expressed relative to normal tissue
have a second important practical use as Tumor Specific
Antigens (not present in any normal tissue) or Tumor

Associated Antigens (expression in some normal cells).
Tumor antigens may indeed be the same protein as a
tumor marker, but their purpose is therapeutic rather
than diagnostic. Toxic antibodies immunized to tumor
antigens on the cell-surface or in the extra-cellular ma-
trix may kill enough cancer cells to be therapeutic [21].
This approach ideally requires the cell surface protein
to be uniquely expressed on all the tumor cells, but not
expressed in any normal cells that would be in contact
with the antibody during treatment. Also promising is
a ‘tumor vaccine’ approach where the goal is to direct
immune defenses toward the tumor by ‘educating’ host
cells with tumor-derived material [4]. Expression of
the marker on the cell surface is not a requirement of
this system, but successful systemic administration of
a tumor vaccine may require a much higher expression
of the tumor antigen in the tumor compared to vital
cells throughout the body. Either of these immune-
based therapies would benefit from the discovery of
new tumor antigens.

Another class of differentially expressed genes in
cancer is prognostic markers. Recently, many groups
have sought to classify tumors by gene expression pat-
tern, in addition to histopathology. The introduction
of large-scale gene expression analysis has been used
successfully to classify tumors by RNA expression pat-
terns, in particular using DNA microarrays. This has
helped further separate aggressive from non-aggressive
tumors and in some cases, help predict response to
therapy.

Tumor markers, tumor antigens and prognostic
markers (cancer biomarkers) have great potential for
clinical application, but there has been a lack of high-
quality markers for the various types of cancers [38].
Finding a candidate marker has frequently been the
by-product of other studies and not the initial intent
of the research. Furthermore, generating the expres-
sion profile for each suspect gene has often relied on
time consuming techniques, such as Northern Blot-
ting, in situ hybridization, or immunohistochemistry.
Fortunately, the advent of large-scale gene expression
analysis and information technology have accelerated
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biomarker discovery. In particular, Serial Analysis of
Gene Expression (SAGE) [33] can decipher complex
expression patterns and be helpful for locating biomark-
ers.

This review will focus on the use of SAGE for lo-
cating clinically useful cancer-induced genes. SAGE
is a technology that identifies and counts most all ex-
pressed transcripts from an RNA sample. Due to the
quantitative and comprehensive nature of the data, it
is particularly good for locating tumor markers. The
transcripts found by SAGE to be induced to high level
normally expresses the coded proteins at high levels,
making this approach useful for locating candidate tu-
mor antigens, as well. There are several examples that
have been published already using SAGE for locating
cancer markers and antigens, but the potential for this
technology to discover disease biomarkers is just being
realized.

2. What is SAGE?

Serial Analysis of Gene Expression (SAGE) is a
sequence-based approach that produces and counts the
transcripts expressed within a group of cells [35]. With
SAGE a 10 base-pair ‘tag’ sequence plus a specific
four base-pair restriction site is used to distinguish and
identify transcripts. These tags are ligated and cloned
into a sequencing vector, allowing the serial analysis
of multiple transcripts using an automated sequencer.
The number of times a particular tag is observed in a
tag population made from one mRNA sample (SAGE
library), is used to determine the relative abundance of
each transcript in the mRNA sample. The counts of
each transcript are stored on a computerized database
and are used to make statistical comparisons between
libraries.

Numerous reviews have been published describ-
ing the technology [13,17,24,34]. Many studies have
been performed generating a comprehensive analysis
from a diversity of tissues, in particular malignant tis-
sues. A detailed protocol can be obtained through
the SAGE Home Page from the Johns Hopkins On-
cology Center (http://www.sagenet.org). The technol-
ogy is patented by Johns Hopkins University and li-
censed to Genzyme Molecular Oncology (Framing-
ham, MA) but freely available to academia and non-
profit organizations for research purposes. Further in-
formation on the license agreements for commercial
applications can be obtained directly from Genzyme
(www.genzyme.com/sage/welcome.htm).

An outline of SAGE is shown in Fig. 1. The con-
struction of a SAGE library starts with the purifica-
tion of polyadenylated mRNA which subsequently is
converted into double stranded cDNA using a biotin-
labeled oligo-dT primer during the first strand synthe-
sis for the recovery of the cDNA. A frequent-cutting
anchoring enzyme, usually Nla III, defines the posi-
tion in the transcripts from which the sequence tags
are derived. After digestion of the generated cDNA
with the anchoring enzyme, the 3’-terminal cDNA frag-
ments are bound to streptavidin-coated beads. Next, an
oligonucleotide linker containing recognition sites for a
type IIs restriction enzyme (tagging enzyme) is ligated
to the bound cDNA fragments. Type IIs enzymes cut at
a defined distance away from the recognition site. The
SAGE tags are then released from the bound cDNA
by cleavage with the tagging enzyme (usually BsmFI)
and dimerized by a tail-to-tail blunt-end ligation. The
linked ditags (102 bp) are then amplified and digested
with the same anchoring enzyme used for the initial
digestion of the double stranded cDNA. The resulting
ditag fragments of 26–28 bp lengths all have cohesive
ends and can therefore be linked together to form con-
catemers and cloned into a plasmid for sequencing.

Modifications to the SAGE library construction have
been made to allow libraries to be constructed with
smaller starting samples. A ‘microSAGE’ procedure
reported to assay small numbers of purified endothelial
cells has worked robustly in our hands and other lab-
oratories [30]. This procedure starts with total RNA
or cell lysates and conjugates the mRNA in the sample
to magnetic beads, where subsequent cDNA synthesis
and digests are performed. This increase in efficiency
allows libraries to be made from as little as 1 ug of total
RNA.

The final experimental step in the SAGE analysis
is sequencing of the library. The data files generated
by automated sequencing of the plasmids with ligated
SAGE tags are analyzed by software that extracts and
counts the occurrence of each tag. In a typical SAGE
experiment, sequencing 2,000 inserts can produce over
50,000 tags, producing a sensitive level of detection.
Cumulative databases can be formed, and bioinformat-
ics applied to find transcripts with a particular pattern
of expression. Therefore, SAGE data derived from a
series of tumor and normal tissues can be queried di-
rectly for transcripts that are highly expressed in tumor,
but not in normal tissue.
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Fig. 1. Outline of SAGE approach for transcript profiling.

3. Assessment of SAGE technology

Since SAGE identifies and counts transcripts by nu-
cleic acid sequence, it is frequently regarded as an accu-
rate means for large-scale expression profiling. SAGE
transcript levels are expressed as a fraction of the total
transcripts counted, not relative to another experiment,
standard, or a housekeeping gene, avoiding error prone
normalization between experiments. The standardized
nature of SAGE data makes cumulative data sets pos-
sible and historical comparisons valid. An additional
strength of SAGE is that it determines expression levels
directly from an RNA sample. It is not necessary to
have a DNA probe arrayed to assay each gene, as with

chip technology. This allows SAGE to identify genes
that are not included in an array [23] and avoids the
infrastructure necessary to create and read large DNA
arrays.

This flexibility of SAGE has some disadvantages.
The number of samples that can be processed using
SAGE is small compared to DNA arrays since it takes
about two weeks of skilled labor to construct a SAGE
library. Analysis of hundreds of samples by SAGE for
a single laboratory is not a practical option for the tech-
nology in its present form. However, when an in-depth
and quantitative profile is desired for a small number of
samples, the extra work involved in creating a SAGE
library can certainly be justified. To date, SAGE has
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been successful for determining the differentially ex-
pressed transcripts in well-controlled experimental sys-
tems [1,6–8,10,16,23,39]. This type of data generated
by SAGE is often complementary to a typical use of
DNA arrays in cancer research for a wide survey of
many patient tumor samples. However, the increas-
ing amount of public SAGE data makes it possible to
rapidly build upon the work of others to locate the genes
of interest.

4. Public sources of SAGE data

One advantage of SAGE technology is that public
data that can be easily downloaded or queried online.
Links to SAGE data, and SAGE resources are listed in
Table 1. This data is a valuable resource for comparing
internally generated expression data, or for mining of
novel cancer biomarkers [15,28].

The Cancer Genome Anatomy Project (CGAP) spe-
cializes in creating databases and resources for cancer
research [26,31,32] and has produced this large source
of public SAGE information. CGAP adopted Serial
Analysis of Gene Expression (SAGE) technology start-
ing in 1998 with the introduction of the SAGEmap
web site [12]. On-line tools built specifically to han-
dle SAGE data [12,14] allow users to make statistical-
based comparisons between libraries to find differen-
tially expressed genes using the ‘xProfiler’,or by down-
loading data for local analysis. SAGE tags can be
‘mapped’ to UniGene clusters via SAGEmap, making
the identification of a gene from a differentially ex-
pressed tag easier. However, the UniGene mapping is
not always accurate and efforts are underway to pro-
duce a more accurate mapping of tags to transcript data.
The SAGE data generated through this project is also
used to create a ‘Digital Northern’ tool, where the ex-
pression level of a particular gene can be determined
for each of the tissues used to make SAGE libraries. To
date, over four million valid transcript tags have been
processed from nearly 100 different malignant and nor-
mal cell types.

5. Bioinformatics

For handling SAGE data most investigators rely on
the SAGE software generated by Ken Kinzler and co-
workers to process raw data. This software extracts
tag sequences from raw sequence data and tabulat-
ing the counts in a database. The software also will

make comparisons between libraries of tags and cal-
culate the statistical significance of differences based
on Monte-Carlo simulations [40]. Additionally, the
software helps create a relational database by extract-
ing tags, gene name and gene information from se-
quence database. The program uses this informa-
tion to match tags to known genes or ESTs. Addi-
tional ‘tag to gene’ mapping information can be down-
loaded from the NCBI from the SAGEmap website
(Table 1). The SAGE software is freely available to
non-commercial users of the technology and can be ob-
tained via SAGEnet (Table 1). Investigators who plan
a use of SAGE technology for commercial purposes
should contact Genzyme Molecular Oncology for a li-
cense agreement.

6. Verification of genes identified by SAGE

After a gene expression profile has been obtained on
a set of RNA samples, it is desirable to experimentally
confirm the expression differences and to extend the
analysis to other samples. Normally a small set of in-
teresting genes has been identified using DNA arrays or
SAGE, but several different techniques are more effi-
cient for assaying this smaller set of genes. In addition,
each gene expression technique has inherent errors and
an independent method is required for validating the
original expression levels.

Although Northern Blotting is a time-consuming ap-
proach, it is still a useful and accurate way to confirm
profiling data for a limited number of genes. When
a good antibody is available for the gene of interest,
a western blot or immunohistochemistry are reliable
methods for confirming expression changes. This ap-
proach is advantageous; in particular when the end-
point is knowledge of protein levels rather than mRNA
levels.

Real-Time PCR, sometimes called ‘quantitative’ or
‘fluorescent’ PCR, has gained popularity for rapid
follow-up and confirmation of profiling data [15,25].
Expression determination by real-time PCR is based
on continuous fluorescent monitoring of PCR prod-
ucts [20,36,37] from a reverse transcriptase-generated
cDNA template. The number of cycles required to
PCR-amplify a product to a certain level is proportional
to the amount of starting template and can be used to
accurately determine starting mRNA levels. Normally
a serially diluted known sample is used for a standard
curve to interpolate concentrations of unknown sam-
ples.
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Table 1
Links to SAGE data and information

Web site URL Description

SAGEmap www.ncbi.nlm.nih.gov/SAGE Large RNA expression database from CGAP
based on SAGE profiles of malignant and
normal cells.

SAGEnet (Kinzler-Vogelstein Lab) www.sagenet.org SAGE database, protocols, references and
additional links.

Genzyme Molecular Oncology www.genzyme.com/sage/welcome.htm SAGE information and applications for com-
mercial users of the technology.

Cancer Genome Anatomy Project (CGAP) cgap.nci.nih.gov CGAP homepage with links to expression
databases and cancer research resources.

To look at protein levels of many samples simulta-
neously, a tissue microarray system has been devel-
oped [11,19,29]. This system allows for up to one thou-
sand small tissue samples, made from a narrow gauge
biopsy needle, to be arrayed in a single block of tis-
sue. This block of tissue can that be used to produce
hundreds of slides that can be probed by immunohisto-
chemistry or other means. In this way a standard set of
the same samples can be probed for expression levels
for many different genes. A digital imaging system is
used to record and read the data. Although, robotics are
now employed to array the tissues, many good quality
samples must be collected and oriented for biopsy in
the region of interest oriented by a pathologist. The
results must also be scored in some fashion by signal
intensity, done manually at this point in the technolo-
gies development. Finally, a good antibody is needed
for each gene of interest that will work in the fixed
tissue. This approach has the potential to make gene
expression correlations with a vast archive of preserved
tumor material.

7. Examples of cancer biomarker discovery

7.1. Colon cancer

The first application of SAGE to human tissues was
to colon cancer [40]. Comparing colon tumors to nor-
mal colon epithelium showed that less than 1.5% of the
transcripts were differentially expressed. Many genes
elevated in cancer represented products known to be in-
volved in growth and proliferation, while genes found
in the normal colon were often related to differentia-
tion. SAGE was also used more recently to locate can-
didate biomarkers for metastasis in colon cancer, using
cell lines as a model [22].

7.2. Ovarian cancer

Ovarian cancer treatment would benefit from tumor
markers capable of early detection, since most ovar-
ian cancers have already metastasized at the time of
diagnosis. In order to locate ovarian cancer markers,
a total of 385,000 transcripts from ten different ovar-
ian libraries were analyzed by SAGE [9]. From this
data transcripts were identified that were high in all
three primary ovarian cancers and low in all three non-
malignant specimens. A total of 27 genes were identi-
fied that met these criteria and that were over-expressed
more than 10-fold in ovarian tumors. Interestingly, a
majority of those genes were predicted to encode mem-
brane or secreted proteins, making them candidates for
biomarkers or tumor targeting. Many of these secreted
genes encoded protease inhibitors.

7.3. Tumor vascular endothelium

Endothelial cells provide the blood supply to solid
tumors and are intimately involved in supporting their
growth. The tumor antigens located on tumor endothe-
lial cells could provide an excellent target for anti-tumor
therapy. SAGE was used to identify genes differentially
expressed between the endothelial cells from either nor-
mal colon or colon adenocarcinoma [30]. The study
detected 79 different genes differentially expressed be-
tween these tissues, including 46 that were specifically
elevated in tumor-associated endothelial cells. On the
basis of these results, it was suggested that endothe-
lium growing in a tumor is more like developing en-
dothelium, and that these differences may be clinically
relevant. Nine SAGE tags elevated in the tumor cor-
responded to novel, uncategorized genes. These genes
were named tumor endothelial marker (TEM), and des-
ignated TEM-1 to TEM-9. Further experiments con-
firmed the tumor endothelium-specific expression of
these genes, not only for colorectal tumors but also
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for other major tumor types. These TEMs or other
genes identified in this study may become targets of
anti-angiogenic therapies.

7.4. Brain cancer

SAGE has been used to study the most common
adult malignant brain tumor, Glioblastoma Multiforme
(GBM). The first SAGE analysis of GBM compared
over 200,000 transcript tags from primary GBMs and
normal brain cortex [12]. Approximately 1% of the
genes detected were differentially expressed and in-
cluded angiogenesis factors such as vascular endothe-
lial growth factor, cell cycle regulators, and transcrip-
tion factors. This data was also used by the Can-
cer Genome Anatomy Project to help start the public
SAGEmap database and is available online at this site.
Cancer-induced genes mined from this data were fur-
ther tested using real-time PCR, western and Northern
Blotting to see if candidate tumor marker could be lo-
cated [15]. Most of the tumor over-expressed genes
predicted by SAGE could be confirmed in a subset
of glioblastoma. In general, a particular antigen was
only highly expressed at most in about one-third of the
GBMs tested, likely due to the molecular heterogene-
ity of this cancer. However, in combination, 75% of
the tumors had at least one antigen that was strongly
expressed, and not present in a panel of normal neu-
ral tissues. Two antigens were located that coded for
cell surface proteins, and may be useful for targeting
gliomas with antibody based therapy.

Investigators have also used SAGE to study a rat
C6 glioma cell model [5]. Over-expressed genes were
found that were related to invasion and cell-surface
interactions. The SAGE results were confirmed by
Northern Blotting.

Brain tumors other than GBM have been studied
by expression profiling. The major malignant pedi-
atric brain tumor, medulloblastoma, has been studied
by SAGE [18]. Detailed SAGE expression profiles are
also available for medulloblastomas and a variety of
gliomas at the CGAP SAGEmap database [12].

7.5. Pancreatic cancer

Pancreatic cancers are another major tumor that
would greatly benefit by having an effective means for
early detection. SAGE was used early on to profile the
genes expressed in pancreatic cancer, although it was
not possible to perform a SAGE analysis on the cor-
responding normal pancreatic ductal epithelium [40].

Despite this limitation, an effective tumor marker was
found for pancreatic cancer,TIMP-1, in particular when
it was used in conjunction with CA19-9 and carcinoem-
bryonic antigen [41]. Clustering algorithms, first de-
veloped for DNA array data, were applied to SAGE
expression data of pancreatic cancer [27]. In this study
a group of invasion and metastasis specific genes were
identified that may be useful as diagnostic or therapeu-
tic markers for pancreatic cancer.

7.6. Breast cancer

SAGE was used to compare breast carcinoma cells
and normal breast epithelium [2]. The gene, 14-3-3
final sigma was found to be reproducibly repressed in
breast carcinoma. The response of breast cancer cell
lines to the effects of estrogen has also been studied
using SAGE [1,10]. Among the genes found were
WISP-2 (a Wnt-1 inducible signaling protein), and five
novel genes (E2IG1-5).

8. Discussion and future goals

SAGE is currently one of the most useful methods
for profiling as many of the expressed transcripts in a
population of cells as possible. It provides perhaps the
best chance to obtain an accurate and comprehensive
picture of expressed transcripts in a particular tissue, al-
though the technique is time consuming and laborious
for multiple samples. Fortunately, the growing amount
of public data makes it possible to search for candi-
date tumor biomarkers directly, or to augment private
datasets with public data.

The first challenge is to determine how to find from
complex gene expression data the best candidates for
a tumor markers or antigens. Improved bioinformatics
and computational methods allow the data to be queried
more easily, but there is still much progress neces-
sary to be able to integrate SAGE and other sources of
molecular information in a meaningful way. Valida-
tion of candidate biomarkers at the RNA level is now
much quicker with the use of real-time PCR techniques.
The application of in situ hybridization or immuno-
histochemistry can be used to determine if all cells
within a tumor are expressing the marker or if there
is some small population of normal cells that highly
expresses the gene of interest. When it is necessary
to screen large sample sets for protein levels, immuno-
histochemistry using tissue microarrays can provide a
rapid means [11]. Various improvements in proteomic
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technology may also eventually provide a means to as-
say proteins on a level as comprehensive as currently
available for mRNA [3].

One overall conclusion that can be made from gene
expression profiling of cancer is that tumors, even with
identical histopathology, are very heterogeneous at the
expression level. Although this makes it difficult to se-
lect a molecular-based therapy using just histology, ap-
plication of gene expression measurements to clinical
samples will make it possible to identify the tumor that
expresses the antigens for which a therapy is available.

The rate-limiting step for tumor marker application
or discovery is still the work required to show that the
marker will be clinically useful. It is, therefore, impor-
tant that the best candidate markers or antigens can be
predicted with some degree of accuracy from gene ex-
pression data. It still remains to be seen if the candidate
markers or antigens discovered initially by SAGE will
produce useful clinical tests or therapies. Although this
process will take several or many years, it seems ap-
propriate to use the most comprehensive data sets pos-
sible and careful validation of the candidates prior to
embarking on the laborious task of further developing
a tumor specific gene for clinical use.
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