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Genes expressed specifically in malignant tissue may have potential as therapeutic targets but have been difficult

to locate for most cancers. The information hidden within certain public databases can reveal RNA transcripts

specifically expressed in transformed tissue. To be useful, database information must be verified and a more

complete pattern of tissue expression must be demonstrated. We tested database mining plus rapid screening by

fluorescent-PCR expression comparison (F-PEC) as an approach to locate candidate brain tumor antigens. Cancer

Genome Anatomy Project (CGAP) data was mined for genes highly expressed in glioblastoma multiforme. From

13 mined genes, seven showed potential as possible tumor markers or antigens as determined by further

expression profiling. Now that large-scale expression information is readily available for many of the commonly

occurring cancers, other candidate tumor markers or antigens could be located and evaluated with this

approach.

[The expression data described in this paper have been submitted to the NCBI SAGEmap database under library

name SAGE_Duke_GBM_H1110, SAGE_pooled_GBM, SAGE_BB542_whitematter, and SAGE_normal_pool(6th).]

During malignant progression, the pattern of ex-

pressed genes can provide clues to understanding tu-

mor growth. In addition to insight into the tumor bi-

ology that might be derived from this pattern, there is

a practical application for identifying genes highly ex-

pressed in tumors but not in normal adult tissue. A

common example of tumor marker use is the serum

protein assay for early detection of cancer (Kardamakis

1996). Investigators are also searching for genomic

DNA alterations or abnormal gene expression in other

clinically accessible samples. Progress has been made

on finding tumor markers in stool (Sidransky et al.

1992; Vogelstein and Kinzler 1999), sputum (Mao et al.

1994), and urine (Lokeshwar et al. 1997).

Tumor-specific gene expression may also provide

an opportunity for immune-based cancer therapies by

targeting one or more of the tumor antigens coded for

by these genes. Toxic antibodies with high affinity to

accessible cell surface or extracellular proteins may kill

enough cancer cells to be therapeutic (Panchal 1998).

Recent success with monoclonal antibody targeting of

the Her/neu-2 receptor (Herceptin) indicates that tar-

geting a tumor antigen can be useful (Hanna et al.

1999). The approach ideally requires identifying a cell

surface protein uniquely expressed on the cells of the

tumor but not expressed in the patient’s normal tissue

exposed to the antibody during therapy. Also promis-

ing is a “tumor vaccine” approach where the goal is to

direct immune defenses toward the tumor by educat-

ing host antigen presenting cells with tumor-derived

material (Gilboa et al. 1998). Expression of the marker

on the cell surface is not a requirement of this system,

but successful systemic administration of a tumor vac-

cine might require a relative lack of marker expression

in all normal tissue cells, especially within vital organs.

Either of these therapeutic approaches could benefit

from the discovery of new tumor specific markers.

Tumor markers and antigens have promising clini-

cal utility, but previous techniques for locating these

proteins have not yielded robust markers for most can-

cers (Wu 1999). Finding a candidate marker is fre-

quently the by-product of other studies but not the

initial intent of the research. Furthermore, generating

the expression profile for each suspect gene has often

relied on time-consuming techniques, such as north-

ern blotting, in situ hybridization, or immunohisto-
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chemistry. Fortunately, new genome-scale technology

should accelerate tumor marker discovery. In particu-

lar, the ability to assay comprehensive gene expression

has made significant advances (Gress et al. 1992;

Schena et al. 1995; Velculescu et al. 1995; Lockhart et

al. 1996; Kononen et al. 1998).

Large-scale gene expression assays, such as cDNA

microarrays (Schena et al. 1995), oligonucleotide chips

(Lockhart et al. 1996), cDNA library sequencing (Ad-

ams et al. 1993), and serial analysis of gene expression

(SAGE; Velculescu et al. 1995) can decipher complex

expression patterns. Much of the resulting data is being

deposited on publicly accessible web sites (Table 1) or is

commercially available. Potentially, this information is

a valuable resource, but mining the best data and

adapting the results for a particular application is chal-

lenging. Follow-up and confirmatory studies are time

consuming, and this problem will grow with the

growth of large-scale expression technologies. A rapid

confirmation of differential expression is useful before

studies of gene function or before investigating an

overexpressed gene as a candidate tumor marker or an-

tigen.

In this study, we mined a public database for can-

didate genes (see our previous report on this database;

Lal et al. 1999) and used fluorescent-PCR expression

comparison (F-PEC) to assess their expression on a

panel of tumor and normal samples. The F-PEC

method is based on continuous fluorescent monitor-

ing of PCR products (Wittwer et al. 1997; Morrison et

al. 1998) from a cDNA template. F-PEC allows for a

quick and low-cost assessment of the expression pat-

tern of a gene, uses commercially available instrumen-

tation, and can be automated. From the data obtained,

we identified several candidate tumor markers for glio-

blastoma multiforme (GBM; WHO Astrocytoma Grade

IV), which is the most common primary brain malig-

nancy in adults but which can occur at virtually any

age (Kleihues et al. 2000). The purpose of this work was

to develop the means to find genetic targets specific for

GBM that might eventually be useful for developing

immune-based therapies. Though we tested our ap-

Table 1. Human Gene Expression Databases

Web site URL Tissues Description

ArrayExpress Database www.ebi.ac.uk/arrayexpress Pending Planned public repository of
microarray data

Body Map bodymap.ims.u-tokyo.ac.jp Various normal and
tumor

Based on EST sequencing of
∼3000 reads each from 60
tissues

Brown Lab cmgm.stanford.edu/pbrown Cultured fibroblasts
and B-cell lymphoma

Custom cDNA array data and
supplemental information

CGAP cDNA xProfiler www.ncbi.nlm.nih.
gov/ncicgap/cgapxpsetup.cgi

Most normal and
tumor tissues

Can search for cDNA library
specific transcripts based on
EST sequencing; most
extensive profile

CGAP SAGEmap www.ncbi.nlm.nih.gov/SAGE Brain, colon ovary,
prostate and breast;
tumor and normal

Ongoing SAGE expression
analysis of cancer; ∼50,000
tags from each of 68 tissues
and cell lines

Developmental
Therapeutics

www.dtp.nci.nih.gov NCI panel of 60 cancer
cell lines

Microarray and drug response
data for NCI60 cell lines

Gene Expression
Omnibus (GEO)

www.ncbi.nlm.nih.gov/geo Pending Future public repository and
comparison interface for all
types of expression data

Human Gene
Expression Index
(HuGE)

www.hugeindex.org Normal blood, kidney,
cervix and vulva

Affymetrix chip based database,
expanding to cover many
normal tissues

Prostate Expression
Database

chroma.mbt.
washington.edu/PEDB

Prostate normal,
premalignant, and
cancer

Expression based on 60,000
ESTs in an easily queried
interface

SAGEnet
(Kinzler-Vogelstein
Lab)

www.sagenet.org Normal colon, colon,
and pancreas cancer

Over 400,000 SAGE transcript
tags in downloadable files for
local analysis

Genexpress-CNRS idefix.upr420.vjf.cnrs.fr/EXPR/ Brain, muscle, and
other normals

5058 brain- or muscle-derived
genes probed by filter array

TIGR Human Gene
Index

www.tigr.org/tdb/hgi/hgi.html Most normal tissues Has query interface for
tissue-specific ESTs

Whitehead/MIT
Genome Center’s
Molecular Pattern
Recognition Web site

waldo.wi.mit.edu/MPR Leukemias and
hematopoeitic cell
lines

Affymetrix based array data
available for download
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proach on GBM, now that expression information is

readily available for many cancerous tissues, aspects of

the approach can be employed to help find markers in

other major tumors.

RESULTS AND DISCUSSION

Database Mining

Figure 1 outlines the overall experimental procedure

we used, starting with database mining for candidate

tumor markers. Currently, the Cancer Genome

Anatomy Project (CGAP; Strausberg et al. 1997) is the

primary public source for gene expression and, in par-

ticular, for brain tumors and normal neural tissues (see

Table 1). Serial analysis of gene expression (SAGE) data

(Velculescu et al. 1995) from CGAP (www.ncbi.nlm.

nih.gov/SAGE) was initially chosen for mining EST-

based libraries because SAGE libraries are not normal-

ized and because there are significantly more transcript

tags available for analysis in SAGE libraries. This pre-

dicts a greater sensitivity for detecting low-abundance

transcripts in normal tissues. SAGE tags—each repre-

senting one transcript—from surgically resected GBM

and normal human brain white matter were down-

loaded, and their numbers were compared. Electronic

profiling of transcript numbers revealed 47,500

uniquely expressed neural genes of which 76 genes

(0.16%) were overexpressed in the tumors to the order

of 10-fold or more and with P values <0.001. From the

76 candidates, 13 genes were chosen for further analy-

sis. Our criteria were that the genes have little or no

expression as detected by SAGE in normal brain and

that, preferably, they code for cell surface or excreted

proteins.

There are other approaches for mining overex-

pressed genes. For example, a recently developed pre-

diction algorithm for tumor marker discovery from EST

data could also improve and supplement the initial

candidate selection process (Walker et al. 1999). Many

of the Web sites listed in Table 1 have included tools to

mine data, and data from these sites can be combined

to enhance selection. Regardless of the type or combi-

nation of data queried for genes overexpressed in tu-

mors, there is still a need to confirm and expand the

expression information. With a rapid confirmation

process, candidates from multiple databases can be

tested until the genes with the desired pattern of ex-

pression are elucidated.

Tissue cDNA Panel

We next sought to verify the SAGE predictions of ex-

pression and test expression in a wider range of tissue.

In particular, we wanted to know the expression pat-

tern in an independent set of tumors and normal tis-

sue. RNA was extracted from 27 tissues including high-

grade astrocytic tumors, normal neural tissues, and

normal vital organ tissues. In an attempt to control for

varying amounts of cDNA, we first normalized prod-

ucts from cDNA synthesis reactions to �-actin levels. In

addition, we checked the total DNA content in these

samples using a fluorescent probe with preferential

binding to double-stranded nucleic acid. Controls for

genomic DNA contamination were all negative. For the

27 samples there was a threefold range of fluorescence

indicating that total cDNA amounts varied despite

�-actin normalization. Further inspection of �-actin

transcript levels in 15 tumor and normal bulk tissues

from the SAGEmap database (Lal et al. 1999) showed a

10-fold range of expression, with 377 � 276

(mean � SD) transcripts per cell. These results sug-

gested a problem with normalizing to �-actin. SAGE

results predicted a tighter control for the s28 ribosomal

transcript levels compared with �-actin (Velculescu et

al. 1999), but variation in our panel, measured by fluo-

Figure 1 Process for finding candidate tumor markers, using
fluorescent-PCR expression comparison (F-PEC). Genes overex-
pressed in tumors are mined from gene-expression databases. A
normalized cDNA panel is used to rapidly compare expression
levels in malignant and normal tissues. The process requires an
initial PCR to determine the specificity of the primers, the product
melting temperature, and the expression range of the tested
samples. The highest-expressing sample from the first PCR is se-
rially diluted to create a standard curve for a second PCR, yielding
information on the relative expression over several orders of mag-
nitude.
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rescent PCR, was not significantly improved over �-ac-

tin variation. Such results indicate that normalization

to a single housekeeping gene is likely to produce a

wide variation in the fractional representation of the

target gene from tissues of dissimilar origin. When

genes from these tissues are being compared, a better

approach should be to normalize by total cDNA levels,

with a separate confirmation of the cDNA integrity—

by fluorescent PCR or other means—from a housekeep-

ing gene.

To detect candidate tumor antigens, we sought sig-

nificant expression of the gene in tumor combined

with nondetectable expression in normal tissues. Be-

cause of the potential problems with normalization

and other possible errors, we thought it best to base the

decision to proceed with investigating a candidate tu-

mor marker only on absolute differences in expression

between tumor and normal tissues and not on small

ratios of change.

Fluorescent PCR Verification

Real-time fluorescent PCR has the potential to measure

gene expression rapidly in multiple samples and to do

so with very sensitive levels of detection (Freeman et al.

1999), capabilities that made evaluating the expression

pattern of the mined genes more efficient. PCR primer

sets were selected for each candidate gene (Table 2) and

optimized for use with the LightCycler (Roche Diag-

nostics), one of several thermal-cycling machines

available that is capable of continuous fluorescence

monitoring. One objective was to make the F-PEC pro-

cedure rapid and inexpensive, so we avoided the use of

fluorescent-labeled hybridization primers. We first

tested SYBR green, a fluorescent DNA binding dye with

specificity for double-stranded DNA used previously

for this purpose (Morrison et al. 1998). After trying

several different PCR-reaction mixtures, the combina-

tion of SYBR green, a ’hot-start’ type taq polymerase,

and a modified PCR buffer worked robustly and was

relatively inexpensive. To eliminate the potentially

confounding effects of primer-dimer amplification, we

measured the fluorescence at a temperature below the

melting point of the products and above the melting

point of the primer-dimers that formed in some reac-

tions. The assay proved to be proportional to the start-

ing cDNA concentrations as determined by serial dilu-

tion experiments. Assays using additional fluorescent

primers that hybridized within the PCR product (e.g.,

“taq-man” or fluorescent resonant energy transfer

primers) may provide additional assay specificity and

sensitivity but might prove difficult to optimize for a

rapid screening procedure.

Of 13 genes tested for gene expression levels in our

cDNA panel, we were able to quickly find primer pairs

for 11 that produced satisfactory PCR amplification for

the fluorescent-PCR assay. Conditions were optimized

to produce a single PCR product band at the predicted

fragment length. Next, the entire normal and tumor

tissue panel was assayed to determine the tumor with

the highest level of expression. If the initial profile

showed increased expression in tumor samples, then

the highest expressing tumor was used as a serially di-

luted standard for a second PCR-based comparison of

the sample panel. This second round served as a repro-

ducibility check and ensured that the gene expression

levels of all the tissues could be compared simulta-

neously without extrapolation beyond the standard

curve. An outline of the overall approach is shown in

Figure 1, and examples of the results are shown in Fig-

ure 2. We found the optimization of a gene-specific

Table 2. Candidate Glioblastoma Tumor Markers

Gene name (synonym)
Symbol

(GenBank no.) Cellular location Primer pairs Ta�Ca

Sec61 gamma SEC61G
(AF054184)

ER-Golgi (Greenfield and
High 1999)

TTA CTT TAA TTT AGA AAT AG/
ATC AGG TAA TGC AGT TTG TT

50

Nicotinamide
N-methyltransferase

NNMT
(U08021)

Cytoplasm (Aksoy et al.
1994)

CTG CCT AGA CGG TGT GAA G/
AGT GGC TGG CTC TGA GTC AC

55

ATP-binding cassette,
subfamily C Member 3
(MLP2, MRP3, CMOAT2)

ABCC3
(AB010887)

Membrane (Kiuchi et al.
1998)

CAT CGA CCT GGA GAC TGA CAA
C/ CCA TTC TGC GGA CAT ATT TG

58

Neuromedin B (NMB) NMB
(M21551)

Secreted (Krane et al.
1988)

AGC CAG CAA GAT CCG AGT G/
GCA CAA TCT AAG CCA CGC TG

50

Annexin A1 (lipocortin 1,
LPC1)

ANXA1
(X05908)

Membrane (Wallner et al.
1986)

GCA GGC CTG GTT TAT TGA AA/
GGT TGC TTC ATC CAC ACC TT

53

SPARC: secreted protein,
acidic, cysteine-rich
(osteonectin)

SPARC
(J03040)

Secreted (Lane and Sage
1994)

AGG TCA CAG GTC TCG AAA A/
AGA GGT GGT GGA AGA AAC TG

53

Glycoprotein
(transmembrane) nmb

GPNMB
(X76534)

Membrane (Weterman et
al. 1995)

AAC TCT ACC CAG TGT GGA AG/
TTG AGG AAG TGG CTA GGA TC

55

aTa refers to the annealing temperature used for fluorescent-PCR amplification.
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assay to be rapid, requiring the purchase of only one or

two unmodified PCR primer pairs per gene. The

scheme presented here provides a system that is

straightforward to apply with the possibility for higher

throughput automation.

A significant problem with any gene expression

assay is assessing the purity of the samples tested. Pri-

mary tumor tissue has varying degrees of normal cells,

and “normal” tissue obtained during tumor resection

may have occult malignant cells. For example, infiltra-

tion by macrophages into the tumor samples might

produce a marker against a nonmalignant cell popula-

tion. To guard against this latter possibility, we relied

on additional expression in well-established glioblas-

toma cell lines, presumed to be a purely malignant cell

population, for both the candidate selection and F-PEC

analysis. When high expression of these genes was ob-

served in a GBM cell line, it suggested that expression

in the bulk tumor was from transformed cells and not

from normal cells.

Another potential problem with this approach is

unrecognized gene expression in a small but vital nor-

mal cell population. Assaying a greater range of normal

tissues or defined cell populations can perhaps mini-

mize this. Certainly, the existence of a desirable expres-

sion pattern in a potential tumor marker is only sug-

gestive of its potential as a truly useful marker. Further

immunohistochemical or in situ hybridization of tis-

sue sections will be required on a culled set of the most

promising tumor marker candidates. Since develop-

ment of novel antibodies is time consuming and ex-

pensive, the F-PEC approach may be useful in triaging

candidates before antibody design and synthesis. In

addition, F-PEC could be readily applied to laser-

captured microdissected cells to ensure a greater level

of sample purity (Simone et al. 1998).

Of the 11 candidate genes assayed, four were

deemed unacceptable due to either high level of ex-

pression in one of the normal neural-derived tissues

(CSRP2, S100A4, and CXCR4) or was expressed in only

one tumor from the panel (GCS1). Seven genes showed

a distinct difference in transcript levels between nor-

mal neural tissues and some GBMs (Fig. 3).

Though genes that have a promising pattern of

RNA expression can be found using this procedure,

several errors are inherent with this approach. PCR-

based assays may suffer from sequence variations at the

primer sites, differential splicing, or spurious amplifi-

cation from related cDNA sequences. In the course of

this study, we detected one instance where there was

an inconsistency between the Northern blot result and

the F-PEC results. There was not consistent PCR ampli-

Figure 2 Fluorescent-PCR verification of a candidate glioblastoma marker, GPNMB. (A) Template cDNA from a bulk glioblastoma (GBM
861) and matched glioma/normal tissue pairs (GS1099/Cortex1099 and AA1100/Cortex1100) were amplified with primers specific for
GPNMB. (B) Melting curve analysis is performed simultaneously to optimize detection temperature, revealing a single peak consistent with
a single amplification product. (C) After fluorescent-PCR, all reaction products were visualized on an agarose gel to verify a single product
of the correct size. (D) Northern blot of normal fetal brain and three established GBM cell lines also show a difference in expression for
GPNMB.
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fication in a cell line where a band was observed on a

Northern blot but not amplified by PCR. We hypoth-

esized that our 1.4-kb PCR product length was too long

to amplify consistently. Concordant results between

the two methods for all samples were achieved after

spacing the PCR primers closer together. Based on this

observation, our recommendation is that amplifica-

tion products be designed smaller than ∼300 bp for the

F-PEC procedure.

Western Blotting

Though high levels of RNA transcripts can be predic-

tive of high protein levels, ultimately protein levels

must be confirmed if targeting the tumor antigen is the

desired endpoint. Commercial antibodies were avail-

able for Annexin A1 and used for Western blotting (Fig.

4). Strong reactivity was observed for GBM cell lines

and most of the GBM bulk samples. Compared with a

GBM positive control, normal cortex removed from an

area adjacent to seizure foci, rapid autopsy cortex, cer-

ebellum, and thalamus samples—all removed from pa-

tients without brain tumors—contained little or no de-

tectable protein. One of four tissue samples initially

diagnosed as normal cortex adjacent to a GBM was

reactive for Annexin A1 (not shown) and may be con-

taminated with tumor cells as none of the six normal

samples from non–cancer patients had detectable pro-

tein. The observation of elevated Annexin A1 protein

Figure 3 Relative expression of the tumor markers in 12 high-grade astrocytomas, one glioblastoma cell line (D450-MG), and normal
tissues. Glioblastoma (GBM), gliosarcoma (GS), anaplastic astrocytoma (AA), and cortex samples with the same patient number indicate
matched normal/tumor pairs removed during the same surgery. Gene expression levels determined by fluorescent-PCR were plotted
relative to the highest expression tumor in each case. Gene expression is graphically displayed relative to serial dilutions of the highest
expressing tumor.

Figure 4 Western blotting of annexin A1. Protein levels from
brain tumors, glioblastoma cell lines, and normal neural tissue
were compared. (A) Bands in both glioblastoma cell lines (D392-
MG, D450-MG, and D534-MG) and primary GBM indicate that
protein is expressed in transformed, but not normal (Cortex
1127, Cortex 1162, and Cortex 1421) tissues. (B) Normal tissues
from different normal brain regions did not express high levels of
ANXA1 protein compared to a glioblastoma (GBM 1132) or an
oligodendroglioma (Oligo 1330).
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levels in cancer is consistent with immunohistochem-

istry revealing reactivity in breast carcinomas but not

in normal breast tissue or most benign breast tumors

(Ahn et al. 1997).

GBM Tumor Markers

It is possible that no single gene would be up-regulated

in all GBM if these tumors arose through different mo-

lecular mechanisms. GBM are a heterogeneous group

of tumors, with at least two distinct molecular genetic

pathways (Kleihues and Ohgaki 1999). The seven se-

lected genes showed a significant increase in expres-

sion, on average, in only three of 12 of the tumors

assayed. The composite expression showed that eight

of 12 glioblastomas had at least one marker that would

discriminate between tumor and normal, with a dif-

ference in expression of at least 10-fold. The four re-

maining tumors with no marker expression may

have similar histology, but the tumors were molecu-

larly different, at least for these genes, from the origi-

nal tumors used for the SAGE analysis that showed

expression of these genes. Using the set of tumors with

no candidate markers for further SAGE analysis, or se-

lecting candidates from different databases, would

perhaps yield markers specific to the remaining tu-

mors. These or other tumor markers may eventually

provide a means to distinguish between different sub-

classes of GBM.

The fact that three-fourths of the tumors had at

least one gene overexpressed suggests a custom ap-

proach to therapy whereby multiple candidate markers

in a tumor biopsy are assayed to detect the best com-

bination prior to therapy. Approaches might include

injecting toxic antibodies (Panchal 1998) or immuniz-

ing a patient’s dendritic cells with the RNA from a spe-

cific set of tumor markers (Avigan 1999; Bjorck 1999).

Therapies applied locally, that is, within the CNS com-

partment, have an advantage because they may still be

useful even if there is gene expression in a distant nor-

mal tissue that does not come in contact with the

therapy.

On the basis of the tumor-specific expression pat-

tern of several of the genes we tested, if this pattern is

maintained at the protein level, applications for these

genes may eventually be found. An ATP-binding cas-

sette, subfamily C Member 3 (ABCC3) protein, which

has homology to multidrug resistance-associated pro-

teins (Kool et al. 1999) showed the highest induction

over normal brain samples. ABCC3 is a transmembrane

protein and is therefore a potential target for antibody

therapy. However, expression of ABCC3 was observed

in normal liver tissue, which would not make this gene

a good target for systemic therapies but perhaps make

it useful for localized central nervous system targeting

of GBM. For other targets, the possibility of insignifi-

cant expression in vital tissue remains, making these

genes candidates for systemic therapy pending further

testing.

Four of the seven potential glioblastoma tumor

markers were previously implicated in cancer and had

patterns of expression that would be consistent with

overexpression in cancer. Neuromedin B, a bombesin-

like growth peptide, is speculated to be an autocrine

growth factor for lung cancer (Siegfried et al. 1999) but

is likely expressed in normal anterior pituitary

(Houben et al. 1993). SPARC, an extracellular matrix

protein involved in tissue remodeling, is angiogenic

(Jendraschak and Sage 1996) and is implicated in a

number of different tumor types, including brain tu-

mors (Ledda et al. 1997; Rempel et al. 1998, 1999).

ABCC3 is overexpressed in various cancer cell lines

(Kool et al. 1999) and confers resistance to chemo-

therapy (Zeng et al. 1999). Annexin A1 is expressed in

gastric cancers and breast carcinoma and is speculated

to have immunosuppressive properties important for

avoiding a host response to the tumor (Sakata et al.

1993; Ahn et al. 1997; Koseki et al. 1997). Annexin A1

has also been implicated in metastasis of breast adeno-

carcinomas (Pencil and Toth 1998).

Another approach likely to enhance tumor marker

discovery is tissue microarray technology. Tissue mi-

croarrays can simultaneously probe expression in hun-

dreds or thousands of tissue cores (Kononen et al.

1998; Moch et al. 1999). F-PEC data could augment

tissue microarray analysis, in particular when an anti-

body or in situ hybridization assay is not readily avail-

able for a particular gene. Regardless of the follow-up

approach, there is a real need to be able to rapidly

assess well-documented samples for expression of

genes initially identified by comprehensive gene ex-

pression technologies.

The rapid growth of on-line information presents

a new challenge to the experimental biologist. How

does one efficiently adapt these data for practical ap-

plications? Here we have attempted to enhance tumor

marker discovery by using public gene expression data

followed by rapid expression screening to locate can-

didate tumor markers for GBM. This study is not ex-

haustive, searching for all the possible database-mined

candidate genes, and it produces only patterns of RNA

expression that are suggestive of utility. However, it

does indicate that there are some genes that are highly

expressed in a portion of GBM but not in surrounding

normal neural tissue. These data also suggest that there

is no one highly expressed gene common to all tumors

classified by histology as GBM. Still, the possibility re-

mains that a combination of genes identified by this

approach may eventually be useful for therapy or prog-

nosis. Continued application of F-PEC to the increas-

ing amount of large-scale expression data should yield

additional tumor marker candidates. This approach

can be easily adapted and applied to various tumor

Database Mining for Tumor Markers

Genome Research 1399
www.genome.org



types, in particular to test candidate genes mined from

public databases.

METHODS

Data Mining

Differentially expressed transcript targets were chosen from

SAGE data housed at the CGAP Web site (http://

www.ncbi.nlm.nih.gov/SAGE/) as previously described (Lal et

al. 1999). SAGE tags from four bulk tissue libraries

( S A G E D u k e G B M H 1 1 1 0 , S A G E p o o l e d G B M ,

SAGE BB542, and SAGE normal pool) were downloaded

from this site and compared for fold induction and statistical

significance using the SAGE 300 program kindly provided by

K. Kinzler (see http://www.sagenet.org/). Significance was

based on Monte Carlo simulations from this program, with a

cut-off at P-chance = 0.001. The SAGE libraries were made

from two normal brain white matter libraries compared with

two GBM bulk tumor libraries, with further details regarding

each tissue sample located at the SAGEmap Web site (Table 1).

Because of pooling of samples in some of the original SAGE

libraries, our comparison reflected transcript levels of RNA

derived from three normal samples compared to tumor-

derived RNA from six patients. Candidate selection was based

on consideration of their relative fold induction in GBM com-

pared with normal brain, lack of predicted expression in nor-

mal tissues, expression in the GBM cell line, and for some

cases, a known membrane or extracellular localization of the

protein.

Sample Descriptions

Normally discarded tumor tissue was snap frozen immedi-

ately after surgery and diagnosis and was stored at �135°C.

Final pathologic diagnosis of primary bulk tissues used for

F-PEC confirmed 11 GBM (Grade IV astrocytomas) and one

Grade III anaplastic astrocytoma (AA 1100). One gliosarcoma

(GS 1099) is from a class of GBM variants that accounts for

∼2% of glioblastomas (Kleihues et al. 2000). The cell lines

(D392-MG, D450-MG, and D534-MG) used for F-PEC, North-

ern blotting, and Western blotting were well established (>70

passages) and originally from an independent set of con-

firmed GBMs. There was one gliosarcoma variant within this

set as well (D392-MG). Tumor tissue for Western blotting was

also confirmed through clinical pathology as WHO grade IV

glioblastoma multiforme (GBM1132, GBM1162, GBM1421,

and GBM1330), plus one WHO grade II well-differentiated

oligodendroglioma.

Eight samples were used to represent normal neural tis-

sues for the F-PEC panel: four normal cortex samples that

were adjacent to four of the above tumors and RNA purchased

from two different adult whole brains, spinal cord, or cerebel-

lum (Clontech). Histology from one margin of ∼5-mm pieces

of tissue obtained during tumor resection was used to identify

the ’normal’ brain samples derived from brain tumor patients.

Nonneural tissues were also procured in the above fashion

either commercially (heart, kidney, liver, and lung) or from

autopsy tissue (tonsil, bone marrow, and trachea). For North-

ern blotting, the normal RNA shown in Figure 2D was fetal

brain total RNA (Clontech). For Western blotting, normal tis-

sue was also obtained from a noncancer seizure patient (Cor-

tex 1109, 1106, and 1070) and rapid autopsy samples from

normal individuals (cerebellum BB542 and Thalamus BB542).

RNA Isolation and cDNA Synthesis

Total RNA was isolated by separation on a cesium chloride

gradient, and messenger RNA was purified from total using

oligo-dT cellulose columns (New England Biolabs). Equal

amounts of mRNA, as determined by RiboGreen fluorescence

(Molecular Probes), were used in identical cDNA synthesis

reactions (Superscipt II; Life Technologies, GIBCO). The re-

sulting cDNAs were screened for genomic contamination us-

ing genomic specific primers as well as confirming no ampli-

fication from control samples lacking reverse-transcriptase.

All cDNA samples that lacked any detectable genomic DNA

were then normalized to their cDNA concentrations as deter-

mined by PicoGreen (Molecular Probes) binding fluorescence.

Northern and Western Blotting

For Northern blot analysis, total RNA was isolated by CsCl

ultracentrifugation. Hybridization probes were amplified

from target gene sequences and �-actin. Equal amounts of

total RNA, as determined by ultraviolet spectrophotometry,

were separated on an agarose gel and blotted overnight before

hybridizing them with a radioactively labeled PCR product.

For Western analysis, total cell lysates were prepared

from corresponding cell pellets and frozen tissue samples.

Equal amounts of protein from each sample were separated by

electrophoresis and transferred to nitrocellulose membrane.

Human Annexin A1-detecting antibody (Transduction Labo-

ratories) was incubated with the membrane for 1 hr, followed

by subsequent incubation with horseradish peroxidase-

conjugated sheep antimouse immunoglobulin. Protein was

visualized by chemiluminescence (Amersham) and exposed

to Kodak X-ray film for 5–10 sec. The molecular weights were

determined by prestained standards (Life Technologies).

Equivalent protein loadings were verified by staining the gel

with Comassie blue after transfer.

Fluorescent-PCR Verification

Fluorescent-PCR was performed using a thermocycler (Light-

Cycler; Roche Diagnostics) with continuous monitoring of

SYBR Green I (Molecular Probes) fluorescence (Morrison et al.

1998) and normalized cDNA templates. The PCR reaction

conditions, modified from those previously described (Vogel-

stein and Kinzler 1999), were 67 mM Tris (pH 8.8), 16.6mM

NH4SO4, 6.7 mM MgCl2, 10 mM �-mercaptoethanol, 0.5 µg/

µl BSA, 1 µl of SYBR green diluted 1 : 1500, 0.25 µM of each

PCR primer, 200 µM of each dNTP, and 1 U of platinum taq

(Life Technologies) in a final volume of 20 µl.

The integrity of each sample was confirmed using prim-

ers specific for �-actin (5�-CGT CTT CCC CTC CAT CG and

5�-CTC GTT AAT GTC ACG CAC). A test of optimal annealing

conditions, as well as melting curve analysis, was conducted

for each set of gene-specific primers. This allowed us to refine

PCR kinetics and conditions for each primer pair and to set

the temperature for fluorescence reading between the melting

temperature of any primer-dimer formation and the intended

amplification product.

A 32-capillary sample rotor for the themocycler was filled

for each target assay, permitting an H2O control, positive con-

trol dilutions (to create a standard curve), an independent

cell-line positive control, and 27 test samples. The expression

levels for each transcript were assayed in 12 primary tumors,

six normal brain samples, and nine other normal samples

from vital organs. First-round assays were conducted to estab-

lish expression levels in normal and tumor tissue. Second-
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round reactions were conducted on each cDNA target using

dilutions of the highest-expressing tissue (determined from

the first run) to compare relative expression of all samples

without extrapolation beyond the standard curve. This addi-

tional run also served as a check of reproducibility. Fluores-

cence curves obtained from the LightCycler system were ana-

lyzed by a second derivative fit for quantification analysis of

transcript targets. The second derivative method used the

point for which the rate of change of fluorescence is maxi-

mized, created a fit to the log-linear portion of the amplifica-

tion curve, and extrapolated the starting concentration. Rela-

tive expression was determined by comparison to three con-

trol samples serially diluted 10-fold. After each assay, the

reaction mixture was run on an agarose gel to visualize results

and to verify a single band of the correct size.
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