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Transcriptional Gene Expression Profiles of Colorectal Adenoma, Adenocarcinoma,
and Normal Tissue Examined by Oligonucleotide Arrays
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ABSTRACT expression in normal and carcinoma samples in a subset of genes and
ESTs (2000 of approximately 6600 genes and ESTs, including some

Using an oligonucleotide array containing sequences complementary to duplicates) contained in a colon cancer database (4). Here, we have
~3200 full-length human cDNAs and 3400 expressed sequence tags . . ) L . '
(GeneChip, Affymetrix), mRNA expression patterns were probed in 18 combined expression profiles from an additional eight samples (four

colon adenocarcinomas and 4 adenomas. Paired normal tissue was avail—adenoma samples Palred Wlt_h four normal samP'eS) with a S“t?set of
able and analyzed for each of the tumors. Relatively few changes in the samples examined previously (only 18 paired adenocarcinoma
transcript expression are associated with colon cancer. Nineteen tran- Samples, characterized with respect to tumor cell percentage) and
scripts (0.48% of those detected) had at least 4—10.5-fold higher mRNA included an analysis of 4000 genes and ESTs with an average expres-
expression in carcinoma compared with paired normal samples, whereas sion level of 10 or greater. This permits us to test, in paired normal/
47 transcripts (1.3% of those detected) had at least 4-38-fold or lower neoplastic tissue, whether genome-wide expression monitoring and
expression in the tumor tissue compared with the normal samples. Some clustering techniques can differentiate benign from malignant colo-
of these differen.ces were confirmed by reverse transcription-PCR. Man_y rectal tumors and to learn how the progression from normal tissue
of these transcripts were already known to be abnormally expressed in through adenoma and adenocarcinoma is mirrored in changes in gene

neoplastic tissue in general, or colon cancer in particular, and several of . N - .

pias 9 . P expression. Our findings indicate that expression~df.8% of the
these differences were also observed in premalignant adenoma samples. A detected by th differ bet d . d
two-way hierarchical clustering algorithm successfully distinguished ade- genes aetected by the array dilfer between adenocarcinoma and nor-

noma from adenocarcinoma and normal tissue, generating a phylogenetic mal colon tissue, and that many of the expression changes noted in the

tree that appropriately represented the clinical relationship between the Cancers were presaged by those .in .the _adenomas. Fgrthermore, a
three tissue types included in the analysis. This supports the concept that clustering algorithm successfully distinguished normal tissue, ade-
genome-wide expression profiling may permit a molecular classification of noma, and adenocarcinoma.

solid tumors.

MATERIALS AND METHODS
INTRODUCTION

o ) . Tissue Samples.Samples of colon adenocarcinoma, adenoma, and paired
The majority of mutations found in tumor cells such as coloRgrmal tissue (generally full-thickness colon) from the same patient were
carcinoma occur in signal transduction pathways that ultimately regptained from the Cooperative Human Tissue Network. The tissue was shap-
ulate transcription factors and therefore a large number of genes #oden in liquid nitrogen within 20—30 min of harvesting and stored thereafter
their transcription patterns. It is thus not surprising that abnormalities—80°C. mRNA was extracted from the bulk tissue samples and hybridized
in gene expression are characteristic of neoplastic tissue (1). Trd@ithe array as described previously (4). The clinical stage was estimated from
tional methods of analysis have imposed a practical limit on tigcompanying surgical pathology and clinical reports using the Modified

number of candidate genes, the expression of which can be conveffer-Collier (MAC) system: 8 samples were MAC B, 5 samples MAC C, and

iently and simultaneously studied. Highly parallel technologies e)5(_samples MAC D. Twelve samples were judged moderately well differenti-

loiti le hvbridizati ¢ i leotid DNA ated, 2 were well differentiated, and 3 were poorly differentiated. The grade
ploting sample hybridization 1o oligonucieotide or ¢ araySyas not provided for one sample. For the adenocarcinomas, samples were

permit the expression levels of tens of thousands of genes to R ifically re-reviewed by a pathologist at the institution from which the
monitored simultaneously and rapidly (2). sample was contributed, using paraffin-embedded tissue that was adjacent or in
Adenocarcinoma of the colon is a well-characterized model @fose proximity to the frozen sample from which the RNA was extracted. The
human cancer in which histological progression of tumors has bedstological characteristics of the tumor samples, the estimated percentage of
correlated with specific sequential genetic mutations (3). The tumoragntamination with nontumor cells, the presence of mutations ip$3gene,
common, and the surgical technique of resection results in bathd the clinical disease stage are included in the supplemental data’tables.
normal and neoplastic tissue that is available for study. In this report ©Oligonucleotide Array. The experiments with adenocarcinoma and paired
the use of an oligonucleotide array (GeneChip, Affymetrix) to monitdlo'™al tissue were performed with the Human 6500 GeneChip Set (Af-

. ) . trix), and the experiments with the adenomas and their paired normal
the expression profiles of colon adenocarcinomas, adenomas, %/S@Se were performed with the Human 6800 GeneChip Set (Affymetrix). Gene

normal colon tissue is desc_rlbed. Of the transcrlpts_ represented by‘ gnsity information was converted to a mean intensity for each gene by
array, 6003 represent unique GenBank accession numbers, al?)%’ﬁrietary software (Affymetrix), which includes routines for filtering and
evenly divided between full-length human cDNAs and ESfist are centering the data (in these experiments, to 50 intensity units). Expression of
similar to other known eukaryotic genes. We have described preyenes related to smooth muscle and connective tissue was consistently greater
ously the use of clustering analysis to map global differences in geinghe normal than the tumor samples, probably because of the greater heter-
ogeneity of tissue type in the normal samples (4). These transcripts were
Received 4/11/00; accepted 1/26/01. identified by inspecting the gene description in GenBank:(41) and are not
The costs of publication of this article were defrayed in part by the payment of pajécluded in Table 2, although they are included in the complete list of

charges. This article must therefore be hereby maedrtisemenin accordance with  transcripts and their associated expression intensities detected in this experi-
18 U.S.C. Section 1734 solely to indicate this fact. ent®

t:
1To whom requests for reprints should be addressed, at Department of Molecular L Lo .
Biology, Princeton University, Princeton University, NJ 08544, Fax: (609) 258-4575; Statistical and Database Methods.Intensity information was exported to

E-mail: Dnotterman@Princeton.edu. Excel or Access (Microsoft, Redmond, CA) as needed. Statistical analysis was

2 Present address: Weizmann Institute of Science, Rehovot 76100, Israel. performed with Statistica (Stat-Soft, Tulsa, OK). To avoid division by 0 or a
3 Present address: Rockefeller University, New York, New York 10021.
4 The abbreviations used are: EST, expressed sequence tag; MGSA, melanoma growth

stimulatory activity; SAGE, serial analysis of gene expression. 5 Internet address: http:/microarray.princeton.edu/oncology/.
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GENE EXPRESSION PROFILES OF COLON CANCER

Table 1 Transcripts more highly expressed in adenocarcinoma than in paired normal tissue

Intensity values<10 are adjusted to 10. Only transcripts with a 4-fold difference or greBter @.001) in expression intensity between tumor and normal are included. Transcripts
shown in bold capital letters were confirmed by RT-PCR. Gene descriptions have been edited.

Intensity Intensity Tumor/
Accession no. Description in tumor in normal Normal
X54489 Human gene for MGSA 105.1 10.0 10.5
U22055 Human 100 kDA coactivator mRNA, complete cd$ 72.9 10.0 7.3
D14657 Human mRNA foKIAA0101gene, complete cds 64.8 10.0 6.5
M61832 HumarS-adenosylhomocysteine hydrolase (AHCY) mRNA, complete cds 123.1 20.7 6.0
M77836 Human pyrroline 5-carboxylate reductase mMRNA, complete cds 95.5 17.9 5.3
D21262 Human mRNA foKIAA0035gene, partial cds [? nucleolar phosphoprotein] 55.6 10.8 5.2
M36821 Human cytokine (GR@) mRNA, complete cds 141.2 27.6 5.1
L23808 Human metalloproteinase (HME) mRNA, complete cds 711 14.0 5.1
R08183 Similar to bovin hs 10-kD protein 1(chaperonin 10)(HSPE1)(NM_002157) 439.4 911 4.8
L29254 Human (clone D21-1}iditol-2 dehydrogenase gene, exon 9, and complete cds 47.2 10.0 47
H50438 M-phase inducer phosphatase 2Homo sapieny 46.8 10.0 4.7
U33286 Human chromosome segregation gene homolog CAS mRNA, complete cds 98.8 21.2 4.7
X54942 H. sapiens CKSHS2 mRNA for CKS1 protein homologue 131.9 30.1 4.4
R32511 H. sapienscDNA clone 135395 3[RNA POL Il subunit] 43.5 10.0 4.3
T87871 H. sapienscDNA clone 115765 3[myoblast cell surface antigen 24.1 DS] 42.1 10.0 4.2
X05231 Human mRNA for collagenase (identical to metalloproteinase 1) 41.8 10.0 4.2
R36977 Similar toH. sapiensgeneral transcription factor lIA (GTF3A) mRNA 177.5 43.6 4.1
U17899 Human chloride channel regulatory protein mRNA, complete cds 66.3 16.5 4.0
X54942 H. sapiens CKSHS2 mRNA for CKS1 protein homologue 171.9 43.1 4.0

2Cds, coding sequence.

negative number, values of 10 or less were set to 10 in deriving Tables 1 andRelative Expression in Neoplastic and Normal TissueFor each

2. This has the effect of attenuating the reported change in expression whgnhe 18 adenocarcinomas, the relative expression of each gene was
comparison involves a transcript that is not expressed or is expressed ata ¥@hpared in normal and neoplastic tissue. Fig. 1 plots the average
low level. Thus, one should use caution in making strict quantitative COMPEARNA expression intensity of 4000 genes in normal and tumor

isons between Tables 1 and 2 and data from other highly parallel methods, such . . .
as SAGE, or from traditional methods. sﬁmples. Points lying above or below the upper and lower boundaries

Statistical tests used data sets in which vakid® were not adjusted. The represent samples in which expression in tumors was e.'ther 4-fold
paired or unpaired Studenttstest or the Mann-Whitney test was used as higher or 4-fold lower, on average, than the corresponding normal
appropriate, with significance set Bt< 0.001. Statistical comparisons wereSample. Genes for which expression differences achieved statistical
performed on the 4000 transcripts with the highest mean intensity. significance are associated with a filled circke € 0.001).

A two-way pairwise average-linkage cluster analysis was applied to orga-Tables 1 and 2 list the transcripts displaying a 4-fold or more
nize the expression matrix such that genes and tumors with similar expressi9rease or decrease in expression level that was also significant at the
patterns are adjacent to one another (5,6). This analysis was performed \fth 0.001 level. Nineteen transcripts (0.48% of those detected at an
Cluster 2.02, and the resulting expression map was visualized with Treevig! . . .

w‘ﬁensny of 10 or greater) displayed 4—-10.5-fold or greater expression

1.45°% This process also results in a phylogenetic tree, the branch lengths 0 . .
which reflect the degree of similarity between the tissues. Adenoma a'rﬂithe tumors than the paired normal tissée<{ 0.001), whereas 88

adenocarcinoma samples (and their respective matched normal samples) W&fscripts (2.2%) displayed 4-38-fold lower expression in the cancer
hybridized to different versions of the GeneChip. To permit comparisdhian the paired normal tissu® (< 0.001). After removing the 41
between these types of neoplasm, it was necessary to create a compdiiescripts associated with smooth muscle and connective tissue, 47
database that included only accession numbers (approximately 1800) repggnained and are included in Table 2. The choice of a 4-fold boundary
sented on both GeneChip versions. In developing this composite databasgafinclusion in Tables 1 or 2 is an arbitrary one, taken to constrain the
attempt was made to match all accession numbers on both arrays (rather glgg of Tables 1 and 2. The complete data set, together with the
the 4000 used for the other analysis). Values of 10 or less were not adeStesSOCiated:’s is contained in the supplementary data onile

However, prior to application of the cluster algorithm to the composite datd: . . . . o
base, expression levels less than or equal to zero were deleted, the remainirﬁ:,\)ons'SterIt with the literature, metalloproteinases were significantly

values were log-transformed, and both vectors of the data matrix were centdf@re highly expressed in colonic neoplasia than in normal tissge, (
about the mean and normalized, in that order. Only genes for which 85%1g23808, human metalloproteinase, X05231, and collagenase). One
more of the expression values were greater than zero were used for ¢igg also discern a group of transcripts not associated previously with
clustering operationn(= 1096). colon cancer but either linked to other forms of neoplasia or to
Once the data matrix is reorganized by the clustering algorithm so that gegg@maﬁon of the cell cycle: MGSA, the related cytokine GROM,
are organized by similarity of expression along the vertical axis and tiSSIiBO 000 coactivator, ckshs2, CDC25B (an M-phase tyrosine phospha-
samples are organized by similarity of expression along the horizontal axis, it o '
can be visualized as a color map, as described previously (4— 6), and as sh awc,[%e), and transcription factor _“lA (GTF3A).
in Fig. 3. Yet another group of transcripts could be related to altered levels of
metabolism (rather than cancer growpler sg. These includeS
adenosylhomocysteine hydrolase, pyrroline 5-carboxylate reductase,
andL-iditol-2 dehydrogenase.

Colon adenoman( = 4), adenocarcinoman(= 18), and paired Several other gene products associated with colon cancer are not

normal colon samplesi(= 22) were studied (total of 44 samples). offncluded in Table 1, although each had more than a 4-fold greater
the ~6600 cDNAs and ESTSs represented on the arra§Q00 (62%) expression in tumors than in normal tissue, becauséthssociated
were detected at an expression level of 10 or higher. with the expression difference was marginally greater than 0.001
(ranging from 0.001 to 0.003). These included matrilysin (a matrix
6 Both shareware programs available at Internet address: http://rana.stanford.edu/ggﬁ-ta”Opr?temase)' matrix .meta”OprOtemase 12, osteopontin, and
ware. transforming growth factog-induced gene product (BIGH3). Other
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Table 2 Transcripts were more highly expressed in paired normal tissue than in adenocarcinoma
Intensity values<10 are adjusted to 10. Only transcripts with a 4-fold difference or greBter 0.001) in expression intensity between tumor and normal are included. Forty-one
transcripts representing smooth muscle or collagen are not shown (see “Materials and Methods”). Transcripts shown in bold capital lettersmesdebyoRT-PCR. Gene
descriptions have been edited.

Intensity Intensity Normal/
Accession no. Description in tumor in normal Tumor
M83670 Human carbonic anhydrase IV mRNA, complete cds 10.0 378. 37.9
M97496 H. sapiensguanylin mRNA, complete cd$ 53.6 1082.9 20.2
X64559 H. sapiensmRNA for tetranectin 10.0 137.8 13.8
T54547 H. sapienscDNA similar to M84526 complement factor D precursor 10.0 119.9 12.0
M95936 Human protein-serine/threonine (AKT2) mRNA, complete cds 10.0 1135 11.4
T55200 H. sapienscDNA similar to gh:M10942_cds1 human metallothionein-le gene 10.0 84.0 8.4
T46924 H. sapienscDNA similar to gh:U11863 amiloride-sens amine oxidase 15.1 124.0 8.2
L11708 Human 17B-hydroxysteroid dehydrogenase type 2 mRNA, complete cds 16.6 134.6 8.1
T46933 H. sapienscDNA clone 70843 3[11-3 dehydrogenase] 11.2 84.9 7.6
H54425 H. sapienscDNA similar to gh:M10942_cds1 human metallothionein-le gene 18.2 135.5 7.4
M26393 Human short chain acyl-CoA dehydrogenase mRNA, complete cds 10.0 71.8 7.2
M82962 HumarN-benzoylt -tyrosylp-amino-benzoic acid hydrolase subunit mMRNA 10.0 71.3 7.1
J03037 Human carbonic anhydrase Il mRNA, complete cds 10.0 65.1 6.5
T72257 H. sapienscDNA similar to gb:L07765 liver carboxylesterase 10.0 63.1 6.3
M84526 Human adipsin/complement factor D mRNA, complete cds 43.9 260.4 5.9
T76971 H. sapienscDNA similar to gh:X64177H. sapiensmRNA for 38.3 217.7 5.7
metallothionein
H77597 H. sapienscDNA similar to gh:X64177H. sapiensmRNA for 57.0 320.5 5.6
metallothionein
T67986 H. sapienscDNA clone 82030 3similar to gh:X14723 clusterin precursor 35.0 195.7 5.6
R99208 H. sapienscDNA clone 200586 3similar to gh:X76717H. sapiensMT-1I 10.0 55.7 5.6
MRNA
U03749 Human chromogranin ACHGA) gene, exon 8, and complete cds 10.0 55.0 55
R93176 Soares INFLH. sapienscDNA similar to gh:M33987 carb. anhydras® | 10.0 53.1 5.3
L02785 H. sapienscolon mucosa-associated (DRA), complete ctis 161.0 848.1 5.3
R94967 H. sapienscDNA similar to gh:L11924 hepatocyte growth factor 10.0 52.4 52
J03037 Human carbonic anhydrase 1| mRNA, complete cds 10.0 51.8 5.2
M74509 Human endogenous retrovirus type C oncovirus sequence 15.1 77.9 5.2
L11708 Human 17B-hydroxysteroid dehydrogenase type 2 mRNA, complete cds 18.7 96.2 5.2
X77777 H. sapiensintestinal VIP receptor related protein mRNA 13.7 70.5 5.1
R69552 H. sapienscDNA clone 155302 3[glutamate] 10.0 50.6 5.1
R50730 H. sapienscDNA similar to gbh:Z19585 thrombospondin 4 precursor 10.0 50.3 5.0
H43887 H. sapienscDNA similar to gh:M84526 complement factor D prec. 84.8 400.4 4.7
u17077 Human BENE mRNA, partial cds 325 147.6 4.5
U25138 Human MaxiK potassium channg&ksubunit mRNA, complete cds 14.9 67.4 4.5
X86693 H. sapiensmRNA for hevin like protein 47.0 212.6 45
H57136 H. sapienscDNA similar to SP:A40533 A40533 cAMP-DEP protein kinase 10.0 44.5 4.5
X73502 H. sapiensmRNA for cytokeratin 20 55.2 245.6 4.5
J03037 Human carbonic anhydrase 1| mRNA, complete cds 10.0 44.0 4.4
R70806 H. sapienscDNA similar to gh:X62535 diacylglycerol kinase 10.0 43.9 4.4
T51913 H. sapienscDNA similar to gbh:S4563@& crystallin B chain 10.0 43.5 4.3
T50678 H. sapienscDNA contains TARL1 repetitive elemenk fryptase] 125 53.7 43
750753 H. sapiensmRNA for GCAP-Il/uroguanylin precursdr 42.9 183.7 4.3
M58286 H. sapienstumor necrosis factor receptor mRNA, complete cds 30.5 130.5 4.3
u08854 Human UDP glucuronosyltransferase precursor (UGT2B15) mRNA, complete 30.8 131.2 43
cds
X52679 Human ASM-2 mRNA for sphingomyelin phosphodiesterase (EC 3.1.4.12) 10.0 42.2 4.2
T71025 H. sapienscDNA similar to gb:J03910_rnal human 217.8 893.3 41
M12272 H. sapiensalcohol dehydrogenase clasy subunit (ADH3) mRNA 42.9 174.8 4.1
M26683 Human IFNy treatment inducible mRNA 37.8 152.0 4.0
D90313 Human mRNA for biliary glycoprotein, BGPI # 12.7 51.0 4.0

2 Also identified in the SAGE database, see text.

transcripts known to be more highly expressed in malignant tissue agdls (7); colon mucosa-associated mMRNA, down-regulated in adeno-
not contained in Table 1, because the magnitude of their increasec@mcinoma,; tetranectin; hevin; and biliary glycoprotein (BGP1). This
the tumors was less than the cutoff of 4-fold imposed here. Exampladicates that it is possible to glean meaningful information from this
include nm23-h2 (3.0-fold), c-myc (2.6-fold), and transcripts codingnalysis although the tissue composition of the normal and neoplastic
several ribosomal proteins (s6, s8, p0, and s3; 1.5-1.6fotd0.01). samples may differ.

These smaller changes are statistically significant and are probablyro further validate the expression changes detected by the oligo-
meaningful, contributing to the altered growth of cells. nucleotide array, semiquantitative reverse transcription-PCR reactions
A substantial number of transcripts were more highly expressedvirere used on two tumor/normal tissue pairs in which epithelial tissue
normal tissue than in the paired cancer specimens (Table 2). Manyaafs grossly dissected free of underlying stromal and muscular ele-

these transcripts simply represent smooth muscle or connective tissmests prior to RNA extraction. mRNA from these samples was
layers more generously included with the normal than the neoplastverse transcribed from oligo-dT primers, and the resulting cDNA
tissue samples. Transcripts that are readily identified as such are was amplified by PCR using gene-specific primers after establishing
included in the Table (see “Materials and Methods”). Forty-sevendilution at which amplification remained within the linear range.
(1.3% of the total measured) remain and are included in Table @ene-specific primers for glyceraldehyde-3-phosphate dehydrogenase
Notably, the comparison produced several transcripts shown prewere included in each amplification tube. The level of expression was
ously to be down-regulated in cancer. Of particular interest are tetermined by densitometric analysis using NIH image software,
following gene products: guanylin, a product of colonic epitheliahormalized against glyceraldehyde-3-phosphate dehydrogenase. Al-
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differences between expression in normal and neoplastic tissue. Some
comparisons are shown in Fig. 2, indicating that for many of the
1000 transcripts, differences between normal and tumor affected a substan-
100 tial n_1ajority of the samples; this was so _for _both the adenom_as and the
2 carcinomas. There was some variability in gene expression across
é g 10 different tumor and normal samples, perhaps representing a combi-
—E 2 nation of assay heterogeneity, true biological difference, and an im-
28 0 balance in tissue composition.
é’g Cluster Analysis. To further probe differences between normal
M 0.10 tissue, adenomas, and carcinomas, but on a global basis, cluster
analysis was performed on all 22 samples. The phylogenetic tree
0.01 resulting from the hierarchical clustering algorithm is shown in Fig. 3.
A striking feature of the phylogenetic tree is that the three tissue types

0.00 are clearly separated in a manner that respects the conventional
0.00 0.01 0.10 1.00 10 100 1000 10000 . . . . . .
Neoplastic Tissue histopathological classification of this tumor. Although the carcino-
Exprepssion Intensity mas and their benign precursors, the adenomas, are placed on a
I o o | A with e, Colon ad different trunk than are the paired normal tissues, these neoplasms are
ig. 1. Expression intensity in normal compared with tumor samples. Colon ade . .
carcinoma samples and paired normal samples were hybridized to GeneChips %O Separated from (_)ne_anOthe_r’ occupying adJ_acent branches of the
fymetrix), and the expression levels were analyzed with GeneChip 3.0 analysis softw@@&me trunk. Thus, this hierarchical cluster algorithm, operating on a
(Affymetrix). The upper and lower boundaries represent a 4-fold difference in the averqggativew small set of expression data (1096 genes and ESTS) was
of the expression of each gene between carcinoma and normal @sgenes for which | | fuli . he th f col |’
average expression in carcinoma was significantly higher or lower than it was in th@MP et'e y success U. 'n.grOUp'ng the t ree.types or colon S‘_'J‘mp eson
matched normal sampl® (< 0.001). Approximately 2% of the 4000 genes analyzed fothe basis of subtle, distributed differences in gene expression.
this figure displayed a statistically significant, 4-fold difference in expression intensity
between tumor and matched normal samples. Data from the adenoma samples are not
included in this figure. The axes scales are logarithmic.
A. Expression decreased in neoplasm

Guanylin Colon mucosa antigen Tetranectin

though the precise magnitude of change in expression was not always
recapitulated, the direction and order of magnitude of change pre-
dicted by the array was confirmed by reverse transcription-PCR 1pp0
each case (data not shown). This indicates that for these gene prod-
ucts, at least, the observed changes in expression could not simply be|
attributed to gross contamination with nonepithelial cells. Those tran-
scripts so validated are printed in bold letters in Tables 1 and 2. 100

Adenomas are considered the pathological and genetic precursor to
adenocarcinoma of the colon (3). To learn whether the abnormalities
in MRNA expression observed in carcinomas are already present in N
the precursor lesion, four adenomas (each paired with normal colon °
tissue from the same patient) were analyzed for mRNA expression'? 84 10 ot *
Interestingly, several of the abnormalities present in the carcinomas

. Ca Ca-N! Ca Ca--Nl Ca Ca-Ni

were already present in the adenomas. For example, adenomas over- Ad Ad-NI Ad Ad-NI Ad Ad-NI
expressedM, 100,000 coactivator (by 11-fold), BIGH3 (8.9-fold), B. Expression increased in neoplasm
ckshs2 (2.7-fold), MGSA (2.1-fold), and matrilysin (3.0-fold). This MGSA Pyrroline reductase Ckshs2
suggests that the genes represented by these transcripts may play @
role at a relatively early stage of carcinogenesis. The literature indi-
cates that matrilysin is detected in80% of adenomas and is not
expressed in most normal epithelial cells. This metalloproteinase
mRNA may be regulated by-catenin (also overexpressed in ade-oo
noma and colorectal carcinomas) and is an emerging target of cance
therapy (8). Adenomas also displayed attenuated expression of several s s °

o

genes identified as down-regulated in the carcinomas, including the 0 o o

colonic epithelial cell product, guanylin (111-fold), down-regulated in o 8
adenocarcinoma (40-fold), and hevin (7.2-fold). Expression of genes o4 ° : »
in adenomas and carcinomas was correlatee: (0.5, P < 0.001, 10 o 10 o 10
Pearson’sy. That similar patterns of dysregulation of known cancer

pathway genes could be discerned in the adenocarcinoma and ade=— &5 Ca  CaNl o ———
noma samples is telling, because these patterns could be discerned  Ad Ad-NI Ad Ad-Ni Ad Ad-NI
although bulk adenoma samples are likely to contain substantiaFig. 2. Comparison of transcript expression levels in individual neoplasms (adenoma

quantities of normal colonic tissue. Thus, analysis of bulk tissue méyd adenocarcinoma) with paired normal tissue samplesranscripts with decreased
. . e . expression in tumorsB, transcripts with increased expression in tumors. For each
be informative, even if it is not optimal. transcript, the mean ratio of expression in neoplasm to normal tissue and normal was
A single adenoma or cancer specimen did not generally bias thtld or greater® < 0.001). The ordinate scale is logarithmic. Because of the adjustment
of transcripts with an intensity 10 to 10, data points may be superimposed and visualized
as a single data point. However, for each transcript, the number of samples was the same.
7 A figure displaying this relationship has been placed at Internet address: htt€#, carcinoma i§ = 18); Ad, adenomarf = 4); Ca-NI, normal paired with carcinoma
microarray.princeton.edu/oncology/. (n = 18); Ad-NI, normal paired with adenoma = 4).
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GENE EXPRESSION PROFILES OF COLON CANCER

msmsmmm  Adenocarcinoma

Normal [ ] mm Adenoma

90-kDa heat-shock protein (X15183)
Esterase D, 3'end (M13450)

N = Gilutamate receptor 1 alpha(mGluR1alpha)(U31215)
o~ o ©w - oo _ortorfIfRallisoasS oo Ribosomal protein 529 (U14973)
%%%5%%%%%%%A%%%%%%%%%%5 S SR RSP DS RS 500686 Homologue of rat insulinoma gene (rig) (M32405)
888288883232 888885858533 22888880888 8888838¢8¢8¢5% Hibosonpl pmian 525 (64716)

RN NN RN E SRR RN 0GRS dTTTT Alpha-ubulin isotype H2-alpha gene(K03460)
ZZZZZZZZZZZZZZZZZZZZZZ0O00000O00OO000OLOOOLL LT

Hums3 mRNA for 408 fiboprolein $3 (X55715)
Ribosomal protein S8 (U14971)

mMRNA for glutathione peroxidase-Gl (X68314}
P62 MRNAMB3108)

RbAp48 reinoblastona binding protein (X74262)
Cathepsin C (X87212)

Procamoxypeplidase B (M81057)

X box hinding protein-1 (XBP-1 (M31627)
Splicing lactor SRp0c (U30825)

High mobility group box (SSRP1) (M86737)

Erythroblast. vinis onc homolog 2(els-2) (J04102)
NBK apoptolic inducer {X89986)
SOX 9 (Z46629)

Cluster 1
Proteosome HC5 (DOO761)
TRAP beta subunit (X74104)
M1 subunit of ibonudeotide redudase (X59543)
U2 SnRNP-spedific A’ protein (X13482)
Differentiation-dependent Ad protein (LO9G04)
KIAAD120 gene (D21261)
Mdlnlyml 22524)

Ribosomal protein L3 homologue (X06323)
Plern-4a-carbinolamine dehydmlase {L41559)
immunophilin (FKBP52) (M83279)

Chromosome segregation gene (U33286)
KIAAOOBY gene (D31885)
HMG-1 (D63874)
Homo sapiens HNRNP F protein (L28010)
I'LlanaNP oore potein Al g(1267|) (x544509)
elanoma growth stimulatory adlivity(MGSA
Cluster 1 Hslemd\mguun protein HP{Hs-gar:,\nu (U2)6312)
S-adenosylhomocysteine h%dnﬂase (AHCY)(MB1832)
Serine kinase MRNA (U09564)
Lamin B mRNA (M34458)
Casein kinase Il bela subunit (M30448)
Glycy-IRNA synthetase (U09587)
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Fig. 3. Left, cluster map and phylogenetic tree resulting from a two-way, pairwise, average-linkage cluster analysis. Approximately 1800 genes in commersitnsaf v
GeneChip (Affymetrix) were combined into a single matrix that was then clustered as described in the text. Each color patch in the resulting répuesemp the expression level
of the associated gene in that tissue sample, with a continuum of expression levetiaffogreen(lowest) tobright red (highest). Missing values are codedsilser. The carcinomas
and their benign precursors, the adenomas, are placed on an entirely different trunk than are the paired normal tissues. Strikingly, the adeeaaasremdas are also separated
from one another, occupying adjacent branches of the same trunk. The color map indicates that this hierarchy is associated with severalpiigigof groreased gene expression
intensity (clusters 1-3Right upper panel, cluster la cluster of genes that are more intensely expressed in adenoma than in normal tissue or carcinoma. This grouping contained
approximately 8—10 genes, the mRNA expression of which appeared to be much higher in the adenoma samples than in associated normal tissuenoastitigiztrtimer panel,
cluster 2:a cluster of genes that are more highly expressed in carcinoma than in adenoma or normal tissue. This is a broad and diffuse cluster, which cantalnstetoat were
also identified simply by examining expression ratios (Table 1).

Several clusters of genes appear to differentiate adenomas, cam¥eals that expression in adenomas was intermediate between the
nomas, and their matched normal samples. The three most obviaosmal samples and the carcinomasg(, pterin-4a-carbinolamine
are: dehydratase, casein kinase I, matrilysin, MGSA, MRL3, a human

(a) cluster 1. Cluster 1 (Fig. Jight upper panél represented a ribosomal protein L3 homologue, and several components of hetero-
group of genes that were more intensely expressed in adenoma thageineous nuclear riboproteins). Intermediate expression of these genes,
either adenocarcinoma or normal tissue. This group contained sevehe of which are related to cell growth or proliferation, is consistent
transcription factors, of which some have been implicated as onawith the existing histological classification in which adenoma occu-
genes XBP-1, SSRP1, ETS-and SOX9, ribosomal proteins (S29 pies a biological position between normal colon epithelium and ade-
and S9), an inducer of apoptosis (NBK), and a splicing factarocarcinoma.
(SRp30c). It is possible, but remains to be shown, that these genéc) cluster 3. Cluster 3 consists of elements that are more highly
products play an early role in the transition from adenoma to carexpressed in a significant subset of the normal samples than in the
noma. carcinomas or adenomas. Embedded within this cluster are products

(b) cluster 2. Cluster 2 (Fig. 3ight lower pane) comprised a larger the expression of which is authentically repressed in colorectal neo-
and more diffuse group of genes that were more highly expressecpiasms (such as guanylin and colon mucosa antigen) as well as
adenocarcinoma than in adenoma or in normal tissue. This cludi@nscripts obviously related to smooth muscle or connective tissue
contains many of the gene products already identified (Tables 1 and2). Subsequently, however;,40 genes associated with smooth mus-
as being more highly expressed in colorectal neoplasia than in norrol@ or connective tissue were removed from the data matrix, and the
tissue €.g9.,Ckshs2, MGSA, matrilysin, and diverse products relatedata were reclustered. This procedure did not significantly affect the
to proliferation and metabolic rate). In some instances the cluster nyapylogenetic tree (data not shown).
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Neither the histological grade of the tumor sample nor the clinicéfig. 2). Coheret al. (13) usingin situ hybridization observed a large
stage of disease could be related to a specific pattern of gene expdexrease in epithelial guanylin expression in adenocarcinoma of the

sion. colon, and these present experiments add the information that guany-
lin expression is also lost in the benign precursor, the adenoma,
DISCUSSION although the biochemical link between guanylin and colorectal neo-

plasia remains unclear.

This analysis used oligonucleotide arrays capable of detectingAn important goal of expression profiling is to develop a molecular
approximately 6600 human transcripts. Of thesd000 (62%) were approach to classifying tumors (14, 15). The task is to develop
detected at a level greater than a threshold intensity of 10, thgstems that will supersede the histological schema that has existed
minimum used in this experiment for discrimination from a value dfor many years, but a first step to ensuring that this is possible is to
0. In tumors, 19 transcripts of 4000 (0.48%) produced 4-10-fol@capitulate the present classification using global expression data. In
elevated levels of transcripts when compared with normal tissue asglecent publication, Goluét al. (15) were able to distinguish acute
47 transcripts (1.3% of 4000) produced 4-38-fold lower levels efyelogenous from acute lymphocytic leukemia on the basis of a
mRNA in tumorsversusnormal tissue. Thus, under the conditions oelf-organizing map and class predictor operating on a gene expres-
this experiment, a very small number1.8% of 4000 transcripts) are sion database that was acquired with the Affymetrix GeneChip. In
differentially expressed in tumors and normal tissue. This is in gogilevious work using cluster analysis to examine breast cancer, Perou
agreement with the work of Zhangt al. (1), who showed in their et al. (14) found elevated expression of genes related to cell prolif-
SAGE analysis that-1.5% of detected transcripts was differentiallyeration. Many of the genes included in cluster 2 seem related to cell
expressed in normal and neoplastic colon. Others using various tygeswth, metabolic rate, and nucleic acid synthesis. Their elevation in
of cDNA microarrays have reported that from 0.2 t10% of adenoma and cancer may be a secondary effect of proliferation rate
transcripts are differentially expressed between several types of caither than a primary transforming event. Even so, they represent a
cer and normal tissue (9-11). neoplastic signature that can be used as an aggregate classifying

To compare the existing SAGE data in colon cancer with the resuieoperty. Present technology permits more than an order-of-magni-
of this project, the SAGE database on deposit at National Cangetle increase in the number of genes whose expression can be mon-
Biotechnology Information was analyzed with xProfifeusing the itored and organized by clustering routines, self-organizing maps, and
default settingsife., a 2-fold difference in expression). Librariesfactor analysis (16, 17). This should result in a much more textured
derived from two bulk normal colon tissues (SAGE NC1 and NC2)nd informative expression map, such that it may soon become
and two bulk colon tumors (Tu98 and Tul02) were used for thisossible to develop models of neoplastic transformation, and even
comparison. Of the 100 SAGE tags most likely to be differentiallglinical predictive models, that are based on concerted patterns of
expressed between bulk normal and tumor samples, one (M773¢8he expression. For example, Alizadethal. (18) used microarray
transforming growth factop-induced gene product, BIGH3) wasanalysis and a hierarchical clustering algorithm to identify two mo-
identified in the Affymetrix data set as overexpressed in colon cancescularly distinct forms of B-cell lymphoma, one associated with a
and 6 were identified as more highly expressed in normal colon tisssignificantly better prognosis than the other. Others have used expres-
(see Table 2). BIGH3 is not included in Table 1, because the assagion analysis to distinguish characteristic patterns of expression in
atedP in the present analysis was 0.003, although the magnitudergélignant melanoma and breast cancer, which seem to correlate with
overexpression was 4.8-fold. phenotype (19, 20). Thus, a molecular classification may differentiate

In addition, the 100 dysregulated SAGE tags identified with xPrdritherto unknown and clinically important subsets of cancer. This
filer were matched to the 6003 unique GenBank accession numbgresent report provides support in colon cancer as well for the concept
included on the GeneChip. Thirty-two of the 100 tags were identifieflat global transcription patterns can drive a system of classification
in the Affymetrix data set; of these, 19 changed significantljhat is fundamentally related to the underlying biological context.

(P < 0.01) in the Affymetrix data set. However, even for this selected

set of transcripts, the actual correlation between changes in expression

in one data set with those in the other data were only fai= (0.5, ACKNOWLEDGMENTS

P = 0.04, Spearman’s). The list of these genes, their expression
values, and a graph comparing expression of these genes in th

i . . agi
Affymetrix and SA_GE data_bases have been deposited with the s'ﬂ{?bart, by a grant from the Merck Genome Research Institute. David Fussell
plementary materidl. Despite some concordance, the SAGE angerformed the programming for the Internet dataBaSeizanne Ybarra and
Affymetrix results are different, perhaps reflecting sample heterogeat Gish performed the RNA extraction, labeling, and hybridization. David
neity, the limited number of tissue samples analyzed for the SAGkack provided extensive advice. Michael Eisen and Ash Alizadeh assisted
databases, and gene assignment differences in mapping oligonuokét-application of clustering algorithms to the adenoma/adenocarcinoma data
tide probes or SAGE tags. Clearly, it is important to develop a bettegt. Maureen Murphy, Renbin Zhao, and Lisa Taneyhill provided helpful
understanding of the similarities and differences produced by altépmments.
native approaches to large-scale expression monitoring.
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