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ABSTRACT: cDNA microarrays were used to compare the gene expression pattern of a nonmetastatic
colorectal cancer cell line (SW480) with its metastatic derivative (SW620). Co-hybridization of � uores-
cently labeled cDNA generated from SW480 (Cy3) and SW620 (Cy5) total RNA to microarrays containing
4000 human cDNA clones revealed differential expression of 129 genes involved in the regulation of tran-
scription, cell-cycle control and division, cell signaling, cell adhesion, and cell metabolism. The results of
this microarray analysis corresponded to previously reported gene expression pro� ling experiments with
SW480 and SW620 using SAGE. Predictably, the metastatic cell line SW620 exhibited underexpression
of genes involved in cell adhesion and overexpression of genes involved in transcription and translation
compared with its nonmetastatic counterpart SW480. Finally, by applying a novel bioinformatics approach
to the gene expression data, a number of genes underexpressed in SW620 compared with SW480 were
demonstrated to map to chromosomal band 17q21-23, a region that may be associated with loss of
heterozygosity during the metastatic progression of colorectal cancer.
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1. INTRODUCTION

Colorectal cancer (CRC) represents a signi� cant global
health problem. At least 50% of people in the Western
world will develop a colorectal adenoma by the age of 50,
with perhaps one in 10 progressing to malignancy [1].
There are large geographic differences in the incidence of
CRC, with high rates in the United States, Australia, and
New Zealand, and low rates in Japan, South America, and
Africa [2]. New Zealand and Australia have the highest
rates of CRC in the world for both sexes [3], and non-Maori
New Zealand women have the highest age-standardized rate
of CRC in the world [3].

If detected early, nonmetastatic CRC can be surgi-
cally resected with a favorable prognosis. However, CRC

Author to whom correspondence should be addressed.

metastases are associated with a poor prognosis and are
often refractory to chemotherapy. Because CRC has de� ned
precursor lesions and exhibits slow progression to metas-
tasis, it should be an essentially preventable disease with
appropriate screening procedures. However, current screen-
ing tools for CRC in asymptomatic people lack appropriate
sensitivity and speci� city and are not universally accepted
for large-scale use in the general population. A molecu-
lar genetic approach may identify people at high risk for
CRC and may allow for targeted, less invasive, more cost-
effective screening [4]. Furthermore, the current clinico-
pathological classi� cation scheme does not necessarily pro-
vide an accurate indication of response to treatment and
survival. The underlying genetic events that lead to the
progression of CRC from adenomatous polyp to malignant
tumor is described by the adenoma–carcinoma sequence.
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Although much is known about the adenoma–carcinoma
sequence, very little is known about the transition of CRC
from nonmetastatic to metastatic disease. Here we present
data from cDNA microarray assays that compare gene
expression pro� les between primary and metastatic CRC
cell lines derived from the same patient [5]. Genes with
a different expression pattern between metastatic and non-
metastatic disease may have an important role in the pro-
gression from localized to disseminated cancer and may
therefore be of clinical use as prognostic markers for col-
orectal cancer.

2. MATERIALS AND METHODS

2.1. Cell Lines and RNA Extraction

SW480 and SW620 colorectal cancer cell lines were
obtained from the American Type Culture Collection and
grown in alpha minimum essential medium containing 10%
fetal bovine serum. RNA was extracted from the cells with
Trizol (Life Technologies) and further puri� ed with the use
of RNeasy columns (Qiagen) according to the manufac-
turer’s instructions.

2.2. cDNA Microarrays

Four thousand sequence-veri� ed human cDNA clones
(Research Genetics, release GF211) were printed in dupli-
cate onto poly- -lysine-coated slides with the use of an
SDDC-2 arrayer (ESI, Toronto) equipped with Telechem
SMP3 quill pins and post-processed as described [6]. Flu-
orescently labeled cDNA was generated from 20 Œg total
RNA by the amino-allyl labelling method as described
(www.microarrays.org) and hybridized to the arrays in
UltraHyb buffer (Ambion) at 50 �C with a GeneTAC
Hybridization Station (Genomic Solutions). After 20 h of
hybridization the slides were washed as described [6], dried
by centrifugation at 600 rpm for 6 min, and then scanned
with a ScanArray 5000 Microarray Analysis System (GSI
Lumonics). Fluorescent intensity data were extracted with
QuantArray microarray analysis software (version 2.1, GSI
Lumonics). Four replicate experiments were performed,
with separate labeling reactions hybridized to different
microarrays. Control spots were printed with foreign DNA
(COT-1, Rice, SS-DNA, Lambda, Apple) as well as nega-
tive control spots (3 SSC buffer only) to assess the back-
ground threshold of � uorescence.

2.3. Data Pre-processing and Analysis

Genes showing low � uorescence were excluded from fur-
ther data analysis, as plots of Cy3 versus Cy5 signal inten-
sity indicated a strong bias toward the Cy3 channel for
genes with low intensities (data not shown). This nonlin-
ear behavior of the signals would interfere with the global
normalization procedure subsequently used. Therefore, a
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Figure 1. Distribution of mean differences of paired intensities Sã vs.
standard error for the mean differences s Sã for the complete set of genes
in our study. Genes that showed intensities above the expression thresh-
old and scored a p value of less than 0.01 are displayed as black dots.
Genes that are below the expression threshold or have insigni� cant fold
changes are displayed as gray spots. Note that the mean of differences
Sã is shown on a logarithmic scale with base 2 in the � gure. Genes with
Sã D 1 therefore have an average fold change of 2.

threshold was derived below which the data were consid-
ered unreliable by analysis of the intensities of negative
control spots (3 SSC buffer only). Although the � uores-
cence of these spots were locally background corrected by
the scanning software, negative control spots still showed
low � uorescence intensities. Because these intensities are
based on nonspeci� c hybridization effects, we considered
genes with similar intensities as not expressed. To achieve a
robust estimate, the logged intensity values of the negative
control spots were iteratively � tted by a normal distribu-
tion. Deriving the mean intensity value Œnc and the standard
deviation snc, we used Œnc C 2snc as the expression thresh-
old. A gene was excluded from further analysis if 50%
of the spots representing the gene had intensities below
the expression threshold in both channels across all slides.
The genes remaining for the subsequent analysis numbered
3724. The expression values for these genes were globally
normalized to generate equal total intensities in the two
channels. To balance the data, the intensity ratios were log-
transformed, providing a symmetrical distribution of the
ratios around zero (Fig. 1).

2.4. Statistical Evaluation of Differential
Gene Expression

The differential expression of genes was selected as statis-
tically signi� cant with a paired t-test. This t-test compares
the average fold change with the error of the average fold
change and assigns a p value to this change based on Stu-
dent’s t distribution. A large average fold change combined
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with a small error of the fold change yields a high signi� -
cance. This paired t-test has the form

t D
Sã
s Sã

where Sã is the mean of the logged fold changes and s Sã is
the standard error of the mean of the logged fold changes.
The standard error is de� ned by

s Sã D
rX

i

4di ƒ Nd5=n4nƒ 15

where di are the logged fold changes, Nd is the mean of the
logged fold changes, and n is the number of replicates. We
observed in our study, however, that genes of low intensity
and small fold changes frequently displayed a high signif-
icance based on this original t-test because of a very low
standard error. This is to be expected since the standard
error is itself a statistic variable with a broad distribution,
especially for a low number of replicates. Any undetected
experimental bias in the expression values can strongly
interfere with the paired t-test for signi� cance, particularly
for low expression values.

To obtain a more robust estimate of the error, we there-
fore modi� ed its derivation. In our model, the total error
for each gene ‘tot1gene consists of the speci� c variability of
a gene ‘gene and a general background noise in the experi-
ment ‘exp1 so that ‘2

tot1gene D ‘ 2
gene C ‘ 2

exp. We estimated the
general experimental error ‘exp by calculating the median
variance of the logged ratios for genes below the expression
threshold. This provides a measure for random � uctuations
of the intensity values in our experiment. Replacing s Sã
with ‘tot in the paired t-test formula leads to a robust test
for signi� cance, as our analysis showed. The error ‘tot1gene

essentially sets an estimated minimal possible error in the
experiment, while it also includes the gene-speci� c vari-
ations of expression and hybridization. A similar modi� -
cation of the t-test was recently proposed by Tusher and
Tibshirani [7].

2.5. Correlation of Differential Gene
Expression with Chromosomal Loci

To determine the signi� cance of � nding a relatively large
number of differentially expressed genes within a small
chromosomal location, we calculated the probability that
a speci� c number of signi� cantly differentially expressed
genes were located by chance within a cytoband, using the
following formula. The p values were calculated with the
use of the hypergeometric distribution

p D 1ƒ
kƒ1X

iD0

s

i

gƒs

nƒi
g

n

where g is the total number of genes in the experiment, n
is the total estimated number of genes within the cytoband,

and s is the total number of differentially expressed genes.
The hypergeometric distribution gives the probability that
through n random drawings from a pool of g genes at least
k genes will be drawn out of a speci� c subset of s genes.
This approach was previously used to assess the statisti-
cal signi� cance of the enrichment of functional categories
gene expression clusters within [8] but to date has not been
applied to map gene expression to chromosomal domains.

3. RESULTS

3.1. Differential Gene Expression in
SW620 Compared with SW480

Gene expression pro� les for the SW480 and SW620 cell
lines were generated as described in the Experimental
Details. The microarray data were � ltered to exclude genes
below the expression threshold before statistical tests for
signi� cance were applied. In the � rst instance we used an
unmodi� ed paired t-test. The results of this signi� cance test
were judged to be unreliable, since a large number of genes
of low intensity and small fold changes were detected as
signi� cant because of their very small errors. A comparison
of these errors showed that they underestimated the gen-
eral experimental error in our experiment, as de� ned in the
Experimental Details (data not shown). For a robust assess-
ment of the experimental error we modi� ed the error esti-
mation for the t-test. Using this modi� ed signi� cance test,
we found 129 genes with a signi� cance level of less than
0.01. Seventy-� ve genes were signi� cantly overexpressed,
and 54 genes were signi� cantly underexpressed (p < 0001,
Tables I and II, respectively). These results are shown in
Figure 1. The mean fold changes versus the error of the
mean fold changes are displayed. Signi� cant differentially
expressed genes show large fold changes compared with the
errors. The distribution indicates an asymmetry for genes
with a large error caused by the bias toward Cy3 for low
intensities. Genes in this intensity regime were excluded
from our signi� cance test by application of the expression
threshold (see Experimental Details).

Figure 1 further shows that the underexpressed and over-
expressed genes in SW620 compared with SW480 are sym-
metrically located and well distinguished from the rest of
the genes that fell below the threshold of signi� cance.

3.2. Differential Gene Expression and
Correlation with Chromosomal Location

By examining the gene expression data in Table II, there
was an apparent nonrandom chromosomal clustering of
genes that were underexpressed in the SW620 cell line. To
determine whether this association was nonrandom, a sta-
tistical approach was applied.

The set of cDNA clones used in this study contained
52 genes located in the cytoband s17q21-22 and 17q21-23.
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Table 1. Genes up-regulated in the SW620 cell line.

GenBank no. Gene name Gene product Average fold change Cytoband p value

H19203 PRDX3 Peroxiredoxin 3 309 10q25-q26 2.4810ƒ5

N74131 TFF3 Trefoil factor 3 (intestinal) 308 21q22.3 4.1410ƒ5

AA487893 TM4SF1 Transmembrane 4 superfamily member 1 305 3q21-q25 2.0910ƒ5

AA857343 TAF2N TATA box binding protein (TBP)-associated factor, 304 17q11.1-q11.2 4.6610ƒ5

RNA polymerase II, N, 68 kDa (RNA-binding protein 56)
AA873060 LAP18 Leukemia-associated phosphoprotein p18 (stathmin) 300 1p36.1-p35 8.7110ƒ5

AA011215 SAT Spermidine/spermine N1-acetyltransferase 208 Xp22.1 0.00013
AA453420 ESTs 208 0.00014
R28294 GCSH Glycine cleavage system protein H 207 16 0.00015
AA495936 MGST1 Microsomal glutathione S-transferase 1 206 12p12.3-p12.1 0.00020
AA634008 RPS23 Ribosomal protein S23 206 5q 0.00017
AA779165 ARL4 ADP-ribosylation factor-like 4 206 7p21-p15.3 0.00023
AA486220 KARS Lysyl-tRNA synthetase 205 16q23-q24 0.000236
AA135152 GPX2 Glutathione peroxidase 2 (gastrointestinal) 204 14q24.1 0.00074
AA099534 PC4 Activated RNA polymerase II transcription cofactor 4 202 8 0.00067
AA485353 LGALS3BP Galectin 6 binding protein 202 17q25 0.00068
AA862465 AZGP1 Alpha-2-glycoprotein 1, zinc 202 7q22.1 0.00059
AA644234 ATP5C1 ATP synthase, mitochondrial F1 complex, gamma polypeptide 1 201 10q22-q23 0.00110
H79534 HBE1 Hemoglobin, epsilon 1 201 11p15.5 0.00067
AA055350 ADORA2B Adenosine A2b receptor 201 17p12-p11.2 0.00122
AA868008 H4FG H4 histone family, member G 201 6p21.3 0.00175
T71363 SDS Serine dehydratase 2 12 0.00126
R93124 AKR1C1 Aldo-keto reductase family 1, member C1 2 10p15-p14 0.00177
AA598974 CDC2 Cell division cycle 2, G1 to S and G2 to M 2 10q21.1 0.00075
N70463 BTG1 B-cell translocation gene 1 2 12q22 0.00119
AA156571 AARS Alanyl-tRNA synthetase 2 16q22 0.00160
AA625981 FKBP1A FK506-binding protein 1A (12kD) 2 20p13 0.00137
AA450265 PCNA Proliferating cell nuclear antigen 2 20pter-p12 0.00147
H59916 CD24 CD24 antigen 2 6q21 0.00169
AA669674 EIF3S6 Eukaryotic translation initiation factor 3, subunit 6 (48 kDa) 2 8q22-q23 0.00154
R83000 BTF3 Basic transcription factor 3 109 5 0.00187
AA485214 NUCB2 Nucleobindin 2 109 11p15.1-p14 0.00277
AA497029 LDHA Lactate dehydrogenase A 109 11p15.4 0.00259
AA478273 APEX APEX nuclease (multifunctional DNA repair enzyme) 109 14q11.2-q12 0.00186
H22922 MFNG Manic fringe (Drosophila) homolog 109 22q12 0.00824
AA609284 EPHB6 EphB6 109 7q33-q35 0.00220
AA670134 RPL8 Ribosomal protein L8 109 8q 0.00164
AA464600 MYC v-myc avian myelocytomatosis viral oncogene homolog 109 8q24.12-q24.13 0.00190
AA477400 TPM2 Tropomyosin 2 (beta) 109 9p13.2-p13.1 0.00128
AA446820 OAT Ornithine aminotransferase 108 10q26 0.00390
AA469965 LCK Lymphocyte-speci� c protein tyrosine kinase 108 1p35-p34.3 0.00196
W02101 HNRPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1 108 7p15 0.00367
N33274 ADE2H1 Polypeptide similar to SAICAR synthetase and AIR carboxylase 107 8 0.00553
AA455126 ATP5G2 ATP synthase, mitochondrial F0 complex, subunit c, isoform 2 107 12 0.00553
AA679177 HSPC121 Butyrate-induced transcript 1 107 15 0.00453
AA706968 ZWINT ZW10 interactor 107 10q21-q22 0.00385
AA459909 PCBD 6-Pyruvoyl-tetrahydropterin synthase 107 10q22 0.00634
AA629641 RPS13 Ribosomal protein S13 107 11p 0.00474
AA464147 CARS Cysteinyl-tRNA synthetase 107 11p15.5 0.00605
AA126911 HNRPA1 Heterogeneous nuclear ribonucleoprotein A1 107 12q13.1 0.00507
AA676998 TMPO Thymopoietin 107 12q22 0.00612
AA629808 RPL6 Ribosomal protein L6 107 12q23-24.1 0.00660
W73144 LCP1 Lymphocyte cytosolic protein 1 ( -plastin) 107 13q14.3 0.00575
AA700604 SORD Sorbitol dehydrogenase 107 15q15.3 0.00614
AA872341 RPS15A Ribosomal protein S15a 107 16p 0.00387
AA682613 CFDP1 Craniofacial development protein 1 107 16q22.2-q22.3 0.00876
AA486072 SCYA5 Small inducible cytokine A5 (RANTES) 107 17q11.2-q12 0.00517
AA680244 RPL11 Ribosomal protein L11 107 1p36.1-p35 0.00658
N75581 FUBP1 Far upstream element (FUSE) binding protein 1 107 1pter-p22.2 0.00546
AA480995 MTHFD2 Methylene tetrahydrofolate dehydrogenase (NAD C dependent) 107 2p24.3-p24.1 0.00599
AA450205 TLOC1 Translocation protein 1 107 3q26.2-q27 0.00356
AA629987 PPID Peptidylprolyl isomerase D (cyclophilin D) 107 4q31.3 0.00607

Continued
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Table 1. Continued

GenBank No. Gene name Gene Product Average fold change Cytoband p value

W96058 HNRPH1 Heterogeneous nuclear ribonucleoprotein H1 (H) 107 5q35.3 0.00775
AA410517 SERPINB6 Serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), 107 6p25 0.00609

member 6
H73724 CDK6 Cyclin-dependent kinase 6 107 7q21-q22 0.00503
AA490477 Homo sapiens, clone IMAGE:3357927, mRNA, partial cds 107 0.00623
AA486761 YARS Tyrosyl-tRNA synthetase 106 1 0.00876
AA598836 CUL4A Cullin 4A 106 13 0.00873
AA133212 NCOA4 Nuclear receptor coactivator 4 106 10q11.2 0.00852
AA032090 DDX11 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 11 106 12p11 0.00797
AA669452 EIF2S1 Eukaryotic translation initiation factor 2, subunit 1 (alpha, 35kD) 106 14q21.1-q22.3 0.00859
N70794 ACADM Acyl-Coenzyme A dehydrogenase, C-4 to C-12 straight chain 106 1p31 0.00849
AA463497 MCP CD46, trophoblast-lymphocyte cross-reactive antigen 106 1q32 0.00810
AA701455 CENPF Centromere protein F (350/400 kDa, mitosin) 106 1q32-q41 0.00968
H84048 RBL1 Retinoblastoma-like 1 (p107) 106 20q11.2 0.00996

Table 2. Genes down-regulated in the SW620 cell line.

GenBank no. Gene name Gene product Average fold change Cytoband p value

R55303 NGFR Nerve growth factor receptor 802 17q21-q22 2.3410ƒ5

H25546 SAA1 Serum amyloid A1 701 11p15.1 2.5410ƒ5

AA487486 CCND1 Cyclin D1 6 11q13 4.2310ƒ5

W60057 KRT13 Keratin 13 6 17q21-q23 4.7310ƒ5

R33154 ESTs 4 2.36Eƒ05
AA160507 KRT5 Keratin 5 306 12q13 0.000271
AA873604 CRIP1 Cysteine-rich protein 1 (intestinal) 301 7q11.23 0.000318
AA428778 EFNB1 Ephrin-B1 209 Xq12 0.000812
T53298 IGFBP7 Insulin-like growth factor binding protein 7 208 4q12 0.00029
AA464731 S100A11 S100 calcium-binding protein A11 (calgizzarin) 204 1q21 0.000488
AA865464 LY6E Lymphocyte antigen 6 complex, locus E 204 8q24.3 0.000396
AA424695 ITGA3 Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) 203 17 0.00075
H59614 IGF2 Insulin-like growth factor 2 203 11p15.5 0.000695
AA629265 NR1H2 Nuclear receptor subfamily 1, group H, member 2 203 19q13.3-19q13.3 0.000707
AA496997 LMNA Lamin A/C 203 1q21.2-q21.3 0.000764
AA485362 GPX1 Glutathione peroxidase 1 203 3p21.3 0.000595
AA458878 Homo sapiens, clone IMAGE:3544662, mRNA, partial cds 203 0.006899
H15456 CAPN1 Calpain 1, (mu/I) large subunit 202 11q13 0.001085
AA610066 HOXB6 Homeo box B6 202 17q21-q22 0.000746
AA418036 GLI3 GLI3, GLI-Kruppel family member 202 7p13 0.00104
H51645 ACTN4 Actinin, alpha 4 201 19q13 0.001366
AA460393 Homo sapiens pinch-2 protein 201 0.001252
T46897 GP110 Cell membrane glycoprotein, 110000M(r) (surface antigen) 2 20pter-20p12.1 0.001852
AA486239 FLNB Filamin B, beta (actin-binding protein-278) 2 3p14.3 0.002093
N68166 GNB2 Guanine nucleotide binding protein (G protein), beta polypeptide 2 2 7q22 0.004786
AA485052 ESTs 2 0.003006
AA464729 E2-EPF Ubiquitin carrier protein 109 17p12-p11 0.003552
AA857101 HOXB7 Homeo box B7 109 17q21-q22 0.002071
AA479882 KRT10 Keratin 10 109 17q21-q23 0.002181
AA421518 AP2S1 Adaptor-related protein complex 2, sigma 1 subunit 109 19q13.2-q13.3 0.002515
W73810 EMP3 Epithelial membrane protein 3 109 19q13.3 0.003025
N54551 PPP5C Protein phosphatase 5, catalytic subunit 109 19q13.3 0.004316
H79047 IGFBP2 Insulin-like growth factor binding protein 2 109 2q33-q34 0.002681
AA418694 ATOX1 ATX1 (antioxidant protein 1, yeast) homolog 1 109 5q32 0.002847
AA598776 CDC20 CDC20 109 9q13-q21 0.003262
AA478724 IGFBP6 Insulin-like growth factor binding protein 6 108 12q13 0.003705
AA026118 GRP Gastrin-releasing peptide 108 18q21.1-q21.32 0.003916
AA599177 CST3 Cystatin C 108 20p11.2 0.004067
AA700832 RBP1 Retinol-binding protein 1 108 3q23 0.006578
N53485 ADD1 Adducin 1 (alpha) 108 4p16.3 0.003547
H70775 H2BFL H2B histone family, member L 108 6p21.3 0.003803

Continued
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Table 2. Continued

GenBank no. Gene name Gene product Average fold change Cytoband p value

AA489314 HSGP25L2G gp25L2 protein 108 0.005646
AA464417 IFITM3 Interferon-induced transmembrane protein 3 (1-8U) 107 8 0.007379
AA167728 SIVA CD27-binding (Siva) protein 107 22 0.008229
N55480 HRMT1L2 HMT1 (hnRNP methyltransferase, S. cerevisiae)-like 2 107 19q13.3 0.00856
N34827 GUSB Glucuronidase, beta 107 7q21.11 0.006514
AA456051 UGCG UDP-glucose ceramide glucosyltransferase 107 9q31 0.005906
AA625628 DXS1357E Accessory proteins BAP31/BAP29 107 Xq28 0.008419
AA459363 HSRNASEB seb4D 107 0.008458
AA888148 TUBB2 Tubulin, beta, 2 107 0.008431
AA630374 DUSP6 Dual speci� city phosphatase 6 106 12q22-q23 0.009407
AA010400 ETV4 ets variant gene 4 (E1A enhancer-binding protein, E1AF) 106 17q21 0.008454
W73473 BMP7 Bone morphogenetic protein 7 (osteogenic protein 1) 106 20q13 0.009981

Six of these genes were found to be signi� cantly underex-
pressed by the t-test analysis. A hypergeometric distribu-
tion was applied to calculate the probability that the accu-
mulation of signi� cantly underexpressed genes in 17q21-22
and 17q21-23 occurred merely by chance. We derived a
p value of 7067 10ƒ5, given the following parameter val-
ues: g D 37241 n D 521 s D 53, and k D 6. This extremely
low p value indicates that the cluster of underexpressed
genes on chromosome 17q21-23 has a very high statistical
signi� cance.

The arrayed clone set also contained 94 genes located in
the cytoband 19q13.2-q13.3, of which six were signi� cantly
under-expressed. By using values of g D 37241 n D 94,
s D 53, and k D 6, a p value of 000019 was calculated.
This value also passes the test for a statistical signi� cance
of 0.01.

4. DISCUSSION

A metastatic cell line (SW620) and nonmetastatic cell line
(SW480), both derived from the same individual, have been
used as a model system for identifying genes with a poten-
tial role in colorectal metastasis. To determine the statistical
signi� cance for differentially expressed genes, a robust esti-
mation method was used. By the derivation of an expres-
sion threshold, the error caused by the background noise in
the experiment was assessed. This procedure provided an
index for the quality of the microarrays, an issue that is still
not resolved in the analysis of gene expression data. The
estimation of the error in this analysis included a general
experimental error and a gene-speci� c error. The derivation
of this error led to a more robust assessment of the statis-
tical signi� cance compared with the unmodi� ed t-test that
assigns signi� cance values for each gene independently.

SW480 cells have an epithelial-like morphology, in con-
trast to SW620 cells, which form smaller aggregates and
have an elongated morphology, re� ecting the initial histol-
ogy of the tumor [9]. Although gene expression pro� les
obtained from cell lines grown in vitro can only provide an
approximation of the biology of human tumors, a number
of genes differentially up-regulated in SW620 were con-
sistent with the biological progression of colorectal cancer.

In a previous SAGE analysis of the SW480 and SW620
cell lines, three genes (keratin K5, cystatin S, and serum
amyloid A) were con� rmed by Northern blot to be down-
regulated in SW620 compared with SW480 [10]. These
same three genes were present within the 54 genes differ-
entially down-regulated in SW620 and provide supporting
validation for the microarray data presented here.

A number of genes differentially up-regulated in SW620
were consistent with the more aggressive phenotype of this
cell line. Of the 75 genes differentially up-regulated in
SW620, peroxiredoxin 3 (Prx3) had the highest differential
expression (Table I). Prx3 has properties which may con-
tribute to the increased metastatic potential of the SW620
cell line. For example, Prx3 regulates several signal trans-
duction pathways that in� uence cell growth and apoptosis,
and it is involved in protecting cells from radiation-induced
cell death [11, 12]. TFF3 was similarly highly expressed.
TFF3 has been shown to promote migration of intestinal
cells in vitro, and stimulation of the HT29 and ACT116
colorectal cell lines has been shown to lead to a down-
regulation of E-cadherin expression [13]. TFF3 has also
been shown to protect colorectal cell lines from apopto-
sis, which demonstrates the potential for TFF3 expression
to provide resistance to chemotherapy [13], and this led to
the suggestion that TFF3 expression may result in a more
aggressive phenotype [14]. The TATA-binding protein has
been shown to associate with ‚-catenin phosphorylated at
Tyr-654 [15]. Given the central role of ‚-catenin in sig-
naling from the adhesion molecule E-cadherin, it is con-
ceivable that elevated levels of TATA-binding protein may
stabilize ‚-catenin when E-cadherin is down-regulated.
Stathmin decreases microtubule stability [16], and in breast
carcinomas increased expression has been associated with
a higher proportion of aneuploid cells, proliferating cell
nuclear antigen, and tumor size [17]. There are no reports
of stathmin expression in colorectal carcinoma, and in view
of its relative overexpression in the SW620 cell line, fur-
ther investigation of tumors is warranted. Activated RNA
polymerase II transcription cofactor 4 is a DNA binding
protein which activates transcription, and increased expres-
sion in liver metastatic prostate lesions has been described
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[18]. Cyclin-dependent kinase-2 phoshorylates and inacti-
vates Rb and is overexpressed in several human malignan-
cies. In a preliminary investigation no relationship between
CDC2 and colorectal tumor grade was observed [19]. How-
ever, in breast cancer CDC2 serves as an independent pre-
dictor for the recurrence of node-negative breast cancer
[20], and a multivariate analysis demonstrated that it is
the second most signi� cant prognostic variable, following
lymph node status [21]. Proliferating cell nuclear antigen
was originally identifed as a nuclear protein whose expres-
sion correlated with the cellular proliferative state [22]. Pri-
mary colorectal tumors strongly positive for proliferating
cell nuclear antigen have a higher rate of liver metastases
than cases with either no expression or a low expression
[23, 24]. It is of interest that a cluster of ribosomal pro-
teins was more highly expressed in the SW620 cell line.
Ribosomal proteins have been found to be overexpressed
in colorectal cancer [25], and the S13 ribosomal protein is
expressed in actively growing cells [26]. In an initial trial
experiment, S13 ribosomal protein mRNA was detected in
a number of colorectal tumors, although its role in tumor
invasion and metastasis remains to be established [26].

Several genes differentially down-regulated in SW620
have functions which may contribute to the metastatic phe-
notype of colorectal cancer. Of 54 genes down-regulated in
SW620 compared with SW480, nerve growth factor recep-
tor (NGFR) had the lowest expression. NGFR has apop-
totic and antiproliferative effects in some types of tumor
cells, although NGFR expression has not yet been exam-
ined in primary colorectal tumors. In breast cancer NGFR
expression is associated with low histological grade and
longer disease-free survival [27, 28]. Similarly, in prostate
cancer NGFR was shown to undergo a progressive loss
of expression during malignant progression, while reintro-
duction of NGFR into a cell line induced apoptosis [29].
Serum amyloid A1 had a 7-fold reduction in expression in
SW620 compared with SW480, in aggreement with a pre-
vious SAGE analysis [10]. SAA proteins are involved in
mucosal defense and in� ammation associated with enteric
bacteria, and although their role in colorectal cancer is
unclear, higher concentrations of SAA1 have usually been
associated with more advanced and metastatic disease [30–
32]. Three members of the cytokeratin gene family (5, 10,
and 13 were) expressed at lower levels in SW620 com-
pared with SW 480. Cytokeratin 5 has previously been
shown to have lower relative expression in SW620 [10].
Although several other members of the cytokeratin fam-
ily are expressed in colorectal cancer, there are no reports
analyzing the potential role cytokeratins 5, 10, and 13
may have in colorectal cancer progression. These genes are
expressed however, at low levels in some malignancies. For
example, in breast cancer cytokeratin 5 is produced in nor-
mal tissue, in contrast to the neoplastic component [33].
Cytokeratins 10 and 13 are expressed in normal cervical
epithelia and several squamous epithelia but are virtually

absent from invasive carcinomas [34, 35]. Cytokeratin 5 is
also expressed in chemically transformed rat bladder cell
lines, whereas it is absent from the normal cell line counter-
part [36]. Three members of the insulin-like growth factor
binding protein family (IGFBPs, 2, 6 and 7) were down-
regulated in SW620. The IGFBPs regulate IGF availablity
and modulate binding to the IGF receptors, but the exact
role of the IGFBPs in colorectal cancer remains to be estab-
lished. Elevated levels of IGFBP-2 have been reported to
be increased with tumor agressiveness [37]. In contrast,
in colon cell lines it has been suggested that IGFBP-2
might inhibit the IGF mitogenic signal [38, 39]. IGFBP7
has been found to be down-regulated at the transcription
level in mammary carcinoma cell lines [40], and expres-
sion has been shown to decrease in prostate tumor epithe-
lial cells as they progress from the benign to the malignant
phenotype [41]. Cysteine-rich intestinal protein-1 (CRIP-1)
was expressed at a 3-fold lower level in SW620 compared
with SW480. CRIP-1 is highly expressed in the intesti-
nal epithelium [42], and its lower relative expression in
SW620 might be related to the less differentiated state of
this cell line. Hashida et al. [43] demonstrated that integrin,
alpha-3 had lower expression in metastatic compared with
nonmetastatic colorectal tumors. The 2.3-fold lower expres-
sion of integrin, alpha-3 in SW620 might be related to the
increased metastatic potential of this cell line. The expres-
sion of integrin, alpha-3 has been shown to inversely cor-
relate with the degree of adhesion for cells grown in vitro
[44]. However, the exact role of integrin, alpha-3 is still
not clear, and other reports suggest that it is involved in
increasing cell motility [45, 46].

An unexpected � nding in this investigation was the clus-
tering within two discrete chromosomal regions of a num-
ber of genes which were down-regulated in SW620. To
investigate the association between chromosomal location
and the clustering of differentially expressed genes, we
devised a novel approach for the analysis of large-scale
gene expression data. Based on a hypergeometrical dis-
tribution, chromosome cytobands 17q21-23 and 19q13.2-
q13.3 showed a statistically signi� cant overrepresentation
of underexpressed genes in SW620. This � nding is of inter-
est because of the potential role that allelic loss of these
regions plays in the progression of colorectal cancer. Loss
of heterozygosity of the 17q21-23 region has been shown to
be positively associated with lymph node metastasis [47],
liver metastasis, prognosis [48], and allelic deletions of the
Nm23-H1 tumor suppressor gene [49]. In contrast, other
investigators have found no relationship between 17q21-23
deletions and tumor stage or metastatic behavior [50–52].
Allelic deletions of 17q21-23 were not measured in SW260
in this investigation, and although there are no reports of
deletions from the cytogenetic literature, a recent inves-
tigation using spectral karyotyping described a complex
chromosome 17 translocation with an unidenti� ed break-
point [53].
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5. CONCLUSION

Chromosome cytobands 19q13.2-13.3 also had an overrep-
resentation of genes underexpressed in SW620, and spectral
karyotyping identi� ed a complex translocation involving
chromosome 19 [53]. There are few reports in the literature
investigating associations between loss of this chromosome
region and colorectal cancer behavior. In view of the � nd-
ings presented here, further examination of these two chro-
mosomal regions for loss of heterozygosity or epigenetic
silencing in colorectal cancer is warranted.

The bioinformatics approach described here should be
of general use for identifying expression within chromo-
somal domains in both normal and cancerous tissues. It
is not surprising that gene expression within chromosomal
domains may frequently be disrupted in tumors, given the
high frequency with which chromosomes are translocated.
This approach is therefore complementary to the commonly
used microarray approach which only analyzes gene func-
tion. By analyzing both the transcription levels of individ-
ual genes and the coordinated expression from within chro-
mosomal domains, a more comprehensive explanation for
differential gene expression may be obtained.
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