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Abstract

DNA microarray analysis was used to analyze the transcrip-
tional profile of HCT116 colorectal cancer cells that were
treated with 5-fluorouracil (5-FU) or oxaliplatin and selected
for resistance to these agents. Bioinformatic analyses identi-
fied sets of genes that were constitutively dysregulated in
drug-resistant cells and transiently altered following acute
exposure of parental cells to drug. We propose that these
genes may represent molecular signatures of sensitivity to
5-FU and oxaliplatin. Using real-time reverse transcription-
PCR (RT-PCR), the robustness of our microarray data was
shown with a strong overall concordance of expression trends
for z82% (oxaliplatin) and z85% (5-FU) of a representative
subset of genes. Furthermore, strong correlations between the
microarray and real-time RT-PCR measurements of average
fold changes in gene expression were observed for both the
5-FU (R2 z 0.73) and oxaliplatin gene sets (R2 z 0.63).
Functional analysis of three genes identified in the microarray
study [prostate-derived factor (PDF), calretinin , and spermi-
dine/spermine N1-acetyl transferase (SSAT)] revealed their
importance as novel regulators of cytotoxic drug response.
These data show the power of this novel microarray-based
approach to identify genes which may be important markers
of response to treatment and/or targets for therapeutic
intervention. (Cancer Res 2006; 66(5): 2765-77)

Introduction

Colorectal cancer is the second leading cause of cancer-related
deaths in the Western world. Approximately one quarter of
patients have incurable cancer at diagnosis and one half of
patients who undergo potentially curative surgery will ultimately
develop metastatic disease. The most active drug against this
malignancy is the antimetabolite 5-fluorouracil (5-FU). In advanced
colorectal cancer, 5-FU therapy modulated with folinic acid
produces response rates of only 20% to 25% with a mean survival
of 11 months (1). Efforts to improve efficacy have led to com-
binations of 5-FU and folinic acid with the topoisomerase I
inhibitor irinotecan and the platinum-based agent oxaliplatin.
These newer combinations have significantly improved response

rates (to 40-50%) and prolonged overall survival (2, 3). Novel
biological agents, such as the monoclonal antibodies cetuximab
(an epidermal growth factor receptor inhibitor) and bevacizumab
(a vascular endothelial growth factor inhibitor), have recently
been shown to provide additional clinical benefit for patients with
metastatic colorectal cancer (4, 5). Despite these improvements,
>50% of patients undergo chemotherapy for advanced disease
without any significant benefit.
The greatest problem associated with effective cancer treatment

is drug resistance. Over recent years, a large number of studies have
attempted to define molecular and biochemical markers that may
be useful predictors of response to treatment. The introduction
of DNA microarray technology has revolutionized our approach to
understanding the molecular events regulating the drug-resistant
phenotype, allowing the simultaneous assessment of thousands of
genes. This approach provides a valuable means to identify novel
biomarkers of response to treatment as well as novel molecular
targets for therapeutic intervention. Despite the plethora of
experimental and clinical data that exists for 5-FU and oxaliplatin,
the molecular signaling pathways that regulate response to these
agents are not clearly defined.
In this study, we used DNA microarray technology to analyze

the mRNA expression profile of human colon cancer cell lines that
were either transiently treated with 5-FU or oxaliplatin or selected
for resistance to these agents. Bioinformatic analysis of these
data identified sets of genes of which expression was constitutively
altered in drug-resistant cells and induced or repressed following
acute exposure of parental cells to drug. We propose that these
genes may represent a molecular signature of response to 5-FU
and oxaliplatin and provide important insight into the complex
mechanisms of action of these drugs and the diverse signaling
pathways involved in the development of resistance. We also report
the validation and functional characterization of several novel
target genes and investigate their roles in modulating the response
of colorectal cancer cells to drug treatment.

Materials and Methods

Materials. 5-FU and oxaliplatin were purchased from Sigma Chemical

Co. (St. Louis, MO) and Sanofi-Synthelabo (Malvern, PA), respectively. The
polyamine analogue DENSpm and the SSAT polyclonal antibody were kind

gifts from Dr. Robert Casero (John Hopkins University, Baltimore, MD).

Prostate-derived factor (PDF) and calretinin antibodies were purchased

from Upstate Biotechnology (Charlottesville, VA) and Chemicon Interna-
tional (Temecula, CA), respectively. h-Tubulin and poly(ADP-ribose)

polymerase (PARP) antibodies were purchased from Sigma and PharMingen

(San Diego, CA).
Tissue culture. The p53 wild-type HCT116 human colon cancer cell line

was kindly provided by Prof. Bert Vogelstein (John Hopkins University,

Baltimore, MD). The 5-FU- and oxaliplatin-resistant HCT116 sublines and
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the p53 mutant R248W HCT116 cell line were generated in our laboratory
as previously described (6, 7). All HCT116-derived cell lines were maintained

in McCoy’s 5A medium supplemented with 10% dialysed FCS, 50 Ag/mL

penicillin-streptomycin, 2 mmol/L L-glutamine, and 1 mmol/L sodium

pyruvate. RKO and HT-29 cells (obtained from the National Cancer
Institute, Bethesda, MD) were maintained in DMEM and supplemented as

above. LoVo cells (kindly provided by AstraZeneca, Macclesfield, United

Kingdom) were maintained in DMEM supplemented as above minus

sodium pyruvate (all medium and supplements from Invitrogen Life
Technologies Corp., Paisley, United Kingdom). All cell lines were maintained

at 37jC in a humidified atmosphere containing 5% CO2.

Microarray analysis. HCT116 parental cells were treated with 5 Amol/L

5-FU or 1 Amol/L oxaliplatin for 0, 6, 12, and 24 hours as outlined in Fig. 1.
Untreated 5-FU- and oxaliplatin-resistant cells were also analyzed to allow

identification of constitutively dysregulated genes relative to the untreated

(0 hour) parental line. Total RNA was isolated from three independent
experiments using the RNeasy Total RNA Isolation Midi kit (Qiagen Ltd.,

Crawley, United Kingdom). Ten micrograms of total RNA were used to

synthesize double-stranded cDNA using SuperScript II reverse transcriptase

(Invitrogen) and a T7-(dT)24 primer (GENSET Corp., San Diego, CA).
Biotinylated cRNA was synthesized from double-stranded cDNA using the

Enzo Bioarray High Yield Transcript Labelling Kit (Enzo Life Sciences,

Farmingdale, NY), purified using the GeneChip Sample Cleanup Module

(Affymetrix, Santa Clara, CA) and fragmented. Twenty micrograms of
fragmented cRNA were hybridized to an Affymetrix HGU133 Plus 2.0

oligonucleotide array, which was washed and stained with streptavidin-

phycoerythrin and analyzed (CRUK Microarray Facility, Paterson Institute
for Cancer Research, Manchester, United Kingdom). Detailed experimental

protocols and raw expression data are available at http://www.ebi.ac.uk/

arrayexpress/ (accession no. E-MEXP-390). Microarray data analysis was

done using GeneSpring v7.1 (Agilent Technologies UK Ltd., Stockport,
United Kingdom; Supplementary Materials and Methods).

Real-time reverse transcription-PCR analysis. Total RNA was isolated

using the RNA STAT-60 reagent (Biogenesis, Poole, United Kingdom)

according to the instructions of the manufacturer. Reverse transcription
was carried out with 1 Ag of RNA using a Moloney murine leukemia virus–

based reverse transcriptase kit (Invitrogen) according to the instructions

of the manufacturer. Real-time reverse transcription-PCR (RT-PCR)
amplification was carried out in a final volume of 10 AL containing 5 AL

of 2� SYBR green master mix (Qiagen), 4 AL of primers (20 Amol/L), and

1 AL of cDNA using an Opticon DNA Engine Thermal Cycler (Bio-Rad

Laboratories, Inc., Waltham, MA). All amplifications were primed by pairs of

chemically synthesized 18- to 22-mer oligonucleotides designed using
published DNA sequences (Supplementary Table S1). Before each

experiment, primer-specific annealing temperatures were optimized by

temperature gradient analysis. Reaction conditions were activation at 95jC
for 15 minutes, denaturation at 95jC for 15 seconds, annealing 54 to 62jC
for 30 seconds, and extension 72jC for 1 minute. All PCR amplifications

were done for 40 cycles and melt curve analysis was used to examine

the specificity of an amplified product. Standard curves were generated

to quantify the absolute expression levels of each target gene and the 18S
rRNA reference gene in each sample. The relative expression level of each

gene in samples of interest was calculated by dividing the amount of

normalized target by the value in an untreated calibrator sample.

Statistical analysis. R 2 values were calculated using Pearson’s
correlation coefficient. The statistical significance of R2 was calculated

using a one-tailed test of significance (SPSS 11.0 for Windows).

Small interfering RNA transfections. Small interfering RNAs (siRNA)
were designed using the Invitrogen RNAi designer tool (http://www.

rnaidesigner.invitrogen.com/rnaiexpress/) and purchased from Dharmacon,

Inc. (Lafayette, CO). The target sequences used were calretinin, AAGGCTC-

TGGCATGATGTCAA; PDF, AATCCCATGGTGCTCATTCAA; and control
siRNA (SC), AATTCTCCGAACGTGTCACGT. siRNA transfections were done

on subconfluent cells incubated in unsupplemented Optimem medium

using the oligofectamine reagent (both from Invitrogen) according to the

instructions of the manufacturer. Cells were drug treated 4 hours after
transfection and analyzed by flow cytometry or Western blot analysis.

Flow cytometry. Cells were harvested in PBS/0.5 mmol/L EDTA and

pelleted by centrifugation at 1,000 rpm/4jC for 5 minutes. Cell pellets were
washed once with PBS/1% FCS, fixed in 70% ethanol, and stained with

propidium iodide. Analyses were done on a Beckman Coulter Epics XL flow

cytometer (Miami, FL). Cells were gated on a dot plot display of forward

scatter versus side scatter to extract aggregates and cell cycle populations
were quantified using Wincycle histogram analysis software (Phoenix Flow

Systems, San Diego, CA).

Immunoblotting. Western blots were done as previously described

(6). Immunodetection was done using an SSAT, calretinin, PDF, PARP,
or h-tubulin primary antibody and a 1/2,000 dilution of a horseradish

peroxidase–conjugated secondary antibody (Amersham, Buckinghamshire,

United Kingdom). The fluorescent signal was detected using the Super
Signal chemiluminescent detection system (Pierce, Rockford, IL) according

to the instructions of the manufacturer.

Supplementary information. Supplementary data are available at

Cancer Research Online.

Results

Gene expression analysis. HCT116 colorectal cancer cells were
treated with 5 Amol/L 5-FU or 1 Amol/L oxaliplatin (approximately
IC60 doses at 72 hours) for 0, 6, 12, and 24 hours (Fig. 1). Following
5-FU treatment, 855 genes showed altered expression (z2-fold)
compared with untreated cells in at least one time point
(Supplementary Fig. S1A). Following exposure to oxaliplatin for
24 hours, 1,233 up-regulated and down-regulated genes were
identified (Supplementary Fig. S1B). When basal gene expression
profiles were analyzed in the HCT116 5-FU- and oxaliplatin-
resistant cell lines, 155 and 123 dysregulated genes (relative to
parental cells) were identified, respectively (Supplementary
Fig. S1C and D). Of the 855 genes acutely altered following 5-FU
treatment, 116 (f14%) were also shown to be constitutively up-
regulated or down-regulated in the 5-FU-resistant daughter cell
line (Table 1; Supplementary Fig. S2A). Within this overlapping
5-FU gene set, regulators of cell growth such as PDF and cyclin G2
(CCNG2) were identified (Fig. 2). In addition, modulation of genes
involved in regulating cell death, such as the caspase inhibitor
AVEN , regulators of macromolecule metabolism, such as spermi-
dine/spermine N1-acetyltransferase (SSAT), and the precursor ofFigure 1. DNA microarray experimental design.
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Table 1. 5-FU overlapping gene set

Gene name GenBank

accession no.

5-FU treated* Constitutive dysregulation
c

Fold change Fold change

0 h 6 h 12 h 24 h 0 h,

parental

0 h, 5-FU

resistant

CD24 L33930 1.24 2.59 2.76 2.96 �1.41 1.51

LOC92345 F09493 �1.13 �2.36 �2.14 �2.93 1.61 �1.31

UI-H-BW1-amw-d-05-0-UI.s1 NCI_CGAP_Sub7

Homo sapiens cDNA clone IMAGE:3071288 3V

BF514098 �1.01 1.86 2.40 2.27 �1.10 1.86

TFDP1 AI950069 1.07 �1.86 �1.42 �2.11 1.16 �1.91

WDR4 AA577678 �1.04 �2.35 �1.64 �3.28 1.60 �1.49

MGC39616 AW023227 �1.10 �2.95 �1.80 �5.46 1.46 �2.51

FLJ32798 AI244661 1.04 �2.18 �1.32 �2.78 1.29 �2.35
602081105F1 NIH_MGC_81 Homo sapiens

cDNA clone IMAGE:4245577

BF693302 �1.04 �1.86 �1.16 �2.63 1.24 �2.31

FLJ10525 BE245080 �1.12 �2.04 �1.89 �2.37 1.57 �1.32
Homo sapiens transcribed sequence with

moderate similarity to protein ref:NP_060190.1

hypothetical protein FLJ20234

BF678497 1.09 �1.72 �1.30 �2.15 1.29 �1.60

C1orf33 BG107419 �1.02 �2.02 �1.91 �2.67 1.53 �1.32
LOC91801 AI590659 1.01 �1.94 �1.95 �2.28 1.55 �1.53

MAML2 AI769569 1.05 2.26 1.63 1.88 �1.51 1.82

ZNF288 AW499525 �1.06 �2.36 �1.98 �2.68 1.33 �1.55

LZ16 AK025964 1.19 3.59 3.29 3.22 �2.22 1.21
SERF2 AW953521 �1.09 �1.94 �2.16 �2.69 1.48 �1.38

EPPK1 AL137725 1.51 3.58 4.50 5.01 �1.85 1.10

602252212F1 NIH_MGC_84 Homo sapiens

cDNA clone IMAGE:4344603

BF791874 �1.46 �4.23 �3.45 �5.92 1.27 �1.85

Human DNA sequence from clone RP1-238D15 AL096771 �1.48 �2.88 �3.31 �3.15 2.14 �1.07

COL12A1 U73778 �1.25 �3.33 �2.89 �3.22 2.23 �1.74

SLC16A6 AI873273 1.37 3.24 2.33 2.40 �1.74 1.45
PRPS2 AI392908 �1.20 �2.89 �2.52 �2.99 1.44 �1.61

HS6ST2 AI767756 �1.05 �2.24 �1.68 �3.21 1.49 �2.12

qm59d10.x1 Soares_placenta_8to9weeks_2NbHP8to9W

Homo sapiens cDNA clone IMAGE:1893043 3V
similar to contains element TAR1 repetitive

element; mRNA sequence.

AI277015 �1.10 �3.26 �2.48 �3.11 1.49 �1.69

ZNF367 N62196 1.00 �1.66 �1.25 �2.15 1.26 �1.65

n/a AI197932 1.03 2.01 1.68 2.14 �1.28 2.25
FLJ10188 BF438440 1.22 5.41 6.44 6.82 �2.57 1.58

Homo sapiens , clone IMAGE:4151011, mRNA AI249173 1.00 �2.10 �2.02 �2.59 1.29 �1.57

MGC21981 AI862120 1.23 2.65 2.46 3.14 �1.51 1.34
LOC143914 W94001 1.10 2.73 1.02 3.04 �1.06 2.58

DKFZP727G051 BE544837 �1.06 �1.83 �2.28 �2.75 1.46 �1.40

Homo sapiens partial mRNA

(noncoding TFEBa gene), tumor 3

W80468 1.17 2.63 2.25 2.88 �1.69 1.27

SNTB1 AK025100 �1.04 2.05 1.31 2.59 �1.27 2.73

DNER BF059512 1.00 2.57 2.13 3.37 �1.88 1.49

LOC339924 AL120021 1.20 2.51 2.73 2.78 �1.40 1.58

TP53INP1 AW341649 1.43 4.48 5.95 6.69 �2.17 1.17

COL12A1 AA788946 �1.28 �3.24 �3.51 �3.55 2.31 �1.40

KIAA0303 AI096389 1.04 2.04 1.71 2.85 �1.73 1.22

MAP2 BF342661 1.31 3.10 3.05 4.39 �1.86 1.25
yx58d01.s1 Soares melanocyte 2NbHM Homo sapiens

cDNA clone IMAGE:265921

N21426 1.07 2.30 1.34 3.28 �1.05 2.11

LOC201895 BE972723 1.24 2.98 2.91 3.89 �1.66 1.20
Homo sapiens partial mRNA

(noncoding TFEBa gene), tumor 3

AW005982 2.12 12.47 14.11 17.24 �5.32 1.29

(Continued on the following page)
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Homo sapiens partial mRNA

(noncoding TFEBa gene), tumor 3

BG534952 1.34 3.97 3.79 4.41 �2.19 1.37

Homo sapiens partial mRNA
(noncoding TFEBa gene), tumor 3

AF132202 2.06 8.84 9.78 11.88 �4.03 1.22

TTYH2 BC004233 �1.05 �1.89 �1.73 �2.05 1.45 �1.41

FLJ10525 BC000948 �1.18 �2.30 �2.18 �2.75 1.62 �1.33

FLJ10534 AI803633 1.07 �1.65 �1.49 �2.37 1.49 �1.37

NSBP1 BC005342 1.07 1.76 1.80 2.53 �1.41 1.57
PDF AF003934 1.26 3.04 3.38 4.18 �1.98 1.44

KIAA1641 NM_025190 1.17 2.45 2.48 2.59 �1.88 1.24

AVEN NM_020371 �1.17 �1.89 �2.43 �3.15 1.56 �1.36

BRIX NM_018321 �1.04 �2.08 �1.84 �2.27 1.39 �1.53
CGI-115 NM_016052 �1.06 �2.03 �2.05 �2.70 1.43 �1.43

C14orf132 NM_020215 1.16 2.16 2.39 2.52 �1.56 1.29

FAD104 NM_022763 �1.00 �2.16 �1.35 �1.90 1.23 �1.72
C1orf28 NM_024529 1.01 �1.56 �1.29 �2.77 1.33 �1.52

MGC15873 AW449022 1.09 �2.51 �1.78 �2.50 1.44 �1.74

MGC4342 NM_024329 �1.06 �1.90 �1.72 �2.17 1.56 �1.30

JAG1 U77914 1.24 2.23 2.13 2.42 �1.35 1.56
FLJ21272 BE732345 1.07 2.43 2.93 1.99 �1.63 1.61

PPFIBP1 AI962377 �1.27 1.54 1.55 1.91 �1.68 1.58

NOV BF440025 1.15 2.60 1.71 2.91 �1.32 1.74

IFITM1 AA749101 �1.01 2.61 1.83 3.32 �1.17 2.04
SSAT BE971383 1.48 4.28 4.90 4.80 �1.78 1.33

DICER1 BF590131 1.05 �2.97 �2.47 �2.96 1.42 �1.82

ZNF238; RP58; TAZ-1; C2H2-171 AJ223321 1.12 2.03 1.27 2.35 �1.18 1.77
SDCCAG8 N32526 �1.05 2.15 1.14 2.27 �1.34 2.11

BAT1 AI282485 1.19 1.87 1.79 2.25 �1.66 1.26

SR140 AI184562 1.01 �1.84 �1.66 �2.09 1.38 �1.45

Homo sapiens folate binding protein mRNA, partial cds. AF000381 1.00 �2.43 �2.66 �3.56 1.39 �1.56
AP4S1 AF155159 1.09 �1.66 �1.44 �2.67 1.42 �1.50

TPI1 M10036 �1.04 �2.28 �1.85 �2.44 1.42 �1.77

APOBEC3C AF165520 �1.01 1.94 1.97 1.96 �1.35 1.61

PLEKHB1 AF081583 1.28 3.81 4.45 4.21 �1.63 1.29
SWAP70 AI139569 �1.05 �2.76 �1.25 �2.97 1.34 �3.49

JAG1 U73936 1.08 1.87 1.89 1.96 �1.29 1.72

JAG1 U61276 1.10 2.14 2.07 2.28 �1.22 1.69

PROL2 AF279899 1.23 3.23 5.98 3.78 �1.43 1.59
DUSP6 BC005047 1.25 2.91 3.40 3.77 �1.38 1.77

CD24 M58664 1.25 2.93 2.99 3.40 �1.39 1.58

MAN1A1 NM_005907 1.07 2.37 2.83 2.35 �1.35 1.49
SEMA3A NM_006080 1.36 3.76 2.32 2.70 �1.31 2.20

HIST1H4C NM_003542 �1.12 �2.22 �2.12 �2.90 1.80 �1.26

CPA4 NM_016352 �1.27 �2.70 �2.83 �2.26 1.82 �1.43

EREG NM_001432 �1.06 �2.07 �1.20 �2.58 1.29 �2.08
NPM3 NM_006993 1.02 �1.87 �1.44 �2.21 1.34 �1.53

MTAP NM_002451 1.01 �2.08 �1.76 �2.33 1.47 �1.40

APG12L NM_004707 �1.34 �3.62 �2.64 �3.47 1.73 �1.58

LOC116143 NM_000945 �1.16 �1.97 �1.90 �2.56 1.87 �1.15
FGF2 NM_002006 �1.38 �2.37 �2.24 �2.63 1.58 �1.33

F3 NM_001993 �1.78 �5.96 �4.97 �5.43 2.54 �1.29

ASK NM_006716 �1.01 �1.82 �1.81 �2.89 1.43 �1.42
CAV2 NM_001233 �1.28 �2.33 �1.93 �2.77 1.66 �1.30

CAV2 BF197655 �1.26 �2.40 �1.87 �2.64 1.60 �1.26

(Continued on the following page)

Table 1. 5-FU overlapping gene set (Cont’d)

Gene name GenBank
accession no.

5-FU treated* Constitutive dysregulation
c

Fold change Fold change

0 h 6 h 12 h 24 h 0 h,

parental

0 h, 5-FU

resistant
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the Notch-1 ligand Jagged-1, Jag-1 , was shown. Of the 1,233 genes
acutely induced or repressed in the HCT116 parental cell line
following oxaliplatin treatment, 37 genes (f3%) were also shown
to be constitutively dysregulated in cells rendered resistant to

oxaliplatin (Table 2; Supplementary Fig. S2B). Within the over-
lapping oxaliplatin gene set, two members of the collagen gene
superfamily were identified, COL12A1 and COL13A1 (Fig. 2), which
have been implicated in a number of diverse cellular processes

yd85c11.s1 Soares fetal liver spleen

1NFLS Homo sapiens cDNA clone IMAGE:115028

T79953 1.35 2.61 2.84 3.62 �1.43 1.52

IMPA2 NM_014214 1.41 2.89 2.26 2.12 �1.65 1.29

RTP801 NM_019058 1.23 2.70 3.79 3.12 �1.92 1.25

CCNG2 NM_004354 1.10 3.23 3.36 3.45 �1.97 1.42
CCNG2 AW134535 1.26 3.10 3.01 3.28 �1.87 1.23

PSMB10 NM_002801 �1.06 �2.08 �2.20 �3.51 1.45 �1.55

NRIP1 AI824012 1.07 �2.13 �1.63 �3.55 1.51 �2.36

NRIP1 NM_003489 1.02 �1.79 �1.65 �3.95 1.51 �2.10
CRIM1 NM_016441 �1.12 �2.82 �2.66 �2.49 1.84 �1.18

TRB2 NM_021643 1.16 1.74 1.19 1.97 �1.31 1.58

RGS2 NM_002923 �1.06 �1.73 �1.61 �2.25 1.43 �1.49

ARL7 BG435404 1.10 3.87 2.19 3.81 �1.44 3.07
SOX4 BG528420 1.56 4.12 3.15 2.27 �1.68 1.35

na AK021715 �1.18 �2.64 �1.30 �1.72 1.36 �1.69

LOC285735 BC039371 �1.17 2.72 1.16 2.44 �1.23 3.79
Homo sapiens , clone IMAGE:4285740, mRNA AA336502 1.31 2.03 1.76 1.98 �1.46 1.38

CDC25A AY137580 1.07 �2.09 �1.78 �2.75 1.42 �1.68

MGC33371 NM_144664 �1.23 �1.80 �2.00 �2.47 1.65 �1.21

C6orf151 NM_152551 1.01 �1.81 �1.47 �2.58 1.31 �1.55
HS6ST2 NM_147174 �1.01 �2.06 �1.67 �3.09 1.50 �2.24

HS6ST2 NM_147174 �1.02 �1.75 �1.06 �2.38 1.42 �1.84

FLJ30668 BC030710 �1.23 1.78 �1.10 2.46 �1.23 2.10

*For both experiments, all genes on each array were initially normalized to the median signal intensity of that array. For 5-FU-treated samples, each gene

on the 6, 12, and 24 h arrays was then normalized to the median signal intensity of the respective gene on the 0 h (control) array.
cIn the experiment designed to compare basal gene expression in 5-FU-resistant and 5-FU-sensitive cells, each gene was normalized to the median

signal intensity of the respective gene on all arrays.

Table 1. 5-FU overlapping gene set (Cont’d)

Gene name GenBank

accession no.

5-FU treated* Constitutive dysregulation
c

Fold change Fold change

0 h 6 h 12 h 24 h 0 h,

parental

0 h, 5-FU

resistant

Figure 2. Grouping of 5-FU and
oxaliplatin gene sets according to
biological process using the
FatiGO data-mining web-tool
(http://fatigo.bioinfo.cnio.es/). Examples
of genes in each subcategory are
highlighted.
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including phosphate transport, skeletal development, and cell
adhesion. Several calcium-binding proteins, including two mem-
bers of the S100 gene family (S100A4 and S100A14) and the
EF-hand family member calretinin (CALB2), were also identified. Of
interest, several genes common to both the 5-FU and oxaliplatin
gene sets were noted, including COL12A1 , the coagulation factor,

F3 , the mucinlike adhesion molecule, CD24 , and the developmental
transcription factor, SOX-4 .
Validation of microarray results. Real-time RT-PCR was

used to verify the expression of a representative subset of genes
from the overlapping 5-FU and oxaliplatin gene sets. Genes were
selected on the basis of fold induction and signal intensity, with

Table 2. Oxaliplatin overlapping gene set

Gene name GenBank

accession no.

Oxaliplatin treated* Constitutive dysregulation
c

Fold change Fold change

0 h 6 h 12 h 24 h 0 h, parental 0 h, oxaliplatin

resistant

CD24 L33930 1.24 1.25 1.31 2.74 �1.61 1.46

KIAA0551 BF431017 1.46 1.87 1.94 2.10 �2.17 1.40

MGC22805 AI097229 �1.06 1.39 1.29 2.01 �1.55 1.35

Homo sapiens transcribed sequence with
weak similarity to protein ref:NP_060265.1

(Homo sapiens) hypothetical protein FLJ20378

N51961 1.04 �1.34 �2.20 �3.25 1.59 �1.76

Homo sapiens cDNA FLJ13457 fis,
clone PLACE1003343.

AU156421 �1.11 1.84 2.14 1.90 1.53 �1.55

Homo sapiens cDNA clone IMAGE:4344603 BF791874 �1.46 �3.59 �4.42 �3.93 2.50 �1.13

Human DNA sequence from clone RP1-238D15 AL096771 �1.48 �2.63 �3.16 �2.30 2.25 �1.34

Homo sapiens mRNA for hypothetical
protein (ORF1), clone 00275

BF672169 1.21 1.41 1.42 2.56 1.34 �1.66

Homo sapiens , clone IMAGE:4794726, mRNA BF513121 �1.15 �1.34 �1.43 1.80 �1.86 1.59

COL12A1 AA788946 �1.28 �2.62 �2.08 �1.53 2.02 �1.30

MAP2 BF342661 1.31 2.09 2.82 3.19 �1.92 1.32
EPN3 BC001038 1.25 1.31 2.06 2.22 �1.68 1.20

ZAK AW069181 1.04 �1.10 �1.55 �2.86 1.37 �1.76

DKFZp434L142 AF260333 1.12 1.23 1.57 2.35 �1.70 1.58
MAN1A1 BG287153 1.51 1.94 2.13 2.41 1.54 �1.33

MNS1 NM_018365 1.08 �1.03 �1.20 �2.28 1.67 �2.06

FLJ20315 NM_017763 1.39 1.62 1.77 1.79 �1.75 1.16

S100A14 NM_020672 1.07 1.49 1.47 2.00 1.55 �1.36
DHRS6 NM_020139 1.41 2.43 2.44 3.06 �1.63 1.23

SLC38A1 NM_030674 �1.07 �1.33 �2.09 �3.16 1.52 �1.48

Homo sapiens cDNA FLJ20161 fis, clone COL09252 AK000168 1.31 1.39 1.40 2.64 �1.69 1.20

ws25b11.x1 NCI_CGAP_GC6 Homo sapiens
cDNA clone IMAGE:2498205

AI989477 1.54 2.00 1.67 1.77 �1.76 1.44

ZNF238; RP58; TAZ-1; C2H2-171 AJ223321 1.12 1.09 1.62 1.98 �2.27 1.60

D2S448 D86983 1.26 1.34 1.64 2.10 1.72 �2.58
D2S448 BF342851 1.23 1.32 1.59 2.19 1.92 �3.47

COL13A1 M33653 �1.11 �1.33 �1.83 2.10 �1.76 1.51

Homo sapiens cDNA FLJ37889 fis, clone BRTHA2000514. AA761181 1.20 1.42 1.30 2.54 �1.70 1.19

ADAM19 Y13786 1.01 1.13 1.18 1.89 �1.82 1.41
CD24 M58664 1.25 1.34 1.20 2.46 �1.62 1.25

SERPINH1 NM_004353 �1.04 �1.60 �1.87 �4.49 1.40 �1.50

CALB2 NM_001740 1.06 1.33 1.16 2.17 �1.86 1.65

SCA7 BG390306 �1.22 �1.63 �1.72 �2.57 1.74 �1.22
F3 NM_001993 �1.78 �4.26 �4.21 �3.19 3.21 �1.35

S100A4 NM_002961 1.15 1.52 1.74 2.79 1.68 �2.74

INSIG1 NM_005542 �1.04 �1.62 �3.01 �6.03 1.40 �1.56

SOX4 NM_003107 1.28 1.35 1.62 1.90 �1.47 1.53
SOX4 BG528420 1.56 1.52 2.00 2.97 �2.25 1.22

*For both experiments, all genes on each array were initially normalized to the median signal intensity of that array. For oxaliplatin-treated samples,

each gene on the 6, 12, and 24 h arrays was then normalized to the median signal intensity of the respective gene on the 0 h (control) array.
cIn the experiment designed to compare basal gene expression in oxaliplatin-resistant and oxaliplatin-sensitive cells, each gene was normalized to the
median signal intensity of the respective gene on all arrays.
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both highly and moderately inducible genes selected, as well as
genes of high and low signal intensity. In addition, both up-
regulated and down-regulated genes were analyzed, as well as
genes which were common to both the 5-FU and oxaliplatin gene
lists. For 20 5-FU and 11 oxaliplatin target genes, the average
fold change in gene expression levels, as determined by micro-
array and real-time RT-PCR analysis, was log transformed and the
correlation between both data sets examined using R2. As shown
in Fig. 3A , an R2 value of 0.76 (P < 0.0005) was calculated for the
5-FU gene subset following treatment of HCT116 parental cells
with 5-FU. When the same gene set was analyzed in the context
of constitutive dysregulation in the 5-FU-resistant cell line, an R2

value of 0.73 (P < 0.0005) was obtained (Fig. 3B). Similarly, for
the oxaliplatin gene subset, an R2 value of 0.63 (P < 0.0005) was
calculated following acute exposure of parental cells to drug
(Fig. 3C) and 0.73 (P = 0.05) when basal gene expression levels
were analyzed in oxaliplatin-resistant and oxaliplatin-sensitive
cells (Fig. 3D).
Overall, statistically significant correlations (P < 0.05) were

observed for 7 of 11 (64%) up-regulated genes and 3 of 9 (33%)
down-regulated genes following treatment of HCT116 parental cells
with 5-FU (Table 3A). Average correlations between the microarray
and real-time RT-PCR analyses for these subsets of genes were
0.88 and 0.89, respectively. Furthermore, 7 of 8 (88%) up-regulated
genes and 0 of 3 (0%) down-regulated genes following oxaliplatin
treatment showed significant correlations (P < 0.05; Table 3B).
For the oxaliplatin-inducible gene subset, an average correlation
of 0.94 was observed.

In terms of expression trends, 19 of 20 (95%) genes induced or
repressed following 5-FU treatment and 17 of 20 (85%) genes
constitutively dysregulated in 5-FU-resistant cells were positively
validated by real-time RT-PCR. Furthermore, for the oxaliplatin
gene set, 9 of 11 (82%) up-regulated or down-regulated genes
following drug treatment and 10 of 11 (91%) stably underexpressed
or overexpressed genes were confirmed. Collectively, these data
suggest a strong overall concordance of expression trends between
the microarray and real-time RT-PCR data and strong correlations
in terms of average fold change in gene expression levels for both
the 5-FU and oxaliplatin gene sets.
Biological role of selected target genes in modulating drug

resistance. To investigate the functional relevance of our data,
several targets from the lists of genes identified both in cells
transiently treated with 5-FU or oxaliplatin and cells selected for
resistance to these agents were chosen for further analysis. Among
target selection criteria were a strong correlation between the
microarray and real-time RT-PCR measurements of average fold
change in gene expression (thus showing that our microarray data
for the selected target was robust); a potential novel role in drug
resistance; and any overlap with previous data sets generated in
our laboratory. The chosen targets were PDF, calretinin , and SSAT.
PDF is the first member of a divergent group within the

transforming growth factor-h (TGF-h) superfamily. The major
function of PDF is still unclear although it has been described as
being able to inhibit tumor necrosis factor a production from
lipopolysaccharide-stimulated macrophages (8), induce cartilage
formation in the early stages of endochondral bone formation (9),

Figure 3. Correlation between average fold change in gene expression levels for 20 5-FU and 11 oxaliplatin target genes as determined by DNA microarray and
real-time RT-PCR analysis following treatment of HCT116 parental cells with 5-FU (A ) and oxaliplatin (C ) and analysis of basal gene expression levels in 5-FU- (B) and
oxaliplatin-resistant cells (D) compared with parental cells. All data are displayed as log10.
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and act as a neutrophic factor (10). In this study, PDF was
identified in our microarray analysis as a highly inducible target
gene following exposure of HCT116 parental cells to 5-FU (3.3-fold
increase) for 24 hours as well as constitutively overexpressed
(2.9-fold) in 5-FU-resistant cells (Table 1). Furthermore, a strong
correlation was shown (R2 = 0.86; P = 0.036) between our real-
time RT-PCR and microarray data comparing average fold change
in PDF mRNA levels following 5-FU treatment (Table 3A).
Our microarray data also showed inducible expression of PDF
following treatment with oxaliplatin (5.2-fold); however, no
significant difference in constitutive PDF expression levels was
observed between the oxaliplatin-resistant and oxaliplatin-sensitive
cells (data not shown). To determine whether our observations in
the HCT116 cell line model were representative of human colon
cancer drug response, our analyses were expanded to include a
panel of colorectal cancer cell lines. As shown in Fig. 4A , PDF
mRNA expression was increased byf2- and 4-fold in the RKO cells

following treatment for 24 hours with IC50 doses of oxaliplatin and
5-FU, respectively. Furthermore, an f2- and 3-fold induction in
PDF mRNA levels was observed in the LoVo and HT-29 cells
following exposure to both agents. In the HCT248 cell line, a 2-fold
increase in PDF mRNA levels was shown following treatment with
5-FU although no alteration in expression was observed in
response to oxaliplatin.
To examine the functional significance of PDF and elucidate

its role in modulating response to 5-FU and oxaliplatin, a siRNA
complementary to the PDF coding region was generated.
Transfection of this siRNA (5 nmol/L) into HCT116 parental cells
for 48 hours resulted in f80% knockdown of PDF protein
compared with cells transfected with a scrambled control siRNA
duplex (Fig. 4B). Consistent with the transcriptional expression
data, induction of PDF protein was observed following treatment of
HCT116 cells with fIC60 doses of 5-FU and oxaliplatin (Fig. 4B).
However, transfection of drug-treated cells with 5 nmol/L PDF-
targeted siRNA prevented chemotherapy-induced up-regulation
of PDF. To analyze the effect of PDF down-regulation on drug
sensitivity, expression of PARP protein was measured as an
indicator of the levels of apoptotic cell death. As shown in
Fig. 4B , transient transfection of HCT116 cells with PDF siRNA
alone caused a moderate decrease in PARP levels compared with
cells transfected with scrambled control siRNA. Treatment of cells
with 1 Amol/L oxaliplatin or 5 Amol/L 5-FU alone for 48 hours also
resulted in a moderate decrease in full-length PARP. However,
when cells pretreated with PDF siRNA were exposed to either
chemotherapy, expression of full-length PARP was almost com-
pletely lost. This would suggest that down-regulation of PDF
sensitizes cells to drug treatment by enhancing apoptosis. To
confirm these findings, flow cytometric analyses were carried out.
As shown in Fig. 4C and D , transfection of HCT116 cells with PDF
siRNA alone resulted in an f5% to 10% increase in the levels of
spontaneous apoptosis as measured by the subdiploid (<2N) cell
population. In accordance with the PARP analysis, combined
treatment with PDF siRNA and chemotherapy resulted in dramatic
sensitization of cells to treatment with both oxaliplatin and 5-FU
(Fig. 4C and D). A maximum increase in the sub-G0/G1 cell
populations (f30%) was noted when 1 Amol/L oxaliplatin and
5 Amol/L 5-FU (equivalent to approximate IC60 doses) were
combined with PDF-targeted siRNA. These results indicate that
PDF inhibits chemotherapy-induced cell death in these cells.
Calretinin (CALB2) is a cytosolic calcium-modulating protein

which was first identified in chick retinal tissue (11). It is a member
of the EF-hand family of proteins, with expression limited to
several distinct tissues including central nervous tissues and
excitable cells, interstitial cells of the rat ovary (12), avian thymus
tissue (13), and colorectal carcinoma cells (14). The specific
function of calretinin still remains to be elucidated but a role in
intracellular Ca2+ movement has been suggested in excitable cells
and a role in cell cycle progression in nonexcitable tissue (15). In
the present study, calretinin was identified in the microarray
analysis as one of several calcium-binding proteins that were up-
regulated in response to oxaliplatin treatment (2.0-fold; Table 2).
Validation of calretinin induction following treatment with
oxaliplatin was shown by real-time RT-PCR with an R2 value of
0.93 (P = 0.017; Table 3 B). Further studies revealed that calretinin
mRNA expression was highly inducible following extended
exposure (72 hours) of HCT116 parental cells to both 1 Amol/L
oxaliplatin (9-fold increase) and 5 Amol/L 5-FU (5.4-fold increase;
data not shown). Our microarray analyses also showed constitutive

Table 3. R2 values for selected 5-FU (A) and oxaliplatin
(B) target genes following treatment of HCT116 cells with
each respective chemotherapy

Gene R2 P

(A)

EREG 0.95 0.013
TP53INP1 0.92 0.020

EPPK1 0.91 0.023

F3 0.90 0.025

TFEB AW 0.90 0.025
TFEB AF 0.89 0.028

PDF 0.86 0.036

SSAT 0.85 0.038

JAG-1 0.85 0.039
NRIP1 0.83 0.044

CCNG2 0.76 0.064

FLJ10188 0.67 0.091
CAV2 0.63 0.104

AVEN 0.60 0.113

HS6ST2 0.54 0.133

ASK 0.53 0.135
TAZ-1 0.53 0.137

SOX4 0.50 0.145

FOLATE BP 0.32 0.217

APG12L �0.35 0.204

(B)

COL13A1 0.99 0.003

CD24 0.99 0.003
S100A4 0.97 0.008

TAZ-1 0.94 0.016

CALB2 0.93 0.017
S100A14 0.90 0.025

SOX4 0.86 0.036

D2S448 0.77 0.060

SLC38A1 0.69 0.084
INSIG1 0.43 0.171

F3 �0.12 0.327

NOTE: Where P > 0.05, the correlation was not significant. Regular

font, up-regulated; italicized, down-regulated.
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overexpression of calretinin in oxaliplatin-resistant cells (3.1-fold;
Table 2). Of note, these data are consistent with a proteomic study
carried out in our laboratory, which used two-dimensional gel
electrophoresis in combination with matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry to analyze
differences in global protein expression in HCT116 parental and
drug-resistant cells. Using this approach, calretinin was identified
as one of several proteins constitutively overexpressed (f3-fold) in
oxaliplatin-resistant cells relative to the parental cell line.4 Analysis
of drug-induced calretinin expression in a panel of colorectal
cancer cell lines showed an f2- and 4-fold increase in calretinin
mRNA levels in HT-29 and HCT248 cells following exposure to IC50

doses of 5-FU and oxaliplatin, respectively (Fig. 5A). In the LoVo
cells, a 2-fold induction in calretinin mRNA was observed following
treatment with oxaliplatin, with only a moderate increase in
expression in response to 5-FU. In contrast, in the RKO cells,
a 2-fold increase in calretinin levels was shown following 5-FU
treatment with no significant change in expression in response to
oxaliplatin.
To elucidate the biological significance of drug-induced calreti-

nin expression, HCT116 cells were treated with chemotherapy for
72 hours in both the presence and absence of calretinin-targeted
siRNA (5 nmol/L) and the levels of apoptosis examined by PARP
cleavage analysis (Fig. 5B). A moderate increase in calretinin
protein expression (f2-fold) was observed following treatment
with 5-FU or oxaliplatin in cells transfected with a scrambled
control siRNA (5 nmol/L). Knockdown of basal calretinin expres-
sion (f80%) did not result in alterations in PARP expression,
suggesting no change in the levels of programmed cell death.
However, when either 5-FU or oxaliplatin was combined with
calretinin siRNA, drug-induced apoptosis was reduced, as indicated
by attenuated PARP cleavage (Fig. 5B). This was supported by flow

cytometric analysis, which showed a dramatic reduction in the
subdiploid fraction of 5-FU- and oxaliplatin-treated cells that were
pretreated with calretinin siRNA (Fig. 5C and D). Collectively, these
data suggest that calretinin may be an important positive regulator
of cytotoxic drug-induced cell death.
Spermidine/spermine N1-acetyl transferase (SSAT) catalyzes the

rate-limiting step in the two-step catabolism of eukaryotic poly-
amines, which play critical roles in proliferation, differentiation,
and homeostasis in both normal and cancer cells (16). SSATactivity
is highly regulated and prevents the accumulation of cytotoxic
levels of spermidine and spermine by facilitating their excretion
and oxidative catabolism. SSAT has also been reported to be
induced by a broad range of agents such as hormones, growth
factors, toxic compounds, and drugs (17). In this study, DNA
microarray analysis showed potent up-regulation (3.2-fold) of SSAT
mRNA expression following treatment of HCT116 cells with 5-FU
for 24 hours (Table 1). This result was confirmed by real-time RT-
PCR with an R2 value of 0.85 (P = 0.038; Table 3A). Constitutive
overexpression of SSAT mRNA (2.4-fold) was also observed in
cells resistant to 5-FU (Table 1). In accordance with these data,
a previous study carried out by our group identified SSAT as one of
the most highly induced target genes in a cDNA microarray screen
designed to examine global transcriptional changes in MCF-7
breast cancer cells treated with 5-FU (18). Furthermore, elevated
levels of SSATmRNA (f2-fold) were noted in a H630-derived 5-FU-
resistant colorectal cancer cell line relative to parental cells. In the
present study, we also showed inducible expression of SSAT mRNA
(f5-fold) following acute exposure to oxaliplatin although no
alterations in basal SSAT levels were observed in oxaliplatin-
resistant cells (data not shown). Treatment of an extended panel of
colorectal cancer cell lines with an IC50 dose of oxaliplatin for 24
hours showed highly inducible expression of SSAT mRNA (between
5- and 15-fold induction relative to control cells; Fig. 6A). In
contrast, only moderate increases in SSAT expression were
observed following exposure to 5-FU, with the exception of the
LoVo cells, which showed an f10-fold increase in SSAT mRNA.

Figure 4. A, real-time RT-PCR analysis
showing fold induction of PDF mRNA
in RKO, HT-29, LoVo, and HCT248
cells following treatment with IC50

concentrations of oxaliplatin and 5-FU for
24 hours. B, Western blot analysis of PDF
and PARP expression levels following
treatment of HCT116 parental cells with
1 Amol/L oxaliplatin and 5 Amol/L 5-FU for
48 hours in the presence or absence of
5 nmol/L PDF-targeted siRNA. Line graphs
illustrate the fraction of apoptotic cells
(as measured by flow cytometry) following
treatment of HCT116 cells with oxaliplatin
(C ) and 5-FU (D ) for 48 hours in the
presence or absence of 5 nmol/L PDF
siRNA. ***, P < 0.0001; **, P = 0.0035,
two-tailed unpaired t test (GraphPad
Prism v4.02).

4 J. Boyer, P. Wilson, W.L. Allen, A. McCulla, E.G. McLean, D.B. Longley, and
P.G. Johnston. A proteomic approach to identifying novel determinants of response
to chemotherapy in colon cancer - the role of Calretinin, in preparation.
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To investigate the functional significance of polyamine metab-
olism in modulating the response to chemotherapy in colorectal
cancer cells, we employed the synthetic polyamine analogue
N1,N11-diethylnorspermine (DENSpm), which has been shown to
potently induce SSAT levels (19) and has been evaluated in phase I
and II clinical trials (20, 21). Basal SSAT protein expression was
not detected in HCT116 cells; however, cellular levels of SSAT are
usually low (Fig. 6B). Following treatment with 1 Amol/L DENSpm,
little induction of SSAT protein was observed. Of note, despite
increased SSAT mRNA expression, no increase in SSAT protein was
observed following treatment of cells with an IC60 dose of either
5-FU or oxaliplatin for 24 to 72 hours. However, when cells were
concurrently treated with DENSpm and chemotherapy, a synergis-
tic induction of SSAT protein expression was observed. Using
flow cytometry, we found that treatment of cells with 1 Amol/L
DENSpm or 0.1 Amol/L oxaliplatin (fIC25 dose) alone for
72 hours had no effect on the cell cycle profile relative to untreated

control cells (Fig. 6C). However, following cotreatment with the
same concentrations of both agents, an accumulation of cells in
S phase was noted. Following exposure to 1 Amol/L oxaliplatin,
the majority of cells were arrested in G2-M phase (Fig. 6C) and
an increase in the sub-G0/G1 apoptotic content was observed.
However, following combined treatment with 1 Amol/L oxaliplatin
and 1 Amol/L DENSpm, a significant increase (P < 0.0001) in
the apoptotic fraction of cells was observed (58.6% compared with
41.9% in cells treated with oxaliplatin alone). Similarly, following
cotreatment of cells with 1 Amol/L DENSpm and 1 Amol/L 5-FU
(fIC25 dose) for 72 hours, the majority of cells were arrested in
S phase with a moderate increase in the subdiploid fraction
compared with cells treated with either agent alone in which only
moderate perturbations of the cell cycle were noted (Fig. 6D).
Following treatment with a higher concentration of 5-FU (fIC60

dose), cells were arrested in S phase and an increase in the
subdiploid content was observed. When this concentration of 5-FU

Figure 6. A, real-time RT-PCR analysis
showing fold induction of SSAT mRNA
in RKO, HT-29, LoVo, and HCT248
cells following treatment with IC50

concentrations of oxaliplatin and 5-FU for
24 hours. B, Western blot analysis of SSAT
expression levels following treatment of
HCT116 parental cells with 1 Amol/L
oxaliplatin and 5 Amol/L 5-FU in the
presence or absence of 1 Amol/L DENSpm
for 24, 48, and 72 hours. Cell cycle
distribution of HCT116 cells following
treatment with 0.1 and 1 Amol/L oxaliplatin
(C) and 1 and 5 Amol/L 5-FU (D ) for
72 hours in the presence or absence of
1 Amol/L DENSpm.

Figure 5. A, real-time RT-PCR analysis
showing fold induction of calretinin mRNA
in RKO, HT-29, LoVo, and HCT248
cells following treatment with IC50

concentrations of oxaliplatin and 5-FU for
24 hours. B, Western blot analysis of
calretinin and PARP expression levels
following treatment of HCT116 parental
cells with 5 Amol/L 5-FU and 1 Amol/L
oxaliplatin for 72 hours in the presence or
absence of 5 nmol/L calretinin-targeted
siRNA. Line graphs illustrate the fraction of
apoptotic cells (as measured by flow
cytometry) following treatment of HCT116
cells with 5-FU (C ) and oxaliplatin (D ) for
72 hours in the presence or absence of
5 nmol/L calretinin siRNA. ***, P < 0.0001,
two-tailed unpaired t test (GraphPad
Prism v4.02).
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was combined with 1 Amol/L DENSpm, a further increase in the
apoptotic fraction was shown (53.5% compared with 35.8% in cells
treated with 5-FU alone; P < 0.0001). These data indicate that SSAT
protein levels are synergistically induced following combined
treatment with DENSpm and 5-FU or oxaliplatin, and that
cotreatment with DENSpm and these chemotherapies results in
enhanced cell cycle arrest and apoptosis.

Discussion

We have used DNA microarray expression profiling to analyze the
complex signaling pathways regulating the response to 5-FU and
oxaliplatin to identify novel predictive markers of sensitivity
to these agents and candidate genes that may be targeted to
counteract drug resistance and increase therapeutic efficacy.
Recently, a number of studies have examined the potential of
DNA microarrays to provide insight into the factors that determine
5-FU response by analyzing genes acutely altered following
exposure to this agent (22–24). Despite this, the downstream
molecular events underlying the cytotoxic effects of 5-FU remain
poorly characterized. To our knowledge, this is the first study to
examine dynamic changes in gene expression following treatment
with oxaliplatin. Of note, a number of the aforementioned studies
were limited by virtue of inadequate validation of microarray
expression data by alternative means. In addition, in many cases
it remains to be determined whether the genes identified confer
sensitivity or resistance by directly modulating drug response or
whether they represent secondary transcriptional changes that may
be downstream and potentially less relevant to the resistance
phenotype. In addition to examining dynamic changes in gene
expression following drug treatment, a number of investigators have
applied microarray expression profiling to gain insight into the
mechanisms of acquired 5-FU and oxaliplatin resistance using drug-
resistant cell line models (25–27). Similar to studies examining
drug-induced gene alterations, a major criticism of a number of
these studies is the casual relationships often presented linking gene
expression and response to treatment.
In an effort to identify genes directly associated with 5-FU and

oxaliplatin resistance or sensitivity, we adopted a novel DNA
microarray-based approach whereby drug-inducible gene sets were
cross-referenced with panels of genes identified as constitutively
dysregulated in 5-FU- and oxaliplatin-resistant cells. Using this
approach, we identified distinct subsets of genes that we propose
may represent unique molecular signatures indicative of 5-FU and
oxaliplatin resistance.
Using real-time RT-PCR, we validated the expression changes

of a representative subset of targets in the 5-FU and oxaliplatin
gene sets obtained from the microarray analysis. Confirmation of
the robustness of our data was shown with a strong overall
concordance of expression trends for z82% (oxaliplatin) and
z85% (5-FU) of genes analyzed. These data are similar to two
previous studies that reported confirmation of f70% to 75% of
gene expression trends determined by cDNA microarray analysis
using real-time RT-PCR (28, 29). Furthermore, we showed strong
correlations in terms of average fold change in gene expression
levels for both our 5-FU (R2 z 0.73) and oxaliplatin gene sets (R2 z
0.63). Of note, significant correlations (P < 0.05) were observed for
10 of 20 (50%) and 7 of 11 (64%) 5-FU and oxaliplatin gene targets,
respectively, following acute exposure to chemotherapy. These
results indicate that drug-induced alterations in gene expression
may be accurately predicted by oligonucleotide microarray analysis

but emphasize the need for rigorous validation of gene expression
measurements.
Given the number of other studies that have used DNA

microarrays to identify determinants of 5-FU response, we cross-
referenced our 5-FU gene set with expression profiles identified
in these studies to examine the degree of overlap. In two studies
which used constitutively resistant gastric cell line models to
identify genes with altered expression compared with parental
cells, several targets common to our gene set were identified,
including the nephroblastoma (Nov) gene, the HIF-1 responsive
gene, RTP801 , the coagulation factor, F3 , the developmental
transcription factor, SOX4, cyclin G2 , and SSAT (25, 30). Of note,
however, we did not observe any overlap with a gene set identified
by Mariadason et al. (31) who used a cDNA microarray-generated
basal gene expression profile to predict apoptotic response to 5-FU
in a panel of 30 colon carcinoma cell lines. There are several
explanations that may account for this difference, not least the use
of different technology platforms and different normalization
procedures and data analysis methods in each study. However, this
may also reflect the different mechanisms involved in regulating
inherent 5-FU resistance and resistance following chronic 5-FU
exposure. This would imply that distinct subsets of genes may
define inherent and acquired 5-FU resistance.
To begin to functionally characterize our data, three targets were

selected for phenotypic analyses. PDF is a divergent member of the
TGF-h superfamily of cytokines, which was identified in our
microarray analysis as acutely induced following treatment with
5-FU and oxaliplatin and constitutively overexpressed in 5-FU-
resistant cells. Additional transcriptional analyses showed induc-
ible expression of PDF following treatment of a panel of colorectal
cancer cells lines with these agents. Consistent with our HCT116
transcriptional data, we showed inducible expression of PDF
protein following treatment of parental cells with 5-FU and
oxaliplatin. Importantly, we have shown that down-regulation of
PDF using siRNA significantly sensitized HCT116 cells to 5-FU- and
oxaliplatin-induced apoptosis. These data suggest that PDF may be
a novel inhibitor of cytotoxic drug-induced cell death in colorectal
cancer and that inhibition of PDF in combination with chemo-
therapy may increase therapeutic efficacy. The major function
of PDF remains unclear although elevated levels of secreted
PDF protein detected in the serum of patients with metastatic
colorectal, breast, and prostate carcinomas would suggest a role in
the development and progression of these tumors (32). Of note,
PDF has been shown to be induced in human colon cancer cells
by several nonsteroidal anti-inflammatory drugs (33), as well as
antitumorigenic compounds such as reveratrol (34), genistein (35),
diallyl disulfide (36), and 2-(4-amino-3-methylphenyl)-5-fluoroben-
zothiazole (5F-203; ref. 37), suggesting that PDF expression may
be an important regulator of drug response. In contrast to our
own data, the majority of previous studies suggest a proapoptotic
role for PDF, with overexpression resulting in increased levels of
spontaneous apoptosis in HCT116 colorectal (38) and DU-145
prostate cell lines (39) and enhanced indomethacin-induced
apoptosis in HCT116 cells (33). In addition, knockdown of PDF
using siRNA has shown marked protection against tetradecanoyl
phorbol acetate–induced apoptosis in LNCaP prostate cancer cells
(40). These data suggest a potentially diverse and multifunctional
role for PDF depending on cellular context and stimuli. Further
studies are currently under way in our laboratory to comprehen-
sively characterize the role of PDF in modulating response to
chemotherapy in colorectal cancer cells.
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Calretinin was one of several calcium-binding proteins identified
in our microarray analysis, which was acutely induced following
treatment with oxaliplatin and 5-FU. Furthermore, inducible
expression of calretinin mRNA was shown in a panel of colorectal
cancer cell lines following exposure to both agents. Using both
transcriptional and proteomic approaches,4 we also showed stable
overexpression of calretinin in HCT116 oxaliplatin-resistant cells.
Down-regulation of calretinin expression in HCT116 parental
cells using siRNA resulted in a dramatic decrease in 5-FU- and
oxaliplatin-induced apoptosis as measured by PARP cleavage and
flow cytometric analysis. To our knowledge, this is the first report
to suggest a proapoptotic role for calretinin in regulating the
response to cytotoxic drug treatment in tumor cells. Furthermore,
these observations are generally inconsistent with previous studies
using in vitro cell line models in the neurologic setting. D’Orlando
et al. (41) reported that overexpression of calretinin in murine
embryonic carcinoma P19 cells led to short-term cytoprotection
against excitotoxic stimulation and calcium overload. Other
calcium-binding proteins, including the closest homologue of
calretinin, calbindin, have also been shown to confer cytoprotec-
tion in nerve cells (41). It is generally thought that these calcium-
binding proteins act by blunting pathologic calcium transients
using their buffering capacities; however, their function(s) in cancer
cells has not been fully characterized and may differ markedly from
that in neurones. Given the integral role of calcium in apoptotic
cell death, it is feasible that calretinin may facilitate the transport
of calcium between the endoplasmic reticulum and the mitochon-
dria in cancer cells or regulate apoptotic signals via as yet unknown
mechanisms. The biological function of calretinin in colorectal
cancer and its role in modulating the response to chemotherapy
are currently being investigated.
SSAT is the rate-limiting enzyme in polyamine catabolism. This

enzyme is essential for maintaining tightly regulated intracellular
concentrations of polyamines which are essential for the growth
and function of cells. In this study, we showed acute induction of
SSAT mRNA levels following treatment of HCT116 cells with 5-FU
and oxaliplatin by DNA microarray analysis and stable over-
expression in cells resistant to 5-FU. Potent induction of SSAT
mRNA was also observed in a panel of colorectal cancer cell lines
following exposure to both agents. In contrast to our HCT116
transcriptional analyses, we did not detect a concurrent increase in
SSAT protein levels in response to treatment with drug alone. This
is consistent with a known translational regulatory mechanism
that limits induction of SSAT activity (42). Previously, over-
expression studies aimed at understanding the role of SSAT
in determining sensitivity to various agents have been hampered

by an inability to obtain efficient translation of the transfected
SSAT cDNA sequences in human cells (43). As a result, several
investigators have used synthetic polyamine analogues, such as
DENSpm, which potently induce SSAT activity by enhanced mRNA
transcription (44), stabilization of mRNA and protein (43, 45), and
enhanced translation (42). In this study, we showed potentiation of
5-FU- and oxaliplatin-induced SSAT protein expression in HCT116
cells following combined treatment with DENSpm. Furthermore,
this ‘‘superinduction’’ was associated with enhanced cell cycle
arrest and cell death. These data are consistent with two recent
studies, which reported a synergistic decrease in tumor cell viability
following cotreatment with DENSpm and 5-FU or oxaliplatin,
which was also associated with SSAT superinduction (46, 47). These
data suggest that both 5-FU and oxaliplatin modulate polyamine
catabolism in tumor cells by inducing SSAT and show that this
response as well as growth inhibition can be augmented by
cotreatment with the polyamine analogue DENSpm. We are
currently investigating the effect of additional colon cancer
therapies on SSAT expression in vitro as well as the specific role
that this enzyme plays in regulating the synergistic interaction
between DENSpm and chemotherapy.
In summary, we have shown the power of DNA microarray

expression profiling to identify novel genes that regulate the
response of colon cancer cells to 5-FU and oxaliplatin. Moreover,
we have highlighted the effectiveness of cross-referencing genes
that are transiently altered following acute drug treatment with
genes that are also constitutively dysregulated in cells resistant
to chemotherapy as a method of identifying novel and potentially
key components of drug-induced signaling networks. Although our
results also show the robustness of oligonucleotide microarray
analysis in the accurate prediction of drug-induced alterations
in gene expression, we would emphasize the need for rigorous
validation of microarray data before embarking on functional
studies. From these data, we have identified three genes that may
serve as useful determinants of 5-FU and oxaliplatin sensitivity.
Future studies will examine the relevance of these and other genes
identified in this study as predictive biomarkers as well therapeutic
targets to enhance drug efficacy.
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