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Abstract In order to identify genes whose expression is
associated with resistance to the chemotherapeutic agent
oxaliplatin, transcripts differentially expressed between
an oxaliplatin sensitive and a stably resistant subline
were compared in six independent replicates using
Stanford cDNA microarrays for five cell lines. ‘‘Signifi-
cance analysis of microarrays’’ (SAM) was used to
identify genes whose expression was statistically signifi-
cantly different in the sensitive versus resistant members
of each cell line pair. The biochemical pathways of the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
database were searched to identify those pathways in
which the number of SAM-identified genes exceeded the
number expected. This identified four pathways in which
upregulated genes were significantly associated with
resistance in two of the cell line pairs, and two pathways
in which the association was found in three cell line
pairs. The search also identified 12 pathways in which
downregulated genes were associated with resistance in
two cell line pairs and one pathway in which the asso-
ciation reached statistical significance in three cell line
pairs. Pathways identified included the ribosome path-
way, the Huntington’s disease pathway that includes
caspase 8, and the ATP synthesis pathways. Determi-
nation of the chromosomal location of each SAM-

identified gene revealed several locales within which
genes lay in close proximity, including three genes
(APACD, IF-2, and REV1L) located on chromosome 2
that lie immediately adjacent to each other and were
significantly upregulated in three of five cell line pairs.
Biochemical pathway and chromosomal mapping of
genes identified by SAM as differentially expressed in
related cell line pairs points to mechanisms and chro-
mosomal sites not previously suspected of association
with the oxaliplatin-resistant phenotype.

Keywords Oxaliplatin Æ Cisplatin Æ Microarray Æ SAM
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Abbreviations APACD: ATP binding protein associated
with cell differentiation Æ IF-2: Translation initiation
factor IF2 Æ KEGG: Kyoto Encyclopedia of Genes and
Genomes Æ SAM: Significance analysis of microarrays

Introduction

Oxaliplatin is a member of the family of Pt-containing
chemotherapeutic agents that also include cisplatin and
carboplatin. It is distinguished from these two older
drugs by its different spectrum of activity both in pre-
clinical models [18–20] and in clinical trials (reviewed in
reference 17). Oxaliplatin is the only Pt-containing drug
to have activity in colon cancer, a disease for which this
drug has now become a mainstay of therapy [17]. Nev-
ertheless, the majority of patients with colon cancer, as
well as the other types of tumor against which oxalipl-
atin is effective, are either intrinsically resistant to this
drug, or become resistant during therapy.

Oxaliplatin is believed to kill cells by forming adducts
in DNA, the most prevalent of which is the intrastrand
linkage of two adjacent guanines by the nitrogen atoms
at position 7, that impair its structure and function
(reviewed in reference 4). Oxaliplatin-resistant cells
are characterized by reduced cellular oxaliplatin
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accumulation and decreased DNA adduct formation
[16]. Increased levels of intracellular glutathione and
abnormalities in the apoptotic pathway may also play a
role [8]. Oxaliplatin can enter the cell via the major
copper influx transporter CTR1 [14], but whether this
transporter is disabled in oxaliplatin-resistant cells has
not yet been investigated. It remains a major goal of
research in the field to identify the mechanisms that
mediate oxaliplatin resistance with the aim of either
preventing or overcoming this problem that so often
limits therapeutic effectiveness.

Recently, microarray technology has made it possible
to examine the mRNA levels for very large numbers of
genes simultaneously. In this present study, we used
cDNA microarrays to compare gene expression differ-
ences in pairs of related cell lines sensitive and resistant
to oxaliplatin. The stably oxaliplatin-resistant sublines
were selected from the parental cell lines by repeated
cycles of exposure to oxaliplatin in vitro. The statistical
technique of ‘‘significance analysis of microarrays’’
(SAM) was used to identify genes whose mRNA levels
were statistically significantly differentially expressed,
and these were mapped to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) biochemical pathway and
chromosomal location databases. We report here the
identification of pathways and chromosomally juxta-
posed genes not previously known to be associated with
resistance to this important chemotherapeutic agent.

Materials and methods

Cells and culture

Four human ovarian carcinoma cell lines (2008, A2780,
1A-9 and IGROV-1) and one human squamous cell
carcinoma of the head and neck cell line (UMSCC10b)
were used in this study. Sublines with stable resistance
to oxaliplatin (2008-R7, A2780-R4, 1A9-OX15, IG-
ROV-1-R6, and UMSCC10b-R5) had been prepared
from each parental line by repeated in vitro exposure to
oxaliplatin as previously described [16]. All cell lines
were maintained in drug-free RPMI-1640 medium
(GIBCO) with 5% heat-inactivated (2008 and 2008-R7)
or 10% (all other cell lines) fetal calf serum (GIBCO)
at 37�C in a humidified atmosphere containing 5%
CO2. The degree of resistance of each subline was
determined again at the time RNA was harvested using
a clonogenic assay with continuous drug exposure as
previously described [16].

cDNA microarrays

cDNA microarrays were purchased from the Stanford
Functional Genomics Facility (http://www.micro-
array.org) and contained 43,200 elements representing
approximately 29,593 genes as estimated by UniGene
clusters.

RNA isolation and cDNA synthesis

When the cell cultures reached about 80% confluence
they were lysed with a guanidine isothiocyanate buffer
(4 M guanidine isothiocyanate (Gibco), 25 mM sodium
acetate, pH 5.5 (Ambion), 0.5% Sarkosyl (Fisher Sci-
entific) and 0.1 M 2-mercaptoethanol (Gibco). Total
RNA was pelleted through a CsCl (Gibco) step gradient
and reverse-transcribed into cDNA with a 2:1 ratio of
aminoallyl-dUTP to dTTP (Sigma). cDNA from oxa-
liplatin-resistant cell lines was then labeled in a separate
reaction with Cy3 (Amersham Biosciences) and cDNA
from oxaliplatin-sensitive cell lines was labeled with Cy5
(Amersham Biosciences).

Microarray hybridization and washing

Cy3- and Cy5-labeled cDNA (500 ng) were hybridized
to the cDNA microarrays for 18 h at 42�C. The arrays
were washed four times with 1· SSC containing 0.1%
SDS, twice with 1· SSC, once with 0.1· SSC and finally
spun dry.

Microarray scanning and quality assurance

Features on the microarrays were located and Cy3 and
Cy5 fluorescence intensities were analyzed with GenePix
Pro 3.0 software using a GenePix 4000A scanner (Axon
Instruments). The data sets were imported into Micro-
soft Excel spreadsheets for analysis of the quality of each
feature. Four parameters were used to assess the quality
of each feature, and features were excluded for any of
the following conditions: diameter <50 lm; ‡50% sat-
urated pixels in both channels; <54% of the pixels with
an intensity greater than the median background in-
tensity plus one standard deviation in either channel;
flagged by GenePix as ‘‘not found’’ or ‘‘absent’’ or
manually flagged as ‘‘bad’’ due to high background,
misshapen features, scratches or debris on the slide un-
detected by GenePix. The log2(Cy3/Cy5) was calculated
for each feature and these values were normalized using
the within-print tip group normalization method based
on locally weighted regression (lowest) as proposed by
Yang et al. [23].

Identification of genes of interest using SAM

The SAM software is a statistical tool that was devel-
oped for finding differentially expressed genes in
microarray experiments. It works as a Microsoft Excel
add-in and is available via http://stat.stanford.edu/
�tibs/SAM/index.html. SAM was used to compute a d
score for the normalized log2(Cy3/Cy5) of each gene.
The d score is a modified t-statistic value that in our
experiments was calculated as the mean log2(Cy3/Cy5)
divided by the standard error to which a constant value
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was added. The addition of a constant value gives the
tests more power on average and diminishes large d
scores that arise from genes whose expression level is
near zero [21]. The cut-off for significance is determined
by a tuning parameter, delta, which is chosen by the
user based on the estimated false discovery rate (FDR).
In these studies the value of delta was always chosen so
that the estimated FDR was about one gene. After
filtering the data sets to include only those features for
which a log2(Cy3/Cy5) value was available in at least
four of the six replicates, each cell line pair was sub-
jected to SAM [22] with permutations honoring the
pairing of resistant/sensitive members of each pair
within each replication. SAM analyses were carried out
on the data sets from each cell line pair separately.
First, the average log2(Cy3/Cy5) was determined for
each feature for the six replicates for a given cell line
pair. Those features for which an average log2(Cy3/
Cy5) was not available for all five pairs were discarded.
Finally, the average of the normalized log2(Cy3/Cy5)
ratios of expression level of each feature was computed
for each cell line pair and these averages were subjected
to SAM across all five pairs.

Identification of genes of interest by hierarchical
clustering

Complete linkage hierarchical clustering was carried out
using the Cluster software version 2.11 that was written
by Michael Eisen and was downloaded from http://ra-
na.lbl.gov/EisenSoftware.htm [6]. The Pearson r (unc-
entered) was used as a measure of similarity. The results
were analyzed and visualized with the TreeView pro-
gram version 1.50 that was also written by Michael Ei-
sen and downloaded from http://rana.lbl.gov/
EisenSoftware.htm. This analysis was based on the
average log2(Cy3/Cy5) of all features with significantly
higher or lower expression levels in at least one cell line
pair as determined by SAM. Clusters of interest were
identified by visual inspection.

Results

Identification of genes of interest by SAM

The SAM technique [22] was used to identify genes that
were statistically significantly upregulated or downreg-
ulated in the oxaliplatin-resistant member of each of the
five cell line pairs. Only those features that passed
quality assurance criteria in at least four of the six rep-
licates were included in the analysis. The number of
features whose cognate mRNA was significantly in-
creased ranged from 246 to 2790 (1.7–16.6% of the
features included in the analysis). The number whose
mRNA was significantly decreased ranged from 30 to
3487 (0.2–20.7%). Across all cell line pairs an average of
15,472 features were included in the SAM analysis; an

average of 1594 were found to have significantly higher
expression and 1520 features were found to have lower
expression levels. The number of features that were
significantly differentially expressed in three or more cell
line pairs was quite limited (235 up, 190 down). Only 28
features had increased expression and 15 decreased
expression in any four of the five cell line pairs, and only
three features had increased expression and none had
decreased expression in all five cell line pairs.

To determine whether the genes identified by SAM as
being differentially expressed exhibited any coordinate
patterns of expression, complete linkage hierarchical
clustering of features and cell lines was performed. This
analysis was based on the average log2(Cy3/Cy5) of all
features with significantly higher or lower expression
levels in at least one cell line pair as determined by SAM.
By visual inspection, a total of eight clusters of coordi-
nately upregulated features (Fig. 1) and ten clusters of
coordinately downregulated features were identified
(Fig. 2). These clusters contained an average of 17 genes
each. Attempts were made to identify genes within these
clusters known to operate in the same biochemical
pathway or to have a similar function based on gene
ontology databases; however, no functional associations
have thus far been discerned.

Identification of pathways in KEGG

The ultimate goal of identifying genes that are differ-
entially expressed in resistant cells is to determine what
biochemical pathways have become altered during the
development of oxaliplatin resistance. Having identified
genes based on their detection by SAM, it was of interest
to determine whether any of these genes appeared to be
part of the same pathway. The approach taken was to
search the KEGG biochemical pathway database using
the genes that were found by SAM to be differentially
expressed in any of the five cell line pairs. Prior to this
analysis, the data were filtered to remove all duplicate
features as well as any gene that did not have an
appropriate identifier as used by KEGG. In order to
evaluate the association between genes and biochemical
pathways, an estimate was needed of the number of
genes represented on the microarray expected to be
associated with any of the 127 pathways in the KEGG
database by chance. The approach taken involved
determining the number of SAM-identified genes that
are expected to be associated with each of the pathways
given the number of genes represented on the microarray
(N), the number of these that are in a given pathway
(M), and the number of genes found by SAM analysis
for a given cell line pair (K). The number of genes ex-
pected to target any particular pathway is given by the
function (K·M)/N. The number of hits actually ob-
served in a pathway was then compared to the expected
number of hits by Chi-squared analysis. Chi-squared
values of >6.0 are considered of interest in this type of
analysis.
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A relatively large number of pathways were targeted
by the SAM-identified genes upregulated in the resistant
cells in only one of the cell line pairs (21 or 17% of the
127 pathways available for analysis). However, there
were only four pathways that were significantly targeted
in two cell line pairs, only two that were targeted in three
cell line pairs and none that was targeted in four or all
five cell line pairs. Likewise, there were a relatively large
number of pathways that were targeted by the SAM-
identified genes downregulated in the resistant member

of at least one cell line pair (32 or 25% of the pathways).
However, only 12 were significantly targeted in two cell
line pairs, only one in three cell line pairs, and none in
four or all five cell line pairs. Table 1 lists the pathways
significantly targeted in two or more cell line pairs.
There was no association with biochemical pathways
previously identified as being important to sensitivity to
the Pt-containing drugs including glutathione synthesis
or DNA repair pathways. Figures 3, 4 and 5 present the
maps of the three most commonly targeted KEGG

Fig. 1 Clusters of features that
had higher expression levels in
the oxaliplatin-resistant cell lines
compared to their parental
oxaliplatin-sensitive cell lines
represented by yellow intensities.
Each heat map depicts a
separate cluster. Gray represents
missing or excluded data, blue
means a lower expression level
and black means no difference in
expression level
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biochemical pathways color-coded to identify the cell
line pair for which SAM-identified genes were found. It
is apparent from visual inspection that when a pathway

is targeted by SAM-identified genes, it is often the same
genes in the pathway that are hit in the different cell line
pairs.

Fig. 2 Clusters of features that
had lower expression levels in
the oxaliplatin-resistant cell lines
compared to their parental
oxaliplatin-sensitive cell lines
represented by blue intensities.
Each heat map depicts a
separate cluster. Gray represents
missing or excluded data, yellow
means a higher expression level
and black means no difference in
expression level
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Identification of genes that reside close together
on the chromosome

Another approach to assessing the significance of genes
identified by SAM is to determine whether any of these
differentially expressed genes lie close to each other on
their cognate chromosome. The underlying hypothesis
of this approach is that such genes may be part of an
amplicon or a deletion. Although not every SAM-iden-
tified gene, or genes located near a SAM-identified gene,
is necessarily involved in the development of oxaliplatin
resistance, the groups containing the largest number of
SAM-identified genes residing close together are candi-
dates for participation in a resistance-specific amplicon
or deletion.

Initially, the fraction of the genes on each chromo-
some represented on the microarray that were SAM-
positive was determined for each chromosome based on
the gene location provided by the Stanford Functional
Genomics Facility. This did not disclose any clear
association of SAM-identified genes with a particular
chromosome in more than one cell line pair.

In order to refine this analysis, the genomic location
of the start site for each SAM-identified gene was
determined from the build 30 freeze of the human gen-
ome using the Ensembl database (www.Ensembl.org).
At the time of this analysis, genomic start sites were only
available for those genes with an Ensembl identification.
The frequencies of all cases where two, three, four or
more upregulated or downregulated SAM-identified
genes were found to lie within 10 kb of each other are
presented in Tables 2 and 3.

The most interesting cases were those where multiple
genes that were identified by SAM to be differentially
expressed in multiple cell lines were found to reside close
together. Among the upregulated genes, there was one
group of genes (APACD, IF-2, and REV1L) whose start
sites lie immediately adjacent to each other on chro-
mosome 2 (within 1.1 kb) and for which there are no
intervening genes in build 30 of the human genome. This
group was identified by SAM as differentially expressed
in three of the five pairs of cell lines (2008, UMSCC10b
and IGROV-1). Additional such groups containing
three SAM-identified upregulated genes with no other
intervening genes were found on chromosome 17
(PSME3, BECN1, and Q9BTE6 in the 2008 cell line pair
only), chromosome 12 (DDIT3, DCTN2, and MARS in
the 1A9 cell line pair only) and on chromosome 20
(C20orf30, PCNA and CDS2 in 1A9 cell line pair only).
The most interesting downregulated SAM-identified
genes was a group of three genes on chromosome 9 that
lie in very close proximity with no intervening genes

Table 1 Biochemical pathways targeted by SAM-identified genes
(numbers in parentheses are the number of cell line pairs in which
the pathway was targeted)

Targeted by SAM-identified
upregulated genes

Targeted by SAM-identified
downregulated genes

Glyoxylate and dicarboxylate
metabolism (2)

Citrate cycle (TCA cycle) (2)

Integrin-mediated
cell adhesion (2)

Pentose phosphate
pathway (2)

Type II secretion
system (2)

Fatty acid biosynthesis
(Path 2) (2)

Prion disease (2) Sterol biosynthesis (2)
Ribosome (3) Bile acid biosynthesis (2)
Huntington’s disease (3) Lysine degradation (2)

DDT degradation (2)
Butanoate metabolism (2)
Caprolactam degradation (2)
Ribosome (2)
Cell cycle (2)
Integrin-mediated
cell adhesion (2)
ATP synthesis (3)

Fig. 3 Genes of the
Huntington’s disease pathway
identified by SAM analysis.
Each color represents a
different cell line pair. Genes
with multiple colors were
found by SAM analysis to be
significantly differentially
expressed in multiple cell line
pairs
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(RPL7A, SURF1 and SURF2). This group of genes was
identified by SAM as differentially expressed in the 2008
and UMSCC10b cell line pairs. Table 4 identifies and
provides a brief description of these genes.

Assessing the significance of finding genes that reside
in close proximity on the chromosome

The finding of SAM-identified genes that lie close to
each other raises the question as to whether this could
reasonably be attributed to chance alone. The proba-
bility of finding such genes in close proximity by chance
alone depends on several factors including: (1) a

judgment as to how close the genes must be to be con-
sidered in proximity; (2) how many SAM-identified
genes are included; and, (3) in how many cell lines is
each gene found to be differentially expressed. Given a
set of choices for each of these criteria, the distribution
of the number of cases where SAM-identified genes
would be found in proximity by chance alone, under the
hypothesis of random sampling, can be tabulated by
randomly drawing samples of genes from the pool of all
genes on a given chromosome that are represented on
the microarray where the sample size is equal to the
number of genes identified by SAM. Setting the criteria
that the genes must lie within 100 kb, that the group
contain at least three genes, and that that they were
SAM-identified in at least three pairs of cells, 100 such
samplings were performed and the number of genes
satisfying these criteria was tabulated. The average
number over the 100 samplings provides an estimate of
the number of cases where SAM-identified genes would
be expected to lie next to each other by chance alone.

Fig. 4 Genes of the ribosome pathway identified by SAM analysis.
Each color represents a different cell line pair. Genes with multiple
colors were found by SAM analysis to be significantly differentially
expressed in multiple cell line pairs
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This analysis indicated that there was an excess of
genes identified by SAM as differentially expressed
showing up in short windows. Interestingly, one window

was identified in which three genes lying within a 100 kb
region were found to be upregulated in three cell line
pairs; these are the same genes lying on chromosome 2
that were found to have no intervening genes in build 30
of the human genome. This analysis permitted the con-
clusion that this was an unexpectedly strong grouping
since only 0.05 such cases were expected by chance
alone.

Associations between genes of interest and gene
ontology classifications

In the interest of determining whether there existed any
functional similarities between SAM-identified differen-
tially expressed genes, the ontology classification was
obtained for each gene from the Source Database [5].
The proportion of differentially expressed genes was
calculated in each available gene ontology category and
compared to the proportion of differentially expressed
genes not in that category. This approach results in a
2 · 2 table of the number of genes in (or not in) a gene
ontology category and the number of genes identified by
SAM as being upregulated or downregulated or not. A
P-value was calculated to determine whether the pro-
portion of differentially expressed genes in each gene
ontology category was significantly different from the
proportion of genes not contained in the category. Per-
mutation tests were performed to determine the refer-
ence distribution of the calculated P-values for each gene
ontology category. Finally, the permutation distribution
was used to calculate the expected number of false dis-
coveries for each P-value. Based on this analysis, no
gene ontology categories contained a significant number
of SAM-identified genes.

Discussion

In the current study, we sought to analyze the functional
relevance of genes identified as significantly differentially
expressed in oxaliplatin-resistant cells compared with
their sensitive parental lines. The first approach involved
searching the biochemical pathways of the KEGG
database to locate those in which multiple genes in-
volved in the pathway were identified by SAM as being
statistically significantly upregulated or downregulated
in oxaliplatin-resistant cell lines. A formal statistical
approach was applied to the analysis to identify those
pathways in which the number of SAM-identified genes
exceeded the number expected based on the total num-
ber of genes in the pathway that were also represented
on the Stanford cDNA array. Although many pathways
were found to be hit more often than expected by chance
alone in one cell line pair, only four pathways were hit
by upregulated genes in two cell line pairs and only two
pathways in three cell line pairs (Figs. 1 and 2). Like-
wise, only 12 pathways were hit by downregulated genes
in two cell line pairs and only one in three cell line pairs

Table 2 Number of SAM-identified upregulated genes with start
sites within 10 kb of each other

Cell line pair No. of SAM-positive
upregulated genes
with Ensembl IDs

No. cases where genes
lay within 10 kb
of each other

Two genes Three genes

2008 525 13 2
IGROV-1 1111 38 1
1A-9 973 23 2
UMSCC10b 790 18 1
A2780 125 0 0

Fig. 5 Genes of the ATP synthesis pathway identified by SAM
analysis. Each color represents a different cell line pair. Genes with
multiple colors were found by SAM analysis to be significantly
differentially expressed in multiple cell line pairs
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(Fig. 3). The pathways identified in three cell line pairs
are of particular interest. First, they are not pathways
previously identified as having anything to do with
resistance to any of the Pt-containing drugs. Thus, they
offer new insight into a possible mechanism of Pt-drug
resistance. Second, the individual steps in the pathway
hit in the SAM-identified genes from one pair tended to
be the same steps hit in the other pairs. Third, there is
substantial confidence that those pathways identified in
multiple cell line pairs really are of interest because of
the statistically formal approaches used to identify these
genes and pathways. Oxaliplatin is thought to produce a
variety of mutations, including deletions, point muta-
tions and base substitutions similar to those produced by
cisplatin [3, 15]; however, it remains to be determined
whether the reason that the same genes are hit in mul-
tiple pairs is due to the presence of a sequence that is
particularly susceptible to oxaliplatin-induced muta-
genesis.

The observation that several members of the ATP
synthesis pathway were identified by SAM as downreg-
ulated in the A2780, 1A9 and UMSCC10b cell line pairs
is of particular interest. Although there do not appear to

be many studies of mitochondria in oxaliplatin-resistant
cell lines, cisplatin-resistant cells have been shown to
have abnormalities of mitochondrial function and
structure in several different laboratories [2, 8, 9] and
some elements of the electron transport chain have
previously been identified as being abnormally expressed
in such cells [11]. How reduced expression of genes in the
ATP synthesis pathway is etiologically linked to oxa-
liplatin resistance is not currently apparent.

Huntington’s disease is a neurodegenerative disorder
characterized by the loss of striatal and cortical neurons
[1] and several genes in this pathway were found to be
differentially expressed in 2008, 1A9 and UMSCC10b
cell line pairs. Of interest is caspase 8, an apoptosis-
related cysteine protease, NCOR1, which promotes
chromatin condensation and prevents access to the
transcription machinery and calmodulin, which plays a
role in growth and cell cycle control. The ribosome
pathway also contains several genes found to be differ-
entially expressed in the 1A9, IGROV-1 and A2780 cell
line pairs. Of interest are RPLP1, RPLP2, and RPS6 as
these genes are differentially expressed in three of five
cell line pairs. RPLP1 and two are components of the

Table 4 Genes identified by
SAM analysis that reside close
to each other on the
chromosome

Gene name Unigene
cluster

Chromosome
location

Change
in expression

Description

APACD Hs.153884 2 Up ATP binding protein associated
with cell differentiation

IF-2 Hs.158688 2 Up Translation initiation factor IF2
REV1L Hs.110347 2 Up REV1-like (yeast)
PSME3 Hs.152978 17 Up Proteasome (prosome, macropain)

activator subunit 3 (PA28 gamma; Ki)
BECN1 Hs.12272 17 Up Beclin 1 (coiled-coil, myosin-like BCL2

interacting protein)
Q9BTE6 Hs.317403 17 Up Hypothetical protein MGC2744
DDIT3 Hs.337761 12 Up DNA-damage-inducible transcript 3
DCTN2 Hs.84153 12 Up Dynactin 2 (p50): important

in the organization
of mitotic spindles and proper
alignment of chromosomes

MARS Hs.279946 12 Up Methionine-tRNA synthetase
C20orf30 Hs.3576 20 Up Chromosome 20 open reading frame 30
PCNA Hs.78996 20 Up Proliferating cell nuclear antigen
CDS2 Hs.24812 20 Up CDP-diacylglycerol synthase

(phosphatidate cytidylyltransferase) 2
RPL7A Hs.99858 9 Down Ribosomal protein L7a
SURF1 Hs.3196 9 Down Surfeit 1: may be required

for cytochrome c oxidase assembly
SURF2 Hs.159448 9 Down Surfeit 2: no known function

Table 3 Number of SAM-
identified downregulated genes
with start sites within 10 kb of
each other

Cell line pair No. of SAM-identified
downregulated genes
with Ensembl IDs

No. cases where genes lay within 10 kb of each other

Two genes Three genes Four genes Five genes Six genes

2008 535 24 1 0 0 0
IGROV-1 1712 89 6 1 0 0
1A-9 830 38 4 0 0 0
UMSCC10b 773 37 2 0 0 1
A2780 23 0 0 0 0 0
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large ribosomal subunit and play an important role in
elongation during protein synthesis. RPS6 is a compo-
nent of the small ribosomal subunit and is a major
substrate for protein kinases in the ribosome. Phos-
phorylation of RPS6 is regulated by growth factors and
tumor-promoting agents and, in turn, regulates growth
progression and arrest. It seems feasible that expression
of these genes may contribute to the control of cell
growth and proliferation such that resistant cells are able
to avoid cell death upon exposure to oxaliplatin.

The finding that some SAM-identified genes lie
immediately adjacent to each other on the chromosome
provides strong validation of the ability of the expres-
sion profiling approach utilized in this study to identify
genes of interest. A formal statistical analysis indicated
that the probability of finding three such genes together
by chance alone was low enough that this result is highly
significant. That truly differentially expressed genes
might be located close to each other makes structural
sense since they may be included in amplicons or dele-
tions unique to the oxaliplatin-resistant cells.

Among all the genes thus far identified as being
associated with the oxaliplatin-resistant phenotype, the
subsets of SAM-identified genes that also lie immedi-
ately adjacent to each other on the chromosome are of
the highest interest. In particular, the three genes found
on chromosome 2 (APACD, IF-2, and REV1L) appear
to be important because these genes were significantly
upregulated in the resistant member of three of the five
pairs cell lines examined (2008, IGROV-1 and UMS-
CC10b). Another line of inquiry has provided indepen-
dent evidence of the likely importance of at least one of
these genes. The REV1L gene codes for one of the three
proteins (REV1, REV3, and REV7) that together form
DNA polymerase f. DNA polymerase f is one of the
recently discovered specialized polymerases that can
replicate across various kinds of adducts in DNA,
sometimes producing mutations in the process (reviewed
in references 7, 10 and 12). Recent work in this labora-
tory has shown that polymerase f is a major determinant
of the mutagenicity of cisplatin. Loss of polymerase f
function results in hypersensitivity to cisplatin and a
marked reduction in its ability to generate drug-resistant
clones in the surviving population [13]. This provides a
mechanistic basis that supports the suggestion from the
current study that enhanced expression of polymerase f
contributes to oxaliplatin resistance.

The goal of this project was to identify genes whose
expression differed in oxaliplatin-sensitive and oxalipla-
tin-resistant cells with the eventual aim of determining
the mechanisms of resistance. However, selection of
carcinoma cells for acquired oxaliplatin resistance itself
generates mutations, many of which may lead to altered
gene expression. Therefore, although many genes are
expected to be differentially expressed in any given cell
line pair, only a fraction of these are expected to be
consistently differentially expressed in multiple pairs of
cell lines and it is these genes that are most likely to
mediate oxaliplatin resistance. In an attempt to identify

such genes, it is pertinent to search among a large
number of genes, and to use approaches that are capable
of detecting a real signal against the typically noisy
background associated with cDNA microarrays.

We conclude that the approach of using pairs of cell
lines, each consisting of a drug-sensitive parent and a
resistant subline of the same cells, in combination with a
large number of independently isolated RNA samples
and hybridizations and a rigorous statistical approach is
efficient for the discovery of genes whose expression may
be associated with oxaliplatin resistance. Because of the
rigor of this approach there is a high degree of confi-
dence that the genes identified are in fact differentially
expressed in oxaliplatin-resistant cells. The further
finding that genes discovered to be associated with ox-
aliplatin resistance in this way are also statistically sig-
nificantly associated with particular biochemical
pathways and chromosomal locations, provides further
evidence of the utility of this strategy.

Acknowledgements The authors express their appreciation to Dr
John Weinstein, Donna Pauler and John Crowley for helpful dis-
cussions and to Dr Bernard Palsson for use of the scanner. We
would also like to thank Michael Fero and the staff of the Stanford
Functional Genomics Facility for supplying us with the human
cDNA microarrays used for this study. Supported by a grant from
Sanofi-Synthelabo Inc., and in part by grants CA78648 and
CA95298 from the National Institutes of Health.

References

1. Alberch J, Perez-Navarro E, Canals JM (2004) Neurotrophic
factors in Huntington’s disease. Prog Brain Res 146:195

2. Andrews PA, Albright KD (1992) Mitochondrial defects in cis-
diamminedichloroplatinum(Ii) resistant human ovarian carci-
noma cells. Cancer Res 52:1895

3. Cariello NF, Swenberg JA, Skopek TR (1992) In vitro muta-
tional specificity of cisplatin in the human hypoxanthine
guanine phosphoribosyltransferase gene. Cancer Res 52:2866

4. Desoize B, Madoulet C (2002) Particular aspects of platinum
compounds used at present in cancer treatment. Crit Rev Oncol
Hematol 42:317

5. Diehn M, Sherlock G, Binkley G, Jin H, Matese JC, Hernan-
dez-Boussard T, Rees CA, Cherry JM, Botstein D, Brown PO,
Alizadeh AA (2003) SOURCE: a unified genomic resource of
functional annotations, ontologies, and gene expression data.
Nucleic Acids Res 31:219

6. Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster
analysis and display of genome-wide expression patterns. Proc
Natl Acad Sci U S A 95:14863

7. Friedberg EC, Feaver WJ, Gerlach VL (2000) The many faces
of DNA polymerases: strategies for mutagenesis and for
mutational avoidance. Proc Natl Acad Sci U S A 97:5681

8. Gourdier I, Del Rio M, Crabbe L, Candeil L, Copois V, Ychou
M, Auffray C, Martineau P, Mechti N, Pommier Y, Pau B
(2002) Drug specific resistance to oxaliplatin is associated with
apoptosis defect in a cellular model of colon carcinoma. FEBS
Lett 529:232

9. Isonishi S, Saitou M, Yasuda M, Tanaka T (2001) Mitochon-
dria in platinum resistant cells. Hum Cell 14:203

10. Johnson RE, Washington MT, Prakash S, Prakash L (1999)
Bridging the gap: a family of novel DNA polymerases that
replicate faulty DNA. Proc Natl Acad Sci U S A 96:12224

11. Johnsson A, Byrne P, de Bruin R, Weiner D, Wong J, Los G
(2001) Identification of gene clusters differentially expressed

10



during the cellular injury responses (CIR) to cisplatin. Br J
Cancer 85:1206

12. Lawrence CW (2002) Cellular roles of DNA polymerase zeta
and Rev1 protein. DNA Repair 1:425

13. Lin X, Howell SB (2002) The role of DNA polymerase zeta in
cisplatin resistance. Proc Am Assoc Cancer Res 43:425

14. Lin X, Okuda T, Holzer A, Howell SB (2002) The copper
transporter CTR1 regulates cisplatin uptake in Saccharomyces
cerevisiae. Mol Pharmacol 62:1154

15. Louro H, Silva MJ, Boavida MG (2002) Mutagenic activity of
cisplatin in the lacZ plasmid-based transgenic mouse model.
Environ Mol Mutagen 40:283

16. Mishima M, Samimi G, Kondo A, Lin X, Howell SB (2002)
The cellular pharmacology of oxaliplatin resistance. Eur J
Cancer 38:1405

17. Misset JL, Bleiberg H, Sutherland W, Bekradda M, Cvitkovic
E (2000) Oxaliplatin clinical activity: a review. Crit Rev Oncol
Hematol 35:75

18. Pendyala L, Creaven PJ (1993) In vitro cytotoxicity, protein
binding, red blood cell partitioning, and biotransformation of
oxaliplatin. Cancer Res 53:5970

19. Raymond E, Chaney SG, Taamma A, Cvitkovic E (1999)
Oxaliplatin: a review of preclinical and clinical studies. Ann
Oncol 10:1053

20. Rixe O, Ortuzar W, Alvarez M, Parker R, Reed E, Paull K,
Fojo T (1996) Oxaliplatin, tetraplatin, cisplatin, and carbopl-
atin: spectrum of activity in drug-resistant cell lines and in the
cell lines of the National Cancer Institute’s Anticancer Drug
Screen panel. Biochem Pharmacol 52:1855

21. Storey JD, Tibshirani R (2003) SAM thresholding and false
discovery rates for detecting differential gene expression in
DNA microarrays. In: Parmigiani G, Garrett ES, Irizarry RA,
Zeber SL (eds) The analysis of gene expression data: methods
and software. Springer, New York

22. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of
microarrays applied to the ionizing radiation response. Proc
Natl Acad Sci U S A 98:5116

23. Yang Y, Dudoit S, Luu P, Lin D, Peng V, Ngai J, Speed T
(2002) Normalization for cDNA microarray data: a robust
composite method addressing single and multiple slide sys-
tematic variation. Nucleic Acids Res 30:e15

11


