Molecular Pharmacol Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
Molecular Pharm awaweﬁm%vwwbd i breckied e fitel Vdoson ey Gitkér awnltis {8 sich24/mol.104.005009

Molecular Pharmacology
July 12, 2004

Analysis of ABC transporter expression in drug-selected cell

lines by a microarray dedicated to multidrug resistance

Jean-Philippe Annereau,™? Gergely Szakacs,* Charles J. Tucker, Angela Arciello, Carol
Cardarelli, Jennifer Collins, Sherry Grissom, Barry Zeeberg, William Reinhold, John

Weinstein, Yves Pommier, Richard S. Paules, and Michael M. Gottesman

Laboratory of Cell Biology, National Cancer Institute, NIH, Bethesda, Maryland (J-P.A.,
G.S., AA, C.C., M.M.G.); NIEHS Microarray Group, National Institute of Environmental
Health Sciences, Research Triangle Park, North Carolina (C.J.T., J.C., S.G., R.S.P.);
Laboratory of Molecular Pharmacology, National Cancer Institute, NIH, Bethesda,

Maryland (B.Z., W.R., JW., Y.P.)

Copyright 2004 by the American Society for Pharmacology and Experimental Therapeutics.

Y20z ‘6 |udy uo sjeuinor 134s v e Blo'seuino fisdse wireyd jow wouy papeojumoq


http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/
http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

Running Title: Microarray platform to study drug resistant cells

Address correspondence to: Michael M. Gottesman, Laboratory of Cell Biology,
National Cancer Institute, NIH, 37 Convent Drive, Room 2108, Bethesda, MD 20892-

4256. Email: mgottesman@nih.gov

Text pages: 33

Number of tables: 2 (plus 6 supplemental)

Number of figures: 2

Number of references: 43

Number of words: Abstract: 211
Introduction: 727

Discussion: 1208

ABBREVIATIONS: MDR, Multidrug Resistance, MRP2 Multidrug resistance associated

protein 2; BSO, L-buthionine-[S,R]-sulfoximine; DTNB, 5,5’-Dithiobis 2-nitrobenzoic

acid; CPT, Camptotecin; 9NC, 9-nitro-Camptothecin; SAGE, Serial Analysis of Gene

Expression; GO, Gene Otology; HUGO, Human Genome.

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

ABSTRACT

The discovery of the multidrug resistance protein 1 (MDR1), an ATP-binding cassette
transporter able to transport many anticancer drugs, represents a clinically relevant
breakthrough in multidrug resistance. Although the overexpression of ABC transporters
such as P-gp/ ABCB1, MRP1/ABCC1 or MXR/ABCG2 appears to be a major cause of
failure in the treatment of cancer, acquired resistance to multiple anticancer drugs may
also be multifactorial, involving alteration of detoxification processes, apoptosis, DNA
repair, drug uptake, and overexpression of further ABC transporters. We created a
microarray platform to evaluate relative levels of transcriptional activation among genes
involved in various mechanisms of resistance. In the ABC-ToxChip, a comprehensive
set of genes important in toxicological responses (2,200 cDNA probes together with
~18,000 oligonucleotide probes) are complemented with probes specifically matching
ABC transporters as well as oligos representing 18,000 unique human genes. By
comparing the transcriptional profiles of KB-3-1 and DU-145 cells to resistant
derivatives selected in colchicine (KB-8-5), and 9-nitro-camptothecin (RCO.1),
respectively, we demonstrate that ABC transporters (ABCB1/MDR1 and ABCC2/MRP2,
respectively) show dramatic overexpression, whereas the glutathione S-transferase
gene (GST-Pi) shows the strongest decrease among the 20,000 genes studied. The
results were confirmed by quantitative RT-PCR and immunohistochemistry. These
results suggest that custom-made, dedicated microarrays will be helpful to elucidate

mechanisms leading to anticancer drug resistance.
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INTRODUCTION

Mechanisms leading to multidrug resistance (MDR) include increased drug efflux
(Shen et al., 1986a; Gottesman et al., 2002), decreased drug uptake (Shen et al.,
2000), recruitment of drug-processing and metabolizing enzymes (Schuetz et al., 1996),
conjugating enzymes (Goto et al., 2002), alteration of the DNA repair activity, reduction
of cell susceptibility to apoptosis (Reinhold et al., 2003), and mutation of specific drug
targets (Urasaki et al, 2001). In vitro selected cell lines most likely utilize more than just
one of the pathways cited above (Gottesman et al., 2002).

Tools, such as the oligo-based, cDNA-based microarrays or SAGE (Serial
Analysis of Gene Expression, Velculescu et al., 1995) are relevant methodologies to
screen for multifactorial mechanisms of drug resistance. However, microarray
technology has several inherent problems that hamper definitive interpretation. Typical
problems with the current technology include the necessity of validation by
complementary technology such as further microarray analyses or RT-PCR (Lee et al.,
2003). The lack of sensitivity could also prevent the detection of infrequent transcripts
(Evans et al., 2002) and lead to biased conclusions. In research aiming at the
elucidation of mechanisms underlying acquired drug resistance, the shortcomings of
arrays available at the time of our study originated from the low representation of genes
of interest and the general lack of specificity of the probes. This is especially true for
the ABC (ATP Binding Cassette) superfamily, which has 48 members sharing high

sequential similarity with highly divergent functions and/or specificities.
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Like endogenous and exogenous toxic compounds, anti-cancer drugs diffuse
through the cell membrane. One of the most interesting features of ABC transporters is
that these proteins can transport many substrates across the membrane, including anti-
cancer drugs, ions and peptides. MDR1 or P-gp was the first ABC transporter found to
confer MDR in resistant tumor samples and in vitro selected cell lines (Shen et al.,
1986b). Using cell lines selected in various anti-cancer drugs, overexpression of further
ABC transporters, such as ABCC1-MRP1 (Cole et al., 1992), and ABCG2- MXR-BCRP
(Miyake et al., 1999; Doyle et al., 1998) were clearly shown to be associated with drug
export and resistance. In experiments performed in vitro, other members, such as
ABCA2 and ABCB4 (MDR3) were shown to actively transport cytotoxic drugs (Laing et
al., 1998; Smith et al., 2000). Among the members of the MRP (ABCC) subfamily,
MRP2 (ABCC2, cMOAT) transports GSH-S-conjugates (e.g., leukotriene C4 and 2,4-
dinitrophenyl-S-GSH), oxidized GSH (GSSG), glucuronide conjugates (e.qg.,
glucuronidated bilirubin and bile salts), and sulfate conjugates of certain bile acids (e.g.,
3-sulfatolithocholytaurine), (Muller et al., 1994). By their ability to transport nucleoside
analogues, ABCC3-MRP3 and ABCC5-MRP5 are proteins that are thought to cause
certain forms of drug resistance (Reid et al., 2003). Recently, ABCC11-MRP8 has also
been associated with anti-cancer drug export (Guo et al., 2003; Szakacs et al., 2004).

Although microarrays make possible the screening of thousands of genes in the
same matrix, attempts aiming to address anticancer drug resistance have been biased
in their interpretation by microarrays bearing a low number of ABC transporter
superfamily probes (Lamendola et al., 2003). Here, we report the design and the

application of a dedicated ABC-ToxChip, in which we complemented a comprehensive
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set of detoxifying genes with probes specifically matching ABC transporters. Instead of
using the short 25-mer probe-technology (Affymetrix, Santa Clara, CA), not optimized
for detecting infrequent transcripts, we printed a combination of longer 70-mer oligo
probes and 200-500 bp fragments, offering higher sensitivity due to the longer
complementary sequences.

Camptothecin (CPT) derivatives such as CPT-11 (Irinotecan) or Hycamtin
(Topotecan) are increasingly used in anti-tumor therapy against colon or lung cancers
(Kudoh et al., 1998). 9-Nitro-camptothecin (9NC) has recently been used in phase Il
studies for pancreatic cancer and is now in phase 3 clinical trials (Pantazis et al., 2003).
Many factors, such as specific mutations in topoisomerase |, complemented by a
general alteration of apoptotic regulation, have been proposed to explain the phenotype
of campthotecin resistance in a prostate cancer cell line (RCO.1) selected for resistance
to 9NC (Reinhold et al., 2003; Urasaki et al., 2001; Chatterjee et al., 2001). To
specifically address the role of detoxifying enzymes and ABC transporters in
campthotecin resistance, we compared the transcriptional profiles of the parental
prostate cancer DU145 cells and their 9NC-selected derivative cell line, RCO.1. Here,
we show that in RCO.1 cells, 9NC resistance is accompanied by the differential

expression of ABCC2-MRP2 and enzymes regulating glutathione metabolism.
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Materials and Methods
Tag polymerase and RT-PCR reagents were from Invitrogen (Carlsbad, CA).
Reagents for quantitative RT-PCR were from Roche. Inc. (Indianapolis, IN). High-
density microarrays were printed in the NIEHS facility. 9NC (Ref. C0156) was

purchased from LKT laboratories (St. Paul, MN).

Cell Lines and Cell Culture. DU-145 and its 9NC-selected derivative, RCO.1
cell lines were a generous gift from Dr. P. Pantazis (University of Miami, Coral Gables,
FL). Cells were cultured in RPMI (Invitrogen) supplemented with 10% tetracycline-
approved FBS (Hyclone Inc. Logan, UT), and 2mM L-glutamine by Quality Biological,
Inc., (Gaithersburg, MD) at 37°C with 5% CO,. Resistance to camptothecin analogs of
RCO.1 was maintained with passage in camptothecin-containing media (0.1 puM) every
three months.

RNA Preparation. Total RNA was purified as described in Reinhold et al.
(2003). For the preparation of the RNA used in the microarray analysis or RT-PCR,

cells were cultured in non-selective media.

Microarray Design. A 20K Human Oligo/cDNA hybrid Chip, printed at NIEHS
(NIEHS Microarray Group, National Institute of Environmental Health Sciences) was
used for gene expression profiling experiments. The chip contained three categories of
probes:

1. 96 ABC-specific probes (matching 36 ABC transporters), consisting of either

cDNA probes developed in-house or oligo-probes obtained from Operon Technologies
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(Qiagen, Valencia, CA). To create the cDNA-probes, we performed PCR amplifications
using specific primers on full-length cDNA sequences (ABCB1-MDR1, ABCC1-MRP1,
ABCC2-MRP2, ABCG2-MXR, ABCC7-CFTR and ABCB11) or on cDNA prepared from
cells rich in a given transporter (unpublished data). We used a blast-based algorithm to
increase specificity: first, we aligned the targeted transporter with members of its own
subfamily to locate a candidate region representing minimal overlap. Specificity was
then verified by blasting the candidate sequence against the whole non-redundant
human database. The probes synthesized by RT-PCR were TA cloned (Invitrogen), as
detailed in Table 1. ABC transporters are named using the HGNC nomenclature
(http://nutrigene.4t.com/humanabc.htm). When more than one probe was used for an
ABC transporter, the probe name was chosen to match the closest Ref-Seq entry from
the NCBI (i.e., ABCC3 (NM-003786, AJ294547.1, AJ294559.1, AJ294558.1). The
closest exon matching the probe sequence is indicated in Table 1.

2. 2,200 probes matching genes important in toxicological responses (cDNA
clones from the NIEHS ToxChip version 3.0 (Nuwaysir et al., 1999). The NIEHS set
contains approximately 2,200 known human genes involved in pathways such as
response to estrogens, polycyclic aromatic hydrocarbons, peroxisome proliferators,
DNA damage, and oxidant stress, as well as genes involved in apoptosis, cell cycle,
tumor suppression, signal transduction and transcription.

3. 18,000 genome-wide 70mer probes obtained from Operon Technologies
(Qiagen, Valencia, CA). A complete listing of the two sets (Human Oligo gene-set and
the Human TOX V1.0-set) printed on the ABC-ToxChip is available at

http://dir.niehs.nih.gov/microarray/annereau/home.htm.
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Gene Representation on the Microarray. The gene ontology classification

(http://www.geneontology.org/#ontologies) annotates each gene in three categories:

Molecular Function, Biological Process and Cellular Component. To search the Gene
Ontology (GO) reference for each gene represented on our microarray, we used the
human genome annotation (HUGO) reference converted from the Gene Accession

number by the Source data base (http://genome-www5.stanford.edu/cqi-

bin/SMD/source/sourceSearch) and the MatchMiner database

(http://discover.nci.nih.gov/imatchminer/html/index.jsp). Extraction of the GO annotation

starting keyword entry was performed on the QuickGO server at EBI

(http://www.ebi.ac.uk/eqo/).

Microarray Spotting. The oligonucleotides were resuspended in Arraylt Spotting
Solution Plus buffer (Telechem, San Jose, CA) and spotted at a concentration of 40 ™M
_onto poly-L-lysine coated glass slides using a modified, robotic DNA arrayer (Beecher
Instruments, Bethesda, MD). The spotting was performed in an environmentally
controlled chamber with a temperature of 25°C at 40% relative humidity. After printing,
the arrays were cross linked in a Stratalinker at a power of 300 millijoules and blocked
with succinic anhydride/1-methyl-2-pyrrolidinone (protocol available at:

http://dir.niehs.nih.gov/microarray/methods.htm)

Microarray Hybridizations. Each total RNA sample (25 ug) was labeled with

Cyanine 3 (Cy3) or Cyanine 5 (Cy5)-conjugated dUTP (Amersham, Piscataway, NJ) by
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a reverse transcription reaction using the reverse transcriptase, SuperScript Il
(Invitrogen, Carlsbad, CA), and the primer, Oligo dT (Amersham, Piscataway, NJ). The
fluorescently-labeled cDNAs were mixed and hybridized simultaneously on the
microarray chip. Each RNA pair was hybridized to a total of 4 arrays employing a fluor
reversal accomplished by labeling the control sample with Cy3 in 2 hybridizations and
with Cy5 in the other 2 hybridizations. After hybridization, arrays were washed with
Telechem wash buffers A, B, and C (Telechem International Inc., Sunnyvale, CA) for 2,
5, and 5 minutes respectively. The hybrid chips were scanned with an Agilent Scanner
(Agilent Technologies, Wilmington, DE) using independent laser excitation of the two
fluors at 532 and 635 nm wavelengths for the Cy3 and Cy5 labels, respectively. Results

are available at http://dir.niehs.nih.gov/microarray/annereau/home.htm.

Microarray Outlier Filtering. Raw pixel intensity images were analyzed using
ArraySuite v2.0 extensions of the IPLab’s image processing software package
(Scanalytics, Fairfax, VA). This program uses methods that were developed and
previously described by Chen et al. (2002) to locate targets on the array, measure local
background for each target and subtract it from the target intensity value, and to identify
differentially expressed genes using a probability-based method. The data were filtered
with a cut-off at the intensity level just above the buffer blank measurement values to
remove genes having one or more intensity values in the background range. After pixel
intensity determination and background subtraction, the ratio of the intensity of the
treated cells to the intensity of the control was calculated. The ratio intensity data from

all probes on the Human Oligo chip was used to fit a probability distribution to the ratio

10
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intensity values. The resulting probability distribution was used to calculate a 95%
confidence interval for the ratio intensity values. Genes having normalized ratio
intensity values outside this interval were considered to show significant differential

expression.

Statistical Analysis and Filtering the Outliers. For each of the 4 replicate
arrays for each sample, lists of differentially expressed genes at 95% confidence levels
were created and deposited into the NIEHS MAPS database (Bushel et al., 2001).
Genes that indicated fluorescence bias or high variation were not considered for further
analysis. Assuming that the replicate hybridizations are independent, a calculation
using the binomial probability distribution indicated that the probability of a single gene
appearing on this list when there was no real differential expression was <0.00048. The

entire dataset is available at http://dir.niehs.nih.gov/microarray/annereau/home.htm.

Identification of Relevant Biological Processes. The GoMiner software, which
can be downloaded at the LMB/NCI web site (discover.nci.nih.gov) offers a newly
implemented feature—the ability to point out a biological process that has been altered.
The algorithm uses Gene Ontology entries found in the outlier list as well as all the GO
entries available on the chip. The Gene Ontology database lists three structured,
controlled vocabularies (ontologies) that describe gene products in terms of their
associated biological processes, cellular components and molecular functions in a
species-independent manner. The GO entries are hierarchically linked, thus allowing

pooling and construction of cluster genes of crossed pathways. The bias in the gene

11
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representation (only a part of the genome is represented on the chip) could potentially
lead to misleading conclusions. To evaluate the statistical weight of each emerging
cluster, we have used the updated version of GoMiner that is now able to process

multiple comparison analyses (Zeeberg et al., 2003, http://discover.nci.nih.gov). The

statistical relevance of a candidate process found to be altered with drug resistance is
therefore calculated in comparison to the overall processes that could be theoretically

identified.

Quantitative RT-PCR. Real time PCR was performed with a Light Cycler RNA
SYBR Green kit (Roche Biochemicals, Indianapolis, IN). The reaction was in a 20 pl
final volume with 0.150 ug of purified total RNA, 4 ul PCR mix provided by the
manufacturer, 4 pl MgCl, (25 mM), 2.5 ul of each primer (2 uM), 0.4 pl of enzyme mix
and DEPC-H,0O. Optimized and specific primers were designed to produce a unique
band for the 47 ABC transporters (Szakacs et al., 2004). The reverse transcriptase
(RT) reaction was performed at 55°C for 20 min. cDNA generated by the RT step was
denatured at 95°C for 20 sec. Amplification of the cDNA was achieved in 45 cycles of
95°C, 5 sec; 58°C, 10 sec; 72°C, 13 sec. Fluorescence was recorded during the

elongation phase at 72°C.

Western Blots. Following SDS-Page electrophoresis on 6% acrylamide SDS-Page
gels (Invitrogen, Carlsbad, CA), samples (50 pg) were electro-blotted on nitrocellulose
membranes (Invitrogen). Membranes were saturated with a 10%, fat-free milk solution

(Giant Foods, Inc., Landover, MD), and then incubated overnight in the presence of an

12
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anti-MRP2 primary antibody (M-8316, Sigma, St-Louis, MO) at 1:1000 dilution. An
HRP-conjugated secondary antibody (anti-rabbit Goat IgG (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) was applied for 1 hour at 1:2000 dilution. ECL was
purchased from Amersham (Pharmacia Biotech, Inc., Little Chalfond Bucks, UK).

For GAPDH and GST-Pi, 12% SDS-Page gels were used (Invitrogen). Primary
antibodies were anti-GAPDH RDI-TRK-5G4-6C5 (Research Diagnostic Inc., Flanders,
NJ) at 1:1000 dilution and anti-GST-P IgG1 at 1:1000 dilution (BD Biosciences
Pharmingen, San Diego, CA). The secondary antibody was Goat-IgG anti-IgG Mouse
HRP-conjugated (Jackson ImmunoResearch Laboratories, # IR-115-035-164) at 1:2000

dilution.

13
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Results

Creation of a Hybrid cDNA/Oligo ABC-ToxChip to Study Drug Resistance.
The ABC-ToxChip is a dedicated microarray to study the drug resistance of cancer
cells. The platform contains three distinct sets of probes (Fig. 1A). The first set of
probes targets 36 ABC transporters (70-mer oligonucleotides, and cDNA probes).
Specificity and sensitivity was ensured by targeting each transporter with multiple
probes (Table 1). Since multidrug resistance can be regarded as a detoxification
problem, we also applied the TOX-probes (Nuwaysir et al., 1999) that cover known
detoxification genes involved in response to estrogens, polycyclic aromatic
hydrocarbons, peroxisome proliferators, DNA damage and oxidant stress, as well as
genes involved in apoptosis, cell cycle, tumor suppression, signal transduction and
transcription. To reduce the problem of sequence reliability encountered in
commercially available cDNA clones (Knight et al, 2001), the probes (200-500 bp) of the
TOX-set were derived from sequence-verified plasmids originally compiled at the
National Institute of Environmental Health Sciences (NIEHS). To avoid the risk of a
biased analysis inherent to highly specialized microarrays, we completed the chip with
18,000 probes (GEN-set) targeting the human transcriptome (Operon Inc., Alameda,
CA). To overcome the qualitative errors found on various platforms and to rule out
possible cross-hybridization, we verified the specificity of the cDNA and 70-mer oligo
sequences by extensive in silico analysis (not shown).

Of the 18,398 probes represented by 16,329 oligo probes and 2069 cDNA

probes matching a valid gene reference, 11,813 were annotated with HUGO references,

14
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using the Source / Matchminer databases (Zeeberg et al., 2003). The cDNA, or
detoxification set has 1,394 probes with valid GO annotations, of which 1,152 are also
represented in the GEN-set. The distribution of gene ontology entries proves that the
cDNA set is indeed enriched in genes related to detoxification processes. For example,
genes related to drug stress and DNA repair are highly represented in the cDNA TOX
set (1.3% and 3.3% of the total genes, respectively), as compared to the GEN-set (0.3%
and 0.6%, respectively).

Validation of the ABC-ToxChip Using an Established Model of Resistance.
To identify markers of resistance or sensitivity to colchicine, we compared two cell lines
using the ABC-ToxChip. KB-8-5 cells were derived from parental KB-3-1 cells by
selection in colchicine (Akiyama et al., 1985). RNA samples from the two cell lines were
reverse transcribed, labeled with Cy3/Cy5 and hybridized to 4 ABC-ToxChip slides.
After filtering the data for the most reliably differentially expressed genes with a
statistical confidence of 95%, the comparison revealed 241 statistically significant
variations (Table S1). Among the four cross-labeled experiments, 98 hits (40.6%)
appeared in all 4 replicate scans. The rest (59.4%) were significant in only 3 of the 4
replicate slides.

In total we identified 13 differentially expressed genes associated with colchicine
resistance with a ratio above 2.7 (Fig. 1C). Among the 20,000 genes, ABCB1/P-gp
showed the highest variation (10-fold fluorescence ratio) associated with colchicine
resistance. Closely related members of the same subfamily (ABCB2-3-4) showed only
moderate (about 2-fold) changes, presumably due to cross-hybridization, confirming the

improved specificity of our dedicated microarray for ABC transporters. To verify the

15
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patterns of ABC-expression detected by the microarray analysis, we measured the
expression of 47 ABC transporters by real time RT-PCR. The analysis confirms that
ABCB1 (MDR1) shows the largest variation among the ABC transporters, while the
expression of the other members is virtually unchanged (Fig. 1B). Comparison of KB-3-
1 cells to KB-C1, a derivative showing extreme resistance (1 ug/ml) of colchicine
showed the highest change in the expression of the same genes (log2ratio of 6.32 and
—4.2 for ABCB1/MDR1 and GST-Pi, respectively, data not shown).

Increased expression of MDR1 (ABCB1) and the glycoprotein hormone subunit
(GPH) was revealed by several independent probes (#M29447, #M37723 and #S70585,
#W86681 for GPH and ABCBL, respectively). The list of further upregulated genes
include Interleukin 8, MHC-I, COX-2 and the Interferon stimulated protein, while GST-Pi,
Calcium-binding protein A10, Voltage gated sodium channel and EGF-like domain 5 are
markedly downregulated in KB-8-5 cells as compared to the sensitive cell line. We
used the information provided by HUGO to process the ab initio and hypothesis free
GoMiner algorithm to detect biological processes that are represented by the
differentially expressed genes and could possibly explain mechanisms leading to
colchicine resistance.

Among 241 statistically significant outlier genes (see Materials and Methods), we
identified 125 unique HUGO entries (52%). Since the dedicated design of the
microarray can introduce a bias in analysis, with, for example, an overrepresented class
of detoxifying genes printed, we evaluated the significance of the results in the light of
the global representation of the GO ontology annotation entries. The GoMiner analysis

indicates that expression of genes found to be altered by selection for colchicine
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resistance is linked to antigen presentation and carbohydrate metabolism (P<0.0001). In

Table S2, we present the statistically relevant biological processes that can be
associated with colchicine resistance. In Table S3, we present the genes that belong to
the altered gene ontology categories related to antigen presentation, carbohydrate
metabolism, transport and oxydoreduction.

Application of the ABC-ToxChip to Study 9-nitro-camptothecin Resistance.
We next turned our attention to RCO.1, a prostate cell line selected in 9NC, where
mechanisms leading to the resistant phenotype have not been fully understood. This
cell line was created by selecting parental DU-145 cells in 0.1 uM 9-nitro-camptothecin
(Urasaki et al., 2001). RCO.1 presents a unique profile of multidrug resistance with a
selective resistance to camptothecin analogs, NB-506 (an inhibitor of topoisomerase I)
and cisplatin, while being sensitive to drugs known to be exported by ABCB1-MDR1 or
ABCC1-MRP1 (Chatterjee et al., 2001). Several laboratories have attempted to
elucidate this atypical profile of resistance: a mutation of topoisomerase |, preventing
the binding of camptothecin analogs (Chatterjee et al., 2001) and an alteration of the
apoptotic pathway (Chatterjee et al., 2001; Reinhold et al., 2003) have been proposed
as explanations. However, an exhaustive analysis of ABC transporters or genes
involved in detoxification has not been reported to date. To explore the role of ABC
transporters and other detoxifying genes in 9NC resistance, we compared the mRNA
expression profiles of DU-145 and RCO.1 cells using the ABC-ToxChip. Total cellular
RNA was extracted from both cell lines. Since the phenotype of acquired 9NC
resistance is stable without the pressure of selection, RNA was collected from cells

cultured in drug-free medium. Microarray experiments were performed as described
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previously for the KB cells. To control for labeling differences, reactions were carried
out in quadruplicate, and the fluorescent dyes were switched.

The list of the most significant differentially expressed genes is shown in Figure
1C and in Table S4. Among the 20,000 genes, ABCC2-MRP2 shows one of the highest
variations associated with 9NC resistance. First named the canalicular multispecific
organic anion transporter (cMOAT), ABCC2-MRP2 is a 190-kDa phosphoglycoprotein
localized in the canalicular (apical) membrane of hepatocytes. It is involved in the
transport of organic anions, including sulfated and glucuronidated bile salts.
Overexpression of MRP2 has been suggested to confer resistance to anti-cancer drugs
such as cisplatin, anthacyclines, and methotrexate, and animal models have shown
reduced hepatic transport of camptothecins (Horikawa et al., 2002).

Gamma-glutamylcysteine synthetase (GCS), also known as glutamate cysteine
ligase, a key enzyme in glutathione metabolism, was coordinately up-regulated with
MRP2, in keeping with the findings that MRP2 exports glutathione conjugates
(Paulusma et al., 1996). In contrast, despite its general up-regulation in cancer cells,
the expression of GST-Pi, catalyzing the conjugation of glutathione to electrophilic
carcinogens, was significantly reduced in RCO.1 cells, as it was in the colchicine-
selected KB cells.

Additional changes which might contribute to the pattern of drug resistance in
RCO.1 cells were also observed. The up-regulation of various histones in the selected
cells may provide means for the cells to adapt to the 9NC-mediated DNA insult. Further
changes associated with drug resistance include reduction in the tumor-associated

antigen L6 (transmembrane super family 4 or TM6). TM6 is also found to be down-
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regulated in cisplatin-resistant cells (KB/cDDP) (Higuchi et al., 2003), indicating that the
loss of TM6 expression is potentially associated with resistance to camptothecin and
cisplatin. Of the genes presented in Table S4, the decreased expression of GST-PIi,
NKT4 and Interleukin-4 in RCO.1 cells was also observed by an independent
microarray analysis (Table 2), which however failed to detect the overexpression of
ABCC2-MRP2.

Although 85 of the 125 outliers (68%) have a HUGO reference, the GoMiner
algorithm did not suggest specific biological processes to be significantly linked to
camptothecin resistance. (See tables S5 and S6 for the biological processes and their
associated genes linked to camptothecin resistance.)

We next sought to determine whether the differential expression of ABCC2-
MRP2 and GST-Pi could be confirmed by quantitative RT-PCR. The results show that
among the 47 ABC transporters, ABCC2-MRP2 is overexpressed in the resistant cell
line, while the expression of the other members is unchanged (Fig. 2A). Since mMRNA
levels may not reflect protein expression, due to modulation of translation or inhibition of
protein processing, we analyzed the expression of MRP2 and GSTPi at the protein
level. Fig. 2C shows that the protein expression of these two genes follows the pattern
predicted by the RNA analyses: In the RCO.1 cells, GST-Pi is down-regulated and

ABCC2-MRP2 is up-regulated as compared to the parental line.
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Discussion

In this report, we present a new microarray design and analysis to study
multifactorial drug resistance. We have designed and synthesized probes to match 36
of the 48 ABC transporters to print them on a platform enriched in genes involved in
detoxification, as well as a general set of 18,000 human gene probes (the ABC-
ToxChip). To increase at the same time sensitivity and specificity for genes involved in
drug resistance, we combined on the same chip both cDNA and oligos probes. This
approach provides an example of how existing microarray platforms may be modified to
target a gene family with high sensitivity and specificity to study multidrug resistance of
cancer. In this study, we confirm that overexpression of ABCB1 is a principal
component of the genetic changes underlying colchicine resistance. KB-8-5 cells
express ABCB1-MDR1 at a moderate level, comparable to that found in clinical
samples. We had made several earlier attempts to identify the molecular signature of
colchicine resistance, using a 9K cDNA microarray platform (UniGemV2, Advanced
Technology Center, NIH, Gaithersburg, MD). The UniGemV2 chip failed to identify the
overexpression of ABCB1-MDR1 and suggested, incorrectly, that the main outlier is
ABCBZ2, a protein closely related to ABCB1 (not shown). ABCB2-TAP1 is a component
of the ER transport system for peptide antigen presentation and is not believed to play a
role in the efflux of cytotoxic compounds, and, in fact, was not actually overexpressed in
KB-8-5 cells.

Analysis of a prostate cancer cell line (RCO.1) indicated the potential role of
ABCC2/MRP2 in 9NC resistance. Previous studies have shown that the resistance of

RCO.1 cells was also due to a mutation in the Topoisomerase 1 gene (Urasaki et al.,
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2001) and to a defect in apoptosis pathways (Reinhold et al, 2003; Chatterjee et al.,
1996), suggesting that resistance to camptothecin is multifactorial. Previous attempts to
elucidate mechanisms leading to campthotecin resistance included microarray analyses
of parental DU145 cells and RCO.1 cells (Reinhold et al., 2003), using a UniGem
microarray. Despite the high expression of ABCC2/MRP2 in the resistant cells (Fig.
1C), it's overexpression wasn'’t detected in these earlier studies. Taken together, these
findings suggest that the specific targeting of ABC transporters in dedicated, custom-
made arrays may improve the specificity and sensitivity of earlier generation
microarrays. Typical shortcomings of microarray platforms may be attributed to
imperfect clone annotation as well as the lack of specificity of probes targeted at
overlapping or homologous sequences of closely related proteins, such as ABCB1 and
ABCB2. These considerations prompted us to create our own, dedicated microarray
platform. In order to ensure specificity, we designed probes uniquely matching the
target transporters. The ABC-ToxChip analysis of cells selected in colchicine and 9NC
demonstrate the elevated expression of ABCB1 and ABCC2, respectively. Since gene
expression levels obtained by even the most carefully designed microarrays must be
validated by independent methods, we also designed specific primers for the human
ABC transporters (Szakacs et al, 2004). The quantitative RT-PCR data confirmed the
pattern of ABC transporter expression and suggested that there are no further ABC
transporters differentially expressed in the cells analyzed in this study. Through the
systematic analysis of ABC transporters and other genes of detoxification, our data

provide novel information about the effect of 9NC selection on gene expression.
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While the GoMiner algorithm did not identify major biological processes linked to
9NC resistance, the list of differentially expressed genes may provide some insight into
mechanisms underlying (or accompanying) resistance. An interesting example is
Radixin, which is overexpressed in the 9NC selected cell line. Radixin belongs to the
ERM (Ezrin-Radixin-Myosin) protein complex, and is involved in localization of integral
membrane proteins. Radixin -/- mice have Dubin-Johnson-like symptoms (Kikuchi et al,
2002), because MRP2 is not properly localized to the plasma membrane.

The coordinated expression of phase Il (conjugating) and phase Il (efflux)
systems has been shown to improve cellular detoxification (Morrow et al., 2000). We
found significant changes in the expression of two glutathione metabolism-related
genes. GST-Piis involved in coupling electrophilic drugs to reduced glutathione, and
GCS is the rate-limiting enzyme for glutathione synthesis. Neither GST-Pi mRNA nor
the protein is detectable in the resistant cell line. This observation is striking given the
association of high GST-Pi levels found in several resistant tumors and cell lines (Liu et
al., 2001; Tew, 1994). In contrast, gamma glutamate cysteine synthetase (GCS) is
overexpressed in the camptothecin resistant cells, as shown both by oligo and cDNA
probes (see Fig. 1C). The changes in GST-Pi, GCS and ABCC2 expression suggest a
putative “metabolic switch” necessary for resistance. As shown in Fig. 2B, these
enzymes play a role in the pathway of glutathione-mediated detoxification. Consistently,
two further genes belonging to the “Cysteine metabolism” ontology group (Table S4)
show differential expression (cystathioneine gamma-lyase and glutamate cyteine-ligase,

Table S6).
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Camptothecin resistance has been associated with the elevated expression of
ABCG2-MXR (Brangi et al., 1999), which was observed in a sub-line of the human
ovarian cancer cell line, A2780, selected against an analog of camptothecin: DX-8951f
(van Hattum et al., 2002). Our results do not show elevated ABCG2 expression in
RCO.1 cells, and suggest that ABCC2 may be involved in part of the resistant
phenotype. Consistent with our findings, previous studies have reported MRP2 as a
detoxifying transporter for camptothecin in animal models (Arimori et al., 2003) and cell
lines transfected with antisense MRP2 (Koike et al., 1997). Since resistance of RCO.1
against 9NC was shown to be partially mediated by mutations in topoisomerase |, we
speculate that the elevated expression of ABCC2 may play a role during the initial steps
of the selection process. This early adaptation may provide the background for the
evolution of further resistance mechanisms, such as mutation of topoisomerase 1 or
loss of the expression of other topoisomerase(s) 1 genes (Urasaki et al., 2001).

Retroviral transfer of ABCC1 (MRP1) has been shown to result in decreased
intracellular glutathione levels and increased sensitivity to BSO (Rappa et al., 2003).
Furthermore, in vitro reversal of MRP1-mediated resistance and in vivo potentiation of
the cytotoxicity of doxorubicin in MRP1-overexpressing tumors by BSO were previously
reported (Rappa et al., 2003). In an analogous fashion, consistent with the capacity of
ABCC?2 to export glutathione conjugates (Konig et al., 1999), RCO.1 cells also proved
hypersensitive to BSO treatment (data not shown). It is conceivable that the
coordinated expression of MRP2 and GCS occur as the cells adapt to the cytotoxic

stress. Since the maintenance of glutathione levels is critical for the survival of the
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cells, overexpression of GCS may represent an adaptive response compensating for
the loss of intracellular glutathione in the RCO.1 cells.

In conclusion, we have used a novel ABC-ToxChip to show the overexpression
of two ABC transporters in two different cellular models of drug resistance. In both
cases, ABC transporter overexpression occurs at the level of transcription and is
prominent when compared to the pattern of expression of 18,000 other genes. Our
results reinforce our interest in following the expression of ABC transporters as specific
markers of acquired drug resistance. The ABC-ToxChip should be a helpful tool to
assess the role of ABC transporters, and how their expression is linked to other
detoxification genes in various pathophysiological processes, such as drug resistance,

not only in tissue culture models, but in clinical samples as well.

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod

24


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

Acknowledgments
We would like to thank Dr. Pantazis for the generous gift of the RCO.1 cell lines.

We are also grateful to George Leiman for editorial assistance.

25

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

References

Akiyama S, Fojo A, Hanover JA, Pastan |, and Gottesman, MM (1985) Isolation and
genetic characterization of human KB cell lines resistant to multiple drugs. Somat Cell
Mol Genet 11: 117-126.

Arimori K, Kuroki N, Hidaka M, Iwakiri T, Yamsaki K, Okumura M, Ono H, Takamura N,
Kikuchi M, and Nakano M (2003) Effect of P-glycoprotein modulator, cyclosporin A,
on the gastrointestinal excretion of irinotecan and its metabolite SN-38 in rats. Pharm
Res 20:910-917.

Brangi M, Litman T, Ciotti M, Nishiyama K, Kohlhagen G, Takimoto C, Robey R,
Pommier Y, Fojo T, and Bates SE (1999) Camptothecin resistance: role of the ATP
binding cassette (ABC) half-transporter, mitoxantrone-resistance (MXR), and
potential for glucuronidation in MXR-expressing cells. Cancer Res 59:5938-5946.

Bushel PR, Hamadeh H, Bennett L, Sieber S, Martin K, Nuwaysir EF, Johnson K,
Reynolds K, Paules RS, and Afshari CA (2001) MAPS: a microarray project system
for gene expression experiment information and data validation. Bioinformatics
17:564-565.

Chatterjee D, Schmitz I, Krueger A, Yeung K, Kirchhoff S, Krammer PH, Peter ME,
Wyche JH, and Pantazis P (2001) Induction of apoptosis in 9-nitrocamptothecin-
treated DU145 human prostate carcinoma cells correlates with de novo synthesis of
CD95 and CD95 ligand and down-regulation of c-FLIP(short). Cancer Res 61:7148-

7154,

26

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

Chen Y, Kamat V, Dougherty ER, Bittner ML, Meltzer PS, Trent JM (2002) Ratio
statistics of gene expression levels and applications to microarray data analysis.
Bioinformatics 18:1207-1215.

Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, Almquist KC, Stewart AJ, Kurz
EU, Duncan AM, and Deeley RG (1992) Overexpression of a transporter gene in a
multidrug-resistant human lung cancer cell line. Science 258:1650-1654.

Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi AK, and Ross DD (1998) A
multidrug resistance transporter from human MCF-7 breast cancer cells. Proc Natl
Acad Sci USA 95:15665-15670. Erratum in: Proc Natl Acad Sci USA 96:2569, 1999.

Evans SJ, Datson NA, Kabbaj M, Thompson RC, Vreugdenhil E, De Kloet ER, Watson
SJ, and Akil H (2002) Evaluation of Affymetrix Gene Chip sensitivity in rat
hippocampal tissue using SAGE analysis. Eur J Neurosci 16:409-413.

Goto S, Kamada K, Soh Y, Ihara Y, and Kondo T (2002) Significance of nuclear
glutathione S-transferase pi in resistance to anti-cancer drugs. Jpn J Cancer Res
93:1047-1056.

Gottesman MM, Fojo T, and Bates SE (2002) Multidrug resistance in cancer: role of
ATP-dependent transporters. Nat Rev Cancer 2:48-58.

Guo Y, Kotova E, Chen ZS, Lee K, Hopper-Borge E, Belinsky MG, and Kruh GD (2003)
MRP8 (ABCC11) is a cyclic nucleotide efflux pump and a resistance factor for
fluoropyrimidines, 2'3'-dideoxycytidine and 9'-(2'-phosphonylmethoxyethyl)-adenine. J
Biol Chem 278:29509-29514.

Higuchi E, Oridate N, Furuta Y, Suzuki S, Hatakeyama H, Sawa H, Sunayashiki-

Kusuzaki K, Yamazaki K, Inuyama Y, and Fukuda S (2003) Differentially expressed

27

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

genes associated with CIS-diamminedichloroplatinum (II) resistance in head and
neck cancer using differential display and CDNA microarray. Head Neck 25:187-193.

Horikawa M, Kato Y, Sugiyama Y (2002) Reduced gastrointestinal toxicity following
inhibition of the biliary excretion of irinotecan and its metabolites by probenecid in
rats. Pharm Res 19:1345-1353.

Kikuchi S, Hata M, Fukumoto K, Yamane Y, Matsui T, Tamura A, Yonemura S,
Yamagishi H, Keppler D, Tsukita S, and Tsukita S (2002) Radixin deficiency causes
conjugated hyperbilirubinemia with loss of Mrp2 from bile canalicular membranes.
Nat Genet 31:320-325.

Knight J (2001) When the chips are down. Nature 410:860-861.

Koike K, Kawabe T, Tanaka T, Toh S, Uchiumi T, Wada M, Akiyama S, Ono M, Kuwano
M (1997) A canalicular multispecific organic anion transporter (cMOAT) antisense
cDNA enhances drug sensitivity in human hepatic cancer cells. Cancer Res 57:5475-
0.

Konig J, Nies AT, Cui Y, Leier |, and Keppler D (1999) Conjugate export pumps of the
multidrug resistance protein (MRP) family: localization, substrate specificity, and
MRP2-mediated drug resistance. Biochim Biophys Acta 1461:377-394.

Kudoh S, Fujiwara Y, Takada Y, Yamamoto H, Kinoshita A, Ariyoshi Y, Furuse K, and
Fukuoka M (1998) Phase Il study of irinotecan combined with cisplatin in patients
with previously untreated small-cell lung cancer. West Japan Lung Cancer Group. J
Clin Oncol 16:1068-1074.

Laing NM, Belinsky MG, Kruh GD, Bell DW, Boyd JT, Barone L, Testa JR and Tew KD

(1998) Ampilification of the ATP-binding cassette transporter 2 gene is functionally

28

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

linked with enhanced efflux of estramustine in ovarian carcinoma cells. Cancer Res
58:1332-1337.

Lamendola DE, Duan Z, Yusuf RZ, and Seiden MV (2003) Molecular description of
evolving paclitaxel resistance in the SKOV-3 human ovarian carcinoma cell line.
Cancer Res 63:2200-2205.

Lee JK, Bussey KJ, Gwadry FG, Reinhold W, Riddick G, Pelletier SL, Nishizuka S,
Szakacs G, Annereau JP, Shankavaram U, Lababidi S, Smith LH, Gottesman MM,
Weinstein JN (2003) Comparing cDNA and oligonucleotide array data: concordance
of gene expression across platforms for the NCI-60 cancer cells. Genome Biol 4:
R82.

Liu J, Chen H, Miller DS, Saavedra JE, Keefer LK, Johnson DR, Klaassen CD, and
Waalkes MP (2001) Overexpression of glutathione S-transferase Il and multidrug
resistance transport proteins is associated with acquired tolerance to inorganic
arsenic. Mol Pharmacol 60: 302-309.

Miyake K, Mickley L, Litman T, Zhan Z, Robey R, Cristensen B, Brangi M, Greenberger
L, Dean M, Fojo T, and Bates SE (1999) Molecular cloning of cDNAs which are
highly overexpressed in mitoxantrone-resistant cells: demonstration of homology to
ABC transport genes. Cancer Res 59:8-13.

Morrow CS, Smitherman PK, and Townsend AJ (2000) Role of multidrug-resistance
protein 2 in glutathione S-transferase P1-1-mediated resistance to 4-nitroquinoline 1-
oxide toxicities in HepG2 cells. Mol Carcinog 29:170-8.

Muller M, Meijer C, Zaman GJ, Borst P, Scheper RJ, Mulder NH, de Vries EG, and

Jansen PL (1994) Overexpression of the gene encoding the multidrug resistance-

29

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

associated protein results in increased ATP-dependent glutathione S-conjugate
transport. Proc Natl Acad Sci USA 91:13033-13037.

Nuwaysir EF, Bittner M, Trent J, Barrett JC, and Afshari CA (1999) Microarrays and
toxicology: the advent of toxicogenomics. Mol Carcinog 24:153-159.

Pantazis P, Han Z, Balan K, Wang Y, and Wyche JH (2003) Camptothecin and 9-
nitrocamptothecin (9NC) as anti-cancer, anti-HIV and cell-differentiation agents.
Development of resistance, enhancement of 9NC-induced activities and combination
treatments in cell and animal models. Anticancer Res 23:3623-3638.

Paulusma CC, Bosma PJ, Zaman GJ, Bakker CT, Otter M, Scheffer GL, Scheper RJ,
Borst P, and Oude Elferink RP (1996) Congenital jaundice in rats with a mutation in
a multidrug resistance-associated protein gene. Science 271:1126-1128.

Rappa G, Gamcsik MP, Mitina RL, Baum C, Fodstad O, Lorico A (2003) Retroviral
transfer of MRP1 and gamma-glutamyl cysteine synthetase modulates cell sensitivity
to L-buthionine-S,R-sulphoximine (BSO): new rationale for the use of BSO in cancer
therapy. Eur J Cancer 39:120-128.

Reid G, Wielinga P, Zelcer N, De Haas M, Van Deemter L, Wijnholds J, Balzarini J, and
Borst P (2003) Characterization of the transport of nucleoside analog drugs by the
human multidrug resistance proteins MRP4 and MRP5. Mol Pharmacol 63:1094-
1103.

Reinhold WC, Kouros-Mehr H, Kohn KW, Maunakea AK, Lababidi S, Roschke A, Stover
K, Alexander J, Pantazis P, Miller L, Liu E, Kirsch IR, Urasaki Y, Pommier Y, and

Weinstein JN (2003) Apoptotic susceptibility of cancer cells selected for

30

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

camptothecin resistance: gene expression profiling, functional analysis, and
molecular interaction mapping. Cancer Res 63:1000-1011.

Schuetz EG, Beck WT, and Schuetz JD (1996) Modulators and substrates of P-
glycoprotein and cytochrome P4503A coordinately up-regulate these proteins in
human colon carcinoma cells. Mol Pharmacol 49:311-318.

Shen DW, Fojo A, Chin JE, Roninson IB, Richert N, Pastan I, and Gottesman MM
(1986a) Human multidrug-resistant cell lines: increased mdrl expression can
precede gene amplification. Science 232:643-645.

Shen DW, Cardarelli C, Hwang J, Cornwell M, Richert N, Ishii S, Pastan I, and
Gottesman MM (1986b) Multiple drug-resistant human KB carcinoma cells
independently selected for high-level resistance to colchicine, adriamycin, or
vinblastine show changes in expression of specific proteins. J Biol Chem 261:7762-
7770.

Shen DW, Goldenberg S, Pastan I, and Gottesman MM (2000) Decreased
accumulation of [14C]carboplatin in human cisplatin-resistant cells results from
reduced energy-dependent uptake. J Cell Physiol 183:108-116.

Smith AJ, van Helvoort A, van Meer G, Szabo K, Welker E, Szakacs G, Varadi A,
Sarkadi B, and Borst P (2000) MDR3 P-glycoprotein, a phosphatidylcholine
translocase, transports several cytotoxic drugs and directly interacts with drugs as
judged by interference with nucleotide trapping. J Biol Chem 275:23530-23539.

Szakacs G, Annereau J-P, Lababidi S, Shankavaram U, Arciello A, Bussey KJ,

Reinhold W, Guo Y, Kruh GD, Reimers M, Weinstein JN, and Gottesman MM (2004)

31

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

Predicting drug sensitivity and resistance: Profiling ABC transporter genes in cancer
cells. Cancer Cell in press.

Tew RD (1994) Glutathione-associated enzymes in anticancer drug resistance. Cancer
Res 54:4313-4320.

Urasaki Y, Laco GS, Pourquier P, Takebayashi Y, Kohlhagen G, Gioffre C, Zhang H,
Chatterjee D, Pantazis P, and Pommier Y (2001) Characterization of a novel
topoisomerase | mutation from a camptothecin-resistant human prostate cancer cell
line. Cancer Res 61:1964-19609.

van Hattum AH, Hoogsteen 1J, Schluper HM, Maliepaard M, Scheffer GL, Scheper RJ,
Kohlhagen G, Pommier Y, Pinedo HM, and Boven E (2002) Induction of breast
cancer resistance protein by the camptothecin derivative DX-8951f is associated with
minor reduction of antitumour activity. Br J Cancer 87:665-672.

Velculescu VE, Zhang L, Vogelstein B, and Kinzler KW (1995) Serial analysis of gene

expression. Science 270:484-487.

Zeeberg BR, Feng W, Wang G, Wang MD, Fojo AT, Sunshine M, Narasimhan S, Kane
DW, Reinhold WC, Lababidi S, Bussey KJ, Riss J, Barrett JC, and Weinstein JN
(2003) GoMiner: a resource for biological interpretation of genomic and proteomic

data. Genome Biol 4:R28.

32

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

Notes:
This work was supported by the National Institutes of Health.

13-P. Annereau and G. Szakacs contributed equally to this work.

*Present address for J-P. Annereau: Laboratoire de Biologie Moléculaire et Structurale,
Batiment 23B, Institut de Chimie des Substances Naturelles, Centre National de la Recherche

Scientifique, 1 avenue de la Terrasse, 91198 Gif Sur Yvette, France

33

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 1, 2004 as DOI: 10.1124/mol.104.005009
This article has not been copyedited and formatted. The final version may differ from this version.

TABLE 1

ABC probes printed on the ABC-ToxChip

Probe® ABC Gene bank Matching Probe® ABC Gene bank Matching
b . . C b . L C
transporter identifier exon transporter identifier exon
OLIGO ABCA1 NM-005502.1 OLIGO ABCC3 NM-003786.2
CDNA ABCAl XM-050009.5 cDNA ABCC3 AJ294547.1 exon 3
OLIGO ABCA2 AF178941.1 cDNA ABCC3 AJ294559.1 exons 20-23
OLIGO | ABCA3 NM-001089.1 cDNA ABCC3 AJ294558.1 exon 19
cDNA ABCA3 XM-028843.2 cDNA ABCC3 NM-020038.1
OLIGO ABCA4 NM-000350.1 OLIGO ABCC4 NM-005845.1
cDNA ABCA4 Y15644.1 exon 10 cDNA ABCC4 XM-036453.1
cDNA ABCA4 Y15676.1 exon 42 cDNA ABCC4 AF071203.1
cDNA ABCA5 NM-018672.1 cDNA ABCC4 U66686.1
cDNA ABCA5 XM-057257.3 cDNA ABCC4 AF071202.1
OLIGO ABCAS8 NM-007168.1 OLIGO ABCC5 NM-005688.1
cDNA ABCA12 NM-015657.1 cDNA ABCC5 BC007229.1
OLIGO ABCB1 NM-000927.2 cDNA ABCC5 AF146074.1
cDNA ABCB1 M29426.1 exon 4 cDNA ABCC5 AB005659.1
cDNA ABCB1 M37723.1 exon 6 cDNA ABCC5 XM-002914.6
cDNA ABCB1 XM-029059.2 OLIGO ABCC6 NM-001171.2
cDNA ABCB1 M29447.1 exon 28 cDNA ABCC6 AF076622.1
OLIGO ABCB2 NM-000593.2 cDNA ABCC6 AF168791.1
cDNA ABCB2 U07198.1 exon 4, cDNA ABCC6 NM-001171.2
cDNA ABCB2 S70260.1 OLIGO ABCC7 NM-000492.2
cDNA ABCB2 NM-000593.3 cDNA ABCC7 M55109.1 exon 4
OLIGO ABCB3 NM-000544.2 cDNA ABCC7 M55032.1 exon 19
cDNA ABCB3 XM-165824.1 cDNA ABCC7 XM-004980.4
OLIGO ABCB4 NM-018850.1 OLIGO ABCCS8 NM-000352.2
cDNA ABCB4 XM-167466.1 OLIGO ABCC9 NM-005691.1
cDNA ABCB5 XM-166496.1 cDNA ABCC11 NM-032583.2
OLIGO ABCB6 NM-005689.1 cDNA ABCC12 NM-033226.1
cDNA ABCB6 BC000559.1 OLIGO ABCD1 NM-000033.2
cDNA ABCB6 XM-050891.4 cDNA ABCD1 BC025358.1
OLIGO ABCB7 NM-004299.2 OLIGO ABCD2 NM-005164.1
cDNA ABCB7 XM-032877.2 OLIGO ABCD3 NM-002858.2
OLIGO ABCBS XM-032165.2 cDNA ABCD3 BC009712.1
cDNA ABCB8 XM-032165.5 OLIGO ABCD4 NM-005050.1
OLIGO ABCB10 NM-012089.1 cDNA ABCD4 NM-020326.1
cDNA ABCB10 XM-001871.4 OLIGO ABCE1 NM-002940.1
OLIGO ABCB11 NM-003742.1 cDNA ABCE1 XM-003555.9
OLIGO ABCC1 NM-019902.1 OLIGO ABCF1 NM-001090.1
cDNA ABCC1 AF022824.1 exon 2 cDNA ABCF1 BC016772.1
cDNA ABCC1 AF022826.1 exon 4 OLIGO ABCF2 XM-039075.1
cDNA ABCC1 AF022830.1 exon 8 cDNA ABCF2 BC001661.1
cDNA ABCC1 AF022853.1 exon 31 cDNA ABCF3 NM-018358.1
cDNA ABCC1 AJ003198.1 OLIGO ABCG1 NM-004915.2
cDNA ABCC1 NM-019902.1 cDNA ABCG1 XM-032950.3
cDNA ABCC1 AF022830.1 exon 8 OLIGO ABCG2 NM-004827.1
OLIGO ABCC2 XM-050760.1 cDNA ABCG2 XM-032424.1
cDNA ABCC2 AJ132306.1 exon 23 cDNA ABCG2 AF098951.2
cDNA ABCC2 AJ245627.1 exon 26 cDNA ABCG4 lo | XM-012099.8
cDNA ABCC2 U63970.1 cDNA ABCGS8 NM-022437.1
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®0ligo indicates that the probe is a single-stranded, 70 mer oligonucleotide; cDNA indicates the
probe is a fragment of double-stranded DNA amplified by PCR.

"ABC transporters are named using the HGNC nomenclature
(http://nutrigene.4t.com/humanabc.htm).

“The probes are named after the closest matching RefSeq entries (National Center for

Biotechnology Information (NCBI), e.g., C3 (NM-003786, AJ294547.1, AJ294559.1, AJ294558.1).

The exon most closely matching the sequence is indicated.
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TABLE 2
Differentially expressed genes identified by two independent microarray analyses (ATC-DU-145

versus RCO.1)

CloneID HCNG Gene description Ratio R/S? Ratio R/S?
reference Reinhold et al., present study”
2003

266146 CYP24A1 Cytochrome P450 XXIV 12.66 NA (1.91)
429091 H2A1 Histone 2A like protein (H2A-I) 6.93 NA (2.70)
376370 EGR-Early Growth response protein 5.22 1.94(NA)
209156 DAD1 Defender against cell death 2.29 NA (1.91)
774710 GSTP1 Glutathione-S-tranferase Pi 0.12 0.12 ( 0.03)
810859 NK4  Natural killer cells protein-4 0.13 NA (0.25)
328692 IL8 Interleukin 8 0.13 NA (0.26)
840683 CIN  Cytokine inducible nuclear protein 0.23 NA (0.45)

®Relative expression, resistant versus sensitive (R/S)

bRelative expression based on oligo and cDNA probes. Results based on cDNA probes are shown in

parentheses. NA, not applicable.
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Figure Legends

Fig. 1. Creation and application of the ABC-ToxChip. A, Details of a scan of the ABC-
ToxChip . The section shown is one of the 32 blocks printed. The platform has 4 x 8
such blocks, each containing 625 (25 x 25) slots, yielding in total 20,000 probe-slots
available for printing. The upper part of the block contains the oligo-set, and the lower
part bears the cDNA probes matching the detoxification set. The probes specifically
matching the ABC transporters are printed in the lowest row. B, Quantitative RT-PCR to
follow transcriptional changes of ABC transporters and GST-Pi. Crossing point values of
amplification for 47 ABC transporters and GST-Pi in the two samples are shown in a
scatter plot. Deviations greater than 2 cycles are considered significant. Results
demonstrate activation of MDR1 and downregulation of GST-Pi with colchicine
resistance. C, Significant outliers (>2.7 fold) identified by the microarray experiments.
ABC transporters appear as major outliers in both analyses, suggesting their strong
contribution to the MDR phenotype. Genes where the variation was confirmed by more
than one probe are indicated in grey. Arrows point out the most drastic changes
discussed in this paper (i.e. GST and ABC transporters). OL and cD refer to oligo and
cDNA probes, respectively. n defines the number of experiments (out of 4 replicates)
where gene expression is found significantly altered. C.R. (calibrated ratio) indicates the
fold of difference of expression between the resistant cell line versus the parental cell

line.
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Fig. 2. Overexpression of ABCC2 and downregulation of GST-Pi with 9NC selection.
A, Confirmation of the overexpression of ABCC2, and down-regulation of GST-Pi with
9NC selection by quantitative RT-PCR. Crossing point values of amplification for 47
ABC transporters and GST-Pi in the two samples are shown in a scatter plot. B,
lllustration of the role of ABCC2, GST and GCS in the glutathione-related detoxification
pathway. The concentration of glutathione is regulated by its metabolism (GSH-GSX,
GSH-GSSG) and biosynthesis, catalyzed by GST and GCS, respectively, and the
activity of ABCC2. C, Correlation between the mRNA and protein levels. The symbols
S and R correspond to the sensitive (ATC-DU-145) and resistant cell line (RCO.1),
respectively. The signal for GST-Pi in the resistant cell line was below the level of

detection.
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[ ]
ABC transporters

C KB-3-1 versus KB-8-5

oy,

Cp of KB 8-5 (Colchicine resistant)

1 o
38

ABCB1¢ e
331

ABCBle . go¥

284 * . &

XY

& & ¢ GST-Pi
O
237 T W
18 T T T T 1
18 23 28 33 38 43

Cp of KB 3-1 (parental)

ATC-DU-145 versus RCO.1

Gene ID n_Description of up-regulated genes CR. | | Gene ID n Description of up-requlated genes CR.
oL 3 Human P-glycoprotein [MDR1] gene, exon ZSW#L U70312 3 EGF-like repeats and discoidinl-like domains 3 12.50
oL 4 Glycoprotein hormone, alpha polypeptide 135 L 4 HSA132306 MRP2 gene, exon 23" 12.32
cD 4 Glycoprotein hormone, alpha polypeptide 13 cD 4 Insulin-like growth factor binding protein 3 6.88
oL 3 Human MDR1/P-glycoprotein gene, exon 6 1.3 OL M38591 4 $100 calcium-binding protein A10 579
oL 3 Human P-glycoprotein [MDR1] gene, exon 4~ 9.39 cD 308366 3 Folate receptor 1 513
cD  W45324 4 Interleukin 8 719 OL J02763 4 $100 calcium-binding protein A6 4.65
OL  X15422 3 Mannose-binding lectin 2 45 OL X60484 3 H4 histone family, member E 437
OL  X58536 4 Major histocompatibility complex, class |, C 3.86 OL uU05598 4 Aldo-keto reductase family 1, member C2 427
OL  AF071596 4 Immediate early response 3 3.83 OL AB032261 4 Stearoyl-CoAdesaturase 4.07
OL  M80469 4 MHC class | HLA-J gene, exons 1-8 3.74 OL U28369 3 Sema domain, immunoglobulin domain 3B 3.90
OL  M12758 4 MHC class | HLA-A24 gene, exons 4,6-8 3.19 OL M30704 4 Amphiregulin 3.35
cD  R80217 4 Cyclo oxygenase 2 2.99 cD 4 Glutamate cysteine ligase , catalytic 3.01
OL _ M13755 4 Interferon stimulated protein 2.98 OL M76231 3 Sepiapterin reductase 2.96
oL X05908 4 Annexin A 1 2.82
Gene ID n_Description of down-requlated genes CR. Gene ID n Description of down-requlated genes NCBI C.R.
OL  M38591 3 S$100 calcium-binding protein A10 0.37 OL Y11307 3 Cysteine-rich, angiogenic inducer, 61 0.36
cD  AA040702 4 Phosphoglyceratemutase 1 [brain] 0.36 OL X04741 3 Ubiquitin carboxyl-terminal esterase L1 0.35
OL  AF225985 3 Sodium channel, voltage-gated, type | 0.36 cD 110503 4 Fos Related Antigen 1 0.35
cD 4 Glutathione-S-transferase-Pi 0.35 cD 484963 4 Metallothionein from cadmium treated cells 033
OL  AB011542 3 EGF-like-domain, multiple 5 \ 0.35 OL M24283 3 Intercellular adhesion, human rhinovirus receptor0.32
OL 3 Glutathione-S-transferase-Pi 0.06 OL 4 Transmembrane 4 super family member 1 0.32
OL 52784 3 Cystathionase 0.31
cD 328692 4 Interleukin 8 0.26
oL AJ270993 4 Homeobox B6 0.25
OL M59807 3 Natural killer cell transcript 4 0.25
OL X16172 4 Human HOX-2.5 gene for homeodomain protein 0.17
cD 4 Glutathione-S-transferase-Pi 012
oL 4 Glutathione-S-transferase-Pi 0.03
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TABLE S4
Statistically significant variations between ATC-DU-145 and RCO.1

Gene ID
oL  U70312
OL  AJ132306
cD 376184
OL  M38591
cD 308366
oL  J02763
OL  X60484
OL  U05598
OL  AB032261
OL  U28369
OL  M30704
cD 203721
OL  M76231
OL  X05908

OL  NM_016300
OL  AF300649

oL  L19779
OL  X03674
OL  U49248
cD 427768
OL  S79432
cD 248589
OL  M35878
cD 347573
OL  X86428
oL u17077
cD 132304
oL  U57721
OL  NM_023945
cD 208950

OL  NM_014183
OL  AL031659
OL  AF091395

cD 47458

OL  U30255
cD 488974
cD 297595
OL  M92383
cD 362059
OL 737986
cD 180520
oL  M17733
OL  U14391
OL  X01630
OL  M63138
cD 512246
cD 471763
OL  S65738
OL  AF204271
cD 487407
OL  AF019083
oL  X57129
OL  Y00486
cD 162772
OL  AL117612
OL  L13286
OL  D15057
OL  M30142
OL  NM_016085
OL  U34962
cD 183945
OL  S54005
cD 280069
OL 780780
OL  M74542
oL  U76702
OL  X67081
OL  X17025
OL  M26252
OL  D38583
OL  D89667

OL  AF137030
OL  AJ271802

cD 310800
OL 783738
oL  U20982
oL 780781
OL  L19185
OL  U92436

WWWWWRPRAWARWWRWORPRRWRAWRRPRWRARRPRWORRRWORWLWWRAWRWLOWRARPRWLWWWORWWRAWRAWRARRWWWWRAWRAWARWRARWRWARMRPW S

OL  L02320

Description of up-regulated known genes

EGF-like repeats and discoidinl-like domains
HSA132306 MRP2 gene, exon 23""
Insulin-like growth factor bindin%notein 3
S100 calcium-binding protein A
Folate receptor 1
S100 calcium-binding protein A6
H4 histone family, member E
Aldo-keto reductase family 1, member C2
Stearoyl-CoAdesaturase
Sema domain, immunoglobulin domain 3B
Amphiregulin
Glutamate cysteine ligase , catalytic
Sepiapterin reductase
Annexin A 1
Cyclic AMP-regulated phosphoprotein, 21 kD
Homo sapiens re?ulator of G-protein signaling
H2A histone family, member O
Glucose-6-phosphatedehydrogenase
ATP-binding cassette, member C2
Actin depolymerizing factor
Gamma-glutamylcysteine synthetase heavy
Putative serine/threonine protein kinase
Insulin-likegrowthfactorbindingprotein3
Transcription factor COUP 2
Protein phosphatase 2A, regulatory subunit B’
BENE protein
Contactin 1
Kynureninase

embrane-spanning 4-domains, subfam. A
Microsomal aldehyde dehydrogenase
HSPC162protein
Ribophorin II
Triple functional domain
Thioredoxin reductase
Phospho-gluconate-dehydrogenase
Defender against cell death
Protein tyrosine phosphatase PTPCAAX1
Homo sapiens thymosin beta-10 gene, 3'end
Laminin related protein
Emopamil-bindingprotein
E6 associated protein E6 AP/ubiquitin ligase
Thymosin, beta 4, X chromosome
MyosinIC
Arginino succinate synthetase
Cathepsin D
Thymosin B10
Crystallin zeta
Destrin
Scan domain protein 1 ;SCAN-relatedproteinRAZ1
Insulin induced protein1
Phosphatase and tensin homolog , pseudogene 1
H1 histone family, member 2
Adenine phosphoribosyl-ransferase
Early growth response protein 1
Homo sapiens mRNA ; cDNADKFZp564B1264
Cytochrome P450, subfamily XXIV
Defender against cell death ™1
Decay accelerating factor for complement
Apoptosis related protein APR-3
Cardiac-specific homeo box
SmallnuclearribonucleoproteinpolypeptideN
Thymosin, beta 10
Adrenodoxin Reductase
H2B histone family, member H
Aldehyde dehydrogenase 3
follistatin-like3
H4 histone family, member |
Isopentenyl-diphosphate delta isomerase
Pyruvate kinase, muscle
S100 calcium-binding protein A11
Prefoldin 5
Transmembrane protein 2
Prostaglandin E synthase
Decay accelerating factor for complement
H2B histone family, member E
Insulin-likegrowthfactor-bindingprotein4
H2B histone family, member J
Thioredoxin-dependent peroxide reductase 1
Ehgsphatase and tensin homolog

adixin

w
pa]

Gene ID

322051

M76125

V00594
153067
X53587

usBs573
NM_016147
AF061738
D50840

712518
469931

M10943
AF079167

S72043
X65607

M10942

120320

M13485

X83703

NM_007192
U67963

840567
X76717
280768
Y11307
X04741
110503
484963

M24283
M90657

S52784
328692

AJ270993
M59807

X16172
136235

u12472
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Description of down regulated known genes

Parathyroid hormone

AXL receptor tyrosine kinase
Metallothionein 2 A

Stannio calcin 2

Integrin, beta 4

NBR2

Protein phosphatase methylesterase-1
Leucine amino peptidase
UDP-glucoseceramideglucosyltransferase
PMS1

Transcriptional activation factor TAF 1132
Metallothionein1F

Oxidised low density lipoprotein--receptor-1
Metallothionein3

Metallothionein1X

Metallothionein 1 E

Cyclin-dependent kinase 7

Metallothionein 1 B

Cardiac ankyrin repeat protein
Chromatin-specific transcription elongation factor
Lysophospholipase-like

Tumor Associated Antigen 6
Metallothionein 1 L

Tumor Associated Antigen 6

Cysteine-rich, angiogenic inducer, 61
Ubiquitin carboxyl-terminal esterase L1

Fos Related Antigen 1

Metallothionein from cadmium treated cells
Intercellular adhesion, human rhinovirus receptor
Transmembrane 4 super family member 1
Cystathionase

Interleukin 8

Homeobox B6

Natural killer cell transcript 4

Human HOX-2.5 gene for homeodomain protein
Glutathione-S-transferase-Pi
Glutathione-S-transferase-Pi

Gene ID

AL122056 3
AL133645 4

NM_025174 4

AL117643
AC004030
AL022163
AL031903

241972

M59499
AB007946

83524

3

3
3
3
3
3
3
3

NM_024741 3

415014

4

AC003989 3
NM_024548 4
AK000575 4

AL117612
AK001362
AK000174

L17131
X64116
488849
X96381
563312
546875

4

3
3
4
4
4
3
3
3

AK000743 4
NM_024854 3
AK000507 4
NM_024687 4

AK002107

3

Description (unknown genes or pseudogenes)

HomosapiensmRNA;cDNADKFZp434P088
HomosapiensmRNA;cDNADKFZp434C107
HypotheticalproteinFLJ23040
HomosapiensmRNA;cDNADKFZp434M245
Homo sapiens DNA from chromosome 19
Farnesyl pyrophosphate synthetase pseudogene
Pseudogene similar to Keratin 18, EST

ESTs, Highly similar to COMPL. FACTOR B
Tissue factor pathway inhibitor
KIAA0477geneproduct

ESTs, Highly similar to cytochrome P450 IVF3
HypotheticalproteinFLJ12827

ESTs, Highly similar to THIOREDOXIN
HumanBACcloneRG007J15from7q31
HypotheticalproteinFLJ23047
hypotheticalproteinFLJ20568

Homo sapiens mRNA ; cDNADKFZp564B1264
Homo sapiens ¢cDNA FLJ10500 fis,

Homo sapiens ¢cDNA FLJ20167 fis,
High-mobilitygroupproteinisoformslandY
Poliovirus receptor

ESTs, Highly similar to Glutathione S transferase Pi
Ets variant gene 5

ESTs, Highly similar to 47 KD Heat shock

ESTs, Highly similar to Homeobox protein HOX A6
hypotheticalproteinFLJ20736
HypotheticalproteinFLJ22028
hypotheticalprotein
HypotheticalproteinFLJ23049

Homo sapiens cDNA FLJ11245 fis,
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TABLE S1
Statistically significant variations between KB-3-1 and KB-8-5

oL
oL
oL
oL
cD
oL
oL
oL
oL
oL
cD
cD
oL
oL
oL
oL
oL
oL
oL
cD
cD
oL
cD
cD
oL
oL
oL
oL
oL
cD
oL
cD
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
oL
cD
oL
oL
cD
oL
oL
cD
oL
oL
oL
oL
oL
oL
cD
oL
cD
oL
oL
oL
oL
oL
cD
cD
oL
oL
cD

oL

Gene ID

X71973
120320
§71018
AL137704
AA586793
AB021288
AF064804
U13667
NM_014067
295115
H61694
N92910
AJ249732
NM_022648
AL050227
U91963
U55206
L19779
X92120
AA099218
AA037443
u79745
R40903
AA011435
AF208850
NM_018549
NM_018850
NM_012149
NM_000495
H39852
AL137450
W90612
AL137540
AJ294558
u18018
D32129
L02870
NM_021163
AC002394
NM_000593
X56841
X05153
NM_005346
AB019565
X07732
AL022723
M12679
u07198
NM_020365
AA069027
M69199
u07198
H25136
AF070632
AL136531
AA159273
AJ012159
M16102
K02765
U04636
AB018345
M24283
W86506
M13755
R80217
M12758
M80469
AF071596
X58536
X16422
R52798
W45324
M29426
M37723
W86681
§70585
M29447

n
4
3
3
4
3
3
3
4
4
3
3
4
3
3
3
3
3
3
3
4
3
3
4
4
3
3
3
3
3
4
4
4
3
3
4
4
4
4
3
3
4
3
3
3
3
4
3
4
4
4
4
4
4
3
3
4
3
4
3
4
3
4
3
4
4
4
4
4
4
3
3
4
3
3
4
4
3

Description of up-regulated genes

glutathioneperoxidase4[phospholipidhydroperoxidase]
cyclin-dependentkinase7[homologofXenopusMO15cdk]
peptidylprolylisomeraseClcyclophilinC]
dualspecificityphosphatase4
ofp65geneencodingp65subunitoftranscriptionfactorNFkappaB
beta-2-microglobulin

suppressorofTy[S.cerevisiae]3homolog
Gprotein-coupledreceptor2

LRP16protein

crystallin, beta B1

Dipeptidylpeptidase IV [CD26, adenosine deaminase complexing protein 2]
Eukaryotictranslationelongationfactor2

G8protein

Tensin
HomosapiensmRNA;cDNADKFZp586M0723[fromcloneDKFZp586M0723]
tolloid-like 1

gamma-glutamy! hydrolase [conjugase, folylpolygammaglutamyl hydrolase]
H2A histone family, member O

DNA-damage-inducibletranscript3

Succinate dehydrogenase 2, flavoprotein [Fp] subunit
metallothioneinfromcadmiumtreatedcells[MTII]

solute carrier family 16 [monocarboxylic acid transporters], member 6
MULTIDRUGRESISTANCEPROTEIN1

Superoxide dismutase 2, mitochondrial

protein tyrosine phosphatase type IVA, member 2
HypotheticalproteinPRO3073

ABCB4-MDR2"

Double homeobox, 5

collagen, type IV, alpha 5 [Alport syndrome]

ESTs, similar to olfactory receptor [Mus musculus]
ribosomalproteinL37
SEXHORMONEBINDINGGLOBULINPRECURSOR[Homosapiens]
HomosapiensmRNA;cDNADKFZp43401519

MIX HSA294558 Homo sapiens partial MRP3 gene

ets variant gene 4 [E1A enhancer-binding protein, E1AF]

major histocompatibility complex, class I, A

collagen, type VII, alpha 1]

RB-associatedKRABrepressor
HumanChromosome16BACcloneCIT987SK-A-211C6
ABCB2-[TAP1] gene

major histocompatibility complex, class I, E

lactalbumin, alpha-

heatshock70kDprotein1

interferon, alpha-inducible protein [clone IFI-6-16]

hepsin [transmembrane protease, serine 1]

major histocompatibility complex, class I, F

Cw1antigen

HSU07198 Human transporter 1 [TAP1] gene, exon 4,

Eukaryotic translation initiation factor 2B, subunit 3 [gamma, 58kD]
Integrin, alpha 2 [CD49B, alpha 2 subunit of VLA 2 receptor]
putativelymphocyteG0/G1switchgene

HSU07198 1 [TAP1] gene, exon 4,

Inositol 1,4,5 triphosphate receptor, type 3
Homosapiensclone24405mRNAsequence

Human DNA sequence from clone RP11-314N13
AlphattypeVllcollagen

5T4oncofetaltrophoblastglycoprotein

major histocompatibility complex, class I, B
complementcomponent3

prostaglandin-endoperoxidesynthase2]

KIAA0802protein

intercellular adhesion molecule 1 [CD54], human rhinovirus receptor
ESTs, Highly similar to POLIOVIRUS RECEPTOR [Mus musculus]
interferon-stimulated protein, 15 kDa
cyclooxygenase2[hCox2]gene

Human MHC class | HLA-A24 glycoprotein mRNA [exons 4,6-8], clone 1
Human MHC class | HLA-J gene, exons 1-8 and complete cds
immediateearlyresponse3

major histocompatibility complex, class I, C

mannose-binding lectin [protein C] 2, soluble [opsonic defect]
EST, Highly similar to HEPATOCYTE GROWTH FACTOR]
Interleukin8

HUMMDR1A05 Human P-glycoprotein [MDR1] gene, exon 4

MIX HUMGPLEUO1 Human MDR1/P-glycoprotein gene, exon 6
GLYCOPROTEINHORMONESALPHACHAINPRECURSOR
glycoprotein hormones, alpha polypeptide

MIX HUMMDR1A26 Human P-glycoprotein [MDR1] gene, exon 28

CR.

161
1.62
1.62
164
1.65
1.69
1.69
17
172
172
174
1.75
1.75
1.75
177
177
1.78
179
179
181
1.84
1.85
1.86
19
1.92
1.93
1.93
1.95
1.96
1.97
2
2.04
2.04
2.09
21
213
217
225
221
228
229
23
2.33
235
2.36
242
242
25
2.51
254
2.58
264
265
2.65
2.66
267
267
267
2.69
273
2.81
2.88
295
2.98
299
3.19
3.74
3.83
3.86
45
6.22
719
9.39
11.29
12.99
13.49
14.79

Gene ID
u12472
R33755
AB011542
AA040702
AF225985
M38591
J05582
X74929
M26252
M80563
AA599776
AB014520
AB035863
U03057
U20428
AL133645
AA044930
AA079327
AF020038
AK001277
NM_001101
D13630
AC004744
NM_024716
AA102602
AF035752
J04111
U44111
X02317
X97074
719574
AB015319
D87953
L76200
M14630
M22324
U67963
AA047399
NM_024856
X85019
Y00503
AF044959
AF188276
M11560
X06956
X13238
783821
AA026052
Al354547
J04173
AA057760
AAB44347
AB041269
AF042164
AJ001366
L42450
M74905
NM_001089
NM_016098
Y11395
W05732
AB024334
D50604
M64098
U03056
U34995
AA033872
AA069911
AA084955
AF043498
AL079335
746376
AA045605
AAB53333
AB020628
M61199
X04828
X06825
N76001
AA037489
AA044389
AA085597
AF002697
AK001472
L11244
120826
NM_018470
U89606
H48220
N73120
W93369
AA086246
Al673824
AB002360
AF065241
AL133572
AL133636
125081
M30938
NM_014367
U21090

n
3
4
3
4
3
3
3
4
4
3
4
3
3
4
3
4
4
4
4
3
4
3
4
3
4
3
4
3
3
3
4
3
4
3
3
3
4
3
4
4
4
4
3
3
3
3
3
4
4
4
4
4
4
4
3
3
4
3
3
4
3
4
4
4
3
3
4
3
4
3
3
3
3
3
3
3
3
3
3
3
4
4
4
3
4
3
4
3
3
4
3
4
4
3
3
3
4
3
3
3
3

Description of down-regulated genes
GlutathioneS-transferasepi
GLUTATHIONESTRANSFERASEP

EGF-like-domain, multiple 5

Phosphoglyceratemutase[brain]

Sodium channel, voltage-gated, type |, alpha polypeptide
$100 calcium-binding protein A10

mucin 1, transmembrane

keratin8

pyruvate kinase, muscle

$100 calcium-binding protein A4]

Aldolase A, fructose-bisphosphate

KIAA0620protein

succinate-CoA ligase, ADP-forming, beta subunit
singed[Drosophila]-like[seaurchinfascinhomologlike]
suppression of tumorigenicity 14
HomosapiensmRNA;cDNADKFZp434C107]

ESTs, Highly similar to GLUTATHIONE S TRANSFERASE P]
N acetylgalactosaminidase, alpha

isocitrate dehydrogenase 1 [NADP+], soluble
hypotheticalproteinFLJ10415

actin, beta

KIAA0005geneproduct
HomosapiensBACcloneGS465N13from7p15-p21
HypotheticalproteinFLJ23505

Human mRNA for KIAAOOO5 gene, complete cds

caveolin2

V-junaviansarcomavirus17oncogenehomolog
histamineN-methyltransferase

superoxide dismutase 1, soluble [amyotrophic lateral sclerosis 1
adaptor-related protein complex 2, sigma 1 subunit

keratin17

adaptor-related protein complex 1, sigma 1 subunit
N-mycdownstreamregulated

guanylatekinase1

prothymosin, alpha [gene sequence 28]

alanyl [membrane] aminopeptidase p150]
lysophospholipase-like
SODIUMANDCHLORIDEDEPENDENTCREATINETRANSPORTER1
HypotheticalproteinFLJ12983
UDP-N-acetyl-alpha-D-galactosamine:polypeptide

keratin19
NADHdehydrogenase[ubiquinone]Fe-Sprotein6[13kD]
beta-siteAPP-cleavingenzyme2

aldolase A, fructose-bisphosphate

tubulin, alpha 1 [testis specific]
cytochromecoxidasesubunitVic

Human DNA sequence from PAC 296K21
GrichRNAsequencebindingfactor1

Aldolase A, fructose-bisphosphate
phosphoglyceratemutase1[brain]

LactatedehydrogenaseA

NADH dehydrogenase [ubiquinone] 1,]

Homo sapiens mRNA for keratin 19, partial cds, isolate:K19-141
Homo sapiens cytochrome c oxidase subunit VIlb

potassium voltage-gated channel, subfamily H member 1
pyruvate dehydrogenase kinase, isoenzyme 1
N-methylpurine-DNAglycosylase

ABCA3--

HSPCO040protein

Gprotein-coupledreceptor69A

Prostaglandin endoperoxide synthase 1

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
Humanbeta-cytoplasmicactin]ACTBP9]pseudogene
highdensitylipoproteinbindingprotein[vigilin]
hyaluronoglucosaminidase1
glyceraldehyde-3-phosphatedehydrogenase
Coproporphyrinogen oxidase [coproporphyria, harderoporphyria]
ESTs, Highly similar to OSTEOBLAST SPECIFIC FACTOR 3]
ESTs, Highly similar to SUPEROXIDE DISMUTASE [Mus musculus]
prostatestemcellantigen

Human DNA sequence from clone RP1-132F21

hexokinase2
Highmobilitygroup[nonhistonechromosomal]protein1
Translocaseofoutermitochondrialmembrane34
KIAA0821protein

spermspecificantigen2

guanine nucleotide binding protein [G protein]
tropomyosin2[beta]

ESTs, Highly similar to ELONGATION FACTOR 2
ProliferationassociatedgeneA[naturalkillerenhancingfactorA]
Growtharrestspecific1
GCRICHSEQUENCEDNABINDINGFACTOR
BCL2/adenovirusE 1B19kD-interactingprotein3

anillin

complement component 4-binding protein, beta
plastin1[lisoform]
UncharacterizedhypothalamusproteinHT009

pyridoxal [pyridoxine, vitamin B6] kinase
GTPaseactivatingproteinrasp21[RASA]

ESTs, Highly similar to THYMIDYLATE KINASE [Homo sapiens]
ESTs, Highly similar to NEURONAL ACETYLCHOLINE RECEPTOR
BRCA2 region, sequence CG037
NucleolarproteinNOP5/NOP58

KIAA0362protein

Homo sapiens thioredoxin delta 3 [TXN delta 3] mRNA, partial cds
HomosapiensmRNA
HomosapiensmRNA;cDNADKFZp434H2418[fromcloneDKFZp434H2418]
ras homolog gene family, member C

X-ray repair [double-strand-break rejoining; Ku autoantigen, 80kD]
hypothetical protein, estradiol-induced

polymerase [DNA directed], delta 2, regulatory subunit [50kD]
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0.56
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0.57
0.57
0.57
0.57
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59




TABLE S2

Statistically relevant Gene Ontology categories associated with colchicine resistance

Annereau J-P, Szakacs G, Tucker CJ, Arciello A, Cardarelli C, Collins J, Grissom S, Zeeberg B, Reinhold W, Weinstein J, Pommier Y, Paules RS, and
Gottesman MM (2004) Analysis of ABC transporter expression in drug-selected cell lines by a microarray dedicated to multidrug resistance. Mol Pharmacol
doi:10.1124/mol.104.005009.

Gene Total® Underb Over® Changedd p-value  Description of the GO category

Ontology

46164 40 11 0 11 <0.0001 alcohol catabolism

6096 32 10 0 10 <0.0001 glycolysis

6092 69 13 1 14 <0.0001 main pathways of carbohydrate metabolism

6091 171 16 1 17 <0.0001 energy pathways

6066 139 14 0 14 <0.0001 alcohol metabolism

6007 39 11 0 11 <0.0001 glucose catabolism

6006 58 12 0 12 <0.0001 glucose metabolism

16491 335 20 4 24 <0.0001 oxidoreductase activity

16052 50 11 0 11 <0.0001 carbohydrate catabolism

30333 18 0 5 5 <0.0001 antigen processing

19885 7 0 5 5 <0.0001 antigen processing, endogenous antigen via MHC class I
19883 6 0 5 5 <0.0001 antigen presentation, endogenous antigen

19882 18 0 5 5 <0.0001 antigen presentation

30106 10 0 5 5 <0.0001 MHC class I receptor activity

19320 39 11 0 11 <0.0001 hexose catabolism

19318 74 13 0 13 <0.0001 hexose metabolism

5996 75 13 0 13 <0.0001 monosaccharide metabolism

5975 243 18 2 20 <0.0001 carbohydrate metabolism

15980 108 13 1 14 <0.0001 energy derivation by oxidation of organic compounds
46365 40 11 0 11 <0.0001 monosaccharide catabolism

5739 363 17 3 20 0.0001  mitochondrion

15399 141 7 4 11 0.0002  primary active transporter activity

15036 17 3 1 4 0.0003  disulfide oxidoreductase activity

16651 45 6 0 6 0.0003  oxidoreductase activity, acting on NADH or NADPH
3954 30 5 0 5 0.0003  NADH dehydrogenase activity

8137 30 5 0 5 0.0003  NADH dehydrogenase (ubiquinone) activity

4666 2 1 1 2 0.0004  prostaglandin-endoperoxide synthase activity

4619 2 2 0 2 0.0004  phosphoglycerate mutase activity

15081 33 5 0 5 0.0005  sodium ion transporter activity

16659 33 5 0 5 0.0005  oxidoreductase activity, acting on NADH, other acceptor
16655 33 5 0 5 0.0005  oxidoreductase activity, acting on NADH ,quinone or similar
15078 91 8 0 8 0.0006  hydrogen ion transporter activity



16684 20 2 2 4 0.0007  oxidoreductase activity, acting on peroxide as acceptor
4601 20 2 2 4 0.0007  peroxidase activity

6099 21 3 1 4 0.0008 tricarboxylic acid cycle

15077 99 8 0 8 0.001 monovalent inorganic cation transporter activity

9315 10 1 2 3 0.001 drug resistance

16209 10 3 0 3 0.001 antioxidant activity

5634 1636 10 8 18 0.001 nucleus

“Total number of genes found in the gene ontology category; bNumber of genes underexpressed found in the gene

ontology category; “Number of genes overexpressed found in the gene ontology category; dTotal number of genes

changed in the gene ontology category



TABLE S3

Clusters of gene ontology groups and their associated genes found altered with Colchicine resistance
(KB-8-5 vs KB-3-1)

Annereau J-P, Szakacs G, Tucker CJ, Arciello A, Cardarelli C, Collins J, Grissom S, Zeeberg B, Reinhold W, Weinstein J, Pommier Y, Paules RS, and

Gottesman MM (2004) Analysis of ABC transporter expression in drug-selected cell lines by a microarray dedicated to multidrug resistance. Mol
Pharmacol dei:10.1124/mol.104.0050009.

Gene Ontology subgroups and references HUGO “ HUGO gene description

Antigen presentation

GO0:0030333  antigen_processing HLA-E + major histocompatibility complex, class i, e
GO:0030106  MHC_class_I_receptor_activity HLA-C +  major histocompatibility complex, class i, ¢
GO:0019885  antigen processing, endogenous_antigen via MHC class I HLA-B +  major histocompatibility complex, class i, b
GO:0019883  antigen presentation, endogenous_antigen HLA-A + major histocompatibility complex, class i, a
GO:0019882  antigen_presentation B2M +  beta-2-microglobulin
Metabolism of carbonhydrate ALDOA - fructose-bisphosphate aldolase a
GO:0019320  tricarboxylic_acid cycle ATPSJ - atp synthase, h+ transporting, mitochondrial
GO:0006007  monosaccharide_metabolism COX6C - cytochrome c oxidase, subunit vic
GO:0046365  monosaccharide catabolism DLD - dihydrolipoamide dehydrogenase, phe3
GO:0046164  main_pathways _of carbohydrate metabolism G6PD - glucose-6-phosphate dehydrogenase
GO:0019320  hexose metabolism GAPD - glyceraldehyde-3-phosphate dehydrogenase
GO:0019318  hexose_catabolism HDLBP - high density lipoprotein binding protein
GO:0016052  glycolysis HYALI1 - hyaluronoglucosaminidase 1
GO:0006096  glucose_metabolism IDH1 - isocitrate dehydrogenase, soluble
GO0:0006091 glucose_catabolism LDHA - lactate dehydrogenase a
GO:0006066  energy pathways NAGA - acetylgalactosaminidase
GO:0006007  carbohydrate metabolism NDUFB2 - nadh dehydrogenase (ubiquinone) 1 beta subcomplex
GO:0006006  carbohydrate catabolism NTHLI1 - endonuclease iii, e. coli, homolog of
GO:0005975  alcohol metabolism OGDH - oxoglutarate dehydrogenase, lipoamide
GO:0005975  alcohol_catabolism PDK1 - pyruvate dehydrogenase kinase, isoenzyme 1
PFKFBI1 - fructose-2,6-bisphosphatase
PFKP - phosphofructokinase, platelet type
PGAM1 - phosphoglycerate mutase a, nonmuscle form
PGAM2 - phosphoglycerate mutase, muscle form
PKM2 - pyruvate kinase-3
SDHC - succinate dehydrogenase complex, subunit ¢
SUCLA2 -  succinate-CoA ligase, ADP-forming, beta subunit
LALBA + lactalbumin, alpha
SDHA + succinate dehydrogenase complex, subunit a, flavoprotein
OxydoredHCtion ALDOA - fructose-bisphosphate aldolase a
GO0:0003954  NADH_dehydrogenase_activity ATPSJ - atp synthase, h+ transporting, mitochondrial
G0:0004601 peroxidase_activity ATP50 - human atp synthase oscp subunit
GO:0008137  NADH_dehydrogenase (ubiquinone) activity CBR1 - carbonyl reductase 1
GO:0015036  disulfide_oxidoreductase activity COX6C - cytochrome c oxidase, subunit vic
GO:0015078  hydrogen_ion_transporter_activity CPO - coproporphyrinogen oxidase
GO:0015980  energy derivation by oxidation of organic_compounds DLD - dihydrolipoamide dehydrogenase

GO:0016209  antioxidant_activity G6PD - glucose-6-phosphate dehydrogenase




GO:0016491 oxidoreductase_activity

GO:0016651 oxidoreductase_activity, acting_on NADH or NADPH
GO:0016655  oxidoreductase_activity, acting on NADH or NADPH
GO:0016659  oxidoreductase activity, acting_on NADH _or NADPH

GO:0016684  oxidoreductase_activity, acting_on_peroxide as_acceptor

Transport

GO:0009315  drug_resistance

GO:0015077  monovalent inorganic_cation_transporter_activity
GO:0015081 sodium_ion_transporter_activity

GO:0015399  primary_active_transporter_activity

GAPD
IDH1
LDHA
NDUFB1
NDUFB2
NDUFC2
NDUFSI
NDUFS6

OGDH
PFKP
PGAM1
PGAM2
PKM2

PRDX1
PTGSI1
SDHC
SOD1
SUCLA2
TXN
TXNRD1
GPX4
PTGS2
SDHA
SOD2

ABCA3
ATPSJ
ATP50
COX6C
NDUFB1
NDUFB2
NDUFC2
NDUFSI1
NDUFS6
ABCBI

ABCB4
ATP1B1
TAPI

+

glyceraldehyde-3-phosphate dehydrogenase

isocitrate dehydrogenase, soluble

lactate dehydrogenase a

nadh-ubiquinone oxidoreductase mnll subunit

nadh dehydrogenase (ubiquinone) 1 beta subcomplex, 2
nadh-ubiquinone oxidoreductase subunit b14.5b
nadh-ubiquinone oxidoreductase 75 kd subunit precursor
nadh-ubiquinone oxidoreductase fe-s protein 6
oxoglutarate dehydrogenase, lipoamide (alpha-
ketoglutarate

phosphofructokinase, platelet type

phosphoglycerate mutase a, nonmuscle form
phosphoglycerate mutase, muscle form

pyruvate kinase-3

proliferation-associated gene a (natural killer-enhancing
factor a)

prostaglandin-endoperoxide synthase 1

succinate dehydrogenase complex, subunit ¢

cu,zn superoxide dismutase, ec 1.15.1.1.

succinate-CoA ligase, ADP-forming, beta subunit
thioredoxin

thioredoxin reductase-1

glutathione peroxidase-4 (phospholipid hydroperoxidase)
prostaglandin-endoperoxide synthase 2

succinate dehydrogenase complex, subunit a, flavoprotein

superoxide dismutase 2, mitochondrial

atp-binding cassette-3

atp synthase, h+ transporting, mitochondrial

human atp synthase oscp subunit

cytochrome ¢ oxidase, subunit vic

nadh-ubiquinone oxidoreductase mnll subunit

nadh dehydrogenase (ubiquinone) 1 beta subcomplex
nadh-ubiquinone oxidoreductase subunit b14.5b
nadh-ubiquinone oxidoreductase 75 kd subunit precursor
nadh-ubiquinone oxidoreductase fe-s protein 6
ATP-binding cassette, subfamily b, member 1
ATP-binding cassette, sub-family B (MDR/TAP),
member 4

atpase, na+k-+ transporting, beta-1 polypeptide

transporter 1, abc (atp binding cassette)

“Describes the sense of expression modulation associated with resistance : + overexpressed, -
underexpressed in KB-8-5 as compared to KB-3-1.



TABLE S5

Statistically relevant Gene Ontology categories associated with camptothecine

resistance

Annereau J-P, Szakacs G, Tucker CJ, Arciello A, Cardarelli C, Collins J, Grissom S, Zeeberg B, Reinhold W, Weinstein J,
Pommier Y, Paules RS, and Gottesman MM (2004) Analysis of ABC transporter expression in drug-selected cell lines by a
microarray dedicated to multidrug resistance. Mol Pharmacol doi:10.1124/mol.104.005009.

Gene Total® Under® Over® Changedd p-value  Description of the GO category
Ontology

46870 4 3 0 3 <0.0001 cadmium ion binding

786 30 0 4 4 0.0006 nucleosome

6534 4 1 1 2 0.001 cysteine metabolism

#Total number of genes found in the gene ontology category
PNumber of genes underexpressed found in the gene ontology category
°Number of genes overexpressed found in the gene ontology category

Total number of genes changed in the gene ontology category



TABLE S6

Gene ontology groups and their associated genes found altered with 9-N-

camptothecin resistance (RCO.1 vs ATC-DU-145)

Annereau J-P, Szakacs G, Tucker CJ, Arciello A, Cardarelli C, Collins J, Grissom S, Zeeberg B, Reinhold W, Weinstein J,
Pommier Y, Paules RS, and Gottesman MM (2004) Analysis of ABC transporter expression in drug-selected cell lines by a
microarray dedicated to multidrug resistance. Mol Pharmacol doi:10.1124/mol.104.005009.

GO reference and definition HUGO ? HuGO gene description

Detoxication MT1B - metallothionein 1b (functional)
GO0:0046870 cadmium ion binding MT1E - human metallothionein-ie gene (hmt-ie)

MT1F - metallothionein 1f (functional)

CTH - cystathionine gamma-lyase
GO0:0006534 cysteine metabolism GCLC + glutamate-cysteine ligase , catalytic
Nuclear assembly HISTIH1C + histone 1, hic
GO:0000786  nucleosome HIST2H2AA + histone 2, h2aa

HIST1H2BE + histone 1, h2be

HIST1H2BH + histone 1, h4g

“Describes the sense of expression modulation associated with resistance : +

overexpressed, - underexpressed in RCO.1 as compared to ATC-DU-145.



