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Abstract

Purpose The goal of this study was to identify molecu-
lar determinants of sensitivity and resistance to JM118,
the active metabolite of satraplatin, an orally bioavail-
able cisplatin analog that has activity in prostate cancer.
Experimental design Human ovarian carcinoma 2008/
JM118 cells were derived from parental 2008 cells by
repeated exposure to JM118; the revertant 2008/
JM118/REYV subline was isolated from the 2008/JM118
cells by growth in the absence of drug. Drug sensitivity
was determined by clonogenic assay and Pt levels were
measured by ICP-MS.

Results Eight sequential rounds of selection yielded
the 2008/JM118 subline that was 4.9-fold resistant to
JM118 and cross-resistant at varying levels to satrapla-
tin, cisplatin, carboplatin, and oxaliplatin. Cross-resis-
tance to the other Pt drugs was lost as resistance to
JM118 waned. The same parental 2008 cells selected
for resistance to cisplatin were partially cross-resistant
to JM118. The 2008/JM118 cells accumulated sig-
nificantly more Pt than the 2008 cells when exposed to
low concentrations of either JM118 or cisplatin indicat-
ing a detoxification process that involves intracellular
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sequestration. In contrast, 2008 cells selected for cis-
platin resistance accumulated less cisplatin and less
JM118 reflecting a mechanism involving reduced accu-
mulation. The 2008 and 2008/JM118 cells did not differ
in their uptake or efflux of %*Cu, expression of Cu efflux
transporters ATP7A or ATP7B or their glutathione
content. The 2008/JM118 cells exhibited 3.0-7.7-fold
hypersensitivity to docetaxel, paclitaxel and doxorubi-
cin. Expression profiling identified 4 genes that were
significantly up-regulated and 19 that were down-regu-
lated in the 2008/JM118 cells at a false discovery rate of
1 gene.

Conclusions While the cellular defense mechanisms
that protect cells against JM118 also mediate resistance
to the other Pt drugs, these mechanisms are quite
different from those commonly found in cells selected
for resistance to cisplatin. JM118-resistant cells accu-
mulate more rather than less Pt and rely on an intracel-
lular detoxification mechanism different from that
involved in cisplatin resistance. This is consistent with
clinical evidence suggesting that satraplatin has activity
in diseases in which cisplatin does not. In this model,
JM118 resistance is associated with substantial collat-
eral hypersensitivity to docetaxel, paclitaxel, and doxo-
rubicin.
Keywords Cisplatin - Satraplatin - IM118
Abbreviations

DDP Cisplatin

ICP-MS Inductively coupled plasma mass
spectroscopy

Phosphate buffered saline

Phosphoribosyl pyrophosphate synthetase
Statistical analysis of microarrays
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Introduction

Satraplatin, bis(acetato)amminedichloro(cyclohexyl-
amine) platinum (Fig. 1), is a novel platinum (IV)
complex that has substantial oral bioavailability
(reviewed in [18]). It has potent in vitro growth inhibi-
tory properties and is cytotoxic to tumors and cell lines
that are generally unresponsive to cisplatin (DDP).
Clinically, satraplatin has demonstrated activity in
patients with advanced hormone-refractory prostate
cancer [39], a disease in which DDP has no clinically
useful activity. The key differences in their mechanism
of action that account for their different spectrum of
clinical activity are not known. Both drugs are thought
to exert their cytotoxic activity by forming adducts in
DNA in a similar manner. DNA damage caused by
satraplatin is repaired in vitro by the nucleotide exci-
sion repair pathway with kinetics similar to those for
the repair of DDP adducts [31].

Most cell lines selected for acquired DDP resistance
have defects in drug accumulation [1, 19, 24, 28, 41, 43—
45]. In contrast, no alteration of satraplatin accumula-
tion was found in two ovarian carcinoma cell lines
selected for resistance to satraplatin [18]. However,
satraplatin is rapidly metabolized during absorption
and is found in the blood primarily as IM118 (Fig. 1), a
metabolite that is up to 16-fold more potent than
native satraplatin [46]. JM118 is an active metabolite of
satraplatin and has been shown to have greater cyto-
toxicity than DDP while forming intra- and inter-
strand crosslinks in DNA in a manner similar to DDP
(reviewed in [5]).

In the current study, a subline of the well-character-
ized 2008 ovarian carcinoma cell line was developed by
repeated exposure to JM118 and the cellular pharma-
cology of JM118 was extensively examined in this sub-
line. We report here that 2008/JM118 cells are resistant
to both JM118 and satraplatin, and cross-resistant to
DDP and its analogs carboplatin and oxaliplatin. Inter-
estingly, 2008/JM118 cells were found to be hypersensi-
tive to several non-Pt compounds, including docetaxel,
paclitaxel, doxorubicin, and mitoxantrone. The
changes in the cellular pharmacology of JM118 that
accompany the development of resistance to JM118
are quite different from the changes in the cellular
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Fig. 1 Structure of satraplatin (JM216), its main metabolite
JM118, and DDP
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pharmacology of DDP that accompany the acquisition
of resistance to DDP. Thus, while repeated exposure to
JM118 selects for cells that are resistant to both DDP
and JM118, it activates cellular protection mechanisms
different from those engaged by cells selected for
acquired resistance to DDP. The finding that ovarian
carcinoma cells selected for resistance to JM118 are
hypersensitive to paclitaxel is of particular importance
in the case of ovarian cancer because this drug is one of
the single most active agents in this disease and recent
randomized clinical trials have established paclitaxel-
based combination chemotherapy as the standard of
therapy in the United States [27, 29].

Materials and methods
Drugs

DDP and CBDCA were generously provided by Bris-
tol-Myers Squibb (Princeton, NIJ), oxaliplatin by
Sanofi-Aventis (Bridgewater, NJ) and JM118 and
satraplatin by GPC Biotech (Munich, Germany). DDP
was stored as a 3.3 mM stock solution in 0.9% NaCl in
the dark at room temperature, JM118 was stored as a
lyophilized powder in the dark at —20° and satraplatin
was resuspended as a stock concentration of 1 mg/ml
(2 mM) in 1:1 vol/vol ethanol:water and kept in the
dark at 4°. Docetaxel was provided by Sigma-Aldrich
Chemie (Taufkirchen, Germany) and was resuspended
as a stock concentration of 10 mg/ml (12.4 mM) in
100% ethanol. Doxorubicin and paclitaxel were pur-
chased from Bedford Laboratories (Bedford, OH) and
Bristol Myers Squibb as a 3.4 and 7 mM stock solution,
respectively. Mitoxantrone was purchased from Sigma-
Aldrich (St. Louis, MO) and was resuspended to a
concentration of 2mg/ml (3.9 mM) in 0.9% NaCl.
Etoposide was provided by Sigma-Aldrich Chemie
(Taufkirchen, Germany) and resuspended in DMSO to
form a 10 mg/ml (17 mM) stock solution. DDP, satrapl-
atin, docetaxel, doxorubicin, paclitaxel, mitoxantrone,
and etoposide stock solutions were diluted directly into
media. JM118 was resuspended in 1:1 vol/vol etha-
nol:water to form a stock solution of 1.3 mM before
being diluted directly into media.

Selection of JM118 resistant cell line

The 2008 cells were maintained at 37°C in a humidified
incubator containing 5% CO, in RPMI medium sup-
plemented with 10% fetal bovine serum. The 2008 cells
were grown in T25 flasks until they were 90% conflu-
ent. JM118 was then added at a concentration approxi-
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mately equivalent to the ICy, and the cells were
allowed to grow in drug-containing medium until the
few surviving cells began to replicate and required
fresh medium. The medium was then replaced with
fresh, drug-free medium and the surviving cells were
further cultured until the flask was approximately 80%
confluent with recovered cells. The flask was then split
into four T75 flasks; one of these was used to grow cells
for freezing, the others were allowed to become 90%
confluent and were again exposed to JIM118.

Measurement of drug sensitivity

For clonogenic assays, cells were plated into 35 mm
dishes at a density of 250 cells per dish and incubated
overnight to allow the cells to adhere. The following
day, the medium was removed from each plate and
fresh medium containing various drug concentrations
was added to the cells. The cells were incubated for
7-10 days in the continuous presence of the drug to allow
surviving cells to form colonies. The plates were then
washed with PBS, fixed with methanol and stained with
0.1% crystal violet. Clusters containing > 50 cells were
scored as colonies using an Alphalnontech Imager.
Each experiment was performed with triplicate culture
and was performed at three independent times.

DDP and JM118 whole cell uptake

Cells were grown until 80% confluent in 35 mm wells
of six-well plates. The cells were incubated in fresh
medium containing 2 puM DDP or JM118 for 24 h. The
cells were then washed twice with cold PBS and lysed
by addition of 215 pul 70% nitric acid to each well. The
cells were then collected and dissolved at 65°C over-
night, after which the samples were diluted with water/
0.1% Triton-X to a final concentration of 5% acid.
Each experiment was performed with triplicate wells
and each experiment was performed at least three
independent times. Pt measurements were made by
ICP-MS using a Thermo Finnigan ICP-MS (model Ele-
ment2) at the Analytical Facility at the Scripps Insti-
tute of Oceanography and normalized to protein levels
for each cell line. Indium was added to each sample at
1 ppb as a control for flow variation.

Cu accumulation

For measurement of **Cu accumulation, the six wells of
a single six-well plate were used for each data point
and the cells were incubated in fresh OPTI-MEM
media containing 2 pM *Cu (Mallinckrodt Institute of
Radiology, Washington University Medical School,

St. Louis, MO). For efflux studies, after exposure to
%4Cu cells were washed three times in warm OPTI-
MEM media using a rapid sampling technique and
fresh, non-radioactive media was added for various
time periods. The wells were then washed three times
with cold PBS containing 2 pM non-radioactive CuSO,
and 10 mM EDTA, lysed with 250 pl PBS solution con-
taining 0.1% SDS and 1.0% Triton-X 100, scraped and
the wells were washed with an additional 250 pul PBS
solution containing 0.1% SDS and 1.0% Triton-X 100.
4Cu was quantified by gamma counter and normalized
to protein levels for each cell line.

Measurement of cellular glutathione

Three independent cultures of 2008 and 2008/JM118
cells were plated into T75 flasks and grown until ~80%
confluent. Cells were trypsinized and 1.5 x 10° cells
from each culture were resuspended in 3 ml of 50 uM
monochlorobimane in RPMI medium without added
serum. Each culture was split into three 1 ml samples
and incubated for 1 h at room temperature. One ml of
0.1 M ice cold KOH was added to each sample and the
samples were mixed, incubated for 15 min after which
40 pl of 1 M sulfosalicylic acid was added and the deriv-
atized glutathione quantified by HPLC as previously
reported [25] using a 4.6 x 150 mm pBondapak C18
reverse phase column (Waters Corp., Milford, MA) and
a Varian model HPLC system (Autosampler 410, sol-
vent delivery 9010 and model 9070 fluorescence detec-
tor). Excitation and emission wavelengths were 360
and 500 nm, respectively. Data collection and process-
ing were performed using the Varian Star 6.3 software.

Isolation and quality control of RNA for microarray
hybridization

For each cell line, total RNA was harvested from three
independent cultures grown until ~70% confluent in
100 mm plates. RNA was harvested using the Qiagen
RNeasy Mini Kit following the manufacturer’s instruc-
tions. RNA was quantitated by UV absorption (Nano-
Drop ND-1000 Spectrophotometer) and 15 pug was
provided to the GeneChip Microarray Core Facility at
UC San Diego. The quality of the sample RNA, includ-
ing integrity/purity, was assessed using RNA 6000 Lab-
chip Kit on the Agilent 2100 Bioanalyzer.

Hybridization to Affymetrix U133 A microarrays
All steps for labeling RNA and hybridization to micro-

arrays were performed by the GeneChip Microarray
Core Facility at UC San Diego (http:/www.vmrf.org/
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research-websites/gcf/index.html) using reagents and
following protocols provided by Affymetrix (http://www.
affymetrix.com/support). Briefly, double-stranded
cDNA was prepared using the One-Cycle cDNA Syn-
thesis Kit. The GeneChip IVT Labeling kit was then
used to synthesize biotin-labeled cRNA, which was
then fragmented prior to hybridization. The labeled,
fragmented cRNA samples were then hybridized to
Affymetrix U133 A microarrays, washed and stained and
the array was scanned according to the standard proto-
col available at http://www.affymetrix.com/support.

Normalization

“GCOS” expression values were produced from CEL
files using GeneChip Operating Software (GCOS) ver-
sion 1.2 (Affymetrix, http://www.affymetrix.com). The
GCOS gene-level expression values were normalized via
quantile normalization [4]. “RMA” [11] and “GCRMA”
[47] and (http://www.bepress.com/jhubiostat/paperl)
expression values were generated from CEL files using
R statistical analysis software (http://www.r-project.org/
). “RMA” output was produced using the ‘rma’ function
in the ‘affy’ package and “GCRMA” output was pro-
duced using the ‘gcrma’ function in the ‘gcrma’ package.
Both packages were provided by the BioConductor pro-
ject [9]. Default parameters were used for the ‘rma’ and
‘gcrma’ functions. Note that both the RMA and
GCRMA algorithms employ cell-level (as opposed to
gene-level) quantile normalization.

Statistical analysis of microarray data

Identification of genes of interest was accomplished
using significance analysis of microarrays (SAM), a sta-
tistical tool that was developed for finding differentially
expressed genes in microarray experiments. It works as
a Microsoft Excel add-in and is available via http://
www-stat.stanford.edu/~tibs/SAM/index.html. The
cutoff for significance is determined by a tuning param-
eter, delta, which is chosen by the user based on the
estimated false discovery rate (FDR). For this study, a
threshold was selected so that the list of discovered
genes would be expected to include one false discovery
and SAM was applied across all six hybridizations,
using normalized, absolute signals and a two-class,
unpaired dataframe [42].

Statistics
Comparisons were made using Student’s ¢ test with the

assumption of unequal variance and by determining
the 95% confidence interval with an alpha of 0.05.

@ Springer

Results
Isolation of cells resistant to JM118

Although satraplatin is currently being tested clinically
for the treatment of prostate cancer, it is cytotoxic to
many types of tumor cell lines. Human ovarian carci-
noma 2008 cells were chosen to serve as the parental
cells for the development of a JM118 resistant subline
because 2008 sublines have already been selected for
resistance to other Pt-containing drugs and these have
been extensively characterized [1, 2, 26, 32]. JM118 was
added to exponentially growing cultures of 2008 cells at
a concentration of 2 uM and allowed to remain in the
culture until cell growth resumed after 7-14 days. The
cultures were then split and treated again with the
same or progressively higher concentrations of JM118.
Over the course of eight cycles of selection, the JM118
concentration was increased to 10 uM. The resulting
subline, designed 2008/JM118, was subsequently grown
in the absence of any further JM118 exposure. There
were no observable differences in the morphology of
the 2008 and 2008/JM118 cells, but the growth rate of
the resistant cells was twofold slower than the parental
cells. After growth of the 2008/ JM118 cells for
6 months in the absence of further JM118 exposure, it
was noted that they had lost a substantial amount of
their resistance. These revertant cells were identified as
the 2008/ JM118/REV subline. Since the Pt-containing
drugs are all good mutagens and, as a result, the 2008/
JM118 cells are expected to contain numerous gene
expression changes unrelated to the resistant pheno-
type, such a revertant subline is of particular value in
identify those changes most closely associated with a
change in drug sensitivity.

Cross resistance to other Pt-containing
chemotherapeutic agents

The sensitivity of 2008 and 2008/JM118 cells to the
cytotoxic effect of JM118, DDP, carboplatin, and oxa-
liplatin was determined using clonogenic assays with
continuous drug exposure throughout the period of
colony formation. As shown in Fig. 2a, based on the
ratio of the slopes of the concentration-survival curves,
determined from three independent experiments, the
2008/JM118 cells were 3.9 + 1.2 (SEM)-fold resistant
to IM118 (95% CI 1.5-6.2) and were cross-resistant to
DDP (slope ratio 2.9 + 0.4 (SEM); 95% CI 2.1-3.7),
carboplatin [slope ratio 1.8 + 0.2 (SEM); 95% CI 1.5-
2.1] and oxaliplatin [slope ratio 3.7 &+ 1.3 (SEM); 95%
CI 1.3-6.2]. Thus, cells that were 3.9-fold resistant to
JM118 were significantly cross-resistant to the three
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Fig. 2 a sensitivity of 2008 (open square), 2008/IM118 (filled
square) and 2008/ JM118/REV (open triangle) cells to continuous
exposure to JM118, DDP, carboplatin, oxaliplatin and satraplatin
as determined by clonogenic assay. b sensitivity of 2008 (open

widely used Pt-containing drugs, and among these the
greatest degree of cross-resistance was to oxaliplatin.
Additional experiments were carried out to deter-
mine whether, when the 2008/JM118 cells lost resis-
tance to JM118 over time they also lost their cross
resistance to DDP, carboplatin and oxaliplatin.
Figure 2a shows that this was indeed the case. The

square) and 2008/C13%5.25 (filled triangle) cells to DDP and
JM118. Each data point represents the mean of three experiments
performed using triplicate cultures for each drug concentration.
Vertical bars £ SEM

2008/JM118/REV cells had reverted from being 3.9-
fold resistant to being only 1.3 & 0.1 (SEM)-fold resis-
tant to JM118 relative to the 2008 cells (slope ratio for
2008/IM118 relative to 2008/ JM118/REV, 3.1 £1.1
(SEM). In parallel, resistance to DDP decreased from
2.9-fold to 1.7 £ 0.2 (SEM)-fold, resistance to carbo-
platin decreased from 1.8-fold to 1.4 £ 0.2 (SEM)-fold,

@ Springer



306

Cancer Chemother Pharmacol (2007) 59:301-312

and resistance to oxaliplatin from 3.7 to 1.6+ 0.3
(SEM)-fold. This provides further evidence that the
same mechanism that protected the 2008/JM118 cells
against JM118 also provided protection against carbo-
platin and oxaliplatin.

Given that the 2008/JM118 cells were cross-resistant
to DDP, it was of interest to determine whether cells
selected for resistance to DDP were cross-resistant to
JM118. The 2008/C13*5.25 subline was originally
developed by repeatedly exposing 2008 cells to DDP in
a manner similar to the way in which the 2008/JM118
subline was developed [2]. The resistance of the 2008/
C13*5.25 cells to DDP has remained stable for
> 15 years of continuous growth in culture in the
absence of further DDP exposure. As shown in Fig. 2b,
while the 2008/C13*5.25 cells were 5.4 & 0.65 (SEM)-
fold resistant to DDP (95% CI 4.49-6.30), they were
only 1.9 £ 0.21 (SEM)-fold resistant to JM118 (95% CI
1.64-2.12). Thus, the mechanisms that become engaged
to protect 2008 cells against repeated injury by DDP
also confer some protection against JM118 but the
cross-resistance of DDP-selected cells to JM118 is less
than the cross resistance of JM118-selected cells to
DDP.

Whole cell Pt accumulation

To determine whether the differences in sensitivity to
the growth inhibitory effects of JM118 were accompa-
nied by differences in whole cell Pt accumulation, as is
commonly observed in cells selected for DDP resis-
tance [1, 24, 28, 41, 43-45], 2008 and 2008/JM118 cells
were exposed to 2 uM DDP or JM118 for 1.5 or 24 h
and intracellular Pt levels were quantified by ICP-MS.
This low concentration of the drugs was selected to be
in the range attainable in patients; however, at such
low concentrations day-to-day variance in the absolute
accumulation of Pt is high and it is necessary to include
all the cell lines to be compared within a single experi-
ment and base the analysis on the accumulation ratios
determined from multiple independent experiments.
Table 1 shows the mean whole cell accumulation of Pt
in 2008 and 2008/JM118 cells. Despite their resistance
to JM118, the 2008/JM118 cells accumulated modestly
yet significantly more Pt following exposure to either
DDP or JM118. This result is remarkable in that 2008
cells selected for resistance to DDP uniformly demon-
strate reduced rather than enhanced DDP accumula-
tion. The increase in the net uptake of both DDP and
JM118 in the JM118-resistant cells indicates a type of
resistance substantially different from that observed
when the same cells are selected with DDP, and sug-
gests a mechanism that detoxifies incoming drug by

@ Springer

Table 1 Whole cell Pt content following exposure to DDP or
JM118

Drug  Exposure Cell line Ratio 95% CI
duration (h)

DDP 1.5 2008/IM118 1.9 +£0.15 1.55-2.21
2008

IM118 1.5 2008/IM118 14+007 1.20-1.53
2008

DDP 24 2008/IM118 1.4+007 1.28-1.55
2008

JM118 24 2008/IM118 1.2 £0.03 1.15-1.27
2008

DDP 15 2008/C13*5.25 0.56 +0.06 0.45-0.68
2008

IM118 1.5 2008/C13*5.25 0.70 +£0.04 0.63-0.77
2008

DDP 24 2008/C13*5.25 0.37 £0.03 0.31-0.42
2008

IM118 24 2008/C13*5.25 0.67 +£0.02 0.64-0.70
2008

sequestering it into subcellular compartments and thus
enhances total cell uptake. This mechanism must limit
the access of these drugs to critical targets rather than
increasing their export from the cell.

To further document that the mechanism that pro-
tects against JM118 and DDP toxicity in the 2008/
JM118 cells is different from that which protects 2008/
C13#5.25 against these drugs, whole cell accumulation
was determined following exposure of 2008/C13%*5.25
cells to 2 uM DDP or JM118 for 1.5 or 24 h. The data
presented in Table 1 indicate the net uptake of both
DDP and JM118 was reduced in the 2008/C13%5.25
cells at both time points measured. Thus, the mecha-
nisms that become activated during selection of 2008
cells with these two drugs appear to be substantially
different even though they both yield some degree of
cross-resistance.

Cu homeostasis in JM118 resistant cells

Previous studies have demonstrated that the Cu efflux
transporters ATP7A and ATP7B regulate sensitivity to
DDP, carboplatin and oxaliplatin [20, 35, 37], and a
recent study has demonstrated that this is also true for
JM118 [33]. ATP7A and ATP7B appear to sequester
DDP and JM118 into intracellular vesicles, thereby
increasing whole cell Pt accumulation while at the
same time rendering the cells resistant to the drug [34,
37]. The expression of ATP7A and ATP7B was com-
pared in the 2008 and 2008/JM118 cells by Western
blot analysis. Three independent lysates were har-
vested from each cell line and three independent West-
erns were performed. One representative Western blot
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for each protein is presented in Fig. 3a. When quanti-
fied by densitometry, there was no discernable differ-
ence in expression of ATP7A or ATP7B between 2008
and 2008/JM118 cells.

To confirm that the altered Pt accumulation in 2008/
JM118 cells was not due to altered activity of ATP7A
or ATP7B, the accumulation and efflux of **Cu was
compared between the 2008 and 2008/JM118 cells.
Both types of cells were exposed to 2 uM *Cu for 24 h
and the whole cell **Cu content was measured at the
end of the loading period and at 0.5 and 1,440 min after
rapid washing and incubation in Cu-free medium. The
data presented in Fig. 3b indicate that, consistent with
the similar levels of ATP7A and ATP7B observed on
the Western blots, there was no significant difference in
either whole cell accumulation or efflux of %Cu
between the sensitive and JM118-resistant cells.

Relative glutathione content of 2008 and 2008/JM118
cells

Previous studies have demonstrated a correlation
between intracellular glutathione levels and satraplatin
cytotoxicity [8, 30]. To determine whether JM118

2008/
IM118 2008

A 2008
ATP7A >

tubulin % < tubulin

0.003 4

0.002 4

0.001 |

nmol Cu/mg protein o

0.000 +
0 0.5 1440
Efflux time [minutes]

Fig. 3 Cu homeostatis in JM118-resistant cells. a western blots
depicting expression of ATP7A (left) and ATP7B (right) in 2008
and 2008/JM118 cells. b accumulation and efflux of **Cu in 2008
(open square) and 2008/IM118 (filled square) cells following a 24
exposure to 2 uM %Cu. Each bar represents the mean of three
independent experiments each performed with six replicate cul-
tures. Vertical bars £ SEM

resistance was a result of altered glutathione levels,
glutathione was measured in 2008 and 2008/JM118
cells. In three independent experiments, each per-
formed with triplicate samples, glutathione levels were
quantified in the lysate from 0.5 x 10° cells for each cell
line by HPLC. The concentration of glutathione was
331.8 +28.1 (SEM) nmol/10° cells in 2008 cells and
288.7 + 7.7 (SEM) nmol/10° cells in 2008/JM118 cells.
Thus, there was no significant difference in glutathione
content/10° cells between 2008 and 2008/JM118 cells
and no suggestion that the glutathione content was
increased in the JM-resistant cells.

Cross resistance and collateral hypersensitivity
in JM118 resistant cells

The sensitivity of 2008 and 2008/JM118 cells to the
cytotoxic effect of a panel of non-Pt-containing drugs
commonly used for the treatment of cancer was deter-
mined using clonogenic assays. The results, presented
in Fig. 4, show that acquisition of resistance to JM118
was accompanied by cross-resistance to satraplatin,
although the degree of resistance was not as great as
for IM118 [slope ratio 2.6 + 1.07 (SEM); 95% CI 1.4-
3.9]. Resistance to JM118 was not accompanied by any
change in sensitivity to etoposide [slope ratio
1.2 +0.02 (SEM); 95% CI]. However, the 2008/JM118
cells were quite hypersensitive to docetaxel [slope ratio
0.13+£0.04 (SEM); 95% CI 0.06-0.20], paclitaxel
[slope ratio 0.27 &+ 0.02 (SEM); 95% CI 0.23-0.32],
doxorubicin [slope ratio 0.33 + 0.07 (SEM); 95% CI
0.20-0.46] and to some extent to mitoxantrone [slope
ratio 0.55+0.17 (SEM); 95% CI 0.23-0.88]. The
degree of hypersensitivity to docetaxel, paclitaxel, and
doxorubicin was quite remarkable given the stringency
of clonogenic assays. Because of the potential clinical
significance of this observation, additional sets of three
independent experiments were repeated in the same
laboratory by a different investigator for paclitaxel and
doxorubicin and the hypersensitivity of the 2008/
JM118 cells to both of these drugs was confirmed. The
mean slope ratio for the confirmatory paclitaxel exper-
iments was 0.34 + 0.19 (SEM) (95% CI 0.13-0.55) and
for doxorubicin it was 0.33 £0.10 (SEM) (95% CI
0.22-0.43).

Identification of differentially expressed genes using
microarray analysis

In an effort to identify genes or mechanisms that may
play a role in conferring resistance to JM118, RNA
from three independent flasks of each of the three cell
lines growing under identical conditions was harvested
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Fig. 4 Sensitivity of 2008 (open square) and 2008/IM118 (filled
square) cells to continuous exposure to etoposide, docetaxel, pac-
litaxel, doxorubicin and mitoxantrone as determined by clono-
genic assays. For some drugs sensitivity of 2008/JM118/REV (p)

and hybridized to Affymetrix U133A oligonucleotide
arrays. Analyses were focused on identifying genes
whose expression was altered in the 2008/JM118 cells
and which reverted toward baseline in the 2008/JM118/
REV cells that had lost much of their resistance to
JM118. Following normalization, the statistical analysis
approach developed by Tusher et al. (SAM) [42] was
used to identify genes that were significantly differen-
tially expressed between the sensitive parental cell line,
the JM118-resistant and the 2008/JM118/REV sub-
lines. This technique assigns a rank value (d-score) to
each gene based on the variance of its expression
across the three replicate experiments. Those gene
expression values with low variance have a higher d-
score compared with those values with higher variance.
A cutoff is chosen by the user to identify genes with d-
scores that are differentially expressed to a specified
level of certainty. For these experiments, the false dis-
covery rate was set at ~1 gene. Given these parame-
ters, SAM identified four genes whose transcripts were
significantly more abundant and 19 genes whose
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cells was also tested. Each data point represents the mean of three
experiments performed using triplicate cultures for each drug
concentration. Vertical bars = SEM

transcripts were significantly less abundant in the 2008/
JM118 cells than in the parental 2008 cells. These genes
are listed in Table 2. Of note, none these the genes are
clearly linked to mechanisms of resistance previously
reported for the Pt-containing drugs. Additionally,
none was found to be differentially expressed in 2008
sublines selected for resistance to DDP [6] and only
one of these differentially expressed genes, phosphori-
bosyl pyrophosphate synthetase (PRPS1), was found
to be differentially expressed in a 2008 subline selected
for resistance to oxaliplatin [36].

Among the genes whose mRNA levels were altered
in the 2008/JM118 cells, those whose expression
reverted toward baseline as the resistance to JM118
was lost in the 2008/ JM118/REV cells are potentially
most directly linked to the resistance mechanism.
Among the four up-regulated genes, in only one case
did the reversion of expression toward baseline in the
2008/JM118/REV cells reach statistical significance.
Among the 19 down-regulated genes, reversion toward
baseline was significant for only six genes. These genes
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Table 2 Genes identified by SAM as significantly up- or down-regulated in 2008/JM118 cells

Gene name Probe set ID d-score Expression Short description®
ratio®

Up-regulated genes
PSAP 200871 _s_at 60.48 1.62 Prosaposin (variant Gaucher disease and variant

metachromatic leukodystrophy)
KRT17 205157_s_at 33.28 3.12 Keratin 17
LCP1 208885__at 25.93 19.88 Lymphocyte cytosolic protein 1 (L-plastin)
ATP6VOC 36994 _at 25.94 1.44 ATPase, H" transporting, lysosomal 16 kDa, VO subunit ¢
Down-regulated genes
RBBP7 201092 _at —26.48 0.62 Retinoblastoma binding protein 7
VBP1 201472 _at —30.81 0.49 von Hippel-Lindau binding protein 1
CCT2 201946_s_at —19.88 0.86 Chaperonin containing TCP1, subunit 2 (beta)
KIAA0101 202503_s_at -21.22 0.70 KIAA0101
FLJ11506 202852_s_at -30.32 0.83 Hypothetical protein FLJ11506
SLC16A2 204462_s_at —45.40 0.22 Solute carrier family 16
CLPX 204809_at —20.64 0.52 ClpX (caseinolytic protease X, E. coli) homolog
INPP4B 205376_at —34.65 0.17 Inositol polyphosphate-4-phosphatase, type II, 105 kDa
NUDT4 206303_s_at —18.55 0.58 Nudix (nucleoside diphosphate linked moiety X)-type motif 4
NRG1 206343_s_at —-22.28 0.18 Neuregulin 1
TXNL2 209080_x_at —24.12 0.34 Thioredoxin-like 2
PRPS1 209440_at —23.16 0.41 Phosphoribosyl pyrophosphate synthetase 1
LOC541578 212961_x_at —25.83 0.41 Hypothetical LOC541578 protein
GCSH 213133_s_at —24.00 0.58 Glycine cleavage system protein H (aminomethyl carrier)
MRPS17 218982_s_at —21.84 0.55 Mitochondrial ribosomal protein S17
ARMCXS 219335_at —-20.42 0.42 Armadillo repeat containing, X-linked 5
PSMD10 219485_s_at —19.35 0.53 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 10
ACATE2 221641_s_at —32.64 0.39 Likely ortholog of mouse acyl-Coenzyme A

thioesterase 2, mitochondrial
FTSJ2 222130_s_at —23.13 0.56 FtsJ homolog 2 (E. coli)

Based on a false discovery rate of 1 gene

2Fold change ratio expressed as normalized absolute signal in 2008/JM118 divided by normalized absolute signal in 2008

®Short descriptions are derived from Affymetrix definitions

are listed in Table 3 along with the ratio of their
expression in the 2008/JM118 and 2008/JM118/REV
cells to that in the 2008 cells.

Table 3 Genes whose expression was identified by SAM as being
altered in 2008/JM118 cells and whose expression reverted signifi-
cantly toward baseline in the 2008/JM118/REV cells

Gene name Probe Expression relative to
set ID 2008 cells?
2008/JM118 2008/
JM118/REV

ATP6VOC 36994_at 1.44 0.76
VBP1 201472_at 0.49 0.65
CCT2 201946_s_at 0.86 1.17
INPP4B 205376_at 0.17 0.46
TXNL2 209080_x_at 0.34 0.55
MRSP17 218982 _s_at 0.55 0.84
ACATE2 221641_s_at 0.39 0.5

Based on a false discovery rate of 1 gene

4 Fold change ratio expressed as normalized absolute signal in
2008/JM118 and 2008/JM118/REV cells relative to that in 2008
cells

Discussion

Satraplatin is of substantial clinical interest because it
can be given orally and has an attractive safety profile.
One approach to identifying the mechanisms that
determine sensitivity to satraplatin is to develop a cell
line that has acquired resistance to its major active
metabolite as a result of repeated exposure to the drug.
The 2008 ovarian carcinoma cell line has been utilized
extensively to study the cellular pharmacology of the
Pt drugs [1, 7, 13, 23, 32]. Following eight rounds of
selection, a subline that was 4.9-fold resistant to JM118
was isolated and utilized for further studies. The 2008/
JM118 subline exhibited substantial cross-resistance to
DDP, carboplatin and oxaliplatin, indicating that at
least some of the mechanisms engaged to protect the
2008/JM118 cells against JM118 also provide protec-
tion against these other drugs. That indeed the same
mechanism accounts for resistance to all these Pt drugs
in the 2008/JM118 cells was further documented by the
observation that as resistance to JM118 was lost so was
the resistance to DDP, carboplatin, and oxaliplatin.

@ Springer



310

Cancer Chemother Pharmacol (2007) 59:301-312

The finding that 2008/C13*5.25 cells selected for resis-
tance to DDP were cross-resistant to JM118 suggested
that perhaps the same mechanisms are involved for
both JM118 and DDP. However, there is at least one
strong indication that the protective mechanisms that
evolved during selection with JM118 are quite different
from those that evolve during selection with DDP. The
2008/C13*5.25 cells accumulated less DDP and JM118,
whereas the 2008/JM118 cells accumulated more of
both drugs.

The observation that the 2008/JM118 cells accumu-
lated significantly more Pt during a 24 h exposure to
either DDP or JM118 is paradoxical but not inconsis-
tent with recent studies suggesting that the Pt drugs are
extensively sequestered into subcellular compartments
that limit their access to critical targets. In some cell
types, this sequestration process is accompanied by
enhanced export of the drugs [14], whereas in other cell
types the dominant effect is enhanced storage of drug
inside the cell, presumably in a non-toxic form [35, 37].

Previous studies demonstrated that forced expres-
sion of either ATP7A or ATP7B can render cells resis-
tant to DDP and other platinum drugs [10, 12, 15, 16,
20, 21, 35, 37]. Additionally, studies using 2008 cells
engineered to over-express ATP7A demonstrated that
ATP7A serves to sequester DDP and JM118 in intra-
cellular vesicles, thereby increasing whole cell Pt accu-
mulation while at the same time rendering the cells
resistant to the drug [34, 37]. Thus, it was of interest to
determine whether 2008/JM118 cells had altered
expression of these Cu transporters. Western blot anal-
ysis demonstrated that there was no difference in
expression of ATP7A or ATP7B and this finding was
supported by studies demonstrating that there was no
difference in Cu accumulation or efflux between 2008
and 2008/JM118 cells. Thus, the 2008/JM118 cells
appear to utilize a mechanism of resistance that is inde-
pendent of these Cu efflux transporters. The fact that
resistance to JM118 is accompanied by an increase in
whole cell drug uptake suggests some other sort of
sequestration mechanism that limits access of the drug
to critical targets but allows it to build up in the cell in a
non-toxic form. The observation that there was no
difference in the cellular content of glutathione in the
parental and JM118-resistant cells suggests that this tri-
peptide is not involved in the detoxification process.

While the emergence of resistance appears to be a
nearly inevitable consequence of repeated exposure to
cytotoxic drugs, in rare cases the mechanisms that
serve to protect the cells against one drug cause collat-
eral hypersensitivity to another class of drugs.
Although the 2008/JM118 cells showed no change in
sensitivity to the topoisomerase II inhibitor etoposide,
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they were remarkably hypersensitive to docetaxel, pac-
litaxel, and doxorubicin and, to a lesser degree, to
mitoxantrone. These drugs are representative of three
classes of agents whose mechanism of action is quite
different from each other and from that of the Pt-con-
taining drugs. Doxorubicin and mitoxantrone trigger
cellular injury primary by intercalating into DNA and
inhibiting the activity of key enzymes involved in the
function of DNA such as topoisomerase II [3, 22]
whereas paclitaxel and docetaxel disrupt microtubule
dynamics [17]. How resistance to JM118 might be
linked molecularly to hypersensitivity to these unre-
lated classes of drugs is a matter of conjecture. Cells
selected for resistance to DDP are not known to dem-
onstrate remarkable hypersensitivity to these agents
[38], an observation that provides further evidence of
significant differences in the mechanisms involved in
resistance to DDP and JM118. It is important to note
that when resistance to JM118 waned in the 2008/
JM118/REV cells, and cross-resistance to DDP, carbo-
platin, and oxaliplatin diminished in parallel, the
hypersensitivity to paclitaxel and doxorubicin was nev-
ertheless maintained. This suggests that the mecha-
nisms involved in resistance to the Pt drugs and
hypersensitivity to paclitaxel and doxorubicin are inde-
pendent. The discovery of collateral sensitivity is
promising in that it suggests that combination therapy
with satraplatin and doxorubicin, mitoxantrone, paclit-
axel or docetaxel may be unusually effective in the
treatment of some types of malignancies, particularly
for preventing the emergence of drug resistance. Alter-
natively, single agent therapy with any of these drugs
may be effective in patients who have failed satraplatin
therapy.

Expression profiling permits identification of genes
that are differentially expressed in drug-sensitive and
resistant cells, and sometimes elucidates the role of
specific biochemical pathways. Application of the
SAM technique identified only a modest number of
genes that were significantly differentially expressed
between the 2008 and 2008/JM118 cells, and an even
smaller number in the subset whose expression
reverted toward baseline when JM118 resistance
faded. Caution is needed in attributing significance to
these genes since the magnitude of the differences in
sensitivity among the cell lines was not great. Although
cell culture studies have shown that JM118 can par-
tially overcome DDP resistance, suggesting a resis-
tance mechanism based on tolerance or increased
repair [8], few of the genes identified in the current
study as being differentially expressed are recognizably
associated with mechanisms such as DNA repair that
have been reported to be important determinants of Pt
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drug sensitivity. A similar inability to link differentially
expressed genes to recognized mechanisms of resis-
tance has been observed in expression profiling studies
of 2008 cells selected for resistance to cisplatin [6] and
oxaliplatin [36]. However, it is noteworthy that PRPS1
(phosphoribosyl pyrophosphate synthetase 1) was
found to be differentially expressed in 2008/JM118 cells
as well as a 2008 subline selected for resistance to oxa-
liplatin [36]. PRPS plays a role in nucleotide synthesis
by catalyzing the formation of phophoribosyl pyro-
phosphate [40]. There is no clear indication of how
PRPS might be involved in acquired resistance to
JM118, and further studies need to be performed in
order to confirm the differential expression and deter-
mine whether altered expression of PRPS does indeed
confer resistance to JM118. Nonetheless, the lack of
genes identified as commonly differentially expressed
in the 2008/JM118 and 2008 sublines selected for resis-
tance to either DDP or oxaliplatin further suggests that
cells engage different mechanisms to protect them-
selves against these three drugs even when the result-
ing phenotype is quite similar.

The results of this study suggest some important
opportunities for the clinical development of satrapla-
tin. First, based on differences in the mechanisms that
cells utilize to defend against their toxicity, it would be
reasonable to test satraplatin in diseases not responsive
to cisplatin. Second, the apparent synthetic lethal inter-
action that results in hypersensitivity to other classes of
drugs when cells become resistant to JM118 provides a
strong impetus for testing combinations of satraplatin
with the taxanes and doxorubicin, particularly in dis-
eases whether there is rapid development of resistance
to the Pt drugs.
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