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Abstract

Cisplatin produces good responses in solid tumours including small cell lung cancer
(SCLC) but this is limited by the development of resistance. Oxaliplatin is reported to
show activity against some cisplatin-resistant cancers but there is little known about
oxaliplatin in SCLC and there are no reports of oxaliplatin resistant SCLC cell lines.
Studies of drug resistance mainly focus on the cellular resistance mechanisms rather than
how the cells develop resistance. This study examines the development of cisplatin and
oxaliplatin resistance in H69 human SCLC cells in response to repeated treatment with
clinically relevant doses of cisplatin or oxaliplatin for either 4 days or 2h. Treatments
with 200ng/ml cisplatin or 400ng/ml oxaliplatin for 4 days produced sublines
(H69CIS200 and H690X400 respectively) that showed low level (approximately 2-fold)
resistance after 8 treatments. Treatments with 1000ng/ml cisplatin or 2000ng/ml
oxaliplatin for 2h also produced sublines, however these were not stably resistant
suggesting shorter treatment pulses of drug may be more effective. Cells survived the
first five treatments without any increase in resistance, by arresting their growth for a
period and then regrowing. The period of growth arrest was reduced after the sixth
treatment and the H69CIS200 and H690X400 sublines showed a reduced growth arrest
in response to cisplatin and oxaliplatin treatment suggesting that "regrowth resistance"
initially protected against drug treatment and this was further upregulated and became
part of the resistance phenotype of these sublines. Oxaliplatin dose escalation produced
more surviving sublines than cisplatin dose escalation but neither set of sublines were
associated with increased resistance as determined by 5-day cytotoxicity assays, also
suggesting the involvement of regrowth resistance. The resistant sublines showed no
change in platinum accumulation or glutathione levels even though the H690X400
subline was more sensitive to buthionine sulfoximine treatment. The H69CIS200 cells
were cross-resistant to oxaliplatin demonstrating that oxaliplatin does not have activity
against low level cisplatin resistance. Relative to the H69 cells, the H69CIS200 and
H690X400 sublines were more sensitive to paclitaxel and taxotere suggests the taxanes

may be useful in the treatment of platinum resistant SCLC. These novel cellular models



of cisplatin and oxaliplatin resistant SCLC will be useful in developing strategies to treat

platinum-resistant SCLC.

Keywords
Oxaliplatin, Cisplatin, Drug Resistance, Regrowth Resistance, Small Cell Lung Cancer,

Cellular Response

Introduction

Cisplatin is a widely used chemotherapeutic drug in the treatment of solid tumours
including small cell lung cancer [1]. The development of drug resistance is the primary
reason for cisplatin’s failure to cure cancer. Over the last 30 years many other platinum
drugs have been developed in an attempt to improve on cisplatin. One of these newer
drugs is oxaliplatin which has activity against colon cancer in vitro [2] and is now used as
a treatment for colon cancer in combination with 5-fluorouracil [3,4]. Oxaliplatin is also
thought to be a better tolerated chemotherapeutic than cisplatin although cases of

oxaliplatin toxicity have been reported [5,6].

Oxaliplatin is widely regarded as useful for the treatment of cisplatin resistant cancer.
Evidence for this comes from studies of cisplatin-resistant cell cultures and clinical
studies. There is also the notion that because oxaliplatin has a different activity profile to
cisplatin in the National Cancer Institute’s panel of 60 cell lines [7], oxaliplatin should
complement cisplatin treatment and be effective against cisplatin resistance [2]. However,
the evidence from cellular studies involve high levels of resistance (20- to 40- fold) to
cisplatin [8,9]. While these highly resistant models are useful to understand the possible
mechanisms of resistance, drug resistance in the clinical setting typically occurs at levels

of 2-3 fold [10,11] and may therefore involve different mechanisms of resistance.

The clinical evidence that oxaliplatin is active against cisplatin resistant cancers involves

reports of oxaliplatin having greater activity against platinum pre-treated testicular cancer



when combined with other chemotherapeutics such as gemcitabine [12,13] or irrinotecan
[14] rather than oxaliplatin as a single agent [15]. In these studies it is difficult to
determine whether it is the oxaliplatin or the combination of drugs that produces a
response in cisplatin pre-treated patients. This question is unlikely to be resolved by
further clinical trails. The development of clinically relevant cellular models of cisplatin
and oxaliplatin resistance would therefore help to resolve this issue. The way platinum
resistance is defined in the clinic is also a complicating factor. Platinum pre-treated
patients and clinical platinum resistance are not necessarily the same and different criteria
are used in different clinical trails. When oxaliplatin was studied as a single agent in
ovarian carcinoma where patients were divided into platinum resistant or platinum
sensitive based on Markman’s criteria [16], there was a clear drop in response rate to
oxaliplatin in the cisplatin resistant patients [17-19]. This suggests that oxaliplatin’s
activity is reduced in cisplatin resistant cancer as this cohort failed to respond to

oxaliplatin as a single agent.

There are a variety of cisplatin-resistant SCLC sublines that have been established with
various cisplatin treatment regimens and eleven examples are presented in Table 1. The
majority of these studies focused on mechanisms of resistance and there was little
information on how resistance developed or whether their sensitivity to oxaliplatin was
altered. Seven of these sublines were produced by continuous cisplatin treatment for
periods longer than a week and had cisplatin resistance from 5- to 25-fold. The other four
sublines were repeatedly treated with cisplatin for 1h to 4 days and gave resistances of 2-
to 16-fold. We chose to use pulsed rather than continuous drug exposure for our study of
the development of resistance as this may result in low level and possibly more clinically
relevant, resistance. Treatment doses were chosen in the range of IC;o — IC40 and are
consistent with doses used in the clinical setting. Pharmacokinetic studies show that
plasma platinum levels peak at a range of 1-10ug/ml in 2h with a rapid drop to the ng/ml
range and then a slow decrease over the next 48 hours [20-21]. Our two time and dose
strategies reflect these differing pharmacokinetic phases of the administration of platinum

drugs; 2h treatments at 1000-8000ng/ml and 4 day treatments at 200-1600ng/ml.



There appear to be no reports of SCLC cells selected for oxaliplatin resistance. We report
here the results of a comparative study of cisplatin and oxaliplatin and their ability to
induce resistance in the human H69 SCLC cell line when administered repeatedly as
either a 4 day or 2h pulse. The resistant cells produced were then maintained in drug-free
media and their mechanisms of resistance and patterns of cross resistance between

cisplatin, oxaliplatin and several other drugs were determined.
Methods
Cell Culture and Resistant Subline Development

The human H69 small cell lung cancer cell line was obtained from the American Type
Culture Collection. All cells and sublines were maintained in drug free RPMI
(Thermoelectron, Sydney, Australia) with 10% FCS (Thermoelectron) in a humidified
atmosphere with 5% CO; at 37°C. The H69 cells were treated as shown in Figure 1 with
cisplatin for 4 days at doses of 200, 400 or 800 ng/ml; with cisplatin for 2h at doses of
1000, 2000 or 4000ng/ml; with oxaliplatin for 4 days at doses of 400, 800 or 1600ng/ml;
or with oxaliplatin for 2h at doses of 2000, 4000 or 8000ng/ml. Following treatment cells
were transferred to drug-free culture conditions for recovery and when cultures had
undergone approximately 5 doublings the treatment was repeated either at the same drug
dose or at higher doses as indicated in Figure 1. Eight consecutive treatment cycles were

performed on cultures over an 8 month period. All cultures were mycoplasma free.
Cytotoxicity Assay

To determine the level of resistance, cells were plated into flat bottomed 96-well plates
at a cell density of 6.0 x 10* cells/well. Cells were treated in triplicate with 2-fold serial
dilutions of drug in a final volume of 200 ul. Drug free controls were included in each
assay. Plates were incubated for 5 days at 37°C in a humidified atmosphere with 5% CO,
and cell viability was determined using the MTT assay [22]. 50 ul of MTT (2.5 mg/ml in
PBS) was added to each well and the cells incubated for a further 2 hours. The plates



were centrifuged at 800g for 5 minutes, the culture medium aspirated and the formazan
product dissolved in 100 ul DMSO. Plates were mixed for 15 minutes and the
absorbance measured at 570 nm. Cell viability was calculated as a percentage of control
absorbance values and the fold resistance was calculated by dividing the ICs, of the

resistant cells by that of the H69 cells.

Glutathione Assay

Total intracellular glutathione was determined using a modification of the colorimetric

method of [23] as previously described [24].

Flow Cytometry Cell Cycle Analysis

Cells (10°) were resuspended in 500 ul of Dubulco’s PBS containing 50 pg/ml propidium
iodide and 0.02% nonodet P-40 on ice. The cells were then incubated on ice for 10-15
minutes and analysed in a Becton Dickinson FACScan flow cytometer. Red fluorescence
was monitored (FL2) using a 585/42 band pass filter, 10000 events were collected and

the data was analysed using CellQuest software.

Platinum Accumulation

Cells (2.5 x 10°) were washed in 10 ml PBS, centrifuged and the supernatant carefully
removed. The pellet of platinum treated cells was dried on a heating block, resuspended
in 100 pl of nitric acid and incubated at 90°C for 3 hours. Samples were then resuspended
in 200 pl of 0.1M HCI and analysed by Atomic Absorption using a Platinum Photron
hollow cathode lamp in a Varian SpectrAA-400-Zeeman spectrophotometer using the

operating conditions as specified by the manufacturer.

Statistical Analysis

The student’s t-test was used to determine significant differences. A P-value of less than

0.05 was regarded to be significant.



RESULTS

Development of platinum resistance

The H69 cells were treated as shown in Figure 1 and as described in Methods. Of the 12
different initial treatments, only the lowest drug concentrations produced surviving cells.
These lowest drug concentration treatments all produced between 20 and 30% cell death
and growth arrest. On drug treatment cells increased in size and did not aggregate in
typical SCLC clumping morphology. Surviving cultures were then re-treated when their
normal growth rate and clumping morphology had returned. Cultures were treated with
the same drug and dose as well as with twice and four times that dose. All cultures again
survived the lowest dose but none survived the higher doses except for those treated with
4000ng/ml oxaliplatin for 2h. The results of the third treatment with the same and with
escalated doses produced cultures that survived the same dose, none of the cultures
treated with increased cisplatin doses survived while increased oxaliplatin produced two
surviving cultures (Fig 1). Subsequent treatments with increased doses of cisplatin were
performed out to treatment 4 which produced one culture that survived treatment with
400ng/ml cisplatin for 4 days. Cultures therefore appeared to survive oxaliplatin dose
escalation more easily than cisplatin dose escalation. However, those cultures surviving
dose escalation were not more resistant than the cultures from which they were derived as
determined by the standard 5 day cytotoxicity assay suggesting that this resistance may

be associated with growth delay.

Dose escalation of platinum drugs rarely occurs as part of SCLC treatment [25]. We
therefore concentrated on characterising the development of resistance in the cultures
repeatedly treated with the same lowest dose schedule. The initial treatments with
cisplatin and oxaliplatin for 4 days produced a growth arrest and a time to doubling of 21
days while the 2h treatments resulted in a 17 day recovery (Figure 2). A similar growth
arrest occurred in all schedules for the first five treatments. For the sixth, seventh and
eighth treatments, the recovery period was reduced to 6 days in all except the 2h cisplatin

schedule. The cell sublines resulting from 8 treatments of the 4 day cisplatin schedule



were designated H69CIS200; the 2h cisplatin schedule, H69CIS1000; the 4 day
oxaliplatin schedule, H690X400 and the 2h oxaliplatin schedule, H690X2000. The
resistant cells were of the same size and morphology as the parental cells and grew at a

similar growth rate in drug free media (data not shown).

The level of resistance to cisplatin and oxaliplatin was monitored after each treatment at
weekly intervals after recovery by performing a 5 day cytotoxicity assay. The results in
Figure 3 show that for the 4 day cisplatin and oxaliplatin schedules, low level
(approximately 2-fold), stable resistance developed following the eighth treatment. A
similar level and pattern of stable cross-resistance to the non-selecting platinum drug was
also evident. Although the 2h cisplatin and oxaliplatin schedules showed similar trends to
those of the 4 day schedules (not shown), they did not produce stable resistance after the
eighth treatment and therefore they were not included in further studies. Resistance to
oxaliplatin was detected earlier than resistance to cisplatin in both sublines. A higher
level of oxaliplatin resistance was also detected in comparison to cisplatin resistance in
both resistant sublines. Resistance appeared to be greatest in the second week after
recovery. However this resistance was transient as the level of resistance was usually
lower in the third week. This variation was largest for the oxaliplatin treatments as
compared to the cisplatin treatments and it was most evident at treatment 7. This
increased variation may be related to the drop in doubling time at treatment 6 but may not

be part of the progression to stable resistance as it did not re-occur at treatment 8.

Changes associated with stable low level resistance

The effect of an acute drug treatment on recovery time was determined by counting cells
microscopically following treatment of the H69 cells and the H69CIS200 subline with
1000ng/ml cisplatin for 2h and the H69 cells and the H690X400 subline with 2000ng/ml
oxaliplatin for 2h. Figure 4 shows that the doubling time after cisplatin treatment for the
H69CIS200 subline was 10 days compared to 18 days for the H69 cells. The doubling
time after oxaliplatin treatment was even shorter for the H690OX400 subline (5 days)
compared to greater than 21 days for the H69 cells. These shorter doubling times were

reflected in the time for the cell cycle to return to normal (Figure 5). When the H69 and



H69CIS200 cells were treated with 1000ng/ml cisplatin for 2h; the time for the recovery
of the sub-Gy phase from 25% to a normal 4% and for the return of the Go/G; phase to a
normal 60% was faster for the H69CIS200 cells than the H69 cells. There was also an
increase in the proportion of H69 cells in the G2/M phase, there was no such change for
the H69CIS200 subline. The H690X400 subline treated with 2000ng/ml oxaliplatin for
2h showed little change in the cell cycle relative to those changes seen in the H69 cells.
Even though 1000ng/ml cisplatin and 2000ng/ml oxaliplatin produced a more dramatic
change in cell cycle in the H69 cells than in both the resistant sublines, when the
H69CIS200 subline was acutely treated with double the dose (2000ng/ml cisplatin for 2h)
and the H690X400 subline with 4 times the dose (8000ng/ml oxaliplatin for 2h), the cell
cycle profiles of the sublines resembled those for the H69 cells (not shown). The cell
cycle kinetics were also determined during the development of the sublines following

treatment cycle 4 and found to be the same as for the treated H69 cells (not shown).

Cross resistance

The H69CIS200 and H690X400 cell sublines were equally resistant to cisplatin and
oxaliplatin but they were not significantly resistant to carboplatin (Figure 6). Neither
subline showed resistance to daunorubicin, epirubicin, etoposide, selenium or copper.
However both the resistant sublines showed increased sensitivity to paclitaxel and
taxotere. This increase in sensitivity was not associated with other mitotic spindle poisons
such as vinblastine or navelbine. Rather the H690X400 subline was resistant to
vinblastine. The H69CIS200 subline was resistant to buthionine sulphoximine (BSO)
while the H690X400 subline was sensitive to BSO.

Cellular glutathione and resistance

To further investigate this differential effect of BSO, the levels of cellular glutathione
was determined following 24h culture in fresh media. There was no significant difference
in glutathione levels between the sublines and platinum drug treatment had no effect on
glutathione levels (not shown). 50uM BSO depleted glutathione in all the cell lines to a

similar extent of approximately 2% of the untreated level (not shown).



The effect of depleting cellular glutathione on cell growth and on resistance was
determined by culturing the H69 cells and the resistant sublines in media containing
50uM BSO. Figure 7a shows that BSO treatment reduced the growth of the H69 cells to
65% of untreated cells, for the H69CIS200 subline the reduction was similar but for the
H690X400 subline growth was further inhibited. BSO tended to sensitise all cells to

oxaliplatin, but had little effect on cisplatin resistance (Figure 7b,c).

Platinum Accumulation

There were no significant changes in the level of cell-associated platinum in the
H69CIS200 or H690OX400 sublines relative to the H69 cells following a 2h exposure to
1000ng/ml cisplatin, 2000ng/ml oxaliplatin or a 4-day exposure to 200ng/ml cisplatin or
400ng/ml oxaliplatin (not shown). This suggests that changes in drug efflux or drug

uptake were not contributing to resistance.

Discussion

Studies of cellular drug resistance mainly focus on the molecular mechanisms
contributing to the resistance rather than how the cells became resistant and the factors
that promote its development. In this study the H69 SCLC cells were treated either for 4
days or 2h with an IC, dose of cisplatin or oxaliplatin to determine the impact of
cisplatin versus oxaliplatin and the length of drug exposure on the development of
resistance. The time taken to develop stable resistance was approximately 8 months and
this compares with the range of 4 months to 24 months reported for other cisplatin
resistant SCLC sublines [26-33]. The rate of development of resistance appeared similar
between the 2h and 4 day treatment schedules. However, the 4 day schedule produced
stable resistance while the 2h schedule produced unstable resistance suggesting that a
shorter pulse may be more effective against cancer than continuous exposure or longer
pulse times. This is similar to what was observed in the development of a cisplatin
resistant ovarian carcinoma, which yielded stable resistance from a continuous exposure
but not from a series of 1h pulses [34]. However other studies have produced stable

cisplatin resistance with 1-2h pulses in murine ovarian reticulosarcoma [35], human
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ovarian adenocarcinoma [36] and non-SCLC [37] using higher doses of drug (umolar)

than used in this study.

Our results show that SCLC cells develop resistance to oxaliplatin more easily than they
develop resistance to cisplatin. While we could find no other reports of oxaliplatin
selected SCLC cells, there are many reports for other types of cell lines. Commonly
reported mechanisms of resistance include increased cellular glutathione [38] and
decreased platinum accumulation [39-41] similar to what is seen in cisplatin resistance.
The H69CIS200 and H690X400 sublines appear not to have decreased platinum
accumulation nor increased glutathione but rather may rely on altered cell cycle kinetics

as a means of resistance (Figs 4, 5).

During the first five treatment cycles there was no measurable drug resistance yet the
treated cells survived and regrew. Survival of these early treatment cycles involved a
reversible cell cycle arrest followed by regrowth. Regrowth resistance has previously
been reported as a mechanism that allows cells to survive drug treatment via proliferation
rather than increased drug resistance [42]. Depending on the rate of proliferation and the
sensitivity of the malignancy to therapy, the effects of tumor regrowth can range from
insignificant to the complete offsetting of the effects of treatment [43]. After six
treatment cycles the response of the resistant cells changed. This is comparable to the
resistance observed after 6 treatment cycles in cisplatin resistant SCLC [28] and 6

treatment cycles in oxaliplatin resistant ovarian carcinoma [39].

There was a shorter time to doubling for 3 out of the 4 resistant sublines and this change
in response was accompanied by a change in the cell cycle kinetics following drug
treatment (Fig 5). Earlier in the development of resistance (treatment cycle 4) treated
cells showed a similar cell cycle recovery as the H69 cells. A similar pattern of growth
arrest and recovery was observed in the development of cisplatin resistant IGROV 1
ovarian carcinoma cells [36]. IGROV1 cells were exposed to cisplatin for 2h and
allowed to recover for several weeks. Development of resistance to cisplatin was

associated with the ability of the treated cells to progress through the cell cycle beyond
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the G1/S checkpoint; although most cells died by apoptosis, a few surviving cells
proliferated and recolonised the cultures. The authors suggested that this was not
resistance to drug induced cell death, rather an increased propensity to proliferate after
cytotoxic treatment [36], in other words regrowth resistance. It is likely that regrowth
resistance is initially used as a survival mechanism that also provides the time for a more

permanent protective mechanism to develop.

Regrowth resistance is difficult to measure using a conventional 5 day cytotoxicity assay.
The main reason for this is that regrowth does not occur within the time of the assay.
Also the cytotoxicity assay depends on their being a change in growth rate or survival
with changing dose of test drug. For regrowth resistance, growth arrest can occur over a
wide drug concentration range effectively producing no change in growth or survival for
the cytotoxicity assay to detect. Our sublines which survived dose escalation showed no
increase in resistance in a conventional 5 day assay, however their survival is indicative

of regrowth resistance.

As to whether oxaliplatin is more effective than cisplatin, there is little in the way of
direct comparisons in cellular resistance studies. Our results show resistance developed in
a similar manner in response to cisplatin and oxaliplatin in our SCLC cell model. Both
produced similar levels of resistance (Fig 3), drug cross-resistance (Fig 6) and stability of
the resistance (Fig 3). However, it was easier to escalate the dose of oxaliplatin compared
to cisplatin. A two-fold higher dose of cisplatin was cytotoxic to low-level resistant cells
while a two-fold higher dose of oxaliplatin still resulted in viable cells. This suggests
oxaliplatin may be less effective than cisplatin. This is also supported by the quicker
recovery of growth from a single drug treatment for the H690X400 subline compared to
the H69CIS200 subline (Fig 4). A possible explanation for the faster recovery from
oxaliplatin treatment and the greater number of oxaliplatin surviving sublines, is the
greater efficiency of bypassing of oxaliplatin-DNA adducts than cisplatin-DNA adducts
by DNA polymerases [44]. There is also further evidence to suggest that at equimolar
concentrations oxaliplatin forms fewer but more cytotoxic DNA lesions than cisplatin

[45,46]. This may explain the response of our sublines to equally cytotoxic doses of drug,
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in the case of oxaliplatin there may be fewer lesions with a better chance of being
bypassed by DNA polymerases. This combination leads to a greater chance of the
oxaliplatin treated cell dividing, despite the presence of DNA lesions. The cell division
will dilute out the number of lesions per cell and these surviving cells are likely to have

additional attributes contributing to their mechanism of resistance to the platinum drug.

There is evidence to suggest that oxaliplatin is active against cisplatin-resistant cancers
and cells [8,9,12-14]. This has also been reported in SCLC, in one study the 16-fold
cisplatin-resistant SR2 SCLC subline was sensitive to oxaliplatin [33] while another
variant of this subline that was 3.3-fold resistant to cisplatin, was 1.4-fold resistant to
oxaliplatin [47]. In our study of the H69 SCLC cells, oxaliplatin did not have activity
against the cisplatin-resistant H69CIS200 cells and there are similar reports in ovarian
carcinoma [40]. This also complements the clinical studies showing a lack of activity of
oxaliplatin in cisplatin resistant ovarian carcinoma [17-19]. Our study questions the
effectiveness of oxaliplatin in cisplatin resistant cancer and suggests that more research

into the mechanisms of low-level platinum resistance is needed to resolve this issue.

Even though oxaliplatin had little activity against cisplatin resistance in our study,
paclitaxel and taxotere showed increased activity against both the H69CIS200 and
H690X400 sublines relative to the H69 cells (Fig 6). There are previous reports of
cisplatin resistant SCLC cells being sensitised by pretreatment with a low dose of
paclitaxel [28] and there are many examples of other cisplatin resistant cell lines that are
sensitive to taxanes [48-52]. Taxanes bind to and stabilise microtubules and block cell
cycle progression through centrosomal impairment, induction of abnormal spindles and
suppression of spindle microtubule dynamics [53]. The mechanism of platinum resistance
in these resistant sublines may involve tubulin abnormalities which then render the cells
sensitive to subsequent paclitaxel treatment. This is supported by the report of cisplatin
resistance being associated with decreased levels of B-tubulin and tubulin abnormalities
[48,54]. Another possible explanation could involve survivin since this is increased in
cisplatin resistant ovarian cancer cells and paclitaxel treatment reduces survivin levels in

these cells [55].
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Increases in intracellular glutathione has been previously associated with platinum
resistance in many studies [10,38,56]. We have determined that the level of glutathione
remains unchanged between the cell lines and treatment with 50uM BSO tended to
sensitise all cells to oxaliplatin, but had little effect on cisplatin resistance (Figure 7 b&c).
This suggests that a depletion of glutathione is not enough to overcome the platinum
resistance in this model. All the cell lines show a drop in growth rate in response to S0uM
BSO (Figure 7a), however the H690OX400 cells show the most inhibition and the
H69CIS200 cells grow more than the parental cells under these conditions. This
corresponds to what was found in the BSO toxicity assay, the H69CIS200 cells are
resistant and the H690OX400 cells are sensitive to BSO (Figure 6). How this difference in
response to BSO treatment relates to platinum resistance will be examined further in this

cell model.

We have shown that cisplatin and oxaliplatin treatment both cause the development of
resistance in the H69 SCLC cell line in similar ways that initially involves growth arrest-
regrowth resistance followed by more permanent resistance mechanisms that appear not
to involve decreased platinum accumulation or increased glutathione levels. Oxaliplatin
was not effective against this cisplatin resistance however both resistant sublines were
more sensitive to paclitaxel and taxotere suggesting the taxanes should be further

investigated for their potential against platinum-resistant SCLC.
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Table 1. Examples of cisplatin-selected SCLC sublines

Subline Treatment Ref.
(Fold Resistance)

H69/0.2 (8) Continuous 50ng/ml for 1-3 weeks. Escalate dose to [26]
200ng/ml.

H69/0.4 (25) Same as for H69/0.2 then grown in 400ng/ml for 1
year.

N231/0.2 (8) Continuous 50ng/ml for 1-3 weeks. Escalate dose to
200ng/ml.

H69/CPR (5) Continuous exposure in escalating doses up to [27]
400ng/ml over 4-6 months.

H69-CP (3) 6 treatments of 100ng/ml for 4 days with 2-3 weeks [28]
recovery between.

H82-CP (2) 6 treatments of 100ng/ml for 4 days with 2-3 weeks
recovery between.

GLC4-CDDP (6) Continuous exposure with more drug added each time [29]
the cells grew. 9 such treatments over 1 year.
Maintained by 1h exposure per month.

SBC-3/CDDP (13) | Continuous starting at 30ng/ml for 2-3 weeks then [30]
escalating up to 1,500ng/ml over 2 years.

H209/CP (11.5) Continuous 80ng/ml for several months then [31]
maintained by treating every 2 weeks.

SW2/CDDP (3.3) | ICyy dose for 1h per week with dose escalation of 15- [32]
20% per treatment when possible over 14 months.

(SCLCT)SR-2 (16) | Sng/ml for 24h per 3 weeks; maintained with 100ng/ml [33]

15




Reference List

10.

11.

Thatcher N., Eckardt J., and Green M. (2003) Options for first- and second-line
therapy in small cell lung cancer - A workshop discussion. Lung Cancer 41 Suppl
4:S37-S41

Rixe O., Ortuzar W., Alvarez M., Parker R., Reed E., Paull K., and Fojo T. (1996)
Oxaliplatin, tetraplatin, cisplatin, and carboplatin: spectrum of activity in drug-
resistant cell lines and in the cell lines of the National Cancer Institute's Anticancer
Drug Screen panel. Biochemical.Pharmacology 52:1855-1865

Ibrahim A., Hirschfeld S., Cohen M.H., Griebel D.J., Williams G.A., and Pazdur R.
(2004) FDA drug approval summaries: oxaliplatin. Oncologist. 9:8-12

Culy C.R., Clemett D., and Wiseman L.R. (2000) Oxaliplatin. A review of its
pharmacological properties and clinical efficacy in metastatic colorectal cancer and
its potential in other malignancies. Drugs 60:895-924

Lenz G., Hacker U.T., Kern W., Schalhorn A., and Hiddemann W. (2003) Adverse
reactions to oxaliplatin: a retrospective study of 25 patients treated in one
institution. Anti-Cancer Drugs 14:731-733

Tisman G., MacDonald D., Shindell N., Reece E., Patel P., Honda N., Nishimora
E.K., Garris J., Shannahan W., Chisti N., McCarthy J., Nasser M.S., Sargent D., and
Plant A. (2004) Oxaliplatin toxicity masquerading as recurrent colon cancer.
Journal of Clinical.Oncology 22:3202-3204

Fojo T., Farrell N., Ortuzar W., Tanimura H., Weinstein J., and Myers T.G. (2005)
Identification of non-cross-resistant platinum compounds with novel cytotoxicity
profiles using the NCI anticancer drug screen and clustered image map
visualizations. Critical Reviews in Oncology-Hematology. 53:25-34

Tashiro T., Kawada Y., Sakurai Y., and Kidani Y. (1989) Antitumor activity of a
new platinum complex, oxalato (trans-1-1,2-diaminocyclohexane)platinum (II): new
experimental data. Biomedicine & Pharmacotherapy 43:251-260

Pendyala L. and Creaven P.J. (1993) In vitro cytotoxicity, protein binding, red
blood cell partitioning, and biotransformation of oxaliplatin. Cancer Research
53:5970-5976

Kawai H., Kiura K., Tabata M., Yoshino T., Takata I., Hiraki A., Chikamori K.,
Ueoka H., Tanimoto M., and Harada M. (2002) Characterization of non-small-cell

lung cancer cell lines established before and after chemotherapy. Lung Cancer
35:305-314

Kuroda H., Sugimoto T., Ueda K., Tsuchida S., Horii Y., Inazawa J., Sato K., and
Sawada T. (1991) Different drug sensitivity in two neuroblastoma cell lines

16



12.

13.

14.

15.

16.

17.

18.

19.

20.

established from the same patient before and after chemotherapy. International
Journal of Cancer 47:732-737

Kollmannsberger C., Beyer J., Liersch R., Schoeffski P., Metzner B., Hartmann
J.T., Rick O., Stengele K., Hohloch K., Spott C., Kanz L., and Bokemeyer C.
(2004) Combination chemotherapy with gemcitabine plus oxaliplatin in patients
with intensively pretreated or refractory germ cell cancer: a study of the German
Testicular Cancer Study Group. Journal of Clinical Oncology 22:108-114

Pectasides D., Pectasides M., Farmakis D., Aravantinos G., Nikolaou M., Koumpou
M., Gaglia A., Kostopoulou V., Mylonakis N., and Skarlos D. (2004) Gemcitabine
and oxaliplatin (GEMOX) in patients with cisplatin-refractory germ cell tumors: a
phase II study. Annals of Oncology 15:493-497

Pectasides D., Pectasides M., Farmakis D., Aravantinos G., Nikolaou M., Koumpou
M., Gaglia A., Kostopoulou V., Mylonakis N., Economopoulos T., and Raptis S.A.
(2004) Oxaliplatin and irinotecan plus granulocyte-colony stimulating factor as
third-line treatment in relapsed or cisplatin-refractory germ-cell tumor patients: a
phase II study. European Urology 46:216-221

Kollmannsberger C., Rick O., Derigs H.G., Schleucher N., Schoffski P., Beyer J.,
Schoch R., Sayer H.G., Gerl A., Kuczyk M., Spott C., Kanz L., and Bokemeyer C.
(2002) Activity of oxaliplatin in patients with relapsed or cisplatin-refractory germ
cell cancer: a study of the German Testicular Cancer Study Group. Journal of
Clinical Oncology 20:2031-2037

Markman M. and Hoskins W. (1992) Responses to salvage chemotherapy in
ovarian cancer: a critical need for precise definitions of the treated
population.[comment]. Journal of Clinical Oncology 10:513-514

Soulie P., Bensmaine A., Garrino C., Chollet P., Brain E., Fereres M., Jasmin C.,
Musset M., Misset J.L., and Cvitkovic E. (1997) Oxaliplatin/cisplatin (L-
OHP/CDDP) combination in heavily pretreated ovarian cancer. European Journal of
Cancer 33:1400-1406

Dieras V., Bougnoux P., Petit T., Chollet P., Beuzeboc P., Borel C., Husseini F.,
Goupil A., Kerbrat P., Misset J.L., Bensmaine M.A., Tabah-Fisch I., and Pouillart
P. (2002) Multicentre phase II study of oxaliplatin as a single-agent in
cisplatin/carboplatin +/- taxane-pretreated ovarian cancer patients. Annals of
Oncology 13:258-266

Chollet P., Bensmaine M.A., Brienza S., Deloche C., Cure H., Caillet H., and
Cvitkovic E. (1996) Single agent activity of oxaliplatin in heavily pretreated
advanced epithelial ovarian cancer. Annals of Oncology 7:1065-1070

Sockalingam R., Filippich L., Charles B., and Murdoch B. (2002) Cisplatin-induced
ototoxicity and pharmacokinetics: preliminary findings in a dog model. Annals of
Otology, Rhinology & Laryngology. 111:745-750

17



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Liu J., Kraut E., Bender J., Brooks R., Balcerzak S., Grever M., Stanley H.,
D'Ambrosio S., Gibson-D'Ambrosio R., and Chan K.K. (2002) Pharmacokinetics of
oxaliplatin (NSC 266046) alone and in combination with paclitaxel in cancer
patients. Cancer Chemotherapy & Pharmacology 49:367-374

Marks D.C., Belov L., Davey M.W._, Davey R.A., and Kidman A.D. (1992) The
MTT cell viability assay for cytotoxicity testing in multidrug-resistant human
leukemic cells. Leukemia Research 16:1165-1173

Suzukake K., Petro B.J., and Vistica D.T. (1982) Reduction in glutathione content
of L-PAM resistant L1210 Cells confers drug sensitivity. Biochemical
Pharmacology 31:121-124

Grech K. V., Davey R.A., and Davey M.W. (1998) The relationship between
modulation of MDR and glutathione in MRP-overexpressing human leukemia cells.
Biochemical Pharmacology 55:1283-1289

Sandler A.B. (2003) Chemotherapy for small cell lung cancer. Seminars in
Oncology 30:9-25

Hong W.S., Saijo N., Sasaki Y., Minato K., Nakano H., Nakagawa K., Fujiwara Y.,
Nomura K., and Twentyman P.R. (1988) Establishment and characterization of

cisplatin-resistant sublines of human lung cancer cell lines. International Journal of
Cancer 41:462-467

Twentyman P.R., Wright K.A., and Rhodes T. (1991) Radiation response of human
lung cancer cells with inherent and acquired resistance to cisplatin. International
Journal of Radiation Oncology, Biology, Physics. 20:217-220

Locke V.L., Davey R.A., and Davey M.W. (2003) Modulation of drug and radiation
resistance in small cell lung cancer cells by paclitaxel. Anti-Cancer Drugs 14:523-
531

Hospers G.A., Mulder N.H., de Jong B., de Ley L., Uges D.R., Fichtinger-
Schepman A.M., Scheper R.J., and de Vries E.G. (1988) Characterization of a
human small cell lung carcinoma cell line with acquired resistance to cis-
diamminedichloroplatinum(II) in vitro. Cancer Research 48:6803-6807

Moritaka T., Kiura K., Ueoka H., Tabata M., Segawa Y., Shibayama T., Takigawa
N., Ohnoshi T., and Harada M. (1998) Cisplatin-resistant human small cell lung
cancer cell line shows collateral sensitivity to vinca alkaloids. Anticancer Research
18:927-933

Jain N., Lam Y.M., Pym J., and Campling B.G. (1996) Mechanisms of resistance of

human small cell lung cancer lines selected in VP-16 and cisplatin. Cancer 77:1797-
1808

18



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Teicher B.A., Holden S.A., Herman T.S., Sotomayor E.A., Khandekar V., Rosbe
K.W., Brann T.W., Korbut T.T., and Frei E., III (1991) Characteristics of five
human tumor cell lines and sublines resistant to cis-diamminedichloroplatinum(II).
International Journal of Cancer 47:252-260

Savaraj N., Wu C., Wangpaichitr M., Kuo M.T., Lampidis T., Robles C., Furst A.J.,
and Feun L. (2003) Overexpression of mutated MRP4 in cisplatin resistant small

cell lung cancer cell line: collateral sensitivity to azidothymidine. International
Journal of Oncology 23:173-179

Kuppen P.J., Schuitemaker H., 't Veer L.J., de Bruijn E.A., van Oosterom A.T., and
Schrier P.1. (1988) cis-diamminedichloroplatinum(II)-resistant sublines derived
from two human ovarian tumor cell lines. Cancer Research 48:3355-3359

Belvedere G., Imperatori L., Damia G., Tagliabue G., Meijer C., de Vries E.G., and
D'Incalci M. (1996) In vitro and in vivo characterisation of low-resistant mouse
reticulosarcoma (M5076) sublines obtained after pulse and continuous exposure to
cisplatin. European Journal of Cancer 32A:2011-2018

Poulain L., Lincet H., Duigou F., Deslandes E., Sichel F., Gauduchon P., and
Staedel C. (1998) Acquisition of chemoresistance in a human ovarian carcinoma
cell is linked to a defect in cell cycle control. International Journal of Cancer
78:454-463

Lai S.L., Hwang J., Perng R.P., and Whang-Peng J. (1995) Modulation of cisplatin
resistance in acquired-resistant nonsmall cell lung cancer cells. Oncology Research
7:31-38

El akawi Z., Abu-hadid M., Perez R., Glavy J., Zdanowicz J., Creaven P.J., and
Pendyala L. (1996) Altered glutathione metabolism in oxaliplatin resistant ovarian
carcinoma cells. Cancer Letters. 105:5-14

Mishima M., Samimi G., Kondo A., Lin X., and Howell S.B. (2002) The cellular
pharmacology of oxaliplatin resistance. European Journal of Cancer 38:1405-1412

Hector S., Bolanowska-Higdon W., Zdanowicz J., Hitt S., and Pendyala L. (2001)
In vitro studies on the mechanisms of oxaliplatin resistance. Cancer Chemotherapy
& Pharmacology 48:398-406

Rennicke A., Voigt W., Mueller T., Fruehauf A., Schmoll H.J., Beyer C., and
Dempke W. (2005) Resistance mechanisms following cisplatin and oxaliplatin

treatment of the human teratocarcinoma cell line 2102EP. Anticancer Research
25:1147-1155

Preisler H.D. and Gopal V. (1994) Regrowth resistance in leukemia and lymphoma:

the need for a new system to classify treatment failure and for new approaches to
treatment. Leukemia Research 18:149-160

19



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Preisler H.D. (1995) Multidrug resistance is more than MDR1 activity. Leukemia
Research 19:429-431

Chaney S.G., Campbell S.L., Bassett E., and Wu Y. (2005) Recognition and
processing of cisplatin- and oxaliplatin-DNA adducts. Critical Reviews in
Oncology-Hematology. 53:3-11

Woynarowski J.M., Faivre S., Herzig M.C., Arnett B., Chapman W.G., Trevino
A.V., Raymond E., Chaney S.G., Vaisman A., Varchenko M., and Juniewicz P.E.
(2000) Oxaliplatin-induced damage of cellular DNA. Molecular Pharmacology
58:920-927

Woynarowski J.M., Chapman W.G., Napier C., Herzig M.C., and Juniewicz P.
(1998) Sequence- and region-specificity of oxaliplatin adducts in naked and cellular
DNA. Molecular Pharmacology 54:770-777

Song L.S., Savaraj N., Siddik Z.H., Liu P., Wei Y., Wu C.J., and Kuo M.T. (2004)
Role of human copper transporter Ctrl in the transport of platinum-based antitumor
agents in cisplatin-sensitive and cisplatin-resistant cells. Molecular Cancer
Therapeutics 3:1543-1549

Christen R.D., Jekunen A.P., Jones J.A., Thiebaut F., Shalinsky D.R., and Howell
S.B. (1993) In vitro modulation of cisplatin accumulation in human ovarian

carcinoma cells by pharmacologic alteration of microtubules. Journal of Clinical
Investigation. 92:431-440

Jekunen A.P., Christen R.D., Shalinsky D.R., and Howell S.B. (1994) Synergistic
interaction between cisplatin and taxol in human ovarian carcinoma cells in vitro.
British Journal of Cancer 69:299-306

Johnson S.W., Shen D., Pastan I., Gottesman M.M., and Hamilton T.C. (1996)
Cross-resistance, cisplatin accumulation, and platinum-DNA adduct formation and

removal in cisplatin-sensitive and -resistant human hepatoma cell lines.
Experimental Cell Research 226:133-139

Burns B.S., Edin M.L., Lester G.E., Tuttle H.G., Wall M.E., Wani M.C., and Bos
G.D. (2001) Selective drug resistant human osteosarcoma cell lines. Clinical
Orthopaedics & Related Research 259-267

Yamamoto K., Kikuchi Y., Kudoh K., and Nagata 1. (2000) Modulation of cisplatin
sensitivity by taxol in cisplatin-sensitive and -resistant human ovarian carcinoma
cell lines. Journal of Cancer Research & Clinical Oncology 126:168-172

Abal M., Andreu J.M., and Barasoain 1. (2003) Taxanes: microtubule and
centrosome targets, and cell cycle dependent mechanisms of action. Current Cancer
Drug Targets. 3:193-203

20



54. Ohta S., Nishio K., Kubo S., Nishio M., Ohmori T., Takahashi T., and Saijo N.
(1993) Characterisation of a vindesine-resistant human small-cell lung cancer cell
line. British Journal of Cancer 68:74-79

55. Wang Z., Xie Y., and Wang H. (2005) Changes in Survivin Messenger RNA level
during Chemotherapy Treatment in Ovarian Cancer Cells. Cancer Biology &
Therapy. 4:716-719

56. Jansen B.A., Brouwer J., and Reedijk J. (2002) Glutathione induces cellular
resistance against cationic dinuclear platinum anticancer drugs. Journal of Inorganic
Biochemistry 89:197-202

21



4 days
Y 800

1600

v

No Increase

Oxaliplatin 5

2 Hours
4000

\

v

v

\

©

Unstable

No Increase

Treatment Dose Treatment Number Resistance
ng/ml | 2 5-8 Outcome
Cisplatin - 200 € - €D - - - D Sstable
4d
Y 400 1 1 No Increase
800 1
Czig)latin 1000 @ - @ -> - - @ Unstable
ours
2000 + T
4000 T T
Oxaliplatin 40 @ - @ - - - @ Stable
NS
t it

8000

—+ —+

A

—+

000 ~00 ++0 +~+0-

vy oy

000 +~00 ++0/~00

No Increase

Figure 1. Drug treatment regimens and the development of resistance. The H69
SCLC cell line was treated with 12 different regiments as indicated. Cultures
surviving a treatment are represented by a cell image while unsuccessful
treatments are represented by a cross.
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Figure 2. The recovery time following each treatment. The number of cells
that exclude trypan blue were counted twice a week following treatment and
the time taken to double cell number was determined.
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Figure 3. Resistance to cisplatin and oxaliplatin following each treatment. The
resistance to cisplatin and to oxaliplatin was determined for 3 consecutive weeks
following recovery from each treatment using a 5 day cytotoxicity assay in which
viability was determined by the MTT assay. After 8 treatments the resistance was
monitored weekly for 5 weeks.
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Figure 4. Effect of acute drug treatment on cell growth. The H69CIS200 and H69
cells were treated with 1000ng/ml cisplatin for 2h and the H690X400 and H69 cells
were treated with 2000ng/ml oxaliplatin for 2h. The number of cells that exclude
trypan blue were counted and the fold change was plotted vs time after treatment.



% Cells in Phase of Cell Cycle

57 Sub-G, 5 G, 75+ S 75+ G,M
q
—0—H69
%07 507 %07 507 H69C1S200
25- 25 25- 252&-0’0’0
()—Osozo*O_Odo
r— o+ o
0 7 14 21 0 7 14 21 0 7 14 21 0 7 14 21
Days Post Cisplatin Treatment
57 Sub-G, 75 G, 751 S 75+ G,M
cM
\ P --0- H69
°0] o 501 —4— H690X400
\‘ ’df
o
25 25- 25- 254 0. -Q
oQ W
' N ,Q\ o-YoO
/9 g, Q=00 -0
/ O
0 T T T 0 T T T 0 T T T O T T T
0 7 14 21 0 7 14 21 0 7 14 21 0 7 14 21

Days Post Oxaliplatin Treatment

Figure 5. Effect of acute drug treatment on cell cycle. Cells were treated as described in
Fig 4 and the proportion of cells in each phase of the cell cycle was determined by the
propidium iodide/flow cytometry method described in Methods.
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Figure 6. Cross resistance of the H69 sublines. The cross resistance of the
H69CIS200 and H690X400 sublines to the indicated drugs was determined
using a 5 day cytotoxicity assay. The mean fold resistance relative to the H69
cells is plotted.
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Figure 7. Effect of glutathione depletion on cell growth and drug resistance. A)
The number of cells which exclude trypan blue was determined after 3 days in
culture +/- 50uM BSO. The IC50 for B) cisplatin and C) oxaliplatin was
determined for a 5 day cytotoxicity assay in the presence and absence of 50uM
BSO and the fold resistance calculated relative to the H69 cells in the absence of
BSO. The means and standard deviations of 2 separate experiments is shown.



