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Abstract

A major risk factor folovarian cancer is germline mutations of BRCA1/2. It has been found
that (80%) of cellular models with acquired platinum or taxane resistanceychspiaverse
resistance relationship, that is collateral sensitivity to the other agent.aa aénically
relevant comparative selection strategy to develop novel chemoresistanteselVtiich aim

to investigate the mechanisms of resistance that arise from different exgppoiscaeboplatin
and taxol on cells having BRCAL1 function (UPN251) or dysfunctiodGBR8). Resistance

to carboplatin and taxol developed quicker and more stably in UPN251 (BRCA1-wildtype)
compared to OVCARS8 (BRCAfnrethylated). Alternating carboplatin and taxol treatment
delayed but did not prevent resistance development when compaiadléagent
administration. Interestingly, the sequence of drug exposure influencedigtenes
mechanism produced. UPN251-6CALT (carboplatin first) and UPNIALT (taxol first)

have different profiles of cross resistance. UPN251-6CALT displaydismmtiresistance to
CuSQ (2.3-fold, p=0.004) while UPN25@TALT shows significant sensitivity to oxaliplatin
(0.6-fold, p=0.01). P-glycoprotein is the main mechanism of taxol resistance found in the
UPN251 taxane-resistant sublines. UPN251 cells incie=kaar glutathione levels (3fold,
p=0.02) in response to carboplatin treatment. However, increased glutathione is not
maintained in the carboplatin-resistant sublines. UPN251-7C and UPN251-6CALT are low-
level resistant to CuS@uggesting alterations copper metabolism. However, none of the
UPN251 sublines have alterations in the protein expression of ATP7A or CTR1. The protein
expression of BRCA1 and MRP2 is unchanged in the UPN251 sublines. The UPN251
sublines remain sensitive to parp inhibitors veliparib and CEP8983 suggesting that these

agents are candidates for the treatment of platinum/taxane resistant ovarearpesieats.
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1.0 Introduction

Ovarian cancer is the 5th most prevalent cancer amongst European women arehdirige |
cause of death from a gynaecological malignancy. The majority of patiesenpwvith late
stage disease and have an approximately 3@&ab survival rat¢Clarke-Pearson 2009).

The standard treatment is surgical debulking followed by intravenous plataxame
combination chemotherap®zols 2005; Salzberg et al. 2005). This treatment ¢oén fails and

patients relapse with chemoresistant disease.

A strong family history of ovarian or breast cancer, which is often linked to BRCA
germline mutations, is one of the greater risk factors associated with thsedixeterious
germline muétions are found in 8.6-13.7% of ovarian cancer pati®&alse{ al. 2005; Risch

et al. 2001; Rubin et al. 1998). These mutations cause BRCA1 dysfunction leading to
reducedexpression of functional BRCAL. A recent study, examining both somatic and
germline mutations in ovarian cancer, has revealed that incidence for BRCAlibnsuta
might be even higher at18.3%dnnessy et al. 2010). A woman with a BRCA1 mutation has
a 3946% chance of developing ovarian cant¢¢enessy et al. 2009). BRCA1 function has
not been fully elucidated but it has been shown to have roles in a number of cellular
processes including DNA damage repair, apoptosis, cell cycle regulatiasgriptional

control and ubiquitinationKennedy et al. 2002; Murphy et al. 2010).

A systematic review of the literature f§tordal et al. 2007) revealed that the majority (80%)
of cellular models with acquired platinum or taxane resistance displayadesise resistance
relationship, that is collateral sensitivity to the other agent. A subsequemhaiisteeview

by (Stordal et al. 2009), revealed that BRCA1 was the mostly likely genetic player in this

relationship. Cells with BRCA1 defects have reduced efficiency in repaitidy &iducts



and show increased apoptosis in response to platinums conferring sengitivikeg 2006;
Xing et al. 2006). The response to taxanes, in BRCAL1 deficient cells is reduced apoptosis
conferring resistancg.afarge et al. 2001). The opposite is true for cells with functional

BRCAL (Quinn et al. 2003; Tassone et al. 2003).

In this study, chemoresistant ovarian cancer cell lines were developed fadiisasd

ovarian cancer cell lines using a novel comparative selection strateg5WPhhich has
functional BRCA1 (BRCA1 wild-type due to reversion mutatiStoi(dal et al. 2013)) and
OVCARS, which has dysfunctional BRCA1 lending to reduced BRCAL expression (due to
BRCAL methylation) were used in order to investigate the development of cstance

in relation to BRCAL status. This study highlights the effects of BRCAlifmend
dysfunction on the development of resistance. In particular it focuses on s effiethe
inverse resistance relationship between platinums and taxanes and its effesraitiradt

platinum and taxane doses.



2.0 Methods

2.1 Cédl culture

The human ovarian cancer cell lines UPN251 and OVCARS8 were sourced from the MD
Anderson Cancer Centre. Cells were grown in RPMI 1640 medium (Sigma R8758-500ML)
supplemented with 10% foetal calf serum (Lonza DE14-801F), free of antibioticllAl
were maintaed in a humidified atmosphere of 5% £& 37°C. Only cells at log phase of
growth were used in experimentation. Cell lines were routinely checked tmphagma and
were mycoplasmé&ee. The cell lines are both adherent, grow in a monolayer and are of
epithelial serous histotype. UPN251 originated from a patient who had failelchBrst
platinum/taxane chemotherapy and had relapsed after subsequent treatment of 8frounds
singleagent taxol chemotherapy (personal communication, Hamilton). UPN251 iABRC
wild-type due to a secondary reversion mutatfaarflal et al. 2013). OVCARS8 was
developed from a patient who had undergone treatment with high-dose carboplatin who
exhibited progressive ovarian cancgehflder et al. 1990). OVCARS is BRCA1 wildtype

but is methylated in the promoter region resulting in redgesgexpression of BRCA1
(Stordal et al. 2013). An overview of UPN255hnd OVCARS8’s BRCA1 and BRCA&atus is
given in Table 1. The cell lines were short tandem repeats (STR) fingedoinbrder to

confirm identity. Methylation status was examined and confirmed by MyriadtiGgne

2.2 Cytotoxicity assays
Acid phosphatase cytotoxicity assayarfg et al. 1996) were used to detmine cytotoxicity
as per method used b$t@rdal et al. 2013). Cells were allowed to attach overnight and then

received &day exposures to drugs. See supplementary material, Table S1 for list of



chemotherapy drugs used in this study including their molecular weiglcbamdrsion of

Lunit/ml to unit MW.

2.3 Western blotting
Western blotting was performed as per the method usegtdrgdl et al. 2012). Primary and
secondary antibodies used are listed in supplementary material, Tablai§2.eated cells

received 2 g/ml carboplatin or 15ng/ml taxol for 72 hours.

2.4 Total celular glutathione assay

Analysis of total cellular levels of glutathione (GSHas\carried out as per the method by
(Stordal et al. 2012) which was adapted frofuzukake et al. 1982). Plates were read and
kinetics measured using the FLUOstar OPTIMA (BMG LABTECH) multitioral

microplate reader (405nM at 30°C).

2.5 Cdll selection strategy outline

Cell lines were treated with carboplatin or taxol as per Figugaifilines were named in the
format of ‘Parental cell lin®Round and Treatment’. For example UPN2H1refers to

UPN251 treated with 4 rounds of singlgent taxol treatment’. The round parameter can take
the values ‘1'“*7’and the treatment parameter can' ©g(single-agent carboplatin), ‘CALT’
(alternating treatment starting with carboplatin in round 1), ‘T’ (shagjent taxol) and

‘TALT’ (alternating treatment starting with taxol in round 1). Treatments Wdéraveeks

apart allowing for all cells to recev before subsequent drugging. For each round of
selectiorx

Cells were plated into a T25 flask at a cell density of 2.6&&0s per flask and drugged on

day 2 as per the selection strategy outline (2 and 4pg/ml carboplatin and 60 and fiitng/m



UPN251 and OVCARS respectively). On day 5 drugged media was removed and replaced
with fresh drugfree media. Over subsequent days all T25 flasks were examined for
confluence using a novel method to calculate an area fraction oBtjgatHots et al. 2015).

Upon reaching confluence, cells wereseeded into a T75 flask. Leftover cells were used to
freeze stocks. Cytotoxicity assays were performed at 1 week interva8lsveeks and were
compared to the parental lines in order to calculate fold resistance. Once &dells
recovered, the next round of drugging commenced following the same format as above
(provided the cells were 4 weeks after drugging, milse drugging was delayed until this

time).

2.6 Statistics
All experiments were repeated at a minimum in biological triplicate excluding lthe ce
selection strategy. Statistical significance analysis was performed l@nssuetest in

Microsoft Excel using a two tailed analysis and two samples of equal variatiocgsset



3.0 Results

3.1 Parental BRCAL1 protein expression
The BRCAL protein expression of OVCARS8 (methylated) and UPN25in@thylated) was
examined by western blotting. OVCARS8 has 26% * 7% of the expression of UPN251

(p=3.3x10", Figure 2). This correlates with the BRCA1 methylation status of the cell lines.

3.2 Cell selection strategy

The baseline 16 values of OVCARS8 werearboplatin 1.3+0.2pg/ml (n=11) atakol
1.2+0.2ng/ml (n=10)The baseline 16 values of UPN251 were carboplatin 0.8+0.1pg/ml
(n=7) and taxol 17.91£5.6ng/ml (n=9VCARS has alightly higher baseline I to
carboplatin and a much lower baselingyl®© taxol when compared to UPN251.

3.2.1 Dose optimisation

Dosesof drug for carboplatin and taxol used in the selection strategy wereeslienn the
following ranges respectively:UPN251 (0.72ug/ml, 10-100ng/ml) and OVCARS (2.3-
18.5pg/ml, 2.3t4ng/ml). Ranges were selected from the resultsdafyBcytotoxicityassays
on parental cell lines (Table S3) initially encompassing inhibitory con¢emtr@C) values
ranging from 2680. Clinical relevance was validated by investigating clinical trial
publications and using pharmacokinetic studies to translate doseth&ainic into usable
doses in the laboratory.

For carboplatin and taxol a dose range of up to 20pg/ml and 120ng/ml respectively was
deemed clinically relevant following pharmacokinetic studies for a dose of catinog
AUC 5 and taxol at 175mg/fmvhich are often administered to patients in clinical trials as

single agentsd Bois et al. 1997; Go et al. 1999; ICON3 2002; Joerger et al. 2006;



Markman et al. 2010; Mross et al. 2000; Oguri et al. 1988; Ozols et al. 2003; Pfisterer et al.

2006; Rowinsky 1997; Vasey et al. 2004).

Cells were subjected today drug exposures and the time taken for cells to recover was
recorded and compared to a drug free control. Desired criteria for the selectedelestmt

cells would display an initially large amount of cell death (>95%pvwadid by growth to
confluence after drug exposure. Carboplatin doses of 4pg/ml and 2pg/ml and taxol doses of
12ng/ml and 60ng/ml were chosen for OVCARS8 and UPN251 respectively. From the
recovery plots (Figure 3 (A) and (B)) we can see that recovery frashdédfered from
carboplatin. Taxol treated cells saw a sharp decline in cell number ovestheifitber of

days followed by a quick return to confluence thereafter. With carboplatin a notwaged

decline and recovery was noted.

3.2.2 Recovery

In general, all cells recovered quicker after drugging as the rounds of selecigjpessed.
Figure 4 (A) shows recovery plots for each cell line grouped per ascending rounds of
selection. In round 7 singlegent treatments received twice the usual dose@rsequently
recovery time increased. UPN251 cells recovered quicker than OVCARSrlis laoth

cell lines it took longer to recover from carboplatin treatments than taxoleMgiB) shows
the sublines that were treated with carboplatin in each round grouped togetlenparison
purposes. Singlagent carboplatin treatments (solid bars) were compared with alternating
treatments (dashed bars) that received carboplatin in each round. Therdendifiditence

in recovery between cell lines receivitigatment with the alternating agents compared to
cell lines receiving singlagent carboplatin. Round 2 is the only exception to this. Figure 4
(C) shows the same as above but for taxol treatments. In this case aljeneatiments

always took longer to recover than single-agent treatments when receiving taxol
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3.2.3 Fold resistance

The fold resistance of each subline at weekly intervals for 3-weeks in each roetecbbs
for carboplatin is shown in Figure 4 (D) and (E) and for taxol in FiguFg 4r{d (G) for
UPN251 and OVCARS respectively. By round 6, UPNBT1treated solely with taxol
displayed the highest level of resistancédd, p=0.1x1C). The sublines developed from
UPNZ251 showed higher levels of resistance compared to those devietopedVCARS.
UPN25E6CALT, UPN2516T and UPN25BTALT all had significant resistance to taxot (4
8 fold, p=0.4x10-0.6x10°% while OVCAR86CALT, OVCARS6T and OVCARSSTALT

all had significant resistance to taxol but to a lower extentdB5old, p=0.02-0.2x18). All
UPN251 sublines after their final round of selection (including UPN251-7T treatgavithl
taxol) had significant resistance to carboplatin (1.6-3.5 fold, p=0:3x1.6x10°). Only
OVCARS8-7C and OVCARSTALT had significant resistance tarboplatin in the

OVCARS sublines (1.3-2.6 fold, p=0.04-0.35)0But again this was lower than in UPN251
sublines. In as early as the first round of selection UPN251-1C and UPIN2kas
significantly resistant to carboplatin (3#&ld, p=0.3x1%) ard taxol (1.7-fold, p=0.8x16)
respectively. These sublines retained significant resistance with fadthress increasing
from round to round. All UPN251 sublines receiving the opposite selecting agent in round 2
retained some degree of significant resise to carboplatin, except UPN2BTALT.

However UPN252TALT regained a significant level of resistance by round 3.

The cell lines were stable in culture for up to 6 weeks after defrost at wairdhr@sistance

began to decline (Supplementary matdifrddjure S1)). Experiments were therefore

performed in 6 week blocks.
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Figure 5 (A) shows the extent of resistance development after 6 rounds bbedtac
singleagent treatments in OVCARS8 and UPN251 sublines. This was examined to ineestigat
whethercells with BRCA1 defects (OVCARS8) would develop resistance to platinums slower
than taxanes with the opposite being true for cells with functional BRCA1 (UPN28&1). W

found that taxol resistance developed quicker in both models irrespective of BRGAL sta

Figure 5 (B (i) & (ii)) shows the results of fold resistance after 6 roundsledtgon for
carboplatin and taxol respectively. This was investigated as we hypothtésseells
receiving alternating treatments of carboplatin and taxol should deresigpance slower or
not at all when compared to singigent treatments. We can see from these graphs that
singleagent treatments have higher fold resistance than all of the alternatingetresa
Figure 5 (C (i) & (ii)) shows the results of fold resiste compare the point in time when
each subline had received 3 doses of carboplatin or taxol respectively. In thisststsace
has developed at the same rate in alternating treatments compared to single agent
administration in OVCARS and resistance has developed quicker in alternatitrgents

compared to single agent administration in UPN251.

3.3 Mechanisms of drug resistancein UPN251 sublines

Investigation of drug resistance mechanisms were carried out on UPN251 sablnes
OVCARS sublines we not examined any furthas they developed only low levels of
unstable resistance (Figure 4 (E & G)).

3.3.1 Drug screen

A drug screen was performed in order to evaluate cross resistance to ogiseauttt to help
elucidate resistance mechanisms thaehdeveloped in the cells. 11 drugs and 2 inhibitors

were used. Inhibitors include, buthionine sulphoximine (BSO) an inhibitor of glutathione

12



(GSH)(Drew et al. 1984) and elacridar an inhibitor of P-glycoprotein@p)} a member of the
ATP binding cassette (ABC) transporter fan{iyafil et al. 1993). Table 2 gives a summary

of all cytotoxicity data collected.

All of the sublines of UPN251 were significantly resistant to carboplatin (feldge=1.5 -
3.2, p=0.2x10- 0.5x10%, with singleagent carboplatin developed UPN251-7C being the
highest. The addition of 12.5ug/ml BSO had the effect of loweriggv&ues across all
UPN251 sublines. UPN251 and all sublines (except UPN251-7T) showed significant
decreases (p=0.0003-0.008). Fold resistance however, stayed at a similardeietasi
cross resistance to cisplatin and copper sulphate (w3 alsseen in sublines developed
with carboplatin treatments. One exception to this is UPN251-6TALT, which is netiargsi
to CuSQ. Oxaliplatin showed significant cross resistance for sublines developedgles s
agent treatments while alternating treatmeshtswed no significant cross resistance.

UPN25X6TALT showed collateral sensitivity to oxaliplatin (fold change=0.6, p=0.01).

The UPN251 sublines developed with taxol all have significant taxol resistardte (fol
change=4.9.0, p=0.5x10-0.2x10"), with UPN251-7T having the highest fold resistance.
UPN25%7C developed with carboplatin was not resistant to taxol. Comparing taxol, with and
without 0.25ug/ml elacridar, across all cell lines reveals significant dnd@sgvalues

(p=0.1x10° to 0.4x10"). An almost identical trend is seen with vinblastine, and olaparib +
elacridar which are all-p substratesGhoudhuri et al. 2006; Lawlor et al. 2014).

Doxorubicin and docetaxel also displayed crossresistance in sublines developexrolith ta
significant degree of collateral sensitivity to docetaxel was observeBN281-7C (fold

change=0.4, p= 0.002).
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Parp inhibitors veliparib and CEP8983 both showed no significant changg iwHén
compared to the pantal cell lines and could both be candidates for treating platinum/taxane-

resistant ovarian cancer.

3.3.2 Total cdlular glutathione assay

Using a total cellular glutathione (GSH) assay (Figure 6) no significdetetiice in GSH

levels were seen whenRBI251 sublines were treated with carboplatin. However UPN251
parental cells saw a significanff@d increase in total cellular GSH levels with the addition

of 2pug/ml carboplatin (p=0.02) for a 3-day exposure. Treatment with 12.5umol BSO for a 3-
day exposte gave significantly reduced levels of GSH for UPN251 and its sublines, when
compared to treatment free control cells (fold reduction= 9.3-27.8, p=0°5R10P). This

was the same dose of BSO which was used in our drug screen.

3.3.3 Post selection western blots

P-gp protein expression for UPN251-6CALT and UPN251-7T (control and taxol treated) a
UPN2516TALT (taxol treated) are significantly eqegulated when compared to UPN251

control (Fold Change= 2.3+0.9-7.3£2.8, p=0.04-0.003, Figure 7 (A9hiB-significantly
decreased in UPN251-7C (carboplatin treated). There are no significant cimapigesin
expression for both ATP7A (Figure 7 (B)) and CTR1 (Figure 7 (C)) when compared to
UPN251 control. MRP2 was not expressed in UPN251 and resistant sublines (supplementary
material Figure S2 (A)). There was no change in BRCAL protein expressiogenetw

UPNZ251 parental cells and UPN251-7C and UPN251-7T resistant sublines (supplementary

material Figure S2 (C)).
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4.0 Discussion

4.1 Resistance models

The mebanism of resistance that develop in a drug-resistance model can differ dgpandi
the method of selection used. The most common methods of selection used to model
resistance are increasing continuous administratinnef al. 2010; Smith et al. 2002;

Vandier et al. 2000) and lowdose intermittent incremental inducemg@aodwin et al. 1992;
Karset al. 2006; Teicher et al. 1986) where cells are exposed sporadically to increasing
doses of drug over time. A number of studies have used a pulsed strategy of a 4-hour drug
exposure at weekly intervals for 1@-weeks Glynn et al. 2004; Liang et al. 2004; Ying €t al.
2012). Our model has 1 prolonged pulse over 3 days and then recovery in drug free media for
4-5 weeks, which is a more accurate representation of the clinical setting in oaagan c
where patients receive drug infusion evet§ &eeks Qzols 2005). (Yan et al. 2007)

compare the differences in using the pulse versus intermittent incremeréajysinethe

same ovarian cancer cell lines. They found great differences in the resistaohanisms

that appeared from both strategies. The consensus was that although theentermit
incremental strategy produced higher levels of fold resistance, the mechan@wes $ing

the pulse strategy were closer to the mechanisms seen in the clinic and serveseas a mo
‘appropriate’ model in studying drug resistance in ovarian cancer. Themsémtganisms
produced from this study have the potential to closely mirror the climeahanisms of

resistance for ovarian cancer.

4.2 Resistance development
We hypothesised that ovarian cancer cells with BRCA1 defects (OVCARS8) wadbbde

resistance to platinums slower than taxanes with the opposite being truesfovidell
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functional BRCAL (UPN251). Figure 5 (A) shows the extent of resistance develogfteznt

6 rounds of selection for single-agent treatments. This hypothesis holds troéGaiR8

sublines, but not for UPN251 sublines, as taxol resistance developed quicker in both models
irrespective of BRCAL status. Possible reasons for this occurrence may taxth treated

cells recover quicker than carboplatreated cells, and therefore resistance can develop

faster in taxoktreated cells.

We hypothesised that cglieceiving alternating treatments of carboplatin and taxol should
develop resistance slower or not at all when compared to sigglg-treatments. On first
inspection this seems to hold true. Figure 5 (B) shows the results of fold resistien®

rounds of selection for taxol and carboplatin. We can see from these graphs theadggamg
treatments have higher fold resistance than all of the alternating treatni&rsatively,
however, if we compare the point in time when each subline had received 3 doses of taxol
(Figure 5 (C) (i)) or 3 doses of carboplatin (Figure 5 (C) (ii)) during the calitbe

treatment strategy and compared the extent of resistance development, Hie oppo
conclusion could be reached. In UPN251, despite the fact thataaite) treatments received
the same amount of taxol or carboplatin over a longer period of time when compared to
singleagent treatments (5 or 6 rounds in alternating versus 3 rounds for the single-agent),
resistance development was higher in alterndte@ments when compared to singgent
treatments. In OVCARS, alternating and singlgent treatments are at a similar resistance
level. This ambiguity in our results may stem from an inability to directly companeslts

of the 2 drugs due to their different mechanisms of action and speed of recovery from drug

treatment.
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An interesting finding from the selection strategy is that cells treated with bexang

received carboplatin in the previous round, show large increases in taxol resistaace

than the increase seen when cells were treated with taxol in the previous rogumne 4HE)).
Cells with carboplatin prereatment also take longer to recover compared to cells which have
only received taxol as seen from our area fraction datar@i(C)). Carboplatin therefore
seems to enhance a cell's capacity to become taxol resistant. Furtherateimating
treatments generally displayed notable jumps in taxol resistance in a rouhdintiey
received taxol. This is usually greater than the increase in resistance seemg@déraim
singleagent taxol treatments. This is the opposite of what we would have predictedhgive
inverse resistance relationship between platinum and tag&oedal et al. 2009). We
hypothesised that pre-treatment with one agent would sensitise to the other. We saw
evidence of a opposite effect. Taxol pre-treatment did not affect the amount of carboplatin

resistance that developed.

In the literature an in vitro study showed that when cisplatin preceded taatohér,
lessened antitumor activity was seen when compared toldatake cisplatir{Kano et al.
1996). In ovarian cancer cell lines the sequence of cisplatin before taxol reduces taxol
induced apoptosis. This was found using DNA fragmentation assays, fluorescence
microscopy and flow cytometrylidson et al. 1999). An in vivo mouse study showed that
this sequence (cisplatin then taxol) had significant increases in morbidity atadityior
associated with it when compared wigixol before cisplatifMilross et al. 1995). In the
clinic taxol is given 3 hours before carboplatin in order to circumvent carboplatin’s
myelosupressive affec{®©zols et al. 2003). Taxol reduces the proportion of bone marrow
precursors circulating at the time when carboplatin is given which redudesyt when

compared to the opposite administration. In sorall cell lung cancer clinical studies, with

17



chemotherapy naiveaients, the sequence of carboplatin then taxol administration in
combination treatments, showed no sequeteggendant toxicities or pharmacokinetic
interactions. However it is not clear whether the different sequences affespense data

(Giaccone et al. 1995; Huizing et al. 1997).

Some evidence which supports the inverse resistance relationship hypothesiscseased
P-gp expression was seen in sublines which had taxol treatment during selecigon whil
decreased expression was seen in UPNZ5{earboplatin treated) (Figure 7 (Al ong

term monitoring of UPN25ZC’s resistance to taxol showed significant sensitivity to taxol
(data not shown). Down regulation of P-gp in this cell line may explain this oncarras
UPN25L7T is resistant to taxol and has higlyexpression it may imply thatdd is

involved in the mechanism of the inverse resistance phenotype.

Having received an equivalent cytotoxic drug treatment as UPN251 (BRCA14va)dt
OVCARS8 (BRCAXmethylated) developed much less resistance to carboplatin or taxol over
the same time period. All OVCARS sublines were less than 2-fold resistaarbtaptatin and
less than 2.5-fold resistant to taxol after 6 rounds of selection. This may be dueditsthe ¢
BRCAL methylation status. Cells deficient in BRCAL have reduced efficiangpairing
DNA damage caused by cytotoxic agents. It has been shown that hyperrnuatlofigte
BRCAL promoter region causes increased sensitivity to platinum dreggofidis et al.
2005). Also in two ovarian cancer cell lines decreasing BRCA1 mRNA using irdnbiti
assays correlated to increased sensitivity to platif@uisin et al. 2007). They also show
that patients withdw/intermediate levels of BRCA1 mRNA have a significantly improved
overall survival following platinum-based chemotherapy compared to patightiigih

levels of BRCA1 mRNA.Zhou et al. 2003) showed that the ovarian cancer cell linelU&81,

18



having a mutation in BRCAL inhibiting its suticlear assembly, increased its sensitivity to
taxol. Also UPN251 and OVCARS8 have had different baseline sensitivities to the dedgs us
as they originated from patients who had had different levels of exposures to carlzoat

taxol which may have affected the development of resistance.

One caveat to our ability to directly compare resistance developed with cditvapid taxol

is that these drugs may not be directly comparable to each other,tdag thfferent rates of
recovery after drugging. This was seen in our dose finding experiment fotdbtose

strategy (Figure 3) and in the selection strategy itself (Figure 4). Cellsdreith taxol show
high initial cell death followed by fast reeery, while carboplatin showed much slower
recovery with slight elevations in cell number after drugging, followed byleath and slow
recovery. This difference could be due to the differences in platinum and taxane nmshanis
of action. Platinums achainly by forming nuclear platinum adducts on DNA strands
(Fuerteset al. 2003; Go et al. 1999), while taxanes act by stabilising microtubules within the
cell (Manfredi et al. 1984; Rao et al. 1995). Another caveat is that the cell lines used in this
study were of different genetic backgrounds having been obtained from differentgat
number of different elements may be at play that has the potential toaffeeisults. Future
studies could be carried out in a BRCA1 mutant cell model and a transfected model where
BRCAL functionality is restored such as UWB1.289 and UWB1ERRZ-A1 (DelloRusso et

al. 2007).

4.2.1 Mechanisms of taxol resistance
Taxol resistance cell models are very common and many have been developed for ovarian
cancer cell linegDuan et al. 1999a; Duan et al. 1999b; Hari et al. 2006; Parekh et al. 1997,

Zhang et al. 2012). Most of these models use different variations on the above mentioned
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intermittent incremental inducement and increasing continuous administratiogisgat@ur
work is novel as a pulsed strategy which closely mirrors the clinic has not bednmefiee in
ovarian cancer and a model of taxaasistance has not been preixsly developed in

UPN251 to our knowledge.

Overexpression of Byp often arises as a mechanism of taxol resistance in cell modgis. P
is the main mechanisms of taxol resistance in our models. Cytotoxicity ass&ygf
substrates taxol, vinblastine and olaparib + elacridar (Table 2) all show highilycsigt

drops in 1Go when Pgp is blocked with elacridar. Western data showed increaggd P
expression for sublines which had taxol treatment during selection (Figurg Tii&jefore

it is likely that taxol is being actively pumped out of the cell bypgReausing taxol resistance.

4.2.2 Mechanisms of carboplatin resistance

Carboplatin resistant ovarian cancer cell lines are rare in the literahisas Thost likely
because a combination of cisplatin and taxol was the standard chemothextpgritéor
advanced ovarian cancer before 2003, until carboplatin and taxol was deemed more
favourable due to reduced toxicities associated with carboptatiBojs et al. 2003; Ozols et
al. 2003). A publication by i et al. 2004) reports on the development of 5 resistance cell
models for ovarian cancer cell lines (2 carboplatin, 2 cisplatin and 1 taxol)fdimeya
number of genes which were differentially expressed compared to parelstalccess all
resistant models. Another study has developed carboplatin resistant sublinbsritam
larynx carcinoma cell line Hep 2 by continuous 5-day exposure of increasing doses of
carboplatin. All of the 3 sublines developed had elevated levels of GSH, but only one of these

had significat elevationgOsmak et al. 1995).
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From the results of our GSH assays (Figure 6) we can see that only UPN25d ahowe
significant increase in total cellular GSH levels in response to carboplatin tneaiine
developed UPN251 sublines had no significant increases compared to UPN251 with a
carboplatin treatment of 2ug/ml. This suggests that elevated GSH playsrath@garental
cells initial response to carboplatin and that UPN251 resistance sublinesatiiése
mechanisms. Treatment with a 12.5uM dose of BSO significantly decreases GEN251

and all sublines. This was the same dose of BSO used in our post selection drugiitreen w
carboplatin (Table 2). Small but significant drops igoi®@ere notedn UPN251 sublines, but

no difference in fold change was noted. This indicates that increased thtalr@5H may

not be a major mechanism of carboplatin resistance in our developed models.

CuSQ (Table 2) had significantly higher 4gs for UPN2517C and UN2516CALT. This
indicates the possible involvement of copper transporters ATP7A, ATP7B and CTR1 in
carboplatin resistand&afael et al. 2005). However western blots for ATP7A and CTR1
showed little differenceni protein expression. These proteins may instead be relocated to
different parts of the cell causing a resistance phenotype. An increas®df/ahd ATP7B
in the cellular membrane or a relocation of CTR1 to the golgi apparatus rdayp lglatinum

resistace without a change in protein expressigor@al et al. 2012).

4.2.3 Combined resistance to platinums and taxanes

Models of taxangaatinum resistance are rare in the literature. One study developed a taxane
platinum resistant model for n@mall cell lung cancer by exposing the cells to cycles of

taxol and carboplatin, two cytotoxic agents with different mechanisms of aDiawi €t al.

2012). Another study developed a dual carboplatin and docetaxel resistant subline from

A2780 ovarian cancer cells which are cross resistantttodgents as well as two singularly
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resistant sublineiesistant to each agent but not cross resistant to the other. All of the sublines
were selected for in parallGhrmstrong et al. 2012). Gene profiling revealethat the dual

model contains genetic changes not present in the singularly resistant models @¢imgpnstr

that combined drug resistance may not be a simple combination of changes preisgie-

agent resistant cell lines but can contain novel changes.

Our model presents this novel aspect of subline development for ovarian cancer where
sublines were exposed to alternating sequences of taxol and carboplatinséls @P&I251-
6CALT and UPN251-6TALT show significant cross resistance to both carboplatin ahd tax
used in their development. They show a carboplatin fold resistance of 1.7 and 2 and a taxol
fold resistance of 4.3 and 5.7 respectively (Table 2). This is less than the UPN26é&ssubli
selected with single agents but these have no significantresistance to carboplatin or

taxol except UPN251-7T which is 1.5 fold resistant to carboplatin.

The cytotoxic agent which our sublines were exposed to first influenced the maethahis
resistance that arose. UPN26CALT and UPN251-6TALT both received 3 rounds of
drugging with carboplatin and taxol. The only difference is that UPNSZALT received
carboplatin in the first round whereas UPN251-6TALT received taxol. As a re3NI2SI -
6CALT displays significant fold resistance to Cu3@.3 fold, p=0.00%while UPN251

6TALT shows no significant fold resistance. Also UPN251-6TALT shows sggmifi

sensitivity to oxaliplatin (p=0.01) while UPN251-6CALT has no significant foladhgeaThis
would indicate different resistance mechanisms being selected enadlésdepending on

initial drug exposure. Also, as neither UPN251-7C nor UPN251-7T had significant sensitivit
to oxaliplatin while UPN251-6TALT did, this may indicate a novel mechanism otaasis

being generated between this dealboplatitaxol resistant model and our singularly non-
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crossresistanimodels. This evidence is supportadthe finding of Armstrong et al. 2012)

discussed above.

4.3 Treatment optionsfor platinum/taxaneresistant ovarian cancers

The baseline 1§ values of parp inhibitors CEP8983 and veliparib in OVCARS8 was
2.02+0.3pg/ml (n=6) and 5.8+1.1ug/ml (n=4) respectively and in UPN251 was 1.63+0.1
(n=5) and 17.5+6.8 (n=4) respectively. UPN251 cells were intrinsically moréargsis
CEP8983 than OVCARS but had similar baseline sensitivity to veliparib. It would be
expected that UPN251 cells wouldnere resistanio both PARP inhibitors as they have

functional BRCA1 when compared with OVCARS that has non-funatiBRCAL.

These twaparp inhibitors, CEP8983 and veliparib, were not affected by the multiple
mechanisms of resistance that arose in our UPN251 sublines. They did not show any
significant resistance development and may be candidates in treating platiaume/tax
resistant ovarian cancerbhis data and the results of our recent study on a panel of 41
ovarian cancer cell ling&tordal et al. 2013) suggests a broader activity of parp inhibitors in
BRCAL wild-type ovarian cancer. This activity is likely due to a variety of mechanisms

causing dysfunction in homologous recombination repair.
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5.0 Conclusions

The development of taxane resistance was not slower that the development of platinum
resistance in cells with functional BRCA1 as was expected per the invesanesi
relationship. Taxol resistance developed quicker in BRCA1-wildtype and BRCA1-
methylated cells. Both resistance to carboplatin and taxol developed quicker andahbbyre s
in UPN251 (BRC1-wildtype) compared to OVCARS8 (BRCAtkthylated). Also alternating
carboplatin and taxol treatment delays but does not prevent resistance development whe
compared to single agent administration. This was expected from the invessnoesi
relationship. However, interestingly, the sequence of drug exposure influencedistence
mechanism that developed in resultant sublines. UPN251-6CALT and URN24T- have
different profiles of cross resistance to drugs, one having received cairbapidione having
received taxol in round one of development being their only difference. Finally over
expression of By is the dominant mechanism of taxol resistapresent in our UPN251
resistant sublines whereas multiple mechanisms of carboplatin resistanmestulated to be

present in our cell models.
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Table 1 — Summary of BRCA1/2 and p53 mutation status in UPN251 and OVCARS ovarian cancer cells

BRCAL1 BRCA2
Cell Line | Mutation status Methylated | Mutation
status
OVCARS | Wild Type Yes Wild Type
UPN251 | Wild Type No Wild Type
1199del29#, 1246delA*

"Homozygous Deleterious mutation compensated for by another *reversion mutation

Analysis of BRCA1/2 status was carried out by (Stordal et al. 2013).



Table 2 — Resistance profile of UPN251 drug-resistant sublines

Parent Carboplatin Alternating Carboplatin First Taxol Alternating
Single Agent Single Agent Taxol First
Drug (Units) UPN251 ICs, UPN251-7C ICs, UPN251-6CALT IC;, UPN251-7T ICs, UPN251-6TALT ICs,
Mean £ SD n | Mean = SD | n | F Mean + SD | n | F Mean £ SD | n | F Mean + SD | n | F
Platinums and heavy metals
Carboplatin (ug/ml) 1.0+0.01 3| 3.5£0.07 8*** 3 33 | 1.8+£0.02%% 3 [1.7 | 1.60.14 ** 3 [ 1.5 ][ 20+£0.07*** 3 2.0
+BSO (12.5pug/ml) 0.8+0.037%% 3129+0.1677 3 134 [1.6+00677 3 [ 1.8 | 1.3+023 3 |15 [ 1700777 3 2.1
Cisplatin (ug/ml) 0.15+0.01 3| 0.48 £0.08 ** 3 33 [0210.02%** 3 [1.6 [o0.15x0.01 3 [1.0 [027+£0.04%* 3 1.9
Oxaliplatin (ug/ml) 0.08£0.01 31 0.2+0.03 ** 3 |21 [0.08+0.02 3 [1.0 [0.12£0.003 * 3 [ 1.3 ]0.04+£0.008* 3 0.6
CuSO, (ng/ml) 153+1.7 50285114 5 |19 |347106%** 5 123 [17.0£29 5 |11 [150=13 5 1.0
Taxanes
Taxol (ng/ml) 149+19 3] 149+1.7 3 1.0 | 63.6=+4.4% 3 |43 | 1333+£4.7 %% 3 |89 |[844x11.6% 3 5.7
+ Elacridar (0.14pg/ml) | 1.8 £0.3477% 318026777 3 [1.0 [1.9+0177% 3 |11 [19+0177%F 3 [1.0 [29+05177F 3 1.6
Docetaxel (ng/ml) 41+03 3] 1.5+£0.6%* 3 |04 |[85+15% 3 |21 [203+40%* 3 |49 [90+26% 3 22
Parp Inhibitors
Olaparib (ug/ml) 1.7+0.36 41]33+0.85% 4 |20 [3.9+0.73% 4 |23 |[54+008 % 4 |32 |37+04 %k 4 22
+ Elacridar (0.14ug/ml) | 1.3£0.14 4125+0.6 4 |18 | 17+036"" 4 |12 [13£027"F 4 | 1.0 | 14+014"% 4 1.0
Veliparib (ug/ml) 13.1+£2.91 3114507 3 |11 14.6 £1.29 3 |11 | 104+1.58 3 |08 |147+16 3 1.1
+ Elacridar (0.14pg/ml) | 13.7 £2.83 3[152+1.79 3 |11 140+1.9 3 [1.0 [107+181 3 108 [143=1.6 3 1.0
CEP-8983 (ug/ml) 14+0.12 311703 3 |12 [13+024 3 109 [1.1+025 3 108 [13+0.19 3 0.9
Vinca Alkaloids
Vinblastine (ng/ml) 99=£1.1 4111.9+2.84 4 [ 1.2 ]292+4.54 % 4 [30 [62.1+3.8% 4 [63 [312+11.11%** 4 32
+ Elacridar (0.14pg/ml) | 3.2£0.57%%* 4154£065"" 4 [ 17 [33+073%"F 4 |11 |46x12277F 4 |15 |36+073"F 4 1.1
Anthracyclines
Doxorubicin (ng/ml) | 39.1+10.15 5 | 46.8 +2.96 | 5 [12 | 62.8 +3.02 ** | 5 | 1.6 | 117.9 £20.2 *** | 5 [3.0 | 59.6 = 6.44 ** | 5 | 1.5
Inhibitors
BSO (ug/ml) 5.1+1.87 4] 144 +£2.07 *** 4 |28 [76+022 1.5 [79+28 4 |15 |292+11.12%* 5.7
Elacridar (ug/ml) 25+04 5] 1.5+03 ** 5 106 |08+02%x 5 03 [1.3£05% 5 105 [08+£02%% 5 0.3

* Indicates a significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.05 students t-test)

** Indicates a significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.01 students t-test)




*** Indicates a significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.001 students t-test)
# Indicates a significant difference on the addition of a modulator (p<0.05 students t-test)
# # Indicates a significant difference on the addition of a modulator (p<0.01 students t-test)

# # # Indicates a significant difference on the addition of a modulator (p<0.001 students t-test)
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Fig. 1. OVCAR8 and UPN251 treatment strategy for the development of platinum and taxane resistant
cell lines. In each case arrows represent progression to the next round with a drug treatment of either
single-agent taxol or carboplatin as indicated. Resultant cells are shown from round 1-3 with the drug
treatment they received (either carboplatin or taxol) above cells and cell name given below cells.
Rounds 4-7 progressed in the same pattern as shown. (A) OVCARS8 parental cells on far left with
resultant sublines derived from them to the right. (B) UPN251 parental cells on far left with resultant
sublines derived from them to the right.
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Fig. 2. Protein expression status of
BRCA1 in UPN251 and OVCARS8 by
western blot. Densitometry on
n=3 biological replicates was
carried out using Quantity One
software (Biorad). Abundance of
protein in arbitrary units was
normalized to B-actin loading
control for each sample and then
each biological series was
normalized to UPN251 control
expression. (A) BRCA1 220kDa (B)
B-actin 57 kDa.
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Fig. 3. Recovery plots for dose
finding evaluation in cell selection
strategy optimisation. Each graph
is a representative of 1 of at least
3 biological repeats and shows cell
number graphed over time
(Hours). (A) Selected dose for taxol
on OVCARS. (B) Selected dose for
carboplatin on OVCARS. (C)
Selected dose for taxol on
UPN251. (D) Selected dose for
carboplatin on UPN251.
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Fig. 4. Selection strategy recovery and fold resistance to carboplatin and taxol when compared to
parental cell lines. Recovery is indicated by days to reach AF output 30 shown on y-axis. In bar graphs
solid colour indicates a subline which received single agent carboplatin or taxol during every round of
development and dashed bars indicate sublines which received alternating treatments of single agent
carboplatin or taxol during development. (A) Recovery plots for each cell line (x in cell line name
denotes that it represents all rounds of selection) grouped per ascending round of selection (1-7) Round
4 has been excluded from the summary due to technical error. (B) Recovery of carboplatin treated cells
in each round. (C) Recovery of taxol treated cells in each round. Fold resistance to taxol ((D) UPN251
sublines (E) OVCARS sublines) and carboplatin ((F) UPN251 sublines (G) OVCARS sublines) is given from
rounds 1-7. The x-axis gives a time progression for 3 weekly cytotoxicity assay in seven rounds of
selection ((round number):(assay number)). The y-axis indicates fold resistance compared to parental
cells. The horizontal black bar indicates a fold resistance ratio of 1 (No difference to parent cells).
AReceived double dose of drug.
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Fig. 5. Selection strategy fold resistance outcomes - Investigation of hypotheses. In each graph the y-
axis shows fold resistance compared to parental cell lines. The x-axis shows resistant sublines. In Graph
(A) it also indicates the drug used in cytotoxicity assay represented in the graph. Grouped bars
represent cytotoxicity assays for 3 weeks following recovery. In (A) horizontal lines are used to show
relative differences in carboplatin and taxol resistance development, while in (B) & (C) they show
relative differences in carboplatin or taxol single-agent resistance development compared to alternating
treatments.(A) Development of resistance to single-agent taxol and carboplatin for both OVCARS8 and
UPN251. (B) Fold resistance to (i) carboplatin and (ii) taxol when compared to parental cell lines in
round 6 of selection. (C) Fold resistance to (i) carboplatin and (ii) taxol when compared to parental cell
lines when each cell line had received 3 doses of either carboplatin or taxol.
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Fig. 6. Total cellular glutathione assay. Parental cells
UPN251 and resistant sublines are shown on x-axis
as control, BSO or carboplatin treated. The y-axis
gives slope per minute of 0-9 rounds of the assay
run over 8mins. 3-day exposures to drug was used
in this experiment. BIndicates a significant difference
between control and BSO treatment (P<0.05,
Student t-test)# Indicates a significant difference
between control and carboplatin treatment (P<0.05,
Student t-test).
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Fig. 7. .Protein expression by
western blotting for UPN251 and
sublines treated with carboplatin
and taxol. All protein samples
were normalised to GAPDH and
then UPN251 control. Drug
treated cells were exposed to
2ug/ml carboplatin or 15ng/ml
taxol for 72hours before and
compared to drug free controls.
(A) P-glycoprotein (B) ATP7A (C)
CTR1 (D) GAPDH loading control.
Representative images of at least
three biological replicates are
shown.



