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Simple Summary: Several chemotherapy drugs are approved for ovarian cancer treatment in the
neo-adjuvant/adjuvant setting as well as following relapse. These include carboplatin, paclitaxel,
doxorubicin, topotecan, PARP inhibitors (PARPi), and gemcitabine. However, except for PAPRi,
there are no predictive biomarkers to guide the choice of drug. The majority of chemotherapeutic
drugs function by inducing DNA damage or inhibiting its repair. However, the association of
DNA damage repair (DDR) pathway alterations with therapy response remain unclear. In this
study, using a panel of 14 ovarian cancer cell lines, 10 patient ascites-derived primary cultures and
bioinformatic analysis of The Cancer Genome Atlas (TCGA) ovarian cancer dataset, we identified the
role of genomic/transcriptomic and/or functional alterations in DDR pathways as determinants of
therapy response.
Abstract: Defective DNA damage response (DDR) pathways are enabling characteristics of cancers
that not only can be exploited to specifically target cancer cells but also can predict chemotherapy
response. Defective Homologous Recombination Repair (HRR) function, e.g., due to BRCA1/2
loss, is a determinant of response to platinum agents and PARP inhibitors in ovarian cancers. Most
chemotherapies function by either inducing DNA damage or impacting on its repair but are generally
used in the clinic unselectively. The significance of HRR and other DDR pathways in determining
response to several other chemotherapy drugs is not well understood. In this study, the genomic,
transcriptomic and functional analysis of DDR pathways in a panel of 14 ovarian cancer cell lines
identified that defects in DDR pathways could determine response to several chemotherapy drugs.
Carboplatin, rucaparib, and topotecan sensitivity were associated with functional loss of HRR
(validated in 10 patient-derived primary cultures) and mismatch repair. Two DDR gene expression
clusters correlating with treatment response were identified, with PARP10 identified as a novel
marker of platinum response, which was confirmed in The Cancer Genome Atlas (TCGA) ovarian
cancer cohort. Reduced non-homologous end-joining function correlated with increased sensitivity
to doxorubicin, while cells with high intrinsic oxidative stress showed sensitivity to gemcitabine. In
this era of personalised medicine, molecular/functional characterisation of DDR pathways could
guide chemotherapy choices in the clinic allowing specific targeting of ovarian cancers.
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1. Introduction
Ovarian cancer accounts for ~300,000 new cancer cases globally each year and is
one of the leading causes of death among gynaecological cancers, with a mortality rate
of ~185,000 deaths per year [1]. Combination platinum and paclitaxel chemotherapy in
conjunction with cytoreductive surgery remain the cornerstone of first-line treatment for
ovarian cancers, the majority of which present at an advanced stage. Most ovarian cancers
are of epithelial origin (~90%), with high grade serous ovarian cancer (HGSOC) being the
most prevalent histopathological subtype [2]. Whilst the majority of HGSOCs respond to
platinum-based therapy with an initial response rate of ~60%, non-HGSOC subtypes (clear
cell, mucinous and low grade serous) are less responsive [3,4]. Even among women with
HGSOC, the five-year overall survival remains poor (~45%), with the majority of women
experiencing disease recurrence and ultimately the development of platinum resistance [5].
The disproportionate mortality rate in ovarian cancer continues to attract attention
with the ambition to improve survival through the stratified provision of targeted therapies. The focus on exploiting defective DNA damage response (DDR) pathways has
increased following the successful implementation of poly (ADP ribose) polymerase inhibitor (PARPi) therapy [6,7]. There is a growing armoury of cytotoxic agents and targeted
therapies for ovarian cancer in both the frontline and relapsed settings. However, choice
of second-line therapy for recurrent disease is determined by response and tolerability to
the first-line platinum-based chemotherapy, which, in turn, is dependent on the accompanying maintenance therapies like bevacizumab and PARPis [3]. At relapse, platinum
drugs may be given as single agents or as platinum doublets (combination with paclitaxel,
gemcitabine ± bevacizumab, or liposomal doxorubicin) [8]. Non-platinum chemotherapy
approved for second and third-line treatments and used in the resistant settings includes
paclitaxel, liposomal doxorubicin, topotecan given alone or in combination with bevacizumab [3,9]. However, with the exception of stratification for PARPi therapy using BRCA
mutation status, treatment strategies are not guided by molecular or functional features of
individual cancers, making the prediction of response, and the selection of an appropriate
agent, challenging.
Multiple studies have clearly demonstrated mutations in genes encoding proteins
involved in the homologous recombination repair (HRR) pathway, e.g., BRCA, as determinants of response to both platinum agents and PARPis [10,11]. However, the understanding
of the predictive nature of the DDR is not well established for the other commonly used
chemotherapies in ovarian cancer. Except for taxanes, the majority of the chemotherapies approved for ovarian cancer, including carboplatin, doxorubicin, topotecan, and
gemcitabine, cause cytotoxicity by inducing DNA damage, while PARPis inhibit DNA
damage repair, thus increasing dependence on the DDR. Thus, it could be speculated that
defects/alterations in DDR pathways at the genomic and/or functional level could serve
as determinants of chemotherapy response.
This study, therefore, aimed to explore the sensitivity of five chemotherapy drugs and
one PARPi used to treat ovarian cancer: carboplatin, doxorubicin, gemcitabine, paclitaxel,
topotecan, and rucaparib in a panel of 14 ovarian cancer cell lines and ascites-derived
primary cultures from women with ovarian cancer and their association with the genomic,
transcriptomic and functional alterations of DDR genes/pathways. We identified that HRR
status was significantly associated with carboplatin and rucaparib response in agreement
with previous studies [12,13]. NHEJ activity correlated with better survival following
doxorubicin treatment, and cell lines with high oxidative stress were found to be more
sensitive to gemcitabine. Interestingly, cell line and TCGA ovarian cancer data analysis
identified genomic amplification and/or high PARP10 expression to be associated with
platinum-based drug response, which needs further exploration. Overall, our study identi-
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fied a strong association between DDR alterations and chemotherapy response which has
strong clinical implications with further validatory studies.
2. Materials and Methods
2.1. Cell line and Culture Conditions
A panel of 14 ovarian cancer cell lines was used to screen for sensitivities to chemotherapy and DDR pathway functional analysis. The clinical and morphological features of
the cell lines are listed in Table S1. The mutation and copy number alteration status of
the cell lines for some frequent genomic alterations commonly observed in HGSOC are
listed in Table S2. Cells were incubated at 37 ◦ C in a humidified atmosphere containing 5%
CO2. They were maintained at low passage and confirmed to be mycoplasma free. All cell
lines were cultured from authenticated stocks originating from ATCC or our laboratory
(NUCOLL43) held in the cell line storage bank at Newcastle University.
2.2. Ascites Primary Cultures
Ethical approval for the collection of clinical material and data was granted (REC:
17/NE/0361), and written consent was taken. Malignant ascitic fluid was collected from
patients undergoing cytoreductive surgery or symptomatic drainage of ascites, as previously described [14]. Ascites was mixed 1:1 (v/v) with RPMI-1640 media supplemented
with 20% fetal calf serum and 1% penicillin/streptomycin. Cultures were incubated at
37 ◦ C, 5% CO2, 95% humidified air. The medium was replenished every 4–7 days until
cultures reached 70–80% confluence. Cells were then passaged for continuous culture. All
experiments were carried out at early passage (<4).
2.3. Chemicals and Reagents
Carboplatin, gemcitabine hydrochloride, doxorubicin hydrochloride, topotecan hydrochloride hydrate, and paclitaxel were supplied by Sigma Aldrich, UK. Rucaparib was
a kind gift from Pfizer Global R&D (La Jolla, CA, USA). Carboplatin, gemcitabine hydrochloride and doxorubicin hydrochloride were dissolved in 0.9% saline and topotecan,
paclitaxel, and rucaparib were dissolved in Dimethyl Sulfoxide (DMSO).
2.4. Colony Formation Assay
Cells were plated at low density ranging from 50 to 4000 cells/well based on the
plating efficiency (colonies formed/cells seeded × 100) of the cell lines and anticipated
cytotoxicity of the drugs to get countable colonies (20–150) and allowed to adhere for 24 h.
This was followed by treatment with different concentrations of drugs as a single agent
for 24 h. The DMSO concentration was maintained at 0.5% for drugs dissolved in DMSO.
Following 24 h of drug treatment, the medium was replaced with a drug-free medium and
cells incubated until colonies >30 cells formed. Cells were fixed in methanol: acetic acid
(3:1 v/v) and stained with 0.4% crystal violet. Colonies were counted, and the % survival
for each treatment calculated from the relative plating efficiency of treated versus vehicle
(0.5% DMSO/only media) controls. The LC50 values were calculated from individual
experiments where the concentration causing a 50% decrease in cell survival was calculated
by interpolation of the survival curves. The % Survival was also estimated from the
individual survival curves at a selected concentration. The mean and standard deviation of
the LC50 and % Survival values were calculated further from 3 independent experiments.
2.5. Sulforhodamine B Assay (SRB)
Primary cultures were seeded into 96-well plates (1000 cells/100 µL per well) and
allowed to adhere overnight. Media was replaced with fresh medium containing increasing
concentrations of each drug which was again replaced with fresh medium after 24 h and
incubated for a further 5–6 days or until the control wells were subconfluent. Cells were
fixed with 50% (w/v) trichloroacetic and stained with 0.4% SRB. Absorbance was measured

Cancers 2021, 13, 1420

4 of 17

at 570 nm using a BMG FLUOstar Omega plate reader, and the growth as a percentage of
vehicle control was calculated (% survival) for each drug concentration.
2.6. Databases and Tools
Cancer Cell Line Encyclopedia (CCLE) and The Cancer Genome Atlas (TCGA) data was
accessed using cbioportal (https://www.cbioportal.org/) (accessed on 12 January 2021).
2.7. Bioinformatics Analysis
RNA-Seq data was available from the CCLE database for 9/14 cell lines. The normalised read counts were correlated with drug sensitivity to generate the Pearson’s correlation coefficient, which was used to perform hierarchical clustering. Additionally,
exome sequencing data was used to identify key genetic alterations, including copy number alterations and mutations in the cell line panel. Additionally, RNA-Sequencing and
genomic data, including mutation and copy number alterations, were downloaded for
201 ovarian cancer patients included in the TCGA pan-cancer Atlas study using cbioportal.
Published in house RNA-Seq data on 2567 genes generated using Illumina NextSeq with
the HTG EdgeSeq Oncology biomarker panel assay (Gene Expression Omnibus submission: GSE150942) (13) was used for validation of the correlation of gene expression with
chemotherapy response.
2.8. HRR Function by Immunofluorescence Based γH2AX-RAD51 Assay
HRR was assessed by immunofluorescence microscopy, as previously described [15].
Cells were treated for 48 h with 10 µM rucaparib alongside vehicle alone controls (0.5%
DMSO). To quantify DNA damage, cells were stained with mouse monoclonal antiphospho-histone H2A.X (Ser139) antibody (Upstate/Millipore, Burlington, NJ, USA) at
1:1000 and rabbit monoclonal anti-RAD51 antibody (AbCam, Cambridge, UK) at 1:500 to
assess downstream HRR functional repair. Secondary antibodies used were Alexa 488 conjugated goat anti-rabbit and Alexa 546 conjugated goat-anti mouse (Invitrogen, Waltham,
USA), both at 1:1000. The nuclei were stained with DAPI. γH2AX and RAD51 foci in
each cell were quantified using ImageJ software and data analysed using GraphPad Prism.
A >2-fold increase in γH2AX foci formation was used as an indicator of DNA damage
induction following rucaparib treatment, and a >2-fold increase in RAD51 foci formation
was indicative of functional HRR. The same method was also used for analysing the HRR
ability of primary cultures with minor modifications.
2.9. Non-Homologous End Joining (NHEJ) Plasmid Re-Joining Assay
NHEJ plasmid re-joining assay was performed as described previously by Bradbury et al. [13]. Equimolar quantities of pimEJ5GFP (Addgene plasmid # 44026 that was
originally a kind gift from Jeremy Stark and Maria Jasin [16], and pCBASceI (previously described) plasmids were co-transfected into the cell lines using Lipofectamine 3000 reagent
according to the manufacturer’s instructions. The cells were then collected by trypsinisation, washed with PBS and resuspended in 500 µl of PBS for analysis using flow cytometry
to estimate the %GFP positive cells. Fifty-thousand cells were analysed per sample to
estimate the %GFP positive cells. The %NHEJ activity of the co-transfected cells was calculated by normalising with %GFP positive cells in untransfected cells. Pearson’s correlation
coefficient analysis was performed to correlate %NHEJ activity of each cell line with %
survival at fixed concentrations of the drugs.
2.10. Measurement of 8-OHdG Levels in the DNA
Cells were seeded at 0.5 × 106 cell/mL in 100 mm dishes and cultured for two
doubling times before harvesting, snap freezing and storing the cell pellet at −80 ◦ C
prior to DNA isolation. The snap-frozen cell pellets were rapidly thawed at 37 ◦ C and
DNA isolated using the QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. DNA was quantified using a NanoDrop™ ND-1000
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Spectrophotometer (Agilent, Santa Clara, CA, USA). Using the HT 8-oxo-dG ELISA Kit II
(R&D Systems Inc® , 4380-096-K, Minneapolis, MN, USA), samples were treated with DNase
and alkaline phosphatase each for one hour at 37 ◦ C as per manufacturer’s instructions.
Equal quantities of DNA from each cell line were analysed for 8-OHdG levels. The
absorbance (450 nm) measured following detection with horseradish peroxidase (HRP)
and TACS-Sapphire™ colourimetric substrate corresponds to the antibody bound to the
pre-coated 8-OHdG on the well. The absolute 8-OhdG levels were calculated using serial
dilutions of the standard supplied with the kit.4.6.1 TP53 functional analysis. Pearson’s
correlation coefficient analysis was performed to correlate 8-OhdG level/µg of DNA of
each cell line with % survival at fixed concentrations of the drugs.
2.11. Statistical Analysis
Statistical comparison of datasets between two defined groups was performed using a
non-parametric t-test. Pearson’s correlation coefficients were calculated for all correlation
analyses. Hierarchical clustering of Pearson’s correlation coefficients was performed to
identify drug sensitivity clusters and the associated gene expression clusters. All statistical analysis was performed using Graphpad Prism 8 and statistical packages in R. The
following p-value cut-offs were used: * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.
3. Results
3.1. Colony Formation Cell Survival Assay Demonstrates a Range of Sensitivities to the Six
Systemic Therapies across the Ovarian Cancer Cell Line Panel
The cell line panel (described in Tables S1 and S2) demonstrated a spectrum of sensitivities to the cytotoxicity of the chemotherapeutic agents with the fold-difference between the
highest and lowest LC50 values ranging from 150-fold for rucaparib, 31-fold for carboplatin,
14-fold for gemcitabine, 11-fold for topotecan and paclitaxel, and 4-fold for doxorubicin
(Table 1, Figure 1, Figure S1).
Table 1. LC50 values (mean ± SD) and % survival at a given concentration (mean ± SD) of carboplatin, doxorubicin,
gemcitabine, topotecan, paclitaxel, and rucaparib for the 14 cell line panel is listed below. Each data represents an average
of three independent experiments. (Bold: Highest value; Italics: Lowest value).
Carboplatin
Cell Line

Kuramochi

LC50
(µM)

%
Survival
(10 µM)

2.9 ± 0.6

6.2 ± 3.1

Doxorubicin

Gemcitabine
LC50
(nM)

%
Survival
(30 nM)

17.6 ± 1.3

58.9 ±
18.9

56.4 ± 4.6

LC50
(nM)

%
Survival
(100 nM)

38.8 ± 3.3

Topotecan

Paclitaxel

Rucaparib

LC50
(nM)

%
Survival
(30 nM)

LC50
(µM)

%
Survival
(10 µM)

29 ± 3.7

3.7 ± 1.5

33.4 ± 3.3

3 ± 0.5

26.3 ± 7.5

LC50
(nM)

%
Survival
(30 nM)

16.3 ± 1.5

COV318

2.8 ± 0.2

20.5 ±2.6

35.3 ± 0.5

14.4 ± 0.8

17.8 ± 1.6

30.8 ± 0.7

17.5 ± 0.6

27.4 ± 1.5

9.7 ± 0.2

32.1 ± 4

2.8 ± 0.2

36.5 ± 2

CAOV3

3.1 ± 1.7

24.4 ± 3.6

19.3 ± 0.7

0.8 ± 0.0

7 ± 0.2

7.1 ± 0.2

16.1 ± 1.4

17 ± 2

0.9 ± 0.1

1.8 ± 0.9

2.4 ± 0.1

19.6 ± 2.3
71.1 ± 3.8

ES2

17.3 ± 2.4

61.2 ± 4.3

72.7 ± 5.2

35.3 ± 1.7

13.6 ± 1.6

12.8 ± 3.2

13.6 ± 1.9

7.6 ±2.7

6.9 ± 0.2

1.3 ± 0.5

19.2 ± 0.9

OAW42

2.7 ± 0.2

10.9 ± 0.9

59.2 ± 4.9

21.9 ± 1.7

99.2 ± 8.9

66.9 ± 5.2

12.7 ± 1.3

13.7 ± 2.1

2.6 ± 0.04

2.5 ± 0.8

3.7 ± 0.8

37.9 ± 2

A2780

3.5 ± 0.7

15.3 ± 4.3

45.3 ± 2.2

4 ± 1.5

26.1 ± 2.1

42.2 ± 4.6

17.5 ± 1.7

12 ± 5.4

2.3 ± 0.2

0.8 ± 0.00

4.4 ± 1.1

31.6 ± 2.6

CP70-B1

22.1 ± 3.2

66.8 ± 4.5

27.9 ± 0.4

1.1 ± 0.3

25.9 ± 1.2

39.3 ± 3.9

42.9 ± 3.3

61 ± 3.6

2.5 ± 0.1

1.5 ± 0.7

>30

84.8 ± 2.6

CP70-A2

7.3 ± 0.04

29.6 ± 1.6

52.1 ± 2.6

8 ± 0.4

25.2 ± 0.9

40.6 ± 1.6

11.8 ± 2

17.4 ± 1.7

2.9 ± 0.1

3.7 ± 1.4

10 ± 0.1

50.1 ± 0.1

IGROV1

2.3 ± 0.3

5.4 ± 1.7

42.7 ± 2.2

13.2 ± 0.7

8 ± 0.6

27.7 ± 4.2

12.5 ± 1.9

14.9 ± 3.1

2.5 ± 0.3

11.3 ± 1.1

8.9 ± 1.2

46.6 ± 3.7

UWB1.289
+ BRCA1

1.3 ± 0.1

0.8 ± 0.00

62.3 ± 2.5

23.8 ± 1.6

22.2 ± 0.3

31.4 ± 2.1

10.5 ± 0.1

5.7 ± 1.04

2.5 ± 0.02

7.6 ± 0.6

2.8 ± 0.1

34.1 ± 2.9

NUCOLL43

7.8 ± 1

39.9 ± 4.2

43.5 ± 3

4.2 ± 0.3

71. ± 9.6

69.4 ± 0.8

15 ± 2.6

7.2 ± 2.2

2.5 ± 0.1

5.1 ± 1.3

20.8 ± 0.6

68.1 ± 1.6

NIHOVCAR3

1.3 ± 0.3

0.8 ± 0.00

55 ± 3.4

16.9 ± 3.2

41.6 ± 2.1

58.8 ± 2

7.2 ± 0.6

11.6 ± 1.7

2.7 ± 0.1

16.1 ± 2.5

0.4 ± 0.06

0.8 ± 0.00

UWB1.289

0.7 ± 0.03

0.8 ± 0.00

44.9 ± 3.3

13.6 ± 0.7

8.2 ± 0.6

7.2 ± 0.8

4.1 ± 0.6

0.08 ± 0.0

2.6 ± 0.07

3.9 ± 1.2

0.2 ± 0.02

0.8 ± 0.00

COV362

2.6 ± 0.1

3.4 ± 0.5

28.3 ± 1.2

7.7 ± 0.2

20 ± 1

29.8 ± 2.1

12.9 ± 0.6

25.8 ± 2.5

2.7 ± 0.06

18.8 ± 1.3

0.2± 0.01

0.8 ± 0.0
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3.2. Key Genetic Alterations Associated with Response to Chemotherapies.
The wide spectrum of drug sensitivities across the cell line panel led us to investigate
differences in the genomic landscape of DDR pathways as determinants of drug sensitivity. Firstly, the cell line profiles were confirmed by correlating the published CCLE
RNA-Seq data with the targeted RNA-Seq data (in-house) for 2495 genes highlighting a
positive correlation across most (91%) of the genes (Figure S4), confirming the cell line
authenticity. With the focus of this study being DDR pathways, we explored the genomic
status (mutation and copy number alteration) of 120 genes that are either involved in
cell cycle checkpoint or DNA damage repair pathways (HRR, NHEJ, BER, MMR, NER,
and PARP family proteins) among the 10 cell lines included in our panel (data was not
available for four cell lines). As typical of ovarian cancers, genomic analysis of the cell
line panel confirmed that the number of copy number alterations (CNAs) (Average no.
of CNAs = 2112) was much higher than mutations (Average no. of mutations = 666). A
greater frequency of mutation was observed among the non-HGSOC cell lines (average no.
of mutations = 1408) than the HGSOC cell lines (average no. of mutations = 349), with the
IGROV1 cell line having the highest number of mutations (3227), and the NIH-OVCAR3
and UWB1.289 cell lines having the lowest (225). Analysis of the mutation status of the
120 DDR genes identified that homozygous loss of TP53 was exclusive to HGSOC cell
lines, and most mutations in the DDR genes among the cell lines were heterozygous and
unlikely to impact on function. The few homozygous mutations were seen in BRCA1 in the
COV362 and UWB1.289 cell lines, ERCC5 and EME1 in the Kuramochi cell line, PTEN in
the A2780 cell line, and MSH6 in the IGROV1 cell line, highlighting the likely role of these
genes in impairing the associated pathway and hence determining chemotherapy response
(Figure 3A). As expected, only BRCA1 loss could be associated with increased sensitivity
of the cell lines COV362 and UWB1.289 to carboplatin and rucaparib (Figure 1A,F).
3.3. DDR Gene Expression Correlates with Sensitivity to the Different Chemotherapy Drugs in
Cell Lines.
While CNA status did not show any strong association with chemotherapy response,
the differences in mRNA levels were more likely to show variation across cell lines. Therefore, to understand the significance of differential mRNA expression of the 120 DDR genes
with drug response, we correlated the log-transformed RSEM values as a measure of gene
expression derived from the database with the % survival for each drug at a fixed concentration (Table 1). Hierarchical clustering of the Pearson’s correlation coefficients identified
two distinct drug clusters: Cluster1 included carboplatin, doxorubicin, and rucaparib, and
Cluster 2 included gemcitabine, topotecan, and paclitaxel. Hierarchical clustering also
identified two gene clusters: Cluster A (33 genes) and Cluster B (17 genes), correlating
with dramatically contrasting drug sensitivity profile. For genes in Cluster A, expression
levels correlated positively with % survival with carboplatin, doxorubicin, and rucaparib
treatment and hence likely associated with treatment resistance and vice versa for paclitaxel
and topotecan. The reverse pattern was true for Cluster B, where the expression profile
of genes in Cluster B correlated positively with paclitaxel and topotecan sensitivity and
negatively to the rest of the drugs. While Cluster A was dominated by genes belonging
to the HRR (RAD51 proteins, RPAs, FANC family proteins, etc), NHEJ (XRCC4, XRCC5
and XRCC6), and BER pathways (POLE, PCNA, etc), Cluster B predominantly included
genes belonging to the PARP family members (PARP14, PARP9, PARP10, PARP4, PARP6,
and PARP15) (Figure 3B). The gene expression correlations were further validated using
in-house RNASeq data for 37 out 50 genes (available in the panel of 2567 genes) belonging
to Clusters A and B. Hierarchical clustering of the correlation coefficients using this dataset
also identified a similar clustering pattern, thus validating the findings (Figure S5).
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3.3. DDR Gene Expression Correlates with Sensitivity to the Different Chemotherapy
Drugs in Cell Lines.
3.4. DDR Gene Expression Correlates with Sensitivity to Platinum Chemotherapy in HGSOCs in
While
CNA status did not show any strong association with chemotherapy response,
the TCGA
Cohort.
the differences in mRNA levels were more likely to show variation across cell lines. ThereTo confirm the likely association, we further analysed the data of 201 HGSOC ovarian
fore, to understand the significance of differential mRNA expression of the 120 DDR genes
cancers (using TCGA data) with platinum response status for 190 patients. We tested for
with drug response, we correlated the log-transformed RSEM values as a measure of gene
any differential expression of 48 genes that formed the Clusters A and B (Figure 3B) between
the platinum sensitive (n = 105) and resistant (n = 43) groups of patients. While most genes
followed a similar differential expression trend, as observed in the cell lines, the top five
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differentially expressed genes were XRCC4, RPA3, PARP11, RAD52, and PARP10 (Figure 4).
PARP10 was amplified/highly expressed among 44% of ovarian cancers, of which 42%
were platinum sensitive, and only 9% were resistant. This highlights a possible role for
PARP10 amplification/high expression as a predictor of platinum (and PARPi/doxorubicin)
Cancers 2021, 13, x FOR PEER REVIEW
11 of 18
sensitivity among patients. Interestingly, all cancers with PARP10 amplification also
showed co-occurrence of REQL4 amplification, similar to the co-occurrence profile seen in
the cell lines Kuramochi and COV362.
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3.5. Functional Status of DDR Pathways Determine Response to Chemotherapy
3.5. Functional Status of DDR Pathways Determine Response to Chemotherapy.
To assess the association between the functional activity of DDR pathways and reTo assess the association between the functional activity of DDR pathways and response to chemotherapy, we first characterised the cells for their HRR ability using the
sponse to chemotherapy, we first characterised the cells for their HRR ability using the
RAD51 focus formation assay. Twelve of fourteen cell lines showed >2-fold increase in
RAD51 focus formation assay. Twelve of fourteen cell lines showed >2-fold increase in
RAD51 foci formation following the induction of DNA damage and were classified as HRR
RAD51 foci formation following the induction of DNA damage and were classified as
competent (HRC) (Figure 5A). However, we have previously shown NIH-OVCAR3 cells to
HRR competent (HRC) (Figure 5A). However, we have previously shown NIH-OVCAR3
have defective HRR pathways by plasmid re-joining functional assay, despite the ability to
cells to have defective HRR pathways by plasmid re-joining functional assay, despite the
form RAD51 foci (13) and hence were categorised as HRR deficient (HRD). The remaining
ability to form RAD51 foci (13) and hence were categorised as HRR deficient (HRD). The
two cell lines, COV362 and UWB1.289, were also classified as HRD, as expected due to the
remaining two cell lines, COV362 and UWB1.289, were also classified as HRD, as expected
due to the functional loss of BRCA1 in both cell lines (Figure 5A). The mean % survival of
HRC cell lines was found to be significantly higher than HRD cells for both carboplatin
(15.5-fold) and rucaparib (57-fold) (Figure 5B). No statistically significant difference was
seen between the HRC and HRD groups with respect to sensitivities to other drugs ana-
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functional loss of BRCA1 in both cell lines (Figure 5A). The mean % survival of HRC cell
lines was found to be significantly higher than HRD cells for both carboplatin (15.5-fold)
and rucaparib (57-fold) (Figure 5B). No statistically significant difference was seen12between
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the HRC and HRD groups with respect to sensitivities to other drugs analysed.

Figure
Functional/activation status of
association
with
chemotherapy
response
in cell
Figure
5. 5.Functional/activation
of the
theDDR
DDRpathway
pathwayand
andtheir
their
association
with
chemotherapy
response
in lines.
cell lines.
(A)
Homologous
recombination
repair
status
of
cell
lines
as
determined
by
γH2AX-RAD51
foci
formation
assay.
A
>2-fold
(A) Homologous recombination repair status of cell lines as determined by γH2AX-RAD51 foci formation assay. A >2-fold
increase
RAD51foci
foci (green)
(green) formation
ofof
functional
HRR
following
DNADNA
damage
induction
measured
by
increase
ininRAD51
formationisisindicative
indicative
functional
HRR
following
damage
induction
measured
γH2AX-foci (red), identifying COV362 and UWB1.289 cell lines as HRD. Due to the pan-nuclear staining of γH2AX in the
by γH2AX-foci (red), identifying COV362 and UWB1.289 cell lines as HRD. Due to the pan-nuclear staining of γH2AX
A2780 cell line, the γH2AX-foci could not be measured. Data are from a single representative experiment with a minimum
in count
the A2780
theline.
γH2AX-foci
could
not
be statistically
measured. significantly
Data are from
a single
representative
with a
of 100cell
cellsline,
per cell
(B) HRD cell
lines
were
more
sensitive
to carboplatinexperiment
and rucaparib.
minimum
count
of
100
cells
per
cell
line.
(B)
HRD
cell
lines
were
statistically
significantly
more
sensitive
to
carboplatin
Each data point represents mean % survival at a given concentration of technical replicates of three independent experi-and
ments. (C)
HRD
primary
cultures were
more
sensitiveattoa carboplatin
and rucaparib
while HRC
primary
cultures
were
rucaparib.
Each
data
point represents
mean
% survival
given concentration
of technical
replicates
of three
independent
50
values
determined
more
sensitive
to
doxorubicin
(statistically
non-significant)
as
seen
by
the
difference
in
the
mean
in
GI
experiments. (C) HRD primary cultures were more sensitive to carboplatin and rucaparib while HRC primary cultures were
by Sulforhodamine B (SRB) assay, each data point represents a single patient-derived primary culture (D) %NHEJ activity
more sensitive to doxorubicin (statistically non-significant) as seen by the difference in the mean in GI50 values determined
measured by plasmid re-joining assay. Data represent the mean value of duplicate technical experiments. (E) Baseline 8by Sulforhodamine B (SRB) assay, each data point represents a single patient-derived primary culture (D) %NHEJ activity
OHdG/μg DNA (nM) for each cell line and its correlation with % survival with each drug at a given concentration. Data
measured
re-joining
assay. technical
Data represent
the mean
value
of duplicatecell
technical
experiments.
(E) Baseline
representby
theplasmid
mean value
of duplicate
experiments.
(F) The
MMR-deficient
line CP70-A2
was significantly
8-OHdG/µg
DNA
(nM) for each
cell line and rucaparib
its correlation
withsensitive
% survival
with each drug
at a given
concentration.
more sensitive
to carboplatin,
topotecan,
and less
to doxorubicin
than CP70-B1
cell
line. Each dataData
point represents
mean
% of
survival
at given
concentration
of technical
replicates
of three independent
experiments
(**p-val
represent
the mean
value
duplicate
technical
experiments.
(F) The
MMR-deficient
cell line CP70-A2
was significantly
< 0.01;
***p-valto
< 0.001).
more
sensitive
carboplatin, topotecan, and rucaparib and less sensitive to doxorubicin than CP70-B1 cell line. Each

data point represents mean % survival at given concentration of technical replicates of three independent experiments
The association of HRR status with chemotherapy response was further validated
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using ascites-derived primary cultures from chemotherapy naïve HGSOCs. We analysed
10 primary cultures for their functional HRR status using the RAD51-γH2AX foci assay
and the sensitivity to chemotherapy using growth inhibition assay. Fifty-percent of the
samples were found to be HRD (Table S4), as has been reported previously [17,18]. Genomic analysis of BRCA mutation status identified one patient with a germline BRCA1
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The association of HRR status with chemotherapy response was further validated using
ascites-derived primary cultures from chemotherapy naïve HGSOCs. We analysed 10 primary cultures for their functional HRR status using the RAD51-γH2AX foci assay and the
sensitivity to chemotherapy using growth inhibition assay. Fifty-percent of the samples were
found to be HRD (Table S4), as has been reported previously [17,18]. Genomic analysis of
BRCA mutation status identified one patient with a germline BRCA1 mutation and another
with a somatic BRCA1 mutation (Table S4); all others were BRCA-wt (n = 5) or unknown
(n = 3). We identified a spectrum of sensitivities across the samples with the fold-difference
between the highest and lowest GI50 value (dose of the drug causing 50% growth inhibition)
ranging from 38-fold for topotecan, 26-fold for rucaparib, 21-fold for gemcitabine, 10-fold for
doxorubicin, and 5-fold for carboplatin and paclitaxel (Figure S6 and Table S4). Similar to
the observations in cell lines, HRD cancers were more sensitive to carboplatin (HRC mean
GI50 ± SEM = 7.3 ± 1.6 µM; HRD mean GI50 ± SEM = 4.5 ± 1.6 µM) and rucaparib (HRC
mean GI50 ± SEM = 17.3 ± 5.2 µM; HRD mean GI50 ± SEM = 8.6 ± 2.4 µM). In contrast,
HRC cancers were more sensitive to doxorubicin (HRC mean GI50 ± SEM = 30.4 ± 7.1 nM;
HRD mean GI50 ± SEM = 43.9 ± 15 nM) (Figure 5C and Figure S6).
A plasmid re-joining assay was used to estimate the NHEJ activity of the cell line
panel. A wide spectrum of %NHEJ activity was observed across the cell line panel ranging
from 0.2% (CAOV3) to 24.24% (NIH-OVCAR3) with a median of 4.3%. To identify any
association with chemotherapy response, the NHEJ activity of each cell line was correlated
with % survival at fixed drug concentration. The distribution of NHEJ activity highlighted
two cell lines, OAW42 and ES2, as outliers in terms of correlation with chemotherapy
response and hence were removed. The %NHEJ activity correlated positively with response to doxorubicin (as expected), gemcitabine, and paclitaxel and correlated negatively
with carboplatin and rucaparib response. Survival following topotecan exposure did not
correlate with NHEJ activity (Figure 5D; Figure S7A; Table S5).
Genomic analysis identified BER pathway alterations as the next most frequent alterations after HRR. The main endogenous lesion repaired by this pathway is oxidised guanine
at the eighth-position resulting from oxidative stress. Therefore, we measured the baseline
oxidative stress of each cell line by quantification of 8-OHdG levels/µg of DNA as an indirect measure of intrinsic BER pathway activation. The highest baseline 8OHdG levels were
observed in the ES2 cell line (5.02 nM) and the lowest in the OAW42 cell line (1.43 nM) with
a median concentration of 3.05 nM. Correlation with survival showed the strongest trend
towards negative correlation with gemcitabine. Gemcitabine has been reported to enhance
reactive oxygen species (ROS) production and consequently oxidative stress; therefore, this
observation highlighted that it is likely that gemcitabine would be more cytotoxic in cell lines
with poor BER ability resulting from oxidative DNA damage. There was a weaker correlation
with cytotoxicity with other drugs (Figure 5E; Figure S7B; Table S6).
To understand the likely effect of MMR loss, we compared the sensitivities between
MMR-competent (CP70-B1) and MMR-defective (CP70-A2) cell line pairs for their response
to all six drugs. The CP70-A2 cells were significantly more sensitive to carboplatin (2.3fold), topotecan (3.5-fold), and rucaparib (1.7-fold); the CP70-B1 cells showed greater
sensitivity to doxorubicin (7.4-fold). There was no difference in sensitivity to gemcitabine
and paclitaxel between the cell line pairs (Figure 5F).
4. Discussion
DDR pathways have been extensively studied across cancer types, and the success of
PARPi in BRCA-associated cancers [19] has greatly advanced interest in these pathways
for clinical exploitation as therapeutic targets as well as biomarkers of response to existing
therapies [20,21]. Given the clinical significance of the DDR pathways, this is the first
study aimed at elucidating genomic/transcriptomic alterations in 120 DDR genes and if
the functional activity of the corresponding DDR pathways were associated with response
to clinically approved chemotherapies for ovarian cancer.
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Utilising a panel of cell lines with different histologic subtypes, we identified that HGSOC cell lines (Kuramochi, COV318, CAOV3, ES2, NIH-OVCAR3, UWB1.289,
UWB1.289 + BRCA1, and COV362) were more sensitive to carboplatin, gemcitabine, topotecan and rucaparib, while the non-HGSOC cell lines (OAW42, A2780, CP70-B1, CP70-A2,
IGROV1, and NUCOLL43) were more sensitive to doxorubicin and paclitaxel. Several
earlier studies have attempted to analyse the genomic/transcriptomic/histological subtype characterisation of ovarian cancer cell lines or correlate with response to chemotherapy [12,22,23]. However, one of the major differences from this study was the fact that
the chemotherapy response was estimated by cellular dehydrogenase activity assay (MTT
assay), which can be subject to variations in cell doubling time and effects of the drug on
intermediary metabolism or unbalanced cell growth [24]. For the colony formation assay
used here, the cells were incubated for varying times post drug treatment to accommodate the differences in proliferation rate and allowed to form colonies of at least 30 cells,
ensuring at least five cell doublings post-drug exposure.
Genomic profiling of 120 DDR/PARP family genes identified frequent CNAs in genes
involved in HRR and BER function and several PARP family proteins, which were exclusive
to HGSOCs. PARP10 amplification and/or increased expression correlated with sensitivity
to carboplatin and rucaparib, which was confirmed in the TCGA ovarian cancer dataset
where it associated with platinum response. While the role of PARP10 in alleviating
replication stress [25] has been well established, its likely role as a marker of platinum
sensitivity is yet to be explored and demands further studies. PARP10 amplification cooccurred with RECQL4 amplification, both located on Chr 8q24.3, in both cell lines and
ovarian cancers (TCGA). While RECQL4 has been associated with HRR function [26], its
role in determining the HRR and NHEJ choice has also been well established [27]. However,
the functional explanation for its association with platinum sensitivity needs investigation.
A strong positive correlation was observed between carboplatin and rucaparib sensitivity, which could be explained by genomic loss of BRCA gene/HRR dysfunction in
both the cell line panel and patient ascites-derived primary cultures. NIH-OVCAR3, as we
have shown previously [13], was an interesting cell line with high sensitivity to carboplatin
and rucaparib despite a lack of functionally inactivating mutations in BRCA/other HRR
genes but showing functional loss of HRR and high NHEJ activity. The critical role of
NHEJ function in determining hypersensitivity of HRD cells to PARP inhibition was also
previously identified by Patel et al. 2011 [28]. A similar trend was also observed for MMR
deficient and proficient paired cell lines, where MMR-defective cell line CP70-A2 was
significantly more sensitive to carboplatin, rucaparib, and topotecan but less sensitive to
doxorubicin as compared to the MMR-proficient CP70-B1 cells. However, the increased
sensitivity of MMR-defective cells was in contrast to available literature where MMR loss
has been known to associate with platinum resistance [29]. This could be due to a likely
impact on HRR function, which has been demonstrated in previous reports [30] and also
observed here with a reduction in the RAD51-foci formation in MMR deficient CP70-A2
cells as compared to the MMR corrected CP70-B1 cells. Interestingly, the contrasting trends
of response to carboplatin/rucaparib and doxorubicin were also seen in patient-derived primary cultures, with the HRD cancers being more sensitive to carboplatin and rucaparib but
less sensitive to doxorubicin than the HRC cancers. In this study, we identified a positive
correlation between survival following doxorubicin exposure and NHEJ functional activity,
which correlated negatively with carboplatin and rucaparib. Lack of NHEJ function has
been proposed to confer sensitivity to topoisomerase-II poisons like doxorubicin [31–33],
and DNA-PKcs inhibitors have been reported to synergise with doxorubicin in their cytotoxic potential [34,35]. Hence, cancers with low NHEJ activity, which are likely to be
resistant to carboplatin and rucaparib could be targetable by doxorubicin. Doxorubicin
(topoisomerase II inhibitor) sensitivity also correlated negatively with topotecan (topoisomerase I inhibitor), confirming the concept of collateral sensitivity between topoisomerase
I and II poisons [36].
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Interestingly, intrinsic oxidative stress, which is an indirect indicator of baseline BER
activity, measured in terms of 8-OHdG levels per µg of DNA, identified a negative correlation of survival with gemcitabine. Gemcitabine has a direct role in inducing oxidative
stress by increasing ROS production [37]. These observations highlight that 8-OhdG could
potentially be a marker for identifying cancers with reduced BER capacity, which may be
more responsive to gemcitabine in second-line treatments. While 8-OHdG measurements
can be done by simple immunohistochemical approaches, large scale clinical studies are
needed to identify suitable cut-offs for the classification of HGSOCs as high or low with
reliable sensitivity and specificity to predict response to gemcitabine.
5. Conclusions
In summary, our data highlights the importance of the genomic/transcriptomic as well
as functional analysis of DDR pathways, which can guide the selection of chemotherapy
choice for relapsed HGSOCs. As observed clinically, HRD cancer cell lines and primary
cultures were more sensitive to carboplatin and rucaparib. Also, predictably cells with low
NHEJ activity were more sensitive to doxorubicin, but interestingly, HRD cells were less
sensitive to doxorubicin. Additionally, 8-OHdG levels, indicative of high intrinsic oxidative
stress, was associated with increased sensitivity to gemcitabine. We also identified that
common gene amplifications in ovarian cancers, like PARP10, associated with platinum
response. This study, therefore, highlights the relevance of key DDR pathway alterations in
determining chemotherapy response which demands further exploration in the clinic.
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