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Abstract: PARP inhibition results in the accumulation of DNA SSBs, causing replication stress (RS)
and lesions that can only be resolved by homologous recombination repair (HRR). Defects in HRR,
e.g., due to BRCA2 mutation, confer profound sensitivity to PARP inhibitor (PARPi) cytotoxicity.
In response to RS, CHK1 is activated to signal to S and G2/M cell cycle checkpoints and also to HRR.
To determine the relative contribution of these two functions of CHK1 to survival following PARPi
exposure, we investigated the effects of rucaparib (a PARPi) and PF-477736 (a CHK1 inhibitor) alone
and in combination in cells with mutated and corrected BRCA2. The BRCA2 mutated V-C8 cells were
1000×more sensitive to rucaparib cytotoxicity than their matched BRCA2 corrected V-C8.B2 cells,
but no more sensitive to PF-477736 despite having seven-fold higher levels of RS. PF-477736 caused
a five-fold enhancement of rucaparib cytotoxicity in the V-C8.B2 cells, but no enhancement in the
V-C8 cells. This differential sensitivity was not due to a difference in PARP1 or CHK1 expression or
activity. PF-477736 increased rucaparib-induced RS (γH2AX foci) and completely inhibited RAD51
focus formation, indicating a profound suppression of HRR. Our data suggested that inhibition of
HRR was the main mechanism of sensitisation to rucaparib, compounded with an inhibition of cell
cycle checkpoints by PF-477736.

Keywords: PARP; ATR; CHK1; replication stress; homologous recombination DNA repair; cell
cycle; cytotoxicity

1. Introduction

Replication stress (RS) is a key source of genomic instability, an enabling characteristic of
cancer [1]. RS is increased in cancer due to an almost ubiquitous loss of G1 checkpoint control [2] and
unrepaired DNA lesions encountering the replication fork. Poly(ADP-ribose) polymerase (PARP) is a
key component of the DNA damage response by promoting DNA base excision repair/single-strand
break repair (BER/SSBR) [3]. PARP is the first line of defence against the most common type of
endogenous DNA damage, oxidative stress, a major contributor to RS. PARP inhibitors (PARPi) are a
significant breakthrough in the treatment of cancer by exploiting cancer-specific defects in homologous
recombination DNA repair (HRR), e.g., due to BRCA mutations. Toxicities associated with these drugs
are generally mild [4]. Three PARPi are currently approved for the treatment of ovarian cancer, the
success being largely due to the high frequency (>50%) of HRR defects in this cancer type [5–7].
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The high levels of RS and loss of G1 control make cancer cells dependent on S and G2/M cell cycle
checkpoint control [8]. Checkpoint kinase 1 (CHK1) is a pivotal checkpoint kinase signalling RS to cell
cycle arrest through inactivation of cdc25A and cdc25C. Cdc25A and cdc25C are phosphatases that
remove inactivating phosphates on CDK2 and CDK1, respectively. Since CDK2 is required for S-phase
entry and progression and CDK1 is needed for mitosis, activation of CHK1 leads to S and G2/M arrest.
CHK1 has also been shown to phosphorylate RAD51 and thus has key involvement in signalling to
HRR, as well as halting the cell cycle to allow repair to occur [9,10].

CHK1 inhibitors have the potential to counteract HRR-mediated PARPi resistance [11]. Indeed,
PARPi and CHK1 inhibitors have been shown to interact to cause increased cytotoxicity in breast and
ovarian cancer cells, which was mediated by inhibition of HRR and increased DNA damage [12,13].
However, to date, no investigations have been carried out in paired HRR competent and HRR defective
(HRD) cell lines to confirm this as the mechanism.

To better understand the mechanisms underlying the synergy between PARP and CHK1 inhibitors,
we used paired BRCA2 mutant (V-C8) and corrected (V-C8.B2) cells. We examined the effects of the
clinically approved PARPi, rucaparib, and the CHK1 inhibitor, PF-477736, that has undergone clinical
evaluation (NCT00437203) on target enzyme activity and inhibition, cell cycle control, DNA repair,
and cytotoxicity. Our data suggest that CHK1 inhibition results primarily in an HRD phenotype, and
this is synthetically lethal with PARP inhibition.

2. Results

2.1. V-C8 Cells Are More Sensitive to Rucaparib, but not PF-477736, and PF-477736 only Sensitised V-C8.B2
Cells to Rucaparib

Colony formation assays were used to determine the potency of rucaparib across V-C8 and V-C8.B2
cell lines. As expected, the HRD V-C8 cells were particularly sensitive to rucaparib (LC50 < 0.01 µM)
and significantly more sensitive compared to matched HRR-competent V-C8.B2 cells (LC50 > 10 µM,
p < 0.001) (Figure 1a). In contrast, no significant difference in cytotoxicity to PF-477736 (Figure 1b) was
observed between the cell lines as both V-C8 and V-C8.B2 cells had similar LC50 (100.9 and 87.5 nM,
respectively). This suggested that BRCA2/HRD status was not a determinant of sensitivity to CHK1
inhibitor PF-477736. Survival in V-C8 and V-C8.B2 cell was inhibited by less than 50% (44.0 ± 5.9 and
41.9 ± 3.5 %, respectively) at 50 nM PF-477736, so this concentration was used for further studies.

We next tested whether the CHK1 inhibitor could potentiate PARPi in HRR competent and
defective cells. The survival of cells was evaluated when exposed to a range of rucaparib concentrations
(V-C8, 0–0.3 µM, V-C8.B2, 0–30 µM, to account for increased sensitivity to rucaparib) with or without
50 nM PF-477736. In V-C8.B2 cells, co-incubation with PF-477736 decreased the LC50 of rucaparib
4.8-fold ± 2.7 (Figure 1c). PF-477736 did not sensitise HRD V-C8 cells to rucaparib (Figure 1d).
This differential sensitisation of HRR functional and dysfunctional cells suggested PF-77736 was
sensitising HRR competent cells by inhibiting HRR.
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Figure 1. Differential cytotoxicity and synergy of rucaparib and PF-477736 in BRCA2 mutant and 

corrected cells. V-C8 and V-C8.B2 cells were exposed to drugs at the indicated concentration for 24 

hours prior to replacement with drug-free medium for 7-10 days to allow colony formation. (a) 

Rucaparib, (b) PF-477736, (c) the combination of rucaparib with 50 nM PF-477736 in V-C8 B2 cells, 

and (d) the combination of rucaparib with 50 nM PF-477736 in V-C8 cells. Data are the mean and 

standard error of three independent experiments. 

2.2. The Difference in Rucaparib Sensitivity Is not Due To Differential PARP-1 Expression between Cell 

Lines  

To exclude differences in PARP1 expression, activity, or inhibition as factors contributing to the 

differential sensitisation to rucaparib by PF-477736, we measured PARP expression and activity in 

both cell lines. PARP1 levels were not substantially different between cell lines and were only 

modestly affected by rucaparib and PF-477736 (Figures 2a and S1). Endogenous PAR levels were 2.3-

fold higher in the HRD V-C8 cells compared to the V-C8.B2 cells (Figure 2b), possibly reflecting a 

higher level of endogenous DNA breakage activating PARP. There was no significant difference 

between the baseline PARP activity of both cell lines (Figure 2c). Rucaparib inhibited PARP activity 

to a similar extent in both V-C8 and V-C8.B2 cells with IC50 values of 59 and 53 nM, respectively 

(Figure 2d). In both cell lines, a concentration of 0.1 µM rucaparib inhibited PARP activity >95%. This 

concentration only killed 3% of V-C8.B2 cells compared with >99% of V-C8 cells, demonstrating that 

the differential cytotoxicity was determined by HRR status rather than the extent of PARP inhibition. 
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Figure 1. Differential cytotoxicity and synergy of rucaparib and PF-477736 in BRCA2 mutant and
corrected cells. V-C8 and V-C8.B2 cells were exposed to drugs at the indicated concentration for 24 h
prior to replacement with drug-free medium for 7–10 days to allow colony formation. (a) Rucaparib,
(b) PF-477736, (c) the combination of rucaparib with 50 nM PF-477736 in V-C8 B2 cells, and (d) the
combination of rucaparib with 50 nM PF-477736 in V-C8 cells. Data are the mean and standard error of
three independent experiments.

2.2. The Difference in Rucaparib Sensitivity Is not Due To Differential PARP-1 Expression between Cell Lines

To exclude differences in PARP1 expression, activity, or inhibition as factors contributing to the
differential sensitisation to rucaparib by PF-477736, we measured PARP expression and activity in both
cell lines. PARP1 levels were not substantially different between cell lines and were only modestly
affected by rucaparib and PF-477736 (Figure 2a and Figure S1). Endogenous PAR levels were 2.3-fold
higher in the HRD V-C8 cells compared to the V-C8.B2 cells (Figure 2b), possibly reflecting a higher
level of endogenous DNA breakage activating PARP. There was no significant difference between the
baseline PARP activity of both cell lines (Figure 2c). Rucaparib inhibited PARP activity to a similar
extent in both V-C8 and V-C8.B2 cells with IC50 values of 59 and 53 nM, respectively (Figure 2d).
In both cell lines, a concentration of 0.1 µM rucaparib inhibited PARP activity >95%. This concentration
only killed 3% of V-C8.B2 cells compared with >99% of V-C8 cells, demonstrating that the differential
cytotoxicity was determined by HRR status rather than the extent of PARP inhibition.
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Figure 2. PARP-1 expression, activity, and inhibition by rucaparib in BRCA2 mutant and corrected 

cells. (a) V-C8 and V-C8.B2 cells were exposed to drugs at the indicated concentration for 24 h prior 

to Western blot. Chemiluminescence was quantified using Syngene software. Bar charts are PARP-1 

expression relative to the GAPDH loading control. Data are from a single representative experiment. 

(b) Endogenous PAR was measured in the absence of oligonucleotide and NAD+ by reference to a 

standard curve. Data are the mean and standard deviation of three independent experiments. (c) 

PARP activity (mean pixel values) was measured in the presence of oligonucleotide and NAD+. Data 

are the mean and standard deviation of three individual experiments. (d) PARP activity following 

exposure to increasing concentrations of rucaparib. Data are the mean and standard error of three 

individual experiments. 
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Figure 2. PARP-1 expression, activity, and inhibition by rucaparib in BRCA2 mutant and corrected
cells. (a) V-C8 and V-C8.B2 cells were exposed to drugs at the indicated concentration for 24 h prior
to Western blot. Chemiluminescence was quantified using Syngene software. Bar charts are PARP-1
expression relative to the GAPDH loading control. Data are from a single representative experiment.
(b) Endogenous PAR was measured in the absence of oligonucleotide and NAD+ by reference to
a standard curve. Data are the mean and standard deviation of three independent experiments.
(c) PARP activity (mean pixel values) was measured in the presence of oligonucleotide and NAD+.
Data are the mean and standard deviation of three individual experiments. (d) PARP activity following
exposure to increasing concentrations of rucaparib. Data are the mean and standard error of three
individual experiments.
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2.3. Rucaparib Activates CHK1 Similarly in Both Cell Lines, and This Activation Is Inhibited by PF-477736

Another possible explanation for the differential sensitisation by PF-477736 could have been a
difference in the activation of CHK1 by rucaparib and a difference in the extent to which it was inhibited
by PF-77736. The expression of CHK1 in the native and phosphorylated forms and downstream
signalling to CDK1 were determined by Western blot (Figure 3a and Figure S2). CHK1 expression
was slightly lower in V-C8 cells compared to V-C8.B2 cells, but this was not significant (Figure 3b).
Rucaparib (10 µM) activated checkpoint signalling through ATR and CHK1 in both cell lines (Figure 3a).
CHK1S345 levels (indicating ATR activation) were increased 2.1-fold and 1.6-fold by rucaparib in V-C8
and V-C8.B2 cells, respectively. CHK1 activity (CHK1S296) was increased by rucaparib to a similar extent
in V-C8 and V-C8.B2 cells (1.5-fold and 1.6-fold, respectively) (Figure 3c). In both cell lines, PF-477736
(50 nM) inhibited this activation of CHK1, by 91.4% ± 12.2 in V-C8 cells and 75.6% ± 17.6 in V-C8.B2
cells. The difference in inhibition of CHK1S296 by PF-477736 was not statistically significantly different
between the two cell lines, suggesting this did not contribute towards the difference observed in
sensitisation. Downstream of CHK1, PF-477736 similarly inhibited phosphorylation of CDK1 (CDK1Y15)
by 69.6% ± 24.8 in V-C8 cells and 56.88 % ± 26.1 in V-C8.B2 cells. Upstream of CHK1, PF-477736
activated ATR 2.1-fold ± 1.3 in V-C8 cells and 2.4-fold ± 1.2 in V-C8.B2 cells, suggesting an increased
reliance on ATR when CHK1 was inhibited.
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Figure 3. CHK1 expression, activation by rucaparib, and inhibition by PF-477736 in BRCA2 mutant
and corrected cells. Cells were exposed for 24 h to DMSO, rucaparib, or rucaparib and PF-477736 and
analysed for pCHKS345, CHK1, and pCDK1Tyr15. Vinculin was used as a loading control for pCHKS345,
CHK1, pCDK1Tyr15 and CDK1, and GAPDH was used as the loading control for CHK1S296 (a) Western
blot from a single representative experiment. (b) Densitometry was calculated using Syngene software
of CHK1 expression normalised to Vinculin. (c) Normalised densitometry of phosphorylated CHK1
and CDK1. Data are the mean and standard deviation of three individual experiment.
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2.4. Rucaparib Causes S-phase and G2 Accumulation, Which Is Attenuated by PF-477736

The effect of rucaparib and PF-477736 on the cell cycle was analysed to assess if the mechanism
of sensitisation was by cell cycle checkpoint signalling. In V-C8.B2 cells, rucaparib caused a modest
increase in S-phase (19.31%). Co-exposure to PF-477736 reduced the S-phase by 64.5% and G2/M by
33.6% compared to control cells, and this was accompanied by an increase in the sub-G1 fraction of
21.5%, suggesting that cells were progressing through S and G2/M with damaged DNA and dying,
probably by mitotic catastrophe (Figure 4a).

2.5. Rucaparib Inhibition Leads to Increased DNA Damage and HRR, and PF-477736 Inhibits HRR

The induction of replication stress by rucaparib, resulting in collapsed replication forks following
accumulation of endogenous DNA damage, is commonly measured by γH2AX phosphorylation.
At baseline, untreated V-C8 cells had on average seven-fold more γH2AX foci/cell, compared to V-C8.B2
cells, reflecting their inability to resolve RS through HRR (Figure 4b). In V-C8.B2 cells, rucaparib
increased γH2AX foci/cell 16-fold (p < 0.0001), PF-477736 caused a three-fold increase in γH2AX
foci/cell (p < 0.0001), and the γH2AX foci/cell following the combination were higher still, but not
significantly different from rucaparib alone.

In V-C8 cells, the already high levels of γH2AX foci were only increased by 20% by PF-477736
and 30% by rucaparib (Figure 4b, not significant). The combination increased the number of foci
approximately three-fold (p < 0.0001). Due to the BRCA2 mutation in these cells, they had very low
levels of RAD51 foci, which were not increased by rucaparib or PF-477736 alone or in combination.

In marked contrast, in parallel with the induction of DNA breaks (γ-H2AX) in V-C8.B2
cells, rucaparib exposure caused an approximately 13-fold increase (p < 0.0001) in RAD51 foci
in γ-H2AX-positive cells. Importantly, PF-477736 completely abrogated the rucaparib induction of
RAD51 (significantly different from rucaparib alone, p < 0.0001), and the levels of foci were similar
to control V-C8.B2 and the HRD V-C8 cells. These data indicated that the inhibition of CHK1 totally
abolished HRR and led to a greater accumulation of collapsed replication forks.
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Figure 4. Impact of PF-477736 on cell cycle and homologous recombination repair (HRR) in
rucaparib-treated cells. Cells were exposed for 24 h to DMSO, rucaparib, or rucaparib with PF-477736 at
the indicated concentrations. (a) Cell cycle analysis of V-C8.B2 cells; data are from a single experiment.
(b) Representative images are shown above quantified γH2AX and RAD51 foci, where each data point
represents a single nucleus. RAD51 foci were only counted in cells with >mean γH2AX foci in untreated
cells. Data are pooled from three independent experiments.

3. Discussion

Defects in either BRCA1 or BRCA2 have been known to result in a profound sensitivity to PARP
inhibition since 2005 [14,15]. Rucaparib has previously been documented to be ≥1000×more cytotoxic
to BRCA2 mutant V-C8 cells compared to their matched BRCA2 corrected V-C8.B2 cells (Patent
WO/2005/012305), which we confirmed here. Interestingly, BRCA2 was not a determinant of PF-477736
sensitivity. RS was thought to be a determinant of sensitivity to cell cycle checkpoint inhibitors, so
this was somewhat surprising given that untreated V-C8 cell had seven-times more H2AX foci than
V-C8.B2 cells. In previous studies, V-C8 cells were more sensitive to the ATR inhibitor VE-821 [16],
possibly RS being a greater determinant of sensitivity to ATR than CHK1 inhibition.

Here, we confirmed that the observed difference in rucaparib sensitivity was not due to different
PARP-1 expression levels or activity between the cell lines. This contrasts with previous reports of
substantially higher levels of PARP activity in V-C8 compared to V-C8.B2 cells [17]. This may reflect
differences in the method of detecting PARP activity. In our study, we used a GCLP-validated assay
that has been used as a pharmacodynamic biomarker in PARPi clinical trials [18]. However, like this
previous study, endogenous PAR levels were around two-fold higher in BRCA2 mutant cells than
wildtype, possibly indicating higher levels of endogenous DNA damage. In support of this hypothesis,
there was approximately seven-times as much γH2AX foci formation in untreated BRCA2 mutant
V-C8 cells compared to BRCA2 corrected V-C8.B2. The differential rucaparib sensitivity observed in
cytotoxicity experiments was clearly due to BRCA2 mutation and the synthetically lethal relationship
between BER and HRR pathways. Therefore, it is interesting that PF-477736 only sensitised V-C8.B2
cells and not V-C8 cells to rucaparib, suggesting the CHK1 inhibitor was primarily acting on HRR.

We demonstrated that rucaparib induced RS to a higher extent in V-C8.B2 cells; however, this
was most likely due to the high levels of RS in V-C8 control cells. CHK1 was activated to a similar
extent by rucaparib in both V-C8 and V-C8.B2 cells, and PF-477736 caused a similar inhibition in both
cell lines, so the differential sensitisation observed was not due to a greater activation or inhibition
of the pathway. Rucaparib caused a similar increase in pCDK1Y15, which was inhibited to a similar
degree by PF-47736 in both cell lines, indicating that the downstream checkpoint signalling was intact
and equally responsive to the two inhibitors in both cell lines. Therefore, this was not a factor in the
differential sensitisation of VC8.B2 cells. Increased CHKS345 phosphorylation in both V-C8 and V-C8.B2
cells was also observed in response to CHK1 inhibition with PF-477736, suggesting upstream ATR
activation as previously described [19,20].
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Cell cycle analysis showed only a modest S-phase accumulation caused by rucaparib, probably
associated with the increase in RS that was demonstrated by the increase inγH2AX (Figure 4). PF-477736
not only abolished this rucaparib-induced S-phase arrest, but also reduced both S- and G2-phases
relative to untreated controls. This reduction in S and G2 was accompanied with a corresponding
increase in the sub-G1 fraction, suggesting damaged cells were forced into mitosis before they could
undertake repair, as has been reported for other PARP and CHK1 inhibitor combinations [21,22].

Although these data indicated that inhibition of cell cycle checkpoints by PF-477736 made a
contribution to the cytotoxicity of rucaparib, this is unlikely to explain the differential sensitisation of
the BRCA2 corrected compared to the BRCA2 mutant cells. We therefore tested the hypothesis that
the primary mechanism of sensitisation was via PF-477736-mediated inhibition of HRR. As predicted,
PF-477736 profoundly inhibited HRR, completely abolishing RAD51 foci formation. In a study of
breast cancer cell lines, prexasertib synergised with the PARPi olaparib by causing S-phase arrest and
inhibiting HRR/RAD51 foci [23]. In contrast, in high-grade serous BRCA-wildtype ovarian cancer
cells, prexasertib synergised with olaparib by inhibiting G2/M arrest, as well as also inhibiting
olaparib-induced RAD51 foci formation [13]. Clearly, the various molecular pathologies of these cells
complicate the interpretation of the data.

4. Materials and Methods

4.1. Chemicals and Reagents

All chemicals and reagents used were obtained from Sigma-Aldrich, unless stated otherwise.
Rucaparib was gifted from Pfizer Global R&D. Both rucaparib and PF-477736 (Selleckchem, Houston,
TX, USA) were dissolved in dry DMSO at respective concentrations of 20 mM and 5 mM and stored at
−80 ◦C before use.

4.2. Cell Culture

VC-8 and VC-8.B2 cells, a gift from Malgorzata Zdzienica, Leiden University [24], were maintained
in exponential growth phase (<70–80% confluence) in DMEM with 10% foetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA, USA) and incubated at 37 ◦C, 5% CO2, and 95% humidity.
VC8.B2 cells contained a BAC containing the BRCA2 gene and maintained under selection with
200 µg/mL G-418 (Thermo Fisher Scientific, Waltham, MA, USA). Cells were mycoplasma free.

4.3. Cytotoxicity Assay

Exponentially growing cells were seeded at various densities in 6 well plates, allowing 3 different
densities for each drug concentration estimated to give 20–200 colonies following drug treatment.
After attachment, cells were exposed to various concentrations of rucaparib or PF-477736 alone or the
combination of rucaparib ± 50 nM PF-477736 in DMSO or DMSO alone at a final concentration of 0.5%
for 24 h. The medium was replaced with fresh medium and the cells left to incubate for 7–10 days to
form colonies. The colonies were fixed in methanol:acetic acid (3:1) stained with 0.4% crystal violet,
and colonies of >30 cells were counted by eye. Graphs were plotted using Graphpad Prism 6 software
(San Diego, CA, USA).

4.4. Measurement of PARP Activity and Inhibition

Following incubation with rucaparib (0–10 µM) for 30 min, PARP activity was measured in
permeabilised cells at 26 ◦C in the presence of 350 nM NAD+ and 10 mg/mL 12 mer palindromic
oligonucleotide to activate the enzyme, as described previously [25,26]. Following transfer to a
nitrocellulose membrane (GE Healthcare Life, Sciences, Amersham, Buckinghamshire, UK) the product,
PAR, was measured with 10H anti-PAR monoclonal antibody (Enzo life sciences, Exeter, UK) overnight
at 4 ◦C and HRP-conjugated goat anti-mouse secondary antibody (Dako, Santa Clara, CA, USA)
diluted 1:1000 in PBS-Tween (PBS-T) 5%. Clarity Max ECL Western substrate (Bio-Rad, Hercules, CA,
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USA) was added to the membrane, chemiluminescence imaged using the GBox and Genesys software
(Syngene, Cambridge, UK), and quantified with reference to a standard curve of 0–25 pmol purified
PAR (Enzo life sciences, Farmingdale, NY, USA) after subtraction of background reactions in the
absence of NAD and oligonucleotide. Baseline PAR levels were measured using 50–100-times the cells
used for inhibition experiments and with no oligonucleotide or NAD+ present. Purified PAR standard
was diluted accordingly to a concentration of 0–25 pmol.

4.5. Measurement of CHK1 Activation and Inhibition by Western Blot

Exponentially growing cells in 100 mm dishes were exposed to media containing DMSO, 10
µM rucaparib, or 10 µM rucaparib and 50 nM PF-477736 for 24 h before extraction with 250 µL per
dish of phosphosafe extraction reagent with protease cocktail inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA) at a 1:100 dilution per dish at 4 ◦C for 5–7 min, then scraped on ice into Eppendorf
tubes. Following centrifugation at 8000× g for 10 min at 4 ◦C, the protein concentration of the
supernatants was measured using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA) and diluted with deionised water to 0.5–1 mg/mL. XT sample buffer (Bio-Rad, Hercules, CA,
USA) and XT reducing agent (Bio-Rad, Hercules, CA, USA) were added at constants of 25% and 0.5%,
respectively. Samples were heated at 90 ◦C for 5 min, then 30 µg were loaded/well of 3–8% Criterion XT
tris-acetate gels (Bio-Rad, Hercules, CA, USA), and the gel ran at 150V for approximately 1 h alongside
HiMark pre-stained protein standard (Thermo Fisher Scientific, Waltham, MA, USA) in diluted 20× XT
tricine with deionised water. The separated proteins were transferred onto a nitrocellulose membrane
(Amersham, Buckinghamshire, United Kingdom) at 100 V for 1 h. The membrane was blocked for 1 h
at room temperature in 5% milk in TBS-tween (TBST). Primary antibodies PARP-1 (#ab227244 Abcam,
Cambridge, UK), vinculin (#4650), GAPDH (14C10 #2118), phospho-CHK1 (Ser296) (D3O9F #90178),
phospho-Chk1 (Ser345) (#2341), and phospho-CDK1 (Tyr15) (10A11 #4539) were each diluted 1:1000 in
TBS-Tween (TBS-T) and 5% bovine serum albumin (BSA) and left to incubate overnight at 4 ◦C (all
obtained from Cell signalling, Massachusetts, United States except PARP-1). The membrane was cut
into sections (approximately 30–45 kDa, 45–70 kDa, and 70–220 kDa), washed in TBS-T, before adding
anti-rabbit goat polyclonal HRP secondary antibody (Cell Signaling Technology, Danvers, MA, USA)
diluted 1:2000 in 5% skimmed milk in TBST at room temperature for 1 h. After washing with TBST,
Clarity Max ECL Western substrate (Bio-Rad, Hercules, CA, USA) was applied to the membrane slices
and chemiluminescence measured using Syngene software on the G-box.

4.6. Cell Cycle Analysis

Exponentially growing cells were exposed to DMSO, 10 µM rucaparib or 10 µM rucaparib with
50 nM PF-477736 for 24 h. Cells were washed twice with PBS, with each washing collected to ensure no
loss of cells, before being trypsinised and harvested. Following centrifugation at 1500 rpm for 5 min,
the supernatant was discarded, and the remaining cell pellet was resuspended in 1 mL ice cold PBS
and centrifuged (3000 rpm, 5 min). The supernatant was removed, and 1 mL of 70% ethanol was added
dropwise to the cell pellet. Samples remained at 4 ◦C for a minimum of 1 h. Prior to staining, cells were
washed twice in PBS to remove ethanol before eventually being resuspended in 700 µL PBS. RNase
was added to cells (12 µL of 1 mg/mL stock) alongside propidium iodide stain (20 µL of 1mg/mL stock).
Cells were incubated in dark conditions at 37 ◦C for a minimum of 30 min. Analysis was carried out
using Attune Nxt Cytometer. De Novo FCS Express 7 software was used to analyse the data.

4.7. Homologous Recombination Repair Assay

Cells were seeded at 0.5 × 105 cells/mL onto coverslips and incubated for 24 h before being
exposed to either DMSO, 50 nM PF-477736, 10 µM rucaparib, or 10 µM rucaparib with 50 nM PF-477736
for 24 h. Cells were then washed with PBS and fixed with ice cold methanol for a minimum of
1 h at −20 ◦C. Coverslips were then washed with PBS 0.2% Triton-X-100 and blocked (2% BSA,
10% skimmed milk powder (Marvel, UK), 10% goat serum) for 1 h at room temperature before
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being incubated with anti-RAD51 (Abcam, Cambridge, UK) diluted 1:500 in blocking buffer at 4 ◦C
overnight. After washing in PBS, 0.2% Triton X-100 anti-phospho-histone H2AX (Merck, Branchburg,
NJ, USA) was added to coverslips at 1:1000 and incubated for 1 h. After washing, secondary antibodies,
Alexa Fluor 488 and Alexa Fluor 546 (ThermoFisher Scientific, Waltham, MA, USA), were added
and incubated for 1 h, in dark conditions. Coverslips were washed then exposed to 0.5 µg/mL DAPI
solution. Coverslips were mounted onto microscope slides using H-1400 hard set mounting media
(Vector Laboratories, Burlingame, CA, USA). Slides were stored in dark conditions and left to dry prior
to imaging. Cells were imaged using the Leica DM6 LED fluorescence microscope (Leica microsystems
GmbH, Wetzlar, Germany). Images were analysed using Fiji ImageJ software [27]. In DMSO-treated
cells, the mean γH2AX foci were calculated. Cells (control and treated) with more than the mean
number of γH2AX foci in control cells were deemed γH2AX positive. RAD51 foci were only counted
in γH2AX positive cells.

5. Conclusions

On the basis of our data in matched cell lines that differed only in their BRCA2 status, we proposed
the model shown in Figure 5. That is, the RS caused by the accumulation of unrepaired SSB when
PARP was inhibited led to collapse of replication forks. These lesions triggered activation of the ATR-
CHK1 pathway that signals to cell cycle arrest, but the major contribution that CHK1 makes was to
protect cells from PARPi cytotoxicity by promoting HRR. The use of a CHK1 inhibitor may therefore be
useful not only for tumours that are intrinsically PARPi resistant due to functional HRR, but may also
overcome acquired resistance to PARPi in BRCA mutant tumours that have restored HRR function.
Recent studies with ovarian cancer PDX models demonstrated that the combination of the CHK1
inhibitor prexasertib with olaparib caused greater tumour growth delay and survival in both olaparib
sensitive and resistant tumours [28]. Our data along with this PDX study may help in the interpretation
of the results of clinical trials of PARPi-CHK1 inhibitor combinations, such as NCT03057145, in which
olaparib is being investigated in combination with prexasertib.
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Figure 5. The DNA damage response, highlighting cross-talk between the cell cycle and DNA repair.
(a) Base excision repair (BER) is the first line of defence when DNA damage occurs. PARP activation by
SSB recruits XRCC1, Pol β, and Lig III to repair the DNA. (b) When PARP is inhibited, SSB accumulate,
causing stalled replication forks, and single-ended DSBs, causing fork collapse. BRCA2 facilitates
replacing RPA with repair protein RAD51, which subsequently forms a filament to search for the specific
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homologous sequence on the sister chromatid as a template for repair and re-start. PARPi-induced
replication stress activates ATR, which initiates a signalling cascade. ATR activates CHK1 by
phosphorylation at serine 345, causing CHK1 to autophosphorylate at serine 296, to achieve full
activation. CHK1 inactivates CDC25A/C, thereby preventing the removal of inhibitory phosphorylation
on CDK2 and 1, respectively, thus preventing S-phase progression and mitosis. The pathway also promotes
HRR as CHK1 activates BRCA2 and RAD51 by phosphorylation, and ATR also phosphorylates RAD51.

6. Patents

Helleday T and Curtin NJ. Therapeutic Compounds (PARP inhibitors in homologous repair/BRCA
defective cancer) Patent Application Number PCT/GB2004/003183. Publication number WO 2005/012305
A2 Divisional application 16th April 2004 GB 0408524. WO2005012305A3.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/878/s1:
Figure S1: PARP1 expression in V-C8 and V-C8.B2 cells, Figure S2: CHK1 expression, activation by rucaaprib and
inhibition by PF-477736 in V-C8 and V-C8.B2 cells.

Author Contributions: H.L.S. produced the data and wrote the manuscript; L.P. directed the research and edited
the manuscript; N.J.C. conceived the project, directed the research and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was partly funded by the JGW Patterson foundation.

Conflicts of Interest: N.J.C. contributed to the development of rucaparib and obtained research funding from
Agouron Pharmacurtical, Pfizer, and Clovis. By virtue of the two active patents and an original agreement between
Cancer Research Technology, Newcastle University, and Agouron, she is in receipt of royalty payments, which she
does not take personally; in the past, they have contributed to her research accounts, and a recent large sum has
been used to set up a charitable fund within the local Community Foundation. https://www.communityfoundation.
org.uk/group_grant/passionate-about-realising-your-potential/.

References

1. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

2. Massague, J. G1 cell cycle control and cancer. Nature 2004, 432, 298–306. [CrossRef] [PubMed]
3. Bai, P. Biology of Poly(ADP-Ribose) Polymerases: The Factotums of Cell Maintenance. Mol. Cell 2015, 58,

947–958. [CrossRef] [PubMed]
4. LaFargue, C.J.; Dal Molin, G.Z.; Sood, A.K.; Coleman, R.L. Exploring and comparing adverse events between

PARP inhibitors. Lancet Oncol. 2019, 20, e15–e28. [CrossRef]
5. Mukhopadhyay, A.; Elattar, A.; Cerbinskaite, A.; Wilkinson, S.J.; Drew, Y.; Kyle, S.; Los, G.; Hostomsky, Z.;

Edmondson, R.J.; Curtin, N.J. Development of a functional assay for homologous recombination status in
primary cultures of epithelial ovarian tumor and correlation with sensitivity to poly(ADP-ribose) polymerase
inhibitors. Clin. Cancer Res. 2010, 16, 2344–2351. [CrossRef]

6. Pepa, C.; Tonini, G.; Pisano, C.; Di Napoli, M.; Cecere, S.C.; Tambaro, R.; Facchini, G.; Pignata, S. Ovarian cancer
standard of care: Are there real alternatives? Chin. J. Cancer 2015, 34, 17–27. [CrossRef]

7. Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.;
Lorusso, D.; Vergote, I.; et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian
Cancer. N. Engl. J. Med. 2016, 375, 2154–2164. [CrossRef]

8. Visconti, R.; Monica, R.D.; Grieco, D. Cell cycle checkpoint in cancer: A therapeutically targetable
double-edged sword. J. Exp. Clin. Cancer Res. 2016, 35, 153. [CrossRef]

9. Sørensen, C.S.; Hansen, L.T.; Dziegielewski, J.; Syljuåsen, R.G.; Lundin, C.; Bartek, J.; Helleday, T. The cell-cycle
checkpoint kinase Chk1 is required for mammalian homologous recombination repair. Nat. Cell Biol. 2005, 7,
195–201. [CrossRef]

10. Narayanaswamy, P.B.; Tkachuk, S.; Haller, H.; Dumler, I.; Kiyan, Y. CHK1 and RAD51 activation after DNA
damage is regulated via urokinase receptor/TLR4 signaling. Cell Death Dis. 2016, 7, 2383. [CrossRef]

11. Haynes, B.; Murai, J.; Lee, J.M. Restored replication fork stabilization, a mechanism of PARP inhibitor
resistance, can be overcome by cell cycle checkpoint inhibition. Cancer Treat. Rev. 2018, 71, 1–7. [CrossRef]
[PubMed]

http://www.mdpi.com/2072-6694/12/4/878/s1
https://www.communityfoundation.org.uk/group_grant/passionate-about-realising-your-potential/
https://www.communityfoundation.org.uk/group_grant/passionate-about-realising-your-potential/
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1038/nature03094
http://www.ncbi.nlm.nih.gov/pubmed/15549091
http://dx.doi.org/10.1016/j.molcel.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/26091343
http://dx.doi.org/10.1016/S1470-2045(18)30786-1
http://dx.doi.org/10.1158/1078-0432.CCR-09-2758
http://dx.doi.org/10.5732/cjc.014.10274
http://dx.doi.org/10.1056/NEJMoa1611310
http://dx.doi.org/10.1186/s13046-016-0433-9
http://dx.doi.org/10.1038/ncb1212
http://dx.doi.org/10.1038/cddis.2016.291
http://dx.doi.org/10.1016/j.ctrv.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30269007


Cancers 2020, 12, 878 13 of 14

12. Booth, L.; Cruickshanks, N.; Ridder, T.; Dai, Y.; Grant, S.; Dent, P. PARP and CHK inhibitors interact to cause
DNA damage and cell death in mammary carcinoma cells. Cancer Biol. Ther. 2013, 14, 458–465. [CrossRef]
[PubMed]

13. Brill, E.; Yokoyama, T.; Nair, J.; Yu, M.; Ahn, Y.R.; Lee, J.M. Prexasertib, a cell cycle checkpoint kinases 1 and 2
inhibitor, increases in vitro toxicity of PARP inhibition by preventing Rad51 foci formation in BRCA wild
type high-grade serous ovarian cancer. Oncotarget 2017, 8, 111026–111040. [CrossRef]

14. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.;
Helleday, T. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature 2005, 434, 913–917. [CrossRef] [PubMed]

15. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.;
Hickson, I.; Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature 2005, 434, 917–921. [CrossRef]

16. Middleton, F.K.; Patterson, M.J.; Elstob, C.J.; Fordham, S.; Herriott, A.; Wade, M.A.; McCormick, A.;
Edmondson, R.; May, F.E.; Allan, J.M.; et al. Common cancer-associated imbalances in the DNA damage
response confer sensitivity to single agent ATR inhibition. Oncotarget 2015, 6, 32396–32409. [CrossRef]
[PubMed]

17. Gottipati, P.; Vischioni, B.; Schultz, N.; Solomons, J.; Bryant, H.E.; Djureinovic, T.; Issaeva, N.;
Sleeth, K.; Sharma, R.A.; Helleday, T. Poly(ADP-ribose) polymerase is hyperactivated in homologous
recombinationdefective cells. Cancer Res. 2010, 70, 5389–5398. [CrossRef] [PubMed]

18. Plummer, R.; Jones, C.; Middleton, M.; Wilson, R.; Evans, J.; Olsen, A.; Curtin, N.; Boddy, A.; McHugh, P.;
Newell, D.; et al. Phase I study of the poly(ADP-ribose) polymerase inhibitor, AG014699, in combination
with temozolomide in patients with advanced solid tumors. Clin. Cancer Res. 2008, 14, 7917–7923. [CrossRef]

19. Massey, A.J. Inhibition of ATR-dependent feedback activation of Chk1 sensitises cancer cells to Chk1 inhibitor
monotherapy. Cancer Lett. 2016, 383, 41–52. [CrossRef]

20. Syljuåsen, R.G.; Sørensen, C.S.; Hansen, L.T.; Fugger, K.; Lundin, C.; Johansson, F.; Helleday, T.; Sehested, M.;
Lukas, J.; Bartek, J. Inhibition of human Chk1 causes increased initiation of DNA replication, phosphorylation
of ATR targets, and DNA breakage. Mol. Cell. Biol. 2005, 25, 3553–3562. [CrossRef]

21. Yin, Y.; Shen, Q.; Zhang, P.; Tao, R.; Chang, W.; Li, R.; Xie, G.; Liu, W.; Zhang, L.; Kapoor, P.; et al.
Chk1 inhibition potentiates the therapeutic efficacy of PARP inhibitor BMN673 in gastric cancer. Am. J.
Cancer Res. 2017, 7, 473–483. [PubMed]

22. Kim, H.; George, E.; Ragland, R.; Rafail, S.; Zhang, R.; Krepler, C.; Morgan, M.; Herlyn, M.; Brown, E.;
Simpkins, F. Targeting the ATR/CHK1 Axis with PARP Inhibition Results in Tumor Regression in
BRCA-Mutant Ovarian Cancer Models. Clin. Cancer Res. 2017, 23, 3097–3108. [CrossRef] [PubMed]

23. Mani, C.; Jonnalagadda, S.; Lingareddy, J.; Awasthi, S.; Gmeiner, W.H.; Palle, K. Prexasertib treatment induces
homologous recombination deficiency and synergizes with olaparib in triple-negative breast cancer cells.
Breast Cancer Res. 2019, 21, 1–14. [CrossRef] [PubMed]

24. Kraakman-van der Zwet, M.; Overkamp, W.J.; van Lange, R.E.; Essers, J.; van Duijn-Goedhart, A.; Wiggers, I.;
Swaminathan, S.; van Buul, P.P.; Errami, A.; Tan, R.T.; et al. Brca2 (XRCC11) deficiency results in radioresistant
DNA synthesis and a higher frequency of spontaneous deletions. Mol. Cell. Biol. 2002, 22, 669–679. [CrossRef]
[PubMed]

25. Plummer, E.R.; Middleton, M.R.; Jones, C.; Olsen, A.; Hickson, I.; McHugh, P.; Margison, G.P.; McGown, G.;
Thorncroft, M.; Watson, A.J.; et al. Temozolomide pharmacodynamics in patients with metastatic melanoma:
Dna damage and activity of repair enzymes O6alkylguanine alkyltransferase and poly(ADP-ribose)
polymerase-1. Clin. Cancer Res. 2005, 11, 3402–3409. [CrossRef] [PubMed]

26. Canan, S.; Maegley, K.; Curtin, N.J. Strategies Employed for the Development of PARP Inhibitors.
Methods Mol. Biol. 2017, 1608, 271–297.

http://dx.doi.org/10.4161/cbt.24424
http://www.ncbi.nlm.nih.gov/pubmed/23917378
http://dx.doi.org/10.18632/oncotarget.22195
http://dx.doi.org/10.1038/nature03443
http://www.ncbi.nlm.nih.gov/pubmed/15829966
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.18632/oncotarget.6136
http://www.ncbi.nlm.nih.gov/pubmed/26486089
http://dx.doi.org/10.1158/0008-5472.CAN-09-4716
http://www.ncbi.nlm.nih.gov/pubmed/20551068
http://dx.doi.org/10.1158/1078-0432.CCR-08-1223
http://dx.doi.org/10.1016/j.canlet.2016.09.024
http://dx.doi.org/10.1128/MCB.25.9.3553-3562.2005
http://www.ncbi.nlm.nih.gov/pubmed/28401005
http://dx.doi.org/10.1158/1078-0432.CCR-16-2273
http://www.ncbi.nlm.nih.gov/pubmed/27993965
http://dx.doi.org/10.1186/s13058-019-1192-2
http://www.ncbi.nlm.nih.gov/pubmed/31492187
http://dx.doi.org/10.1128/MCB.22.2.669-679.2002
http://www.ncbi.nlm.nih.gov/pubmed/11756561
http://dx.doi.org/10.1158/1078-0432.CCR-04-2353
http://www.ncbi.nlm.nih.gov/pubmed/15867241


Cancers 2020, 12, 878 14 of 14

27. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ
for the next generation of scientific image data. BMC Bioinformatics 2017, 18, 529. [CrossRef]

28. Parmar, K.; Kochupurakkal, B.S.; Lazaro, J.B.; Wang, Z.C.; Palakurthi, S.; Kirschmeier, P.T.; Yang, C.;
Sambel, L.A.; Färkkilä, A.; Reznichenko, E.; et al. The CHK1 Inhibitor Prexasertib Exhibits Monotherapy
Activity in High-Grade Serous Ovarian Cancer Models and Sensitizes to PARP Inhibition. Clin. Cancer Res.
2019, 25, 6127–6140. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12859-017-1934-z
http://dx.doi.org/10.1158/1078-0432.CCR-19-0448
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	V-C8 Cells Are More Sensitive to Rucaparib, but not PF-477736, and PF-477736 only Sensitised V-C8.B2 Cells to Rucaparib 
	The Difference in Rucaparib Sensitivity Is not Due To Differential PARP-1 Expression between Cell Lines 
	Rucaparib Activates CHK1 Similarly in Both Cell Lines, and This Activation Is Inhibited by PF-477736 
	Rucaparib Causes S-phase and G2 Accumulation, Which Is Attenuated by PF-477736 
	Rucaparib Inhibition Leads to Increased DNA Damage and HRR, and PF-477736 Inhibits HRR 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cytotoxicity Assay 
	Measurement of PARP Activity and Inhibition 
	Measurement of CHK1 Activation and Inhibition by Western Blot 
	Cell Cycle Analysis 
	Homologous Recombination Repair Assay 

	Conclusions 
	Patents 
	References

