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Background: Chk1 inhibitors are currently under clinical evaluation as single agents and in

combination with cytotoxic chemotherapy. Understanding determinants of sensitivity

and novel combinations is critical for further clinical development.
Methods: Potentiation of mTOR inhibitor cytotoxicity by the Chk1 inhibitor V158411 was

determined in p53 mutant colon cancer cells. DNA damage response, expression levels

of repair proteins, cell cycle effects and the contribution of alternative DSB repair pathways

were further evaluated by western blotting and high content analysis.
Results: mTOR inhibitors AZD8055, RAD-001, rapamycin and BEZ235 induced synergistic

cytotoxicity with the Chk1 inhibitor V158411 in p53 mutant colon cancer cells. Reduced

FANCD2, RAD51 and RPA70, core proteins in homologous recombination repair (HRR) and

interstrand crosslink repair (ICLR), following inhibition of mTOR was associated with

increased V158411 induced DSBs and caspase 3-independent cell death. Dual mTOR and

Chk1 inhibition activated DNA-PKcs. Cells defective in DNA-PKcs exhibited increased

resistance to V158411 with Chk1 expression closely correlated to DNA-PKcs expression in

various types of cancer.
Conclusions: Down regulation of proteins involved in HRR or ICLR by mTOR inhibitors is

associated with increased sensitivity of human tumours to Chk1 inhibitors such as

V158411. High levels of DNA-PKcs may be a potential biomarker to stratify patients to

Chk1 inhibitor therapy alone or in combination with mTOR inhibitors.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction of DNA repair, regulation of transcription, and apoptosis
The DNA damage response (DDR) is the result of adaptation to

the high level of DNA damage sustained by the genome from

endogenous and environmental sources on a daily basis. Acti-

vation of the DDR results in a number of cellular responses

including checkpoint activation and cell cycle arrest, initiation
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(Bucher and Britten, 2008; Dai and Grant, 2010; Liu et al.,

2000; Smith et al., 2010). The checkpoint kinase Chk1 is a cen-

tral, key component of the DDR and is activated by phosphor-

ylation on serine 317 and serine 345 by the ATR and ATM

kinases (Niida et al., 2007; Tapia-Alveal et al., 2009) and

auto-phosphorylation on serine 296 (Ng et al., 2004).
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Activation is in response to DNA damage in the form of single-

stranded regions of DNA and double-strand breaks (DSB)

induced by both endogenous (e.g. DNA replication stress) or

exogenous (e.g. genotoxic agents or radiation) sources. Chk1

activation results in the inhibition/degradation of the Cdc25

family of phosphatases. Cell cycle progression is therefore

prevented through the maintenance of inhibitory phosphory-

lation (Y15/T14) on Cdk1 and Cdk2. Biochemical and genetic

studies have demonstrated Chk1 to be essential and indis-

pensable for the S- and G2/M checkpoints (Cho et al., 2005;

Liu et al., 2000). The G1/S checkpoint is dysfunctional in

most human cancers, e.g. by p53 mutation or functional inac-

tivation (Massague, 2004), rendering cancer cells reliant on

Chk1/Chk2 for checkpoint activation in the presence of endog-

enous or exogenous DNA damage.

With the aim of selectively exploiting tumour-specific G1

checkpoint dysfunction, Chk1 inhibitors have been developed

(reviewed in (Chen et al., 2012; Garrett and Collins, 2011)). The

pre-clinical and clinical development of these inhibitors has

focussed on their ability to potentiate the cytotoxicity of gen-

otoxic chemotherapy drugs (such as gemcitabine, irinotecan

or cisplatin) or ionising radiation. All of these agents induce

DNA damage and activate the DDR resulting in cell cycle ar-

rest. Inhibition of Chk1 following genotoxic stress induced

by these agents results in checkpoint abrogation, inhibition

of DNA repair and induction of cell death in cells, particularly

in those with a defective p53 response. This approach is

currently being evaluated in the clinic in a range of Phase I

and II trials.

In addition to its role in the DDR, Chk1 has been demon-

strated to be important for replication origin firing (Ge and

Blow, 2010; Maya-Mendoza et al., 2007; Petermann et al.,

2010), high rates of replication fork progression and replica-

tion fork stabilization (Smith-Roe et al., 2013; Syljuasen

et al., 2005). This evidence implicating a role for Chk1 in the

cell-cycle and DNA replication in the absence of exogenous

DNA damage suggests combining a Chk1 inhibitor with alter-

native, molecularly targeted therapeutic agents may be a

rational therapeutic option. Synergism with Chk1 inhibitors

(UCN-01, LY2603618 and PF-477736) or a pan Chk1/Chk2 inhib-

itor (AZD7762) has so far been observedwithMEK inhibitors in

glioblastoma (Tang et al., 2012a) and cytokinetically quiescent

multiple myeloma (Pei et al., 2011); with PARP inhibitors in

breast cancer (Mitchell et al., 2010; Shibata et al., 2011; Tang

et al., 2012a); with Src family kinase inhibitors in glioblastoma

(Tang et al., 2012b), multiple myeloma (Dai et al., 2008, 2011)

and breast cancer (Mitchell et al., 2011); with farnesyl trans-

ferase inhibitors in leukaemia and myeloma (Dai et al.,

2005); and with the mTOR inhibitor rapamycin in leukaemia

(Hahn et al., 2005). Chk1 inhibitors have demonstrated single

agent activity in cancers harbouring defects in DNA repair

pathways or with high levels of replicative stress including

neuroblastoma (Cole et al., 2011), melanoma (Brooks et al.,

2013), leukaemia and lymphoma (Bryant et al., 2014b; Ferrao

et al., 2012; Murga et al., 2011), breast cancer (Bryant et al.,

2014a; Shibata et al., 2011), and cell lines defective in compo-

nents of the Fanconi’s anaemia DNA repair pathway (Chen

et al., 2009).

V158411 is a potent, cell selective inhibitor of Chk1 that po-

tentiates the cytotoxicity of a range of DNA damaging cancer
therapeutic agents, such as gemcitabine and camptothecin,

in p53 mutant cancer cell lines (Rawlinson and Massey,

2014). We report here for the first time the remarkable synergy

between V158411 and a variety ofmTOR inhibitors in the cyto-

toxicity to models of human solid tumours and the surprising

observation that high expression of DNA-PKcs, a key compo-

nent of the DNA DSB repair pathway, non-homologous end-

joining (NHEJ), confers sensitivity to V158411.
2. Materials and methods

2.1. Cell lines and cell culture

HT29, SW620 and Colo205 cell lines were purchased from the

American Type Culture Collection (ATCC), established as a

low passage cell bank and then routinely passaged in our lab-

oratory for less than 3 months after resuscitation. These were

routinely cultured in DMEM containing 10% FCS and 1% peni-

cillin/streptomycin at 37 �C in a normal humidified atmo-

sphere supplemented with 5% CO2. AA8, V3 and xrs-6 cells

were obtained from Keith Caldecott at the Genome stability

unit at University of Sussex. M059J, DNA-PKcs-deficient hu-

man glioblastoma cells (Anderson et al., 2001), were grown

in DMEM supplemented with 10% FBS. M059J-Fus-1 (M059J

transfected with a portion of chromosome 8 carrying the

DNA-PKcs gene; (Virsik-Kopp et al., 2004)) cells were cultured

in media with 400 mg/ml G418. Cells were authenticated by

STR profiling (LGC Standards, Teddington UK).

2.2. Compounds

Solid stocks were purchased from the indicated suppliers and

prepared as concentrated stock solutions in the appropriate

solvent: gemcitabine (Apin Chemicals Inc), 20 mM in H2O;

BEZ235 (Selleckchem), 2 mM in DMSO; rapamycin (LC Labora-

tories), 5 mM in DMSO; AZD6244 (Selleckchem), 20 mM in

DMSO; sorafenib (Selleckchem), 20 mM in DMSO; sunitinib

(Selleckchem), 20 mM in DMSO; AZD8055 (Selleckchem),

5 mM in DMSO; RAD-001 (Selleckchem), 5 mM in DMSO;

BEZ235 (Selleckchem), 2 mM in DMSO. V158411 was from Ver-

nalis Research and prepared as a 20 mM DMSO stock. Com-

pounds were serially diluted in DMSO to 500� or 1000� then

to 5� or 10� in completemedia before addition to cells to yield

a 1� final concentration.

2.3. Potentiation assays

5000 cells per well were seeded in 96-well plates and incu-

bated overnight. Cells were treated with a 10-point titration

of cytotoxic chemotherapeutic agent in the presence of a fixed

concentration of Chk1 inhibitor for 72 h. The effect on cell pro-

liferation was determined using CellTiter 96 AQueous One So-

lution Cell Proliferation Assay (MTS, Promega) and read on a

Victor plate reader (PerkinElmer).

2.4. Anchorage independent growth assays

1500 cells/well in 0.4% low melting point agarose (SeaPlaque,

Lonza) in complete media were plated on to 96-well plates
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coated with 0.8% low melting point agarose in complete me-

dia. Wells were subsequently overlaid with complete media

containing cytotoxic chemotherapeutic agents and Chk1 in-

hibitor. Following incubation for 168 h, cell viability was deter-

mined using CellTiter Blue (Promega) and fluorescence

determined using a Victor plate reader (PerkinElmer).

2.5. Spheroid growth assays

Multi-cellular tumour spheroid assays were preformed essen-

tially as described previously. 1000 HT29 cells/well were

seeded in 96-well round bottomed ultra-low attachment

microplates (Corning Costar), centrifuged at 1000� g for

3min and spheroids formed for 72 h. Spheroid cell viability af-

ter incubation for 168 h was determined using CellTiter-Glo

Luminescent Cell Viability Assay (Promega).

2.6. Clonogenic survival assay

50 to 10,000 cells were plated per well of a 6 well plate and

allowed to attach for 24 h. Cells were subsequently treated

with V158411 for 24 h then media removed, cells washed

and fresh, drug free media added. Cells were subsequently

incubated for 8e21 days then colonies fixed with Carnoy’s

fixative and stained with 1% crystal violet. Colonies were

counted on a G-BOX (Syngene) with viable colonies deter-

mined as those containing >50 cells.

2.7. Calculation of drug synergy

Combination Index (CI) valueswere calculated using CalcuSyn

software (Biosoft, Cambridge, UK) based on the median-effect

principle of Chou and Talay (Chou, 2006, 2010) with a

constant-ratio design for the combination assay.

2.8. Immunoblotting

Antibodies against Chk1, pChk1 (S317), pChk1 (S345), pChk2

(T68), pChk2 (S516), Chk2, pH2AX (S139), PARP, cleaved PARP,

cleaved caspase-3, p70S6K (T389), p4EBP1 (S65), p4EBP1 (T37/

46), pRPS6 (S240/244), LC3B, pAKT (S473), pMEK1/2 (S217/221),

pJNK (T183/Y185), DNA-PKcs, pDNA-PKcs (S2056), and RPA70

were purchased from Cell Signaling Technologies, caspase-2

from Emdmillipore and pChk1 (S296), FANCD2, FANCF and

RAD51 from Abcam.

Cells were washed once with PBS and lysed in RIPA buffer

containing protease and phosphatase inhibitor cocktails

(Roche). Protein concentration was determined using a BCA

kit (Pierce). Equal amounts of lysate were separated by SDS-

PAGE and western blot analysis conducted using the anti-

bodies indicated above. Densitometric analysis was conduct-

ed with ImageJ software (NIH) and normalized to actin

expression levels.

2.9. High-content cell cycle analysis

Cells were labelledwith 10 mMEdU for 1 h immediately prior to

fixation with 3.7% paraformaldehyde in PBS at room tempera-

ture for 15 min. Cells were washed twice in PBS then twice in

3% BSA in PBS before permeabilisation with 0.5% Triton X100
in PBS for 20 min at room temperature. Cells were washed

twice with 3% BSA in PBS before incorporated EdU was

labelled with Alexa488 using a Click-iT EdU labelling kit (Life-

Technologies). Following blocking for 30 min with 5% normal

goat serum in PBS, cells were incubated with an anti-pHH3

(S10) primary antibody (#9706, Cell Signaling Technologies)

diluted 1:400 in antibody dilution buffer (1% BSA, 0.3% Triton

X100 in PBS) at 4 �C for 16 h. Cells were washed with PBS

then incubated with an Alexa546-labelled secondary antibody

(1:500, LifeTechnologies) and Hoechst 33342 (1 mg/ml) in anti-

body dilution buffer at room temperature for 60 min.

Following washing with PBS, cells were imaged with an Oper-

etta high content imaging system (PerkinElmer) at 10�magni-

fication and analysed using Harmony software (PerkinElmer).
2.10. Mitotic index

Cells were fixed in 3.7% paraformaldehyde in PBS at room

temperature for 15 min, washed with PBS, blocked with 5%

normal goat serum in 0.3% Triton X100 in PBS for 1 h room

temperature then incubated with an anti-pHH3 (S10) primary

antibody (#9706, Cell Signaling Technologies) diluted 1:400 in

antibody dilution buffer at 4 �C for 16 h. Cells were washed

with PBS then incubated with an Alexa546-labelled secondary

antibody (1:500, LifeTechnologies) andHoechst 33342 (1 mg/ml)

in antibody dilution buffer at room temperature for 60 min.

Following washing with PBS, cells were imaged with an Oper-

etta high content imaging system (PerkinElmer) at 10�magni-

fication and analysed using Harmony software (PerkinElmer).
2.11. pH2AX high content analysis

Following compound treatment, cells were fixed in 3.7% para-

formaldehyde in PBS at room temperature for 15 min, washed

with PBS, blocked with 5% normal goat serum in 0.3% Triton

X100 in PBS for 1 h room temperature then incubated with

an anti-pH2AX (S139) primary antibody (#9718, Cell Signaling

Technologies) diluted 1:800 in antibody dilution buffer at

4 �C for 16 h. Cells were washed with PBS then incubated

with an Alexa647-labelled secondary antibody (1:500, Life-

Technologies) and Hoechst 33342 (1 mg/ml) in antibody dilu-

tion buffer at room temperature for 60 min. Following

washing with PBS, cells were imaged with an Operetta high

content imaging system (PerkinElmer) at 10� magnification

and analysed using Harmony software (PerkinElmer).
2.12. High content analysis of cytotoxicity and apoptosis

2.12.1. Apoptosis
Following compound treatment, cells were fixed in 3.7% para-

formaldehyde in PBS at room temperature for 15 min, washed

with PBS, blocked with 5% normal goat serum in 0.3% Triton

X100 in PBS for 1 h room temperature then incubated with

an anti-cleaved caspase-3 primary antibody (#9664, Cell

Signaling Technologies) diluted 1:400 in antibody dilution

buffer at 4 �C for 16 h. Cells were washed with PBS then incu-

bated with an Alexa647-labelled secondary antibody (1:500,

LifeTechnologies) and Hoechst 33342 (1 mg/ml) in antibody

dilution buffer at room temperature for 60 min. Following
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washing with PBS, cells were imaged with an Operetta high

content imaging system (PerkinElmer) at 10� magnification

and analysed using Harmony software (PerkinElmer).

2.12.2. Dead cell determination
Unfixed cells were stained with NucGreen DEAD ready probes

reagent (LifeTechnologies) and Hoechst 33342 for 60 min at

37 �C then fixed with 3.7% paraformaldehyde in PBS for

15 min. Dead cells were imaged using an Operetta high con-

tent imaging system with the Hoechst and Alexa488 filter

sets and 10� objective.

2.12.3. Mitochondrial membrane potential (MOMP)
Unfixed cells were simultaneously labelled with Miototracker

Orange CMTMRos (0.5 mM, LifeTechnologies), Mitotracker

Deep Red (0.5 mM, LifeTechnologies) and Hoechst 33342 for

60 min at 37 �C. Cells were washed, fixed in 3.7% paraformal-

dehyde and imaged using an Operetta high content imaging

system with the Hoechst, Alexa546 and Alexa647 filter sets

and 20� objective. MOMP was calculated as the ratio between

Alexa546 and Alexa647 total cytoplasmic cell staining.

2.12.4. Nuclear abnormalities
Following compound treatment, cells were fixed with 3.7%

paraformaldehyde then labelled with Hoechst 33342 for

45 min at room temperature. Nuclei were imaged using an

Operetta high content imaging system with the Hoechst filter

sets and 10� objective.

2.13. Analysis of CHEK1 and PRKDC gene expression in
tumour samples

CHEK1 and PRKDC gene expression levels were compared from

the following datasets from the NCBI Gene Expression

Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/projects/geo/):

breast (GSE29431 and GSE65194), ovarian (GSE26712), NSCLC

(GSE18842), HCC (GSE6764) and colon (GSE13294). Data for in-

dividual genes of interest was analysed using the online

GEO2R tool. Background signal intensity was subtracted and

data normalised to the housekeeping gene HPRT1. Where

more than one probe was associated with a single gene the

average expression across the probes for the gene of interest

was used.

2.14. Statistical analysis

Results were analysed using a Student’s t-Test tool within the

data analysis package provided by Microsoft Excel.
3. Results

3.1. V158411 exhibits synergistic combinatorial activity
with mTOR inhibitors in colon cancer cell lines

In a small, preliminary screen of kinase inhibitors, we identi-

fied combinatorial activity between the Chk1 inhibitor

V158411 and themTOR inhibitor rapamycin in the p53mutant
colon cancer cell lines HT29, SW620 and Colo205 growing

anchorage dependently, anchorage independently or as

multi-cellular tumour spheroids (Figure S1A). V158411

reduced the rapamycin GI50 by between 3.2 and 9.0-fold in

all the models tested with the exception of Colo205 cells

growing anchorage independently (Figure 1A). We therefore

quantified the degree of synergy between V158411 and addi-

tional mTOR inhibitors including the ATP-competitive,

mTORC1/2 selective inhibitor AZD8055 (Chresta et al., 2010),

the mTORC1 rapalog inhibitors rapamycin and RAD-001, and

the ATP-competitive, PI3-kinase/mTOR inhibitor BEZ235

(Maira et al., 2008) using Bliss analysis (Bliss, 1939). This com-

pares the effect of two agents when combined with the theo-

retical effect if the two agents are additive. Synergy was

observed between all four inhibitors of mTOR and V158411

(Figure S1B). The concentration range of mTOR inhibitor

over which synergywas observedwas quite broad. In compar-

ison however, synergy was observed at a single concentration

of V158411, 0.4 mM, suggesting that mTOR inhibition potenti-

ated the cytotoxicity of V158411 not vice versa. Likewise, deter-

mination of synergy using themedian-effect principle of Chou

and Talay revealed synergy between V158411 and AZD8055,

RAD-001 and BEZ235 (CI values < 1.0; Figure S1C). Synergy

was more marked at lower effective dose combinations. A CI

value for the combination of V158411 with rapamycin could

not be calculated due to the shape of the rapamycin single

agent dose response curve. Treatment of HT29 cells with

V158411 in combination with an mTOR inhibitor or gemcita-

bine for 72 or 168 h significantly (P< 0.05) increased growth in-

hibition compared to each agent alone (Figure 1B).

The mechanism by which mTOR inhibition enhanced

V158411 induced growth inhibition was further evaluated.

Treatment of HT29 cells with V158411 and an mTOR inhibitor

resulted in an increase in cell death as measured by loss of

membrane integrity (Figure 1C) and an increase in mitochon-

drial mass and a decrease in mitochondrial membrane poten-

tial (Figure S2A) and was independent of caspase-3 activation

(Figure S2B and S2C). Combination treatment increased the

fraction of cells (P < 0.01) with abnormal nuclei (Figure S2D

and S2E) compared to single agent treatment. These abnormal

nuclei tended to demonstrate altered nuclear morphology,

increased nuclear intensity and increased variability in

intra-nuclei staining.

Inhibition of Chk1 or mTOR for 48 h did not substantially

alter the cell cycle profile of HT29 cells. The cell cycle profiles

of HT29 cells treated with an mTOR inhibitor plus V158411

were not different from HT29 cells treated with mTOR inhibi-

tor alone (Figure S3A). In comparison, treatmentwith the anti-

metabolite/nucleoside analogue, gemcitabine, induced an

increase in cells with large nuclei and cell cycle arrest in G2.

In combination with V158411, G2 cell cycle arrest was abol-

ished and cells passed through mitosis and accumulated in

G1. To further understand the cell cycle effects of V158411/

mTOR inhibitor combination treatment, we utilised a

nocodazole-trap mitotic index assay. Treatment of HT29 cells

with gemcitabine resulted in cell cycle arrest and prevention

of entry into mitosis. This block to mitotic entry induced by

gemcitabine is abrogated when cells are subsequently treated
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Figure 1 e The Chk1 inhibitor V158411 and the mTOR inhibitors AZD8055, RAD-001, rapamycin and BEZ235 demonstrate synergistic

combinatorial activity in colon cancer cell lines. (A) GI50 and combination GI50 (cGI50) values in HT29, SW620 and Colo205 cancer cells grown

anchorage dependently (2D), anchorage independently (3D) or as multicellular tumour spheroids (Sph) following 72 or 168 h treatment with

rapamycin and 400 nM V158411. Pf values are indicated above the bars and were calculated from the average GI50 and cGI50 where Pf equals

average GI50/average cGI50. *, P < 0.05; **, P < 0.01. (B) Growth inhibition values for 0.04 mM AZD8055, RAD-001, rapamycin or BEZ235, or

0.01 mM gemcitabine in combination with 0 or 0.4 mM V158411 for 72 or 168 h. Values are the average of 3 determinations ± SD. (C) HT29 cells

were treated with 0.1 mMAZD8055, RAD-001, rapamycin, BEZ235 or gemcitabine in combination with 0 or 0.4 mM V158411. Loss of membrane

integrity was assessed using NucGreen DEAD stain by high content analysis following 72 h compound treatment.
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with V158411 (Figure S3B). Cells treatedwith gemcitabine then

V158411 enter mitosis where they are subsequently trapped

by nocodazole with approximately 68% of the cells now

pHH3 (S10) positive. Treatment of HT29 cells with V158411

alone did not prevent cells accumulating in mitosis in the

presence of nocodazole. However, mTOR inhibitors as single

agents reduced the number of cells accumulating in mitosis

by 20e30%. In combination with V158411 this block to mitotic
entry induced by mTOR inhibition was not reversed

(Figure S3B).

3.2. mTOR/DDR signalling pathway changes

In combination with DNA damaging cytotoxic agents such as

gemcitabine or camptothecin, V158411 increases the activa-

tion of the DDR (as determined by increased phosphorylation

http://dx.doi.org/10.1016/j.molonc.2015.08.004
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Figure 2 e mTOR/DDR signalling pathway changes. HT29 cells were treated with 0.1 mM of the mTOR inhibitors AZD8055, RAD-001,

rapamycin or BEZ235, or gemcitabine in combination with 0 or 0.4 mM of the Chk1 inhibitor V158411 for 48 h. Expression levels of proteins

involved in mTOR signalling (A) or DNA damage signalling (B) were determined by immunoblotting.
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of Chk1 at S317 and S345 and Chk2 at T68) and increased phos-

phorylation of H2AX at S139 indicative of increased DNA DSB

and/or collapsed replication forks. Treatment of HT29 cells

with all four mTOR inhibitors decreased phosphorylation of

70S6K, RPS6 and 4EBP1, as expected, and in the case of the

two rapalogs, activated AKT through the known feedback

loop (Figure 2A). V158411 as a single agent did not substan-

tially affect the mTOR signalling pathway. Exposure of HT29

cells to an mTOR inhibitor alone did not result in DDR activa-

tion or increased DNA DSB (Figure 2B) and the combination of

an mTOR inhibitor with V158411 (i) did not affect checkpoint

activation by V158411 alone or (ii) further affect signalling

events downstream ofmTOR thatmaymodulate the response

of cells other than a modest attenuation of the inhibition of

RPS6 phosphorylation. There was no increase in the induction

of autophagy or changes to the AKT feedback loop. We

observed no changes to MEK or JNK phosphorylation, both of

which have been suggested to be modulated by Chk1/mTOR

inhibitor combination treatment.
3.3. mTOR inhibition increases V158411 induced DNA
double strand breaks

Cytotoxic chemotherapeutic agents such as gemcitabine and

camptothecin induce DNA damage as evidenced by an in-

crease in phosphorylation of H2AX at S139 (gH2AX); a marker

of stalled replication forks and DNA DSB. Inhibition of Chk1

with small molecule inhibitors such as V158411 result in

increased H2AX phosphorylation. Treatment of HT29 cells

with gemcitabine but not an mTOR inhibitor caused a time

dependent increase in the fraction of cells staining positive

for gH2AX. V158411, as a single agent, induced gH2AX in a

small fraction of cells; 8% and 7% following 24 or 48 h treat-

ment respectively. However, V158411 increased the number

of gemcitabine-induced gH2AX positive cells to from 42% to

93% (P < 0.01) (Figures 3A and S4). Combination of V158411

with an mTOR inhibitor significantly increased the fraction

of cells staining positive for gH2AX by 2e3 fold (P < 0.01)
with RAD-001 exhibiting the greatest potentiation of gH2AX

(Figure 3A).

To further understand the combinatorial activity of

V158411with anmTOR inhibitor, we utilised DNA (throughout

the cell cycle), EdU (S-phase specific) and pHH3 (S10) (mitosis

specific) staining with high content analysis to evaluate the

cell cycle distribution of gH2AX positive cells induced by

V158411 and/or mTOR inhibitor treatment. Following 24 h

exposure to 0.4 mMV158411 gH2AX positive cells were induced

predominantly (67%) in the S-phase of the cell cycle. Following

48 h treatment, only 10% of S-phase cellswere gH2AXpositive,

while approximately 40% of G1 and G2 cells were gH2AX pos-

itive (Figure 3B). Co-treatment with an mTOR inhibitor pro-

foundly altered the cell cycle distribution of gH2AX positive

cells such that after 24 h the fraction of gH2AX positive cells

in S-phase was decreased approximately 2e3 fold compared

to V158411 alone with a concomitant increase in gH2AX posi-

tive G2 and M cells. This was particularly pronounced for

BEZ235 with the fraction of gH2AX positive cells in S, G2 and

M being 13, 38 and 27% respectively. A longer co-treatment

of 48 h had an even greater effect on the cell cycle distribution

of gH2AX positive cells with<5% of the gH2AX positive cells in

S-phase, the vast majority (z60%) in G2 and smaller fractions

(z15% each) in G2 and M.

3.4. Inhibition of mTOR decreased the expression of key
proteins involved in homologous recombination and intra-
strand crosslink repair

A previous study has demonstrated a key role for mTOR in the

regulation of FANCD2 gene expression through mTORC1-S6K

where inhibition of mTOR with AZD8055 down regulated

FANCD2 expression in paediatric rhabdomyosarcoma (Shen

et al., 2013). Cell lines with mutations in FANCA, FANCG or

FANCD2 were identified as hypersensitive to pharmacological

inhibition of Chk1 compared to their paired isogenic corrected

cells (Chen et al., 2009). Treatment of HT29 cells with V158411

or an mTOR inhibitor decreased protein expression levels of

FANCD2, FANCF, RAD51 and RPA70 (Figure 4A and 4B). In cells

http://dx.doi.org/10.1016/j.molonc.2015.08.004
http://dx.doi.org/10.1016/j.molonc.2015.08.004
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Figure 3 e Inhibition of mTOR increases V158411 induced DNA DSB. HT29 cells were treated with 0.1 mM of the mTOR inhibitors AZD8055,

RAD-001, rapamycin or BEZ235, or gemcitabine in combination with 0 or 0.4 mM of the Chk1 inhibitor V158411 and pH2AX (S139) expression

determined by high content analysis. (A) The fraction of gH2AX positive cells was determined by high content image analysis with Harmony

software. The fold increase in gH2AX positive nuclei compared to V158411DDMSO treatment alone is indicated above the bars. ***, P< 0.001.

(B) Cell cycle phase of gH2AX positive nuclei was determined by high content image analysis using Harmony software following counterstaining

for EdU and pHH3 (S10). Values are the average of 4 determinations ± SD.
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treated with a combination of V158411 and mTOR inhibitor,

the expression levels of FANCD2, FANCF, RAD51 and RPA70

were generally reduced further than that induced by the

mTOR inhibitor or V158411 alone. Inhibition of Chk1 but not

mTOR activated DNA-PKcs as determined by increased auto-

phosporylation of DNA-PKcs on S2056. The combination of

Chk1 and mTOR inhibition increased pDNA-PKcs (S2056) by

3e7-fold compared to Chk1 inhibition alone (Figure 4C and

4D). This was coupled with an increase in phosphorylation

of RPA32 on serine 4/8 (Figure 4B).

3.5. DNA-PKcs but not non-homologous end joining
confers sensitivity to Chk1 inhibition

Down regulation of proteins involved in HRR was associated

with increased sensitivity to the Chk1 inhibitor V158411.

The role of the non-homologous end joining (NHEJ) DNA

DSB repair pathway in Chk1 inhibitor sensitivity was evalu-

ated. We utilised the parental Chinese hamster ovary AA8

cell line and the DNA-PKcs mutant and Ku80 mutant deriva-

tives V3 and xrs-6 to assess the role of DNA-PKcs in sensi-

tivity to Chk1 inhibition. Surprisingly, the V3 cells were

more resistant to V158411 whilst the xrs-6 cells were more

sensitive than the parental cells (Figure 5A). Since both

Ku80 and DNA-PKcs are components of NHEJ the differential
sensitivity of the V3 and xrs-6 cells implied a specific role for

DNA-PKcs. To investigate the role of DNA-PKcs in Chk1 inhib-

itor sensitivity further we used the DNA-PKcs defective M059J

human glioblastoma cell line and M059J-Fus1 where DNA-

PKcs is over-expressed by complementation with a fragment

of chromosome 8 containing PRKDC. Expression of DNA-PKcs

in the defective M059J cells profoundly increased their sensi-

tivity to V158411 (Figure 5B) with the M059J-Fus1 cells being

around 10-fold more sensitive to V158411 than the M059J

cells.

An analysis of publicly available gene expression datasets

of mRNA levels from patient derived material available on

the Gene Expression Omnibus (GEO) database revealed a

good correlation between CHEK1 and PRKDCmRNA expression

levels in lung (R2 0.50, P < 0.01) and HCC (R2 0.50, P < 0.01) tu-

mours with a slightly less robust correlation seen in ovarian

cancer (R2 0.32, P < 0.01), a weak correlation in colon (R2

0.14, P < 0.01) cancer, but not breast (R2 0.14 and 0.001, n.s.)

cancer (Figure 5C).
4. Discussion

The primary focus of Chk1 inhibitor development has been

the targeted chemopotentiation of DNA damaging cytotoxic

http://dx.doi.org/10.1016/j.molonc.2015.08.004
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Figure 4 e Inhibition of Chk1 in combination with mTOR inhibition

modulates key proteins involved in homologous recombination and

intra-strand crosslink repair. HT29 cells were treated with 0.1 mM of

the mTOR inhibitors AZD8055, RAD-001, rapamycin or BEZ235,

or gemcitabine in combination with 0 or 0.4 mM of the Chk1 inhibitor

V158411 for 48 h. (A) Expression levels of proteins involved in DNA

damage signalling and repair were determined by immunoblotting.

(B) Densitometric analysis of FANCD2, FANCF, RAD51 or RPA70

expression levels were determined. Expression was normalised to actin

protein levels. (C) Expression levels of pDNA-PKcs and DNA-PKcs

were determined by immunoblotting and (D) quantified by
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drugs, particularly in p53 dysfunctional cells. Previous studies

have also demonstrated potential combination activity with

molecularly targeted agents in a variety of tumour types.

One serious limitation of these studies was the focus on the

non-selective Chk1 kinase inhibitors UCN-01 and AZD7762

(Zabludoff et al., 2008). Here we utilised the selective Chk1 in-

hibitor V158411 to screen a limited set of kinase inhibitors and

identified clear synergy with rapamycin in three colon cancer

cell lines. Synergywas further notedwith additionalmTOR in-

hibitors AZD8055 and RAD-001 and the pan-PIKK inhibitor

BEZ235 (Mukherjee et al., 2012). The limited concentration

range of V158411 but not the mTOR inhibitor over which syn-

ergy was observed suggested that themTOR inhibitor potenti-

ated the cytotoxicity of the Chk1 inhibitor and not vice versa.

Inhibition of mTOR in combination with V158411 resulted in

increased caspase 3-independent cell death via increased

DNA DSBs that was associated with decreased expression of

proteins involved in homologous recombination repair (HRR)

and interstrand crosslink repair (ICLR).

Fanconi’s anaemia (FA) deficient cell lines are hypersensi-

tive to cell killing by Chk1 inhibitors or Chk1 targeted siRNA

compared to their matched isogenic FA proficient cell line

(Chen et al., 2009) and suggests that Chk1 and FA collaborate

to maintain genomic integrity. Inhibition of mTOR is classi-

cally associatedwith increased radio- and chemosensitisation

but the mechanism has been poorly understood. Two recent

studies, however, have demonstrated that mTOR inhibitors

can down regulate FANCD2 protein levels leading to increased

DNA damage and cytotoxicity in combination with cytotoxic

drugs (Shen et al., 2013; Guo et al., 2014). Both studies sug-

gested that dual inhibition of mTORC1 and mTORC2 by ATP

competitive kinase inhibitors rather than mTORC1 alone by

rapalogs induces greater potentiation of DNA damage. How-

ever, in our study, we found little difference in potentiation

of V158411 cytotoxicity between the rapalogs rapamycin and

RAD-001, and AZD8055 suggesting that mTORC1 and poten-

tially not mTORC2 activity was important for regulating levels

of proteins involved in HRR and ICLR and sensitivity to

V158411. mTORC1 is regulated by environmental cues such

as oxygen tension, amino acid levels, cellular stress, and

growth factor and oncogenic signalling with themTOR signal-

ling axis dysregulated in many cancer types. Activation of

mTORC1 results in the potential for increased replication

stress and an increased reliance on the DDR to maximise

cellular survival.

The checkpoint kinase Chk1 is a key component of the DDR

and essential for the cellular response to exogenously induced

DNA damage, particularly in cells lacking G1 checkpoint con-

trol, e.g., due to p53 mutation. Chk1 plays a critical role in un-

perturbed DNA replication through the control of replication

origin firing, replication fork stabilisation and potentially rein-

itiation of DNA synthesis via translesion synthesis (Gonzalez

Besteiro and Gottifredi, 2015). Inhibition of Chk1 therefore

has the potential to increase replication stress and an associ-

ated increase in DNA damage. Chk1 is involved in controlling

the timely activation of replication origins and Chk1 depletion
densitometric analysis. Values are the average of 3 independent

determinations ± SD.
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Figure 5 e DNA-PKcs expression but not non-homologous end joining confers sensitivity to Chk1 inhibition. (A) Parental CHO-AA8 or the

DNA-PKcs defective V3 or Ku80 defective xrs-6 variants were treated with the Chk1 inhibitor V158411 for 24 h and clonogenic survival

determined. Values are the average of ‡2 replicates in 3 independent experiments ± SD. (B) DNA-PKcs defective M059J cells and the DNA-PKcs

corrected variant M059J-Fus1 were treated with V158411 for 24 h and clonogenic survival determined. Values are the average of duplicate

measurements in 3 independent experiments ± SD. (C) The correlation between PRKDC (DNA-PKcs) and CHEK1 (Chk1) mRNA expression

levels was determined from publicly available datasets in HCC, lung, ovarian, breast, and colon tumours.
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or inhibition results in an aberrant increase in replication

origin activation. This loss of controlled replication origin

firing results in increased replication blockage. Evidence sug-

gests a role for Chk1 in the protection of stalled forks from

collapse and cleavage. The absence or inhibition of Chk1
results in increased cleavage of DNA replication intermediates

by the Mus81-Eme1 endonuclease (Forment et al., 2011;

Murfuni et al., 2013) or the Mre11 nuclease (Thompson et al.,

2012) and an increase in replication-associated DSBs. We

found that inhibition of Chk1 with V158411 increased the

http://dx.doi.org/10.1016/j.molonc.2015.08.004
http://dx.doi.org/10.1016/j.molonc.2015.08.004
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number of S-phase cells with pan-nuclear gH2AX staining

indicative of increased S-phase DSBs. Chk1 plays a critical

role in promoting the repair of DSBs by the error-free HRR

pathway during S-phase. Interaction with, and the subse-

quent phosphorylation of, RAD51 on T309 by Chk1 following

replication stress serves as a critical signal for the recruitment

of RAD51 to DNA damage foci (Bahassi et al., 2008). Replication

forks that have irreversibly stalled are processed to DSBs and

then repaired by the HRR pathway, a process promoted by

Chk1 (Sorensen et al., 2005). Inhibition of Chk1 therefore in-

creases the replication induced DNA damage load and in-

creases the cells reliance on the HRR and ICLR pathways to

maintain genomic stability and cell viability.

We found that various mTOR inhibitors decreased expres-

sion of HRR associated proteins and increased the number of

V158411-induced gH2AX positive nuclei, indicative of

increased replication fork collapse. Increased numbers of

these gH2AX positive cells appeared to have transitioned

from S-phase into G2 suggesting greater abrogation of check-

point activation. Additionally, Chk1 may positively regulate

TLS in unperturbed DNA replication thereby reducing pro-

longed stalling, and the subsequent cleavage, of replication

forks.

Inhibition ofmTOR in combinationwith V158411 increased

phosphorylation and activation of DNA-PKcs. Cells deficient

in DNA-PKcs were more resistant to Chk1 inhibitor induced

cytotoxicity than those with high DNA-PKcs expression. The

error-prone NHEJ repair pathway competes with HRR for the

repair of DSBs (Allen et al., 2003; Delacote and Lopez, 2008;

Mao et al., 2008) and depletion of DNA-PKcs can restore HRR

function and reverse PARP inhibitor sensitivity in BRCA

mutant cells (Patel et al., 2011). Reduced HRR capacity

following mTOR inhibition shifts repair of Chk1 inhibitor-
Figure 6 e Model of the involvement of mTOR and DNA-PKcs in

DNA damage response signalling.
induced replicative damage to lower fidelity NHEJ (Bunting

and Nussenzweig, 2013) resulting in reduced cellular viability

(Figure 6).We identified a clear relationship between Chk1 and

DNA-PKcs expression levels in various human cancers. This

potentially suggests, at least in some tumour types, Chk1 pro-

moted HRR is necessary to counterbalance DNA-PKcs driven

NHEJ in order to maintain genomic viability in response to

replicative stress. DNA-PKcs therefore plays a clear role in

reducing cell viability in response to Chk1 inhibitor induced

replication damage.

In response to Chk1 inhibitor induced replicative stress, we

demonstrate that DNA-PKcs defective cells exhibit greater

resistance to Chk1 inhibition. This is in direct contrast to gen-

otoxin induced replication stress and DNA damage, for

example by hydroxyurea, camptothecin or etoposide, where

cells with DNA-PKcs defects do not induce RPA32 phosphory-

lation and exhibit an aberrant checkpoint function. DNA-PKcs

deficient cells have been shown to be more sensitive to exog-

enous damage induced replication stress (Ashley et al., 2014;

Liu et al., 2012; Vidal-Eychenie et al., 2013). These differences

suggest potentially subtle differences in either DNA substrates

or the temporal activation of Chk1 versus DNA-PKcs between

endogenous and exogenous damage induced replication fork

arrest.

In conclusion, mTOR inhibitors that down regulate pro-

teins involved in HRR and ICLR have the potential to increase

the activity of Chk1 inhibitors such as V158411 against human

tumours. Additionally, tumours with high levels of DNA-PKcs,

may demonstrate increased sensitivity to Chk1 inhibitor ther-

apy, potentially through suppression of HRR. DNA-PKcs is

quantifiable by IHC suggesting it may represent a feasible

biomarker to stratify patients for single-agent CHK1 inhibitor

therapy versus the combination with an mTOR inhibitor.
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