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INTRODUCTION

Radiotherapy (RT) is an effective and commonly 
employed treatment in the management of more than half 
of human malignancies, and remains a standard therapeutic 
modality for breast cancer patients. However, tumors can 
be intrinsically resistant to RT or develop adaptive response 
and become resistant. Thus, the curative potential of RT 
is limited by the radioresistance of the tumor cells. The 
challenges in breast cancer management are to determine 

predictive factors that could help to define the subgroups 
of patients for whom aggressive local therapeutic option is 
not needed due to their intrinsic resistance, and determine 
the subgroups of patients who will really benefit from new 
treatment strategies after failure of RT.

Ionizing radiation (IR) kills cells via causing multiple 
forms of DNA damage. DNA double strand breaks (DSBs) 
represent the most dangerous type of DNA damage and is 
a determining factor of cellular radiosensitivity [1]. DSBs 
can also be caused by other sources, such as environmental 
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ABSTRACT
Radiotherapy (RT) remains a standard therapeutic modality for breast cancer 

patients. However, intrinsic or acquired resistance limits the efficacy of RT. Here, we 
demonstrate that CHK1 inhibitor AZD7762 alone significantly inhibited the growth 
of radioresistant breast cancer cells (RBCC). Given the critical role of ATR/CHK1 
signaling in suppressing oncogene-induced replication stress (RS), we hypothesize 
that CHK1 inhibition leads to the specific killing for RBCC due to its abrogation in the 
suppression of RS induced by oncogenes. In agreement, the expression of oncogenes 
c-Myc/CDC25A/c-Src/H-ras/E2F1 and DNA damage response (DDR) proteins ATR/
CHK1/BRCA1/CtIP were elevated in RBCC. AZD7762 exposure led to significantly 
higher levels of RS in RBCC, compared to the parental cells. The mechanisms by which 
CHK1 inhibition led to specific increase of RS in RBCC were related to the interruptions 
in the replication fork dynamics and the homologous recombination (HR). In summary, 
RBCC activate oncogenic pathways and thus depend upon mechanisms controlled by 
CHK1 signaling to maintain RS under control for survival. Our study provided the first 
example where upregulating RS by CHK1 inhibitor contributes to the specific killing 
of RBCC, and highlight the importance of the CHK1 as a potential target for treatment 
of radioresistant cancer cells.
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mutagens, chemotherapeutic drugs and any situations 
causing replication stress (RS) that is defined as slowing or 
stalling of replication fork progression and/or subsequent 
fork collapse. One major source causing RS is oncogene 
expression [2, 3]. DNA damage response (DDR) prevents the 
cells from lethality due to the damaged DNA via activation 
of cell cycle checkpoints, promotion of DNA repair, 
alteration of transcription and triggering apoptosis [4, 5]. 
Ataxia telangiectasia, and rad3-related (ATR) kinase and 
its downstream factor CHK1 are core elements of the DDR 
during replication stress. CHK1 is phosphorylated on serine 
317 and serine 345, respectively, by ATR, and these sites are 
required for the ability of CHK1 to amplify the signal by 
phosphorylating several additional targets [6, 7]. ATR/CHK1 
signaling is important for the cells survival in response to 
DNA damage agents that cause RS.

ATR/CHK1 is also essential for cell proliferation or 
viability in the absence of exogenous DNA damage [5, 8–11]. 
CHK1 promotes replication and transformation in an animal 
model by limiting oncogene-induced replication stress [12]. 
In this context, the generation of DNA damage, particularly 
DSBs induced by oncogenic stress, is suppressed by CHK1 
in order to provide the advantage of cell survival. Molecular 
mechanisms by which ATR/CHK1 maintain viability of 
cells and suppress oncogene-induced transformation in the 
absence of exogenous DNA damage are not fully understood. 
The role of ATR/CHK1 in inhibiting abnormal initiation and 
elongation of DNA replication [13– 15] and maintaining 
the stability of replication forks [16–18] and promoting 
replication fork restart could be important mechanisms [19].  
Moreover. The role of ATR/CHK1 in homologous 
recombination (HR) could be also involved since HR is one of 
important mechanism that repair RS-induced DSBs [20–22].  
Thus, ATR/CHK1 signaling is not only critical for the cell 
survival in the presence of exogenous DNA damage but also 
essential for cell survival in the absence of exogenous DNA 
damage, particularly during tumor development.

CHK1 inhibitors have been developed for clinical 
use, principally with the idea that they would be used to 
enhance killing of tumor cells by cytotoxic drugs or by 
radiation, via blocking cell cycle checkpoints, especially in 
p53 deficient cells [23–26]. Recent studies strongly suggest 
that sensitization activity of CHK1 inhibitor to IR and/or 
chemotherapeutic drugs is through a variety of mechanisms, 
such as inhibition of HR and/or interruption of replication 
fork stability [27–29]. In addition, although a previous 
report indicated that CHK1 inhibitor, as a single agent, has 
none or minimal role in antitumor activity [30], emerging 
data revealed that CHK1 inhibitor alone can specifically 
kill some tumor cells [31, 32]. However, the molecular 
mechanisms controlling the anti-tumor activity of CHK1 
inhibitor have not been identified.

The goal of our study is to define the differences of 
DDR between radiosensitive cells and radioresistant breast 
cancer cells (RBCC), and to seek for a better regimen 
targeting the radioresistance. Here, we report that oncogene 

proteins c-Myc/CDC25A/c-Src/H-ras/E2F1 and DDR 
proteins ATR/CHK1/BRCA1/CtIP are highly expressed 
in RBCC. CHK1 inhibition specifically targets RBCC via 
enhancing RS levels. Our studies, for the first time, apply 
the concept that increase RS by CHK1 inhibition can target 
RBCC. Our findings may be more broadly applicable for 
targeting cancers with similar characteristic as RBCC by 
CHK1 inhibitors. 

RESULTS 

CHK1 inhibitor, as a single agent, significantly 
suppresses the growth of cancer cells but fails to 
sensitize RBCC to IR

Given that CHK1 inhibitor has been reported to 
sensitize the advanced pancreatic cancer cells to IR [28], 
CHK1 inhibition could sensitize the RBCC to IR. In order 
to test this hypothesis, human breast cancer cells MCF-7 
and MDA-MB-231, and their corresponding IR -selected 
radioresistant cells (MCF-7/C6 and MDA-MB-231 FIR) 
were used [33, 34]. MCF-7 and MDA-MB-231 cells 
carry wild type p53 and mutant p53, respectively. We first 
detected the radio-sensitization activity of CHK1 inhibitor 
AZD7762 using colony formation assay. As we expected, 
MCF-7/C6 cells are more resistant to IR, compared to their 
own parental cells (Figure 1A). However, surprisingly, 
AZD7762 failed to sensitize MCF-7/C6 cells to IR 
(Figure 1B). Strikingly, we found that CHK1 inhibitor alone 
caused a dramatic suppression on cell growth in MCF-7/
C6 compared to MCF-7 cells (Figure 1C). This result was 
further confirmed by a second CHK1 inhibitor LY2603618 
(Figure S1A). Through measuring sub-G1 cells by flow 
cytometry, we determined the status of apoptosis. In both 
MCF-7 and MCF-7/C6, a pattern can be seen where there 
is a shift in the percentage of sub-G1 cells from viable to 
apoptosis as the dose escalates (Figure S2A, S2B). However, 
the percentage of sub-G1 phase cells is significantly higher 
in MCF-7/C6 cells, compared to control cells at the same 
conditions. This result was further confirmed by detecting 
the most optimal biomarkers of apoptosis, such as cleaved 
caspase 7, 9 and cleaved PARP proteins (Figure S2C). 
Thus, apoptosis is involved in cell killing induced by CHK1 
inhibition. However, we cannot exclude the possibility that 
other mechanisms of cell death are also involved, such as 
mitotic catastrophe. 

The result that CHK1 inhibitor alone caused a 
dramatic suppression on MCF-7/C6 cells was further 
supported by the second cell line MDA-MB-231 FIR 
(Figure 1D–1F) but the effect of CHK1 inhibition on cell 
growth is much less significant in MDA-MB-231 FIR 
(Figure 1F), compared to MCF-7/C6 cells (Figure 1C). 
Next, in order to further confirm the antitumor activity 
of CHK1 inhibitor in RBCC in vivo, we determined the 
efficacy of AZD7762 using tumor xenograft models. 
Groups of tumor-bearing mice were given CHK1 inhibitor 
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or DMSO i.p. daily for 3 days. Two cycles of CHK1 
inhibitor were given. For MCF-7/C6 xenografts, the data 
was analyzed as the time for the tumor volume to reach 
1500 mm3 (p < 0.0001) (Figure 1G, left panel). Clearly, 
there is a significant delay of tumor growth in the group 
with inhibitor treatment. Thus, the tumors growth is 
suppressed when CHK1 inhibitor is administrated in 
radioresistant MCF-7/C6 xenograft. In contrast, for MCF-7 
xenograft, the time for tumor volume to reach 1500 mm3 is 
similar in the group with or without treatment (Figure 1G, 
right panel). Taken together, our results described in Figure 
1 suggest that CHK1 inhibitor AZD7762, as a single agent, 
can significantly block the tumor growth of RBCC in both 
in vitro and in vivo assays. 

Increased expression of oncogene and DDR 
proteins are induced in RBCC 

We next ascertained the potential molecular 
mechanisms by which CHK1 inhibitor specifically targets 
RBCC. Given that oncogenes can be induced in response to 
IR [35] and ATR/CHK1 suppresses oncogenic stress [12], 
we hypothesized that CHK1 inhibition upregulates RS, 
therefore leading to specific cell killing of RBCC . In order 
to test this hypothesis, we first determined the expression of 
oncogene proteins that have been reported to cause RS [2, 3]. 
Notably, oncogenes c-Myc/CDC25A/c-Src/H-Ras/E2F1 
are induced in MCF-7/C6 and MDA-MB-231-FIR cells 
compared to MCF-7 and MDA-MB-231 cells, respectively, 

Figure 1: CHK1 inhibitor AZD7762 alone caused more cytotoxicity to RBCC but failed to sensitize RBCC to IR. 
(A) Clonogenic survival following IR. Survival experiments were repeated three times and the error bars in the graphs depicting the SD. 
Values marked with asterisks are significantly different (T-test, *p < 0.05, **p < 0.01). (B) CHK1 inhibitor (CHK1) failed to sensitize the 
MCF-7/C6 cells to IR. The cells were treated with AZD7762 (100 nM), then radiated 1 hr later. 24 hr after IR, the drug was removed from 
medium. (C) CHK1 inhibitor AZD7762 alone has more cytotoxicity to MCF-7/C6 cells compared to its own parental cells. Error bars 
represent the SD of three independent experiments (T-test, *p < 0.05, **p < 0.01). (D–F) CHK1 inhibitor AZD7762 alone induce more 
cytotoxicity in MDA-MB-231 FIR cells but AZD7762 failed to sensitize MDA-MB-231 FIR to IR. The methods and statistical analysis 
are the same as described in A–C. (G) Athymic nude mice bearing established MCF-7 or MCF-7/C6 tumors were treated with AZD7762 
(25 mg/kg) 2 cycles of therapy 3 days a week (arrows). AZD7762 treatment led to the tumor growth delay with MCF-7/C6 xenografts 
relative to tumors without treatment (T-test, p < 0.001). 
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although the magnitude of induction varies (Figure 2A). 
This result suggests that oncogenic pathways are induced 
in RBCC.

In support of this hypothesis, we found increased 
level of RS in RBCC via measurement of single strand 
DNA (ssDNA) using bromodeoxyuridine (BrdU) labelling 
(Figure 2B, Figure S3A). This assay is based on the 
observation that the nucleotide base analogue BrdU is 
recognized by an anti-BrdU antibody when incorporated 
into ssDNA but not DSBs [36, 37]. In response to RS, 
DSBs are often generated due to replication fork collapse. 
Correspondingly, we observed an increase in the proportion of 
cells positive for γ-H2AX foci, a marker of DSBs, in MCF-7/
C6 cells, compared to MCF-7 cells (Figure 2C, Figure S3B). 
To further verify that the increased γ-H2AX foci result from 
an accumulation of DSBs not ssDNA, we next performed 
comet assay under neutral conditions, which detects DSBs 

and not ssDNA [38]. Olive tail moment is increased in MCF-
7/C6 cells compared to MCF-7 cells (p < 0.05) (Figure 2D), 
indicating that RBCC exhibit accumulation of DNA DSBs. 
Yet, RBCC are able to proliferate in vitro and form tumors 
in vivo, suggesting that these cells have mechanisms in place 
to cope with RS. In support of the hypothesis that CHK1 
is part of the coping mechanism that inhibits oncogene-
induced replication stress, the expression of ATR/ CHK1 
were elevated in MCF-7/C6 and MDA-MB-231 FIR cells 
compared to parental cells (Figure 2E). In addition, the 
increased expression of HR proteins BRCA1 and CtIP were 
also observed in RBCC (Figure 2E). These results described 
in Figure 2 suggested that the oncogenes c-Myc/CDC25A/c-
Src/H-Ras/E2F1 that can cause replication stress and the 
DDR proteins ATR/ CHK1/BRCA1/CtIP that can promote 
HR are highly expressed in RBCC. In addition, basal level of 
RS increased in RBCC cells. 

Figure 2: Increased expression of oncogenes and elevated RS in RBCC. (A) The oncogenes c-Myc/Cdc25A/c-Src/H-ras/
E2F1 were induced in RBCC. (B) Higher levels of ssDNA accumulation in RBCC. The protocol for ssDNA detection has been 
described in previous publications [36, 37]. In brief, the cells were grown in the presence of bromodeoxyuridine (BrdU; 10 μg/ml; 
Invitrogen) for 24 h. After fixation, the cells were blocked and stained with anti-BrdU mouse monoclonal antibody clone B44  
(BD Biosciences, San Jose, CA) antibody. Then, the samples are incubated with an Alexa Fluor 488-conjugated goat anti-mouse antibody. 
Cells were scored positive when 10 nuclear foci were visible. The percentages of cells with BrdU foci are indicated. Error bars indicate SD 
from three independent experiments (T-test, **p < 0.01). (C) Higher levels of DSB in RBCC. The percentages of cells with γ-H2AX foci 
are indicated. In each experiment, 200 nuclei were counted per time. Error bars indicate SD from three independent experiments (T-test, 
**p < 0.01). (D) The neutral comet assay of genomic DNA of cells. The results are from three independent experiments (T-test, *p < 0.05). 
(E) Increased expression of ATR/CHK1/BRCA1/CtIP in RBCC.
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CHK1 inhibition upregulates RS, especially in 
RBCC

To determine the extent of RS following CHK1 
inhibition, we first analyzed foci of RPA2 and phosphorylated 
RPA2 (RPA2-P), the markers for RS in response to 
exogenous DNA damage agents by immunofluorescence 
staining. A more profound increase in the proportion of cells 
with RPA2 and RPA2-P foci was observed in MCF-7/C6 
cells compared to MCF-7 cells (Figure 3A, 3B). In support 
of the above hypothesis, the more significant increase of 
RPA2-P in RBCC cells treated with CHK1 inhibitor was also 
confirmed by WB (Figure 3C). In addition, CHK1 inhibition 
led to a more significant increase in γ-H2AX levels in 
MCF- 7/C6 cells, compared to MCF-7 cells (Figure 3D; 
Figure S4 left panel). A similar result was also observed in 
MDA-MB-231 FIR and parental cells (Figure 3E, 3F; Figure 
S4 right panel). Importantly, CHK1 activity was sufficiently 
suppressed in our experiments because treatment with CHK1 
inhibitor AZD7762 resulted in an increased CHK1 ser345 
phosphorylation and reduced global CHK1 protein levels 
(Figure 3D). It has been demonstrated that CHK1 ser345 

phosphorylation is a marker of CHK1 activation [39], 
which targets CHK1 protein to ubiquitination-dependent 
degradation [40]. In summary, we conclude that CHK1 
inhibition upregulates RS, especially in RBCC.

Since AZD7762 also inhibit CHK2 activity, we next 
determine how CHK1 or CHK2 knockdown affects RS in 
RBCC. CHK1 knockdown significantly led to increased 
γ-H2AX and RPA2- P foci whereas CHK2 knockdown has 
no detectable effect in RBCC (Figure S5A–S5C), arguing 
that CHK1 inhibition, instead of CHK2 inhibition by 
AZD7762, upregulated the extent of RS. These results were 
further confirmed by western blot (Figure S5D). Thus, the 
increased levels of RS, evidenced by the accumulation of 
DSBs and ssDNA are mainly due to the CHK1 inhibition 
rather than CHK2 inhibition.

CHK1 inhibition leads to the more significant 
increase in replication initiation in MCF-7/C6 
cells

Although the mechanisms by which oncogenes cause 
RS are not clear, increased origin firing and subsequent 

Figure 3: CHK1 inhibition led to the more significant increase in RS in RBCC. (A) Increased proportion of cells with foci 
of RPA2 or phosphorylated RPA2 (RPA2 S4/S8) in MCF-7/C6 cells. Data shown are averages from three independent experiments. Error 
bars represent the SD of three independent experiments (T-test, *p < 0.05 , **p < 0.01). (B) Representative foci of RPA2 (left panel) 
and RPA2 S4/S8 (right panel) are indicated. (C) Expression of RPA2 S4/S8. β-actin or RPA2 are used as loading controls (bottom row). 
(D) Accumulation of DSBs in MCF-7/C6 cells. The measurement of γ-H2AX by immunoblotting using an antibody raised against ser139 
phosphorylated of H2AX. The inhibition of CHK1 activity was monitored by the measurement of p-CHK1-345 and p-CHK1-317. (E–F) 
CHK1 inhibition led to the more significant increase in RPA2 S4/S8 and there is a space γ-H2AX in MDA-MB-231 FIR cells, compared 
to control cells. 
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nucleoid scarcity are critical reasons in current models [41]. 
If CHK1 inhibition abrogates the suppression of oncogenic 
stress, thus increased replication initiation should be 
observed, especially in radioresistant cells. In order to test 
our hypothesis, we first determined how CHK1 inhibitor 
affects DNA replication initiation by analyzing DNA fiber 
spreads. Cells were sequentially pulse-labeled with IdU and 
CldU for 40 min each, according to the protocol illustrated 
in Figure 4A . AZD7762 was added to the cell cultures 
during the CIdU pulse. IdU and CldU were detected with 
specific antibodies, in green and red, respectively. Origins 
of replication that were activated prior to the CldU pulse 
generated two bidirectional forks, each appearing as a green/
red or red/green signal (Figure 4B, signal a). Conversely, 
new origins that fired during the CldU pulse resulted in a 
green signal only (Figure 4B, signal b). We quantified the 
frequency of new origins in untreated and AZD7762-treated 
cells by dividing the number of green signals (b) by the 
sum of the green and green/red signals (a + b) (Figure 4B). 
The percentage of new origins increased when cells were 
treated with AZD7762 in both parental and MCF-7/C6 cells 
(Figure 4C), consistent with previous reports that ATR/
CHK1 inhibition or depletion increase origin firing in 

unperturbed cells [42, 43]. However, the magnitude of 
increase was more significant in MCF-7/C6, compared to 
parental cells, indicating that CHK1 inhibitor especially 
targets RBCC. 

CHK1 is involved in controlling replication initiation 
via regulating Cdc45 [44], a protein that is implicated in 
initiation rather than elongation processes. We next measured 
the amount of Cdc45 in non-extractable chromatin fraction. 
AZD7762 treatment caused a remarkable increase in the 
amount of non-extractable Cdc45 protein in MCF-7/C6 
cells, compared to MCF-7 cells (Figure 4D). This difference 
could not be accounted by the differences in Cdc45 levels, 
which were comparable in the two cell lines (Figure 4D). 
The effect of CHK1 inhibition on chromatin loading of 
Cdc45 was further confirmed by IF assay (Figure 4E, 4F). 
Moreover, Cdk inhibitor Ro3306 treatment abrogated the 
effect of CHK1 inhibitor on Cdc45 chromatin loading 
(Figure 4G), which is consistent with a previous report that 
CHK1 activity on replication initiation is mediated by Cdk 
activity [13]. Last, Cdk inhibition by Ro3306 prevented 
accumulation of γ-H2AX and RPA2-P in response 
to CHK1 inhibitor AZD7762 in RBCC (Figure 4G), 
suggesting that the increased initiation of DNA replication 

Figure 4: CHK1 inhibition led to the more profound increase in replication initiation in MCF-7/C6 cells. (A) Schematic 
of DNA fiber analysis. Green tracks, CldU; red tracks, IdU. (B) Schematic drawing and representative images of two replication signals 
from DNA fibers. At the top, two DNA replication forks moved bidirectionally from an origin (indicated by the diverging black arrows) that 
was activated before the CIdU pulse. Each fork was labeled with both IdU (red) and CldU (green). At the bottom, the replication bubble 
resulting from an origin that was activated during the CldU pulse produces a green-only signal. (C) Summary of new origins fired during 
labeling with CldU. The frequency (as a percentage) was calculated as the number of green signals (b in panel B) divided by the total 
(a + b) of green (b) plus green/red signals (a in panel B). Results are from three independent experiment results (T-test, *p < 0.05, 
**p < 0.01 ). (D) CHK1 inhibition led to increased levels of nonextractable Cdc45 protein in MCF-7/C6 cells. The cells treated with AZD7762 
(100 nM) for the indicated time were incubated with extraction buffer for 5 min on ice, and processed for Western blotting (top panel). 
The whole lysate protein is used as a control (bottom panel). (E) Measurement of Cdc45 chromatin loading after preextraction of cells 
with detergent by immunostaining. Cells presenting with Cdc45 staining were considered positive. The results are from three independent 
experiments. Error bars represent the SD of three independent experiments (T-test, **p < 0.01). (F) Representative Cdc45 staining (green) 
in MCF-7 and MCF-7/C6 cells are presented. Cell nuclei were stained with DAPI (blue). (G)The effect of CHK1 inhibition on RS in RBCC 
depends on Cdk activity. Cdk activity was inhibited by inhibitor Ro3306. 
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likely contributes to DSBs generation seen after CHK1 
inhibition in radioresistant breast cancer cells. Cumulatively, 
the results presented in Figure 5 suggest that CHK1 
inhibition leads to a significant increase in Cdc45-mediated 
replication initiation in RBCC.

CHK1 inhibition leads to a significant decrease 
in replication fork speed and deoxynucleotide 
supply in RBCC

Using DNA fiber assay, we next determined how 
CHK1 inhibition affects replication fork speed in parental 
and radioresistant cells. We predicted that CHK1 inhibition 
would reduce replication fork speed due to the increasing 
origin firing [45]. The significant decrease in the speed of 
replication fork progress was observed in both MCF-7 and 
MCF-7/C6 cells when CHK1 activity is inhibited (Figure 
5A, 5B). However, the magnitude of the decrease is more 
significant in MCF-7/C6 cells compared to MCF-7 cells 
(Figure 5A). These results show that CHK1 inhibition 
slows down fork progression while increasing origin firing 
(replication initiation) in breast cancer cells, and that the 
effect is more robust in RBCC (Figure 5A, 5B). These data 
are also consistent with the report that CHK1 promotes 

replication fork progression by controlling replication origin 
activity [14]. Although it is not known how the increased 
origin firing could lead to slow replication fork progression, 
the imbalance in dNTP pools can cause dysfunctional 
replication [46, 47]. Thus, we next determined dATP levels 
by Liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). Indeed, dATP levels was reduced by 60% 
following CHK1 inhibitor treatment in MCF-7/C6 cells 
which is significantly higher than the 36% reduction 
seen in MCF-7 cells (Figure 5C), indicating that CHK1 
inhibition led to the increased deoxynucleotide consumption, 
especially in RBCC. Interestingly, a similar phenotype 
was found in MDA-MB-231 pairs (Figure 5D–5F), but 
with some differences. CHK1 inhibition has an equivalent 
effect on replication initiation (Figure 5D) and fork speed 
(Figure 5E) in parental MDA-MB-231 and radioresistant 
MDA-MB-231 FIR cells. However, CHK1 inhibition failed 
to cause scarcity of dNTP pool in both MDA-MB-231 and 
MDA-MB-231 FIR cells (Figure 5F). These results suggest 
that the increased replication firing may not necessarily lead 
to depletion of dNTP pool in all types of tumor cells, and 
also that the mechanisms by which CHK1 inhibition leads 
to increased levels of RS may be not be limited to regulation 
in replication initiation and nucleotide pool balance. 

Figure 5: CHK1 inhibition led to the more significant decrease in replication speed and deoxynucleotide supply in 
MCF-7/C6 cells. (A) A more significant decrease of replication fork speeds in MCF-7/C6, compared to parental MCF-7 cells following 
100 nM AZD7762 treatment. Schematic of DNA fiber analysis is the same as described in Figure 5A. The IdU/CIdU ratio was used to 
determine elongation. Means and standard deviation (S.D.) of three independent experiments are shown. Values marked with asterisks are 
significantly different (T-test, *p < 0.05, **p < 0.01). (B) Representative images of replication tracks from cells treated with or without 
AZD7762 (100 nm). (C) Quantitative determination of ATP and dATP in cell lysates was conducted by LC-MS/MS method. Y axis 
represents the ratio of dATP/ATP. The details see material and method (T-test, **p < 0.01 , ***p < 0.001). (D–F) CHK1 inhibition had a 
similar effect on replication dynamics and deoxynucleotide supply in MDA-MB-231 and MDA-MB-231 FIR cells. (D) Summary of new 
origins fired during labeling with CldU. (E) Replication track length analyzed by DNA fiber spreading. Means and standard deviation (S.D.) 
The graph is the average of three independent experiments (T-test, **p < 0.01). (F) Quantitative determination of ATP and dATP in MDA-
MB-231 and MDA-MB-231 FIR cells (NS, no significant difference). 
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CHK1 inhibition leads to more significant 
decrease in HR activity in RBCC

In addition to interruption of replication dynamics, 
CHK1 inhibition may also impair HR. HR is a mechanism 
that suppresses RS induced by oncogenes, by promoting 
the repair of DSBs that result from replication fork 
collapse. Thus, we next determine the role of CHK1 
inhibitor in HR activity in both parental and RBCC by HR 
reporter DR-GFP as described previously [36, 48–51]. In 
this system, a DSB is generated by expressing the I-SceI 
endonuclease. Repair of the cleaved I-SceI site by gene 
conversion-associated HR gives rise to a functional GFP 
gene when the template used for repair is a truncated GFP 
fragment located downstream in the plasmid. HR activity 
is measured by flow cytometric analysis of the number of 
GFP+ cells following I-SceI expression [51]. The parental 
MCF-7 cells and MCF-7/C6 cells with chromosome 
integration of DR-GFP were established using a standard 
method [50]. Using the established system, an increased 
frequency of HR in MCF-7/C6 and MDA-MB-231 FIR 
cells was observed, compared to their own parental cells 
(Figure 6A). The increased HR in RBCC co-related with 

the increased expression of ATR/CHK1/BRCA1/CtIP since 
these proteins are important for HR activity [20, 21, 52, 53]. 
The increased HR activity was not caused by the alteration 
of the cell cycle because identical cell cycle profiles were 
observed in radioresistant cells and their corresponding 
parental cells (Figure 6B). We found that CHK1 inhibition 
leads to a more significant decrease in HR in RBCC, 
compared to parental cells. Collectively, these data suggest 
that CHK1 inhibition results in a significant decrease in HR 
activity, particular in RBCC cells. This result is consistent 
with the observation that CHK1 inhibition led to a more 
profound increase in RS in RBCC (Figure 3). Thus, RBCC 
cells most likely depend on HR activity for survival 
because HR is a major mechanism counteracting the DNA 
damage caused by RS.

DISCUSSION 

Chemotherapeutic drugs that as single agents can 
specifically target radioresistant cancer cells are rarely 
reported and studied although continuing efforts have 
been conducted to identify radiosensitizing agents that 
preferentially sensitize tumor cells to the cytotoxic action 

Figure 6: CHK1 inhibition resulted in a more significant decrease in HR in RBCC. (A) AZD7762 exposure led to decreased 
HR-mediated repair, particularly in RBCC. HR was detected using chromosomally integrated HR substrate (DR-GFP) which is based on 
reconstitution of the EGFP (from M. Jasin). HR induced by I-SceI was measured by dual-color flow cytometric detection of GFP-positive 
cells. In brief, the cells were transfected with I-SceI and then AZD7762 (100 nM) was added to the medium 24 hr after transfection. HR was 
measured 24 hr after the addition of AZD7762. Error bars represent the SD of three independent experiments (T-test, *p < 0.05 , **p < 0.01 ,  
***p < 0.001). (B) Cell cycle profiles are indicated. Cell cycle was analyzed by flow cytometry. Results are means from three independent 
experiments. Error bars represent the SD of three independent experiments (NS, no significant difference).
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of RT. In contrast to the common paradigm that CHK1 
inhibitor can be used as a radiosensitizer, in this study 
we report that CHK1 inhibitor, as a single agent, can 
specifically target RBCC via regulation of RS (Figure 7), 
reducing the growth of tumor cells in vitro and in vivo. Thus, 
CHK1 inhibition may provide therapeutic opportunities in 
the radioresistant breast cancer patients. 

Oncogene proteins and DDR proteins are 
induced in RBCC

Oncogenes c-Myc/CDC25A/c-Src/H-Ras/E2F1 and 
DDR proteins ATR/CHK1/BRCA1/CtIP are also highly 
expressed in RBCC (Figure 2). The physiological 
significance of the increase in the expression of both 
oncogene proteins and DDR proteins in RBCC is not fully 
understood. However, according to the oncogene-induced 
DNA damage model of cancer progression [2, 3], oncogenes 
generate substantial amounts of RS, which in turn activate 
the DDR. Activation of DDR is important to limit the 
expansion of tumor cells with RS [54–56], since RS causes 
the genomic instability that facilitates the acquisition of 
secondary hits in the genome that promote malignancy. To 
minimize the impact of this effect and to maintain the fitness 
of the cell, the activation of oncogenes is often associated 
with compensatory molecular changes, processes mediated 
in part by the ATM and ATR protein kinases [19]. If this is 

the case, the induced oncogene expression developed during 
RT could be toxic to cells due to RS increase. However, 
the increased ATR/CHK1/BRCA1/CtIP expression may 
constitute a key step to enhance cellular tolerance to 
oncogenic stress, considering their roles in suppression of 
abnormal replication initiation and promotion of HR, which 
are two important mechanisms suppressing oncogenic stress 
[12, 22]. Therefore, radioresistant cells are selected because 
they confer a growth advantage by overcoming the toxicity 
of oncogenic stress via enhancing DDR protein expression 
during RT therapy. 

Currently, considerations for radiotherapy are 
determined by the clinical factors rather than molecular 
subtypes and pathways, which might result in the 
unnecessary treatment for the patients who are intrinsically 
resistant to IR. Whether higher expression of oncogene 
proteins c-Myc/CDC25A/c-Src/H-ras/E2F1 and DDR 
proteins ATR/CHK1/BRCA1/CTIP can be used as indicators 
for the predication of radioresistance need to be determined 
in the clinic in the future. 

Induced essentiality and targeting RBCC by 
CHK1 inhibitor 

Several concepts originated in genetics have been 
applied to cancer therapy. “Synthetic lethality” describes the 
situation where a defect in one gene or protein is compatible 

Figure 7: A proposed model for targeting RBCC cells by CHK1 inhibitor via abrogating the suppression in RS induced 
by oncogenes. (A) The RBCC express high levels of DDR proteins and oncogene proteins, including ATR/CHK1/BRCA1/CtIP and 
c-Myc/CDC25A/c-Src/H-ras/E2F1. The increased expression of DDR protein would be an important mechanism suppressing oncogenic 
stress by inhibiting aberrant replication initiation and promoting HR. Therefore, the damages caused by oncogenic stress in RBCC are 
minimal and the RBCC with high levels of expression of oncogene proteins survive. (B) CHK1 inhibition enhances oncogenic stress by 
abrogating the suppression of replication initiation and/or interrupting HR activity, which leads to the accumulation of massive ssDNA/
DSBs and subsequent death of RBCC. 
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with cell viability but results in cell death when combined 
(synthesized) with another gene or protein defect. This 
concept has been practically applied for the treatment of 
breast cancer patients that are defective in BRCA1/2 with 
PARP inhibitors [57, 58]. “Induced essentiality” is an 
extension of synthetic lethality [59] that refers to a new 
state in which mutation of a gene drives the tumorigenic 
phenotype of the cells but also has potentially deleterious 
effects on cell fitness. Activity of a second gene mitigates 
the deleterious effects of the mutation of the first gene. 
Thus, the second gene/protein is essential for cell survival. 
We speculate that the increased DDR protein expression is 
important for the survival of radioresistant cells where the 
oncogenes are highly expressed. It is noteworthy that in 
our study we observed a more effective antitumor activity 
by CHK1 inhibition in RBCC where the oncogenes are 
highly expressed (Figures 1, 2). Therefore, it is possible that 
targeting radioresistant cancer cells with CHK1 inhibitor 
is an extension of the concept of “Induced Essentiality” 
to cancer therapy. In support of this concept, ATR/
CHK1 pathway inhibition in combination with oncogene 
expression of H-rasG12V cells elevate H2AX phosphorylation 
to significantly higher levels than produced in control cells 
[55], and also ATR/CHK1 inhibitors are highly effective in 
killing Myc-driven lymphomas [56]. Thus, the greatest effect 
of CHK1 inhibition in cancer treatment may be achieved in 
different types of cancer cells with similar characteristic as 
RBCC, based on the same logic. This hypothesis needs to be 
intensively tested in future. 

Several potential mechanisms could contribute to this 
specific targeting of RBCC by CHK1 inhibitor. First, the 
radioresistant cells may rely on ATR/CHK1/BRCA1/CTIP 
for survival in the absence of exogenous DNA damage due 
to their critical role in inhibition of replication initiation and/
or HR promotion as we discussed above. Second, one of 
the major differences between radioresistant and parental 
cells is that RBCC carry a high level of RS (Figure 2). 
The additional DNA damage, as a result of the increased 
replication initiation by CHK1 inhibition, may saturate the 
DSBs repair ability. Under conditions of proficient DNA 
repair, both radioresistant and parental cells may be able 
to accomplish full repair. However, if HR is inhibited, the 
radio-resistant cell’s additional burden of lesions saturates 
the DNA repair capacity and specifically sensitizes the 
tumor cells relative to the normal. The increased burden of 
DNA DSBs and the impaired HR due to CHK1 inhibition 
provide a synthetic lethal interaction that would be selective 
for RBCC. These differences between parental and RBCC 
provide a unique opportunity to target RBCC.

The radiosensitization activity of CHK1 inhibitor 
was observed in previous studies [23, 24, 28], perhaps due 
to the interruption of G2/M arrest and HR activity [28]. 
In our study, CHK1 inhibitor failed to sensitize RBCC to 
IR although HR activity and G2/M arrest in RBCC are 
abrogated by CHK1 inhibitor (Figure 6, data not shown). 
These results suggest that the defects on HR and G2/M 
arrest may not necessarily sensitize RBCC to IR. This result 

is consistent with the fact that G2/M phase checkpoint plays 
a minimal role in radio sensitivity [60]. In addition, HR is 
less important than Non-homologous end joining (NHEJ) 
for repair of IR-induced DSBs, although this pathway is 
critical for the repair of DSBs that originate during DNA 
replication in S phase cells. Thus, it is most likely that 
regardless of the impairment of HR and G2/M arrest caused 
by CHK1 inhibition, NHEJ pathway can be still active or 
upregulated in RBCC cells, which could sufficiently repair 
DSBs induced by IR. In support of this hypothesis, NHEJ 
activity is significantly higher in RBCC, compared to 
parental cells (data not shown). Thus, multiple mechanisms 
contribute to the radioresistance of RBCC. Blockage of HR 
and G2/M arrest by CHK1 inhibitor are not sufficient to 
sensitize these cells to IR.

CHK1 inhibition increases RS levels in RBCC

Our results suggest that CHK1 inhibitor targets RBCC 
via regulation of RS caused by oncogenes (Figure 3). The 
mechanisms by which oncogenes induce RS have not been 
clearly defined. According to a current model, oncogene-
induced RS is a result of hyper-replication, with an increase 
in replication initiation and the subsequent scarcity of 
replication factors, such as nucleotides [61]. The cellular 
availability of nucleotides may not be sufficient to carry 
out replication under conditions where a massive number 
of origins are fired simultaneously, thus slowing replication 
fork. Subsequently, ssDNA and DSBs are induced, and 
cell death occurs as a result of massive DNA damage. In 
support of our hypothesis that CHK1 inhibitor kills RBCC 
via upregulation of oncogenic stress, we find a significant 
increase in the firing of replication initiation, a decrease in 
dNTP pool, and a reduction in fork progression in MCF-7/C6 
cells, in comparison to parental control cells (Figures 4, 5). 
However, this may not explain all since CHK1 inhibition 
enhances cell killing and replication stress in MDA-MB-231 
FIR cells compared to MDA-MB-231 cells. However, the 
effect of CHK1 inhibitor on replication initiation/fork 
speed and dATP pool is similar in MDA-MB-231 FIR and 
MDA-MB-231 cells. Since HR activity is also an important 
mechanism suppressing oncogenic stress the effect of CHK1 
inhibition in HR activity may contribute to the specific 
killing of MDA-MB-231 FIR cells (Figure 6). In our study, 
only limited oncogene expression was detected (Figure 2A). 
Given that different oncogenes cause RS via distinct 
mechanisms, it could be possible that the effect of CHK1 
inhibition on replication initiation might depend upon the 
context of tumor cells. 

In conclusion, we propose a model in which CHK1 
inhibitor can be used to specifically target RBCC. CHK1 
specifically limits RS by inhibiting replication initiation 
and promoting HR in RBCC. In normal conditions, 
RBCC survive even with high levels of induced oncogene 
expression during RT (Figure 7A). However, when CHK1 
activity is inhibited, the suppression of replication initiation is 
abrogated, which leads to increased amounts of DSBs. On the 
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other hand, the decreased HR activity due to CHK1 inhibition 
could also result in a failure to repair DSBs (Figure 7B). The 
dual roles of CHK1 inhibitor in interruption of replication 
initiation and HR contribute to its antitumor activity in RBCC 
(Figure 7). In our model, targeting RBCC and upregulating 
RS by CHK1 inhibition appears to be independent of p53 
since CHK1 inhibition leads to more cell killing and the more 
profound increase in RS, compared to their parental cells 
regardless of the status of p53 (Figures 1, 3). Our result is 
consistent with a recent publication indicating that oncogenic 
stress sensitizes murine cancers to hypomorphic suppression 
of ATR, and the toxic interaction between ATR suppression 
and oncogenic stress occurred independent of p53 status 
[54]. However, we cannot exclude the possibility that p53 is 
involved to certain extent, because a remarkable cell killing by 
CHK1 inhibitor is observed in wild type p53 expressing cells 
(MCF-7/C6) in comparison to mutant p53 expressing cells 
(MDA-MB-231 FIR) (Figure 1).

In summary, our study reveals that upregulation of 
RS could be a promising strategy targeting radioresistant 
breast cancer cells by CHK1 inhibition. In addition, it is 
conceivable that RBCC or any situations harboring same 
characteristics as RBCC may be prime candidates for 
treatments utilizing CHK1 inhibition. 

MATERIALS AND METHODS

Cell lines, infections, transfections and inhibitors 

Parental cells and their corresponding radioresistant 
derivatives were obtained from JianJian Li (University of 
California Davis). MCF-7 and MCF-7/C6 cells were cultured 
in Minimum Essential Medium (MEM, lifetechnologies) 
supplemented with 10% bovine growth serum, 100 U/ml 
penicillin and 100 μg/ml streptomycin at 37°C, 5% CO2. 
MDA-MB-231 and MDA-MB-231 FIR cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM with Low 
Glucose, HyClone) supplemented with 10% bovine growth 
serum, 100 U/ml penicillin and 100 μg/ml streptomycin 
at 37°C, 5% CO2. MCF-7/C6 cells with chromosomal 
integration of the DR-GFP reporter were generated according 
to a standard protocol. CHK1 and CHK2 short-hairpin 
RNAs (shRNA) were purchased from Sigma. All DNA 
plasmid transfections were performed using Lipofectamine 
2000 according to the manufacturer’s recommendations 
(Invitrogen, Carlsbad, CA). The CHK1 inhibitors AZD7762 
and LY2603618 were purchased from Selleckchem and 
ApexBio, respectively. The Cdk inhibitor Ro3306 was 
purchased from Tocris. 

Immunoblotting

The following conditions are used. Anti-BRCA1 
(Clone D-9, 1:200, Santa Cruz Technology); Anti-RAD51 
(Clone H92; 1:200; Santa Cruz Technology); Anti-BRCA2 
(Clone 5.23, 1:500, EMD Millipore); Anti-RAD52 (Clone 

5H9, 1:200, GeneTex); anti-RPA2 (Clone NA18, 1:100, 
Calbiochem/EMD Millipore); Anti-53BP1(Clone 1B9, 
1:1000, Novus biologicals); Anti-E2F1(Clone KH95, 
1:200, Santa Cruz Technology); Anti-β-Actin ( Clone AC-
74, 1:10000, Sigma-Aldrich); Anti Mre11 (1:1000, Novus 
Biologicals); Anti-CHK1 (G-4, 1:500, Cell signaling); 
Phospho-CHK1 antibody (#2344 CHK1-pSer317,1:500; 
Cell signaling);  Phospho- CHK1 antibody (#133D3 
CHK1-pSer345, 1:500, Cell signaling); Anti c-Myc 
(9E10 sc40, 1:300,Cell signal), Anti E2F1 (clone KH95 
sc-251, 1:500,Cell signaling); H-ras(F235 sc-29, 1:50, 
cell signaling); c-Src(N-16 sc-19, 1:50, cell signaling); 
Anti Cdc45 (G-12 sc55569, 1:50, Santa Cruz); γ-H2Ax 
(ser139 JBC301, 1:500, Millipore clone); rabbit polyclonal 
antibody phosphor RPA32 Ser4/Ser8 (Bethyl, BL647, 
1: 1000 dilution), Anti CDC25A (clone DCS-120, 1:100, 
Thermo scientific); Cdk2 (610146, 1:200,BD Biosciences); 
cyclin E (sc247, 1:200, Santa Cruz Technology) for western 
blotting.Secondary antibodies used were goat-anti-mouse 
IgG–horseradish peroxidase (HRP) conjugated, goat-anti-
rabbit IgG–HRP conjugated at 1:1000 dilutions. Radiation 
was delivered to cultured cells using a cesium-137 gamma 
ray at a dose rate of 3.1 Gray /min.

Immunofluorescence analysis 

Mouse anti-γ-H2AX (Ser139, clone JBW301, 
millipore) was used at 1:500 dilution. The monoclonal 
anti-BrdU antibody (BD Biosciences) was used at 1:200 
concentration. Rabbit anti- RPA32 (S4/S8) [A300-245A, 
BETHYL] were used at 1:500 dilution. For analysis of 
Cdc45 chromatin staining, a detergent extraction method was 
employed as described previously (9). Rabbit anti-Cdc45 
(H- 300, clone, sc20685, Santa Cruz) was used 1:50 dilution. 
The secondary antibody, goat–anti-mouse IgG Alexa fluor 
594 or FITC-conjugated anti-mouse secondary antibody 
(sigma) was used at 1:400 dilution. The slides were viewed 
at 1000 × magnification on an NIKON 90i fluorescence 
microscope (photometric cooled mono CCD camera). 

Homologous recombination assay 

HR was measured in cells according to previous 
publications [50].

Cell cycle analysis 

Cell Cycle Analysis was conducted as we described 
previously [50]. 

Comet assay

Cells were analyzed by the Comet assay under 
neutral conditions (Trevigen, Gaithersburg, MD). Comets 
were analyzed using CometScore software (TriTek, 
Sumerduck, VA). 
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Colony formation assay

Clonogenic analysis was performed as described 
in reference [50]. Colonies containing > 50 cells were 
counted. 

DNA fiber assay

DNA fiber assay were performed as published 
previously [62]. The replication fibers were viewed 
at 1000× magnification on an NIKON 90i fluorescence 
microscope (photometric cooled mono CCD camera). 
Signals were measured by using Image J software (NCI/
NIH), with some modifications made specifically to measure 
DNA fibers.

LC-MS/MS method for quantitative 
determination of ATP and dATP in cell lysate

The cells (1 × 107) were suspended in 0.5 ml of 80% 
methanol aqueous solution. The mixture went through a 
process of freezing (−80°C) and thawing (room temperature) 
for 3 times, followed by a sonication for 10 min, and then 
centrifuged. The supernatant was dried with N2. The residue 
was dissolved in 400 μl of 10 mM ammonium formate 
solution, and 100 μl of the solution was used for LC-MS 
analysis. The separation of analytes was carried out on an 
XTerra C18 column (2.1 × 100 mm) using a gradient elution 
from 20% B to 80% B in 12 min at a flow rate of 0.2 ml/min. 
The mobile phase A was 1 mM tributylamine and 0.25 
mM acetic acid aqueous solution, and mobile phase B was 
90% methanol with 1 mM tributylamine and 0.25 mM 
acetic acid. All calibrators, internal standards (ATP-d4 
and dATP-13C10,15N5), and QC samples were prepared 
in 10 mM ammonium formate solution. 10 μl of samples 
was injected. This method has a linear calibration range of 
5.00–500 ng/ ml for dATP and 100–50000 ng/ml for ATP. 
The API 3200 mass spectrometer was operated using ESI– . 
Quantitation was done by MRM mode with the following 
parameters: m/z 506 > 273 for ATP, m/z 510 > 159 for 
ATP-d4, m/z 490 > 159 for dATP, m/z 505 > 159 for dATP-
13C10,15N5, dwell time at 50 ms, declustering potential 
(DP) at −53 V, entrance potential (EP) at −6.0 V, collision 
energy (CE) at −30 V, collision cell exit potential (CXP) 
at −6.0 V, curtain gas (CUR) at 25, collision gas (CAD) at 
3, ionspray voltage (IS) at −4500V, temperature (TEM) at 
600°C, ion source gas 1 (GS1) at 50, ion source gas 2 (GS2) 
at 50, and resolutions were set at unit for both Q1 and Q3.

Xenograft studies

Female athymic nude mice, 4–5 weeks of age, bred 
in Case Western Reserve University, were used for this 
study. All experiments were carried out under a protocol 
approved by the National Cancer Institute Animal Care and 
Use Committee and were in compliance with the Guide 

for the Care and Use Of Laboratory Animal Resource, 
(1996) National Research Council. For tumor growth delay 
studies, Implant the 17β-ESTRADIOL(innovative research 
of America cat#NE-121 0.72 mg/pellet 90-day release) into 
the mice on the neck one week prior to cells injection, then 
8 × 106  cells were suspended and then injected subcutaneously 
into flanks. Tumor growth was followed until the diameter 
of tumor reached 0.6–0.8 cm. At this point animals were 
randomized into 2 groups (8 mice/group): control and 
AZD7762. AZD7762 (25 mg/kg) was administered by i.p. 
injection at 2,3,5 days (once a day) as a cycle for 2 cycles. 
Students T-test was used to calculate the delay of two group 
and p-values for the differences between the various groups.

ACKNOWLEDGMENTS 

We thank Maria Jasin and Jianjian Li for their 
generous contribution of materials.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

GRANT SUPPORT

The work described was supported by a grant 
(R01CA154625) from the National Cancer Institute and a 
startup fund from the Department of Radiation Oncology, 
Case Western Reserve University School of Medicine to 
J. Zhang; National Natural Science Foundation of China 
grant (31271503) and Guangdong Provincial Natural 
Science Foundation of China grant (S2012010008368) 
and a startup fund from The First Affiliated Hospital of 
Sun Yat-sen University to Z. Ma. This research was also 
supported by Radiation Resources Core Facility and 
Cytometry & Imaging Microscopy Core Facility of the 
Case Comprehensive Cancer Center (P30 CA43703). 

REFERENCES

 1. Mladenov E, Magin S, Soni A, Iliakis G. DNA double-strand 
break repair as determinant of cellular radiosensitivity to 
killing and target in radiation therapy. Frontiers in oncology. 
2013; 3:113.

 2. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, 
Guldberg P, Sehested M, Nesland JM, Lukas C, Orntoft T, 
Lukas J, Bartek J. DNA damage response as a candidate anti-
cancer barrier in early human tumorigenesis. Nature. 2005; 
434:864–870.

 3. Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, 
Kotsinas A, Liloglou T, Venere M, Ditullio RA, Jr., 
Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, et al. 
Activation of the DNA damage checkpoint and genomic 
instability in human precancerous lesions. Nature. 2005; 
434:907–913.



Oncotarget34700www.impactjournals.com/oncotarget

 4. Zhou BB, Elledge SJ. The DNA damage response: putting 
checkpoints in perspective. Nature. 2000; 408:433–439.

 5. Cimprich KA, Cortez D. ATR: an essential regulator of 
genome integrity. Nature reviews Molecular cell biology. 
2008; 9:616–627.

 6. Zhao H, Piwnica-Worms H. ATR-mediated checkpoint 
pathways regulate phosphorylation and activation of human 
Chk1. Molecular and cellular biology. 2001; 21:4129–4139.

 7. Sorensen CS, Syljuasen RG, Falck J, Schroeder T, Ronnstrand L, 
Khanna KK, Zhou BB, Bartek J, Lukas J. Chk1 regulates the 
S phase checkpoint by coupling the physiological turnover 
and ionizing radiation-induced accelerated proteolysis of 
Cdc25A. Cancer cell. 2003; 3:247–258.

 8. Takai H, Tominaga K, Motoyama N, Minamishima YA, 
Nagahama H, Tsukiyama T, Ikeda K, Nakayama K, 
Nakanishi M. Aberrant cell cycle checkpoint function 
and early embryonic death in Chk1(−/−) mice. Genes & 
development. 2000; 14: 1439–1447.

 9. Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, 
Luo G, Carattini-Rivera S, DeMayo F, Bradley A, 
Donehower LA, Elledge SJ. Chk1 is an essential kinase that 
is regulated by Atr and required for the G(2)/M DNA damage 
checkpoint. Genes & development. 2000; 14:1448–1459.

10. Brown EJ, Baltimore D. ATR disruption leads to 
chromosomal fragmentation and early embryonic lethality. 
Genes & development. 2000; 14:397–402.

11. de Klein A, Muijtjens M, van Os R, Verhoeven Y, Smit B,  
Carr AM, Lehmann AR, Hoeijmakers JH. Targeted 
disruption of the cell-cycle checkpoint gene ATR leads to 
early embryonic lethality in mice. Current biology. 2000; 10: 
479–482.

12. Lopez-Contreras AJ, Gutierrez-Martinez P, Specks J, Rodrigo-
Perez S, Fernandez-Capetillo O. An extra allele of Chk1 
limits oncogene-induced replicative stress and promotes 
transformation. The Journal of experimental medicine. 2012; 
209:455–461.

13. Syljuasen RG, Sorensen CS, Hansen LT, 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. Molecular and cellular biology. 2005; 25:3553–3562.

14. Petermann E, Woodcock M, Helleday T. Chk1 promotes 
replication fork progression by controlling replication 
initiation. Proceedings of the National Academy of Sciences 
of the United States of America. 2010; 107:16090–16095.

15. Marheineke K, Hyrien O. Control of replication origin 
density and firing time in Xenopus egg extracts: role of a 
caffeine-sensitive, ATR-dependent checkpoint. The Journal 
of biological chemistry. 2004; 279:28071–28081.

16. Taricani L, Shanahan F, Parry D. Replication stress activates 
DNA polymerase alpha-associated Chk1. Cell Cycle. 2009; 
8:482–489.

17. Feijoo C, Hall-Jackson C, Wu R, Jenkins D, Leitch J, Gilbert DM, 
Smythe C. Activation of mammalian Chk1 during DNA 

replication arrest: a role for Chk1 in the intra-S phase 
checkpoint monitoring replication origin firing. The Journal 
of cell biology. 2001; 154:913–923.

18. Paulsen RD, Cimprich KA. The ATR pathway: fine-tuning 
the fork. DNA repair. 2007; 6:953–966.

19. Zeman MK, Cimprich KA. Causes and consequences of 
replication stress. Nature cell biology. 2014; 16:2–9.

20. Sorensen CS, Hansen LT, Dziegielewski J, Syljuasen RG, 
Lundin C, Bartek J, Helleday T. The cell-cycle checkpoint 
kinase Chk1 is required for mammalian homologous 
recombination repair. Nature cell biology. 2005; 7:195–201.

21. Brown AD, Sager BW, Gorthi A, Tonapi SS, Brown EJ, 
Bishop AJ. ATR suppresses endogenous DNA damage and 
allows completion of homologous recombination repair. PloS 
one. 2014; 9:e91222.

22. Peng G, Dai H, Zhang W, Hsieh HJ, Pan MR, Park YY, 
Tsai RY, Bedrosian I, Lee JS, Ira G, Lin SY. Human nuclease/
helicase DNA2 alleviates replication stress by promoting 
DNA end resection. Cancer research. 2012; 72:2802–2813.

23. Mitchell JB, Choudhuri R, Fabre K, Sowers AL, Citrin D, 
Zabludoff SD, Cook JA. In vitro and in vivo radiation 
sensitization of human tumor cells by a novel checkpoint 
kinase inhibitor, AZD7762. Clinical cancer research. 2010; 
16:2076–2084.

24. Vance S, Liu E, Zhao L, Parsels JD, Parsels LA, Brown JL, 
Maybaum J, Lawrence TS, Morgan MA. Selective 
radiosensitization of p53 mutant pancreatic cancer cells by 
combined inhibition of Chk1 and PARP1. Cell Cycle. 2011; 
10:4321–4329.

25. Ma CX, Cai S, Li S, Ryan CE, Guo Z, Schaiff WT, Lin L, 
Hoog J, Goiffon RJ, Prat A, Aft RL, Ellis MJ, Piwnica-
Worms H. Targeting Chk1 in p53-deficient triple-negative 
breast cancer is therapeutically beneficial in human-in-
mouse tumor models. The Journal of clinical investigation. 
2012; 122:1541–1552.

26. Ma CX, Janetka JW, Piwnica-Worms H. Death by releasing 
the breaks: CHK1 inhibitors as cancer therapeutics. Trends 
in molecular medicine. 2011; 17:88–96.

27. Engelke CG, Parsels LA, Qian Y, Zhang Q, Karnak D, 
Robertson JR, Tanska DM, Wei D, Davis MA, Parsels JD, 
Zhao L, Greenson JK, Lawrence TS, et al. Sensitization of 
pancreatic cancer to chemoradiation by the Chk1 inhibitor 
MK8776. Clinical cancer research. 2013; 19:4412–4421.

28. Morgan MA, Parsels LA, Zhao L, Parsels JD, Davis MA, 
Hassan MC, Arumugarajah S, Hylander-Gans L, Morosini D, 
Simeone DM, Canman CE, Normolle DP, Zabludoff SD, et al. 
Mechanism of radiosensitization by the Chk1/2 inhibitor 
AZD7762 involves abrogation of the G2 checkpoint and 
inhibition of homologous recombinational DNA repair. 
Cancer research. 2010; 70:4972–4981.

29. Montano R, Chung I, Garner KM, Parry D, Eastman A. 
Preclinical development of the novel Chk1 inhibitor SCH900776 
in combination with DNA-damaging agents and antimetabolites. 
Molecular cancer therapeutics. 2012; 11:427–438.



Oncotarget34701www.impactjournals.com/oncotarget

30. Dent P, Tang Y, Yacoub A, Dai Y, Fisher PB, Grant S. CHK1 
inhibitors in combination chemotherapy: thinking beyond 
the cell cycle. Molecular interventions. 2011; 11:133–140.

31. Davies KD, Humphries MJ, Sullivan FX, von Carlowitz I, 
Le Huerou Y, Mohr PJ, Wang B, Blake JF, Lyon MA, 
Gunawardana I, Chicarelli M, Wallace E, Gross S. Single-
agent inhibition of Chk1 is antiproliferative in human cancer 
cell lines in vitro and inhibits tumor xenograft growth in vivo. 
Oncology research. 2011; 19:349–363.

32. Eastman NSaA. Will Targeting Chk1 Have a Role in the 
Future of Cancer Therapy Journal of Clinical Oncology. 
2015; 33.

33. Cao N, Li S, Wang Z, Ahmed KM, Degnan ME, Fan M, 
Dynlacht JR, Li JJ. NF-kappaB-mediated HER2 overexpression 
in radiation-adaptive resistance. Radiation research. 2009; 
171:9–21.

34. Li Z, Xia L, Lee LM, Khaletskiy A, Wang J, Wong JY, Li JJ. 
Effector genes altered in MCF-7 human breast cancer cells 
after exposure to fractionated ionizing radiation. Radiation 
research. 2001; 155:543–553.

35. Chiang CS, Sawyers CL, McBride WH. Oncogene 
Expression and Cellular Radiation Resistance: A Modulatory 
Role for c-myc. Molecular diagnosis. 1998; 3:21–27.

36. Shi W, Feng Z, Zhang J, Gonzalez-Suarez I, Vanderwaal RP, 
Wu X, Powell SN, Roti Roti JL, Gonzalo S. The role of RPA2 
phosphorylation in homologous recombination in response to 
replication arrest. Carcinogenesis. 2010; 31:994–1002.

37. Raderschall E, Golub EI, Haaf T. Nuclear foci of mammalian 
recombination proteins are located at single-stranded DNA 
regions formed after DNA damage. Proceedings of the 
National Academy of Sciences of the United States of 
America. 1999; 96:1921–1926.

38. Cortes-Gutierrez EI, Hernandez-Garza F, Garcia-Perez JO, 
Davila-Rodriguez MI, Aguado-Barrera ME, Cerda-Flores RM. 
Evaluation of DNA single and double strand breaks in women 
with cervical neoplasia based on alkaline and neutral comet 
assay techniques. Journal of biomedicine & biotechnology. 
2012; 2012:385245.

39. Parsels LA, Qian Y, Tanska DM, Gross M, Zhao L, Hassan MC, 
Arumugarajah S, Parsels JD, Hylander-Gans L, 
Simeone DM, Morosini D, Brown JL, Zabludoff SD, et al. 
Assessment of chk1 phosphorylation as a pharmacodynamic  
biomarker of chk1 inhibition. Clinical cancer research. 2011;  
17:3706–3715.

40. Zhang YW, Otterness DM, Chiang GG, Xie W, Liu YC, 
Mercurio F, Abraham RT. Genotoxic stress targets human 
Chk1 for degradation by the ubiquitin-proteasome pathway. 
Molecular cell. 2005; 19:607–618.

41. Jones RM, Mortusewicz O, Afzal I, Lorvellec M, Garcia P, 
Helleday T, Petermann E. Increased replication initiation 
and conflicts with transcription underlie Cyclin E-induced 
replication stress. Oncogene. 2013; 32:3744–3753.

42. Shechter D, Costanzo V, Gautier J. ATR and ATM regulate 
the timing of DNA replication origin firing. Nature cell 
biology. 2004; 6:648–655.

43. Maya-Mendoza A, Petermann E, Gillespie DA, Caldecott KW, 
Jackson DA. Chk1 regulates the density of active replication 
origins during the vertebrate S phase. The EMBO journal. 
2007; 26:2719–2731.

44. Guo C, Kumagai A, Schlacher K, Shevchenko A, Dunphy WG. 
Interaction of Chk1 with Treslin negatively regulates the 
initiation of chromosomal DNA replication. Molecular cell. 
2015; 57:492–505.

45. Petermann E, Maya-Mendoza A, Zachos G, Gillespie DA, 
Jackson DA, Caldecott KW. Chk1 requirement for high 
global rates of replication fork progression during normal 
vertebrate S phase. Molecular and cellular biology. 2006; 
26:3319–3326.

46. Poli J, Tsaponina O, Crabbe L, Keszthelyi A, Pantesco V, 
Chabes A, Lengronne A, Pasero P. dNTP pools determine 
fork progression and origin usage under replication stress. 
The EMBO journal. 2012; 31:883–894.

47. Tourriere H, Pasero P. Maintenance of fork integrity at 
damaged DNA and natural pause sites. DNA repair. 2007; 
6:900–913.

48. Litman R, Peng M, Jin Z, Zhang F, Zhang J, Powell S, 
Andreassen PR, Cantor SB. BACH1 is critical for 
homologous recombination and appears to be the Fanconi 
anemia gene product FANCJ. Cancer cell. 2005; 8:255–265.

49. Chen H, Ma Z, Vanderwaal RP, Feng Z, Gonzalez-Suarez I, 
Wang S, Zhang J, Roti Roti JL, Gonzalo S. The mTOR 
inhibitor rapamycin suppresses DNA double-strand break 
repair. Radiation research. 2011; 175:214–224.

50. Zhang J, Ma Z, Treszezamsky A, Powell SN. MDC1 interacts 
with Rad51 and facilitates homologous recombination. 
Nature structural & molecular biology. 2005; 12:902–909.

51. Pierce AJ, Johnson RD, Thompson LH, Jasin M. XRCC3 
promotes homology-directed repair of DNA damage in 
mammalian cells. Genes & development. 1999; 13:2633–2638.

52. Zhang J, Willers H, Feng Z, Ghosh JC, Kim S, Weaver DT, 
Chung JH, Powell SN, Xia F. Chk2 phosphorylation of 
BRCA1 regulates DNA double-strand break repair. Molecular 
and cellular biology. 2004; 24:708–718.

53. Yun MH, Hiom K. CtIP-BRCA1 modulates the choice of 
DNA double-strand-break repair pathway throughout the 
cell cycle. Nature. 2009; 459:460–463.

54. Schoppy DW, Ragland RL, Gilad O, Shastri N, Peters AA, 
Murga M, Fernandez-Capetillo O, Diehl JA, Brown EJ. 
Oncogenic stress sensitizes murine cancers to hypomorphic 
suppression of ATR. The Journal of clinical investigation. 
2012; 122:241–252.

55. Gilad O, Nabet BY, Ragland RL, Schoppy DW, Smith KD, 
Durham AC, Brown EJ. Combining ATR suppression with 
oncogenic Ras synergistically increases genomic instability, 
causing synthetic lethality or tumorigenesis in a dosage-
dependent manner. Cancer research. 2010; 70:9693–9702.

56. Murga M, Campaner S, Lopez-Contreras AJ, Toledo LI, 
Soria R, Montana MF, D’Artista L, Schleker T, Guerra C, 
Garcia E, Barbacid M, Hidalgo M, Amati B, et al. Exploiting 



Oncotarget34702www.impactjournals.com/oncotarget

oncogene-induced replicative stress for the selective killing 
of Myc-driven tumors. Nature structural & molecular 
biology. 2011; 18:1331–1335.

57. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, 
Richardson TB, Santarosa M, Dillon KJ, Hickson I, Knights C, 
Martin NM, Jackson SP, Smith GC, et al. Targeting the DNA 
repair defect in BRCA mutant cells as a therapeutic strategy. 
Nature. 2005; 434:917–921.

58. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, 
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T. Specific 
killing of BRCA2-deficient tumours with inhibitors of 
poly(ADP-ribose) polymerase. Nature. 2005; 434:913–917.

59. Lord CJ, Tutt AN, Ashworth A. Synthetic lethality and cancer 
therapy: lessons learned from the development of PARP 
inhibitors. Annual review of medicine. 2015; 66:455–470.

60. Lobrich M, Jeggo PA. The impact of a negligent G2/M 
checkpoint on genomic instability and cancer induction. 
Nature reviews Cancer. 2007; 7:861–869.

61. Mannava S, Moparthy KC, Wheeler LJ, Natarajan V, Zucker SN, 
Fink EE, Im M, Flanagan S, Burhans WC, Zeitouni NC, 
Shewach DS, Mathews CK, Nikiforov MA. Depletion of 
deoxyribonucleotide pools is an endogenous source of DNA 
damage in cells undergoing oncogene-induced senescence. 
The American journal of pathology. 2013; 182:142–151.

62. Seiler JA, Conti C, Syed A, Aladjem MI, Pommier Y. The 
intra-S-phase checkpoint affects both DNA replication 
initiation and elongation: single-cell and -DNA fiber analyses. 
Molecular and cellular biology. 2007; 27:5806–5818.


	Cleveland State University
	EngagedScholarship@CSU
	2016

	Targeting Radioresistant Breast Cancer Cells by Single Agent CHK1 Inhibitor via Enhancing Replication Stress
	Yao Zhang
	Jinzhi Lai
	Zhanwen Du
	Jinnan Gao
	Shuming Yang
	See next page for additional authors
	Recommended Citation
	Authors


	Microsoft Word - 100710.docx

