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Abstract
Purpose  Triple-negative breast cancers (TNBC) are often resistant to treatment with ionizing radiation (IR). We sought to 
investigate whether pharmacologic inhibition of Chk1 kinase, which is commonly overexpressed in TNBC, preferentially 
sensitizes TNBC cells to IR.
Methods  Ten breast cancer cell lines were screened with small molecule inhibitors against Chk1 and other kinases. Chk1 
inhibition was also tested in isogenic KRAS mutant or wild-type cancer cells. Cellular radiosensitization was measured by 
short-term and clonogenic survival assays and by staining for the DNA double-strand break (DSB) marker γ-H2AX. Radio-
sensitization was also assessed in breast cancer biopsies using an ex vivo assay. Aurora B kinase-dependent mitosis-like 
chromatin condensation, a marker of radioresistance, was detected using a specific antibody against co-localized phospho-
rylation of serine 10 and trimethylation of lysine 9 on histone 3 (H3K9me3/S10p). Expression of CHEK1 and associated 
genes was evaluated in TNBC and lung adenocarcinoma.
Results  Inhibition of Chk1 kinase preferentially radiosensitized TNBC cells in vitro and in patient biopsies. Interestingly, 
TNBC cells displayed lower numbers of IR-induced DSBs than non-TNBC cells, correlating with their observed radioresist-
ance. We found that Chk1 suppressed IR-induced DSBs in these cells, which was dependent on H3K9me3/S10p—a chromatin 
mark previously found to indicate radioresistance in KRAS mutant cancers. Accordingly, the effects of Chk1 inhibition in 
TNBC were reproduced in KRAS mutant but not wild-type cells. We also observed co-expression of genes in this Chk1 
chromatin pathway in TNBC and KRAS mutant lung cancers.
Conclusions  Chk1 promotes an unexpected, common phenotype of chromatin-dependent DSB suppression in radioresistant 
TNBC and KRAS mutant cancer cells, providing a direction for future investigations into overcoming the treatment resist-
ance of TNBC.
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Introduction

Triple-negative breast cancer (TNBC) constitutes approxi-
mately 15–20% of all invasive breast cancers and is consid-
ered the most aggressive of the breast cancer subtypes [1, 2]. 
It is classically defined by the absence of cellular expression 
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of three receptors: estrogen, progesterone, and HER2/neu 
and it is often characterized by high tumor grade, an elevated 
rate of lymph node metastases, and a pattern of early, often 
distant recurrences [3]. Gene expression profiling studies 
have further stratified TNBC, characterizing them into a few 
molecular categories, including basal-like, mesenchymal, 
immune-enriched, and luminal androgen subtypes, with data 
supporting both unique response rates to systemic therapy as 
well as differences in survival by subgroup [4, 5].

Due to the aggressive nature of TNBC, patients often 
receive multimodality therapy including surgery, chemo-
therapy, and radiation. Yet, local tumor failure rates in this 
population remain higher than in other breast cancer sub-
types, with 5-year failure rates as high as 10–20% [6–8]. 
This higher rate of local failure among TNBC patients is 
often attributed to an inherent radioresistance of TNBC 
despite the presence of BRCA-like DNA repair defects [2, 
9]. However, the mechanisms of radioresistance are poorly 
understood.

Molecular targets to overcome the treatment resistance of 
TNBC have remained elusive. TNBC commonly overexpress 
the epidermal growth factor receptor (EGFR) [10]. How-
ever, early-phase clinical trials have failed to demonstrate 
significant activity of EGFR-targeted monoclonal antibodies 
or tyrosine kinase inhibitors and combinations with radia-
tion treatment are poorly studied [11]. Other studies have 
shown that Chk1 is overexpressed and may be a therapeutic 
target in TNBC [12, 13]. Chk1 is a serine/threonine-specific 
kinase, encoded by CHEK1, which regulates the DNA dam-
age response, homologous recombination repair (HRR), and 
several cell cycle checkpoints [14]. Preclinical data suggest 
that Chk1 inhibition is an effective radiosensitization strat-
egy, particularly in tumors with non-functional p53 [15].

We, therefore, set out to investigate the radiosensitizing 
properties of a clinically relevant Chk1 inhibitor in a panel 
of triple-negative and hormone receptor-positive breast can-
cer cell lines. We report an unexpected chromatin-dependent 
suppression of DNA double-strand breaks (DSBs) by Chk1 
which correlates with the radioresistance of TNBC cells. 
Interestingly, TNBC shares this phenotype with KRAS-
mutated cancer, which yields potentially novel therapeutic 
targets to overcome the treatment resistance of TNBC.

Materials and methods

Cell lines

The breast cancer cell lines BT-20, BT-549, EFM-19, MCF-
7, MDA-MB-157, MDA-MB-231, MDA-MB-361, MDA-
MB-436, MDA-MB-468, and T-47D were purchased from 
ATCC. NCI-H1703 (KRAS mutant vs wild-type), DLD-1 
(KRAS G13D/wt), and DWT7 (del/wt) were previously 

described [16]. MCF-7, MDA-MB-157, MDA-MB-231, 
MDA-MB-361, MDA-MB-436, and MDA-MB-468 were 
cultivated in DMEM, BT-549, EFM-19, T-47D, NCI-H1703 
in RPMI, DLD-1 and DWT7 in McCoy media, and BT-20 
in Eagle’s Minimum Essential Medium, supplemented with 
10% BGS, 2 mM glutamine, 100 μ/ml penicillin, and 10% 
HEPES (all Sigma-Aldrich). All cell lines were cultured 
in a humidified incubator at 37 °C and 5% CO2 and pas-
saged for < 3 months after thawing a given frozen vial. All 
cell lines were tested mycoplasma free prior to the experi-
ments (MycoAlert, Lonza) and none was ever treated for 
mycoplasma throughout the experiments. For 3D culture 
of tumor spheres, ~ 10,000 cells/well were grown in black 
round bottom polystyrene ultra-low attachment microplates 
(Corning) using serum-free medium composed of DMEM 
(Sigma-Aldrich), basic fibroblast growth factor (bFGF), and 
EGF (20 ng/mL each, Sigma-Aldrich), and B27 supplement 
(Life Technologies).

Tumor tissues

Tumor tissues were derived from untreated breast cancer 
patients under a protocol approved by the Institutional 
Review Board. Tumor samples were processed for ex vivo 
foci analysis adapting a previously published protocol for 
breast cancer [17]. Dispensable tumor tissues not needed for 
pathological diagnosis were placed in RMPI medium within 
about 30 min of resection. Within 30–60 min, the samples 
arrived in the laboratory and specimens were divided into 
samples of approximately 5 mm size. Samples were mock 
treated or exposed to 100 nm LY2603618 for 24 h and irra-
diated with 6 Gy radiation, followed by snap freezing at 
30 min.

Treatments

Ionizing radiation was administered using a Siemens Sta-
bilipan 2 X-ray generator operated at 250 kVp and 12 mA, 
at a dose rate of 1.8 Gy/minute. LY2603618, VE-821, and 
KU-55933 were dissolved in dimethyl sulfoxide (DMSO) 
(LC Laboratories). Drugs were added 1 h prior to irradiation 
and maintained for the duration of the respective experiment.

Cell proliferation and survival assays

Clonogenic cell survival assays and short-term radiosensi-
tization experiments were performed as described [16, 18]. 
Short-term radiosensitization was assessed 5 days post irra-
diation using the CellTiter-Glo (CTG) luminescence assay 
(Promega).
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Immunofluorescence microscopy

Staining and visualization of γ-H2AX foci or trimethyl 
(Lys9)-phospho(ser10)-Histone H3 in vitro and in vivo 
were performed as described [19]. Exponentially growing 
cells were plated into 8-well chamber slides and treated 
with LY2602618 for 1 h prior to irradiation. After 0.5 or 
24 h, cells were fixed for 15 min with 4% paraformalde-
hyde at room temperature. Subsequently, permeabiliza-
tion was achieved using Triton X-100 (Sigma-Aldrich) in 
phosphate-buffered saline. Following blocking with 10% 
serum for 1 h at room temperature, cells were incubated 
for 2 h at 37 °C with anti-γ-H2AX (1:100 dilution, #4411-
PC-100 from Trevigen, Gaithersburg, USA) or anti-trime-
thyl (Lys9)-phospho(ser10)-Histone H3 (EMD Millipore 
08-509), respectively. This was followed by incubation with 
species-specific Alexa-488-conjugated secondary antibody 
(Pierce #31583 or Molecular Probes #A-21441). All slides 
were counterstained with 40,6-diamidino-2-phenylindole 
(DAPI) and visualized by fluorescence microscopy (Olym-
pus BX51). At least 150 nuclei were evaluated for each data 
point.

Gene expression analysis

To assess expression differences in genes of interest between 
breast cancer patients with/without TN status or lung can-
cer patients with/without mutant KRAS, we leveraged the 
Oncomine database [20]. We extracted fold-changes in gene 
expression along with T-statistics. We corrected all p-values 
for multiple hypotheses testing with false-discovery rate 
[21].

Results

Preferential radiosensitization of TNBC cells by Chk1 
inhibition

In a meta-analysis of 15 clinical databases, we observed 
CHEK1 to be upregulated to a higher degree in TNBC than 
its upstream kinases ATR​ and ATM (Fig. 1a), prompting us 
to assess these three kinases as targets for radiosensitiza-
tion of TNBC cells. In a panel of five TNBC and five non-
TNBC cell lines, only pharmacological inhibition of Chk1 

Fig. 1   Preferential radiosensitization of TNBC cells by Chk1 inhibi-
tion. a Meta-analysis across 15 published clinical data bases to illus-
trate expression patterns of triple-negative breast cancer (TNBC) 
and non-TNBC cell lines for a panel of genes associated with Chk1. 
b Comparison of short-term radiosensitization factors (SRF2Gy) for 
selective inhibitors of Chk1 (LY2603618, 100  nM), ATR  (VE-821, 
2.5  µM), and ATM  (KU-55933, 2.5  µM) in TNBC and non-TNBC 
cell lines. Each data point represents averages of at least 3 biological 

repeats and horizontal lines indicate the mean. Statistical compari-
sons were performed with the unpaired t test (two-tailed). c Clono-
genic survival of non-triple-negative (MCF-7, T-47D) and triple-neg-
ative cell lines (MDA-MB-231, MDA-MB-468, BT-549) after single 
dose irradiation with or without LY2603618 (100 nM) treatment ini-
tiated 1  h before irradiation. Statistical comparisons were based on 
3 independent repeat experiments and carried out using the F-test 
(GraphPad Prism 6). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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led to preferential radiosensitization of TNBC cells using 
a validated screening assay (Fig. 1b) (Suppl. Fig. S1A, B) 
[18]. In contrast, ATM and ATR inhibitors caused varying 
degrees of radiosensitization in both subsets of cell lines 
(Fig. 1b). Thus, expression of CHEK1 and its importance 
for radioresistance of TNBC cells is distinct from ATR​ as 
well as ATM. The preferential Chk1-dependent sensitiza-
tion of radioresistant TNBC cell lines was confirmed with 
two additional assays (Fig. 1c, Suppl. Fig. S2A). Compared 
to non-TNBC cells, TNBC cells were also somewhat more 
sensitive to Chk1 inhibitor alone (Suppl. Fig. S2B).

Chk1 suppresses ionizing radiation (IR)‑induced 
DSBs in TNBC cells in vitro and in tumor biopsies

We next examined the effect of Chk1 inhibition on residual 
(at 24 h post IR) as well as induced (at 30 min) DSB using 
the established DSB marker γ-H2AX in irradiated TNBC 
and non-TNBC cell lines. Chk1 inhibition not only increased 
the number of residual DSB in TNBC cells but unexpectedly 

also the number of DSBs induced by IR (Fig. 2a, b). The 
magnitude of effect was very similar for these endpoints, i.e., 
in the order of a ~ 1.5-fold increase of cells with DSBs upon 
Chk1 inhibition. In contrast, there was no effect of Chk1 
inhibition on DSB numbers in non-TNBC cells. Of note, 
because Chk1 inhibitor is only added 1 h prior to IR, there 
was no sufficient time for any Chk1-dependent cell cycle 
disturbances to affect the γ−H2AX readout. To confirm the 
in vitro findings in patient samples, we utilized a previously 
employed ex vivo assay where fresh tumor biopsies from 
breast cancer patients are subjected to IR and drug treat-
ments in the laboratory [17]. Again, we observed that Chk1 
inhibitor treatment increased induced DSB numbers prefer-
entially in TNBC cells (Fig. 3a, b).

Chk1‑dependent radiosensitization correlates 
with mitosis‑like chromatin condensation

The observed suppression of IR-induced DSB by Chk1 
inhibition and the magnitude of effect were reminiscent of 

Fig. 2   Chk1 suppresses the induction of DSB in TNBC cells. 
a Non-TNBC (MCF-7, T-47-D) and TNBC (MDA-MB-231, 
BT-549) cell lines were analyzed 24  h following irradiation with 
6 Gy ± LY2603618 treatment (100 nM) initiated 1 h prior to irradia-
tion. Upper panel, representative images of γ-H2AX immunofluo-
rescence staining (40X). Lower panel, percentage of cells with ≥ 20 

foci/nucleus at 24  h post irradiation. b Analogous comparison of 
γ-H2AX signal 30 min following irradiation with 1 Gy ± LY2603618 
treatment (100  nM) initiated 1  h before irradiation. Bars represent 
mean ± standard error based on three biological repeats. Statistical 
comparison was performed with the t test
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Fig. 3   Chk1 suppresses the induction of DSB in TNBC patient tumor 
biopsies. a Representative images of ex vivo γ−H2AX foci in breast 
cancer patient tumor biopsies. Tumor biopsies were incubated under 
standard cell culture conditions and exposed to LY2603618 (100 nM) 
or mock treatment for 24 h. Specimens were snap frozen 30 min after 

1  Gy irradiation or mock treatment and analyzed by immunofluo-
rescence microscopy and H&E staining. b Percentage of cells with 
LY2603618-induced γ-H2AX foci at 30 min post irradiation in breast 
cancer explants. Bars represent mean ± standard error based on 8–10 
random images and 200–400 nuclei per data point
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a previously observed role of the EGFR in KRAS mutant 
cancer cells [19]. In that study, we uncovered a pathway 
consisting of EGFR, PKCα, and Aurora B kinase, which 
promotes mitosis-like chromatin condensation in interphase 
cells and protects against IR-induced DSB specifically in 
KRAS mutant cancer cells. As a result, KRAS mutant cells 
displayed lower numbers of DSB than KRAS wild-type cells 
following IR treatment [19].

Similarly, TNBC cells clearly exhibited less induced 
DSBs than non-TBNC directly after irradiation which cor-
related with their enhanced radioresistance (Fig. 4a). To 
address the possibility that the suppression of DSB induc-
tion in TNBC cells by Chk1 was dependent on chromatin 
structure, similar to KRAS mutant cancer cells, we first 

confirmed that pharmacological blockade of non-homolo-
gous end-joining (NHEJ), which operates within minutes 
after irradiation, did not influence the effects of Chk1 inhi-
bition (Fig. 4b). HRR was not thought to affect DSBs that 
early after their induction because this repair pathway oper-
ates much slower than NHEJ, and we have not found altered 
HRR in TNBC cell lines (Suppl. Fig S3).

We then assayed for Aurora B-dependent mitosis-like 
chromatin condensation using a highly specific antibody 
against co-localized serine 10 phosphorylation and lysine 9 
trimethylation on histone 3 (H3K9me3/S10p), as described 
previously [16, 19]. Figure 4c, left panel, illustrates the 
distinct granular staining pattern of the binary H3K9me3/
S10p modification that is observable in interphase cells. 

Fig. 4   Chk1-dependent radiosensitization correlates with mitosis-like 
chromatin condensation. a Left, comparison of percentage with ≥ 20 
IR-induced γ-H2AX foci of non-TNBC and TNBC cell lines 30 min 
following irradiation with 1  Gy. Statistical comparison was per-
formed with the t test. b Percentage of TNBC cell lines (BT-549 and 
MDA-MB-231) with ≥ 20 IR-induced γ-H2AX foci ± LY2603618 
and ± DNA-PKcs inhibitor NU7026 (10  µΜ) initiated 1  h prior to 
irradiation. c Left panel, representative immunofluorescence images 
showing co-localized phospho-H3S10 and H3K9me3 marking mito-
sis-like chromatin condensation (MLCC) [19]. Arrows, punctate 

interphase-like staining pattern. Diffuse nuclear staining consistent 
with metaphase. Right panel, percentage of cells with punctuated 
mitosis-like chromatin staining pattern 30  min after Chk1 inhibi-
tor (Chk1i) LY2603618 (100 nM) or mock treatment. Bars represent 
mean ± standard error based on three independent repeats. d Fraction 
of non-TNBC (MCF-7, T-47D) and TNBC (MDA-MB-231, BT-549) 
cells with ≥ 20 IR-induced γ-H2AX foci ± LY2603618 (100 nM), ± 
erlotinib (2  µM), and ± histone-methyltransferase (HMT) inhibitor 
Chaetocin (100 nM). Bars represent mean ± standard error based on 
three independent repeats
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Strikingly, incubation with Chk1 inhibitor for 1 h resulted 
in a reduction of this staining signal in the TNBC cell lines 
but not the non-TNBC cell lines (Fig. 4c, right panel). Fur-
ther, analogously to our findings in KRAS mutant cancer 
cells, EGFR inhibition mirrored, and was epistatic with, the 
increase in DSBs seen with Chk1 inhibition (Fig. 4d). Next, 
we treated cells with a histone methyltransferase inhibitor to 
block H3K9me3 formation and hence abrogate the putative 
target for Chk1. Analogous to Chk1 and EGFR inhibition, 
this treatment increased DSBs, and no additional increase 
was seen in Chk1 inhibitor co-treated cells, suggesting an 
epistatic effect (Fig. 4d).

These data suggested that Chk1 modulates an Aurora B 
kinase-specific chromatin signal outside of mitosis. Indeed, 
Aurora B protein expression was observed in the G1 phase 
of TNBC cells and pharmacological inhibition of Aurora 
B kinase increased DSBs throughout interphase (Suppl. 
Fig. 4A, B). Interestingly, in addition to previously reported 
EGFR and CHEK1, AURBK was also more highly expressed 
in TNBC cells lines compared to receptor-positive cell lines, 

which is consistent with the hypothesized functional interac-
tion of these genes (Fig. S5).

Effects of Chk1 inhibition in KRAS mutant cancer 
cells mirror TNBC findings

To further investigate phenotypical similarities between the 
triple-negative and KRAS mutant states, we assessed the 
effects of Chk1 inhibition in isogenic KRAS mutant and 
wild-type cancer cells. In KRAS mutant cells, there was 
a more pronounced H3K9me3/S10p signal compared to 
wild-type cells, and this was sensitive to Chk1 inhibition 
(Fig. 5a). Conversely, upon Chk1 inhibition, the number of 
IR-induced DSBs was increased in KRAS mutant but not 
wild-type cells (Fig. 5b). As predicted, Chk1 inhibition 
specifically sensitized KRAS mutant cells to IR (Fig. 5c, 
d). Lastly, because the H3K9me3/S10p modification is 
dependent on Aurora B kinase activity [19] and in light of 
our in vitro findings (Fig. 4), we explored the expression of 
CHEK1 and AURBK as well as EGFR in breast and lung 

Fig. 5   Effects of Chk1 inhibition in KRAS mutant cancer cells. a Per-
centage of cells with mitosis-like chromatin condensation (MLCC) 
staining pattern in isogenic NCI-H1703 lung cancer cells with or 
without mutant KRAS expression 30 min after LY2603618 (100 nM) 
or mock treatment. In all panels, bars represent mean with standard 
error based on at least 3 repeats. Statistical comparisons were per-
formed with the t test. b Fraction of NCI-H1703 cells with or with-
out mutant KRAS expression with ≥ 20 IR-induced γ-H2AX foci as a 
function of LY2603618 (100 nM) treatment. c Short-term radiosensi-
tization factors (SRF6Gy) for LY2603618 (100 nM) for isogenic NCI-
H1703 cells grown as 3D sphere to augment the difference between 
wild-type (wt) and mutant (mut) KRAS [16]. d Clonogenic survival 

of isogenic DLD-1 cells harboring a mutant KRAS or the DWT7 
derivative line with mutant KRAS allele deleted after single dose 
irradiation with or without LY2603618 (100 nM) treatment initiated 
1  h before irradiation. Statistical comparison was carried out using 
the F-test. e Expression of selected genes in the hypothesized Chk1 
pathway of chromatin control. Asterisks indicate significance of a t 
test at a level of q < 0.05, where q is the correct p-value based on the 
false-discovery-rate. f Model of Chk1-dependent mitosis-like chro-
matin condensation (MLCC), which represses DSB induction and 
promotes radioresistance of TNBC and KRAS mutant tumor cells. 
Aurora B and EGFR were previously implicated in supporting MLCC 
expression [19]
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cancers (Fig. 5e). Strikingly, overexpression of these genes 
in TNBC and KRAS mutant cancers was clearly correlated. 
Taken together, the data indicate that a Chk1-dependent 
pathway of DSB suppression is associated with radioresist-
ance in both TNBC and KRAS mutant cancer (model in 
Fig. 5f, see “Discussion”).

Discussion

Triple-negative breast cancer comprises a challenging sub-
set of tumors owing to often poor prognosis, resistance to 
standard treatments including radiation, and lack of targeted 
therapies to date. Here, we suggest that Chk1 kinase is a 
potential target for radiosensitization of TNBC cells (Figs. 1, 
2, 3). Mechanistically, Chk1 inhibition increases the number 
of radiation-induced DSBs in a manner that is dependent on 
EGFR signaling and a mitosis-like chromatin signal known 
to be promoted by Aurora B kinase (Fig. 4) [19]. This pheno-
type bears a striking resemblance to a previously described 
radioresistance mechanism in KRAS mutant cancer cells 
(Fig. 5f) [16, 19]. In irradiated KRAS mutant cells, a non-
canonical pathway including EGFR, PKCα, and Aurora B 
suppresses the induction of DSBs and promotes a cancer 
stem cell-like phenotype, thereby leading to radioresistance 
[16, 19]. Our current data suggest that Chk1 plays an addi-
tional role in this pathway in KRAS mutant cells (Fig. 5a–d).

The exact mechanisms by which Chk1 impacts radi-
oresistance of TNBC cells remain to be elucidated. Chk1 
has multiple functions in cell cycle control and HRR [14]. 
Interestingly, Chk1 also regulates the activity of Aurora B 
kinase in mitosis [22]. It is tempting to speculate that the 
chromatin modifying role of Aurora B in interphase cells is 
similarly modified by Chk1 kinase activity but more mecha-
nistic study is needed. The difference between CHEK1 and 
ATR​ (Fig. 1a, b) and the observed co-expression of CHEK1 
and AURBK genes in TNBC as well as KRAS-mutated lung 
cancers is consistent with this notion (Fig. 5e).

Do additional commonalities exist between KRAS-
mutated cancers and TNBC? Mutations in KRAS are very 
rare in breast cancers, including TNBC [23]. However, 
increased KRAS activity has been reported in basal-type 
breast cancers compared to other subtypes, and TNBCs are 
enriched for the functional KRAS variant rs61764370 [24, 
25]. Interestingly, in the context of inter-tumoral heteroge-
neity among KRAS mutant cancers, we recently linked co-
mutations in the TP53 tumor suppressor to the radioresistant 
phenotype [16, 26]. Similarly, TP53 mutations are common 
in TNBC [23]. EGFR is typically overexpressed in TNBC, 
and we have implicated EGFR in the observed radioresist-
ance phenotype in both TNBC and in KRAS-mutated cancer 
cells. We have further identified important roles of not only 
EGFR but also PKCα in a cancer stem cell-like phenotype 

of KRAS-mutated tumors [16, 18]. Consistent with this idea, 
the Weinberg lab reported that PKCα activity associates with 
stem-ness and TNBC [27].

Taken together, our findings reveal an unexpected, com-
mon phenotype of Chk1-mediated cellular radioresistance 
associated with triple-negative receptor status and mutated 
KRAS. Our data not only draw attention to cancer type-
independent mechanisms of radioresistance but also raise 
the important question as to whether targeted treatment 
approaches in KRAS-mutated cancers could be applied 
to TNBC as well. Interestingly, both TNBC and KRAS-
mutated lung cancer with TP53 co-mutations are promising 
targets for immunotherapy [28, 29]. Additional study will 
be needed to establish novel targeted therapy strategies for 
overcoming the treatment resistance and prognosis of these 
challenging tumor types.
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