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Abstract

MK-8776 is a recently described inhibitor that is highly selective for checkpoint kinase 1 (Chk1), which can weaken the DNA repair
capacity in cancer cells to achieve chemo-sensitization. A number of studies show that MK-8776 enhances the cytotoxicity of
hydroxyurea and gemcitabine without increasing normal tissue toxicities. Thus far, there is no evidence that MK-8776 can be used

as a radiotherapy sensitization agent. In this study, we investigated the effects of MK-8776 on the radiosensitivity of 3 human triple-
negative breast cancer (TNBC) cell lines MDA-MB-231, BT-549 and CAL-51. MK-8776 dose-dependently inhibited the proliferation of
MDA-MB-231, BT-549 and CAL-51 cells with ICg, values of 9.4, 17.6 and 2.1 umol/L, respectively. Compared with irradiation-alone
treatment, pretreatment with a low dose of MK-8776 (100-400 nmol/L) significantly increased irradiation-induced yH2A.X foci in the
3 TNBC cell lines, suggesting enhanced DNA damage by MK-8776, inhibited the cell proliferation and increased the radiosensitivity

of the 3 TNBC cell lines. Similar results were obtained in MDA-MB-231 xenograft tumors in nude mice that received MK-8776 (15 or
40 mg/kg, ip) 26 d after irradiation. To explore the mechanisms underlying the radio-sensitization by MK-8776, we used TEM and
found that irradiation significantly increased the numbers of autophagosomes in the 3 TNBC cell lines. Moreover, irradiation markedly
elevated the levels of Atg5, and promoted the transformation of LC3-I to LC3-Il in the cells. Pretreatment with the low dose of MK-8776

suppressed these effects. The above results suggest that MK-8776 increases human TNBC radiosensitivity by inhibiting irradiation-
induced autophagy and that MK-8776 may be a potential agent in the radiosensitization of human TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is known to be highly
invasivell. However, the relationship between radiotherapy
effectiveness and radiosensitivity remains controversial with
respect to TNBCP. Kyndi et al suggested that TNBC is rela-
tively radioresistant®], but Alkdulbrim et al provided evidence
that TNBC is radiosensitive!"l. We previously conducted a ret-
rospective analysis of TNBC patients treated at the Fudan Uni-
versity Shanghai Cancer Center and found that radiotherapy

was effective for TNBC, but this effectiveness was limited® °!.
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Our study confirmed that the radiosensitivity of oestrogen
receptor (ER)-negative breast cancer was significantly lower
than that of ER-positive breast cancer. Thus, current radio-
therapy modalities have a limited effect on TNBC, and more
studies are needed to identify new methods that improve
the radiosensitivity of TNBC to improve local control rates.
In addition, because of the lack of targeted drugs for TNBC,
improving the local control rate of TNBC is especially impor-
tant for improving the prognoses of TNBC patients!”.

The ability of cancer cells to repair radiation-induced DNA
damage is the most important factor that determines their
radiosensitivity”. Radiation damages DNA via the direct ion-
ization, excitation or generation of free radicals. DNA dam-
age blocks cell cycle progression while initiating DNA repair
mechanisms, which provides the cell with sufficient time to
repair the damage. Radiation kills tumour cells mainly by
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generating unrepaired DNA double-strand breaks (DSBs)'*.
Thus, targeting DNA damage repair is an effective means of
radiosensitization. DNA damage activates cell cycle check-
points that arrest cell cycle progression and therefore provide
time for repair and recovery™. This knowledge has led to the
development of checkpoint inhibitors as adjuvants to DNA
damaging agents, based on the assumption that they will
enhance therapeutic activity. Checkpoint kinase 1 (Chk1) is
the primary checkpoint protein against which many small
molecule inhibitors have been developed ™. Chkl is acti-
vated when the kinases ATM and/or ATR detect double-
strand breaks and/or large single-strand regions of DNA,
respectively. Once activated, Chkl phosphorylates and inac-
tivates CDC25 phosphatases that are required for CDK activa-
tion and cell cycle progression. Inhibition of Chkl results in
premature activation of CDC25 phosphatases and CDK1/2
and progression through the cell cycle before adequate repair
has occurred. Increased DNA damage occurs as affected
cells progress through S phase with a damaged template, fol-
lowed by a lethal mitotic division once they have reached the
G, phase”. MK-8776 is a recently described inhibitor that
is highly selective for Chkl compared to Chk2 and cyclin-
dependent kinases!"”. Additional studies have shown that
MK-8776 enhances the cytotoxicity of hydroxyurea and gem-
citabine in vitro and in vivo without increasing normal tissue
toxicities"” . However, whether combining MK-8776 with
ionizing radiation to treat TNBC is rational remains to be seen.
The present study examined the effects of combining MK-8776
with ionizing radiation in human TNBC cell lines and xeno-
grafted tumors in vivo.

The majority of previous studies have focused on the regu-

lation of autophagy in a variety of models!">".

Our previous
data illustrate the importance of IR-induced autophagy and
validate autophagic inhibition as a new method of promoting

radiosensitivity™!l.

DNA damage repair-related molecules,
such as PARP-1, mediate the cytoprotective effects of autoph-
agy in IR-induced tumour cell death, and suppression of
autophagy results in IR-induced cell death™. Liu et al showed
that loss of autophagy leads to decreased levels of Chk1l and a
greatly diminished ability to repair DNA double-strand breaks

via homologous recombination'®.

As a result, autophagy-
deficient cells are more reliant on nonhomologous end joining
(NHE]) for DNA repair, which enables the use of a unique
synthetic strategy of killing cells that may be applicable to the
treatment of various forms of human disease.

Based on previous research, enhanced DNA damage repair
capacity may be an important mechanism underlying the rela-
tive radiation resistance of TNBC cells. Ionizing radiation-
induced DNA damage activates Chkl, arresting cell cycle pro-
gression and providing time for repair and recovery. However,
DNA damage repair-related molecule-mediated autophagy
plays a cytoprotective role in IR-induced cancer cell death™ '],
Therefore, we hypothesize that the Chk1 inhibitor MK-8776
increases the radiosensitivity of triple-negative breast cancer

by inhibiting autophagy.
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Materials and methods

Cell lines and cell culture

The human triple-negative breast cancer cell lines MDA-
MB-231 (ATCC® HTB-26™) and BT-549 (ATCC® HTB-122T™)
were purchased from American Type Culture Collection
(Manassas, VA, USA), and the CAL-51 breast cancer cell line
was purchased from CoBioer Corporation (Nanjing, China).
All cell lines were maintained in DMEM supplemented with
10% fetal bovine serum, penicillin (100 units/mL), and strep-
tomycin (100 pg/mL). All cells were incubated at 37°C in a
humidified atmosphere with 5.0% CO,.

Drugs and chemicals

MK-8776, a Chk1 inhibitor, was purchased from Selleck
Chemicals (Houston, TX, USA) and dissolved in DMSO. The
final DMSO concentration of the solution used throughout
the study did not exceed 0.1%. Cells were grown to 70%-80%
confluence on plates and treated with different concentration
of MK-8776. Before irradiation, the cells were incubated with
a low dose of MK-8776 for 1 h to 1.5 h.

Cell cycle detection

Cells were digested at pre-defined time points, and 5.0x10° to
1.0x10° cells were centrifuged at 1500 rounds per minute for 5
min. Then, the cells were washed twice with pre-cooled PBS.
The pellet was triturated and mixed well with 100 pL of bind-
ing buffer. During vortex, 1 mL of pre-cooled (-20°C) 70%
ethanol was added to the mixture, and the cells were fixed
in a -20°C freezer for at least two hours. Before staining, the
cells were centrifuged at 1500 rounds per minute for 5 min at
room temperature. Next, the ethanol was removed, and the
cells were washed twice with cold PBS. The supernatant was
discarded, and the cells were mixed and resuspended in the
residual liquid. Then, 1 mL of propidium iodide (PI) staining
solution (50 pg/mL) was added, and kept in the dark at room
temperature for 30 min®.

Western blotting

Western blotting analysis was performed to determine the
expression levels of different proteins in TNBC cells. Cells
were harvested, washed with cold 1x PBS, lysed with RIPA
lysis buffer (Beyotime, Haimen, China) for 30 min on ice, and
then centrifuged at 15000%g for 10 min at 4°C. The total pro-
tein concentration was determined using a Bio-Rad protein
Assay Kit (Hercules, CA, USA). Equal amounts (20 pg per
load) of protein samples were subjected to SDS-PAGE electro-
phoresis and transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Darmstadt, Germany). The blots were
blocked in 10% non-fat milk and incubated with primary
antibodies, followed by incubation with secondary antibodies
conjugated with horseradish peroxidase (HRP). Antibodies to
-Actin and LC3-B were obtained from Sigma-Aldrich (Shang-
hai, China). Antibodies to Atg5, Chkl, pChkl (ser345) and
pChkl (ser296) were purchased from Cell Signalling Technol-
ogy (Danvers, MA, USA). The antibody to yH2A.X was pur-



chased from Abcam (Cambridge, MA, USA). The secondary
antibodies were the F(ab)2 fragment of donkey anti-mouse
immunoglobulin (product NA931) or the donkey anti-rabbit
immunoglobulin (product NA9340) linked to horseradish per-
oxidase and were obtained from Amersham Biosciences (Little
Chalfont, Buckinghamshire, UK). The immunoblotting rea-
gents were from an electrochemiluminescence kit (Amersham
Biosciences).

Immunofluorescence

MK-8776 at concentrations of 100, 200, and 400 nmol/L was
incubated with MDA-MB-231, BT-549, or CAL-51 cells for 1 h,
and then 8 Gy X-rays were used to irradiate these cells. Two
hours later, the cells were fixed with 4% paraformaldehyde. A
laser scanning confocal microscope was used to analyse each
sample via the same parameters. The numbers of yH2A.X
foci in the nuclei of at least 50 cells were counted in a dou-
ble-blinded manner to calculate the average number of foci
per nucleus.

Cell proliferation

Cells were detached using trypsinization and washed twice
with PBS, and 1.0 to 2.0x10° cells per well were seeded in
96-well culture plates (Corning Inc, Corning, NY, USA) in 100
pL medium. The cells were incubated for 12 h to allow attach-
ment, after which a 0-time point measurement was performed.
After culturing for 1, 2, 3, 4, and 5 d, the supernatant was
removed, and cell growth was assessed using a Cell Counting
Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan),
according to the manufacturer’s instructions. Absorbance at
450 nm was measured using a microplate reader. The absorb-
ance value is an indicator of cell proliferation and survival: the
greater the absorbance value, the greater the survival of the
cells. All proliferation assays were performed independently
at least 3 times”.

Irradiation and colony formation assay

Exponential growth phase cells were irradiated with X-rays (0,
2,4, 6, and 8 Gy) at 3 Gy/min using a linear accelerator (Var-
ian Medical Systems, Palo Alto, CA, USA) and then digested
for counting. The cells were seeded into 60 mm plastic petri
dishes, and then the dishes were incubated for 10 to 14 d to
allow colonies to develop. The colonies were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet (100%
methanol solution) before being counted. The number of
clones containing 250 cells was counted under a stereomi-
croscope. Plating efficiency (PE) was calculated as follows:
PE=number of colonies formed without irradiation/number
of cells inoculatedx100%. The cell survival fraction (SF) was
calculated at each irradiation dose as follows: SF=(number of
colonies formed at a certain irradiation dose)/ (number of cells
inoculatedxPE)®,

In vivo research
A total of 5.0x10° to 1.0x10” MDA-MB-231 cells suspended
in 100 pL of sterile phosphate-buffered saline (PBS) were
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injected subcutaneously into the upper of right hind legs of
48 female BALB/c athymic mice (SLAC Laboratory Animal,
Shanghai, China). Tumors were measured every other day;
volumes were calculated using the following formula: tumour
volume (mm?®)=axb’x0.5 (a represents the longest diameter of
the tumour, b represents the shortest diameter of the tumour,
and 0.5 is an empirical constant). When the tumors reached
about 0.5 cm in diameter (approximately 10 d), a total of 48
mice were divided into 6 groups (Vehicle, MK8776 15 mg/kg,
MK8776 40 mg/kg, 15 Gy alone, 15 Gy+MK8776 15 mg/kg,
15 Gy+MK8776 40 mg/kg), 8 mice for each group. MK-8776
was administered at a dose of 15 mg/kg ip or 40 mg/kg ip
in 2-hydroxypropyl-B-cyclodextrin (45% w/v solution in
water) (Sigma-Aldrich, Shanghai, China) at one hour before
irradiation. The tumour areas were irradiated with 6 MV
X-rays (15 Gy in one fraction) in 3 groups (15 Gy alone, 15
Gy+MK8776 15 mg/kg, 15 Gy+MK8776 40 mg/kg). At 24 h
after irradiation, xenograft tumors were harvested from 3 mice
in each group and then fixed in formalin to measure yH2A.X
expression (total 18 mice). The rest of mice were followed for
approximately 4 weeks and record the size of the xenograft
tumors and body weight of mice (total 30 mice). Finally, xeno-
graft tumors were harvested and fixed in formalin. All animal
experiments were approved by the Experimental Animal Eth-
ics Committee of Fudan University Shanghai Medical College.

Immunohistochemical staining

Samples from xenograft tumors were fixed using formalin
and then used for immunohistochemical staining to measure
YH2A X expression. Tissues were dehydrated in graded eth-
anol solutions, cleared in 3 changes of xylene, and penetrated
in heated paraffin (56-58 °C). The tissues were embedded in
paraffin, cut into 4 to 6 mm sections, and placed onto slides.
Before staining, deparaffinization and rehydration were per-
formed. Antigen retrieval was performed using a pressure
cooker. The slides were incubated in 1x target retrieval solu-
tion (Beyotime, Haimen, China) at 120°C for 4 min at 18 to 20
psi. Endogenous hydrogen peroxidase activity was blocked
with hydrogen peroxide for 10 min, followed by rinsing with
wash buffer (Beyotime, Haimen, China). The slides were
incubated with the appropriate antibodies. The antibodies
to YH2A X were purchased from Cell Signaling Technology,
Inc (Danvers, MA, USA). The secondary antibodies against
mouse or rabbit IgG were supplied in an IHC kit from Abcam
(Cambridge, MA, USA).

Autophagosome and autophagy detection

Transmission electron microscopy (TEM) performed with an
H-600IV microscope (Hitachi, Tokyo, Japan) was utilized to
analyse ultra-structural images of autophagic vacuoles, auto-
phagosomes and autolysosmes. The three TNBC cell lines
were harvested via trypsinization, washed twice with PBS, and
fixed with ice-cold glutaraldehyde (3% in 0.1 mol/L cacodylate
buffer, pH=7.4) for 24 h. The cells were post fixed in OsO4,
dehydrated in a graded series of 70% to 100% acetone, and
then embedded in Epon 812. One micrometre sections were
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cut, double stained with uranium tetraacetate and lead citrate
trihydrate, and viewed using transmission electron micros-
copy with scanning attachments. A StubRFP-SensGFP-LC3
lentivirus (Genechem, Shanghai, China) was used to infect
MDA-MB-231 cells and to facilitate the detection of auto-
phagy. The red fluorescent protein Stub-RFP, the green
fluorescent protein Sens-GFP and the autophagy marker
protein LC3 were assembled into protein complexes. At the
beginning of autophagy, these Stub-RFP-Sens-GFP complexes
surrounded autophagosomes, and red/green fluorescent dots
were observed via microscopy. Late in autophagy, lysosomes
and autophagosomes fused into autolysosomes when pH<5,
and the absence of Sens-GFP fluorescence indicated that only
red fluorescent dots were present. This procedure was per-
formed in accordance with the manufacturer’s instructions
(Genechem, Shanghai, China).

Statistical analysis

Results were expressed as the mean#standard deviation (SD)
or the meantstandard error (SEM). Comparisons between
multiple groups were conducted using one-way ANOVA or
two-way ANOVA for quantitative data. Post hoc analyses
were performed using the LSD f-test. Statistical analysis was
performed using SPSS Statistics 22.0 (IBM SPSS, NY, USA) and
GraphPad Prism 6.0 (GraphPad Software Inc, San Diego, CA,
USA). P values less than 0.05 were considered statistically
significant. Survival fraction curve fitting was conducted with
the linear-quadratic model™ via the equation y=exp[-(axx+
bxx?)].

Results

The Chk1 inhibitor MK-8776 abrogates ionizing radiation-induced
cell cycle arrest

We determined the IC5, of MK-8776 in the above mentioned
three TNBC cell lines. In MDA-MB-231, BT-549 and CAL-51
cells, the ICss of MK8776 were 9.403, 17.60, and 2.102 pmol/L,
respectively (Figure 1A-1C). Based on the results of our
preliminary experiment and the above ICs, values, we chose
MK-8776 at concentrations of 100, 200, and 400 nmol/L to treat
the MDA-MB-231, BT-549, or CAL-51 cell lines. Then, we per-
formed cell cycle detection at 4, 8, 24, and 36 h after irradiation
at a dose of 6 Gy. The results showed that MK-8776 abrogates
ionizing radiation-induced cell cycle arrest at 24 h after irra-
diation in the three TNBC cell lines. Compared with ionizing
radiation (IR) alone, the combination of IR+MK-8776 signifi-
cantly decreased the proportions of MDA-MB-231 (0.22+0.011
vs 0.31840.034, P=0.011), BT-549 (0.363+0.011 vs 0.304+0.028,
P=0.027) and CAL-51 (0.336+0.022 vs 0.251+0.021, P=0.009)
cells in G,/M phase at 24 h after irradiation, as shown in Fig-
ure 1D-1F. CALD51 cell line showed a decreased G,/M to 36 h
in the IR+MK-8776 group (Figure 1F).

MK-8776 enhances ionizing radiation-induced DNA damage

We performed immunofluorescence assays and counted the
numbers of YH2A.X foci in the nuclei of at least 50 cells to
calculate the average numbers of foci per nucleus and the
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percentages of nuclei with more than 10 foci among the three
types of TNBC cells. Compared with the untreated group,
the groups that received ionizing radiation or IR+MK-8776
exhibited significantly increased percentages of nuclei with
more than 10 foci in the three TNBC cell lines (Figure 2A-2D).
In addition, compared with IR alone, IR+MK-8776 also sig-
nificantly increased the percentages of nuclei with more than
10 foci in the MDA-MB-231 (39.67%+3.51% vs 33.0%+2%,
P=0.046), BT-549 (51.67%=3.06% vs 35.33%+1.33%, P=0.001)
and CAL-51 (39.33%+2.52% vs 32%+3.61%, P=0.045) cell lines,
as shown in Figure 2A-2D. Furthermore, we used Western
blotting to measure the levels of Chkl phosphorylation at
ser345 and ser296, of total Chkl and of yH2A.X at 2 h after
irradiation. We noted markedly increased phosphorylation
of Chkl at ser296 after irradiation, which was inhibited by
MK-8776, as shown in Figure 2E. In contrast, we detected no
Chk1 phosphorylation at ser345 after irradiation, as shown in
Figure 2E. We noted a dramatic increase in yH2A.X after irra-
diation with or without MK-8776. Compared with ionizing
radiation alone, IR+MK-8776 significantly increased the phos-
phorylation of H2A.X, which suggests that MK-8776 enhances
ionizing radiation-induced DNA damage, as shown in Figure
2E.

MK-8775 inhibits TNBC cell proliferation and increases the
radiosensitivity of breast cancer in vitro

We performed cell proliferation analysis and cell colony for-
mation assay to determine whether MK-8776 increases the
radiosensitivity of TNBC. The results of the cell proliferation
assay showed that the cell viability rate of TNBC cells treated
with the combination of MK-8776 and 6 Gy X-rays was signifi-
cantly lower than that of TNBC cells treated with 6 Gy alone in
all three TNBC cell lines, suggesting that MK-8776 can inhibit
TNBC cell proliferation and increase TNBC radiosensitivity,
as shown in Figure 3A-3C. Similar results were obtained via
the cell colony formation assay, indicating that MK-8776 con-
tributes to the radiation sensitization of three types of TNBC
cell lines in vitro. GraphPad Prism 6.0 software was used to
calculate radiobiology parameters and survival fraction curves
via the linear-quadratic model; the results are shown in Figure
3D-3F. Furthermore, Figure 3G shows a comparison of the
numbers of clones at 14 d after irradiation in MDA-MB-231
cells treated with and without MK-8776. All these results
showed that compared with irradiation alone, the combination
of MK-8776 and irradiation significantly increased the radio-
sensitivity of the three TNBC cell lines in vitro.

MK-8775 increases the radiosensitivity of breast cancer in vivo

To determine the synergistic sensitization effects of MK-8776
in vivo, we inoculated MDA-MB-231 cells into the upper right
hind legs of nude mice with or without MK-8776 treatment at
concentrations of 15 or 40 mg/kg (n=8 mice for each group,
total 48 mice). As shown in Figure 4A-4D, at 26 d after irra-
diation, compared with the groups treated with irradiation
alone or MK-8776 alone, the volumes (mm?®) of the xenograft
tumors were significantly decreased in the groups treated
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Figure 1. MK-8776 abrogates irradiation-induced cell cycle arrest. (A) ICs, of MK-8776 in MDA-MB-231 cells; (B) IC5, of MK-8776 in BT-549 cells; (C)
ICso of MK8776 in CAL-51 cells. (D-F) Cell cycle detection at 4, 8, 24, and 36 h after the combination of irradiation at a dose of 6 Gy and MK-8776 at
concentrations of 100 nmol/L, 200 nmol/L and 400 nmol/L was used to treat the three TNBC cell lines, respectively. Compared with ionizing radia-
tion (IR) alone, 24 h after irradiation, IR+MK-8776 significantly decreased the proportions of cells in G,/M phase in the MDA-MB-231 (0.22+0.011 vs
0.318+0.034, P=0.011) (D), BT-549 (0.363+0.011 vs 0.304+0.028, P=0.027) (E) and CAL-51 cell lines (0.336+0.022 vs 0.251+0.021, P=0.009) (F).

Error bars represent SDs. “"P<0.05.

with MK-8776 combined with irradiation at either 15 mg/kg
MK-8776+15 Gy group or 40 mg/kg MK-8776+15 Gy group
(Vehicle vs 15 Gy+MK8776 15 mg/kg vs MK8776 15 mg/kg
vs MK8776 40 mg/kg vs 15 Gy alone vs 15 Gy+MK®8776
40 mg/kg: 2317.87+62.08 mm”® vs 431.94+120.18 mm® vs
1263.57+309.82 mm’ vs 1102.34+144.30 mm’ vs 887.10+164.53
mm® vs 407.82+75.54 mm®, respectively, P<0.0001). How-
ever, there were no differences in volume between the 15
mg/kg MK-8776+IR group and 40 mg/kg MK-8776+IR group
(431.94£120.18 mm® vs 407.82+75.54 mm®, P=0.87), as shown in
Figure 4A. To determine whether MK-8776 affects the expres-
sion of YH2A X in vivo, we performed IHC analysis on tumour
sections from all the experimental groups. Xenograft tumors
were randomly harvested from 3 nude mice in each group at
24 h after irradiation and then fixed in formalin to measure
YH2A.X expression. As shown in Figure 4E, the MK-8776+IR
group exhibited significantly increased yH2A.X expression
compared with the untreated, MK-8776-alone and IR-alone
groups, suggesting that MK-8776 enhances ionizing radia-
tion-induced DNA damage in vivo and consequently increases

the radiosensitivity of breast cancer in vivo.

MK-8776 increases the radiosensitivity of TNBC by inhibiting
autophagy

We studied the mechanisms underlying the synergistic sensi-
tization effects of MK-8776 in the treatment of TNBC. Based
on the results of a previous study, we assumed that MK-8776
inhibits cell autophagy induced by radiation and that auto-
phagy itself protects tumour cells against irradiation. When
this protective mechanism is inhibited, tumour cell sensitivity
to irradiation increases. We used a StubRFP-SensGFP-LC3
lentivirus to infect the three TNBC cell lines and to detect
autophagy flow. Before irradiation, all TNBC cells were
treated with MK-8776 for 1 h, and the cells were then irradi-
ated at a dose of 8 Gy. Twenty-four hours later, the cells were
observed via confocal fluorescence microscopy. As shown
in Figure 5A, 5B, MK-8776 inhibited irradiation-induced cell
autophagy. Among the three TNBC cell lines, the numbers
of autophagy-related fluorescent spots were significantly
increased in the IR-alone group, and these effects were signif-
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Figure 2. MK-8776 enhances irradiation-induced DNA damage. (A-C) Immunofluorescence assay results and the numbers of yH2A.X foci in the three
TNBC cell types; (D) Compared with the IR-alone group, the IR+MK-8776 group also exhibited significantly increased percentages of more than 10 foci
in the MDA-MB-231 (39.67%+3.51% vs 33.0%+2%, P=0.046), BT-549 (51.67%+3.06% vs 35.33%+1.33%, P=0.001) and CAL-51 (39.33%+2.52% vs
32%+%3.61, P=0.045) cell lines. (E) Markedly increased phosphorylation of Chk1l at ser296 was observed after irradiation, which was inhibited by MK-
8776. No detectable phosphorylation of Chk1 at ser345 was observed after irradiation. A dramatic increase in yH2A.X was observed after irradiation
with or without MK-8776. Error bars represent SDs. ““P<0.05.

icantly suppressed by MK-8776 (IR vs MK-8776+IR: 65+23 vs
1348, P<0.0001 in MDA-MB-231; 57+32 vs 18+7, P=0.0014 in
BT-549; 43+35 vs 14+10, P=0.021 in CAL-51), as shown in Fig-
ure 5A, 5B. We used TEM to detect autophagy and counted
the numbers of autophagosomes or autophagic vacuoles.
Before irradiation, the cells were treated with MK-8776 for
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1.5 h and then irradiated at dose of 8 Gy. Forty-eight hours
later, the cells were harvested and fixed with glutaraldehyde.
Similar results were observed in the three TNBC cell lines, as
shown in Figure 5C-5D. MK-8776 significantly decreased the
levels of irradiation-induced autophagy (IR vs MK-8776+IR:
35412 vs 1345, P<0.0001 in MDA-MB-231; 40+15 vs 164,
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Figure 3. MK-8775 inhibits cell proliferation and increases the radiosensitivity of breast cancer in vitro. (A-C) Cell proliferation assay showed that the
cell viability rates of cells treated with MK-8776 combined with 6 Gy X-rays were significantly lower than those of cells treated with irradiation alone in
the three types of TNBC cells; (D-F) Survival fraction curves showed that MK-8776 combined with irradiation significantly increased the radiosensitivity
of the three TNBC cell lines. (G) Numbers of clones at 14 d after irradiation in MDA-MB-231 cells treated with and without MK-8776.
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(A, C, D) At 26 d after irradiation, compared with the irradiation-alone
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Figure 5. MK-8776 increases the radiosensitivity of TNBC by inhibiting autophagy. (A, B) In the three TNBC cell lines, the numbers of autophagy-related
spots were significantly increased in IR-alone group, and this effect was significantly suppressed by MK-8776 (IR vs MK-8776+IR: 65+23 vs 1348,

P<0.0001 in MDA-MB-231; 57+32 vs 18+7, P=0.0014 in BT-549; 43+35 vs 14+10, P=0.021 in CAL-51).

(C, D) MK-8776 significantly decreased the

numbers of irradiation-induced autophagosomes (IR vs MK-8776+IR: 35+12 vs 13+5, P<0.0001 in MDA-MB-231; 40+15 vs 1644, P=0.0001 in BT-
549; 29+14 vs 18+7, P=0.039 in CAL-51). (E) Irradiation increased the levels of Atgb and promoted the transformation of LC3-I to LC3-II; these effects

were inhibited by MK-8776. Contrasting results were observed regarding p62 expression. Error bars represent SDs.

P=0.0001 in BT-549; 29+14 vs 18+7, P=0.039 in CAL-51). We
used Western blotting to determine the expression levels of
autophagy-related proteins. Irradiation increased the level
of Atgh and promoted the transformation of LC3-I to LC3-II.
These effects were inhibited by MK-8776. Contrasting results
were observed regarding p62 expression, as shown in Figure
5E. All these results suggest that MK-8776 inhibits radia-
tion-induced autophagy and increases the radiosensitivity of
TNBC.

Discussion

Thus far, several specific Chk1 inhibitors have been developed
to treat different cancers. Two of them, MK-8776 and Prexas-
ertib, have reached phase I/1I clinical trials and shown accept-
able safety and pharmacokinetic profiles!'""***\. However,
Chk1 inhibitors are being developed only as chemotherapy

"P<0.05.

potentiators or single-agent therapies'™, Montano et al found
that MK-8776 markedly sensitizes multiple cell lines to gem-
citabine"l. Wang et al found that the anticancer properties
of LY2603618 may be enhanced by an autophagy inhibitor™.
Schenk et al concluded that a selective Chk1 inhibitor can
overcome the S phase checkpoint and enhance the cytotoxic-
ity of cytarabine.
investigating MK-8776 as a radiotherapy sensitizer. Thus, we

To our knowledge, there are no studies

performed this study to evaluate its radiotherapy sensitiza-
tion effects in TNBC and to investigate the underlying cellular
mechanisms of these effects in vitro and in vivo. The results of
our research indicated that MK-8776 sensitized three TNBC
cell types (MDA-MB-231, BT-549, and CAL-51) to ionizing
radiation, possibly by abrogating G,/M arrest, enhancing
the inhibition of post-irradiation cell proliferation, increasing
double-strand breaks (DSBs) damage and inhibiting irradia-
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tion-induced autophagy. MK-8776 may exert its effects via
autophagy inhibition.

Cell cycle arrest induced by DNA damage occurs via the
cascade reaction of ATM/ATR-Chk1/Chk2-Cdc25A/Cdc25C,
which eventually results in the inhibitory phosphorylation of
Cdc2 and activation of the cyclinB1/Cdc2 complex™” *!. Chk1l
is phosphorylated mainly at Ser345 and Ser296 in response
to DNA damage®™ *!. Ser345 phosphorylation is predom-
inantly catalysed by ATR, while Ser296 phosphorylation
occurs via autophosphorylation®!. The results of our study
showed that MK-8776 inhibited irradiation-induced Ser296
Chk1 phosphorylation in TNBC cells. However, the levels of
irradiation-induced Ser-345 Chk1 (pSer345 Chk1) phospho-
rylation increased significantly in response to low doses of
MK-8776 (100 nmol/L, 200 nmol/L and 400 nmol/L) (Figure
2E), indicating that MK-8776 induces DNA damage responses
and further amplifies ATR/ ATM-mediated Chk1 phosphoryl-
ation (Ser296) in TNBC cells. These results are consistent with
those of a study by Montano et al, in which the Chk1 inhibitor
MK-8776 also inhibited DNA damaging agent and antimetab-
olite-induced Chk1 (Ser296) phosphorylation™ *!. Guzi and
Schenket’s studies reported similar results, as both found that
MK-8776 decreased cytarabine- and hydroxyurea-induced
Chk1 (Ser296) phosphorylation but not Chk1 (Ser345) phos-
phorylation™ ",

When cancer cells are exposed to DNA damage-inducing
chemotherapeutic agents or ionizing irradiation, double-strand
breaks (DSBs) are subsequently generated”™, rapidly resulting
in H2A.X phosphorylation at Ser139 (yH2A.X) by ATM, ATR
or the DNA-PK pathway® . Because this process is very
robust and fast and is strongly associated with DSBs, H2A.X
phosphorylation is considered a sensitive marker of DNA
damage® *!
nofluorescence detection method, our results showed that

. In this study, irrespective of the cellular immu-

MK-8776 significantly increased the expression of phosphoryl-
ated yH2A.X, suggesting that MK-8776 significantly increases
irradiation-induced DNA damage responses in TNBC cells
and that these results were very robust (Figure 2A-2E and
Figure 4D). In previous studies, similar results were reported
regarding multiple chemotherapeutic agents and irradiation,
which impacted DNA replication and elicited the accumula-
tion of YH2A.X when combined with MK-87761% 11,1326, 31,32
suggesting that MK-8776 is a DNA damage enhancer.

We hypothesized that the Chk1 inhibitor MK-8776 increases
the radiosensitivity of TNBC by inhibiting autophagy. Thus,
we detected autophagy in TNBC cells using TEM, a StubRFP-
SensGFP-LC3 lentivirus and Western blotting. Our results
showed that irradiation can cause significant autophagic
changes and increase LC3-II protein levels in TNBC cells.
LC3-II is currently the only known protein located on autopha-
gosomes and autophagosome-lysosome membranes™ %!,
When TNBC cells were pretreated with MK-87776 in vitro,
the results showed that autophagy was markedly decreased
(Figure 5). We also measured the levels of other autophagy-
related proteins, such as Atg5, and observed similar findings.
MK-8776 inhibited irradiation-induced increases in Atgb
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expression. Contrasting results were observed regarding p62
expression. Therefore, all these results supported our hypoth-
esis. To our knowledge, there are few studies regarding the
relationship among MK-8776, radiosensitivity and autophagy,
although several studies have investigated the relationship
between Chkl inhibitors and autophagy. Park and his col-
leagues found that nuclear accumulation of Chk1 in chaper-
one-mediated autophagy-deficient cells compromises the cell
cycle and prolongs DNA damage in affected cells®. Liu et al
reported that autophagy inhibition caused elevated protea-
some activity, leading to enhanced degradation of Chk1™,
Wang et al found that inhibiting autophagy may enhance the
anticancer properties of LY2603618 (another Chk1 inhibitor)®.
Because the main purpose of this study was to explore the
radiotherapy sensitization effects of MK-8776, we did not
sufficiently explore the relationship between MK-8776 and
autophagy. In the future, we will reversibly inhibit autophagy
or use autophagy-deficient cells to investigate the relationship
between autophagy and the radiotherapy sensitization effects
of MK-8776.

In conclusion, our results show that the Chk1 inhibitor
MK-8776 increases the radiosensitivity of three triple-negative
breast cancer cell lines by inhibiting autophagy in vitro.
MK-8776 may have potential as a radiotherapy sensitization
agent. More involved and comprehensive studies may be
needed to determine the correlation between MK-8776 and cell
autophagy.
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