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ABSTRACT

Antitumor effect of a WEE1 inhibitor and
potentiation of PARP inhibitor sensitivity by
modulation of DNA damage response.

Dong Hyeon Ha
Major in Cancer Biology
Interdisciplinary Graduate Program
The Graduate School
Seoul National University
WEE1 plays an essential role in regulating the G2 / M checkpoint of the cell cycle

by regulating CDK1 phosphorylation and is involved in stabilization and initiation of

i

a replication fork. WEE1 is also known that regulating the activity of target CDK1 is

involved in DNA repair by regulating BRCA1 phosphorylation.

WEE1 inhibitor has been reported to increase the genomic instability by inducing

DNA replication stress and the G2 / M checkpoint induced by DNA damage does not

function, resulting in increased the cytotoxic effect of the DNA damage agents in

various carcinomas.

This study aims to investigate the anti-tumor effect of WEE1 inhibitor, AZD1775

and the mechanism of increasing the sensitivity of PARP inhibitor by modulating

homologous recombination repair in triple negative breast cancer cells.

AZD1775 induced caspase-3 dependent cell death in a sensitive MDA-MB-231 cell

line and induced dysregulated cell cycle activation, such as accelerating S phase

initiation and early mitotic entry. In addition, AZD1775 suppressed the expression
ii

levels of proteins involved in the DNA damage repair response and inhibited the foci

formation of RAD51. Thus AZD1775 led to the inhibition of homologous

recombination repair, consequently prevented repair of damaged DNA. Thus,

AZD1775 enhanced the cell sensitivity of the PARP inhibitor, olaparib, and this

combination treatment improved the anti-tumor effect of AZD1775 and olaparib alone

in the in vivo xenograft model of MDA-MB-231 cell line by compromising

homologous recombination repair.

The results of this study suggest that combination therapy of AZD1775 alone or

olaparib in triple negative breast cancer suggests the possibility of the anticancer effect

and supports the rationale for clinical trial of combination therapy of olaparib and

AZD1775.

Abberviation : HR, Homologous recombination repair; HRD, homologous
iii

recombination repair deficiency; PARP, poly (ADP-ribose)polymerase,

Keywords: WEE1 inhibitor, PARP inhibitor, homologous recombination repair,

combination therapy, triple negative breast cancer

Student Number: 2016-23104
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Introduction

Triple negative breast cancer (TNBC) is a breast cancer subtype that lacks estrogen

receptor (ER) and progesterone receptor (PR) expression and does not show

amplification of human epidermal growth factor receptor 2 (HER2). Triple negative

breast cancer, which accounts for 15–20% of all breast cancer cases, and has a highly

aggressive characteristic with higher rates of distant recurrence and shorter overall

survival compared to other subtypes of breast cancer [1]. Triple negative breast cancer

is a heterogeneous breast cancer with various subtypes, and target treatment

researches are actively pursued according to each subtype [2]. However, additional

research is needed until the treatments developed in such studies are applied to

patients. Therefore, therapy to treat TNBCs is largely dependent on chemotherapy

using taxane, platinum agents, and anthracycline. However, these treatments have a

limited duration response due to the high incidence of resistance and recurrence, as
1

well as adverse toxic effects. Therefore, many studies are being conducted to identify

new target therapies that can be effectively applied in TNBC. As reported in the

TCGA database, alteration of RB and CCND1 occurs in 22% of TNBC cases, and

mutation of TP53 accounts for more than 80% of these cases [3]. Thus, dysregulation

of the G1 cell cycle checkpoint frequently occurs in TNBC. This aberrant cell cycle

regulation results in increased mutation burden because of the high proliferation rate

and replication stress accumulation observed at higher Ki-67 levels in TNBCs,

resulting in genomic instability [4]. In other words, cell cycle checkpoint defects

promote DNA replication and cell division and induce accumulation of damaged

DNA, resulting in increased genetic instability. These features have been proposed

under the concept of synthetic lethality to inhibit other cell cycle checkpoints that

were normally maintained, leading to cell death due to increased genetic instability

through abnormal cell cycle progression.

2

WEE1 is a tyrosine kinase that acts as a cell cycle regulator in the G2/M and S

phase through inhibitory phosphorylation of CDK1 and CDK2 [5, 6]. AZD1775, a

small molecular inhibitor of WEE1, was shown to cause DNA damage accumulation

and apoptosis when applied with DNA damage agents to various TP53-mutated

cancers cell lines [7, 8]. In addition, AZD1775 has been shown to induce cytotoxic

effects on cancer cells independent of TP53 mutation [9-11] due to the activation of

CDK1 by WEE1 inhibition, leading to early mitotic entry and mitotic catastrophe [12].

WEE1 also appears to be involved in replication fork stabilization and replication

origin firing [13, 14]. Clinical studies are underway despite the lack of studies

investigating the mechanism of action of WEE1 inhibitors in breast cancer. Therefore,

preclinical research is urgently needed to investigate the anticancer effects and

mechanism of WEE1 inhibitors. Studies of the effects of WEE1 inhibitors on cell

cycle regulation and genomic instability are likely to provide valuable information for

3

development of effective therapy for TNBC, which has high genetic instability and is

currently primarily treated using DNA damage chemotherapy.

In the case of HR non-functional cancer, treatment with PARP inhibitor is a

promising therapeutic strategy for inducing synthetic lethality. The PARP inhibitors

olaparib and talazoparib were approved by the FDA as a single agent for treatment of

metastatic breast cancer with the breast cancer type 1/2 susceptibility protein

(BRCA1/2) germline mutation. Sensitivity to PARP inhibitor is determined based on

the homologous recombination defect (HRD), which includes germline and somatic

BRCA1/2 mutation status of the cancer. However, inherited BRCA1/2 mutations only

account for about 5.3% of all breast cancers and less than 15% of TNBCs [3, 15].

Therefore, the application of PARP inhibitors is limited to patients with TNBC

subtype with germline BRCA1/2 mutation or HRD. Recently, combination therapies

with various drugs that can inhibit HR capacity have been proposed in order to expand

the utility of PARP inhibitors. Indeed, it has been reported that the antitumor effects of
4

PARP inhibitors are enhanced when HRD phenotype is induced by directly or

indirectly regulating DNA repair molecules such as IGF1R, HDAC, ATR and ATM

inhibitor [16-19]. WEE1 inhibitor is also reported to cause DNA damage

accumulation and increase sensitivity to DNA damaging agents. These results suggest

that WEE1 inhibitors may increase the anti-tumor effects of PARP inhibitors through

HR regulation in BRCA proficient TNBCs.

This study examined the anti-tumor effect of WEE1 inhibitor, AZD1775, on TNBC

cells and found that it induced DNA damage by inducing aberrant cell cycle

progression. This DNA damage accumulation caused caspase-3 dependent apoptosis.

In addition, AZD1775 has been shown to reduce HR capacity by inhibiting RAD51

foci formation. These results suggest that AZD1775 can sensitize PARP inhibitor by

inducing homologous deficiency in TNBC cells. Indeed, in our study, combined

treatment with AZD1775 and PARP inhibitor synergistically increased DNA damage

accumulation and apoptotic cell death. More importantly, our results provide a
5

rationale for conducting clinical trials evaluating the effectiveness of using PARP

inhibitor combined with AZD1775 to treat TNBC patients.

6

Material and methods

1. Reagents

AZD1775 and olaparib (AZD2281) were provided by AstraZeneca (Macclesfield,

UK). Both reagents were dissolved in dimethyl sulfoxide (DMSO) to prepare 10

mmol/L stock solution.

2. Cell lines and cell culture

Human breast cancer cells (MDA-MB-157, MDA-MB-231, MDA-MB-468,

HCC1143, HCC1937, BT-549, Hs 578T) were purchased from the American Type
7

Culture Collection (ATCC, Manassas, VA, USA) and authenticated by short tandem

repeat analysis. All cell lines were banked and passaged for less than 6 months before

use. During storage, cultures were maintained in a humidified atmosphere of 5% CO2

and 37℃ in RPMI-1640 (Welgene, Inc., Daegue, South Korea) supplemented with 10%

FBS (GIBCO, Thermo Fisher Scientific Inc., Waltham, MA, USA) and 10 µg/mL

gentamicin (Cellgro, Manassas, VA, USA).

3. Cell growth inhibition assay

Cells were seeded at a density of 3 to 8 × 103 cells per well in 96-well plates and

incubated overnight at 37°C. The cells were then treated with either AZD1775 or

olaparib alone or with a combination of AZD1775 and olaparib at specific

concentrations for 5 d. Following treatment, MTT solution was added to each well

and the plates were incubated for 4 h at 37°C before the medium was removed. After

dissolving the resulting formazan crystals with DMSO, cell viability was evaluated by
8

measuring the absorbance of each well at 540 nm using a VersaMax™ microplate

reader (Molecular Devices, Sunnyvale, CA, USA). The combined effects of AZD1775

and olaparib were assessed using the Calcusyn software (Biosoft, Cambridge, UK).

The combination index (CI), which is used to evaluate the effects of the two-drug

combinations, was calculated using the Chou-Talalay method [20]. Drug synergism

was defined by CI values < 0.8, while antagonism was indicated by values >1, and

additive effects were indicated by values > 0.8

4. Western blot anlaysis

Cells were collected after drug treatment, washed with ice-cold PBS, and incubated

in extraction buffer [50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% NP40, 0.1% sodium

deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM sodium fluoride, 1 mM

sodium pyrophosphate, 2 mM phenylmethylsulfonyl fluoride, 1 mg/mL pepstatin A,

0.2 mM leupeptin, 10 μg/mL aprotinin, 1 mM sodium vanadate, 1 mM
9

nitrophenylphosphate, and 5 mM benzamidine] on ice for 30 min. The lysates were

cleared by centrifugation at 13,000 rpm for 20 min. Equal amounts of proteins were

separated on an 8%–15% SDS-polyacrylamide gel, after which the resolved proteins

were transferred onto nitrocellulose membranes and the blots were probed with

primary antibodies overnight at 4℃. Antibodies against p53(Do-1), CDK1 p34(17),

WEE1, RAD51(H-92), Chk1(FL-476) and Chk2(A-2) were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Antibodies against caspase 3, p-CDK1

(Tyr15), p-WEE1 (Ser642), MYT1, p-Chk1 (Ser345), p-Chk2 (Thr68) and Mre11

(31H4) were acquired from Cell Signaling Technology (Beverley, MA, USA). Anti-

phosphorylated histone H2AX (clone JBW301, Millipore; Billerica, MA, USA) and

anti-PARP (BD Biosciences; Bedford, MA, USA) were also purchased, as was α-

tubulin antibody (Sigma Aldrich; St. Louis, Missouri, USA) which was used as a

control. Antibody binding was detected using an enhanced chemiluminescence system

10

according to the manufacturer’s protocols (Amersham Biosciences; Piscataway, NJ,

USA).

5. Cell cycle analysis

Cells treated with AZD1775 and olaparib were harvested, fixed in 70% ethanol, and

then stored at -20°C, after which they were dissolved in 10 μg/mL RNase A (Sigma

Aldrich; St. Louis, Missouri, USA) at 37°C for 20 minutes. Next, the cells were

treated with 20 μg/mL propidium iodide (Sigma Aldrich; St. Louis, Missouri, USA)

and the DNA contents of the cells (10,000 cells per experimental group) were

measured using a Fluorescence-activated Cell Sorting (FACS) Calibur flow cytometer

(BD Biosciences).

6. Edu-BrdU dual pulse labeling
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Before cell harvest, cells were treated with 10 mM EdU for 1 h followed by 20 mM

BrdU for 15 min. Next, cells were fixed in 70% ethanol and then stored at -20°C.

DNA denaturation was performed in 4M HCl for 20 min at room temperature, after

which cells were resuspended in phosphate/citric acid buffer. EdU click reaction was

then conducted using a Click-iT EdU Flow Cytometry Assay kits (Thermo Fisher

Scientific Inc., Waltham, MA, USA). FITC-conjugated anti-BrdU (BD Biosciences;

Bedford, MA, USA) used to investigate the BrdU incorporation level. Next, the cells

were treated with 7-AAD (BD Biosciences; Bedford, MA, USA) and fluorescence

was measured using a Fluorescence-activated Cell Sorting (FACS) Calibur flow

cytometer (BD Biosciences; Bedford, MA, USA). Next, pacific blue-conjugated

phospho-histone H3(Ser10) and Click-iT EdU Flow Cytometry Assay kits (Thermo

Fisher Scientific Inc., Waltham, MA, USA) were used to identify mitotic entry status.

7. Comet assay
12

An alkaline comet assay was conducted using a Trevigen Comet Assay kit

(Trevigen, Gaithersburg, MD, USA) according to the manufacturer’s protocols. Tail

intensities were measured with the Comet assay IV program (Andor Technology,

Belfast, UK).

8. Immunofluorescence assay

Cells were plated on poly-L-lysine coated coverslips. After 48 h, the cells were

treated with AZD1775 and/or olaparib. After 2 d, cells were fixed in 3.7%

paraformaldehyde and permeabilized with 0.5% Triton X-100 in PBS (PBS-T).

Coverslips were then mounted onto slides using Faramount aqueous mounting

medium (Dako, Glostrup, Denmark), after which immunofluorescence was visualized

using a Zeiss LSM 510 laser scanning microscope.
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9. Homologous recombination repair deficiency assay

Cells were transfected with 10 µg of DR-GFP cDNA using lipofectamin. After 24

h, cells with chromosomally integrated constructs were selected by adding 1 mg/mL

G-418 (Takara Bio USA; Mountain view, CA, USA) and 0.75 µg/mL puromycin for 2

days. Next, samples were transfected with 5 µg I-Sce1 plasmid using lipofectamine

for 2 h, then treated with AZD1775. After 2 d, cells were trypsinized and GFP-content

was determined in live cells using flow cytometry.

pDR-GFP
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pCBA-SceI

10. In vivo study

All animal experiments were conducted in the animal facility of Seoul National

University (Seoul, South Korea) in accordance with institutional guidelines and prior

approval from the Institutional Animal Care and Use Committee (IACUC) committee.

To measure the in vivo activity of AZD1775 and/or olaparib, 21 female Balb/c

athymic nude 5-wk-old mice were purchased from Central Lab Animal Inc. (Seoul,

15

South Korea). MDA-MB-231 cells (1 × 108) were subcutaneously injected into each

mouse, after which the size of the resulting tumors and body weight of each mouse

were measured. When the tumor volume reached 200 mm3, the mice were randomly

divided into different treatment groups (five per group) and received vehicle,

AZD1775, olaparib, or a combination of AZD1775 and olaparib. AZD1775 60 mg/kg

and olaparib 40 mg/kg were administered via oral gavages once daily for 28

consecutive days. Tumor volume was calculated using the following formula: (width2

× height)/2. At the end of the measurement period, the mice were sacrificed with CO2

and the tumors were excised for further analysis.

11. Statistical analysis

Data were analyzed using SigmaPlot version 9.0 (Systat Software Inc., San Jose,

CA, USA). All results were expressed as the means ± standard error (SE). A two-sided

16

Student’s t-test was used when appropriate. p-values <0.05 were considered

statistically significant and those <0.1 were considered meaningful.
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Results

1. AZD1775 induces apoptotic cell death in TNBC cells.
The percentage of viable cells from eight TNBC cell lines after treatment

with the WEE1 inhibitor AZD1775 were measured by MTT assay and IC50
(Fig. 1). TNBC cells have a heterogenous response to AZD1775 with IC50

values ranging 0.13 to 0.79 μmol/L. Triple negative breast cancer cells had a

heterogenous response to AZD1775, with IC50 values ranging 0.19 to 0.82
µmol/L. Based on these values, MDA-MB-231 and BT-549 cells with IC50
values lower than 0.5 µmol/L were nominated as sensitive cells. MDA-MB468 cells were characterized as less sensitive according to the IC50 value,
which was higher than 0.5 μmol/L. Decreased phosphorylation of CDK1 and

CDK2, direct targets of WEE1, confirmed that AZD1775 effectively
downregulated target kinase activity (Fig. 2, top). Quantitation of protein
18

expression resulted in decreased inhibitory phosphorylation of CDK1 when

treated with AZD1775 (gray bar) compared to the control (black bar) (Fig. 2,
bottom). Previously, the dependence of WEE1 inhibitor sensitivity on p53

dependence was not clear [21]. To investigate whether TP53 mutation status

was associated with WEE1 inhibitor sensitivity, TP53 mutation status was
evaluated using the CCLE database. The sensitivity of AZD1775 was variable

even though all TNBC cells failed to function properly because of the TP53

hotspot mutation. (Fig. 1 & Table 1). In addition, there was no relationship
between AZD1775 sensitivity and p53 protein expression levels among TNBC

cell lines (Fig. 3). The sub-G1 population indicating to the fragmented DNA
expressed by apoptosis was increased in sensitive cells to AZD1775 (Fig. 4).

These data demonstrate that the anti-proliferative effect of AZD1775 in TNBC

cells was not dependent on the state of p53. The anti-proliferative effect
induced by AZD1775 was demonstrated by apoptosis using Annexin V assay
19

(Fig. 5). After treatment with AZD1775 (350 nM), Annexin V positive cells

were increased to 47.8% compared with control cells (15.0%) in sensitive
MDA-MB-231 cells (p-value < 0.001); however, changes in Annexin V

positive cells in response to AZD1775 in less sensitive MDA-MB-468 cells

were not significant (18.4% vs. 24.6%, p-value = 0.08). This apoptosis was
demonstrated by an increase in protein levels of cleaved PARP and caspase-3

(Fig. 6).
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Figure 1. Anti-proliferative effect of AZD1775 Growth inhibition was measured

with an MTT assay. Cells were treated with increasing doses of AZD1775 for 5 d.

The percentage of surviving cells is presented in a graph with SE bars (n = 3).
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Table 1. IC50 values of AZD1775 in TNBC cells
TP53 mutation

BRCA1/2

Cell lines
status

mutation status

IC50 of AZD1775
(μmol/L)

MDA-MB-157

P88fsX52

wt

0.5529

MDA-MB-231

R280K

wt

0.3550 ± 0.01

MDA-MB-468

R273H

wt

0.8151

HCC1143

R248Q

wt

0.4538 ± 0.07

HCC1937

R306Stop

G1775fs

0.1881 ± 0.01

BT-549

R249S

wt

0.3381 ± 0.01

Hs 578T

V157F

wt

0.7526

The TP53 and BRCA1/2 mutations appeared in our TNBC cells and the cells

showed various IC50 values in response to the AZD1775 treatment, even when the

TP53 mutation was present. The IC50 values were calculated using SigmaPlot.

22
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Figure 2. Kinase activity of WEE1 was inhibited by AZD1775 After

AZD1775 treatment for 5 d, the Tyr15 residue of CDK1 and CDK2 represents
the kinase activity of WEE1 and the activation state of WEE1 is shown by

phosphorylation of its Ser642 residue. MYT1 is known to play a

compensatory role in WEE1. α-Tubulin was used as a loading control and
phosphorylation of the Tyr15 residue of CDK1 was normalized using Image J.

Column; the means of three independent experiments; Bars, ±SD. **P<0.01;

***P<0.001.

24

Figure 3. p53 protein expression level of TNBC cells with increasing IC50 value

No correlation between p53 expression and AZD1775 sensitivity was observed in

TNBC cells.

25

Figure 4. The sub-G1 population was increased by AZD1775 treatment TNBC

cells were treated with AZD1775 350 nmol/L of 5 d. The DNA content of the TNBC

cells was measured by flow cytometry using PI staining. The sub-G1 proportion is

shown in the bar graph. The sub-G1 population increased with increasing

concentrations of AZD1775 in sensitive cells. Control: black bar, 200 nmol/L

AZD175: gray bar, 350 nmol/L AZD1775: dark gray bar. MDA-MB-231; Control:

1.1%, 200 nmol/L AZD1775: 4.8%, 350 nmol/L AZD1775 15.9%, BT-549; Control:
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3.4%, 200 nmol/L AZD1775: 18.1%, 350 nmol/L 51.0%. Less sensitive cell MDA-

MB-468; Control: 3.8%, 200 nmol/L AZD1775: 4.5%, 350 nmol/L AZD1775: 6.7%.

***P<0.001.
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Figure 5. AZD1775 induces apoptotic cells in sensitive TNBC cells TNBC cells

were treated with AZD1775 at 350 nmol/L for 5 d. Annexin-V PI staining was

performed to identify apoptotic cells. ***P<0.001.
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Figure 6. Caspase dependent apoptosis induced by AZD1775 After 5 d of

treatment with AZD1775 350 nmol/L, MDA-MB-231 and MDA-MB-468

cells were analyzed by Western blotting and probed with anti-PARP, caspase3 and α-tubulin antibody. Protein expression of cleaved PARP and caspase 3

was increased in MDA-MB-231 cells, AZD1775 sensitive cell line
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2. AZD1775 induces aberrant cell cycle.
WEE1 is widely known as a kinase involved in the G2/M cell cycle
checkpoint. Therefore, the cell cycle distribution was confirmed by FACS

analysis to investigate the effects of inhibiting WEE1. The populations of cells

in S phase increased in sensitive cell lines following AZD1775 treatment in a
dose dependent manner (Fig. 7), and these cell cycle changes were also

observed at early time points (Fig. 8). To determine how the cell cycle

progressed in the S phase by the AZD1775, two different thymidine analogs
(BrdU, EdU) were sequentially incorporated to investigate progression of the S

phase (Fig. 9). The number of EdU/BrdU (-/+) cells indicating the early S
phase and EdU/BrdU (+/+) cells indicating the mid/late S phase increased,

confirming that the initiation and progression of S phase was accelerated by

AZD1775. Moreover, AZD1775 increased the number of cells expressing
mitosis marker p-HH3 in EdU positive cells, indicating the S phase (Fig. 10).
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Another notable point is that the long-term exposure of AZD1775 significantly

increased the DNA content over 4n (Fig. 11). These results indicate that the
mitotic exits were abnormal because of WEE1 inhibition, resulting in an

increase in multinucleated cells (Fig. 12), one of the features of mitotic

catastrophe [22]. These results suggest that is involved not only in replication
initiation but also in mitotic entry and exit and that it exerts influence

throughout the cell cycle.
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Figure 7. S phase accumulation appears in MDA-MB-231 and BT-549 cell

lines by AZD1775 TNBC cells were treated with AZD1775 350 nmol/L for 5 d, after

which the DNA contents of the TNBC cells were measured by flow cytometry using

PI staining. The proportion of cells in each stage of the cell cycle is shown in the bar
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graph. In MDA-MB-231 and BT-549 cells, S phase accumulation increased with

AZD1775 concentration. The S phase population of MDA-MB-231 cell was 21.8% in

the control, but increased to 32.3% in response to 200 nmol/L AZD1775 and 48.4% in

response to 350 nmol/L AZD1775. For BT-549, 23.5% of cells were in the S phase in

the control, while 39.8% of cells in the AZD1775 200 nmol/L treatment and 52.5% in

the 350 nmol/L AZD1775 treatment were in the S phase. In contrast, the S phase

population of MDA-MB-468 cells did not change (Control vs 200 nmol/L AZD1775

vs. 350 nmol/L AZD1775, 21.7% vs. 21.3% vs. 21.6%). **P<0.01, ***P<0.001.
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Figure 8. Cell cycle distribution following AZD1775 treatment at an early time

point After the indicated dose of AZD1775 was applied for 24 h, the proportion of

cells in different phases of the cell cycle was confirmed by flow cytometry. The

proportion of MDA-MB-231 cells in the S phase increased to 44.8% in response to

AZD1775 (control = 28%), while that of BT-549 increased to 31.6 (control = 23.6%).

However, the proportion of MDA-MB-468 cells in the S phase showed no significant

change in response to treatment (control vs AZD1775, 24.6% vs 20.3%). **P<0.01.

***P<0.001.
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Figure 9. AZD1775 accelerates S phase progression in sensitive cell lines

Following treatment with 350 nmol/L AZD1775 for 24 h, S phase progression was

examined by EdU-BrdU dual pulse labeling. EdU/BrdU(-/+) indicates the early S

phase, EdU/BrdU(+/+) indicates the post S phase.
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Figure 10. Early mitotic entry induced by WEE1 inhibition in the MDA-MB-

231 cell line After treatment under the above conditions, p-HH3 (orange color)

antibody was applied to TNBC cells that had incorporated EdU (green color) to

investigate the S phase and the mitotic phase.
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Figure 11. AZD1775 induces an increase in cells with DNA content of
more than 4n The TNBC cells were treated with 350 nmol/L AZD1775 for 5 d,

after which PI stained cells with high DNA contents were identified by flow

cytometry. In AZD1775 sensitive cells, AZD1775 treatment increased the DNA

content relative to the control (MDA-MB-231; 3.42 fold, BT-549: 2.03 fold, MDA-

MB-468; 1.04 fold). *P<0.05. **P<0.01
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Figure 12. Multinucleated cells increased in MDA-MB-231 cells in response to

AZD1775 The nuclei of MDA-MB-231 and MDA-MB-468 cells were stained with

DAPI, and multinucleated cells were analyzed by confocal microscopy. Each cell

lines count 100 cells and white arrows indicate multinucleated nuclei. The scale bar

indicates 20μm, *P<0.05
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3. AZD1775 decreases DSB repair capacity.
Replication stress is one of the causes of DNA damage. Because TNBC has
increased replicative stress and a high genomic instability, the aberrant cell

cycle induced by WEE1 inhibition will further increase this replication stress

and consequently increase the accumulation of damaged DNA. AZD1775
induced replicative stress resulting in Chk1 activation and increased γ-H2AX

levels was observed in TNBC cells, regardless of response to AZD1775.

However, protein expression levels in the components of the MRN complex
were decreased in some TNBC cells. (Fig. 13). We conducted a comet assay to

test whether the DNA damage was increased by WEE1 inhibition. The tail
length indicating DNA damage was significantly increased in MDA-MB-231

and BT-549 cells following AZD1775 treatment (Fig. 14). These results

suggested that AZD1775 would impair DNA damage repair capacity via
depletion of HR components. Consistently, depletion of DDR capacity was
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confirmed by IFA assay. The increased levels of DNA damage in response to

AZD1775 were confirmed by the increase of γ-H2AX foci, but the formation
of RAD51 foci, which is involved in DNA strand exchange in HR, was

inhibited (Fig. 15). These results suggest that the WEE1 inhibitor reduces HR

efficacy.
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Figure 13. Protein expression of RAD51 and Mre11 decreased in some TNBC

cells in response to AZD1775 treatment The expression levels of DNA damage

response proteins in TNBC cells were measured by western blotting after 350 nmol/L

AZD1775 treatment for 48 h.
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Figure 14. Treatment with AZD1775 causes DNA damage accumulation Cells

were treated with 350 nmol/L AZD1775 for 5 d, after which the DNA double strand

breaks in each cell were measured by comet assay. Tail length is represented in the

bar graph with error bars (±SD). Treatment with AZD1775 resulted in significantly

increased tail length in MDA-MB-231 cells but not in MDA-MB-468. The scale bar

indicates 200 µm *P<0.05. **P<0.01
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Figure 15. AZD1775 inhibits the formation of RAD51 foci on sites of DNA

damage After treatment with AZD1775 at 350 nmol/L for 48 h, RAD51 (Red) and γ-

H2AX (Green) foci formation were measured by immunoblotting and confocal

microscopy. A total of 100 cells per group were analyzed, and cells with at least 5 foci

were regarded as positive. The DNA was counterstained with DAPI (blue). The scale

bar indicates 10 µm. **P<0.01.
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4. Co-administration of olaparib and AZD1775 has a
synergistic anti-proliferative effect in TNBC cells.
PARP inhibitor is a target drug that can induce synthetic lethality in the

presence of HR defects such as BRCA1 or BRCA2 germline mutation. We

hypothesized that WEE1 inhibitor could increase the sensitivity of PARP
inhibitors by mimicking BRCAness phenotype in TNBC cells. The

combination index was calculated to determine if combined treatment with

olaparib and AZD1775 had a synergistic effect. This analysis revealed that the
anti-proliferative effect of co-administration was at different levels in TNBC

cells (Table. 2). Among the seven cell lines, five cells (MDA-MB-157, MDAMB-231, MDA-MB-468, HCC1937, BT-549) showed synergistic effects,

whereas two cells (HCC1143, Hs 578T) showed additive combination effects.

MDA-MB-231 cells showing effects of synergistic anti-proliferative effect at
low and high dose of AZD1775, and Hs 578T cells did not show such an
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effect (Fig. 16). The combination of WEE1 inhibitor and PARP inhibitor

showed increased cell death by the sub-G1 population (Fig. 17). Also,
AZD1775 increased the sensitivity of the PARP inhibitor more than 6-fold in

MDA-MB-231 cells (Fig. 18). Consistent with FACS analysis, combination

treatment increased caspase-3 cleavage (Fig. 19). To determine if increased
DNA damage induced by olaparib was a result of HR depletion through

WEE1 inhibition, the degree of DNA damage was evaluated with AZD1775

and/or olaparib treatment. Dual inhibition further increased DNA damage
accumulation compared to mono-treatment (Fig. 20). In addition, the

combination treatment of AZD1775 and olaparib increased replication stress,
but RAD51 expression, which are involved in repairing DNA damage, were

reduced by combination treatment in MDA-MB-231 cells (Fig. 21). To

determine if AZD1775 actually affected HR capacity, we conducted an HRD
assay. pDR-GFP and endonuclease I-Sce1 were sequentially transfected, after
45

which the GFP positive cells were counted. In MDA-MB-231 and BT-549

cells, GFP positive cells were decreased by WEE1 inhibition (Fig. 22). These
results demonstrate that the WEE1 inhibitor not only induces DNA damage

because of aberrant cell cycle progression, but it also reduces the ability of HR.

This DNA damage accumulation was found to be induced through reduction
of the foci formation of RAD51 with the increase of foci formation of γ-H2AX

(Fig. 23), suggesting that WEE1 inhibitor can induce HRD-like phenotype and

thus enhance the anti-tumor effect of olaparib. The suppression of HR by
WEE1 inhibition would enhance the effects of DNA damage inducing agents,

such as cisplatin and ATR inhibitor. To determine if WEE1 inhibitor was
effective when administered in combination with other DNA damage inducing

agents, a combination index was calculated (Table 3). The results revealed that

AZD1775 sensitized TNBC cells to DNA damaging agents by compromising
HR capacity
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Table 2. Combination index of AZD1775 with olaparib combination treatment
AZD1775 IC50

olaparib IC50

1:20 combination IC50

Combination index

(μmol/L)

(μmol/L)

(μmol/L)

(CI value at ED50)

MDA-MB-157

0.5529

>10

0.3986

<0.8

MDA-MB-231

0.3550

>10

0.1963

<0.8

MDA-MB-468

0.7651

4.3013

0.0665

<0.8

HCC1143

0.4538

>10

0.4134

>0.8

HCC1937

0.1880

1.5984

0.0605

<0.8

BT-549

0.3381

>10

0.2587

<0.8

Hs 578T

0.7884

>10

0.6053

>0.8

Cell lines

The concentration of AZD1775 was gradually increased from 0.1 to 1μmol/L for 5 d and the AZD1775/olaparib dose ratio was 1:20. Cell growth inhibition

was investigated by MTT assay and the combination index was measured using the Calcusyn software.
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Figure 16. Anti-proliferative effect of combination treatment 0.1 μmol/L and
0.25 μmol/L of AZD1775 were treated with 2.5 μmol/L olaparib for 5d. MDA-MB-

231 cells show a synergistic effect with olaparib at low or high dose of AZD1775. Cell

growth inhibition was investigated by MTT assay. ***P<0.001
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Figure 17. sub-G1 population after combination treatment After treatment
with AD1775 350 nmol/L and/or olaparib 2.5 μmol/L for 5 d, sub-G1 population
was investigated by flow cytometry. In MDA-MB-231 cells, combination
treatment synergistically increased the population of sub-G1 compared to
AZD1775 and olaparib alone. ***P<0.001

49

Figure 18. Increased olaparib sensitivity by AZD1775 Combination
treatment of AZD1775 increased the sub-G1 population compared to olaparib
alone treatment. The sub-G1 population of MDA-MB-231 cells was increased 6.5fold by combination treatment while Hs 578T cells were doubled. ***P<0.001
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Figure 19. Combined treatment with AZD1775 and olaparib increased
cleaved caspase-3 The levels of cleaved caspase-3 were used to confirm cell death
caused by apoptosis. The indicated doses of drugs were applied for 5 d.
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Figure 20. Combination treatment with AZD1775 and olaparib increased
DNA damage accumulation compared with single agent treatment Comet
assay showed that DNA damage caused by olaparib was further increased by cotreatment with AZD1775. In sensitive cells, DNA damage was significantly
increased in combination treatments. The scale bars indicate 200 μm. *P<0.05
52

Figure 21. Combination treatment with AZD1775 and olaparib
downregulated the protein expression level of DNA damage response
molecules After treatment with AD1775 at 350 nmol/L and/or olaparib at 2.5
μmol/L for 48h. p-Chk1(Ser345) indicates whether replication stress occurred, and
the protein expression level of RAD51 indicates that the DNA repair capacity is
decreased by WEE1 inhibitor. In combination treatments, the ability of DNA
repair was decreased like AZD1775 alone treatment.
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Figure 22. Homologous recombination repair capacity was reduced by AZD1775

treatment GFP positive cells were counted in PI negative cells. Normalization is based on

the control values of the counted cell. *P<0.05, ***P<0.001.
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Figure 23. AZD1775 inhibits the formation of RAD51 foci caused by olaparib

Decreased HR capacity by WEE1 inhibition was confirmed by formation of RAD51 foci.

Blue indicates DAPI, representing DNA, green indicates γ-H2AX, representing the degree

of DNA damage, and RAD51 used to confirm HR capacity is indicated by red. RAD51

foci at the DNA damage site caused by olaparib decreased in response to AZD1775

treatment. The scale bar indicates 10 µm.
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Table 3. Combined treatment of AZD1775 with cisplatin or ATR inhibitor shows a synergistic anti-tumor effect in TNBC cells

Combination index(ED50) of ATR

Cell lines

TP53 mutation status

Combination index(ED50) of Cisplatin

MDA-MB-157

P88fsX52

0.34

0.3

MDA-MB-231

R280K

0.73

0.2

MDA-MB-468

R273H

0.16

1.1

BT-549

R249S

0.79

1.0

Hs 578T

V157F

0.62

>1

inhibitor

The concentration of AZD1775 was gradually increased from 0.1 to 1μmol/L for 5 d. The AZD1775/cisplatin and AZD1775/ATR inhibitor dose ratio was

1:10. Cell growth inhibition was investigated by MTT assay and the combination index was measured using the Calcusyn software.
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5.

Combined

treatment

with

AZD1775

and

olaparib

significantly inhibits tumor growth in a xenograft model of
MDA-MB-231 human breast cancer.
To determine whether treatment with AZD1775 and olaparib exerted an anti-tumor

effect in vivo in a mouse model, MDA-MB-231 was xenografted into Balb/c nude

mice. Treatment with AZD1775 alone delayed tumor growth when compared to the

control and showed a significant anti-tumor effect in response to combination

treatment (Fig. 24). Moreover, mouse weight was maintained at a constant level

regardless of drug treatment, indicating that the drug was tolerated (Fig. 25). In tumor

tissues combined with AZD1775 and olaparib, the level of ki-67 was lower than

vehicle control and mono-treatment, which means that the ability of proliferation was

reduced and it was related to increased apoptosis by TUNNEL assay. The kinase

activity of WEE1 decreased by treatment with AZD1775 through the level of p-

CDK1(Y15) (Fig. 26). AZD1775 also significantly inhibited tumor growth though
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cisplatin combined treatment (Fig. 27). These findings indicate that treatment of

AZD1775 with olaparib can be presented as a potential treatment for TNBCs.
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Figure 24. Treatment of AZD1775 with olaprib significantly inhibits tumor

growth in a xenograft mouse model of MDA-MB-231 human breast cancer

Balb/c nude mice were injected with 1 x 107 MDA-MB-231 cells. Mice were treated

with vehicle alone (n=4), 60 mg/kg AZD1775 (n=4), 40 mg/kg olaparib (n=4) and

both drugs (n=5). The tumor volumes of each mouse were measured three times a

week and are presented as a graph with SE bars. ***P<0.001.

60

Figure 25. Changes in mouse weight during drug treatment The body weight of

each mouse was measured three times a week. No significant difference in weight

change was observed between groups. Bars, ±SE.
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Figure 26. Histological assessment of tumor response to AZD1775 alone and in

combination with olaparib The tumors were removed from the mice 21 days after

the drug treatment ended, and pathologic examination was done using hematoxylin

and eosin (H&E) slides (x400). The scale bars represent 50μm. IHC stain for Ki-67

and TUNEL assay showed proliferation capacity and apoptosis. The kinase activity of

WEE1 decreased by treatment with AZD1775 through the level of p-CDK1(Y15).

The scale bars represent 50 μm. Each red arrow indicates Ki-67, TUNEL, p-

CDK1(Y15).
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Figure 27. Combination treatment of cisplatin and AZD1775 showed a

synergistic anti-tumor effect in vivo in a MDA-MB-231 xenografted mouse model.

The MDA-MB-231 human breast cancer cell line was xenografted to more than four

mice per group. The mice were treated with vehicle alone, 40 mg/kg AZD1775,

cisplatin 4 mg/kg and both drugs in combination. AZD1775 plus cisplatin

significantly inhibited tumor growth. The toxicity of the drug was determined by

measuring changes in the weight of the mouse.
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Discussion
Previous studies of WEE1 inhibitors have shown that G2/M abrogation by WEE1

inhibition leads to TP53 mutation dependent cell cytotoxicity. However, our results

revealed no correlation between TP53 mutation and AZD1775 sensitivity in TNBC

cells. Some previous studies also showed that AZD1775 sensitivity was not associated

with TP53 mutation, concurrent with our findings [9-11]. We also found that WEE1

regulates the cell cycle from the S phase to mitotic exit. Sequential thymidine analog

staining showed that AZD1775 accelerated S phase progression and mitotic entry (Fig.

9, 10), and that it also affected mitotic exit (Fig. 11). AZD1775 treatment inhibits the

expression of spindle assembly checkpoint regulatory machinery such as BubR1 and

Aurora kinase B and induces the development of multinucleated cells (Fig. 12). These

features are observed in the defects of cytokinesis [23]. Indeed, there are reports that

CDK1 is the main target of WEE1 inhibitor and is involved in cytokinesis [24-25].

These results suggest that WEE1 inhibition does not result in normal cytokinesis and
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cell death because of increased genomic instability. In fact, when WEE1 was

suppressed in a sensitive cell line, an increase in DNA content of 4n or more was

observed (Fig. 11). This increase in genomic instability results in accumulation of

DNA damage. We also confirmed that WEE1 inhibition decreases the level of HR

related protein (Fig. 15). These results suggest that WEE1 inhibition can induce HRD

by decreasing the repair ability of HR. Indeed, treatment of WEE1 inhibitor with

PARP inhibitor was found to be highly effective in BRCA proficient TNBC cells. We

also found that WEE1 inhibitor enhanced the sensitivity of cisplatin and ATR inhibitor.

Thus, WEE1 inhibitor has great potential for use as an anti-tumor drug for treatment

of TNBC.

Recent phase 2 clinical trials have shown that AZD1775 enhances the efficacy of

carboplatin in patients with TP53-mutated ovarian cancer platinum refractory or

resistant to platinum based first-line therapy [26]. In the case of ovarian cancer, BRCA

mutation is known to be hypersensitive to carboplatin when compared wild type, as
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indicated by overall survivals of 114 months and 71 months, respectively. In this way,

when HR is intact like BRCA wild type, it is expected that there will be no response

because of repair of DNA damage caused by carboplatin. However, the above clinical

study of AZD1775 showed a response rate of 43% despite the inclusion of less than

10% of the BRCA mutant population. It is thought that AZD1775 increased the

reactivity of carboplatin through HR modulation. Indeed, several previous studies

have shown that AZD1775 increases the response to radiation [27, 28] and agents that

cause DNA damage [7-9]. Our study also confirmed the effects of AZD1775 on HR

capacity and revealed that AZD1775 inhibited the expression of HR machinery and

disrupted DNA damage repair by inhibiting RAD51 foci formation. The inhibition of

HR capacity by AZD1775 was expected to increase the reactivity of PARP inhibitors

by causing phenomena such as BRCAness. Indeed, co-administration of AZD1775

and olaparib increases cytotoxicity by suppressing DNA damage response, resulting in

DNA damage accumulation. Our results suggest that expansion of the HRD
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phenotype expands the applicability of the PARP inhibitor, while the WEE1 inhibitor

induces modulation of the HR machinery as well as cell cycle regulation, leading to

DNA damage accumulation and repair attenuation.

Combined therapy with PARP inhibitor and WEE1 inhibitor can broaden the range

of application of PARP inhibitor in BRCA-proficient cancers, but there is no clear

mechanism for induction of HR deficiency by WEE1 inhibition. Previous reports have

shown that loss of genes involved in maintenance of replication fork integrity and HR

repair, such FANCM, BRIP1, BRCA2 and RAD50, increases the sensitivity of the

WEE1 inhibitor [29]. However, other reports have shown that WEE1 inhibition

increases the inhibitory phosphorylation of BRCA2 via activity of CDK1, resulting in

impaired HR [30]. Therefore, the relationship between the WEE1 and HR pathway

has not been clarified. However, we showed that the anti-tumor effects of WEE1

inhibitor in TNBC cells including BRCA wildtype and BRCA1 mutant cells varied

and cell cycle regulation was different in sensitive cell lines and less sensitive cell
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lines. These results indicate that WEE1 inhibitor has antitumor effects in TNBC cells,

regardless of HR status.

The results of this study revealed that WEE1 inhibitor (AZD1775) increases the

effects of PARP inhibitor by HR suppression in HR proficient TNBC cells. Consistent

with our results, recent reports have revealed that resistance to PARP inhibitor can be

overcome by WEE1 inhibition [31, 32]. Our data support that WEE1 inhibition can be

applied in combination with various other DNA damage agents and DDR inhibitors,

such as ATR inhibitor, via modulation of HR capacity.

In conclusion, we demonstrated the mechanism of action of AZD1775 alone and

combined with olparib treatment in TNBC cells. Currently, a phase I clinical trial of

combination therapy of WEE1 inhibitor (AZD1775) and PARP inhibitor (olaparib) is

underway in refractory solid cancers. Our results indicate that combination treatment

of PARP inhibitor and WEE1 inhibitor will help in development of clinical trial

strategies for TNBC patients.
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국문 초록

WEE1

은

CDK1

의

인산화를

조절함으로써

세포주기의

G2/M

checkpoint 조절에 중요한 역할을 하며 replication fork 의 안정화 및

개시에 관여를 함으로써 세포주기 전반에 관여하는 단백질이다. 또한

target 인 CDK1 의 활성의 조절은 BRCA1 의 인산화를 조절하여 DNA

repair 에도 관여 하는 것으로 알려져 있다. WEE1 억제제를 처리하면

DNA replication stress 의 증가에 따라 genomic instability 가 증가하고,

G/2M

checkpoint

손상항암화학요법에

가

대한

제

기능을

세포

하지

독성

못해

효과를

다양한

암

종에서

향상시키는

것으로

보고되었다 .

본 연구는 삼중 음성 유방암에서 WEE1 억제제인 AZD1775 의 항종양

효과와 homologous recombination repair(상동 재조합 복구) 기전을
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조절하여 DNA 손상복구 억제제인 PARP 억제제의 항종양 효과를 증가

시키는 기전에 관하여 규명하고자 하였다.

AZD1775 는 약제에 감수성을 보이는 MDA-MB-231 세포 주에서

caspase-3 의존성 세포 사멸을 유도 하였고, S phase 개시의 가속화 및

세포 분열기의 조기진입을 유도 하는 등 세포주기의 비정상적 활성화를

유도하였다. 또한 AZD1775 는 DNA 손상복구 기전에 관여하는 단백질의

발현 저해 및 RAD51 foci 형성을 억제하여 상동 재조합 복구능의 저해를

유도함으로써 손상된 DNA 의 정상적인 복구가 일어나지 못하게 하였다.

이처럼 AZD1775 에 의해 저해된 DNA 손상 복구능은 PARP 억제제인

olaparib 와의 병용요법 시 유도되어지는 DNA 손상이 복구되지 못하고

축적됨으로써 세포내의 항종양효과가 증가됨을 MDA-MB-231 세포주와

동물모델에서 확인하였다.
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본 연구 결과를 통해 삼중 음성 유방암에서 AZD1775 단독 혹은

olaparib 의 병용 요법의 항암 효과 가능성을 제시하며, 이러한 병용

요법에 대한 임상시험의 이론적 근거를 뒷받침 하였다.
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