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Abstract
Despite advanced therapeutics, esophageal squamous cell carcinoma (ESCC) remains 
one of the deadliest cancers. Here, we propose a novel therapeutic strategy based on 
synthetic lethality combining trifluridine/tipiracil and MK1775 (WEE1 inhibitor) as a 
treatment for ESCC. This study demonstrates that trifluridine induces single-strand 
DNA damage in ESCC cells, as evidenced by phosphorylated replication protein 32. 
The DNA damage response includes cyclin-dependent kinase 1 (CDK1) (Tyr15) phos-
phorylation as CDK1 inhibition and a decrease of the proportion of phospho-histone 
H3 (p-hH3)-positive cells, indicating cell cycle arrest at the G2 phase before mitosis 
entry. The WEE1 inhibitor remarkedly suppressed CDK1 phosphorylation (Try15) and 
reactivated CDK1, and also increased the proportion of p-hH3-positive cells, which 
indicates an increase of the number of cells into mitosis. Trifluridine combined with 
a WEE1 inhibitor increased trifluridine-mediated DNA damage, namely DNA double-
strand breaks, as shown by increased γ-H2AX expression. Moreover, the combina-
tion treatment with trifluridine/tipiracil and a WEE1 inhibitor significantly suppressed 
tumor growth of ESCC-derived xenograft models. Hence, our novel combination 
treatment with trifluridine/tipiracil and a WEE1 inhibitor is considered a candidate 
treatment strategy for ESCC.
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1  |  INTRODUC TION

Esophageal squamous cell carcinoma (ESCC) is the major histological 
type of esophageal cancer1,2 and the sixth leading cause of cancer-
related mortality worldwide.3 Unfortunately, despite recent progress 
in therapeutics, the prognosis for patients with ESCC remains poor.4–8 
TAS-102 is an orally administered drug that is a fixed combination 
(1:0.5) of trifluridine (FTD) and tipiracil (TPI). It is currently in use 
against refractory metastatic gastric cancer9 and colorectal cancer.10 
FTD is incorporated into DNA as a thymidine analog that induces DNA 
damage, whereas the TPI component inhibits the degradation of FTD 
and maintains the blood concentration of FTD.11 Previously, we con-
ducted a phase II study of FTD/TPI for advanced/recurrent esopha-
geal cancer resistant/intolerable to standard therapies. We reported 
that FTD/TPI had good tolerability for heavily pretreated patients 
with ESCC and efficacy in controlling the primary esophageal lesion. 
However, overall, it failed to maintain progression-free survival (PFS),12 
indicating that FTD/TPI needs additional cotreatment. Therefore, we 
aimed to develop a combination therapy with FTD/TPI and another 
small molecule to achieve better efficacy against ESCC.

Recently, the development of therapeutic strategies based on syn-
thetic lethality (a phenomenon in which the mutation of either gene 
alone is compatible with viability, but the simultaneous mutation of the 
two genes causes death) has received increasing attention.13 The DNA 
damage response (DDR) is an important factor for synthetic lethality 
and a critical mechanism for maintaining genome stability.14 DDR is 
coordinated by two distinct kinase signaling cascades, the ataxia telan-
giectasia Rad3-related (ATR)-checkpoint kinase 1 (CHK1)-WEE1 (ATR-
CHK1-WEE1) and the ataxia telangiectasia mutated (ATM)-checkpoint 
kinase 2 (CHK2)-p53 (ATM-CHK2-p53) pathways.15,16 These path-
ways regulate specific cell cycle checkpoints: The ATR-CHK1-WEE1 
pathway regulates the S-phase and G2 checkpoint,17,18 whereas the 
ATM-CHK2-p53 pathway regulates the G1 checkpoint.17 Therefore, 
a synthetic lethality strategy perturbating these two pathways makes 
cells vulnerable to DNA damage.

In ESCC, the tumor suppressor protein p53 (encoded by the TP53 
gene), a part of the ATM-CHK2-p53 pathway,19 is frequently (83%–
92%) mutated in ESCC20,21; therefore, ESCC is considered to depend 
on the ATR-CHK1-WEE1 pathway to maintain DNA integrity. We re-
cently reported synthetic lethality from a combination of genetic loss 
of function of p53 and a chemical inhibition with a CHK1 inhibitor 
in p53-mutant ESCC cells with DNA damage induced by FTD/TPI.22 
However, CHK1 inhibitors are not clinically available for further clin-
ical development. Here, we explored the concept of synthetic lethal-
ity with CHK1 perturbation to the whole ATR-CHK1-WEE1 pathway. 
Following the ATR-CHK1-WEE1 pathway, the cyclin-dependent kinase 
1 (CDK1, also known as cell division control protein 2 [CDC2]), a cell 
cycle regulator, is inactivated during S-G2 phases through the phos-
phorylation on Thr14 and Tyr15 by WEE1.23–25 In the late stage of G2, 
active CDK1 interacts with cyclin B1 to form the mitosis-promoting 
factor that can lead a cell to the M (mitotic) phase.26,27 Unscheduled 
CDK1 activation during incomplete S-G2 phase can result in prema-
ture mitosis with unrepaired DNA damage and cell death, which is 

called “mitotic catastrophe.”24 Therefore, the inhibition of WEE1 may 
induce entry into unscheduled mitosis triggered by the activation of 
CDK1, which can lead to cell death.

Based on these findings, we investigated whether combination 
treatment with FTD/TPI and a WEE1 inhibitor is an effective thera-
peutic strategy for ESCC.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

Human ESCC cell lines (TE-1, TE-5, TE-8, TE-10, TE-11) were ob-
tained from the RIKEN Bioresource Center. All cells were cultured 
as described previously.22 In addition, the cells were all cultured in 
RPMI 1640 (Life Technologies Corp.) supplemented with 10% FBS 
and 0.1% penicillin-streptomycin (Nacalai Tesque). All cells were 
grown at 37°C in a humidified 5% CO2 atmosphere.

2.2  |  Small molecule compounds

MK1775 (WEE1 inhibitor) was purchased from MedChemExpress. 
FTD/TPI (TAS-102) was provided by Taiho Pharmaceutical Co., Ltd. 
PD0166285 was purchased from AdooQ BioScience. LY2606368 
(CHK1 inhibitor) was purchased from Selleck Chemicals. Nutlin-3a 
(MDM2 inhibitor) was purchased from MedChemExpress.

2.3  |  Western blot analysis

Western blotting was performed as reported previously.22 In brief, 
cells were washed twice with ice-cold PBS and lysed with RIPA 
Buffer (Nacalai Tesque). The protein samples were separated on 
Mini-PROTEAN TGX Gels (Bio-Rad Laboratories, Inc.) and trans-
ferred to a polyvinylidene difluoride membrane (Trans-Blot Turbo 
Transfer Pack, Bio-Rad Laboratories, Inc.).

The list of primary antibodies is provided in Table S1.

2.4  |  WST-1 assay

WST-1 assays were performed as previously described.22,28 In brief, 
100 μL of ready-to-use WST-1 reagent (Roche Applied Science) was 
added directly into 96-well plates. After 30 min of incubation, the 
plate was read at 450 nm with a reference reading at 630 nm by a 
multiwell plate reader (Infinite 200 Pro; Tecan Group Ltd.).

2.5  |  Flow cytometry assay

Cells were cultured and treated with FTD (10 μM) and/or MK1775 
(100 nM) in the designated time courses. Then, cells were 
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harvested, fixed by 100 μL 4% formaldehyde, and permeabilized 
by cold 100% methanol slowly while gently vortexing to a final 
concentration of 90% methanol. After washing by PBS, cells were 
resuspended in 100 μL of diluted phospho-histone H3 (Ser10) 
(D2C8) XP Rabbit mAb (Alexa Fluor® 647 Conjugate) (Cell 
Signaling Technology (CST), #3458) prepared in antibody dilution 
buffer at a ratio of 1:50. After 30 min at room temperature, cells 
then were analyzed.

2.6  |  Clonogenic assay

Cells were plated at 1–2 × 103 cells per well in six-well plates and 
incubated for 24 h. Then, FTD (0.5 and 1 μM) and/or MK1775 (30 
and 100 nM) were added and incubated for a week. During this 
time, the medium was changed every 3 days with the same concen-
tration of drug. Next, cells were fixed with 20% glutaraldehyde for 
15 min, stained with 0.05% crystal violet, and left to dry overnight. 
Digital images of the colonies were obtained using a scanning device 
(EPSON GY-X830).

2.7  |  Cell cycle analysis

Esophageal squamous cell carcinoma cells cultured in the presence 
of FTD following time courses were then harvested and fixed with 
70% ice-cold ethanol. To determine DNA content, cells were treated 
with ribonuclease, stained with 25 μL of propidium iodide solu-
tion (BioLegend # 421301), and finally analyzed by BD FACS flow 
cytometry.

2.8  |  CellTiter-Glo assay

Organoids were prepared in 96-well plates and incubated and ex-
posed to Nutlin-3a for 24 h as designed. The plates were equili-
brated at room temperature for approximately 30 min. A volume of 
CellTiter-Glo 3D Reagent (Promega # G9682) equal to the volume 
of the culture medium present in each well was added, and the 
contents were mixed for 2 min on an orbital. The plates were then 
incubated at room temperature for 10 min to stabilize the lumines-
cent signal.

2.9  |  CytoTox-Glo cytotoxicity assay

Cells were plated as 2 × 103 cells per well in black flat-bottom 96-well 
plates and then incubated overnight. After 72 h of treating with FTD 
10 μM and/or MK1775 100 nM, each well was added 50 μL assay re-
agent, shaken for 1 min, and incubated for 15 min at room tempera-
ture. Then, we measured dead cell luminescence by a GloMax-Multi 
detection system. The procedure was repeated with lysis reagent, 
and all-cell luminescence was measured.

2.10  |  In vivo experiment

TE-8 cells were cultured and then prepared in RPMI medium (1 × 106 
cells per mouse) at a 1:1 ratio and injected subcutaneously into the 
flanks of BALB/cSlc-nu/nu male mice (6–8 weeks old) purchased 
from Japan SLC, Inc. To establish patient-derived xenograft (PDX) 
tumors, biopsy specimens, which were generated in our lab after 
obtaining written patient consent, from a 60-year-old male with a 
poorly differentiated cT2N0M0 ESCC were placed in a subcutane-
ous pocket created by a 5-mm incision in the left flank of 6-week-old 
male BALB/cSlc-nu/nu mice, then closed by suturing. Calipers were 
used for measurements twice a week, and tumor volumes were 
calculated (volume = length × width2 × 0.5) until tumors reached a 
volume of about 150–300 mm3. The mice were randomly assigned 
to groups (n = 5 or 6 each) and treated with FTD/TPI (200 mg/kg/
day, orally) and/or MK1775 (30 mg/kg/day, orally) for 3 weeks (TE-8) 
or 4 weeks (PDX). As a control for FTD/TPI and MK1775, 0.5% hy-
droxypropyl methylcellulose (10 mL/kg) and/or 20% captisol (CyDex 
Pharmaceuticals, Inc.) were used, respectively. Mice were sacrificed 
when tumors reached an end point. Dissected tumors were snap-
frozen and stored at −80°C or fixed in 10% buffered formalin for the 
histopathologic process.

2.11  |  Histologic and immunohistochemical 
(IHC) staining

Tissue samples were fixed in 4% paraformaldehyde phosphate 
buffer solution (Wako Pure Chemical Industries, Ltd.) overnight 
at 4°C, embedded in paraffin, and cut into 4-μm sections for 
standard hematoxylin and eosin (H&E) staining and IHC. Depar-
affinization and antigen retrieval by incubation in protease solu-
tion (Nichirei Biosciences) were carried out for 5 min. The glass 
slides were washed in PBS (six times, 5 min each) and mounted 
with 1% normal serum in PBS for 30 min.29 The primary antibody, 
rabbit monoclonal anti-γ-H2AX (#9718, CST) at 1:100 dilution was 
subsequently applied for 40 min, followed by PBS washes (three 
times, 5 min each). Slides were incubated with a secondary anti-
body solution in a Histofine Simple Stain MAX PO (R) Kit (Nichirei 
Biosciences) for 30 min, which was followed by PBS washes. Col-
oring reaction was carried out with diaminobenzidine, and nuclei 
were counterstained with hematoxylin. Immuno-stained tissues 
were assessed using a BIOREVO BZ-9000 Microscope (Keyence) 
for γ-H2AX staining.

2.12  |  Radiotherapy

Radiation treatment (RT, 2 grays [Gy]) was conducted in a single 
fraction of tumors, as reported previously.30 Briefly, mice were po-
sitioned in a modified 50-mL conical plastic tube to allow irradiation 
of the tumor area while keeping the rest of the body outside the 
RT field using a collimator. The tumors were locally irradiated with 
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2 Gy of 137Cs γ-rays using a Gammacell 40 Exactor (MDS Nordion 
International).

2.13  |  Statistical analysis

Unless otherwise stated, data are presented as the means ± SD of 
triplicate experiments. Correlations between the proportion of 
mitotic cells assessed by flow cytometry and IC50 values obtained 
using WST-1 assay between two groups, FTD and combination FTD-
MK1775, were evaluated for statistical significance using a t-test. 
In addition, the interaction between FTD/TPI and WEE1 inhibitor 
treatments for TE-1 CytoTox-Glo assay and ESCC TE-8 tumor and 
PDX tumor xenografts were assessed using two-way analysis of 
variance (ANOVA). When significant interactions were noted, more 
than two groups were analyzed using Tukey's honestly significant 
difference test. A p-value <0.05 was considered statistically signifi-
cant. All statistical analyses were performed using GraphPad Prism 
9 for Windows.

3  |  RESULTS

3.1  |  FTD activates DDR processes and induces a 
G2 arrest

We exposed various ESCC cell lines to FTD for different dura-
tions to observe the activation of DDR. We used a clinically rel-
evant dose (10 μM) of FTD based on phase I clinical trial data.31 
In Figure 1A , the protein levels of phospho-replication protein A 
32 (RPA32), which is a marker for single-strand DNA damage,32 
were enhanced by FTD 10 μM and remarkedly increased after 48 h 
compared with the control at 0 h. We also investigated whether 
FTD-induced DDR could inhibit CDK1. CDK1 has several phos-
phorylation sites, including the Tyrosine 15 residue, which, when 
phosphorylated, deactivates CDK1.33 Therefore, we examined the 
p-CDK1 status at the Tyr15 site after treatment by FTD. Along the 
ATR-CHK1-WEE1 axis, CHK1 was activated by phosphorylation of 
this protein at Ser345 (Figure 1B), followed by downstream inacti-
vation of CDK1, as the blots of phospho-CDK1 at Tyr15 increased 
over time and peaked after 48 h, showing a sequential effect of 
FTD on the DDR pathway. Next, we observed whether the inac-
tivation of CDK1 had negatively regulated the cell cycle in FTD-
treated ESCC cells.

To investigate whether FTD could induce the arrest at the G2 
phase in ESCC cells, we treated them with FTD and analyzed the 
cell cycle distribution at several time points, varying from 0 to 48 h 
(Figure 1C). We excluded TE-8 from this analysis because of mul-
tiple peaks at the baseline due to aneuploidy. Consistent with the 
elevation of p-CHK1 S345 and p-CDK1 Tyr15, after 48 h of FTD 
treatment (Figure 1A), flow cytometry data showed that 4N DNA 
reached the highest level at 48 h after FTD treatment, suggesting 
a G2 arrest to give the cell time for DDR. Hence, FTD is able to 

induce DDR and inactivate CDK1, which triggers a G2 arrest in 
ESCC cells.

3.2  |  A WEE1 inhibitor suppresses FTD-induced 
DDR and induces DNA double-strand breaks

Next, we tested whether adding a WEE1 inhibitor to the FTD-
exposed ESCC cells could inhibit the inactivation of CDK1 and lead 
cells into mitosis. Before cell-based assays, we investigated DepMap 
gene dependency data with the shRNA library (DEMETER2 v6, Dep-
Map, Broad Institute). We found that CHK1 gene dependency corre-
lated more with WEE1 than with ATR or ATM-CHK2-TP53 pathway 
genes in all cell line data sets and squamous cell carcinoma data sets, 
including ESCC (Figure 2A, Figure S1A–C), which supports our idea 
to use the WEE1 inhibitor, not an ATR inhibitor. After this result, we 
continued to observe a relevant suppression of phospho-CDK1 by 
the CHK1 inhibitor (Prexasertib, LY2606368) (Figure 2B) and WEE1 
inhibitor (Adavosertib, MK1775) (Figure  2C) following increasing 
doses after 24 h of administration. When the cells were treated 
with a CHK1 inhibitor or a WEE1 inhibitor (MK1775 or PD0166285) 
alone, CHK1/WEE1 inhibitors dephosphorylated Tyr15 residues of 
CDK1, indicating their function to inhibit DDRs, which attenuate cell 
cycles (Figure 2B,C, Figure S1D,E), although the effect size is differ-
ent among the cell lines.

Addition of a WEE1 inhibitor (MK1775) to FTD-treated cells de-
phosphorylated CDK1 (activated CDK1) in all cells (TE-1, TE-8, TE-10, 
TE-11; Figure 2D), suggesting the potential to activate CDK1. Next, 
we monitored how the accumulation of mitotic cells varied by treat-
ment with those reagents in ESCC cells. We observed the proportion 
of mitotic cells in the M phase by measuring the phosphorylation of 
histone H334 and found a decrease in mitotic cells treated by FTD 
only, as a blocked mitotic entry in the presence of FTD. However, 
the proportion of mitotic cells was remarkably increased after 24 h 
of cotreatment with MK1775 and FTD (p < 0.0001), suggesting that 
the WEE1 inhibitor had blocked FTD-induced DDR and led more 
cells into the mitosis phase (Figure  2E, Figure  S1F). Furthermore, 
combination of a WEE1 inhibitor (MK1775 or PD0166285) and FTD 
induced γ-H2AX, indicating double-strand breaks of DNA due to a 
forced cell cycle, even with DNA damage caused by FTD increased 
the toxicity in ESCC cells (Figure 2D, Figure S1D,E).

3.3  |  The WEE1 inhibitor enhances the cytotoxic 
effect of FTD on various ESCC cell lines

Next, we examined whether the combination therapy has effective 
cytotoxicity against ESCC cells in vitro. First, we examined cell 
viability with or without MK1775 and/or FTD. In the WST-1 assay, 
the addition of MK1775 (100 nM) sensitized FTD-treated TE-1 and 
TE-8 cells and remarkedly reduced the IC50 concentration of FTD in 
both cell lines (p < 0.0001 and p = 0.0028, respectively) (Figure 3A). 
Next, to determine whether the combination was cytotoxic or just 
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cytostatic, we performed a dead cell assay (CytoTox-Glo). As shown 
in Figure 3B, adding 100 nM MK1775 to FTD resulted in a significant 
increase in the dead cell ratio compared with every single treatment 
and control group, indicating that the effect of the combination 
treatment was cytotoxic. Furthermore, a significant interaction 
between FTD and MK1775 was observed when ESCC cells were 
treated by the combination (p-values for interaction in two-way 
ANOVA: 0.003, 0.0152, 0.0108, and 0.0164 for TE-1, TE-8, TE-10, 
and TE-11, respectively), suggesting a synergistic effect to kill the 
cells with FTD and MK1775.

Furthermore, we performed a clonogenic assay to examine the 
long-term (7 days) combined therapeutic effects of FTD and MK-
1775 on ESCC cell lines (TE-1 and TE-8). This combination has shown 
stronger cytotoxicity in ESCC cells than the monotherapy of each 

drug. Altogether, MK1775 had a synergistic effect of increasing the 
cytotoxicity of FTD on ESCC cell lines (Figure 3C).

3.4  |  FTD/TPI and WEE1 inhibitor combination 
shows potent antitumor effect in ESCC 
xenograft models

Given the promising in vitro data, we next tested the combination 
treatment with FTD/TPI and MK1775 in ESCC xenografted tumors. 
In xenografted tumors from the TE-8 cell line, the tumor growth 
curves were attenuated by each monotherapy MK1775 or FTD/TPI 
compared with control mice (Figure  4A). Moreover, tumor growth 
was significantly more suppressed in the combination group of 

F I G U R E  1  Trifluridine (FTD) 
activates DNA damage response (DDR), 
deactivates cyclin-dependent kinase 
1 (CDK1), and arrests cells at the G2 
phase. (A, B) Immunoblots showing 
DDRs caused by FTD at different time 
points. (A) Single-strand DNA damage, 
shown by phosphorylation of replication 
protein A32 (RPA32)/RPA2 induced 
by FTD, which increased over time. (B) 
FTD activated the ataxia telangiectasia 
and Rad3-related protein (ATR)-CHK1 
pathway (indicated by phosphorylation) 
and deactivated CDK1 (indicated by 
phosphorylation at Tyr15). β-Actin bands, 
as loading control, were used for both 
panels (A, B) since these results were from 
the same protein samples. (C) Cell cycle 
distribution of TE-1, TE-10, and TE-11 cells 
exposed to FTD 1 μM and 10 μM for 0 and 
48 h. Cells were stained with propidium 
iodide and analyzed by flow cytometry.
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F I G U R E  2  MK1775 suppresses trifluridine (FTD)-induced DNA damage responses (DDRs) by cyclin-dependent kinase 1 (CDK1) 
activation. (A) Gene dependency correlation among DNA damage repair pathway genes and CDK1. Matrix of Pearson r values calculated 
from all cell lines included in the data set (712 cell lines). Data set: DEMETER2_v6 combined RNAi (DepMap: https://depmap.org/porta​l/, 
Broad Institute). (B, C) Immunoblots of DDR checkpoints, which were suppressed after exposing the cells to a Chk1 inhibitor (LY2606368) 
and WEE1 inhibitor (MK1775) with increasing concentrations. (D) With FTD, MK1775 not only activated CDK1 but also induced DNA 
double-strand breaks, indicated by g-H2AX. (E) Flow cytometry showing the percentage of mitotic cells, which is indicated by p-hH3 
following the treatment of FTD, MK1775, and a combination of them.

https://depmap.org/portal/


4670  |    NGUYEN VU et al.

FIGURE 3  Legend on next page
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FTD/TPI and MK-1775 than under other conditions (tumor growth 
compression was approximately 86% in TE-8 cell xenograft models) 
(Figure 4A).

We also used PDX tumors to evaluate the efficacy of the com-
bination of FTD/TPI and MK1775. Before using them for xenograft 
experiments, we ran whole-exome sequencing and detected vari-
ous gene mutations, including TP53, with allele frequencies above 
99% (Table S2). We further confirmed the functional loss of TP53 by 
checking the growth of organoids with an MDM2 inhibitor Nutlin-3a 
(Figure S2). PDX#5-derived organoids did not show a significant loss 
of viability after exposure to 10 μM Nutlin-3a, indicating that PDX#5 
has a loss-of-function TP53 mutation. With PDX#5, the FTD/TPI and 
MK-1775 combination showed better suppression of tumor growth 
than either FTD/TPI alone or MK1775 alone or vehicle control 
(tumor growth suppression was nearly 71.3%) (Figure 4C).

Hematoxylin and eosin images showed that combination ther-
apy tumors had more necrosis regions and fewer growing tissues 
than the single-treatment and control groups (Figure 4E). We also 
found that the combination treatment of FTD/TPI and MK1775 in-
duced γ-H2AX in the PDX#5 tissues (Figure 4E,F). Although a syn-
ergistic effect was not observed in terms of tumor size suppression 
(Figure 4C), there was a significant interaction of γ-H2AX induction 
between FTD and MK1775 (Figure 4F), suggesting a potential syn-
ergistic effect of these two compounds in cytotoxicity. As for safety, 
no remarkable alteration was noticed during the treatment course in 
the TE-8 and PDX experiments, except for minor body weight loss 
in FTD/TPI-treated mice in the PDX#5 experiment (Figure  4B–D). 
Overall, the combination of FTD/TPI and MK1775 showed a potent 
antitumor effect in ESCC mouse models.

Considering the importance of local control with radiotherapy in 
ESCC treatment, we further assessed the radiosensitizing effect of 
FTD/TPI and MK1775 by in vivo models. We conducted an experi-
ment with four groups: vehicle as control, radiotherapy, chemother-
apy (FTD/TPI and MK1775), and a combination of chemotherapy and 
radiotherapy. Chemotherapy showed an additive effect on radio-
therapy to suppress tumor growth, although radiotherapy's effect 

was not statistically significant in this xenograft model (Figure S3A). 
No severe complications were observed in this experiment, and no 
significant body weight loss was observed on day 25 in all groups 
(Figure S3B). In addition, more γ-H2AX-positive cells were observed 
in the combination treatment than in other groups (Figure S3C,D), 
indicating that radiotherapy might be able to enhance the cytotoxic-
ity together with our novel chemotherapy with FTD/TPI and a WEE1 
inhibitor, although in our experiment we could not see significant 
synergistic effects.

Hence, the combination of FTD/TPI and MK1775 showed a 
potent antitumor effect as chemotherapy or chemoradiotherapy 
against ESCC.

4  |  DISCUSSION

This study showed that the combination of FTD/TPI and a WEE1 in-
hibitor had potent cytotoxicity and antitumor effects against ESCC. 
Based on our previous report of synthetic lethality with coinhibition 
of ATR-CHK1-WEE1 (chemically) and ATM-CHK2-p53 (genetically), 
we chose WEE1 as our target because it is the closest node to the 
cell cycle regulation in concert with FTD.25 Furthermore, as support-
ive data, the dependency on genes in the ATR-CHK1-WEE1 pathway 
in the DepMap data set showed that the dependency on CHK1 in 
ESCC cells was the most correlated with that on WEE1, rather than 
the upstream ATR (Figure S1A,B). Therefore, this drug in combina-
tion with FTD/TPI and a WEE1 inhibitor is an effective therapeutic 
strategy for ESCC.

In the present study, FTD activated the ATR-CHK1-WEE1 
pathway and decreased mitotic cells in ESCC cells. These cell re-
sponses are suggested to be the DDR to FTD-derived DNA damage. 
Nonetheless, at the same time point, G2 peak elevated in TE-1 cells 
treated with FTD 10 μM, while TE-10 and TE-11 only required 1 μM 
of FTD to achieve this phase. TE-8 was also observed with high G2 
peak after 48 h of 1 μM FTD treatment; however, this cell line exhib-
ited multiple peaks on histogram, not appropriate to be shown. As 

F I G U R E  3  The combination of trifluridine (FTD) and MK1775 shows cytotoxicity to esophageal squamous cell carcinoma (ESCC) cells. 
(A) Cell survival curve and IC50 after 72 h of treatment with FTD only and combination treatment of FTD and MK1775 with TE-1 and TE-8. 
(B) Comparison of ESCC cells’ live/dead ratio between control and every single treatment and combination. Two-way analysis of variance 
(ANOVA) was used for the statistical analysis. (C) Clonogenic assay of TE-1 and TE-8 after treatment with the indicated doses of FTD and 
MK1775 for 1 week. In each well, 4 × 103 cells were plated, which were then collected and stained with crystal violet. After washing, pictures 
were taken using a scanner (EPSON GT-X830). *p < 0.05; **p < 0.005; ***p <0.0005; ****p < 0.0001.

F I G U R E  4  TAS-102 and MK1775 show potent antitumor effects on esophageal squamous cell carcinoma xenograft tumors. Nude mice 
bearing TE-8 xenograft (A) and patient-derived xenograft (PDX) (C) were administered a vehicle (●), MK-1775 at 30 mg/kg (■), trifluridine 
(FTD)/tipiracil (TPI) at 200 mg/kg (▲), FTD/TPI + MK-1775 (▼), and oral gavage, five times weekly, n = 12–13 per arm. Mean relative tumor 
volumes +/− SE are shown. Two-way analysis of variance (ANOVA) was used for the statistical analysis. (B) Body weight from the same 
group as shown in (A) was monitored during the study. Mean relative tumor volumes +/− SE are shown. (D) Body weight from the same 
groups as shown in (C). (E) Hematoxylin and eosin (H&E) images of PDX#5 tumor tissues in each treatment group on day 29 (scale bar, 
1000 μm) and immunohistochemical (IHC) staining images for γ-H2AX on day 29 (scale bar, 100 μm). (F) γ-H2AX positively stained nuclei 
were counted in eight random fields from two representative slides in each group. ****p < 0.0001.
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well as when evaluating the cytotoxicity, a difference in interaction 
effect between two drugs could be seen among the cell lines, espe-
cially TE-1 versus the others. These results suggest that different 
cell lines would have different sensitivity to FTD treatment. Fur-
thermore, the ATM-CHK2-P53 pathway is impaired in ESCC cells 
because of highly frequent TP53 mutations. Therefore, inhibition of 
the ATR-CHK1-WEE1 pathway by a WEE1 inhibitor is considered to 
fail DNA damage repair function in ESCC cells severely. Indeed, the 
combination of FTD and a WEE1 inhibitor increased the percent-
age of mitotic cells compared with monotherapy with FTD. Accord-
ingly, premature mitosis proceeds in cells that have not completed 
DNA damage repair, leading to severe DNA damage and cell death 
(Figure 5).

In this study, the antitumor effect of combination treatments 
with FTD/TPI and MK1775 was stronger than that with either treat-
ment alone. Because we could not show any significant interaction 
(synergistic effect) between the two compounds, FTD/TPI and 
MK1775, in both TE-8 and PDX xenograft tumors, a combination 
of this treatment is considered to exert an additive antitumor ef-
fect on ESCC. This result is inconsistent with our previous report,22 
which showed a synergistic effect of FTD/TPI and prexasertib 

(CHK1 inhibitor). This discrepancy may be due to the difference 
between the WEE1 and CHK1 inhibitors. As WEE1 is a downstream 
target of CHK1, it may take time for the WEE1 inhibitor to work 
properly. Our in vitro data showing that FTD needs time to acti-
vate downstream of the DDR pathway, phosphorylate CDK1, and 
arrest cell cycle appear to support this idea. However, the variation 
in number of treatment cycles between two xenografts may be the 
result of the difference in the background of mutation between 
cancer cells and actual patients. On the other hand, a remarkable 
percentage of γ-H2AX induced by combination and a good synergy 
were observed, which has encouraged us for further investigation 
in the future to fully comprehend the effectiveness and impact of 
this combination.

In addition, we also showed that chemoradiotherapy with FTD/
TPI, MK1775, and radiation had a good antitumor effect in vivo. 
FTD/TPI monotherapy has shown some good positive but moderate 
effect on sensitivity to radiotherapy in metastatic colon cancer.35 To-
gether with that, MK1775 was also proven to enhance the sensitivity 
to radiotherapy in ESCC.36 Therefore, we believe that this combina-
tion of FTD/TPI and MK1775 can be a good candidate to improve 
the outcome of radiotherapy effectiveness. To our knowledge, this 

F I G U R E  5  Proposed combination 
treatment strategy to tackle p53-mutant 
esophageal squamous cell carcinoma 
(ESCC) tumors with a WEE1 inhibitor. 
Cotreatment with trifluridine (FTD) and 
MK1775 inhibited ataxia telangiectasia 
and Rad3-related protein (ATR)-
checkpoint kinase 1 (CHK1)-WEE1, a 
compensation DNA damage response 
pathway in p53-mutant ESCC cells, 
resulting in cytotoxicity via synthetic 
lethality.
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is the first study reporting the radiosensitizing effect of the com-
bination of MK1775 and FTD/TPI. Therefore, a triple-treatment 
plan combining FTD/TPI, MK1775, and radiation therapy might be 
a novel, powerful therapeutic strategy for patients with ESCC who 
need strong loco-regional control at the primary site. However, we 
did not see tumor shrinkage or remission in our in vivo experiments, 
probably because of the suboptimal radiation dose for the TE-8 
model we used.

Although there have been upgrades in identifying genomic 
drivers, clinically approved targeted therapies are limited.37 Re-
cent advances in treatment against unresectable ESCC include the 
application of anti-PD-1 inhibitors and an anti-CTLA4 inhibitor 
that improves the overall survival (OS) of patients with ESCC.38,39 
However, given the modest response rate of immunotherapy, 
improving chemotherapy against ESCC using molecular-targeted 
therapy such as our novel FTD/TPI and MK1775 combination is 
still fundamental. The FTD/TPI and MK1775 combination could be 
a good candidate strategy as the last line of treatment after tax-
anes, given the good tolerability of FTD/TPI shown in our previous 
phase II trial.12 Several trials are already evaluating WEE1 inhibi-
tors in non-small cell lung, ovarian, colon, and squamous cells of 
head and neck cancer when using monotherapy or combined with 
other cytotoxic agents. In a phase II trial conducted in 718 patients 
with RAS/TP53 mutant metastatic colorectal cancer (FOCUS4-C), 
monotherapy of MK1775 increased PFS with good tolerance but 
no improvement in OS.40

On the other hand, many preclinical and clinical studies have 
demonstrated the antitumor effect of MK1775 in combination with 
chemotherapy targeting the S and G2 phases. Therefore, a phase 
II study evaluated MK1775 in a single dose and combined it with 
different chemotherapies (gemcitabine, carboplatin, paclitaxel, or 
pegylated liposomal doxorubicin) in patients with primary platinum-
resistant ovarian, fallopian tube, or peritoneal cancer.41 The highest 
efficacy of MK1775 was obtained in combination with carboplatin 
with a response rate of 66.7% and a median PFS of 12 months.42 The 
results of this trial to achieve good efficacy using the combination 
of an anti-DDR inhibitor and a cytotoxic agent were consistent with 
our study.

Our study has several limitations. First, the safety profiles of 
WEE1 inhibitor and FTD/TPI have not been investigated, although 
no apparent adverse events were found in mice. We expect good 
tolerability of our combination strategy in patients because the 
mechanism of action of the WEE1 inhibitor depends on P53 mu-
tation43,44; however, the phase I clinical trial must be conducted 
carefully to determine tolerable doses of both drugs. Second, the 
efficacy of the WEE1 inhibitor may differ among the patients con-
sidering the different sensitivity to MK1775 in different cell lines. 
Although all the cell lines and PDX we used in this report had TP53 
mutation, there might be some genetic or epigenetic factors which 
affect the efficacy of the combination therapy.

In conclusion, we demonstrated the cytotoxicity and antitu-
mor effects of FTD and WEE1 inhibition in ESCC cells and their 

mechanism to desuppress CDK1 by WEE1 inhibition to run cell di-
vision, thereby suggesting a novel therapeutic strategy for patients 
with ESCC. Furthermore, we have shown two possibilities for this 
strategy, namely chemotherapy and chemoradiotherapy. Further 
validation studies in clinical trials are needed.
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