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Abstract
WEE1 plays an important role in the regulation of cell cycle G2/M checkpoints and 
DNA damage response (DDR). Inhibition of WEE1 can increase the instability of the 
genome and have anti–tumor effects in some solid tumors. However, it has certain 
limitations for multiple cancer cells from different lineages. Therefore, we consider 
the use of synthetic lethal interactions to enhance the therapeutic effect. Our ex-
periments proved that WEE1 inhibitor (WEE1i) can activate the ataxia telangiectasia 
and RAD3-related (ATR) pathway and that blockage of ATR dramatically sensitized 
the WEE1i-induced cell death. The tumor-selective synthetic lethality between bio-
available WEE1 and ATR inhibitors led to tumor remission in vivo. Mechanistically, 
the combination promoted the accumulation of cytosolic double-strand DNA, which 
subsequently activated the stimulator of the interferon gene (STING) pathway and 
induced the production of type  I interferon and CD8+ T cells, thereby inducing 
anti–tumor immunity. Furthermore, our study found that immune checkpoint pro-
grammed death-ligand 1 is upregulated by the combination therapy, and blocking 
PD-L1 further enhances the effect of the combination therapy. In summary, as an 
immunomodulator, the combination of WEE1i with ATR inhibitor (ATRi) and immune 
checkpoint blockers provides a potential new approach for cancer treatment.
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1  | INTRODUC TION

In recent years, DNA damage has been a hot topic in cancer research. 
DNA damage response (DDR) can repair DNA damage by identify-
ing damaged DNA and temporarily arresting the cell cycle, thereby 
maintaining the integrity of the genome.1,2 The loss of the function of 
the DDR signaling pathway increases the instability of the genome3,4 
WEE1 is a protein kinase that plays an important role in DNA dam-
age repair. Inhibiting the WEE1 protein will cause cells to carry large 
amounts of damaged DNA into mitosis, making them succumb to the 
mitotic catastrophe and, ultimately, leading to cell death.5 Although 
many studies have shown that WEE1 inhibitor (WEE1i) can enhance 
the role of chemotherapy in the treatment of cancer, the actual over-
all clinical response rate remains limited. This may be related to the 
existence of multiple repair mechanisms in cancer to address DNA 
damage.6 Therefore, it is expected that targeting multiple proteins in 
response to DNA damage will enhance the therapeutic effect.

Previous studies have demonstrated that DNA damage caused 
by WEE1i can activate ataxia telangiectasia and RAD3-related (ATR) 
protein/ataxia telangiectasia mutated (ATM) kinase. As a key factor 
in the DDR signaling pathway, ATR/ATM can repair part of the DNA 
damage caused by WEE1i, thereby partially reducing the anti–tumor 
effect of WEE1i.7,8 ATR/ATM belongs to the phosphatidylinositol 
3-kinase-like kinase (PIKK) family. Although there are close interac-
tions between PIKK family members, there is substantial evidence 
that ATR is more important than other members for cell survival.9,10 
Based on the above principles, we consider the combined applica-
tion of WEE1i and ATR inhibitor (ATRi) to treat cancer.

In the presence of WEE1i and ATRi, tumor cells may produce a 
large amount of dsDNA that accumulates in the cytoplasm. The in-
creased cytoplasmic dsDNA can be recognized by the sensor cyclic 
GMP-AMP synthase (cGAS), and cGAS can activate the stimulator of 
the interferon gene (STING) pathway by generating the second mes-
senger 2 -́5ʹ cyclic GMP-AMP (cGAMP).11 Activation of the STING 
pathway leads to phosphorylation of interferon (IFN) transcriptional 
regulatory factors IFN regulatory factor 3 (IRF3) and TANK-binding 
kinase 1 (TBK1), which triggers the downstream type  I interferon 
(IFN-Is) response.11-13

However, many studies assert that continuous IFN-Is signal trans-
duction induces the expression of programmed death-ligand 1 (PD-
L1/CD274) in immune cells and certain tumor cells, thereby driving 
the inhibitory circuit.14 Immunotherapy targets these specific mole-
cules to restore the anti–tumor immune response.15,16 Based on this, 
we tested combining immunotherapy on the basis of targeted drugs, 
which is expected to provide more options for cancer treatment.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and culture conditions

SKOV3, ES2, A2780, TOV-112D, OV90, TOV-21G, OVCAR3, 
OVCAR8, Caov-3, and HOC7 are human ovarian cancer cell lines. 

OVCAR8 and HOC7 were obtained from MDACC Characterized 
Cell Line Core. Others cell lines were obtained from the ATCC. ID8 
(ovarian cancer cell line) was a gift from Professor K. Roby of the 
Department of Anatomy and Cell Biology, University of Kansas. 
MC38 (colon adenocarcinoma cell line), B16 (melanoma cell line), 
and CT26 (colon carcinoma cell line) were obtained from the ATCC. 
Cell lines were cultured in the corresponding medium and 10% FBS.

2.2 | Cell proliferation

A Cell Counting Kit 8 (CCK-8, CK04, Dojindo Laboratories) was used 
to analyze cell viability. Cells were treated with DMSO, AZD1775 
(S1525, Selleck), AZD6738 (S7693, Selleck) or a combination for 
72 hours. After addition of CCK-8 for 2 hours, a microplate reader 
(Bio-Rad) was used to assess cell viability at absorbance of 450 nM. 
CompuSyn software was used to evaluate synergistic drug interac-
tions, which takes into account combination index (CI) values.

2.3 | Clonogenic assay

Cells were seeded in six-well plates at 5000 cells per well. The cells 
were then treated with drugs for 10 days. The remaining cells were 
stained with crystal violet (0.5%). Images were captured using a digi-
tal scanner.

2.4 | Flow cytometry

Cells were treated with drugs for 48 hours and then stained with an 
FITC Annexin V Apoptosis Detection Kit I (556547, BD Biosciences). 
Apoptosis was measured by Flow Cytometer (Beckman Coulter). The 
cells were incubated with anti–MHC-I (ab240087, Abcam) (ab95572, 
Abcam) for 1 hour. Next, the cells were incubated with secondary 
antibody for 1 hour. The samples were detected by flow cytometry 
and quantified with FlowJo-V10 software.

2.5 | Western blot

Cellular lysates were separated by SDS-PAGE and transferred onto 
PVDF membranes. The membranes were incubated with corre-
sponding antibodies (Table S1) at 4°C overnight and then incubated 
with secondary antibody. The bands were visualized by chemilumi-
nescence (Bio-Rad).

2.6 | Immunofluorescence

After treatment with drugs for 72  hours, 3  µg/mL PicoGreen 
(12641ES01, Yeasen) was added to the medium. After 1  hour, 
cells were fixed (4% paraformaldehyde), permeabilized (0.25% 
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TritonX-100) and blocked (5% BSA). Cells were then stained with 
anti–pan Cytokeratin (ab80826, Abcam), phospho-Histone H2A.X 
(9718, CST), phosphor-TBK1 (5483, CST), phospho-IRF-3 (29047, 
CST), and anti–MHC-I (ab240087, Abcam) (ab281902, Abcam) over-
night at 4°C. Cells were stained with secondary antibody for 1 hour 
and then counterstained with DAPI. Photographs were taken using 
confocal microscopy.

2.7 | Real-time PCR

We used iTAQ Universal SYBR Green Supermix (BIO-RAD) for quan-
titative real-time PCR (RT-qPCR). β-actin was used as an internal 
control. The 2−ΔΔCt method was used to analyze the relative mRNA 
levels. The primers used are listed in Table S2.

2.8 | ELISA

Cell culture mediums were collected after drug treatment for 
ELISA. The CXCL10 ELISA Kit (EMC121.96 for mouse and EHC157 
for human) and the IFNβ ELISA Kit (EMC016.96 for mouse and 
EHC026b.96 for human) were purchased from NeoBioscience. 
Mouse PD-L1 ELISA Kit (ARG81930) was purchased from arigo. The 
human PD-L1 ELISA Kit was purchased from RayBiotech. These kits 
were used according to the manufacturers’ instructions.

2.9 | RNA interference

All siRNAs were purchased from Sigma; the sequences are listed in 
Table S3. siRNA transfections were performed using Lipofectamine 
3000 (Invitrogen). The final concentration of siRNA was 50 nM. H-
151 (S6652, Selleck) is a specific small molecule inhibitor of STING.

2.10 | Syngeneic mouse model of ovarian cancer

Female C57/BL6 mice (6-8  weeks) were purchased from Beijing 
HFK Bioscience. Luciferase-labeled ID8 cells (5 × 106) were injected 
into the peritoneal cavity of mice. Mice were treated with vehicle, 
AZD1775 (60  mg/kg) and AZD6738 (25  mg/kg), respectively, for 
28 days (a cycle of 5 consecutive days on-drug and 2 days off-drug) 
by oral gavage. At the end of the treatment, tumor progression 
was monitored by imaging with the IVIS Spectrum System (Caliper, 
Xenogen). Mice were killed and tumors were harvested for analysis.

2.11 | Syngeneic mouse model of colorectal cancer

Female BALB/c mice (6-8  weeks) were obtained from Beijing 
HFK Bioscience. Mice were injected subcutaneously with CT26 
cells (1.5  ×  105). Tumor-bearing mice were treated with vehicle, 

AZD1775, AZD6738, anti–PD-L1 (200  μg/mouse i.p., bioxcell, 
BP0101), and anti–CD8 (200 μg/mouse i.p., bioxcell, BE0061). Anti–
PD-L1 was administered once every 3  days six times. Anti–CD8 
started 1 week before tumor induction and was administered once 
every 5 days. During the process of the treatment, tumor volume 
(width2 ×  length)/2 and mouse body weight were measured every 
3  days. Animals were killed after 28  days, and tumors were har-
vested for analysis. All animal studies were supervised and approved 
by the Guide for the Care and Use of Laboratory Animals of Tongji 
Hospital (Wuhan, China).

2.12 | Immunohistochemical

Immunohistochemical experiments were performed on paraffin-
embedded mouse tumor tissue sections using Ki67 (ab16667, 
Abcam), PD-L1 (MAB9078, R&D), γH2AX, CD3 (SAB5500058, 
sigma), and CD8 (SAB5500074, sigma). The percentage of positive 
cells was analyzed using Image-Pro Plus 6.0 software.

2.13 | TUNEL

Tissue sections were stained with TUNEL using the One Step 
TUNEL Apoptosis Assay Kit (C1089, Beyotime) according to the kit 
instructions.

2.14 | Statistical analysis

All experiments were obtained from three independent experi-
ments. Data were described as the means  ±  SD. Multiple group 
comparisons were performed via one-way ANOVA. Tukey’s multiple 
comparison test was used to perform multiple comparisons between 
groups. P < .05 was considered statistically significant.

3  | RESULTS

3.1 | WEE1 inhibitor and ATR inhibitor show 
synergy in multiple cancer lineages

In our research, we used AZD1775, which is currently the only 
WEE1i in clinical development, and it can induce DNA damage 
by eliminating G2-M checkpoint.17 Preclinical studies show that 
AZD1775 plus chemotherapy can enhance treatment efficacy in 
ovarian cancer.18,19 Furthermore, AZD1775 has shown strong anti–
tumor activity not only in ovarian cancer but also in several pre–
clinical tumor models.20 As a DNA damage signal transduction 
kinase, ATR can be activated by DNA damage caused by WEE1i 
and then protect the genome from replication pressure.10,21 Based 
on this, we treated OVCAR8 and ID8 cells with different concen-
trations of AZD1775, and we found that ATR was activated by 



     |  4447WU et al.

AZD1775 in a concentration-dependent manner (Figure  1A). We 
then treated cells with AZD1775 for 0  hour, 24  hours, 48  hours, 
72 hours, and 5 days. The results indicated that AZD1775 induced 
a time-dependent increase in p-ATR expression (Figure  1B). Next, 
we investigated whether ATRi can enhance the anti–tumor effect of 
WEE1i. In the experiment, we used AZD6738 as an ATRi, which is 
currently undergoing clinical trial testing.5 The results showed that 
combination therapy of AZD1775 and AZD6738 had a synergistic 
effect (CI < .5) in 11 of 14 cancer cell lines (Figure 1C). The colony 
formation assay showed that the combination therapy significantly 
reduced colony formation compared to the control and monother-
apy (Figure 1D,E). The cell apoptosis assay showed that the combi-
nation resulted in a pronounced increase in cell death (Figure 1F-H). 
Altogether, these results indicate that WEE1i can activate ATR ki-
nase in a time-dependent and concentration-dependent manner, 
and dual inhibition of WEE1 and ATR can significantly inhibit tumor 
cell proliferation and promote tumor cell apoptosis.

3.2 | WEE1 and ATR inhibition significantly delayed 
tumor growth in immune-competent mouse models of 
ovarian cancer

Given the biological significance of in vitro data, we next investi-
gated the anti–tumor activity induced by AZD1775 and AZD6738 in 
vivo. First, we established an ovarian cancer model in C57BL/6 mice 
using ID8 cells. Bioluminescent images were acquired 14 days after 
injection of ID8 cells, and tumor-bearing mice were randomly divided 
into four groups (Figure S1A,B). Based on the recommended doses 
in the literature,22 daily oral treatment combined with AZD1775 and 
AZD6738 resulted in a significant delay in tumor growth, which was 
better than using any drug on its own (Figure 2A-C). Because the pur-
pose of conditional synthetic lethality is to preserve normal tissues, 
we monitored the weight change of mice during the administration 
process. The combined treatment did not significantly reduce the 
body weight of the mice (Figure 2D). When the mice were killed, we 
harvested the tumors and performed immunohistochemical analy-
sis. Consistent with the synergistic inhibitory effect of combined 
therapy in vitro, the combination treatment reduced the expression 
of the proliferation index Ki67 in tumors, which indicates that tumor 
growth in vivo has been effectively inhibited (Figure 2E,F). Apoptosis 
was evaluated using the TUNEL assay, and the results showed that 
TUNEL-positive staining increased in ovarian cancer foci of animals 
dually inhibited with WEE1i and ATRi (Figure 2G,H). Consistent with 
the results in vitro, we demonstrated the synergistic killing effect of 
the combination drug on tumors in vivo.

3.3 | The combination induces DNA damage and 
cytoplasmic dsDNA accumulation

Consistent with cell viability and apoptosis assays, western blotting 
showed that the combined treatment markedly increased the levels 
of γH2AX and cleaved PARP-1, where γH2AX is known as a DSBs 
marker and cleaved PARP-1 is an important indicator of apoptosis in 
cells.23,24 In addition, treatment with AZD6738 alone can significantly 
inhibit the expression of P-CHK1 (Ser345), which is downstream of 
ATR, and treatment with AZD1775 alone downregulated its direct 
target CDC2-pY15 (Figure 3A,B). Previous studies have proved that 
DNA damage in cells results in large amounts of dsDNA.25 Therefore, 
we analyzed the accumulation of cytosolic dsDNA using the 
PicoGreen assay. Confocal microscopy observations showed that the 
combined treatment significantly increased the cytosolic dsDNA and 
the expression of γH2AX in OVCAR8 and CT26 cells (Figure 3C,D). 
The same results were observed in ID8 cells (Figure S2A). We also 
applied double-color immunofluorescence staining on ID8 tumor sec-
tions and found that γH2AX and the epithelial marker pan-cytokeratin 
(panCK) co–localized. This proves that although AZD1775 moder-
ately increased γH2AX-positive tumor cells, the combination therapy 
with AZD6738 remarkably magnified DNA damage in tumor cells 
(Figure 3E,F). Overall, the 28-day in vivo experiment echoed the re-
sults observed in the in vitro analysis.

3.4 | Dual inhibition of WEE1 and ATR further 
activates the STING signaling pathway in cancer cells

As stated in the Introduction, dsDNA present in the cells could trig-
ger the STING pathway. Immunofluorescence analysis assays proved 
that the combination of AZD1775 and AZD6738 induce the activa-
tion of p-TBK1 and p-IRF3 in cells (Figure 4A,B and Figure S2B,C). 
The trend of western blotting is consistent with the results of im-
munofluorescence (Figure 4C,D). Next, the histochemical results of 
ID8 tumor slices showed that the combination group significantly in-
creased the phosphorylation levels of TBK1 and IRF3 (Figure 4E-G). 
To confirm whether the increased sensitivity of cancer cells to the 
combination of AZD1775 and AZD6738 is associated with high lev-
els of STING, the effect of knocking down STING with siRNA or H-
151 was first verified in ID8, CT26, and OVCAR8 cells (Figure S2D). 
Through western blot experiments, it was found that siSTING sig-
nificantly inhibited the activation of the STING pathway caused by 
the combination therapy, which was manifested by the decreased 
expression of p-STING and its downstream p-TBK1 and p-IRF3 in 
OVCAR8 cells (Figure  4H). Meanwhile, cell cloning experiments 

F I G U R E  1   WEE1i and ATRi show synergy in multiple cancer lineages. (A, B) Analysis of the protein levels of p-ATR by western blotting. 
(C) Dose-response curves of cancer cell lines treated with gradient concentrations of AZD1775 and AZD6738 for 72 h. (D) CT26 and 
OVCAR8 cells were treated with DMSO, 50 nM AZD1775 or AZD6738 or combination, and ID8 cells were treated with DMSO, 100 nM 
AZD1775 or AZD6738 or combination. After 10 days, these cell clones were photographed. (E) Quantification and statistical analysis of (D). 
(F-H) Flow cytometry was used to detect the apoptotic cells after 48 h of drug action (left). Quantitatively stained PI and AV-positive cells 
(right). **P < .01, ***P < .001, ****P < .0001
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proved that silencing the STING gene weakened the synergistic 
effects of combination drugs in OVCAR8 and ID8 cells (Figure 4I). 
These results demonstrate that the combination of WEE1i and ATRi 
can activate the STING-TBK1-IRF3 signal axis by accumulating cyto-
plasmic dsDNA, and the STING pathway plays an important role in 
synergistic lethality.

3.5 | The dual inhibition of WEE1 and ATR exerts 
a combined killing effect by remodeling the tumor 
immune microenvironment

The IFN-Is family comprises 13 IFN-α genes in humans and 14 
IFN-α genes in mice as well as a single IFN-β gene. IFN-Is has 

gradually become the main driver of inflammation and immune 
regulation in chronic diseases (including viral infections, bac-
terial infections, and cancer).14 The role of IFN-Is is generally 
considered to be beneficial and essential for promoting T cell 
responses and preventing metastasis in cancer. We examined 
the mRNA expression of interferon-stimulated gene 15 (ISG15) 
and interferon-induced protein 44 (IFI44), two major interferon 
inducible genes.26,27 The results showed that after combined 
treatment, ISG15 and IFI44 mRNA levels increased significantly 
(Figure 5A and Figure S3A). Previous studies have found that the 
phosphorylation of TBK1 and IRF3 can induce high levels of IFN-β 
production.28 IRF3 and STING can also induce the secretion of 
chemokines CXCL10 and CCL5 in cancer through activating IFN-Is 
and are positively correlated with CD8+ T cell infiltration.29-31 

F I G U R E  2   WEE1 and ATR inhibition 
significantly delayed tumor growth in 
immune-competent mouse models of 
ovarian cancer. A, Schema of the mice 
experimental protocol. B, Representative 
images of endpoint bioluminescence. C, 
Quantification and statistical analysis 
of (B). D, Body weight curve of mice. E, 
Tissue sections were stained with Ki67. F, 
Quantification of positive cells in (E). G, 
Tissue sections were immunofluorescent 
stained with TUNEL. H, Quantification 
of positive cells in (F). *P < .05, **P < .01, 
***P < .001, ****P < .0001
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Therefore, we measured the expression of IFN-β and these se-
cretory chemokines in OVCAR8, ID8, and CT26 cells. As ex-
pected, the ELISA results showed that AZD1775 and AZD6738 
combination dramatically increased the expression of IFN-β and 
CXCL10 (Figure  5B,C and Figure  S3B,C). Meanwhile, RT-qPCR 
experiments demonstrated similar results (Figure 5D). Similar to 
the trend of CXCL10, the combination of two drugs significantly 
increased the expression of CCL5 (Figure 5E). At the same time, 
we found that the percentages of CD8+ T and CD3+ T cells in 
ID8 tumors treated with combination drugs were significantly 
higher (Figure  5F and Figure  S3D). The expression of these in-
ducible genes and chemokines is restricted by STING inhibition 
(Figure  5G-I). Collectively, these data indicate that WEE1i and 
ATRi combination therapy can induce immunogenic responses by 
activating the STING signaling pathway, enhancing the IFN-Is re-
sponses and tumor infiltrating lymphocytes (TIL).

3.6 | WEE1 inhibition and ATR inhibition activate 
immune checkpoints in vivo and in vitro

It is known that IFN-induced PD-L1 and cell surface major histocom-
patibility complex class I (MHC-I) also play an important role in endog-
enous immunity and immunotherapy.32,33 Therefore, we measured 
the expression levels of both. Interestingly, PD-L1 was upregulated 
by combination treatment (Figure 6A-C). At the same time, we found 
that the cell-surface expression of MHC-I was upregulated under the 
action of WEE1i, but the combination did not produce a synergis-
tic effect (Figure  6D-H). We conducted further research on PD-L1, 
and immunohistochemical staining of ID8 tumor slices showed that 
the combination treatment will lead to more PD-L1 activation in vivo 
(Figure 6I). After inhibiting the STING pathway, the upregulation of PD-
L1 caused by its activation was also inhibited (Figure 6J,K). However, 
the activation of PD-L1 immune checkpoints may counteract some of 

F I G U R E  3   The combination induces 
DNA damage and cytoplasmic dsDNA 
accumulation. A, B, OVCAR8 and CT26 
cells were treated with DMSO, 300 nM 
AZD1775 or AZD6738 or combination 
for 72 h, and the indicator protein 
was detected by western blot. C, 
Representative images of PicoGreen and 
γH2AX staining in OVCAR8 and CT26 
cells. The cytosolic dsDNA is indicated 
by the white arrows. Scale bar: 20 μm. 
D, Quantification and statistical analysis 
of (C). E, Representative image of co–
localization of panCK (green) and γH2AX 
(red). F, Quantification of positive cells 
in (E). *P < .05, **P < .01, ***P < .001, 
****P < .0001
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the effects of activated TIL and hinder the clearance of tumor cells.15 
Therefore, we hypothesized that WEE1i and ATRi combined with im-
mune checkpoint blockade may synergistically inhibit tumor growth.

3.7 | Immune checkpoint blockade targeting 
PD-L1 enhances the therapeutic efficacy of WEE1 
inhibition and ATR inhibition in colorectal cancer 
mouse models

To test this possibility, we used mouse colon tumor cells, CT26, to 
construct an in vivo model to verify the effectiveness of combined 

immune checkpoint blockade therapy (Figure  7A). After 4  weeks 
of treatment, the combined treatment program significantly re-
duced tumor growth, but the weight of the mice did not change sig-
nificantly (Figure  7B,C and Figure  S4A). The histochemical results 
showed that PD-L1 was moderately increased under the action of 
WEE1i as a single drug, and there was a synergistic increase with the 
combined drug. In the anti–PD-L1 group, there was no expression of 
PD-L1 due to competitive antibody clones, indicating that the anti-
body was working. With the combined use of the two drugs, anti–
PD-L1 further reduced the percentage of Ki67 positive cells and 
increased the positive cells of γH2AX and TUNEL. Meanwhile, the 
combined use of anti–PD-L1 significantly increased the expression 

F I G U R E  4   Dual inhibition of WEE1 
and ATR further activates the STING 
signaling pathway in cancer cells. (A) 
Representative images of p-TBK1 and 
p-IRF3 positive cells in OVCAR8 cells 
(B) Quantification of positive cells in 
(A). (C, D) Western blotting of indicated 
proteins in OVCAR8 and ID8 cells. (E, F) 
Tissue sections were immunofluorescent 
stained with p-TBK1 and p-IRF3. (G) 
Quantification and statistical analysis 
of (E) and (F). (H) After silencing STING, 
let it stand for 72 h with or without a 
combination treatment. Western blot 
of specified proteins in OVCAR8 cells. 
(I) After exposure to drugs with or 
without H-151 (500 nM). Representative 
image of the clonogenic assay (left) 
and quantitative analysis (right) in ID8 
and OVCAR8 cells. *P < .05, **P < .01, 
***P < .001, ****P < .0001
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of infiltrating CD8+ T and CD3+ T cells in tumor tissues (Figure 7D-
F). These results support the view that the additional use of anti–
PD-L1 antibody can significantly enhance the effects of WEE1i and 
ATRi in vivo by remodeling the tumor immune microenvironment. 
To determine the role of CD8+ T cells in the anti–tumor response of 
the combined drug, we used CT26 to construct an in vivo model and 
then used anti–CD8 antibody to remove cytotoxic T cells. Photos 
of tumors and tumor volume curves after 28 days of treatment are 
shown in Figure  S4B-G. Interestingly, the anti–tumor effects of 
monotherapy and the synergistic effect of the combination therapy 

were diminished in CD8 depletion mice, indicating that the efficacy 
of the combination drug requires a CD8+ T cell-mediated immune 
response.

4  | DISCUSSION

With the widespread application of inhibitors in cancer treatment, 
targeted therapy provides new treatment ideas for cancer. Here, we 
show that WEE1 inhibition drove the activation of the ATR pathway. 

F I G U R E  5   The dual inhibition of 
WEE1 and ATR exerts a combined killing 
effect by remodeling the tumor immune 
microenvironment. (A) qPCR evaluation of 
IFI44 and ISG15 expression in OVCAR8 
and ID8 cells. (B) ELISA evaluation of 
IFNβ expression in OVCAR8 and ID8 
cells. (C) ELISA evaluation of CXCL10 
expression in OVCAR8 and ID8 cells. (D) 
qPCR evaluation of CXCL10 expression 
in OVCAR8 and CT26 cells. (E) qPCR 
evaluation of CCL5 expression in OVCAR8 
and CT26 cells. (F) Representative image 
of panCK and CD8 co–localization (left). 
Quantitatively stained positive cells (right). 
(G) After silencing STING, it was let stand 
for 48 h with or without a combination 
treatment. qPCR evaluation of indicated 
genes expression. (H) After exposure to 
drugs with or without H-151 (500 nM) for 
48 h qPCR evaluation of indicated genes 
expression. (I) After silencing STING, it 
was let stand for 48 h with or without a 
combination treatment. ELISA evaluation 
of CXCL10 expression. *P < .05, **P < .01, 
***P < .001, ****P < .0001
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The combination of WEE1i and ATRi can synergistically inhibit tumor 
cell growth and promote tumor cell apoptosis in vivo and in vitro. 
Furthermore, our data revealed that dual inhibition of WEE1 and 
ATR resulted in increased DNA damage and accumulation of cyto-
plasmic DNA. cGAS can recognize dsDNA accumulated in the cyto-
plasm and synthesize cGAMP, the main activation ligand of STING, 
thereby activating the STING-TBK1-IRF3 signal axis. Our study pro-
poses a new molecular mechanism to explain the cytotoxic effects 
of WEE1i and ATRi, which is independent of the traditional effects 
on cell cycle progression and replication stress. According to reports, 

as intracellular signaling molecules, IRF3 and STING can trigger the 
production of inflammatory mediators such as IFN-Is after stimula-
tion and can also affect the immune response mediated by T cells.34-

36 Our experimental results support these notions. Together, our 
data indicate that the accumulation of dsDNA can activate the in-
nate immune pathway, thereby inducing related immune responses, 
which is essential for the combined killing effect of WEEIi and ATRi.

It has been proved that IFN-Is participates in the regulation of 
immune environment and cell function during cancer. In the chronic 
disease stage, IFN-Is can also induce immune dysfunction and 

F I G U R E  6   WEE1i and ATRi activate 
immune checkpoints in vivo and in 
vitro. (A) ELISA evaluation of CD274 
expression in OVCAR8, ID8, and 
CT26 cells under drug treatment for 
48 h. (B) qPCR evaluation of CD274 
expression in OVCAR8 and CT26 cells 
under drug treatment for 48 h (C) and 
(D) western blotting of CD274 and 
MHC-I in OVCAR8 and ID8 cells. (E) 
Flow cytometric detection of MHC-I 
expression in OVCAR8 cells after 48 h 
of drug treatment. (F) Representative 
image (left) and quantitative analysis 
(right) of MHC-I staining in OVCAR8 
cells. (G) Flow cytometric detection of 
MHC-I expression in ID8 cells after 48 h 
of drug treatment. (H) Representative 
image (left) and quantitative analysis 
(right) of MHC-I staining in ID8 cells. 
(I) Tissue sections were stained with 
PD-L1 immunohistochemistry (left). 
Quantitatively stained positive cells (right). 
(J) qPCR evaluation of CD274 expression. 
(K) After silencing STING, it was let stand 
for 72 h with or without a combination 
treatment. Western blot of CD274 in 
OVCAR8 cells. ns, nonsense; *P < .05, 
**P < .01, ***P < .001, ****P < .0001
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hinder cancer control. This may be related to the expression of mul-
tiple inhibitory factors (including PD-L1, IL-10, and IDO) induced by 
IFN-Is.37 Our experiments found that under the conditions of WEE1i 
and ATRi combined treatment, the PD-L1 immune checkpoint path-
way is activated. On this basis, the combined use of anti–PD-L1 can 
enhance the anti–tumor effect. This proves that by inhibiting the ac-
tivation of immune checkpoints, the benefits of the combination of 
WEE1i and ATRi can be further enhanced (Figure 8).

Recently, other scholars have proved that CHK1i and PARPi can 
also enhance the expression of PD-L1 in small cell lung cancer,38 
which provides a theoretical basis for studying the effect of PARPi or 
CHK1i combined with PD-L1 inhibitors on tumor growth. At the same 
time, the combination therapy of PARPi (niraparib, olaparib, rucapa-
rib, and talazoparib), ATRi (M6620, ceralasertib, and BAY1895344) or 
CHK1i (prexasertib) and immune checkpoint blockade (anti–PD-L1 
antibodies avelumab and durvalumab) has been widely examined in 

F I G U R E  7   Immune checkpoint 
blockade targeting programmed death-
ligand 1 (PD-L1) enhances the therapeutic 
efficacy of WEE1i and ATRi in colorectal 
cancer mouse models. A, Schema of the 
mice experimental protocol. B, Photos 
of CT26 tumors after BALB/C mice 
were killed. C, The tumor volume curve 
in mice during the treatment. D, Tissue 
sections were immunohistochemically 
stained with specific antibodies. E, Tissue 
sections were stained with TUNEL. 
F, Quantification of positive cells in 
(D) and (E). ns, nonsense, **P < .01, 
***P < .001****P < .0001
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clinical trials.2 This supports that drugs targeting the DDR pathway 
are worthy of in-depth study in combinational therapy with immuno-
therapy. While the biggest challenge for immunotherapy combined 
with a single inhibitor is that its effect mostly depends on the tumor 
type,39-41 our research has made further breakthroughs under the 
premise of fully considering the safety of drugs and is expected to 
be applied to a wider range of cancer populations.

In summary, the dual inhibition of WEE1 and ATR may be a valu-
able treatment option for cancer patients. More importantly, the 
anti–PD-L1 combination therapy based on WEE1i and ATRi will 
inhibit tumor growth to a greater extent. Although more evidence 
is needed to verify the feasibility of this strategy before it can be 
translated into clinical practice, these results provide a potential new 
approach for the treatment of clinical cancer patients.
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