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Abstract
Background Activating mutation of KIT or PDGFRA is the primary molecular mechanism for gastrointestinal stromal 
tumors (GISTs). Although imatinib has a revolutionary effect on GIST therapeutics, the benefits are not durable. Increasing 
reports have demonstrated that cell cycle checkpoint plays critical roles in GIST. Here, we explore the role of WEE1 kinase 
in GIST progression.
Methods Oncomine public database, western blotting, and immunohistochemistry were used to analyze WEE1 expression 
in GISTs. Using MTT assays, colony formation analysis, and flow cytometry, we examined the role of WEE1 in GIST cells 
and the antitumor activity of the inhibitor MK1775 alone, or in combination with imatinib. Cycloheximide chase assay and 
pharmacological inhibition of autophagy and proteasome pathway were performed to analyze KIT expression. Additionally, 
autophagic markers Beclin1 and LC3B were detected by western blotting.
Results Upregulated WEE1 expression was observed in GIST tissues and correlated with tumor size, mitotic count, and 
risk grade. Inhibition of WEE1 significantly suppressed GIST cell proliferation, induced apoptosis and cell cycle arrest. 
Imatinib and MK1775 co-treatment markedly enhanced the antitumor activity. Targeting WEE1 decreased the expression 
of KIT expression. Moreover, WEE1 stabilized KIT protein and KIT reduction observed upon WEE1 inhibition could be 
reversed by pharmacological inhibition of autophagy, but not proteasome pathway. WEE1 inhibition also increased Beclin1 
expression and LC3B II/I ratio in GIST cells.
Conclusions Our data suggest that WEE1 plays a pivotal role in GIST proliferation. WEE1 inhibition could promote KIT 
autophagic degradation and, therefore, targeting WEE1 might represent a novel strategy for GIST therapies.
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Introduction

Gastrointestinal stromal tumor (GIST) is the most common 
mesenchymal tumors of the gastrointestinal tract and origi-
nates from interstitial cells of Cajal (ICCs) [1, 2]. Activating 

mutations of the receptor tyrosine kinase KIT (75–80% of 
GISTs) or platelet-derived growth factor receptor alpha 
(PDGFRA) (5–8% of GISTs) are often the initial drivers 
for GIST progression. However, approximately 10% of 
GISTs lack KIT or PDGFRA mutations [3]. Activated KIT 
and PDGFRA in turn activate various downstream signaling 
pathways to regulate GIST cell proliferation [4].

Imatinib, a specific tyrosine kinase inhibitor (TKI), 
was approved as a first-line treatment for unresectable or 
metastatic GISTs, and a number of clinical studies dem-
onstrated that imatinib significantly increased overall sur-
vival and progression-free survival in patients with GIST 
[5, 6]. Despite the clinical success, 50% of patients develop 
resistance to imatinib within 2 years of treatment [7]. Sec-
ondary KIT or PDGFRA mutations and the activation of 
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alternative oncogenic signaling pathways have been identi-
fied in the majority of resistant GISTs [8–10]. To overcome 
this treatment bottleneck, multi-targeting TKIs sunitinib 
and regorafenib have been approved as second- and third-
line treatments for primary or secondary resistant GISTs. 
However, the effect of sunitinib and regorafenib are limited 
[11–13]. Thus, it is crucial to better understand the molecu-
lar mechanisms involved in GIST malignancy and develop 
novel therapeutic strategies.

Recently, a number of studies have demonstrated that 
dysregulated cell cycle-related proteins are involved in 
tumor progression [14]. Using cDNA microarray analysis 
of 30 human GIST tissues, Hur et al. found that six cell 
cycle-related pathways were upregulated in GIST tissues 
from high-risk patients [15]. G2–M checkpoint regulators, 
including cyclin B1 and CDK1, were reported to predict the 
biological behavior of GISTs. Moreover, decreased levels 
of checkpoint with forkhead and ring finger (CHFR) may 
contribute to the proliferative activity of higher grade GISTs 
[16]. Notably, the tyrosine kinase WEE1 is a crucial compo-
nent of the G2–M cell cycle checkpoint. WEE1 selectively 
phosphorylates the Tyr15 residue of CDK1 and prevents 
complex formation with cyclin B, which inhibits cell entry 
into mitosis at the G2–M transition [17]. Previous studies 
showed the WEE1 expression is upregulated in various can-
cers, such as gastric cancer, melanoma and breast cancer 
[18–20]. Inhibition of WEE1 has been shown to impair the 
G2–M checkpoint, which causes cancer cells with DNA 
damage to enter successive replication cycles, leading to 
cell death from mitotic catastrophe [21]. Notably, MK1775, 
a selective small molecule WEE1 inhibitor, showed potent 
antitumor effects when treated alone or in combination with 
conventional chemotherapy or radiotherapy in p53-deficient 
cancer cells [22, 23]. Thus, targeting of WEE1 appears to be 
a potential therapeutic strategy although the potential role of 
WEE1 in GIST remains largely unknown.

Here, we investigated the expression of WEE1 in GIST 
tissues and the role of the kinase in GIST progression, and 
reveal that WEE1 inhibition may serve as a novel target for 
GIST therapy.

Methods

Cell lines, antibodies, and reagents

GIST-T1 and GIST882 cells were kindly provided by Dr. 
Jonathan Fletcher (Dana-Farber Cancer Institute, Boston, 
MA). Cells were cultured in RPMI-1640 medium (Gibco, 
USA) supplemented with 15% fetal bovine serum (FBS; 
ScienCell, USA), and 1% l-glutamine (#25030081, Gibco, 
USA) in a humidified atmosphere with 5%  CO2 at 37 °C.

Antibodies to WEE1 (13084), CDK1 (77055), phospho-
CDK1T14 (4539), KIT (3074), phospho-KITT703 (3073), 
AKT (4685), phospho-AKTS473 (4060), mTOR (2893), phos-
pho-mTORS2448 (5536), ERK1/2 (4695), phospho-ERK1/2 
(4370), and the protein synthesis inhibitor cycloheximide 
(2112) were purchased from Cell Signaling Technology 
(MA, USA). Anti-cleaved PARP antibody (ab32064) was 
purchased from Abcam (MA, USA). The cyclin B1 anti-
body (A5016) and LC3B antibody (A5202) were obtained 
from Bimake (TX, USA). γH2AX antibody (2716681) 
was purchased from Millipore (MA, USA). Anti-GAPDH 
(60004–1-Ig), anti-Beclin1 (11306–1-AP), and HRP-con-
jugated secondary antibodies (SA00001-1 and SA00001-
2) were obtained from Proteintech (Wuhan, China). CY3-
conjugated anti-mouse IgG (GB21301) and DAPI (G1012) 
were purchased from Servicebio (Wuhan, China). Imatinib 
mesylate (S1026), MG132 (S2619), and MK1775 (S1525) 
were purchased from SELLECK (TX, USA). Chloroquine 
(C6628) was obtained from Sigma (MO, USA).

Immunohistochemistry

GIST specimens were obtained from the Department of 
Gastrointestinal Surgery, Union Hospital, Tongji Medical 
College, Huazhong University of Science and Technology 
after obtaining informed consent from each patient. This 
study was approved by the Huazhong University of Sci-
ence and Technology Ethics Committee. According to the 
manufacturer’s instruction from the immunohistochemistry 
kit (SA1020, Boster, Wuhan, China), immunohistochemis-
try was performed using anti-WEE1 (1:100). For statisti-
cal analysis, the staining intensity assessment and staining 
area calculations were used. The following staining intensity 
scores were used: negative (0), weak (1), moderate (2), and 
strong (3). The staining area scores were as follows: none 
(0), 1–25% (1), 26–50% (2), 51–75% (3), and 76–100% (4). 
Next, the staining intensity score and staining area score 
were multiplied to generate the final score.

RNA interference

Specific WEE1 siRNAs were synthetized by RiboBio 
(Guangzhou, China). The sequences were as follows: 
siRNA#1, 5′-AAU AUG AAG UCC CGG UAU A-3′; siRNA#2, 
5′-GGU AGC AGC UGA UUU CGU U-3′ and non-targeting 
siRNA, 5′-UUC UCC GAA CGU GUC ACG U-3′. According 
to the manufacturer’s instructions for Lipofectamine 3000 
(Thermo, USA), siRNAs were transfected into cells. After 
culturing for 48 h, the knockdown efficiency of the siRNAs 
was determined by western blotting.
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Cell viability assay

The methylthiazolyldiphenyl-tetrazolium bromide assay 
kit (MTT; C0009, Beyotime, Shanghai, China) was used 
to determine cell viability. GIST-T1 and GIST-882 cells 
(5 × 103 cells/well) were transfected with WEE1 siRNA, 
seeded in a 96-well plate and treated with 10 μL of 5 mg/
mL MTT solution. After incubation with MTT for 4 h, 
dimethylsulfoxide (DMSO; ST038, Beyotime, Shanghai, 
China) was used to dissolve the crystal and the absorbance 
value was measured at 490 nm. The half inhibitory concen-
tration (IC50) of MK1775 and combination index (CI) with 
imatinib and MK1775 were assessed after the 48-h treat-
ment. The CI was calculated using CompuSyn software, 
based on the Chou–Talalay equation CI < 1 indicates syn-
ergistic effects, CI = 1 indicates additive effects, and CI > 1 
indicates antagonistic effects.

Colony formation assay

GIST-T1 and GIST-882 cells (5 × 102 cells/well) were trans-
fected with WEE1 siRNAs, seeded in a six-well plate and 
cultured for 14 days. For MK1775 treatment in colony for-
mation assay, cells were treated with MK1775 for 48 h, the 
medium was removed, and the cells were then supplied with 
fresh medium and cultured for 14 days. To examine colony 
formation, cells were fixed with 4% paraformaldehyde for 
20 min. Next, crystal violet (0.5%) was used to stain the cells 
for 20 min. Colonies were photographed and then counted 
using Image J software.

Western blotting

The total protein was extracted with RIPA buffer (V900854, 
Sigma, MO, USA) supplemented with protease  inhibi-
tor (B14001, Bimake, TX, USA) and phosphatase inhibitor 
(G2007, Servicebio, Wuhan, China). Total proteins (20 μg) 
were separated via SDS-PAGE and transferred to PVDF 
membranes. Membranes were then blocked in 5% skim milk 
for 1 h and incubated with primary antibodies overnight at 
4 °C. The blots were then washed with TBST and incubated 
with secondary antibodies (1:3000). Bands were detected 
after incubation with ECL solution and imaged using a 
Bio-Rad Imaging system detector. GAPDH was used as a 
control.

Apoptosis and cell cycle analysis

Cells (5 × 105 cells/well) were harvested by trypsinization 
and washed twice with PBS, according to the manufacturer’s 
instructions (640930, BioLegend, CA, USA). The cells then 
were suspended in 100 µL Annexin V binding buffer, fol-
lowed by 5 µL APC–Annexin V and 5 µL 7-AAD, the cells 

were next gently vortexed and incubated for 15 min at room 
temperature. Finally, 400 µL of Annexin V binding buffer 
was added and the cells were analyzed by flow cytometry.

For cell cycle analysis, harvested cells were fixed in 75% 
ethanol overnight at 4 °C. Cells were then washed twice 
with cold PBS buffer, resuspended in propidium iodide/
RNaseA-mixed staining solution (KGA511, KeyGEN, Nan-
jing, China) for 30 min and analyzed by flow cytometry. The 
results were analyzed by ModFit 5.0 software.

RNA extraction and quantitative PCR (qPCR)

Total RNA was extracted by RNAiso Plus (9109, TaKaRa, 
Dalian, China) and reverse transcribed into cDNA using the 
PrimeScript RT Master Mix (RR036A, TaKaRa) according 
to the manufacturer’s instructions. Gene expression level 
was determined using SYBR® Premix Ex TaqTM (RR820A, 
TaKaRa) on a StepOnePlus™ Real-Time PCR System and 
calculated using the  2−ΔΔCt method. Data were normalized 
by GAPDH. Experiments were carried out in triplicate. The 
primer sequences were as follows: GAPDH, former primer: 
5′-ACA ACT TTG GTA TCG TGG AAGG-3′, reverse primer: 
5′-GCC ATC ACG CCA CAG TTT C-3′; KIT, former primer: 
5′-ACT TGA GGT TTA TTC CTG ACCCC-3′, reverse primer: 
5′-GCA GAC AGA GCC GAT GGT AG-3′.

Immunofluorescence staining

Cells were treated with imatinib, MK1775, or combination 
of both and fixed with 4% formaldehyde for 20 min, permea-
bilized with 0.2% Triton X-100 for 20 min, blocked with 2% 
BSA for 60 min, and incubated with anti-γH2AX (1:500) 
overnight at 4 °C successively. The slides were then washed 
three times by PBST, and incubated with CY3-conjugated 
secondary antibody (1:500) for 60 min in the dark and DAPI 
(1:100,000) for 5 min. After mounting with anti-fade mount-
ing medium, cells were examined using a microscope and 
imaged.

Cycloheximide (CHX) chase assay

GIST-T1 and GIST-882 cells were treated with WEE1 
siRNA or 1 μM MK1775 and collected after the addition 
of 50 μg/mL CHX at the indicated time points (0, 2, 4, and 
6 h). The relative protein expression of the cell lysates was 
determined by western blotting and quantified by Image J 
software. The KIT degradation rate at each time point is 
presented as the percentage of KIT/GAPDH expression.
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Statistical analysis

Statistical analysis was performed using SPSS 20.0 soft-
ware. A two-tailed t test was used to analyze statistical dif-
ferences between the two groups and one-way ANOVA was 
utilized among multiple groups. Data are presented as the 
mean ± S.D. P < 0.05 was considered to indicate statistically 
significant differences between groups.

Results

WEE1 is highly expressed in GIST tissues

To study the expression of WEE1 in GISTs, we first ana-
lyzed the data from the Oncomine database (https ://www.
oncom ine.org/). We found that WEE1 levels were upregu-
lated in 6 GISTs compared to those in 19 normal tissues 
(Supplementary Fig. 1). To validate this finding, we further 
assessed WEE1 expression in our clinical GIST specimens, 
including 41 GIST tissues and 16 adjacent non-tumor tis-
sues. Western blotting analysis demonstrated that WEE1 
protein expression was elevated in GIST tissues compared 
to adjacent non-tumor tissues (Fig. 1a, b). Immunohisto-
chemistry analysis showed that WEE1 mainly localized in 

the nucleus (Fig. 1c). According to the IHC scores, negative 
staining (score 0–5) and positive staining (score 6–12) were 
distinguished. As shown in Fig. 1d, 75% (12/16) of speci-
mens showed negative staining and 25% (4/16) showed posi-
tive staining in adjacent non-tumor tissues. In contrast, for 
GIST tissues, 43.9% (18/41) and 56.1% (23/41) of samples 
showed negative staining and positive staining, respectively.

Next, we investigated the relationship between WEE1 
expression and the clinicopathological features of patients 
with GIST. As shown in Table 1, WEE1-positive staining 
was significantly correlated with tumor size (P = 0.031), 
mitotic count (P = 0.026), and risk grade (P = 0.003), but not 
with gender, age or tumor site. Thus, these results suggest 
that WEE1 kinase may be involved in GIST progression.

WEE1 ablation inhibits proliferation of GIST cells

To investigate the function of WEE1 in GIST progres-
sion, we used two independent siRNAs to silence WEE1 
expression in GIST-T1 and GIST-882 cells. As shown in 
Fig. 2a, WEE1 protein expression was efficiently inhibited in 
siRNA-treated groups, followed by inhibition of phosphoryl-
ated CDK1 (p-CDK1). The MTT assay revealed that WEE1 
knockdown inhibited the proliferative ability of GIST-T1 and 
GIST-882 cells (Fig. 2b). We further found that silencing 

Fig. 1  WEE1 is overexpressed in GISTs. a WEE1 protein expression 
in adjacent non-tumor and GIST tissues was examined by western 
blotting. b WEE1 protein expression was quantified by Image J soft-
ware (t test). c Immunohistochemical staining showed the expression 

of WEE1 in adjacent non-tumor and GIST tissues. d Frequency of 
WEE1-negative staining and WEE1-positive staining in adjacent non-
tumor and GIST tissues. **P < 0.01. N adjacent non-tumor tissue, T 
GIST tissue

https://www.oncomine.org/
https://www.oncomine.org/
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WEE1 markedly decreased the number and size of the cell 
colonies (Fig. 2c).

Upon WEE1 ablation, we observed a slight change in 
cellular morphology (data not shown). We examined the 
expression of apoptosis-related proteins and found that the 
expression of cleaved PARP was increased compared to that 
of the negative control group (Fig. 2d). Therefore, WEE1 
ablation was shown to induce GIST cell apoptosis. To fur-
ther clarify the potential cellular mechanism involved, we 
analyzed the cell cycle distribution. Flow cytometry demon-
strated that the percentage of G0/G1 phase cells was signifi-
cantly reduced in WEE1-knockdown groups and was accom-
panied by an increased number of S phase cells (Fig. 2e). 
Taken together, our results suggest that silencing WEE1 
appears to inhibit GIST cells proliferation by inducing cell 
apoptosis and cell cycle arrest.

MK1775, a specific WEE1 inhibitor, can inhibit GIST 
cell growth and induce DNA damage

Pharmacological inhibition of WEE1 by a small molecule 
inhibitor MK1775 exerts anti-tumorigenic effects in various 
cancers. As shown in Fig. 3a, GIST-T1 and GIST-882 cells 
were treated with different doses of MK1775 for 24 h, and 
the expression of p-CDK1 was reduced in a dose-depend-
ent manner. Then the cytotoxicity of MK1775 was assessed 
using the MTT and colony formation assays. MK1775 

significantly reduced the viability of GIST cells in a dose-
dependent manner. The IC50 value was 0.650 ± 1.539 μM 
and 1.532 ± 1.111 μM for GIST-T1 and GIST-882, respec-
tively (Fig. 3b). With respect to colony formation, MK1775 
treatment led to fewer and smaller colonies than in the 
control group (Fig. 3c). We hypothesized that inhibition of 
WEE1 would result in DNA double-strand breaks during 
DNA replication. Western blotting was performed to analyze 
γH2AX expression, a surrogate marker for DNA damage. 
As expected, increased γH2AX expression was observed 
in GIST-T1 and GIST-882 cells following MK1775 treat-
ment (Fig. 3d). For immunofluorescence, we also detected 
γH2AX expression in the cell nucleus, which was strikingly 
increased after MK1775 treatment (Fig. 3e). These data sug-
gest that disruption of WEE1 kinase activity by MK1775 
reduced GIST cell viability, increasing the occurrence of 
DNA double-strand breaks.

MK1775 induces apoptosis and G2–M cell cycle 
arrest in GIST cells

To assess the extent of apoptosis induced in GIST cells after 
MK1775 treatment, we detected the proportion of apoptotic 
cells using Annexin V staining by flow cytometry analy-
sis. The percentage of apoptotic cells was increased in a 
dose-dependent manner (Fig. 4a). GIST cells treated with 
DMSO exerted low staining with Annexin V (GIST-T1: 

Table 1  Relationship between 
WEE1 expression and 
clinicopathologic features of 
GIST patients

*P < 0.05; **P < 0.01

Clinicopathologic features WEE1 expression χ2 value P value

Negative (18) Positive (23)

Gender
 Male 10 13 0.004 1.000
 Female 8 10

Age
 ≤ 60 8 16 2.625 0.125
 >60 10 7

Tumor site
 Stomach 14 15 0.770 0.497
 Intestinal 4 8

Tumor size (cm)
 ≤ 5 13 8 6.934 0.031*
 >5 to ≤ 10 3 13
 >10 2 2

Mitoses per 50 HPFs
 ≤ 5 17 14 6.172 0.025*
 >5 1 9

Modified NIH criteria
 Very low or low risk 13 7 11.794 0.003**
 Intermediate risk 4 3
 High risk 1 13
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2.45 ± 0.55%; GIST-882: 2.85 ± 0.85%). In contrast, treat-
ment with 0.5 μM MK1775 resulted in an increase in the per-
centage of Annexin V-positive cells (GIST-T1: 9.15 ± 0.95%; 
GIST-882: 12.4 ± 0.70%). Additionally, there were more 

apoptotic cells on the treatment with 1 μM MK1775 (GIST-
T1: 31.25 ± 0.55%; GIST-882: 30.85 ± 0.05%). Next, the 
expression of apoptosis-related proteins was measured to 
elucidate the specific apoptotic pathways underlying the 

Fig. 2  Silencing of WEE1 inhibits GIST cell proliferation. a West-
ern blotting was used to examine the expression of WEE1 and down-
stream signaling proteins after transfection with small interfering 
RNAs for 48  h. b, c The viability of GIST-T1 and GIST-882 cells 
transfected with a negative control or WEE1 siRNAs was deter-

mined by the MTT and colony formation assays (t test). d Expres-
sion of apoptosis-related proteins were evaluated by western blotting 
after transfection with small interfering RNAs for 48  h. e The cell 
cycle distribution was assessed by flow cytometry (t test). *P < 0.05, 
**P < 0.01. NC negative control
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Fig. 3  Treatment with MK1775 inhibits GIST cell proliferation in 
a dose-independent manner. a The expression of WEE1 and down-
stream signaling proteins was analyzed by western blotting after 
treatment with 0.5, 1, and 2  μM MK1775 for 24  h. b The IC50 of 
MK1775 in GIST-T1 and GIST-882 cells was determined by the 
MTT assay after a 48-h treatment with MK1775. c Colony forma-

tion assay was used to determine the antitumor activity of MK1775 
in GIST-T1 and GIST-882 cells (one-way ANOVA). d Western blot 
analysis was used to examine the expression of γH2AX after treat-
ment with 0.5 and 1  μM MK1775 for 24  h. e Immunofluorescence 
was performed to detect the expression of γH2AX in MK1775-treated 
(1 μM) GIST cells. *P < 0.05, **P < 0.01
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cytotoxic effect of MK1775. As shown in Fig. 4b, MK1755 
treatment markedly increased the expression of cleaved 
PARP in GIST-T1 and GIST-882 cells. Furthermore, we 
monitored the cell cycle distribution after treatment with 
0.5 μM MK1775 in GIST-T1 and GIST-882 cells. Treatment 
with MK1775 induced cell G2–M phase arrest, accompanied 
by a decrease in the proportion of cells in G0/G1 phase, but 
did not change the proportion of cells in S phase (Fig. 4c). 
Together, these data suggest that MK1775 treatment induced 
GIST cell apoptosis and G2–M phase arrest.

Targeting WEE1 facilitates autophagic degradation 
of KIT protein in GIST cells

To investigate the potential mechanism underlying the effect 
of WEE1 kinase on GIST cells, we analyzed whether tar-
geting WEE1 could reduce KIT expression. The expression 
of KIT was suppressed in WEE1-knockdown GIST-T1 and 
GIST-882 cells and in response to MK1775 treatment in 
a dose-dependent manner, along with decreased p-KITT703 
expression (Fig. 5a, b). Consistently, the downstream sign-
aling molecules, such as AKT, mTOR, and ERK1/2 sig-
nal pathway, were inactivated by the inhibition of WEE1. 

Fig. 4  MK1775 induces apoptosis and cell cycle arrest in GIST 
cells. a APC Annexin V with 7-AAD apoptosis staining was used to 
detect the percentage of apoptotic cells by flow cytometry after treat-
ment with MK1775 for 48 h (one-way ANOVA). b Apoptosis-related 

proteins were evaluated by western blotting after treatment with 
MK1775 for 48 h. c The cell cycle distribution was assessed by flow 
cytometry after treatment with MK1775 for 24 h (t test). *P < 0.05, 
**P < 0.01
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With the reduced expression of KIT and p-KITT703, the 
levels of p-AKTS473, p-mTORS2448, and p-ERK1/2 were 
also reduced following WEE1 knockdown and MK1775 
treatment (Fig. 5a, b). To clarify the precise mechanism in 
the downregulation of KIT by WEE1 inhibition, we also 
analyzed the KIT mRNA levels after WEE1 inhibition. As 
shown in Supplementary Fig. 2, WEE1 knockdown and 
MK1775 treatment did not decrease the KIT mRNA expres-
sion in GIST-T1 and GIST-882 cells. These results indicated 
that the decreased KIT expression observed upon targeting 
WEE1 was independent of the transcription inhibition, and 
WEE1 may stabilize KIT protein in GIST cells.

To directly detect the effect of WEE1 on the endogenous 
KIT protein stability, the protein synthesis was blocked 
with CHX in WEE1 knockdown GIST cells. The western 
blotting results indicated that WEE1 knockdown could 

enhance the KIT degradation (Fig. 5c). The fold change in 
KIT protein normalized to GAPDH was used to calculate 
the half-life of KIT protein. In GIST-T1 cells, the half-life 
of the control group vs. the WEE1 knockdown group was 
4.552 ± 0.655 h vs. 2.195 ± 0.664 h. In GIST-882 cells, the 
half-life was 4.937 ± 1.881 h vs. 1.194 ± 0.562 h (Fig. 5c). 
To further examine whether MK1775 would have a similar 
effect on KIT protein degradation, GIST cells were treated 
with CHX alone or in combination with 1 μM MK1775. 
We also found MK1775 promoted KIT degradation and the 
half-life of the CHX group vs. the CHX plus MK1775 group 
was 3.836 ± 1.081 h vs. 2.017 ± 1.136 h and 5.112 ± 1.441 h 
vs. 2.393 ± 1.455 h in GIST-T1 cells and GIST-882 cells, 
respectively (Fig. 5d). These results highlight that WEE1 
prevents KIT protein degradation in GIST cells.

Fig. 5  Targeting WEE1 promotes autophagic degradation of KIT pro-
tein in GIST cells. a GIST-T1 and GIST-882 cells were transfected 
with siRNAs for 48 h and the total lysates were analyzed by western 
blotting using antibodies against KIT, p-KITT703, AKT, p-AKTS473, 
mTOR, p-mTORS2448, ERK1/2, and p-ERK1/2. b GIST-T1 and 
GIST-882 cells were treated with different dosages of MK1775, and 
the total lysates were analyzed by western blotting using antibod-
ies against KIT, p-KITT703, AKT, p-AKTS473, mTOR, p-mTORS2448, 
ERK1/2, and p-ERK1/2. c Western blotting was used to analyze the 
expression of KIT and p-KITT703 after WEE1 knockdown cells were 
treated with 50 μg/mL cycloheximide for the indicated time and the 
half-life of the KIT protein was calculated based on the relative KIT 
expression normalized by GAPDH levels. d Western blotting was 

used to determine the expression of KIT and p-KITT703 in GIST-T1 
and GIST-882 cells of treated with 50  μg/mL cycloheximide alone 
or in combination with 1 μM MK1775 for the indicated time and the 
half-life of the KIT protein was calculated based on the relative KIT 
expression normalized by GAPDH levels. e Cells were transfected 
with WEE1 siRNA and pre-incubated with MG-132 (10 μM) or CQ 
(10 μM) for 4 h. Cell lysates were immunoblotted using an anti-KIT 
antibody. f Cells were pre-incubated with MG-132 (10  μM) or CQ 
(10 μM) for 4 h and then treated with 1 μM MK1774 for an additional 
8 h. g The expression of Beclin1 and LC3B was evaluated by western 
blotting after transfection with siRNAs for 48 h. h The expression of 
Beclin1 and LC3B was analyzed by western blotting after treatment 
with MK1775 for 24 h. *P < 0.05, **P < 0.01
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There are three major systems, including proteasome, lys-
osome, and autolysosome pathways, for controlling protein 
degradation in eukaryotic cells [24]. We next determined 
which system contributed to the WEE1-induced KIT stabil-
ity. We found that WEE1 knockdown-mediated degradation 
of KIT was completely inhibited by the autophagy inhibi-
tor chloroquine (CQ). However, the proteasome inhibitor 
MG132 had no inhibited effect on GIST-T1 cells and had 
limited effect on GIST-882 cells (Fig. 5e). Moreover, the 
downregulation of KIT protein by MK1775 could be res-
cued by CQ in both GIST-T1 and GIST-882 cells, but not 
by MG132 (Fig. 5f). These data suggest that WEE1 mostly 
inhibited autophagic degradation of KIT protein in GIST 
cells. To further confirm the involvement of autophagy in 
the KIT downregulation induced by WEE1 inhibition, we 
examined the expression of the autophagic biomarkers, Bec-
lin1 and LC3B. The Beclin1 expression and LC3BII/I ratio 
were increased in WEE1 knockdown GIST cells (Fig. 5g). 
Coincidently, treatment with MK1775 resulted in the simi-
lar results in a concentration-dependent manner (Fig. 5h). 
Together, these finding indicate that targeting WEE1 pro-
moted autophagic degradation of KIT protein in GIST cells.

MK1775 enhances the antitumor activity of imatinib 
via reducing KIT expression

Based on the previous results that MK1775 accelerated KIT 
degradation, we speculated that MK1775 could affect the 
sensitivity of imatinib for GIST. To validate the hypoth-
esis, a cell proliferation assay was performed in GIST-T1 
and GIST-882 cells. After incubation with 50 nM imatinib 
and 1 μM MK1775 alone or in combination for 48 h, we 
observed that imatinib plus MK1775 had a greater antitu-
mor activity than single treatment in GIST cells (Fig. 6a). 
As determined using CompuSyn software, the combination 
index (CI) of imatinib and MK1775 was 0.6238 in GIST-T1 
cells and 0.5687 in GIST-882 cells, which indicated syn-
ergistic effects. To further analyze the effect of MK1775 
on imatinib-treated GIST cells, we examined the levels of 
apoptosis-related proteins and Annexin V-positive cells. The 
expression of cleaved PARP was slightly increased in the 

imatinib- or MK1775-treatment groups compared to that of 
the control group, whereas it was significantly increased in 
the combination group (Fig. 6b). Consistent with the per-
centage of Annexin V-positive cells, a greater induction of 
apoptosis was observed in the co-treatment group compared 
to treatment with imatinib or MK1775 alone (Fig. 6c).

Notably, we revealed that MK1775 treatment induced 
DNA damage in GIST cells. As shown in Fig. 6b, d, imatinib 
treatment did not lead to γH2AX expression and DNA dou-
ble-strand breaks. However, treatment with a combination of 
imatinib and MK1775 profoundly increased γH2AX expres-
sion. To address the molecular mechanism underlying the 
enhanced antitumor activity in GIST cells treated with a com-
bination of imatinib and MK1775, we assessed the activated 
states of KIT and related downstream signaling pathways. 
Both imatinib and MK1775 could inhibit p-KITT703 expres-
sion, accompanied with decreased p-AKTS473 and p-ERK1/2 
levels. More importantly, combination treatment strongly 
downregulated KIT and p-KITT703 expression and reduced 
the activity of downstream signaling pathways, including 
the AKT and ERK1/2 pathway (Fig. 6e). Together, these 
results provide a rationale for the enhanced antitumor activity 
induced by combined treatment with imatinib and MK1775.

Discussion

DNA damage commonly occurs in cells from endogenous 
and exogenous lesions. There are two major DNA damage 
checkpoints, G1–S and G2–M, to regulate whether a cell 
continues in the cell cycle or instead undergoes DNA repair 
or apoptosis [25, 26]. p53 plays a crucial role in the mainte-
nance of genomic integrity and in regulating cell cycle arrest 
in response to various stress signals. It is clear that wild-type 
p53-harboring cells arrest at the G1 checkpoint to repair dam-
aged DNA before DNA replication. In contrast, p53-mutant 
cells rely mainly on DNA repair at the G2 checkpoint [27]. 
Studied by Henze et al. suggested that a p53 deletion mutation 
was present in GIST-T1 and GIST-882 cells [28]. Therefore, 
abrogation of the G2–M checkpoint by inhibition of WEE1 
kinase activity is an attractive strategy to drive mutant-
p53-harboring GIST cells to enter into unscheduled mitosis 
and ultimately undergo cell death via mitotic catastrophe.

In this study, we determined WEE1 expression in GISTs 
using the Oncomine public database and found that WEE1 is 
highly expressed in GISTs relative to normal tissues. Consid-
ering that only 6 GISTs were available in the database, we fur-
ther demonstrated that WEE1 protein expression was elevated 
in GIST specimens and showed that upregulated expression of 
WEE1 is correlated with tumor size, mitotic count, and risk 
grade. These data suggested that WEE1 or related cell cycle 
pathways may play important roles in GIST progression. Con-
sistent with previous studies, cyclin B1 and CDK1 expression 

Fig. 6  MK1775 augments the effect of imatinib in suppressing GIST 
cell proliferation. a MTT assays were performed to detect cell viabil-
ity with 50 nM imatinib, 1 μM MK1775, or a combination of both for 
48 h (one-way ANOVA). b Western blotting was used to analyze the 
expression of cleaved PARP and γH2AX after treatment with 50 nM 
imatinib, 1 μM MK1775, or a combination of both for 48 h. c Cel-
lular apoptosis was detected by flow cytometry (one-way ANOVA). 
d Immunofluorescence was performed to detect the expression of 
γH2AX in GIST cells. e The expression levels of KIT, p-KITT703, 
AKT, p-AKTS473, ERK1/2, and p-ERK1/2 were examined by west-
ern blotting after treatment with 50 nM imatinib, 1 μM MK1775, or a 
combination of both for 48 h. *P < 0.05, **P < 0.01
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may be useful markers for predicting aggressive GISTs [29]. 
Therefore, we investigated whether targeting of WEE1 could 
be a potential therapeutic strategy for GIST.

Silencing of WEE1, which was accompanied by a 
decrease in p-CDK1 levels, significantly inhibited GIST-
T1 and GIST-882 cell proliferation and induced cell cycle 
arrest. Similarly, suppressed kinase activity of WEE1 by 
MK1775 decreased cell viability and colony formation in 
a dose-dependent manner. Therefore, targeting of WEE1 
might offer an effective method to control the progression of 
GISTs. It has been reported that MK1775 causes DNA dam-
age in both p53-mutant and -wild-type cells [30]. However, 
MK1775 increased the sub-G1 population through G1 arrest 
in wild-type p53-harboring gastric cells and the sub-G1 pop-
ulation through G2–M arrest in mutant p53-harboring gastric 
cells [18]. Here, we examined the role of MK1775 in GIST 
cell cycle distribution. Treatment of GIST-T1 and GIST-882 
cells with MK1775 induced G2–M arrest. The γH2AX lev-
els also increased following MK1775 treatment. Our data 
further indicate that MK1775 has powerful antitumor effects 
via induction of cycle arrest and cell apoptosis in GIST cells.

In previous studies, many KIT/PDGFRA expression 
regulators have been examined in GIST. Our study showed 
that inhibition of WEE1 could reduce KIT and p-KITT703 
expression, but had no effect of KIT mRNA, which indi-
cated decreased KIT expression by targeting WEE1 was 
independent of the transcription inhibition. It is reported that 
heat-shock protein 90 (HSP90) protects KIT from ubiquitin-
dependent proteasome-mediated degradation or autophagy 
pathway and inhibition of its function in GIST was postulated 
to be an effective target [31, 32]. Bortezomib, a proteasome 
inhibitor, plays a role in downregulating KIT expression in 
GIST cells [33]. To understand the molecular mechanisms 
by which WEE1 prevented KIT degradation in GIST cells, 
we show WEE1 inhibition-induced KIT degradation could be 
reversed by pharmacological inhibition of autophagy, but not 
proteasome pathway. In addition, WEE1 inhibition increased 
Beclin1 expression and LC3BII/I ratio in GIST cells.

Although imatinib has provided a revolutionary treatment 
option for GIST, the benefits are not durable. To overcome 
these limitations, new targets and therapies for GIST have 
been developed [34]. It was shown that ETV1 was highly 
expressed in GIST and regulated cell growth in vitro and 
in vivo by modulating the expression of KIT [35]. Epigenetic 
alterations also play important roles in GIST progression. The 
elevated expression of KDM4D may serve as a biomarker, as 
KDM4D regulates GIST cell proliferation and migration by 
directly binding to the HIF1β gene promoter [36]. As with 
other cancers, many studies have focused on combination 
strategies for GIST treatment. Combined approaches include 
targeting the KIT downstream pathway and compensatory 
active pathways. The PI3K/mTOR signaling is a crucial 
downstream pathway in GIST. Co-treatment with the PI3K 

inhibitor GDC-0941 and imatinib in GIST xenografts results 
in more substantial tumor regression, apoptosis, and durable 
effects than single treatment with imatinib [37]. A phase I/II 
study of everolimus (an oral mTOR inhibitor) in combina-
tion with imatinib showed partial benefit for PFS 3.5 months 
in imatinib-resistant GIST [38]. In our study, we found that 
imatinib and MK1775 co-treatment could increase the anti-
tumor activity compared to single treatment. In contrast to 
a previous study [39], treatment with imatinib induced mild 
DNA damage, which was confirmed by γH2AX expres-
sion, and it is reasonable that approximately the IC50 dose 
of MK1775 was used in our study. Unexpectedly, γH2AX 
expression was more rapidly induced upon co-treatment than 
with MK1775 treatment alone. Our data suggest that a com-
bined strategy involving imatinib and MK1775 could be a 
potential therapy for GISTs.

In conclusion, we demonstrated that WEE1 is highly 
expressed in GISTs and upregulated expression of WEE1 
is correlated with tumor size, mitotic count, and risk grade. 
Moreover, WEE1 kinase is a key molecule in controlling 
GIST malignancy, and targeting of WEE1 could markedly 
induce DNA damage and promote cell apoptosis. Impor-
tantly, co-treatment with imatinib and MK1775 augmented 
the antitumor activity via promoting autophagic degradation 
of KIT protein. Taken together, WEE1 may be a potential 
target for GIST treatment.
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