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Abstract
Background  KIT is frequently mutated in gastrointestinal stromal tumors (GISTs), and the treatment of GISTs largely relies 
on targeting KIT currently. In this study, we aimed to investigate the role of sprouty RTK signaling antagonist 4 (SPRY4) 
in GISTs and related mechanisms.
Methods  Ba/F3 cells and GIST-T1 cell were used as cell models, and mice carrying germline KIT/V558A mutation were 
used as animal model. Gene expression was examined by qRT-PCR and western blot. Protein association was examined by 
immunoprecipitation.
Results  Our study revealed that KIT increased the expression of SPRY4 in GISTs. SPRY4 was found to bind to both wild-type 
KIT and primary KIT mutants in GISTs, and inhibited KIT expression and activation, leading to decreased cell survival and 
proliferation mediated by KIT. We also observed that inhibition of SPRY4 expression in KITV558A/WT mice led to increased 
tumorigenesis of GISTs in vivo. Moreover, our results demonstrated that SPRY4 enhanced the inhibitory effect of imatinib 
on the activation of primary KIT mutants, as well as on cell proliferation and survival mediated by the primary KIT mutants. 
However, in contrast to this, SPRY4 did not affect the expression and activation of drug-resistant secondary KIT mutants, 
nor did it affect the sensitivity of secondary KIT mutants to imatinib. These findings suggested that secondary KIT mutants 
regulate a different downstream signaling cascade than primary KIT mutants.
Conclusions  Our results suggested that SPRY4 acts as negative feedback of primary KIT mutants in GISTs by inhibiting 
KIT expression and activation. It can increase the sensitivity of primary KIT mutants to imatinib. In contrast, secondary 
KIT mutants are resistant to the inhibition of SPRY4.
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Introduction

The type III receptor tyrosine kinase KIT is the receptor 
for stem cell factor (SCF). It belongs to the same receptor 
family together with FLT3, PDGFR, and CSF-1 receptor 
[1, 2]. Wild-type KIT is expressed as a monomer on the 
cell surface. Upon binding to SCF, KIT dimerizes, and its 
tyrosine kinase activity is activated, leading to the tyrosine 
phosphorylation of KIT which can further recruit and acti-
vate downstream signaling pathways, such as RAS/RAF/
MEK/ERK and PI3 kinase/AKT, to mediate cell survival, 
proliferation, and differentiation. Gain-of-function muta-
tions of KIT are a group of substitution mutations, dele-
tion mutations, or duplication mutations of KIT that occur 
in malignancies, such as gastrointestinal stromal tumors 
(GISTs), mastocytosis, and acute myeloid leukemia. These 
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mutations induce ligand-independent activation of KIT, 
leading to cell transformation [2, 3].

GISTs are mesenchymal tumors that usually arise in the 
stomach or small intestine. They can also be found in the 
other parts of the digestive tract but with less frequency 
[4]. Surgical removal is efficient in the treatment of pri-
mary, non-metastatic GISTs, while high-risk GISTs and 
those with metastasis need targeted therapy against KIT 
[5, 6]. Currently, several KIT inhibitors including imatinib, 
sunitinib, regorafinib, and ripretinib have been approved 
as first-, second-, third-, and fourth-line targeted therapy 
of GISTs respectively, and have dramatically improved 
treatment outcomes [7–10]. Of those, imatinib has been 
shown to improve patient survival for years, while suni-
tinib, regorafinib, and ripretinib can only improve patient 
survival for few months. The relapse often occurs due to 
gaining drug-resistant secondary mutation of KIT [11–14] 
or activation of alternative signaling pathways by GISTs 
[15, 16].

Sprouty RTK signaling antagonist 4 (SPRY4) is highly 
expressed in GISTs, as reported previously [17], but its exact 
role and the underlying mechanism remain elusive. In this 
study, we found that SPRY4 associated with KIT, and inhib-
ited the expression and activation of both wild-type KIT and 
primary KIT mutants, but not secondary KIT mutants. Fur-
thermore, we found that the presence of SPRY4 increased 
the sensitivity of primary KIT mutants but not secondary 
KIT mutants to imatinib, suggesting that SPRY4 plays a key 
role in the oncogenesis of GISTs mediated by KIT mutants, 
and in the response of GISTs to imatinib treatment.

Materials and methods

Cytokine, antibodies, and inhibitor

SPRY4 antibody, AKT antibody, phosphor-ERK (T202/
Y204) antibody, ERK antibody, HRP-conjugated goat anti-
rabbit IgG antibody, HRP-conjugated donkey anti-goat IgG 
antibody, HRP-conjugated goat anti-mouse IgG antibody, 
and HRP-conjugated β-actin antibody were purchased from 
Santa Cruz Biotechnology (Dallas, TX). Anti-KIT antibody 
was purified as previously described [18] by Gene-van Biol-
ogy (Beijing, China). PE-conjugated anti-KIT antibody 
was purchased from Biolegend (San Diego, CA). Anti-pY 
antibody 4G10 and chemiluminescent HRP substrate were 
purchased from Millipore (Billerica, MA). Phosphor-AKT 
(S473) antibody was purchased from Cell Signaling Tech-
nology (Danvers, MA). Recombinant human stem cell fac-
tor (SCF) was purchased from ORF Genetics (Kópavogur, 
Iceland). KIT inhibitor imatinib was purchased from Med-
ChemExpress (Monmouth Junction, NJ).

Cell culture

Ba/F3 cells (DSMZ) were grown in RPMI 1640 medium 
supplemented with 100 units/ml penicillin, 100 μg/ml 
streptomycin, 10 ng/ml recombinant murine IL-3, and 10% 
heat-inactivated fetal bovine serum. EcoPack cells (Clon-
tech) and GIST-T1 cells (Cosmo) were grown in DMEM 
medium supplemented with 10% fetal bovine serum, 100 
units/ml penicillin, and 100 μg/ml streptomycin.

Construction of SPRY4 expressing plasmid and cell 
lines

Human SPRY4 cDNA with FLAG tag at 3’ end was syn-
thesized and inserted into the retroviral vector pMSCVneo. 
In order to establish Ba/F3 cells stably expressing KIT and 
SPRY4, EcoPack cells were transfected with pMSCVneo/
SPRY4 using lipofactamine 2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s instruction, super-
natants were used to infect Ba/F3 cells expressing wild-
type KIT and KIT mutants that were established before 
[19], followed by selection with 1 mg/ml neomycin for 
two weeks. The expression of SPRY4 was examined by 
western blot.

Cell stimulation, immunoprecipitation, and western 
blot

Ba/F3 cells were washed with PBS and starved in RPMI 
1640 medium without serum and IL-3 in the cell incubator 
for 4 h, followed by SCF stimulation (100 ng/ml) at 37 ℃ for 
2 min. After washing with ice-cold PBS, cells were lysed in a 
lysis buffer containing 1% Triton X-100, 25 mM Tris, pH 7.5, 
150 mM NaCl, 5 mM EDTA, 10% glycerol, 2 mg/ml aprotinin, 
1 mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride on 
ice for 15 min. Cell lysates were centrifuged at 12,000 rpm for 
15 min at 4 ℃ and the supernatants were proceeded for immu-
noprecipitation or mixed with SDS-PAGE loading buffer and 
proceeded for western blot analysis. For immunoprecipitation, 
cell lysates were incubated end-over-end with indicated anti-
body for 1 h at 4 ℃ followed by incubation with Dynabeads™ 
protein G (Thermo Fisher Scientific) for 30 min at 4 ℃. The 
immunoprecipitates were washed with lysis buffer, mixed with 
SDS-PAGE loading buffer, and boiled for 5 min, followed by 
separation by SDS-PAGE and electro-transfer to PVDF mem-
branes (Millipore). The membranes were blocked in PBS with 
0.2% tween-20 (PBST) for 1 h at room temperature and then 
incubated with indicated primary antibody at 4 ℃ overnight. 
After washing with PBST, the membranes were incubated with 
HRP-conjugated secondary antibody at room temperature for 
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2 h. The membranes were washed with PBST and developed 
with chemiluminescent HRP substrate (Millipore).

GIST-T1 cells were washed with PBS and starved in 
DMEM medium without serum for 4 h in the cell incu-
bator, followed by cell lysis and further proceeding as 
aforementioned.

Cell survival, proliferation, and cell cycle assay

Ba/F3 cells were washed with PBS, and grown in Ba/F3 
growth medium without IL-3 but with 100 ng/ml SCF or no 
cytokine as control, or other treatment as indicated. After 
incubation for 72 h, cells were stained with PE annexin V 
apoptosis detection kit (BD Biosciences), and cell apoptosis 
was analyzed by flow cytometry. Cell proliferation in 96-well 
plates was examined by CCK8 kit (AbMole) according to the 
manufacturer’s instruction. For cell cycle assay, cells were 
stained with PI reagent (Keygen Biotech) and examined by 
flow cytometry.

GIST-T1 cells were treated as indicated and incubated in 
the cell incubator for 72 h. Cells were trypsinized and stained 
with PE annexin V apoptosis detection kit to detect apop-
totic cells by flow cytometry. For cell cycle assay, cells were 
trypsinized, stained with PI reagent, and examined by flow 
cytometry. Cell proliferation in 96-well plates was examined 
by CCK8 kit (AbMole).

siRNAs and transfection

KIT siRNA (GGA​UGG​CAC​CUG​AAA​GCA​UTT) and 
SPRY4 siRNA (GAG​GCC​TGT​GGA​AAG​TGT​AAG​TGC​A) 
were synthesized by Genepharma (Shanghai, China). GIST-T1 
cells were transfected with indicated siRNA (50 nM) using 
Lipofectamine 2000 (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. After incubation for 48 h, the 
expression of target genes or signal transduction was exam-
ined. Lentivirus expressing SPRY4 siRNA was constructed 
by Sheweisi (Tianjin, China).

RNA extraction and qRT‑PCR

Total RNA was extracted from cells or tissues using RNAsim-
ple Total RNA kit (Tiangen, China) followed by reverse tran-
scription into cDNA using Reverse Transcription Kit (Takara, 
China). The relative expression of target genes was examined 
by real-time PCR using a two-step real-time RT-PCR kit 

(Takaka, Japan) with the program: 95 °C for 30 s followed by 
40 cycles of 95 °C for 5 s, 60 °C for 34 s. RPL19 was used as 
the control. Primers are listed in Table 1.

Examination of KIT expression by flow cytometry

Ba/F3 cells were washed with PBS and incubated with PE-
conjugated anti-KIT antibody in the dark at room temper-
ature for 30 min, after washing with PBS, the cells were 
re-suspended in PBS, and KIT expression was analyzed by 
flow cytometry.

Animal experiments

Animal experiments were approved by the Ethics Commit-
tee of Ningxia Medical University. All mice were housed in 
a temperature-controlled room on a normal 12-h light–dark 
cycle with ad libitum access to food and water. C57BL/6N 
mice carrying germline KIT/V558A mutation were estab-
lished by Cyagen Biosciences using CRISPR/Cas9-medi-
ated genome engineering. Cas9 mRNA, gRNAs (AGT​ACA​
ATG​GAA​GGT​TGT​CGAGG, CTT​CCA​TTG​TAC​TTC​ATA​
CATGG, AGT​ACA​ATG​GAA​GGT​TGT​CGAGG), and donor 
oligo with V558A (GTT to GCC) mutation were generated 
by in vitro transcription and co-injected into fertilized eggs. 
After birth, the genotypes of the mice were examined, and 
KITV558A/WT mice were crossed with wild-type C57BL/6N 
mice to establish stable KITV558A/WT mice. KIT V558A/WT 
mice of 8-week-old were intraperitoneally injected with 
lentivirus expressing SPRY siRNA (3 days before imatinib 
treatment, twice a week, 3 days apart, each time 5 nmol), 
and/or treated with Imatinib at a dose of 50 mg/kg by intra-
gastric administration daily. After treatment for 8 days, 
tumor sizes and volumes were measured, and tumor tissues 
were further analyzed by western blot or qRT-PCR.

Statistical analysis

Results were expressed as mean ± standard deviation of three 
independent experiments. Graphpad was used for statistical 
analysis. Multiple comparisons were analyzed by one-way 
ANOVA, and comparisons between two groups were ana-
lyzed by the t test, p < 0.05 is considered as significant.

Table 1   Primers for qRT-PCR 
analysis

Gene Forward primer Reverse primer

Human KIT GCG​TTC​TGC​TCC​TAC​TGC​TTCG​ TGG​ATG​GAT​GGT​GGA​GAC​GGTTC​
Human SPRY4 TTG​CTG​AGC​TGG​TGG​TTG​AAAGG​ CGA​TGG​CTC​CAC​TGG​GCA​TATTC​
RPL19 ACA​TGG​GCA​TAG​GTA​AGC​GGAAG​ TTC​ACC​TTC​AGG​TAC​AGG​CTGTG​
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Results

SPRY4 inhibits the expression of both wild‑type KIT 
and primary KIT mutants in GISTs

SPRY4 is known to be highly expressed in GISTs [17]. 
In this study, we treated GISTs cell GIST-T1, which car-
ries endogenous primary KIT mutant, with KIT inhibitor 
imatinib, which is used as the first-line targeted therapy 
of GISTs, or knocked-down KIT expression by siRNA 
transfection. We observed that both imatinib treatment and 
KIT siRNA transfection inhibited both mRNA and protein 
expression of SPRY4 (Fig. 1A, B), indicating that KIT 
increased the expression of SPRY4, which is in agreement 
with previous report [20]. We further investigated the possi-
ble regulation of SPRY4 on KIT and its downstream signal-
ing by establishing Ba/F3 cells stably expressing frequently 
occurred primary KIT mutants W557K558del or V560D 
in GISTs with or without SPRY4. Flow cytometry exami-
nation showed that the expression of KIT mutants in Ba/
F3 cells was decreased in the presence of SPRY4, suggest-
ing that SPRY4 can inhibit the expression of primary KIT 
mutants. Similarly, the expression of wild-type KIT was also 
inhibited by SPRY4 (Fig. 1C). To confirm this observation, 
we knocked down SPRY4 expression in GIST-T1 cells, and 
observed that KIT protein expression was increased, while 
KIT mRNA levels were unchanged (Fig. 1D), suggesting 
that SPRY4 can inhibit KIT expression at the protein level 
but not the mRNA level. Since KIT can increase SPRY4 
expression, SPRY4 may serve as a negative feedback regula-
tor of KIT in GISTs.

In addition to the ligand-independent activation of KIT 
mutants, GISTs express SCF which can increase KIT activa-
tion by autocrine or paracrine loop [21, 22]. To investigate 
the role of SPRY4 in regulating KIT expression when KIT 
is constitutively activated by ligand stimulation, we treated 
Ba/F3 cells with SCF for 12 h. Our results showed that the 
expression of both wild-type KIT and primary KIT mutants 
decreased after stimulation with SCF for 12 h, while the 
presence of SPRY4 further decreased the expression of KIT 
(Fig. 1E). These findings indicated that SPRY4 inhibits KIT 
expression when they are constitutively activated.

SPRY4 associates with KIT and inhibits 
the activation of both wild‑type KIT and primary KIT 
mutants and their downstream signaling molecules

Since SPRY4 inhibits KIT expression and has been reported 
to inhibit RAS/RAF/MEK/ERK signaling [23, 24], we 
investigated the regulation of SPRY4 on the activation of 
KIT and its downstream signaling. By immunoprecipitation, 
we found that SPRY4 associated with both wild-type KIT 
and primary KIT mutants in Ba/F3 cells. In addition, exami-
nation of KIT activation showed that the presence of SPRY4 
inhibited the activation of both wild-type KIT and primary 
KIT mutants (Fig. 2A). In agreement with that in Ba/F3 
cells, the association between SPRY4 and KIT was dem-
onstrated in GIST-T1 cells as well by immunoprecipitation 
(Fig. 2B), and knockdown of SPRY4 expression in GIST-T1 
cells increased KIT activation (Fig. 1D), further supporting 
the notion that SPRY4 associated with KIT and inhibited 
KIT activation. The activation of RAS/RAF/MEK/ERK and 
PI3 kinase/AKT signaling pathways plays important roles 
in KIT-mediated cell survival and proliferation [1–3], our 
results showed that the presence of SPRY4 inhibited activa-
tion of both ERK and AKT mediated by both wild-type KIT 
and primary KIT mutants in Ba/F3 cells (Fig. 2A). Similarly, 
knockdown of SPRY4 expression in GIST-T1 cells increased 
activation of both ERK and AKT (Fig. 1D), suggesting that 
SPRY4 plays a critical role in the activation of downstream 
signaling of KIT.

SPRY4 inhibits the tumorigenesis of GISTs mediated 
by KIT mutant

As SPRY4 inhibits KIT signaling, we further investigated 
the role of SPRY4 in KIT-mediated cell survival and pro-
liferation in vitro. The results showed that the presence of 
SPRY4 inhibited the survival of Ba/F3 cells expressing 
either wild-type KIT or KIT mutants (Fig. 3A). Additionally, 
the presence of SPRY4 inhibited the cell cycle progression 
and proliferation of Ba/F3 cells expressing either wild-type 
KIT or primary KIT mutants (Fig. 3B, C). To validate these 
findings, the expression of SPRY4 was knocked down in 

Fig. 1   SPRY4 inhibits the expression of both wild-type KIT and 
primary KIT mutants in GISTs. A GIST-T1 cells were washed with 
PBS three times and incubated in DMEM with or without imatinib 
(1 μM) for 4 h in the cell incubator, or the cells were transfected with 
KIT siRNA using lipofectamine 2000. After 48 h, cells were starved 
in DMEM for 4 h. Total cell lysates (TCL) were probed with 4G10, 
KIT, SPRY4, pAKT, AKT, pERK, ERK, and β-actin antibodies, 
respectively; B GIST-T1 cells were treated with imatinib (1 μM) for 
8  h, expression of KIT and SPRY4 was analyzed by qRT-PCR. C 
Ba/F3 cells expressing wild-type KIT, KIT/W557K558del, or KIT/
V560D with or without SPRY4 were stained with PE-anti-KIT anti-
body, and KIT expression was analyzed by flow cytometry. Solid 
line: cells without SPRY4 expression, dotted line: cells with SPRY4 
expression, empty area: isotype control, gray area: PE-anti-KIT anti-
body. D GIST-T1 cells were transfected with SPRY4 siRNA, and 
total cell lysates were analyzed by western blot using 4G10, KIT, 
pAKT, AKT, pERK, ERK, and β-actin antibodies, respectively. Total 
RNA was extracted from the cells, and mRNA expression of KIT 
and SPRY4 was quantified by qRT-PCR. E Ba/F3 cells expressing 
wild-type KIT, KIT/W557K558del, or KIT/V560D with or without 
SPRY4 were incubated in RPMI 1640 medium plus 2% serum and 
100 ng/ml SCF for 12 h, followed by cell lysis and western blot anal-
ysis of the expression of KIT, SPRY4, and β-actin. KIT expression 
was quantified, and the decrease of KIT expression after SCF stimu-
lation in each cell was calculated

◂



682	 S. Li et al.

1 3

GIST-T1 cells. Consistent with the results in Ba/F3 cells, 
inhibition of SPRY4 expression increased cell cycle progres-
sion, proliferation, and survival of GIST-T1 cells (Fig. 3D).

To further investigate the role of SPRY4 in the tumori-
genesis of GISTs in vivo, we injected lentivirus expressing 
SPRY4 siRNA into mice carrying germline KIT/V558A 
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Fig. 2   SPRY4 associates with KIT and inhibits the activation of both 
wild-type KIT and primary KIT mutants and downstream signaling. 
A Ba/F3 cells expressing wild-type KIT, KIT/W557K558del, or KIT/
V560D with or without SPRY4 were starved, followed by stimulation 
with SCF, total cell lysates were probed with SPRY4, pAKT, AKT, 
pERK, ERK, and β-actin antibodies respectively. KIT was immuno-
precipitated using KIT antibody from the cell lysates and probed with 

4G10, KIT, and SPRY4 antibodies, respectively. The signal intensity 
of 4G10 was quantified and normalized by KIT, and the signal inten-
sity of pAKT and pERK was quantified and normalized by β-actin. 
B GIST-T1 cells were transfected with SPRY4 siRNA, and KIT was 
immunoprecipitated using KIT antibody from the cell lysates and 
probed with KIT and SPRY4 antibodies, respectively
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mutation, which is identical as human KIT/V559A mutation 
in familial GISTs [25], in order to knock down the expres-
sion of SPRY4. The results showed that injection of lentivi-
rus expressing SPRY4 siRNA increased the tumor growth 
(Fig. 3E), suggesting that SPRY4 can inhibit the tumorigen-
esis of GISTs in vivo. In addition, imatinib treatment dra-
matically inhibited the tumor growth regardless of SPRY4 
expression (Fig. 3E). Western blot analysis of tumor samples 
showed that knockdown of SPRY4 expression increased KIT 
expression, while inhibition of KIT activation by imatinib 
inhibited SPRY4 expression (Fig. 3F). These findings are 
consistent with the results in vitro, further suggesting that 
SPRY4 may serve as a negative feedback regulator of KIT 
in GISTs.

SPRY4 increases the sensitivity of primary KIT 
mutants to imatinib

Imatinib is the first-line targeted therapy for GISTs and has 
dramatically improved treatment outcomes [5, 7]. In this 
study, we investigated whether SPRY4 can regulate the 
response of GISTs to imatinib due to its important role in 
the regulation of the activation of KIT and downstream sign-
aling. We treated Ba/F3 cells expressing KIT with various 
concentrations of imatinib and found that the presence of 
SPRY4 increased the inhibition of imatinib on the activation 
of both wild-type KIT and primary KIT mutants. Examina-
tion of the activation of downstream molecules ERK and 
AKT showed similar results (Fig. 4A). In the cell survival 
assay, the presence of SPRY4 further inhibited the sur-
vival of Ba/F3 cells expressing primary KIT mutants, but 
not wild-type KIT in addition to the inhibition by imatinib 
(Fig. 4B). Similarly, the inhibition of cell cycle progression 
and proliferation of Ba/F3 cells expressing both wild-type 
KIT and KIT mutants by imatinib was even stronger in the 
presence of SPRY4 (Fig. 4C, D). These results suggest that 
SPRY4 can increase the sensitivity of primary KIT mutants 
to imatinib.

The expression and activation of secondary KIT 
mutants are not altered by SPRY4

The application of targeted therapy against KIT in the clinic 
has dramatically improved the survival of GIST patients. 
However, gaining drug-resistant secondary mutation of KIT 
or activation of alternative signaling pathways can lead to 
treatment failure [11–16]. To investigate whether SPRY4 can 
inhibit secondary mutations of KIT, Ba/F3 cells expressing 
the commonly occurred secondary mutations of KIT with 
or without SPRY4 were established. Since the secondary 
mutations of KIT occur in the same chromosome as the 
primary KIT mutation [11, 12, 26], therefore KIT carries 
both primary mutation and secondary mutation of KIT when 

the latter mutation occurs. Examination of KIT expression 
showed that the expression of the often-occurred second-
ary KIT mutants W557K558del/V654A and W557K558del/
N822K was not affected by SPRY4 (Fig. 5A), in contrast to 
the inhibited expression of wild-type KIT and primary KIT 
mutants by SPRY4 (Fig. 1C). When stimulated by SCF for 
an extended period to mimic the in vivo situation where 
GISTs express SCF which can activate KIT constitutively 
by autocrine or paracrine loop, the reduction of the expres-
sion of secondary KIT mutants showed no difference in the 
presence or absence of SPRY4 (Fig. 5B). Similar to the regu-
lation of KIT expression by SPRY4, the activation of sec-
ondary KIT mutants and downstream signaling molecules 
ERK and AKT was not changed by SPRY4 although SPRY4 
associates with secondary mutations of KIT (Fig. 5C). These 
findings suggest that the secondary KIT mutants were resist-
ant to the inhibition of SPRY4, in contrast to the inhibition 
of the activation of wild-type KIT and primary KIT mutants 
by SPRY4.

Secondary KIT mutants‑mediated cell survival, 
proliferation, and their sensitivity to imatinib are 
not altered by SPRY4

Given that the expression and the activation of secondary 
mutation of KIT are resistant to the inhibition of SPRY4, 
we investigated whether the cell survival and proliferation 
mediated by secondary mutations of KIT are also resistant to 
the inhibition of SPRY4. As expected, the secondary muta-
tions of KIT-mediated cell survival were not affected by the 
expression of SPRY4 (Fig. 6A). Similarly, the proliferation 
and the cell cycle progression of cells expressing secondary 
KIT mutants were not inhibited by SPRY4 (Fig. 6B, C), 
further indicating that secondary KIT mutants are resistant 
to the inhibition of SPRY4. This resistance may play a role 
in the relapse of GISTs when secondary mutations of KIT 
are acquired by GISTs.

Secondary KIT mutants are resistant to the first-line tar-
geted therapy drug imatinib in the treatment of GISTs. To 
test whether SPRY4 can change the response of secondary 
KIT mutants to imatinib, we treated cells expressing sec-
ondary KIT mutants with imatinib. We found no change in 
KIT activation in cells expressing secondary KIT mutants 
in response to imatinib when SPRY4 was expressed, in con-
trast to the inhibited activation of primary KIT mutants by 
SPRY4 in response to imatinib treatment. Examination of 
the activation of downstream signaling molecules ERK and 
AKT showed similar results (Fig. 6D). Similarly, exami-
nation of secondary KIT mutant-mediated cell prolifera-
tion showed that SPRY4 didn’t change the growth of cells 
expressing secondary KIT mutants in response to imatinib 
treatment (Fig. 6E), which may contribute to the resistance 
of secondary KIT mutants to imatinib.
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Discussion

SPRY4 is highly expressed in GISTs [17], and loss of SPRY4 
expression in mice can result in hyperplasia of interstitial 
cells of cajal (ICC) [27], the cell type from which GISTs 
are believed to originate [28–30]. In this study, we found 
that SPRY4 can associate with both wild-type KIT and fre-
quently occurred primary KIT mutants in GISTs, and inhibit 
their expression and activation, which leads to reduced cell 
survival and proliferation in vitro, and decreased tumori-
genesis of GISTs in vivo. Our findings shed light on how 
SPRY4 regulates KIT signaling in GISTs, extending our 
understanding of KIT-mediated tumorigenesis of GISTs 
and its regulation.

Sprouty was identified in Drosophila as an antagonist 
of FGF signaling [31], and it inhibits RAS signaling [32]. 
Four homologs SPRY1, SPRY2, SPRY3, and SPRY4 are 
expressed in mammals [31, 33–35], and like sprouty in 
Drosophila, they also regulate RAS/RAF/MEK/ERK sign-
aling pathway [23, 24]. In addition to its role in normal situ-
ation, SPRY4 was identified as a tumor suppressor in lung 
cancer [36], breast cancer [37, 38], prostate cancer [39], 
colon cancer [40], ovarian cancer [41], and melanoma [42]. 
In this study, unlike the direct inhibition of RAS/RAF/MEK/
ERK signaling pathway by SPRY4, we found that SPRY4 

can physically associate with KIT and inhibit KIT expres-
sion and activation in GISTs, leading to reduced activation 
of downstream signaling pathways including RAS/RAF/
EMK/ERK signaling pathway.

70–80% of GISTs carry gain-of-function mutations 
of KIT that confer the receptor ligand-independent con-
stitutive activation of the receptor and their downstream 
signaling pathways, such as RAS/RAF/MEK/ERK and 
PI3 kinases/AKT, leading to the tumorigenesis of GISTs 
[43–46]. In addition to the ligand-independent activation, 
KIT mutants have different signaling properties. For exam-
ple, SRC family kinases are necessary for the full acti-
vation of wild-type KIT, while the activation of D816V 
mutation of KIT, which is the dominant mutation in mas-
tocytosis, is independent of SRC family kinases [47]. In 
this study, our results showed that SPRY4 can inhibit both 
wild-type KIT and primary KIT mutants in GISTs.

Acquisition of the secondary mutations of KIT is one 
of the main causes of drug resistance and relapse of GISTs 
treated by imatinib [11–13]. Although the second-, third-, 
and fourth-line targeted therapy drugs (regorafinib, suni-
tinib, and ripretinib) are available for treating relapsed 
tumors, they can only increase patient survival for a few 
months and are far from satisfactory. Overcoming drug 
resistance mediated by secondary mutations of KIT 
remains challenging. A better understanding of the acti-
vation of secondary KIT mutants and their regulation is 
necessary to improve the treatment outcomes. Compared 
with primary KIT mutants, secondary KIT mutants have 
much stronger ligand-independent activation [19]. Our 
results showed that the secondary KIT mutants can escape 
the negative feedback of SPRY4, suggesting the different 
regulation of secondary KIT mutants, which may contrib-
ute to the drug resistance and relapse of GISTs. Further 
investigation is required to determine why secondary KIT 
mutants are resistant to the inhibition of SPRY4. In sum-
mary, our results show that SPRY4 can inhibit the expres-
sion and activation of primary KIT mutants (Fig. 7) but 
not secondary KIT mutants, and it can sensitize primary 
KIT mutants to imatinib in the treatment of GISTs.

Fig. 3   SPRY4 inhibits KIT mutant-mediated cell proliferation and 
survival of GISTs cells in vitro, and tumorigenesis of GISTs in vivo. 
A Ba/F3 cells expressing wild-type KIT, KIT/W557K558del, or KIT/
V560D with or without SPRY4 were washed with PBS and re-sus-
pended in Ba/F3 growth medium without IL-3 but with SCF or no 
cytokine as control. After 48 h, apoptotic cells were counted by flow 
cytometry after staining with PE annexin V apoptosis detection kit; B 
Cell growth was analyzed by CCK8 kit; C Cell cycle was analyzed by 
flow cytometry after staining with PI reagent. D GIST-T1 cells were 
transfected with SPRY4 siRNA, cell apoptosis, cell proliferation, and 
cell cycle were analyzed. E KITV558A/WT mice of 8 weeks old were 
intraperitoneally injected with lentivirus expressing SPRY4 siRNA, 
and/or treated with imatinib. After treatment, tumor size and weight 
were measured. F Tumors from mice were lysed, and the lysates were 
probed with KIT, SPRY4, and β-actin antibodies, respectively

◂
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Fig. 4   SPRY4 increases the sensitivity of primary KIT mutants 
to imatinib. A Ba/F3 cells expressing wild-type KIT, KIT/
W557K558del, or KIT/V560D with or without SPRY4 were washed 
and incubated with imatinib in RPMI 1640 medium for 4  h after 
stimulation with SCF, total cell lysates were probed with pAKT, 
AKT, pERK, ERK, and β-actin antibodies respectively. KIT was 
pulled down using KIT antibody from the cell lysates and probed 
with 4G10, KIT, and SPRY4 antibodies, respectively. The signal 

intensity of 4G10 was quantified and normalized by KIT. B Ba/F3 
cells expressing wild-type KIT, KIT/W557K558del, or KIT/V560D 
with or without SPRY4 were washed with PBS and grown in Ba/F3 
growth medium without IL-3 but with SCF, or with imatinib. After 
48  h, apoptotic cells were counted by flow cytometry after staining 
with PE annexin V apoptosis detection kit; C Cell proliferation was 
analyzed by CCK8 kit; D Cell cycle was analyzed by flow cytometry 
after staining with PI reagent
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Fig. 5   SPRY4 associates with 
secondary KIT mutants but 
doesn’t change their expression 
and activation. A Ba/F3 cells 
expressing KIT/W557K558del/
V654A or KIT/W557K558del/
N822K with or without SPRY4 
were stained with PE-anti-KIT 
antibody, and KIT expression 
was analyzed by flow cytometry. 
Solid line: cells without SPRY4 
expression, dotted line: cells 
with SPRY4 expression, empty 
area: isotype control, gray 
area: PE-anti-KIT antibody. B 
Ba/F3 cells expressing KIT/
W557K558del/V654A or KIT/
W557K558del/N822K with or 
without SPRY4 were incubated 
in RPMI 1640 medium plus 
2% serum and 100 ng/ml SCF 
for 12 h, followed by cell lysis 
and western blot analysis of the 
expression of KIT, SPRY4, and 
β-actin. KIT expression was 
quantified, and the decrease 
of KIT expression after SCF 
stimulation in each cell was 
calculated. C Ba/F3 cells 
expressing KIT/W557K558del/
V654A or KIT/W557K558del/
N822K with or without SPRY4 
were washed and starved in 
RPMI 1640 medium for 4 h, 
followed by stimulation with 
100 ng/ml SCF for 2 min, cells 
were lysed. Total cell lysates 
were analyzed by western blot 
using pAKT, AKT, pERK, 
ERK, and β-actin antibodies, 
respectively. KIT was pulled 
down using KIT antibody from 
the cell lysates and probed 
with 4G10, KIT, and SPRY4 
antibodies, respectively. The 
signal intensity of 4G10 was 
quantified and normalized by 
KIT, and the signal intensity of 
pAKT and pERK was quantified 
and normalized by β-actin
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Fig. 6   Secondary KIT mutant-mediated cell survival, proliferation, 
and their sensitivity to imatinib are not altered by SPRY4. A Ba/F3 
cells expressing KIT/W557K558del/V654A or KIT/W557K558del/
N822K with or without SPRY4 were washed and grown for 48 h in 
Ba/F3 growth medium without IL-3 but with SCF or no cytokine as 
control. Apoptotic cells were counted by flow cytometry after stain-
ing with PE annexin V apoptosis detection kit. B Cell growth was 
analyzed by CCK8 kit. C Cell cycle was analyzed by flow cytom-
etry after staining with PI reagent. D Ba/F3 cells expressing KIT/
W557K558del/V654A or KIT/W557K558del/N822K with or with-

out SPRY4 were washed and starved in RPMI 1640 medium  with 
imatinib for 4  h, followed by stimulation with 100  ng/ml SCF for 
2 min, total cell lysates were probed with pAKT, AKT, pERK, ERK, 
and β-actin antibodies, respectively. KIT was pulled down using 
KIT antibody from the cell lysates and probed with 4G10, KIT, 
and SPRY4 antibodies, respectively. E Ba/F3 cells expressing KIT/
W557K558del/V654A or KIT/W557K558del/N822K with or without 
SPRY4 were washed and grown for 48  h in Ba/F3 growth medium 
without IL-3 but with SCF and imatinib. Cell proliferation was ana-
lyzed by CCK8 kit
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