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Abstract

Gastrointestinal stromal tumor (GIST) is the most common human sarcoma and arises in the 

gastrointestinal tract. Most GISTs are caused by activating mutations in the KIT receptor tyrosine 

kinase, such as the exon 11 KIT V559Δ mutation. The small molecule imatinib inhibits KIT and 

has been a mainstay of therapy in GIST. Unfortunately, imatinib-treated patients typically relapse, 

most often due to clonal emergence of the resistance-associated KIT V654A mutation. To 

determine the biologic impact of this second-site mutation in vivo, we created a mouse model with 

the corresponding V558Δ;V653A Kit double mutation restricted (a) spatially to ETV1+ cells, 

which include the interstitial cells of Cajal (ICCs) from which GISTs presumably originate, and 

(b) temporally through tamoxifen treatment after birth. This resulted in the first in vivo model of 

the most common second-site mutation associated with imatinib resistance in GIST and the first in 
vivo demonstration that cell-autonomous expression of mutant KIT in the ICC lineage leads to 

GIST. GISTs driven by the V558Δ;V653A Kit double mutation were resistant to imatinib, while 

cabozantinib was more effective in overcoming resistance than sunitinib. Compared to control 

mice with a single V558Δ Kit mutation, mice with a double V558Δ;V653A Kit mutation had 

increased tumor oncogenesis and associated KIT-dependent STAT activation. Our findings 

demonstrate that the biologic consequences of a second-site mutation in an oncogenic driver may 
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include not only a mechanism for drug resistance, but changes in tumor oncogenic potential and 

differential activation of signaling pathways.
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Introduction

The development of tyrosine kinase inhibitors has revolutionized the treatment of multiple 

malignancies that are primarily driven by a particular oncogene. Gastrointestinal stromal 

tumors (GISTs), a common sarcoma occurring primarily in the stomach and small intestine, 

are thought to arise from the interstitial cells of Cajal and are characterized by activating 

mutations in KIT in 75% of cases or platelet derived growth factor receptor alpha 

(PDGFRA) in 10% of cases[1, 2]. Imatinib mesylate, an inhibitor of KIT, ABL1, and 

PDGFRA, has improved survival of patients with GIST[3–5]. However, resistance to 

imatinib is a major hurdle to cure, as it commonly develops within two years[3, 6]. Acquired 

resistance to imatinib is typically due to manifestation of clones with a second-site mutation 

in KIT[7]. The most frequent acquired KIT mutation in GIST is V654A in exon 13[8–10]. 

The mutation occurs in the ATP binding pocket of the kinase domain and inhibits binding of 

imatinib[9]. This imatinib-resistant mutation can be overcome with sunitinib[11, 12], but 

usually only for a few months[13].

Our previous germline mouse model of GIST containing a Kit exon 11 (V558Δ) mutation 

resulted in tumors that were 100% penetrant, histologically indistinguishable from human 

GIST, and responsive to imatinib therapy[14]. This model has been used in the discovery of 

multiple new targeted therapies such as pexidartinib and cabozantinib[15, 16], the role of 

ETV1 in GIST tumorigenesis[17, 18], and the contribution of the immune environment 

during imatinib therapy[19–22]. While GIST cell lines and patient-derived xenografts with 

primary and second-site KIT mutations exist, they are heterogeneous and have accumulated 

other genetic defects and are typically grown in immunodeficient mice, thereby potentially 

obscuring the additional effects of the second-site KIT mutation. Therefore, we sought to 

create a genetically engineered GIST mouse model with a common primary KIT mutation 

plus the most frequently acquired second-site KIT mutation. Such a model might reveal how 

the addition of the V654A mutation alters tumor cell biology, KIT signaling, and the tumor 

microenvironment, and would allow new treatments to be tested.

Results

Germline KitV558Δ;V653A/+ mice exhibit perinatal lethality.

According to the Catalogue of Somatic Mutations in Cancer database (COSMIC), the most 

common second-site KIT mutation in human GIST is V654A, which corresponds to mouse 

V653A (Fig. 1A). We sought to create a germline mouse model of a V558Δ;V653A Kit 
double mutation (Fig. 1B) in order to further delineate the in vivo effects of the additional 

V653A mutation and study potential therapies. Although germline V558Δ Kit single mutant 
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mice are viable[14], the V558Δ;V653A Kit double mutant conferred perinatal lethality, with 

no mice surviving past the day of birth (Fig. 1C). We hypothesized that the death of the 

germline double mutant was due to increased KIT signaling leading to transformation in the 

hematopoietic lineage, given our previous findings that Kit mutations can lead to blood 

dyscrasias[23] and our observation that V558Δ;V653A newborns were bright red. The vav-

Cre system allows for gene expression to be restricted to the hematopoietic lineage[24]. By 

breeding KitV558Δ;V653A-NEO/+ mice to vav-Cre mice, we showed that the presence of the 

double mutation in hematopoietic cells alone was sufficient to result in perinatal lethality 

(Fig. 1D), suggesting increased aggressiveness of the V558Δ;V653A Kit mutation compared 

to the V558Δ Kit single mutant in the hematopoietic system.

Inducible lineage-specific KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice develop intestinal GIST.

To create a viable mouse model containing the V653A second-site mutation, we utilized the 

Etv1Cre-ERT2/+ mouse, as ETV1 was previously identified as a lineage-specific transcription 

factor required for GIST development[17, 18]. Rosa26floxSTOP-tdTomato mice were crossed to 

Etv1Cre-ERT2/+ mice and progeny were injected at birth with tamoxifen and sacrificed at 8 

weeks of age. IHC staining for tdTomato, indicating presence of ETV1 expression, was 

present in a pattern typical for myenteric and intramuscular ICCs[25] in the stomach, cecum, 

and colon of tamoxifen-induced mice (Fig. 2A). In order to induce the selective expression 

of the V558Δ;V653A Kit double mutation in ETV1-expressing cells, KitV558Δ;V653A-NEO/+ 

mice were crossed to Etv1Cre-ERT2/+ mice and treated at birth with tamoxifen. Mice 

developed cecal GIST (Fig. 2B), which appeared histologically similar to human GIST on 

H&E staining and expressed both KIT and the GIST marker DOG1[26] (Fig. 2C). For 

simplicity, KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced with tamoxifen at birth will 

be referred to as V558Δ;V653A mice. Tumor weight increased with age (Fig. 2D) and tumor 

weight at 5 months did not depend on the timing of tamoxifen injection within the first 5 

days after birth (Fig. 2E). Since the Kit mutant allele was only fully activated in ETV1-

expressing cells and represented a hypomorphic allele in ETV1-negative cells, which did not 

undergo excision of the floxed NEO cassette, there was reduced KIT expression in cells that 

do not express ETV1, such as melanocytes. As described for heterozygous loss-of-function 

Kit[27], we observed white paws, tail tips, and belly spots in KitV558Δ;V653A-NEO/+ mice, 

independent of the Etv1Cre-ERT2/+ allele and tamoxifen induction, likely resulting from 

altered melanocyte migration during development (Supplemental Fig. 1A). There were 

minimal differences in hemoglobin, mean corpuscular volume (MCV), platelets, and white 

blood cell count (WBC) in V558Δ;V653A mice compared to WT and V558Δ mice 

(Supplemental Fig. 1B).

The V653A second-site mutation leads to increased oncogenesis compared to the V558Δ 
single mutation.

To serve as a comparison for the V558Δ;V653A double mutant mouse model, an inducible 

model of the V558Δ single Kit mutation was created by breeding KitV558Δ-NEO/+ mice to 

Etv1Cre-ERT2/+ mice (Fig. 3A) and injecting the progeny with tamoxifen between days 0 and 

5 after birth. We will refer to the KitV558Δ-NEO/+; Etv1Cre-ERT2/+ mice induced at birth with 

tamoxifen as V558Δ mice. V558Δ mice also developed cecal GISTs. While histologic 

appearance of the two tumors was similar, there was increased ICC hyperplasia in the colon 
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and stomach of V558Δ;V653A mice compared to V558Δ mice (Fig. 3B). In addition, at 5 

months the tumors of V558Δ;V653A mice had increased tumor weight compared to tumors 

of V558Δ mice (Fig. 3C). V558Δ;V653A mice also had decreased body weight (Fig. 3C) 

and decreased survival (Fig. 3D). V558Δ;V653A tumors had increased proliferation as 

indicated by higher Ki67 by IHC (Fig. 3E) and higher Ki67 of KIT+ tumor cells on flow 

cytometry (Fig. 3F). Because mouse GISTs do not grow well in vitro, in order to delineate 

the effect of the V653A second-site mutation on cell growth independent of the tumor 

environment, we derived mast cells (which express KIT) with the V558Δ;V653A double 

mutation. V558Δ;V653A mast cells had increased proliferation both with and without IL-3 

(which is usually required for mast cell growth) in culture over one week when compared to 

V558Δ and WT mast cells (Fig. 3G). These data point to the increased oncogenic potential 

conferred by the addition of the V653A mutation.

Cabozantinib demonstrates greater efficacy than sunitinib in imatinib-resistant 
V558Δ;V653A GISTs.

After treatment of V558Δ;V653A mice with imatinib (45 mg/kg i.p.) for one week, there 

was no effect on phosphorylation of KIT or its downstream mediators (Fig. 4A). It was 

previously reported that high doses of imatinib at 3μM or greater had the ability to inhibit 

phosphorylation of the V654A KIT mutant in vitro[10]. We therefore treated V558Δ;V653A 

mice with high-dose imatinib (90 mg/kg i.p.) and harvested tumors at 6 hours. There was no 

inhibition of p-KIT Y719 (Fig. 4B) with high dose imatinib treatment in vivo. Given some 

suggestion that imatinib leads to clinical stabilization in human GISTs with the V654A 

second-site mutation[28], serial MRI was performed to assess tumor volume at 1 and 4 

weeks of imatinib treatment. Unlike the 50–75% reduction in tumor size that we have shown 

in KitV558/+ mice at 1 week[19, 21], imatinib did not decrease tumor volume in 

V558Δ;V653A mice but did stabilize growth (Fig. 4C). This is suggestive of a minor off-

target, KIT-independent effect of imatinib therapy.

Sunitinib is currently the first-line treatment for V654A KIT mutant GISTs. As expected, 1 

week of sunitinib was effective at inhibiting p-KIT and downstream signaling in 

V558Δ;V653A GISTs (Fig. 4D). There was increased collagen deposition on Trichrome 

staining and decreased proliferation as measured by Ki67 staining (Fig. 4E, F). Given our 

previous study demonstrating dramatic in vivo tumor inhibition with cabozantinib[15], as 

well as a previous report of in vitro inhibition of the V654A KIT mutation[29], we 

hypothesized cabozantinib would be superior to the current standard of care treatment 

sunitinib in our in vivo V558Δ;V653A model. Indeed, cabozantinib had an even more 

profound effect on V558Δ;V653A tumors compared to sunitinib and resulted in decreased 

cellularity on H&E, increased collagen deposition on Trichrome, and less Ki67 staining 

(Fig. 4E, F). Of note, we and others have used trichrome staining as an indicator of tumor 

response[16, 18, 22]. Western blot of V558Δ;V653A tumors treated with cabozantinib for 1 

week demonstrated dramatically decreased total KIT (Fig. 4G), likely due to significant 

tumor death.
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The V653A second-site mutation increases KIT-dependent STAT signaling.

Given the increased tumor growth conferred by the V653A second-site mutation, we sought 

to determine the changes in signaling. Surprisingly, there were no differences in p-KIT Y719 

(Fig. 5A–B) or in total KIT phospho-tyrosine levels (Fig. 5B). We investigated various 

downstream pathways as a readout of KIT activity, including MAPK, PI3K, and STAT 

signaling, based on previous studies[30–32]. Although no differences were seen in MAPK 

or PI3K pathway activation (Fig. 5A), p-STAT3 and p-STAT5 signaling was increased in 

V558Δ;V653A tumors (Fig. 5C). Given previous description of direct interaction of STATs 

with KIT[32], we performed immunoprecipitation of STAT3 and STAT5, which 

demonstrated increased co-immunoprecipitation with KIT in V558Δ;V653A tumors (Fig. 

5D left). To verify our results, we performed immunoprecipitation of KIT, which 

demonstrated increased co-immunoprecipitation with STAT3 and STAT5 (Fig. 5D center 
and right). Imatinib did not inhibit p-KIT, p-STAT3, or p-STAT5 in V558Δ;V653A tumors 

(Fig. 5E), while sunitinib and cabozantinib appeared to inhibit p-STAT3 and p-STAT5 in a 

KIT-dependent manner (Fig. 5F). These data suggest that the increased proliferative 

advantage of the V558Δ;V653A double mutant is intrinsic to the addition of the second-site 

mutation, not via increased KIT phosphorylation or activation of MAPK or PI3K pathways, 

but rather via KIT-dependent activation of STAT signaling.

Discussion

We established an inducible model combining a common Kit exon 11 (V558Δ) mutation in 

GIST with the most common second-site mutation (V653A), both on the same allele. It has 

been proposed that GIST arises from ETV1-expressing ICCs[17]. Accordingly, Etv1 
knockout mice crossed to KitV558Δ/+ mice did not develop GIST[18]. Here, we demonstrated 

that a germline Kit mutation is not required for tumorigenesis in mice, and that inducing an 

activating Kit mutation in only ETV1-expressing cells after birth is sufficient for GIST 

development.

Notably, tumor size in germline KitV558Δ/+ mice was significantly larger[14] than in the 

ETV1-specific mice carrying the KitV558Δ allele (not shown), possibly due to decreased 

efficiency of tamoxifen induction leading to a smaller proportion of cells containing the 

activating Kit mutation. In addition, it has been previously shown that the onset of ICC 

hyperplasia occurs prior to birth in germline KitV558Δ/+ mice[25], which suggests earlier 

oncogenic transformation and activation in germline mutants. The ICC network, which is 

thought to be dependent on KIT expression[33, 34], becomes differentiated during E14–18 

of murine embryogenesis[35]. Therefore, the germline mice contain an activating Kit 
mutation during a critical time in ICC differentiation which results in prenatal ICC 

hyperplasia, compared to the inducible mouse in which the introduction of an activating Kit 
mutation occurs postnatally in presumed non-hyperplastic ICCs.

We found that the germline KitV558Δ;V653A mutation conferred perinatal lethality. KIT 

signaling is important in the regulation of the hematopoietic lineage, with increased 

activation resulting in mastocytosis and erythrocytosis[23, 36, 37]. Because mice crossed to 

vav-Cre also exhibited perinatal lethality and newborns similarly displayed a red phenotype, 
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this suggested that death was due to effects of the V558Δ;V653A mutation in the 

hematopoietic lineage.

Clinically, the V654A second-site mutation is not detected in the absence of imatinib 

therapy, at least by current methods. In one study, no pre-existing V654A clones were able 

to be identified prior to initiation of imatinib despite sensitive massive parallel sequencing 

techniques[38]. Why untreated GISTs do not have detectable second-site KIT mutations 

remains unanswered. Our model does not answer the question of whether the second-site 

V654A mutation is a pre-existing, low frequency clone or develops de novo under imatinib 

pressure, but the former seems more likely. While our model does not replace the 

importance of patient-derived xenografts in modeling GIST, it allows for the study of the 

tumor microenvironment and of therapeutics within the context of a competent immune 

environment.

V558Δ;V653A tumors had a slight response to imatinib by serial MRI. However, this 

appeared to be unrelated to KIT inhibition. Although a previous in vitro study demonstrated 

p-KIT inhibition at 3μM[10], we were unable to demonstrate a difference in p-KIT using 

high dose imatinib (90 mg/kg). There has been some suggestion clinically that patients with 

a KIT exon 13 mutation may have a partial response or stable disease with imatinib[28], 

despite established pharmacologic resistance of KIT to imatinib[8–10]. Similarly, in our 

study, we found that after 4 weeks of imatinib therapy, although there was no reduction in 

tumor volume, the growth rate of imatinib-treated tumors was stabilized compared to 

vehicle-treated tumors, which grew consistently over time. This stabilization effect is 

suggestive of an off-target effect of imatinib in V654A KIT mutant GISTs, consistent with 

clinical observations.

Our study demonstrated the well-established efficacy of sunitinib in the treatment of GISTs 

with a second-site V654A mutation[11]. Given our previous study demonstrating dramatic 

in vivo tumor inhibition with cabozantinib[15], as well as a previous report of in vitro 
inhibition of the V654A KIT mutation by cabozantinib[29], we hypothesized cabozantinib 

would be superior to the current standard of care treatment sunitinib in our in vivo 
V558Δ;V653A model. Our results confirmed the superior anti-tumor effects of cabozantinib 

in the treatment of mouse GISTs with the V653A second-site mutation. In our in vivo model 

of V558Δ;V653A Kit mutation, we confirmed the activity of cabozantinib against p-KIT and 

identified superior treatment effects compared to sunitinib based on greater histologic effect 

and reduction of Ki67. Recent clinical data from the CaboGIST study, a single-arm phase II 

study, demonstrated 82% disease control rate in patients who had failed imatinib and 

sunitinib therapy[39], suggesting a role for cabozantinib in patients who have developed 

resistance to sunitinib. These data support cabozantinib as a more promising strategy than 

the current standard of sunitinib in the treatment of V654A mutant GIST. The 

V558Δ;V653A mouse model of GIST should be a valuable tool in the analysis and 

development of new therapeutics for imatinib-resistant GIST.

The V654A single mutant has been detected in an aggressive case of mast cell leukemia[40] 

and is reported to increase the kinase efficiency in vitro more than two-fold compared to 

WT[41]. Others have suggested that the V654A mutation alone increases proliferation in the 
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presence of Kit ligand compared to wild-type KIT[9] and has the highest kinase activity 

when compared to WT, D816H, D816V, V560D, and V560D;T670I KIT mutants in 
vitro[41]. However, the growth differential between the V559Δ single mutant and the 

V559Δ;V654A double mutant has not been clearly delineated. We now prove in our model 

that the addition of V653A to the V558Δ Kit mutation resulted in larger tumors, increased 

proliferation, and decreased survival. It has been previously demonstrated that addition or 

loss of mutations in tyrosine kinase receptors can change the degree of proliferation or 

aggressiveness of a tumor[32, 42]. Our study begins to characterize the impact of an 

additional mutation not only on tumor resistance to therapy, but to intrinsic tumor 

oncogenesis.

The increased proliferation of the V558Δ;V653A tumors was not due to an intrinsic increase 

in p-KIT and conventional downstream mediators in the MAPK or PI3K pathway, but 

associated with activation of the STAT pathway downstream of KIT. It has also been shown 

that different KIT mutations can lead to differential STAT activation[30, 32, 43]. 

Additionally, previous studies have demonstrated activation of various STAT proteins in 

GIST, most consistently STAT3 activation[31, 44]. We therefore investigated STAT signaling 

downstream of KIT in our model. Additionally, STAT activation may be a result of 

oncogenic mislocalization of the V558Δ;V653A mutant. Compartmentalization of signaling 

of RTKs may lead to increased STAT signaling when the mutated receptor undergoes 

intracellular mislocalization[45, 46]. We demonstrated increased association of STAT3 and 

STAT5 with KIT in the V558Δ;V653A tumors, which suggests that the addition of the 

V653A mutation leads to increased STAT binding to KIT, and subsequent STAT activation. 

In our model, activation of STAT3 and STAT5 was achieved in a KIT-dependent manner, 

with inhibition of STAT signaling by sunitinib and cabozantinib but not by imatinib.

In conclusion, we have created and characterized the first genetically engineered mouse 

model of the most common second site mutation in GIST. We demonstrated that likely due 

to hematopoietic transformation, the germline Kit V558Δ;V653A mutation resulted in 

perinatal lethality, which prompted us to create an ETV1-specific inducible model of GIST. 

Through this, we revealed the superiority of cabozantinib over sunitinib in the treatment of 

V653A second-site mutant GISTs in an in vivo setting, as well as the increased oncogenesis 

conferred by the V653A Kit mutation via STAT activation. This model is the first in vivo 
demonstration that cell-autonomous expression of mutant KIT in the ICC lineage leads to 

GIST and will enable a better understanding of the biology of GISTs with the second-site 

V654A KIT mutation and aid in the development of novel therapeutics to overcome 

resistance to imatinib and second-generation kinase inhibitors.

Materials and Methods

Generation of mouse strains.

Using the targeting vector previously employed to generate the single-mutant KitV558Δ/+ 

mouse[23], the V653A mutation was introduced by site-directed mutagenesis into the 3’ arm 

for homologous recombination. The 3′ arm for the KitV558Δ;V653A allele was a 1.3-kb MluI/

BsrGI-NcoI fragment across exons 12–13. The final targeting vector was sequenced 

completely before linearization and electroporation into 129/B6 CJ7 ES cells[47]. Screening 
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of BamHI-digested genomic DNA from ES cell clones by Southern blot with a 3’ external 

probe across Kit exon 14 yielded two positive clones for the KitV558Δ;V653A allele, 

confirmed by Sanger sequencing all exons. C57BL/6J blastocyst injections of one of these 

clones resulted in high-grade chimeras (85–100%), which gave germline transmission of the 

double mutation. After crossing to C57BL/6J mice, in all agouti F1 animals heterozygous 

for the NEO allele, the presence of the V558Δ;V653A mutation and the integrity of both 

loxP sites was confirmed by sequencing. To remove the floxed NEO cassette, F1 

KitV558Δ;V653A-NEO/+ males were bred to B6.FVB-Tg(EIIa-cre) C5379Lmgd/J females. 

Long-range genotyping PCR was performed across the original intron 11 MluI site, which 

was replaced by a 134-bp loxP scar in the case of the targeted alleles. The integrity of the 

exon 11 V558Δ mutation, remaining loxP site, and exon 13 V653A mutation was confirmed 

by sequencing. A PCR strategy bracketing the 134-bp loxP scar was used for routine 

genotyping thereafter (wild-type allele, 291 bp; targeted allele, 425 bp) with the primers 

mKitEx11F, 5′-CATAGACCCGACGCAACTTC-3′; mKitIn11R, 5′-
GGTTCCCAAATCAACAAGGC-3′. A schematic is shown in Fig. 1B.

KitV558Δ;V653A-NEO/+ mice were backcrossed onto the C57BL/6J background for at least 

seven generations before experimental use. KitV558Δ;V653A-NEO/+ mice were bred to 

Tg(VAV1-cre)1Graf mice (a generous gift from Thomas Graf)[48], herein abbreviated as 

vav-Cre. KitV558Δ;V653A-NEO/+ mice were also bred to B6(Cg)-Etv1tm1.1(cre/ERT2)Zjh/J mice, 

herein abbreviated as Etv1Cre-ERT2/+, and resulting progeny, both males and females, were 

injected once with tamoxifen (125 μg per gram of body weight) between days 0 and 5 after 

birth in order to induce expression of the KitV558Δ;V653A double mutation in ETV1-

expressing cells. These tamoxifen-induced mice are herein referred to as V558Δ;V653A 

mice. In experienced hands, tamoxifen injection leads to development of tumors in >95% of 

mice. For controls, KitV558Δ-NEO/+ single-mutant mice were similarly bred to Etv1Cre-ERT2/+ 

mice and induced with tamoxifen, herein referred to as V558Δ mice. Of note, the presence 

of the NEO cassette results in a hypomorphic allele and not a complete loss of function, so 

even without Cre-mediated excision of the NEO cassette, there is reduced expression of the 

mutant Kit allele. Age of animals was 5–6 months for treatment-related experiments. 

Comparison of tumor weight (Fig. 3C) was performed for V558Δ (n = 22) and 

V558Δ;V653A mice (n = 25). Comparison of body weight (Fig. 3C) was performed for 

V558Δ and V558Δ;V653A mice (n = 12 per group). All animal procedures were approved 

by the Institutional Animal Care and Use Committee of Memorial Sloan Kettering Cancer 

Center.

Drug treatments in vivo.

KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced after birth were treated with imatinib 45 

mg/kg i.p. bid (n = 4 per group) or 90mg/kg i.p. (n = 4 per group) as a single dose 

(Novartis), sunitinib 40 mg/kg p.o. daily (n = 4 per group, Sigma), or cabozantinib 60 mg/kg 

p.o. daily (n = 6–7 per group, Exelixis) for the indicated durations. Mice were sacrificed 3–6 

hours after the last treatment. Treatment with each drug was repeated twice.
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Western blot.

Protein from snap frozen tissues was isolated as before[49]. Protein from cell pellets was 

isolated by pipetting in NP-40 cell lysis buffer (Life Technologies) containing 1% PMSF, 

incubating on ice for 30 minutes, and removing cleared lysate. Antibodies were purchased 

from Cell Signaling Technology (p-KIT, Y719, #3391; KIT, D13A2, #3074; p-AKT, Ser473, 

#4060; AKT, 11E7, #4685; p-S6, S235/236, #2211; S6, 5G10, #2217; p-ERK, T202/Y204, 

#4370; ERK1/2, #4695; p-STAT5, Tyr694, #9359; STAT5, D2O6Y, #94205; p-STAT3, 

Y705, #9145; STAT3, 79D7, #4904; p-Tyrosine, p-Tyr-1000, #8954; GAPDH, #5174).

Immunoprecipitation.

For immunoprecipitation, 50 to 100 μg of protein lysate was incubated with lysis buffer to a 

total volume of 60 μl. One μl of STAT3 (Cell Signaling Technology, #4904) or STAT5 (Cell 

Signaling Technology, #94205) or 1.2 μl of KIT antibodies (Cell Signaling Technology, 

#3074) were added to each tube except for the mock which did not contain antibodies. 

Samples were subjected to rotation overnight at 4°C. Fifteen μl of protein A/G agarose beads 

(Santa Cruz) or Dynabeads Protein G (Life Technologies) were added to the samples and 

incubated for 2 hours at 4°C. Beads were centrifuged for 1 min, the supernatant was 

removed and the beads were washed 3 times with lysis buffer. After the last wash, the beads 

were resuspended in 20 μl loading buffer, vortexed, and heated to 95°C for 10 min before 

loading.

Immunohistochemistry.

Immunohistochemistry (IHC) was performed as before[22]. Ki67 (Abcam, #ab15580) and 

RFP (Rockland, #600–401-379) staining was performed by the institutional Molecular 

Cytology Core using a Discovery XT system (Ventana Medical Systems, Roche). Slides 

were either imaged on an Axio wide-field microscope (Zeiss) or scanned with MIRAX scan 

(Zeiss) and analyzed with Pannoramic Viewer. Ki67 was quantified by manually counting 

stained nuclei in the field size as indicated. N = 7 and 9 biological replicates for the V558Δ 

and V558Δ;V653A groups, respectively.

Mast cell isolation.

KitV558-NEO/+ or KitV558Δ;V653A-NEO/+ males were bred to B6.FVB-Tg(EIIa-cre) 

C5379Lmgd/J females on a B6 background (Jackson Laboratory). Spleens from perinatal 

mice were mashed over 70μM filters and washed with media (RPMI, sodium pyruvate, 

penicillin, streptomycin, MEM NEAA, L-glutamine, FBS). After vortexing at 300g, the cell 

pellet was resuspended in 10mL of media. This cell suspension was cultured with the 

addition of IL3 (20ng/mL) over a period of 6 weeks at 37°C. The presence of mast cells was 

confirmed by flow cytometry (>98% KIT+). Proliferation was measured by culturing 2 

biologic replicates of WT, V558Δ, and V558Δ;V653A mast cells in duplicate with and 

without IL3 (6×105 cells, 12-well plate) over one week, with 2 experimental replicates. Cells 

were counted every 2–3 days.
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Flow cytometry.

Flow cytometry was performed using an LSRFortessa (BD). Mouse-specific CD117 (KIT) 

antibody was purchased from BD Biosciences (#564012). N = 4 and 5 biological replicates 

for the V558Δ and V558Δ;V653A groups, respectively.

Statistical analysis.

Unpaired two-tailed Student’s t test was performed on datasets using Graph Pad Prism 6.0 

(Graph Pad Software). A P value <0.05 was considered significant. Data are shown as mean 

± SEM. Sample sizes were at least 3 per group in order to allow for performance of the t 
test. Experimental animals were selected based on similarity in age and sex and equal 

sample sizes per group, otherwise no randomization technique was used. No blinding was 

performed for any of the experiments. Spearman correlation was performed to evaluate 

tumor weight as a function of mouse age.
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Figure 1. Germline KitV558Δ;V653A/+ mice exhibit perinatal lethality.
(A) Incidence of V654A second-site mutations in human GIST, extracted from the COSMIC 

database (accessed on 3/3/2020). (B) Schematic representation of the knock-in mouse model 

containing the V558Δ and V653A mutations. (C) KitV558Δ;V653A-NEO/+ mice were crossed 

to EIIa-cre mice and progeny (n = 32) from a total of 6 litters were counted at days 0 and 1. 

Fraction alive represents number of pups alive / total number of pups born. (D) Photo of WT 

mice and KitV558Δ;V653A-NEO/+;vav-Cre mice at day 0.
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Figure 2. Inducible lineage-specific KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice develop 
intestinal GIST.
(A) Red fluorescent protein (RFP) IHC of cecum, colon, and stomach from 

Rosa26floxSTOP-tdTomato and Rosa26floxSTOP-tdTomato; Etv1Cre-ERT2/+ mice injected at birth 

with tamoxifen and sacrificed after 8 weeks of age. Staining corresponds to the region of 

ICCs. Bar represents 50 μm. (B) Representative photo of a cecal GIST in a 

KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mouse induced with tamoxifen at birth (age 6 mo). 

Bar represents 1 cm. (C) Representative H&E as well as KIT and DOG1 IHC of a GIST 

from a KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mouse induced with tamoxifen at birth. Isotype 

staining embedded right lower corner. Bar represents 100 μm. (D) Tumor weight of GISTs 

from KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced at birth as a function of age in 

months (Spearman correlation). After mice were sacrificed, tumors were resected and 

measured on a digital scale. (E) Tumor weight at 5 months of age as a function of post-natal 

tamoxifen injection day.
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Figure 3. The V653A second-site mutation leads to increased oncogenesis compared to the V558Δ 
single mutation.
(A) Schematic of single mutant KitV558Δ-neo/+; Etv1Cre-ERT2/+ mice, used as controls for 

KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice harboring an additional second-site V653A 

mutation. Untreated single mutant KitV558Δ-neo/+; Etv1Cre-ERT2/+ mice and double mutant 

KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice were induced with tamoxifen at birth and 

sacrificed in adulthood. (B) H&E of tumors, stomach, and colon from untreated mice. Bar 

represents 200 μm for tumor and colon, and 500 μm for stomach. Untreated mice were 

examined for (C) tumor weight (5mo, n = 22–25 mice per group, left) and body weight 

(5mo, n = 12 mice per group, right), and (D) survival. (E) Quantitation of Ki67 IHC 

representing the number of positively stained nuclei in one 800 × 750 μm field (n = 7–9 

mice per group) and (F) flow cytometry of KIT+ tumor cells (n = 4–5 mice per group). (G) 
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Mast cells derived from WT, KitV558Δ/+ and KitV558Δ;V653A/+ mice in the perinatal period 

were grown with and without IL3 (4 replicates each). KitV558Δ-neo/+; Etv1Cre-ERT2/+ mice 

induced at birth are abbreviated as V558Δ and KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice 

induced at birth as V558Δ;V653A. Mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 4. Cabozantinib has improved efficacy over sunitinib in imatinib-resistant GISTs from 
KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice.
KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice were induced at birth with tamoxifen and treated 

around 6 months of age with the indicated inhibitors. Western blot was performed after 

treatment with imatinib for (A) 1 week (45 mg/kg i.p.) and (B) 6 hours (90mg/kg i.p.). Mice 

were treated with control or imatinib for 4 weeks (n = 3–5 mice per group). (C) Tumor 

volume was measured by MRI and percent tumor volume change relative to day 0 volume 

was calculated at 1 and 4 weeks. Mean ± SEM, *P < 0.05 using Student’s t test. (D) Western 

blot of tumors harvested after treatment with sunitinib for 1 week. (E) H&E, trichrome, and 

Ki67 IHC of tumors harvested after one week of sunitinib or cabozantinib treatment (n = 6–

8 mice). Bar represents 100 μm. (F) Quantitation of Ki67 IHC representing the number of 
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positively stained nuclei in one 800 × 750 μm field. (G) Western blot of tumors harvested 

after treatment with cabozantinib for 1 week. Mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 5. The V653A second-site mutation increases KIT-dependent STAT signaling.
GISTs from untreated single mutant KitV558Δ-neo/+; Etv1Cre-ERT2/+ mice and double mutant 

KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced with tamoxifen at birth and sacrificed in 

adulthood were analyzed by (A, C) western blot, (B) western blot of tumor lysates after 

immunoprecipitation with KIT antibody, and (D) western blot of tumor lysates after 

immunoprecipitation with STAT3 and STAT5 antibody (left) and KIT antibody (center and 

right). (E) Western blot of tumors from KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced 

with tamoxifen at birth and treated with 1 week of imatinib, (F) 1 week of sunitinib (left) 

and 3 hours of cabozantinib (right). KitV558Δ-neo/+; Etv1Cre-ERT2/+ mice induced at birth are 
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abbreviated as V558Δ and KitV558Δ;V653A-NEO/+; Etv1Cre-ERT2/+ mice induced at birth as 

V558Δ;V653A.
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