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Abstract

Gastrointestinal stromal tumors (GIST) are the most common mesenchymal tumor of the gut.
GIST are thought to arise solely from interstitial cells of Cajal (ICC), a KIT-positive population
that controls gut motility. Activating gain-of-function mutations in K/7and PDGFRA are the most
frequent driver events, and most of these tumors are responsive to the tyrosine kinase inhibitor
imatinib. Less common drivers include mutant BRAFY690E and these tumors are resistant to
imatinib. A mouse model of GIST was recently reported using £#vZ, the master transcriptional
regulator of ICC-intramuscular (IM) and ICC-myenteric (MY), to induce mutant Brafexpression.
ICC hyperplasia was observed in £tvICreERTZ:Brafl-SL-VE0OE/* mice but loss of 77p53was
required for development of GIST. We identified previously expression of the pan-ErbB negative
regulator, LRIG1, in two distinct subclasses of ICC (ICC-deep muscular plexus [DMP] in small
intestine and ICC-submucosal plexus [SMP] in colon) and that LRIG1 regulated their development
from smooth muscle cell progenitors. Using LrigI<®ER72 tg induce Braf69%0F, we observed ICC
hyperplasia beyond the confines of ICC-DMP and ICC-SMP expression, suggesting smooth
muscle cells as the cell-of-origin. To examine this possibility, we selectively activated Braf6%0F in
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smooth muscle cells. Myh11CreERTZ: Brafl-SL-V600E/* mice developed not only ICC hyperplasia
but also GIST and in the absence of 7rp53 disruption. In addition to providing a simpler model for
mutant Braf GIST, these results provide conclusive evidence for smooth muscle cells as an
alternative cell-of-origin for GIST.
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Introduction

Interstitial cells of Cajal (ICC) are thought to be the sole cell-of-origin of gastrointestinal
stromal tumors (GIST). In the normal gut wall, ICC are a KIT-positive population, which
forms networks within the musculature of the gastrointestinal tract and serves as pacemakers
and transducers of neural inputs that control contraction of smooth muscle to regulate gut
motility [1,2]. GIST are found most often in the stomach but can occur throughout the
gastrointestinal tract. Activating gain-of-function mutations in K/7and PDGFRA are the
most frequent driver events. These tumors have attracted considerable interest in the
oncology community since they are highly responsive to imatinib, the tyrosine kinase
inhibitor that targets KIT as well as ABL. Less common driver events include activating
mutations in BRAF, mutant BRAF GIST account for 3-13%[3-6] of wild-type K/7 and
PDGFR GIST, and these tumors are much less responsive to imatinib. Common markers of
GIST are KIT and ANOL (present in nearly all cases), CD34 (70% of cases), and ETV1
(50-60% of cases).

Mouse models of GIST include mice with a germline mutation in K7z, which exhibit ICC
hyperplasia, a GIST precursor, followed by full-blown GIST formation, further supporting
ICC as the GIST cell-of-origin [7]. Recently, Ping Chi and co-workers used £tvZ, the master
transcriptional regulator of ICC-intramuscular (IM) and ICC-myenteric (MY), as an
inducible Cre driver to activate BrafV9%. Administration of tamoxifen to activate Cre in
EtyICreERTZ: Brafl SL-VE00E/*mice resulted in ICC hyperplasia and GIST, providing direct
support for ICC as GIST cell-of-origin. In this model, loss of 7rp53was required for
development of GIST [8]

We previously reported that LRIG1, a type 1 transmembrane pan-ErbB negative regulator, is
expressed in gastrointestinal epithelial cells with stem/progenitor properties [9-11]. In
addition, LRIG1 null mice in a mixed C57BL/6 x 129 background spontaneously develop
duodenal adenomas [9,12]. In separate studies, we showed that LRIG1 is also expressed in a
subset of ICC (ICC-deep muscular plexus [DMP] in small intestine and ICC-submucosal
plexus [SMP] in colon). These two populations of ICC reside beneath the submucosa within
or juxtaposed to the inner circular muscle layer. We did not detect expression of LRIG1 in
ICC-MY present between the inner circular and the outer longitudinal muscle or in ICC
within the musculature of the stomach [13]. In that report, we also found that LRIG1
regulates postnatal development of ICC-DMP and ICC-SMP from smooth muscle
progenitors [13].
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Prior to publication of the report by Ping Chi and co-workers, we had set out to use
Lrig1CERTZ mice to inducibly-activate mutant Braf6%0F in ICC-DMP and ICC-SMP.
Although Lrig1CeERTZ - Brafl-SL-VBOOE/* mice developed ICC hyperplasia and GIST, they
occurred beyond the confines of ICC-DMP and ICC-SMP expression, most notably in the
stomach and myenteric plexus of the small intestine and colon. Based on the link between
Lrig1 and smooth muscle [13], we speculated that Braf V600E GIST may have arisen from
smooth muscle. Using an inducible smooth muscle Cre driver (Myh11¢€ERT2) o activate
mutant Braf, we show that ICC hyperplasia and GIST can arise from smooth muscle, thus
identifying smooth muscle as an alternate GIST cell of origin.

Materials and methods

Animals

The generation of Lrigi<tml.(cre/ERT)Rjc> (Lrig1¢"®ERT2) mice has been reported
previously [9]. Braf-SL-VEO0E [14], Myh11CeERTZ mice [15] and Rosa-St-YFP mice [16]
were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6-
GI(ROSA)26S0r™m(KIT)Geno ( Rpsal-SL-Kite/*) mice were generated in collaboration with
GenOway Transgenic Service (Lyons, France, see supplementary material, Figure S1). In
brif, the targeting vector was obtained by introducing human mutated K/7 (exon 11 codons
557-558 deletion mutation [17,18]) cDNA cassette, polyA (pA) sequences of the human
growth hormone (hGH pA) and a Kozak sequence into GenOway’s Rosa26 “Quick Knock-
in™” targeting vector, already containing the ubiquitous CAG promoter and a floxed STOP
cassette. The targeting construct was transfected into ES cells by electroporation, followed
by G418 selection and subsequent injection into BalbC blastocysts. Genotyping was
performed by PCR using the following three primers: 89089-AAG CAC TTG CTC TCC
CAA AGT CG, Rosa-GCA GTG AGA AGA GTA CCA CCA TG, and 89091 -ACC TTT
TGA TAA GGC TGC AGA AG, yielding bands of 641 and 256 bp for wild-type and
inducible alleles, respectively. To assess Cre-inducible recombination, PCR using the
following three primers was performed: 89082-GAT GGT TGA GAA GAG CCT GTC TGG
A, 89083-TAC AGC TCC TGG GCA ACG TGC TG, and 89084-CCT CGT GCT TTA CGG
TAT CGC CG, yielding bands of 524 and 247 bp for wild-type and induced alleles,
respectively. To induce recombination, mice were given a single, intraperitoneal (i.p.)
injection of tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) at the concentrations and time
points indicated in the text and figure legends. The ages of mice at sacrifice are indicated in
figure legends. Unless otherwise stated, the greater curvature of the corpus was used for
gastric examinations, ileum for the small intestine and the proximal part for the colon. All
mouse experiments were approved by Institutional Animal Care and Use Committee at
Vanderbilt University Medical Center.

Tissue processing and immunofluorescence

For formalin-fixed paraffin-embedded blocks, tissues were fixed with either 10% neutral
buffered formalin or 4% paraformaldehyde (PFA) before embedding. Sections were
deparaffinized, rehydrated and H&E stained (Sigma). Immunostaining for ANO1 (rabbit
anti-TMEM16A 1:100, ab53212, Abcam, Cambridge, UK) was performed on FFPE sections
with antigen retrieval using Trilogy (Cell Marque, Rocklin, CA, USA). All other
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immunostaining was performed on frozen sections. Tissues were washed with PBS and fixed
with 4% PFA (Thermo Fischer Scientific, Waltham, MA, USA) for 1 h at 4 °C, followed by
consecutive 15% and 30% sucrose immersions before freezing in Optimal Cutting
Temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA). Cryosections cut at 6
um for single focus images and 15 um for Z-stacked images, were mounted onto glass slides
and incubated at room temperature for 30 min in PBS containing 0.1% Triton 100-X (PBST)
and 2.5% normal donkey serum to reduce nonspecific immunostaining. Sections were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for detection of nuclei. Primary
and secondary antibodies used were: Rat anti-mouse KIT (1:250, #CBL 1360, Millipore,
Burlington, MA, USA); rat anti-mouse CD34 (1: 200, 14-0341-81, eBioscience, San Diego,
CA, USA); rat anti-mouse PDGFRA (1:100, 16-1401-82, eBioscience); mouse anti-smooth
muscle actin (SMA) conjugated with Cy3 (1:2000, C6198, Sigma); mouse anti-SMA (1:100,
sc-53015, Santa Cruz, Dallas, TX, USA); goat anti-SM22 (1:200, ab10135, Abeam); donkey
anti-rat 1gG conjugated with Alexa 488 (1:500, A21208, Life Technologies, Carlshad, CA)
and goat anti-rat 1gG conjugated with Alexa 568 (1:500, A11077, Life Technologies).
Micrographic images were obtained using an Olympus 1X-71 (Olympus, Center Valley, PA)
and Nikon A1R (Nikon, Tokyo, Japan). Unless stated otherwise, images presented are
representatives of no less than 3 mouse samples. All tissue images are oriented with mucosal
side up except for overt tumor tissue.

Western blotting

Jejunal walls were stripped from the mucosal layer of the tissue and lysed in RIPA buffer
supplemented with complete protease inhibitor cocktail and phosSTOP (Roche, Basel,
Switzerland) followed by sonication. Aliquots of proteins (10 pg) were loaded onto an SDS-
PAGE gel after 10 min high-speed centrifugation at 4 °C. The following antibodies were
used for western blotting: phosphorylated ERK1/2 (1:1000, #9101, Cell Signaling
Technology, Danvers, MA, USA), total ERK1/2 (1:1000, #9102 ,Cell Signaling
Technology). Densitometry was performed using ImageJ (NIH, Bethesda, MD).

Results

Activation of mutant BRAF in Lrigl-expressing cells results in ICC hyperplasia

As noted in the introduction, LRIG1 is expressed in two ICC populations, one present within
the inner circular smooth muscle layer of the small intestine (ICC-DMP) and the other at the
boundary of the submucosa and the inner circular muscle layers of the colon (ICC-SMP).
We also found LRIG1 was not expressed in ICC-MY located in the outer longitudinal
smooth muscle layer or in gastric ICC. A limitation to using LrigZ as a Cre driver is that it is
expressed in many epithelial stem/progenitor cells. In fact, 12 wk after a single injection of
tamoxifen (2 mg per mouse) to 8-wk old L rig1CeERTZ/* - Brafl-SL-VE0OE/* mice, they
developed oral tumors and were unable to eat (supplementary material, Figure S2A);
histologically, the tumors were squamous papillomas similar to those reported in Kras
mutant mice [19]. Prior to the development of these obstructing oral lesions, mice were
sacrificed 8-10 wk after tamoxifen administration. Activation of mutant BRAF in the
intestinal wall was confirmed using western blotting analysis by upregulation of
phosphorylated ERK, a downstream signaling molecule of BRAF (supplementary material,
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Figure S3). Upon gross inspection of the abdomen, the most striking finding was a markedly
thickened gastric wall. Histologically, the outer half of the muscularis propria was replaced
by hyperplastic spindle-shaped cells with dysplastic features (Figure 1A) and squamous
hyperplasia of the forestomach was also observed (supplementary material, Figure S4). By
immunofluorescence, these hyperplastic regions were devoid of smooth muscle actin (SMA)
and partially positive for KIT (Figure 1B), resembling ICC hyperplasia in the gastric wall of
Kit mutant mice [7]. The outer longitudinal muscle layer was almost completely replaced by
lesions with diffuse staining for CD34 (Figure 1B,C), an additional marker for GIST. Active
proliferation of the hyperplastic lesions was confirmed by detection of Ki67 in these CD34-
positive cells (Figure 1C and supplementary material, Figure S5). Similar lesions, chiefly in
the longitudinal muscle and also marked by KIT and CD34 staining, were observed in small
intestine and colon, although they were less prominent than those in the stomach (Figure
1D).

There are several lines of evidence that these lesions did not arise from LrigI-expressing
ICC. First, the most striking phenotype was in the stomach, and as noted earlier, LRIG1 is
not expressed in gastric ICC. Secondly, the outer longitudinal smooth muscle layer of the
stomach was replaced by CD34-positive hyperplastic cells, a finding that is unlikely to be
due solely to hyperplasia of ICC. Finally, the lesions in the small intestine and colon were
most prominent in the outer longitudinal muscular layer distinct from the location of LRIG1-
expressing ICC-DMP and SMP. Nor is ICC-MY likely to be the origin of these lesions
because colonic ICC-MY is negative for LRIG1 expression (Figure 2A) and expression of
LRIG1 in small intestinal ICC-MY is weak [13].

These observations led us to more carefully evaluate the expression of LRIG1 in the smooth
muscle layer. Indeed, we found that both the inner circular and outer longitudinal smooth
muscle cells do express LRIG1, although at much lower levels than in ICC-DMP, ICC-SMP
or overlying epithelial cells (Figure 2A). The specificity of LRIG1 staining was confirmed
by its absence in LrigZ null mice (right panel Figure 2A). To further evaluate whether
recombination mediated by the L rigZI€®ERT2 driver occurs in smooth muscle,

LrigICreERT2/* - Brafl- SL-VGODE/* - ppsal-SL-YFP/* mice were generated to lineage trace Lrigl-
expressing cells. Two weeks after a single injection of tamoxifen, there were YFP-positive
clusters in CD34-positive lesions in the stomach (Figure 2B), as well as YFP-positive cells
in unaffected smooth muscle cells (Figure 2C). Taken together, these results suggest that the
lesions detected in the Lrig1CreERTZ/* Brafl-SL-VEOOE/* gyt wall likely originate from smooth
muscle cells rather than LRIG1-expressing ICC.

Smooth muscle-specific expression of BrafV600E results in GIST-like lesions

In order to activate mutant BRAF exclusively in smooth muscle cells, we turned to a smooth
muscle-specific gene, Myh11, as a Cre-driver. As noted above, we previously reported ICC-
DMP and ICC-SMP originate from smooth muscle cells during postnatal development of the
ICC network [13]. Thus, a constitutively expressed Myh11C"€ driver will not allow tracing of
smooth muscle cell lineages without also marking these ICC populations. Instead, we used a
conditional Myh11CTeERTZ driver to induce recombination after postnatal day 7 since ICC-
DMP and ICC-SMP no longer express smooth muscle markers after this time [13]. To assess
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how tightly regulated CreERT2-mediated recombination is in this model, we first examined
spatiotemporal expression of YFP in Myh11CTeERTZ - posal-SL-YFF/* mice. In the absence of
tamoxifen, YFP expression was observed after postnatal day 14 (Figure 3A and
supplementary material, Figure S6), indicating some leakiness in this promoter; however,
YFP expression was restricted to smooth muscle cells.

To further examine whether smooth muscle cells may act as a cell-of-origin for GIST,
Myh11CreERTZ Brafl-SL-VEODE/* mice were generated. At a standard dose of tamoxifen (2
mg per mouse), mice became moribund within 1-2 wk, possibly due to impaired gut
motility. A single small dose of tamoxifen (0.1 mg per mouse) was given to

Myh11CreERTZ Brafl SL-VE0OE/* mice at 6-wk of age and mice were sacrificed two wk later.
These mice largely recapitulated the phenotype exhibited by £ rig1CreERT2/* Brafl-SL-VE00E/*
mice, except for the absence of the oral and forestomach squamous hyperplasia.

Once again, the phenotype was most pronounced in the stomach, which was grossly
thickened. Histologically, the gastric wall was largely composed of smooth muscle with
hyperplastic stromal cells evident (Figure 3B). Similar to Lrig1CeERTZ/* :Brafl-SL-VEOOE/+
mice, the gastric lesions were negative for both SMA and SM22, differentiated smooth
muscle markers, (supplementary material, Figure S7) and were diffusely positive for CD34
(Figure 3B, left panel). The lesions were also positive for PDGFRA (Figure 3B, middle
panel), an additional marker for GIST. Immunofluorescence staining for KIT was patchy,
and most KIT-positive cells appeared to be preexisting ICC (Figure 3B right). Of note,
residual SMA-positive cells in the smooth muscle layer exhibited ICC-like morphology with
cell bodies exhibiting long processes (Figure 3C and supplementary material Figure S8).
Ki67-positive proliferating cells, which are rarely seen in smooth muscle, were found in
both SMA-positive and —negative cells (Figure 3D). As noted in LrigICTeERTZ/#;
Braf-SL-VE00E/* mice, similar, but less prominent, lesions were observed in the small and
large intestinal wall (supplementary material, Figure S9).

Combining the results from Lrig1CeERT2/ - Brafl-SL-VE00E/* mice and
Myh11CTeERTZ, Brafl-SL-VEOOE/* mice, we have shown that BrafV?9%€ expression in smooth
muscle cells results in GIST-like lesions in stomach, small intestine and colon.

Myh11CreERT2; BrafLSL-V600E/* mice generate overt GIST

We then sought to determine whether Myh11CreERTZ: Brafl-SL-VE00E/* mice might develop
overt GIST over time. One month after receiving a single dose of 0.1 mg per mouse
tamoxifen, these mice appeared moribund. By decreasing the dose of tamoxifen to 0.005 mg
per mouse, we were able to maintain the mice for longer periods of time. Four months after
administration of tamoxifen to 6-wk-old-mice, KIT-positive foci emerged, although not in
every CD34-positive cell (Figure 4A). At this time, 4 of 11 mice had tumors in the smooth
muscle layer of the gut and bladder (Table 1). These tumors were solid and devoid of a
lumen (Figure 4B). Microscopically, the tumors had a spindle-shaped cellular morphology
with an appearance of dedifferentiated GIST (Figure 4C). These tumors expressed CD34,
PDGFRA, KIT and ANO1 (Figure 4D), supporting the diagnosis of GIST. Taken together,
our results show that ICC hyperplasia and overt GIST may arise from smooth muscle cells.
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Lrig1CreERT2/+: RosglSL-Kitc/+ mice also exhibit GIST-like lesions

Since mutant KIT GIST are much more common than mutant BRAF GIST, we also
examined the consequences of inducing gain-of-function mutant KIT in LRIG1-expressing
cells. A single dose of tamoxifen (2 mg per mouse) was given to adult Lrig1CreERTZ/#
Rosal-SL-Kite/* mice and the mice were sacrificed one month later. GIST-like small lesions
were observed in the muscularis propria of the stomach and intestine, although the lesions
were less prominent than those seen in Lrig1CeERTZ/* - Brafl-SL-VEOOE/* mice (Figure 5A,B).
There was diffuse expression of CD34 and SMA in the outer longitudinal smooth muscle of
these LriglCeERTZ/*  Rosal-SL-Kitc/* mice: as noted above (Figure 1B), CD34 expression
was also diffuse in the outer longitudinal muscle of Lrig1CTeERTZ/* Brafl-SL-VEO0E/* mice
whereas SMA staining was absent. Cell clusters positive for CD34 and KIT were observed
in the smooth muscle layer (Figure 5A,B). Thus, GIST can arise from smooth muscle cells
driven not only by mutant Brafbut also by mutant Kit

Discussion

These studies were initiated using an inducible Lrig1<eERT2 to activate Braf6%% in two
subpopulations of ICC, ICC-DMP and ICC-SMP, which we previously showed express the
pan-ErbB negative regulator and tumor suppressor, LRIG1. In contrast to ICC-MY that are
found in the outer longitudinal muscle layer, ICC-DMP and ICC-SMP are found within or
juxtaposed to the inner circular muscle in the small intestine and colon, respectively. Upon
activation of BrafV?% in LRIGI-expressing cells, we found GIST-like lesions in the gastric
smooth muscle layer and in the intestinal longitudinal muscle layer, both of which are
distinct from the location of LRIG1-expressing ICC populations. Based on our prior
observation that LRIG1 regulates development of submucosal ICC-DMP and ICC-SMP
from smooth muscle, we examined LRIG1 expression in smooth muscle cells more closely
and identified low but detectable levels of LRIG1 expression in smooth muscle cells. With
this information in hand, we turned to an inducible smooth muscle Cre driver to see if this
cell population could be a source of GIST. Activation of mutant BRAF in Myh11CeERTZ:
Braf-SL-VE00E/* mijce Jed to full blown GIST, demonstrating that smooth muscle cells may
act as an alternate GIST cell-of-origin.

Our model complements the Etv1CTeERT2; Braf-SL-V600E/+mayse model developed by Chi
and co-workers [8]. £fv1 is the master transcriptional regulator of two subclasses of ICC
distinct from ICC-DMP and ICC-SMP; these are termed ICC-MY and ICC-IM [8,20]. in
their model, BRAFY6U0E expression alone was insufficient to generate overt GIST but
required loss of 7rp53. In a similar vein, additional mutations are required for mutant BRAF
serrated adenomas to progress to colon cancer [21-23] and benign nevi to melanoma
[24,25]. Interestingly, our result shows that BRAF mutation alone, in the absence of 7rp53
disruption, was sufficient to generate GIST when mutant BRAF was expressed in smooth
muscle cells, suggesting a differential dependency of driver mutations for GIST that arise
from different cells-of-origin.

Further investigation of the E£tvI- and Myh1I-driven mutant Brafmodels might uncover
distinct features of the GIST tumors when they originate from ICC versus smooth muscle. In
contrast to the introduction of mutant Braf, mutant Kitwas not as efficient in inducing
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multiple lesions, ICC-hyperplasia, or overt GIST. These findings may reflect the presence of
a differential cellular context in smooth muscle cells that is favorable for the Brafmutation
to induce progression to GIST. Alternatively, differences in recombination efficiency may
explain differences in severity between the Brafmutant and K7t mutant models. Further
studies should be conducted to clarify detailed mechanisms of differences of how different
oncogenic drivers result in different spectrums of ICC hyperplasia and GIST formation.

In patients, most GIST with mutant K/7and PDGFRA are highly responsive to imatinib, a
small molecule tyrosine kinase inhibitor (TKI), that targets KIT, as well as BCR-ABL and
FIP1L1-PDFGRA, with about 80% of patients with metastatic disease achieving a partial
response or stable disease [26]. Importantly, the response to therapeutics is highly correlated
with the genotype of GIST. Patients without K/7 or PDGFRA mutation show primary
resistance to imatinib, which is caused by alternative mutations such as in BRAF, RAS, NF1
or SDHB deficiency [27,28]. While a report suggests a possibility for the use of dabrafenib,
a BRAF inhibitor, in BRAFmutant GIST [29], more effective treatment regimens are
needed for GIST due to these less commonly occurring events. In this regard, our Braf
mutant GIST model may be a useful tool.

In summary, we report a new mouse model of BRAF mutant GIST. Under control of the
smooth muscle Myh11 driver, conditional expression of constitutively active BrafV6%% was
sufficient to generate GIST. In addition to providing a unique genetic model for Braf mutant
GIST, this is the first report to show that smooth muscle can be the origin of GIST. There
might exist a portion of clinical GIST that originate from smooth muscle but not ICC. Such
differences in the GIST cell-of-origin may have important implications for the treatment and
prognosis of the disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Activation of mutant BRAF in LRIG1-expressing cells results in ICC hyperplasia in mouse
stomach and colon. (A) H&E staining of the stomach of an adult Lrig1CreERTZ/*,
Braf-SL-V600E/+ mouse 10 wk after a single injection of 0.5 mg per mouse tamoxifen. Lower
panel is a higher magnification image of the yellow dotted box in the upper panel. Scale
bars, 500 pm. (B) Immunofluorescence images of the gastric muscle layer of L rig1CeERTZ/*
Braf-SL-VB00E/* reated as above or vehicle control stained for KIT (upper panels, green),
CD34 (lower panels, green) and SMA (red). Nuclei were stained with DAPI. Scale bars, 50

J Pathol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kondo et al.

Page 12

um. (C) Immunofluorescence images of LrigICreERT2/  Brafl-SL-VE00E/# tissue sections 3
wks after a single 0.5 mg per mouse tamoxifen injection stained for CD34 (green), SMA
(red) and Ki67 (magenta). Images of the greater curvature of the corpus were captured. The
area enclosed in the yellow dotted box of the left most panels is enlarged in the right four
panels. Nuclei were stained with DAPI. Scale bars, 50 um. (D) Immunofluorescence images
of colon sections from Lrig1CTeERTZ/* - Brafl-SL-VEODE/* treated as described in B and stained
for KIT (upper panels, green) and CD34 (lower panels, green). Dotted lines indicate the
myenteric side of the circular muscular layer. Double-headed arrows indicate the circular
muscular layer. Nuclei were stained with DAPI. Scale bars, 50 um.
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Figure 2.
Evidence that ICC hyperplasia in Lrig1CTeERT2/* : Brafl-SL-VE00E/* mouse is driven from

LRIG1 expression in smooth muscle. (A) Immunofluorescence images of wild-type (W7,
left panels) and L rig1CeERTZ/CreERTZ ([ rjg1-null, right panels) small intestinal tissue
sections stained for LRIG1 (green). Lower panels are modified from upper panel images by
adjusting brightness and contrast. White and yellow arrowheads indicate ICC-DMP and
ICC-MY, respectively. Double-headed arrows indicate the circular muscular layer. Nuclei
were stained with DAPI. Scale bars, 50 pm. (B,C) Immunofluorescence images of
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LrigICreERT2/% - Brafl- SL-VGODE/* - posal SL-YFP/* gastric tissue sections 2 wks after a 0.5 mg
per mouse tamoxifen injection stained for YFP (green), CD34 (B, red) and SMA (C, red).
Avreas enclosed in yellow dotted boxes of the left most panels are enlarged in the right three
panels. Representative cells positive for both markers are indicated by white arrowheads.
Double-headed arrows indicate the circular muscular layer. Nuclei were stained with DAPI.
Scale bars, 50 ym.
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Figure 3.
Activation of mutant BRAF in gastric smooth muscle resulted in rapid onset of ICC

hyperplasia. (A) Immunofluorescence image of the gastric muscle layer in a My#h11CeERT2;
Rosa-SL-YFF/* mouse prior to tamoxifen injection. Gastric section of a 6-wk-old mouse
stained for YFP (green) and SMA (red). Nuclei were stained with DAPI. Scale bar, 100 pm.
(B,C) Immunofluorescence images of gastric muscle layer from Myh11¢ERTZ and
Myh11CreERTZ: Brafl SL-V6OOE/* mice given a single 0.1 mg per mouse tamoxifen injection
at 6-wks of age and sacrificed two weeks later. Longitudinal (B) and cross (C) sections were
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stained for CD34 (left panel of B and C, green), PDGFRA (middle panel of B, green), KIT
(right panel of B, green) and SMA (red). Images of the greater curvature of the corpus were
captured. Double-headed arrows indicate the full thickness of the smooth muscle layer. Area
enclosed in a yellow dotted box of the left-most panel of C is enlarged in the right three
panels. Nuclei were stained with DAPI. Scale bars, 100 pm. (D) Immunofluorescence image
of the gastric muscle layer from a Myh11CeERTZ: Brafl-SL-VEO0E/* mouse given single 0.1
mg per mouse tamoxifen injection at 6-wks of age and sacrificed two weeks later. Staining
was performed for Ki67 (green) and SMA (red). Images of the greater curvature of the
corpus were captured. The area enclosed in the yellow dotted box of the left-most panel is
enlarged in the right three panels. Nuclei were stained with DAPI. Scale bars, 50 pum.
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Figure 4.
Activation of mutant BRAF in smooth muscle results in overt GIST. (A)

Immunofluorescence image of the gastric muscle layer from a Myh11CeERT2:
Braf-SL-VE00E/* mouse given a single injection of 0.1 mg per mouse tamoxifen at 6-wks of
age and sacrificed 4 months later. Staining was performed for KIT (green) and SMA (red).
Double-headed arrows indicate the full thickness of the smooth muscle layer. Nuclei were
stained with DAPI. Scale bars, 100 um. See also Table 1 for number and location of overt
GIST detected in eleven Myh11CeERTZ - Brafl SL-VEOOE/* mice examined. (B) Macroscopic
appearance of an overt GIST formed in a gastric wall. The white dotted line in the upper
panel demarcates the tumor. Arrowhead indicates the esophagus and arrow indicates the
duodenum. The right panel shows a bisected tumor. (C) H&E staining of GIST. Scale bar,
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100 pm. (D) Immunofluorescence images of tumor stained for CD34 (green), PDGFR
(green), KIT (green), SMA (red) and ANO1 (red). Nuclei were stained with DAPI. Scale
bars, 100 um. Histology shown is representative of the three overt GIST tissues in
gastrointestinal tract.
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Figure5.
Activation of mutant KIT in LrigZ-expressing cells results in GIST-like lesions. (A,B)

Immunofluorescence images of the gastric muscle layer of Lrig1CeERTZ/  Rosal-SL-Kitc/*
mice given a single injection of 2 mg tamoxifen per mouse at 6-wks of age and sacrificed
one month later. Tissue sections were stained for CD34 (A, green), KIT (B, green) and SMA
(red). Images of the greater curvature of the corpus were captured. Nuclei were stained with
DAPI. Scale bars, 50 pm.
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Table 1.

Overt GIST detected in Myh11CERTZ- Brafl-SL-VEOOE/* mice,

L ocation Number of mice

Stomach 2
Cecum 1
Bladder 1

Total 4 out of 11 (36.4%)
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