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Abstract

Background and aims—A fraction of gastrointestinal stromal tumors (GIST) overexpress
PDGFRA rather than KIT. Presently it is unknown if this reflects a complementary oncogenic
potential of PDGFRA and KIT pathways, or heterogeneity in the cellular origin of GIST.
Similarly unknown is the significance of activated Hedgehog (HH)/PATCHED1 (PTCH)
signaling found in many GIST.

Methods—Mouse Ptch was conditionally inactivated using a Cre recombinase driven by the
lysozyme M (LysM) promoter. Lineage tracing was done using R26R-LacZ reporter mice. Tumors
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were characterized by in situ hybridization, immunohistochemistry, Western blot and qRT-PCR.
Cellular transformation was assessed by clonogenic assay.

Results—Inactivation of Ptch in LysM-expressing cells resulted in imatinib-responsive tumors
of GIST-like localization and histology. In addition to activation of Hh signaling, the tumors
showed overexpression and activation of Pdgfra, but not of Kit. Lineage tracing revealed that
LysM-expressing intestinal cells were Kit-negative. These cells were juxtapposed with Kit-
positive interstitial cells of Cajal (ICC) and sometimes co-expressed Pdgfra. In contrast to KIT,
PDGFRA cooperated with HH signaling in cellular transformation.

Conclusions—Mutations in Ptch result in formation of Pdgfra-positive Kit-negative GIST-like
tumors in mice. These tumors may develop due to cooperativity between Hh and Pdgfra pathways
from Kit-negative cells in the intestine.

Keywords

GIST; mouse model; Hedgehog and Pdgfra signaling

GIST are the most common mesenchymal tumors of the gastrointestinal tract!, with an
annual frequency of 10 to 14.5 per million of the population2. They are most frequently
found in the stomach or small intestine, but can arise anywhere in the gastrointestinal tract
and occasionally in the omentum, peritoneum and mesenteryl. Surgery is the standard care
for primary disease, whereas the tyrosine kinase inhibitor imatinib is recommended as first-
line treatment of unresectable and/or metastatic GISTsS. Since the introduction of imatinib
the survival of GIST patients rose from 30% after 1 year to 50% after 5 years*.
Nevertheless, primary resistance to imatinib occurs in 12-14% of patients, complete
remissions are rare, and the majority of initially responsive patients eventually become
resistant, with a median time to progression of 2 years®.

The responsiveness to imatinib reflects the activation of its targets KIT or PDGFRA, two
closely related receptor tyrosine kinases with multiple roles in the regulation of cell survival,
proliferation, and differentiation. Whereas wildtype KIT is activated by the stem cell factor
SCF, PDGFRA can be activated by PDGFA, PDGFB, and PDGFCS: 7. In GIST, these
kinases frequently show gain-of function mutations. Approximately 75-80% of GIST show
KIT mutations and 5-10 % are driven by mutations in PDGFRAS, Further several percent of
GIST are referred to as “wild-type”, as they show neither KIT nor PDGFRA mutations®-11,

Most GIST overexpress KIT protein, which has proven a reliable diagnostic tool to
distinguish GIST from other tumors, e.g. leiomyosarcoma (LMS)3. However, lack of KIT
protein expression has been reported in 4-6% of GIST. These cases frequently overexpress
PDGFRA protein and are more likely to have PDGFRA mutations® 12, |t also has been
reported that KIT-mutant, KIT-expressing GIST additionally express low levels of active
PDGFRA and that, vice versa, PDGFRA-positive GIST showing PDGFRA mutations
express low levels of active KIT13, This indicates that GIST can show activation of both
pathways (either mutation- or ligand-dependent), which may replace each other in the course
of tumor progression?3,
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These data brought about a discussion whether GIST subtypes may arise from different cells
or from a common precursor. GIST associated with KIT mutations are thought to originate
from KIT-expressing ICC4 in the muscularis propria associated with the myenteric plexus?.
The origin of PDGFRA-mutant GIST is less clear and could be ascribed to ICC in which
KIT expression has been turned down, or to different cells. In support of the ICC origin,
Bardsley and colleagues reported PDGFRA-expressing ICC precursors with low KIT levels
which differentiate into KIT-positive ICC cells and form subcutaneous tumors in nude
micel®. However, unlike GIST, these tumors were resistant to imatinib and their
significance to GIST formation in the intestine is unclear. In support of a separate cell of
origin, KIT-negative but PDGFRA-positive fibroblast-like cells have been found to be
associated with ICC and nerve bundles6-18,

Besides KIT or PDGFRA activation, many GIST display aberrant expression and activity of
the HH signaling pathway?®, previously implicated in several tumors, including basal cell
carcinoma (BCC), the most common malignancy in humans. The most prevalent genetic
event in BCC is the inactivation of the HH receptor and tumor suppressor gene PTCH. This
results in the transcriptional activation of GLI1 and PTCH itself, which are established
markers of abnormal HH signaling2?. In BCC, aberrant HH signaling also induces
expression and activation of PDGFRA?L. As PDGFRA, HH, GLI1 and PTCH are
overexpressed in a fraction of human GISTs!®. Furthermore, the PTCH locus is lost in 30%
- 50% of human GIST22 23, Together with the observation that HH expression correlates
with the grade of GIST risk category and sizel, these findings suggest that HH signaling
may play a role in the biology of this tumor entity. However, the cooperativity between the
HH and PDGFR or KIT pathways in GIST formation has not been investigated.

While conditionally inactivating Ptch in the myeloid lineage of the mouse, we noticed
GIST-like tumors developing in the gastrointestinal tract. Besides activation of the Hh
pathway, these tumors overexpress Pdgfra, but not Kit, and both pathways cooperate in
cellular transformation. Lineage tracing showed that the Hh/Ptch-associated GIST-like
tumors could arise from rare Pdgfra-positive Kit-negative cells that lie closely apposed to
the Kit-positive ICC in the muscular wall of the intestine. Together, these results may
indicate a role of the HH pathway in the origin of PDGFRA-positive GIST.

All experiments using animals were performed in compliance with all legal and ethical
requirements. Ptchf1oX/flox mice have loxP sites in Ptch introns 7 and 924. LysMcre mice
express Cre recombinase under the control of the endogenous LysM-promoter. This Cre
driver targets mouse cells of the myeloid lineage, due to their expression of lysozyme M25,
R26R-LacZ and R26R-EYFP mice carry a Cre-inducible LacZ and YFP (yellow fluorescent
protein) gene, respectively, under the control of the endogenous, ubiquitous Rosa26
promoter26: 27, ptchfloX/flox mice were on a mixed C57BL/6 x Balb/c and all other mice on a
C57BL/6 background. Genotyping of PtchfloX/flox | ysMmcre and R26R mice was performed
as described?6: 28. 29 All primers are listed in Supplementary Table 1.
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Tumor specimens

The histology of all tumors detected in the gastrointestinal tract of PtchfloX/flox| ysmcre+/—
mice was investigated using hematoxylin and eosin (H&E)-stained sections. Gene
expression was compared to LMS of Pten/p53 double-mutant mice (ref30 and Guijarro and
Hernando, unpublished) and human GISTs or LMS. The human tumor samples were from
the Department of Pathology at the Leiden University Medical Center. All human specimens

were handled and coded according to the respective national ethical guidelines for secondary

use of human tissue.

Imatinib treatment of mice

Ptchfloxflox ysMcre*/~ mice were randomized into 2 groups. The daily oral treatment with
0.1g/kg Imatinib dissolved in 200 pl PBS was commenced when the mice were 8 weeks old
and continued for 10 weeks. Vehicle treated mice served as controls. Following the
completion of the treatment all mice were sacrificed and screened for tumors.

Adoptive transfer and repopulation assay

Bone Marrow (BM) was isolated from 8-week-old control and Ptchflo¥/flox|_ysMmcre*/~ mice
and 2 x 10° cells were transplanted by tail vein injection into 9 weeks old Rag-2~/~ ¢/~
irradiated with 7 Gy. Reconstitution of the BM engraftment was analyzed by monitoring
peripheral blood 6 weeks after transplantation by flow cytometry using anti-TCRB-FITC,
anti-CD3-PE-Cys5, anti-CD19-FITC and anti-B220-PE-Cy7 antibodies. Rag-2~/~)c~/~ mice
reconstituted with control or Ptch mutant BM cells were observed for 250 days.

Molecular analysis by quantitative RT-PCR, in situ hybridization, Western blot,
Immunofluorescence, immunohistochemistry and LacZ staining were performed by standard
procedures described in detail in the Supplementary Material and methods section.

Cellular transformation assay

Results

To test for cooperation of HH/GLI and PDGFRA signaling in oncogenic transformation, 10*
human non-tumorigenic HaCaT keratinocytes expressing GLI1 under the control of a
doxycycline-inducible promotor3! were seeded as single cells in 0.4% select agar. Cells
were either treated with 50ng/mL doxycycline (dox) (Sigma) to induce GLI1 expression,
50ng/mL recombinant PDGF-BB (R&D Systems) or with a combination of dox/PDGF-BB.
To assay possible cooperation of HH/GLI with KIT signaling, the same GLI1-expressing
HaCaT cells were stably transduced with the constitutively active D816V KIT mutant
(GNNK+ splice form)32, Empty-vector transfections served as controls. 3D transformation
assays were incubated for 4 weeks at 37°C with 5% CO,. Anchorage independent
clonogenic growth was documented with a Cell*D Image capture system and quantified by
automated colony counting using Colony Counter software (Microtec Nition)3L.,

Gastrointestinal tumors in PtchfloX/flox| ysMcret/~ mice

In a project intended to delete the Hh receptor Ptch in myeloid cells, we bred Ptchflox/flox
mice to LysMcre*/~ mice. The resulting Ptch{®/*LysMcre*/~ mice were monitored for at
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least 398 days after birth and remained healthy without any macroscopic abnormalities
(Table 1). Ptchflo¥/flox|_yspcre*/— mice were obtained at the expected Mendelian ratio by
backcrossing PtchfoX/*ysMcre*/~ to PtchfloX/flox mice. The Ptch deletion efficiencies in
cells of the myeloid lineage were 20% in Thy1.2+ cells, 18% in CD11c+ cells, 65% in
CD11d+ cells, 52% in whole BM and 85% in peritoneal macrophages, i.e. similar to those
reported for LysMcre-mediated recombination of other floxed genes?® 33, These deletions
affected neither the peripheral blood nor the BM of PtchfloX/flox ysMcre*/~ mice, as
indicated by normal cell counts and cell morphology (data not shown).

Despite Ptch being a tumor suppressor gene, we detected no malignancies of the
hematopoietic system. Instead, at a median age of 206 days, 82% of PtchfloX/flox|_ysMmcre+/—
animals presented with - mostly multiple - tumors arising from the wall of the stomach or
the intestine (Fig. 1A, 1B; Table 1). Larger tumors frequently displayed blood-filled cysts
protruding into the peritoneal cavity (Fig. 1B), whereas smaller, i.e. most likely earlier
lesions had a solid appearance (Fig. 1B-F). These lesions were localized between either the
circular and longitudinal muscle layer or the longitudinal muscle layer and the serosa.
Although the tumors with the former localization were located in close vicinity to the
myenteric plexus, the plexus was frequently intact (Fig. 1D). Upon growth (Fig. 1E), the
tumors acquired high cellularity, variably spindle-shaped cells, elongated nuclei, and pale
eosinophilic cytoplasm (Fig. 1F). As expected and confirmed by in situ hybridization, the
tumors overexpressed the Hh pathway target Glil when compared to normal intestine (Fig.
2A; Supplementary Figure 1A). They also overexpressed Gli2 and Gli3 (Supplementary
Figure 1B), and mutant Ptch transcripts, in which exon 7 is spliced into exon 10 due to the
Cre-mediated deletion of exon 8 and 9 of the Ptch gene, but not wt Ptch transcripts (Fig.
2B). This was consistent with an aberrant Hh pathway activation in tumor cells.

Evidence for a cell of origin of the gastrointestinal tumors of PtchfloX/flox|_ ysmcre*’~ mice

The histology, the localization within the gut wall, and the development in the same location
as do tumors in mice overexpressing a Kit K641E mutation34 were suggestive of GIST.
However, this was inconsistent with the Ptch deletion in the myeloid lineage, as GIST are
considered to arise from KIT- or PDGFRA-expressing cells of the smooth muscle layer of
the Gl tract. To resolve this discrepancy, we investigated if tumors in Ptchflox/flox| ysmcre*/~
mice were indeed derived from LysM-targeted cells.

To this end, we generated Ptchflo¥/flox| ysMmcret/~R26R-LacZ*/~ mice. In these mice, Cre-
mediated recombination in LysM-expressing cells not only occurs at the PtchfloX locus, but
also at the R26R-LacZ locus. The latter event labels all progeny of LysM-expressing cells by
the permanent expression of LacZ. As demonstrated in Figure 3A, LacZ-positive cells
localized to the tumor mass, confirming its origin from LysM-expressing cells (Fig. 3A).
Secondly, we reconstituted irradiated Rag-2~~yc™~ mice with BM cells from

Ptchfloxflox ysMcret/~ mice. However, this did not result in tumor formation (Table 1). This
suggests that GIST-like tumors were not derived from cells of the BM.

To investigate if LysM-expressing cells are present in the muscle layer of the normal
intestine, we analyzed the expression of LacZ in the intestine of LysMcre*/"R26R-LacZ*/~
mice. Specific LacZ staining was detected in rare cells localized between the longitudinal

Gastroenterology. Author manuscript; available in PMC 2014 November 14.
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muscle layer and the serosa (Fig. 3B left panel), between the circular and the longitudinal
muscle layers (Fig. 3B right panel) and within the muscle layers (Fig. 3C, left and right
panel). Taken together, these results indicated that the tumors arose from a discrete
population of LysMcre-expressing cells localized within the gut wall.

Both cells of origin and tumors express Pdgfra, but not Kit

Considering the GIST-like appearance of the tumors and that GIST may originate from a
KIT- and/or a PDGFRA-expressing cell of the intestine (see introduction), we investigated
the expression status of Kit and Pdgfra in LacZ-positive cells. The analysis revealed that
approximately 20% of LacZ-positive cells in the muscle layer co-expressed Pdgfra (Fig. 3C,
left panel). In contrast, we did not detect any distinct LacZ-positive cells expressing Kit, but
found that many LacZ-positive and Kit-positive cells were juxtapposed (Fig. 3C, right
panel).

Similar relationships of Kit and Pdgfra expression were found in tumors. Thus, all tumors
were negative for Kit in immunofluorescence analysis (Fig. 4A; see Supplementary Fig. 2A
and 2B for immunohistochemical and Western blot analysis, respectively), but highly
expressed Pdgfra (Fig. 4A and Supplementary Fig. 2C; lack of Pdgfrp expression is shown
in Supplementary Fig. 2D). In addition, Pdgfra was substantially phosphorylated in tumors
compared to normal intestine (Fig. 4B). This was consistent with the overexpression of the
Pdgfra ligands Pdgfa, —b and —c in tumor tissue (Fig. 4C). Taken together, some LysMcre-
targeted cells in the gut wall and the GIST-like tumors found in the same location expressed
activated Pdgfra, but not Kit.

Differentiation from LMS and responsiveness to imatinib

The intestinal tumors in our mice strikingly resembled GIST in humans. Since LMS is an
important tumor entity in the differential diagnosis of GIST, we next investigated whether
tumors of PtchfloXflox| ysMmcre/~ mice were more related to GIST or to LMS. To this end
we determined the expression of several Hh marker genes in tumors of

Ptchfloxflox ysMcre*/~ mice and in murine LMS derived from Pten/p53 double-mutant mice
(reference30 and Guijarro and Hernando, unpublished). The data was compared to 20 human
GIST and 7 human LMS samples. According to the GEO (gene expression omnibus)
database (see 2 GIST and 6 LMS samples in the Dataset GDS1209), GIST should
overexpress the HH targets PTCH, GLI2, FOXF1, HAND2 and NKX3.2 when compared to
LMS. Indeed, the analysis showed overexpression of these Hh target genes in human GIST
and in Ptch inactivation-induced GIST-like tumors when compared to human or murine
LMS samples (Fig. 5A, the establishment of a murine gRT-PCR assay for Nkx3.2 was not
possible in our hands). These results demonstrate that the tumors of PtchfloX/flox| ysmcre+/—
mice are indeed GIST-like rather than LMS-like, at least in terms of Hh pathway activity. In
addition, they confirm the aberrant HH signaling reported previously in human GIST2,
Furthermore, the murine GIST-like tumors do not overexpress markers of follicular
dendritic tumors such as CD21, CD23, CD353° or the mesothelioma-specific marker keratin
736 (data not shown). As many human GIST, the tumors do not express desmin (data not
shown).
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An important characteristic of most human GIST is the responsiveness to imatinib, which
inhibits the activity of both the KIT and PDGFR tyrosine kinases®. We tested the effect of
imatinib on the growth of GIST-like tumors in symptom-free PtchfloX/flox|_ysmcre*/~ mice.
After 10 weeks of treatment, the animals were sacrificed and subjected to autopsy. All mice
included in the analysis developed GIST-like tumors. However, whereas vehicle-treatment
was associated with an average of 5.2+1.7 tumors, imatinib-treatment decreased the number
to an average of 2.6+1.3 per animal (P<0.05 by t-test, Fig. 5B-D). This is consistent with the
expression, and was likely mediated by the inhibition, of the imatinib target Pdgfra in
tumors of Ptchf1oX/flox| yshcre*/~ mice.

HH signaling cooperates with PDGFRA signaling in cellular transformation

While the overexpression of the HH signaling pathway in the murine GIST-like tumors was
genetically engineered, this pathway is overexpressed also in a substantial fraction of human
GISTL9, The significance of this overexpression to GIST biology is unknown. We
investigated if HH and PDGFRA signaling pathways cooperate in oncogenic transformation
by measuring the anchorage-independent clonal growth of non-tumorigenic human HaCaT
keratinocytes. This model had been used previously to assay proteins modulating the
oncogenic activity of GLI proteins3’. Expression of GLI1 cooperated with the PDGFRA
ligand PDGF-BB to induce cellular transformation, as evidenced by growth of 3-D cultures
(Fig. 6A). As PDGFB induced activation of PDGFRA/ERK/JUN signaling (Fig. 6B), we
conclude that PDGFRA signaling can cooperate with HH/GLI in oncogenic transformation.
In addition, the cooperative transformation effect may be similar to that of HH and EGFR
signaling, which necessitates activation of JUN3’. In contrast, simultaneous expression of
GLI1 and of the constitutively active KIT did not enhance transformation (Fig. 6B).

Discussion

We show that mutations in Ptch in LysM-expressing cells result in GIST-like tumors in
mice. These tumors seem to arise from Kit-negative cells of the intestine. Furthermore, the
tumors express Pdgfra, but not Kit. In addition, and as many human GISTs, the GIST-like
tumors express markers of active Hh signaling.

The classification of the gastrointestinal tumors described in our work as GIST-like is based
on several lines of complementary evidence. Firstly, these tumors exhibit a GIST-typical
localization between either the circular and longitudinal muscle layer or the longitudinal
muscle layer and the serosa of the gut wall. Secondly, although blood-filled cysts are rare in
human GIST38, the histology and molecular features of these tumors resemble GIST rather
than other tumors of the gut, including LMS, the most important differential diagnosis of
GIST. Thirdly, they are responsive to the GIST drug imatinib. Taken together with the
absence of Kit expression, these tumors appear to constitute a first mouse model of the
PDGFRa-positive KIT-negative GIST subtype in humans. Our designation of these tumors
as GIST-like instead of GIST takes into account their murine rather than human origin.

The LysMCre driver used in this study for Ptch inactivation mainly targets macrophages and
granulocytes?®. This, at a first glance, would imply the origin of the GIST-like tumors from
myeloid cells which settled within the gut wall. However, the absence of tumor formation in
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irradiated Rag-2~/~ ¢/~ mice reconstituted with BM cells from PtchfloX/flox|_ysmcre*/~
mice, while not formally excluding, does not support this possibility. It follows that the

GIST-like tumors may rather arise from non-myeloid cells that permit activation of the

LysM promoter.

The existence of such cells is indeed evidenced by our data. Most importantly, using
reporter mice we have identified rare, LysM-expressing cells with the same localization as
GIST-like tumors arising in consequence of a LysM-driven Ptch inactivation. Admittedly,
this co-localization suggests rather than formally proves that the GIST-like tumors are
derived from the LysM-expressing cells of the gut wall. However, we also note that
approximately 20% of LysM-expressing cells are Pdgfra-positive, as are the GIST-like
tumors. Although this may be just another coincidence, it is tempting to speculate that the
LysM-expressing Pdgfra-positive cells may serve as an origin for the GIST-like tumors in
Ptchfloxflox ysMcret/~ mice. Together with the juxtaposition to the Kit-positive ICC, these
cells may represent a subset of the Pdgfra-positive Kit-negative fibroblast-like cells as
reported by others16-18_ Alternatively, they could represent a subset of the reported Pdgfra.-
expressing ICC precursors, in which Kit expression is downregulated!®. The fact that KIT
and PDGFRA activity probably can replace each other during GIST progression in
humans!® may argue for this possibility.

On the other hand, mice expressing mutant PDGFRA under the control of the endogenous
Pdgfra-promoter do not develop GIST39. At the first glance, this rather argues against an
origin of GIST from Pdgfra-positive intestinal cells. However, whereas exclusive activation
of Pdgfra in Pdgfra-expressing cells may not suffice for GIST formation, additional events
may be required for the formation of these tumors. Indeed, in our mouse model, activated
Pdgfra most likely cooperates with Hh-signaling in tumor formation. This is suggested by
the cooperative effect of PDGFRA and of the HH target GLI1 on cellular transformation.
Admittedly, the aberrant activity of the Hh pathway in mouse GIST-like tumors results from
the intended deletion of the Hh receptor and tumor suppressor Ptch. Notwithstanding the
artificial nature of this manipulation, deletions of the PTCH locus or aberrant activity of the
HH signaling pathway have been reported in up to 50% or 80% of GIST cases,
respectivelyl® 22, |t follows that the mutational or otherwise activation of the HH pathway
may be a driving and early event in the formation of human GIST. The aberrant PDGFRA
pathway activity in human GIST can be attributed to PDGFRA mutations or to an increased
PDGF ligand expression!3. The latter also can explain Pdgfra pathway activity in the GIST-
like tumors in the PtchfloX/flox_ysMcre*/= model. Alternatively, and as shown for BCC?L,
aberrant HH signaling may induce the expression and activation of PDGFRA. Finally, active
PDGFRA signaling (e.g. due to a PDGFRA mutation) may stimulate GLI activity, as
recently shown for signaling by EGFR3L,

Together, we here present a new model of GIST formation, which does not involve Kit
activation, but probably an interaction between Hh- and Pdgfra-signaling. Thus, it is
reasonable to speculate that GIST patients with HH- and PDGFRA-pathway activation may
benefit from combination treatment protocols that besides imatinib include an HH antagonist
e.g. GDC-0449, which recently has been shown to exhibit antitumor activity in clinical
studies?0.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ptch mutant mice develop gastrointestinal tumors
(A) Gross appearance of tumors of PtchfloX/flox| ysMcre*/~ mice. (B) Tumors either have a

solid (arrow) or cystic appearance (asterisks). The cystic appearance is associated with
intratumoral bleeding. (C) Shows a precursor lesion (arrow). mus, muscularis (*:
longitudinal muscle layer; **: circular muscle layer); muc, mucosa; lu, lumen of the
intestine. (D) Arrows point to the intact myenteric plexus. (E) When precursor lesions
become larger (arrows) they adopt a (F) GIST-like histology. Scale bars in um: (B,C,E) 500;
(D) 100; (F) 50.
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Figure 2. Activation of Hh signaling in tumors of Ptch mutant mice
(A) In situ hybridization of the Hh target genes Glil and (B) Ptch in tumors of

Ptchfloxflox ysMcre*/~ mice. The 477 bp Ptch probe identifies both wild type and mutant
Ptch transcripts, in which exon 7 is spliced to exon 10 due to Cre-mediated deletion of exon
8 and 9. The 250 bp Ptch probe exclusively binds to wild type Ptch transcripts. The Figure
demonstrates that the tumors overexpress exclusively mutant Ptch transcripts, since wild
type Ptch transcripts were not detected. Scale bar in um: 200.
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Figure 3. Lineage tracing identifies LysM-expressing cellsin tumors of Ptch mutant miceand in
the normal intestine, wher e they may co-express Pdgfra

(A) The figure shows LacZ expression (blue color) in tumors of

Ptchflox/flox| ysMcre*/~R26R-LacZ*/~ mice. Since LacZ expression in

Ptchfloxflox ysMcret/~R26R-LacZ*/~ mice mark LysM-expressing cells, tumors are likely
derived from LysM-positive cells. Dotted line marks the tumor (Tu)/normal muscle border.
Left: H&E staining, Right: LacZ staining. (B) and (C) show LacZ-staining in normal
intestine of LysMcre*/"R26R-LacZ*/~ mice. Positive cells are detected between the
longitudinal muscle layer and the serosa (B, left panel), the circular and longitudinal muscle
layer (B, right panel) and within the muscle layer (C, left and right panels). Sections in (C)
were co-stained with antibodies against Pdgfra (left and middle panel) or Kit (right panel).
Inset in the left panel shows a LacZ-positive, but Pdgfra-negative cell. Inset in the middle
panel shows a LacZ/Pdgfra double-positive cell. Inset in the right panel shows a LacZ-
positive cell juxtaposed to a Kit-positive cell (a similar cell is marked by an arrowhead).
Please also note the LacZ-positive muscle fiber (asterisk, right panel) not juxtaposed to Kit-
positive cells. Scale bars in um: (A) 500; (B) 25; (C, left and middle panel) 50; (C, right
panel) 25.
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Figure 4. Tumors of Ptch mutant mice express Pdgfra but not Kit
(A) Immunofluorescence analysis of tumors of Ptchflo¥/flox_ysmcre*/~ mice using an anti-

Pdgfra (green) and anti-Kit antibody (red). No Pdgfra/Kit double-positive cells were
detected in the tumors. Scale bar 50 um. (B) Western Blot analysis of tumors (Tu) and
normal small intestine (In) of Ptchflo¥/flox| ysMcre*/~ mice using anti-Pdgfra and anti-
pPdgfra (phosphorylated Pdgfra) antibodies. GIST-T1 and NIH/3T3 cells were used as
control samples. (C) gRT-PCR analysis of Pdgf-a, b and ¢ in normal intestine and in tumors.
Expression levels in tumors are shown in relation to normal intestine, which was set=1.
(black bars: intestine; grey bars: tumors).
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Figure5. Differentiation of thetumorsfrom LM S and responsivenessto imatinib
(A) gRT-PCR analysis of Hh-target genes in 20 human GISTs compared to 7 human LMS

samples (upper panel), and in tumors of PtchfloX/flox|_ysMmcre*/~ mice (Tu) compared to
murine LMS derived from mice harboring a Pten/p53 mutation (lower panel). Expression
levels in human and murine samples were normalized to the expression of -actin and 18S
rRNA, respectively. Data shows Box-Whisker-Plots of the relative gene expression. (B)
Shown is the mean tumor number per animal for PtchfoX/flox|_ysMcre*/~ mice after
treatment with imatinib or with vehicle control (the asterisk indicates p<0.05 by unpaired t-
test). Due to frequent clustering of tumor nodules (see Fig. 1A and 1E), each cluster was
counted as one separate tumor. (C) shows the intestine of a vehicle-treated and (D) of an
imatinib-treated animal.
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Figure 6. HH signaling cooper ates with PDGFRA signaling in cellular transformation
(A) Quantification of anchorage-independent clonogenic growth of human non-tumorigenic

HaCaT keratinocytes after activation of either HH signaling (by overexpression of GLI1) or

KIT signaling (overexpression of the constitutively active Kit D816V mutant) with or

Page 17

—
-

without stimulation of PDGFR signaling by PDGFB. Either signal alone has little or no
activity towards cellular transformation, whereas GLI1 in combination with PDGFB
treatment, but not in combination with KIT activation, leads to formation of clonogenic
colonies (spheres) in 3D cultures (asterisks indicate p<0.03 by unpaired t-test). (B)
PDGFRA signaling in HaCaT cells after incubation with PDGFB. Western blot analysis
shows activation of PDGFRA/ERK/JUN signaling in response to PDGFB treatment.
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