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SUMMARY

Rhabdomyosarcoma (RMS) is a pediatric soft tissue sarcoma that histologically resembles
embryonic skeletal muscle. RMS occurs throughout the body and an exclusively myogenic origin
does not account for RMS occurring in sites devoid of skeletal muscle. We previously described a
RMS model activating a conditional constitutively active Smoothened mutant (SmoM2) with aP2-
Cre. Using genetic fate mapping, we show SmoM2 expression in Cre expressing endothelial
progenitors results in myogenic transdifferentiation and RMS. We illustrate endothelium and
skeletal muscle within the head and neck arise from Karexpressing progenitors and that hedgehog
pathway activation results in aberrant expression of myogenic specification factors as a potential
mechanism driving rhabdomyosarcomagenesis. These findings suggest that RMS can originate
from aberrant development of non-myogenic cells.

Graphical abstract

Using genetic fate mapping, Drummond et al. show that hedgehog pathway activation in
endothelial progenitors results in aberrant expression of myogenic specification factors, myogenic
transdifferentiation, and rhabdomyosarcoma (RMS). The finding may explain how RMS develops
in sites devoid of skeletal muscle.
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INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue sarcoma with an
incidence of 4.5 cases per million children (Perez et al., 2011). Intensive clinical trials over
the past three decades have not improved survival rates or treatment options for high risk
patients (Oberlin et al., 2008). RMS is classified into two major histological subtypes,
alveolar RMS (ARMS) or embryonal RMS (ERMS) (Parham and Barr, 2013). ARMS
tumors typically (~80%) harbor chromosomal translocations resulting in the expression of a
PAX3-FOXO1 or PAX7-FOXOL1 fusion protein (Davis et al., 1994; Galili et al., 1993) which
foretells a worse prognosis. The molecular features and clinical outcomes of ARMS patients
lacking PAX3/PAX7-FOXO1 gene translocations resemble ERMS, thus classifying RMS as
either fusion negative (FN-RMS) or fusion positive (FP-RMS) better reflects both the
biology and clinical outcomes (Williamson et al., 2010). In addition to tumor histology,
pretreatment staging and post-surgical grouping are important prognostic indicators of RMS.
Tumor location is a key feature of staging and nearly 40% of all RMS occurs in the head and
neck (Sultan et al., 2009). It remains unknown how the cell of origin impacts location and
clinical outcome of FN-RMS.

RMS resembles developing skeletal muscle and is hence viewed as an arrested state in
normal skeletal muscle development (Kashi et al., 2015). During myogenesis the temporal
expression of myogenic regulatory factors (Mrfs) Myogenic Differentiation 1 (MYODL1),
MYF5, MRF4 (MYF6) and Myogenin drive differentiation and a terminal cell cycle exit
(Buckingham and Righy, 2014). RMS cells express Mrfs, yet fail to execute terminal muscle
differentiation. Thus, RMS is thought to originate in muscle progenitor cells. However, an
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exclusively myogenic origin of RMS does not account for FN-RMS occurring in sites
devoid of skeletal muscle such as the salivary gland, gallbladder, prostate and bladder
suggesting additional non-myogenic origins for FN-RMS.

Muscles in the head and neck are derived from the branchial arches and cranial mesoderm
and have distinct embryonic origins from somite derived trunk and limb muscles
(Michailovici et al., 2015). The specification of head and neck muscle progenitor cells also
differs from the somite. In contrast to the trunk and limbs where PAX3 drives Mrf
expression, a combination of transcription factors including TBX1, Musculin, TCF21, ISL1,
LHX2, and PITX2 act upstream of Mrfs in the head and neck (Buckingham, 2017). It
remains unclear how these differing developmental programs contribute to tumorigenesis in
RMS.

The Sonic Hedgehog (Shh) pathway is critically involved in tissue morphogenesis including
skeletal muscle but not in the muscle of the head and neck (Borycki et al., 1999;
Munsterberg et al., 1995). Hedgehog signaling is maintained inactive by the transmembrane
receptor Patched1 (PTCH1) binding and repressing Smoothened (SMO). Upon Shh ligand
binding PTCH1, SMO is released from inhibition and activates the Gli family of
transcription factors inducing downstream target gene expression (Pak and Segal, 2016).
Aberrant Shh signaling drives a number of experimental FN-RMS models (Hahn et al.,
1998; Hatley et al., 2012; Lee et al., 2007; Mao et al., 2006). Furthermore, active Shh
signaling is observed in a high proportion of sporadic FN-RMS with 53% harboring
amplification of 12¢q13.3 containing GL/1, 73% displaying increased GLI1 protein by
immunohistochemistry (IHC), and 33% exhibiting loss of chromosome 922 containing
PTCH1I (Bridge et al., 2000; Paulson et al., 2011; Pressey et al., 2011; Zibat et al., 2010).
Hedgehog signaling controls self-renewal of FN-RMS tumor propagating cells and
hedgehog pathway inhibition reduces chemotherapy resistance (Satheesha et al., 2016).
Together, these studies highlight a role for Shh activation in FN-RMS pathogenesis.

Previously, we described a highly penetrant mouse model of FN-RMS, aP2-Cre;SmoV2/*,
driven by conditional expression of constitutively active SmoM2 by Cre recombinase
expressed from the adipocyte protein 2 (aP2) gene promoter. The histology and gene
expression of aP2-Cre;SmoM2/* tumors recapitulate both other mouse models and human
FN-RMS (Hatley et al., 2012). Interestingly, tumors are anatomically restricted, occurring
exclusively in the head and neck. In this study we leverage the aP2-Cre;Smo™Z/* mouse
model to interrogate the cellular origins of FN-RMS.

aP2-Cre labels cells within both adipose tissue and skeletal muscle

The development of FN-RMS from conditional, oncogenic Smoothened allele, SmoM2,
activation by aP2-Cre was surprising. Therefore, we sought to determine the cell of origin of
FN-RMS in the aP2-Cre;Smo™2/* (AS) mouse model. Previously, aP2-Cre (also known as
Fabp4-Cre) was thought to be adipose restricted, but recent reports indicate a broader tissue
expression (Lee et al., 2013; Tang et al., 2008; Urs et al., 2006). First, we bred Rosa26™7/mG
(mT/mG) reporter mice to aP2-Cre mice in the presence and absence of SmoM2 to localize
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aP2-Cre expression. The mT/mG reporter expresses membrane-targeted Tomato (mT) in all
tissues in the absence of Cre recombinase (Figures SLA&B). After breeding to aP2-Cre, the
mT-stop cassette is deleted in all cells expressing aP2-Cre resulting in the indelible labeling
of cells and their progeny with membranous EGFP. We generated aP2-Cre;mT7/mG and aP2-
Cre;mT/mG,SmoM2’* mice to explore the role of oncogenic SmoM2 in aP2-Cre expressing
cells. Consistent with aP2 expression in mature adipose tissue, interscapular brown adipose
tissue (BAT), inguinal white adipose tissue (WAT) and perirenal adipose were EGFP positive
in both aP2-Cre;mT/mG and aP2-Cre;mT/mG,;SmoM2’* mice (Figures 1A&B and S1C).
Discrete EGFP positive cells were also observed within both the kidney and the lung (Figure
S1C), reflective of aP2 expression in pulmonary and renal capillary endothelial cells
(Elmasri et al., 2009). EGFP expression in the developing sperm indicates aP2-Cre
expression in the male germline accounting for the high rate of global Cre-mediated
recombination observed in offspring from male aP2-Cre mice (Figure S1D). No EGFP was
observed in the ovary and only 0.4% global reporter activation noted in offspring of female
aP2-Cre mice. Therefore, we restricted our breeding strategies to exclusively use aP2-Cre
female mice.

Next, we explored the contribution of aP2-Cre labeled cells to skeletal muscle development
in the absence or presence of SmoM2. As previously reported, aP2-Cre labeled cells
surround the myofiber periphery (Lee et al., 2013). We noted this localization was
unaffected by SmoM2 expression (Figure 1B). Examination of hindlimb quadriceps femoris
(quad) and neck sternocleidomastoid (SCM) skeletal muscles revealed that individual
muscle fibers remained aP2-Cre negative in both aP2-Cre;m7/mG and aP2-Cre;mT/
mG;SmoM2* mice. Thus, skeletal muscle did not generally derive from aP2-Cre expressing
cells irrespective of SmoM2 expression providing further evidence that FN-RMS in our AS
model does not originate from myogenic precursors. Since our data is based on the lack of
staining, we cannot conclude that skeletal muscle never arises from aP2-Cre expressing
cells. In contrast, FN-RMS tumors were EGFP positive reflecting tumor cell autonomous
Cre-mediated activation of hedgehog signaling driving tumorigenesis. These tumors are
invasive with EGFP positive cells infiltrating adjacent normal muscle at the tumor periphery
(Figures 1A&C).

Given BAT and skeletal muscle share a common progenitor (Seale et al., 2008) and
adipocytes express aP2, we asked whether adipocytes are the origin of tumors in aP2-
Cre;:SmoM2/* (AS) mice. To express SmoM2 in adipocytes we utilized adipose specific
Adipog-Cre (Eguchi et al., 2011) and brown adipose specific UcpI-Cre (Kong et al., 2014).
However, Adjpog-Cre;:SmoM2* or Ucpl-Cre;SmoM2/* mutant mice did not develop tumors
suggesting mature adipose is not the FN-RMS origin in AS mice (Figures S1IE-H). Together,
these results demonstrate that oncogenic SmoM2 in aP2-Cre expressing cells does not alter
adipocytes or skeletal muscle, nor result in skeletal muscle fibers derived from aP2-Cre
labeled cells.

SmoM2 dependent proliferation of aP2-Cre labeled cells during embryogenesis

Next, we focused on determining how SmoM2 expression affects aP2-Cre labeled cells in
early tumor development. Mice sacrificed as early as P7 had microscopic FN-RMS lesions
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on H&E staining (Figure S2A). We thus performed genetic fate mapping of aP2-Cre labeled
cells in the anterior head and neck during embryonic development in AS mice. We utilized
ROSA26-loxP-stop-loxP-td Tomato (R26-td Tom) reporter mice to compare aP2-Cre
expressing cells indelibly labeled with the Tomato fluorescent protein in aP2-Cre,R26-
tdTom (AT) and aP2-Cre;SmoM2’* :R26-td Tom (AST) mice (Figure S2B). Consistent with
the mT/mG fluorescent labeling of FN-RMS (Figure 1C), Tomato and MYOD1 colocalized
in tumors from AST mice (Figure S2C). At embryonic day 17.5 (E17.5), regions of BAT in
the anterior neck were labeled with Tomato in AT embryos along with scattered cells within
skeletal muscle that were clearly distinct from myosin heavy chain (MHC) positive
myofibers (Figure 2A). Expression of oncogenic SmoM2 led to expansion of aP2-Cre
labeled cells between skeletal muscle fibers in AST embryos. Starting at E15.5 the Tomato
positive cells were distinctly expanding between MHC positive myofibers at sites where
tumors develop in the adult (Figures 2B—E). We confirmed these findings using another
independently derived aP2-Cre driver, Fabp4-Cre (He et al., 2003), to induce the expression
of SmoM2. Although Fabp4-Cre:SmoM2’* mice exhibited perinatal lethality, E16.5 embryos
displayed cell expansions between muscle fibers of the head and neck identical to the AS
mice (Figure S2D). These data suggest that SmoM2 expression in aP2-Cre labeled cells
adjacent to the myofibers in the neck results in FN-RMS. Thus, we focused on the aP2-Cre
labeled cells in the muscle interstitium as a potential origin of FN-RMS in the AS mouse
model.

aP2-Cre is not expressed in satellite cells

Activating oncogenes and deleting tumor suppressors in muscle stem cells (satellite cells)
results in myogenic sarcomas (Blum et al., 2013; Rubin et al., 2011; Van Mater et al., 2015;
Zhang et al., 2015). Although satellite cells constitute a rare population of cells in the
myofiber, their localization within muscle is reminiscent of aP2-Cre labeled cells that
undergo SmoM2 dependent expansion. Thus, we sought to determine whether aP2-Cre is
expressed during satellite cell specification or following activation and subsequent myogenic
differentiation. First, we determined aP2-Cre labeled cells within the SCM of adult AT mice
were distinct from cells stained with satellite cell marker PAX7 illustrating aP2-Creis not
expressed during satellite cell specification (Figures 3A and S3A&B). To determine if aP2-
Creis expressed during satellite cell activation and differentiation, we purified satellite cells
from aP2-Cre;R26-LacZ mice, differentiated cells /n vitro and performed B-galactosidase
staining. Myotubes from aP2-Cre;R26-LacZ mice showed no B-galactosidase staining
following /n vitro differentiation in contrast to intense staining observed in differentiated
myoblasts transduced with adenovirus expressing Cre recombinase (Figure 3B).
Furthermore, aP2-Cre labeled cells clearly localized outside the laminin sheath in the
interstitium between myofibers in the SCM of AT mice (Figures 3C&D). Thus, satellite cell
activation and myogenic differentiation does not induce aP2-Cre expression eliminating a
satellite cell origin of FN-RMS in the AS model.

aP2-Cre labels endothelial cells in muscle interstitium

Several distinct cell types have been described within the muscle interstitium with some
having myogenic potential (Malecova and Puri, 2012). To identify the cell type within the
muscle interstitial populations indelibly labeled by aP2-Cre, we sorted Tomato positive (Tom
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*) and negative (Tom™) cells from digested SCM of AT mice (Figures 3E-G). Further
confirming that aP2-Cre does not label satellite cells, myogenic markers Pax7and Myf5
were exclusively expressed in the Tom™ population (Figure 3H). Mature adipose markers
Pparg and Ucpl were not expressed in either Tom* or Tom™ cells, suggesting intramuscular
adipose was not a large component of AT SCM (Figure 31). Muscle interstitial cells display
distinct gene expression patterns with fibroadipogenic progenitors expressing Pdgfra and
Pdgfrb (Uezumi et al., 2010), mesangioblasts and Pwz expressing interstitial cells (PICs)
expressing Pagfraand Peg3 (Pwl) (Pannerec et al., 2013; Tagliafico et al., 2004), pericytes
expressing Pagfrband Cspg4 (Ng2) (Lindahl et al., 1997; Ozerdem et al., 2001), connective
tissue fibroblasts expressing 7cf7/2 (Tcf4) and Cspg4 (Mathew et al., 2011) and endothelial
cells expressing Pecaml (Cd31). Of these interstitial cell markers, only Pecam1 was
enriched in the Tom* population (Figure 3J).

To further identify aP2-Crelabeled cells, we next used mMRNA expression profiling to
compare the gene expression profiles of isolated Tom* and Tom™ cells with that of cell types
found within skeletal muscle. Endothelial specific genes Pecaml1, Cahs, Kdr, Tek, GataZ and
Sox18were significantly enriched in Tom™* cells while the myogenic marker My and
interstitial cell markers Pdgfraand Peg3were significantly enriched in Tom™ cells (Figure
S3C). Principle component analysis (PCA) illustrated Tom™* cells clustered closely to
microvascular endothelial cells (Nolan et al., 2013). In contrast, Tom™ cells clustered more
closely with satellite cells and PW1* interstitial cells. No similarities were identified
between either Tom* or Tom™ cells and brown or white adipose (Seale et al., 2007) (Figure
3K). The gene expression profile of Tom™* cells was also clearly distinct from recently
described 7wist2 expressing interstitial cells (Figure S3D)(Liu et al., 2017). Gene ontology
analysis of 489 genes enriched in Tom™ cells compared to Tom™ cells (Log ratio =2, p <
0.05) revealed genes involved in angiogenesis, endothelial cell migration and vascular
development were significantly enriched in the Tom™ population (Figure 3L). Altogether,
these results suggest that aP2-Cre labels endothelial cells within the muscle interstitium.
Confirming these findings, Tom* cells express endothelial genes 7ek, Cah5, Vwfand Kadr
(Figure 3M). As well, aP2-Cre labeled cells co-localize with PECAML in both cross sections
and cultured cells from the SCM of AT mice (Figures 3N&O). Furthermore, aP2-Cre labeled
cells colocalize with PECAML1 in the anterior neck of E17.5 AT embryos (Figure S3E&F).

Previously, Hettmer et al. defined discrete cell types isolated by FACS from adult Cakn2a™~
mouse skeletal muscle with capacity to form myogenic sarcomas after ectopic expression of
KrasC12V, This strategy separates satellite cells (CD45-MAC1-TER119-Scal B1-integrin
*CXCR4™%) from endothelial cells and cells with both fibrogenic and adipogenic potential
(CD45"MAC1"TER119-Scal*). Myogenic tumors resembling human pleomorphic RMS
developed only from the satellite cell population (Hettmer et al., 2011; Schulz et al., 2011).
Using this strategy, we identified 0.08% of the Tom™ muscle interstitial cells from AT mice
were within the satellite cell population, in contrast to 18% of Tom™ cells. Instead, 92% of
Tom* cells were Scal* (Figure S3G) and 96% of these Tom*Scal™ cells were also
PECAML1* (Figure S3H). Since fibroadipogenic progenitors are also contained within the
Scal* population, we evaluated gene expression on cells sorted for both Tomato and Scal
fluorescence (Figure S31). Tom*Scal* cells expressed endothelial markers Pecami and Tek;
and not the fibroadipogenic marker Pdgfra. Consistent with satellite cells being among the
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Tom™ population, sorted Tom~Scal™ cells also expressed Pax7and Myf5 (Figure S3J). Thus,
the aP2-Cre labeled cells within the skeletal muscle are endothelial cells and previously did
not give rise to myogenic sarcomas with oncogenic KrasG12V.

Oncogenic Kras drives angiosarcoma in aP2-Cre expressing cells

Next, we investigated whether other drivers of RMS similarly transform aP2-Cre expressing
cells /n vivo. Ras mutations and CDKNZA loss are common in FN-RMS (Chen et al.,
2013b; Paulson et al., 2011; Shern et al., 2014). Thus, we bred aP2-Cre;L SL -

KrasG12D Cakn2za1ox/Flox compound mutant mice to conditionally activate oncogenic Ras
signaling and delete CaknZain aP2-Cre expressing cells. These mice did not develop RMS
but instead all mice developed hemorrhagic tumors in multiple organs including skeletal
muscle, lung, heart and adipose with median onset of 29 days (Figures 4A-C). These tumors
expressed endothelial markers PECAM1, CD34, PLVAP (Meca32), ERG and KDR, which
are diagnostic for angiosarcoma (Figures 4D and S4A). In addition, 2 of the 24 mice
developed solid tumors on the lower chest wall one consistent with malignant triton tumor
(Figure S4B) and the other pleomorphic spindle cell carcinoma (Figure S4C). These results
highlight the dependence of Shh pathway activation by illustrating oncogenic Ras does not
phenocopy oncogenic SmoM2 in aP2-Cre expressing cells driving FN-RMS, but results in
an endothelial tumor. Thus, illustrating that the origin of FN-RMS in the AS mice are
distinct from reported Ras-driven models.

SmoM2 promotes a myogenic fate switch during endothelial cell development

After identifying aP2-Cre labeled muscle interstitial cells are endothelial cells, we next
asked whether SmoM2 expression alters their development. We isolated Tom* and Tom™
cells by FACS from the SCM of adult AST mice (Figure 5A). Tom™* cells express aP2 as
well as Pecam1and Tek (Figure 5B). In addition, aP2-Cre labeled cells co-localize with
PECAML1 in cross sections and cultured cells from the SCM of AST mice (Figures SSA&B).
In contrast, aP2-Cre expressing cells did not colocalize with PAX7 and Pax7and interstitial
cell markers Pdgfra, Pdgfrb, Pwland Ng2were enriched in the Tom™ fraction (Figures 5B
and S5C-D). Neither fraction expressed the mature adipocyte marker Pparg (Figure 5B).
These results demonstrate that SmoM2 expression does not block endothelial development
within the muscle interstitium.

Next, we assessed the fidelity of the Shh pathway in Tom™ cells isolated from the SCM of
P21 AST mice. Despite expression of SmoM2, Tom™* cells did not increase expression of
Shh pathway genes suggesting mature endothelial cells are not the origin of FN-RMS in the
AS model (Figure 5C). As Shh is a key developmental morphogen, we hypothesized that
SmoM2 expression in aP2-Cre labeled endothelial progenitor cells induces myogenic
transdifferentiation. SmoM2 dependent embryonic proliferations at E17.5 were largely
MYOD1 positive while PECAM1 was limited to the vasculature (Figure 5D). These findings
suggest that prior to endothelial cell terminal differentiation, aP2-Cre expressing endothelial
progenitor cells undergo a SmoM2-dependent transformation resulting in FN-RMS.
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Purified tumor cells express myogenic specification factors critical for head and neck
muscle development

Previously we illustrated similarity in the gene expression profile of FN-RMS from aP2-
Cre;SmoM2/* and Myogenin-Cre;:SmoM2/* mice (Hatley et al., 2012). We hypothesized that
differences between AS and Myogenin-Cre;Smo™2/* tumors should reflect their differing
cellular origins. 79 genes were enriched (= 2 fold, p < 0.05) in AS tumors with respect to
Myogenin-Cre;SmoM2* tumors (Table S1) and a subset of these genes were involved in
angiogenesis and vascular development (Figure S6A).

Given solid tumors contain heterogeneous cell types, we sought to purify tumor cells for
further analysis. We digested AST tumors and separated cells with FACS by Tomato
fluorescence and PECAM1 staining to isolate aP2-Cre-labeled tumor cells from aP2-Cre-
labeled tumor vasculature and Tom™ stroma. In contrast to the AST SCM where the majority
of Tom™ cells were PECAM1*, tumors contained an additional Tom*PECAM1~ population
(Figure 6A). Of the cell populations isolated from tumors, only Tom*PECAM1™ cells
displayed sphere initiating capacity (Figure 6B). Although both Tom*PECAM1~ and Tom
*PECAML1* populations expressed SmoM2, only Tom*PECAM1™ cells had increased
expression of Shh pathway target genes (Figure 6C). Furthermore, myogenic genes were
enriched in Tom*PECAML1~ cells whereas Tom*PECAML* cells expressed endothelial
genes (Figures 6D&E).

To further define cell populations isolated by FACS from AST tumors, we utilized gene
expression arrays. Gene expression separated the cell populations into three distinct groups
by PCA of Tom™PECAM1~, Tom*PECAM1~ and Tom*PECAML1™ cells (Figure S6B). We
first compared the genes enriched in purified Tom*PECAM1™ cells compared to SCM to
genes enriched in unsorted tumors from AS mice compared to SCM (Hatley et al., 2012) and
found agreement in 55% of 16,957 ortholog gene pairs (Figure S6C). Further validating that
Tom*PECAML1™ cells represent the FN-RMS tumor cell population, genes enriched in the
Tom*PECAML1™ cells compared to the Tom"PECAM1~ stroma cells closely resembled that
of both FN- and FP-RMS cell lines (Figure S6D). To confirm that the Tom*PECAM1*
population represented the tumor endothelial cells, we compared sorted Tom*PECAM1*
cells to Tom* endothelial cells isolated from AT SCM (Figure 3) and 97% of genes were
similarly expressed (Figure S6E). Genes with increased expression in Tom"PECAML1™ cells
compared to Tom™PECAM1™ cells were involved in angiogenesis and vasculature
development (Figure S6F). Thus, we were able to separate tumor cells (Tom*PECAM1")
and tumor vascular cells (Tom*PECAML1*) from heterogeneous tumor stroma (Tom
“PECAM17) in tumors from AST mice using differential Tomato and PECAML1 labeling.

To explore mechanisms responsible for FN-RMS formation, we further examined gene
expression of Tom*PECAM1™ tumor cells. First, we identified 385 genes enriched in Tom
*PECAM1~ tumor cells with respect to Tom™PECAM1~ stroma cells (= 2 fold increase, p <
0.05) including genes encoding a number of transcription factors that regulate development,
including the forkhead box transcription factors FOXD1 and FOXF1, Sox family protein
SOX9, T-box transcription factor TBX3 and homeobox protein PROX1. Key components of
Notch (HEY1, HEYL), Bmp (BMP4) and Wnt (LEF1, LGR4) signaling pathways were also
upregulated as were stem cell markers ALDH1A3 and PROX1 (Figure S6G). Gene ontology
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analysis of enriched genes identified muscle related processes and muscle cell differentiation
among the most significant GO terms (Figure 6F). Muscle cell differentiation genes
including the Mrfs Myod1, Myf5, Myfé and Myog were enriched in Tom*PECAM1~ cells
(Figure 6D & Table S2).

Among genes significantly enriched in Tom*PECAML1~ tumor cells with respect to both
Tom*PECAML1* endothelial and Tom~"PECAML1~ stromal cells were ToxI, Pitx2, Tcf21 and
Msc (Figure 6G and S6G) which are transcription factors with critical roles in head and neck
muscle specification acting upstream of Mrfs (Buckingham, 2017). Pax3, whose expression
is required for specification of limb and trunk muscles (Buckingham and Relaix, 2007), was
not enriched in Tom*PECAM1~ cells (Figure S6H). Since 7bxZ is a known Shh target gene
(Garg et al., 2001), we hypothesize that SmoM2 expression in aP2-Cre expressing
endothelial progenitors induces TBX1 that in turn activates Mrf expression driving
rhabdomyosarcomagenesis. Consistent with this, 34% of aP2-Cre labeled cells in E15.5
AST embryos expressed 7bxZ but only 2% express MYOD1 (Figures 6H&I). At E17.5, the
aP2-Crelabeled cells in AST are MYOD1 positive (Figure 5D) indicating that 7b6xZ
expression precedes Myod1 expression. As only a fraction of the aP2-Cre labeled cells co-
localized with 7hxZ, TBX1 is not likely the lone acting factor downstream of SmoM2 and
likely there is redundancy with PITX2, TCF21 and MSC.

aP2-Cre;SmoM2/* EN-RMS tumor cells retain evidence of endothelial origin

Genes involved in tube development were also enriched in Tom*PECAM1™~ tumor cells with
respect to Tom™PECAML1™ cells (Figures 6F, S6G and Table S2). To explore whether Tom
*PECAM1" cells retain evidence of their cellular origins we compared the gene profile of
Tom*PECAML1™ cells with Tom*PECAMZ1* tumor vasculature. 32 genes were enriched in
both Tom*PECAM1~ and Tom*PECAML1* cells compared to Tom"PECAML1~ tumor stroma
including genes involved in angiogenesis and endothelial cell differentiation (Figures 7A&B
and Table S3). In addition, genes encoding endothelial cell transcription factors GATA2 and
SOX18 and vascular endothelial cadherin CDH5 were among the 32 overlapping genes
(Figure 7C). This was most likely not due to contaminating tumor vasculature as Pecam1
expression was solely observed in Tom*PECAM1* cells (Figure 7C).

Vascular endothelial growth factor (Vegf) signaling mediated by KDR (VEGFR?2) regulates
aP2 expression in endothelial cells (Elmasri et al., 2009). Consistent with this, KDR
expression at E9.5 precedes and then co-localizes with aP2-Cre expression at E10.5 in the
branchial arches with 31% of Tom™ cells colocalized with KDR (Figures 7D-K). Next, we
asked whether the cell expansions observed in AST embryos similarly express KDR. At
E15.5, 8% of aP2-Cre expressing cells colocalize with KDR (Figure 7L). These findings
provide further evidence that FN-RMS originate from endothelial progenitor cells in AST
mice.

FN-RMS in Kdr::Cre;SmoM2* mice

In the trunk and limbs, endothelial cells and skeletal muscle originate from a common KDR
and PAX3 expressing progenitor in the somite (Kardon et al., 2002; Motoike et al., 2003). To
determine whether head and neck muscles are similarly derived from KDR™ cells, we bred
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Kar:.Cre;R26-tdTom mice and assessed tomato expression in head and neck muscle and
endothelial cells. At P14, both the quad and SCM exhibited tomato fluorescence grossly
(Figure 8A). In contrast to AT mice, both PECAM1* endothelial cells and myofibers in both
the SCM and quad of Kdrr::Cre;R26-tdTom mice display native Tomato fluorescence
histologically (Figure 8B). Thus, muscle and endothelial cells within the head and neck arise
from common Kar::Cre expressing progenitors. Together these data suggest that KDR acts
upstream of aP2 in a multipotent progenitor of endothelium and head and neck muscles. As
well, aP2-Cre expression is restricted to progenitors committed to an endothelial fate.

To determine whether activation of the Shh pathway in KDR expressing cells would result in
RMS, we utilized Kdr::Creto drive SmoM2 expression. No Kdr::Cre:SmoM2/* mice were
born alive and those delivered dead had malformed hindlimbs and large umbilical
protrusions. Interestingly, E18.5 Kar::Cre;Smo™2* embryos had MYOD1 and MYOGENIN
positive small round blue cell proliferations in the same location as the developing FN-RMS
in the AS mice (Figure 8C). The MYOD1 positive tumor cells colocalized with Tomato in
Kdr::Cre;SmoM2* :R26-td Tom mice (Figure 8D). These results highlight that activating Shh
signaling in Kdrexpressing cells leads to similar myogenic lesions and FN-RMS as in AS
mice.

DISCUSSION

The use of lineage specific cis-regulatory regions to express Cre recombinase to activate the
expression of oncogenes and to delete tumor suppressor genes illustrates that the respective
lineage is permissive to transformation. It is not surprising that activation of oncogenic RAS
in the context of either 71053 or CdknZaloss using myogenic Cre-drivers results in
transformation and myogenic tumors such as FN-RMS (Kashi et al., 2015). However, the
serendipitous finding of FN-RMS in aP2-Cre;SmoM2/* compound mutant mice offers insight
into the development of RMS that could not have been predicted a priori. The most
surprising aspect of our FN-RMS model is that it results from SmoM2 activation in non-
muscle aP2-Cre expressing cells and it only occurs exclusively in the head and neck. This
allowed us the opportunity to understand the origins of RMS that occurs in tissues devoid of
skeletal muscle and the development of RMS in the most common location for RMS, the
head and neck.

Through genetic fate mapping we find that aP2-Cre is not expressed in skeletal muscle but in
endothelial cells within the muscle interstitium. Activation of oncogenic SmoM2 with aP2-
Crereprogrammed aP2-Cre labeled interstitial endothelial progenitor cells leading to FN-
RMS formation only in the head and neck. This suggests that expression of SmoM2 in
endothelial progenitor cells within the muscle interstitium results in a myogenic fate switch
and FN-RMS formation. Consistent with these results, isolated tumor cells are enriched in
transcription factors involved in both myogenic specification as well as endothelial cell
regulation. Interestingly, recent work using chromatin conformation capture to map
topographical associating domains and characterization of the Foxo enhancer speculates a
vascular origin in PAX3-FOXO1 driven fusion—positive RMS (Vicente-Garcia et al., 2017).
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Although our characterization focused on skeletal muscle, the expression of aP2-Crein
endothelial cells including the adipose vasculature (Jeffery et al., 2014) would account for
the occurrence of FN-RMS in adipose in both AS mice (Hatley et al., 2012) as well as
Fabp4-Cre;Smo™2/* embryos (Nosavanh et al., 2015). Shh pathway responsiveness is
reduced in postnatal vasculature, (Passman et al., 2008) and we similarly observed that
mature endothelial cells within skeletal muscle do not respond to hedgehog signaling despite
the expression of constitutively active Smoothened. These results suggest that SmoM2
promotes myogenic transdifferentitation during a permissive window during endothelial cell
development. Supporting this developmental competence model, Fabp4-Cre,Ptch170xX/~
embryos, in which Shh pathway activation was achieved by conditional deletion of Pfch1,
similarly develop myogenic lesions within the ventral neck (Nosavanh et al., 2015) whereas
aP2-Cre; L SL-KrasC12D-Cakn2za1oXF1ox mice develop angiosarcoma and not FN-RMS.

Previously, KDR™ cells were shown to contribute to limb skeletal muscle and cardiac
muscles development as well as that of endothelial and hematopoietic lineages (Kardon et
al., 2002; Motoike et al., 2003). B-galactosidase staining is evident in skeletal muscle from
Kar::Cre;R26-LacZ compound mutant mice but not Kar::LacZ knock-in mice indicating that
skeletal muscle is derived from a KDR* cell that no longer expresses KDR (Motoike et al.,
2003). Our results with Kar::Cre;R26-tdTom mice show that endothelial cells and skeletal
muscle within the head and neck are similarly derived from KDR* cells. Lineage tracing and
clonal analysis demonstrate that both branchiometric neck skeletal muscle and the second
heart field within the pharyngeal mesoderm are derived from a common progenitor (Harel et
al., 2009; Lescroart et al., 2015). Within the second heart field in the pharyngeal mesoderm,
KDR along with ISL1 and NKX2.5 label a progenitor cell capable of giving rise to cardiac
muscle, smooth muscle and endothelial cells (Moretti et al., 2006). Thus, the KDR*
multipotent progenitor upstream of aP2-Cre in the branchial arches are potentially derived
from the second heart field (Diogo et al., 2015; Lescroart et al., 2015). Although KDR
signaling regulates aP2 expression in endothelial cells (EImasri et al., 2009) and aP2-Creis
expressed during embryonic development (Urs et al., 2006), our results clearly demonstrate
that aP2-Cre expressing cells do not contribute to the myogenic lineage and therefore aP2-
Creis not expressed in this KDR™ early multipotent progenitor population. However, our
findings that KDR expression precedes aP2-Cre expression in KDR expressing cells within
the branchial arch instead suggests aP2-Cre is expressed in KDR* committed endothelial
progenitors (Figure 8E).

In KDR* bipotent progenitors of the developing trunk and limb, an equilibrium between the
transcriptional activity of FOXC1/C2 and PAX3 dictates endothelial or skeletal muscle fate
respectively, thus illustrating cellular pliancy of the KDR* progenitors (Lagha et al., 2009).
Our results suggest that aberrant Shh pathway activation mediated by SmoM2 leads to
transdifferentation of aP2-Cre expressing committed endothelial progenitor cells in the head
and neck into myoblast-like cells in a manner analogous to increased PAX3 expression in
trunk and limb progenitors (Figure 8F).

Distinct transcription factors including TBX1, PITX2, TCF21, and MSC drive specification
of head and neck skeletal muscle and regulate Mrf expression (Buckingham, 2017; Kelly et
al., 2004; Lu et al., 2002; Shih et al., 2007). Interestingly, Tbx1, Pitx2, Tcf21and Msc are
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enriched in FN-RMS cells isolated from AST tumors. The Shh pathway activates 7b6xZ
expression (Garg et al., 2001) and our findings that TBX1 is expressed prior to MYODL1 in
embryonic expansions of aP2-Cre expressing cells are consistent with constitutive Hh
signaling driving transdifferentiation of aP2-Cre expressing endothelial progenitor cells by
increasing TBX1 and consequently, Mrf expression (Figure 8F). In addition, TBX1
negatively regulates Karexpression (Lania et al., 2015), and thus may further suppress
endothelial cell fate. However, Shh activation occurs after endothelial specification in our
AS model of FN-RMS resulting in these cells lacking developmental priming necessary for
terminal skeletal muscle differentiation and thus resemble an arrested state of skeletal
muscle development.

This work offers a more complete understanding of the intersection between normal
development and RMS. As we continue to interrogate the genomics of RMS, it is becoming
clear that FN-RMS is likely driven by many distinct genetic events resulting in similar
histology. As we strive for more for personalized medicine, including agents to differentiate
pediatric embryonal tumors, increased understanding of the developmental underpinnings
for these tumors becomes even more critical. For example, FN-RMS in the head and neck
derived from endothelial progenitors may not respond to a “differentiation therapy”
identified in a Ras-driven tumor of satellite cell origin. Further work investigating likely
multiple cellular origins of RMS will compliment extensive genomic analysis to provide
therapeutic insights to improve clinical outcomes.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Mark Hatley (mark.hatley@stjude.org).

Experimental model and subject details

Mouse strains—All mouse strains used have been previously reported: aP2-Cre (Tang et
al., 2008), Adipog-Cre (#10803, Jackson Laboratories) (Eguchi et al., 2011), UcpI-Cre
(#24670, Jackson Laboratories) (Kong et al., 2014), Fabp4-Cre (#5069, Jackson
Laboratories) (He et al., 2003), Flk1::Cre (Kar::Cre) (#018976, Jackson Laboratories)
(Motoike et al., 2003), R26-mTmG (#7676, Jackson Laboratories) (Muzumdar et al., 2007),
R26-tdTomato (#7914, Jackson Laboratories) (Madisen et al., 2010), R26-LacZ (#3474,
Jackson Laboratories) (Soriano, 1999), SmoM2 (#5130, Jackson Laboratories) (Mao et al.,
2006), LSL-KrasS12D (#8179, Jackson Laboratories) (Jackson et al., 2001) and Cakn2AFiox
(Aguirre et al., 2003). For Kaplan-Meier tumor free survival analysis, Adipog-Cre,SmoV2/*
and Ucp1-Cre;SmoM2/* animals were observed from birth and confirmed to be tumor free at
necropsy. For Kaplan-Meier survival analysis, aP2-Cre; L.SL-Kras®2P and aP2-Cre; LSL -
KrasG12D - Cakn2a1oX/Flox gnimals were observed from birth and sacrificed when showing
signs of obvious tumor burden or other distress. Full necropsies were performed. All
experimental procedures involving animals were reviewed and approved by SICRH
Institutional Animal Care and Use Committee.
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Method Details

Histology and immunostaining—Dissected tissues were submerged in PBS and whole
mount images acquired on Nikon SMZ 1500 and Leica M165FC fluorescent
stereomicroscopes using Nikon Elements and Leica Application Suite X software. Frozen
sections were prepared by fixing tissues overnight in 4% paraformaldehyde (PFA) and
cryoprotecting in 30% Sucrose, 2 mM MgCls,. Soft tissues were mounted in tissue freezing
medium (#TFM-5, General Data) and muscle/tumors snap frozen in 2-methyl-butane cooled
in liquid nitrogen prior to sectioning using a conventional cryostat. Formalin fixed Paraffin-
embedded (FFPE) sections were prepared by fixation in 10% neutral-buffered formaldehyde
(NBF) before embedding in paraffin. Embryos and animals for head and neck sectioning
were initially fixed in 4% PFA by transcardial perfusion, and head and neck sections
decalcified for 48 hours in CAL-RITE (#5501 Richard Allan Scientific) prior to embedding.
Hematoxylin and eosin (H&E) and immunostaining were performed using standard
procedures. Dual 76xZ RNAscope (#481919, Advanced Cell Diagnostics) and IHC were
carried out according to manufacturer’s instructions. Antibody concentrations and antigen
retrieval conditions are listed in Table S4. Images were captured on Nikon Eclipse 80i
upright and Nikon C2 confocal microscopes using Nikon Elements software.

Fluorescent Activated Cell Sorting—Mononuclear cells were isolated from the SCM
of 3—4 week old AT or AST animals and tumors from AST animals. For each experiment,
SCM was pooled from two aged matched litters. Adjacent adipose was removed from SCM
and normal muscle from tumors prior to dissociation. Tissues were manually dissociated and
then digested for 1 hour at 37°C in 2 U/mL Collagenase B (#11088831001, Roche)/Dispase
Il (#04942078001, Roche), 50mM HEPES/KOH pH 7.4; 150 mM NacCl. Following the
addition of 2X volume 10% fetal bovine serum (FBS) (#SH30910.03, GE Hyclone) in
phosphate buffered saline (PBS) to inactive digestion enzymes, samples were sequentially
filtered through 70 pm (#22363548, Fisher) and 40 um (#22363547, Fisher) filters to yield
single cell suspensions. Single cells were blocked in 5% FBS in PBS and then stained for 30
minutes on ice prior to sorting on a FACS Aria Cellsorter (BD Biosciences). Data was
acquired and analyzed using FACSDiva software. Antibody concentrations are listed in
Table S5 and DAPI used as a live/dead cell marker.

Cell culture and differentiation assays—Primary mouse myoblasts were isolated from
hindlimb muscles of 3-4 week old aP2-Cre;R26-LacZ mice by manual disassociation and
subsequent digestion for 90 minutes in 0.15 U/mL Liberase DL (#0540116000, Roche) at
37°C. Digestion was stopped by the addition of 1X volume 20% FBS in PBS and then
samples were sequentially filtered through 100 um (#352360, BD Falcon) and 70 um
(#22363548, Fisher) filters to yield a single cell suspension. Myoblasts were enriched from
cell suspensions after pre-plating for 2 hours. Unadherred cells were cultured in Hams F10
medium (#10070CV, Corning) supplemented with 20% Cosmic Calf serum (#SH30087.03,
GE Hyclone), 1% penicillin, streptomycin and amphotericin (PSA) (#A5955, Sigma
Aldrich) and 4ng/mL fibroblast growth factor (FGF) (#233-FB-025, R&D systems) on 1%
gelatin coated plates at 37°C in 5% CO,. For differentiation assays, myoblasts were grown
until 90% confluence and transferred to DMEM (#SH30243, GE Hyclone) containing 2%
horse serum. Following differentiation, cells were fixed for 15 minutes in 4% PFA, 0.1 M
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phosphate buffer (pH 7.4), 0.01% sodium deoxycholate, and 0.02% Nonidet P-40 and
stained for B-galactosidase activity overnight in 1 mg/mL X-gal (5-bromo-4-chloro-3-
indoyl-p-D-galactoside), 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide, 2
mM MgCls,, 0.01% sodium deoxycholate, and 0.02% Nonidet P-40. Cells transduced with
Ad5CMVeGFP (VVC-U of lowa-4, University of lowa, lowa City, IA, USA) prior to
differentiation were utilized as a positive control for f-galactosidase staining. Mononuclear
cells were isolated from SCM of 3-4 week old AT and AST animals by digesting
disassociated tissue in 2 U/mL Collagenase B (#11088831001, Roche)/Dispase Il
(#04942078001, Roche) and then culturing until confluent in DMEM (#SH30243, GE
Hyclone) supplemented with 10% FBS (#SH30910.03 GE Hyclone) and 1% PSA (#A5955,
Sigma Aldrich). Immunofluorescence was performed according to standard techniques using
antibodies listed in Table S4. Tumor spheres were grown on ultra low attachment plates
(#3471, Corning) in neurobasal medium (#12348 Gibco) supplemented 10 ng/mL epidermal
growth factor (#23626, R and D systems), 20 ng/mL FGF (#233-FB-025, R and D systems),
2x B27 supplement (#17504-44, Gibco), 1x Glutamax (#35050, Gibco) and 1% PSA
(#A5955, Sigma Aldrich) with from cell populations isolated from AST tumors by FACS.
Images were captured on a Nikon Eclipse Ti-S inverted microscope using Nikon Elements
Software.

RNA isolation and Gene Expression analysis—Total RNA was isolated from whole
tissues using a miRNEasy mini kit (#217004, Qiagen, Valencia, CA, USA) and from sorted
cell populations using a miRNEasy micro kit (#217084, Qiagen) according to
manufacturer’s instructions. Reverse transcription was performed using Superscript 111 First
Strand Synthesis using random hexamer primers. Real-time PCR was performed utilizing
SYBR primers and Tagman probes listed in Table S6 or Key Resources Table and
normalized to Actb expression. Relative quantity of fomato expression was determined using
the ACT method and of other genes of interest using the AACT method.

For gene expression profiling, amplified cDNA was prepared using the Ovation Pico WTA
System V2 (#3302, Nugen, San Carlos, CA, USA) from RNA isolated from sorted cell
populations. Gene expression analysis was performed on Mouse gene 2.0 ST microarrays
(#902118, Affymetrix, Santa Clara, CA, USA). Data were imported into Partek Genome
Suite 6.6, visualized by principal component analysis to check for consistency of samples
and class variance. Data were then batch corrected and statistically tested using an unequal
variance t test. After filtering unannotated transcripts, transcripts were imported into
STATA/MP 14.2 and p-values adjusted for multiple comparisons by the Benjamini-
Hochberg FDR method (Benjamini and Hochberg, 1995). Volcano plots were produced in
STATA/MP 14.2 by plotting the Log,q transformed p value from the unequal variance t test
against the Log ratio of expression for datasets being compared. Array data is deposited in
GEO database (GSE98059). The gene expression profile of Tom* and Tom™ cells isolated
from AT SCM were compared to microvascular endothelial cells (GSE47067) (Nolan et al.,
2013), satellite cells and PW1* interstitial cells (GSE40523) (Pannerec et al., 2013) as well
as brown and white adipose (GSE8044) (Seale et al., 2007). The gene expression profile of
Tom*PECAML™ cells isolated from AST tumors were expressed relative to normal SCM
from C57BL/6 animals (GSE85834) (Hanna et al., 2017) and compared to that of whole
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aP2-Cre;Smo™2/* tumors normalized to SCM (GSE40359) (Hatley et al., 2012).
Comparisons between the gene expression profile of Tom*PECAM1* cells isolated from
AST tumors and Tom* cells isolated from AT SCM (this study) were also made. Gene
Ontology analysis was performed using Enrichr gene enrichment analysis tool (Chen et al.,
2013a; Kuleshov et al., 2016). Reported p values are adjusted using the Benjamini-Hochberg
method.

Quantification and Statistical Analysis

Sample size and replicates for each experiment are listed in the figure legends. Embryonic
expansions of aP2-Cre expressing cells (Figure 2) were defined as tomato positive cell
proliferations that displaced and engulfed the MHC+ myofibres. Real-time PCR error bars
indicate SEM of three independent biological experiments performed in technical replicate
using two tailed unpaired student t tests for pairwise comparisons (Graphpad Prism6).
Kaplan-Meier survival analysis was performed by Log Rank (Mantel-Cox) test. p values less
than 0.05 were considered significant.

Data Availability

The microarray data has been deposited in the Gene Expression Omnibus database under
number GSE98059.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

RMS is the most common pediatric soft tissue sarcoma and occurs anywhere in the body
including tissues devoid of skeletal muscle. The cell of origin for RMS remains unknown.
Identification of the cell lineages that contribute to RMS formation provides insight into
the mechanisms of tumorigenesis. We demonstrate using aP2-Creto activate the
hedgehog pathway that fusion negative RMS originates from endothelial progenitor cells
specifically in the head and neck, the most common location of RMS. Our findings
illustrate how normal muscle developmental programs are perturbed to drive location
specific tumor formation through transdifferentiation induced by hedgehog activation in
endothelial progenitors. These studies implicate cell of origin as a major determinate of
RMS location and therefore survival.
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HIGHLIGHTS
. Committed endothelial progenitors can give rise to rhabdomyosarcoma
(RMS)
. Aberrant activation of muscle development programs in non-myogenic cells
drive RMS
. SmoM2 transdifferentiates endothelial progenitors resulting in RMS
. Cell of origin emerges as major determinant of RMS location
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Figure 1. aP2-Cre labels cells within both adipose tissue and skeletal muscle
(A) Representative whole mount images of BAT, WAT, quad, SCM and tongue from aP2-

Cre;mT/mG and aP2-Cre;mT/mG,;Smo™2/* mice (n = 3). Scale bars, 3 mm. Arrowhead
denotes tumor.

(B) Representative tissue sections from m7/mG, aP2-Cre;mT/mG and aP2-Cre;mT/
mG;SmoM2* mice (n = 3). Scale bars, 50 um.

(C) Representative images of tumor center and tumor periphery of aP2-Cre,mT/
mG;SmoM2* mice (n = 3). Scale bars, 50 um.

See also Figure S1.
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DAPI Tomato MHC
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Figure 2. SmoM2 dependent proliferation of aP2-Cre labeled cells during embryogenesis
(A-B) Representative H&E and immunostaining of sagittal sections from AT (A) and AST

(B) embryos. Embryonic age and number of embryos with Tomato positive expansions/total
embryos shown on left. Right panels show high magnification of boxed insets. Scale bars,
100 pm (left) and 50 pm (right).

(C) H&E staining of transverse section of E17.5 AST embryo.

(D) Magnification of boxed inset from (C) of AST embryo immunostained as in (A). Scale
bar, 500 pm.

(E) Magpnification of boxed inset (D) of AST embryo immunostained as in (A)(n = 3). Scale
bar, 50 um.

* denotes regions of adipose.

See also Figure S2.
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Figure 3. aP2-Cre labels endothelial cells within skeletal muscle interstitium
(A) Immunostaining of AT SCM cross sections illustrating Tomato (red, arrowheads), PAX7

(green, arrows), DAPI (blue) positive cells (high magnification inset shown)(n = 3). Scale

bars, 25 pum.

(B) B-galactosidase staining of myoblasts isolated from aP2-Cre;R26-LacZ mice following
in vitro differentiation. Cells infected with adeno-Cre as control (n = 3). Scale bars, 50 um.
(C) Immunostaining of AT SCM cross sections showing Tomato (red), MHC (green),

LAMININ (magenta) and DAPI (blue)(n = 3). Scale bar, 50 pm.
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(D) Confocal microscopy of (C) illustrating 3D cross sections with Tomato labeled cells in
muscle interstitium. Scale bar, 10 pm.

(E-F) Isolation of Tom* and Tom™ cells from AT SCM by FACS (E) and confirmation by
real-time PCR for Tomato (F). Data shown are normalized to Actb (n = 3, mean £ SEM).
(G-J) Gene expression by real-time PCR from Tom* and Tom™~ cells isolated as in (E) in
comparison to mature SCM and BAT from SmoM2’MZ mice: aP2 (G), myogenic genes Myf5
and Pax7 (H), adipose genes Pparg and UcpI (1), and muscle interstitial cell genes (J). Data
shown are normalized to Actb expression and expressed relative to SCM (n = 3, mean %
SEM).

(K) Principle component analysis of Tom* and Tom™ cells isolated as in (E), microvascular
endothelial cells, satellite cells, PW1* interstitial cells (PICs) and adipose. Coordinates
describe 68.5% of the data.

(L) Gene ontology analysis of genes enriched in Tom™ vs Tom™ cells isolated as in (E).

(M) Expression of endothelial genes in Tom* and Tom™ cells isolated as in (E) by real-time
PCR. Data analyzed as in (G)(n = 3, mean = SEM).

(N) Immunostaining of AT SCM cross sections showing Tomato (red), PECAML1 (green),
DAPI (blue) (n = 2). Scale bar, 50 um.

(O) Immunocytochemistry of cells isolated from AT SCM and grown to confluence showing
Tomato (red), PECAML (green), DAPI (blue) (n = 4). Scale bar, 50 pum.

*p <0.05, ** p<0.01, ***p < 0.001.

See also Figure S3.
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Figure 4. Oncogenic KRAS drives angiosarcoma in aP2-Cre expressing cells
(A) Kaplan-Meier survival curve illustrating survival of aP2-Cre;LSL-

KrasC120-Cakn2a10X/FIoX(n = 24) and aP2-Cre; L. SL-Kras®12P(n = 10) mice. p < 0.0001.

(B) Percentage of aP2-Cre;L SL-KrasC12P:Cakn2a0%/FIoX mice developing angiosarcoma or
other malignancies.

(C) Angiosarcomas (arrowheads) in aP2-Cre;L SL-KrasC2P:Cakn2a1o/Flox mice.

(D) Representative H&E staining and IHC of angiosarcoma markers in aP2-Cre;LSL-
KrasG12D - Cakn2za1oXFlox tumors(n = 6). Scale bars, 50 pm.

See also Figure S4.
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Figure 5. SmoM2 promotes a myogenic fate switch during endothelial cell development
(A) FACS isolation of Tom* and Tom™ cells from AST SCM.

(B) Gene expression (aP2, Pecamli, Tek, Pax7and Pparg) of Tom* and Tom™ cells isolated
as in (A) compared to mature SCM and BAT from SmoV2/M2 mice by real-time PCR. Data
shown are normalized to Actb expression (tdTomato) or normalized to Actb expression and
expressed relative to SCM (n = 3, mean + SEM).

(C) Gene expression of SmoM2-YFP and Shh target genes by real-time PCR in isolated Tom
*and Tom"~ cells, mature SCM and BAT from SmoM2/M2 mice as well as whole tumor from
AST mice. Data shown are normalized to Actb expression expressed relative to SCM (n = 3,
mean = SEM).

(D) Representative H&E staining and IHC of myogenic marker (MYOD1) and endothelial
marker (PECAML) in sagittal section of E17.5 AST embryo(n = 3). Scale bars, 100 pm
(left), 50 um (right). High magnification of boxed area (right) shown.

*p <0.05, ** p<0.01, *** p < 0.001.

See also Figure S5.
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Figure 6. Purified tumor cells retain expression of myogenic specification factors critical for head
and neck muscle development

(A) FACS isolation of PECAM1 and Tomato stained cells from AST SCM and tumors.

(B) Sphere formation of tumor cell populations sorted as in (A)(n = 4). Scale bars are 100
pm.

(C-E) Expression of SmoM2-YFP and Shh target genes (C), myogenic markers (D) and
endothelial markers (E) in populations isolated as in (A), mature SCM from SmoV2/M2 mice
and whole tumor from AST mice. Data shown are normalized to Actb expression and
expressed relative to sorted Tom™PECAM1™ cells (n = 3, mean £ SEM).

(F) Gene ontology analysis of genes upregulated in Tom*PECAM1™ cells versus Tom
*PECAML1" cells isolated from AST tumors.

(G) Real-time PCR of myogenic specification factors in cells isolated in (A). Data are
analyzed as in (C)(n = 3, mean £ SEM).
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(H) Representative dual ISH for 76xZ and IHC for Tomato in sagittal section of E15.5 AST
embryo. Right panel is enlarged boxed region on left with high magnification inset shown (n
= 4). Scale bars, 100 pm (left) and 20 pm (right).

(1) Representative immunostaining for Tomato (red), MYODL (green), and DAPI (blue) in
sagittal sections of E15.5 AST embryo shown in H. (n = 4). Scale bar, 50 pm.

*p <0.05, ** p < 0.01, *** p < 0.001.

See also Figure S6 and Tables S1 and S2.
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Figure 7. Purified tumor cells and tumor vasculature express common endothelial markers
(A) Venn diagram of genes upregulated in Tom*PECAM1~ and Tom*PECAM1* cells

compared to Tom™PECAML1™ cells isolated from AST tumors.

(B) Gene ontology analysis of 32 overlapping genes from (A).

(C) Gene expression of endothelial genes identified in (A) by real-time PCR. Data shown are
normalized to Actb expression and expressed relative to sorted Tom™PECAML1™ cells (n =3,
mean + SEM).

(D, E) Representative H&E staining (D) and immunostaining (E) for Tomato (red), KDR
(green) and DAPI (blue) on sagittal section of E9.5 AT embryo (n = 2). Scale bars, 250 um.
(F) Magnification of boxed inset in (E). Scale bars, 100 um.

(G) Magnification of boxed inset in (F) with high magnification inset in lower left. Scale
bars, 50 pm.
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(H, 1) Representative H&E staining (H) and immunostaining (I) for Tomato (red), KDR
(green) and DAPI (blue) on sagittal section of E10.5 AT embryo (n = 4). Scale bars, 250 pm.
(J) Magnification of boxed inset in (1). Scale bars, 100 pm.

(K) Magnification of boxed inset in (J) with high magnification inset in lower left. Scale
bars, 50 pm.

(L) Representative immunostaining of Tomato positive proliferations in sagittal sections of
E15.5 AST embryo (Figure 6H-I). Tomato (red), KDR (green), DAPI (blue)(n = 4). High
magnification insets are shown in upper right. Scale bar, 10 um.

*p <0.05, ** p < 0.01, *** p < 0.001.

See also Table S3.
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Figure 8. FN-RMS in Kdr::Cre;SmoM2* mice
(A) Representative whole mount images of Quad and SCM muscle from Kdr..Cre,R26-

tdTom mice (n = 3). Scale bar, 1mm.

(B) Representative immunostaining of PECAM1 (green), Tomato (red), LAMININ
(magenta) and DAPI (blue) in SCM and quad of Kar..Cre;R26-tdTom mice (n = 3). Scale
bars, 50 pm.

(C) Representative sagittal sections of E17.5 Kdr:-:Cre;:SmoM2/* embryo with H&E staining
(top) and IHC for MYOD1 and MYOG (bottom) (n = 4). High magnification of boxed inset
shown on top right. Scale bars, 250 um (top left) and 50 um (top right and bottom IHC
panels).

(D) Representative immunostaining of Tomato (red), MYODL1 (green), DAPI (blug) in tumor
from Kdr::Cre;SmoM2*,R26-tdTom mice (n = 3). High magnification inset at bottom left of
boxed area in center. Scale bar, 50 um.

(E) Model highlighting KDR expressing multipotent muscle and endothelial cell progenitors
in the pharnygeal mesoderm.
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(F) Model highlighting rhabdomyosarcomagenesis in aP2-Cre expressing cells.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rat monoclonal anti-CD34 (Clone RAM 34)

BD Bioscience

Cat# 553731, RRID:AB_395015

Rabbit polyclonal anti-DESMIN

ThermoFisher

Cat # RB-9014; RRID:AB_149771

Rabbit monoclonal anti-ERG Abcam Cat # ab133264; RRID:AB_11156852
Mouse monoclonal anti-CK-Oscar (Clone OSCAR) Covance Cat #465-01; RRID:AB_2565083
Mouse monoclonal anti-CK-HMV (Clone 34BE12) DAKO Cat # M06302

Goat polyclonal anti-KDR

R&D Systems

Cat #AF644; RRID:AB_355500

Rabbit polyclonal anti-Laminin

Sigma

Cat # 1L9393; RRID:AB_477163

Rat monoclonal anti-Meca32 (Clone Meca 32)

BD Bioscience

Cat #553849; RRID:AB_395086

Mouse monoclonal anti-MHC (Clone MF20) DSHB Cat #MF20; RRID:AB_2147781

Mouse monoclonal anti-MYOD1 (Clone 5.8A) DAKO Cat #M3512 RRID:AB_2148874
Rabbit monoclonal anti-MYOD1 (Clone EP 212) Cell Marque Cat #386R-18

Mouse monoclonal anti-MYOGENIN (Clone F5D) DAKO Cat #M3559; RRID:AB_2250893
Mouse monoclonal anti-PAX7 DSHB Cat #Pax7; RRID:AB_2299243

Rat monoclonal anti-PECAML1 (Clone Mec 13.3)

BD Bioscience

Cat #550274; RRID:AB_393571

Rat monoclonal anti-PECAM1 (Clone SZ31) Dianova Cat #Dia 310; RRID:AB_2631039
Rabbit polyclonal anti-S100 DAKO Cat #2031129; RRID:AB_2315306
Rabbit polyclonal anti-RFP Rockland Cat #600-401-379; RRID:AB_2209751
Goat polyclonal anti-tDTomato LSBio Cat #L.S-C340696

Rabbit monoclonal anti-VIMENTIN Novus Cat #NBP1-40730; RRID:AB_10004971

Hamster monoclonal anti-B1-INTEGRIN (Clone Ha2/5) - FITC
conjugated

BD Bioscience

Cat #561796 RRID:AB_10894590

Rat monoclonal anti-CD11b (Clone M1/70) APC conjugate

BD Bioscience

Cat # 553312 RRID:AB_398535

Rat monoclonal anti-CD45 (Clone 30 F11) APC conjugate

BD Bioscience

Cat #561018 RRID:AB_10584326

Rat monoclonal anti-CXCR4 (Clone 2B11/CXCR4) Biotin conjugate

BD Bioscience

Cat #551968 RRID:AB_394307

Rat monoclonal anti-PECAM1 (Clone Mec 13.3) APC conjugate

BD Bioscience

Cat #551262 RRID:AB_398497

Rat monoclonal anti-PECAM1 (Clone Mec 13.3) FITC conjugate

BD Bioscience

Cat #553372 RRID:AB_394818

Rat monoclonal anti-Scal (Clone D7) PerCPCy5.5 conjugate

eBioscience

Cat #45-5981-82 RRID:AB_914372

Rat monoclonal anti-TER-119 (Clone TER 119) APC conjugate

BD Bioscience

Cat #557909 RRID:AB_398635

Goat anti-Rat 1gG (H+L) Highly Cross-Absorbed Secondary Antibody,
Alexa Fluor 488 conjugate

ThermoFisher

Cat #A11006 RRID:AB_2534074

Goat anti-Mouse 1gG1 (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 conjugate

ThermoFisher

Cat#A21121 RRID:AB_141514

Goat anti-Mouse 1gG (H+L) Highly Cross-Absorbed Secondary
Antibody, Alexa Fluor 488 conjugate

ThermoFisher

Cat #A11029 RRID:AB_138404

Goat anti-Rabbit 1gG (H+L) Highly Cross-Absorbed Secondary
Antibody, Alexa Fluor 568 conjugate

ThermoFisher

Cat #A11036 RRID:AB_10563566

Donkey anti-Rabbit 1gG (H+L) Highly Cross-Absorbed Secondary
Antibody, Alexa Fluor 568 conjugate

ThermoFisher

Cat# A10042 RRID:AB_2534017

Goat anti-Mouse Affinity Purified IgG (H+L) Secondary HRP conjugate

BioRad

Cat# 170-6516 RRID:AB_11125547
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Goat anti-Rat 1gG Antibody, HRP conjugate

Millipore

Cat# AP136P RRID:AB_11214444

Donkey anti-Goat 1gG (H+L) Highly Cross-Absorbed Secondary
Antibody, HRP conjugate

ThermoFisher

Cat# A16005 RRID:AB_2534679

Bacterial and Virus Strains

Ad5CMV-Cre-eGFP

University of lowa

VVC-U of lowa-4

Biological Samples

Sorted cells from aP2-Cre;R26-tdTom mouse sternocleidomastoid This paper

Sorted cells from aP2-Cre; SmoM?/* :R26-td Tom mouse This paper

sternocleidomastoid

Sorted tumor cells from aP2-Cre;SmoM2/* :R26-td Tom mouse This paper

rhabdomyosarcoma

Mononuclear cells from aP2-Cre;SmoV2*;R26-td Tom mouse This paper

sternocleidomastoid

Mononuclear cells from aP2-Cre;SmoM2"*;R26-td Tom mouse This paper

sternocleidomastoid

aP2-Cre;R26-LacZ hindlimb muscle myoblast This paper

SmoMZM2 mouse sternocleidomastoid This paper

SmoM?M2 mouse brown adipose tissue This paper

Rhabdomyosarcoma from aP2-Cre, SmoV?* :R26-td Tom mice This paper

Chemicals, Peptides, and Recombinant Proteins

Collagenase B Roche Cat # 11088831001
Dispase Il Roche Cat # 4942078001
Liberase DL Roche Cat # 05401160001
bFGF R&D Systems Cat # 233-FB-025
EGF R&D Systems Cat # 23626

B27 Supplement Gibco Cat # 17504-44
Critical Commercial Assays

TSA plus Fluorescein System Perkin-Elmer Cat# 741E001KT
Vectashield Hardset mounting medium with DAPI Vector Laboratories Cat# H1500
miRNeasy micro kit Qiagen Cat# 217084
miRNeasy mini kit Qiagen Cat# 217004
Superscript Reverse Transcriptase ThermoFisher Cat# 18080051
Fast SYBR Green Master Mix ThermoFisher Cat# 4385610
TagMan Fast Advanced Master Mix ThermoFisher Cat# 4444964
Ovation Pico WTA system V2 Nugen Cat# 3302

Mouse gene 2.0 ST microarray Affymetrix Cat#902118
RNAscope 2.5 VS-probe-Mm-Thx1 ACD Cat#481919
Deposited Data

Microarray data This Paper GSE 98059
Microarray data — aP2-Cre,SmoM2 RMS, MyoG-Cre,SmoM2 RMS (Hatley et al., 2012) GSE 40359
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REAGENT or RESOURCE SOURCE IDENTIFIER
Microarray data — C57/BI6 sternocleidomastoid muscle (Hanna et al., 2017) GSE 85834
Microarray data — microvascular endothelial cells (Nolan et al., 2013) GSE 47067
Microarray data — brown and white adipose (Seale et al., 2007) GSE 8044
Microarray data — satellite cells and PWI expressing interstitial cells (Pannerec et al., 2013) | GSE 40523

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: B6.SJL-Tg(aP2-Cre)img

Mouse: B6,FVB-Tg(Adipog-Cre)1Evdr/J

Jackson Laboratories
(Eguchi et al., 2011)

Cat # 10803 RRID:IMSR_JAX:010803

Mouse: B6.FVB-Tg(UcpI-Cre)lEvar/J

Jackson Laboratories
(Kong et al., 2014)

Cat # 24670 RRID:IMSR_JAX:024670

Mouse: B6.Cg-Tg(Fabp4-Cre)1Rev/J

Jackson Laboratories
(He et al., 2003)

Cat # 5069 RRID:IMSR_JAX:005069

Mouse: Karmi(Cre)sato/;

Jackson Laboratories
(Motoike et al., 2003)

Cat # 018976 RRID:IMSR_JAX:018976

Mouse: B6.129(Cg)-Gt(ROSA)26SormHACTE-tdTomato, EGFF)Luo/;

Jackson Laboratories
(Muzumdar et al.,
2007)

Cat # 7676 RRID:IMSR_JAX:007676

Mouse: B6.Cg-Gt(ROSA)26SormI4(CAG-tdTomato)Hze/

Jackson Laboratories
(Madisen et al., 2010)

Cat # 7914 RRID:IMSR_JAX:007914

Mouse: B6.12954-Gt(ROSA)26Sorm1sor/y

Jackson Laboratories
(Soriano, 1999)

Cat # 3474 RRID:IMSR_JAX:003474

Mouse: GI(ROSA)26Sorm1(Smo/EYFR)Ame,;

Jackson Laboratories
(Mao et al., 2006)

Cat # 5130 RRID:IMSR_JAX:005130

Mouse: B6.12954-Kras™i/]

Jackson Laboratories
(Jackson et al., 2001)

Cat # 8179 RID:IMSR_JAX:008179

Mouse: CaknZ2allox/fiox

(Aguirre et al., 2003)

Oligonucleotides

SYBR primers for real-time PCR — see Table S6

Tagman FAM Probe — G/i1

ThermoFisher

Cat # Mm00494654_m1

Tagman FAM Probe - MyoG

ThermoFisher

Cat # Mm00446195_g1

Tagman FAM Probe — Msc

ThermoFisher

Cat # Mm00447887_m1

Tagman FAM Probe — Pax3

ThermoFisher

Cat # Mm00435491_m1

Tagman FAM Probe — Pitx2

ThermoFisher

Cat# Mm01316994_m1

Tagman FAM Probe — 7bx1

ThermoFisher

Cat # Mm00448949_m1

Tagman FAM Probe — Lgr4

ThermoFisher

Cat # Mm00554385_m1

Software and Algorithms

Nikon Elements Basic Research v4.13

Nikon Instruments Inc

Leica Application Suite X

Leica Microsystems

FACSdiva v8.0.1

BD Biosystems

Graphpad Prism 6

Graphpad software
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REAGENT or RESOURCE SOURCE IDENTIFIER
Image J v1.50 NIH

STATA/MP 14.2 StataCorp

Partek Genome Suite 6.6 Partek

Enrichr gene enrichment analysis tool

(Chen et al., 2013b;
Kuleshov et al., 2016)

Adobe Photoshop CS5.1

Adobe Software

Adobe Illustrator CS5.1

Adobe Software

Other
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