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Abstract Spindle cell/sclerosing rhabdomyosarcoma (ssRMS) is a rare subtypeof rhabdomyo-
sarcoma, commonly harboring a gain-of-function L122Rmutation in themuscle-specific mas-
ter transcription factor MYOD1. MYOD1-mutated ssRMS is almost invariably fatal, and
development of novel therapeutic approaches basedon thebiology of the disease is urgently
needed. MYOD1 L122R affects the DNA-binding domain and is believed to confer MYC-like
properties to MYOD1, driving oncogenesis. Moreover, the majority of theMYOD1-mutated
ssRMS harbor additional alterations activating the PI3K/AKT pathway. It is postulated that
the PI3K/AKT pathway cooperates with MYOD1 L122R. To address this biological entity, we
established and characterized a newpatient-derived ssRMS cell lineOHSU-SARC001, harbor-
ingMYOD1 L122R as well as alterations in PTEN, PIK3CA, andGNAS. We explored the func-
tional impact of these aberrationsononcogenic signalingwithgain-of-functionexperiments in
C2C12 murine muscle lineage cells. These data reveal that PIK3CAI459_T462del, the novel
PIK3CA variant discovered in this patient specimen, is a constitutively active kinase, albeit to
a lesser extent than PI3KCAE545K, a hotspot oncogenic mutation. Furthermore, we examined
the effectiveness ofmolecularly targetedPI3K/AKT/mTORandRAS/MAPK inhibitors to block
oncogenic signaling and suppress the growth of OHSU-SARC001 cells. Dual PI3K/mTOR
(LY3023414, bimiralisib) andAKT inhibitors (ipatasertib, afuresertib) induceddose-dependent
reductions in cell growth. However, mTOR-selective inhibitors (everolimus, rapamycin) alone
did not exert cytotoxic effects. The MEK1/2 inhibitor trametinib did not impact proliferation
even at the highest doses tested. Our data suggest that molecularly targeted strategies
may be effective in PI3K/AKT/mTOR-activated ssRMS. Taken together, these data highlight
the importanceofutilizingpatient-derivedmodels toassessmolecularly targetable treatments
and their potential as future treatment options.

[Supplemental material is available for this article.]

INTRODUCTION

Rhabdomyosarcoma (RMS) is a malignant soft-tissue tumor arising from primitive mesenchy-
mal cells of striated muscle lineage. It is the most common soft-tissue sarcoma in children
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and adolescents, comprising 3% of all pediatric tumors (Amer et al. 2019) and 40% of all pe-
diatric soft-tissue sarcomas (Ognjanovic et al. 2009). Genomic and histologic advances have
shaped the evolving understanding of RMS that has been historically classified based on his-
tology. The most recently updated fifth edition of the Soft Tissue and Bone Tumours: WHO
Classification of Tumours (World Health Organization 2020) includes four histologic catego-
ries of RMS: embryonal (including botryoid), alveolar, spindle cell/sclerosing (ssRMS), and
pleomorphic. ssRMS is a rare, recently recognized subtype of RMS and accounts for
3%–10% of pediatric RMS (Newton et al. 1995; Jo and Fletcher 2014). In the latest, fifth edi-
tion of theWHO Classification, ssRMS encompasses a heterogeneous group of tumors with
distinct clinicopathologic and genetic subtypes of ssRMS, including three genetically de-
fined subtypes of ssRMS (Leuschner et al. 1993; Rudzinski et al. 2015). The genetic subtypes
of ssRMS include infantile ssRMS, intraosseous ssRMS, and MYOD1-mutated ssRMS.
Infantile ssRMS harbors recurrent gene fusions involving VGLL2 and NCOA2 (Cavazzana
et al. 1992; Cyrta et al. 2021). These tumors were initially thought to have a favorable prog-
nosis; however, recent evidence shows the potential for late metastases and potentially
death from disease (Cyrta et al. 2021). Rare and recently described intraosseous ssRMS
with TFPC2 gene fusions are also associated with a poor prognosis, although only limited
data are available. MYOD1-mutated ssRMS is most common in adolescents and adults in
the head and neck region (particularly parameningeal) and associatedwith a poor prognosis.
Recurrence andmetastasis have been reported in 40%–50% of cases and death fromdisease
in 50%–80% of patients (Agaram et al. 2019).

MYOD1 encodes a basic helix–loop–helix transcription factor that is a master regulator of
skeletal muscle differentiation (Sorrentino et al. 1990; Maione and Amati 1997; Weintraub
1993). Another member of the basic helix–loop–helix transcription factors family,MYC, pos-
sesses a similar DNA binding domain. MYOD1 L122R alters the DNA binding domain, per-
mitting binding to MYC sites. Moreover, based on functional assays, MYOD1 L122R
competes for DNA binding sites with wild-type (WT) MYOD1, thereby inhibiting differenti-
ation and sustaining proliferation (Van Antwerp et al. 1992). Investigations of muscle cell dif-
ferentiation assessed by immunofluorescence and soft agar colony formation assays support
the hypothesis that MYOD1 L122R hinders differentiation and promotes proliferation
(Kohsaka et al. 2014). Clinically, MYOD1 L122R is a poor prognostic marker, and outcomes
in patients with MYOD1 L122R are dismal compared to WT MYOD1 (10-yr overall survival
[OS] of 0% in MYOD1 L122R vs. 48% in WT MYOD1 ssRMS patients) (Kohsaka et al.
2014). One of the largest genomic studies of RMS, combining results of clinical trials from
the Children’s Oncology Group (COG) and Intergroup Rhabdomyosarcoma Study Group
(IRSG) (ARST0331, ARST0431, D9602, D9803, D9902; 1998–2017), also found that out-
comes are worse in MYOD1 L122R versus WT MYOD1 cases (Shern et al. 2021). Poor out-
comes within this subtype highlight the need to better understand RMS tumor biology
and to investigate new approaches to therapy.

Concomitant mutations in the PI3K/AKT pathway have been identified inMYOD1-mutat-
ed ssRMS. PIK3CA hotspot mutations in the helical (E542K, E542V, E545K) or kinase
(H1047R) domain are present in ∼40% of these tumors (Kohsaka et al. 2014; Agaram et al.
2019; Tsai et al. 2019; Shern et al. 2021), whereas PTEN mutations are observed in 6%–

7% of cases (Agaram et al. 2019; Shern et al. 2021). Prior functional investigations reveal
that PI3K/AKT pathway cooperates with MYOD1 L122R in model systems (Kohsaka et al.
2014). Thus, targeting the PI3K/AKT pathway represents a promising, but underexplored,
strategy to therapeutically target MYOD1-mutated ssRMS.

Here, we established a new patient-derived xenograft (PDX) and a cell line OHSU-
SARC001 from a patient with spindle cell RMS. In addition to MYOD1 L122R and
PTENR173H mutations, the tumor harbored subclonal PIK3CAI459_T462del and GNASR201C mu-
tations. The xenograft and cell line provided an opportunity to explore the effectiveness of
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inhibitors targeting the PI3K/AKT/mTOR and RAS/MAPK pathways in the setting ofMYOD1-
mutated ssRMS.

RESULTS

Clinical Presentation
A previously healthy 15-yr-old male presented with a right nasal mass that progressively en-
larged over a period of several weeks (Fig. 1A). There was no family history of childhood ma-
lignancies. Staging and diagnostic workup included a maxillofacial computed tomography
(CT) that demonstrated a 2.3 ×4.1× 3.0-cm enhancing soft-tissue mass with bony remodel-
ing without destructive changes (Fig. 1B), and a baseline facial and neckmagnetic resonance
imaging (MRI) that confirmed a 3.2 ×3.1×3.1-cm enhancing, multilobulated right nasal
mass. Histological analysis of an intranasal biopsy demonstrated intersecting fascicles
of spindle cells that filled the dermis and subcutis. Individual tumor cells had elongated
to tapered nuclei and eosinophilic cytoplasm. The presence of relatively prominent
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Figure 1. Patient presentation, clinical course, and pathologic evaluation. (A) Clinical course from initial pre-
sentation, refractory disease, and resection of the tumor. The patient underwent initial workup involving im-
aging, biopsy, and next-generation sequencing (NGS) via GeneTrails Comprehensive Solid Tumor Panel.
He was treated on Children’s Oncology Group (COG) ARST1431 until he had refractory disease. At the
time of resection, the patient enrolled in the National Cancer Institute (NCI)-COGMATCH trial. (B) Initial diag-
nostic maxillofacial computed tomography (CT) identified a 2.3×4.1×3.0-cm enhancing soft-tissue mass (as
noted with ∗) with bony remodeling without destructive changes. (C ) Diagnostic biopsy showed intersecting
spindle cells with elongated, tapered nuclei and prominent rhabdomyoblasts and strap cells on hematoxylin
and eosin (H&E). (D) Desmin staining showed patchy cytoplasmic expression. (E) Myogenin exhibited punctate
nuclear expression. (F ) MYOD1 nuclear expression was strong and diffuse.
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rhabdomyoblasts and strap cells was consistent with rhabdomyoblastic differentiation (Fig.
1C). The tumor had patchy cytoplasmic expression for desmin (Fig. 1D), punctate nuclear ex-
pression of myogenin (Fig. 1E), strong diffuse nuclear expression of MYOD1 (Fig. 1F), and
lacked S100 on immunohistochemical staining (Supplemental Table 1). Together, these find-
ings supported the diagnosis of ssRMS. At the time of the intranasal biopsy, next-generation
sequencing (NGS) using the Clinical Laboratory Improvement Amendments (CLIA)-certified
GeneTrails Solid Tumor panel (Mitri et al. 2018) on a formalin-fixed paraffin-embedded
(FFPE) sample confirmed a MYOD1 L122R mutation and showed CDKN2A copy loss,
FAM175AD352N, GNASR201C, PIK3CAI459_T462del, PTENR173H, and RAD50R1279H (Table 1).

Based on the patient’s clinical workup, the tumor was classified as IRSG III (paramenin-
geal), TNM stage 2 (T1N0M0). He enrolled onto COG ARST1431 (NCT02567435), a ran-
domized phase three trial for patients with intermediate risk RMS and was randomized to
standard chemotherapy with vincristine, dactinomycin, cyclophosphamide, and irinotecan.
However, his mass rapidly enlarged by the end of week 2 of treatment, and a CT demonstrat-
ed a 5.6 ×4.4 ×4.8-cm mass with new cortical erosion along the right maxilla and periosteal
reaction. The patient was removed from protocol therapy (Fig. 1A) as a result of progressive
growth (per Response Evaluation Criteria in Solid Tumors [RECIST] criteria of ≥20% increase
in the sum of diameters and an absolute increase of at least 5 mm). Despite initiation of daily
radiation treatments (total dose of 720 cGy), the tumor continued to progress, at which point
the patient underwent radical resection of the right nasal and facial tumor. Prior to resection,
he was enrolled onto the Pediatric MATCH screening trial (NCT03155620) in which an NGS
panel confirmed the GNASR201C, PTENE291fs∗7, and PTENR173H mutations and identified
LY3023414 as a targeted treatment option (Table 1).

Prior to the radical resection of the right nasal tumor, the patient consented to donate tis-
sue to the Knight BioLibrary Research Repository approved by OHSU’s Institutional Review
Board (IRB), enabling the establishment of a pediatric-derived ssRMS cell line with unique
molecularly actionable targets. OHSU-SARC001 represents one of the few established pa-
tient-derived ssRMS cell lines and is the first pediatric MYOD1-mutated ssRMS cell line with
concomitant mutations in PIK3CA and GNAS available for preclinical investigations.

Postoperatively, the patient completed 41.4 Gy in 23 fractions of consolidative radiother-
apy and began salvage chemotherapy with ifosfamide and etoposide. Six weeks after radi-
ation, he received alternating ifosfamide and etoposide with ifosfamide and doxorubicin for
a total of eight courses. He continued with ARST1431 maintenance treatment with vinorel-
bine and oral cyclophosphamide. At the time of this writing, he is more than a year out from
treatment and is currently alive with no signs of recurrence.

Creation and Validation of a Patient-Derived Spindle Cell Rhabdomyosarcoma
Cell Line and Testing Tumorigenic Potential Using a Mouse Model
The OHSU-SARC001 cell line was established as an outgrowth from the primary resected tu-
mor sample. Phase-contrast microscopy imaging (10×) of the OHSU-SARC001 monolayer
culture showed spindle-like morphology and focal aggregations of tumor cells (Fig. 2A).
To confirm retention of molecular aberrations noted in the patient’s primary tumor, we re-
peated GeneTrails Solid Tumor panel on DNA from the established OHSU-SARC001 cell
line. Results showed conservation of the genomic aberrations identified in the diagnostic
specimen (Table 1) and an additional variant of unknown significance involving ROS1.
Notably, PIK3CAI459_T462del and GNASR201C were present with allele fractions of 22% and
48%, respectively. Although FAM175A and MYOD1 were listed as detected on the
GeneTrails assay, notably these genes were not tested as a part of the NCI-COG MATCH
NGS panel. Although the frameshift PTEN mutation was detected in NCI-COG MATCH
and OHSU-SARC001, it was not in the diagnostic sample. Differences in methodology
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and tumor purity may account for some discordance between the sequencing results from
the diagnostic, NCI-COGMATCH, andOHSU-SARC001NGS panels. To test the tumorigen-
ic potential of the OHSU-SARC001 cell line, cells were injected into a subcutaneous flank of
female NOD scid gamma (NSG) mice. Palpable tumors were noted 76 d after implantation
(Fig. 2B) and the xenograft tumor was transplanted on day 146 when it was of 645 mm3 vol-
ume. Hematoxylin and eosin (H&E) stains and immunohistochemistry were performed on for-
malin-fixed paraffin-embedded (FFPE) slides generated from the xenograft tumor in order to
compare the histology to the primary tumor. The H&E-stained sample demonstrated rela-
tively uniform elongated spindle cells arranged in fascicles (Fig. 2C). The individual tumor
cells showed ovoid nuclei and a moderate amount of eosinophilic cytoplasm. No overt rhab-
domyoblastic differentiation (including rhabdomyoblasts or strap cells) was present.
Immunohistochemical staining demonstrated strong, diffuse desmin expression (Fig. 2D),
nuclear expression of myogenin (>50% of cells) (Fig. 2E), and patchy nuclear expression
for MYOD1 (Fig. 2F). In comparison to the original tumor, MYOD1 expression was less dif-
fuse and myogenin expression was increased in the xenograft tumor. Overall, the morphol-
ogy, immunophenotype, and sequencing support the conservation of the primary tumor
characteristics in the patient-derived xenograft tumor.

Characterizing Impact of PI3K, GNAS, and PTEN Mutations on Signaling Pathway
Activation and Cellular Functions
The novel PIK3CAI459_T462del mutation is located within exon 9, a known hotspot of PI3KCA
oncogenic mutations in cancer (Zhang et al. 2017). Notably, both exon 9 (e.g., PI3KCAE545K)
and exon 20 (e.g., PI3KCAH1047R) PI3KCA mutations have been previously identified in

E F
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Figure 2. In vitro, in vivo, and pathologic characterization of OHSU-SARC001. (A) Phase contrast imaging
(10×) demonstrates spindle-shaped morphology and a focal collection of tumor cells. (B) Patient-derived xe-
nograft (PDX) tumors were grown inNOD scid gamma (NSG)mice (P0). An increase in tumor volume (mm3) was
initially measured starting at day 76 and was monitored over time until the tumor was transplanted at day 146.
(C ) PDX hematoxylin and eosin (H&E) staining revealed elongated spindle cells in fascicular arrangement. (D)
Desmin was strongly diffuse. (E) Strong nuclear expression of mygoenin was present. (F ) MYOD1 expression
showed patchy nuclear expression.
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spindle cell rhabdomyosarcoma (Kikuchi et al. 2013; Kohsaka et al. 2014; Agaram et al. 2019;
Tsai et al. 2019), suggesting a potential role of this pathway in the pathogenesis ofMYOD1-
mutated ssRMS. We mapped the location of this novel PI3KCAI459_T462del mutation, in refer-
ence to the known PI3KCAE545K oncogenic substitution, onto the crystal structure of PIK3CA
(Protein Data Bank ID: 2RD0) and found that the PIK3CAI459_T462del aberration resides within
the interface of the protein that interacts with the PI3K regulatory subunit, p85 (Fig. 3A; as a
reference, PI3KCAE545K is shown in yellow). The p85 regulatory subunit stabilizes the p110
catalytic subunit and prevents autonomous activity. Based on its location, the
PIK3CAI459_T462del mutation may reduce affinity or negatively affect the interaction of
p110 with the p85 regulatory subunit, allowing constitutive catalytic activation in the ab-
sence of the regulatory subunit.

We tested the impact of the PIK3CAI459_T462del mutation on the activation of mTOR/AKT
pathway and RAS/MAPK pathway by retroviral transduction of the murine myoblast cell line,
C2C12, with wild-type and mutant cDNAs. The C2C12 cell line was chosen based on the
well-established record of this model system for functional interrogation of molecular mech-
anisms involved in muscle differentiation, the activity of putative oncogenic driver genes as-
sociated with sarcoma, and pharmacological strategies to block tumorigenic pathways
(Owens et al. 2013; Kohsaka et al. 2014). Stable cell lines were validated via Sanger sequenc-
ing (Supplemental Fig. 1). Immunoblotting data (Fig. 3B) showed that expression of
PIK3CAI459_T462del activates Akt (pAktT308 and pAktS473) and mTOR pathway effectors Tsc2
(pTscT1462), p70s6k (p70s6kT389), S6 (pS6S235/236), and 4ebp1 (p4ebp1T37/46), as well as
MAPK (pErkT202/Y204) compared to WT kinase, albeit not as robustly as the established
PI3KCA hotspot mutation, PI3KCAE545K.

Guanine nucleotide-binding proteins (G proteins) transduce signals from numerous sig-
naling pathways through their GTPase activity. The Gs α-subunit encoded by GNAS is a G
protein that activates adenylyl cyclase, generating cyclic AMP (cAMP), a small molecule me-
diator of various downstream pathways. GNASR201C is a gain-of-function mutation promot-
ing activity of Gs alpha subunit and cooperates with APC aberrations in colorectal
tumorigenesis (Wilson et al. 2010). A previous publication suggests that cAMP (via RAP1
and RAP1B) can activate or inhibit the MAPK pathway in a cell lineage–specific manner
and is dependent on the status of B-Raf expression. In B-Raf-negative cells, RAP1 inhibits
RAS and therefore the Raf-1/MEK/ERK pathway. Conversely, in B-Raf-positive cells such as
C2C12 murine myoblasts, RAP1 activates B-Raf and therefore the MEK/ERK pathway
(Stork and Schmitt 2002). Thus, the expression of downstream effectors dictates whether
GNAS activates the RAS/MEK/ERK pathway. Because the role of GNASR102C is unexplored
in ssRMS, we examined whether the Raf-1/MEK/ERK pathway is activated in muscle lineage
cells. When expressed in C2C12 murine myoblasts, GNASR201C did not activate the MAPK
pathway as compared to wild-type GNAS (Fig. 3B). Given the lack of activation noted in
GNASR201C, we probed for RAP1, B-Raf, and C-Raf as the expression of these effectors is re-
quired to support of MEK/ERK pathway activation downstream from GNAS. Interestingly,
RAP1B, B-Raf, and C-Raf are expressed in OHSU-SARC001 (Fig. 3C). These data indicate
that although the signaling components to activate MEK/ERK downstream from
GNASR201C are present in C2C12 cells, this alteration alone is insufficient to activate the
MEK/ERK pathway. Thus, GNASR201C alone may not be a dominant driver pathway amena-
ble for therapeutic intervention.

Finally, given the identification of the frameshift mutation PTENE291fs∗7 in OHSU-
SARC001, we tested PTEN expression and found that full-length PTEN is undetectable.
C2C12 cells were used as a positive control (Fig. 3C). Frameshift mutations in PTEN may
lead to nonsense mediated decay of the mutant mRNA or potentially lead to the expression
of a truncated protein that lacks the epitope required for detection by the antibody (epitope
is not revealed by the commercial source of this antibody).
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Figure 3. Crystal structure rendering of PIK3CAI459_T462del and expression of mTOR/AKT andMAPK signaling
pathways in transducedC2C12 cell lines, OHSU-SARC001, and after molecularly targeted kinase inhibitors. (A)
PIK3CAI459_T462del interfaces with the regulatory PIK3CA subunit andmay disrupt the interaction between PI3K
catalytic and regulatory subunits to induce catalytic activation. (B) C2C12 stable cell lines harboring wild-type
and mutant cDNA suggest that PIK3CAI459_T462del modestly activates pAktT308, pAktS473, pTscT1462,
p70s6kT389, pS6S235/236, p4ebp-1T37/46, and pEerkT202/Y204 compared to WT PIK3CA. Of note, 4EBP1 under-
goes sequential hyperphosphorylation on Thr37 and Thr46, followed by up to six residues in the carboxyl ter-
minus. This increase in 4EBP1 phosphorylation decreases its electrophoretic mobility. GNASR201C does not
appear to activate the mTOR/Akt or MAPK pathway compared to WT GNAS. (C ) OHSU-SARC001 has
PTEN loss and expresses RAP1B, B-Raf, and C-Raf. (D) In OHSU-SARC001, phosphorylation of downstream
mTOR/AKT signal effectors p70S6KT389 and pS6S235/236 was decreased when exposed to LY3023414, evero-
limus, and rapamycin. Effectors p70S6KT421/S424 were decreased in trametinib-treated cells. Trametinib treat-
ment resulted in decreased expression of pERKT202/Y204.
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Molecularly Targeted Kinase Inhibitors Have On-Target Effects on PI3K and MAPK
Pathway Protein Phosphorylation
To investigate activity of molecularly targetable agents, OHSU-SARC001 was first treated
with inhibitors targeting mTOR/PIK3CA (LY3023414, identified in the NCI-COGMATCH tri-
al, and bimiralisib), mTOR alone (everolimus and rapamycin), or MEK (trametinib) (Fig. 3D) at
50- and 250-nM concentrations for biochemical analysis. Immunoblotting with phospho-
specific antibodies shows on-target effects on themTOR/AKT andMAPK signaling pathway.
Phosphorylation of the downstreammTOR/AKT signal effectors p70S6K and pS6 (S235/236)
is inhibited by LY3023414 (PI3K/mTOR), everolimus (mTOR), and rapamycin (mTOR).
p70S6K has at least seven possible phosphorylation sites, including T389 in the linker
domain, which is critical for kinase function and S411, T421, and S424 that lie within the ser-
ine-proline-rich pseudosubstrate region. As seen in the LY3023414, rapamycin, and evero-
limus-treated lanes, the PI3K/mTOR kinase pathway governs phosphorylation of the
critical T389 site in p70S6K. Intriguingly, immunoblotting with antibody directed to phos-
phorylated T421/S424 in p70S6K reveals that theMEK/ERK but not the PI3K/mTOR pathway
is responsible for T421/S424 phosphorylation, as seen by loss of signal in trametinib-treated
cells, but not with LY3023414, rapamycin, or everolimus. These data suggest that both PI3K/
mTOR andMEK/ERK converge onto p70S6K via different phosphorylation site usage. As ex-
pected, phosphorylation of ERK (T202/Y204) was decreased in trametinib-treated cells (Fig.
3D). Bimiralisib, a dual PI3K/mTOR inhibitor, did not perform as expected where we see no
impact of this inhibitor on phospho-activation of p70S6K or S6. It is possible that we did not
use sufficient inhibitor concentration to achieve the desired effect and may have needed a
>250-nM inhibitor. Alternatively, the stated purity or potency of this inhibitor from a commer-
cial source may not have been accurate; thus, again, it would have required us to use more
inhibitor than hypothesized.

OHSU-SARC001 Cells Are Sensitive to Dual PIK3CA and AKT Inhibitors
We interrogated the effect of targeted mTOR (rapamycin and everolimus), dual PI3K/mTOR
(LY3023414 and bimiralisib), AKT (ipatasertib and afuresertib), and MEK1/2 (trametinib) in-
hibitors using dose–response cell viability assays. These data revealed that everolimus and
rapamycin block cell growth (Fig. 4A) but do not induce cell death. In comparison, dual
mTOR/PIK3CA inhibitors, LY3023414 and bimiralisib, as well as AKT inhibitors, ipatasertib
and afuresertib, exhibit dose-dependent cytotoxic effects (Fig. 4B,C). Trametinib was inef-
fective in cell viability studies up to 5-μM inhibitor concentration (Fig. 4D), despite achieving
near-complete abrogation of ERK1/2 phosphorylation with 50-nM concentration, as detect-
ed by immunoblotting (Fig. 3D). These data suggest that MEK/ERK alone is not a targetable
vulnerability in OHSU-SARC001.

In a complementary experiment (Fig. 4E,F), we tested growth-inhibitory effects of these
inhibitors at static doses and measured percent cell viability (normalized to control). These
data showed that LY3023414 at 50 and 250 nM strongly suppressed cell growth, whereas
a higher concentration of the AKT inhibitor afuresertib (250 nM) was needed to achieve
the same effect. Cells treated with rapamycin and everolimus fail to exhibit growth or death;
we hypothesize that the cells are in some state of quiescence and the cell viability reagent
detects the number of cells plated at seeding density (Fig. 4A,E,F). Consistent with dose–re-
sponse cell viability data, trametinib treatment was ineffective in OHSU-SARC001 cells (Fig.
4E). At the static doses tested, bimiralisib was ineffective, and these data are consistent with
the failure of these doses to inhibit target pathway protein activation (Fig. 3D) at these con-
centrations and with data from dose–response assays that show IC50= 680 nM, well above
the 250 nM dose tested here.
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To compare the relative potency and selectivity of dual PI3K/mTOR and AKT inhibitors
observed in the PTEN/PI3KCA mutant OHSU-SARC0001 cell line to PTEN/PI3KCA wild-
type cancer cell lines, we tested these inhibitors in three osteosarcoma cell lines (SJSA1,
MG63, and HOS) that have no detectable aberrations in these genes (Supplemental Fig.
2). Although wewould have preferred to test in PTEN/PI3KCAwild-type rhabdomyosarcoma
cells, these models were not readily available to us for this study. These data show that the

E F
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Figure 4. Cell viability assays reveal cytotoxic effect of select molecularly targeted inhibitors in OHSU-
SARC001 cells. (A–D) Dose–response cell viability assay data from the testing of (A) mTOR inhibitors, evero-
limus, and rapamycin, (B) dual PI3K/mTOR inhibitors, LY3023414 and bimiralisib, (C ) pan-AKT inhibitors,
ipatasertib and afuresertib, and (D) MEK1/2 inhibitor, trametinib. A nonlinear regression curve fit algorithm
was unstable and for everolimus, R2 = 0; rapamycin, R2 = 0.16; and trametinib, R2 =−0.22. Therefore, these
data are not included. (E,F ) Cell viability data from static dose testing of indicated inhibitors at 50 and 250
nM concentration, respectively. Statistical analysis with two-way ANOVA was performed using GraphPad
Prism. Multiple comparison testing of dimethylsulfoxide (DMSO)-treated cells to indicated inhibitor reveals
statistically significant suppression of cell growth as indicated by asterisks: ∗∗∗∗, P<0.0001; ∗∗, P<0.01. (ns)
Not significant.
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dual PI3K/mTOR inhibitor LY3023414 is generally cytotoxic in all cell lines we tested, inde-
pendent on genomic status (IC50s: OHSU-SARC001=0.02 µM; SJSA1=0.06 µM; MG63=
0.02 µM; HOS=0.08 µM). The AKT inhibitors, afuresertib and ipatasertib, demonstrated
modest cytotoxic effects in the osteosarcoma cells without PTEN or PI3KCA aberrations
(Supplemental Fig. 2). However, the relative potency of afuresertib and ipatasertib is be-
tween 23- to 35-fold and six- to 16-fold greater in OHSU-SARC001 cells compared to
wild-type PI3KCA/PTEN osteosarcoma cell lines, respectively.

DISCUSSION

Spindle cell/sclerosing rhabdomyosarcoma is a highly aggressive malignant skeletal muscle
tumor, and patients with this diagnosis have poor clinical outcomes despite currently avail-
able standard-of-care interventions. The rarity of ssRMS and the lack of patient-derived cell
lines are barriers to understanding tumor biology and expanding treatment options. To date,
there have been only two ssRMS patient-derived cell lines (Schleicher et al. 2020; Yoshimatsu
et al. 2020), and functional analyses in these rare tumors are limited. Herewe provide data on
OHSU-SARC001, a cell line derived from an ssRMS pediatric tumor specimen. NGS profiling
identified a novel PIK3CA exon 9 deletion and a GNAS mutation, as well as a truncating
PTENE291fs∗7 mutation. We studied the functional impact of the novel PIK3CA mutation
and also studied the influence of the GNAS mutation in tumor cells of this lineage. In addi-
tion, we explored the utility of molecularly targeting the PI3K/AKT/mTOR pathway that is ac-
tivated in these cells via tailored drug testing.

Our data reveal that the novel PIK3CAI459_T462del deletion mutation induces constitutive
catalytic activation of the kinase. Recent studies recognized coexistent PIK3CAmutations in
MYOD1 L122R patients. Shukla et al. (2012) initially noted three of 60 embryonal rhabdo-
myosarcoma (ERMS) patients had PIK3CA E545L, E542K, or H1047R mutations. Since
then, additional concurrent PIK3CA mutations have been reported. Agaram et al. (2019)
found that 10 of 30 MYOD1-mutated ssRMS patients had concurrent PI3KCA exon 2
(K111E and K111del), exon 9 (E542K, E542V, E545A, E545K, and Q546R), and exon 20
(M1043V, H1047R, and G1049R) mutations that encompassed the kinase domain. Our study
now identifies an additional PIK3CAmutation (I459_T462del), located in exon 9, as a poten-
tially pathogenic variant. Crystal structure rendering of PIK3CAI459_T462del provides a struc-
tural rationale supporting our biochemical findings; the I459-T462 deletion resides at the
interface of the PI3K catalytic and regulatory subunits and proximal to the established onco-
genic PI3KCAE545 hotspot. One study investigated the clinical significance of PIK3CA in
ssRMS outcomes; survival outcomes tended to be worse in cases with concurrent PIK3CA
gain-of-function andMYOD1mutation(s) versus cases that were WT PIK3CA, although find-
ings were not statistically significant (Agaram et al. 2019). Conversely, another study noted a
statistically significant worse outcome in patients with concurrent PIK3CA and MYOD1 mu-
tations versus those withMYOD1mutant alone (Wang et al. 2018). Additional investigations
in ssRMS will shed light on the role of PIK3CA in oncogenesis in ssRMS, the potential of PI3K
pathway–focused treatments, and the clinical impact of these mutations.

We found that OHSU-SARC001 has complete loss of PTEN protein. Our finding supports
previous publications identifying concurrent PTEN loss inMYOD1-mutated ssRMS patients.
In a study using targeted exome sequencing, PTEN deletions were noted in 2 of 10 patients
(Agaram et al. 2019). In another study, two cases were noted to have PTEN deletions in ad-
dition to MYOD1 L122R (Kohsaka et al. 2014). Again, the prognostic significance of mutant
PTEN compared to WT PTEN inMYOD1-mutated ssRMS patients is currently unknown, and
further investigations are warranted as more cases are identified.
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The loss of PTENE291fs∗7 in OHSU-SARC001 and the role of PIK3CAI459_T462del as an ac-
tivator of the mTOR/PI3K/AKT pathway suggested potential vulnerability to PIK3CA, AKT,
and mTOR inhibitors. Susceptibility to targeted treatment involving the PI3K/AKT/mTOR
pathway was supported by cell viability assays, in particular AKT inhibitors were relatively
less effective in osteosarcoma cell lines (HOS, SJSA1, and MG63) that have wild-type
PI3KCA and PTEN (Supplemental Fig. 2). AKT and dual mTOR/PIK3CA inhibitors could be
beneficial in the setting of complex feedback loops in which inhibition of mTOR or
PIK3CA can result in compensatory activation of the mTOR/PI3K pathway (Courtney et al.
2010). Adverse reactions and issues of tolerability with dual mTOR/PIK3CA and AKT inhib-
itors have been noted in several studies (Britten et al. 2014; Grabinski et al. 2014; Carlo et al.
2016; Powles et al. 2016). In addition, OHSU-SARC001 cells remain partially resistant to
these molecularly targeted agents, as noted by their inability to achieve 100% killing in
dose–response cell viability assays. These potential challenges may pose hurdles in translat-
ing our preclinical findings. However, the synergistic effects of dual mTOR/PIK3CA and AKT
inhibitors in combination with other treatment options are unclear, and further studies are
merited. Indeed, the effectiveness of combining treatment with IGF1R inhibitors and MEK
inhibitor trametinib was shown to be more effective than single agent alone in a xenograft
model of rhabdomyosarcoma (Yohe et al. 2018).

Another interesting observation in our studieswas that although rapamycin and everolimus
nearly completely suppressed p70S6K and S6 phosphorylation (key downstream effectors of
mTOR), cell viability assays indicated growth-suppressive rather than dose-dependent cyto-
toxic effects. Single-agent mTOR inhibitors have been previously shown to induce cytostatic
instead of cytotoxic effects (Easton and Houghton 2006; Faivre et al. 2006). Specifically, it
was shown that mTOR inhibition induced G1-S arrest by decreasing cyclin D1 and increasing
p27 expression (Hashemolhosseini et al. 1998). We observe a decrease in cyclin D1 levels in
rapamycin and everolimus-treated SARC001 cells (Supplemental Fig. 3); however, no correla-
tive increase in p27 Kip1 is observed. Further studies exploring the putative mechanisms gov-
erning this quiescent or cytostatic effect of mTOR inhibition in OHSU-SARC001 are indicated.
Several theories including compensatory signaling pathways, epigenetic status, or mitochon-
drial priming are thought to contribute to lack of cytotoxicity (Yea and Fruman 2013).
Interestingly, some tumors with PTEN loss have demonstrated susceptibility to mTOR inhibi-
tion (Podsypanina et al. 2001). In RMS,mTOR inhibition by rapamycin triggers a negative feed-
backmechanism resulting in the activation of AKT, which is dependent on IGF/IGF1R signaling
(Wan et al. 2007). In vitro studies in RMS cells show that inhibition of IGF-1R with an antibody
may be a putative strategy to block the AKT activation that occurs because of rapamycin-in-
duced compensatory feedback pathways; these combination therapeutic strategies may en-
hance mTOR sensitivity (Wan et al. 2007; Cao et al. 2008).

Our data reveal that GNASR201C does not enhance the MEK/ERK pathway signaling as
compared to wild-type GNAS in C2C12, murine myoblast lineage cells, and, correlatively,
MEK inhibitors had no effect on OHSU-SARC001 viability. Thus, the GNASR201C alteration
may drive other pathways dependent on cAMP, such as metabolic pathways.
Correspondingly, an in vivo colorectal murine study found that GNASR201C alone was insuf-
ficient to generate tumors. However, when crossbred to express APC inactivation and
GNASR201C, mice developed a twofold increase in adenomas (Wilson et al. 2010).
GNASR201C in our ssRMS model may act in a similar cooperative fashion with the other on-
cogenic aberrations that we did not fully recapitulate in ourmodel system. Additionally, com-
bination treatments involving MEK/ERK inhibitors may be necessary in order to result in cell
death. Notably, MAPK and mTOR/AKT pathways appear to intersect and coregulate down-
stream functions with forkhead box transcription factor class O (FOXO), BCL-2 associated
death promoter (BAD), and glycogen synthase kinase 3 (GSK3) (Mendoza et al. 2011). This
cross talk could therefore limit the efficacy of single-agent inhibitors. In rhabdomyosarcoma,
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synergistic lethal effects occurred when combining PI3K/mTOR andMEK inhibitors, whereas
single agents induced minimal cell death (Guenther et al. 2013). These studies may provide
rationale for testing MAPK and PIK3CA/mTOR inhibitor combinations in ssRMS.

A limitation in our cell viability assays is that we did not test standard-of-care chemother-
apy agents. Given that ssRMS patients are often resistant to standard chemotherapy, we
sought to focus efforts in precision medicine strategies, as pediatric patients may benefit
from less toxic therapies. However, with the notable susceptibility to AKT and mTOR/AKT
inhibitors, future investigations into potential synergistic effects of chemotherapy in combi-
nation with targeted treatments are indicated.

The rarity of patients with ssRMS and the lack of preclinical ssRMS models pose a chal-
lenge to understanding the tumor biology and susceptibility to targeted treatments. With
the development of a validated, pediatric patient–derived ssRMS cell line, we now have
an opportunity for further preclinical investigations. This is the initial step in advancing knowl-
edge of pediatric ssRMS tumor biology, potentially leading to future clinical trials.

METHODS

Generation of Patient-Derived Cell Line
Patient consent was obtained per an institutional review board–approved biological speci-
men collection protocol (IRB#4918). Tissue samples were collected and minced in
Dulbecco’s modified Eagle’s medium (DMEM):F12, 2% (v/v) fetal bovine serum (FBS), 1%
(v/v) glutamax, 1% (v/v) sodium pyruvate, 1% (v/v) penicillin and streptomycin, and 0.5%
(v/v) fungizone. The tumor underwent collagenase IV treatment for 25 min while shaken at
37°C. D10 with 10% fetal bovine serum (FBS) was added to neutralize the reaction. The sam-
ple was spun down at 200g for 5 min, and cells were counted via hemocytometer and seed-
ed in T25 flasks in DMEM:F12 supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 0.5% (v/v) fungizone. The initial culture expanded and the first passage
of cells was frozen and cryopreserved using BAMBANKER medium.

Validation of Patient-Derived Cell Line Using Next-Generation Sequencing
Genomic DNA from OHSU-SARC001 was extracted usinga PureLink Genomic DNA Kit
(Invitrogen) following the manufacturer’s guidelines. An amount of 10 ng of gDNA was sub-
mitted to the Knight Diagnostic Laboratories, a CLIA-licensed and College of American
Pathologists (CAP)-certified laboratory, for GeneTrails Comprehensive Solid Tumor Panel.
Tumor-rich regions of FFPE sections of tissue were macrodissected and deparaffinized,
and total nucleic acid was extracted and purified using the NucleoSpin Tissue kit
(Machery-Nagel). Amplicon-based sequencing libraries (custom QIAseq panel, QIAGEN)
covering the protein coding regions of 124 cancer-related genes (Mitri et al. 2018) were pre-
pared from tumor DNA samples and sequenced on an Illumina NextSeq550. Sequence
alignment and variant calls were determined using a CLIA-validated pipeline.

Cell Lines
OHSU-SARC001 cells were grown in a humidified incubator under 5% CO2 at 37°C and cul-
tured using DMEM:F12 supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine, 1% (v/v)
penicillin/streptomycin, and 0.5% (v/v) fungizone. C2C12 cells were purchased from the
American Type Culture Collection (CRL-1772). U2OS, C2C12, and C2C12 stable cell lines
were cultured in D10 supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine, 1% (v/v) pen-
icillin/streptomycin, and 0.5% (v/v) fungizone.
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Site-Directed Mutagenesis
pDONR223-PIK3CA and pDONR221-GNAS were purchased from Addgene and DNASU,
respectively. PIK3CAWT, PIK3CAI459_T462del, GNASWT, and GNASR201C mutants were gen-
erated using site-directed mutagenesis (primers listed in Supplemental Table 2) following
manufacturer’s guidelines (Agilent) and verified via sequencing. PIK3CAE545, GNAS WT in
addition to PIK3CA WT, PIK3CAI459_T462del, and GNASR201C plasmids were propagated us-
ing Stellar competent cells (Clontech) and were processed using QIAprep Spin Miniprep Kit
(QIAGEN) per manufacture guidelines. All PIK3CA and GNAS plasmids were inserted into
destination vector pCX4-puro using Gateway LR Clonase II enzyme mix (Invitrogen) follow-
ing manufacturer’s instructions. A previously described and validated MYOD1 L122R plas-
mid with a pCX4-zeocin-containing vector was used (Kohsaka et al. 2014). Samples were
miniprepped using QIAprep Spin Miniprep Kit (QIAGEN) following manufacturer’s
directions.

Generation of Incompetent Infectious Ecotropic Retroviral Particles
and Transduction of C2C12 Stable Cell Lines
Platinum E-cells (Cell Biolabs, Inc.) were transfected in six-well plates using 4 µg of puromy-
cin-selectable pCX4-pur retroviral vectors harboring PIK3CA WT, PIK3CAE545K,
PIK3CAI459_T462del, GNAS WT, or GNASR201C inserts, or a pCX4-bleo (zeomycin-resistant)
MYOD L122R insert using DNA transfection reagent from BioTool to generate replication-
incompetent, ecotropic retrovirus. After 48 h, 60% confluent C2C12 cells were transduced
with retroviral particle–containing culture supernatants. PIK3CA-transduced cell lines were
selected using 0.5 µg/mL puromycin (InvivoGen), GNAS-transduced cell lines underwent se-
lection with 1 µg/mL puromycin (InvivoGen), and MYOD1 with 750 µg/mL zeocin
(InvivoGen). Cell lines were selected with the respective antibiotics for 14 d.

Sanger Sequencing for Validation of C2C12 Stable Cell Lines
Stable cell lines were validated using Sanger sequencing of polymerase chain reaction (PCR)-
amplified genomic DNA (Supplemental Table 2). Specifically, for genomic DNA isolation,
phosphate-buffered saline (PBS)-washed cell line pellets were mixed with QuickExtra DNA
extraction solution (Lucigen) and incubated as follows: 10 min at 68°C, followed by 15 min
at 95°C. PCR amplification of regions of interest was performed using BestTaq (Applied
Biological Materials Inc.) with respective primer sets (Supplemental Table 2). PCR samples
were cleaned on DNA Clean & Concentrator-25 (Zymo Research) columns and submitted
for Sanger sequencing. GNAS, PIK3CA WT, PIK3CAE545, PIK3CAI459_T462del, GNAS WT,
and GNASR201C mutations were confirmed with sequencing primers indicated in
Supplemental Table 2.

OHSU-SARC001 PDX Mouse Model
Mice were cared for per the Memorial Sloan Kettering Cancer Center Institutional Animal
Care and Use Committee and Research Animal Resource Center. OHSU-SARC001 cells
were trypsinized and counted per hemocytometer. The 5×106 OHSU-SARC001 cells
were pelleted and resuspended in PBS. The PBS mixture was mixed 1:1 with Matrigel
(Corning) and injected subcutaneously into a flank of a 6-wk-old female NSG mouse.
Tumor growth was assessed weekly, and tumor volume was calculated using volume×
length ×width2× 0.52. Tumors were serially transplanted three times.

Histology and Immunohistochemistry
Slides were H&E-stained, and immunohistochemistry was performed on FFPE tissues using
standard protocols and immunoperoxidase techniques with appropriate controls. H&E
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slides from the mouse PDX tissue were compared to the original patient tumor. Antibodies
used to evaluate both the primary patient tumor and PDX are described in Supplemental
Table 1. MYOD1 staining was completed by PhenoPath Laboratories.

Immunoblotting
For Akt/mTOR signaling assessments, C2C12 PIK3CAE545, C2C12 PIK3CA WT, C2C12
PIK3CAI459_T462del, C2C12 GNAS WT, and C2C12 GNASR201C pellets were serum-starved
for 6 h. For characterization of the drug effect on SARC001 and the Akt/mTOR- and ERK-sig-
naling pathways, drugs LY3023414 (MedChemExpress), trametinib (Selleckchem), everoli-
mus (Selleckchem), bimiralisib (Cayman Chemical), and rapamycin (Selleckchem) were
used at concentrations of 50 and 250 nM (diluted with dimethylsulfoxide [DMSO]) for 24
h. Cell pellets were lysed in 200 µL cell lysis buffer (Cell Signaling Technologies [CST]) sup-
plemented with 0.25% deoxycholate, 0.05% sodium dodecyl sulfate (SDS), and protease
and phosphatase inhibitors (BioTool). Protein concentrations were assessed using the
Pierce BCA Protein assay kit (ThermoFisher Scientific). Protein was denatured using 1×
NuPAGE LDS Sample Buffer (Invitrogen) for 10 min at 75°C. Samples were loaded into
Bolt 4%–12% Bis-Tris Plus gels (Fisher Scientific) with MOPS or MES buffers. Proteins were
transferred onto nitrocellulose membranes (Prometheus) and probed for the following anti-
bodies: phospho-Akt (Ser473) (D9E) (4060S, 1:1000; CST), phospho-Akt (Thr308) (244F9)
(4056S, 1:1000; CST), total Akt (40D4) (2920S, 1:1000; CST), phospho-mTOR (Ser2448
([5536S, 1:2000; CST), total mTOR (7C10) (2983, 1:1000; CST), phospho-p44/42 MAPK
(T202/Y204) (9101, 1:1000; CST), total p44/42 MAPK (ERK 2) (D-2) (sc-1647, 1:1000; Santa
Cruz Biotechnology), phospho-4EBP1 (T37/46)(236B4) (2855S, 1:1000; CST), total 4EBP1
(53H11) (9644, 1:1000; CST), phospho-tuberin/TSC2 (Thr1462)(5B12) (3617S, 1:1000;
CST), total-tuberin/TSC2 (3612S, 1:1000; CST), phospho-S6 (S235/236) (D57.2.E) (4858S,
1:1000; CST), total – S6 (54D2) (2317S, 1:1000; CST), phospho-eIF4E (S209) (9741,
1:1000; CST), phospho- p70 S6 Kinase (Thr389) (9205, 1:1000; CST), phospho-p70 S6
Kinase (Thr421 and S424) (A5033, 1:1000; Bimake) phospho-B-Raf (F-7) (sc-5284, 1:1000;
Santa Cruz Biotechnology), phospho-c-Raf (D4B3J) (9422S, 1:1000, CST), phospho rap-1B
(36E1) (2326S, 1:1000; CST), PTEN (A5040, 1:1000; Bimake), cyclin D1 (A5035, 1:1000;
Bimake), p27 kip1 (3698, 1:1000; CST), α-tubulin (EP1332Y) (52866, 1:1000; Abcam)
GAPDH (14C10) (2118S, 1:5000; CST), and actin (JLA-20, 1:5000; DSHB). Blots were imaged
using a Bio-Rad ChemiDoc imaging station (per manufacturer’s protocol using horseradish
peroxidase–conjugated secondary antibodies) or Odyssey CLx using fluorescent secondary
antibodies.

Drug Dose–Reponses Curves
Between 1500 and 2000 cells per well of Plat-E, U2OS, SJSA1, HOS, andMG63were seeded
in a 384-well plate using a Multidrop Combi Reagent Dispenser (ThermoFisher Scientific) in
25 µL of media. Six thousand OHSU-SARC001 cells per well were seeded in a 96-well plate
manually. Plat-E, U2OS, SJSA1, HOS, and MG63 were seeded using D10 media,
whereas OHSU-SARC001 was seeded using DMEM:F12. Cells were cultured for 3–5 d
depending on doubling time. Inhibitors (LY3023414, everolimus, bimiralisib, rapamycin,
trametinib, doxorubicin [Selleckchem], vincristine [MedChemExpress)], actinomycin
[MedChemExpress], DMSO, and staurosporine [Selleckchem]) were added using a D300
Digital Dispenser (Hewlett-Packard) ranging from 0.001 to 10 µM. Dose–response assays in-
volving ipatasertib and afuresertib (MedChemExpress) with ranges of 0.001 to 10 µM were
addedmanually to 96-well plates. Plat-E-, U2OS-, SJSA-, HOS-, andMG63-containing plates
were incubated for 72 h at 37°C and 5% CO2. OHSU-SARC001 cells were incubated for 6 d

Targeted agents in spindle cell rhabdomyosarcoma

C O L D S P R I N G H A R B O R

Molecular Case Studies

Choo et al. 2022 Cold Spring Harb Mol Case Stud 8: a006140 15 of 18

http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a006140/-/DC1
http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a006140/-/DC1


(given slow doubling time) at 37°C, 5% CO2. Viability was measured using a Cell Counting
Kit-8 (Bimake) and read on a Biotek Synergy 2 plate reader.

Statistics and Reproducibility
In vitro studies represent three independent experiments with triplicate samples for repro-
ducibility and rigor. Dose–response data was normalized and analyzed using Microsoft
Excel and GraphPad Prism to determine 50% growth inhibitory concentration (IC50) using
a nonlinear curve fit equation. Statistical analysis with two-way ANOVAwas performed using
Graphpad Prism.

ADDITIONAL INFORMATION

Data Deposition and Access
The PIK3CAI459_T462del variant has been submitted to ClinVar (https://www.ncbi.nlm.nih
.gov/clinvar) and can be found accession number VCV001327587.1. Additional information
is available from the corresponding author upon request.
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