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Abstract

Identifying and Characterizing Novel Targets against Rhabdomyosarcoma Disease Relapse

Thao Quang Pham

Chair of Supervisory Committee:
Associate Professor Eleanor Y Chen

Department of Pathology

Rhabdomyosarcoma (RMS) is the most common soft tissue pediatric sarcoma. Patients
with relapsed or metastatic disease are faced with a poor survival outlook. Self-renewal of tumor
propagating cells (TPCs) is believed to be responsible for driving RMS disease relapse through
resistance to conventional therapies and recapitulation of RMS tumor heterogeneity. Identifying
novel regulators of TPC activity may provide insight into potential therapeutic targets. In this
dissertation, | identify and characterize GRK5 and HDACG6 as novel regulators of RMS cell
growth and self-renewal. GRKS5, a G-protein receptor kinase, regulates cell cycle in a kinase-
independent manner to promote RMS tumor cell growth. Loss of GRKS results in significant
reduction of RMS self-renewal capacity due to increased cell death. HDACSB, a histone
deacetylase, promotes RMS tumor growth by modulating cell cycle progression and tumor cell
differentiation. Depletion of HDACG6 reduces RMS self-renewal capacity by limiting dilution
assays and expression of stem-cell markers SOX2, NANOG and OCTA4. In vivo inhibition of
GRK5 and HDACG6 with small molecule inhibitors results in reduced RMS tumor cell growth,
demonstrating their potential as therapeutic targets. Current in vitro approaches for studying
RMS TPCs are unspecific, with in vivo methods being time intensive and costly. | will present
preliminary data identifying CD133 as a potential marker for embryonal rhabdomyosarcoma
(ERMS) TPCs for rapid in vitro characterization of TPC behavior. Collectively, my findings
demonstrate the potential of RMS TPCs as therapeutic targets against RMS disease relapse

and metastasis.
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Chapter 1: Introduction
AUTHORS: Thao Pham’, Eleanor Y. Chen'

1. Department of Pathology, University of Washington, Seattle, WA



Overview

Just as each individual patient is unique, each cancer possesses unique characteristics
that make treatment difficult. Surgery, radiation and chemotherapy kill both healthy and
cancerous cells, resulting in harmful side effects to the patient. Recent advancements in
immunotherapy and small molecule inhibitors have shown personalized, more targeted
therapies provide a better standard of care. However, concern over disease relapse remains.
Relapsed disease often is more aggressive and resistant against previously administered
treatment. Thus, there remains the need of understanding the mechanism behind cancer
disease relapse and the possible ways of treating it.

Chapter 1 will highlight our current understanding behind rhabdomyosarcoma (RMS), a
common pediatric sarcoma, and introduce key concepts that are explored in further chapters.
Chapter 2 presents results of a study into G-protein coupled receptor 5’s (GRK5) role in RMS
disease and its potential as a therapeutic target. Chapter 3 will focus on histone deacetylase 6
(HDAC6) and its role in RMS disease. Chapter 4 explores the potential role of tumor
propagating cells (TPC) driving RMS disease relapse and how we may better study them.
Chapter 5 will have concluding remarks and discuss how the research in this thesis contributes

to our understanding of RMS disease and how to potentially treat it.

Rhabdomyosarcoma (RMS)

Sarcomas are a heterogeneous group of cancers derived from the mesenchymal cell
lineage'. Mesenchymal cells give rise to both skeletal and smooth muscle, as well as fat, bone
and cartiledge®. Sarcomas that present in areas other than bone are categorized as soft tissue
sarcomas’?. Identification and categorization of soft-tissue sarcomas require biopsy of a tumor
for histological and genetic testing’. Soft tissue sarcomas are considered quite rare, with an
incidence rate of less than 1%'~. 7.4% of cancer cases in children and young adults under the
age 20 are categorized as being soft tissue sarcomas. Of these cases, 40% are identified as
rhabdomyosarcoma (RMS)?. RMS is the most common soft tissue pediatric sarcoma.
Histological and genetic characterization of RMS tumors show classic hallmarks of myogenesis,
resulting in the use of the term “muscle” cancer®. This includes RMS tumors expressing
myogenic markers such as MYF5 and MYOD®®. However, this term may be misleading as RMS
tumors can present in connective or bone tissue. RMS tumors can be further categorized into
subtypes, such as embryonal, alveolar, pleomorphic, spindle cell/sclerosing or anaplastic’’.
Embryonal (ERMS) and alveolar (ARMS) will be the focus of further discussion.



Embryonal Rhabdomyosarcoma (ERMS)

ERMS is the most common RMS subtype, accounting for about 75% of confirmed cases
in patients younger than 20 years of age?. ERMS tends to present in children younger than 5
years old?. RMS tumors are categorized as ERMS subtype based upon distinct histological and
genetic signatures. ERMS tumors histologically resemble an unorganized, heterogeneous
population of cells that have arrested during various stages of myogenesis' (Figure 1).
Compared to ARMS, ERMS typically do not contain a fusion protein resulting from a
translocation event, leading to the term “Fusion Negative RMS” (FNRMS). ERMS tumors tend to
present in the head and neck region (29%), with other common locations being the genital and
urinary organs (18% and 10%)>2. The average 5-year survival rate for patients diagnosed with
ERMS varies based upon initial staging criteria set by the Intergroup Rhabdomyosarcoma Study
(IRS). Stage | patients who present with localized disease that can be completely resected have
the highest 5-year survival rate, at around greater than 90%’. Stage Il Il and IV patients
present with more metastatic disease progression at diagnosis and have worse 5-year survival
projections at 80%, 70% and 30% respecitively'. Overall, the 5-year survival rate for RMS is
64%, with ERMS patients seeing a slightly higher rate of 68%?. This is partially explained due to
ERMS cases having superior outcomes compared to other subtypes, such as ARMS?. However,
patients that present with relapsed ERMS disease, on average, will see their 5-year survival rate
fall to 26% resulting in a need for additional treatment options®.

ERMS are also unique in their relatively low mutation burden when compared to other
more commonly known cancers®. This is due to the relatively early onset of RMS in patients
compared to other cancer types. Loss of heterozygosity (LOH) of 11p15.5 is believed to be a
landmark event in the development of ERMS"'%"" | LOH at 11p15.5 leads to loss of imprinting
control over the IGF2 locus, resulting in overexpression of this potent growth factor’'"'2. The
second most frequent genetic lesion found in ERMS tumors are mutations in genes in the RAS
signaling pathway. Independent studies have shown that activating mutations in the RAS pathway
are found in at least 45% of ERMS cases, with alterations of NRAS being the most common'?"¢.
Other common mutations found in ERMS include those to several tyrosine kinases (FGFR,
PDGFRA, ERBB2) and PI3K signaling family (PIK3CA, PIK3CD, PTEN)""'*. Thus, genetic
diseases such as Costello Syndrome (germline HRAS mutation), Noonan Syndrome (NRAS,
KRAS, PTPN11 mutations) and Neurofibromatosis (NF7 mutation) increases the chances a
patient will develop ERMS'2. In total, ERMS tumors carry far more clonal mutations compared to
subclonal mutations, indicating a low level of mutation accumulation throughout the history of the

tumor'?. Molecular alterations commonly found in other cancer types appear to not apply in
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ERMS. TP53, a potent tumor suppressor commonly found mutated in other cancer types (38%-
50%), is less affected in ERMS (5.3%-12%)""'*"". Activation of the WINT signaling pathway has
been found in various cancers such as leukemia and breast cancer'®. Silencing of canonical WNT
signaling in chronic lymphocytic leukemia (CLL) was found to increase apoptosis in vitro'®.
However, in ERMS activation of WNT/B-catenin signaling results in tumor-suppressive effects,
such as ERMS tumor cell differentiation, growth and reduced self-renewal®. During adult muscle
regeneration, activation of canonical WNT signaling in muscle satellite cells is necessary for
differentiation, indicating a defective myogenic process in ERMS is driving tumor cell growth?*?'.
Due to ERMS sharing common characteristics to cells undergoing myogenesis, various studies
have investigated the role of myogenic markers in ERMS pathogenesis. MYOD, a myogenic
marker, that typically functions to drive muscle cell differentiation, has been found to act in
aberrant roles in ERMS?%, Mutations to MYOD in combination with those in the PI3K-AKT
pathway confer an aggressive form of ERMS?’. A specific mutation to the DNA-binding site of
MYOD, L122R, was shown to confer recognition of MYOD to MYC, a proto-oncogene, gene target
sites?®. The epigenetic landscape of MYOD gene targets in ERMS has also been found to be
altered compared to primary muscle cells?*. Taken together, while ERMS may possess myogenic

markers, their ability to fully commit to muscle differentiation is defective.

Alveolar Rhabdomyosarcoma (ARMS)

ARMS is the second most common RMS subtype, making up 20%-31% of RMS
cases"®. ARMS presents in patients over a wider range of ages compared to ERMS?. ARMS is
characterized by the histological presentation of an alveolar pattern of small, undifferentiated
cells along with a fusion protein between PAX3/PAX7 and FOXO1A (Figure 1B)'. Tumors
typically present in the extremities of patients (39%) and in the head and neck area (22%)>. 5-
year survival rates of ARMS patients are lower than ERMS, at around 59%?. Patients who
experienced relapsed ARMS disease are faced with a 5% 5-year survival rate, making ARMS
the most aggressive RMS subtype®.

80% of ARMS cases have a detectable fusion protein of either PAX3/FOXO1 (60%) or
PAXT7/FOXO01 (20%)*. Rarer fusion proteins have also been identified, such as
PAX3/NCOAT13'. The remaining 20% of histologically characterized ARMS tumors have no
detectable fusion protein and are clinically and molecularly indistinguishable from FNRMS332,
ARMS presenting without the presence of a fusion protein have a better outlook when
compared to fusion protein positive ARMS*2. The most common fusion protein variants found in

ARMS result from a chromosomal translocation event between chromosome 2 (PAX3) or
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chromosome 1 (PAX7) with FOXO1 on chromosome 13%3, This fuses together the amino-
terminal domain of the PAX3/PAX7 with the DNA-binding of FOXO1*3%*_ While the presence of
PAX3/PAX7-FOXO1 is necessary for ARMS pathogenesis and confers a more aggressive
nature, in vivo studies have shown it is not sufficient for ARMS tumorigenesis®*>*. Additional
mutations to tumor suppressor genes Tp53 and Cdkn2a were required in a mouse model of
ARMS for tumors to arise®”. Similar to ERMS, ARMS tumors carry a relatively low mutation
burden compared to other cancer types'?. Sequencing analysis of primary ARMS tumors
showed a high percentage of chromosomal amplification in fusion positive ARMS'2. PAX3-
FOXO1 tumors saw whole chromosomal duplication of the oncogene whereas PAX7-FOXO1
samples saw frequent focal amplication'?. This chromosomal duplication event in combination
with focal amplification of CDK4, MYCN or LOH at 11p is believed to be the penultimate step
before ARMS tumorigenesis in patients’. Investigation into the role of PAX3/PAX7-FOXO1 in
ARMS revealed multiple functions. PAX3-FOXO1 expression is able to rescue a Pax3 deficient
mouse model by activating Pax3 target genes, including Myod, indicating its ability to activate
genes responsible for driving myogenic differentiation®=°. However, at the same time, PAX3-
FOXO1 works to both inhibit MYOD activation of differentiation genes and turn on proliferation
genes in ARMS. PAX3-FOXO1 directly upregulates JARIDZ2 expression resulting in JARID2-
EZH2 mediated recruitment of the PRC2 complex histone repressor complex to MYOG and
MYLH"**1, At the same time, PAX3-FOXO1 works to turn on various proliferation and pro-
survival genes including IGFR4, MYCN, MET, IGF1R and BCL2L1"'#?=% This combination of
activity by PAX3-FOXO1 helps to create ARMS’s characteristic presentation of tumor cells
defective in terminal muscle differentiation. While ARMS and ERMS tumor cells may have
hijacked different pathways to drive tumor cell proliferation, they both converge downstream in

blocking activation of genes required for terminal differentiation (Figure 1C).

Current standard treatment of care for RMS patients

Surgical resection of the primary tumor is commonly the first method of attack in treating
patients with RMS™"#¢_ A grouping system devised by the IRS to classify patients following
surgery is a useful predicator for patient outcome and a guide for further treatment*®. This
grouping system combines together tumor staging (I-1V) with pathological features and the
effectiveness of initial tumor resection''. Patients with localized disease that is completely
resected (Group 1) see a 83% 3-year failure-free survival (FFS) rate*. Those with evidence of
regional spread (Group Il) or with advance presentation with incomplete resection (Group III)

see a drop in their FFS rate to 86% and 73% respectively. Those in Group IV have distant
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metastatic disease and have a >30% FFS rate*®. To better treat RMS patients, the Children’s
Oncology Group (COG) used the IRS grouping system to place patients into 3 risk stratification
levels (low, intermediate and high risk)''¢. Low-risk RMS patients, which included only ERMS
cases in Group I/ll, are given 45 weeks of a combination of either vincristine and, actinomycin-D
(VA) or vincristine, actinomycin-D and cyclophosphamide (VAC)*. These patients saw a 5-year
FFS of 85% and 93% respectively*®. Intermediate-risk patients (ERMS Group Il and ARMS
Group I-111) typically receive VAC with or without alternating cycles of
vincristine/topotecan/cyclophosphamide (VTV)*. This results in a 4-year FFS of 73% for VAC
treatment and 68% VAC/VTC treatment*®. High-risk RMS patients (Group IV ERMS and ARMS
of any age) see an increase in the types of chemotherapeutic agents they may receive.
Vincristine alongside irinotecan (V1) has been used in combination with interval-compressed
additions of vincristine/doxorubicin/cyclophosphamide and alternating ifosfamide/etoposide®®. A
study of high-risk RMS patients who received this treatment combination saw a preliminary
result of 18-month FFS of 66% and overall survival of 80%*¢. Concern remain about the
duration over which RMS patients may receive chemotherapy. Chemotherapeutic agents
present concerns over toxicity overexposure, and thus, determining the optimal period of
treatment is critical®’.

However, the major concern RMS patients face today is disease relapse. Following
disease relapse, the median survival of RMS patients is 0.8 years with the estimated 5-year
survival rate being 17%?®. Individuals who received a more intensive treatment combination were
shown to respond worse following disease relapse, compared to those who were in a lower risk
group®''. Thus, there remains a need for alternative therapeutic options for relapsed or
metastatic RMS disease. Novel therapeutic targets against RMS would also allow for the

potential of reduced use of chemotherapeutics to improve patient quality of life.

Identification of molecular therapeutic targets

While a molecular target against RMS may show promise in the lab, their success in the
clinic remains limited. IGF1R is a receptor tyrosine kinase that is found to be highly upregulated
in ARMS*8. A phase Il clinical trial tested an IGF1R monoclonal antibody, R1507, in a cohort of
RMS patients*. They found that only 1 RMS patient saw partial response to the treatment*. A
subsequent phase |l trial of another IGF1R inhibitor, in combination with an mTOR inhibitor, also
showed no significant response in RMS patients*®. There currently exists the need for further

studies in identifying novel therapeutic targets that show promise in both the lab and clinic.
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Therapeutic targeting of protein kinases has been demonstrated to be an effective
treatment option for a variety of cancers®. There exists at least 500 kinases in the human
genome, many of which have been linked to the promotion of cancer progression and
relapse®®®'. The roles of kinases in the pathogenesis of cancer and other human diseases have
been studied extensively over the past 20 years®?. However, there currently exist only 48 FDA-
approved kinase inhibitors, many of which share the same targets®?. Of the 48 FDA-approved
kinase inhibitors, none have been tested for their therapeutic effects against advanced RMS
disease®. While previous studies have shown MEK, CDK4/6 and WEE1 as promising kinase
targets for inhibiting tumor growth, druggable kinases against RMS self-renewal have been
poorly characterized®***. The study by Chen et al (2014) shows that chemical inhibition of
glycogen synthase kinase 3 (GSK3) reduces ERMS tumor growth and self-renewal,
demonstrating the therapeutic potential for targeting protein kinases that play a role in the

regulation of RMS tumor growth and self-renewal'®

. Therefore, our lab performed a siRNA
library screen against the entire human kinome (714 kinases) to identify novel molecular targets
that regulate RMS cell growth. | shall go into detail regarding one promising candidate, GRKS, in
a later chapter.

Histone deacetylases (HDACSs) are a class of epigenetic modifiers implicated in various
cancers including osteosarcoma, lung cancer and RMS***¢. Previous work done by the Chen
lab has identified the role of HDACs in regulating ERMS cell growth, motility and
differentiation®-%¢. Treatment of ERMS cancer cell lines with two pan HDAC inhibitors, TSA and
SAHA, resulted in reduced tumor growth through induction of myogenic differentiation®’. This
was found to be through HDAC modulation of Notch1 and EphrinB1 signaling pathways®®. Our
subsequent study utilizing a high throughput CRISPR/Cas9 screen, identified HDAC3 as a
major repressor of ERMS differentiation®®. HDAC3, in tandem with NCOR, forms a complex that
repress MYOD/E2A-mediated transcription of myogenic differentiation genes®®. Disruption of
either HDAC3 or NCOR1/2 results in significant ERMS cancer cell differentiation®®. HDAC3 was
also implicated in suppressing the expression of PAX3-FOXO1 in ARMS through a HDAC3-
SMARCA4-miR-27a signaling axis, expanding its role across both ERMS and ARMS®*°. From
our high throughput CRISPR/Cas9 screen of class I/l HDACs, we identified additional HDACs
that potentially play a role in regulating RMS tumor cell growth®. | will discuss our findings on
one of these candidate HDACs, HDACS, in a later chapter.
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Tumor propagating cells (TPCs) as potential drivers of RMS relapse

Liquid and solid tumors are comprised of a hierarchical system of cells, each possessing
different characteristics. Early studies of acute myeloid leukemia (AML) suggested the existence
of a small, subpopulation of cells that behaved similar to hematopoietic stem cells®’. Stem cells
possess the ability of self-renewal, which allows for continued propagation of itself and
progenitor daughter cells®'. While the majority of AML cells were post mitotic, researchers
believed leukemic stem cells functioned as a driving source of new cancer cells®®. This concept
gave rise to what is known as the cancer stem cell theory®®5'. Tumor propagating cells (TPCs),
also commonly known as cancer stem cells, are thought to be responsible for metastasis and
relapse of some cancer types, such as leukemia, breast and lung cancer®'~%*. TPCs possess
stem cell-like characteristics that allow for the recapitulation of tumor heterogeneity in its
entirety®'. Tumor heterogeneity, and the role of TPCs, have been implicated as a mechanism
behind cancer acquired resistance to therapeutic agents®'®®. Chronic myeloid leukemia (CML)
TPCs are characterized by the oncogene BCR-ABL and high levels of CD34 expression®®.
While CML patients treated with Gleevec, a BCR-ABL inhibitor, see significant reduction in
disease burden, CML TPCs were found to still persist®®®’. Quiescent CML TPCs isolated from
patients in chronic phase at diagnosis showed resistant to Gleevec treatment in vitro®”. There is
also evidence indicating the role of chemotherapeutic resistant TPCs driving disease relapse in
solid tumors, such as pancreatic and breast cancer®®. Prolonged treatment of pancreatic
adenocarcinoma cancer cell lines with Gemcitabine results in favored survival of CD133 positive
TPCs in vitro and in vivo®®. Pancreatic adenocarcinoma TPCs were also seen to be more
resistant to chemotherapeutic induced cell death®. In breast cancer, prolonged exposure of
HER2 overexpressing breast cancer cells with tastuzumab, a HERZ2 receptor antibody, results in
TPC mediated resistance through PTEN inactivation and an IL6 inflammatory loop®. However,
studies have shown that targeting TPCs and bulk cancer cells together may provide a more
effective form of treatment. Inhibition of B-catenin or HDACs in combination with Imatinib, a
BCR-ABL antibody, effectively induces CML TPC apoptosis and delays disease recurrence in
vivo™®"". Treatment of pancreatic cancer cell lines with a STAT3 small molecule inhibitor
reduces TPC self-renewal capacity in vitro as well as tumor growth and relapse in vivo™.
Metformin, an anti-diabetic, in combination with doxorubicin, a chemotherapeutic agent, reduced

tumor growth and disease relapse in a breast cancer xenograft mouse model”

. Taken together,
these findings highlight the role of cancer TPCs in driving disease relapse and metastasis.
As RMS shares many similarities to normal muscle development, it has been theorized

that there exists a TPC population that function similarly to muscle satellite cells. Muscle
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satellite cells serve as a stem cell progenitor population, responsible for maintaining muscle cell
homeostasis’™. Following injury to muscle fibers, muscle satellite cells undergo clonal expansion
via asymmetric division to drive regeneration’®. These muscle satellite cells express certain
myogenic factors, such as MYF5 that indicate their stage during myogenesis’®. A potential TPC
population with self-renewal capacity has been identified in a transgenic zebrafish model of
ERMS’®. myf5 positive ERMS tumor cells were shown to possess the ability to generate new,
heterogeneous tumors following transplantation into new zebrafish hosts’®. Disruption of certain
molecular targets, such as GSK3, has been shown to deplete TPC populations and reduce the

I"°. However, in some RMS cancer cell lines, MYF5 was not found to

ability of ERMS self-renewa
be differentially expressed between potential TPCs and total cell population, making it a less
ideal TPC marker (Figure 2).

The spheroid assay is a surrogate in vitro assay that is commonly used to assess self-
renewal capacity in cancer cells”’. Cells are grown in suspension in medium containing a
collection of various growth factors such as EGF, FGF and bFGF’’. However, the medium in
which spheroids are grown may propagate potential TPCs as well as cells that possess only
stem-cell like characteristics’’. Therefore, the gold standard to test self-renewal of potential
TPCs remains clonal serial repopulation assays®’.

CD133 is a transmembrane glycoprotein that is used to label both cancer TPCs and
normal stem cells’®®'. Transplanted CD133 positive human derived cells showed greater
regenerative capacity than human myoblasts in a muscle injury mouse model®. A subset of
CD133 positive donor cells expressed both PAX7 and MYOD, markers of quiescent and
activated muscle satellite cells’®. CD133 expressing glioblastoma cells contained elevated
levels of neural precursor genes compared to CD133 negative cells®?. Samples of recurrent
glioblastoma tumors also showed significantly higher expression of CD133 compared to newly
diagnosed tumors®. In human ERMS, CD133-positive cells have also been found to possess
stem-like characteristics and are resistant to standard-of-care chemotherapy?®®. CD133 positive
ERMS and ARMS cells were shown to have higher expression of skeletal muscle progenitor
genes, such as PAX7 and cMET?®. However, the antibodies used in these studies identified
dramatically different percentages of CD133 positive RMS cells. A potential explanation for the
discrepancy may be due to differences in antibody specificity, as one was monoclonal and the
other polyclonal®#*. In addition, commonly recognized CD133 epitopes have the potential to be
hidden or inaccessible due to changes in glycosylation patterns, which may also impact

accurate CD133 representation®>®. Therefore, in a later chapter | will introduce our preliminary
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findings in endogenously labeling CD133 expressing RMS cells for further cellular

characterization.
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Figure 1. Embryonal (ERMS) and alveolar (ARMS) rhabdomyosarcoma are histologically

and molecular distinct. (A-B) Hematoxylin and eosin (H&E)-stained histology images showing
distinguishing characteristics of ERMS and ARMS tumors. (C-D) Summarization of major
hallmark events that result in the development of ERMS and ARMS.

Figure 2. MYF5 expression levels are similar between adherent and potential TPCs.
Quantitative PCR (gPCR) analysis to assess MYF5 expression between total adherent cells
(ADH) and serially passaged potential TPCs (PO = passage 0, P1 = passage 1, P3 = passage 3,
P5 = passage 5). Error bars represent 3 technical replicates from an independent biological

experiment.
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Introduction

Rhabdomyosarcoma (RMS) is the most common pediatric soft-tissue cancer. There are
two major subtypes of RMS, each with distinct histologic features and genetic alterations.
Embryonal rhabdomyosarcoma (ERMS) typically harbors mutations in the RAS pathway’.
Alveolar rhabdomyosarcoma (ARMS) is characterized by the presence of the PAX3- or PAX7-
FOXO1 fusion?. Other RMS subtypes include spindle cell (SC/S), pleomorphic (PRMS) and
those not otherwise specified (NOS). While the prognosis is good for patients with localized
disease, the survival rate for patients with relapsed RMS is only 10-30%?°, highlighting an urgent
need for more effective treatment options for disease relapse. Tumor propagating cells (TPCs)
are thought to be responsible for metastasis and relapse of some cancer types, such as breast
and lung cancer*”, and possess stem cell-like characteristics that allow for the recapitulation of
tumor heterogeneity in its entirety’. A potential TPC population with self-renewal capacity has
been identified in a conserved transgenic zebrafish model of ERMS8. In human ERMS, CD133-
positive cells have also been found to possess stem-like characteristics and are resistant to
standard-of-care chemotherapy?®. Targeting stem-like features of RMS would therefore provide
novel therapeutic avenues for treating RMS disease relapse and metastasis.

Therapeutic targeting of protein kinases has been demonstrated to be an effective
treatment option for a variety of cancers'®. There exists at least 500 kinases in the human
genome, many of which have been linked to the promotion of cancer progression and
relapse'®'". The roles of kinases in the pathogenesis of cancer and other human diseases have
been studied extensively over the past 20 years'?. However, there currently exists only 48 FDA-
approved kinase inhibitors, many of which share the same targets'?. Of the 48 FDA-approved
kinase inhibitors, none have shown beneficial therapeutic effects against advanced RMS
disease'2. While previous studies have shown MEK, CDK4/6 and WEE1 as promising kinase
targets for inhibiting tumor growth, druggable kinases against RMS self-renewal have been
poorly characterized'>'*. The study by Chen et al (2014) shows that chemical inhibition of
glycogen synthase kinase 3 (GSK3) reduces ERMS tumor growth and self-renewal,
demonstrating the therapeutic potential for targeting protein kinases that play a role in the
regulation of RMS tumor growth and self-renewal’.

G-protein coupled receptor kinase 5 (GRK5) belongs to a family of serine/threonine
kinases'® and plays an important role in cardiovascular disease pathogenesis and early heart
development'™"°. GRK5 targets the p-adrenergic receptors, members of the G-protein coupled
receptors family (GPCRs), leading to their desensitization and down regulation in

cardiomyocytes®, and is upregulated during heart failure?'. GRK5 can also function in a non-
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GPCR-dependent manner to regulate HDACS5 activity in cardiomyocytes, promoting
maladaptive hypertrophy and heart failure?>. While GRK5 has been extensively studied for its
role in heart disease, the role of GRKS in cancer pathogenesis is poorly characterized. To date,
GRKS5 has been shown to play a role in the pathogenesis of lung, brain and prostate
cancer*?*?*_In non-small cell lung cancer (NSCLC) and glioblastoma multiforme (GMB), GRK5
is highly expressed in primary patient specimens and depletion of GRKS5 results in reduced cell
growth*?3, Loss of GRK5 in NSCLC and prostate cancer cell lines also results in cell cycle
arrest®®2*, However, the role of GRK5 in RMS pathogenesis is unknown. GRK5 possesses a
unique combination of kinase activity and non-enzymatic protein domains for interacting with
substrates, making it an attractive target for drug design in translational applications?*2%2¢,

In this study, we have identified GRK5 as a novel regulator of RMS self-renewal in a
high-throughput siRNA library screen against the human kinome (714 kinases). Using the
CRISPR/Cas9-based genetic editing strategy, we show that GRK5 loss-of-function reduces
RMS self-renewal capacity in vitro and in vivo through increased programmed cell death. GRK5
regulates cell cycle progression to promote ERMS tumor cell growth in a kinase-independent
manner. NFAT1, a transcription factor involved in T-cell maturation?, is a key player in GRK5-
mediated cell cycle progression. Treatment of RMS xenografts with a selective GRKS5 inhibitor,
CCG-215022, results in a significant reduction of tumor growth, demonstrating the potential of
GRKS5 as a therapeutic target in RMS.

Results

A siRNA library screen of the human kinome identifies GRK5 as a novel regulator of
ERMS self-renewal.

To identify potential candidate kinases that are essential for self-renewal of ERMS, we
performed a siRNA library screen against the human kinome (714 kinases) in two ERMS cell
lines (RD and 381T). Each cell line was transfected with a pool of 3 siRNAs against each
kinase, along with control (scramble) siRNAs, in 384-well low attachment plates to induce
sphere formation. The sphere assay was used as a surrogate in vitro assay for assessing the
self-renewal capacity of tumor cells?®. RD and 381T cells were also transfected with the same
set of siRNAs in adherent conditions for assessing cell growth. An ATP-based viability assay
was performed on siRNA-transfected cells in adherent condition, and high-content imaging was
performed on the spheres. The normalized ratio of self-renewal capacity to cell growth
compared to controls for each kinase target was analyzed (see the volcano plot in Figure 1A).
Of the 714 kinases screened, 6 top candidate genes (FES, LTK, LYN, NME9, PIK3C2A, GRK))
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showed differential effects on self-renewal compared to cell growth and were prioritized for
further validation. We subsequently utilized a high-efficiency CRISPR/Cas9 gene targeting
strategy?® to validate the loss-of-function effect of each candidate kinase gene on self-renewal
of 381T ERMS cells (Figure 1B). GRKS was prioritized for further functional characterization due

to consistent loss-of-function effects on self-renewal of RMS cells.

GRKS3 is differentially expressed in RMS cells compared to normal tissue types and is
present in both nuclear and cytoplasmic compartments.

GRK5 mRNA expression levels were analyzed in 4 RMS cell lines (381T and SMS-CTR
of the ERMS subtype; Rh5 and Rh30 of the ARMS subtype) and compared against a primary
myoblast line and an immortalized fibroblast line. In the 4 RMS cell lines, regardless of subtype,
the expression level of GRKS is at least 2-fold higher compared to normal cell types (Figure 1C).
Immunofluorescence showed both nuclear and cytoplasmic localization of GRK5 in RMS cells
(Figure 1D). Immunohistochemistry performed on a tissue microarray (TMA) of primary human
RMS tumors showed positive GRK5 expression in the majority of RMS samples including 8/10
ERMS and 10/17 ARMS samples (Figure 1E). In contrast, normal muscle samples from 4
patients showed very weak or negative GRK5 expression. From these findings, GRKS5 appears
to be differentially expressed in RMS tumors and likely plays an important role in RMS

pathogenesis.

GRKS5 regulates self-renewal of both ERMS and ARMS.

To confirm effective disruption of GRKS by CRISPR/Cas9, gRNAs were designed to
flank the catalytic, nuclear export (NES) and nuclear localization (NLS) functional domains of
GRKS5 (Figure 2A). Genetic disruption of GRKS5 was then verified via PCR amplification of the
genomic deletion event, and depletion of the protein product was confirmed by Western blots
(Figure 2A-B, Figure S1A). Immunofluorescence of SMS-CTR GRKS5 targeted cells showed
reduced GRKS signal, highlighting specificity of our gene targeting (Figure S1B). We assessed
the loss-of-function effect of GRK5 on tumor cell self-renewal using the sphere assay on a panel
of ARMS (Rh5 and Rh30) and ERMS (381T and SMS-CTR) cell lines. CRISPR/Cas9-mediated
disruption of GRKS resulted in a significant reduction (p-value < 0.05) in RMS self-renewal
capacity via spheroid assay in 3 (381T, SMS-CTR, Rh5) out of the 4 RMS cancer cell lines
(Figure 2C). Targeted disruption of GRKS5 in Rh30 showed a trend of reduced self-renewal
capacity but was not statistically significant (p-value = 0.086). Spheroids generated from cells

harboring targeted disruption of GRK5 appeared to be both smaller and fewer in number (Figure
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2C-D, Figure S1C). To determine the cellular mechanism underlying the loss-of-function effects
of GRK5 on sphere formation, we performed a quantitative flow cytometry-based Annexin V
assay to assess for any change in apoptosis. Loss of GRK5 resulted in a significant increase in
early apoptotic events in the spheroids (Figure 2E-F), and approximately 2-fold increase in total
apoptotic cells (Figure 2G) compared to the controls. Increased in cell death in GRK5-deficient
spheroid cells was further supported by elevated levels of cleaved caspase 3 (CC3) protein
(Figure 2H). To assess the effects of GRKS5 loss-of-function on the self-renewal capacity of RMS
cells in vivo, we performed limiting dilution experiments of ERMS (381T) and ARMS (Rh5)
xenografts in immunocompromised NOD-scid-IL2ZRgammanull (NSG) mice. In both RMS
subtypes, targeted disruption of GRKS resulted in approximately 4 to 6-fold reduction in self-
renewal frequency (Table 1). Taken together, our results indicate that loss of GRK5 in RMS
cells results in decreased self-renewal capacity in part through induction of programmed cell
death.

GRKS5 regulates ERMS cell growth in a kinase-independent manner and is involved in
regulating cell cycle progression.

We assessed the loss-of-function effect of GRK5 on tumor cell growth using an ATP-
based viability assay on a panel of ARMS (Rh5 and Rh30) and ERMS (381T and SMS-CTR)
cell lines. Loss of GRKS5 resulted in a significant reduction in cell viability in all 4 RMS cell lines
(p-value < 0.05) (Figure 3A). To assess the specificity of GRK5 loss-of-function effect on RMS
cell growth, we overexpressed a Cas9-resistant form of GRKS in the presence of
CRISPR/Cas9-mediated GRK5 gene disruption in SMS-CTR cells. Compared to GFP
overexpression control, Cas9-resistant GRK5 rescued the growth phenotype of SMS-CTR cells
following targeted disruption of GRKS (Figure 3B). Even though the GRK family proteins are
known for their kinase-dependent roles, some studies have also implicated kinase-independent
function of GRK5%*°. To determine whether GRK5 regulates RMS cell growth in a kinase
dependent or independent manner, we generated a kinase dead (K215R) (KD) GRK5 mutant®
that is resistant to targeted disruption by CRISPR/Cas9. Overexpression of KD GRK5 protein
also restored cell growth in SMS-CTR cells with targeted disruption of GRK5 (Figure 3B),
indicating that GRK5 regulates ERMS cell growth in a kinase-independent manner. We next
determined the cellular event that was responsible for GRKS5 loss-of-function effect on RMS cell
growth. While 381T and SMS-CTR cells with targeted disruption of GRK5 showed no significant
change in cellular differentiation or cell death (Figure 3C-D), they showed altered cell cycle

progression in a flow cytometry-based cell cycle analysis following EAU pulse by day 6 of GRK5
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knockout (Figure S2A). This delay in cell cycle progression is sustained till day 10 with a delay
in the G1/S phase in 381T cells, and in the G2/M phase in SMS-CTR cells (Figure 3E-F).
Overall, our results indicate that GRKS5 functions in a kinase-independent manner to alter cell

cycle progression in ERMS cells.

NFAT1 expression is regulated by GRKS5 in a kinase-independent manner.

GRKS5 has been previously shown to facilitate the transcriptional activity of NFAT as part
of a DNA binding complex during cardiac hypertrophy in a kinase independent manner®.
NFAT1 has been shown to function either as a positive or negative regulator of cell cycle
progression®'32, To investigate the role of NFAT as a potential downstream component of the
GRKS5 pathway in regulating ERMS cell growth, we first showed that targeted disruption of
GRKS5 led to decreased levels of NFAT1 expression in 381T and SMS-CTR cells (Figure 4A).
Overexpression of wild-type or catalytically-dead GRKS5 restored expression levels of NFAT1
(Figure 4B). To determine the loss-of-function effects of NFAT1 on RMS cells, we showed that
targeted disruption of NFAT1 by CRISPR/Cas9 in ERMS cells (381T and SMS-CTR)
significantly reduced cell growth (Figure 4C). Cell cycle analysis of NFAT1-targeted 381T and
SMS-CTR cells showed significant alteration of cell cycle progression (Figure 4D-E). There was
a delay in both G1/S and G2/M in NFAT1-disrupted 381T and SMS-CTR cells. To explore
whether GRK5 interacts with NFAT1 in ERMS, we showed by immunofluorescence that GRK5
and NFAT1 appear to be co-localized in 381T cells (Figure 4F). By proximity ligation assay, we
showed GRK5 and NFAT1 in close proximity in the nucleus and the cytoplasm of 381T cells,
and that loss of GRKS5 abrogated this interaction (Figure 4G). Taken together, our data indicate
that NFAT1 is a potential downstream mediator of GRKS function in regulating RMS cell growth.

Treatment of RMS tumor with CCG-215022, a GRKS5 inhibitor, reduces tumor growth in
vivo.

To assess the potential of GRKS as a therapeutic target against RMS, 381T or Rh5 RMS
xenografts established in NSG mice were treated with a GRK5-selective inhibitor, CCG-215022
(Figure 5A). Treatment duration (21 days for 381T tumors and 12 days for Rh5 tumors) was
determined by how quickly DMSO vehicle control (CTRL) tumors reached experimental
endpoint. Mice treated with CCG-215022 appeared to show delayed 381T and Rh5 tumor
growth over time compared to mice treated with vehicle control (Figure 5B-C). CCG-215022
treated tumors showed a significant reduction in tumor growth in both 381T and Rh5 tumors

compared to the mice treated with vehicle control (Figure 5D-F). Immunohistochemistry analysis
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of CCG-215022 treated tumors shows a lower Ki-67 proliferation index compared to the vehicle
control-treated tumors (Figure 5G). These results demonstrate the therapeutic potential of

targeting GRKS5 as an alternative treatment option to inhibit RMS tumor growth.

Discussion

While GRKS has been extensively studied for its role in the pathogenesis of
cardiovascular disease, only in recent years has its role in cancer biology been brought to
light'~?2. GRK5 has been implicated as having a role in regulating lung, brain and prostate
cancer cell growth*?*?*. However, the role of GRK5 in RMS has yet to be investigated. In this
study, we show that GRKS is a novel regulator of RMS cell growth through its interaction with
NFAT1 to regulate cell cycle progression in a kinase-independent manner. Loss of GRK5
reduces the self-renewal capacity of RMS cells through increased programmed cell death,
implicating it as a novel regulator of stem-like features in RMS. We demonstrate the potential for
GRKS5 as a therapeutic target through treatment of RMS xenografts with a selective GRK5
inhibitor, CCG-215022. RMS tumors treated with CCG-215022 show significant reduction in
tumor growth and self-renewal capacity.

The studies characterizing the role of GRKS5 in cancer pathogenesis to date have
primarily investigated the functional requirement of its kinase activity****. TP53 phosphorylation
by GRKS5 leads to its degradation, resulting in inhibition of the TP53-dependent apoptotic
response to genotoxicity in osteosarcoma cells®. A study using HeLa cells additionally shows a
defect in proper cell cycle progression following GRK5 gene knockdown®*. However, we show
through rescue experiments with a GRK5 kinase-dead mutant that GRKS regulates RMS cell
growth in a kinase-independent manner. We also show that targeted disruption of GRKS in two
RMS cell lines with TP53 mutations, 381T with TP53(R248W) and Rh30 with TP53(R237H)3>%,
reduces RMS cell growth by inducing cell cycle arrest. Our findings indicate that GRK5
regulates RMS cell growth in a kinase- and TP53-independent manner.

Dysregulated activity of the NFAT family of transcription factors has been identified in
cancer®’. While NFAT proteins (NFAT1-5) share similar DNA binding targets, each member
possesses both redundant and opposing functions, and their activity often requires cooperation
with additional transcriptional partners®'*#3’. NFAT1 has been shown to function both as a
tumor suppressor through the transcriptional activation of the CDK4 promoter or as an
oncogene by silencing p15 expression®’. In a model of pathological cardiac hypertrophy, GRK5
promotes the transcriptional activity of NFAT in a kinase-independent manner as part of a DNA

binding complex to regulate expression of hypertrophic genes®. In this study, both wild-type and
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kinase-dead GRKS5 are able to restore NFAT1 expression following targeted disruption of GRK5
in ERMS cell lines. We also show that GRK5 potentially interacts with NFAT1, and this
interaction is abrogated with loss of GRK5. Our findings suggest a novel role for GRK5 acting in
a kinase-independent manner to regulate the NFAT1 expression. CRISPR/Cas9 mediated
disruption of NFAT1 phenocopies the loss-of-function effects of GRK5 on cell cycle progression.
NFAT likely functions as an important downstream mediator to promote oncogenic activity of
GRKS. Further study is required to determine whether GRKS5 directly or indirectly interacts with
NFAT1 in ERMS in regulating ERMS tumor cell growth.

TPCs undergo self-renewal to recapitulate the complex heterogeneity of a given
malignant tumor and are thought to be the major drivers of cancer relapse and metastasis in
selected cancer types’=®. Disease relapse or metastasis of RMS carries a poor survival
prognosis®. Identifying potential targets that regulate TPC survival could potentially provide a
solution for treating RMS disease relapse and metastasis. Our study shows that GRKS5 loss-of-
function significantly reduces the self-renewal capacity of RMS cells in vitro and in vivo. The
stem-like RMS spheres harboring GRK5 knockout show increased cell death. Our findings
indicate that GRKS is a promising therapeutic target against RMS stem-like features. Further
investigation is required to assess whether loss of GRK5 leads to reduced heterogeneity of
RMS tumors and thereby reduces the potential for resistance against standard-of-care
therapies.

Inhibitors selective to GRKS5 are currently limited. Amlexanox, an FDA-approved anti-
inflammatory drug, has been shown to inhibit GRK5 activity*®. However, amlexanox is a non-
specific inhibitor with cross reactivity with other proteins and pathways such as IKBKE in the
Hippo pathway*’. CCG-215022, an investigational compound developed by John Tesmer's
group at the University of Michigan, shows high selectivity against GRK5*'. In our study,
treatment of both ERMS and ARMS xenograft tumors treated with CCG-215022 significantly
reduces tumor growth. CCG-215022-bound GRK5 shows disorder in the residues pertaining to
the N-terminus, C-terminus and active site tether regions*'. We show that a kinase deficient
GRK5 mutant rescues the GRKS loss-of-function growth phenotype. Based on this finding, it is
possible that the functional domain of GRKS5 that regulates RMS cell growth likely resides in one
of these disordered regions. While additional testing to assess the toxicity profile of CCG-
215022 in pre-clinical models is necessary, we have shown that inhibition of GRKS is a
promising therapeutic option for RMS patients.

With treatment options against RMS remaining relatively unchanged over last 3

decades, there remains a need for more effective therapeutic targets. From a comprehensive
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siRNA library screen against the human kinome, we have identified GRK5 as a novel regulator
of both RMS self-renewal and cell growth. Our functional characterization of GRKS5 in vitro and
in vivo demonstrates that GRK5 regulates ERMS cell growth in a kinase-independent manner
and is essential for RMS self-renewal capacity. A GRKS5 inhibitor, CCG-215022, recapitulates
the loss-of-function effects of GRK5. Thus, our findings demonstrate the promise of GRKS5 as a

therapeutic target against RMS disease progression and relapse.

Material/Methods

siRNA kinome library screen

To identify potential candidate kinases that are important for the self-renewal of ERMS,
we utilized the Quellos high-throughput screening core facility in the Institute of Stem Cell and
Regenerative Medicine at the University of Washington to perform an siRNA library screen
against the human kinome (714 kinases) in two different cell lines derived from ERMS (RD and
381T). Each cell line was transfected with a pool of 3 siRNAs against each kinase, along with
control (scramble) siRNAs, in 384-well low attachment plates to induce sphere formation. The
sphere assay was used as a surrogate in vitro assay for assessing the self-renewal capacity of
tumor cell. The ATP-based Cell Titer Glo assay (Promega) was performed on the siRNA-treated
adherent cells, and high-content imaging was performed at the Quellos core facility at day 5

post-siRNA transfection.

CRISPR/Cas9 gene targeting in human RMS cells

Single gene knockout was accomplished using lentiviral transduction of RMS cells with
Cas9 expressing and gene-specific double gRNA constructs. Lentiviral transduced cells were
placed under antibiotic selection and plated for assays 7 days later. Cloning of Cas9 and gRNA
expression constructs was performed as described previously*®. Overexpression constructs
used in GRKS functional experiments were amplified from cDNA generated from ERMS cancer
cell RNA. Silent mutations to PAM sites were introduced to GRK5 overexpression constructs to
generate Cas9 resistant GRK5 protein. RMS cells were then transduced with 3 separate
viruses; Cas9 virus, dgRNA virus and GRK5 WT/KD overexpression virus. Domain mutations
made to GRK5 to generate wildtype (WT) and kinase dead (KD) variants was done using

Gibson cloning based off of previous studies®.

The following gRNAs were used for targeting genes in human RMS cell lines:
GRK5: gRNA1- GGACCTGGTCTCCCAGACGG
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gRNA2- GGAGCAGCCCTTTCTTGGG
NFAT1: gRNA1- GACGGAGTGATCTCGATCCG
gRNA2- GATCCCACAAGGCGAGTCCG

FES: gRNA1-GGCCGAGCTTCGTCTACTGG
gRNA2- GAGCCTGCTCATCCGGGAA

LTK: gRNA1- GCTGGCTCCAAGATACTAGG
gRNA2- GACCAGCGTGGTGGTGACCG

LYN: gRNA1- GTAGCCTTGTACCCCTATGA
gRNA2- GGAATGGCATACATCGAG

NME9: gRNA1- GACCTCGATCCTCATCTTC
gRNA2- GATGTCCTCGAAAAGTACAG

PIK3C2A: gRNA1- GCACAGGTTTATAACAAGC
gRNA2 - GGGGCGCTTGCTAATATTTT

Cell-based Assays

RMS cell growth was assessed via cell counts or an ATP-based luminescent cell viability
assay, CellTiter-Glo (Promega, Madison, WI). Myogenic differentiation was performed following
serum starvation of RMS cells in 2% horse serum/DMEM for 72 hours prior to fixation in 2%
paraformaldehyde. Immunofluorescence against MF20 (myosin heavy chain) was then
performed. Self-renewal was assessed by visual counts of rhabdospheres, induced in growth
factors (EGF, bFGF, PDGF-A, PDGF-B) enriched neurobasal medium as previous described*.
Apoptosis was assessed using a flow-cytometry based assay using the Annexin V, Alexa Fluor
647 conjugate (Life Technologies). Cell cycle analysis was done with flow cytometry on cells
pulsed with EdU for 2 hours using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay kit
(Life Technologies, Carlsbad, CA).

Human Xenografts and Drug Treatment
All mouse experiments were approved by the University of Washington Subcommittee

on Research Animal Care under IACUC protocol #4330-01. 6-7 immunocompromised NOD-
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SCID IL2rg-/- (NSG) mice were xenografted via subcutaneous injections into the flanks with
approximately 1-2x10° RMS cells (RH5 or 381T) suspended in Matrigel. At tumor onset, CCG-
215022 (10mg/kg) or vehicle (DMSO) were given intraperitoneal every 3 days for up to 21 days
or until tumors reached end point (750 mm?). Tumor measurements were made with calipers
every 3-4 days at tumor onset until tumors reached end point or at the end of drug treatment,
whichever came first. For limiting dilution experiments, 6 NSG mice were given RMS cell
injections (Rh5 or 381T) of either control or GRK5 knock-out cells at either 2x10°, 1x10*, 5x10*
dilutions in the same manner as previously described. Analysis of limiting dilution data was
performed as previously described*®. All mice were humanly euthanized for tumor tissue

harvesting at the end of the experiment.

Immunohistochemistry and Immunofluorescence

The RMS tissue microarray was obtained from Seattle Children’s Hospital.
Immunohistochemistry was performed at the Histology and Imaging core facility at the
University of Washington. Immunofluorescence was performed as previously described?.
Duolink Proximity Ligation Assay (PLA) by Sigma Aldrich was used to visualize GRK5-NFAT1
activity. The following antibodies were used: rabbit polyclonal anti human mouse monoclonal
anti human Ki-67, 1:100,(MIB1), Dako), Immunohistochemistry: GRK5 1:100 (N145/20) Abcam,
Cambridge, MA), Immunofluorescence: GRK5 1:150, (N145/20), Abcam, Cambridge, MA),
NFAT1 1:100, (D43B1), Cell Signaling Technology, Danvers, MA)

Western Blots

Cell lysates from RMS cells were counted and lysed in RIPA buffer (ThermoFisher
#89900) with protease inhibitors plus 2x sample buffer (100mM Tris pH6.8, 4%SDS, 20%
glycerol). Equal amounts of protein lysates were electrophoresed on a 4-15% gradient SDS-
polyacrylamide gel (BioRad, Hercules, CA) and fast transferred to Immun-Blot PVDF
membranes (BioRad, Hercules, CA) using the Turbo-Blot Transfer system (BioRad, Hercules,
CA) We used the following antibodies: GRKS (N145/20) 1:100 Abcam, Cambridge, MA),
GAPDH (14C10) 1:2500 (Cell Signaling Technology, Danvers, MA), Cleaved Caspase 3
(Asp175) 1:200 (Cell Signaling Technology, Danvers, MA). Goat anti-mouse or anti-rabbit HRP
conjugated IgG secondary antibodies from Santa Cruz Biotechnology. Membranes were
blocked in 5% milk in Tris Buffered Saline plus Tween (20mM Tris, 136mM NaCl, 1% Tween 20,

pH 7.4 TBST). Quantitative analysis of Western blot images was performed on ImageJ.
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Human Expression Data Analysis

RNA was collected from human cell lines lysates (myoblasts, NHDF, 381T, SMSCTR,
RH30, RH5) using Qiagen RNeasy Plus Mini Kit. cDNA was then generated using High
Capacity cDNA Reverse Transcription Kit from Applied Biosystems. RT-PCR reactions were
then run with iTaq Universal SYBR Green mix on a CFX Connect Real Time System (BioRad,
Hercules, CA). RT-PCR primers used are listed below:
GRK5 FWD — GTCTGTCCACGAGTACCTGA

REV — CAGGCATACATTTTACCCGT
NFAT1 FWD - ACGAGCTTGACTTCTCCACC

REV - TGCATTCGGCTCTTCTTCGT

Statistics
Mann-Whitney statistical test was run on drug treated RMS tumor mouse experiments to
assess statistical significance in differences between experimental and control. Two tailed

Student’s t-test was applied when appropriate.
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Table 1. Summary of limiting dilution experiments

381T
Cell No. Control GRKS5 KO
50,000 6 of 6 6 of 6
10,000 6 of 6 50of6
2,000 5of 6 30of6
TPC frequency 1115 4373*
95% Cl 414-3002 1927-9922
* p=0.0353
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Rh5
Cell No. Control GRK5 KO
50,000 6 of 6 6 of 6
10,000 6 of 6 40of 6
2,000 5of 6 30f6
TPC frequency 1115 6230%**

95% Cl 414-3002 2731-14214

** = 0.00739
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Figure Legends

Figure 1. An siRNA library screen of the human kinome identifies GRK5 as a novel
regulator of ERMS self-renewal. (A) Volcano plot illustrating candidate kinases identified from
an siRNA library screen against the human kinome in ERMS cancer cell lines (381T and RD).
Significant hits are indicated as having a p-value (Y-axis) of < 0.05 and a Sphere/Adherent
viability ratio (X-axis) of < 1.0. Diagram on the right illustrates workflow and analysis used in the
siRNA library screen. GRKS5 is highlighted as being a candidate kinase identified from the
screen. (B) Spheroid counts to assess self-renewal capacity was performed on CRISPR/Cas9
mediated knockout of top 6 candidate kinases (FES, LTK, LYN, NME9, PIK3C2A, GRKS). Error
bars represent standard deviation of 3 technical replicates from an individual experiment that
was repeated 3 times. (C) RT-PCR analysis of GRK5 expression in human myoblasts (MB)
compared to a panel of RMS cancer cell lines (381T, SMS-CTR, RH30, RH5). Error bars
represent standard deviation of 3 technical replicates from an individual experiment that was
repeated 3 times. (D) Immunofluorescence images showing GRKS5 staining in MB and RMS
cancer cell lines (381T, SMS-CTR, Rh30, Rh5). (E) Immunohistochemistry of GRKS5 in skeletal
muscle control (CTRL) and representative primary ERMS and ARMS tumors. Summary of IHC
for GRKS in primary RMS tumors spotted on a tissue microarray is shown on the right. Spindle
cell RMS (SC/S), embryonal RMS (ERMS), alveolar RMS (ARMS), pleomorphic RMS (PRMS),
RMS not otherwise specified (RMS NOS). Two-tailed t-test; ** = p <0.01; *** = p < 0.001, **** =
p < 0.0001.

Figure 2. GRKS5 regulates self-renewal of both ERMS and ARMS. (A) Schematic
demonstrating CRISPR/Cas9 targeting of GRK5. Two gRNAs were designed to flank the region
encoding functional domains of GRKS. Genetic disruption was confirmed via PCR amplification
of the deleted GRK5 domain followed by Western analysis of depleted protein (B). Spheroid
counts to assess self-renewal (C). Representative images (D) of control (CTRL) and GRK5
knockout (GRK5 KO) spheroids are from 381T cells. Results shown are of 3 replicates from one
of 3 independent experiments. (E-G) Annexin V Flow cytometry to assess the extent of
apoptosis (quadrants 2 and 4) in SMS-CTR GRK5 knockout spheroid cells (GRK5 KO)
compared to Cas9 only controls (CTRL). (H) Western analysis of cleaved Caspase 3 (CC3)
comparing SMS-CTR GRK5 KO spheroids to controls (CTRL). Error bar represents standard
deviation and two-tailed t-test (C, G) was performed on 3 replicates from one of three

independent experiments. * = p <0.05; ** = p < 0.01.
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Figure 3. GRKS5 regulates ERMS cell growth in a kinase-independent manner and is
involved in regulating cell cycle progression. (A) Cell Titer Glo viability assessment of GRK5
knockout (GRK5 KO) compared to controls (CTRL) in a panel of RMS cancer cell lines (381T,
SMS-CTR, RH5, RH30). Data shown are 4 replicates from one of 3 independent experiments.
Two-tailed t-test, **** = p < 0.0001. (B) Summary of cell count data from rescue experiment to
demonstrate specificity of the GRK5 KO growth phenotype. SMS-CTR cells were transduced
with lentivirus expressing either Cas9 only (CTRL), Cas9 with GRK5 gRNAs (GRK5 KO), Cas9
with GRK5 gRNAs and GFP overexpression (GRK5 KO + GFP), Cas9 with GRK5 gRNAs and
Cas9 resistant, wildtype GRK5 (GRK5 KO + WT), Cas9 with GRK5 gRNAs and Cas9 resistant,
kinase dead GRK5 (GRK5 KO + KD). Data shown are 6 replicates from one of three
independent experiments. Two-tailed t-test, ** = p < 0.01, *** = p < 0.001, (C) Annexin V Flow
cytometry to assess apoptosis. (D) Quantitation of immunofluorescence (IF) against MF20 in
RMS cells with GRK5 knockout (GRK5 KO) and Cas9 only controls (CTRL). (E-F) EdU flow
cytometry-based cell cycle analysis of SMS-CTR and 381T cells with Cas9 only as control
(CTRL) or GRK5 knockout (GRK5 KO). Data shown are from 6 independent experiments. Two-
tailed t-test, * = p < 0.05, ** = p < 0.01, *** =p < 0.001, **** = p < 0.0001.

Figure 4. NFAT1 expression is regulated by GRKS5 in a kinase-independent manner.

(A) Quantitative RT-PCR analysis of NFAT1 expression in ERMS cells (381T and SMS-CTR)
with Cas9 only control (CTRL) and GRKS5 knockout (GRKS5 KO). (B) RT-PCR analysis of GRK5
and NFAT1 expression in 381T cells following GRKS rescue with wild-type and domain mutants.
381T cells were transduced with lentivirus expressing Cas9 only (CTRL), Cas9 with GRK5
gRNAs (GRK5 KO), Cas9 with GRK5 gRNAs and Cas9 resistant, wildtype GRK5 (GRK5 KO +
WT), Cas9 with GRK5 gRNAs and Cas9 resistant, kinase dead GRK5 (GRK5 + KD). (C) Cell
Titer Glo viability assessment of NFAT1 knockout (NFAT1 KO) compared to Cas9 only control
(CTRL) in ERMS cancer cell lines (381T, SMS-CTR). Data shown are 4 replicates from one of 3
independent experiments, two-tailed t-test, **** = p < 0.0001. (D-E) EdU flow cytometry-based
cell cycle analysis of 381T and SMS-CTR cells with Cas9 only as control (CTRL) or NFAT1
knockout (NFAT1 KO). Data shown are of 3 replicates from one of 3 independent experiments.
Two-tailed t-test, * = p < 0.05, *** = p < 0.001. (F) Immunofluorescence images showing GRK5
(red) and NFAT1 (green) staining in 381T cells, with overlay of both channels (yellow). (G)
Proximity Ligation Assay (PLA) to assess GRK5-NFAT1 protein interaction in GRK5 wildtype
(CTRL) and GRK5-knockout 381T cells. Red dots represent points of GRK5-NFAT1 close

proximity
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Figure 5. Treatment of RMS tumor with CCG-215022, a GRKS inhibitor, reduces tumor
growth in vivo. (A) Schematic of the RMS xenograft in NSG mice experiment. (B-C) Summary
of 381T (B) and Rh5 (C) daily tumor growth following CCG-215022 or DMSO control (CTRL)
treatment. (D-E) Summary of 381T (D) and Rh5 (E) tumor volume fold change following CCG-
215022 or DMSO control (CTRL) treatment. Each data point represents one mouse with error
bars representing standard deviation. * = p < 0.05, ** = p < 0.01 (Mann-Whitney Statistical Test).
(F) Representative images of Rh5 tumors harvested from DMSO vehicle control (CTRL) treated
and CCG-215022 treated mice at the end of treatment period. (G) Representative images of
Immunohistochemistry for Ki67 on DMSO control (CTRL) and CCG-215022 (CCG)-treated

tumors.

Table 1. Summary of limiting dilution experiments.

381T and Rh5 RMS cells were injected into NSG mice at limiting dilutions of 2x103,
1x10%, 5x10* cells. TPC frequency was calculated as previously described. Confidence interval
and statistics was performed on an n = 6 mice per control and GRK5 KO. * = p <0.05; ** = p <
0.01.

Supplemental Figures

Figure S1. Confirmation of GRK5 knockdown and spheroid images. (A) Western analysis
demonstrating GRKS5 protein depletion in a panel of RMS cell lines (381T, Rh30, Rh5) with
Cas9-mediated targeted disruption of GRKS5. (B) Immunofluorescence images demonstrating
the specificity of the GRK5 antibody. SMS-CTR cells with knockout (GRK5 KO) shows reduced
staining compared to Cas9-only control (CTRL) cells and GRK5 knockout cells rescued with
Cas9-resistant wild-type GRK5 overexpression (GRK5 KO+GRK5 OE). (C) Representative
images of spheroid formation comparing control (CTRL) and GRKS knockout (GRKS5 KO) in
RMS cell lines (SMS-CTR, Rh5, Rh30).

Figure S2. Altered cell cycle progression day 6 following CRISPR/Cas9-mediated GRK5
targeting. (A) EdU flow cytometry-based cell cycle analysis of SMS-CTR and 381T cells with
Cas9 only control (CTRL) or GRKS5 knockout (GRK5 KO). Data shown are from 5 independent
experiments. Two-tailed t-test, ** = p < 0.01, *** =p < 0.001, **** = p < 0.0001.
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Introduction

Rhabdomyosarcoma (RMS) is a devastating pediatric sarcoma that displays
morphological and molecular evidence for incomplete myogenic differentiation. RMS is roughly
divided into two major subtypes by histologic features, embryonal (ERMS) and alveolar (ARMS).
Genetically, ERMS is characterized by mutations in the receptor tyrosine kinase/RAS/PIK3CA
axis found in at least 90% of cases’, and most ARMS cases harbor the PAX3 (or PAX7)-FOXO1
fusion transcript?. Despite the genetic differences, the prognosis for relapsed or metastatic
disease remains poor regardless of the subtype. Effective targeted therapy is lacking due to our
poor understanding of events leading to relapse or metastasis of RMS.

Several studies have shed some light on some of the genes and pathways that
contribute to the metastatic potential of RMS. For example, Hepatocyte Growth Factor (HGF)
and Stromal-derived Factor -1 (SDF-1) regulate metastatic behavior of cMet-positive RMS cells
by directing them to the lymph nodes and the bone marrow?, and downregulation of the MET-
CXCR4 axis decreases the migration of RMS cells in response to the SDF-1 or HGF gradients
in vitro*. Deficiency of tp53 in a conserved zebrafish model of ERMS increases the metastatic
potential of ERMS cells®. Additional targets involved in the signaling pathways such as IL-4R
and Plexin-A1 have also been shown to promote migratory and metastatic capacity of RMS
cells®’. However, the cellular and molecular mechanisms leading to invasion and metastasis of
RMS cells remain to be elucidated. Specifically, the molecular players involved in altering the
cytoskeletal dynamics to orchestrate RMS tumor cell invasion and metastasis remain to be
identified and characterized.

Cancer stemness is mainly characterized by the self-renewal capacity of cancer cells to
give rise to progeny cells that recapitulate the cancer heterogeneity®. The therapeutic potential
of targeting cancer stem cells in solid tumors (e.g. skin squamous cell carcinoma, colorectal
cancer and non-small cell lung cancer) has been demonstrated in a variety of pre-clinical animal
models®'". The inhibitors against several pathways involved in regulating the maintenance and
survival of cancer stem cells (e.g. the Wnt , Notch and Hedgehog pathways) are in various
phases of clinical trials'*'3. However, the insight into the genes and pathways that regulate the
stemness of RMS remains limited. Molecular markers such as Myf5, a marker for activated
muscle satellite cells, and CD133, a transmembrane glycoprotein, have been used to enrich for
tumor propagating cells in pre-clinical models of RMS'*'®. Canonical and non-canonical Wnt
pathways and TP53 have been shown to modulate the self-renewal capacity of RMS tumor-

propagating cells®'®" . Further investigation in preclinical models is necessary to identify

53



additional druggable targets against the cancer stemness of RMS and determine the therapeutic
benefit of targeting cancer stemness in RMS.

In our previous CRISPR screen of the Histone Deacetylases (HDACs), HDACEG6 is
among the selected HDACs that are essential for RMS tumor cell growth'®. Unlike the other
HDACs, HDACG6 predominantly exerts its function in the cytoplasm and has been shown to
interact with substrates such as Heat Shock Protein 90 (HSP90), Extracellular signal-related
Kinase 1 (ERK1), KRAS, Tubulin and Cortactin to regulate diverse cellular processes such as
cell migration, adhesion and growth in several normal and neoplastic cell types'®?®. HDACG6 has
been shown to either promote or suppress cancer cell invasion and metastasis depending on
the cancer cell type?*?°. Besides the studies on the role of HDACG in regulating the
maintenance of glioma stem cells?®?’, there is limited knowledge on the function of HDACG in
regulating self-renewal capacity of cancer cells.

In this study, we investigate the function of HDACG in various RMS features utilizing both
in vitro and in vivo functional assays and demonstrate that HDACG6 is essential for RMS cell
growth, migration/invasion and self-renewal. RAC1, a Rho GTPase, is a key player in mediating
HDACS6 function in regulating RMS cell migration/invasion. High expression of RAC1 correlates
with poor clinical survival of RMS patients. Overall, targeting the HDAC6-RAC1 axis may have

significant therapeutic benefits for RMS patients.

Results
Expression of HDAC6 in RMS

We first assessed expression of HDACG6 in primary human RMS samples by
immunohistochemistry. HDACG6 expression was detected primarily in the cytoplasm at variable
intensity levels in most cases of ARMS (11 of 11) and ERMS (6 of 7) (Fig. 1 A-F). In contrast,
five cases of pediatric muscle did not express HDACG6 (Fig. 1F). A panel of ERMS (RD and
SMS-CTR) and ARMS cell lines (Rh5 and Rh30) also showed cytoplasmic and perinuclear
expression of HDAC6 by immunofluorescence (Fig. 1 G-J). Overall, our findings showed that
HDACEG is differentially expressed in RMS cells compared to normal muscle, and that HDACG6

localizes predominantly in the cytoplasm of RMS cells.

Conserved role of HDAC6 in promoting tumor growth in RMS

To assess whether HDACG6 loss-of-function effects tumor cell growth, we generated
CRISPR/Cas9-mediated HDACG6 gene knockout using two gRNAs targeting exons 5 and 8 (Fig.
1 K) in a panel of RMS cell lines (ERMS: RD, 381T, SMS-CTR; ARMS: Rh5 and Rh30) using
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lentivirus. Targeted disruption of HDACG6 resulted in a significant reduction of tumor cell growth
5 days post-plating (Fig. 1 L). To assess the specificity of HDAC6 knockout on tumor cell
growth, we performed rescue experiments in a stable RD cell line harboring tamoxifen-inducible
Cas9 and the same set of HDAC6 gRNAs (Fig. 1 K) by overexpressing Green Fluorescent
Protein (GFP) as a control, wild-type HDAC6 (modified to be Cas9-resistant) and catalytically-
dead (cd) HDACG6 (modified to be Cas9-resistant) in RD cells harboring tamoxifen-inducible
CRISPR/Cas9 targeting HDACG6. The two histidine-to-alanine mutations (H216A and H611A)
inactivate the deacetylase activity of HDACG6 (23). Overexpression of Cas9-resistant wild-type
HDACEG alleviated the HDACG6 knockout-induced growth phenotype in comparison with
overexpression of Cas9-resistant cd HDAC6 or GFP 6 days post-tamoxifen induction (Fig. 1 M).
Similarly, overexpression of Cas9-resistant wild-type HDACS6 also rescued the growth
phenotype in Rh5 cells with HDAC6 knockout (Fig. S1 A). Overexpressing HDACG6 alone did
not affect RMS tumor cell growth significantly (Fig. S1 B). Our findings indicate that the effect of
HDACG6 knockout on tumor cell growth is specific and that the catalytic activity of HDACG is
required for its function in regulating RMS tumor cell growth. Depletion of HDACG6 protein from
CRISPR/Cas9-mediated gene knockout in lentivirus-transduced and tamoxifen-inducible lines
as well as overexpression of wild-type and cd HDACG6 were confirmed by Western blots (Fig. 1
N).

To assess the effects of HDAC6 loss-of-function on tumor growth in vivo, we generated
CRISPR/Cas9-mediated hdac6 knockout in a zebrafish model of KRAS(G12D)-induced
ERMS?. Double gRNAs targeting exons 5 and 10 of hdac6 generated an approximately 5-kb
deletion (Fig. 1 O). Zebrafish ERMS tumors expressed hdac6 (Fig. S1 C), and depletion of
hdac6 mRNA was observed in 7 of 8 randomly selected hdac6-targeted zebrafish tumors (Fig.
S1 D), indicating high targeting efficiency. Zebrafish ERMS tumors harboring hdac6 knockout
showed significantly reduced tumor growth by at least 50% compared to tumors harboring the
GFP-scrambled gRNAs as a control (Fig. 1 P-T). In addition, targeted disruption of hdac6 did
not alter tumor onset but increased overall tumor-free survival in zebrafish (Fig. S1 E). Our
findings indicate that hdac6 has a conserved role in promoting ERMS tumor growth and

progression.

HDACG6 promotes RMS tumor growth by modulating cell cycle progression and tumor cell
differentiation
To determine the cellular mechanisms that contribute to reduced tumor cell growth

following targeted disruption of HDAC6, we assessed for alterations in cell cycle progression,
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cell death and cell differentiation in stable RD and Rh5 human cell lines harboring the
tamoxifen-inducible Cas9/HDAC6 double gRNA cassette. RD and Rh5 cells with tamoxifen-
induced HDACG6 knockout showed altered progression in G1 or G2/M phases of cell cycle day 6
post-tamoxifen induction (Fig. 2 A) but no significant change in programmed cell death at the
same time point (Fig. 2 B). RMS cells show abnormal arrest in myogenic differentiation’®'®. We
have previously shown that CRISPR-mediated HDACG6 disruption resulted in a modest increase
in myogenic differentiation of 381T ERMS cells'®. Here we observed that on
immunofluorescence staining for myosin heavy chain (MF20), targeted disruption of HDAC6
also resulted in a modest increase in myogenic differentiation of the RD ERMS line
(approximately 1.5-2 fold; p < 0.01) compared to no tamoxifen-treated controls following 72-hour
starvation in 2% horse serum starting at day 4 post-tamoxifen treatment (Fig. 2 C-E). There was
a slightly larger increase in the percentage of MF20-positive cells in tamoxifen-treated Rh5 cells
(approximately 2-3 folds increase) compared to the no tamoxifen-treated controls; p < 0.01)
(Fig. 2 C, F-G). RD and Rh5 cells harboring targeted HDACG6 also showed variable increase in
the expression levels of genes involved in myogenesis (e.g. MYOD1, MYH8, CKM) at distinct
time points following targeted disruption of HDACG6 (Fig. 2 H-I). Based on our findings, HDAC6
promotes RMS tumor growth in part by modulating cell cycle progression and tumor cell

differentiation.

HDACG6 promotes RMS tumor cell migration and self-renewal

The effects of HDACG loss-of-function on the migratory behavior and self-renewal
capacity of RMS cells were also assessed in RD and Rh5 lines carrying the tamoxifen-inducible
Cas9/HDACEG6 double gRNA cassette. Following 3 days of tamoxifen-induced HDACG6 targeting,
RD and Rh5 were plated for corresponding assays. RD and Rh5 cells with targeted disruption of
HDACG6 showed reduced gap closure at 16 hours post-scratch in scratch wound healing assays
(Fig. 3 A-B) as well as reduced transwell migration towards the chemoattractant (fetal bovine
serum) 22 hours post-seeding in the top chamber (Fig. 3 C-D).

Using the sphere assay as a surrogate in vitro assay for assessing tumor cell stemness
and self-renewal®, we showed that RD and Rh5 cells with tamoxifen-induced CRISPR/Cas9-
mediated HDACG6 gene disruption exhibited reduced frequency and size of sphere formation
following 3 days of culturing in stem cell medium and low-attachment condition (Fig. 3 E-F). A
previous study demonstrates that spheres generated from the RD line in stem cell medium
show upregulated expression of stem cell markers such as NANOG, SOX2 and OCT4". Here

we showed that expression levels of SOX2, NANOG and OCT4 were reduced in RD sphere
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cells with tamoxifen-induced HDAC6 knockout (Fig. 3 G). Overexpression of Cas9-resistant
wild-type HDACG rescued the expression of these stem cell markers (Fig. 3 G).
Overall, our findings using in vitro functional assays suggest that HDACG6 plays an

important role in regulating migratory and self-renewal capacity of RMS tumor cells.

HDACSG alters the cytoskeletal dynamics to affect RMS cell migration via RAC1

HDACEG6 has previously been shown to acetylate the elements of cytoskeleton such as
tubulin and actin®=°. To assess whether HDACG plays a role in modulating the dynamics of
cytoskeleton to promote migration of RMS tumor cells, we first showed that there were
increased levels of acetylated tubulin in RD and Rh5 cells following targeted disruption of
HDACG6 by CRISPR/Cas9 (Fig. 4 A). Overexpressing wild-type but not catalytically-dead (cd)
Cas9-resistant HDACG in RD cells harboring targeted disruption of HDACG alleviated the
migratory defect in comparison to overexpressing GFP as a control (Fig. 4 B; Fig. S2 A),
indicating that the deacetylase activity is required for the HDACG6 function in regulating RMS cell
migration. To assess the effects of HDAC6 loss-of-function on actin-dependent cytoskeletal
dynamics, we showed by phalloidin staining that there was loss of membrane ruffles, folds and
filopodia as well as altered organization of cytoplasmic actin flament in RD and Rh5 cells
harboring Cas9-mediated targeted disruption of HDACG6 following Epidermal Growth Factor
(EGF) stimulation in the setting of serum starvation (Fig. 4 C; Fig. S2 B).

RAC1 is a small GTPase of the Rho family which has been shown to mediate a variety
of cellular events including cell adhesion, motility and polarity*'*2. However, the causal
relationship between HDAC6 and RAC1 in mediating the cytoskeletal dynamics to promote
RMS cell migration is unclear. To assess whether RAC1 contributes to HDAC6-mediated
changes in the cytoskeleton dynamics and cell motility of RMS cells, we first showed that RAC1
and HDACEG6 co-localized in the regions of cell membrane ruffles and folds (Fig. 4 D; Fig. S2 C),
and that RAC1-GTP levels were reduced in RMS cells with HDAC6 knockout (Fig. 4 E).
Overexpressing the constitutively activated mutant form of RAC1 (RAC1V12) alleviated the
migration phenotype (Fig. 4 F) but did not significantly alter the growth phenotype of RD cells
with HDAC6 knockout (Fig. 4 G). A dominant-negative form of RAC1 (RAC1N17) and a
constitutively active form of mutant RhoA (RhoAV14), another Rho family GTPase, did not
rescue the migration defect or the growth defect in RMS cells with HDACG6 knockout (Fig. 4 F-
G). Using a RAC1-GTP pull-down assay, RAC1V12 immunoprecipitated increased levels of
RAC1-GTP compared to GFP control and RAC1N17, supporting the constitutive activity of
RAC1V12 (Fig. 4 H). Taken together, HDACEG alters the microtubule and actin-dependent
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cytoskeletal dynamics to promote RMS cell migration via RAC1, and we find no evidence of

cross talk between close members of Rho GTPases in this context.

RAC1 is essential for RMS cell migration and invasion

As RACH1 is a key mediator of HDACG function in regulating RMS cell migration, we next
assessed whether RAC1 is essential for RMS cell migration and invasion through loss-of-
function and gain-of-function studies. Cultured RD and Rh5 cells with CRISPR/Cas9-mediated
targeted disruption of RAC1 showed reduced migratory capacity by the scratch wound healing
assay (16 hours post-scratch, p < 0.0001; Fig. 5 A-B; Fig. S2 D). Overexpression of Cas9-
resistant RAC1V12 rescued the loss-of-function effects of RAC1 on cell migration, indicating the
specificity of the CRISPR/Cas9-mediated RAC1 targeting (Fig. 5 C). Targeted disruption of
RAC1 had mild effect (approximately 10-15% reduction) on RD cell growth and no significant
effect on Rh5 cell growth (7 days post-plating, p < 0.0001; Fig. 5 D). Finally, RD and Rh5 cells
treated with the selective RAC1 inhibitor, EHop-016, also showed reduced migration (Figure S2
E).

To assess the gain-of-function effects of RAC1 on RMS cell growth and invasion in vivo,
KRASG12D-driven zebrafish ERMS tumors co-expressing Green Fluorescent Protein (GFP)
and either RAC1V12 or empty vector as a control were sorted for green fluorescence-positive
cells and transplanted into syngeneic CG1 zebrafish at 10,000 cell per fish via dorsal
subcutaneous route. The fish with engrafted tumors were imaged weekly and harvested after 21
days. RAC1V12-expressing tumors (n = 12) showed larger increase in tumor volume over 1-
week period compared to control tumors (n = 9) (Fig. 5 E-F; Fig. S2 F). By 21 days, zebrafish
ERMS tumor cells co-expressing RAC1V12 demonstrate more aggressive growth compared to
the control empty vector co-expressing tumor cells (Fig. 5 E). On histologic analysis, RAC1V12
co-expressing zebrafish ERMS tumors are deeply invasive into the skeletal muscle compared to
control empty vector co-expressing zebrafish ERMS tumors, which showed only superficial

invasion in about the same time duration (Fig. 5 G).

RAC1 is associated with poor prognosis in RMS

To assess whether HDACG6 or RAC1 expression is associated with clinical prognosis in
RMS, we correlated expression levels of HDAC6 or RAC1 mRNA expression in 81 human RMS
cases with survival data (63 fusion-negative and 18 fusion-positive). Kaplan-Meier curves were
generated based on gene expression values dichotomized into over- and under-expressed

groups combining fusion-negative and fusion-positive patients using the median expression
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value within each cohort as a cutoff. While expression of HDACG6 did not correlate with overall
survival, high expression of RAC1 correlated with decreased overall survival (Fig. 5 H log rank
test, p = 0.02842, HR = 2.36, 95% CI = 1.095 - 5.084). If we stratify the analysis by fusion
status, RAC1 expression showed marginal significance for the fusion-negative (p= 0.07036) but
not the fusion-positive cases (p=0.31) with respect to overall survival. Although the small
sample size in both subsets compromises the ability to draw firm conclusions, our findings
suggest that expression of RAC1 might be useful as a clinical prognostic biomarker, if these

studies can be confirmed in a prospective analysis.

Treatment with HDACG6-selective inhibitors recapitulates the HDAC6 loss-of-function
effects in RMS

To assess whether treatment of RMS cells with selective HDACG inhibitors, tubastatin A
and tubacin, could recapitulate the loss-of-function effects of HDAC6 on RMS cells, we first
showed that treating a panel of RMS cell lines (RD, SMS-CTR, Rh5 and Rh30) with tubastatin A
and tubacin in vitro significantly inhibited tumor cell growth in a dose-dependent manner (Fig. 6
A; Fig. S3 A). RD and Rh5 cells treated with tubastatin A and tubacin showed increased levels
of acetylated tubulin, a known substrate of HDAC6 (30) (Fig. 6 B; Fig. S3 B). In scratch wound
healing assays, RD and Rh5 cells were treated with tubastatin A (200 nM) or tubacin (500 nM)
for 24 hours prior to plating and kept under treatment throughout each assay. Tubastatin A or
tubacin-treated RD and Rh5 cells showed reduced gap closure at 16 hours (Fig. 6 C-D; Fig. S3
C). RD and Rh5 cells treated with tubastatin A (200 nM) or tubacin (500 nM) in stem cell media
for 3 days also showed reduced sphere formation (Fig. 6 E-F; Fig. S3 D).

To assess the effect of tubastatin A treatment on RMS tumor growth in vivo, RMS
xenografts generated from RD and Rh5 cells were treated with tubastatin A by intraperitoneal
injections at 10 mg per kg per mouse every 3 days for 21 days. RD and Rh5 xenografts
harvested at the end of the treatment period showed increased expression of acetylated tubulin
by immunohistochemistry (Fig. S4 A-H), indicating that treatment of tubastatin A selectively
inhibited HDACG6 activity in vivo. RMS xenografts treated with tubastatin A showed at least 50%
reduction in tumor growth compared to those treated with DMSO as a vehicle control (Fig. 6 G-
H; Fig. S4 I-J). RMS xenograft tumors treated with tubastatin A also showed reduced Ki67
proliferation index based on immunohistochemistry analysis (Fig. S4 K-L).

To assess whether tubastatin A treatment affects the self-renewal capacity of RMS cells
in vivo, we treated 20-21 days-old ERMS tumor-bearing zebrafish with tubastatin A (10 uM) and

DMSO (vehicle) for 7 days and performed limiting dilution transplantation assays. A time course
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analysis showed that zebrafish tumors treated with 10 uM of tubastatin showed increased levels
of acetylated tubulin as early as 24 and 48 hours post-treatment compared to tumors treated
with vehicle control (DMSO), indicating selective targeting of HDACG activity in zebrafish ERMS
tumors (Fig. S4 M). Tumor engraftment was monitored weekly until day 30 post-transplantation.
In 3 independent experiments, tubastatin A-treated ERMS tumors transplanted at limiting
dilutions (104, 103 and 102 cells) showed approximately 6-9 fold decrease in self-renewal
frequency by Extreme Limiting Dilution (ELDA) analysis (33) (Table 1). Overall, treatment of
RMS cells with tubastatin A and tubacin mimics the loss-of-function effects of HDAC6 on tumor
cell growth, migration and self-renewal capacity, thus identifying promising agents of targeted
therapy for RMS.

Discussion

In this study, we have demonstrated through in vitro and in vivo functional assays that
HDACS6 regulates RMS tumor growth by modulating cell cycle progression and differentiation.
HDACS6 also plays an important role in regulating the self-renewal capacity and
migration/invasion of RMS cells. RAC1 is an important mediator of HDAC6 function in RMS cell
migration/invasion, and high expression of RAC1 correlates with poor clinical prognosis in RMS
patients.

HDACG6 has been shown to deacetylate tubulin, a subunit of microtubule, and cortactin,
an actin-associated protein, to affect cytoskeletal dynamics?*3°. A study in mouse embryonic
fibroblasts demonstrates that functional HDACSG is required for RAC1 activation?:. However, the
functional relationships among HDACG, microtubules and actin filaments in driving cancer cell
invasion/migration is unclear. In our study, we showed that HDACG6 deacetylates the tubulin
subunits of microtubules, and its deacetylase activity is required to promote RMS cell migration.
HDACEG also plays a crucial role in regulating the actin-dependent cytoskeletal dynamics
required for RMS cell migration. This is supported by our findings that HDAC6 and RAC1 co-
localize in membrane ruffles and filopodia, which are dynamic actin-regulated structures
required for cell motility and invasion, and RMS cells with targeted disruption of HDAC6 showed
reduced formation of membrane ruffling and filopodia. In addition, RAC1 has been shown
previously to be required for actin polymerization, stress fiber formation and focal adhesion
complex assembly*". In this study, loss of HDACG resulted in reduced RAC1 GTPase activity,
and an activated mutant form of RAC1 (RAC1V12) alleviated the migration defect of RMS cells
with HDAC6 knockout. Overall, our findings indicate that the deacetylase activity of HDAC6 and

activation of RAC1 are essential for the HDAC6-mediated effects on actin-dependent
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cytoskeletal dynamics required for RMS cell migration and invasion. The crosstalk between the
microtubules and actin elements in regulating cellular processes such as cell migration is
beginning to be recognized**. HDACSG likely coordinates the direct or indirect interactions
between the microtubules and the actin or its associated molecules to promote RMS cell
migration and invasion. Further investigation is required to assess whether acetylation of tubulin
or other substrates by HDACG directly affects RAC1 activation and, in turn, actin dynamics, or
whether HDACG6 independently alters the microtubule and actin dynamics to regulate RMS cell
motility.

RAC1 is required for actin cytoskeletal reorganization, a process required for cell
migration/invasion during cancer metastasis. Increased expression or activity of RAC1 is
associated with metastatic potential in multiple cancer types (e.g. breast, liver and upper urinary
tract)**. In this study, we used loss-of-function and gain-of-function in vitro and in vivo studies
to demonstrate that RAC1 is necessary and sufficient for active migration/invasion of RMS cells.
Further investigation will be required to assess whether RAC1 is required to initiate metastasis
of RMS cells.

Our analysis of clinical data showed that the expression levels of HDAC6 do not
correlate with overall survival of RMS patients, suggesting that HDAC6 might be involved in a
complex gene interaction network, and that epistatic interactions may mask the effect of HDAC6
on overall survival. By contrast, high expression of RAC1 correlates with poor overall survival in
RMS patients. Additional analyses with larger data sets are needed to confirm the possible
prognostic value of RAC1 expression within each subgroup (fusion-positive vs fusion-negative),
and multivariate analyses are needed to evaluate whether its expression is independent of
tumor stage or clinical risk groups already established to correlate with outcome for children with
RMS. Beyond this, our findings indicate that HDAC6 and RAC1 can serve as therapeutic targets
for reducing invasive and metastatic potential of RMS cells.

The self-renewal capacity of tumor initiating cells contributes to cancer relapse and
therapy resistance'. So far there are limited studies on characterizing the role of HDACG in
regulating cancer stemness and self-renewal capacity. In glioblastoma, HDACS is required for
maintaining the glioma stem cell stemness and through its interaction with the Sonic Hedgehog
(SHH) signaling pathway, promotes the radio-resistant phenotype®. Through in vitro sphere
assays, stem cell marker analysis and in vivo limiting dilution assays, we showed that targeted
disruption of HDAC6 by CRISPR technology and treatment with a selective HDACG inhibitor,
tubastatin A or tubacin, resulted in reduced cancer stemness and self-renewal capacity of RMS

cells. RMS spheres generated in vitro have been shown to be enriched for stem cell markers
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and are resistant to treatment with standard-of-care chemotherapy agents'. While further
investigation is required to determine the pathways modulated by HDACG6 to regulate self-
renewal of RMS cells, our findings suggest that targeted therapy using HDACG selective
inhibitors against cancer stemness represents a promising option for preventing relapse and
treatment resistance in RMS.

Our knowledge of the molecular mechanisms underlying RMS self-renewal and
metastasis is limited. Using in vitro and in vivo functional assays, we have characterized the
unique role of HDACG in regulating RMS tumor growth, self-renewal and migration/invasion. As
RAC1 serves as an essential downstream mediator of HDACG6 function in RMS cell migration
and invasion, targeting the HDACG6-RAC1 axis will likely improve survival outcomes of RMS

patients.

Material/Methods
CRISPR/Cas9 Gene Targeting in Human RMS Cell Lines

Single knockout was accomplished by transducing RMS cells with lentiviral virus
expressing safe-harbor control or gene-specific double gRNAs and Cas9. Lentiviral transduced
RMS cells were plated for cell-based assays following antibiotic selection 7 days post-
transduction. Cloning of Cas9 and gRNA expression vectors was performed as described
previously'®.

CRISPR/Cas9 inducible cells were created using piggybac transposition'. Stable cell
lines were integrated with a construct containing double gRNAs and ERT2-Cas9-ERT2 fusion
protein for tamoxifen inducible gene targeting. The coding portions of wild-type and cd HDAC6
were amplified from the plasmids®® obtained from Addgene (Watertown, MA) for cloning
purposes. Lentiviral RAC1V12 and RHOAN17 expression constructs were obtained from the
Langenau lab'’. Silent mutations to alter PAM sites to create Cas9-resistant wild-type HDACB,
cd HDAC6 and RAC1V12 lentiviral overexpression constructs used in rescue and
overexpression experiments were introduced using a 4-piece Gibson cloning strategy.

The following double gRNAs were used for targeting genes in human RMS cell lines:

HDACG6: gRNA1 - GCTTCCCGGAAGGCCCTGAGCGG

gRNA2 - GCTGGTGGATGCGGTCCTGGGGG
RAC1: gRNA1 - GATCCTTACTGTTTGCGGAT
gRNA2 — GAAAATGTCCGTGCAAAGGT

We used the same double gRNAs for targeting a safe-harbor region (Chr 4: 58110237-

58110808; GRCH38.p2) as in our previously published study'®.
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Assessing Tumor Growth and Self-renewal Using Zebrafish ERMS Model

Zebrafish were maintained in a shared facility at the University of Washington under
protocol #4330-01 approved by the University of Washington Subcommittee on Research
Animal Care. To introduce CRISPR/Cas9-mediated gene targeting in the zebrafish model of
KRAS-driven ERMS, a cocktail of DNA constructs containing rag2:KRAS(G12)-U6-hdac6
gRNAs, rag2:Cas9 and myog-H2B:RFP was injected into zebrafish embryos at 1-cell stage.
Once RFP+ primary tumors were established (around day 15-20), fluorescent images of tumor
fish that were randomly selected from each treatment condition and imaged at bright field and
at the red channel at the starting time point and 7 days later using the same setting of a Nikon
fluorescent dissecting scope. Tumor volume change was assessed over a 7-day period by
measuring tumor area x intensity of fluorescence for each animal using ImageJ as previously
described™®. Deletion of hdac6 in zebrafish tumors was confirmed by sequencing the PCR
products amplified using the primers flanking the gRNA sites in the gene locus.

The rag2:KRAS(G12D)-U6:hdac6 gRNAs construct was made by using the Gibson
cloning strategy to insert the U6:hdac6 gRNAs cassette into the rag2:KRAS(G12) construct
obtained from the Langenau lab (Massachusetts General Hospital/Harvard Medical School).
The rag2 promoter and Cas9 coding region were inserted into the rag2:Cas9 expression
construct using the Gibson cloning strategy.

The following gRNAs were used in zebrafish:

hdac6: gRNA1 - GCTGGGACGCTGTGTACAAG

gRNA2 - GCTGAGCATACCTTGTTCCA

GFP scrambled control: gRNA1 - GAATCCTGGCCCACTCGAGG

gRNA2 - GTCAACCACCGCGGTCTCAG

In limiting dilution assays to assess tumor cell self-renewal, zebrafish ERMS tumor cells
were transplanted into 3-4 weeks-old juvenile fish and treated by soaking with DMSO (vehicle
control) or Tubastatin A (10 uM) for 7 days with drug change daily except for drug holiday on
day 4) prior to tumor cell harvesting and transplanting in limiting dilutions (10*, 10° and 10 cells)
into syngenetic adult CG1 zebrafish using the protocol as previously described™.

Primary tumors co-expressing rag2:KRASG12D, rag2:GFP, and rag2:empty control
vector or rag2:RAC1V12 were expanded by transplantation into 3-4 syngeneic adult CG1 fish.
GFP-positive tumor cells were isolated by Fluorescent Activated Cell Sorting (FACs) and
transplanted subcutaneously into the dorsal region at 10,000 cell per fish. Weekly imaging of

tumor-bearing fish post-transplantation was performed using a Nikon fluorescent dissecting
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scope. The weekly tumor volume change was quantified using the ImagedJ software as

previously described®.

Cell-based Assays

RMS cell growth was quantified by direct cell counting or the ATP-based Cell Titer Glo
luminescent cell viability assay (Promega, Madison, WI). For cell counts, RMS cells were
transduced with lentivirus for 2 days and selected with the appropriate antibiotic for 3 days prior
to plating. Cell counts were performed at 5-7 days post plating at a starting density of 10,000
cells per well in 24-well plates. For cell growth rescue experiments using the stable RD line
harboring the tamoxifen-inducible Cas9/HDACG6 double gRNA cassette, cells was transduced
first with lentivirus for Cas9-resistant GFP, wt HDAC6 and cd HDACG for 2 days. Following
antibiotic selection for 3 days, inducible gene targeting in vitro was accomplished by treating
RMS cells for 3 days with 2 uM 4-hydroxytamoxifen. Cell counts were performed 7 days post-
tamoxifen induction. The Cell Titer Glo assay was used to assess dose-dependent effects of
inhibitors (tubastatin A and tubacin) on cell growth. Cells were plated in 96-well plates at 1000-
2000 cells per well and treated with each inhibitor at varying concentrations for 6 days (with
drug change on day 3) prior to the Cell Titer Glo assay per manufacturer's manual. The
luminescence was read using a microplate reader (BioTek Synergy H1, Winooski, VT).

To assess myogenic differentiation in RMS, cells were serum starved in 2% horse
serum/DMEM for 72 hours prior to fixing in 2% paraformaldehyde for immunofluorescence
against MF20 (myosin heavy chain).

A flow cytometry-based assay using the Annexin V, Alexa Fluor 647 conjugate (Thermo
Fisher Scientific, Waltham, MA) was used to analyze apoptosis in tumor cells. For cell cycle
analysis by flow cytometry, cells pulsed with EdU for 2 hours prior to being harvested and
prepped using the Click-iT EAJU Alexa Fluor 647 Flow Cytometry Assay kit (Life Technologies).

Spheres (“rhabdospheres”) were induced in stem cell (neurobasal) medium enriched
with growth factors (EGF, bFGF, PDGF-A and PDGF-B) as previously described®. For drug
treatment studies, RD and Rh5 cells were incubated in the stem cell medium plus 250 nM of
tubastatin A or 0.2% DMSO (vehicle) for 3 days. Tamoxifen-inducible Cas9/double HDAC6
gRNA stable lines (RD and Rh5) were induced for 3 days with 2 [JM of tamoxifen for 3 days
prior to plating in low-attachment plates on day 4 for the sphere assays. Spheres were counted
3 days post-plating.

The scratch wound healing and transwell assays were performed as previously

described'®. Briefly, cells of different treatment conditions (control vs CRISPR-targeted or
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DMSO vs drug treatment) were plated at similar density (~80-90% confluence) and analyzed at
16 hours post-scratch to minimize the confounding effects of cell proliferation difference.
Transwell assays were performed using the Costar transwell clear polyester membrane inserts
(6.5 mm diameter, growth area: 0.33 cm?; pore size: 0.8 um) in 24-well plates. 200,000 cells
were seeded into the insert in DMEM, and the bottom well was filled with 10% FBS/DMEM as a
chemoattractant. Migrated cells in the transwell were fixed in formalin at 22 hours post-seeding

and visualized by crystal violet staining.

Human Xenografts and Drug Treatment

Mouse studies were approved by the University of Washington Subcommittee on
Research Animal Care under protocol #4330-01. To establish xenografts in
immunocompromised NOD-SCID lI2rg-/- (NSG) mice, approximately 1-2 x 10° RMS cells (Rh5
or RD) were resuspended in Matrigel and injected subcutaneously into the flanks of each 6-7
week-old anesthetized mouse. As tumor size reached approximately 50-100 mm?, tubastatin-A
(10 mg/kg) or vehicle (DMSO) was administered by the intraperitoneal route every 3 days for up
to 21 days or until tumor end point (750 mm?). Tumor size was measured by caliper every 3-4
days at tumor onset until tumor end point or at the end of drug treatment (whichever is earlier).

At the end of the experiment, all mice were humanely euthanized for tumor tissue harvesting.

Immunohistochemistry and Immunofluorescence

A tissue microarray created from archived paraffin tissue blocks for human RMS tumor
samples was obtained from Seattle Children’s Hospital. Immunohistochemistry was performed
at the Histology and Imaging core facility at University of Washington. The following antibodies
including dilutions were used: rabbit polyclonal anti human mouse monoclonal anti human Ki-
67, (1:100, clone: MIB1, Dako, Santa Clara, CA), rabbit monoclonal anti human HDAC6 (1:100,
clone, D2ES5; Cell Signaling, Danvers, MA), mouse monoclonal anti human RAC1 (1:100, clone
102; BD Biosciences, San Jose, CA), mouse monoclonal anti acetylated alpha-tubulin (1:200;
clone 6-11B-1; Santa Cruz Biotechnology, Dallas, TX) and mouse monocloncal anti-alpha-
tubulin (1:200; B-5-1-2; Santa Cruz Biotechnology, Dallas, TX). Staining for F-actins was done
using Phalloidin conjugated to fluorescent dye 488 (diluted 1:1000; Abnova, Tapei, Taiwan).

RAC1 Activation Assay
To assess the levels of RAC1 activation (GTP-bound form) in RMS cells, cultured cells

were serum starved in DMEM for 24 hours prior to stimulation with EGF (50 ng/mL) for 10
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minutes. Cells were harvested for RAC1-GTP pull down using the Rac1 Activation Assay
Biochem Kit (Cytoskeleton, Inc., Denver, CO). Approximately 300 micrograms of protein in each
treatment condition was used. Pull down products along with input lysate were run on Western
blots to compare the levels of RAC1-GTP to total RAC1 using the antibody against RAC1.

Western Blots

Human cell line and zebrafish tumor whole cell lysates prepared in RIPA with protease
inhibitors and 2x sample buffer were electrophoresed on a 4-15% gradient SDS-polyacrylamide
gel (Bio-Rad, Hercules, CA) and transferred to PVDF membranes using the TurboTransblot
(Bio-Rad, Hercules, CA). Blots blocked in 5% milk-TBST and probed using the following
antibodies and dilutions: HDACG6 (1:1000; cloneD21B10, Cell Signaling, Danvers, MA); GAPDH
(1:2000; Cell Signaling, Danvers, MA); mouse monoclonal anti acetylated alpha-tubulin (1:500;
clone 6-11B-1; Santa Cruz Biotechnology, Dallas, TX), mouse monoclonal anti-alpha-tubulin
(1:500; B-5-1-2; Santa Cruz Biotechnology, Dallas, TX) and RAC1 (1:1000; BD Biosciences,
San Jose, CA). Goat anti-mouse or anti-rabbit HRP conjugated IgG secondary antibodies were

obtained from Santa Cruz Biotechnology.

Survival Association Analysis in RMS patient cohort

The 81 RMS cases with survival and gene expression data were published previously*°.
For survival analysis, p value was calculated based on the log-rank test by R package Survival
(https://cran.r-project.org/web/packages/survival/index.html). Note that study subject age and
sex, available only on a subset of the data, were not incorporated into the survival analyses

because those features are not generally accepted as influencing survival of RMS patients.

Quantitative RT-PCR

Human or zebrafish cells were lysed in TRlizol reagent (Thermo Fisher Scientific,
Waltham, MA) and RNA was isolated per manufacturer’s protocol. Approximately 1 microgram
of RNA was used for cDNA synthesis using the High Capacity cDNA Reverse Transcription kit
(Thermo Fisher Scientific, Waltham, MA). SYBR Green-based quantitative PCR was
subsequently performed using gene-specific primers (Table S1) in a light cycler (CFX Connect
Real-time PCR Detection System) from Bio-Rad (Hercules, CA).
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Statistics
Two-tailed t-test and ANOVA tests were used to assess statistical significance in
differences between experimental and control samples when appropriate. A p value <0.05 was

considered statistically significant.
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Table 1. Summary of Limiting Dilution Assays

Experiment 1 Experiment 2 Experiment 3
Cell No. DMSO Tubastatin A| DMSO Tubastatin A] DMSO Tubastatin A
10,000 6 of 6 7 of 7 8 0of8 6 of 10 6 of 6 6 of 7
1,000 5 of 6 50f10 6 of 10 30f10 90f10 6 of 10
100 30f6 10f10 20of9 0of10 4 0f10 2 0of9
TPC frequency 1350 9045* 908 8167* 332 2138*
95% ClI 605-3017 3820-21419| 605-3017 3820-21419| 161-686  932-4908
*p=0.001 *p=2.77e-0 *p =9.82e-05
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Figure S1

E
©
Q
o <
w o
ox
HO
H .
=
I
H
['4
) S I )
N - -
abueyy pjo4
A LaoVaH w + BIOVaH
-&o +B9ovaH
x 2
% K 1699V aH
*
*
*
- VvN¥6 jo13u0)
b o B & B o
N N - -
abueyy pjo4

8-VNubB 9oepy
/-VYNYB 9oepy
9-VNb 9oepy
S-VNYB 9oepy
$-VNub 9oepy
¢-VNYB 9oepy
Z-VNYB 9oepy
L-VNYB 9oepy
8-|0J3u0)
/-|]0J3uo0)
9-|]0Jjuo)
G-|0J3u0d
f-]0JJU0D
fod [e3h1V[elg]
Z-|0Jjuo)d
L-|o43uod

*%

6 o o
- - ©

uoissaldx3 aAne|ay

40

—w
cres hdac6

20

Amplification

[T
18S

2000
1500 1
1000
00

ny

= hdac6é dgRNA

°
£
c
=3
o
1

0.0002

p=

30 40 50

Days elapsed

20

1004

T
o
wn

9ai4 Jown] 9%

75



Figure S2
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Table S1: RT-PCR Primers

Human Forward Reverse
MYOG CCTGCCGTGGGCGTGTAAGG | GGACTGCAGGAGGCGCTGTG
MYOD1 AGCACTACAGCGGCGAT GCGACTCAGAAGGCACGTC
CKM CTCCTTCTCCGTCATGCTCT GGTGGAGAAGCTCTCTGTGG
MYH38 ATTCTCGCGTGATCAGGATG TGCCTACAGAGGCAAAAAGC
NANOG TCTGGACACTGGCTGAATCCT | CGCTGATTAGGCTCCAACCAT
SOX2 GTCATTTGCTGTGGGTGATG AGAAAAACGAGGGAAATGGG
POU5/OCT4| GGTTCTCGATACTGGTTCGC GTGGAGGAAGCTGACAACAA
RACA1 AAACCGGTGAATCTGGGCTT | AAGAACACATCTGTTTGCGGA
Zebrafish Forward Reverse
hdac6 CTGAACACAGTTGGGCCTCTC GCTCCGATCCATTCTGCCTT
18SrRNA | TCGCTAGTTGGCATCGTTTATG | CGGAGGTTCGAAGACGATCA

79




Figure Legends

Figure 1. HDACG6 expression in RMS and conserved function of HDACG6 in regulating RMS
tumor growth. (A-E) Immunohistochemistry for HDACG in representative primary ERMS and
ARMS tumors and skeletal muscle tissue. Weaker staining in (A-B) and stronger staining in (C-
D). No staining in skeletal muscle (E). Scale bar = 100 um. Inset (outlined by bold rectangle)
shows a higher-magnification view. (F) Summary of IHC results in ERMS (n = 7), ARMS (n =
11) and skeletal muscle (n = 5) from human patients. (G-J) Immunofluorescense for HDACG in
(G-H) ERMS cell lines (RD and SMS-CTR) and (I and J) ARMS cell lines (Rh5 and Rh30). (K) A
schematic of hdac6 gRNA locations (exons 5 and 8) used for CRISPR-mediated gene targeting
by lentivirus or tamoxifen-inducible system. (L) Summary of changes in cell growth by cell
counts following transduction with lentivirus expressing Cas9 and double HDAC6 gRNAs for
gene knockout (KO) in a panel of RMS cell lines. The results shown are as fold change in cell
counts 5 days post-plating and represent the average of 3 replicates for each cell line from one
of 3 independent experiments. (M) Overexpression of GFP as a control, Cas9-resistant wild-
type (wt) HDACG6 and Cas9-resistant catalytically-dead (cd) HDACG6 in tamoxifen (TAM)-
inducible Cas9/HDAC6 gRNA RD line to assess change in cell growth 6 days following TAM-
induction. Results shown are the average of 4 replicates from one of 3 independent
experiments. (N) Western blots against HDACG6 in ERMS cell lines (RD, 381T and SMS-CTR)
and ARMS cell lines (Rh5 and Rh30) transduced with HDAC6 gRNAs and Cas9 6 days post-
transduction (top panel); RD and Rh5 cells with TAM-inducible CRISPR-mediated targeted
disruption of HDACG6 (bottom left panel) and in RD TAM-inducible Cas9/HDAC6 gRNA line
overexpressing GFP, wt HDAC6 and cd HDACG6 (bottom right panel) 6 days post-TAM
induction. HDAC6g = HDAC6 gRNA. GAPDH was used as a loading control. % depletion
relative to the control following normalization to GAPDH as the loading control was quantified by
Image J. (O) A snapshot of genomic DNA sequencing results demonstrating a 5067-bp deletion
in the hdac6 locus in a representative CRISPR-targeted zebrafish tumor. gRNAs were designed
against exons 5 and 10 of hdac6, which consists of 26 exons. (P-S) Representative zebrafish
ERMS tumors expressing GFP scrambled gRNA control vector (P, R) and Cas9/hdac6 gRNA
(Q, S) over 7 days of growth. (T) Summary of tumor growth. n = 8 for control and n = 6 for
hdac6 gRNA-targeted ERMS tumors. Each error bar in graphs of L, M and T represents
standard deviation. Two-tailed t-test; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.

Figure 2. HDACG6 regulates RMS growth by modulating cell cycle progression and tumor
cell differentiation. (A) EdU flow cytometry-based cell cycle analysis of tamoxifen-inducible
Cas9-mediated HDACG6 targeted RD and Rh5 cells day 6 post-tamoxifen treatment. HDAC6g =
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HDACG6 gRNA. (B) Cell death analysis by Annexin V-based flow cytometry assay in the same
RD and Rh5 cell lines 6 days post-tamoxifen treatment. Summary graphs in A-B are results
from the average of 3 technical replicates from 1 representative experiment of 3 independent
repeats. (C) Quantitation of immunofluorescence (IF) against MF20 in RD and Rh5 cells
following 72 hours of serum starvation in 2% horse serum and 7 days post-tamoxifen-induced
CRISPR/Cas9-mediated HDACG6 targeting. Average of 4 fields at 400X for each condition was
shown. (D-G) Representative IF images in RD (D-E) and Rh5 (F-G) cells. Scale bar = 100
microns. (H-l) Quantitative RT-PCR assessing expression of myogenic genes 7 days and 10
days post tamoxifen-induced CRISPR-mediated HDAC6 gene disruption in RD and Rh5 cells.
Results are the average of 4 replicates from one of three independent repeats. Two-tailed t-test
was performed for datain A, B, C,Hand |; * = p < 0.05; ** = p < 0.01; ** =p < 0.001; *** =p <
0.0001.

Figure 3. HDACG6 regulates RMS tumor cell migration and self-renewal. (A) Representative
images from a wound healing scratch assay in RD cells with tamoxifen-induced CRISPR/Cas9
HDACS6 targeting. Post = 16 hours post-scratch. Dashed lines indicate migrating fronts. (B)
Summary of scratch assays in RD and Rh5 with tamoxifen-inducible CRISPR HDAC6 targeting
in RD and Rh5. Each datapoint represents a distinct area of the gap. The results shown are
from one representative experiment of at least 3 repeats. (C) Representative images from a
transwell migration assay. Cells migrated to the bottom chamber were stained with crystal violet
at 22 hours post-seeding in the top chamber. (D) Summary of transwell migration assays in RD
and Rh5 with tamoxifen-inducible CRISPR HDACG targeting in RD and Rh5. Each data point
represents a replicate well. Results shown are from one of 3 independent experiments. (E)
Representative images from a sphere assay in RD cells. (F) Summary of sphere assays in RD
and Rh5 cell lines 3 days post-plating. Shown are results of 4 replicates from one of 3
independent experiments. (G) RT-PCR analysis comparing expression levels of stem cell
markers in RD sphere cells harboring no TAM control and TAM-induced HDAC6-targeting,
TAM-induced HDAC6-targeting transduced with GFP expression construct and TAM-induced
HDAC6-targeting transduced with Cas9-resistant wild-type HDACG6 expression construct
harvested after 3 days of culturing in stem cell medium. Results were the average of 3
replicates from one of 3 independent experiments. Each error bar in B, D, F and G represents
standard deviation. Two-tailed t-test in B, D and F; two-way ANOVA testin G; * = p <0.05; **=p
<0.01; *** =p < 0.001; **** = p < 0.0001.
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Figure 4. HDACG6 regulates cytoskeletal dynamics to affect RMS cell migration. (A)
Western blots against acetylated alpha-Tubulin and alpha-Tubulin in RD and Rh 5 cells with
tamoxifen-induced CRISPR-mediated targeted disruption of HDAC6 (day 6 post-tamoxifen).
Fold increase in the levels of acetylated alpha-tubulin following normalization to the levels of
alpha-tubulin was quantified using Image J. (B) Scratch assay assessing effects of adding back
Cas9-resistant wild-type (wt) HDAC6 and catalytically-dead (cd) HDACG6 in RD cells with
tamoxifen-induced HDACG targeting. Results at 16 hours post-scratch are shown from one
representative experiment of at least 3 repeats. (C) Phalloidin staining in RD cells with no
tamoxifen control and tamoxifen-induced HDAC6 CRISPR targeting following serum starvation
and 15-minute EGF (50 ng/mL) treatment at day 6 post-tamoxifen treatment. Arrowheads point
to representative areas of membrane ruffles and filopodia formation. Green = phalloidin, Blue =
DAPI. (D) Double IF against HDACG6 (green) and RAC1 (red) in RD, showing HDAC6 and RAC1
expression in the regions of membrane ruffles (top panels) and folds (bottom panels), also
highlighted by the arrowheads in merged panels. (E) RAC1 GTP pulldown assay in RD cells
harboring no tamoxifen control and tamoxifen-induced HDAC6 CRISPR targeting. (F) Summary
of scratch assays assessing the effects of lentiviral overexpression of GFP as a control,
RAC1V12, RAC1N17 and RHOAV14 in the presence of tamoxifen-induced CRISPR-mediated
targeted disruption of HDACG6 in RD cells at 16 hours post-scratch following 24 hours of serum
starvation and 15 minutes of EGF (50 ng/mL) treatment. (G) Summary of cell growth change by
cell counts over 6 days assessing the effects of overexpressing GFP as a control, RAC1V12
and RAC1N17 on cell growth of RD cells with tamoxifen-induced targeted disruption of HDACS6.
Results were normalized to the no tamoxifen control for each comparison and represent the
average of 4 replicates in one of 3 independent experiments. (H) RAC1-GTP pulldown assay in
RD cells overexpressing GFP, RAC1V12 and RAC1N17 following 24 hours of serum starvation
and 15 minutes of EGF (50 ng/mL) treatment. Each error bar in B, F and G represents standard
deviation. Two-tailed t-test in B and G, one-way ANOVA test in F; NS = no significance, p <
0.05; ** =p<0.01; *** =p <0.001; *** =p < 0.0001.

Figure 5. RAC1V12 promotes ERMS tumor growth and invasion. (A) Representative images
of RD cells harboring safe-harbor control targeting and RAC7 gRNA targeting in a wound
healing scratch assay. Dashed lines indicate migrating fronts. (B) Summary of scratch assays in
RD and Rh5 cells with targeted disruption of RAC1. Each assay was analyzed at 16 hours post-
scratch. The results from one of 3 independent replicate experiments are shown. (C) Summary
of scratch assays in RD cells transduced with lentivirus expressing safe-habor control gRNA,
RAC1 gRNA, RAC1 gRNA + GFP, RAC1 gRNA + RAC1V12 and analyzed at 16 hours post-
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scratch following plating at the same cell density at 80-90% confluence. (D) Summary of cell
counts in RD and Rh5 cells at 7 days post-plating following lentiviral CRISPR/Cas9-mediated
RAC1 gene disruption (starting cell density = 10,000). (E) Representative images of
KRASG12D-induced zebrafish ERMS tumors co-expressing GFP and an empty vector (control)
or mutant RAC1V12 at day 7, 14 and 21 post-transplantation. (F) Summary growth volume
change for each fish over the first 7 days. n = 8 for control and n = 12 for human RAC1V12-
expressing tumors. (G) Representative H&E images of control and RAC1V12 expressing
zebrafish ERMS tumors. Lower panels show higher magnification with arrow heads indicating
areas of skeletal muscle invasion by tumor cells. (H) Correlation of RAC1 expression levels with
overall survival outcome in RMS patients (63 fusion-negative and 18 fusion-positive) by Kaplan-
Meier analysis. Error bars in graphs of B, C, D and F represent standard deviation. Two-tailed t-
testin B, D and F. One-way ANOVA with multiple comparisons in C; *** = p < 0.001; **** =p <
0.0001.

Figure 6. Tubastatin A treatment of RMS cells mimics the HDACG6 loss-of-function
phenotypes. (A) Cell Titer Glo viability assays assessing the dose-dependent effect of
tubastatin A on cell growth of RD and Rh5 cells over 5 days. Each dose was done in 4 replicate
wells. Results from one representative experiment of at least 3 repeats are shown. (B) Western
blots with antibodies against acetylated alpha-tubulin (acTub) and alpha-tubulin (Tub) in RD and
Rh5 cells treated with DMSO (vehicle control) or tubastatin A (200 nM) at 24 hours. Fold
increase in the levels of acetylated alpha-tubulin following normalization to the levels of alpha-
tubulin was quantified using Image J. (C) Representative images from a scratch assay in RD
cells following treatment with DMSO (vehicle) or tubastatin A (200 nM). (D) Summary of scratch
assay analysis in RD and Rh5 cells treated with DMSO or tubastatin A (16 hours post-scratch).
Results shown are from one representative experiment of 3 repeats. (E) Representative images
of sphere assays in RD and Rh5 cells treated with DMSO or tubastatin A (200 nM) for 3 days.
(F) Summary of sphere assay analysis in RD and Rh5 cells from one representative experiment
of 3 repeats. (G-H) RMS xenografts were established using the RD cell line (G) and Rh5 cell
line (H) and treated with tubastatin A (10 mg per kg per mouse, intraperitoneal injections every 3
days for up to 21 days). Treatment for Rh5 xenografts ended early due to many control tumors
reaching tumor end point (750 mm?) per approved animal protocol. Tumor volume change over
the treatment period is shown for each tumor-bearing mouse. Each data point represents a
mouse. Each error bar in the graphs of A, D and F represents standard deviation. Two-tailed
Student’s t-test; * = p < 0.05; ** = p < 0.01; ** = p < 0.001; **** = p < 0.0001.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Conserved role of HDACG6 in regulating RMS cell growth. (A) Summary of cell
counts. Rh5 cells transduced with lentivirus expressing safe-harbor control gRNAs, HDAC6
gRNAs, HDAC6 gRNAs in combination with Cas9-resistant wild-type (wt) HDAC6 or GFP were
plated for cell counts at day 5 post-transduction, and cell counts were performed on day 5 post-
plating. NS = no significance; * p < 0.05; ** p < 0.01; *** p < 0.001 by one-way ANOVA test with
multiple comparisons. (B) Summary of cell counts in RD and Rh5 cells transduced with GFP
and wild-type HDACS lentiviral expression constructs. Counts were done 5 days post-plating.

p > 0.05 by two-tailed t-test. (C) Left panel: Quantitative PCR amplification plot showing
expression of hdac6 and 18S rRNA (loading control) in 8 zebrafish ERMS tumors. (D) Summary
of quantitative RT-PCR showing expression of hdacé6 in 8 zebrafish ERMS tumors targeted with
GFP scrambled control gRNAs and 8 zebrafish tumors targeted with hdac6 gRNAs. Expression
was normalized to control tumor 1 for easier data visualization. ** = p <0.01 by Mann Whitney
non-parametric test. Error bar represents standard deviation of 3 technical replicates. (E)
Kaplan-Meier analysis of tumor-free survival. n = 227 for GFP scrambled control gRNA-injected
tumor fish, and n = 277 for hdac6 double gRNA-injected tumor fish. Log rank test was

performed.

Figure S2. HDAC6 and RAC1 regulate cytoskeletal changes required for RMS cell
migration. (A) Summary of scratch assays in Rh5 cells transduced with lentivirus expressing
safe-harbor (SH) control gRNAs, HDAC6 gRNAs, HDAC6 gRNAs and GFP, HDAC6 gRNAs
and Cas9-resistant wild-type HDACG6. Gap closure was assessed at 16 hours post-scratch. (B)
Phalloidin IF staining of Rh5 cells with no tamoxifen-induced targeting (top panel) and
tamoxifen-induced HDAC6 gene targeting by CRISPR/Cas9 (bottom panel). HDAC6g = HDAC6
gRNA. Arrowheads point to examples of membrane ruffles. (C) Co-IF staining of HDAC6 and
RAC1 in Rh5 cells following serum starvation and 15-minute EGF (50 ng/ml) treatment. Green =
HDACG6, Red = RAC1. Arrow heads indicate co-localization of HDAC6 and RAC1 at membrane
ruffles. (D) Western blots against RAC1 and GAPDH (loading control) using lysates isolated
from RD and Rh5 harboring either safe-harbor control (C) or RAC1 gRNA (R) targeting. (E)
Scratch assays of RD and Rh5 cells treated with 1 M EHop-016 and DMSO (vehicle). The
results are from one representative experiment of at least 3 repeats. Error bar represents
standard deviation. *** = p < 0.001, **** = p < 0.0001 by unpaired t-test. (F) Top panel:
Quantitative PCR amplification plot showing expressing of human RAC7V12 in 3 independent

zebrafish ERMS tumors, but no or non-specific amplification after cycle 30 in 2 independent
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empty vector-expressing control tumors. Bottom panel: Ct values of 18S rRNA (as loading

control) in all samples.

Figure S3. Treatment with tubacin inhibits RMS tumor growth, migration and self-
renewal. (A) ATP-based Cell Titer Glo viability assays to assess cell growth in RD, SMS-CTR,
Rh5 and Rh30 cells treated with tubacin at varying concentrations over 5 days. Results from
one representative experiment (4 replicates per drug concentration) of 3 repeats are shown.
Error bar represents standard deviation. One-way ANOVA test, ** = p < 0.01; *** =p < 0.001;
**** = p < 0.0001. (B) Western blots against acetylated alpha-tubulin and alpha-tubulin in RD
and Rh5 cells treated with 500 nM of tubacin at 24 hours. Fold increase in the levels of
acetylated alpha-tubulin was quantified using ImagedJ. (C) Summary of scratch assay analysis in
RD and Rh5 cells treated with DMSO or tubacin (500 nM) at 16 hours post-scratch. Results
shown are from one representative experiment of 3 repeats. Two-tailed t-test, ** = p < 0.01; ***
= p < 0.001. (D) Summary of sphere assay analysis in RD and Rh5 cells treated with tubacin
(500 nM) for 3 days from one representative experiment of 3 repeats. Two-tailed t-test, *** = p <
0.001.

Figure S4. Treatment with tubastatin A inhibits HDACG6 activity in vivo. (A-H)
Immunohistochemistry at 100x magnification for alpha-tubulin (A-B, E-F) and acetylated alpha-
tubulin (C-D, G-H) performed on paraffinized tissue sections from RD (A-D) and Rh5 (E-H)
tumor xenografts harvested at the end of treatment period with tubastain A. Inset panels with
higher magnification (~800x) are shown in boxed panels on the far right. (I-J) Summary of tumor
volume change over treatment period in xenografts established using RD (I) and Rh5 (J) cells
treated with DMSO (vehicle control) and tubastatin A (10 mg per kg per mouse, drug injection
every 3 days for up to 21 days). (K-L) Immunohistochemistry for Ki67 performed on RD
xenografts treated with DMSO (K) and tubastatin A (L) harvested at treatment endpoint.
Representative images were taken at 100x magnification. (M) Western blots against acetylated
alpha-tubulin and alpha-tubulin in tumors isolated from 21-day-old ERMS tumor-bearing fish
treated with 10 mM tubastatin A or DMSO (vehicle control) for 24 hours and 48 hours. Fold
increase in the levels of acetylated alpha-tubulin following normalization to the levels of alpha-

tubulin was quantified using ImageJ.

Table S1. RT-PCR primers. Human and zebrafish RT-PCR primer sequences.
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Introduction

Rhabdomyosarcoma (RMS) is a common pediatric soft-tissue sarcoma with a poor
patient survival outlook following RMS disease relapse’. Tumor propagating cells (TPCs) are
believed to be responsible for disease relapse and metastasis of some cancer types, such as
breast and lung cancer’™. TPCs possess stem cell-like characteristics that allow for the
recapitulation of tumor heterogeneity in its entirety®. A zebrafish ERMS disease model
successfully identified myf5 as a marker for TPCs®. Serial transplantation of myf5 expressing
ERMS tumor cells into new zebrafish hosts results in the formation of new heterogenous
tumors®. However, there is currently no validated marker for studying TPCs in human RMS
cancer cells. The spheroid assay is a surrogate in vitro assay that is commonly used to assess
self-renewal’. Cells are grown in suspension in medium containing a collection of various growth
factors (EGF, FGF, bFGF, etc.) that promote the growth and expansion of cells with stem-cell
like characteristics’. As such, the spheroid assay is an imperfect tool for the study of TPCs, as
any cell that possesses stem-cell like characteristics may proliferate. The ability to more
accurately define and isolate RMS TPCs would allow for identification of novel therapeutic
avenues for treating RMS disease relapse and metastasis

CD133 is a transmembrane glycoprotein that is commonly used as a marker of both
cancer and non-cancerous stem cells®'". Several studies have also implicated the role of
CD133 as a potential marker of RMS TPCs. CD133 labels a subpopulation of chemo-resistant
RMS cancer cells that express high levels of genes associated with muscle satellite cells'®"3.
While CD133 shows promise as a potential marker of RMS TPCs, current studies are limited to
using expensive, antibody-based labeling of CD133 positive cells. Commonly recognized
CD133 epitopes have the potential to be hidden or inaccessible due to changes in glycosylation
patterns, which may impact accurate CD133 representation''®. Thus, there exists a need for a
cheaper and more consistent form of CD133 cell labeling.

Endoplasmic reticulum to nucleus signaling 1 (ERN1), also known as IRE1q, is a
transmembrane protein kinase that is part of the unfolded protein response (UPR) pathway'®.
Upon endoplasmic reticulum (ER) stress, ERN1 may initiate downstream signaling of the UPR
pathway through unconventional splicing of XBP1 or post-transcriptional modifications via
Regulated IRE1-dependent Decay (RIDD) of RNA'""" ERN1 activity has also been implicated
in some cancer types, such as breast, colon and pre-leukemic stem cells. In a breast cancer cell
line, siRNA mediated knockdown of ERN1 reduces tumor cell growth in vitro and in vivo'®,
Knockdown of ERNS also suppresses proliferation of colon cancer cells in vitro and xenograft

growth in vivo'®. Loss of ERN1 also reduces spheroid formation capacity of colon cancer stem
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cells'. NRASG12D, an oncogenic mutant form of wild-type NRAS, activates ERN1-XBP1 in
mouse hematopoietic stem cells (HSCs), reducing ER-stress induced apoptosis in both
quiescent and proliferative HSCs?°. However, we currently lack insight into the role of ERN1 in
RMS pathogenesis. ERN1 was identified as a potential regulator of RMS self-renewal through
an siRNA library screen against the human kinome. Having been implicated in regulating TPC
activity in other cancer types, ERN1 is a promising candidate for its role in regulating the
function of RMS TPCs.

In this chapter, | investigate the potential role of CD133 as an ERMS TPC marker and
show through RT-PCR expression analysis that CD133 is highly upregulated in ERMS spheroid
cells compared to adherent controls. Using a novel CRISPR/Cas9 mediated gene knock-in
approach, we generated an ERMS CD133-GFP reporter cell line. My findings so far show that
ERN1 is a novel regulator of both ERMS cell growth and self-renewal. Overall, this chapter
highlights preliminary findings from my experiments investigating the potential of CD133 as an

ERMS TPC marker and proposes future directions.

Results

Identification of CD7133 as a potential ERMS TPC marker and creation of a novel reporter
cell line.

To identify potential gene markers for an ERMS TPC population, we performed RT-PCR
expression analysis on a panel of candidate genes (MYF5, PAX7, CD82, CD133) in an ERMS
cell line (381T). MYF5, PAX7, and CD82 were identified due to their role in regulating muscle
satellite cell homeostasis and myogenic fate commitment?'?2. CD133 expression has been
shown to be enriched following ERMS spheroid induction'. Expression of each candidate gene
was compared between adherent and spheroid cells from increasing number of passages. We
observed that CD133 expression significantly increased following serial passaging of 381T,
SMS-CTR and JR1 ERMS spheroids (Figure 1A-B). Expression of MYF5, PAX7 and CD82 did
not see any significant change between adherent and spheroid cells (Figure 1A). In order to
rapidly identify and isolate CD133-expressing ERMS spheroid cells, we developed a novel
CRISPR/Cas9 mediated gene knock-in approach to endogenously label CD 133 expression with
green fluorescent protein (GFP) (Figure 1C). We tested our knock-in approach in SMS-CTR
cells and isolated clonal populations. Following clonal isolation of spheroid cell populations, we
identified one SMS-CTR clonal population (Clone 9) with successful endogenous integration of
the knock-in GFP reporter cassette through PCR amplification and sequencing (Figure 1D).

Future references from here on out regarding our SMS-CTR CD133-GFP reporter cell line will
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be referring to Clone 9. To determine whether our SMS-CTR CD133-GFP reporter cell line
behaves similarly to wild-type SMS-CTR cells, we compared cell growth kinetics. Preliminary
ATP-based viability data showed that our SMS-CTR CD133-GFP reporter cell line grew at a
similar rate as wild-type SMS-CTR cells (Figure 1E). Following culturing in the stem cell
medium, approximately 0.45% of the spheroid cells generated from the SMS-CTR CD133-GFP
reporter cell line expressed GFP (Figure 1F). Serial passaging of spheroids increased the
percentage of GFP expressing cells to 2.4% (~5x fold) (Figure 1F). In summary, preliminary
findings showed that CD133 expression was upregulated in ERMS spheroid cells compared to
adherent cells. Using a novel CRISPR/Cas9 mediated gene knock-in approach, we generated a
CD133-GFP reporter cell line. Serial passaging of our CD133 reporter cell line increased CD133
expression, in line with our RT-PCR data. Together, it appears CD133 has potential for being a
promising gene marker for ERMS TPCs.

Characterization of ERN1 and other potential TPC regulators using a CD313 ERMS
reporter cell line.

Previous work from our lab identified GRKS and HDAC6 as novel regulators of RMS
self-renewal capacity (Chapters 2, 3). GRK5 was identified through a siRNA library screen
against the human kinome (714 kinases) in two ERMS cell lines (RD and 381T). To identify
potential candidate kinases that specifically regulate self-renewal of ERMS, we performed RT-
PCR on candidate kinase genes to identify those upregulated in spheroid cells compared to
adherent cells. RT-PCR analysis identified ERN17 in a panel of ERMS cell lines (381T, SMS-
CTR, JR1) as being upregulated in spheroids compared to adherent cells (Figure 2A). We
subsequently utilized a high-efficiency CRISPR/Cas9 gene targeting strategy? to validate the
loss-of-function effect of ERN1 on self-renewal of 381T and SMS-CTR ERMS cells (Figure 2B).
Genetic disruption of ERN1 was then verified via PCR amplification of the genomic deletion
event (Figure 2B). CRISPR/Cas9-mediated disruption of ERN1 significantly reduced (p-value <
0.05) the self-renewal capacity of ERMS cells via spheroid assay in both cell lines (381T, SMS-
CTR) (Figure 2C). Loss of ERN1 also resulted in a significant reduction in cell viability in both
ERMS cell lines (381T, SMS-CTR) (p-value < 0.05) through an ATP-based viability assay
(Figure 2D). To determine the effect of ERN1, GRK5 or HDACG6 depletion on TPC proportions,
we utilized our previously described SMS-CTR CD133-GFP reporter cell line. Preliminary
findings showed that CRISPR/Cas9 mediated disruption of GRK5, ERN1, or HDACG6 resulted in
an increase percentage of CD133 positive cells of 5.3%, 15.2% and 3.8% respectively,

compared to controls (2.3%) (Figure 2E). From our preliminary results, we have identified ERN1
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as a novel regulator of both ERMS self-renewal and cell growth, with loss of ERN1 resulting in

an increase of CD133 positive cells.

Future experiments for validation of SMS-CTR CD133-GFP reporter cell line.

In this section, | will propose potential future directions and experiments for completion
of the ERMS CD133 project. The first major goal is to validate our SMS-CTR CD133-GFP cell
line as a potential reporter of ERMS TPCs. In vivo limiting dilution xenograft experiments are
considered a gold standard for studying self-renewal potential of TPCs. Therefore, | propose
performing limiting dilution xenograft experiments in immunocompromised NOD-scid-
IL2Rgammanull (NSG) mice using our SMS-CTR CD133-GFP reporter cell line (Figure 3A). If
CD133 labels ERMS TPCs, | hypothesize that there will be a significantly higher rate of
engraftment for CD133 (+) ERMS cells compared to CD133 (-) cells (Figure 3A). To determine
whether GFP expression is an accurate readout of CD133 in spheroid cells, | propose
assessing CD133 expression using RT-PCR in GFP positive and negative SMS-CTR CD133-
GFP spheroid cells (Figure 3B). | hypothesize that GFP positive cells will show enriched CD133
expression compared to GFP negative cells. As TPCs have been shown to possess drug
resistance to chemotherapeutic agents, | propose treating CD133 (+) and CD133 (-) cells with
vincristine, a standard-of-care chemotherapy agent for RMS and assess growth kinetics via an
ATP-based assay (Figure 3B). If CD133 labels ERMS TPCs, | hypothesize CD133 (+) cells to
show enhanced resistance compared to CD133 (-) cells response to the treatment with
vincristine. Time lapse imaging of SMS-CTR CD133-GFP single cell suspensions using high
resolution fluorescent microscopy would allow for visual characterization of ERMS TPCs cellular
division dynamics (Figure 3C). If CD133 (+) cells give rise to CD133 (+) daughter cells following
symmetric or asymmetric division, this would support the hypothesis of CD133 as an ERMS
TPC marker and that TPC exist as a constant population (Figure 3C). If we instead see that
CD133 (-) cells can give rise to CD133 (+) daughter cells following division, this could mean
CD133 may label mature ERMS TPCs instead of more naive ERMS TPCs. It is also possible
that ERMS TPCs exist as a transitory state and CD133 mark ERMS cells that are currently
ERMS TPCs. These experiments will help determine whether our SMS-CTR CD133-GFP cell
line sufficiently functions as a potential ERMS TPCs reporter cell line.

Following validation of our SMS-CTR CD133-GFP cell line, | propose using it to assess
the role of novel regulators of RMS self-renewal (e.g. GRK5, HDAC6, ERN1) in regulating
ERMS TPCs cell cycle, apoptosis and senescence (Figure 3D). Following CRISPR/Cas9
mediated knockout of a gene of interest using our SMS-CTR CD133-GFP cell line, flow
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cytometry-based cell sorting of spheroid cells will enrich for CD133 (+) and CD133 (-)
populations (Figure 3D). From here, EdU-based cell labeling for cell cycle analysis, Annexin V
assay for apoptosis, or B-Galactosidase staining to assess senescence can be performed
(Figure 3D). This will allow us to better determine whether a reduction in self-renewal capacity
through use of the spheroid assay is due to alterations in ERMS TPC cell cycle progression, cell

death or senescence.

Ongoing projects.

In collaboration with Cailyn Spurrell of the Brotman Baty Institute at the University of
Washington, we performed single cell RNA (scRNA) sequencing of 381T wild-type and GRK5
depleted spheroid cells. We have recently received the raw data and are currently working to
analyze it with the help of Dr. Jing-Ru Jhan, a post-doctoral fellow in the Chen lab (Figure 3C).
By studying the genetic composition of ERMS spheroids, we hope to gain insight into the
heterogeneity of cell sub-populations, molecular signatures of CD133+ cell population and
additional candidate TPC gene markers (Figure 3C). If we see unique population clustering
based on CD133 expression, it will lend additional support to our SMS-CTR CD133-GFP cell
line as a reporter of ERMS TPCs.

To study the role of TPCs in relapse ERMS tumors, we generated chemo resistant RMS
cancer cell lines. RMS cancer cell lines of embryonal (RD) and alveolar (Rh30) subtypes were
grown in gradually increasing doses of common chemotherapeutics, vincristine and D-
actinomycin (Figure 3C). To confirm resistance to drug treatment, we will assess viability of wild-
type and drug-resistant RMS cells in varying doses of vincristine or D-actinomycin. We
hypothesize that resistant cells are less sensitive to drug treatment compared to wild-type RMS
cells. We hope to investigate the role of TPCs in mediating treatment resistance in our chemo-

resistant cell lines and their role in driving RMS disease relapses (Figure 3D).

Discussion

In this chapter we have shown preliminary data in characterizing the potential role of
CD133 as an ERMS TPC marker. RT-PCR expression analysis of CD133 shows upregulation in
ERMS spheroid cells compared to adherent controls. To quickly and inexpensively identify
CD133 expressing ERMS spheroid cells for characterization, we generated an ERMS CD133-
GFP reporter cell line. ERN1 was identified as a novel regulator of ERMS tumor cell growth and
self-renewal. Loss of ERN1 resulted in an increase percentage of SMS-CTR CD133 positive

spheroid cells compared to controls. We also introduce future directions that include validation
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of our SMS-CTR CD133-GFP reporter cell line, analysis of ERMS spheroid scRNA sequencing
results, and characterization of TPCs in chemo resistant RMS cancer cell lines.

In human ERMS cancer cell lines, we found low levels of MYF5 expression in both
adherent and spheroid cells, therefore MYF5 is not an ideal TPC marker for human ERMS.
CD133-positive RMS cells express higher levels of muscle progenitor genes and are more
resistant to chemotherapeutic agents, making it a promising marker for potential TPCs'>'3. We
found enriched expression of CD133 in ERMS spheroid cells of 3 independent ERMS cancer
cell lines (381T, SMS-CTR, JR1). We subsequently generated a novel SMS-CTR CD133-GFP
reporter cell line. Serial passaging of SMS-CTR CD133-GFP spheroid cells showed a similar
fold increase in GFP expressing cells as CD133 expression. In vivo limiting dilution xenograft
experiments using our SMS-CTR CD133-GFP reporter cell line is required to validate potential
labeling of ERMS TPCs. A study using antibody based cell sorting showed xenografted CD133
positive ERMS spheroid cells giving rise to heterogenous tumors in mice'®. Interestingly, the
reported percentage of CD133 positive adherent and spheroid cells, differ greatly amongst
different studies as well as our SMS-CTR CD133-GFP reporter cell line'>'*'®. This variance
could be due to known CD133 epitope masking resulting from changes in glycosylation
patterns'®. Additionally, the use of antibodies for large cell sorting experiments can be
expensive and different brands have been shown to report different percentages of CD133
positive adherent and spheroid cells'>'*'°. The use of a CD133-GFP reporter line would be less
expensive and fewer technical complications than antibodies'®. We have also recently begun
analyzing scRNA sequencing data of 381T spheroid cells to study the genetic composition of
potential TPCs. This could allow for the identification of additional, or more precise, ERMS
TPCs gene markers. In addition, a CRISPR/Cas9 knockout screen against genes identified in
our scRNA sequence data could help find key essential regulators of ERMS TPC survival.

Increased ERN1 activity has been proposed to prevent ER stress induced apoptosis in
cancer cells and pre-leukemic HSCs'®'°. In this chapter, we present preliminary results that
indicate ERN1 as a novel regulator of ERMS cell growth and self-renewal. Early findings see,
while loss of ERN1 reduced self-renewal capacity in the form of fewer spheroids, depletion of
ERN1 in our SMS-CTR CD133-GFP reporter cell line resulted in an increase in GFP positive
cells. This finding was unexpected, as we hypothesized a reduction in spheroid size and
numbers following loss of ERN1 would result in fewer ERMS TPCs. If our SMS-CTR CD133-
GFP cell line is found to label ERMS TPCS, we would then be able to characterize CD133 (+)
vs CD133 (-) ERN1 loss of function spheroid cells. We could investigate whether the increase in

GFP positive cells is due to increased cell death in CD133 (-) or induced senescence in CD133
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(+) cells. Further study is required to understand how loss of ERN1 effects ERMS TPC
behavior.

Tumor cell heterogeneity is believed to contribute to cancer cell resistance of
chemotherapeutic agents?*. Along with a glim survival outlook, patients with relapsed or
metastatic RMS disease respond poorly to previously used chemotherapeutics’. A majority of
chemotherapeutic agents target rapidly diving cells, which are ineffective against TPCs®?*.
CD133 expressing ERMS spheroid cells were shown to be more tumorigenic and less
responsive to commonly used chemotherapeutics'®. By generating chemo resistant RMS cancer
cell lines, we hope to understand the mechanisms driving RMS chemotherapeutic resistance.

Our understanding of how RMS TPCs function in disease relapse remains limited. While
a zebrafish ERMS disease model allows for rapid identification and isolation of TPCs for study,
a similar approach in human ERMS cancer cell lines currently do not exist. In this chapter, we
show preliminary results that indicate CD133 as a promising marker of human ERMS TPCs. We
have developed a novel SMS-CTR CD133-GFP reporter cell line that would allow for
inexpensive and rapid isolation of potential TPCs for characterization. By understanding the
mechanism behind RMS TPC self-renewal in the context of chemo and NRAS resistance, we

may identify novel therapeutic targets against RMS disease relapse and metastasis.

Materials/Methods
CRISPR/Cas9 Mediated Gene Knockout

SMS-CTR cells were transfected using the Neon Transfection System with two separate
DNA plasmids. Our CRISPR/Cas9 plasmid is responsible for generating both targeting gRNAs
as well as the Cas9 enzyme. The second plasmid contains our replacement template, which
has fuses a self-cleaving T2A peptide sequence linked to GFP to the last exon of CD133.
Following CRISPR/Cas9 mediated double stranded DNA break of the endogenous CD133 sites
and our replacement template, NHEJ will insert our replacement sequence, bumping down the
endogenous last exon of CD133. The addition of a puromycin selectable marker driven by the
PGK promoter allows for selection of successful transfection. Cells are grown under antibiotic
selection for at least 2 weeks before plating for clonal isolation. Clonal expansions are kept
under continuous antibiotic selection. PCR amplification of knock-in junction and Sanger
sequencing is performed to confirm correct integration.
Confirmation Primers Sequence
FWD - GGATGGATATACTGTCTGGAGGAGA
REV - CGTCGCCGTCCAGCTCGACCAG
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CRISPR/Cas9 gene targeting in human RMS cells
Single gene knockout was accomplished using lentiviral transduction of RMS cells with
Cas9 expressing and gene-specific double gRNA constructs. Lentiviral transduced cells were
placed under antibiotic selection and plated for assays 7 days later. Cloning of Cas9 and gRNA
expression constructs was performed as described previously®.
The following gRNAs were used for targeting genes in human RMS cell lines:
GRKb5: gRNA1- GGACCTGGTCTCCCAGACGG
gRNA2- GGAGCAGCCCTTTCTTGGG
HDACG6: gRNA1 - GCTTCCCGGAAGGCCCTGAGCGG
gRNA2 - GCTGGTGGATGCGGTCCTGGGGG
ERN1: gRNA1 - GGCCGCATAGTCAAAGTAGGNGG
gRNA2 - GTATTTCCCAACATACAGAGNGG

Human Expression Data Analysis

RNA was collected from human cell lines lysates (381T, SMSCTR, JR1) using Qiagen
RNeasy Plus Mini Kit. cDNA was then generated using High Capacity cDNA Reverse
Transcription Kit from Applied Biosystems. RT-PCR reactions were then run with iTaq Universal
SYBR Green mix on a CFX Connect Real Time System (BioRad, Hercules, CA). RT-PCR
primers used are listed below: MYF5 and PAX7 RT-PCR primer sequences were from a
previously published article?®.
The following qPCR primers were used:
CD82: FWD - GGAGCAGAAAGCAGAACCC

REV - GGAGCTTCCTTCCACGAAAC
CD133: FWD - ACTCCCATAAAGCTGGACCC

REV - TCAATTTTGGATTCATATGCCTT
ERN1: FWD - GAGACCCTGCGCTATCTGAC

REV - CTTGGCCTCTGTCTCCTTGG

Cell-based Assays

RMS cell growth was quantified by direct cell counting or the ATP-based Cell Titer Glo
luminescent cell viability assay (Promega, Madison, WI). Spheres (“rhabdospheres”) were
induced in stem cell (neurobasal) medium enriched with growth factors (EGF, bFGF, PDGF-A

and PDGF-B). Tumor palpations will be made 3 times a week until tumor engraftment. Analysis
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of limiting dilution data was performed as previously described®. All mice were humanly

euthanized for tumor tissue harvesting at the end of the experiment.

Human Xenografts

We will generate spheroids from SMS-CTR CD133-GFP cells and live cell flow
cytometry sort GFP positive and GFP negative cells. 4 immunocompromised NOD-SCID IL2rg-
/- (NSG) mice will be xenografted via subcutaneous injections into the flanks with either GFP
positive, GFP negative, bulk spheroids and adherent cells at approximately 10, 100, 1000
counts suspended in Matrigel. Tumor palpations will be made 3 times a week until tumor
engraftment. Analysis of limiting dilution data was performed as previously described’. All mice

were humanly euthanized for tumor tissue harvesting at the end of the experiment.

Generating Chemo Resistant RMS Cells

RD and Rh30 RMS cancer cells were seeded at approximately 80,000 cells per well.
Both cell lines were started at 0.1nM concentrations of either vincristine, D-actinomycin or
DMSO vehicle control. Dosage was increased between 0.2-0.5 nM every 3-4 days while
monitoring number of dead cells per well. If cells respond with heavy cell death, revert to the
previous drug concentration. Continue until cells are able to survive in at least 4.5nM drug

concentration.
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Figure Legends

Figure 1: Identification of CD733 as a potential ERMS TPC marker and creation of a novel
reporter cell line. (A) RT-PCR analysis of candidate TPC marker genes (MYF5, PAX7, CD82,
CD133) comparing adherent 381T cells (ADH) and spheroids passaged 0, 1, 3 times (SPH 0,
SPH 1, SPH 3). (B) RT-PCR analysis of CD133 expression in a panel of 3 ERMS cell lines
(381T, SMS-CTR, JR1) comparing adherent (ADH) to spheroid cells passaged 3 times (SPH 3).
RT-PCR error bars represent standard deviation of 3 technical replicates from an individual
experiment repeated 3 times. (C) Schematic illustrating CRISPR/Cas9 mediated gene knock-in
of GFP to the CD133 loci of SMS-CTR cells. Confirmation of successful knock-in was done
through PCR amplification (FWD1 + REV1) across region spanning endogenous CD1733 and
knock-in sequence (D) Gel electrophoresis of knock-in confirmation PCR in SMS-CTR control
cells (CTRL), heterogenous knock-in population (POOL) and isolated clone #9 (Clone 9).
Sanger sequencing for Clone 9 shows confirms correct knock-in. (E) Cell Titer Glo viability
assessment of SMS-CTR CD133-GFP clone 9 (Clone 9) compared to SMS-CTR controls
(CTRL). (F) Brightfield (BF) and fluorescent GFP images (GFP) of SMS-CTR CD133-GFP
Clone 9 spheroids at passage 1 (SPH 1) and 5 (SPH 5). Flow cytometry-based cell sorting to
determine changes in GFP (+) population. Each data point represents one technical replicate.
Two-tailed t-test and one-way ANOVA,; * = p <0.05; *** = p < 0.001, **** = p < 0.0001.

Figure 2: Characterization of ERN7 and other potential TPC regulators using a CD313
ERMS reporter cell line. (A) RT-PCR analysis of ERN1 expression comparing adherent (ADH)
to spheroid cells passaged 3 times (SPH 3) in a panel of ERMS cell lines (381T, SMS-CTR,
JR1). RT-PCR error bars represent standard deviation of 3 technical replicates from an
individual experiment repeated 3 times. (B) Schematic demonstrating CRISPR/Cas9 targeting of
ERN1. Two gRNAs were designed to disrupt 2 separate exons to maximize targeting efficiency.
(C) Spheroid counts to assess self-renewal. Data shown are 4 replicates from one of 3
independent experiments. (D) Cell Titer Glo viability assessment of ERN1 knockout (ERN1 KO)
compared to controls (CTRL) in two independent ERMS cell lines (381T and SMS-CTR). Data
shown are 3 replicates from one of 3 independent experiments. (E) Preliminary flow cytometry
results comparing change in GFP positive SMS-CTR CD133-GFP spheroid cells between
control (CTRL) and CRISPR/Cas9 mediated knock out of GRK5, ERN1, and HDACS6 cells. Data
shown is from 1 technical replicate from 1 experiment. Two-tailed t-test; ** = p <0.01; **=p <
0.001, **** = p < 0.0001.
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Figure 3: Future experiments for validation of SMS-CTR CD133-GFP reporter cell line. (A-
D) Flow chart schematic illustrating future in vivo and in vitro experiments to validate SMS-CTR

CD133 reporter cell line.

Figure 4: Ongoing projects. (A) lllustration of unsupervised clustering and gene expression
analysis required of single cell RNA (scRNA) sequencing results in 381T spheroid cells. (B)
Schematic illustrating method for generating chemo resistant RMS cell lines from wild-type (WT)

cells to compare potential changes to TPCs.
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Chapter 5: Concluding Remarks
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While great advancements have been in made in the field of cancer therapy, disease
relapse remains a major concern for cancer patients. Cancer TPCs are believed to evade
therapeutic targeting and are responsible for driving disease relapse and metastasis’. Self-
renewal of TPCs allows for recapitulation of the tumor heterogeneity in its entirety'. Laboratory
findings show that targeting regulators of TPC activity, in combination with standard therapeutic
agents, may improve tumor killing and reduce disease relapse in patients®”’. For RMS patients,
disease relapse comes along with a very poor survival outlook®. Therefore, there exists a need
for identifying novel therapeutic targets against RMS disease relapse and metastasis.

To help identify novel therapeutic targets against RMS disease relapse, our lab utilized a
siRNA library screen against the entire human kinome. From this screen, we discovered GRK5
regulates ERMS self-renewal and cell growth in a kinase-independent manner. Interestingly,
loss of GRKS5 results in a significant increase of ERMS spheroid cell death but not adherent
ERMS cancer cells. While we are uncertain whether this effect is specific to ERMS TPCs or all
spheroid cells, it provides novel insight into GRK5 potentially having distinct activity in ERMS
TPCs vs non-TPCs. As GRK5 was shown to regulate ERMS cell growth in a kinase
independent manner, it would be interesting to investigate whether GRK5 possesses unique
regulatory gene transcription activity when it comes to NFAT1 transcription. Such additional
mechanistic insights may help in developing therapeutic agents against GRK5 mediated ERMS
tumor cell growth.

From a previously performed CRISPR/Cas9 screen on histone deacetylases (HDAC),
we identified HDACG6 as a potent regulator of RMS cell growth®. HDAC6 was found to regulate
RMS tumor cell growth, self-renewal and cell motility. RMS loss-of-function spheroid cells
showed reduced expression of stem-cell markers compared to controls. Characterization of
HDACSG loss-of-function spheroid cells to assess cell death and cell cycle may provide additional
insight into how HDACG6 may regulate RMS TPC activity. As HDAC6 was shown to alter RMS
cytoskeletal dynamics via RAC1, | believe it would be interesting to look at HDACG6 loss-of-
function spheroid cell division and how this may affect RMS TPC self-renewal capacity.

In order to more accurately study human ERMS TPCs, | set out to develop a human
TPCs reporter cell line. CD133 was identified as a potential ERMS TPC marker as it was shown
to be highly upregulated in ERMS spheroid cells. We successfully generated a SMS-CTR
CD133-GFP reporter cell line using CRISPR/Cas9 mediated gene knock-in. While additional
validation studies must still be performed, the development of a SMS-CTR CD133-GFP cell line
will allow for the isolation and characterization of ERMS TPCs behavior. ERN1 was also

identified as a novel regulator of ERMS self-renewal and cell growth. ERN1 loss-of-function
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spheroid cells were found to be smaller and fewer in number. Expecting to see a decrease in
CD133 (+) ERN1 loss-of-function spheroid cells, we instead saw a dramatic increase in CD133
(+) spheroid cells. If our preliminary findings prove to be accurate, it may mean a reduction in
RMS self-renewal capacity seen through sphere assays may not only be the result of TPC
death.

Targeting of GRK5 or HDACS, in vivo, via small molecule inhibitors significantly reduced
RMS tumor cell growth, highlighting their potential as novel RMS therapeutic targets. While we
have characterized the role of GRK5 and HDACS in regulating RMS self-renewal in vitro and in
vivo, there are still important questions left unanswered regarding their role in RMS TPCs. TPCs
are a heterogeneous population, with cells potentially existing in different stages of quiescence,
proliferation, differentiation and apoptosis. While loss of GRK5, HDAC6 and ERN1 may result in
reduced ERMS self-renewal capacity, we are still uncertain of their role is specific to ERMS
TPCs or non-TPC spheroid cells. By utilizing new technology and techniques, such as our SMS-
CTR CD133-GFP reporter cell line, | hope to tackle such uncertainties and provide novel
insights into RMS TPC behavior. With the help of current advancements in single cell RNA
sequencing and gene editing techniques, we are beginning to also directly look at RMS TPCs to
illicit potential therapeutic markers and targets. | hope that my contributions to the field of RMS
and cancer biology today may lay the foundation for promising therapeutic options for RMS

patients tomorrow.
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