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ABSTRACT
Rhabdomyosarcoma (RMS) is the most common soft-tissue pediatric sarcoma.
Clinical outcomes for RMS patients with relapsed or metastatic disease remain poor.
Treatment options remain limited, presenting an urgent need for novel therapeutic
targets. Using a high-throughput siRNA screen against the human kinome, we
identified GRK5, a G-protein receptor kinase, as a novel regulator of RMS tumor
cell growth and self-renewal. Through functional assays in vitro and in vivo, we
show that GRK5 regulates cell cycle in a kinase-independent manner to promote RMS
tumor cell growth. NFAT1 expression is regulated by GRK5 in a kinase independent
manner, and loss of NFAT1 phenocopies GRK5 loss-of-function effects on the cell cycle
alterations. Self-renewal of tumor propagating cells (TPCs) is thought to give rise to
tumor relapse. We show that loss of GRK5 results in a significant reduction of RMS
self-renewal capacity in part due to increased cell death. Treatment of human RMS
xenografts in mice with CCG-215022, a GRK5-selective inhibitor, results in reduced
tumor growth and self-renewal in both major subtypes of RMS. GRK5 represents a
novel therapeutic target for the treatment of RMS.

INTRODUCTION

cancer types, such as breast and lung cancer [4–7], and
possess stem cell-like characteristics that allow for the
recapitulation of tumor heterogeneity in its entirety [7]. A
potential TPC population with self-renewal capacity has
been identified in a conserved transgenic zebrafish model
of ERMS [8]. In human ERMS, CD133-positive cells
have also been found to possess stem-like characteristics
and are resistant to standard-of-care chemotherapy [9].
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 [10]. There exists at least 500
kinases in the human genome, many of which have
been linked to the promotion of cancer progression and
relapse [10, 11]. The roles of kinases in the pathogenesis

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 [1].
Alveolar rhabdomyosarcoma (ARMS) is characterized
by the presence of the PAX3- or PAX7-FOXO1 fusion
[2]. 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% [3], 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
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of cancer and other human diseases have been studied
extensively over the past 20 years [12]. However, there
currently exists only 48 FDA-approved kinase inhibitors,
many of which share the same targets [12]. Of the
48 FDA-approved kinase inhibitors, none have been
tested for their therapeutic effects against advanced RMS
disease [12]. 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 [13, 14].
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 [15].
G-protein coupled receptor kinase 5 (GRK5) belongs
to a family of serine/threonine kinases [16] and plays an
important role in cardiovascular disease pathogenesis
and early heart development [17–19]. GRK5 targets
the β-adrenergic receptors, members of the G-protein
coupled receptors family (GPCRs), leading to their
desensitization and down regulation in cardiomyocytes
[20], and is upregulated during heart failure [21]. GRK5
can also function in a non-GPCR-dependent manner to
regulate HDAC5 activity in cardiomyocytes, promoting
maladaptive hypertrophy and heart failure [22]. While
GRK5 has been extensively studied for its role in heart
disease, the role of GRK5 in cancer pathogenesis is
poorly characterized. To date, GRK5 has been shown to
play a role in the pathogenesis of lung, brain and prostate
cancer [4, 23, 24]. In non-small cell lung cancer (NSCLC)
and glioblastoma multiforme (GMB), GRK5 is highly
expressed in primary patient specimens and depletion
of GRK5 results in reduced cell growth [4, 23]. Loss of
GRK5 in NSCLC and prostate cancer cell lines also results
in cell cycle arrest [23, 24]. 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 [20, 25, 26].
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 selfrenewal capacity in vitro and in vivo in part through
increased programmed cell death. GRK5 regulates cell cycle
progression to promote ERMS tumor cell growth in a kinaseindependent manner. NFAT1, a transcription factor involved
in T-cell maturation [27], is a key player in GRK5-mediated
cell cycle progression. Treatment of RMS xenografts with
a selective GRK5 inhibitor, CCG-215022, results in a
significant reduction of tumor growth, demonstrating the
potential of GRK5 as a therapeutic target in RMS.
www.oncotarget.com

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 [28]. 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 siRNAtransfected 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,
GRK5) 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 [29] to validate the
loss-of-function effect of each candidate kinase gene on
self-renewal of 381T ERMS cells (Figure 1B). GRK5 was
prioritized for further functional characterization due to
consistent loss-of-function effects on self-renewal of RMS
cells.

GRK5 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 GRK5
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, GRK5 appears to be differentially
expressed in RMS tumors and likely plays an important
role in RMS pathogenesis.
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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. GRK5 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, GRK5). 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 GRK5 staining in MB and RMS cancer cell
lines (381T, SMS-CTR, Rh30, Rh5). (E) Immunohistochemistry of GRK5 in skeletal muscle control (CTRL) and representative primary
ERMS and ARMS tumors. Summary of IHC for GRK5 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.
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GRK5 regulates self-renewal of both ERMS and
ARMS

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
GRK5 in the presence of CRISPR/Cas9-mediated GRK5
gene disruption in SMS-CTR cells. Compared to the GFP
overexpression control, Cas9-resistant GRK5 rescued the
growth phenotype of SMS-CTR cells following targeted
disruption of GRK5 (Figure 3B). Even though the GRK
family proteins are known for their kinase-dependent
roles, some studies have also implicated kinaseindependent function of GRK5 [20, 30]. To determine
whether GRK5 regulates RMS cell growth in a kinase
dependent or independent manner, we generated a kinase
dead (K215R) (KD) GRK5 mutant [25] that is resistant
to targeted disruption by CRISPR/Cas9. Overexpression
of KD GRK5 protein also restored cell growth in SMSCTR 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 GRK5 loss-offunction 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, 3D), they showed altered cell cycle
progression in a flow cytometry-based cell cycle analysis
following EdU pulse by day 6 of GRK5 knockout
(Supplementary Figure 2A). 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 SMSCTR cells (Figure 3E, 3F). Overall, our results indicate
that GRK5 functions in a kinase-independent manner to
alter cell cycle progression in ERMS cells.

To confirm effective disruption of GRK5 by
CRISPR/Cas9, gRNAs were designed to flank the
catalytic, nuclear export (NES) and nuclear localization
(NLS) functional domains of GRK5 (Figure 2A).
Genetic disruption of GRK5 was then verified via
PCR amplification of the genomic deletion event, and
depletion of the protein product was confirmed by
Western blots (Figure 2A, 2B, Supplementary Figure 1A).
Immunofluorescence of SMS-CTR GRK5-targeted cells
showed reduced GRK5 signal, highlighting specificity of
gene targeting (Supplementary Figure 1B). We assessed
the loss-of-function effect of GRK5 on tumor cell selfrenewal 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 GRK5 resulted
in a significant reduction (p-value < 0.05) in the sphere
formation in 3 (381T, SMS-CTR, Rh5) out of the 4 RMS
cancer cell lines (Figure 2C). Targeted disruption of GRK5
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 2C, 2D, Supplementary Figure 1C).
To determine the cellular mechanism underlying the lossof-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, 2F), 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 GRK5 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-scidIL2Rgammanull (NSG) mice. In both RMS subtypes,
targeted disruption of GRK5 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.

NFAT1 expression is regulated by GRK5 in a
kinase-independent manner
GRK5 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 [20]. NFAT1 has been shown to
function either as a positive or negative regulator of
cell cycle progression [31, 32]. To investigate the role
of NFAT as a potential downstream component of the
GRK5 pathway in regulating ERMS cell growth, we first
showed that targeted disruption of GRK5 led to decreased
levels of NFAT1 expression in 381T and SMS-CTR cells
(Figure 4A). Overexpression of wild-type or catalyticallydead GRK5 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, 4E). There was a delay in both G1/S and G2/M
in NFAT1-disrupted 381T and SMS-CTR cells. To explore

GRK5 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 GRK5 resulted
in a significant reduction in cell viability in all 4 RMS
www.oncotarget.com
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Figure 2: GRK5 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 GRK5. 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.
www.oncotarget.com
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Table 1: Summary of limiting dilution experiments
381T
Cell No.
50,000
10,000
2,000
TPC frequency
95% CI
*
p = 0.0353

Rh5
Control
6 of 6
6 of 6
5 of 6
1115
414–3002

GRK5 KO
6 of 6
5 of 6
3 of 6
4373*
1927–9922

Cell No.
50,000
10,000
2,000
TPC frequency
95% CI
**
p = 0.00739

Control
6 of 6
6 of 6
5 of 6
1115
414–3002

GRK5 KO
6 of 6
4 of 6
3 of 6
6230**
2731–14214

381T and Rh5 RMS cells were injected into NSG mice at limiting dilutions of 2 × 103, 1 × 104, 5 × 104 cells. TPC frequency
was calculated as previously described [43]. Confidence interval and statistics was performed on an n = 6 mice per control
and GRK5 KO. * = p <0.05; ** = p < 0.01.
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 GRK5 abrogated this interaction
(Figure 4G). Taken together, our data indicate that NFAT1
is a potential downstream mediator of GRK5 function in
regulating RMS cell growth.

RMS has yet to be investigated. In this study, we show
that GRK5 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 GRK5 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 GRK5 in
cancer pathogenesis to date have primarily investigated
the functional requirement of its kinase activity [33, 34].
TP53 phosphorylation by GRK5 leads to its degradation,
resulting in inhibition of the TP53-dependent apoptotic
response to genotoxicity in osteosarcoma cells [33].
A study using HeLa cells additionally shows a defect
in proper cell cycle progression following GRK5 gene
knockdown [34]. However, we show through rescue
experiments with a GRK5 kinase-dead mutant that GRK5
regulates RMS cell growth in a kinase-independent
manner. We also show that targeted disruption of GRK5
in two RMS cell lines with TP53 mutations, 381T with
TP53(R248W) and Rh30 with TP53(R237H) [35, 36],
reduces RMS cell growth despite the presence of TP53
mutations. 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 [37].
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
[31, 32, 37]. 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 [20]. In a model of pathological cardiac
hypertrophy, GRK5 promotes the transcriptional activity

Treatment of RMS tumor with CCG-215022, a
GRK5 inhibitor, reduces tumor growth in vivo
To assess the potential of GRK5 as a therapeutic
target against RMS, 381T or Rh5 RMS xenografts
established in NSG mice were treated with a GRK5selective 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)-treated 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, 5C). 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–5F). Immunohistochemistry analysis
of CCG-215022 treated tumors shows a lower Ki-67
proliferation index compared to the vehicle controltreated tumors (Figure 5G). These results demonstrate the
therapeutic potential of targeting GRK5 as an alternative
treatment option to inhibit RMS tumor growth.

DISCUSSION
While GRK5 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 [17–22]. GRK5 has been implicated as
having a role in regulating lung, brain and prostate cancer
cell growth [4, 23, 24]. However, the role of GRK5 in
www.oncotarget.com
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mediated-disruption of NFAT1 phenocopies the loss-offunction effects of GRK5 on cell cycle progression. NFAT
likely functions as an important downstream mediator to
promote oncogenic activity of GRK5. Further study is
required to determine whether GRK5 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

of NFAT in a kinase-independent manner as part of a DNA
binding complex to regulate expression of hypertrophic
genes [20]. In this study, both wild-type and kinase-dead
GRK5 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 role for GRK5 acting in a kinase-independent
manner to regulate the NFAT1 expression. CRISPR/Cas9

Figure 3: GRK5 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.
www.oncotarget.com
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Figure 4: NFAT1 expression is regulated by GRK5 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 GRK5 knockout (GRK5 KO). (B) RT-PCR
analysis of GRK5 and NFAT1 expression in 381T cells following GRK5 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 and NFAT1 in close proximity.
www.oncotarget.com
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are thought to be the major drivers of cancer relapse and
metastasis in selected cancer types [7, 38]. Disease relapse
or metastasis of RMS carries a poor survival prognosis
[3]. Identifying potential targets that regulate TPC
survival could potentially provide a solution for treating

RMS disease relapse and metastasis. Our study shows
that GRK5 loss-of-function significantly reduces the selfrenewal 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 GRK5

Figure 5: Treatment of RMS tumor with CCG-215022, a GRK5 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) tumor growth during treatment period 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.
www.oncotarget.com
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is a promising therapeutic target against RMS stemlike 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 GRK5 are currently limited.
Amlexanox, an FDA-approved anti-inflammatory drug,
has been shown to inhibit GRK5 activity [39]. However,
Amlexanox is a non-specific inhibitor with cross reactivity
with other proteins and pathways such as IKBKE in the
Hippo pathway [40]. CCG-215022, an investigational
compound developed by John Tesmer’s group at the
University of Michigan, shows high selectivity against
GRK5 [41]. 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 [41].
We show that a kinase deficient GRK5 mutant rescues the
GRK5 loss-of-function growth phenotype. Based on this
finding, it is possible that the functional domain of GRK5
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 GRK5 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 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 GRK5 in vitro and in vivo demonstrates
that GRK5 regulates ERMS cell growth in a kinaseindependent manner and is essential for RMS self-renewal
capacity. A GRK5 inhibitor, CCG-215022, recapitulates
the loss-of-function effects of GRK5. Thus, our findings
demonstrate the promise of GRK5 as a therapeutic target
against RMS disease progression and relapse.

capacity of tumor cell. The ATP-based Cell Titer Glo assay
(Promega, Madison, WI) was performed on the siRNAtreated 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 [36]. Overexpression constructs used in GRK5
functional experiments were amplified from cDNA
generated from the 381T ERMS cell line. Silent mutations
to PAM sites were introduced in the GRK5 overexpression
constructs to generate Cas9 resistant GRK5 protein.
RMS cells were then transduced with 3 separate lentiviruses; 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 [25].
The following gRNAs were used for targeting
genes in human RMS cell lines: GRK5: gRNA1GGACCTGGTCTCCCAGACGG; gRNA2- GGAGCAGC
CCTTTCTTGGG; NFAT1: gRNA1- GACGGAGTGA
TCTCGATCCG; gRNA2- GATCCCACAAGGCGAGT
CCG; FES: gRNA1-GGCCGAGCTTCGTCTACTGG;
gRNA2- GAGCCTGCTCATCCGGGAA; LTK: gRNA1GCTGGCTCCAAGATACTAGG; gRNA2- GACCAGCG
TGGTGGTGACCG; LYN: gRNA1- GTAGCCTTGT
ACCCCTATGA; gRNA2- GGAATGGCATACATCGAG;
NME9: gRNA1- GACCTCGATCCTCATCTTC; gRNA2GATGTCCTCGAAAAGTACAG; PIK3C2A: gRNA1GCACAGGTTTATAACAAGC; gRNA2 - GGGGCGCTT
GCTAATATTTT.

MATERIALS AND METHODS

Cell-based assays

siRNA kinome library screen

RMS cell growth was assessed via cell counts or an
ATP-based luminescent cell viability assay, Cell Titer 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 the spheroids, induced in
growth factors (EGF, bFGF, PDGF-A, PDGF-B) enriched
neurobasal medium as previous described [42]. Apoptosis
was assessed using a flow-cytometry based assay using the
Annexin V, Alexa Fluor 647 conjugate (Life Technologies,
Carlsbad, CA). Cell cycle analysis was done with flow

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
www.oncotarget.com
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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).

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 were
obtained from Santa Cruz Biotechnology (Dallas, TX).
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.

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-SCID IL2rg−/− (NSG) mice
were xenografted via subcutaneous injections into the
flanks with approximately 1–2 × 106 RMS cells (RH5
or 381T) suspended in Matrigel. When the tumor size
reached 20–75 mm3, CCG-215022 (10 mg/kg) or vehicle
(DMSO) were given intraperitoneal every 3 days for up
to 21 days or until tumors reached end point (750 mm3).
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 2 × 103, 1 × 104, 5 × 104
dilutions in the same manner as previously described.
Analysis of limiting dilution data was performed by the
extreme limiting dilution (ELDA) software as previously
described [43]. All mice were humanly euthanized for
tumor tissue harvesting at the end of the experiment.

Human expression data analysis
RNA was collected from human cell lines
lysates (myoblasts, NHDF, 381T, SMS-CTR, RH30,
RH5) using Qiagen RNeasy Plus Mini Kit (Qiagen,
Germantown, MD). cDNA was then generated using
High Capacity cDNA Reverse Transcription Kit from
Applied Biosystems (Foster City, CA). 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 – CAGG
CATACATTTTACCCGT; NFAT1 FWD - ACGAGCTT
GACTTCTCCACC; REV - TGCATTCGGCTCTTC
TTCGT

Statistics
Mann-Whitney statistical test was run on drug
treat RMS tumor mouse experiments to assess statistical
significance in differences between experimental and
control. Two tailed Student’s t-test was applied when
appropriate.

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 [29]. Duolink
Proximity Ligation Assay (PLA) by Sigma Aldrich was
used to visualize GRK5-NFAT1 activity. The following
antibodies were used for immunohistochemistry:
rabbit polyclonal anti human mouse monoclonal anti
human Ki-67 (MIB1) (1:100, Dako, Santa Clara, CA),
GRK5 (N145/20) (1:100, Abcam, Cambridge, MA); for
immunofluorescence: GRK5 (N145/20) (1:150, Abcam,
Cambridge, MA), NFAT1 (D43B1) (1:100, Cell Signaling
Technology, Danvers, MA).
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