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Rhabdomyosarcomas are the most common pediatric soft tissue sarcoma and are a

major cause of death from cancer in young patients requiring new treatment options to

improve outcomes. High-risk patients include those with metastatic or relapsed disease

and tumors with PAX3-FOXO1 fusion genes that encode a potent transcription factor

that drives tumourigenesis through transcriptional reprogramming. Polo-Like Kinase-1

(PLK1) is a serine/threonine kinase that phosphorylates a wide range of target substrates

and alters their activity. PLK1 functions as a pleiotropic master regulator of mitosis and

regulates DNA replication after stress. Taken together with high levels of expression

that correlate with poor outcomes in many cancers, including rhabdomyosarcomas, it

is an attractive therapeutic target. This is supported in rhabdomyosarcoma models by

characterization of molecular and phenotypic effects of reducing and inhibiting PLK1,

including changes to the PAX3-FOXO1 fusion protein. However, as tumor re-growth

has been observed, combination strategies are required. Here we review preclinical

evidence and consider biological rationale for PLK1 inhibition in combination with drugs

that promote apoptosis, interfere with activity of PAX3-FOXO1 and are synergistic with

microtubule-destabilizing drugs such as vincristine. The preclinical effects of low doses

of the PLK1 inhibitor volasertib in combination with vincristine, which is widely used

in rhabdomyosarcoma treatment, show particular promise in light of recent clinical

data in the pediatric setting that support achievable volasertib doses predicted to be

effective. Further development of novel therapeutic strategies including PLK1 inhibition

may ultimately benefit young patients with rhabdomyosarcoma and other cancers.

Keywords: polo-like kinase 1, PLK1 inhibitors, rhabdomyosarcomas, combination treatment, microtubule

disruptors
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INTRODUCTION

Rhabdomyosarcomas (RMS) are the most common pediatric
soft tissue sarcoma and are a major cause of death from
cancer in young patients. There are two main histological
subtypes of pediatric RMS; embryonal RMS accounting for
∼70% of cases and alveolar RMS ∼ 30% of RMS. Similar to
other pediatric cancer, RMS has low levels of somatic genetic
aberrations compared to most adult cancers (1). Embryonal RMS
is associated with aneuploidy, particularly gain of chromosomes
8, 12, and 2, loss of heterozygosity or imprinting around the
insulin growth factor 2 (IGF2) locus and mutations in genes
encoding proteins involved in RAS pathway signaling. The
majority of cases with alveolar histology are characterized by
gene fusions between the PAX3 or PAX7 and FOXO1 genes
(2, 3). The PAX3-FOXO1 fusion gene encodes a novel and
potent transcription factor that drives tumourigenesis through
transcriptional reprogramming, including upregulation of the
transcription factor MYCN and receptor tyrosine kinases (4–6).
Furthermore, the fusion protein in a complex with bromodomain
containing protein 4 (BRD4) has been shown to establish
super-enhancer regions associated with changes to histone
modifications that markedly affect expression levels of particular
genes (7).

Fusion gene positive RMS tends to be more aggressive and a
higher proportion of cases present with metastatic disease than
fusion negative RMS. Furthermore, the presence of the fusion
gene has been identified in both retrospective and prospective
analyses as a molecular marker of poor patient outcome that is
superior to using histological classification for risk stratification
(8–11). Based on these observations and similarities in gene
expression profiling data (9, 12), fusion gene status has been
incorporated into risk stratification in the current US protocol
and will replace histology in the new protocol for RMS in Europe.

Current treatment for RMS is based on conventional
chemotherapy, surgical resection, and radiotherapy. Despite
treatment intensification, improvement in outcome has been
disappointing with overall survival rates of 70% (www.ncin.org.
uk/databriefings) and patients with metastatic or relapsed disease
having dismal outcomes (13, 14). Treatments are associated with
short and long-term side effects, which can be severe (15, 16).
There is a clear unmet clinical need for novel, more effective and
less toxic therapeutic strategies, especially for higher-risk RMS
patients which includes all fusion gene positive cases. Potential
therapeutic strategies centered on the role of the fusion protein
are reviewed in detail elsewhere (17, 18). Here we focus on the
identification, molecular understanding and effects of inhibiting
Polo-Like Kinase-1 (PLK1) as a promising molecular target for
therapy of RMS. PLK1 inhibitors both alone and in combination
with other agents are considered, including the effects targeting
PLK1 has on the PAX3-FOXO1 fusion protein.

PLK1 FUNCTION

PLK1 is the most extensively studied of five members of the
polo-like family of serine/threonine kinases and has a wide
range of target substrates that it phosphorylates. It is primarily

known for operating as a pleiotropic master regulator of the
cell cycle from entry into mitosis to the initiation of cytokinesis.
This includes regulating the activity of proteins involved in
establishing centromeres, initiating spindle checkpoint signaling
and coordinating the activity of the spindle checkpoint, as
reviewed in detail elsewhere (19, 20). High levels of PLK1
expression are generally restricted to rapidly dividing cells
such as those during embryogenesis and in hair follicles.
Significantly, many types of cancer, including pediatric tumors,
also express high PLK1 levels. Overexpression is correlated with
poor prognosis in several tumor types and reduction of PLK1
expression or its inhibition results in a failure of cell cycle
regulatory mechanisms that can lead to subsequent apoptosis
of cancer cell lines and xenograft models, including those of
pediatric solid tumors (21–24).

In addition to the peak activation of PLK1 in the G2/M
phase of the cell cycle, expression and basal activity starts early
in S phase with PLK1 regulating DNA replication, notably
under stress. Phosphorylation of ORC2 by PLK1 is reported to
promote DNA replication (25) and is associated with resistance
to gemcitabine (an inhibitor of DNA replication) in pancreatic
tumor cells (26). PLK1 activity is also reported to be involved
with resistance to doxorubicin (21). The CDK-PLK1 axis targets
RAD9, a DNA checkpoint sensor protein, that minimizes
checkpoint response (27). Therefore, PLK1 functions by complex
mechanisms to regulate DNA replication after stress as well as
mitosis, in ways that may be relevant to responses to cancer
treatment and tumor development, including in RMS.

PLK1 IN RMS

The levels of expression of PLK1 in pediatric cancers and RMS
are comparable to high levels seen in many adult cancers and
are even higher in pediatric cancer cell lines, including those
representing RMS (28). The highest levels in primary alveolar
RMS assessed by immunohistochemistry correlated with poor
event and overall survival (n = 49). High PLK1 levels also
correlated with the expression of a downstream target of PAX3-
FOXO1, AP2beta, but not MIB1, a marker of proliferation (29).

A genome wide RNA interference screen reducing expression
levels of kinases in RMS, Ewing sarcoma, and neuroblastoma cell
lines identified PLK1 as one of the most important kinases for cell
proliferation and survival (22). In cancer cell lines and xenograft
models including fusion positive RMS it has been noted that
reduction of PLK1 expression or its inhibition leads to mitotic
arrest which can lead to apoptosis (22–24).

It has been known for some time that the PAX3-FOXO1
fusion protein can be phosphorylated by kinases and that
phosphorylation contributes to DNA binding, transcriptional
and oncogenic activity (30, 31). To identify druggable upstream
regulatory kinases of the PAX3-FOXO1 fusion protein a system
to read out activity of the fusion protein was combined with
a double screening strategy (29). A luciferase-based reporter
system was constructed using the AP2beta promotor fragment,
as AP2beta is a transcriptional target of PAX3-FOXO1, and
introduced into a fusion positive cell line (RH4). These cells were
subjected to siRNA and small molecule libraries representative
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of the kinome to identify upstream regulators of the fusion
protein. Reducing PLK1 transcription and treatment with the
PLK1 inhibitor BI2536 were key hits that were validated in
two further cell lines and shown to impact on PAX3-FOXO1
activity through assessment of additional known downstream
target genes of PAX3-FOXO1 (PIPOX, FGFR4, and CDH3).
In addition, expression of AP2beta significantly correlated
with expression of PLK1 in primary RMS, consistent with
PLK1 levels affecting levels and/or activity of PAX3-FOXO1 in
patients (29). Co-immunoprecipitation experiments established
direct interaction between PAX3-FOXO1 and PLK1. Further
experiments, including use of expression mutant c wild-type
PAX3-FOXO1 in a fusion-negative cell line, demonstrated that
serine 503 in the PAX3-FOXO1 fusion protein, corresponding
to serine 322 in the FOXO1 protein, is a PLK1 specific
phosphorylation site. As this phosphorylation site in FOXO1 is
also present in PAX7-FOXO1 it is expected that PLK1 inhibition
will also affect this fusion protein. Furthermore, PLK1 inhibition
has been shown to result in decreased expression of the MYCN
oncogene (29). This may be via PAX3-FOXO1 transcriptionally
regulating MYCN expression (4, 29) and/or PLK1 regulating the
stability of MYCN, which itself is upregulated by MYCN (32).
Reduction of MYCN in RMS has been shown to result in reduced
cell proliferation and apoptosis (6) and therefore effects of PLK1
inhibition could uniquely include those from targeting MYCN
and the PAX-FOXO1 fusion protein in addition to impacting on
the cell cycle.

In addition, PLK1 is known to activate other proteins in AML
and ALL including PI3K and mTOR (33). The PI3K/AKT/mTOR
pathway has been shown to be highly active and to play a
critical role in maintaining fusion positive and negative RMS cell
proliferation (34), although a link with PLK1 activity has not yet
been demonstrated in RMS.

PRECLINICAL DATA FOR PLK1
INHIBITORS IN RMS

Volasertib (BI6727), is a derivative of BI2536, and is a highly
potent ATP competitive PLK1 inhibitor. Two different studies
have investigated the impact of volasertib on pediatric cancer
cell lines in 2D culture (28, 35). Data indicate that overall,
pediatric cancer cell lines show some but variable sensitivities
to PLK1 inhibition. Between 4 and 6 cell lines representing
acute lymphocytic leukaemias (ALL), medulloblastomas,
osteosarcomas, Ewing sarcomas, neuroblastomas and RMS
showed GI50s in the range of 4–40 nM in the majority of cell
lines tested (28, 35). The lowest GI50s in both studies were
in PAX3-FOXO1 positive RMS cell lines which had values
(Supplementary Table 1) less than those seen in acute myeloid
leukemia (AML) cell line models (in vitro GI50s ranging from
9 to 36nM) (36, 37). These and other data for AML supported
clinical trials of volasertib in leukemia [as reviewed in (38)].

The degradation of the fusion protein and reduction in
transcription of targets of the fusion protein have been noted
by treatment of fusion positive RMS cells with 15 nM BI2536
or 20 nM volasertib (29) and could contribute to the growth

inhibitory effects of PLK1 inhibition and antitumorigenic effects
of PAX3-FOXO1. However, Abbou et al. (28) also assessed LC50
(Lethal Concentration to kill 50% of cells) and demonstrated
that whilst all ALL had LC50s <80 nM, most osteosarcoma
had LC50s >2,500 nM and the other tumor specific cell lines,
including RMS had examples of both low and high LC50s
(Supplementary Table 1).

In vivo, one of four fusion gene positive RMS cell line
xenografts (RH30R) showed complete remission after 30 mg/kg
volasertib treatments (35). Volasertib also resulted in complete
and partial tumor regressions of established xenograft tumors
of the fusion positive RMS-01 cell line in another study (28).
In vivo treatment of the cell line xenografts RH4 and RH13 with
the PLK1 inhibitor BI2536 also led to regression of established
xenograft tumors in mice that were shown to express less of
the fusion-protein target proteins AP2beta and P-Cadherin vs.
untreated tumors, consistent with suppression of fusion protein
activity (29). However, the effects observed in mice are at higher
doses of volasertib than tolerated in humans (35, 36). To achieve
cell death at lower doses and counter the prospect of resistant
cells arising, including the potential indicated for RMS to evolve
independence from the fusion proteins (39, 40), PLK1 inhibition
alone seems unlikely to be curative for RMS patients. Therefore,
strategies for combining a PLK1 inhibitor with chemotherapy
or a novel agent are required and preclinical work on potential
combinations have already been published (as summarized
in Table 1).

COMBINATION STRATEGIES WITH PLK1
INHIBITION FOR RMS TREATMENT

As the data suggest that single agent PLK1 inhibition may be
inadequate to treat RMS, it is important to consider combinations
based on biological rationale. The potential contribution of
targeting the fusion protein via PLK1 inhibition is consistent
with the known effects of modulating PAX3-FOXO1 expression
levels on growth arrest, myogenic differentiation, migration and
invasion as well as potentially apoptosis (17). NOXA expression
in PAX3-FOXO1 expressing cells has been associated with
susceptibility to apoptosis through BH3 mimetic treatment (43).
Similarly, we have recently identified NOXA as a mediator
of apoptosis that is induced by downregulation of PAX3-
FOXO1creating sensitivity to the inhibitor navitoclax that targets
BCL-XL and other members of the BCL-2 family of proteins
(44). High levels of the anti-apoptotic protein BCL-XL have
been noted in glioma stem cells resistant to volasertib (45).
This and related apoptotic mechanisms may contribute to
the variable responses in the growth and death of RMS cells
to volasertib (Supplementary Table 1) and be amenable to
therapeutic exploitation with drugs such as navitoclax.

The roles of PLK1 in regulating key aspects of mitosis means
that inhibition leads to defective chromosome segregation that
can cause DNA damage and a DNA damage response (46).
Consistent with this, volasertib is known to induce DNA damage
and consequent activation of the ATM-CHK1/CHK2 checkpoint
pathway and G2/M arrest, for example in small cell lung cancer
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TABLE 1 | Summary of rhabdomyosarcoma (RMS) preclinical studies for PLK1 inhibitors combined with other drugs.

PLK1 inhibitor Combination

partner

RMS cell line models Result

(CI = Combination Index)

References

BI2536 Vincristine In vitro

RD, TE381.T (fusion-negative)

Primary RMS cells (fusion-negative)

CI < 1.0 and synergy in various

assays

(41)

Rh30 (fusion-positive) CI < 1.0 (41)

Volasertib Vincristine RD, TE381.T CI < 1.0 (41)

Volasertib Vincristine RMS1 (fusion-positive) CI< 1.0 (28)

BI2536 Vincristine in vivo RD cells grown in

chorioallantoic membrane model

At least additive effects (41)

Volasertib Vincristine RD xenograft s.c. in mice At least additive effects (41)

BI2536 Vinblastine/vinorelbine RD (fusion-negative) CI < 1.0 (41)

BI2536 Eribulin RD, TE381.T (fusion-negative),

patient-derived fusion negative cells

CI < 1.0, synergy in several assays (42)

Rh30 (fusion-positive) CI > 1.0 (42)

BI2536 Paclitaxel RD (fusion-negative) CI > 1.0 (41)

BI2536 Doxorubicin RD, TE381.T (fusion-negative), Rh30

(fusion-positive)

CI > 1.0 (41)

Volasertib Etoposide RMS1 (fusion-positive) CI > 1.0 (28)

(47). Enhancing volasertib induced G2/M arrest with additional
DNA damage through radiation led to apoptosis in glioma stem
cells. However, the combination of volasertib and etoposide
(a topoisomerase II inhibitor) or BI2536 and doxorubicin (a
topoisomerase II inhibitor as well as alkylating agent) in RMS
cells were antagonistic potentially due to etoposide/ doxorubicin
induced G2 arrest prior to realization of the effects of volasertib
on mitosis (28, 41, 48) (Table 1). Treating with etoposide
after volasertib reduced antagonism and highlights the need to
consider how best to schedule drugs (28).

The recruitment of BRD4 into a complex with the PAX3-
FOXO1 protein in RMS is essential for high transcriptional
activity at super-enhancers in collaboration with other
transcription factors known to be critical in RMS (such as
MYCN, MYOD1, and MYOG) and creates a dependency
on BRD4 activity associated with vulnerability to BET
inhibitors in fusion positive RMS (7). In addition, the BET
inhibitor JQ1 is reported to impact on angiogenesis in pediatric
sarcomas including RMS (49). However, low sub-micromolar
concentrations of the BET inhibitor JQ1 had little effect on
cell death of fusion positive and negative RMS cells although
combination strategies may be beneficial (50). Interestingly,
synergistic activity has been reported in AML with the BET
inhibitor BI894999 and volasertib, both in vitro and in vivo (37).
The effectiveness of this combination has also been recently
indicated for RMS (51).

PLK1 inhibition (volasertib and BI2536) has been shown
in several studies to be synergistic with the microtubule-
destabilizing drugs vincristine, vinblastine, vinorelbine, and
eribulin) in RMS (28, 41, 42) although synergy was not found
using paclitaxel, possibly due to its different mode of action (41,
52). In vitro data with combination indices below 0.9 document
synergy between volasertib and vincristine in fusion gene positive
cell lines (28, 41). Fusion negative RMS cell lines and a patient
derived cell line model, also showed synergy when treated with

BI2536 or volasertib in combination with vincristine in vitro and
at least additive effects in vivo (28, 41) (Table 1). The volasertib
dose used by Hugle et al., was very low compared to the other
published xenograft data (5 mg/kg once per week for 5 weeks
vs. 30mg or 40 mg//kg/week for 3 or 5 weeks (28, 41). This
effectiveness at a low dose holds promise to be achievable in
patients based on pharmacokinetic data (53).

Mechanistically, the combination of BI2536 and vincristine
triggered mitotic arrest with subsequent mitochondrial apoptosis
induced via inactivation of anti-apoptotic BCL2 proteins and
caspase dependent and independent pathways. The key molecule
of the caspase dependent pathway was identified as Myeloid Cell
Leukemia−1 (MCL-1) (41). These data indicate an important
fusion gene independent, cooperative effect of the volasertib-
vincristine combination treatment on tumor growth. Vincristine
is a highly active drug currently used in standard first line
combination chemotherapy for RMS and is also frequently
reused in the relapse setting (54, 55). Clinical testing by adding
a PLK1 inhibitor to vincristine treatment of patients therefore
represents an attractive strategy, as summarized in Figure 1.

CLINICAL TRANSLATION AND
CONCLUDING COMMENTS

The preclinical data reviewed here, with the notable exception
of inclusion of a patient derived xenograft in one study
(41), use long-established cell lines which have been shown
to express higher levels of PLK1 than primary tumors (28).
This highlights the need to test model systems that better
recapitulate primary tumors in preclinical testing, including
use of 3D in vitro modeling and patient derived xenografts.
Whilst the mechanistic effects of targeting PLK1 on the fusion
protein are attractive, the preclinical RMS data reviewed here
for volasertib and BI2536 as single agents with tumor re-growth
and innate as well as potentially emerging resistance to cell
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FIGURE 1 | Model for the effects of the combination of PLK1 inhibitors BI2536 or BI6727 (volasertib) plus the microtubule disrupter vincristine (VCR) on

rhabdomyosarcoma cells. Inhibition of PLK1 and vincristine disrupts mitosis which in combination can synergistically lead to apoptosis. PLK1 inhibition also affects the

phosphorylation of the PAX3-FOXO1 (P3F) protein and MYCN either indirectly via P3F loss and/or directly via its phosphorylation status, and may additionally

contribute to the effects of these inhibitors in fusion positive rhabdomyosarcomas. Dashed and solid lines, represent proven and plausible links and effects in

rhabdomyosarcoma models, respectively.

death, indicates that combination approaches are necessary.
Mechanistic considerations of the effects of agent combinations
and the doses and their timings are critical, particularly with
targets like PLK1 that are involved in mitotic regulation.

Volasertib has been tested in the clinic for years as single
agent in different combinations in adult patients with acute
myeloid leukemia (the aimed licensing indication for volasertib
development) as well as in various solid tumors, and although
exceptional responses have been seen, overall results were
disappointing (38). Moreover, the phase III POLO-AML-2 trial
(NCT01721876) in elderly patients which investigated low dose
cytarabine plus placebo vs. low dose cytarabine plus volasertib,
did not show an objective response rate that was not statistically
significant in the volasertib arm and there were toxicity issues
that led to a trend toward inferior overall survival (38). Whilst
the studies in adult leukemia and solid tumors focused on the
specific role of PLK1 inhibition on mitotic function (36), here
describe new mechanisms of actions for this class of inhibitors
that likely contribute to the specific sensitivity of RMS models.
Importantly, volasertib has recently successfully completed Phase
I as single agent in children with leukemia and refractory solid
tumors (NCT01971476) (53) and a recommended Phase II dose
(RP2D) was identified that lies above the RP2D for adult patients.
In this clinical study, comparable with adult studies, the main
toxicity was myelotoxicity manifesting as thrombocytopenia,
neutropenia and febrile neutropenia and, also consistent with the
data in adult patients, the pharmacokinetic data suggest plasma
levels are in the dose range used to investigate synergy with
vincristine in preclinical RMS models (28, 41).

The preclinical effects of vincristine in combination with
volasertib observed in fusion negative RMS models at low

volasertib/ BI2536 doses appear strong. Whilst the molecular
mechanism affecting the fusion protein are striking with single
agent BI2536/volasertib, testing fusion gene positive RMSmodels
with the volasertib/vincristine combination has been limited and
requires further assessment (Table 1). However, taken together
with widespread use of vincristine in the treatment of newly
diagnosed and relapsed RMS and the likely non-overlapping
toxicities of vincristine and volasertib, this combination looks
feasible and holds particular immediate promise to clinically
assess in both fusion gene positive and negative RMS. If limited
proof-of-concept clinical testing demonstrates tolerability of
doses and activity, more intensive backbone chemotherapy
and/or other targeted agents may subsequently be investigated
that ultimately lead to improving outcomes for RMS patients.

AUTHOR CONTRIBUTIONS

SG, EA, and JS drafted the manuscript. All authors contributed
to revisions, proof-reading, and approved the submitted version.

ACKNOWLEDGMENTS

We thank the Sohn Conference Foundation/Children’s
Department Fund (Royal Marsden Charity) and Alice’s Arc
Children’s Cancer Charity for their support (SG).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01271/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org 5 November 2019 | Volume 9 | Article 1271

https://www.frontiersin.org/articles/10.3389/fonc.2019.01271/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Gatz et al. PLK1 and Rhabdomyosarcomas

REFERENCES

1. Grobner SN,Worst BC,Weischenfeldt J, Buchhalter I, Kleinheinz K, Rudneva

VA, et al. The landscape of genomic alterations across childhood cancers.

Nature. (2018) 555:321–27. doi: 10.1038/nature25480

2. Parham DM, Barr FG. Classification of rhabdomyosarcoma

and its molecular basis. Adv Anat Pathol. (2013) 20:387–

97. doi: 10.1097/PAP.0b013e3182a92d0d

3. Skapek SX, Ferrari A, Gupta AA, Lupo PJ, Butler E, Shipley

J, et al. Rhabdomyosarcoma. Nat Rev Dis Primers. (2019)

5:1. doi: 10.1038/s41572-018-0051-2

4. Cao L, Yu Y, Bilke S,Walker RL,Mayeenuddin LH, Azorsa DO, et al. Genome-

wide identification of PAX3-FKHR binding sites in rhabdomyosarcoma

reveals candidate target genes important for development and cancer. Cancer

Res. (2010) 70:6497–508. doi: 10.1158/0008-5472.CAN-10-0582

5. Mercado GE, Xia SJ, Zhang C, Ahn EH, Gustafson DM, Lae M, et

al. Identification of PAX3-FKHR-regulated genes differentially expressed

between alveolar and embryonal rhabdomyosarcoma, focus on MYCN as

a biologically relevant target. Genes Chromosomes Cancer. (2008) 47:510–

20. doi: 10.1002/gcc.20554

6. Tonelli R, McIntyre A, Camerin C, Walters ZS, Di Leo K, Selfe J, et al.

Antitumor activity of sustained N-myc reduction in rhabdomyosarcomas and

transcriptional block by antigene therapy. Clin Cancer Res. (2012) 18:796–

807. doi: 10.1158/1078-0432.CCR-11-1981

7. Gryder BE, Yohe ME, Chou HC, Zhang X, Marques J, Wachtel

M, et al. PAX3-FOXO1 establishes myogenic super enhancers and

confers BET bromodomain vulnerability. Cancer Discov. (2017)

7:884–99. doi: 10.1158/2159-8290.CD-16-1297

8. Anderson J, Gordon T, McManus A, Mapp T, Gould S, Kelsey A, et al.

Detection of the PAX3-FKHR fusion gene in paediatric rhabdomyosarcoma:

a reproducible predictor of outcome? Br J Cancer. (2001) 85:831–

5. doi: 10.1054/bjoc.2001.2008

9. Davicioni E, Anderson MJ, Finckenstein FG, Lynch JC, Qualman SJ, Shimada

H, et al. Molecular classification of rhabdomyosarcoma–genotypic and

phenotypic determinants of diagnosis: a report from the Children’s Oncology

Group. Am J Pathol. (2009) 174:550–64. doi: 10.2353/ajpath.2009.080631

10. Missiaglia E, Williamson D, Chisholm J, Wirapati P, Pierron G, Petel F, et

al. PAX3/FOXO1 fusion gene status is the key prognostic molecular marker

in rhabdomyosarcoma and significantly improves current risk stratification. J

Clin Oncol. (2012) 30:1670–7. doi: 10.1200/JCO.2011.38.5591

11. Skapek SX, Anderson J, Barr FG, Bridge JA, Gastier-Foster JM, Parham DM,

et al. PAX-FOXO1 fusion status drives unfavorable outcome for children with

rhabdomyosarcoma: a children’s oncology group report. Pediatr Blood Cancer.

(2013) 60:1411–7. doi: 10.1002/pbc.24532

12. Williamson D, Missiaglia E, de Reynies A, Pierron G, Thuille B, Palenzuela

G, et al. Fusion gene-negative alveolar rhabdomyosarcoma is clinically and

molecularly indistinguishable from embryonal rhabdomyosarcoma. J Clin

Oncol. (2010) 28:2151–8. doi: 10.1200/JCO.2009.26.3814

13. Chisholm JC, Marandet J, Rey A, Scopinaro M, de Toledo JS, Merks JH, et

al. Prognostic factors after relapse in nonmetastatic rhabdomyosarcoma: a

nomogram to better define patients who can be salvaged with further therapy.

J Clin Oncol. (2011) 29:1319–25. doi: 10.1200/JCO.2010.32.1984

14. Oberlin O, Rey A, Lyden E, Bisogno G, Stevens MC, Meyer WH, et al.

Prognostic factors in metastatic rhabdomyosarcomas: results of a pooled

analysis from United States and European cooperative groups. J Clin Oncol.

(2008) 26:2384–9. doi: 10.1200/JCO.2007.14.7207

15. Robison LL, Hudson MM. Survivors of childhood and adolescent

cancer: life-long risks and responsibilities. Nat Rev Cancer. (2014)

14:61–70. doi: 10.1038/nrc3634

16. Stevens MC, Treatment for childhood rhabdomyosarcoma: the cost of cure.

Lancet Oncol. (2005) 6:77–84. doi: 10.1016/S1470-2045(05)01733-X

17. Nguyen TH, Barr FG. Therapeutic approaches targeting PAX3-FOXO1 and

its regulatory and transcriptional pathways in rhabdomyosarcoma.Molecules.

(2018) 23:E2798. doi: 10.3390/molecules23112798

18. Wachtel M, Schafer BW. PAX3-FOXO1: Zooming in on

an “undruggable” target. Semin Cancer Biol. (2018) 50:115–

23. doi: 10.1016/j.semcancer.2017.11.006

19. Combes G, Alharbi I, Braga LG, Elowe S. Playing polo during mitosis: PLK1

takes the lead. Oncogene. (2017) 36:4819–27. doi: 10.1038/onc.2017.113

20. Joukov V, De Nicolo A. Aurora-PLK1 cascades as key signaling

modules in the regulation of mitosis. Sci Signal. (2018)

11:eaar4195. doi: 10.1126/scisignal.aar4195

21. Gutteridge RE, Ndiaye MA, Liu X, Ahmad N. Plk1 inhibitors in cancer

therapy: from laboratory to clinics. Mol Cancer Ther. (2016) 15:1427–

35. doi: 10.1158/1535-7163.MCT-15-0897

22. Hu K, Lee C, Qiu D, Fotovati A, Davies A, Abu-Ali S, et al. Small

interfering RNA library screen of human kinases and phosphatases

identifies polo-like kinase 1 as a promising new target for the treatment

of pediatric rhabdomyosarcomas. Mol Cancer Ther. (2009) 8:3024–

35. doi: 10.1158/1535-7163.MCT-09-0365

23. Schoffski P. Polo-like kinase (PLK) inhibitors in preclinical

and early clinical development in oncology. Oncologist. (2009)

14:559–70. doi: 10.1634/theoncologist.2009-0010

24. Strebhardt K. Multifaceted polo-like kinases: drug targets and antitargets for

cancer therapy. Nat Rev Drug Discov. (2010) 9:643–60. doi: 10.1038/nrd3184

25. Song B, Liu XS, Liu X. Polo-like kinase 1 (Plk1): an Unexpected Player in DNA

Replication. Cell Div. (2012) 7:3. doi: 10.1186/1747-1028-7-3

26. Song B, Liu XS, Rice SJ, Kuang S, Elzey BD, Konieczny SF,

et al. Plk1 phosphorylation of orc2 and hbo1 contributes to

gemcitabine resistance in pancreatic cancer. Mol Cancer Ther. (2013)

12:58–68. doi: 10.1158/1535-7163.MCT-12-0632

27. Wakida T, Ikura M, Kuriya K, Ito S, Shiroiwa Y, Habu T, et al. The CDK-

PLK1 axis targets the DNA damage checkpoint sensor protein RAD9 to

promote cell proliferation and tolerance to genotoxic stress. Elife. (2017)

6:e29953. doi: 10.7554/eLife.29953

28. Abbou S, Lanvers-Kaminsky C, Daudigeos-Dubus E, LE Dret L, Laplace-

Builhe C, Molenaar J, et al. Polo-like kinase inhibitor volasertib exhibits

antitumor activity and synergy with vincristine in pediatric malignancies.

Anticancer Res. (2016) 36:599–609.

29. Thalhammer V, Lopez-Garcia LA, Herrero-Martin D, Hecker R, Laubscher

D, Gierisch ME, et al. PLK1 phosphorylates PAX3-FOXO1, the inhibition of

which triggers regression of alveolar Rhabdomyosarcoma. Cancer Res. (2015)

75:98–110. doi: 10.1158/0008-5472.CAN-14-1246

30. Amstutz R, Wachtel M, Troxler H, Kleinert P, Ebauer M, Haneke T,

et al. Phosphorylation regulates transcriptional activity of PAX3/FKHR

and reveals novel therapeutic possibilities. Cancer Res. (2008) 68:3767–

76. doi: 10.1158/0008-5472.CAN-07-2447

31. Loupe JM, Miller PJ, Ruffin DR, Stark MW, Hollenbach AD. Inhibiting

phosphorylation of the oncogenic PAX3-FOXO1 reduces alveolar

rhabdomyosarcoma phenotypes identifying novel therapy options.

Oncogenesis. (2015) 4:e145. doi: 10.1038/oncsis.2015.2

32. Xiao D, YueM, SuH, Ren P, Jiang J, Li F, et al. Polo-like Kinase-1 regulates myc

stabilization and activates a feedforward circuit promoting tumor cell survival.

Mol Cell. (2016) 64:493–506. doi: 10.1016/j.molcel.2016.09.016

33. Dinner S, Platanias LC. Targeting the mTOR Pathway in Leukemia. J Cell

Biochem. (2016) 117:1745–52. doi: 10.1002/jcb.25559

34. Renshaw J, Taylor KR, Bishop R, Valenti M, De Haven Brandon

A, et al. Dual blockade of the PI3K/AKT/mTOR (AZD8055)

and RAS/MEK/ERK (AZD6244) pathways synergistically inhibits

rhabdomyosarcoma cell growth in vitro and in vivo. Clin Cancer Res.

(2013) 19:5940–51. doi: 10.1158/1078-0432.CCR-13-0850

35. Gorlick R, Kolb EA, Keir ST, Maris JM, Reynolds CP, Kang MH, et al.

Initial testing (stage 1) of the Polo-like kinase inhibitor volasertib (BI 6727),

by the Pediatric Preclinical Testing Program. Pediatr Blood Cancer. (2014)

61:158–64. doi: 10.1002/pbc.24616

36. Rudolph D, Impagnatiello MA, Blaukopf C, Sommer C, Gerlich DW,

Roth M, Tontsch-Grunt U, et al. Efficacy and mechanism of action of

volasertib, a potent and selective inhibitor of Polo-like kinases, in preclinical

models of acute myeloid leukemia. J Pharmacol Exp Ther. (2015) 352:579–

89. doi: 10.1124/jpet.114.221150

37. Tontsch-Grunt U, Rudolph D,Waizenegger I, BaumA, Gerlach D, Engelhardt

H, et al. Synergistic activity of BET inhibitor BI 894999 with PLK inhibitor

volasertib in AML in vitro and in vivo. Cancer Lett. (2018) 421:112–

20. doi: 10.1016/j.canlet.2018.02.018

Frontiers in Oncology | www.frontiersin.org 6 November 2019 | Volume 9 | Article 1271

https://doi.org/10.1038/nature25480
https://doi.org/10.1097/PAP.0b013e3182a92d0d
https://doi.org/10.1038/s41572-018-0051-2
https://doi.org/10.1158/0008-5472.CAN-10-0582
https://doi.org/10.1002/gcc.20554
https://doi.org/10.1158/1078-0432.CCR-11-1981
https://doi.org/10.1158/2159-8290.CD-16-1297
https://doi.org/10.1054/bjoc.2001.2008
https://doi.org/10.2353/ajpath.2009.080631
https://doi.org/10.1200/JCO.2011.38.5591
https://doi.org/10.1002/pbc.24532
https://doi.org/10.1200/JCO.2009.26.3814
https://doi.org/10.1200/JCO.2010.32.1984
https://doi.org/10.1200/JCO.2007.14.7207
https://doi.org/10.1038/nrc3634
https://doi.org/10.1016/S1470-2045(05)01733-X
https://doi.org/10.3390/molecules23112798
https://doi.org/10.1016/j.semcancer.2017.11.006
https://doi.org/10.1038/onc.2017.113
https://doi.org/10.1126/scisignal.aar4195
https://doi.org/10.1158/1535-7163.MCT-15-0897
https://doi.org/10.1158/1535-7163.MCT-09-0365
https://doi.org/10.1634/theoncologist.2009-0010
https://doi.org/10.1038/nrd3184
https://doi.org/10.1186/1747-1028-7-3
https://doi.org/10.1158/1535-7163.MCT-12-0632
https://doi.org/10.7554/eLife.29953
https://doi.org/10.1158/0008-5472.CAN-14-1246
https://doi.org/10.1158/0008-5472.CAN-07-2447
https://doi.org/10.1038/oncsis.2015.2
https://doi.org/10.1016/j.molcel.2016.09.016
https://doi.org/10.1002/jcb.25559
https://doi.org/10.1158/1078-0432.CCR-13-0850
https://doi.org/10.1002/pbc.24616
https://doi.org/10.1124/jpet.114.221150
https://doi.org/10.1016/j.canlet.2018.02.018
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Gatz et al. PLK1 and Rhabdomyosarcomas

38. Goroshchuk O, Kolosenko I, Vidarsdottir L, Azimi A, Palm-

Apergi C. Polo-like kinases and acute leukemia. Oncogene. (2019)

38:1–16. doi: 10.1038/s41388-018-0443-5

39. Pandey PR, Chatterjee B, Olanich ME, Khan J, Miettinen MM, Hewitt SM,

et al. PAX3-FOXO1 is essential for tumour initiation and maintenance but

not recurrence in a human myoblast model of rhabdomyosarcoma. J Pathol.

(2017) 241:626–37. doi: 10.1002/path.4867

40. Selfe JL, Shipley J, Fusion gene addiction: can tumours be forced to give up the

habit? J Pathol. (2017) 242:263–6. doi: 10.1002/path.4902

41. Hugle M, Belz K, Fulda S. Identification of synthetic lethality of PLK1

inhibition and microtubule-destabilizing drugs. Cell Death Differ. (2015)

22:1946–56. doi: 10.1038/cdd.2015.59

42. Stehle A, Hugle M, Fulda S. Eribulin synergizes with Polo-like kinase 1

inhibitors to induce apoptosis in rhabdomyosarcoma. Cancer Lett. (2015)

365:37–46. doi: 10.1016/j.canlet.2015.04.011

43. Marshall AD, Picchione F, Geltink RI, Grosveld GC. PAX3-FOXO1 induces

up-regulation of Noxa sensitizing alveolar rhabdomyosarcoma cells to

apoptosis. Neoplasia. (2013) 15:738–48. doi: 10.1593/neo.121888

44. Ommer J, Wachtel M, Schaefer BW. Characterizing oncogene addiction in

alveolar rhabdomyosarcoma reveals novel strategies for combination therapy.

Proceedings of the American Association for Cancer Research Annual

Meeting. Cancer Res. (2018) 78:4630. doi: 10.1158/1538-7445.AM2018-4630

45. Dong J, Park SY, Nguyen N, Ezhilarasan R, Martinez-Ledesma E, Wu S,

et al. The polo-like kinase 1 inhibitor volasertib synergistically increases

radiation efficacy in glioma stem cells. Oncotarget. (2018) 9:10497–

509. doi: 10.18632/oncotarget.24041

46. Bakhoum SF, Kabeche L, Murnane JP, Zaki BI, Compton DA. DNA-damage

response during mitosis induces whole-chromosome missegregation. Cancer

Discov. (2014) 4:1281–9. doi: 10.1158/2159-8290.CD-14-0403

47. Wang Y, Wu L, Yao Y, Lu G, Xu L, Zhou J. Polo-like kinase 1 inhibitor BI 6727

induces DNA damage and exerts strong antitumor activity in small cell lung

cancer. Cancer Lett. (2018) 436:1–9. doi: 10.1016/j.canlet.2018.08.007

48. Clifford B, Beljin M, Stark GR, Taylor WR. G2 arrest in response to

topoisomerase II inhibitors: the role of p53. Cancer Res. (2003) 63:4074–81.

49. Bid HK, Phelps DA, Xaio L, Guttridge DC, Lin J, London C, et al.

The Bromodomain BET Inhibitor JQ1 suppresses tumor angiogenesis

in models of childhood Sarcoma. Mol Cancer Ther. (2016) 15:1018–

28. doi: 10.1158/1535-7163.MCT-15-0567

50. Enssle JC, Boedicker C, Wanior M, Vogler M, Knapp S, Fulda S.

Co-targeting of BET proteins and HDACs as a novel approach to

trigger apoptosis in rhabdomyosarcoma cells. Cancer Lett. (2018) 428:160–

72. doi: 10.1016/j.canlet.2018.04.032

51. Timme N, Liu S, Yosief H, García HD, MacArthur I, Szymansky

A, et al. Dual PLK1 and BRD4 inhibition has synergistic therapeutic

effects against high-risk rhabdomyosarcoma. Proceedings of the American

Association for Cancer Research Annual Meeting. Cancer Res. (2018)

78:2624. doi: 10.1158/1538-7445.AM2018-2624

52. Morris PG, Fornier MN. Microtubule active agents: beyond

the taxane frontier. Clin Cancer Res. (2008) 14:7167–

72. doi: 10.1158/1078-0432.CCR-08-0169

53. Doz F, Locatelli F, Baruchel A, Blin N, De Moerloose B, Frappaz D,

et al. Phase I dose-escalation study of volasertib in pediatric patients with

acute leukemia or advanced solid tumors. Pediatr Blood Cancer. (2019)

66:e27900. doi: 10.1002/pbc.27900

54. Defachelles AS, Bogart E, Casanova M, Merks H, Bisogno G, Calareso

G, et al. Randomized phase 2 trial of the combination of vincristine and

irinotecan with or without temozolomide, in children and adults with

refractory or relapsed rhabdomyosarcoma (RMS). J Clin Oncol. (2019)

37:10000. doi: 10.1200/JCO.2019.37.15_suppl.10000

55. Mascarenhas L, Lyden ER, Breitfeld PP, Walterhouse DO, Donaldson SS,

Paidas CN, et al. Randomized phase II window trial of two schedules of

irinotecan with vincristine in patients with first relapse or progression of

rhabdomyosarcoma: a report from the Children’s Oncology Group. J Clin

Oncol. (2010) 28:4658–63. doi: 10.1200/JCO.2010.29.7390

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Gatz, Aladowicz, Casanova, Chisholm, Kearns, Fulda, Geoerger,

Schäfer and Shipley. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 7 November 2019 | Volume 9 | Article 1271

https://doi.org/10.1038/s41388-018-0443-5
https://doi.org/10.1002/path.4867
https://doi.org/10.1002/path.4902
https://doi.org/10.1038/cdd.2015.59
https://doi.org/10.1016/j.canlet.2015.04.011
https://doi.org/10.1593/neo.121888
https://doi.org/10.1158/1538-7445.AM2018-4630
https://doi.org/10.18632/oncotarget.24041
https://doi.org/10.1158/2159-8290.CD-14-0403
https://doi.org/10.1016/j.canlet.2018.08.007
https://doi.org/10.1158/1535-7163.MCT-15-0567
https://doi.org/10.1016/j.canlet.2018.04.032
https://doi.org/10.1158/1538-7445.AM2018-2624
https://doi.org/10.1158/1078-0432.CCR-08-0169
https://doi.org/10.1002/pbc.27900
https://doi.org/10.1200/JCO.2019.37.15_suppl.10000
https://doi.org/10.1200/JCO.2010.29.7390
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	A Perspective on Polo-Like Kinase-1 Inhibition for the Treatment of Rhabdomyosarcomas
	Introduction
	PLK1 Function
	PLK1 IN RMS
	Preclinical Data For PLK1 Inhibitors IN RMS
	Combination Strategies With PLK1 Inhibition For RMS Treatment
	Clinical Translation And Concluding Comments
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


