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ABSTRACT

This study describes the in vitro and in vivo activity of PXD-101 (Belinostat), a novel hydroxamic acid-type pan-
HDAC s inhibitor characterized by a larger safety and efficacy, on myogenic-derived PAX3/FOXO1 fusion protein
positive (RH30) or negative (RD) expressing rhabdomyosarcoma (RMS) cell lines. PXD-101 at low doses effi-
ciently inhibited HDACs activity and counteracted the transformed phenotype of RMS by inducing growth arrest
and apoptosis, affecting cancer stem cells population and inducing differentiation in RD. Notably, PXD-101
induced oxidative stress promoting DNA damages and affected the ability of RMS to assemble mitotic spindle.
PXD-101 radiosensitized by inducing G2 cell cycle growth arrest, enhancing the radiation's ability to induce ROS
accumulation and compromising both the ability of RMS to detoxify from ROS and to repair DNA damage. PXD-
101 transcriptionally and post-transcriptionally affected c-Myc expression, key master regulator of rhabdo-
myosarcomagenesis and RMS radioresistance. All in vitro data were corroborated by in vivo experiments showing
the cytostatic effects of PXD-101 when used alone and at low dose and its ability to promote the RT-induced
killing of RMS. Taken together, our data confirm that altered HDACs activity plays a key role in RMS genesis and
suggest PXD-101 as a valid therapeutic strategy particularly in combination with RT.

1. Introduction

failure frequently occurs and is more common in patients that not re-
ceived or received delayed RT [2,3], indicating the key role of this

Rhabdomyosarcoma (RMS) is the most frequent soft tissue sarcoma treatment in treating RMS [2-4]. However, despite tremendous ad-
observed in pediatric patients [1]. Standard multimodality treatment by vances in RT techniques, allowing dose escalation to tumor tissues and
surgery, radiotherapy (RT) and chemotherapy (CHT) is often effective sparing of organs at risk, cure rates remain suboptimal also in patients
for localized and locally-advanced tumors [2,3]. Notably, treatment receiving RT. Thus, it needs a better understanding of the molecular
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Abbreviations

ARMS  Alveolar rhabdomyosarcoma

Akt Protein kinase B

Akt?™®*  phosphorylated Protein kinase B

CXCR-4 C-X-C chemokine receptor type 4

CHT Chemotherapy

c-Myc myelocytomatosis virus oncogene cellular homolog
DMEM  Dulbecco's modified Eagle's medium

DSBs DNA double-strand break

ELISA  enzyme-linked immunosorbent assay

ERKs extracellular signal-regulated kinases

ERKs™®* phosphorylated extracellular signal-regulated kinases
ERMS Embryonal rhabdomyosarcoma

FNRMS Fusion-negative-rhabdomyosarcoma, FNRMS
FPRMS  Fusion-positive-rhabdomyosarcoma

FOXO1 forkhead-box-protein-O1

Glso Dose of PXD-101 able to reduce, by 50%, cell viability
GAPDH Glyceraldehyde 3-phosphate dehydrogenase

H2AX H2A histone family member X

YyH2AX  phosphorylated H2A histone family member X
HDACs Histone deacetylases

HDACi Histone deacetylases inhibitor

IR Ionizing Radiation

ICso Dose of PXD-101 able to reduce, by 50%, the HDACs ac-
tivation status

LDso Dose of PXD-101 able to induce, by 50%, cell death

MAD2  mitotic arrest deficient 2

MYOD  Myogenic Differentiation 1

MyHC  myosin heavy chain

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium
Bromide assay

MDA microtubule-destabilizing agents

Oct-3/4 octamer-binding transcription factor-3/4

PAX3/7 encoding-paired-box-protein-3 or -7

PI3K phosphatidyl inositol-4,5-bisphosphate-3-kinase

RMS rhabdomyosarcoma

RT Radiotherapy

ROS Reactive oxygen species

Ras rat sarcoma

RT-PCR reverse transcription polymerase chain reaction

RNA ribonucleic acid RTKs Receptor tyrosine kinase

RT Radiotherapy

RMS rhabdomyosarcoma

mechanisms determining radioresistance and to identify new radio-
sensitizing strategies.

RMS are currently subdivided into fusion-positive (FPRMS) or fu-
sion-negative (FNRMS) depending on a distinctive chromosomal
translocation generating the fusion of paired-box-3 or -7 (PAX3 or -7)
with forkhead-box-O1 (FOXO1) genes [1]. On histological analysis,
FPRMS cells show a peculiar alveolar-like tissue organization that is a
hallmark of the alveolar subtype (ARMS), the more aggressive RMS
form. FNRMS cells instead show an embryonal histology (ERMS) re-
sembling muscle cell progenitors attempting to differentiate [1]. Fur-
thermore, in addition to the fusion signatures, RMS often present al-
terations in RAS-PI3K signaling axis due to aberrant receptor tyrosine
kinase (RTKs) activity [5,6].

Alteration on epigenetic mechanisms driven by histone deacetylases
(HDACs) enzymes is emerging as critical for RMS progression [7].
HDAGCs participate in chromatin remodeling and affect gene expression
[8]. When aberrantly expressed and/or activated they significantly
impact on tumor progression and therapy resistance [9], being there-
fore considered attractive candidate targets for anticancer drugs and
therapies [10]. To date, several HDAC inhibitors (HDACi) have been
tested in vivo and in vitro for exerting a marked anti-tumoral activity
[10] including versus RMS [11,12]. In the context of multimodality
therapy approach, combination regimen for sarcomas appear to be
more promising than monotherapy when using HDACi [13]; however,
no studies have been conducted to investigate whether preventive
HDAGs inhibition could increment the efficacy of RT in RMS.

RT induces lethal DNA double strand Breaks (DSBs) and it is gen-
erally estimated that approximately two-thirds of DSBs are caused by
the production of reactive oxygen species (ROS), indirect damage that,
unlike the direct type, persists from hours to days after radiation [14].
Unfortunately, cancer cells [15,16], including RMS [17-19], frequently
over-express molecular mechanisms that by detoxifying from ROS ac-
cumulation and promoting DSBs repair, efficiently counteract the
therapeutic action of RT.

This study describes the in vitro and in vivo activity of PXD-101
(Belinostat), a novel hydroxamic acid-type pan-HDACs inhibitor char-
acterized by a larger safety and efficacy, on FPRMS (RH30) or FNRMS
negative (RD) RMS cell lines. Treatment of RMS cell lines with PXD-101
significantly inhibited tumour cell growth, reduced the stem-like cell
population and promoted myogenic differentiation of surviving FNRMS
cells. Furthermore, PXD-101 was able to radiosensitize RMS cells by
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affecting the radiation-induced activation of the detoxifying-from-ROS
and DNA-repair mechanisms. All in vitro data were corroborated by in
vivo experiments showing the cytostatic effects of PXD-101 when used
alone and at low dose and its ability to promote the RT-induced killing
of RMS. Taken together, our data confirm that altered HDACs activity
plays a key role in RMS genesis and suggest PXD-101 as a valid ther-
apeutic strategy particularly in combination with RT.

2. Materials and methods
2.1. Cell lines and pharmacological treatment

The human RMS RD (ERMS) and RH30 (AMRS) cell lines were
obtained by American Type Culture Collection (Manassas, VA) and
maintained in high-glucose Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% v/v 1-
glutamine, 100 pug/ml streptomycin and 100 U/ml penicillin and grown
at 37 °C in a humidified atmosphere of 5% CO2. DNA profiling using the
GenePrint 10 System (Promega Corporation, Madison, WI) was carried
out to authenticate cell cultures, comparing the DNA profile of our cell
cultures with those found in GenBank.

2.2. HDAC activity-, cell viability-, proliferation- and caspases-assay

HDAG:s activity was evaluated by a colorimetric HDAC activity assay
kit (Enzo Life Sciences GmbH). Cellular viability was measured by 3-
(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide assay
(MTT). Cell count was performed by the Countess II Automated Cell
Counter (ThermoFisher Scientific, Waltham, MA) and cell death iden-
tified by the trypan-blue exclusion assay (Life Technologies, Grand
Island, NY). Caspase-Glo®3, 8 and 9 assays from Promega were used to
measures caspase activity. All assays were performed according to the
manufacturer's instructions.

2.3. Cell cycle analysis, morphological and immunofluorescence assays

A DNAcon3 kit (Dako, Glostrup, Denmark) was used for DNA
staining Analysis was performed with FACS calibur, and the cell-cycle
distribution was analyzed using Mod-Fit software (Verity Software
House, Topsham, ME, USA) [20]. Morphological assessment and im-
munofluorescence assays were performed as already described [17].
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2.4. Western blot and real-time analysis

Western blot analyses were performed as already described [21] by
using the following primary antibodies: p21WAFl (C-19), p27KIPl (F-8),
p57%%1 (KP39), p19™*d (E-11), Cyclin A (BF683), Cyclin D1 (M-20),
Cyclin B1 (H-20), myelocytomatosis virus oncogene cellular homolog
(c-Myc) (9E10), N-Myc (B.8.4.B), MAD2 (17D10), integrin 31 (M-106),
phosphorylated extracellular signal-regulated kinase 1/2 (ERK1/27°%)
(E-4), extracellular signal-regulated kinase (ERK1/2) (C-14, positive
also for ERK1), p38 (H-147), phosphorylated Protein kinase B (Akt”°%)
(Ser473), Protein kinase B (H-136), MYOGENIN (F5D), H2A histone
family member X (H2AX) (C-20), octamer-binding transcription factor-
3/4 (Oct-3/4) (C-10) and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (6-C5) by Santa Cruz Biotechnology; Myogenic Differentia-
tion 1, (MYOD) (MAB3878) and myosin heavy chain (MyHC) (05-716)
by EMD Millipore Corporation (Billerica, MA); phosphor-p38 (Thr180/
Tyr182)(9211) and phosphorylated H2A histone family member X
(YH2AX) (Ser139) (2577) by Cell Signaling Technology (Danvers, MA).
Appropriate horseradish peroxidase (HRP)-conjugated secondary
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antibodies (Santa Cruz Biotechnology) were used for 1 h at room tem-
perature. mRNA extraction, Real-Time and data analysis were per-
formed as already described [22].

2.5. Migration, invasion assays and ste-like cells isolation

Wound healing and invasion assays were performed as already de-
scribed [23]. Sphere-forming cells were obtained as described [18].
Stem cell markers in rhabdomyosarcoma cells were evaluated by
staining with monoclonal antibodies conjugated with anti-CD13 and
anti-C-X-C-chemokine receptor type 4 (CXCR4) (all from BD Bios-
ciences, Buccinasco, Italy). Appropriate isotype controls for non-spe-
cific binding were used for each antibody. A minimum of 50,000 events
were acquired for each sample by a flow cytometer (FACSCalibur, BD
Biosciences) using CellQuest software (BD Biosciences) for data acqui-
sition and analysis [18].
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Fig. 1. PXD-101 efficiently affects HDACs activity and cell viability inducing cell death in a dose dependent manner in FNRMS and FPRMS rhabdo-
myosarcoma cells. Dose of PXD-101 able to reduce, by 50%, the HDACs activation status (Fig. A, ICsp), cell viability (Fig. B, GIso) and to induce by 50%, the cell
death, (Fig. C, LDs) of RD and RH30 cell lines treated for 24 h with increasing doses of PXD-101 (0, 1, 5, 10, and 20 pM). Results represent the mean values of three
independent experiments + SD. Statistical significance: 'p < 0.05,”p < 0.01,”"p < 0.05 compared with the respective control (Untreated cells).
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2.6. Invitro radiation exposure and mitochondrial superoxide anion (-02~)
production assessment

Radiation was delivered at room temperature using an x-6 MV
photon linear accelerator, as previously described [18]. Mitochondrial
superoxide anion (‘O27) production assessment was performed by
using MitoSOX Red (Thermo Fisher Scientific, Milan, Italy) as already
described [17].

2.7. Animal research ethics statement, in vivo xenograft experiments and
statistical analysis

This study was carried out in strict accordance with the re-
commendations of the European Community (EC) guidelines (2010/63/
UE and DL 26/2014 for the use of laboratory animals) and in line with
University guidelines (University of L'Aquila, Medical School and
Science and Technology School Board Regulations, on the use of
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laboratory animals). Six-week-old female CD1 nu/nu mice were pur-
chased from Charles River Laboratories Italia, SRL (Calco, Italy). All
mice received subcutaneous flank injections of 1 X 10° RD or
RH30 cells. Tumour growth was assessed as already described [21,23].
PXD-101 40 mg/kg was administered every day for twelve days starting
the day before RT treatment. This protocol was chosen because a full
inhibition of HDACs is guaranteed in vivo [23]. Mice were irradiated at
room temperature using an Elekta 6-MV photon linear accelerator. Five
fractions of 2 Gy were delivered every other day for a total dose of
12 Gy. A dose rate of 1.5Gy/min was used with a source-to-surface
distance (SSD) of 100 cm. Prior to irradiation mice were anesthetized
and were protected from off-target radiation by a 3 mm lead shield.
Before tumor inoculation mice were randomly assigned to 4 experi-
mental groups. Each group was composed of 8 mice. One control group
received intraperitoneal (i.p.) injection of 200 pl carrier solution; one
group received i.p. injection of 40 mg/kg/dose of PXD-101 for 12
consecutive days; one group received RT (6 fractions of 2 Gy delivered 3

I RD T RH30) —————— Fig. 2. PXD-101 concomitantly induces G, cells
cycle arrest and death in FNRMS and FPRMS
A 120 120 rhabdomyosarcoma cells. A. Effect of PXD-101 on
—e— Adherent —e— Adherent .
= 100 = 100 [ cell number of adherent and floating RD (0.41 uM)
§ § and RH30 (0.23uM) cells treated for increasing
£ 80 £ g0 times (1,2,3,4,5 and 6 days). Cell viability on floating
3 i cells was measured by trypan blue dye exclusion test.
R oens z o Results represent the mean values of four in-
8 40 8 40 dependent i experimints + SD. . Statistical  sig-
3 s nificance: p = 0.05, p < 0.01, p < 0.001 com-
S vl o pared with the respective control (Untreated cells).
b —r . B. FACS analysis performed on RMS cells untreated
0 sulflies on'Hinr O sasus1 0 ks Osonsss )
0 1 2 3 4 5 6 0 1 2 3 4 5 6 (DMSO) or treated PXD-101 (RD 0.41 uM and RH30
0.23 uM) for 24 h. Representative of three different
Days of Treatment (0.41puM) Days of Treatment (0.23uM) . .
experiments (upper panel). Table showing the per-
B Untreated PDX-101 (0.41uM) Untreated PDX-101 (0.23uM) centage of cell cycle phases in RD and
89 e RH30cells + PXD-101 (lower panel). Results re-
495 258 p k 644 358 present the mean value of four independent experi-
= . . £ ments. C. Cell Iysates from RD and
3 3 3 3% RH30 cells + PXD-101 (RD 0.41uM and RH30
165 8 w 215 L 119 i 0.23uM) at the indicated times were analysed by
e 40 ol Y immunoblotting with specific antibodies for in-
16384 32768 49152 65! 16384 32768 49152 65! 16384 32768 49152 65! 16384 32768 49152 655 dlcated prOteinS; GAPDH eXpreSSlOn ShOWS the
loading of samples. Representative of two in-
Untreated =~ 46.5:5.8 46.1+7.1 7.452.1 Untreated ~ 55.2+6.4 36.1+2.9 8.7+1.3
PDX 101 28+3.4 30.6+4.1 42.2+5.8 PDX 101 57.6+3.2 22.4+3.1 20+2.5
(0.41pM) (0.23pM)
C PxD-101 0 1h 6h 12h 24h 4d PXD-101 0 1h 6h 12h 24h 4d
(0.41uM) -+ + o+ o+ -+ (0.23 uM) -+ + + o+ -+
Cyclin Al [P % s == = w= | Cyclin A1 | - |
1 1.2 0.9 0.5 0.2 1 0.08 1 0.001 0.001 0.001 0.001 1 0.03
Cyclin B [ e o o S D | Cyclin B1 ; LA
1 0.08 0.09 0.07 0.2 1 0.04 1 02 0001 0.06 0.007 1 0.001
Cyclin D1 [# s s = w == o= Cydinp1 [ms = s
1 0.9 0.9 0.8 1 1 23 1 0.7 0.6 0.8 04 1 0.2
| =+ w o | ——]
1 1 45 545 438 1 459 1 1 1 15 1 1 103
p19mnkid | F 2 o e e o p19mnkid | ‘I
1 3.2 35 31 43 | 17.6 3 | 12 28 21 1.9 1 12.6
p27%int | et 1 p27kie [ = i
1 1.6 23 25 11.8 | 6.1 1 1 34 14 1.3 1 184
prvn [ e W N ]
1 1.3 13 5.2 4.8 1 19.9 1 3.9 14.6 10.2 118 1 2.4
MAD2 | - - - -l MAD2 | - — - — - |
1 6.2 42.6 38.9 571 1 293 b 21.2 17.3 19.4  20.1 1 13.9
GAPDH [smm emm cem con e cnms e | GAPDH [ e e s wn wo e |

93



F. Marampon, et al.

times/week to a total dose of 12 Gy); one group received 40 mg/kg/
dose of PXD-101 for 12 consecutive days, coupled with RT (6 fractions
of 2 Gy delivered 3 times/week to a total dose of 12 Gy) delivered 24 h
after the beginning of treatment with PXD-101 (Fig. 4). Experiments
were stopped 12 days after the last treatment, animals sacrificed via
carbon dioxide inhalation, and tumours removed and analysed. To
compare different treatments, we considered as previously described
[23]: (1) tumour volume, measured at different times; (2) tumour
weight, measured at the end of experiment; (3) tumour progression
(TP), defined as an increase > 50% of tumour volume with respect to
baseline. Statistical analysis was performed as already described
[21,23].

2.8. Key Resource Table

Resource Source Identifier

Antibodies

anti-C-X-C- chemokine receptor type 4 (CXCR4)
c-Myc

N-Myc

p21 WAF1

Antibodies

anti-C-X-C- chemokine receptor type 4 (CXCR4)
c-Myc

N-Myc

p21 WAF1

CellLine

RD

RH30

Chemical

2,5- Diphenyltetrazolium Bromide
5-Dimethylthiazol-2-yl

carbon dioxide

DMEM

L- glutamine

penicillin

PXD-101

streptomycin

ProteinPeptide

Akt

caspase

ERKs

HDAC

N/A N/A

N/A N/A

N/A N/A

N/A N/A

N/A N/A

>

20

RH3) ——
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3. Results

3.1. PXD-101 inhibits HDACs inducing growth arrest and apoptosis of
rhabdomyosarcoma cells

PXD-101 caused 50% of maximal inhibition of HDACs activity (ICso)
at 0.23 + 0.05uM in RD and 0.098 * 0.01 uM in RH30 (Fig. 1A). The
concentration able to affect 50% of maximal cell viability (GIsy) was
0.41 *= 0.06 uM in RD and 0.23 * 0.02pM in RH30 (Fig. 1B) whilst
able to induce 50% of cell death (LDs,) was 2.03 + 0.4 uM in RD and
1.02 = 0.2uM in RH30 (Fig. 1C). At GIso concentration, PXD-101 in-
duced growth arrest by 83.2 + 7.2% in RD and 78.7 = 8.3% in RH30
(Fig. 2A) and significantly increased the percentage of floating cells,
resulting in the death of almost all cells (Fig. 2A, Percentage related to
Floating Plot). Treating RMS with PXD-101 (Glso) for 24 h increased the
percentage of RMS in the G, phase of the cell cycle (Fig. 2B). According
to Go/M cell cycle arrest, PXD-101 down-regulated the expression of the
cell cycle promoters Cyclin A and Cyclin Bl in both RMS cell lines and
of Cyclin D1 only in RH30 (Fig. 2C) whilst up-regulated the expression
of cell cycle inhibitors p57XI!, p19™k4d p21WAFland p27X™®1 in both
RMS cell lines (Fig. 2C). Furthermore, PXD-101 up-regulated the ex-
pression of MAD2 (Fig. 2B), bio-marker of mitotic defects on spindle
assembly checkpoint [24]. Notably, 24h later, the percentage of
apoptotic cells resulted increased by PXD-101 (GIso) of 21.3 + 3.5% in
RD and 37.2 = 6.1% in RH30 (Fig. 3A) as well as the activation of
caspase-9 and -3. (Fig. 3B). Treatment did not increase the activation of
caspase 8 as well as the cleavage/activation of PARP (Fig. 3B).

3.2. PXD-101 counteracts in vitro migration/invasion, affects self-renewal
ability and leads to differentiation of rhabdomyosarcoma cells

Wound healing assays, in which the same fields of confluent cells
were pictured immediately after the scratch (time 0h) and again after
24h of PXD-101 (Glsp) incubation, shows that drug treatment de-
creased the level of wound closure to 71.3 *= 8.5% in RD (Fig. 4A, Left
Panel) and 49.2 + 9.1% in RH30 (Fig. 4A, Right Panel). The matrigel
invasion assay shows that PXD-101 (GIso) reduced invasive abilities by
93.2 + 1.2% in RD (Fig. 4B, Left Panel) and 88.8 + 4.3% in RH30
(Fig. 4B, Right Panel) compared to untreated. Immunoblotting analysis
shows that PXD-101 down-regulated the expression of c-Myb, B-catenin
and Integrin-f1 (Fig. 4C), key regulators of metastatic potential of RMS
cells [25-27]. 6 days of PXD-101 treatment (Glsp) induced substantial

Fig. 3. PXD-101 induces caspase 9/3-mediated
intrinsic caspase pathway activation without af-
fecting the cleavage/activation of PARP in
FNRMS and FPRMS rhabdomyosarcoma cells. A.
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15
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L m |

i
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(Apoptosis TUNEL bars) and activation levels of

= Untreated
—= PDX-101 (0.23 pM)

caspase-8, caspase-9 and caspase-3 (Caspase activity
bars) measured by human caspase ELISA assay 24 h
after treating with PXD-101 RD (0.41 uM) and RH30
(0.23 uM) cells. Results represent the mean values of
four independent experiments + SD. Statistical sig-
nificance: 'p < 0.05,”p < 0.01,”"p < 0.001 com-
pared with the respective control (Untreated cells).
B. Cell lysates from RD and RH30 cells = PXD-101

8 9 3
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shows the loading of samples. Representative of two
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Fig. 4. PXD-101 decreases wound closure and
invasion ability affecting the expression related-
biomarkers in FNRMS and FPRMS rhabdomyo-
sarcoma cells. A. Wound healing experiments in RD
and RH30 cells. A scratch was made at time 0 and
maintained or not for 24 h in the presence of PXD-
101. The dotted lines represent the edges of the
wound. Photographs were taken under light micro-
scope (10x magnification). The migration index was
plotted in bar graphs. B. Matrigel invasion assay for
RD and RH3O0 cells treated with 0.41 uM or 0.23 uM,
respectively were allowed to invade for 24h in
serum-free medium. Pictures shown are the most
representative from three independent experiments.
The graph represents absorbance at 595nm after
incubation of the membranes with deoxycholic acid.
Results represent the mean values of four in-
dependent  experiments = SD.  Statistical  sig-
nificance: “p < 0.05,”p < 0.01,”"p < 0.001 com-
pared with the respective control (Untreated cells).
C. Cell lysates from RD and RH30 cells = PXD-101
(RD 0.41 uM and RH30 0.23uM) at the indicated
times were analysed by immunoblotting with spe-
cific antibodies for indicated proteins; GAPDH
expression shows the loading of samples.
Representative of three independent experiments.
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change in morphology, with more elongated cellular bodies in RD and a
spindle shape in RH30 (Fig. 5A), suggestive of the acquisition of a
myogenic-like phenotype. Immunoblotting analysis shows that PXD-
101 (GIsp) differently induced the expression of myogenic markers
MYOD, MYOGENIN and MyHC in RMS cell lines (Fig. 5B). In RD cells,
the transient (6 h) up-regulation of MYOD was followed by the persis-
tent up-regulation of MYOGENIN (24 h—4 days) and finally by the ex-
pression Myosin (Figs. 5B and 4 days). In RH30 cells we noticed only a
transient up-regulation of MYOGENIN (Fig. 5B). PXD-101 (GIs) in stem
cell medium reduced the formation of cancer stem-like cells enriched in
rhabdospheres by 84.1 = 3.1% in RD and 92.5 = 1.2% in RH30
(Fig. 5C), reduced the number of CD133 (Fig. 5D and 69.5 + 5.4% in
RD and 87.6 * 4.7% in RH30) and CXCR4 (Fig. 5D and 73.3 * 5.4%
in RD and 92.8 + 4.7% in RH30) positive cells and the protein ex-
pression of Oct-3/4 and nanog (Fig. 5E) induced by stem cell medium.

3.3. PXD-101 affects the constitutive activation of MEKs/ERKs and PI3K/
Akt signal transduction pathways and down-regulated the pathological
accumulation of c-myc

The aberrant activation of MAPK and PI3K/Akt signal transduction
pathways [5,6,28,29] and expression of related downstream targets
including c-Myc promote and sustain the transformed phenotype of
RMS cells [5,6,28-31]. PXD-101 (Glso) stably and persistently inhibited
ERKs both in RD and RH30 cells (Fig. 6A). p38 resulted phosphory-
lated/activated in RD from 6 to 24 h of treatment and just after 1 h of

treatment RH30 cell lines (Fig. 6A). Akt was efficiently and persistently
inhibited in RD but not in RH30 cells (Fig. 6A). Inmunoblotting shows
that PXD-101 rapidly (1 h) and persistently (4 days) down-regulated the
expression of c-Myc protein both in RD and RH30 (Fig. 6B). No mod-
ulation were described on N-Myc protein expression levels (Fig. 6B),
known to be amplified in ARMS but not in ERMS [32]. RT-PCR shows
that PXD-101down-regulated c-Myc mRNA levels starting from 12h in
RD and 1 h in RH30 (Fig. 6C).

3.4. PXD-101 radiosensitizes by improving the ability of the RT to induce
ROS-mediated DSBs

PXD-101 (GlIsp) pre-treatment significantly reduced the ability of
RMS to form colonies after 4 Gy of irradiation (Fig. 7A) without af-
fecting the increase on phosphorylation/activation levels of H2AX (y-
H2AX), bio-marker of DNA double strand break damages [33], induced
by RT (Figs. 7B and 3 hours, PXD-101 + RT vs. RT). However, 24 h
after RT, PXD-101 pre-treatment counteracted the ability of RMS to
restore y-H2AX to basal levels (Fig. 7B and 24 h, PXD-101 + RT vs. RT).
Notably, PXD-101 di per se induced a rapid (3 h) and persistent (24 h)
accumulation of y-H2AX (Fig. 7B, PXD-101 vs. Untreated). Roughly
two-thirds of radiation-mediated DNA damage is caused by indirect
effects from ROS [16] which production has been shown to be effi-
ciently restrained by RMS [17]. Assessing the effects of HDAs inhibition
on RT-induced oxidative stress, we found that the mitochondrial-de-
rived ROS production induced by RT was rapidly (5min) and
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Fig. 5. PXD-101 counteracts the stem-like phe-
notype and triggers morphology changes in both

A RMS and myogenic differentiation in FNRMS. A.
Cellular morphology of RMS cells untreated or
treated with PXD-101 (RD 0.41 pM and RH30
0.23 puM) for 6 days was analyzed under light mi-
croscope at X20 magnification. Representative of
three independent experiments. B. Cell lysates from
RD and RH30 cells untreated (—) or treated (+)
with PXD-101 (RD 0.41 uM and RH30 0.23 uM) for
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persistently (12h) improved by PXD-101 (Glso) (Fig. 7C, PXD-
101 + RT vs. RT), and that PXD-101 efficiently counteracted the ability
of RMS to restore to basal levels ROS production (Fig. 7C and 12h, RT
vs. PXD-101 + RT). Notably, PXD-101 di per se rapidly and persistently
increased ROS production (Fig. 7B, Untreated vs. PXD-101).

3.5. PXD-101 counteracts the RT-mediated activation of sensors,
transducers and effectors proteins involved in the regulation of cell cycle
checkpoints and involved in DSBs repair

Upon DNA damage, cells stop proliferation at cell cycle checkpoints,
which provides them time for DSBs repair [34]. As shown in Fig. 8A,
PXD-101 (GIso) efficiently inhibited the RT-induced rapid and transient
(3 h) phosphorylation/activation of Chkl and ChK2 (Fig. 8A), known to
result in the activation of the cell cycle checkpoints [35]. PXD-101 pre-
treatment counteracted RT-induced phosphorylation/activation of
DNA-PKCs and Brcal and expression of Ku70 and Rad51 (Fig. 8A, RT
vs. PXD-101 + RT). Notably, PXD-101 di per se induced phosphoryla-
tion/activation of DNA-PKCs however at significantly lower levels than

-
1

0.3

i

0.6

:

those reached after RT (Fig. 8A, RT vs. Untreated). In both cell lines,
PXD-101 efficiently restrained the phosphorylation/activation of ERKs,
known to sustain RMS radioresistance [18,19].

3.6. PXD-101 inhibits tumour growth and radiosensitizes RMS in in vivo
xenograft mouse models

For in vivo experiments, when tumour volume reached 85-100 mm?®
(TO), PXD-101 (40 mg/kg) [23] or vehicle (PBS) was administered for
12 consecutive days by intraperitoneal injection. RT treatment (2 Gy)
was performed every other day, for 6 applications. Tumour volumes
were measured every 4 days for a period of 24 days after the start of
treatment in untreated (vehicle), PXD-101-treated (PXD-101), irra-
diated (RT) and PXD-101/irradiated (PXD-101 + RT) tumours
(Fig. 9A). The rate of tumour growth was found to be markedly reduced
by PXD-101 treatment, with a 45.7% and 47.6% reduction in tumour
growth being observed at the end of treatment in RD and RH30 xeno-
grafted mice, respectively (Fig. 9A, PXD-101 vs. Untreated). RT slightly
affected the growth of tumours in RD whilst no effects were described
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I RD T RH30) —————— Fig. 6. PXD-101 inhibits rhabdomyosarcoma-re-
lated pro-oncogenic signal down-regulating the
expression of c-Myc . A and B. Cell lysates from RD
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in RH30 xenografted mice (Fig. 9A, RT vs. Untreated). Notably, in mice
treated with PXD-101 + RT, at the end of the experiment, tumor vo-
lumes were lower than those measured at the beginning of treatment,
respectively by 49.3% in RD and 60.9% in RH30 (Fig. 9A, PXD-
101 + RT, 24th day vs. 0 day). Tumour weights in mice treated with
PXD-101 decreased significantly ranging from 40 to 60% in RD and
30-50% in RH30 PXD-101 and from 70 to 90% in RD and 80-90% in
RH30 in PXD-101 + RT treated mice, in comparison to controls
(Fig. 9B). The number of mice with tumour progression (TP) sig-
nificantly differed across the groups (Fig. 9C). In the vehicle group,
tumour progression occurred both in RD and RH30 xenografted mice
within 4 days after the beginning of treatment (Fig. 9C, Untreated). In
the RT group, tumour progression occurred within 4 days in RH30 and
8 days in RD after the beginning of irradiation treatment (Fig. 9C, RT).
The treatment with PXD-101 significantly improved the TP compared
to vehicle or RT (Fig. 9C, PXD-101). In the PXD-101 group, tumour
progression occurred from the 16th day in RD and 8th in RH30 after the
beginning of treatment and never completed (Fig. 9C, PXD-101). The
most evident improvement was documented when PXD-101 was cou-
pled with RT: in this group, no tumour progression occurred both in RD
and RH30 (Fig. 9C, PXD-101 + RT).
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4. Discussion

In the present study we have demonstrated for the first time the
effectiveness of a pan-HDAC inhibitor called PXD-101 (Belinostat) on
RMS, a highly malignant myogenic tumor that mainly affects children
[1]. As detected through in vitro and in vivo experiments, PXD-101
treatment counteracted tumor growth by cell cycle arrest and cell
apoptosis/necrosis. Importantly, the broad impact of PXD-101 on both
FPRMS and FNRMS tumors is relevant in the clinical setting, since
detection of the PAX3-FOXO1 signature represents a critical parameter
for assessing risk stratification and treatment allocation in RMS patients
[11.

Low doses of PXD-101 were sufficient to inhibit HDACs activity and
promote G2\M cell growth arrest in RMS cells, as evidenced by de-
regulation of Cyclin B1 and p21W*f, two master regulators of the cell
cycle involved in the transition from G2 to M phase [36]. Furthermore,
PXD-101 treatment led to an increased expression of MAD2, a key
component of the mitotic checkpoint configuring as a “waiting signal”
that has been shown to be activated in the presence of DSBs [24] or
when the microtubules are not correctly attached to the kinetochore
[37]. MAD2 is considered one of the most important tumor suppressor
genes since its depletion correlates with tumor onset and progression
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I RD 1T RH30) —————— Fig. 7. PXD-101 in vitro radiosensitizes FNRMS
and FPRMS rhabdomyosarcoma cells. A.
A & & Clonogenic assay of the RMS lines with (+) or
£ =) without (—) PXD-101 (RD 0.41 puM and RH30
E‘ E 0.23 uM) and 4 Gy of irradiation treatments. Crystal
-2 e’ T = -2 e = = violet stained cultures 14 days after PXD-101, RT, or
E E combined treatment. B) Cell lysates from tumour-
S ot E et sphere from RD and RH30 cells untreated (—) or
‘é ‘é treated (4) with PXD-101 (RD 0.41 uM and RH30
& 5 R T 0.23 uM) were analyzed by immunoblotting with
E, e = ¢ specific antibodies for indicated proteins; GAPDH
2 = expression shows the loading of samples.
© &3 i N &3 Representative of two independent experiments. C)
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[38]. It has been shown that restoring MAD2 expression can overwhelm
the resistance of cancer cells to several microtubule-destabilizing agents
(MDA) [39]. In light of this, since MDA treatment has been shown to be
not very effective in RMS [40], a combined strategy together with PXD-
101 could improve the therapeutic response in a MAD2-dependent
fashion.

We also found PXD-101 to act as a trigger of cell death by activation
of the intrinsic caspase9/caspase3 pathway in a PARP-independent
manner [41]. Whereas both caspase activation and PARP cleavage are
hallmarks of apoptosis [41], the failure in PARP cleavage by caspases
has been shown to promote the induction of necrosis during apoptosis,
especially in response to excessive ROS accumulation [42]. Hence,
these data suggest that PXD-101 would act as a pro-apoptotic and
-necrotic factor by inducing ROS elevation. In addition, we found the
effects of PXD-101 slightly differing depending on the cell lines ana-
lyzed, since the alveolar RH3O0 cells carrying the PAX3-7/FOXO1 fusion
gene underwent apoptosis rather than necrosis in response to the
HDAGs inhibitor.

In normal skeletal muscle, HDACs activity has been shown to impair
the myogenesis process [43]. Likewise, HDACs inhibition by PXD-101
treatment promoted clearly visible changes in RD cell morphology,
which was characterized by cell elongation that was consistent with the
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expression of myogenic markers predicting differentiation like MYOD,
MYOGENIN and MyHC. In contrast, PXD-101 treatment failed to induce
such effects in RH30 cells, which are known to be very refractory to
differentiation stimuli.

In RD cells, the pro-differentiating effects of PXD-101 required the
inactivation of MEKs/ERKs/c-Myc signaling axis [17,18,27,30,44], the
up-regulation of p57¥™!, p27X™1 and p21Waf [45,46] and p38 activa-
tion [47], which are all critical events to force myogenesis in normal
and malignant myogenic progenitors. In particular, we found PXD-101
inhibiting the RAS/MEKs/ERKs signaling, leading to a downstream
deregulation of c-Myc expression both at transcriptional and post-
transcriptional levels. These results are in line with our previous find-
ings showing that the RAS/MEKs/ERKs signaling axis plays a pivotal
role in RMS cell proliferation, enrichment of cancer stem cells (CSCs)
and radioresistance through abnormal stabilization and accumulation
of c-Myc [17,27,30]. Still, the mechanisms by which PXD-101 interferes
with the RAS/MEKs/ERKs signaling to activate the myogenesis process
require further investigation.

We further validated the efficacy of PXD-101 in reducing the ex-
pression of CD133, CXCR4, nanog and oct-3/4 markers, which predict a
reduced number of CSCs, the main drivers of cancer onset, progression,
metastasis and therapy resistance [48]. CSCs reside in an
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Fig. 8. PXD-101 affects the molecular mechanism controlling RMS responsiveness to RT and RT-induced ERKs activation. A and B. Cell lysates from RD and
RH30 cells untreated (—) or treated (4) with PXD-101 (RD 0.41 pM and RH30 0.23 pM) and 4 Gy of irradiation treatments, collected 3 and 24 h after RT, were
analyzed by immunoblotting with specific antibodies for indicated proteins; GAPDH expression shows the loading of samples. Representative of two independent

experiments.

undifferentiated cell state and have the ability to regenerate intratumor
heterogeneity after chemotherapy and radiotherapy, giving rise to re-
currence. Such reduction in stemness markers induced by PXD-101 was
indeed corroborated by a significant reduction of cell migration/inva-
sion in vitro. Hence, the multiple ability of PDX-101 to induce differ-
entiation and counteract cancer stemness is of considerable importance
to halt tumor aggressiveness. The so called “differentiation therapy” has
already been successfully tested in patients with acute promyelocytic
leukemia [49] and is considered a valid approach for solid tumors,
including sarcomas [50].

Our data pointed out the efficacy of PDX-101 as radiosensitizer for
RMS treatment because of its ability of raising the intracellular ROS
levels causative of DNA damage, even impairing the non-homologous
end joining (NHEJ) and homologous recombination (HR) pathways
involved in DNA repair. The combination of PDX-101 pre-treatment
followed by RT on xenografted tumors promoted an important reduc-
tion in tumor volume and weight compared to RT alone. In these
conditions, we evidenced a critical property of PDX-101 in limiting the
activity Chk1 and Chk2, key regulators of the cell cycle checkpoints that
elicit a delay in the cell cycle progression to permit DNA repair [51]. A
number of inhibitors targeting Chks activity has indeed been developed
for therapeutic purposes [52], and our current data indicate that PXD-
101 could work as a “pan-Chk inhibitor”, increasing consistently the RT
effects and eventually triggering both apoptosis and mitotic
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catastrophe-mediated cell death [53], the later appearing to be domi-
nant.

In conclusion, data collected here indicate PXD-101 as a valuable
drug with a pro-differentiating/radiosensitizer role for testing novel
combined therapeutic approaches.
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Fig. 9. Effects of PXD-101 combined or not with
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