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a b s t r a c t 

The PAX3-FOXO1 fusion gene functions as a transactivator and increases expression of many cancer-related genes. 

These lead to metastases and other unfavorable outcomes for alveolar rhabdomyosarcoma (ARMS) patients. In or- 

der to target ARMS with the PAX3-FOXO1 transactivator, we developed an Oncolytic Adenovirus (OAd) regulated 

by the myogenin (pMYOG) promoter with a mutation in the Myocyte Enhancer Factor-2 binding site (mMEF2) in 

this study. The expression of MYOG in the two RMS cell lines (Rh30; PAX3-FOXO1-positive, RD; PAX3-FOXO1- 

negative) is about 1,000 times higher than normal skeletal muscle cell (SkMC). Ad5/3-pMYOG( S )-mMEF2 (short- 

length pMYOG-controlled OAd with mMEF2) showed strong replication and cytocidal effect in Rh30, but to a 

much lesser extent in RD. Ad5/3-pMYOG(S) (pMYOG-controlled OAd with native pMYOG) showed similar effects 

in RD and Rh30. Neither virus killed SkMC, indicating that Ad5/3-pMYOG( S )-mMEF2 selectively replicates and 

kills cells with PAX3-FOXO1. Additionally, Ad5/3-pMYOG( S )-mMEF2 showed replication and spread in vitro as 

well as tumor growth suppression and intratumoral viral spread in vivo , selectively in Rh30 not in RD. Our find- 

ings revealed that Ad5/3-pMYOG( S )-mMEF2 shows a promise as a safe and potent therapy to improve treatment 

in PAX3-FOXO1-positive ARMSs. 
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Rhabdomyosarcoma (RMS) is a malignant skeletal muscle tumor that

ccurs mainly in children and adolescents [1] . Multimodal therapy has

chieved about a 60% 5-year overall survival rate of patients diag-

osed with RMS. However, cure rates have not improved much since

he 1990s [ 2 , 3 ]. RMSs are categorized into two main subtypes: alveo-

ar RMS (ARMS) and embryonal RMS (ERMS), each containing distinct

enetic abnormalities [4] . 60–70% of patients with ARMS harbor an

bnormal fusion gene, PAX3 - FOXO1 , which significantly contributes

o RMS oncogenesis [5-8] . In 2010, Williamson et al. revealed that the

rognosis of PAX3-FOXO1-positive ARMS is worse than that of PAX3-

OXO1-negative ARMS or ERMS with a median 5-year overall survival

ate of 70% vs 20%, respectively [9] . This suggests that PAX3-FOXO1

s a more critical factor in risk stratification of RMS than histology. De-
Abbreviations: Ad5, adenovirus serotype 5; ARMS, alveolar rhabdomyosarcoma; m

egulatory factor family; MYOD, myogenic differentiation-1; pMYOG, myogenin prom

he Ad5 shaft and Ad3 knob). 
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elopment of novel therapeutics targeting PAX3-FOXO1 transactivator

herefore has a possibility to improve clinical outcomes of RMSs. 

Virotherapy has been a recent focus for as a promising approach

or cancer treatment. [10-12] . In particular, adenovirus is attractive

or virotherapy because 1) they can infect various cells efficiently in

ivo , 2) they can carry large transgenes, and 3) they are not integrated

nto the genome, meaning lower risk of insertion mutagenesis. Aden-

virus serotype 5 (Ad5), which belongs to subgroup C, is the most ex-

ensively used in virotherapy [13] . Oncolytic adenoviruses (OAds) se-

ectively replicate in the cancer cells and kills them, subsequently caus-

ng anatomical distraction and immune-stimulation in the tumor locale

14] . One way to generate cancer specificity of OAds is controlling the

xpression of the adenovirus E1-gene by promoters only active in the

arget tumors [15-18] . 

Myogenic regulatory factor family (MRF) members play important

oles for the process of skeletal muscle differentiation [ 19 , 20 ]. One
MEF2, mutation in Myocyte Enhancer Factor-2 binding site; MRF, Myogenic 

oter; OAd, oncolytic adenovirus; 5/3F, 5/3 fiber (a chimeric fiber containing 
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Fig. 1. Map of myogenin promoter (pMYOG) 

region in human and pMYOG-controlled aden- 

ovirus 

A , (Top) Schematic illustration of natural and 

mutated − 214 bp minimal pMYOG region. Ar- 

rows indicate transcription initiation site of 

myogenin. E1, E (enhancer)-box 1; E2, E-box 2; 

MEF2, myocyte enhancer factor-2 binding site; 

MEF3, myocyte enhancer factor-3 binding site. 

(Bottom) Three lengths of pMYOG used in 

this study. The sequence of Short contains the 

− 214 bp minimal pMYOG region. 

B, Structure of pMYOG-controlled adenovirus. 

The vectors were constructed based on hu- 

man adenovirus type 5. pMYOG-driven E1- 

gene or GL3B luciferase expression cassette 

was inserted in the corresponding position. 

The E3 region of AdEasy-pMYOG-GL3B-5/3F 

(non-replicative) was removed, while that of 

Ad5/3-pMYOG (replicative) was maintained. 

pMYOG, myogenin promoter; mMEF2, muta- 

tion of MEF2 binding site; E1, adenovirus E1- 

gene 1; GL3B, luciferase reporter gene. 
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ember of MRF, myogenin (MYOG), which acts downstream of myo-

enic differentiation-1 (MYOD), activates the myogenic differentiation

rogram along with other MRFs [21-23] . Zhang et al. showed that in

ddition to MYOD,PAX3-FOXO1 is also an upstream regulator of MYOG

ia interaction with promoter of MYOG [24] . Myocyte enhancer factor-

 (MEF2) is a transcription factor that regulates cellular differentiation

nd embryonic development [25] . When the MEF2 binding site in the

YOG promoter (pMYOG) was mutated (mMEF2) ( Fig. 1 A), transactiva-

ion by MYOD was significantly reduced, but transactivation by PAX3-

OXO1 was not affected [24] . This means that pMYOG with mMEF2

an be activated in PAX3-FOXO1-positive RMS but not in PAX3-FOXO1-

egative RMS or normal muscles. 

Therefore, we hypothesized that pMYOG-controlled OAds can attack

MS cells with high expression of MYOG, and the OAd with mMEF2

Ad5/3-pMYOG-mMEF2) selectively replicates and kills PAX3-FOXO1-

ositive RMS. In this study, we made a series of pMYOG-controlled OAds

nd compared their replication and cytocidal effects against multiple

ontrol viruses in vitro and in vivo. We demonstrate that OAd controlled

y pMYOG with MEF2 mutation could be a powerful therapeutic ap-

roach to treating PAX3-FOXO1-positive refractory RMSs. 

aterials and methods 

ell lines 

Two human RMS cell lines (Rh30; PAX3-FOXO1-positive, RD; PAX3-

OXO1-negative) and HEK293 were purchased from ATCC (#CRL-2061,

CCL-136, and #CRL-1573). Another human RMS cell line, JR1 (PAX3-

OXO1-negative), was kindly provided by Dr. Subramanian (University

f Minnesota, MN, USA). Human normal skeletal muscle cell (SkMC)

as purchased from Lonza (#CC-2561). All RMS cell lines were main-

ained in RPMI-1640 (Corning). HEK293 cell line was maintained in

MEM (Corning). Both of the mediums were supplemented with 10%

etal bovine serum (FBS), 100 U/ml penicillin and 10 mg/ml strep-

omycin (Corning). SkMC was maintained in Skeletal muscle basal

edium (SkBM-2, Lonza) supplemented with hEGF, Dexamethasone, l -

lutamine, and gentamicin (Lonza), as well as 10% FBS as described in

he manufacturer’s instruction. All cells were cultured at 37 °C and 5%

O2. All cell lines were routinely PCR-tested for Mycoplasma. All ex-

eriments were performed using cells that have gone through less than

5 passages. 
2 
eneration of PAX3-FOXO1- and MYOD-overexpression HEK293 cells 

Human PAX3-FOXO1 and MYOD cDNA was cloned from Rh30 and

D, respectively, and re-cloned into pcDNA3.1( + ) expression vector (In-

itrogen) using Bam HI and NotI sites. HEK293 cells were plated in a

0-mm plastic plate and then transfected with the plasmids by using

uperfect (Qiagen). Stable transfectants were isolated in the presence of

00 𝜇g/ml G418 (Roche). Primers are listed in Supplement Table S1. 

eneration of mutated MEF2 binding site in pMYOG 

The MEF2 binding site in pMYOG was mutated with QuikChange

ite-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara) by in-

erse PCR according to the manufacturer’s instructions, using the each

ength of pMYOG (pMYOG(S), (M), and(L)) as a template ( Fig. 1 A). Mu-

ations of interest were confirmed via Sanger sequencing (Supplemen-

ary Fig. S2). The primers are described in Supplementary Table S1. 

esigning plasmid including pMYOG and production of adenovirus 

Reporter-expressing replication-deficient Ads and oncolytic Ads

ere generated as follows ( Fig. 1 B). Three lengths of pMYOG were

loned from the Rh30 gene within the genome. After confirming the se-

uences, six kinds of pMYOG ( Fig. 1 A), pShuttle-GL3B (8533 bp; Supple-

entary Fig. S1A, [26] ), and pGL3-Basic (4818 bp; Promega; #E1751)

ere digested with KpnI and NheI . Digestion products were ligated us-

ng the Fast-Link DNA Ligation Kit (epicentre) according to the manu-

acturer’s instructions. 

While making pShuttle-pMYOG-E1, four kinds of pMYOG (Long and

hort, and with or without mMEF2) and E1-gene plus protein IX (pIX) re-

ion (total 3235 bp) were amplified via PCR using Phusion High-Fidelity

NA polymerase (New England BioLabs) according to the manufac-

urer’s instructions. In parallel, the sequence between the two SalI sites

nucleotides 750 and 5497) of the backbone from pShuttle-Cox2LH-E1-

pIXF (11,692 bp; Supplementary Fig. S1B, [18] ) was amplified. The

nsert PCR products (pMYOG, E1, and pIX) were inserted into the linear

lasmid backbone using the In-Fusion HD Coning Kit (Takara Bio USA)

ccording to the manufacturer’s instructions. 

The ligation or in-fusion products were transformed into competent

ells to amplify. The resulting plasmids of interest were extracted by

lasmid Plus Maxi Kit (Qiagen). The plasmids were linearized with PmeI

nd subsequently co-transformed into E. coli BJ5183 cells (Agilent Tech-

ologies) with an adenoviral backbone plasmid that is either replication
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eficient (pAdEasy-5/3F) or replication competent (pMG553). All ade-

ovirus backbones were based on human adenovirus type 5. Finally,

he linearized recombinant plasmids were transfected into HEK293. Re-

ombinant adenoviruses were generated around 10 days. The primers

re listed in Supplement Table S1. 

uciferase reporter assay by plasmid transfection or virus infection 

Cells (5 ×10 4 ) were plated in 24-well plates and transfected with

Shuttle-pMYOG-GL3B and pGL3-basic respectively using Superfect (Qi-

gen) according to the manufacturer’s instructions. The same cultures

ells were infected with AdEasy-pMYOG-GL3B-5/3F at 10 vp/cell. Two

ays after transfection or infection, luciferase activity was determined

ith a Luciferase Assay System (Promega). 

eal-time RT-PCR 

Total RNA was extracted using RNeasy mini kit (Qiagen), and cDNA

as synthesized with the SuperScript VILO cDNA Synthesis Kit (Thermo

isher Scientific) according to the manufacturer’s instructions, respec-

ively. The primers are listed in Supplement Table S1. Real-time RT-PCR

as carried out using the LightCycler 480 System (Roche) with SYBR

reen (Applied Biosystems). Relative target mRNA expression was nor-

alized to GAPDH using the ΔΔC T method for analysis. 

inding assay 

One day after seeding (1 ×10 5 cells/12-well plate), cells were in-

ected with virus at 100 vp/cell. After two hours of incubation at 4 °C

o prevent internalization of the virus into the cells, cells were washed

ith PBS, and the DNA was isolated. The viral infectivity was shown as

4-gene copy number per ng DNA as we described previously [27] . 

nalysis of viral replication 

Cells in 12-well plates (1 ×10 5 cells per well) were infected with

irus (0.1 to100 vp/cell), and the growth medium was harvested at 2

nd 5 days after infection to assess progeny production. To collect re-

eased viral particles, medium was transferred to fresh tubes. The cells

ere re-suspended in PBS, and three freeze-thaw cycles were carried

ut to recover the virus in the cell membrane. Both the medium and vi-

al solution were treated with 0.1 U/ 𝜇l of DNaseI at 37 °C for 1 hour to

liminate non-capsidated virus DNA. The DNA was then isolated using

he QIAamp DNA Mini Kit (Qiagen). The total viral copy number of the

4-gene was analyzed by qPCR using SYBR Green as described in Real

ime RT-PCR section . 

n vitro analysis of cytocidal effect by crystal violet staining 

A total of 1 ×10 5 cells was plated in 12-well plates and infected with

irus at 0.1 to 1000 vp/cell in 1 ml of growth medium with 5% FBS.

hen Ad5/3-pMYOG(S) killed the cells with 10 vp/cell (low titer) or

00 vp/cell (high titer), plates were fixed with 10% buffered formalin

or 10 min, stained with 1% crystal violet in 70% ethanol for 20 min,

ashed with water, and dried. In SkMC, both pMYOG-controlled OAds

id not kill any cells, so they were fixed and stained 10 (high titer) or

4 days (low titer) after infection. 

n vivo experiment 

All animal studies were approved by the Institutional Animal Care

se Committee (IACUC) of University of Minnesota. To analyze the anti-

umor effect in an in vivo model, 2 ×10 6 of Rh30 or RD cells were inocu-

ated subcutaneously into the flank of 24 nude mice (Charles River Labo-

atories) or 12 NSG mice (Jackson Laboratories), respectively. The same

umber of male and female mice were used in the experiment. 3 ×10 10 
3 
p of virus was intratumorally injected when the diameter reached 5–

 mm. The condition of the mice was monitored daily, and the tumor

iameter was measured twice a week. The tumor volume was calculated

s width 2 × length/2. 

In a separate experiment under the same conditions, the mice were

acrificed at day 5 and 10. Half of each tumor specimen was quickly

rozen, and the second half was fixed with buffered 4% formaldehyde

or immunostaining. The DNA was purified from frozen tumor tissue

sing the DNeasy Blood & Tissue Kit (Qiagen) according to the man-

facturer’s instructions, and the adenoviral DNA copy number of the

4-gene was quantified by qPCR using SYBR Green. The expression

f hexon protein in the tumor was analyzed by immunostaining using

he FITC-labeled anti-hexon polyclonal antibody (Millipore; #AB1056F)

nd counterstained with DAPI (Vector Laboratories; #H-1200) as de-

cribed in ref [ 18 , 28 ]. The tissues were observed with the automated

pright microscope System DM5500B (Leica Biosystems). 

tatistical analysis 

Statistical comparisons between two groups were evaluated by Stu-

ent’s t -test. Continuous variables were compared by Mann–Whitney U

est. All p-values were two-sided, and p < 0.05 was considered statisti-

ally significant. 

As a trend analysis, the data was fit to a linear mixed model (SAS

roc mixed). The outcome variable was log absolute tumor volume.

redictor variables were treatment group, time (continuous), and their

nteraction. Random effects for each tumor were included to account

or correlation among repeated measurements. The primary hypothesis

ested whether the time trend differed among groups. 

esults 

YOG RNA expression and binding of 5/3 fiber (5/3F) in RMS cell lines 

To assess the MYOG expression level, we measured MYOG mRNA

evel of two RMS cell lines (Rh30 and RD) and SkMC using real-time

T-PCR ( Fig. 2 A). RMS cell lines had approximately 1000-times higher

YOG expression than SkMC. 

Next, to optimize the adenovirus fiber for RMS cell transduction, we

ompared three adenovirus fibers: 1) Wild-Type –binds to Coxsackie-

denovirus Receptor (CAR), 2) RGD – motif containing Arginine (R),

lycine (G), and Asparate (D) which binds cellular integrins 𝛼V 𝛽3 and

V 𝛽5, 3) 5/3F – a chimeric fiber containing the Ad5 shaft and Ad3 knob

hat binds to CD46 and desmoglein-2, which are expressed on a wide

ariety of human cells and tissues. Among the three fibers, 5/3F showed

he highest affinity for both RMS cells and SkMC ( Fig. 2 B). Based on this

esult, we made pMYOG-controlled adenovirus with 5/3F. 

he short-length pMYOG showed the best profile in RMS cells 

To find the optimal length of pMYOG to control oncolytic aden-

virus replication, we first compared their promoter activities in the

wo RMS cells with luciferase-expressing adenoviral shuttle plasmid

Shuttle-pMYOG-GL3B. pMYOG(S) showed the highest promoter activ-

ty in Rh30, while pMYOG(L) exhibited the highest promoter activity

n RD (Supplementary Fig. S3). To confirm the trend with more stable

ransfection conditions, we compared the pMYOG activities with PAX3-

OXO1 and MYOD overexpressing HEK293 cells with better transfec-

ion efficiency. Luciferase assays for these cells using pShttle-pMYOG-

L3B confirmed the same trend as observed in RMS cells. The data in-

icate that pMYOG(S) was strongest among the three different lengths

f pMYOG ( Fig. 3 A). 

We also tested the difference between pMYOG(S) with or without

MEF2 with less influence of surrounding vector sequences by using

GL3-BASIC plasmid in PAX3-FOXO1 and MYOD expressing HEK293

ells to assess. The activities of the promoters with and without mMEF2
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Fig. 2. Quantification of promoter activity and 

replication of modified virus in two rhab- 

domyosarcoma cells and normal muscles cell. 

A, The mRNA expression of MYOG was ana- 

lyzed by qPCR. After normalizing cell levels 

against GAPDH, the expression was shown as 

the relative values against that in SkMC. Re- 

sults represent the means ∓ s.d. from three in- 

dependent experiments. ∗ , P < 0.05; ∗ ∗ , P < 0.01. 

B, Binding of the viruses with different fibers 

(AdEasy-GL3B-WT/ -RGD/ − 5/3F). The iso- 

lated total DNA was analyzed using qPCR with 

primers for E4-gene to determine the aden- 

oviral copy number bound to the surface of 

the cells. The number was normalized by DNA 

(ng). ∗ ∗ , P < 0.01. NC, Normal control (No in- 

fection); WT, Ad5 wild type; RGD, Integrin- 

binding motif; 5/3F, Chimeric fiber that 

contains Ad5 fiber with an Ad3 knob. 

Fig. 3. Luciferase assay for HEK293 (wild-type, with PAX3-FOXO1 or MYOD) and RMS cells. 

A, 1 𝜇g pShuttle-pMYOG-GL3B were transfected into target cells. Three lengths of pMYOG (Long; 2.7 kb, Medium; 1.1 kb, Short; 0.3 kb), each with or without mMEF2, 

were tested to determine which length showed the greatest promoter activity. Results represent the means ∓ s.d. from three independent experiments. B, 1 𝜇g pGL3B- 

pMYOG were transfected to the target cells. pMYOG(S) with or without mMEF2 was used to assess the influence of PAX3-FOXO1 and MYOD on the mutation in the 

MEF2 binding site. Results represent the means ∓ s.d. from three independent experiments. c, Luciferase assays of RMS cell lines infected with pMYOG-controlled 

adenoviruses. The infectivity enhancement was analyzed using long- and short-length pMYOG-driven luciferase expression vectors with and without mMEF2. Results 

represent the means ∓ s.d. from three independent experiments. ∗ ∗ , P < 0.01. 
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ere smaller in HEK293-PAX3-FOXO1, while the activity of pGL3-

MYOG( S )-mMEF2 was lower in HEK293-MYOD ( Fig. 3 B). The muta-

ion in MEF2 (mMEF2) reduced the transactivation by MYOD, but not

he transactivation by PAX3-FOXO1. 

Next, we compared the viruses with short- and long-length

MYOG placed in the adenovirus genome (AdEasy-pMYOG( S ) − 5/3F
4 
nd AdEasy-pMYOG(L) − 5/3F) with or without mMEF2 in RMS cells

nd SkMC. AdEasy-pMYOG( S ) − 5/3F showed high expression of lu-

iferase in Rh30 cells but low expression in RD cells ( Fig. 3 C). AdEasy-

MYOG(L) − 5/3F had higher expression in RD than Rh30, suggesting

hat MYOD or other transactivators bound somewhere in the long pro-

oter sequence and affected the promoter activity. However, neither of
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Fig. 4. Measurement of the replicating ability of pMYOG-controlled OAd in vitro . 

Selective replication of Ad5/3-pMYOG(S) and Ad5/3-pMYOG( S )-mMEF2 in A, Rh30, B, RD, C, SkMC, and D , JR1. All three cell lines were infected with 10 vp/cell 

of adenovirus, and viral copy number was measured by qPCR at days 2 and 5. Results are shown as E4-gene copy number per ng DNA. Results represent the means 

∓ s.d. from three independent experiments. ∗ , P < 0.05; ∗ ∗ , P < 0.01. N.S., Not Significant. 
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hem showed promoter activity in SkMC. Therefore, we decided to use

MYOG(S) with or without mMEF2 for the following experiment. 

fficient replication and killing of pMYOG-controlled OAd with mMEF2 in 

AX3-FOXO1-positive RMS cells 

We next compared viral replication and cytolytic activity of pMYOG-

ontrolled OAd in RMS cells with and without PAX3-FOXO1. Both

d5/3-pMYOG( S )-mMEF2 and Ad5/3-pMYOG(S) replicated in Rh30

 Fig. 4 A). In PAX3-FOX01-negative cells (RD and JR1), replication

f Ad5/3-pMYOG(S) was significantly higher than Ad5/3-pMYOG( S )-

MEF2 ( Fig. 4 B and 4 D). Neither of MYOGp-controlled OAds exhibited

ny meaningful replication in SkMC ( Fig. 4 C) 

In the context of cytocidal effect, both pMYOG-controlled OAds

ith or without mMEF2 killed Rh30 under low multiplicity of in-

ection (10 vp/cell, Fig. 5 , and Supplementary Fig. S4). In RD and

R1, one order of magnitude higher amount of virus was needed for

d5/3-pMYOG( S )-mMEF2 compared to Ad5/3-pMYOG(S). Neither of

he pMYOG-controlled OAds killed SkMC with treatment as high as 1000

p/cell, while Ad5/3 showed cytolysis at 10 vp/cell. 

umor growth suppression and intratumoral spread of pMYOG-controlled 

Ad in Rh30 xenograft models 

To assess the anti-tumor effect in vivo , pMYOG-controlled OAds were

njected intratumorally into xenografts of Rh30. The administration of
5 
d5/3-pMYOG(S) with or without mMEF2 exhibited significant anti-

umor effect, compared to negative control (PBS) ( Fig. 6 A). Statistical

rend analysis revealed that treatment with Ad5/3-pMYOG( S )-mMEF2

esulted in significantly better anti-tumor effect than Ad5/3-pMYOG(S),

hile the anti-tumor effect of Ad5/3-pMYOG(S) without mMEF2 muta-

ion was significantly weaker than Ad5/3. To investigate replication and

ntratumoral spread of the virus, the tumor samples at day 5 and 10 in

eparate experiments with the same condition were assessed for viral

opy number and viral structural protein (hexon) staining. The virus

opy number on day 5 and 10 in tumors treated with both pMYOG-

ontrolled OAds was like the copy number in tumors treated with Ad5/3

 Fig. 6 B). There was no significant copy number increase between day 5

nd day 10. The staining of virus structural protein, hexon, in the tumor

pecimens at days 5 and 10 after injection showed the vast majority of

ells in the Rh30 tumors treated with both pMYOG-controlled OAds ex-

ressed high levels of hexon protein, which was similar to the samples

reated with non-selective virus (Ad5/3) ( Fig. 6 C and Supplementary

ig. S5). The hexon-positive area amplified in a time-dependent manner.

here was no significant difference in virus spread between pMYOG-

ontrolled OAds with or without mMEF2 by qPCR and immunostaining.

In parallel, viral replication was assessed in PAX3-FOXO1-negative

umor (RD). The administration of Ad5/3-pMYOG(S) without mMEF2

xhibited significant antitumor effect compared to Ad5/3-pMYOG(S)

ith mMEF2 (Supplementary Fig. S6A). Additionally, at Day 5, the

iral copy number in Ad5/3-pMYOG(S) showed a significantly higher

opy number compared to Ad5/3-pMYOG( S )-mMEF2 (Supplementary
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Fig. 5. Cytolytic effect of pMYOG-controlled OAd in vitro in low titer condition. 

Cytolytic effect of Ad5/3-pMYOG(S), Ad5/3-pMYOG( S )-mMEF2, and Ad5/3 (with normal promoter; positive control) in vitro . All four cells (Rh30, RD, SkMC, and 

JR1) were infected with 0.1 to 100 vp/cell with the pMYOG-controlled OAd, and surviving cells were stained by crystal violet. 
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ig. S6B). Furthermore, immunofluorescence staining showed stronger

exon expression in specimens injected with Ad5/3-pMYOG(S) com-

ared those received Ad5/3-pMYOG( S )-mMEF2, corresponding to viral

opy number analysis (Supplementary Fig. S6C). 

iscussion 

To develop tumor-specific promoter-controlled OAds to treat RMSs,

t is essential that the controlling promoter is potent and specific to the

arget. Since the expression of MYOG is heavily restricted to skeletal

uscle, it has been used in the diagnosis of RMS as a specific marker

n combination with MYOD and Desmin [ 29 , 30 ]. While both ARMS

nd ERMS express MYOG, MYOG expression from ARMS is particu-

arly high [29] . Our real-time RT-PCR results for both RMS cell lines

nd SkMC ( Fig. 2 A) revealed the potential to use MYOG as a target

o design a novel therapy for ARMS and also indicated that pMYOG

as substantially downregulated in differentiated myocytes, which cor-

esponds with other reports [ 20 , 31 ]. In fact, pMYOG-controlled OAds do

ot replicate in SkMC ( Fig. 4 C) or kill them even at high titer ( Fig. 5 ).

hese findings suggested that the adverse effect on normal skeletal mus-

le therefore will be extremely low. 

We must also consider the reduction of the off-target effect on satel-

ite cells in pMYOG-controlled OAds [24] . MYOG expresses in some or-

an, such as thyroid gland, mammary gland, ovary, and testis, how-

ver, its expression is much lower than that of skeletal muscle (Gene

ards, The human gene database. https://www.genecards.org/cgi-
6 
in/carddisp.pl?gene = MYOG ). Here, we evaluated the specificity of our

Ad for RMS compared to normal skeletal muscle. Indeed, there is

o significant difference in replication and cytolytic ability for PAX3-

OXO1-positive Rh30 between pMYOG-controlled OAds with or with-

ut mMEF2. However, the replication of OAds controlled by pMYOG

ith mMEF2 was 10 times lower in PAX3-FOXO1-negative RD and JR1

ells compared to OAds without MEF2 ( Fig. 5 and Supplementary Figure

4). Taken together, we consider that addition of mMEF2 to pMYOG-

ontrolled OAd increases safety by reducing toxicity in PAX3-FOXO1-

egative cells, including muscle satellite cells, without compromising

fficacy for PAX3-FOXO1-positive ARMS. 

Faralli et al. indicated a possibility that the Myogenin gene has three

istal enhancers ( − 4.5 kb, − 5.5 kb, and − 6.5 kb) [31] , but this sequence

s too long to insert into the adenovirus genome as a controlling pro-

oter [32] . We compared three different lengths of pMYOG: 2.7 kb

MYOG(L), which has histone modifications rich region [33] ; 1.1 kb

MYOG(M), which includes − 1092 to − 340 bp region known as en-

ancer element in mice [34] ; and 0.3 kb pMYOG(S), mostly consisting

f the “minimal promoter region ” that can activate MYOG with only

round 200 bases [34] . In addition, L. Zhang et al. has already clari-

ed that the main contact part of the PAX3-FOXO1 protein is four bases

rom − 119 to − 122 of myogenin promoter [24] . pMYOG(S) with short-

st promoter region showed the strongest activity in both PAX3-FOXO1-

ositive and PAX3-FOXO1-negative-MYOD-positive cells ( Fig. 3 A, C,

nd Supplementary Fig. S3) and exhibited the best contrast between

he promoters with and without mMEF2 ( Fig. 3 B). Also, pMYOG(L)

https://www.genecards.org/cgi-bin/carddisp.pl?gene=MYOG
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MYOG
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Fig. 6. Antitumor effect and virus replication of pMYOG-controlled OAd in established tumors in Rh30. 

A, The anti-tumor effect of intratumorally-administered pMYOG-controlled OAd was analyzed using a Rh30 subcutaneous xenograft model. Control virus without 

specificity (Ad5/3), pMYOG-controlled virus (Ad5/3-pMYOG(S) and Ad5/3-pMYOG( S )-mMEF2), and PBS were injected intratumorally (3 ×10 10 vp/tumor or 50 𝜇l). 

Each line represents relative tumor volume. n = 3 mice per group. ∗ , P < 0.05; ∗ ∗ , P < 0.01. N.S., Not Significant. B, Viral copy number in tumor specimens was measured 

via qPCR at days 5 and 10. Results are shown as E4-gene copy number per ng DNA. ∗ , P < 0.05. ∗ AdEasy-pMYOG( S )-GL3B, replication incompetent because of deleted 

E1-gene. C, Expression of the adenovirus late gene product hexon was assessed at day 10 by immunostaining, and nuclei were counterstained with DAPI. Green, Ad 

hexon protein; Blue, nucleus (magnification ×20). ∗ AdEasy-pMYOG( S )-GL3B, replication incompetent because of deleted E1-gene. 
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howed stronger activity in PAX3-FOXO1-negative-MYOD-positive cell

 Fig. 3 B, C, and Supplementary Fig. S3). In this sense, pMYOG(S) is

ptimal for our application. The reason that pMYOG(L) showed high

ctivity in PAX3-FOXO1-negative-MYOD-positive cells is not entirely

lear, but we believe that transcription factors other than PAX3-FOXO1

nd MYOD may have affected the 2.5 kb region. pMYOG(M) was not

trongly activated in PAX3-FOXO1-positive or PAX3-FOXO1-negative-

YOD-positive cells, implying that there was no major enhancer ele-

ent in region − 1092 to − 340 bp in human. 

One possible way to augment the anti-tumor effect of pMYOG-

ontrolled OAds is to change fiber to another construct that has

reater affinity for RMS. Certainly, we showed 5/3F bind to RMS

nd SkMC the most compared with CAR and RGD, but the ex-

ression of its main targets CD46 (The human protein atlas;

ttps://www.proteinatlas.org/ENSG00000117335-CD46/tissue , [35] )

nd desmoglein-2 (The human protein atlas; https://www.proteinatlas.

rg/ENSG00000046604-DSG2/tissue ) are not particularly strong in

keletal muscle. Recently, we have reported an adenovirus library

creening system that determined target-specific fiber [ 28 , 36 ]. If there

ere a se;ective RMS cell surface marker, we could modify pMYOG-

ontrolled OAds with higher affinity and selectivity via the modified

ber. While the selectivity of OAd with mMEF2 seems sufficient for
7 
linical development, further enhancement of specificity for ARMS can

e achieved via a dual promoter-controlled system [37] . Since several

enes are reported as downstream of PAX3-FOXO1, such as FGFR4,

NR1, and CCND1, these might be potential targets for future de-

elopment selectivity [ 38 , 39 ]. Just like other virotherapies, pMYOG-

ontrolled OAds will likely show greater potential via combination ther-

py with radiotherapy, cytokines, or T-cell therapy rather than using the

irus alone [40-42] . 

Some virotherapies for RMS have been reported, including the use

f adenoviruses [43-46] but has not been developed to specifically

vercome PAX3-FOXO1-positive ARMS. The Children’s Oncology Group

COG) performed a phase-1 trial to determine the effectiveness of vi-

otherapy using Seneca Valley Virus for children with relapsed or re-

ractory solid tumors, including rhabdomyosarcoma. The virotherapy

as feasible and tolerable at the dose levels tested in pediatric patients

47] . These results are exciting because virotherapy has not been suc-

essful in treating childhood cancer. Neutralizing antibodies certainly

ower the effectiveness when viruses are administered intravenously,

ncluding adenovirus [48] . However, there is little influence of neutral-

zing antibodies when adenovirus is administered intratumorally [49] .

n top of that, the other oncolytic adenoviruses, such as Wnt signaling-

nd GOLPH2-regulated OAd, have reported recently [ 50 , 51 ], we believe

https://www.proteinatlas.org/ENSG00000117335-CD46/tissue
https://www.proteinatlas.org/ENSG00000046604-DSG2/tissue
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hat this field would be an attractive option to overcome cancer in the

ear future. 

onclusion 

OAds controlled by pMYOG with mMEF2 showed clear anti-tumor

ffect for RMS cell in vitro and in vivo . Our findings demonstrated that

he enhanced specificity of OAd with pMYOG-mMEF2 has potential for

evelopment of therapeutics targeting PAX3-FOXO1-positive RMSs that

re the most problematic type of the RMS in clinical settings. We hope

ur findings will become a new stepping-stone for virotherapy for child-

ood malignant diseases. 
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