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Rhabdomyosarcoma (RMS) is an aggressive cancer thought to arise from impaired myogenesis. This can be substantially overcome
by increasing the levels of pannexin 1 (PANX1), a critical component of the myogenic program, but the mechanism involved is
unknown. Using RNA-seq, we have previously found that overexpression of PANX1 dramatically reshapes the transcriptomic
landscape of RMS including downregulation of a myogenic modulator, APOBEC2 (apolipoprotein B mRNA editing enzyme catalytic
subunit 2). Following this clue, we investigated the role of APOBEC2 in the PANX1-mediated suppression of RMS malignancy. Here
we show that, using a panel of patient-derived RMS cell lines and tumor specimens, APOBEC2 is expressed in RMS, but that its levels
are lower than those in both differentiating myoblasts and skeletal muscle. In most RMS cell lines examined, APOBEC2 accumulates
during proliferation and sustains their stem-like characteristics, as evidenced by its ability to promote the growth of spheroids upon
increased expression. Yet, ectopic PANX1 expression led to a marked downregulation of APOBEC2 across a large proportion of RMS
cell lines assessed. Strikingly, these were the same cells in which PANX1 triggers multinucleation. We further reveal that, like healthy
myoblasts progressing through myogenesis, the multinucleation observed here in RMS cells results from cell fusion. Importantly, in
RMS cells engineered to overexpress APOBEC2, PANX1 no longer enhances cell fusion, but its other anti-tumorigenic properties are
still preserved. Collectively, our data indicate that PANX1 promotes RMS cell fusion by downregulating APOBEC2 expression, driving

these tumor cells further into the myogenic program.
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INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common soft tissue
sarcoma in children [1, 2]. Pediatric RMS is comprised of two
main histologic subtypes: embryonal (eRMS) and alveolar (aRMS)
[2-4]. eRMS usually affects infants or children under ten years of
age, whereas aRMS mostly occurs in adolescents and young adults
and is associated with a worse prognosis [5]. Unfortunately,
despite intense treatment regimens, patients with metastatic or
relapsed RMS have a 30% and 17% 5-year survival rate,
respectively [6-8]. RMS cells are positive for myogenic markers,
but their ability to exit the cell cycle and complete differentiation
and fusion is altered [9]. Myogenesis is a complex and tightly
controlled multistep process in which precursor cells commit to
myoblast lineage, differentiate, fuse into multinucleated myo-
tubes, and mature to form myofibers [10]. Understanding the
mechanism involved in the dysregulation of myogenic pathways
in RMS may provide a new possibility to alleviate malignancy [11].
As terminal myogenesis switches off cell proliferation and
migration, promoting RMS differentiation should antagonize
tumor growth and metastasis [12].

Pannexin 1 (PANX1 in humans; Panx1 in rodents) forms single
membrane channels important in cellular communication and
signaling [13]. Pannexin 1 is ubiquitously expressed in many
organs and tissues including the skeletal muscle [14-22]. We have
previously identified PANX1/Panx1 as a regulator of myogenesis

[22]. Pannexin 1 expression is low in undifferentiated myoblasts
and increases during myogenesis [22-24]. In vitro, increasing
PANX1 levels promoted myoblast differentiation and fusion, while
its inhibition reduced these processes [22]. Panx1 loss leads to
reduced myoblast fusion ex vivo and smaller myofibers in male
mice [25]. As opposed to differentiated skeletal muscle tissue and
myoblasts, PANX1 expression is low in RMS tissue specimens and
cell lines [26]. The canonical 5’ untranslated region (5'UTR) or 5’
leader of the transcript is completely lost in RMS cells and cannot
be translated [27]. Notably, PANX1 overexpression inhibited RMS
malignant properties in vitro and in vivo, independent of its
canonical channel activity [26]. As this was the first time that a
channel-independent function had been attributed to pannexins,
the molecular changes brought on by increasing PANX1 expres-
sion in RMS were surveyed and characterized using a combination
of unbiased genome-wide approaches. Using RNA-seq, we found
that ectopic expression of PANX1 regulates the transcription level
of various genes including APOBEC2 (apolipoprotein B mRNA
editing enzyme catalytic subunit 2) [28].

APOBEC2 is highly expressed in skeletal muscle and affects
muscle development in mice [29-31]. Notably, APOBEC2 knock-
out (KO) mice display early myoblast differentiation and fusion
[32]. APOBEC2 may not have some of the functions shared by
the other APOBEC family members, such as RNA editing, DNA
methylation, and DNA mutation [33]. Instead, APOBEC2 may
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play a role in transcriptional regulation during myogenesis [33].
APOBEC2 occupies promoter regions during myoblast differ-
entiation, modulating specific transcriptional programs [33].
Recent reports also suggest an important role of APOBEC2 in
various cancers through the regulation of the tumor related

SPRINGER NATURE

B N
RN

~2~%® »{{x& D oD N KO o0

o S PePatee®e

25— | - . - APOBEC2

35_‘- ———— v | GAPDH

C 2.0 .

1.5

1.0

0.5

APOBEC2 Normalized to GAPDH

0.0- Attt

D oD N ©
@%*V:@@e-&é” F e €
0(\

Skeletal Muscle

RMS

F S 6x108
©
]
28
3 8 4x108+
o Q2
D 3
mic
O 2x108
g e
<®
[o)]
2
SN L T
@@o\@ ¥
2

genes PTEN, p53, and Eif4g2 [34-36]. In bladder cancer, APOBEC2
transcriptional level was significantly correlated with the tumor
mutational burden [37]. In stomach adenocarcinoma, APOBEC2
was found to be downregulated compared to normal tissues
[38].
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Flg 1 Endogenous expressmn of APOBEC2 in patient-derived RMS cell lines and tumor specimens. Endogenous APOBEC2 expression in
six RMS cell lines, as well as in undlfferentlated (Undiff. HSMM) and differentiating HSMM (Diff. HSMM), was quantified by (A) RT-qPCR (n =

##h < 0.001 compared to Undiff. HSMM; *

*#p <0.0001 compared to Undiff. HSMM;
followed by Tukey’s post hoc tests)) and by (B) Western blots and their (C) quantification (n = 3 independent biological replicates;

"p <0.0001 compared to Diff. HSMM (one- way ANOVA
p <0.001

compared to Diff. HSMM (one-way ANOVA followed by Tukey’s post hoc tests)). GAPDH was used as a loading control. D Representative
pictures of APOBEC2 (green) immunolabeling in the RMS cells, undifferentiated and differentiating HSMM (blue = nuclei; bar =30 pm).
E Representative images of human RMS tumors and normal skeletal muscles immunolabeled for APOBEC2 (red), which was quantified in (F).
The negative control without primary antibodies shows the labeling specificity. ‘p < 0.05 compared to skeletal muscle (unpaired two-tailed

Student’s t test). Blue = nuclei, bar = 100 pm.

Here, we showed that APOBEC2 is expressed in RMS cells and
tumors but at a lower level than that of differentiating myoblasts
and skeletal muscle tissue. APOBEC2 levels were found to increase
as RMS cells proliferate, possibly to help sustain their stemness as
APOBEC2 overexpression accelerates 3D spheroid growth. PANX1
overexpression led to the downregulation of APOBEC2 in half of
the RMS cell lines assessed. Notably, these were the same cells in
which we showed the ability of PANX1 to trigger RMS cell
multinucleation. We demonstrated using a cell fusion assay that,
like healthy myoblasts, the multinucleation observed in RMS
results from cell fusion. As PANX1's role in inhibiting RMS
malignant properties is multifaceted, we have used various
functional assays to identify the role of APOBEC2 downregulation
in this context. In cells engineered to overexpress APOBEC2,
PANX1 retained most of its anti-tumorigenic properties but could
no longer enhance cell fusion. Collectively, our data indicate that
PANX1 promotes RMS cell fusion by downregulating APOBEC2
expression.

RESULTS

APOBEC?2 is expressed in RMS cells and tumor specimens, but
at lower levels than in differentiating myoblasts and

skeletal muscle

To assess the role of APOBEC2 in RMS, its expression was first
examined in cell lines. As APOBEC2 levels increases during the
differentiation of mouse myoblasts [29, 33], its levels in RMS were
compared to that of undifferentiated and differentiating human
skeletal muscle myoblasts (HSMM). We found that most cell lines
express APOBEC2 transcript levels comparable to undifferentiated
HSMM, except Rh41 and Rh36 which displayed higher expression
(Fig. 1A). Nevertheless, the transcript level of APOBEC2 was
significantly lower in undifferentiated HSMM and all RMS cell lines
in comparison with differentiating HSMM (Fig. 1A). Similar results
were found with APOBEC2 protein expression (Fig. 1B, C). This was
further shown by immunolabeling analysis (Fig. 1D) in which
APOBEC2 localization in myoblasts and RMS cells was mainly
cytoplasmic. However, in the Rh36 and RD cell lines, based on the
appearance of its staining pattern, endogenous APOBEC2 may be
localized in other compartments such as the Golgi apparatus and
the endoplasmic reticulum (Fig. 1D).

APOBEC2 was then immunolabeled in 9 pediatric RMS tumors
and 7 skeletal muscle biopsies. We found that similar to murine
muscles [29], APOBEC2 was present in human myofibers (Fig. 1E).
APOBEC2 was also detected in RMS, but generally at a lower level
than in skeletal muscle (Fig. 1F). Altogether these results show that
APOBEC2 is expressed in RMS cell lines and tumor specimens, but
at a lower level than in differentiating myoblasts and skeletal
muscle, respectively.

PANX1 overexpression leads to APOBEC2 downregulation in
Rh28, Rh30 and RD cell lines

Using RNA-seq analysis, we have found that the overexpression of
PANX1 in the Rh30 cell line led to a decrease in APOBEC2
transcript levels [28]. Given this, we evaluated the regulation of
APOBEC2 expression by PANX1 in RMS. APOBEC2 levels were
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analyzed over eight days in our stable RMS cell lines in which
PANX1 was overexpressed under the control of a cumate switch
system [26]. APOBEC2 levels increased in most control cells as they
proliferate, which was significant after eight days in Rh28, Rh30,
Rh41, and RD cells (Fig. 2A-L). Notably, PANX1 overexpression
significantly decreased the expression of APOBEC2 in Rh28, Rh30,
and RD cells compared to their respective controls but not in
Rh36, Rh41 and Rh18 (Fig. 2A-L). This reduction was detected at
around day four and was evident after eight days in culture.

The previous RNA-seq results were confirmed in Rh30 cells [28]
by RT-qPCR while also examining APOBEC2 mRNA expression in
the other five cell lines after eight days upon PANX1 upregulation
(Fig. 2M-R). The decrease in APOBEC2 protein levels in Rh28, Rh30
and RD cells was similarly associated with a significant decrease in
its mRNA expression (Fig. 2M, N, R). Accordingly, APOBEC2
transcript expression was not affected by the upregulation of
PANX1 expression in Rh41, Rh18, and Rh36 cells (Fig. 20, P, Q).

Western blot analysis showed a downregulation of APOBEC2
levels when PANX1 expression was increased in Rh30 xenografts
(Fig. 2S, T), suggesting that this regulation also occurs in vivo.
These results indicate that, in some RMS cell lines, increasing
PANX1 levels leads to a downregulation of APOBEC2 expression at
both the transcript and protein level.

The regulation of APOBEC2 levels by PANX1 does not involve
a downregulation of Pax7

Intriguingly, the effect of PANX1 upregulation on APOBEC2 levels
was found in three of the six cell lines tested. When examining the
characteristics that these cells may share, no correlation was found
with the patients’ sex, tumor subtype, known mutation or gene
fusion. It has previously been shown that the downregulation of
Pax7 (Paired Box 7) results in the subsequent reduction of
APOBEC2 expression in differentiating pluripotent stem cells,
affecting the balance between proliferation and differentiation
[39]. Since RMS arises from a defect in myogenesis and Pax7,
APOBEC2, and PANXT1 play a role in this process [22, 39, 40], the
expression of Pax7 was examined in the six RMS cell lines by
immunofluorescence (Fig. 3A). We found that Rh41, Rh36, and RD
had a higher proportion of cells expressing Pax7 than the other
three cell lines (Fig. 3B).

Using the same approach, the effect of PANX1 upregulation on
Pax7 expression was examined. Interestingly, after either two or
eight days, the proportion of Pax7-positive cells was not affected
by PANX1 upregulation in any of the six cell lines (Fig. 3C-H).
These data suggest that while the endogenous levels of APOBEC2
and Pax7 may be related to one another as they display a similar
trend, modulation of Pax7 expression is likely not the mechanism
by which PANX1 regulates APOBEC2 levels.

PANX1 overexpression induces multinucleation coinciding
with cell lines where APOBEC2 is downregulated

As stated earlier, PANX1 overexpression increases multinuclea-
tion in Rh30 cells [26] and promotes the differentiation and
fusion of human myoblasts [22, 40]. In vivo, we also found that
Panx1 loss reduces myoblast fusion in mice [25]. On the other
hand, APOBEC2 deficiency accelerates myogenic differentiation
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and fusion [32]. To assess whether there is a potential functional significantly increased in Rh28 and RD cells when PANX1 was

link between PANX1, APOBEC2, and multinucleation, the effect overexpressed (Fig. 4B-1). Comparable to our findings on
of PANX1 overexpression on multinucleation (Fig. 4A) was multinucleation and fusion indexes in Rh41 and Rh36 cells
examined in the other RMS cell lines. Like in Rh30 cells, the (Fig. 4), our previous work showed that PANX1 overexpression
number of multinucleated cells and the fusion index were did not increase Rh18 multinucleation [26]. Notably, these
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Fig.2 APOBEC2 protein and transcript levels upon induction of PANX1 expression in RMS cells and xenografts. APOBEC2 protein levels
were examined following induction of PANX1 expre55|on (PANX1) over a period of eight days in culture in Rh28 (A, B), Rh30 (C, D), Rh41 (E, F),
Rh18 (G, H), Rh36 (1, J), and RD (K, L) cell lines (n = 3; "p <0.01 and ""p < 0.001 compared to their respective control cells treated with cumate
(GFP); *p < 0.001 and ****p < 0.0001 compared to GFP at Day 0; ns non-significant (two-way ANOVA followed by Tukey’s post hoc tests)).
GAPDH was used as a loading control. Relative APOBEC2 expression was examined following induction of PANX1 expression (PANX1) after
eight days in M Rh28, N Rh30, O Rh41, P Rh18, Q Rh36, and R RD cell lines (n = 3; ‘p < 0.05 and "“p < 0.01 compared to their respective control
cells (GFP) treated with cumate; ns: non-significant (two-tailed Student’s t test)). S APOBEC2 levels were examined in Rh30 xenografts
overexpressing PANX1 compared to their control counterparts (GFP), T and quantified (n = 3; mice randomly assigned; not blinded method;

p < 0.05; unpaired two-tailed Student’s t test).

findings indicate a correlation in the ability of PANX1 to increase
multinucleation and the downregulation of APOBEC2.

APOBEC2 upregulation does not alleviate the PANX1-
mediated inhibition of RMS cell proliferation and viability
To delineate the role of APOBEC2 down-regulation in the PANX1-
mediated inhibition of RMS progression, the Rh30 stable cell line
that expresses PANX1 under the control of cumate was
engineered to constitutively overexpress APOBEC2 (Fig. 5A). The
APOBEC2 overexpression achieved was physiologically relevant
with levels similar to differentiating HSMM.

We have shown previously that the overexpression of PANX1
significantly reduced the proliferation and viability of Rh30 cells
in vitro [26]. Here, using this newly generated cell line,
we assessed whether the overexpression of APOBEC2 could
reverse the PANX1-mediated inhibition of cell proliferation. In
accordance with our previous work [26], PANX1 overexpression
reduced the proliferation of Rh30 cells upon two (Fig. 5B) and four
(Fig. 5C) days of induction. However, upregulation of APOBEC2 in
these cells did not influence the PANX1-mediated reduction in cell
proliferation (Fig. 5B, C). Similar to our previous work [26], PANX1
overexpression resulted in a significant reduction in cell viability
after two and four days in culture (Fig. 5D), but this was also not
affected by APOBEC2 upregulation (Fig. 5D).

As PANX1 overexpression prevents RMS spheroids growth, this
assay was performed here [26]. As expected, PANX1 overexpres-
sion resulted in a significant reduction in Rh30 spheroid growth
(Fig. 5E, F). However, APOBEC2 overexpression did not reverse the
potent effect of PANX1 (Fig. 5E, F). Notably, APOBEC2 over-
expression in absence of PANX1 upregulation significantly
promoted Rh30 spheroid growth (Fig. 5E, F) compared to its
empty vector counterpart. While PANX1 overexpression inhibits
RMS cell viability and proliferation by a mechanism independent
of APOBEC2 downregulation, our findings suggest that an increase
in APOBEC2 expression in RMS may promote its malignancy.

APOBEC2 overexpression prevents the RMS cell fusion
triggered by PANX1

As our findings suggest that the downregulation of APOBEC2 by
PANX1 may be correlated with PANX1’s ability to trigger cell
multinucleation, APOBEC2 was upregulated to examine its effect
on this PANX1-mediated process. To this end, we used our
cumate-inducible PANX1 overexpressing Rh30 stable cell line that
constitutively overexpresses APOBEC2, together with their control
cells, and counted the percentage of cells with two or more nuclei
(Fig. 6A). As expected, the increase in PANX1 levels led to a
significant elevation in multinucleation (Fig. 6B) and fusion
(Fig. 6C). Notably, these effects were abolished following the
overexpression of APOBEC2 (Fig. 6B, C).

While it is well established that multinucleation results from cell
fusion during myogenesis in the context of health, we wanted to
confirm that this is also the case here in RMS cells. To this end, we
generated two stable Rh30 cell lines, one with red nuclei (Fig. 6D)
and the other one with green nuclei (Fig. 6E). Equal numbers of
Rh30 cells with red and green nuclei were seeded and then
transfected to overexpress PANX1. We found several

Oncogenesis (2025)14:43

multinucleated cells overexpressing PANX1 (blue) containing both
red and green-labeled nuclei (Fig. 6F), suggesting that the
multinucleation observed with increased PANX1 expression in
RMS cells was due to cell fusion. Collectively, our results suggest
that the downregulation of APOBEC2 plays an important role in
the mechanism by which PANX1 promotes RMS cell fusion.

DISCUSSION
This is the first study to our knowledge that has examined the role
of APOBEC2 in RMS, whereby we have found that APOBEC2 is
expressed in RMS cells and tumor specimens, but its levels are
lower than that of differentiating myoblasts and myofibers. This
lower expression of APOBEC2 may reflect the undifferentiated
state of RMS similar to what has been previously observed in
undifferentiated mouse myoblasts [29, 32, 33, 41, 42] and in
undifferentiated HSMM in this current study. In multinucleated
differentiated mouse C,C;, cells, APOBEC2 was detected in both
the cytoplasm and nuclei [33]. However, in differentiating human
myoblasts, APOBEC2 was mainly cytoplasmic. Rh30 and
Rh41 showed a similar subcellular localization, while other RMS
cells displayed different localization patterns reminiscent of
compartments such as the Golgi apparatus. To our knowledge,
such subcellular localization has not been previously reported for
APOBEC2 but is worth noting as it may suggest an alteration of its
function in cancer cells. This alternate localization may also reflect
distinct functions stemming from the access of APOBEC2 to
different pools of interactors and downstream players [43].
APOBEC2 levels increase during myogenesis in vitro [29, 33]
and seem to closely reflect the fusion status [29]. In RMS,
APOBEC2 expression is also dynamic as it increased in most RMS
cell lines over the course of eight days. As APOBEC2 over-
expression promoted the growth of Rh30 spheroids in vitro, it
may be therapeutically beneficial to prevent the increase in
APOBEC2 levels in proliferating RMS tumor cells. This increase in
expression may help sustain stem-like characteristics, which are
more evident in 3D tumor models than in 2D culture.
Accordingly, single-myofiber cultures revealed that muscle stem
cells from APOBEC2 KO mice display lower self-renewal proper-
ties [44]. Notably, our findings indicate that PANX1 over-
expression reduced the increase in APOBEC2 levels in three
(Rh28, Rh30 and RD) of the six cell lines assessed. Little is known
regarding the regulation of APOBEC2 levels but it has been
reported that in Xenopus, APOBEC2 expression is regulated by
TGF-B (transforming growth factor () [43, 45, 46]. In human
hepatocytes, APOBEC2 expression is significantly increased in
response to both TNF-a (tumor necrosis factor a) and IL-1B
(interleukin-1pB) through NF-kB (nuclear factor kappa-light-chain-
enhancer of activated B cells) activation [47]. Interestingly, we
found that NF-kB2 protein levels are elevated when PANX1
levels are increased in Rh30 cells. NF-kB2 encodes the precursor
protein p100 that, when cleaved, produces the functional
protein p52 [48]. p52 protein levels were very low in all
conditions, but p100 was significantly increased after eight days
of PANX1 induction (Supplemental Fig. 1). As p100 forms
complexes (kappaBsomes) that interact with and inhibits other
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NF-kB proteins [48], its increase in PANX1 overexpressing cells Although the reason why increasing PANX1 levels does not
could potentially lead to NF-kB inhibition and subsequent reduce APOBEC2 expression in some RMS cells remains unclear,
downregulation of APOBEC2 expression. it may be due to mutations or inactivation of the relevant
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downstream pathways at play. Future exploration of transcrip-
tomic, epigenetic mutational profiles may provide an explana-
tion. Nevertheless, the use of several patient-derived cell lines in
this current study was beneficial in identifying the functional
relevance of this regulation. Indeed, the RMS cells in which
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PANX1 promoted cell multinucleation are coinciding with cell
lines where APOBEC2 was downregulated. Further, APOBEC2
overexpression inhibited the PANX1-mediated RMS cell multi-
nucleation, which was found to be due to cell fusion - a key
process of myogenesis. While Panx1 regulates myoblast fusion
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Fig. 5 Effect of overexpressing APOBEC2 on the PANX1-mediated inhibition of cell proliferation, viability, and 3D spheroid growth in the
Rh30 cell line. A Representative Western blots showing the increase of APOBEC2 levels in the engineered stable Rh30 cell line as well as
the induction of PANX1 with cumate treatment. Differentiating HSMM were used as a comparison with endogenous APOBEC2 levels.
GAPDH was used as a loading control, Cell proliferation was assessed after two (B) and four (C) days in culture in which PANX1 levels were
induced by cumate treatment (n = 3; "p < 0.05 and “'p < 0.01 compared to their respective control (- Cumate) (two- -way ANOVA followed by
Tukey’s post hoc tests)). D Cell viability was quantified as percentage of viable cells after two and four days in culture where PANX1
expression was induced by cumate (+ Cumate) (n=3; p<0.05and p<0.01 compared to their respective control (- Cumate) (two-way
ANOVA followed by Tukey's post hoc tests)). Cells were grown in suspension to examine 3D spheroid formation and growth over 240 h.
Representatlve images at 0 and 240 h are shown in (E). F Spheroid growth was quantified using the Incucyte live imaging system as mean

image integrated intensity (n = 3;

p <0.0001 (two-way ANOVA followed by Tukey’s post hoc tests)). While not indicated here to prevent

overcrowding the graphs presented in this figure, there was no significant effect of increasing APOBEC2 levels in PANX1 overexpressing

cells (+ Cumate).

only in male mice [25], the effect seen here in RMS is not sex
dependent. Indeed, PANX1 overexpression promoted APOBEC2
downregulation and multinucleation in cell lines from male
(Rh30 and Rh28) and female (RD) individuals. Our finding that
the downregulation of APOBEC2 levels promotes cell fusion of
RMS cells is in accordance with those obtained using healthy
skeletal muscle cells. Ohtsubo et al. demonstrated that
myoblasts from APOBEC2 KO mice displayed earlier upregulation
of myogenin levels together with enhanced fusion following
induction of differentiation [32]. Myogenin promotes myocyte
fusion by binding to the myomaker promoter, being required for
the expression of myomaker and other genes essential for
myocyte fusion [49]. We have previously reported that PANX1
overexpression led to an increase in the proportion of Rh30 cells
that express myogenin [26]. However, we have not found a
PANX1-mediated regulation of myogenin expression in the
other cell lines (RD and Rh28) in which PANX1 triggers APOBEC2
downregulation and cell fusion (data not shown). This suggests
that RMS cell fusion induced by PANX1-mediated downregula-
tion of APOBEC2 involves a novel mechanism that differs from
normal skeletal muscle cells.

While still demonstrating a role of APOBEC2 in myoblast
differentiation and fusion, results from a recent study using C,C;,
myoblasts targeting APOBEC2 using shRNA were contradictory
[33]. This may be due to the experimental set up and myogenic
status of the cells as the knockdown was done prior to inducing
differentiation. Nevertheless, it was demonstrated that APOBEC2
binds chromatin and regulates transcription of non-muscle genes
during myoblast differentiation, playing a role in cell fate
specification [33].

Here we employed two distinct expression systems to induce
PANX1 expression that included appropriate negative controls,
either an empty plasmid or a GFP-alone vector. Our experiments
demonstrated that PANX1 overexpression induced cellular fusion
in three of the six RMS cell lines assessed. This strongly suggests
that the observed phenotype is not a generalized artifact of
overexpression but rather a function dependent on the biological
context. These findings support the specificity of PANX1 in driving
the observed effect. However, overexpression systems may alter
downstream pathways or binding partner availability in ways that
are not easily predicted. Unbiased RNA-seq or proteomics may be
beneficial to comprehensively exclude such possibilities in future
studies.

While we demonstrated that PANX1 is involved in RMS cell
fusion, the inhibition of cell proliferation and viability by PANX1
overexpression seen here and in our previous studies [26, 28]
seems to occur independently of the downregulation of
APOBEC2 levels. APOBEC2 was overexpressed in Rh30 cells at a
level comparable to that of its endogenous expression in
differentiating HSMM for physiological relevance. However, an
inducible system may have been beneficial to observe subtle
effects. Nevertheless, our findings suggest that the potent
inhibitory effect of PANX1 on RMS malignancy occurs via several
downstream pathways regulating different functions and
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phenotypes. It is interesting to note that increasing PANX1
levels alone can drive RMS cells further into the myogenic
program whereas when examined using myoblasts, differentia-
tion needed to be triggered by serum deprivation to facilitate
extensive fusion. Despite this, no significant reversal of PANX1-
mediated inhibition of RMS spheroid growth was identified by
increasing APOBEC2 levels. This could suggest that the induction
of cell fusion mediated by APOBEC2 downregulation is not
sufficient by itself to alter spheroid growth. However, the rapid
apoptosis triggered by PANX1 overexpression in this assay [26]
likely hinders the ability to examine the effect of cell fusion in
this context. While the role of APOBEC2 in the PANX1-mediated
inhibition of tumor progression or promotion of differentiation
in vivo was not examined here, it is valuable to note that Rh30
xenografts overexpressing PANX1, which grew significantly
slower than their control counterparts [26], also displayed a
reduction in APOBEC2 levels.

Approaches that induce RMS differentiation have increas-
ingly gained significant interest as they may overcome the
myogenic blockade and/or make tumor cells more sensitive to
chemotherapy [50]. Based on our work, elevating PANX1 levels
or reducing APOBEC2 expression in RMS would be of
therapeutic benefit. While investigating the mechanisms
regulating PANX1 expression, we discovered that quercetin
can significantly increase PANX1 levels in RMS [27]. Notably,
quercetin treatment promoted the differentiation of RMS cells
in a PANX1-dependent manner [27]. The therapeutic potential
of this approach was shown in vitro as quercetin treatment
prevented 3D RMS spheroid growth and induced complete
regression of established spheroids [27]. Future studies will
investigate the benefit of quercetin, as well as strategies
targeting APOBEC2, on tumor growth and differentiation
in vivo, when used alone or in combination with chemother-
apeutic drugs. Indeed, we have previously demonstrated that
increasing PANX1 levels in RMS cells inhibits their malignant
properties through a novel mechanism independent of its
canonical channel activity that we are further delineating. Here,
we have used a panel of RMS cell lines to show that PANX1
triggers RMS cell fusion by downregulating APOBEC2 expres-
sion, forcing these undifferentiated malignant cells further into
the myogenic pathway.

MATERIALS AND METHODS

Tissue specimens, cell lines, and xenografts

Seven paraffin-embedded pediatric skeletal muscle and nine RMS samples
were used. All human RMS cell lines were from Dr. P. Houghton (St. Jude
Children’s Hospital, Memphis, TN, USA), except the RD (eRMS; female) cell
line (American Type Culture Collection): Rh28 (@RMS; male), Rh30 (aRMS;
male), Rh41 (aRMS; female), Rh36 (eRMS; male) [51, 52]. Rh18 was
generated from a patient (female) tumor xenografted in immunodeficient
mice. The tumor was predominately eRMS with some aRMS histologic
elements, but the resulting xenograft from which the Rh18 cell line was
derived was entirely embryonal [52]. Immortalized HSMM were from Dr. B.
Chazaud (University Claude Bernard Lyon, Lyon, France) [40, 53]. Mouse
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myoblasts were isolated as previously described [25]. RMS cells and HSMM
were cultured as previously described [28, 40]. Cells were mycoplasma-
negative.

Xenografts were from cumate-treated Rh30 cells injected into the
gastrocnemius muscle of 4- to 6-week-old female SCID mice (3 mice:

SPRINGER NATURE

PANX1-expressing cells into the right leg; empty vector cells into the left
leg) [26]. Mice were injected with cumate daily [26] and sacrificed when
tumors reached 2000 mm?>. Experiments were approved by the Animal
Care Committee at the University of Ottawa and conducted per the
Canadian Council of Animal Car guidelines.
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Fig. 6 Effect of overexpressing APOBEC2 on the PANX1-mediated increase in RMS cell fusion. A Representative images showing the nuclei
(blue) in cells overexpressing APOBEC2 (red) in the absence (- Cumate) or presence of ectopic PANX1 (+ Cumate) in the Rh30 cell line. These
cells constitutively express GFP. Arrows indicate cells with more than one nucleus (bar =30 upm). B The percentage of cells with 2 or more

nuclei was counted (n=3; "

p < 0.0001 compared to its respective control; ns non-significant (one-way ANOVA followed by Tukey’s post hoc

tests)). C The fusion index was calculated for each condition (n = 3; ""p < 0.001 compared to its respective control; ns non-significant (one-way
ANOVA followed by Tukey’s post hoc tests)). The Rh30 cell line was engineered to stably express mKate2 (Nuclight red (D)) or GFP (Nuclight
green (E)) in their nuclei to then be used in the cell fusion assay (blue = nuclei; bar = 200 pm). An equal number of these cell lines were seeded
together and transfected with PANX1. F Representative images of a PANX1 (blue) expressing cell containing red (arrow heads) and green

(arrow) nuclei are shown (bar =100 pm).

Stable cell lines generation and transfections

Stable Rh18 and Rh30 cell lines in which PANX1 expression is controlled by
a cumate (30 pg/ml) switch system were previously described [26]. The
other cumate-inducible RMS cell lines were generated using the same
methodology. These cells express GFP constitutively.

APOBEC2 overexpression in the cumate-inducible Rh30 cell line and its
control counterpart were generated using an APOBEC2 expression vector
(pLV[Exp]-Bsd-TRE>hAPOBEC2[NM_006789.4], ID: VB210721-1157dvf) or its
control vector (pLV[Exp]-Bsd-TRE > ORF_Stuffer, ID: VB210809-1167qsh)
obtained from Vector Builder. Vectors were packaged into lentiviruses (SBI,
#LV100A-1) and tittered using the Global UltraRapid Lentiviral Titer Kit (SBI,
#LV961A-1). Selection was performed with blasticidin. An MOI of 100 was
used as the level of APOBEC2 achieved was similar to that of
differentiating HSMM.

Stable Rh30 cell lines with red or green nuclei were generated by
infection using Incucyte Nuclight red (nuclear-restricted mKate2, Sartorius,
#4625)) or Nuclight green (nuclear-restricted green fluorescent protein,
Sartorius, #4624)) lentiviruses, followed by selection using puromycin.

The untagged PANX1 overexpression vector, pRP[Exp]-Puro-CAG>h-
PANX1 (ID: VB90091-9898zkn), was from Vector Builder. Transfections were
performed using Lipofectamine 2000 reagent (ThermoFisher Scientific).

RT-qPCR analysis

Total RNA was extracted using RNeasy Mini Kit (Quigen, MD, USA)
followed by reverse transcription by High-Capacity ¢cDNA Reverse
Transcription Kit (ThermoFisher Scientific). The synthesized cDNA was
used as a template with the SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad, California, USA) for quantitative PCR on Mastercycler
ep-realplex (Eppendorf, Hamburg, Germany) real-time PCR system with
validated primers for APOBEC2 (forward 5- AGAACCTGGACGACCCTGA-
GAA -3; reverse 5- CAACCACATAGCAGAGGAAGGTC -3') and GAPDH
(forward 5'- CAAGACCTTGGGCTGGGAC -3'; reverse 5'- AGGCTGCGGGCT-
CAATTTAT -3') from Origene Technologies (Rockville, Maryland, USA).
Relative expression and fold change were then determined using a
comparative Ct method.

Western blotting

Cell lysis was performed as previously desbribed [40]. After blocking,
membranes were incubated with anti-APOBEC2 (1:1000, Sigma-Aldrich,
#HPA017957) or anti-PANX1 (1:2000, Sigma-Aldrich, #HPA016930), and
then with Alexa 680- (1:5000, ThermoFisher Scientific, #A21009) or infrared
fluorescent-labeled secondary antibodies IRDye800 (Li-COR Biosciences,
Nebraska, USA, #925-32210) used at 1:5000. Anti-GAPDH (Advanced
ImmunoChemistry, California, USA, Mab 6C5) was used for normalization.
Western blots were processed using the Odyssey CLx Imaging System (Li-
COR).

Immunofluorescence microscopy

Specimen sections were deparaffinized and rehydrated. Antigen retrieval
was performed using 10 mM citrate buffer (pH 6.0) in a pressure cooker.
Following permeabilization and blocking, samples were labeled with anti-
APOBEC2 (1:100, Sigma-Aldrich, #HPA017957) and then with anti-rabbit
secondary antibodies conjugated to Alexa Fluor 594 (ThermoFisher
Scientific, #A11012). A negative control was done without primary
antibody. Sections were mounted with DAPI Fluoromount-G (ThermoFisher
Scientific, #00-4959-52) and visualized with the Olympus Fluoview FV1000
confocal microscope. Quantification was done using the ImageJ software
and averaged from four random fields of the same area for each sample.
Positive labeling in normal skeletal muscle and negative labeling in the
absence of primary antibody were used to optimize the identification of
cut-offs for positive labeling in the absence of image saturation as well as
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background. Once set, these parameters where then consistently applied
to all samples sequentially without adjustment. Results are presented as
the average of integrated fluorescence arbitrary units.

Cells were fixed and permeabilized. Non-specific labeling was blocked,
and cells were incubated with anti-APOBEC2 (1:200), anti-PANX1 (1:200), or
anti-Pax7 (0.3 ug/mL, DHSB, lowa City, lowa, USA). After washing, cells were
incubated with secondary antibodies (anti-rabbit Alexa Fluor 488 (Thermo-
Fisher Scientific, #A-11008), anti-rabbit Alexa Fluor 594 (ThermoFisher
Scientific, A-11012), or anti-mouse Alexa Fluor 488 (ThermoFisher Scientific,
A-11001)), and mounted with DAPI Fluoromount-G. Images were collected
sequentially maintaining constant settings using the EVOS FL Auto
(ThermoFisher Scientific) or the Olympus Fluoview FV1000 confocal
microscope.

The fusion index, which represents the percentage of fusion events in a
cell population, is defined as [(N-S)/T] X 100, where N is the number of
nuclei in the syncytia, S is the number of syncytia (cells with at least three
nuclei), and T is the number of nuclei counted [54, 55].

Proliferation assay

Cells were treated with cumate to induce PANX1 expression. After two or
four days, cells were incubated with 10 pM BrdU incorporating reagent
(BrdU Cell Proliferation ELISA Kit (Abcam, Cambridge, UK, #ab126556)) for
two hours. Results were analyzed using a single read at 450nm on a
Synergy HTX plate reader (BioTek, Vermont, USA).

Viability assay

Cells were treated with or without cumate for two or four days. Cells and
supernatants were combined with 0.4% Trypan Blue solution. Viability was
determined using the Countess automated cell counter (ThermoFisher
Scientific).

Spheroid formation assay
Spheroid were analyzed using the IncuCyte Zoom system (Essen
Bioscience, Michigan, USA), as previously described [26].

Cell fusion assay

Stable Rh30 cell lines with red and green nuclei were seeded together (1:1)
and transfected to overexpress PANX1. Following PANX1 labeling and
mounting with DAPI Fluoromount G, images were collected with the
Olympus Fluoview FV1000 confocal microscope.

Statistics

Statistical significance was analyzed using unpaired two-tailed Student's t
tests, and analysis of variance (ANOVA) followed by Tukey’s or Sidak’s post
hoc tests. Data are presented as mean + standard deviation (SD).

DATA AVAILABILITY
All data generated or analysed during this study are included in this published article
(and its supplementary files).
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