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Abstract

Background Radiation-induced muscle pathology, characterized by muscle atrophy and fibrotic tissue accumulation, is
the most common debilitating late effect of therapeutic radiation exposure particularly in juvenile cancer survivors. In
healthy muscle, fibro/adipogenic progenitors (FAPs) are required for muscle maintenance and regeneration, while in
muscle pathology FAPs are precursors for exacerbated extracellular matrix deposition. However, the role of FAPs in
radiation-induced muscle pathology has not previously been explored.

Methods Four-week-old Male CBA or C57Bl/6J mice received a single dose (16 Gy) of irradiation (IR) to a single hind-
limb with the shielded contralateral limb (CLTR) serving as a non-IR control. Mice were sacrificed 3, 7, 14 (acute IR
response), and 56 days post-IR (long-term IR response). Changes in skeletal muscle morphology, myofibre composi-
tion, muscle niche cellular dynamics, DNA damage, proliferation, mitochondrial respiration, and metabolism and
changes in progenitor cell fate where assessed.

Results Juvenile radiation exposure resulted in smaller myofibre cross-sectional area, particularly in type I and IIA
myofibres (P < 0.05) and reduced the proportion of type I myofibres (P < 0.05). Skeletal muscle fibrosis (P < 0.05)
was evident at 56 days post-IR. The IR-limb had fewer endothelial cells (P < 0.05) and fibro-adipogenic progenitors
(FAPs) (P < 0.05) at 56 days post-IR. Fewer muscle satellite (stem) cells were detected at 3 and 56 days in the
IR-limb (P < 0.05). IR induced FAP senescence (P < 0.05), increased their fibrogenic differentiation (P < 0.01), and
promoted their glycolytic metabolism. Further, IR altered the FAP secretome in a manner that impaired muscle satellite
(stem) cell differentiation (P < 0.05) and fusion (P < 0.05).

Conclusions  Our study suggests that following juvenile radiation exposure, FAPs contribute to long-term skeletal mus-
cle atrophy and fibrosis. These findings provide rationale for investigating FAP-targeted therapies to ameliorate the neg-
ative late effects of radiation exposure in skeletal muscle.
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Introduction

Cancer survivorship is steadily increasing such that 82% of
children and >2/3 of adults diagnosed with cancer will sur-
vive beyond 5 years.' Radiation therapy is a standard treat-
ment for over 50% of cancer patients; however, the negative
consequences of radiation exposure to healthy tissues results
in debilitating long-term consequences in cancer survivors.>
Skeletal muscle was traditionally believed to be radiation re-
sistant due to its post-mitotic nature. Recent evidence indi-
cates that radiation-induced muscle pathology, characterized
by atrophy, fibrosis, hypoplasia, and contracture,®! is experi-
enced by 80% of cancer survivors.>® These late skeletal mus-
cle effects have serious consequences including weakness
and reduced mobility leading to morbidity and disability.>3
The lack of effective therapies to prevent the detrimental
muscular consequences of radiation therapy is a critical gap
in cancer survivorship that affects the long-term health and
physical performance of survivors.

Skeletal muscle growth, maintenance, and repair depend
on complex and dynamic interactions between muscle satel-
lite (stem) cells (MuSCs) and their niche.>* MuSCs reside in a
quiescence state and are located between the basal lamina
and the cell membrane of the muscle fibre.>® During skeletal
muscle development, MuSCs are indispensable for normal
muscle growth® and lifelong maintenance.” Preclinical models
have shown the effect of cancer treatment on skeletal muscle
and MuSC content.*”” In prepubertal mice, radiation therapy
causes an immediate reduction in MuSC content resulting in
a decrease in myonuclear number, cross-sectional area
(€sA), and loss of muscle mass.* Strategies to mitigate radia-
tion damage by replacing lost MuSCs via transplantation have
had limited clinical success,*® even when a relatively small
population of radiation-resistant MuSCs are transplanted.®
These results suggest that the alteration induced by radiation
in the muscle niche contribute to impaired skeletal muscle
growth in juvenile cancer survivors.

The MuSC niche consists of several mononuclear cell pop-
ulations that contribute to muscle growth and regeneration.
Vascular endothelial cells are important for maintaining
MuSCs stemness, and controlling the infiltration of immune
cells,*”*® which are critical regulators of the inflammatory
and regenerative response following muscle injury.”*® Mes-
enchymal progenitors, also known as fibro-adipogenic pro-
genitors (FAPs), are muscle resident, non-myogenic progeni-
tor cells identified by the expression of platelet-derived
growth factor receptor alpha (PDGFRa).'®'' FAPs provide
pro-myogenic signals essential for muscle growth, mainte-
nance, and regeneration.*>*? First described as regulators of
myogenic differentiation during regeneration,*® recent work
has identified a role for FAPs in myoblast activation,*®> muscle
growth,**51%%11 and maintenance.’® FAPs regulate these
processes primarily via paracrine mechanisms*®*'? with
pro-myogenic subpopulations beginning to be identified.*”-*8

Specific paracrine factors secreted by FAPs that promote
myogenesis include bone morphogenic protein 3B,"° WNT1
inducible signalling pathway protein 1,*® and follistatin.?®
Conversely, under pathological conditions, FAPs directly
contribute to fibrotic and fatty tissue accumulation in
skeletal muscle’®*2*° via their differentiation into myofibro-
blast, adipocytes, or osteocytes/chondrocytes.?’ Indeed, in
diverse muscle pathologies, with excess ECM deposition, FAPs
expand, and localize to fibrotic areas.??2***>%'% |n a murine
model of pediatric cancer plus radiation therapy, an increase
in inflammatory and pro-fibrotic genes was observed,** ac-
companied by lifelong muscle fibrosis.?®> At the cellular level,
activated myofibroblasts which are derived from FAPs and ex-
press stress fibres with highly contractile properties, are
mainly responsible for ECM synthesis and deposition®°. As
such, FAP differentiation into myofibroblasts has been impli-
cated in skeletal muscle fibrosis.>*® However, FAPs’ role in ra-
diation-induced muscle pathology has not previously been ex-
amined. Thus, the present study aimed to characterize the
effects of radiation on skeletal muscle architecture and differ-
ent cell population in the muscle niche with a specific focus on
determining the role of FAPs in a juvenile model of
radiation-induced muscle fibrosis.

Methods

Additional and complete description of the protocols are in-
cluded in the extended methods section available in the
supporting information Data S1.

Mice and ethics statement

The present study was conducted in accordance with guide-
lines established by the Canadian Council on Animal Care
and received ethical approval from the University of Ottawa
Animal Care and Veterinary Service Committee. Mice were
housed in a pathogen-free environment (22-25°C, 30% hu-
midity, and a 12-hour light: dark cycle) and were supplied
with food and water ad libitum. Four-week-old male C57Bl/
6J (#000664) mice and male CBA (#000656) mice were pur-
chased from The Jackson Laboratory. An acclimatization pe-
riod of 1 week was allowed for mice prior to experiments.

Acute radiation exposure

One hindlimb of 4- to 5-week-old CBA or C57BI/6) male mice
was exposed to a single dose (16 Gy)?° of in vivo irradiation
(in vivo-IR) (X-RAD 320, Precision X-Ray Irradiation, North
Branford, CT), while the rest of the body was lead-shielded
and contralateral limb served as the non-IR control (CLTR).
Mice were anaesthetised by constant administration of
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isoflurane and oxygen throughout the irradiation procedure.
Mice underwent daily evaluation by animal facility staff fol-
lowing radiation exposure and were sacrificed at 3, 7, 14,
and 56 days post-IR (n = 6-8/day, Figure 1A). For in vitro irra-
diation (in vitro-IR) experiments, a single dose of 1 Gy was ap-
plied to cells.5*”

Tissue collection

The gastrocnemius/soleus (Gas/sol) complex was resected
and divided for immunofluorescence analysis by embedding
in optimal cutting temperature (OCT, Cat# 4585, Fisher
Scientific) compound prior to flash freezing in liquid
nitrogen-cooled isopentane (Cat#f 277258-1L, Sigma-Aldrich),
or flash frozen for western blot analysis and stored immedi-
ately at —80°C, or weighed for immediate processing for
fluorescence-activated cell sorting (FACS) and/or flow cytom-
etry analysis.

Histochemical and immunofluorescent analysis

From the mid-belly of the gastrocnemius, 10-pm-thick sec-
tions were cut and mounted on a Premium Frosted Micro-
scope Slides (Cat# 12-544-2, Fisher Scientific) using an HM
525 NX-2210 cryostat. Masson’s Trichrome staining was con-
ducted by the Histology Core and the University of Ottawa as
previously described.?” A complete description of immunoflu-
orescent protocols for Pax7, PDGFRo, CD31, F4/80, and
CD206 are provided in the extended methods.

Fluorescence-activated cell sorting and flow
cytometer

For FACS and flow cytometry analysis, skeletal muscle was
prepared as previously described with some modifications
(see extended methods).5*®

Protein extraction and western blot analysis

Western blot
described.?®

analysis was performed as previously

5-Ethynyl-2-deoxyuridine incorporation assay

For in vitro 5-ethynyl-2'-deoxyuridine (EdU) incorporation as-
say, cells were seeded and incubated with 10 pM of EdU for
72 h. Click-iT EdU Assay Kits (Ca#f C10337, Thermo Fisher Sci-
entific) was performed according to the manufacturer’s in-
structions. Images were acquired by CellDiscoverer7 micro-

scope (ZEISS) and analysed by a semi-automated pipeline
using Zen Blue (v. 2.6) software.

Fibro/adipogenic progenitors and C3H/10T1/2 cell
culture and differentiation

Sorted primary FAPs were resuspended in DMEM High Glu-
cose (Cat# 319-005-CL, Wiset Bioproducts), 20% FBS (Cat#
12483-020, Thermo Fisher Scientific), bFGF (5 ng/mL, Cat#
F0291, MilliporeSigma), and 100 U/mL penicillin/streptomy-
cin (P/S) (Cat# 15140-122, Thermo Fisher Scientific). C3H/
10T1/2, a mesenchymal progenitor cell line (ATCC, Clone 8
Cat#t CCL—226YM), was used as an in vitro model of FAPs.
C3H/10T1/2 were culture in DMEM High Glucose, 10% FBS,
and 100 U/mL P/S. FAP and C3H/10T1/2 adipogenic differen-
tiation was initiated by applying MesenCult” Adipogenic
Differentiation Kit (Cat#f 05507, Stemcell Technologies)
for 3 days followed by adipogenic maintenance medium
for two additional days (1 pg/mL insulin, Cat# 19278,
MilliporeSigma). Fibrogenic differentiation of FAPs and C3H/
10T1/2 cells was accomplished by culturing in DMEM high
glucose, 2% horse serum, 5 ng/mL of TGFB-1 (Cat# 100-21,
PeproTech), and 100 U/mL P/S.

Muscle satellite (stem) cells culture and
differentiation

Freshly FACS sorted MuSCs were cultured in growth media
consisting of DMEM high glucose, 20% FBS, bFGF (5 ng/mL,
Cat# F0291, MilliporeSigma), and 100 U/mL P/S. Differentia-
tion media for primary MuSCs consisted of DMEM low glu-
cose (Cat#319-010-CL, Wiset Bioproducts), 2% Horse Serum
(Cat# 16050122, Thermo Fisher Scientific), and 100 U/mL P/S.

DNA damage assay

Cells were fix in 4% PFA at 15 min and 24 h after in vitro-IR.
Anti-phospho-Histone H2A.X (Ser139) (Cat# 9718T, Cell Sig-
nalling Technology) was applied and the nuclei were counter-
stained with 4, 6-diamidino-2-phenylindole (DAPI) (Cat#
D9542, Sigma-Aldrich).

Stress fibres assay

Fibrogenic differentiation was induced as described above,
and then cells were fixed with 4% PFA for 10 min at room
temperature and permeabilized with 0.5% Triton X-100 for
5 min. Cells were incubated with block solution (10% FBS,
0.1% Triton X-100 in 1x PBS) for 1 h. Primary antibody for
alpha-smooth muscle actin (aSMA) was applied and incu-
bated overnight at 4°C. Secondary antibody Alexa Fluor
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594-Goat Anti-Mouse (Cat# A11005, Invitrogen) was used to
visualize stress fibre formation and nuclei were counter-
stained with DAPI. Stress fibre formation was analysed from
line profiles®'® with Fiji software.

Oxidative stress assay

Cells were exposed to in vitro-IR and resuspended in media
containing CellROX" Green reagents (Cat# C10444, Thermo
Fisher Scientific) at a final concentration of 5 uM at 37°C
for 30 min according to manufacturer’s instructions.

Senescence assay

Senescence-associated B-galactosidase (SA-B-Gal) staining
was performed according to manufacturer’s instructions
(Cat# 9860, Cell Signalling Technology).

MitoTracker Green

FAPs were plated at a density of 0.5 x 10° cells in a 35 mm
glass bottom cell culture dish (Cat# 627860, Greiner Bio-
One) and stained with MitoTracker Green FM (Cat# M7514,
Invitrogen) according to manufacturer’s instructions.

Bioenergetic analysis

FACS-isolated FAPs were immediately plated on Seahorse
XFe96 Microplates (Cat# 101085-004 Agilent Technologies)
at 1.0 x 10° cells per well. In vitro-IR was applied with
non-irradiated FAP cell cultures used as control (CON). After
24 h, cellular bioenergetics were evaluated using the
Seahorse XFe96 Analyser as previously described.?®

DNA isolation and qPCR

The mitochondrial to nuclear DNA ratio was determined as
previously described with minor modifications (see extended
methods).5%°

Low-high glucose assay

C3H/10T1/2 cells were cultured in low glucose DMEM (1 g/L)
or high glucose DMEM (4.5 g/L), respectively, for 24 h and
0SMA staining was performed for stress fibres visualization.

Fibro/adipogenic progenitor-derived conditioned
media experiment

FAPs and MuSCs were freshly isolated from the IR and the
CLTR limb at 3 and 56 days post-in vivo-IR by FACS. After
3 days of culture, conditioned media (CM) from IR-FAPs or
CLTR-FAPs were recovered. CM was centrifuged to remove
dead cells at 600x g for 5 min and applied to
non-irradiated primary myoblast (CON) with differentiation
media (50:50 volume/volume) as previously described.®
Following 3 days in culture, myotubes were fixed and
stained for myosin heavy chain.

Statistical analyses

Analyses were conducted by an investigator blinded to the
experimental  group. Values are  expressed as
mean = standard error of the mean (SEM). The number of bi-
ological replicates (n) for each experiment is indicated in the
figure legend. Comparisons between IR and CLTR limbs were
performed using paired Student’s t-tests. Comparisons
between IR and CON cells were performed using unpaired
Student’s t-tests. Changes over time were performed using
one-way ANOVAs. A P value of <0.05 was considered
statistically significant. Statistics and graphs were prepared
using GraphPad Prism version 8.0.1 software (GraphPad
Software).

Results

Radiation induces long-term myofibre atrophy and
a lower proportion of type | muscle fibres

Myofibre characteristics were evaluated at several timepoints
following in vivo-IR. IR significantly reduced myofibre CSA at
3, 14, and 56 days post-IR compared with CLTR (Figure 1B)
with significantly more smaller diameter fibres at 3, 14, and
56 days post-IR (Figure 1C). Similarly, myonuclear domain
was significantly smaller in the IR-limb at 3 and 56 days
post-IR (Figure 1D). Type | and type IIA fibre CSA were signif-
icantly smaller at 56 days post-IR, with no change in type 1B
fibre CSA (Figure 1E). Further, a smaller proportion of type |
fibres was detected in the IR limb at 56 days post-IR with
no differences in type IIA or IIB proportion (Figure 1E). Mice
had higher body weight at day 56 compared with 3, 7, and
14 days (Figure S1A) with no changes in Gas/sol weight per
body weight (g/g) (Figure S1B) or myofibre content (Figure
S1C). There was a trend for fewer myonuclei per fibre at
56 days (P = 0.09, Figure S1D).
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Figure 1 Radiation induces muscle atrophy particularly in oxidative fibres. (A) Experimental design. (B) Gas/sol muscle complex CSA at 56 days post-IR,
laminin staining (red), colour-coded CSA to visualize changes in myofibre size (insert). Scale bar: 500 um, and fibre CSA (pmz). (C) Muscle fibre distri-
bution at 3, 7, 14, and 56 days post-IR. (D) Myonuclear domain, and representative image of CSA: Laminin (red), DAPI (blue). Scale bar 100 pm. (E)
Representative image of myosin heavy chain (MyHC) staining, type | fibres (red), type IIA (green), type IIB (black) at 56 days post-IR, fibre type CSA
and % of muscle fibre type at 56 days post-IR. *P < 0.05, **P < 0.01; paired Student’s t-test between CLTR and IR at each timepoint (n = 6-7).

performed and fibrotic signalling pathways were evaluated
using western blot analysis. Muscle fibrosis was significantly
higher in the IR limb versus the CLTR limb at 56 days but
not 14 days post-IR (Figure 2A). Significantly higher levels of
the fibrotic markers fibronectin and a-smooth muscle actin

Radiation induces long-term muscle fibrosis
independent of sustained p-SMAD3 signalling

To confirm previous studies showing that IR-induces long-
term muscle fibrosis,>>?® Mason’s trichrome staining was
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(0SMA)**' were detected at 56 days post-IR (Figure 2B).
SMAD3 phosphorylation, a well know downstream target of
the transforming growth factor f1 (TGFf-1) and a critical reg-
ulator of fibrosis,>?* was significantly elevated at 3 days post-IR
but returned to CLTR levels at 56 days post-IR (Figure 2B).

Radiation depletes skeletal muscle endothelial
cells, MuSCs, and FAPs

To explore the effect of juvenile radiation exposure on vari-
ous mononuclear cell populations in muscle, flow cytometry
analysis was performed (Figure S2A,B). We detected signifi-
cantly fewer endothelial cells at 56 days in the IR limb with
no change in haematopoietic cells versus CLTR (Figure 3A).
We also detected significantly fewer MuSCs at 3 and 56 days
in IR versus CLTR, while FAPs were significantly lower at
56 days only in IR versus CLTR (Figure 3B). Our flow cytome-
try analyses were confirmed by immunofluorescence imaging
showing significantly lower capillary to fibre ratio at 56 days
in IR versus CLTR, with a trend for fewer CD31" cells/area at

56 days in IR versus CLTR (P = 0.06, Figure S3A). Additional
immunofluorescence analysis revealed significantly more
macrophages in IR versus CLTR at 3 days post-IR but not at
56 days (Figure S3B), with significantly fewer ‘M1’ macro-
phages at 14 days in IR versus CLTR, and significantly more
‘M2’ macrophages at 3 and 7 days in IR versus CLTR (Figure
S3B). Immunofluorescence further confirmed our MuSC and
FAP flow analyses as significantly fewer MuSCs were present
in IR versus CLTR at 7, 14, and 56 days (Figure 3C), while sig-
nificantly fewer FAPs were detected at 14 and 56 days in IR
versus CLTR (Figure 3D).

Radiation inhibits myoblast and FAP proliferation
and induces acute DNA damage signalling and cell
senescence

To functionally characterize the effects of radiation on MuSCs
and FAPs, we isolated MuSCs and FAPs by FACS from in vivo-
IR or CLTR limbs for in vitro characterization of cell fate
(Figures 4A and S4A-D). MuSC proliferation was significantly
impaired in IR versus CLTR at both 3 and 56 days (Figure 4B).
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Conversely, FAP proliferation was not altered at 3 days age (YH2AX foci) response was significantly higher in MuSCs
post-IR and demonstrated a trend for impairment at 56 days and FAPs at 15 min post-in vitro-IR and remained elevated
in IR compared with CLTR (P = 0.06, Figure 4B). The DNA dam-  only in FAPs at 24 h (Figure 4C). Post-in vitro-IR, MuSCs had
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significantly higher cellular oxidative stress compared with
CON at 15 min, but not at 24 h, while with no differences in
oxidative stress levels were detected in FAPs (Figure 4D).
Cellular senescence, as determined via senescence-associated
B-galactosidase staining at 24 h post-in vitro-IR, was signifi-
cantly higher in IR-FAPs compared with CON-FAPs (Figure 4E).

Radiation promotes a fibrotic phenotype in FAPs

Unlike other pro-fibrotic conditions,>**>*?* we observed a
reduction in FAP content and impaired FAP proliferation
following radiation; thus, we speculated that radiation was
promoting their fibrotic differentiation. In vitro-IR FAPs
(Figure 5A) were evaluated for several markers of fibrotic
differentiation®*>>%” compared with CON-FAPs while FAPs
treated with TGF-B1 (+TGF-B1) served as a positive control
(Figure 5B). At 72 h following treatment, IR-FAPs and +TGF-

B1-FAPs were significantly larger (Figure 5B), had significantly
more stress fibre formation per cell (Figure 5C), and had signif-
icantly elevated SMAD3 signalling than CON (Figure 5D).
Supporting our in vivo findings, IR- and TGF-B1-treated FAPs
had significantly lower PDGFRa content than CON (Figure 5D).

Radiation induces a metabolic shift in FAPs to
favour glycolysis and inhibiting glycolysis prevents
myofibroblast differentiation

Previous work has linked radiation to alterations in skeletal
muscle metabolism and mitochondrial function,5?%5%° and
metabolic changes have been found to impact FAP fate.333
Thus, we evaluated FAP bioenergetics at 3- and 24 h post-in
vitro-IR to determine if IR-induced alterations to FAP metab-
olism explained IR-induced alterations in FAP fate. No
changes in mitochondrial mass were detected in IR-FAPs
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Figure 5 Radiation promotes fibrotic differentiation in fibro-adipogenic progenitors. (A) Experimental design. (B) Representative image of FAPs 72 h
post-in vitro-IR. Control, irradiated and TGF-f1 (used as a positive control). aSMA (red), DAPI (blue). Scale bar: 20 pm. Average of cell area (umz). (C)
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compared with CON at 24 h post-in vitro-IR (Figure S5A). Sim-
ilarly, mitochondria DNA (mtDNA) to nuclear DNA (nDNA) ra-
tio revealed no differences in mitochondrial biogenesis
(Figure S5B). A significant increase in mitochondrial mem-
brane potential was observed in IR-FAPs compared with

CON, even when normalized for mitochondrial mass in
IR-FAPs compared with CON (Figure 6A). Qualitatively, we ob-
served consistently more fragmented mitochondria, a marker
of increased glycolytic metabolism®®, at 24 h in IR-FAPs com-
pared with CON (Figure 6A). Seahorse assay revealed that
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Figure 6 Radiation induces a metabolic shift in FAPs to favour glycolysis and inhibiting glycolysis prevents myofibroblast differentiation. (A) TMRM
fluorescence intensity and TMRM fluorescence intensity normalized by mitochondrial mass (MitoTracker Green) from FAPs followed 24 h post-
in vitro-IR. Representative image of MitoTracker Green staining 24 h post-in vitro-IR showing elongated and fractionated mitochondria. Scale bar:
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in vitro-IR-FAPs had higher glycolytic capacity and lower oxy-
gen consumption rate/extracellular acidification rate (OCR/
ECAR) ratio at maximal respiration versus CON (Figure 6B).
Differences in oxidative capacity and ATP production were
not detected; however, significantly lower proton leak was
detected in IR-FAPs versus CON (Figure 6C). Next, we asked if
directly altering glycolysis promoted FAP fibrotic differentia-
tion. After inhibiting glycolysis with 2-Deoxy-D-Glucose (2-
DG), we observed a significant reduction in stress fibre
formation following in vitro-IR (Figure 6D). Conversely, no
changes in stress fibre formation were found when oxidative
phosphorylation activity is inhibited by Oligomycin. To
increase glycolysis while maintaining oxidative metabolism,
as observed in our in vitro-IR model, we manipulated glucose
levels in the media with high glucose media representing a
condition where glycolysis and oxidative metabolism are
activated, and low glucose media where glycolysis activity
decreases while oxidative metabolism remains active.>3%3!
Under these conditions and 24 h post-in vitro-IR, we
detected significantly more stress fibre formation under high
glucose conditions compared with the low glucose condition
(Figure 6E).

Radiation alters the FAP secretome to inhibit
myoblast differentiation and fusion

To determine if the observed cell-intrinsic changes to FAPs
exposed to IR impaired their role in regulating myoblast
fate via paracrine mechanisms, we conducted a conditioned
media experiment where conditioned media from IR or
CLTR FAPs isolated at 3 and 56 days post-in vivo-IR was mixed
with non-irradiated primary myoblasts in differentiation
media (50:50 v/v)*° (Figure 7A). Myoblast differentiation
and fusion was evaluated by myosin heavy chain and DAPI
co-immunocytochemistry (Figure 7B). Conditioned media
from 56-day isolated IR-FAPs impaired myoblast differentia-
tion compared with 56-day isolated CLTR-FAPs (Figure 7B,
P < 0.05) with no differences between 3-day isolated
IR-FAP and CLTR-FAP conditioned media. Further, condi-
tioned media from both 3- and 56-day isolated IR-FAPs signif-
icantly reduced the number of myotubes per area, myoblast
fusion index, and the number of nuclei per myotube (Figure
7B) compared with CLTR. Despite these differences in myo-
blast differentiation and fusion, conditioned media (50:50 v/
v) from 3- or 56-day isolated IR-FAPs did not reduce myoblast
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content, as determined by the total number of nuclei, com-
pared with CLTR (Figure S6A). In a separate experiment, we
applied conditioned media from the above groups to differ-
entiated myotubes to determine if conditioned media from
IR-FAPs induced myotube atrophy (Figure S6B). Conditioned
media from IR-FAPs did not change myotube diameter or
the proportion of myotubes of different diameters compared
with CLTR (Figure S6B).

Discussion

Radiation induces long-term muscle atrophy and fibrosis®?
and depletes MuSCs®® resulting in long-term complications
in cancer survivors, particularly juvenile cancer survivors.
However, the effects of radiation on mononuclear niche cells
in muscle and their role in radiation-induce fibrosis has re-
mained relatively unexplored. The present study addresses
this gap by characterizing the effects of radiation exposure
on skeletal muscle morphology and skeletal muscle niche cells
using a clinically relevant preclinical model.?® Mice exposed to
a single dose of radiation showed long-term muscle atrophy
and fibrosis, confirming clinical findings,** and reduced MuSC
content as has been previously described.* Unlike other
models of long-term skeletal muscle fibrosis,*> we observed
long-term FAP depletion in our model of radiation-induced
fibrosis, similar to what is observed in aged muscle.*®° Inter-
estingly, FAP depletion was associated with increased myofi-
broblast differentiation and a reduction in PDGFRa content,
which may have been driven by increased glycolytic metabo-
lism. Further, radiation induced FAP senescence and altered
their secretome in a manner that inhibited myoblast differen-
tiation. Collectively, our data indicate FAPs as a potential
cellular source responsible for radiation-induce muscle pa-
thology, likely driven by radiation-induced mitochondrial de-
fects leading to enhanced reliance on glycolysis.

Previous clinical findings indicate that 80% of childhood
cancer survivors experience muscle atrophy and fibrosis,>>3
a phenotype we successfully recapitulated in our preclinical
model. The long-term muscle atrophy we observed was due
to a lower CSA specifically in the more oxidative type | and
IIA fibres, and a lower proportion of type | fibres. Radiation
reacts with oxygen molecules within the cell to produce reac-
tive oxygen species®%; thus, it is not surprising that oxidative
fibres would be more susceptible to the effects of radiation.
Indeed, our findings align with previous studies showing that
radiation reduces the percentage of oxidative type | muscle
fibres®?® and decreases the CSA of type IIA myofibres.?® Juve-
nile muscle growth requires MuSCs.> Similar to previous
work, we show that radiation exposure decreases MuSC con-
tent as early as 3 days after radiation exposure and is not
restored.*?°> FAPs are also required for muscle
maintenance,®?° and we present the novel finding that

FAP content decrease persists long after radiation. Thus,
radiation-induced FAP and MuSC depletion likely contributed
to the lower myofibre CSA observed in this model. Because
FAPs regulate muscle mass via paracrine mechanisms,*%>33
we investigated whether radiation altered the FAP
secretome. Interestingly, we showed that the in vivo irradi-
ated FAP secretome impaired MuSC fusion and differentia-
tion without impacting MuSC proliferation or inducing myo-
tube atrophy directly in vitro. This finding was supported by
a trend for fewer myonuclei per fibre at the latest post-IR
timepoint, demonstrating a persistent alteration of the FAP
secretome long after IR. These findings align with results
from aged FAPs, which have a reduced capacity to regulate
the myogenic program due to aging-induced alterations in
the FAP secretome.*®*° Although we were not able to iden-
tify specific trophic factors that were altered following radia-
tion exposure, previous work has identified several potential
targets for future studies.'? Specifically, WNT1 inducible sig-
nalling pathway protein 1 regulates MuSC proliferation and
differentiation and is reduced in aged FAPs.'® Further,
follistatin and bone morphogenic protein 3B have also been
well-described as regulators of MuSC differentiation and
muscle maintenance.'®?° Together, our findings suggest that
reduced myofibre CSA following radiation exposure is due, in
part, to long-term MuSC depletion and impaired FAP para-
crine signalling resulting in reduced myogenic differentiation
of remaining MuSCs.

Skeletal muscle fibrosis is one of the most prominent ad-
verse effects experienced by childhood cancer survivors.>
Our results confirmed previous work*® by demonstrating
ECM accumulation at 56 days post-IR, which was supported
by an increase in pro-fibrotic markers such as fibronectin
and aSMA. Gene expression data from Kallenbach and col-
leagues implicated TGF-B1 in radiation-induced muscle
defects.?® Similarly, we observed an early upregulation of
SMADS3 signalling following radiation; however, this signalling
was not maintained long-term. SMADS3 signalling is a critical
regulator of myofibroblast transition®3*; thus, the early in-
crease in SMAD3 signalling in the whole muscle could be
the initial trigger for the myofibroblastic transition that leads
to the long-term fibrosis observed in our study. One of the
main contributors to ECM deposition in the skeletal muscle
are myofibroblasts that are driven from FAP fibrogenic
differentiation.>*> FAPs co-localize to fibrotic areas in differ-
ent models of myopathy characterized by continued struc-
tural damage to the myofibres,**® as in human patients with
Duchenne muscular dystrophy.?®> Conversely, FAPs were de-
pleted in our model suggesting that radiation-induced muscle
fibrosis more closely aligns with muscle fibrosis seen in
aging,%3® which is associated with reduced FAP content.*3*9
Interestingly, the putative FAP marker PDGFRa* is reduced
when FAPs undergo fibrotic differentiation®>*® which aligns
with our in vivo and in vitro findings. Further, Yao and col-
leagues showed that while PDGFRa supported early fibroblast
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proliferation, PDGFRa down-regulation was necessary for
fibrogenic transition into aSMA* myofibroblast.3® We extend
these findings to the context of radiation-induced fibrosis by
showing that PDGFRa is reduced in FAPs during their
fibrotic transition following radiation exposure. In addition,
myofibroblasts exhibit a senescence-like phenotype,®*’ and
senescence has been associated with muscle dysfunction.53®
Our findings show that radiation induces FAP senescence
with persistent DNA damage and reduced proliferation. Our
findings align with those from Moiseeva and colleagues,®’
showing that senescent cells accumulate in aged skeletal
muscle and are associated with fibrosis. Moreover, Zhang
and colleagues showed that a FAP subpopulation present
a senescence signature in old skeletal muscle,*® and FAPs
isolated from old skeletal muscles have enhanced fibrotic
differentiation,*® further supporting the notion that radiation
induces a premature aging phenotype in skeletal muscle.
Together, these findings suggest that radiation depletes
PDGFRa* FAPs by inducing their fibrotic differentiation,
which contributes to radiation-induced skeletal muscle
fibrosis.

Recent studies have provided a link between metabolism
and FAP fate,3>333 and radiation has been shown to impair
mitochondrial dynamics and function.>?®52° Thus, we exam-
ined if fibrotic differentiation in IR-FAPs was linked to alter-
ations in FAP metabolism. Our results showed that despite
an increase in mitochondrial membrane potential, essential
for ATP production, we did not detect alterations in
ATP-linked respiration or oxidative capacity. Further, we did
not detect any changes in mitochondrial content. Elevated
mitochondrial membrane potential in cardiac mesenchymal
precursors cells has been associated with increased oxidative
metabolism*>3%; however, this was not the case in the present
work. Rather, the increase in mitochondrial membrane po-
tential observed in our results could be due to the decrease
in proton leak®*° observed following radiation exposure. Fur-
ther, elevated membrane potential is traditionally associated
with increased ROS production.>** Changes in mitochondrial
structural integrity due to fission have been associated with
increasing glycolytic metabolism,>***** which aligns with our
qualitative observations of mitochondria in IR-FAPs. This no-
tion is further supported by the higher glycolytic rates for en-
ergy production in in vitro-IR-FAPs. An increase in glycolytic
metabolism, and not mitochondrial metabolism, may be a
protective mechanism to prevent cellular oxidative stress
while matching an elevated ATP demand.>*® Indeed, fibro-
blasts treated with H,0, demonstrate an increase in glycoly-
sis and NADPH content, a cofactor associated with antioxi-
dant activity.>** Further, cardiac mesenchymal progenitors
with high membrane potential demonstrated higher resis-
tance to oxidative stress and elevated SOD2.%*° Similar mech-
anisms in FAPs may explain the lack of change we observed in
FAP oxidative stress following radiation exposure. Together,
these findings suggest that following radiation exposure,

FAPs experience increased glycolytic metabolism perhaps to
increase ATP production while preventing oxidative stress
from mitochondria.

Growing evidence suggest the modulation of glycolysis
and oxidative phosphorylation as a determinant of stem cell
fate.>*>5% |ndeed human FAPs with enhanced glycolytic me-
tabolism have a fibrotic phenotype.>* Given that radiation
enhanced FAP glycolysis and induced their fibrotic differentia-
tion, we investigated if alterations to FAP metabolism were
driving the fibrotic differentiation. In line with this hypothesis,
inhibiting glycolysis with 2-DG reduced FAP fibrotic differenti-
ation. While inhibiting oxidative metabolism with oligomycin
had no effect on FAP fate, we reasoned that this model did
not completely recapitulate the post-IR condition as oxidative
metabolism is still active following radiation. Thus, we mod-
ulated glycolysis while maintaining oxidative metabolism
in vitro by exposing FAPs to high and low glucose conditions.
Under high glucose conditions, glycolysis would be elevated
and oxidative phosphorylation would also be active, similar
to post-IR; however, in low glucose conditions, glycolysis is
decreased while oxidative metabolism is maintained.%3%3*
Indeed, FAP fibrotic differentiation was enhanced when
glycolysis was elevated and oxidative metabolism still active,
similar to the post-IR phenotype suggesting that the shift to
glycolysis to maintain energy homeostasis following radia-
tion exposure enhances FAP fibrotic differentiation. In
agreement with our results, decreased fibroblast activation,
proliferation and differentiation is observed, when glycolysis
is inhibited.>*”**® Similarly, Reggio and colleagues decreased
FAP proliferation by reducing glucose concentrations in the
culture media.>?

A limitation of the study is using a single radiation dose as
opposed to fractionated doses as is conducted during cancer
therapy. Unfortunately, given the shorter lifespan of the
mice, an exact replication of the human radiation protocol
would have resulted in mice being treated well-beyond their
pubertal development. As such, we used the biologically
equivalent dose formula®* to determine that a 16 Gy dose
is predicted to be biologically equivalent to 60 Gy delivered
in 2 Gy fractions/day which is normally used to treat differ-
ent types of common cancers.>*® Previous work has used
this dose to replicate radiation-induced pathology.*>¢
Further, the clinical phenotype of fibrosis and muscle
atrophy**2*3 was reproduced by our dosing strategy fur-
ther supporting the translational relevance of our model.
Another limitation of our study was the decision to irradiate
mice without cancer. This decision was taken for several rea-
sons. First, the presence of a tumour would complicate data
interpretation by adding another variable. Second, there are
clinical scenarios when radiation is delivered without a tu-
mour, such as in the adjuvant setting. Finally, previous work
has shown that the presence of a tumour within the muscle
microenvironment during radiation exposure produces simi-
lar outcomes as the cancer-free irradiated limb.?> We also
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acknowledge that radiation is not a targeted therapy and
can alter adjacent tissues. Indeed, our laboratory and others
have shown that radiation alters the bone marrow.*>*>* Fu-
ture studies should address the crosstalk between bone and
muscle and find potential circulatory mediators that may
contribute to skeletal muscle atrophy following radiation
exposure.

Together, our results indicate that juvenile radiation expo-
sure alters the whole skeletal muscle niche long-term. Specif-
ically, the novelty of our findings suggests that FAPs contrib-
ute to long-term skeletal muscle atrophy and fibrosis
following juvenile radiation exposure. These findings suggest
that FAP-targeted therapies may help mitigate the negative
long-term consequences observed in cancer survivors.
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