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Abstract

Background Muscle wasting occurs in response to various physiological and pathological conditions, including ageing and
Duchenne muscular dystrophy (DMD). Transforming growth factor-f1 (TGF-B1) contributes to muscle pathogenesis in elderly
people and DMD patients; inhibition of TGF-B1 signalling is a promising therapeutic strategy for muscle-wasting disorders.
Hemojuvelin (HJV or Hjv as the murine homologue) is a membrane-bound protein that is highly expressed in skeletal muscle,
heart, and liver. In hepatic cells, Hjv acts as a coreceptor for bone morphogenetic protein, a TGF-§ subfamily member. The aim
of this study was to investigate whether Hjv plays an essential role in muscle physiological and pathophysiological processes by
acting as a coreceptor for TGF-B1 signalling.

Methods Conventional and conditional Hjv knockout mice as well as mdx and aged mice transfected with Hjv overexpression
vector were used to study the role of Hjv in muscle physiology and pathophysiology. qRT-PCR, western blotting, and immuno-
histochemistry examinations were conducted to evaluate gene, protein, and structural changes in vivo and in vitro. Exercise
endurance was determined using treadmill running test, and muscle force was detected by an isometric transducer. RNA in-
terference, immunoprecipitation, and dual-luciferase reporter assays were utilized to explore the mechanism by which Hjv reg-
ulates TGF-B1 signalling in skeletal muscle.

Results Conventional and conditional Hjv knockout mice displayed muscle atrophy, fibrosis, reduced running endurance, and
muscle force. HIV was significantly down-regulated in the muscles of DMD patients (n = 3, mean age: 11.7 + 5.7 years) and mdx
mice as well as in those of aged humans (n = 10, 20% women, mean age: 75.1 £ 9.5 years) and mice. Overexpression of Hjv
rescued dystrophic and age-related muscle wasting. Unlike its function in hepatic cells, the bone morphogenetic protein down-
stream phosphorylated p-Smad1/5/8 signalling pathway was unchanged, but TGF-1, TGF- receptor Il (TBRII), and p-Smad2/3
expression were increased in Hjv-deficient muscles. Mechanistically, loss of Hjv promoted activation of Smad3 signalling in-
duced by TGF-B1, whereas Hjv overexpression inhibited TGF-B1/Smad3 signalling by directly interacting with TBRII on the mus-
cle membrane.

Conclusions  Our findings identify an unrecognized role of HJV in skeletal muscle by regulating TGF-B1/Smad3 signalling as a
coreceptor for TPRIIl. Unlike the TGF-B1/Smad3 pathway, HJV could be a reliable drug target as its expression is not wide-
spread. Novel therapeutic strategies could potentially be devised to interfere only with the muscle function of HJV to treat
DMD and age-related muscle wasting.
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Introduction

Skeletal muscle is the most abundant tissue in the human
body, accounting for approximately 40% of total body weight.*
The primary functions of skeletal muscle are to generate force,
maintain posture, and serve as a major site for glucose metab-
olism.* Muscle wasting occurs in response to a variety of phys-
iological and pathological conditions and is highly detrimental
to the human body.? For example, elderly people are known
to undergo a progressive loss of muscle mass, which is associ-
ated with reduced muscle force, decreased physical activity, in-
sulin resistance, and increased risk of fracture.®* Progressive
muscle wasting and weakness also occur in Duchenne muscular
dystrophy (DMD), an inherited X-linked recessive disorder
caused by a mutation in the dystrophin gene. The lack of dystro-
phin results in increased sarcolemma fragility, leading to chronic
inflammation, ongoing degeneration, and regeneration cycles
as well as fibrosis. Most DMD patients die of respiratory failure
because of loss of muscle force in the diaphragm.>® Thus, main-
tenance of muscle mass and composition is crucial for healthy
ageing and increasing life expectancy of DMD patients.

Transforming growth factor- (TGF-B) superfamily mem-
bers have profound effects on muscle development, physiol-
ogy, and pathophysiology.” Signalling transduction is
initiated when TGF-f superfamily ligands bind with their spe-
cific type Il receptors. The activated type Il receptor
transphosphorylates type | receptor, which subsequently
transduces the signal by phosphorylating the carboxyl termi-
nus of receptor-regulated (R)-Smads. In most cell types,
TGF-f signals via phosphorylation of Smad2 and Smad3,
whereas bone morphogenetic protein (BMP) signals via phos-
phorylation of Smadl, Smad5, and Smad8.2 In addition to
playing a major role in regulating muscle mass, TGF-3/Smad
signalling is also involved in the pathogenesis of various
muscle-wasting disorders.>*® For example, TGF-B1 is up-
regulated and promotes fibrosis formation in the muscles of
DMD patients.>*" In aged muscles, excess TGF-B1 is pro-
duced, which impairs the regenerative capacity of muscle sat-
ellite cells, thus accelerating degeneration and leading to
sarcopenia.® Considering the critical role of TGF-B1 signalling
in muscle pathogenesis, the identification of novel proteins
that regulate TGF-B1 signalling could provide potential thera-
peutic targets for muscle-wasting disorders.

One mechanism for specifically regulating TGF-f signalling is
to promote or inhibit ligand-receptor binding by core-
ceptors.”>** Betaglycan, epidermal growth factor-cripto-1/
FRL-1/cryptic proteins, and the repulsive guidance molecule
(RGM) family of glycosylphosphatidylinositol (GPI)-anchored
proteins represent three different types of coreceptors for
TGF-B signalling.**™*° Among them, RGM family members
(RGMa-c) are regarded as the specific coreceptors for the
BMP subfamily. For instance, both RGMa and DRAGON
(RGMb) are expressed in the nervous system and enhance
BMP signalling by binding with BMP ligands, BMP type |

receptors, and BMP type Il receptors.”'19 However, a more
recent study demonstrated that RGMa also facilitated
TGFB1/Smad2/3 signalling by interacting with TGF-f1 receptor
activin-like kinase 5 and Smad2/3 during glial scar formation,*
suggesting an additional role for RGM family members in TGF-3
1 signalling. Unlike RGMa and RGMb, hemojuvelin (also known
as HJV or RGMc) is not detected in the brain but is highly
expressed in skeletal muscle, heart, and liver.?! Previous data
have shown that Hjv (the murine homologue of HJV) functions
as a coreceptor for BMPs in the liver and is required for BMP-
mediated induction of hepcidin, a key regulator of iron homeo-
stasis.*>?3 Mutations in the HJV gene have been linked to the
severe iron-storage disease juvenile hemochromatosis, associ-
ated with decreased BMP signalling and lower hepcidin expres-
sion.’®23725 Although Hjv expression is highest in skeletal
muscle,?* only a few studies have explored its role in muscle.
Comparative analyses of multiple mammalian species revealed
two evolutionary conserved E-boxes and an MEF2 site in the
promoter region of the Hjv gene.?” Both myogenin and MEF2C
are capable of increasing Hjv promoter activity.?” Hjv mRNA is
quickly induced and parallels the rapid increase in expression
of myogenin and MEF2C during myogenic differentiation.?”-*
These data prompted us to investigate whether Hjv is involved
in muscle physiological and pathophysiological processes by
serving as a coreceptor for TGF-f1 signalling.

To characterize potential non-iron-related functions of Hjv,
we investigated muscle-specific functions of Hjv using con-
ventional and conditional Hjv knockout mice and discovered
a novel link between Hjv and muscle wasting. Notably, we
found that HJV expression was significantly reduced in both
aged muscles and Duchenne muscular dystrophic muscles.
Hjv reconstitution in mdx and aged mice rescued the patho-
genesis of muscles as well as dystrophic and age-related
TGF-B1/Smad3 signalling activation. Moreover, we explored
the underlying molecular mechanisms by which Hjv protects
muscles from wasting. As the muscle-specific function of Hjv
is different from its liver function in regulating iron metabo-
lism, there is potential to devise a novel drug-development
strategy to specifically target the muscle function of Hjv to
treat DMD or age-related muscle wasting.

Materials and methods
Human skeletal muscle samples

Quadriceps femoris from DMD patients (n = 3, mean age:
11.7 £ 5.7 years) and healthy individuals (n = 3, mean age:
13 + 3 years) were obtained after patients had signed in-
formed consent forms according to the requirement of
Institutional Review Board of Chinese People’s Liberation
Army General Hospital. The diagnosis of DMD was genetically
confirmed. The young (n = 10, 20% women, mean age:
26.9 + 6.9 years) and aged (n = 10, 20% women, mean age:
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75.1 £ 9.5 years) skeletal muscle samples were obtained after
individuals had signed informed consent forms according to
the requirements of Ethics Committee of No. 454 Hospital of
People’s Liberation Army. Detailed information of human sub-
jects is listed in Supporting Information, Tables S1 and S2.

Mice

Heterozygote Hjv knockout mice (va+/’) were crossed to
yield homozygous Hjv knockout mice (va’/’) and wild-type
(WT) littermates.?® HjY"7° mice were crossed with human
alpha-skeletal actin-Cre transgenic [B6.Cg-Tg (ACTA1-
cre)79Jme/J strain; The Jackson Laboratory] mice to generate
muscle-specific Hjv knockout (MKO) mice®®; Hjy™/ ™ Jitter-
mates were used as WT control mice. All mice were main-
tained on standard chow diet at a constant temperature
(20 °C) under a 12 h/12 h artificial light/dark cycle. WT mice
at the age of 2 months or 22—24 months were purchased from
Vital River, Charles River China. Five-week-old mdx female
mice and WT female control mice (C57BL/10ScSn) were pur-
chased from the Institute of Model Organisms, Nanjing Uni-
versity, China. At the end of the experimental period, mice
were deeply anaesthetized by intraperitoneal injection of pen-
tobarbital sodium (80 mg/kg body weight). Gastrocnemius
muscles from both legs and livers were collected using stan-
dardized dissection methods and cleaned of excess fat and
connective tissue. All tissues were rapidly frozen in liquid ni-
trogen for subsequent use of RNA isolation and protein ex-
traction, or embedded in tissue-freezing medium and frozen
in isopentane for sectioning and subsequent morphological
and immunohistochemistry analyses. All animal procedures
were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996) and were approved by the Institutional Animal Care
and Use Committee of the China Astronaut Research and
Training Center.

Quantification of non-heme iron

The concentration of non-heme iron in the liver and skeletal
muscles was measured by the ferrozine assay as previously
described.® Results were expressed as micrograms of iron
per gram of wet tissue weight.

Evaluation of exercise performance

Twelve-week-old mice were adapted to moderate treadmill
running (10 m/min for 15 min) every day for 1 week before
the exercise endurance test. After acclimation, exercise en-
durance test was determined using a treadmill running test,
with the speed 10 m/min for 5 min. After the initial warm-

up period, the running velocity was set to 10 m/min for 1 h
and increased by 2 m/min increments at every 15 min until
mice could not be prompted to continue running by moder-
ate electric stimulation (less than 0.1 mA) and remained at
the electrode for at least 10 continuous seconds.>? Mouse
endurance capacity was estimated by running to exhaustion
on an Exer4-OxyMax motorized treadmill (Columbus Instru-
ments, Columbus, OH, USA). Investigators who performed ex-
ercise endurance were blind to mice genotypes.

Muscle force assay

Gastrocnemius muscles from mice were excised and
mounted on an isometric transducer (AD Instruments, Bella
Vista, NSW, Australia) and bathed in an oxygenized (95% O,
and 5% CO,) Krebs—Henseleit solution (120.5 mM NacCl,
4.8 mM KCl, 1.2 mM MgS0,, 20.4 mM NaHCO;, 1.6 mM
CaCl,, 10 mM glucose, and 1 mM pyruvate, pH 7.6) at
30 °C. The muscles were adjusted to the optimal length show-
ing maximal isometric twitch tension and allowed to rest for
30 min. To measure skeletal muscle performance, the mus-
cles were continuously stimulated at 100 Hz until the force
output reached 10% of the initial force.

Vector construction

Mouse Hjv CDS was amplified from hepatic cDNA and then li-
gated into the pCMV-3tag3a vector (Agilent Technologies,
Santa Clara, CA, USA). The control was set as the pCMV-
3tag3a vector. The Hjv shRNA plasmids used in this research
were constructed by Guangzhou Ribobio Co., Ltd. The se-
qguences are shown in Supporting Information, Table S3.

Cell culture and transfection

C2C12 cells were purchased from China Infrastructure of Cell
Line Resource and were cultured in growth medium com-
prising high-glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(Thermo Scientific, Waltham, MA, USA), 100 units/mL peni-
cillin, 0.1 mg/mL streptomycin, and 20 mM glutamine.
Transfections were performed with the NeonTM Transfec-
tion System (Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s instructions. After 48 h, C2C12 cells
were cultured in differentiation medium (high-glucose
DMEM supplemented with 2% horse serum, 100 units/mL
penicillin, 0.1 mg/mL streptomycin, and 20 mM glutamine)
for 120 h or treated with or without 2 ng/mL TGF-B1 for
12 h before being harvested.
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Luciferase assay

Smad-responsive CAGA luciferase reporter (CAGA-Luc) was
purchased from Promega (Madison, WI, USA). C2C12 cells
were transiently transfected with 2 pg CAGA-Luc, in combina-
tion with 200 ng pRL-TK vector to control for transfection ef-
ficiency, with co-transfection with mouse Hjv CDS or Hjv
shRNA. After 48 h, C2C12 cells were treated with or without
2 ng/mL TGF-B1 for 12 h. Cells were then lysed and luciferase
activity was analysed using the dual-luciferase reporter assay
system purchased from Promega according to the manufac-
turer’s instructions.

Quantitative real-time RT-PCR

Total RNA was extracted with TRIzol according the manufac-
turer’s protocol (Life Technologies, Carlsbad, CA, USA). The
PrimeScript RT reagent Kit (TaKaRa, Kusatsa, Shiga, Japan)
was used to reverse transcribe total RNA (2 pg) into comple-
mentary DNA with random hexamer primers, according to
the manufacturer’s instructions. Quantitative real-time RT-
PCR (qRT-PCR) was performed in triplicate using the Step
One Plus Realtime PCR system (Applied Biosystems,
Singapore). Each PCR mixture (final reaction volume, 50 pL)
contained 21 pl sterile water, 25 puL SYBR Green (Applied
Biosystems, 7 Kingsland Grange, Warrington, UK), 2 uL cDNA
(50 ng/uL), 1 pL forward primer (10 pmol/pL), and 1 pL re-
verse primmer (10 pmol/uL). PCR cycling conditions were as
follows: initial denaturation at 95 °C for 10 min, followed by
40 cycles of denaturation at 95 °C for 10 s, annealing accord-
ing to the melting temperature of the primers for 15 s, and
elongation at 72 °C for 20 s, finally concluding with a melting
curve step. The results were compared with a standard curve
and normalized using housekeeping genes (Z8 s rRNA or
GAPDH). The sequences of the primers used were listed in
Supporting Information, Table S4.

Immunoblotting and immunoprecipitation

C2C12 cells or skeletal muscles were homogenized in RIPA-
based lysis buffer (Merck, Darmstadt, Germany) with Com-
plete EDTA-free protease and phosphatase inhibitor cocktails
(Roche, Mannheim, Germany). Supernatants were collected
and protein concentration was determined using the Bradford
protein assay reagent (Bio-Rad, Hercules, CA, USA). Equal
amounts of extracted proteins (30 ug per lane) were dena-
tured in sodium dodecyl sulfate loading buffer, boiled for
3 min, centrifuged briefly to remove insoluble material, and
separated on sodium dodecyl sulfate-polyacrylamide gels.
The protein was then transferred onto a nitrocellulose mem-
brane, which were blocked in 5% nonfat milk or bovine serum
albumin diluted in Tris-buffered saline-Tween for 1 h and then

incubated overnight at 4 °C with the respective following pri-
mary antibodies against Hjv (R&D Systems, Minneapolis, MN,
USA), TGF-B RII (TBRII) (Merck, Darmstadt, Germany), TGF-f1,
p-Smad3, Smad3, p-Smad2, Smad2, Smadl/5/8 (Abcam,
Cambridge, MA, USA), p-Smad1/5/8 (Cell Signaling, Danvers,
MA, USA), Atrogin-1, MuRF1 (ECM Biosciences, Versailles,
KY, USA), and B-actin (Santa Cruz Biotechnologies, Dallas, TX,
USA). Signals were visualized by incubating with horseradish
peroxidase-coupled secondary antibodies and an enhanced
chemiluminescence reagent (Thermo Scientific, Rockford, IL,
USA). Blots were stripped using Stripping Reagent (Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s
instructions and re-probed if necessary. Protein bands were
quantified using Image-Pro Plus 6.0 (Media Cybernetics, Rock-
ville, MD, USA); the strength of each protein signal was nor-
malized to the corresponding f-actin signal. Data are
expressed as percent of the expression in the control group.
For immunoprecipitation (IP), the gastrocnemius muscles
of WT mice were homogenized in a lysis buffer containing
50 mM Tris, pH 7.6, 100 mM NaCl, 1 mM dithiothreitol, 0.5%
Triton X-100, and protease inhibitor cocktail. Simultaneously,
5 ug of the mouse monoclonal antibody to Hjv or TPRII, or
non-specific mouse IgG diluted in 200 pL phosphate buffer sa-
line (PBS) with 0.01% Tween-20 was incubated with 50 pL
Dynabeads Protein A (Life Technologies, Carlsbad, CA, USA)
for 10 min at room temperature. The beads were then washed
twice followed by incubation with approximately 1 mg total
protein overnight at 4 °C with rotation. After washing three
times with PBS, the protein-bound beads were finally resus-
pended in 20 uL Elution Buffer and denatured in premixed
NuPAGE LDS Sample Buffer (Life Technologies, Carlsbad, CA,
USA). The samples were boiled at 95 °C for 5 min, and the su-
pernatant was loaded on the gel for immunoblotting.

Single myofibre isolation

Single myofibre isolation was performed as described in
Shefer et al.®* Briefly, WT mice were deeply anaesthetized
by intraperitoneal injection of pentobarbital sodium (80 mg/kg
body weight). The skin over the gastrocnemius muscle and
around the ankle was torn back to expose the Achilles
tendon, which was cut and used to pull up the gastrocnemius
muscle while trimming the fascia and connective tissue as
much as possible on either side. After rinsing the muscle in
PBS, the excised muscles were immediately transferred to
15 mL tubes containing digestion medium (DMEM sup-
plemented with 35 pg/mL glucose, 100 units/mL penicillin G,
100 pg/mL streptomycin, and 400 units/mL collagenase type
1) that was pre-warmed for at least 10 min. The digest mixture
was rocked for 1.5 h at 37 °C using a rotator and then 3—4 mL
was transferred to a series of 10 cm plates containing warm RV
medium (DMEM supplemented with 10% fetal bovine serum,
35 ug/mL glucose, 100 units/mL penicillin G, and 100 pg/mL
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streptomycin). Individual fibres were extracted using a pipette
and gently dispensed into the centre of a Matrigel (BD Biosci-
ences, Billerica, MA, USA) coated confocal dish. After culturing
in RV medium for 24 h, the myofibres were fixed by 2% form-
aldehyde for 5 min and then stained as described in the
succeeding text.

Immunostaining and trichrome staining

For immunostaining, C2C12 cells were fixed with 4% formalde-
hyde for 30 at 4 °C and then treated with 0.5% Triton-X 100 in
PBS for 5 min at room temperature. Then, cells were incu-
bated with a primary antibody against myosin (Hybridoma
Bank, IA, USA) or Flag (Abcam, Cambridge, MA, USA) at 4 °C
overnight, followed by incubation with the Alexa Fluor-594
or Alexa Fluor-488 (Life Technologies, Carlsbad, CA, USA) fluo-
rescent dye conjugated to an anti-mouse secondary antibody,
respectively. For each sample, more than eight fields per dish
were picked. Myofibres isolated were stained with primary an-
tibodies against Hjv (R&D Systems, Minneapolis, MN, USA)
and TBRIl (Merck, Darmstadt, Germany) at 4 °C overnight,
followed by incubation with the Alexa Fluor-488 (Life Technol-
ogies, Carlsbad, CA, USA) fluorescent dye conjugated to an
anti-goat secondary antibody and Alexa Fluor-594 (Life Tech-
nologies, Carlsbad, CA, USA) fluorescent dye conjugated to
an anti-rabbit secondary antibody. Cryosections of gastrocne-
mius muscles were fixed in 4% paraformaldehyde in PBS for
10 min at 4 °C and washed in PBS. After incubating for
30 min with 0.3% Triton X-100 in PBS, sections were then
blocked for 1 h in 5% goat serum in PBS. The cross-sectional
area of the gastrocnemius muscles was determined by immu-
nostaining with an anti-laminin antibody (Abcam, Cambridge,
MA, USA). The primary antibody was detected by Alexa
Fluor-594 (Life Technologies, Carlsbad, CA, USA) fluorescent
dye conjugated to an anti-rabbit secondary antibody. Photo
capture was performed using a Nikon laser microscope
(Eclipse E600, Nikon Instruments, Inc., Japan). Trichrome
staining was performed following the protocol of trichrome
stain (Masson) kit from Sigma-Aldrich (St. Louis, MO, USA).
To measure the fibre cross-sectional area and fibrosis area, im-
ages were captured manually to ensure that adjacent images
had slightly overlapping areas. Using Adobe Photoshop CS6
(Adobe Systems Inc.), these images were aligned so that iden-
tical areas overlapped and they could then be assembled into
one picture covering the entire muscle. The merged pictures
were directly analysed using Image-Pro Plus 6.0 (Media Cyber-
netics, Rockville, MD, USA). By performing Count/Size/Select
Colors/Segmentation, Image-Pro Plus 6.0 automatically traces
the fibre or fibrosis outlines based on a pixel classification
algorithm. In some cases, manual identification of the bound-
aries is necessary to delete false boundaries and draw missing
ones. The ‘Area’ parameter in the ‘Measurement’ property
function was selected to calculate the fibre cross-sectional
area and the fibrotic area.

In vivo transfection

Plasmid containing mouse Hjv CDS or control plasmid was eth-
anol precipitated and then resuspended in a 25% sucrose-
1 x PBS solution at 4 °C overnight. Prior to plasmid injection,
old WT mice at the age of 22—24 months were anaesthetized
with pentobarbital sodium (40 mg/kg). A syringe containing
20 pg/10 pL control or Hjv plasmid was inserted near the dis-
tal myotendinous junction and pushed along the longitudinal
axis of the left or right gastrocnemius muscle, respectively.
Young WT mice at the age of 2 months were used as control
mice. Plasmid was injected evenly throughout the longitudinal
axis of the muscle during syringe withdrawal. Electric pulses
(50 Volts/cm, 5 pulses, 200 ms intervals) were then applied
by two stainless steel spatula electrodes placed on each side
of the gastrocnemius muscle belly by using an ECM 830
electroporator (BTX, Holliston, MA, USA). Two weeks after in-
jections, the gastrocnemius muscles were removed and rap-
idly frozen in liquid nitrogen for subsequent use for RNA
isolation and protein extraction or embedded in tissue-
freezing medium and frozen in isopentane for sectioning and
subsequent immunohistochemistry analyses. The same proce-
dures were conducted on 5-week-old mdx (C57BL/10ScSn-
Dmdmdx/J) female mice and WT female control mice
(C57BL/10ScSn).

Statistical analysis

Data are presented as mean * SD. The two-tailed t-test was
used for comparison between two groups, and multi-group
comparisons were performed with one-way analysis of vari-
ance (ANOVA) test followed by Bonferroni post hoc test using
(GraphPad PRISM version 5.0, La Jolla, CA, USA). P values of
less than or equal to 0.05 were considered to be statistically
significant.

Results

Hjv deficiency results in myofibre atrophy, fibrosis,
and reduced exercise capacity

To characterize potential non-iron-related functions of Hjv in
skeletal muscle, we first performed systemic studies on Hjv
global knockout mice compared with their WT littermates.
Consistent with our previous reports,®*>* Hjv global knock-
out resulted in iron accumulation in the liver but not in skel-
etal muscles (Supporting Information, Figure S1). Although
va’/’ mice were indistinguishable in appearance from their
WT littermates 12 weeks after birth (Figure 1A), immuno-
staining for laminin in gastrocnemius cross sections clearly
showed decreased myofibre size in va’/’ mice (Figure 1B),
indicative of myofibre atrophy. Two well-known muscle-
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Figure 1 Hjv-deficient mice display myofibre atrophy, fibrosis, and impaired muscle performance. (A) Gross morphology and mean body weights of WT
and KO mice during the first 12 weeks after birth (n = 10). ND, not detected. (B) Immunostaining for laminin in muscle cross sections of WT and KO mice
and quantification of cross-sectional area (n = 5). Scale bars: 75 um. (C) qRT-PCR analyses of Atrogin-1 and MuRFI expression in muscles of WT and KO
mice (n =5). (D) Western blotting of Atrogin-1 and MuRF1 in muscles of WT and KO mice (n = 5). (E) Masson’s trichrome staining and quantification of
fibrosis area in muscle cross sections of WT and KO mice (n = 4). Scale bars: 100 pm. (F) qRT-PCR analysis of ColZa 1, ColZa2, and Col3a1 mRNA expression
in muscles of WT and KO mice (n = 3). (G) Exercise endurance of WT and KO mice was determined by running on a treadmill until exhaustion; running
distance (left) and time (right) are shown (n = 10). (H) Maximal tetanic forces of muscles isolated from WT and KO mice were measured during contin-
uous electrical stimulation (n = 10). All data are shown as mean * SD. P< 0.05, “p<0.01 by t-test. Hjv, hemojuvelin; KO, knockout; WT, wild-type.
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specific ubiquitin ligases, MAFbx (Atrogin-1) and muscle RING
finger protein 1 (MuRF1), were up-regulated at both mRNA
and protein levels in va’/’ mice (Figure 1C and D). In addi-
tion, the gastrocnemius muscle of va’/’ mice showed in-
creased fibrotic connective tissue in the interstitial spaces of
the muscle (Figure 1E). The mRNA levels of collagen type

Ial (Colial), collagen type 1a2 (CollaZ2), and collagen type
3a1 (Col3a1), typical markers of fibrosis, were significantly
higher in the muscles of va’/’ mice than in those of WT mice
(Figure 1F). These structural changes in va’/’ muscles led to
the decreased exercise capacity of va’/’ mice, as demon-
strated by reduced running time and distance. On average,
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va’/’ and WT mice ran to exhaustion for 126 and 144 min (P
= 0.01), corresponding to distances of 1541 and 1901 m, re-
spectively (P = 0.01) (Figure 1G). Maximal titanic force was
also reduced in va’/’ mice (P = 0.04) (Figure 1H). Taken to-
gether, Hjv appeared to be important for preventing muscle
atrophy, which was reflected at both structural and func-
tional levels.

To confirm that the muscle atrophy observed in Hjv global
knockout mice was due, at least in part, to the non-iron reg-
ulatory function of Hjv, we generated muscle-specific
Hjv knockout mice by crossing human alpha-skeletal actin-
Cre transgenic mice with mice bearing Hjv floxed alleles

(Hjv"/1*) We refer to these mice with deletion of Hjv in
skeletal muscle as MKO mice, and their littermate Hjv 1o%/flox
mice were used as the WT control. gRT-PCR confirmed the
absence of Hjv mRNA in the skeletal muscles of MKO mice
(Figure 2A), whereas Hjv expression was unchanged in the
other tissues examined, including heart, kidney, and liver
(Supporting Information, Figure S2).

Muscle-specific Hjv knockout mice were viable, fertile, and
of normal size and weight compared with their WT litter-
mates, and no mobility or behavioural deficits were observed.
However, like the va’/’ mice, the gastrocnemius muscle of
MKO mice exhibited atrophic myofibres and fibrosis

Figure 2 Muscle-specific deletion of Hjv results in myofibre atrophy, fibrosis, and impaired muscle performance. (A) gRT-PCR analysis of Hjv expression in
muscles from WT and MKO mice (n = 3). (B) Immunostaining for laminin in muscle cross sections of WT and MKO mice and quantification of cross-sectional
area (n = 5). Scale bars: 75 um. (C) gRT-PCR analyses of Atrogin-1 and MuRF1 expression in muscles of WT and MKO mice (n = 3). (D) Western blotting of
Atrogin-1 and MuRF1 in muscles of WT and MKO mice (n = 3). (E) Masson’s trichrome staining and quantification of fibrosis area in muscle cross sections of
WT and MKO mice (n = 4). Scale bars: 100 um. (F) gRT-PCR analysis of ColZa1, ColZa2, and Col3a1 mRNA expression in muscles of WT and MKO mice
(n = 3). (G) Exercise endurance of WT and MKO mice was determined by running on a treadmill until exhaustion; running distance (left) and time (right)
are shown (n = 10). (H) Maximal tetanic forces of gastrocnemius muscles isolated from WT and MKO mice were measured during continuous electrical
stimulation (n = 5). All data are shown as mean * SD. P< 0.05, “p<0.01 by t-test. Hjv, hemojuvelin, MKO, muscle-specific Hjv knockout; WT, wild-type.
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(Figure 2B and E), as well as increased expression of atrophy
and fibrosis markers (Figure 2C, D, and F). Consistent with the
structural changes, the running distance (P = 0.02), running
time (P = 0.02), and maximal tetanic force (P = 0.04) were re-
duced in MKO mice (Figure 2G and H). Notably, the specific
knockout of Hjv in skeletal muscle has no effect on whole-
body iron homeostasis.?*3° Therefore, these data demon-
strate that the structural and functional deficiency observed
in va’/’ and MKO mice resulted from the deletion of Hjv
in muscle and not the iron overload.

Hemojuvelin is significantly reduced in Duchenne
muscular dystrophy and aged muscles

To address whether HJV is involved in certain muscle-wasting
disorders, we searched the Gene Expression Omnibus (GEO)
database for the gene expression profiles of quadriceps mus-
cle biopsies from 10 DMD patients (mean age: 2.6 + 1.9 years)
and 11 unaffected controls (36.4% women, mean age:
8.7 + 10.4 years) (GEO ID: 4809984) (Figure 3A). We found
that in addition to several TGF-B/Smad pathway-related
genes, HJV was significantly reduced in DMD muscles
(Figure 3A). Moreover, muscular gene expression in young
(10 weeks) and aged (24 months) WT mice extrapolated from
the public database (GEO ID: 107050532) indicated that Hjv
expression was significantly reduced in aged muscles
(Figure 3B). To validate these gene expression results, we ex-
amined the HJV mRNA levels in muscles from DMD patients
(n = 3, mean age: 11.7 £ 5.7 years) and unaffected controls
(n = 3, mean age: 13 * 3 years) as well as in gastrocnemius
muscles from WT and mdx (DMD mouse model) mice. Fur-
thermore, muscle samples from young (n = 10, 20% women,
mean age: 26.9 + 6.9 years) and old (n = 10, 20% women,
mean age: 75.1 + 9.5 years) people as well as young
(2 months) and old (22-24 months) mice were examined.
gRT-PCR confirmed that H/V mRNA levels were significantly
reduced in dystrophic (Figure 3C and D) and aged muscles
(Figure 3F and G), and western blotting analyses demon-
strated that Hjv protein levels were also significantly de-
creased in muscles of mdx and aged mice (Figure 3E and H).

Hemojuvelin overexpression rescues dystrophic and
age-related muscle wasting

To address whether the loss of Hjv contributes to dystrophic
or aged muscle wasting, we carried out a set of rescue
experiments to determine whether the overexpression of
exogenous Hjv reverses DMD and age-related muscle
wasting. The Hjv overexpression plasmid was injected and
electroporated into the gastrocnemius muscles of mdx and
aged (22-24 months) mice. Fourteen days after electropora-
tion, muscles were harvested for analyses. Western blotting

confirmed the overexpression of exogenous Hjv in mdx and
aged muscles (Supporting Information, Figure S3A and B; Ta-
bles S5 and S6); mdx mice displayed a higher variation in
muscle fibre size, as indicated by a higher number of small
and large fibres compared with WT mice. However, the
mdx muscles transfected with Hjv displayed a lower variation
in fibre size and had fewer small and large fibres compared
with mdx alone (Figure 4A). In addition, muscles from mdx
mice typically showed obvious fibrosis in the interstitial
spaces, but overexpression of Hjv significantly suppressed fi-
brosis (Figure 4B, Supporting Information, Table S5). Consis-
tently, the up-regulated expression of fibrosis genes (ColZaZ,
Col1a2, and Col3a) in mdx muscles was inhibited by overex-
pression of Hjv (Figure 4C, Supporting Information, Table S5).
Dystrophic muscles are more vulnerable to being infiltrated
by adipocytes.®® To examine the effects of Hjv on adipogenesis
in mdx muscles, we measured the mRNA levels of fatty acid
binding protein 4 (Fabp4), adiponectin, and Pparyl. As ex-
pected, muscles of mdx mice expressed higher levels of Fabp4,
adiponectin, and PparyZ mRNA in comparison with WT mus-
cles, while overexpression of Hjv in mdx muscles significantly
reduced the expression of these three genes (Supporting In-
formation, Figure S4). A similar protective effect of Hjv was
also observed in aged mice. As shown in Figure 5 and
Supporting Information, Table S6, the myofibre atrophy and fi-
brosis in aged muscles were alleviated by Hjv overexpression.
Together, these data suggested that Hjv sufficiently sup-
presses DMD and age-related muscle wasting.

Lack of hemojuvelin enhances the transforming
growth factor-f1 signalling pathway in vivo and
in vitro

Previous studies identified Hjv as a BMP coreceptor required
for BMP-mediated p-Smad1/5/8 activation. We therefore in-
vestigated whether the effect of Hjv on muscle was associ-
ated with altered BMP signalling. Gastrocnemius muscles
from WT and va’/’mice were isolated and analysed by
western blotting. Unexpectedly, Hjv deficiency did not affect
p-Smad1/5/8 expression but up-regulated TGF-B1, TBRII, and
p-Smad2/3 expression compared with that in WT littermates
(Figure 6A). We next constructed short hairpin RNA (shRNA)
plasmids specifically against Hjv, of which the highest knock-
down efficiency was selected for subsequent experiments
(Supporting Information, Figure S5). As shown in Figure 6B,
Hjv knockdown in C2C12 cells resulted in up-regulation of
TGF-B1, TBRII, and p-Smad2/3 expression, while no changes
in the expression of p-Smad1/5/8 were observed. Moreover,
C2C12 cells transfected with Hjv shRNAs formed fewer and
smaller myotubes than those transfected with control
shRNA, with concomitant higher expression of atrophy genes
(Atrogin-1 and MuRF1) (Supporting Information, Figure S6).
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Figure 3 Decreased expression of HJV in DMD and aged muscles. (A) Heatmap of the gene expression of TGFBR1, TGFB2, SMAD5, SMAD4, SMADZ2,
SMAD1, SLC40A1, HJV, and CD36 was created based on published gene expression profiles of quadriceps muscles from patients with DMD (n = 10)
and unaffected controls (n = 11). (B) Heatmap of the gene expression of Tgfbr1, Tgfb2, Smad5, Smad4, Smad2, Smad1, Slc40a1, Hjv, and CD36 was
created based on published gene expression profiles of skeletal muscles from young and aged mice (n = 3). (C) qRT-PCR analysis of HJV expression
in muscles from patients with DMD and unaffected controls (n = 3). (D) gRT-PCR analyses of Hjv in muscles of WT and mdx mice (n = 3). (E) Western
blotting of Hjv in muscles of WT and mdx mice (n = 4). (F) gRT-PCR analysis of HJV expression in muscles of young and aged humans (n = 10). (G) gRT-
PCR analyses of Hjv expression in muscles of young and aged WT mice (n = 3). (H) Western blotting of Hjv in muscles of young and aged WT mice
(n = 4). All data are shown as mean +* SD. P < 0.05, p <001 by t-test. DMD, Duchenne muscular dystrophy; HJV, hemojuvelin.
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The up-regulation of TGF-B1, TPRII, and p-Smad2/3 in Hjv-
deficient muscle raises the question of whether loss of Hjv ag-
gravates the activation of downstream signalling by exoge-
nous TGF-B1. We therefore transfected C2C12 cells with
control or Hjv shRNA, in combination with a Smad-responsive
CAGA luciferase reporter (CAGA-Luc). The transfected cells
were then incubated with or without TGF-B1. As expected,
Hjv knockdown increased the basal levels of p-Smad3 and
CAGA luciferase activity in the absence of TGF-B1 (Figure 6C
and D). p-Smad3 was quickly activated by TGF-B1, and this ac-
tivation was further enhanced in C2C12 cells transfected with
Hjv shRNA (Figure 6C). In agreement with western blotting re-
sults, TGF-B1 increased CAGA luciferase activity, and the in-
crease in CAGA luciferase activity induced by TGF-f1 was
more evident in C2C12 cells transfected with Hjv shRNA

(Figure 6D). These data clearly demonstrate that loss of Hjv
enhances TGF-f1 signalling in skeletal muscle.

Hemojuvelin overexpression inhibits transforming
growth factor-f1 signalling in vivo and in vitro

To examine whether Hjv overexpression was sufficient to in-
hibit the activation of TGF-f1 signalling in muscle, we
transfected C2C12 cells with CAGA-Luc in combination with a
plasmid encoding the mouse Hjv coding sequence or empty
plasmid (Supporting Information, Figure S7). Transfected cells
were then treated with or without TGF-f1. As shown in Figure
7A, Hjv overexpression reduced the basal levels of p-Smad3
and CAGA luciferase activity in the absence of TGF-f1. Of note,
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Figure 4 Hjv overexpression ameliorates dystrophic muscle wasting. (A) Immunostaining for laminin in muscle cross sections of WT and mdx mice
transfected with control (mdx) or Hjv overexpression (mdx+Hjv) plasmids and the distribution plot of myofibre cross-sectional area (n = 3). Scale bars:
100 um. (B) Masson’s trichrome staining and quantification of fibrosis area in muscle cross sections from the transfected muscles as shown in (A)
(n = 4). Scale bars: 100 um. (C) gqRT-PCR analysis of ColZai, ColZa2, and Col3aZ mRNA levels expression in the transfected muscles shown in (A)

(n = 4). All data are shown as mean +* SD. “p < 0.01, p < 0.05, #p < 0.01 by one-way analysis of variance. Hjv, hemojuvelin; WT, wild-type.
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the up-regulation of p-Smad3 and CAGA luciferase activity in-
duced by TGF-1 were also significantly attenuated in C2C12
cells transfected with Hjv (Figure 7B).

Activation of TGF-B1 signalling is closely associated with
structural and functional changes in dystrophic and aged
muscles. Thus, we determined whether the protective ef-
fect of Hjv overexpression on dystrophic and aged muscles
could be attributed to the inhibition of TGF-B1 signalling. As
shown in Figure 7C and D, p-Smad3 was activated in dys-
trophic and aged gastrocnemius muscles compared with
control muscles. When Hjv was overexpressed in mdx and
aged muscles, p-Smad3 activation was eliminated
(Figure 7C and D). Together, these results indicate that

Hjv overexpression is sufficient to inhibit TGF-1 signalling
in muscles.

Hemojuvelin acts as a coreceptor for transforming
growth factor-f§ receptor Il in skeletal muscle

Transforming growth factor-f receptor Il resides on the cell
membrane and is critical for mediating intracellular signalling
transduction by TGF-B family members. To determine
whether the Hjv protein interacts with TGF-B receptors, we
performed immunofluorescence using isolated myofibres
from WT mouse gastrocnemius muscles. Our results showed
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Figure 5 Hjv overexpression attenuates age-related muscle wasting. (A) Immunostaining for laminin in muscle cross sections of young and old mice
transfected with control (Old) or Hjv overexpression (Old+Hjv) plasmids and quantification of cross-sectional area (n = 3). Scale bars: 100 um. (B)
Masson’s trichrome staining and quantification of fibrosis area in muscle cross sections from the transfected muscles as shown in (A) (n = 4). Scale
bars: 100 um. (C) qRT-PCR analysis of ColZa1, ColZa2, and Col3a1 mRNA expression in the transfected muscles shown in (A) (n = 4). All data are shown
asmean£SD. P < 0.01, *p < 0.05, *p < 0.01 by one-way analysis of variance. Hjv, hemojuvelin.
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the co-localization of Hjv and TBRIl on the myofibre mem-
brane (Figure 8A). In addition, co-IP experiments further con-
firmed that Hjv directly interacts with TBRII in murine skeletal
muscle (Figure 8B). Thus, we concluded that Hjv inhibits TGF-
B1 signalling by interacting with T(RII.

Discussion

Hemojuvelin (HJV) is a member of the RGM family that local-
izes on the cell membrane. As a coreceptor for BMP, Hjv ac-
tivates hepcidin expression in the liver via the BMP-SMAD
signalling pathway.*®%? In the clinic, disease-associated HJV

mutations result in juvenile hemochromatosis.>>"*® Previ-
ous studies have shown that Hjv is expressed in skeletal mus-
cle, heart, and liver, with the highest expression being
observed in skeletal muscle.?* Hjv deficiency in murine skele-
tal muscle reportedly does not affect systemic iron homeo-
stasis.>**° However, whether Hjv plays a role in skeletal
muscle remains largely unclear.

In this study, we found that Hjv deficiency in skeletal mus-
cle resulted in myofibre atrophy, fibrosis, and reduced muscle
force and exercise capacity. Muscle fibrosis in va’/’ or MKO
mice may compensate for the loss of myofibre size hence the
reason muscle mass was not decreased in va’/’ or MKO
mice (data not shown). Our findings seem to contradict the
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Figure 6 Hjv deficiency promotes activation of the TGF-B1/Smad3 signalling pathway in muscle. (A) Western blotting of the indicated proteins in mus-
cles of WT and KO mice (n = 4). (B) Western blotting of the indicated proteins in C2C12 myotubes transfected with either Hjv shRNA or control shRNA
(n =4). (C) C2C12 cells were transfected with either Hjv shRNA or control shRNA. Forty-eight hours post-transfection, C2C12 cells were incubated in the
absence or presence of 2 ng/mL TGF-B1 for 12 h. Smad3 and p-Smad3 were then detected by western blotting (n = 3). (D) C2C12 cells were transfected
with a CAGA-Luc and a control pRL-TK, together with either Hjv shRNA or control shRNA. Forty-eight hours post-transfection, cells were incubated in
the absence or presence of 2 ng/mL TGF-B1 for 12 h before cell lysates were analysed for luciferase activity. Relative luciferase activity was calculated
as the ratio of firefly to Renilla luciferase activity (n = 6). All data are shown as mean * SD. P< 0.05, “p< 0.01, P < 0.01 by t-test (A, B) or one-way
analysis of variance (C, D). Hjv, hemojuvelin; KO, knockout; TGF-B1, transforming growth factor-pf1; WT, wild-type.
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Figure 7 Hjv overexpression inhibits the activation of TGF-B1/Smad3 signalling in muscle. (A) C2C12 cells were transfected with either a control or Hjv
overexpression plasmid. Forty-eight hours post-transfection, C2C12 cells were incubated in the absence or presence of 2 ng/mL TGF-B1 for 12 h. Smad3
and p-Smad3 were then detected by western blotting (n = 3). (B) C2C12 cells were transfected with a CAGA-Luc and a control pRL-TK, together with
either a control or Hjv overexpression plasmid. Forty-eight hours post-transfection, cells were incubated in the absence or presence of 2 ng/mL TGF-1
for 12 h before cell lysates were analysed for luciferase activity. Relative luciferase activity was calculated as the ratio of firefly to Renilla luciferase
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Figure 8 Hjv directly interacts with TBRIl on the muscle membrane. (A) Representative immunofluorescence micrographs demonstrating co-localiza-
tion of Hjv and TPRIl on myofibre membranes isolated from the muscles of WT mice (n = 4). The lower panel (scale bar: 25 um) shows magnified images
of the upper panel (scale bar: 50 um). (B) Co-immunoprecipitation analysis of Hjv and TBRII in the muscles of WT mice (n = 4). Hjv, hemojuvelin; IB,
immunoblotting; IP, immunoprecipitation; TBRII; TGF-B receptor II; WT, wild-type.
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fact that patients with H/V mutations rarely develop skeletal
muscle complaints. As suggested by a recent study reporting
variable expressivity of H/V-related hemochromatosis in pa-
tients, the symptoms associated with mild and/or late-onset
HJV hemochromatosis may have been overlooked because
of the relatively small number of cases analysed, mixed geno-
types, and/or missing data in patients’ medical history.
Therefore, the clinical presentation of HJV hemochromatosis
could change significantly, and the currently recognized com-
mon complications may be encountered less frequently. For
example, a 30-year-old female patient with compound het-
erozygous G320V and C321W HJV mutations was diagnosed
when she presented with progressive fatigue and early onset
menopause.’® Although excessive iron accumulated in the
liver of va’/’ mice, we can rule out an association between
iron overload and the structural changes in Hjv-deficient

muscles based on several key observations. First, we de-
tected the ex vivo maximal titanic force of muscles from
va’/’ mice and their WT littermates, revealing reduced max-
imal titanic force in va’/’ mouse muscles. Notably, the iron
content was unchanged in va’/’ muscles.?* Second, MKO
mice presented structural and functional deficiencies similar
to those observed in va’/’ mice, with no alterations in se-
rum iron content or skeletal muscle.>**° Finally, C2C12 myo-
blasts transfected with Hjv shRNAs also formed fewer and
smaller myotubes than those transfected with a control
shRNA, with higher expression of Atrogin-1 and MuRF1 being
observed. Therefore, for the first time, we reveal a previously
unrecognized non-iron regulatory function of Hjv in maintain-
ing muscle structure and function.

Hjv was third RGM family member to be characterized and
is thus also known as RGMc. Previous data showed that Hjv
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functions as a coreceptor for BMPs in the liver and enhances
classical BMP signalling.*®?%?3 The absence of Hjv results in
the reduced expression of phosphorylated Smad1/5/8 in the
va’/’ liver.?? These data led us to examine whether the
muscle wasting and dysfunction observed in va’/’ mice
was because of impaired BMP signalling in va’/’ muscles.
Unexpectedly, the lack of Hjv did not affect p-Smad1/5/8
expression in muscles but up-regulated TGF-f1, TBRII, and
p-Smad2/3 expression. Our in vitro experiments confirmed
that loss of Hjv not only increased basal levels of p-Smad3
and CAGA luciferase activity in C2C12 cells but also aug-
mented the activation of Smad3 signalling induced by TGF-3
1. In contrast, Hjv overexpression was sufficient to inhibit
TGF-B1/Smad3 signalling in vivo and in vitro. Thus, it is plausi-
ble to conclude that Hjv functions as an inhibitor for TGF-f1
signalling in skeletal muscle. In DMD and aged muscles,
TGF-B1 was up-regulated, with a concomitant decrease in
Hjv. The loss of Hjv may increase the sensitivity of muscle
cells to TGF-B1, leading to greater activation of downstream
Smad3 signalling and thereby promoting the pathogenesis
of these muscle-wasting disorders.

Mammals express over 40 TGF-f family members but only
five type | receptors and seven type Il receptors.**** The re-
ceptors, especially type Il receptors, determine the specificity
of binding with TGF-B family members, which require associ-
ation with some accessory coreceptors.*®**! Thus, the iden-
tification of coreceptors for TGF-f signalling is critical for
specifically regulating this pathway. Betaglycan, epidermal
growth factor-cripto-1/FRL-1/cryptic proteins, and the RGM
family of GPl-anchored proteins represent three different
coreceptors for TGF-B signalling.**™*° Interestingly, some
coreceptors induce totally different effects by mediating in-
teractions between different TGF- ligands and their respec-
tive receptors. For example, betaglycan serves as a TGF- Rl
and facilitates the interaction of TPRIl with TGF-2, thus
maximizing TGF-B signalling.?? Betaglycan also acts as a
coreceptor for inhibin, a molecule known as an activin antago-
nist.**** Given that both TGF-B and activin initiate the Smad2/3
pathway, betaglycan can exert opposing effects on Smad2/3
activation. The loss of Hjv results in the alteration of distinct
downstream signalling pathways in the liver and muscle; we
speculate that Hjv possesses functional properties similar to
those of betaglycan by acting as a coreceptor for distinct recep-
tors. This notion is supported by our immunostaining and IP ex-
periments, which show that Hjv and TPRII are co-localized and
interact at the myofibre membrane. It had been reported that
Hjv could interact with several types of receptors. For example,
Hjv activates BMP signalling by binding with BMP type | recep-
tor.?? In hepatoma-derived cells, Hjv forms a multi-protein
membrane complex with the hemochromatosis protein and
transferrin receptor 2.%° Recently, we found that Hjv can inter-
act with interleukin 12 receptor subunit beta 1.* In this study,
our results provide the first evidence that Hjv serves as a
coreceptor for TBRII in skeletal muscle, conferring an additional

layer of regulation to control TGF-B1 signalling. Further work is
needed to determine the precise mechanism by which Hjv in-
hibits TGF-B1 signalling in skeletal muscle. Hjv likely interferes
with the interaction between TGF-f ligands and TBRII. Alterna-
tively, Hjv may competitively interact with TBRII, impairing the
recruitment and activation of type | receptors.

Muscle wasting resulting from physiological (ageing) and
pathological (DMD) conditions has been recognized as a ris-
ing major risk factor for adverse health outcomes, warranting
detailed studies on the molecular pathogenesis of metabolic
and contractile dysregulation in the aged or dystrophic mus-
cular system.” The TGF-B1/Smad signalling pathway is known
as a central pathway associated with multiple types of mus-
cle disorders, including dystrophic and age-related muscle
wasting.”® TGF-B1 was remarkably up-regulated in the mus-
cles of DMD patients and mdx mice and contributed to dis-
ease progression by promoting fibrosis formation.”* In
aged muscles, excessive TGF-B1 is produced, inducing unusu-
ally high levels of TGF-B1/p-Smad3 in resident satellite cells
and impairing their regenerative capacity.> Therefore, the
inhibition of TGF-B1 signalling has been investigated as a
treatment option for muscle-wasting disorders.*’"*® For ex-
ample, the inhibition of TGF-1 signalling by losartan treat-
ment had dramatically beneficial effects on sarcopenic
muscle by improving the regeneration after injury.* Inhibi-
tion of TGF-P1 ligands in mouse models of muscular dystro-
phy has been shown to variously reduce muscle fibrosis
and increase mass and strength.>® However, TGF-B1 signalling
is found ubiquitously throughout the body, and disruption of
this pathway is thus associated with several disease conditions,
such as pathological cardiac diseases, bone, and connective tis-
sue disorders.”*>*%1 precise manipulation of this pathway is
therefore necessary to avoid unexpected side effects. Given
its relatively high expression in skeletal muscle coupled with
its inhibitory effect on TGF-B1 signalling, HIV may serve as an
ideal target for regulating TGF-B1 signalling in skeletal muscle
with high spatiotemporal resolution. In this study, we found
that Hjv expression was reduced in both aged and dystrophic
muscles. Moreover, overexpressing Hjv in the muscles of aged
and mdx mice reversed the up-regulation of TGF-f1/p-Smad3
and significantly reduced both fibrosis and muscle wasting.
These data provide compelling evidence in support of HIV as
a potential therapeutic target for treating muscle-wasting dis-
orders, especially DMD. Although various gene-based therapies
(such as exon-skipping, gene transfer, or gene editing) have
been developed to restore a functional dystrophin in DMD
muscles, the fibrosis induced by TGF-1 can severely compro-
mise the efficacy of these therapies by limiting access of the
therapeutic vectors to dystrophic muscles.’>>* To overcome
this limitation, ‘combined therapies’ including both a therapy
to correct the genetic defect and an additional one to improve
the status of recipient muscle have been proposed recently.”*
The protective effects of Hjv on dystrophic muscles indicate
that pretreating dystrophic muscles with a HJV expression
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vector may maximize the efficacy of gene-based approaches by
reducing the fibrosis, thereby allowing the use of lower and
safer vector doses to achieve a therapeutic expression level of
dystrophin. This would ultimately lower the costs and potential
toxicity. Future studies are warranted to better understand the
precise mechanism of HJV in the maintenance of muscle func-
tion and to develop potent and safe HJV agonists against mus-
cle dystrophy and atrophy.

In summary, we revealed an unrecognized function of HJV
in the maintenance of skeletal muscle health. As shown in

Figure 9, under normal physiological conditions, HJV inhibits
TGF-B1 signalling in skeletal muscle by interacting with TPRII.
In dystrophic and aged muscles, excessive TGF-B1 is produced
while HJV is decreased. More TGF-B1 binds with TBRII, leading
to greater activation of downstream Smad3 signalling and
exacerbating the pathogenesis of these muscle-wasting
disorders. Taken together, our data functionally define the
HJV-TBRII-Smad3 signalling cascade as a novel therapeutic
target to improve the quality of life in both aged populations
and patients with muscle dystrophy, such as DMD.

Figure 9 Schematic diagram depicting the role of HJV in TGF-B1/Smad3 signalling in skeletal muscle. TGF-B1 signals through binding with TBRII. The
type Il receptor then transphosphorylates the type | receptor (TPRI), which subsequently transduces the signal by phosphorylating Smad2 and Smad3,
allowing them to form a heterooligomeric complex with a common partner (co)-Smad (Smad4). The complex translocates to the nucleus, where it in-
teracts directly with the Smad binding element (SBE) and regulates expression of target genes. Under normal physiological conditions, HJV interferes
with the interaction between TGF-B1 and TBRII or impairs the activation of TBRI by competitive binding with TBRII to avoid over-activation of TGF-f1
signalling. In dystrophic or aged muscles, excessive TGF-f1 is produced while HJV is decreased. More TGF-B1 binds with TBRII, thereby leading to
greater activation of downstream Smad3 signalling and exacerbating the pathogenesis of these muscle-wasting disorders. Arrow thickness represents
different degrees of activation of TGF-B1 signalling. HJV, hemojuvelin; TGF-1, transforming growth factor-p1.
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Figure S1. Quantification of non-heme iron concentration in
tissues of WT and va’/’ mice. Non-heme iron concentration
in liver and skeletal muscle of WT (n = 9) and va’/’ (n=4)
mice was measured by the ferrozine assay and results were
expressed as micrograms of iron per gram of wet tissue
weight. All data are shown as mean * s.d. **P < 0.01 by
t-test.

Figure S2. Validation of skeletal muscle-specific Hjv knockout
mice. Hjv mRNA levels was measured in heart, kidney and
liver from WT and MKO mice by gRT-PCR (n = 3). All data
are shown as mean = s.d.

Figure S3. Overexpression of Hjv in mdx and aged muscles.
(A) Western blotting of Hjv expression in the muscles of WT
and mdx mice transfected with a control (mdx) or Hjv overex-
pression (mdx + Hjv) plasmid (n = 4). (B) Western blotting of
Hjv expression in the muscles of young and old mice
transfected with a control (Old) or Hjv overexpression (Old+
Hjv) plasmid (n = 4). All data are shown as mean % s.d.
**p < 0.01, *P < 0.05, ¥P < 0.01 by one-way ANOVA.
Figure S4. Hjv overexpression inhibits adipogenesis in dystro-
phic muscles. gRT-PCR analysis of Fabp4, adiponectin, and
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