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Abstract

Background Sarcopenia and osteoporosis frequently co-occur in the elderly and have common pathophysiological
determinants. Slit guidance ligand 3 (SLIT3) has been recently discovered as a novel therapeutic factor against osteo-
porosis, and a SLIT3 fragment containing the second leucine-rich repeat domain (LRRD2) had a therapeutic efficacy
against osteoporosis. However, a role of SLIT3 in the skeletal muscle is unknown.

Methods  Skeletal muscle mass, strength, and/or physical activity were evaluated in Slit3~/~, ovariectomized, and
aged mice, based on the measurements of muscle weight and grip strength, Kondziella’s inverted hanging test,
and/or wheel-running test. Skeletal muscles were also histologically evaluated by haematoxylin and eosin staining
and/or immunofluorescence. The ovariectomized and aged mice were intravenously injected with recombinant SLIT3
LRRD2 for 4 weeks. C2C12 cells were used to know cellular effects of SLIT3, such as in vitro myogenesis, fusion, cell
viability, and proliferation, and also used to evaluate its molecular mechanisms by immunocytochemistry, immunopre-
cipitation, western blotting, real-time PCR, siRNA transfection, and receptor-ligand binding ELISA.

Results  Slit3-deficient mice exhibited decreased skeletal muscle mass, muscle strength, and physical activity. The rel-
ative masses of gastrocnemius and soleus were lower in the Slit3™~ mice (0.580 = 0.039% and 0.033 + 0.003%, re-
spectively) than those in the WT littermates (0.622 = 0.043% and 0.038 = 0.003%, respectively) (all, P < 0.05).
Gastrocnemius of Slit3~~ mice showed the reduced number of Type I and Type Ila fibres (all, P < 0.05), but not of Type
IIb and Type IIx fibres. SLIT3 activated B-catenin signalling by promoting its release from M-cadherin, thereby increas-
ing myogenin expression to stimulate myoblast differentiation. In vitro experiments involving ROBO2 expression,
knockdown, and interaction with SLIT3 indicated that ROBO2 functions as a SLIT3 receptor to aid myoblast differen-
tiation. SLIT3 LRRD2 dissociated M-cadherin-bound f-catenin and up-regulated myogenin expression to increase myo-
blast differentiation, in a manner similar to full-length SLIT3. Systemic treatment with SLIT3 LRRD2 increased skeletal
muscle mass in both ovariectomized and aged mice (all, P < 0.05). The relative masses of gastrocnemius and soleus
were higher in the treated aged mice (0.548 = 0.045% and 0.033 + 0.005%, respectively) than in the untreated aged
mice (0.508 = 0.016% and 0.028 = 0.003%, respectively) (all, P < 0.05). SLIT3 LRRD2 treatment increased the hang-
ing duration of the aged mice by approximately 1.7-fold (P < 0.05).

Conclusions SLIT3 plays a sarcoprotective role by activating -catenin signalling. SLIT3 LRRD2 can potentially be used
as a therapeutic agent against muscle loss.
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Introduction

Sarcopenia is characterized by the progressive and general
loss of skeletal muscle mass and strength.! No anti-
sarcopenic drug has been approved, and several that act on
known therapeutic targets are currently under development.
But most are not effective enough, or the developments have
been stopped owing to their adverse effects.> Therefore, a
new therapeutic target for sarcopenia should be identified.

Slit guidance ligand (SLIT) proteins have been identified as
the key regulators of many cellular processes.>* Recently,
we identified SLIT3 as a novel anti-osteoporotic factor using
a proteomic approach.® Bones and muscles are closely re-
lated, both anatomically and functionally, and it is known
that sarcopenia and osteoporosis have common pathophys-
iological determinants.® Moreover, osteoblasts and myo-
blasts, which orchestrate bone formation and myogenesis,
respectively, have a common origin. Therefore, the same
factors may simultaneously play a critical role in osteogene-
sis and myogenesis, and we hypothesized that SLIT3 also
plays a critical role in the skeletal muscle tissue. Further,
previous studies have shown that SLIT3 receptors, that is,
roundabout (ROBO) family proteins, are expressed in the
skeletal muscle,”® and Slit3-deficient mice are known to ex-
hibit impaired diaphragmatic muscle development.® How-
ever, to our knowledge, a role of SLIT3 in the skeletal
muscle has not been studied until now. In the present study,
we provide experimental evidence—including the results of
gene deletion analysis and recombinant SLIT3 fragment
treatment—to show that SLIT3 promotes myoblast differen-
tiation and thus can serve as a novel therapeutic target for
sarcopenia.

Materials and methods
SLIT3 LRRD2

For bacterial expression, oligonucleotides corresponding to
the human SLIT3 leucine-rich repeat domain 2 (LRRD2)
sequence, an N-terminal cystatin signal sequence, and a
C-terminal FLAG tag were synthesized chemically as previ-
ously described with minor modifications.> For mammalian
expression, SLIT3 LRRD2 was produced by transfecting
Expi293F cells (Life Technologies, Carlsbad, CA, USA) with
the expression construct, according to the manufacturer’s
instructions. For further details, refer to the Supporting
information.

Animals

Animal experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of the Asan Institute
for Life Sciences (No. 2015-12-073 and No. 2016-12-035).
Cryopreserved  Slit3™ P /Mmmh  sperm (030759-MU,
Mutant Mouse Regional Resource Center, Columbia, MO)
was resuscitated by in vitro fertilization with female C57BL/
6N mouse (Orient Bio Inc., Seongnam, South Korea).” The
heterozygotes were crossed to generate Slit3™ /~ mice and
their wild-type (WT) littermates. PCR-based genotyping was
performed. Female C57BL/6 mice were bilaterally ovariecto-
mized at 8 weeks of age. Once the mice reached 9 weeks of
age, they were injected with 10-pg SLIT3 LRRD2 or phos-
phate-buffered saline (PBS) through the tail vein once a day
for 5 days a week for a total of 4 weeks. Male C57BL/6 mice
at 18 months of age were also intravenously injected with
5 pg SLIT3 LRRD2 or PBS two times a day for 5 days a week
for a total of 4 weeks. Six-month—old male C57BL/6 mice were
used as young controls. All mice were provided ad libitum ac-
cess to rodent chow and water and were euthanized by cardiac
puncture under anaesthesia. For further details, refer to the
Supporting information.

Cell culture

C2C12 cells, HEK293 cells, HepG2, MCF-7, and MC3T3-E1
were purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). For further details, refer to the
Supporting information.

Body composition and relative muscle mass

Body composition was measured using Dual-energy X-ray
absorptiometry (Lunar PIXImus, General Electric, Fitchburg,
WI, USA). Body composition was expressed as the lean mass
and the percentage of fat mass. At the time of euthanization,
the gastrocnemius (GC), tibialis anterior (TA), extensor
digitorum longus (EDL), and soleus (SOL) muscles were
isolated, weighed, and fixed with 4% paraformaldehyde.
Relative muscle mass was calculated as follows: relative
muscle mass (%) = 100 x muscle weight + body weight.*®

Measurement of muscle strength and physical
activity

Muscle strength was measured using Kondziella’s inverted
screen test.!? Briefly, the mice were placed on a wire mesh
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screen, and the screen was inverted. Muscle strength was
calculated by measuring the hanging duration. Alternatively,
the grip strength of the forelimb or four paws was measured
using a digital grip strength meter (Jeungdo Bio & Plant Co.,
Seoul, South Korea). The mean of the peak force (N) of five
trials was calculated. Physical activity was measured using a
voluntary wheel-running test. The distance of voluntary
running per day was calculated using the running wheel
system (Starr Life Sciences Corp, Oakmont, PA, USA). The
wheel-running activity of each mouse was monitored for
4 days.

Haematoxylin and eosin staining and
immunofluorescence

The muscle tissues (10 pm-thick) were prepared using the
CM1860 cryostat (Leica Microsystems, Wetzlar, Germany)
and were stained with haematoxylin and eosin (H&E). For
performing immunofluorescence (IF), the frozen sections
were probed overnight with the primary antibody cocktail so-
lution containing three isoform-specific antibodies (Type |,
Type lla, and Type llIb). For further details, refer to the
Supporting information.

Immunocytochemistry

C2C12 cells were cultured in DMEM supplemented with 2%
horse serum for 2 or 3 days. The cells were fixed, perme-
abilized, and blocked with 2% bovine serum albumin (BSA)
for 1 h. The cells were immunostained with antibodies
against MyHC or myogenin, and nuclei were counterstained
with DAPI. The number and area of MyHC™ myotubes were
quantified in six random high-power fields (100x) per group.
Fusion index (%) was calculated as follows: 100 x number of
nuclei in MyHC" myotubes/total number of nuclei in MyHC"
myocytes and myotubes.

Immunoprecipitation and Western blotting

Cytosolic fractions and nuclear extracts were prepared using
a NE-PER kit (Pierce, Rockford, IL, USA) according to the man-
ufacturer’s instructions. For immunoprecipitation (IP), cells
were lysed in a lysis buffer [20-mM Tris (pH 7.5), 150-mM
NaCl, 1-mM EDTA, 1% Triton X-100, 2.5-mM sodium pyro-
phosphate, 1-mM B-glycerophosphate, 1-mM Na3VO,, 1-
mM NaF, and a protease inhibitor mixture]. Cell lysates were
precleared using protein A Sepharose beads (GE Healthcare,
Piscataway, NJ, USA) and then incubated with anti-M-
cadherin antibody at 4°C for 1 h. Next, protein A Sepharose
beads were added to the lysates and incubated at 4°C for
1 h. Western blotting was performed using the primary

antibodies listed in Table S1. For further details, refer to the
Supporting information.

RNA interference and TOP/FOP-flash reporter
assay

C2C12 cells were transfected with 20-pmol small interfering
RNAs (siRNAs) for 24 h using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). For the reporter assay, C2C12 cells were
co-transfected with a TOP/FOP-flash reporter plasmid (pro-
vided by Dr Aimee D. Kohn, SCCA Evergreen Health, Kirkland,
WA, USA) and a control reporter plasmid pRL-TK (Promega,
Madison, WI, USA) for 24 h using Lipofectamine 2000,
followed by treatment with or without 1-pg/mL SLIT3 for
24 h. For further details, refer to the Supporting information.

Semiquantitative RT-PCR and real-time PCR

Total RNA was isolated using TRIzol™ reagent (Invitrogen), and
cDNA was synthesized using Superscript® Il First-Strand Syn-
thesis System (Invitrogen), according to the manufacturer’s
instructions. Primer sequences for semiquantitative RT-PCR
are listed in Table S2. Real-time PCR was performed on
LightCycler 480® (Roche, Mannheim, Germany), using
LightCycler® 480 SYBR Green | Master Mix (Roche). Primers
used for real-time PCR are listed in Table S3. The TagMan
probes (Invitrogen) of Mm00483191_m1, Mm01162497_m1,
MmO00483039_m1, and Hs03928990 g1 were used to investi-
gate the expression of M-cadherin, N-cadherin, Ctnnb1, and
18S rRNA, respectively.

Receptor-binding assay

Receptor-binding assay was performed as described
previously.® Briefly, the indicated amounts of the C2C12 cell
lysates were exposed to SLIT3 or BSA by incubating them in
10 pg/mL SLIT3- or BSA-coated wells for 2 h. The plate was
washed and blocked with 1% BSA in PBST and was incubated
with antibodies against Robol or Robo2 for 2 h. The
colorimetric signal was generated using the HRP-TMB
(3,37,5,5/-tetramethylbenzidine) system.

Statistical analysis

In vitro data are expressed as mean * standard error of at
least three independent experiments in triplicate to show
an uncertainty of mean estimator. Animal works are
expressed as mean + standard deviation to show its disper-
sion, and provided individual values within the bar graphs.
Differences between two groups were examined using an
unpaired t test, and differences among three or more groups
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were examined using the Kruskal-Wallis test followed by
Bonferroni correction. All statistical analyses were performed
using SPSS software, version 21.0 (Chicago, IL, USA), and
P < 0.05 was considered significant.

Results
Skeletal muscle alterations in Slit3-deficient mice

The body weight of male S/it3”~ mice was lower than that of
the wild-type (WT) littermates (Figure 1A). Dual-energy X-ray
absorptiometry showed that lean mass was significantly
lower in the S/it3~ mice than that in the WT littermates;
however, no difference was observed in the fat mass (Figure
1B). Slit3~/~ mice had significantly lower all muscle weights
than the WT littermates (Figure 1C). Further, the relative
masses of the GC and SOL muscles were significantly lower
in the SIit3~ mice (0.580 + 0.039% and 0.033 + 0.003%, re-
spectively) than those in the WT littermates (0.622 + 0.043%
and 0.038 * 0.003%, respectively) (all, P < 0.05) (Figure 1D).
Skeletal muscle strength and physical activity were evaluated
using grip strength (Figure 1E) and wheel-running tests
(Figure 1F), respectively. Slit3/~ mice exhibited a significant
decrease in the grip strengths in the forelimb and four
paws, and they also ran a shorter distance compared with
their WT littermates. Female Slit3 7/~ mice, similar to male
Slit3™~ mice, had lower muscle weight and grip strengths,
and ran shorter distances than their WT littermates
(Figure S1). These results suggest that SLIT3 may be an essen-
tial factor for maintaining the skeletal muscle mass, strength,
and physical activity.

Next, the tissue architecture of the GC muscle of the
Slit3/~ mice and their WT littermates was investigated
using H&E staining (Figure 2A). The cross-sectional area
(CSA) of the GC muscle fibres was significantly lower in
the Slit37~ mice than that in the WT littermates. Similar
results were obtained for the EDL muscle (Figure 2B).
The CSA of muscle fibres in the male S/it3/~ mice was ap-
proximately 35.3-41.3% lower than that in the WT
littermates. Myonuclei number per CSA was also lower in
the Slit3/~ mice (Figure 2C). Furthermore, the number of
Type | and Type lla fibres, but not of Type llb and
Type lix fibres, in the GC muscle of S/it3 7~ mice was signif-
icantly decreased compared with that of their WT litter-
mates (Figure 2D). IF staining was performed to detect
sarcolemma of muscle fibre and satellite cells using antibod-
ies against laminin and PAX7, respectively (Figure 2E). No
difference was observed in the number of satellite cells
per fibre in the GC muscle between the Slit3”~ mice and
their WT littermates. Pax7 mRNA expression levels were
also similar in the GC muscle between the two genotypes
(Figure 2F). These results indicate that SLIT3 is mainly

involved in skeletal muscle mass but not in satellite cell
recruitment, especially in Type | and Type lla muscle fibres.

We previously reported that Slit3 is expressed in several
organs, with the highest expression levels in bone and brain.®
Slit3 expression levels in the skeletal muscle were signifi-
cantly lower compared to bone (Figure S2A). Furthermore,
SLIT3 was secreted at low levels even in Slit3-overexpressed
myoblasts (Figure S2B); and its overexpression did not alter
in vitro myogenesis (Figure S2C). Therefore, we examined
the effect of extracellular SLIT3 on muscle cell function.

SLIT3 enhances myoblast differentiation by
activating f-catenin signalling

Differentiation of C2C12 myoblasts into myotubes was en-
hanced upon treatment with recombinant SLIT3 (Figure 3A).
SLIT3 also increased their fusion and increased the number
of larger myotubes but decreased that of smaller myotubes
(Figure 3B). In contrast, SLIT3 treatment did not affect the
viability (Figure S3A) and proliferation (Figure S3B) of
myoblasts. These results suggest that SLIT3 enhances
myogenesis by stimulating myoblast differentiation rather
than by altering its population.

Several factors, such as myogenic regulatory factor (MRF)
4, myogenic factor 5, myoblast determination protein 1
(MyoD), myogenin, and myocyte enhancer factors 2A and
2C, regulate myoblast differentiation.*® SLIT3 stimulated the
expression of myogenin mRNA but not that of the other
genes in the C2C12 myoblasts (Figure S3C). Immunocyto-
chemistry confirmed that SLIT3 increased the number of
myogenin™ cells (Figure 3C).

SLIT ligands are known to modulate p-catenin®® and AKT**
activities. Activated B-catenin and AKT can induce myoblast
differentiation and myogenesis.*>*® SLIT3 did not activate
AKT in myoblasts (Figure S4A), but it induced B-catenin
signalling in the myoblasts (Figure 4A and 4B). SLITs could
also inhibit f-catenin signalling, particularly in cancer
cells.**7 SLIT3 stimulated [-catenin signalling in myoblasts
and osteoblasts, but suppressed it in breast and liver cancer
cells (Figure S4B), suggesting that SLIT3-induced activation
of B-catenin signalling is cell type-dependent. The knockdown
of p-catenin almost completely blocked the SLIT3-
induced myotube formation (Figure 4C), and reversed the
SLIT3-induced changes in myogenin expression at the mRNA
(Figure 4D) and protein levels (Figure 4E) in the myoblasts.
Next, we evaluated the SLIT3’s effect on other factors
connected to B-catenin. SLIT3 up-regulated nephrin levels
(Figure S5A) but did not have any effect on c-Myc
(Figure S5B) or AMP-activated protein kinase, as well as the
lipidation of autophagy marker LC3B (Figures S5C and S5D).
We focused here on the mechanisms involved in SLIT3-in-
duced up-regulation of myogenin.
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Figure 1 Reduced skeletal muscle mass, strength, and physical activity in the Slit3™~ mice. (A) Body weight and (B) lean and fat mass of the 7-week-
old male S/it7~ mice and their WT littermates (n = 8-10 per group) were determined using dual-energy X-ray absorptiometry. Percentages of fat
mass were calculated by dividing their raw values by the body weight. (C,D) The muscle mass of the mice was expressed as raw values (C) and as
the percentage of body weight (also referred to as relative muscle mass) (D) (n = 8-11 per group). (E,F) Skeletal muscle strengths and physical activity
were determined based on the grip strength of the forelimbs and four paws (E) and daily wheel-running distance (F), respectively (n = 4—6 per group).
*P < 0.05 compared with the wild-type littermates using the unpaired t test.

We further characterized the mechanism of SLIT3-
mediated B-catenin stimulation. Wnt3a, similar to SLIT3,
increased myogenesis (Figure S6A). However, Wnt3a, but
not SLIT3, elevated the levels of phosphorylated GSK-33 and

LRP6; and SLIT3, but not Wnt3a, increased the levels of
B-catenin phosphorylated at Y489 (Figure S6B). These results
suggest that SLIT3 and Wnt3a activate -catenin signalling via
different mechanisms. The binding of SLIT ligands to their
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digitorum longus muscles of the 7-week—old male slit3~ and their wild-type littermates (n = 5 per group). Myonuclei number per myofibre CSA
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(E) Immunofluorescence was performed to check laminin (green) and PAX7 (red) expression in the gastrocnemius muscles; DAPI (blue) was used to
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the real-time PCR (D) and western blotting (E) of myogenin after the treatment of the siRNA-transfected C2C12 cells with or without 1 pg/mL SLIT3
for 24 h are shown. The right panel shows the results of western blotting. (F) The M-, N-, and E-cadherin mRNA and/or protein expressions in the
myoblasts were determined by real-time PCR and western blotting, respectively. Brain tissue and MCF-7 (a breast cancer cell line) were used as pos-
itive controls. (G) C2C12 cells were treated with or without 1 pg/mL SLIT3 for 30 min. Total cell lysates (500 pg protein) were immunoprecipitated with
the anti-M-cadherin antibody, and the immunoprecipitated complexes were analysed by performing western blotting with the anti-B-catenin antibody.
Actin was used as a loading control. Quantitative results are shown in the lower panel. *P < 0.05 compared with the untreated control cells or brain
tissue using the unpaired t test or Kruskal-Wallis test followed by Bonferroni correction. NS, not significant.
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receptor results in the dissociation of a multimolecular
complex containing the SLIT receptor and cadherin; this
results in the dissociation of f-catenin from cadherin and
subsequent activation of f-catenin. We observed that
myoblasts predominantly expressed M-cadherin at both
mRNA and protein (Figure 4F). We confirmed that SLIT3 de-
creased the M-cadherin-associated B-catenin level in myo-
blasts (Figure 4G). Upon SLIT binding to ROBO, Cables is
recruited to the ROBO-associated Abl kinase, resulting in
the phosphorylation of B-catenin at Y489 which has de-
creased affinity for cadherins.*®> We observed that SLIT3
treatment increased the levels of M-cadherin-associated
Cables and phosphorylated [-catenin at Y489 in a time-
dependent and consecutive manner (Figure S7). These results
indicate that SLIT3 increased the level of active B-catenin by
promoting its dissociation from M-cadherin in myoblasts,
which in turn increases myogenin expression to induce myo-
blast differentiation.

ROBOZ2 is a putative receptor for SLIT3 in myoblasts

The SLIT receptor Roundabout (ROBO) family contains four
members, namely, ROBO1-4.'® We detected the expression
of Robo1 and Robo2, but not Robo3 and Robo4, in the myo-
blasts (Figure 5A). Further analysis showed that RoboZ2 was
ubiquitously expressed in several tissues and organs (Figure
S8). ELISA revealed that ROBO1 and ROBO2 may bind to SLIT3
in  myoblasts (Figure 5B). Robo2 knockdown almost
completely reversed the SLIT3-induced myotube formation,
but Robo? knockdown did not (Figure 5C). Further, Robo2
knockdown blocked the SLIT3-induced myogenin expression
in myoblasts, but Robo? knockdown did not (Figure 6A). We
also noted that SLIT3-stimulated B-catenin was mediated by
ROBO2 (Figure 6B). Collectively, these results indicate that
ROBO2—but not ROBO1—mediates the SLIT3-induced myo-
blast differentiation via the up-regulation of B-catenin signal-
ling and myogenin. However, we could not confirm this
in vivo because Robo2/~ mice are embryonically lethal .2

Recombinant SLIT3 fragment can act as a novel
therapeutic agent against muscle loss

Human SLIT3 has a molecular weight of approximately
170 kDa and contains 1523 amino acids. This large size may
be disadvantageous for drug development. SLIT3 contains
four LRRDs, and the second LRRD (LRRD2)—containing 130
amino acids—binds to the ROBO receptors.’®>2! Therefore,
we examined whether SLIT3 LRRD2 could be used as an agent
for treating muscle loss. We observed that similar to the
full-length SLIT3, SLIT3 LRRD2 induced myotube formation
(Figure 7A) and myogenin expression (Figure 7B) and reduced
the levels of M-cadherin-bound B-catenin (Figure 7C). SLIT3

LRRD2 treatment did not affect protein synthesis and degra-
dation levels, and the expressions of their related signalling
events in myoblasts (Figures S9A and 9B). The signalling ex-
pressions were also comparable between muscles of Slit3™
~ mice and their WT littermates (Figure S9C).

To test the in vivo effects of SLIT3 LRRD2, we used two
well-established mouse models characterized by muscle loss:
estrogen-deficient ovariectomized (OVX) and aged mice. First,
OVX mice were intravenously injected with SLIT3 LRRD2 for
4 weeks. Blood SLIT3 concentrations (Table S4) and muscular
Slit3 levels (Figure S9D) were similar between the treated and
untreated OVX mice. SLIT3 LRRD2 administration in OVX mice
resulted in increased muscle masses of GC and SOL (by 9.4%)
and TA and EDL (by 18.4%) compared to those in untreated
OVX mice (Figure 8A), showing increased relative muscles
masses by 10.0% and 20.1%, respectively. However, body
weights were similar between the treated and untreated
OVX mice. The H&E staining of the GC muscle showed that
SLIT3 LRRD2 treatment increased the size of muscle fibres
in OVX mice (Figure 8B).

Because Robo?2 is ubiquitously expressed (Figure S8), SLIT3
LRRD2 may also have an effect on other organs. All organs,
such as heart, kidney, brain, lung, thymus, liver, spleen, stom-
ach, and intestine, were grossly normal after the treatment of
SLIT3 LRRD2 in the OVX mice. All blood biochemical parame-
ters, including renal and liver functions, were similar between
the two OVX groups (Table S5). ROBO2 is known to be
involved in heart and kidney development.3?? H&E staining
did not show any apparent differences in both two organs,
between the untreated and treated mice (Figure S10A). The
SLIT3 LRRD2 treatment increased the expression level of
active B-catenin in the GC muscle and in the heart (Figure
S10B) but not in the kidney (data not shown). However, the
number of B-catenin® cells, both before and after the
treatment, appeared to be higher in the GC muscle than in
the heart.

Next, we evaluated the aged mouse model. Figure 8C
shows the muscle masses in aged mice. Untreated aged mice
exhibited a higher body weight but lower relative masses of
all the investigated muscles than the young mice. SLIT3
LRRD2 treatment significantly increased the relative masses
of the GC and SOL muscles by 7.8% and 18.0%, respectively,
in the aged mice (Figure 8C). The relative masses of the GC
and SOL muscles were significantly higher in the treated
aged mice (0.548 + 0.045% and 0.033 £ 0.005%, respectively)
than in the untreated aged mice (0.508 * 0.016% and
0.028 + 0.003%, respectively) (all, P < 0.05). The untreated
aged mice exhibited a remarkable decrease in hanging dura-
tion (by ~90%) compared with the young mice. These results
indicate that aging induces a greater decline in skeletal mus-
cle function than that predicted based on changes in the
muscle mass. SLIT3 LRRD2 treatment markedly increased
the hanging duration of the aged mice by approximately
1.7-fold. We assessed the morphology of muscle fibres. SLIT3
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Figure 5 ROBO2 mediates SLIT3-stimulated myoblast differentiation. (A) The mRNA and protein expressions of the Robo isotypes in C2C12 myoblasts
were determined by performing real-time PCR and western blotting, respectively. HEK293 cells and brain tissue were used as positive controls for
Robo1-3 and Robo4, respectively. Quantitative results are shown in the lower right panel. (B) Interaction of SLIT3 with ROBO1 and ROBO2 in the
C2C12 myoblast using a binding ELISA assay. Various amounts of the C2C12 cell lysates were incubated for 2 h into 10 pg/mL SLIT3- or bovine serum
albumin-coated wells, followed by quantification of ROBO1 and ROBO2 by ELISA. (C) The results of semiquantitative RT-PCR and western blotting of
Robol or Robo2 expression after the siRNA transfection are shown in the left panel. Uncropped western blots are shown to confirm the
down-regulation of specific Robol and Robo2 bands (indicated by asterisks). The right panel shows the results of total myotube area, area/myotube,
and fusion index after the treatment of the siRNA-transfected C2C12 cells with or without 1 pg/mL SLIT3 for 2 days. Myotubes were stained with
anti-fast MyHC antibody. *P < 0.05 compared with the SLIT3-untreated control cells using the unpaired t test or Kruskal-Wallis test followed by
Bonferroni correction. ND, not detected; NS, not significant.
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Figure 6 ROBO2 mediates the SLIT3-stimulated myogenin expression and activation of -catenin signalling. C2C12 myoblasts were transfected with
the siRNAs targeting RoboZ and RoboZ, as described in the Supporting information. (A) Immunocytochemistry analysis of myogenin expression in
the siRNA-transfected C2C12 cells treated with 1 pg/mL SLIT3 for 24 h. Quantitative results are shown in the right panel. Scale bars: 500 um. (B)
The siRNA-transfected C2C12 cells were treated with 1 pg/mL SLIT3 for 1 h. Cytosolic and nuclear extracts were prepared for western blotting with
their relevant antibodies. Quantitative results are shown in the right panels. *P < 0.05 compared with the untreated control cells using the

Kruskal-Wallis test followed by Bonferroni correction. NS, not significant.

LRRD2 treatment increased the size of muscle fibres and
myonuclei number per CSA in aged mice (Figure 8E). We also
labelled the sarcolemma in the SOL muscle using wheat germ
agglutinin (WGA) (Figure 8F). Because WGA binds to glyco-
proteins found on cell plasma membranes, WGA is routinely
used for sarcolemma staining to determine CSA. We found
that SLIT3 LRRD2 treatment increased the CSA of SOL muscle
fibres in the aged mice.

In vivo pharmacokinetics of SLIT3 LRRD2

Five transitions of light peptide and SIS peptide for
SLTSLVLYGNK were determined after CE optimization using
Skyline software based on triple quadrupole LC-MS (Figure
S11A). Final multiple reaction monitoring (MRM) method is
shown in Table S6. In final quantitation analysis, transitions
for light peptide (Q1: 597.8401"", Q3: 994.5568""") and SIS
peptide (Q1: 601.8472™, Q3: 994.5568""") were selected for
quantitation (Figure S11B). Covariance of peak area and

retention time variability for triplicate MRM run were 4.5%
and 1.7%, respectively, indicating reproducibility of MRM
analysis. R was 0.9834, and the lower limit of quantitation
was 8.9 ng/mL based on a response curve. SLIT3 LRRD2 levels
at 0, 2, 4, 6, 8, and 24 h were below the lower limit of quan-
titation (Figure S11C). The non-compartmental analysis of the
concentration-time profiles was applied to calculate pharma-
cokinetic parameters (Table S7). The half-life was
0.54 + 0.10 h.

Discussion

We have shown here that S/it3 deficiency decreased the skel-
etal muscle mass in vivo. SLIT3 stimulated myoblast differen-
tiation by activating B-catenin signalling and up-regulating
myogenin in vitro (Figure S12). SLIT3 LRRD2 treatment in-
creased the skeletal muscle mass and/or function in the
sex-hormone—deficient and aged mice. Thus, our findings
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Figure 7 SLIT3 LRRD2 stimulates myoblast differentiation. (A) C2C12 myoblasts were treated with 10-nM SLIT3 LRRD2 for 3 days. Myotubes were
stained with anti-fast MyHC antibody. The frequency distribution of the myotube area is shown in the right panel. (B) Immunocytochemistry ICC anal-
ysis of myogenin expression in C2C12 myoblasts treated with 10-nM SLIT3 LRRD2 for 24 h. Scale bars: 200 pm. Quantitative results are shown in the
right panel. (C) C2C12 myoblasts were incubated in the presence or absence of 10-nM SLIT3 LRRD2 for 30 min. Total cell lysates (500-pg protein) were
immunoprecipitated with the anti-M-cadherin antibody, and the immunoprecipitated complexes were analysed by performing western blotting. Quan-
titative results are shown in the right panel. *P < 0.05 compared with the untreated control cells using the unpaired t test or Kruskal-Wallis test

followed by Bonferroni correction.

provide novel insights into the involvement of SLIT3 in skele-
tal muscle biology and suggest that SLIT3 LRRD2 can be de-
veloped as a therapeutic agent against muscle loss. A
previous study’>—and ours®>—have shown that SLIT3 per-
forms an osteoprotective role through various mechanisms
and that SLIT3 LRRD2 exerts therapeutic effects against
osteoporosis.® These findings indicate that SLIT3 LRRD2 can
be developed as a drug that targets both osteoporosis and
sarcopenia.

The SLIT/ROBO system is a component of multiple
signalling pathways, including the Wnt/B-catenin and PI3K/
AKT cascades.?* Although PI3K/AKT signalling are critical in
myogenesis,?> SLIT3 did not activate the PI3K/AKT pathway
in myoblasts. Activation of B-catenin induces myoblast
differentiation,*> and we found that SLIT3 activated this path-
way in myoblasts. Rhee et al.*® reported that SLIT ligands
release N-cadherin-associated 3-catenin, resulting in its activa-
tion. Upon binding to SLIT, ROBO-associated Abl recruits
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Figure 8 SLT3 LRRD2 prevents muscle loss in vivo. (A,B) Ovariectomized (OVX) mice (n = 8 per group) were intravenously injected with
phosphate-buffered saline or 10-pug SLIT3 LRRD2 for 4 weeks, as described in the Supporting information. The mice were sacrificed, and their muscles
were removed and weighed immediately. Muscle mass was expressed as raw values and as the percentage of body weight (also referred to as relative
muscle mass) (A), and haematoxylin and eosin staining of the gastrocnemius muscle are shown (B). (C—F) Six- or 18-month-old male C57BL/6 mice
(n = 7-8 per group) were intravenously injected with phosphate-buffered saline or 10-ug SLIT3 LRRD2 for 4 weeks. The mice were sacrificed, their
muscles were removed and weighed immediately, and relative muscle masses of the muscles were expressed (C). A four-limb hanging test was per-
formed, and the hanging duration is shown (D). Haematoxylin and eosin staining of the gastrocnemius muscle and myonuclei number per myofibre
cross-sectional area (E). Sections of the soleus muscle were stained with the FITC-labelled wheat germ agglutinin (F). A representative image showing
the immunofluorescence staining. The quantitative results of the cross-sectional areas of the soleus muscle are shown in the right panel. *P < 0.05
compared with the sham-operated or young control mice and *p < 0.05 compared with the untreated OVX or aged control mice using the
Kruskal-Wallis test followed by Bonferroni correction. NS, not significant. Scale bars: 100 um.
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Cables, which in turn facilitates the phosphorylation of
B-catenin by Abl at tyrosine 489. B-Catenin phosphorylated
at Y489 exhibits decreased affinity for N-cadherin. We
observed that M-cadherin was more prominently expressed
than N-cadherin in myoblasts and that SLIT3 activated B-ca-
tenin signalling by promoting its dissociation from M-cadherin.

In the present study, SLIT3 treatment resulted in increased
myogenin expression via activation of -catenin signalling. We
also noted the decreased and increased myonuclei number in
Slit3~/~ and LRRD2-treated mice, respectively, suggesting a
crucial role of SLIT3 on fusion of myogenic cells. The Wnt/
B-catenin signalling pathway plays an essential role in muscle
development in embryos—and skeletal muscle homeostasis—
in adults.?® p-Catenin activations stimulated differentiation
of satellite cells and myoblasts,>”*® and muscle fibre
hypertrophy.?®2° Although their mechanisms should be fur-
ther elucidated, one of the signalling pathways, the induction
of MRFs including myogenin, 33! is of particular interest to
our study. Pan et al.3? reported that B-catenin directly binds
to—and activates—the cis-elements in the MyoD promoter.
Myogenin—a member of the MyoD family of transcription
factors that is essential for myoblast differentiation®**—is a
MyoD target; therefore, B-catenin activation increases
myogenin expression. Jones et al.3! reported that B-catenin
activation promoted myoblast fusion and differentiation by
increasing myogenin expression. These findings are consistent
with the results obtained in the present study.

In addition, it has been reported that B-catenin regulates
skeletal muscle development and myoblast fusion by increas-
ing nephrin expression level.3*3> Although we did not exam-
ine the precise role of nephrin in SLIT3-induced myogenic
differentiation, it is possible that increased nephrin expres-
sion level could be the other mechanism involved in
myogenesis, because we observed that SLIT3 treatment stim-
ulated myoblast fusion and nephrin expression. Furthermore,
we observed that Type | (slow-twitch, oxidative) and Type lla
(fast-twitch, oxidative) muscle fibres, but not Type llb (fast-
twitch, glycolytic) and Type lix (fast-twitch, oxido-glycolytic)
fibres, were reduced in muscles of Slit3-deficient mice, sug-
gesting that SLIT3 plays a role in oxidative phosphorylation
in muscle cells. Lastly, given the role of Wnt/B-catenin signal-
ling pathway on muscle development,*° we cannot differenti-
ate lower muscle mass of the S/it3~/~ mice from muscle loss
and from blunted growth development as an important limi-
tation of our study. These should be further investigated.

In the present study, we found that treatment with the hu-
man SLIT3 LRRD2 for 4 weeks increased the relative muscle
mass by 20.1% in the two mouse models. This efficacy is
not satisfactory enough, especially compared to those of
other agents currently under development.®®3” However,
the limited efficacy of SLIT3 LRRD2 may not be associated
with its pharmacological properties but may be associated
with its pharmacokinetic properties such as auto-antibody
generation and rapid degradation in vivo.® Thus, the efficacy

of the human SLIT3 LRRD2 can be improved by using a
strategy that minimizes auto-antibody generation and by
developing a long-acting LRRD2 fragment by using
drug-modification technologies. In fact, we observed that
the half-life of SLIT3 LRRD2 in vivo was markedly short.

Here, we tested the therapeutic efficacy of SLIT3 LRRD2
in vivo using female OVX mice and aged male mice.
Sham-operated and young mice were simultaneously exam-
ined to compare its efficacy, relatively. They represent two
different pathophysiological mechanisms of muscle loss, thus
our findings indicate that SLIT3 LRRD2 treatment is effective
in muscle loss. However, the selection of middle-aged mice
(18 month old) as an aging model could be considered as a
limitation of this experiment. In addition, the SLIT3 LRRD2
treatment was effective in both male and female mice, and
all muscular parameters were lower in both male and female
Slit3™/~ mice than in their WT littermates. These findings
suggest that SLIT3 does not play any sex-specific roles in
myogenesis.

ROBO2, a putative receptor for SLIT3, is ubiquitously
expressed, raising an issue that SLIT3 LRRD2 treatment could
cause off target effects. However, it is unlikely that the SLIT3
LRRD2 may act on brain because SLIT3 treatment did not cause
any changes in the brain ultrastructure.?® The kidney and the
heart could potentially also be affected by SLIT3 LRRD2
treatment.®%? However, Xu et al.?® reported that, even though
SLIT3 treatment stimulated bone angiogenesis, it had no ef-
fects on vascular morphology of the kidney and the heart. Fur-
thermore, in this study, the H&E staining and active p-catenin
expression showed that SLIT3 LRRD2 treatment had no or neg-
ligible effect on the two organs. In addition, the gross examina-
tion of multiple organs and blood biochemistry testing were
normal after the SLIT3 LRRD2 treatment in mice. Collectively,
it is unlikely that SLIT3 LRRD2 treatment would cause off tar-
get effects in other organs, besides the muscles and the bone.

In conclusion, the results of the present study indicate that
the SLIT3/ROBO system induces the myogenic differentiation
of myoblasts through B-catenin signalling. Furthermore, our
results suggest that SLIT3 LRRD2 can be developed as a novel
therapeutic agent to reverse muscle loss.

Acknowledgements
The authors certify that they comply with the ethical guide-

lines for authorship and publishing of the Journal of Cachexia,
Sarcopenia and Muscle.®®

Conflict of interest

Han Jin Cho, Young-Sun Lee, Seung Hun Lee, and Jung-Min Koh
are inventors on the following patents: PCT/KR2017/005959

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1724-1740
DOI: 10.1002/jcsm.12769



1738

H.J. Cho et al.

and PCT/KR2013/005282. Hyeonmok Kim, Sung Ah Moon, Jin-
Man Kim, Hanjun Kim, Min Ji Kim, Jiyoung Yu, Kyunggon Kim,
In-Jeoung Baek, Kyong Hoon Ahn, Sungsub Kim, and Jong-Sun
Kang declare no competing financial interests.

Funding

This study was supported by a grant from the Korea Health
Technology R&D Project, Ministry of Health and Welfare,
South Korea (HI15C0377) and by a grant (2017-523) from
the Asan Institute for Life Sciences, Asan Medical Center,
Seoul, South Korea.

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. List of recombinant proteins and antibodies.

Table S2. Primer sequences used for semiquantitative RT-
PCR.

Table S3. Primer sequences used for SYBR Green-based quan-
titative real-time PCR.

Table S4. Serum SLIT3 concentrations in ovariectomized mice
with and without SLIT3 LRRD2 injections.

Table S5. Serum biochemical parameters in ovariectomized
mice with and without SLIT3 LRRD2 injections.

Table S6. MRM transition table for LRRD2 quantitation.
Table S7. In vivo pharmacokinetics of LRRD2 in 9-week-old
male C57BL/6 mice.

Table S8 Primer sequences and PCR conditions used for
mouse genotyping.

Figure S1 Reduced skeletal muscle mass, strength, and
physical activity in female Slit3~~ mice. (A) Slit3 mRNA
expression in gastrocnemius muscle of 7-week-old female
Slit3~/~ mice and WT littermates (n = 3 per group) measured
by real time PCR. 18S RNA was used as a loading control. (B)
Body weight of 7-week-old female Slit3~/~ mice and WT litter-
mates (n = 10 per group). (C, D) The muscle mass of the mice
was expressed as raw values (C), as well as the percentage of
body weight (also referred to as relative muscle mass) (D).
(E, F) Skeletal muscle strength and physical activity were deter-
mined based on the grip strength of the forelimbs and four
paws (E) and daily wheel-running distance (F), respectively
(n =5 per group). *P < 0.05 compared to the WT littermates
using the unpaired t-test.

Figure S2. Slit3 expression in calvaria and gastrocnemius mus-
cle, and the effect of Slit3 overexpression on myoblast differ-
entiation. (A) Slit3 expression in calvaria and gastrocnemius
muscle of 16-week-old male C57BL/6 mice (n = 3/each)

measured by real time PCR. 185 RNA was used as a loading
control. (B, C) C2C12 myoblasts were transfected with control
and Slit3 expression vectors, and the expression of SLIT3 in
the cell lysates and conditioned media (CM) was analysed
by western blotting (B). Control and Slit3-transfected C2C12
myoblasts were differentiated for 3 or 4 days and myotubes
were stained with the anti-myosin heavy chain antibody;
the nuclei were counterstained with DAPI (C). The quantifica-
tion of total myotube area is shown on the right. Scale bars:
200 um. *P < 0.05 compared to the calvaria using the
unpaired t-test. NS, not significant.

Figure S3. SLIT3 stimulates myogenin mRNA expression in
myoblasts. (A) C2C12 myoblasts were incubated in the pres-
ence or absence of 1 pg/mL SLIT3 for 1 or 2 days. Cell viability
was assessed using the CCK-8 assay. TNF-a (10 ng/mL) was
used as a positive control. (B) C2C12 myoblasts were incu-
bated with various concentrations of SLIT3 for 24 h. Cell pro-
liferation was assessed by cell proliferation ELISA. (C) The
C2C12 myoblasts were differentiated in the presence or ab-
sence of 1 ug/mL SLIT3 for 24 h, and real-time PCR was per-
formed. The 18S rRNA gene was used as an internal control.
Mrf4, myogenic regulatory factor 4; Myf5, myogenic factor
5; MyoD, myoblast differentiation protein 1; Mef, myocyte
enhancer factor. *P < 0.05 compared with the untreated con-
trol cells using the unpaired t-test or Kruskal-Wallis test
followed by Bonferroni correction. NS, not significant.
Figure S4. Activation of PB-catenin signalling in various cell
lines. (A) C2C12 myoblasts were treated with 1 pg/mL SLIT3
for the indicated times and western blotting was performed
with their relevant antibodies. (B) C2C12 myoblasts,
MC3T3-E1 osteoblasts, HepG2 hepatoma cells, and MCF-7
breast cancer cells were treated with 1 pg/mL SLIT3 for
2 h. Western blotting was performed to detect active
(non-phosphorylated) and total B-catenin. Actin was used
as an internal loading control for normalization. Quantifica-
tion of western blotting results is shown in the lower panels.
*P < 0.05 compared to the untreated control cells using the
unpaired t-test.

Figure S5. Activation of -catenin-associated signalling path-
ways by SLIT3. (A-C) C2C12 myoblasts were treated with
1 pg/mL SLIT3 for 24 h. (A) Western blotting was performed
with an anti-nephrin antibody. GM and DM indicate growth
and differentiation medium, respectively. Quantification of
western blots is shown on the right. *P < 0.05 compared to
the untreated control cells using the unpaired t-test. (B)
Real-time PCR evaluating c-Myc expression. (C)
AMP-activated protein kinase (AMPK) was evaluated by west-
ern blotting. (D) C2C12 myoblasts were treated with 1 ug/mL
SLIT3 for the indicated time periods and protein levels of
microtubule-associated protein 1-light chain 3B (LC3B) were
determined by western blotting. Transforming growth fac-
tor-B1 (TGF-B1) was used as a positive control. Actin or 18S
rRNA was used as internal loading controls. ND, not detected.
NS, not significant.
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Figure S6. Activation of B-catenin signalling by SLIT3 and
Whnt3A. (A) C2C12 myoblasts were treated with 1 ug/mL SLIT3
and/or the indicated concentrations of Wnt3a conditioned
media (CM) for 2 days. Myotubes were immunostained with
the anti-myosin heavy chain antibody, and the nuclei were
counterstained with DAPI. The quantification of total myotube
area is shown on the right. *P < 0.05 compared to the un-
treated control using the Kruskal-Wallis test. Scale bars:
100 um. NS, not significant. (B) C2C12 myoblasts were treated
with 1 pg/mL SLIT3 or Wnt3a CM for 1 h. Ctrl = CM from the
L929 control cells. Western blotting was performed to evalu-
ate the components of canonical Wnt signalling. Actin was
used as an internal loading control. Quantification of western
blotting results is shown in the right and lower panels.
*P < 0.05 compared to the untreated control or Ctrl
CM-treated cells using the unpaired t-test. NS, not significant.
Figure S7. The effect of SLIT3 treatment on M-cadherin-asso-
ciated complex. C2C12 myoblasts were treated with 1 pug/mL
SLIT3 for the indicated times, and western blotting was per-
formed after immunoprecipitation (IP) with M-cadherin. Ac-
tin was used as an internal loading control. Quantification
of western blotting results is shown in the lower panels.
*P < 0.05 compared to the untreated control using the
Kruskal-Wallis test followed by Bonferroni correction.

Figure S8. Robo2 expression in major organs of 16-week-old
male C57BL/6 mice (n = 3/organ) measured by real time PCR.
18S RNA was used as the loading control.

Figure S9 The effect of SLIT3 LRRD2 treatment on protein me-
tabolism and muscular SLIT3 expression. (A) C2C12 myoblasts
were treated with 10 nM SLIT3 LRRD2 for 30 min, and lysed
after 30 min of incubation with 10 uM puromycin. Cell lysates
were analysed by western blotting using an anti-puromycin
antibody. IGF-1 was used as a positive control. Western blot-
ting for protein synthesis-relating signalling molecules after
the treatment with 10 nM SLIT3 LRRD2 for the indicated
times was also shown in the right panel. (B) Protein degrada-
tion was performed in C2C12 myoblasts in the presence or
absence of 10 nM SLIT3 LRRD2 for 9 h as described in the
Supplemental Materials and Methods. TCA-soluble radioac-
tivity released into the conditioned media was measured,
and protein degradation was calculated. Western blotting
for protein degradation-relating signalling molecules after
the treatment with 10 nM SLIT3 LRRD2 for the indicated
times was also shown in the right panel. (C) Western blotting
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