FOLLISTATIN AND MUSCLE HYPERTROPHY

>

=
=4

fkk
..}

-
=
=

o
o

F*ﬁ |

TA weight (mg)
& 8

o4
&~

=

WT Mstn KO

=

4000

3500 .
.

N W
D
S @
= e

-
wn
=
=
be

Fiber CSA (um?)
£z g
< =]

500

0
[

wT Mstn KO

Fig. 3. Overexpression of FS induces comparable muscle (A) and fiber (B)
hypertrophy in wild-type (WT) and myostatin-knockout (Mstn-KO) mice. TA
mass and fiber CSA" were measured 17 days after transfection of pM1 (open
bars) or pM1-FS288 (filled bars). The results are expressed as means * SE.
**p < 0.01 and ***P < 0.001.

DISCUSSION

Our study shows that FS overexpression induces skeletal
muscle hypertrophy via satellite cell activation and probably
increased protein synthesis. Furthermore, our results indicate
that FS-induced hypertrophy results not only from Mstn but
also from Act inhibition. Therefore, these observations suggest
that, besides Mstn; Act is a crucial player in the regulation of
muscle mass.

FS-induced hypertrophy was characterized by increased fi-
ber diameter together with DNA and protein accretion. Muscle
DNA content reflects the number of myonuclei;: including
satellite cell nuclei. Therefore, increased DNA content, as we
observed, reflects an increase in the number of myonuclei,
which is dependent on satellite cell replication. This is entirely
consistent with the observation of incieased PCNA expression
after FS overexpression. In addition, the differentiation of the
satellite cells into new muscle fibers was attested by increased
neonatal MHC expression, a  marker of myogenesis. On the
other hand, increased muscle protein content probably reflects
accelerated protein synthesis, in particular of myofibrillar pro-
teins such as MHCIIb, as suggested by increased: MHCIIb
mRNA. Indeed, infusion of FS has been reported. to increase
muscle protein synthesis in neonatal rats (41). All of these
changes that’ we observed strongly suggest that FS induces
muscle hypertrophy by inhibiting Mstn. Indeed, Mstn has been
reported to inhibit ‘satellite cell proliferation (38, 43) and
differentiation (16) as well as protein synthesis (42, 47, 48), in
particular MHCIIb (12). Furthermore, Mstn is abundantly ex-
pressed: in. TA muscle, a muscle composed: mainly. of IIb
myofibers that strongly express Mstn (5, 32). These results are
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in accordance with previous studies that showed that FS
overexpression, either by transgenesis or AAV-mediated gene
delivery, causes a dramatic increase in muscle mass (11, 19).
However, in- these studies only the long-term effect of FS
overexpression was considered, in contrast to our study report-
ing a marked muscle hypertrophy occurring as early as after 17
days.

The implication of satellite cells in the FS-induced muscle
hypertrophy, suggested by the increased DNA and PCNA
mRNA contents, was directly assessed by the destruction of
their proliferative capacity using y-irradiation. By combining
~v-irradiation with FS gene transfer, we were able to tease apart
the mechanisms by which muscle hypertrophy is induced by
FS. Our results indicate that satellite cells contribute to the
FS-induced hypertrophy but that FS is still able to stimulate
muscle growth even when their proliferative capacity has been
destroyed. This observation suggests that FS causes muscle
hypertrophy by stimulating muscle protein synthesis, a hypoth-
esis that was demonstrated recently (41). We are confident that
irradiation achieved blockade of satellite cell activation, since
DNA synthesis assessed by Brdu: staining was dramatically
reduced in irradiated muscle. Since the action of Mstn on
muscle development relies heavily on its ability to downregu-
late satellite cell activity (22, 38), our interpretation is that FS
causes muscle hypertrophy by inhibiting Mstn. Interestingly,
muscle hypertrophy induced by IGF-I, an anabolic growth
factor, is also mediated by a combination of satellite cell
proliferation and increased. protein synthesis (2). Therefore,
this work is the first to demonstrate the contribution of satellite
cells in FS-induced muscle hypertrophy.
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Fig. 4. Overexpression of FSI-I induces a smaller muscle (A) and fiber (B)
hypertrophy than FS288 in WT mice. TA mass and fiber CSA were measured
17 days: after transfection: of pMI (open bars) or pMI-hFS288/pM {-FSE-1
(filled bars): The results are expressed as means = SE. *P < 0.05 and **P <
0.01.
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Fig. 5. Overexpression of FSI-I- fails to cause muscle (A) and fiber (B)
hypertrophy in Mstn-KO mice. No increase in muscle mass or in fiber CSA
was observed in muscle overexpressing FSI-I in Mstn-KO mice compared with
WT mice: TA mass and fiber CSA were measured 17 days after the transfec-
tion of pM1. (open bars) or pM1-FSI-I (filled bars). The results are expressed
as means * SE. ##*P < 0.001.

The observation that FS overexpression can cause substan-
tial muscle hypertrophy in mice lacking Mstn indicates that FS
must exert its effect on muscle growth by targeting ligands
other than Mstn. This conclusion is also supported by the
quadrupling muscle mass phenotype observed in Mstn-KO
mice carrying a FS transgene (18), which represents yet an-
other doubling of muscle mass compared with mice lacking
only Msin. Therefore, our present findings argue that FS
overexpression, even in the postnatal period, could increase
muscle growth in the absence of Mstn. The candidate ligands
could include Act and growth differentiation factor 11 (GDF-
[ 1), the latter sharing 90% homology in amino acid sequence
with Mstn: (24, 25, 27). Indeed, both: are. high-affinity FS
ligands (35, 36, 44) and bind Act type IIB receptor (ActlIRB)
(6, 29, 39), the cell surface receptor that is thought to mediate
the action of Mstn on muscle cells, Furthermore, GDF-11 and
ActA are able to inhibit myogenesis either in chick limb (9, 13)
or in C;Cj; myoblasts (21, 39). Thus, we hypothesize that
GDF-11 or ActA, together with Mstn, may inhibit muscle
growth: To test this hypothesis, we overexpressed FSI-I, a FS
mutant that does not affect Act activity. This mutant, charac-
terized by the deletion of FS-II domain, which is important for
binding to*Act, has been reported to retain the ability to bind
and inhibit Mstn in vitro and’ to stimulate' muscle growth
in vivo (28). When FS and FSI-I activities were compared, our
data showed that FSI-I-induced hypertrophy was less marked
than that induced by native FS, consistent with the smaller
increase in muscle mass observed in FSI-I transgenic mice (28)
compared with FS transgenic mice (18). This difference in the
extent of hypertrophy points (o a key role of Act inhibition in
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the FS effect. On the other hand, since FSI-I, which does not
bind Act with high affinity, is still able to cause hypertrophy,
our data also support the role of Mstn or GDF-11 inhibition in
the FSI-I-induced hypertrophy. Indeed, mutants for Mstn over
Act, such as FSI-1, are similarly selective for Mstn and GDF-
11. However, the fact that FSI-I overexpression in Mstn-KO
mice lost its ability to stimulate muscle growth suggests that
GDF-11 does not play a major role. In accordance with our
results, recent data show that deletion of GDF-11 specifically
in skeletal muscle does not affect muscle size, fiber number, or
fiber type (23). Taken together, our observations suggest that
inhibition of Act may contribute to the muscle hypertrophy
caused by FS. :

To directly assess the action of Act on postnatal skeletal
muscle, we investigated the effect of ActA overexpression on
muscle mass. Qur results are the first to demonstrate that
increased muscle ActA expression causes muscle atrophy.
Although the mechanisms involved are not yet described, it is
likely that this atrophy resulted from activation of the ActlIRB
and ActIIRA,; as described for Mstn. Recent data reported that
Mstn causes muscle atrophy by downregulating the Ak/mTOR
pathway, -leading to blunted protein synthesis (1). Because
ActA is expressed in skeletal muscle, the possibility therefore
exists that ActA controls muscle growth in an autocrine/
paracrine manner. Further work will certainly be necessary to
delineate the respective roles of Mstn and ActA in the regula-
tion of muscle mass and development. Nevertheless, the study
presented: here demonstrates- that the capacity of promoting
muscle growth by targeting this pathway goes beyond the
targeting of Mstn alone.

In our work, we demonstrated the hypertrophic effect of
FS288. However, two isoforms of FS, FS288 and FS315, are
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Fig. 6. Overéxpression of activin A (ActA) induces muscle (A) and fiber (B)
atrophy in rat. TA miass and fiber CSA were measured 17 days after transfec-
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expressed as means = SE. **+P < 0.001.
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generated by alternative splicing. The structural difference
between the two forms is the absence of a carboxy-terminal
27-amino acid sequence in the FS288. The FS288 isoform,
lacking the COOH terminus, shows high tissue-binding affinity
through heparin sulfate proteoglycans via a highly basic region
located in FS-I domain (14, 15). However, this basic region is
structurally hidden in the FS315 by the COOH-terminal region,
precluding the binding of this FS long isoform to extracellular
matrix. Because the short form is trapped by the extracellular
matrix of the cell transfected (or the neighboring transfected
cells), it is therefore less diluted in the circulation. Thus, for
our experiments, the FS288 isoform seemed more suitable to
inhibit local Mstn. Although FS288 has been reported to block
Act activity more effectively than FS315 (40), the two iso-
forms seem equally effective in inhibiting Mstn bioactivity in
vitro (36). Up until now, the hypertrophic action of these two
FS isoforms has not yet been compared side by side. Never-
theless, when delivered by intramuscular injection of AAV,
FS315 increased the muscle mass and led to functional im-
provement in dystrophic mice (11). Thus, combining our find-
ings together with the existing data in the literature, we may
conclude that muscle overexpression of both FS isoforms
enhances muscle mass.

Several observations support the physiological role of FS in
the control of muscle mass. Indeed, recent observations suggest
that FS may play an essential role in mediating the myogenic
effect of androgens.(37), a family of very potent: anabolic
agents: Furthermore, although the role of FS: in determining
skeletal mass inhumans has not yet been explored directly,
recent evidence shows associations between haplotype struc-
tures of the FS gene with skeletal muscle mass and strength
phenotypes (46). Furthermore, FS may be’ a target for the
pharmacological treatment of muscle atrophy. Indeed; the ben-
eficial effect of the administration of histone deacetylase. in-
hibitors (26). or nitric oxide (30) in counteracting the progres-
sion of muscular dystrophy in the mdx model relies in part on
the transcriptional activation of FS. Therefore; in addition to
FS itself, FS inducers may represent a new avenue for the
treatment of these debilitating: conditions. - Altogether, these
studies pinpoint the role of FS as a physiological regulator of
muscle mass and as a molecular target for future drug devel-
opment.

In conclusion, we showed that satellite cell proliferation
significantly contributes to the FS-induced muscle growth. In
addition, we showed that the hypertrophic effect results from
inhibition of both Mstn and Act, implicating Act as a novel
potent regulator of muscle growth. Therefore, the striking
ability of FS to enhance muscle growth warrants its consider-
ation as a physiological regulator of muscle mass and as a
molecular target for future drug development.
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Molecular Cardiology

Activin A and Follistatin-Like 3 Determine the Susceptibility
of Heart to Ischemic Injury

Yuichi Oshima, MD, PhD; Noriyuki Ouchi, MD, PhD; Masayuki Shimano, MD, PhD;
David R. Pimentel, MD; Kyriakos N. Papanicolaou, BSc; Kalyani D. Panse, MSc; Kunihiro Tsuchida, MD, PhD;
Enrique Lara-Pezzi, PhD; Se-Jin Lee, MD, PhD; Kenneth Walsh, PhD

Background—Transforming growth factor-8 family cytokines have diverse actions in the maintenance of cardiac
homeostasis. Activin A is a member of this family whose regulation and function in heart are not well understood at
a molecular level, Follistatin-like 3 (Fst13) is an extracellular regulator of activin A protein, and its function in the heart

is also unknown.

Methods and Results—We analyzed the expression of various transforming growth factor-f superfamily cytokines and
their binding partners in mouse heart. Activin BA and Fsil3 were upregulated in models of myocardial injury.
Overexpression of activin A with an adenoviral vector (Ad-actBA) or treatment with recombinant activin A protein
protected cultured myocytes from hypoxia/reoxygenation-induced apoptosis. Systemic overexpression of activin A in
mice by intravenous injection of Ad-actBA protected hearts from ischemia/reperfusion injury. Activin A induced the
expression of Bcl-2, and ablation of Bcl-2 by small interfering RNA abrogated its protective action in myocytes. The
protective effect of activin A on cultured myocytes was abolished by treatment with Fstl3 or by a pharmacological
activin receptor-like kinase inhibitor. Cardiac-specific Fst/3 knockout mice showed signiﬁcantly smaller infarcts after
ischemia/reperfusion injury that was accompanied by reduced apoptosis.

Conclusions—Activin A and Fst13 are induced in heart by myocardial stress. Activin A protects myocytes from death, and
this activity is antagonized by Fstl3. Thus; the relative expression levels of these factors after injury is a determinant of
cell survival in the heart. (Circulation. 2009;120:1606-1615.)

‘Key Words: activin ‘A m apoptosis m follistatin-like 3 m myocytes m reperfusion

he transforming growth factor-8 (TGF-B) family com-
prises a large number of multifunctional proteins that can
be divided into subfamilies including activins, bone morpho-
genic proteins,. growth and d)ffcrcntlatlon factors (GDFs),

and TGF-Bs. These secreted protelnb have: diverse roles in
cell proliferation, dmerenuatlon, apoptosns, and lmmuneV
responses.! TGF-BI. the loundmg member of the TGF-8

superfamily, is a mediator of cardiac hypertrophy and remod-
eling.2? It has also been reported. that bone morphogenic
protein-2,45 GDF-15,67 and myostatin (GDF-8)® influence
the growth and survival of cardiac myocytes. However, the
majority of TGF-B. superfamily. members: have not been
examined for their potential cardiac-regulatory. functions.

Clinical Perspective on p 1615

The follistatin family ' proteins. function as extracellular
antagonists of TGF-f superfamily cytokines. Follistatin and

follistatin-like 3 (Fst13) bind dn‘ectly 0 TGF—B superfamily
cytokines: to. inhibit their  biological activities.! Recently,

-Lara-Pezzi et al” reported that Fistl3 transcript expression is
_ upregulated in end-stage failing myocardium and its expres-
_sion is corrclatcd with molecular markers of disease severity.
‘' They also reported that transcripts ‘encoding follistatin-like 1
/ (Fstll) a distant member of the follistatin family, are upregu-

lated in heart failure and expression is positively correlated

- with better functional recovery after implantation of a left
- ventricular - assist: device:. We have shown that Fstl is

secreted from cardiac myocytes after injury in animal models
and that it functions to promote cardiac myocyte survival.'®

To better understand the regulation of secreted factors from
the heart, we performed gene array transcriptome analyses on
murine hearts that were subjected to injury and other stimu-
1i.11:12 These analyses revealed that members of the follistatin
family of secreted factors were upregulated on injury or Akt
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Figure 1. Fsti3 and Activin BA are specifically induced after cardiac injury. Expression analysis of activin BA, Fsti3, follistatin, and inhibin & in murine
models of myocardial infarction (Mi) (A), transverse aortic constriction {TAC) (B), and VR (IR} (C) is shown. In the myocardial infarction model, sam-
plés were taken separately from ischernic zone (infarct area) and nonischernic zone (remote area) 3 days after the onset of myocardial infarction. For
the pressure overload model; samples were taken 7 days after fransverse aortic constriction surgery. Quantitative real-time polymerase chain reac-
tion was performed to determine the mRNA level of each transcript, and the data were compared with the GAPDH level and hormalized to the
rnean value of controls. n=4 to 6. *P<0.05 vs sham; #P<0.01'vs sham; D, Upregulation of activin A protein after myocardial infarction. The top

panel is'a Westem blot analysis for activin A performed under nonreducing conditions; and the bottom panel is a blot for a-tubulin with the same
samples Used under redlicing conditions. The histogram shows the quantification of the band intenstties for activin A compared with:that of tubulin.
#P<0.01 vs sham, E, Upregulation of activin A and Fsti3 proteins after H/R treatment in NRVM cultures, Representative images of immunoblots of
the culture media; 24 hours after addition to cells; and the cell pellet lysates are shown. CTL indicates control.
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activin A for 8 hours before the exposure to 12 hours of hypoxia

HR: b g ,
injury. A, NRVMs were pretreated with different concentrations of
followed by 24 hours of reoxygenation (H/R). Cell viability was deter-

3

mined by the MTS assay. Apoptosis indicated by nuclecsome fragmentation assay (B) and caspase-3 and -7 activities (C) were mea-
sured in' NRVMs pretreated with 25 ng/mL of activin A before exposure to H/R. D, Thirty minutes before addition of activin A, NRVMs
were pretreated with or without the inhibitor SB431542 (SB). Cell viability was measured by MTS assay after H/R treatment. *P<0.05;

#P<0.01.

transgene. activation,' leading us to' hypothesize. that there
might exist as yet unknown networks of autocrine/paracrine
factors that control heart function. In this study, we report that
cardiac’ injuries: induce - the expression of activin ‘A and. its
binding partner FstI3. Activin A was found to protect cardiac
myocytes from stress-induced cell death, whereas Fst13 abol-
ished the prosurvival effect of activin’' A. We propose that
activin A and Fstl3 serve as sensors of cardiac stress and that
their relative levels of expression influence: cell survival ‘in
the injured heart.

Methods
See the online-only Data Supplement for additional details.
Myocyte Cultures of Neonatal Rat
Ventricular Myocytes

Primary cultures” of neonatal rat ventricular myocytes (NRVMs)
were incubated: in' Dulbecco’s modified Eagle’s: medium. supple-

mented with 7% fetal calf serum for 18 to 24 hours after preparation,
then with adenoviral vectors at the indicated multiplicity of infection
(MOI) for: 16 hours in Dulbecco’s modified 'Eagle’s medium. The
media were then replaced with fresh DMEM without adenovirus and
incubated for 12 hours before hypoxia/reoxygenation (H/R). In other
experiments, seram-deprived NRVMs were incubated with recom-
binant activin' A protein for 8-hours before H/R:' A GasPak system
(Becton: Dickinson) was used (o create hypoxic: conditions. as
described previously.'? For H/R: studies, cells were exposed to 12
hours of hypoxia followed by reoxygenation.

Construction of Adenoviral Vectors Expressing
Murine Fstl3 and Murine Activin A

Full-length Fst3 and acfivin BA complementary. DNAs. (¢DNAs)
were: obtained from:American: Type Culture Collection. Enzymatic
restriction sites were added by polymerase chain reaction on both N-
and C-terminus, and: the full length of Fsti3:and acrivin BA and the
c¢DNASs were subcloned . into an- adeénovirus. shuttle: vector.-After
linearization, the shuttle vectors were cotransformed into competent
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Figure 3. Cytoprotection by activin A is mediated by upregulation of the antiapoptotic: protein Bel-2. A, Activin A-induced Bcl-2 expres-
sion in NRVMs, A representative immunobilot is shown. Blots for a-tubulin were perforned to indicate the equal loading. The histogram
shows quantification of the band interisities to indicate a statistically significant increase in Bcl-2 protein expression after treatment with
activin A. *P<0.05. B, Ablation of Bcl-2 expression blocks the cytoprotection conferred by activin A. The top panel shows a representa-
tive Western blot assessing the efficiency of siRNA targeting Bel-2. The bottorm panel displays the effect of Bel-2 knockdown on activin

A-mediated cytoprotection of NRVMs as determined by nuclecsome fragmentation assay. Apoptosis was induced by:H/R treatment.

*P<0.05; #P<0.01. -

cells (TOP10: Invitrogen) with the adenoviral backbone plasmid
(pAdEasy-1). The recombinant adenoviral DNA with Fstl3 or activin
BA ¢DNA was extracted fronr the competent cells and transfected
into HEK 293 cells to produce recombinant adenoviral vectors that
express Fstl3 (Ad-Fsti3) or activin' BA (Ad-actBA). An adenoviral

vector expressing fB-galactosidase (Ad-Pgal) was used as a control.

The adenoviral vectors were purified by the CsCl ultracentrifugation
method.

Adenovirus-Mediated Overexpression of Activin
in Mice

Eight- to' 10-week-old male mice were injected intravenously with
adenovirus (Ad:-actBA: or Ad-Bgal; 5.0X10% plaque-forming. units
per mouse) through the jugular vein: Plasma activin A was assayed
by Western. blot analysis: 3 days after adenovirus delivery.- At this
time :point, mice also underwent: myocardial: ischemia/reperfusion
(I/R) injury:

Generation of a:Cardiac-Specific Fsil3

Knockout Mice

Mice homozygous for an Fist3 allele with 2'loxP sites flanking exons
3 throuigh 5 (Fsti3™¥™*) were backcrossed and maintained on' the
C57BL6/J background.  Fstl3™™ were  crossed with a-myosin
heavy chain (a-MHC)-Cre fransgenic nice that are maintained on a
C57BL6/J buckground. - Four ‘different primer pairs: were ‘used for
genotyping polymerase chain reaction. The loxP. site in intron 2. was
detected with the use of the primer | (SIL954 TCTGAGAAGAG-
GAGGGATTTCAAG) and primer 2 (SJILISS ATTTACACCTAGC-
CACATACTCTG), which amplify:an: =390-bp - fragment -for the
JoxP site. whereas the Fsil3 wild-type allele gives a 330-bp fragment.
The: loxP: site”in’ intron 5-was detected” with: the: use’ of ‘primer 3

(ST1956 AACCACATCCCAGATCCAGGTCAC) and primer 4

.. (8IL986 CAGCTATGTAGGCTTTGCATTGCTC), which amplify
_an ~310-bp fragment for the loxP site and a 270-bp fragment for the
_ wild-type allele..Recombination by Cre leads (o an allele that lacks
- exons 3, 4, and 5 of the Fs/I3 gene and is detected with the use of
. primer pair-of | and 4, which gives a 357-bp fragment. The
. a-MHC:Cre transgene is detected with the use of the primer pair of

5 ATGACAGACAGATCCCTCCTATCTCC and 5'-CTCATCAC-

* TCGTTGCATCATCGAC, which amplifies a 300-bp fragment.

Statistical Analysis
Data are presented as mean=SEM. Group differences were analyzed
by 2-tailed Student  test or ANOVA. To compare multiple groups,
the Mann=Whitney U test with Bonferroni correction was used, A
value of P<0.05 was considered statistically significant.

The authors had full access to and take full responsibility for the
integrity ‘of the data; All-authors have read and-agree to the
manuscript as: written.

Results

Activin BA and Fsti3 Levels Are Regulated by
Stress in the Heart

To better understand. the roles of the TGF-f superfamily
cytokines in heart; we analyzed: franscript expression of
family members: by quantitative real-time polymerase chain
reaction using ¢cDNAs from mouse heart (Figure: 1 A). These
analyses focused on activin BA, its inhibitory binding partners

follistatin. and: Fstl3,  and. inhibin  a. Activin. BA showed

marked upregulation at | and 3 days after left coronary artery
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Figure 4. Adenovirus-encoded activin A induces Bcl-2 and protects cardiac myocytes from stress: A, Representative immunoblot
images showing that transfection of adenoviral vector expressing activin BA (Ad-actpA) at an MOI of 50 resulted in increased expres-
sion of Bcl-2 and phosphorylation of Smad2. Membranes were blotted for ‘a-tubulin to indicate equal protein loading. Histogram shows
quantification of the band-intensities. *P<0.05. Transduction of Ad-actBA (MOI=50) reduced apoptosis, assessed by the nucléosome
fragmentation assay (B), and preserved cell viability, assessed by the MTS assay (C), against H/R stress. An adenovirus vector express-
ing’ B-galactosidase (Ad—ﬁgal) was used ag a control in‘these experiments at an MOI of 50; ‘P<0.05; #P<0.01':* ;

ligation in the mtarct zone and retumed to baselme at thck ]

6-day time-point. These ﬁndmos are in general agreement

, becauqc the activin BA transcnpt was expreqxed robustly at this

with those of Yndestad et al,!4 who previously reporteda 15-

to 40-fold induction of activin BA in the ischemic regions of

heart after left coronary artery ligation in rats. Fstl3 displayed
statistically significant upregulation-at days 1,3, and 6:in the
infarct and remote regions after left coronary artery ligation:
Follistatin upregulation was observed in the infarct zone at the
3- and 6-day time points:: No regulation of  inhibin- o, which
opposes the action of activin A, was observed in this model.
Activin - BA and- Fstl3 were upregulated ' 10--and - 3-fold,
respectively. after pressure overload at” 1 week after trans-
verse aortic constriction (Figure 1B), whereas: the follistatin
transcript level did not change: and the inhibin o transcript
level declined by a factor of 2 (Figure IB). In an ' I/R model;
Fst13 expression was upregulated 4-fold at 12- and 24-hour
time  points ‘after perfusion, whereas: levels of “acrivin BA
increased 2-fold at the 12-hour time point (Figure 1C). Levels
of follistatin and inhibin o did not change-in these assays.
Dimers “of “activin - BA are processed to - give rise to the
physiologically active protein activin' A: Activin: A’ levels were
measured in- hearts: 3 days after left” coronary artery’ ligation

time pomt A s]onlﬁcmt increase in activin'A protein could be
detected in hearts after infarction (Figure 1D). To document
activin A and Fstl3 expression by cardiac myocytes, NRVMs
were cultured under normoxic and. H/R conditions (Figure 1E).
Both proteins could be detected in lysates of the cell pellets and
in:the conditioned media; Treatment of cultures by HR led to a
1.9-fold upregulation of activin A and a:1.7-fold upregulation of
Fstl3 in the: culture media (P<<0.05; n=6).

Activin'A Protects Cultured Myocytes From Apoptosis

In the noncardiac cell type, activin A has been reported to
promote survival!5-17 or apoptosis.'*!¥ Thus far, the effects of
activin A on cardiac myocyte survival have not been reported.
To eclucidate: the functional significance  of “activin: A -in
cardiac myocytes, serum-deprived NRVMs were exposed. to
H/R stress in the presence of absence of recombinant human
activin ‘A protein’and analyzed for markers of apoptotic cell
death: As shown in Figure 2A; recombinant activin A protein
promoted survival in.NRVMs as assessed by an MTS assay.
Statistically; significant protection against apoptosis was ob-
served when activin A: was incubated . with NRVMs at a dose

Downloaded from circ.ahajournals.org at BOSTON UNIV MEDICAL LIB:on October 6, 2009

Q



Oshima et al

W

Ad-figal

A

(Plasma Activin A)

TUNEL
/ actin

%

B
TUNELDAPI
/actin

Ad-actpA

Activin A/Fstl3 Signaling and Myocyte Viability 1611

Figure 5. Adenovirus-mediated overexpression of
activin A protects the heart from /R injury. A, Rep-
resentative Western blot analysis, performed under
nohreducing conditions, of plasma samples col-
lected 3 days after injection of Ad-Bgal or
Ad-actBA. Histogram shows quantification of
infarct area induced by VR 3 days after adenoviral

injection. *P<0.05. B, Representative images of
myocardium stained with TUNEL (green) and sar-
comeric actin {red) (top panels) and merged with

infarction / Risk Zone
]
% TUNEL positive cell
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of 25 ng/mL. This level of activin A is similar to doses that
exert antiapoptotic actions on other cell types.2? To corrobo-
rate these findings, a' nucleosome fragmentation assay of
NRVM apoptosis was performed. Treatment with 25 ng/mlL.
activin A reduced H/R-induced apoptosis by 62% (Figure
2B). Furthermore, caspase 3/7 activity was increased by the
H/R stress, and treatment with activin A protein (25 ng/mL)
reduced this activity to near baseline levels (Figure 2C).
Activin A signals through activin receptor-like Kinases
(ALKs).! Thus, NRVMs exposed: to- H/R  stress. were: incu-
bated with SB431542, a specific inhibitor:of ALK4, ALKS,
and ALK7, before treatment with recombinant activin'A. Cell
viability was assessed by MTS assay. As shown in Figure 2D,

wreatment with SB431542 abrogated the protective effect of

activin A, whereas the inhibitor had no effect on basz}l cell

viability. These data suggest that extracellular activin A
protects “cardiac myacytes from stress- mduced apoptmls

through the acnvmes of ALKS

To test whether Bel-2 is 1nv6!ved in the ‘antiapoptonc: :

action “of “activin A~ in’ cardiac myocytes,: Bel-2: ‘protein
expression was determined by Western blot analysis: Activin
A treatment significantly increased: Bel-2 protein: levels in
NRVMs (Figure 3A). Transduction of NRVMs with small
interfering RNA (siRNA). targeting - Bel-2 -reduced ' Bel-2
protein expression. Knockdown of Bcl-2 with siRNA blocked
the inhibitory effect of activin' A on H/R-induced nucleosome
fragmentation (Figure 3B). Thus, activin A cytoprotection is
mediated by induction of Bel-2.

Adenovirus-Mediated Expression of Activin A
Promotes Myocyte Survival In Vitro and In Vivo
To corroborate and extend’ the findings- obtained  with - the
recombinant-human activin- A protein, an adenoviral: vector
that expresses the mouse. activin’ BA gene (Ad-actBA) was
generated. As shown: in-Figure 4A, transduction  with - Ad-
actBA: promoted the ‘expression-of Bel-2- protein and - in-
creased  the ‘phosphorylation of Smad2’in: NRVMs. The

DAPI (blue) (bottom panels). Histogram shows
quantification of TUNEL -positive cells in the myo-
cardium after I/R. *P<0.05.

Ad-actpA

magnitude of these effects was similar to that observed with
the recombinant activin A protein (Figure 3A). Transduction
of NRVMs with Ad-actBA suppressed apoptosis induced by
H/R as assessed by a nucleosome fragmentation assay (Figure
4B) and an MTS assay of cell viability (Figure 4C).

To examine the consequences of activin A on cardiac
myocyte viability in vivo, mice were injected intravenously
with ad-actBA or the control vector Ad- Bgal This method of
intravenous dclwery of adenoviral vectors leads to transduc-
tion of the liver but not heart, and secreted adenovirus-
encoded proteins can be detected in the serum.'®2' Mice

_receiving Ad-actBA- exhibited. detectable -activin® A protein
_ expression in serum as assessed by. Western blot analysis
. (Figure 5A). In résponse to. myocardial I/R . injury; . mice

treated with Ad-actBA displayed a 53.7% reduction in infarct
size. This reduction u)rresponded to a decrease in the number
of terminal deoxynucleotidyl transferase—mediated dUTP

_ nick-end labeling (TUNEL)=positive, apoptotic cells. in. the
“area at risk of the Ad-actBA-treated group: (Figure 5B).

Collectively: these data show: that activin: A: protects myo-
cytes from apoptosis in vitro'and in vivo and that it minimizes
damage from I/R injury in the heart.

Fstl3 Inhibits Activin A-Mediated Protection
of NRVMs
An adénoviral véctor expressing the mouse Fstl3 gene (Ad-
Fstl3) was constructed because this: factor is also induced by
myocardial injury (Figure 1A to 1C); and it functions as an
extracellular. binding partner of activin- A:. Transduction. of
NRVMs with ‘Ad-Fstl3: abrogated: the: ability of activin. A
protein to induce” Smad2: phosphorylation” (Figure: 6A). In
contrast, adenovirus-mediated overexpression of Fstl} had no
effect: on -activin - A-induced - Smad2 - phosphorylation  in
NRVMs (Figure 6B).

Because Fst13 is an inhibitor of activin' A; we examined the
effects of adeno-mediated induction of FsU3 on activin A-me-

" diated protection .of NRVMs from stress-induced apoptosis. As
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Figure 6. Fsti3 inhibits activin A action in NRVMs. A and B, -NRVMs, transduced with Ad-Fstl3, Ad-Fsti1 or Ad-ggal (8) at 50 MOI, were
stimulated with 25 ng/mL of recombinant activin A for indicated periods of time, and phosphorylation of Smad2 was determined by
Western blot analysis. Immunoblots for a-tubulin were performed as a loading control. C and D, NRVMs were transduced with Ad-Fsti3
or Ad-Bgal at an MOl of 50°(C) or 10 (D) and exposed to H/R treatment in the presence or absence of pretreatment with 25 ng/mL of
activin A, Apoptosis was examined by nucleosome fragmentation assay (C), and cell viability was assessed by the MTS assay (D).

*P<0.05.

shown: by nucleosome fragmentation - assay, transduction of
Ad-Fstl3: abolished: the: prosurvival actions of “activin- A ‘on
NRVMs exposed to. H/R stress (Figure 6C):: The: ability of
Ad-Fst3: to block activin: A-mediated: NRVM: survival was
corroborated by the MTS cell viability assay (Figure 6D).

Ablation of Fstl3 in Cardiac Myocytes Protects the
Heart From I/R Injury In Vive

Cardiac: myocyte—specific: knockout mice for Fstl3 were
generated by crossing FstI3™** mice: with mice expressing
Cre recombinase: from the: &-MHC: promoter. Cre-mediated
recombination of - the Fs1/3-allele in the hearts of a-MHC-

Cre XFstl3™¥ (CKO) mice was confirmed by polymerase
chain reaction (Figure I in the online-only Data Supplement).
Quantitative real-time polymerase chain reaction analysis on
the extracts from: whole heart revealed a: significant but
incomplete reduction of Fstl3 expression in. CKO: mice
(Cre-f/f) compared with wild-type (W-f/f) mice (Figure 7A).
Thus; cardiac myocytes- were isolated from: adult hearts of
both strains of mice and evaluated for Fst/3 expression
(Figure 7B). Myocytes isolated from CKO mice: were com-
pletely. void of Fstl3 transcript. Beécause whole-body Fsr/3-
deficient mice exhibit mild cardiac hypertrophy,?? we evalu-
ated the ratio of heart weight to body weight in the 2 strains
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of mice (Figure 7C). Cardiac myocyte—specific Fstl3 knock-
out mice did not show any difference in heart weight
compared with wild-type mice. Western immunoblot analysis
revealed the upregulation of Bel-2 protein expression in CKO
mice. The upregulation of Bcl-2 expression was also detected
by Western immunoblot analysis of isolated cardiac myo-
cytes from CKO hearts.

To examine the functional significance of Fsrl3 in myo-
cytes of the heart, CKO and control mice -hearts were
subiected to I/R injury, and infarct size was analyzed by
2.3,5-triphenyltetrazolium chloride’ staining. As shown .in
Figure 8A, CKO hearts displayed smaller infarct zones,
whereas the ratio of risk area to left ventricular area did not
differ between the 2 groups-(not shown). TUNEL analysis of

the area at risk revealed fewer apoptonc Lellq in the qu

CKO mice (Figure 8B)
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Figure 8. Ablation of FstI3 protects the heart from I/R injury. A,
Quantification of infarction size of Fsti3™™* crossed with wild-
type (W/ff) or a-MHC-Cre (Cre/ff) after I/R injury. *P<0.05. B,

Quantification of TUNEL-positive cells in the' myocardium or
control (W/ffj and CKO (Cre/ffy mice after I/R injury. *P<:0.05.

myocyles
Cre-f/f

Figure 7. FstI3 ablation in heart. A and B, Quanti-
tative real-time polymerase chain reaction was
performed to evaluate Fs/t3 mRNA expression in
hearts of wild-type (W) or a-MHC-Cre (Cre) mice
crossed with Fsti3®*®%* mice with the use of cDNA
produced from whole heart extracts (A) or isolated
cardiac myocytes (B). *P<0.05. C, Heart weight/
body weight ratio (HW/BW) in 8-week-old male
mice. D and E, Representative images of immuno-
blots of Bcl-2 expression in whole heart lysates (D)
and isolated adult mouse cardiac myocytes (E).
Immunoblots for a-tubulin are shown as a loading
control.

Cre-f/

function of 2 new members of the cardiac secretome, Fstl3
and activin A. FstI3 binds to activin A and other members of
this family and inhibits their ability to activate signaling
within target cells.! It has been reported that serum activin A
levels and Fstl3 transcript levels are elevated in heart fail-
ure, but the regulatory functions of these factors in heart
have not been examined previously. In this study, we show
that both Fstl3. and Acrivin BA mRNA are markedly upregu-
lated in mouse heart in fesponse to multiple types of injury.
Functional analyses in vivo and in vntm qhowed that activin A
is cardioprotective, whereas Fsti3 acts to nulhiy the protec-
tive action of activin A. These data indicate that the balance
of expression between these 2 molecules can influence how

-+ the heart adapts to:stress.

Activin ‘A is involved in numerous biological processes

j mcllidmo embryonic dcvelopment 26 erythropoiesis,” wound
 healing, 282 cancer-refated- cachexia, and inflammation.®!
_ Although - it has been’ demonstrated that activin A is a

prosurvival factor for neuronal cells,'*1720 other studies have
demomtrated that activin A is a roapoptotic  factor  for
proapop

has: also been reported - that inhibition of activin- A by
follistatin-attenuates apoptosis  induced by carbon tetrachlo-
ride injury in liver.?2 Thus, the mode of activin: A action is
highly dependent on tissue and cell type. In the present study,
we present multiple lines of evidence showing that activin A
is cardioprotective. In cultured cardiac myocytes subjected to
stress, treatment with Tecombinant activin A’ protein upregu-
lated Bcl-2 protein expression and reduced caspase activation
and -cellular: apoptosis.  Consistent - with  these - results,
adenovirus-mediated ‘activin:* A" overexpression promoted
Bcl-2 expression and myocyte - viability. - Adenovirus-
mediated expression of activin A also reduced infarct size and
the:frequency of TUNEL-positive cells in hearts that under-
went I/R injury.

The tunctional significance of Bel-2 induction by activin' A
was assessed by siIRNA knockdown:experiments: in- vitro.
Treatinent: with siRNA directed at Bcl-2 effectively ablated
activinA=stimulated expression of this protein by cultured
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myocytes and blocked the cytoprotection actions of activin A,
Previous studies have shown that Bcl-2 has roles in promot-
ing cardiac myocyte viability in models of ischemic injury??
and desmin deficiency—induced cardiomyopathy > It has also
been reported that activin A induces both Bcl-2 and Bel-xL in
neuroblastoma and pheochromocytoma cells.?* However, we
did not detect activin A-stimulated Bcl-xL expression in
cardiac myocyte cultures (data not shown).

In this study, it is shown that Fstl3 inhibits the protective
actions of activin A on cardiac myocytes. Pretreatment with
an adenoviral vector expressing Fstl3 abrogates activin
A-mediated suppression of NRVM death under conditions of
H/R. Furthermore, cardiac myocyte—specific ablation of Fslt3
reduces infarct size and diminishes the frequency of apoptotic
myocytes in the area at risk after I/R injury.

We previously showed that Fstl! is upregulated by cardiac
injuries in murine models,'® and Lara-Pezzi et al reported that
the Fstll transcript is upregulated in human heart failure.® In
contrast to Fstl3, Fstll protects cardiac myocytes from death
both in vitro and in vivo.'9 Also in contrast to Fsit3, it is
shown here that Fstl1 does not interfere with activin A—stimu-
lated Smad2 phosphorylation (Figure 6). In contrast, Fstll
protection of both cardiac myocytes and endothelial cells is
dependent on the upregulation of Akt signaling.'0-3% Cur-
rently, there is no evidence to suggest that Fstl] functions by
binding to TGF-S superfamily members.

It was previously reported that whole-body. FstI3 defi-
ciency results in a low degree of cardiac hypertrophy accom-
panied by mildly ‘elevated blood' pressure in old female
mice.?? In the present study, we employed cardiac-specific
Fstl3-deficient mice, and no change in ratio of heart weight to
body weight was observed between CKO and wild-type mice.
Because elevated blood pressure can lead to cardiac hyper-
trophy, the cardiac phenotype of the whole-body Fstl3 knock-
out mouse may. be caused by the mdlrect actions of whole-
body Fsti3 deficiency on' the heart.

Other TGF- family cytokines reported to be produced by.
the heart under conditions of stress include myostatin/GDF-8
and GDF-15.0-#36 Like activin A, these factors regulate Smad

signaling and cause cachexia when admlmstcred Or overex-

pressed.037.3% Both activin A and GDF-15 have been shown
to beé increased in patients with heart diseases. #3940 Collec-
tively, these studies indicate the existence of a broad: signal-
ing network involving TGF-f family factors and their extra-
cellular inhibitory proteins that control cardiac adaptation to
stress.. The expression of these proteins by the damaged heart
may. also: contribute to: the: systemic. wasting response . in
chronic heart failure.

Conclusions
We show that activin A and its extracellular inhibitory protein
Fstl3 are upregulated in" murine. heart under conditions of
stress. Administration or overexpression of activin A protects
myocytes from stress in vitro and in vivo. In contrast, Fsti3
overexpression inhibits the myocyte-protective activity of
activin A in vitro, and cardiac-specific FstI3-deficient mice
display smaller infarcts and less myocyte apoptosis in re-
sponse o I/R injury. Thus, we propose that activin A and
Fst13 function in an opposing manner to regulate myocyte

survival and that the relative expression levels of these factors
influence the adaptive response of the heart to injury.
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CLINICAL PERSPECTIVE

The injured heart secretes proteins that influence its function. In this study, we characterize 2 new members of the cardiac
“secretome,’” activin: A and follistatin-like 3" (Fsti3), using genelic gain- and loss-of-function. manipulations. in mouse
models. Activin A and FstI3 expression: way’ increased in heart after various injuries and in- cultured myocytes after
hypoxia/reoxygenation. Activin A protected myocytes from cell death, and this protective activity was antagonized by
Fst13, which functions as an extracellular inhibitory. protein for activin' A. Myocardial ischemia/reperfusion’injury was
rediiced in mice administered activin A, Genetic ablation of Fstl3 in cardiac myocytes also diminished injury in response
to ischemia/reperfusion. We speculate that activin A and Fstl3 serve as sensors of cardiac stress and that their relative levels
of expression: influence the adaptive response of the heart to injury.
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Mesenchymal progenitors distinct from satellite cells
contribute to ectopic fat cell formation in skeletal muscle

Akiyoshi Uezumi'?, So-ichiro Fukada?, Naoki Yamamoto®, Shin’ichi Takeda* and Kunihiro Tsuchida’

Ectopic fat deposition in skeletal muscle is closely associated with several disorders, however, the origin of these adipocytes

is not clear, nor is the mechanism of their formation. Satellite cells function as adult muscle stem cells but are proposed to
possess muitipotency. Here, we identify PDGFRa* mesenchymal progenitors as being distinct from satellite cells and located in
the muscle interstitium. We show that, of the muscle-derived cell populations; only PDGFRa* cells show efficient adipogenic
differentiation both in vitro and in vivo. Reciprocal transpiantation between regenerating and degenerating muscles, and co-
culture experiments revealed that adipogenesis of PDGFRa* cells is strongly inhibited by the presence of satellite cell-derived
myofibres. These results suggest that PDGFRa* mesenchymal progenitors are the major contributor to ectopic fat cell formation
in skeletal muscle, and emphasize that interaction between muscle cells and PDGFRa* mesenchymal progenitors, not the fate
decision of satellite cells, has a considerable impact on muscle homeostasis.

Adult skeletal muscle possesses a remarkable regenerative ability. This
depends on satellite cells that reside adjacent to and beneath the basal
lamina of myofibres and function as adult muscle stem cells'. Despite
that, in several pathological conditions where muscle integrity has been
debilitated, skeletal muscle is occupied by adipocytes. The most striking
accumulation of adipocytes is seen in advanced cases of Duchenne muscu-
lar dystrophy (DM D), where a muscle may be almost entirely replaced by
adipocytes’. However, fataccumulation can be seen not only in myopathies
but also in severe neurogenic atrophy, type Il diabetes; obesity or ageing-
related sarcopenia®. Nevertheless, the precise origin of ectopic adipocytes
is not clear, and nor is the stimulus that incites their formation:

Adipose cells are thought to be derived from mesenchymal stem cells
(MSCs). Duringadipose tissue development, MSCs commitintoadipocyte
lineage and eventually give rise to preadipocytes, which cannot be distin-
guished from MSCs by their morphology or gene expression; but have
lost potential for differentiation to other cell lineages”. Preadipocytes then
undergo terminal differentiation that involves a highly regulated and coor-
dinated cascade of transcription factors®. C/EBPaand PPARy are the best-
characterized transcriptional factors for adipogenesis*'®. These two factors
function cooperatively to transactivate adipocyte genes and continue to be
expressed in mature adipocytes. Linéage commitment and differentiation
of adipose progenitors or stem cells should occur in ectopic fat formation
inskeletal muscle as well as in adipose tissue development. Several types of
cell isolated from skeletal muscle have been reported to possess adipogenic
differentiation potential including satellite cells!'?, side population cells®

and MSCs'*%, However, it is not clear whether these cells have the ability to
induce in vivo fat formation in skeletal muscle. Itis notknown whether sat-
ellite cell plasticity or multipotency is operative in vivo, and little is known
about the in vivo features of muscle side population cells or MSCs, such as
their anatomical localization and pathophysiological rales.

Here, we conducted a comprehensive analysis of cells that reside in
skeletal muscle to clarify the origin of the cell population that is involved
in adipogenesis in this muscle type.

RESULTS

In vitro adipogenic potential is detected only in the PDGFRa*
mesenchymal progenitor. population of muscle-derived cells

We first fractionated whole mononucleated cells, which had been enzy-
matically isolated from skeletal muscle, based on the expression of estab-
lished cell surface markers: CD31 as an endothelial marker, CD45 as a
pan-haematopoietic' marker and SM/C-2.6 as a marker of satellite cells
(Fig. 1a)'® After sorting by fluorescence activated cell sorting (FACS), each
cell population was cultured under adipogenic conditions to compare their
adipogenic potentials (Fig. 1b). Oil red O staining revealed thatonly CD31~
CD45-SM/C-2.6 cells efficiently differentiated into adipocytes (Fig. 1c).
Freshly isolated CD31-:CD45-SM/C-2.6 cells did not express endothelial,
haematopoietic-and myogenic genes; however, they did express PDGFRa
and PDGERp, which have been shown to be present in' mesenchymal cells
(Fig.. 1d)'™®; In particular, strong expression of PDGER« was detected.
‘When whole muscle-derived cells were fractionated on the basis of CD31,
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Figure 1 In vitro adipogenic potential was found only in the PDGFRa*
population of muscle:derived cells. (a) Whole muscle-derived ceils were
analysed for CD31, CD45 and SM/C-2.6 expression by flow cytometry, The
percentages of each cell: population are shown in the panels and expressed
as the mean of three independent experiments. (b} Protocol for in vitro
adipogenic differentiation. Freshly sorted cells were cultured in growth
medium (GM) for 4 days before treatment with adipogenic induction medium
(Adipo IM).for 3 days and treatment with adipogenic maintenance medium
(Adipo MM) for 3 days. (¢) Whole muscle-derived cells were divided into
the four fractions indicated. Each fraction was cultured and induced to
differentiate into adipocytes: A-macroscopic view of an il red O-stained

CD45, SM/C-2.6 and PDGFRa expression and induced to differentiate
into adipocytes, adipogenic activity was detected only in PDGFRa* cells
(Fig: 1e, f). Reverse transcription-PCR (RT-PCR) analysis of freshly isolated
cells showed that PDGFRa was specifically detected in PDGFRa* cells; indi-
cating specific expression of this molecule at both the mRNA and protein
levels (Fig. 1g). In addition to the expression of mesenchymal genes, there
was observable expression of the Tie2 gene in PDGFRa* cells (Fig: 1g):
Tie2 has been reported to identify mesenchymal progenitors in addition to
endothelial cellsand a subset of haematopoietic cells'. Phenotypic analysis
of freshly isolated PDGFRa* cells revealed that they are similar to MSCs
with respect to their surface phenotypes (Supplementary Information,

o [

b Cell sorting
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205+ 4.7 1.8+ 09

SM/C-2.6
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il
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eight-well chamber slide is shown. {(d) RT-PCR analysis of lineage markers

in freshiy isolated CD31-CD45-SM/C-2.6" cells. (e) Whole muscle-derived
cells were analysed for CD31, CD45, SM/C-2.6 and PDGFRa. expression.. The
percentages of each cell population:are expressed as the.mean + s.d. of ten
independent experiments. (f) The four fractions indicated were purified from
gross muscie-derived mononucleated cells and cultured under adipogenic
conditions:' A macroscopic view of the oil red O stained eight-well chamber
slide is shown. (g) Expression of lineage markers in the five fractions
indicated. RNA was extracted from freshly isolated cells immediately after
celi'sorting and RT-PCR was performed. RNA extracted from whole embryos
at embryonic day (E) 13.5 was used as a positive control (PC).

Fig. S1a). Absence of Pax7 and adipogenic transcription factors indicated
that satellite cells and committed adipogenic cells were not included in the
PDGFRa* fraction (Supplementary Information; Fig: S1b; ¢).

We next investigated in vitro adipogenesis of muscle-derived cell popu-
lations. Although a mixed populatiorr of CD31* and CD45* cells or a popu-
Iation of CD31-CD45-SM/C-2.6 PDGFRa- cells proliferated poorly, two
other populations, CD31-CD45-PDGFRa’ and CD31-CD45-SM/C-2.6%,
proliferated actively (Fig. 2a). CD31:CD45 SM/C-2.6" cells were nega-
tive for PDGFRa, C/EBPa and PPARY (Fig. 2b), but almost all of these
cells expressed Pax7 and MyoD, and a few were positive for myogenin on
day 4 (Supplementary Information, Fig. $2a, d). Even upon adipogenic
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Figure 2 /n vitro adipogenesis of muscle-derived cells. (a) Phase contrast
images of a mixed population of CD31* and CD45* cells, CD31CD45"
SM/C-2.6* cells, CD31-CD45PDGFRa* cells and CD31-CD45SM/C-2.6~
PDGFRa- cells under adipogenic culture conditions. (b) Cultured CD31-
CD45-SM/C-2.6+ cells and CD31-CD45-PDGFRa* cells were fixed at the
time points indicated and stained with antibodies against PDGFRa,
C/EBPa and PPARy, or with oil red O. Insets show high magnification
images. (c) Adipogenic differentiation was evaluated by quantifying the

induction, they did not differentiate into adipocytes, but instead differ-
entiated into well-developed large myotubes (Fig. 2b, ¢; Supplementary
Intormation, Fig. $2b). In contrast, CD31-CD45-PDGFRa* cells had
maintained PDGFRa expression, and began to express C/EBPa and
PPARYy on day 4 (Fig. 2b), but they did not express myogenic markers
(Supplementary Information, Fig. S2¢, d). Upon adipogenic induction,
over 90% of CD31-CD45-PDGFRat cells differentiated into adipocytes,
adopting a spherical shape, accumulating lipid and expressing C/EBPa
and PPARYy (Fig. 2b, ¢). A clonal assay revealed that nearly 80% of clones
were adipogenic (Supplementary Information, Fig. $3). After adipogenic
differentiation, these cells were no longer positive for PDGFRa (Fig. 2b).
PDGFRa* cell-derived adipocytes expressed much higher levels of lep-
tin compared with adipocytes derived from 3T3-L1 preadipocytes,
although this was lower than that of in vive white adipose tissue (Fig. 2d;
Supplementary Information, Fig. $4). Similar results were obtained
when each muscle-derived cell population was cultured directly in adi-
pogenic induction medium inumediately after cell sorting (Supplementary
Information, Fig. S5). In addition to adipogenic potential, these cells
readily differentiated into osteoblastic and smooth muscle-like cells with

percentages of C/EBPa- and PPARy-positive cells. Error bars indicate

mean % s.d., n = 15 fields pulled out from three independent experiments.

(d) Expression of adipogenic genes in CD31-CD45-SM/C-2.6* cells, CD31-
CD45-PDGFRa* cells and 3T3-L1 cells during adipogenic culture. PC, positive
control. (e} Multi-lineage differentiation of CD31-CD45-PDGFRa* cells. These
cells were treated with BMP-7 or TGF-1, and then alkaline phosphatase
activity and aSMA expression were examined. The values in the bottom panels
represent the percentages of positive cells. Scale bars, 50 pm (a, b, e).

high efficiency under specific culture conditions (Fig. 2e; Supplementary
Information, Fig. 56), but scarcely differentiated into skeletal muscle cells
when cultured under myogenic differentiation conditions or transplanted
into regenerating muscle (data not shown; Supplementary Information,
Fig. S7). The high efficiency of differentiation into three different cell
types strongly suggests that muscle-derived PDGFRa’ cells populations
are highly enriched for mesenchymal progenitors.

Localization of PDGFRa* cells in skeletal muscle

Next, we examined the anatomical localization of PDGFRa cells in
skeletal muscle. PDGFRa" cells were localized at the interstitial space of
muscle tissue, whereas satellite cells (stained with Pax7 or M-cadherin,
M-cad, antibodies) were located beneath the basement membrane (Fig. 3a;
Supplementary Information, Fig. S8a). These localizations again indicate
that PDGFRa cells and satellite cells represent discrete cell populations. The
mesenchymal origin of the PDGFRa” cells was supported by the expression
of the mesenchymal intermediate filament, Vimentin (Fig. 3b). These cells
also express a known repressor of adipogenesis, Dlk1 (also known as Pref-1;
Supplementary Information, Fig. $8b). As pericytes have been reported
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Figure 3 Localization of PDGFRa* cells in adult skeletal muscle, {(a—e) Tibialis
anterior or gastrocnemius muscle sections were stained with antibodies against
PDGFRq, Pax7 and laminin a2 (a); Vimentin, PDGFRa and laminin a2 (b);
CD31, PDGFRa and coltagen IV {c); NG2, PDGFRa and laminin o2 {d) or
aSMA, PDGFRa and pan-laminin (e). Arrows indicate PDGFRa* celis located in
the interstitial space of muscie tissue. Arrowheads in a indicate Pax7* satellite
cells. Arrowheads in ¢ indicate CD31* capillary endothelium surrounded by
basement membrane. Scale bars, 10 pm (a, b, d), 5 pm (c) and 20 pm (e).

to differentiate into adipocytes®, we studied the relationship between
PDGFRa" cells and pericytes. The definition of pericytes is based on their
anatomic location; pericytes are bound by the same basement membrane
as capillary endothelial cells. PDGFRa’ cells were found to reside outside
the capillary basement membrane (Fig. 3¢) and they did not express NG2,
a pericyte marker (Fig. 3d), indicating that they are distinct from pericytes.
PDGFRa* cells were more frequently observed in the perimysium than in
the endomysium. They tended to localize circumferentially around ves-
sels, but could be distinguished from vascular smooth muscle cells by the
absence of a-smooth muscle actin (aSMA) staining (Fig. 3e).

Behaviour of PDGFRa* cells during fatty degeneration of
skeletal muscle

We next sought to examine the contribution of PDGFRa* cells to in vivo
fat formation in skeletal muscle. In mice, however, the occurrence of
adipocytes in skeletal muscle is rare, even in pathologic mouse models
such as mdx, DMD or obese mice. We therefore used a muscle injury
model induced by injection with glycerol, which has been reported to
induce destabilization of the cytoplasmic membrane followed by cell
death, and eventually results in fatty degeneration of the injected mus-
cle?'. This model has been used to evaluate the efficacy of gene therapy for
muscular disorders?'. When glycerol was injected into the tibialis anterior
muscle of C57BL/6 mice, we confirmed that muscle fibre disruption was
followed by the development of adipocytes at ~7 days after injection, and
a subsequent increase in fatty and fibrous connective tissue particularly
in the peripheral regions of injected muscle on day 14 (Fig. 4a). Adipose
cells then gradually decreased in number, but could be observed at least
1 month after injury (data not shown). We examined the behaviour of
endogenous PDGFRa* cells during this degeneration process. Many
proliferating PDGFRa* cells were observed in the interstitial space
4 days after injury (Fig. 4b). However, we could not detect expression of
PDGFRa in adipocytes that had arisen in muscle on day 7 (Fig. 4c).

Only the PDGFRa* population can differentiate into adipocytes
in glycerol-injected fatty degenerating muscle

Given that purified PDGFRa’ cells lost PDGFRa expression after adipo-
genic differentiation in vifro, it was assumed that interstitial PDGFRa*
cells proliferate and then differentiate into adipocytes while downregu-
lating PDGFRa. To confirm this, we transplanted cells isolated from
muscles of GFP transgenic (Tg) mice into tibialis anterior muscles of
wild type mice that had been injected with glycerol. Three freshly iso-
lated cell populations, a mixed population of CD31* and CD45* cells,
CD31-CD45PDGFRa- cells and CD31-CD45PDGFRa* cells, were
transplanted immediately after cell sorting (Fig. 5a). Pax7 expression
revealed by cytospin was detected only in CD31-CD45"PDGFRa" cells,
indicating that satellite cells were sorted in this population (data not
shown). At day 14, few GFP* cells were observed in muscles that had
been injected with the mixed population of CD31* and CD45* cells
(Fig. 5b). In CD31-CD45"PDGFRa- cell- or CD31-CD45-PDGFRa* cell-
transplanted muscles, numerous GFP* cells were detected (Fig. 5b). The
expression of myosin heavy chain (MyHC) indicated that CD31-CD45"
PDGFRa- cells differentiated into myofibres (Fig. 5¢). Differentiation
of transplanted CD31-CD45-PDGFRa* cells into mature adipocytes
was confirmed by the expression of both C/EBPa and PPARY, and the
presence of a single large lipid vacuole (Fig. 5d). Quantitative analy-
sis revealed that the myogenic potential was found exclusively in the
CD31-CD45PDGFRa- population, whereas adipocytes arose only from
CD31-CD45PDGFRa" cells (Fig. 5e). These results suggest that only
CD31"CD45'PDGFRa* cells can differentiate into adipocytes in vivo.
To further confirm this notion, we investigated whether bone marrow-
derived cells contribute to in vive adipocyte formation in skeletal muscle
using bone marrow chimaeric mice, Bone marrow-derived cells did not
give rise to either PDGFRa* cells or to adipocytes during adipogenesis
induced by glycerol injection (Supplementary Information, Fig. 59).
Collectively, our data suggest that muscle-resident interstitial PDGFRa
cells are the sole source of adipocytes that arise in skeletal muscle in the
context of glycerol-induced fatty degeneration.
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Figure 4 Behaviour of PDGFRa’ cells in fatty degenerating muscle.

(a) Histological changes in skeletal muscle was analysed by hematoxylin
and eosin (HE) staining during glycerol-induced fatty degeneration.
Tibiatis anterior muscles were injected with giycerol and, at the time
points indicated, frozen muscle sections were subjected to HE staining.
(b) Four days after glycerol injection, muscle sections were stained with

The fate of PDGFRa* cells is largely dependent on the muscle
environment

To understand how in vivo adipogenesis of PDGFRa* cells is regulated,
we used a muscle regeneration model induced by cardiotoxin (CTX)
injection. In contrast to glycerol injection, CTX injection rarely induces
adipocyte formation in the skeletal muscle of C57BL/6 mice. Thus, it is
expected that the behaviour of PDGFRa* cells in CTX-injected muscle is
regulated in a manner distinct to those in muscle with a glycerol-induced
injury. Intriguingly, PDGFRa* cells significantly increased in number in
CTX-induced regenerating muscle as well as in glycerol-injected degener-
ating muscle (Fig. 6a). However, the number of PDGFRa cells decreased
without differentiating into adipocytes as muscle regeneration proceeded
(Fig. 6a). We isolated proliferating PDGFRa* cells from both CTX-
injected and glycerol-injected muscles and compared their adipogenic
potentials. Both were largely negative for C/EBPa immediately after isola-
tion (Fig. 6b). Surprisingly, they showed comparable levels of adipogenic
potential under adipogenic culture conditions (Fig. 6¢, d). Thus, non-cell-
autonomous mechanisms are likely to determine the differences between
cell fate resulting from CTX injection and glycerol injection. To test this
directly, we performed reciprocal transplantations between regenerating
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anti-PDGFRa, anti-Ki67 and anti-laminin a2 antibodies. (¢) On day 7 after
glycerol injection, muscle sections were subjected to immunofluorescence
staining for CD45, PDGFRa and C/EBPa, and subsequently to il red O
staining followed by HE staining. C/EBPa* 0il red O* unilocular adipocytes
were negative for CD45 and PDGFRa (arrows and insets). Scale bars, 50 pm
{a) and 20 pm (b, c).

and degenerating muscles (Fig. 7a). If the adipogenic fate of PDGFRa*
cells is already determined at day 4 of glycerol injection, PDGFRa” cells
isolated from glycerol-injected muscle should form adipocytes, even in
CTX-injected regenerating muscle, in a cell-autonomous manner. If the
muscle environment determines PDGFRa cell adipogenic fate, PDGFRa*
cells isolated from CTX-injected muscle should adapt their fate to an adi-
pocyte lineage in glycerol-injected muscle. The results demonstrate that
the latter is the case. PDGFRa* cells isolated from glycerol-injected muscle
did not differentiate into adipocytes in CTX-injected muscle, where only
a few transplanted cells were observed that were similar to endogenous
PDGFRa® cells (Fig. 7b, e). In contrast, PDGFRa* cells isolated from CTX-
injected muscle accumulated in degenerated areas and differentiated into
C/EBPa*PPARY", lipid-laden adipocytes in glycerol-injected muscle
(Fig. 7c~-¢). These results clearly show that the fate of PDGFRa" cells is
largely regulated by the surrounding muscle environment.

Muscle fibres have a strong inhibitory effect on the adipogenesis
of PDGFRa* cells

Our results indicate that the muscle environment after the fourth day of
CTX injection hasan inhibitory effect on adipogenesis of PDGFRa* cells,
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Figure 5 Only PDGFRa* cells differentiate into adipocytes after
transplantation into glycerol-injured muscle. (a) Transplantation procedures.
(b) On day 14 after glycerol injection, transplanted muscle sections were
subjected to immunofluorescence staining for GFP and laminin a2, and
subsequently to oil red O staining followed by hematoxylin and eosin (HE)
staining. Arrowheads indicate GFP* area. Arrows indicate oil red O+ fatty
degenerated area. (¢} CD31-CD45PDGFRa- cell-transplanted muscles

whereas the muscle environment after the fourth day of glycerol injection
facilitates adipogenesis. Active differentiation of myogenic cells and new
myofibre formation occurs after day 4 of CTX injection®. Therefore, we
examined myogenic differentiation in both CTX and glycerol models.
Administration of 5-ethynyl-2’-deoxyuridine (EdU) in combination with
embryonic MyHC (eMyHC) staining was performed to analyse de novo
myofibre formation. Five days after injury, much higher numbers of
eMyHC'EdU* new myofibres were observed in CTX-injected muscles
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were analysed for expression of GFP, MyHC and laminin a2. (d) Sections

of CD31-CD45PDGFRa* cell-transplanted muscles were subjected to
immunofluorescence staining for GFP, C/EBPa and PPARYy, and subsequently
to oil red O staining followed by HE staining. Arrows indicate GFP*C/
EBPa*PPARY* oil red O* unilocular adipocytes. (e} Quantitative analysis of
transplantation experiments. Error bars indicate the mean + s.d., n=6in
each group. Scale bars, 100 pm (b} and 20 pm (¢, d).

compared with glycerol-injected muscles (Fig. 8a, b, e). Myogenin stain-
ing further revealed that muscle regeneration was severely compromised
in glycerol-injected muscles (Fig. 8c-e). At this time point, PDGFRa*
cells showing an elongated spindle shape were distributed in the nar-
row space between regenerating myofibres in CTX-injected muscles,
whereas many PDGFRa’ cells were observed in the extended interstitial
space between degenerating myofibres and showed an enlarged rounded
morphology in glycerol-injected muscles (Fig. 8c, d). This impairment
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