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Abstract

Skeletal muscle regeneration has been exclusively attributed to myogenic precursors, satellite cells. A stem cell-rich fraction referred to
as side population (SP) cells also resides in skeletal muscle, but its roles in muscle regeneration remain unclear. We found that muscle SP
cells could be subdivided into three sub-fractions using CD31 and CD45 markers. The majority of SP cells in normal non-regenerating
muscle expressed CD31 and had endothelial characteristics. However, CD317CD45™ SP cells, which are a minor subpopulation in nor-
mal muscle, actively proliferated upon muscle injury and expressed not only several regulatory genes for muscle regeneration but also
some mesenchymal lineage markers. CD317CD45~ SP cells showed the greatest myogenic potential among three SP sub-fractions,
but indeed revealed mesenchymal potentials in vitro. These SP cells preferentially differentiated into myofibers after intramuscular trans-
plantation in vivo. Our results revealed the heterogeneity of muscle SP cells and suggest that CD317CD45~ SP cells participate in muscle

regeneration.
© 2006 Elsevier Inc. All rights reserved.
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~ Adult skeletal muscles have a remarkable ability to
regenerate following muscle damage. This regeneration
has been attributed to satellite cells that reside between
the sarcolemma and the basal lamina. Satellite cells are qui-
escent mononucleated cells in normal conditions, however,
in response to muscle damage, they become activated. pro-
liferate, and then exit the cell cycle cither to renew the qui-
escent satellite cell pool or to differentiate into mature
myofibers. Thus, they have been considered to be the myo-
genic precursor cells that give rise {o myoblasts and the sole
source of adult myogenic cells [1].

In 1998, Ferrari et al. [2] have demonstrated for the first
time that bone marrow (BM )-derived cells contribute to the
skeletal muscle alter BM transplantation. Side population
(SP) cclls were first identified in bone marrow based on
the ability to exclude Hocchst 33342 dyce as an cnriched
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fraction of hematopoietic stem cells (HSCs) [3] later, it
has been reported that they also participate in muscle
regeneration [4] Studies using whole BM cells showed that
BM -derived mononucleated cells display several character-
istics of satellite cells, suggesting that donor-derived BM
cells contribute to muscle fibers in a stepwise biological
progression [5.6]. However, using single HSC transplanta-
tion experiment, Camargo et al. [7] suggested that cclls
committed to the myecloid lincage contribute to muscle
through fusion cvent. Therefore. multiple mechanisms
underlay contribution of BM-derived cells to skeletal mus-
cle regeneration,

SP cells have been also identified in skeletal muscle (4]
Muscle SP cells cannot only reconstitute the hemutopoi-
etic system of lethally irradiated mice {4.8]. but also dif-
ferentiate into skeletal muscle cells [4.9). Furthermore.
they have been reported to participate in vascular regen-
cration [10]. Several lines of evidence suggest that muscle
SP cells are a cell population distinct from satellite cells
[9.11-13]. While muscle SP cells possess these attractive
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features, they have been reported to be heterogencous
population. In fact, muscle SP cells contain both
CD45% and CD45" cells, and hematopoietic potential
has been exclusively found in CD45" fraction [8.9] As
regards the myogenic potential, both CD45" and
CD45™ fractions have been shown to diflerentiate into
skeletal muscle cells [9.14]. but there is no comparative
study dealing with subpopulation of muscle SP cells dur-
ing muscle regencration.

In the present study, we have further divided muscle SP
cells into three sub-fractions using CD31 and CD45, exam-
ined the properties of each sub-[raction. and identified a
novel subpopulation (CD317CD45™ SP cells) that showed
the greatest myogenic potential both in vitro and in vivo.
Thesc results provide a new insight for stem cell-based ther-
apy of muscular dystrophy.

Materials and methods

Animals. All procedures using experimental animals were approved by
the Experimental Animal Care and Usc Commiltee at the National
Institute of Neuroscience. Eight- to ten-week-old C57BL/6 mice were
purchased from Nihon CLEA (Japan). GFP Tg mice were provided by
Dr. M. Okabe (Osaka University) and used in cell transplantation
experiments. NOD/scid mice provided by the Institute for Experimental
Animals, Japan, were used as recipients.

To induce muscle regeneration, 100 of CTX (10uM in saline,
Wako Chemicals) was injected into the tibialis anterior (TA) muscle wilh
a 29-pauge needle. In FACS analysis experiments, C'TX was injected into
TA (50 ul), gastrocnemius (50 pl), and quadriceps femoris muscles
{25 ph).

BM transplantation was performed as previously described [14] Mice
were subjected (o analysis 12 weeks after transplantation.

Antibodies. Mouse Berp-1 cDNA was provided by Dr. A1 Schinkel
[15] A DNA fragment corresponding (o cytoplasmic domain of Borpl,
amino acids 300-337, was lused 1o GST in a pGEX-471-2 vector (Amer-
sham Biosciences), and the fusion protein was used {o immunize rabbits.
The serum obtained was aftinity-purified. Other antibodics used in these
studies are listed in Table S1.

Cell preparation and FACS analysis. Muscle-derived mononuclealed
cells were prepared from C57BL/6 mice, GFP Tg mice, or GFP-BM
transplanted mice as previously described [14]. Hocchst staining was
performed -as described by Goodell-et al. (http//www.bem.ime.cdu/
genetherapy/goodell/new_site/protocols.html). Cells were re-suspended
at 10%cells per ml in DMEM (Invitrogen) conlaining 2% FBS {Trace
Biosciences), 10 mM Hepes, and 5 pg/ml Hoechst 33342 (Sigma), and
incubated for 90 min at 37 °C in the presence or the abscnce of 50 uM
verapamil (Sigma). During incabation, cells were mixed 3-4 limes. For
analysis of Ae-LDL uptake, 10 pg/ml Dil-labeled Ac-LDL. {Biomedical
Technologies) was-added. After antibody staining, cells were re-sus-
pended in PBS containing 2.5% FBS and 2 pg/ml propidium iodide
(PI) (BD PharMingen). Cell sorting was performed on a FACS
VantageSE flow cytomeler (BID Biosciences). Debris and dead cells
were excluded by forward scatter, side scatter, and PI pating. Cell
viability after staining and sorting was comparable to that previously
reported (141

RNA extraction and RT-PCR. Total RNA was extracied from 1 x 10/
FACS sorted cells by using a R Neasy Micro Kit (Qiagen} and then reverse
transcribed into cDNA by using TagMan Reverse Transcription Reagenls
{Roche). The PCRs were performed with 1 pl ¢cDNA product under the
following cycling conditions: 94 °C for 3 min followed by 40 cvcles of
amplification (94 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s) with a final
incubation at 72 °C for § min. Specific primer sequences used for PCR are
available on request.

Cell culture. SP cells were cultured alone with growth medium (GM);
DMEM containing 20% FBS and 2.5ng/ml bFGYF (Invitrogen) in
chamber slides (Nalge Nunc) coated with Matrigel (BI Biosciences) Jor 3~
5 days. For osteogenic differentiation, the medium was changed to a dif-
ferentiation medium {DM), 5% horse serum in DMEM supplemented with
or without 500 ng/mi recombinant human BMP2 (R&D Systems), and
cultured for 4 -6 days. For adipogenic differentiation, cells were exposed to
3 cycles of 3 days of adipogenic induction medium (Cambrex Bioscience)
fottowed by | day of adipogenic maintenance medium (Cambrex Biosci-
ence) and then cells were maintained for five more days in the adipogenic
maintenance medium. Alkaline phosphatase (AP) was stained using Sigma
kil #85 according to the manufacturer’s instructions. To stain lipids, cells
were fixed in 10% formalin, rinsed in waler and then 60% isopropanol,
stained with Oil red O in 60% isopropanol, and rinsed in water. For
myogenic differentiation, muSP-31, muSP-45, or muSP-DN purified from
GFP Tg mice were co-cullured with myoblasts prepared from C578L/6
mice as previously described [16,17] in GM. DM was supplied 3-5 days
afler starting co-culture.

Osteogenic activily and myolube-forming activity were delermined by
the following formulas: osteogenic activily = [the number of AP cells in
seven randomly selected fields (corresponding (o one-tenth of the whole
arca of the well)/(the number of seeded cells) and myotube-forming
activity = (the number of GFP* myotubes in seven randomly selected
ficlds)/tthe number of seeded cells). In order lo measure the extent of
adipogenic differentiation, stained oil droplets were extracted for Smin
with 100 pl of 4% Nonidel P-40 in isopropanol, and (he absorbance of the
dye-triglyceride complex was measured at 520 nm (18} then, adipogenic
aclivily was determined by the lollowing formula: (the absorbance at
520 nm)/(the number of seeded cells).

Intramuscular transplantation experiments. muSP-DN or muSP-31 cells
were purified from GFP Ty mice and were injected directly into the TA
muscles of NOD/scid mice. One day before transplantation, host TA
muscles were treated with CTX. The number of (ransplanied cells is
indicated in Table 1. Three weeks after transplantation, TA muscles were
excised and fixed in 4% PFA for 30 min, immersed sequentially in 10%
sucrase/PBS and 20% sucrose/PBS, and frozen in isopentane cooled with
liquid nitrogen.

Immunohistochenustry. FACS sorted cells were collected by Cytospin3
{ThermoShandon). Cells were fixed with 4% PFA for 5min. Frozen
muscle lissucs were sectioned using a cryvostat. Specimens were blocked
with 5% goat serum (Cedarlane) in PBS for 15 min and incubated with
primary antibodies at 4 °C overnight, followed by secondary staining.
Stained cells were mounted in Vectashield with DAPI (Vector) and pho-
tographed using a fluorescence microscope IX70 (OLYMPUS) equipped
wilh a QuantixTM air-cooled CCD camera {Photomelrics) and 1P Lab
software (Scanalytics Inc.). Stained muscle sections were counterstained
with TOTO-3 (1:5000; Molccular Probes), then mounted in Vectashield
{Vector), and observed under the confocal laser scanning microscope
system TCSSP (Leica).

Statistics. Values were expressed as means £ SD or + SEM. Statistical
significance was assessed by Student’s ¢ lest. In comparison of more than
two groups, onc-way analysis of variance (ANOVA) Jollowed by the
Fisher’s PLSD was used. A probability of less than 5% (P < 0.05) or 1%
(£ <2 0.01) was considered statistically significant.

Table }
Appearance of GFP' myolibers after intramuscular transplaniation

Cell type Experiment Number of injected Numiber of GFP'

No. cells/TA muscle myofibers/TA muscle
muSP-DN cells Ex, | 1.7 % 1(° 14

Ex. 2 25%x 107 9

Ex. 3 25% 107 0
muSP-3] cells  Ex. 1 1.6 % 107 3

Ex. 2 1.6% 107 0

Fa. 3 1.6x 107 0
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Results

Most musele SP cells are found in a subset of capillary or
vein endothelial cells in non-regencrating skeletal muscle

We identified verapamil-sensitive SP cells in skeletal
muscle after Hoechst staining (Fig. 1A} and analyzed the
expression of several markers on them. The majority of
muscle SP cells were CD31", usually recognized as a mark-
er ol endothelial cells (Figs. 1B-E). and negative for a pan-
hematopoietic marker, CD45 (Fig. 1B). More than hall of
muscle SP cells were CD34". and Sca-1" cells comprised
90% of muscle SP cells (Figs. 1C and D). Compared to
FACS profiles of whole-muscle-derived cells. SP cells were
enriched in Sca-1% cells (Fig. S1). Morc than 85% of muscle
SP cells were CD31" and took up acctylated low-density
lipoprotein (Ac-LDL). a functional marker for endothelial
cells and macrophages (Fig. 1E). These results indicate that
most muscle SP cells have endothelial characteristics. Only
cells in the main pepulation (MP) were found to be Pax7".
indicating that SP cells do not include muscle satellite cells
{data not shown).

To examine the localization of muscle SP cells, we gen-
crated a rabbit polyclonal anti-mouse Berpl antibody.
because it has been reported that Berpl is the major deter-
minant of the SP phenotype [19]. Qur antibody clearly rec-
ognized Berpl expression in-liver, small intestine. and
kidney, as previously reported (Fig. 82) [20.21]. We con-
firmed that Berpl antibody recognizes more than 80% of
SP cells and less than 3% of MP cells collected by cytospin
(Figs. 1F and G). In skeletal muscle. Berpl™® cells were
found outside the muscle basal famina (Fig. 1H). which
clearly distinguished Berpl™ cells from satellite cells. Next.
Berpl expression in the vascular system was investigated.
CD31 staining identified all endothelia from larger vessels
to capillaries in muscle sections. Intriguingly, Berpl was
expressed by CD31-expressing endotheliul cells. and -its
expression was preferentially observed on a subpopulation
of capillary endothelium (Figs. 11-K} and venous endothe-
lium surrounded by thin vessel ‘walls. as revealed by
a-smooth muscle actin (aSMA) expression (Figs. 1L-N).
These results, together with the results of FACS analysis.
strongly suggest that the majority of muscle SP cells arc a
subset of endothelial cells present in capillaries or veins in
non-regenerating skeletal muscle.

Behavior of muscle SP cells during muscle regeneration

We next examined the kinetics of SP cells during muscle
regeneration induced by injection of cardiotoxin (CTX).
After CTX injection, the total number of mononuclear cells
per muscle weight gradually increased. with a peak at day
3. The number of SP cells also increased and reached its
peak at day 3 (Fig. 2A). Muscle SP cells could be divided
into three subpopulations based on CD31 and CD45
expression: CD31CD4S™ SP cells (designated muSP-31
cells). CD31 CD45" SP cells (muSP-45 cells). and

CD317CD45 SP cells (muSP-DN cells). muSP-31 cells
and muSP-DN cells distributed throughout the SP tail.
but muSP-45 cells were located close to the shoulder (data
not shown). The majorily of muscle SP cells in untreated
muscle were muSP-31 cells (Fig. 1B). During regeneration.
however. muSP-45 cells and muSP-DN cells increased in
both their ratios and their numbers (Figs. 2B and C).
Although CD45" cells were abundant in whole muscle-de-
rived cells during regeneration and most of them were F4/
80 antigen-positive mature macrophages, SP cells did not
contain any maturc inflammatory cells. as previously
reported (data not shown) [14].

To clarify the origin of cach subpopulation of SP cells.
BM transplantation cxperiments were performed. We con-
firmed that muSP-45 cells were mobilized from bone marrow
as previously reported (Figs. 3A and B) [14]. In contrast.
both CD45" SP fractions are residents of skeletal muscle
(Figs. 3A and B), consistent with the results reported by Riv-
ier et al. [22].

Next, to determine whether each subpopulation of SP
cells proliferates in damaged muscle. cells were stained with
Ki67 antibody. Most muSP-45 cells (Figs. 3C and D) and
muSP-31 cells (Figs. 3G and H) prepared from regenerat-
ing muscle were negative for Ki67, suggesting that the pro-
liferation activities of these two fractions were low. On the
other hand. about 60% of muSP-DN cells were positive [or
Ki67 (Figs. 3E and F). indicating that muSP-DN cells
actively proliferated during muscle regeneration.

We next examined Berpl expression on three sub-frac-
tionated SP cells and found that only muSP-31 cells were
Berpl-positive (Fig. 3K). These results suggest that some
ABC transporters other than Berpl are responsible for
the phenotype of CD317 SP cells,

Gene expression of muscle SP cells during muscle
regeneration

Our analysis revealed that cach subpopulation of SP
cells showed distinct kinetics during muscle regeneration.
To better understand the traits of muscle SP cells, we ana-
lyzed gene expression during muscle regeneration. Three
subpopulations of SP cells (in [following experiments.
muSP-45 cells from untreated muscle were omitied because
of their low yield) or MP cells were collected from cach
time point during muscle regeneration. and RT-PCR was
performed. We chose several myogenic (Pax3. Pax7. and
myf5). endothelial (Tie2, FlkI, and vWF), and mesoder-
mal-mesenchymal-associated (aSMA. PPARy. Runx2.
PDGFRuw, and PDGFR) genes to clarify lincage character-
istics of the target cells. We also examined expression of
genes of developmental regulators (msxl. Frizzledd
(F=dd). Patched! (Piel), and BMPRI A). angiogenic factors
(angiopoietin-1 (angl) and VEGF). and TGF-f superfamily
antagonists {follistatin and DAN). muSP-DN cells {rom
untreated muscles expressed only PDGFRf. Prel. angl.

Jollistatin, and DAN (Fig. 4. cont. lane 1). Neither myogen-

ic nor other lineage-specific markers could be detected in
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Fig. 1. Characterization of skeletal muscle SP cells. (A) Flow evtometric analysis of muscle-derived mononucleated cells after Hoechst 33342 staining with
{lower panel) or without Verapamil (upper panel). The numbers indicate the percentage of SP cells (blue pentagons) in att mononucleated cells. (B -E) The
expression of CD45 (B), CD34(C), Sca-1 (D), and Dil-Ac-LDL uptake (£}, and CD31 (B-E) on muscle SP cells. The percentage of cells in cach quadrant
is shown in the panel. (FF.(G) Immunofluorescent staining for Borpl (green) and DAPT counterstaining (blue) of {reshly sorted SP (1) and MP (G) cells.
Immunofluorescent staining for Berpl (green) and kuminin »2 chain (red) (H). Berpl (green) and CD31 (red) (1K), and Berpl (green) and o-smooth
muscle actin (red) (L-N). TOTO-3 nuclear staining is shown in merged images (blue in H. K, and N}. Berpl-positive cells are Jocated outside the basal

lamina (arrow), and they are partially overlapped with endothelial cells of capillary (1K} and vein (1.-N). Bars: 50 pm in (1,.G), 20 wm in (11-N).
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subpopulations of SP celts. muSP-45 cells (light blue bar) and muSP-DN cells (dark red bar) were significantly increased in number during muscle
regeneration. Values (A.C) are the average ol three independent experiments. Error bars represent S1.

this population indicating that muSP-DN cells do not con-

tain cells committed to the lineages tested. At day 3 after

CTX injection. muSP-DN cells began to express develop-
mental regulator genes {(Fig. 4. 3d. lanc 1). and then at
day 5. they also began to express several other lineage-spe-
cific genes (Tie2. aSMA. PPARy. and Runx2). Angiogenic
factors and TGF-B superfamily antagonists were also
strongly expressed at this time point (Fig. 4. 5d. lane 1), In
contrast. muSP-31 cells continuously expressed all three
endothelial genes analyzed throughout the regeneration pro-
cess (Fig. 4. lane 2). Expression of mature endothelial mark-
er. such as v}VF. suggests that muSP-31 cells represent
committed endothelial cells. muSP-45 cells expressed only
low levels of aSMA. PDGFRf. and follistatin at day 5 alter
CTX injection (Fig. 4. fane 3). Myogenic markers. Pux7
and myf5. were detected only in the MP [raction (Fig. 4.
MP} indicating that myogenic cells are completely sorted
into the MP fraction even during the process of muscle
regencration.

Differentiation potential of muscle SP cells for mesenchymal
lineages

muSP-DN cells showed a unique gene expression pat-
tern during muscle regeneration process: they began to
express several mesenchymal genes at a late phase of mus-
cle regencration. Therefore. we examined the mesenchymal

potentials of muscle SP subpopulations. muSP-DN cells
{from untreated muscle readily gave rise to alkaline phos-
phatase (AP)-positive cells when cultured in the presence
of bone morphogenetic protein 2 (BMP2) (Figs. 5A und
C). With adipogenic induction. they also differentiated into
adipocytes containing numerous lipid droplets in the cyto-
plasm (Figs. 5A and D). Reflecting the results of genc
expression analysis. muSP-DN cells from regenerating
muscle more efliciently differentiated into osteogenic cells
and adipocytes than those from untreated muscle did (Figs.
5B-D). Unexpectedly. muSP-DN cells from regencrating
muscle also differentiated into adipocytes without adipo-
genic induction (Figs. 5B and D). suggesting that they
are susceplible to adipogenesis under our culture condition.
In contrast. muSP-31 cells did not possess these differenti-
ation potentials (Figs. 5A-D). Nor did muSP-45 cells.
which were dramatically mobilized from BM into regener-
ating muscle {Figs. 5B-D}. The attribute of differentiation
potential is therefore a feature of muSP-DN.

Myogenic potential of muscle SP cells in vitro

We next evaluated the myogenic potential of muscle SP
cells in vitro. When SP cells were cultured alone. they never
differentiated into skeletal muscle cells (data not shown).
Euach subpopulation of SP cells was prepared from GFP
Tg mice and co-cultured with wild type (WT} primary
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Fig. 3. Origin, profiferative activity, and Berpl expression of subpopulations of muscle SP cells. tA By CS7BL/6 mice were (ransplanted with whole BM
from GFP Tg mice, and 3 months later, SP cells from untreated muscle (A) or regenerating muscle (3 days after CTX injection) (B) were further analyzed
for CD31, CD435, and GFP eapression. Note that CD45  SP cells (middle and fower panels) are almost all negative for GFP, indicating that they do not
originate [rom BM. In contrast, more than 90% of muSP-43 cells were GIFP' cupper panels). (C- 1) Ki67 expression (green) and nuclei stained with DAL
{blue} on muSP-45 (C.DY. muSP-DN (E.IF), and muSP-31 (G cells. The percentages of Kio7-positive cells were eapressed as means | SD of three
independent experiments. muSP-45 (1), muSP-DN (1), and muSP-31 (K} were sorted from regenerating muscle and stained for Berpl tgreen) and nuclei

tblue). Only muSP-31 cells were stained positive for Berpl (K). Bar: 50 g,

myoblasts derived from satellite cells. muSP-DN cells
from untreated muscle rapidly proliferated in vitro as
observed in regenerating muscle (Fig. 2C). On the contrary.
muSP-31 cells hardly expanded. After 2-3 weeks co-cul-
ture, both muSP-DN cells and muSP-31 cells differentiated
not only into multinucleated myotubes co-expressing
GFP and sarcomeric-z-actinin (Figs. SE-G. only muSP-
DN culture is shown) but also mononucleated myocytes
{shown in insets). The frequency of mononucleated

myocytes was (oo low to quantify. but existence of these
cells suggests that myogenic differentiation of SP cells could
occur without fusion. Strikingly. the myotube-forming
activity (the frequency of GFP' myotubes. sce Materials
and methods for details) of muSP-DN cells was approxi-
mately 10-fold that of muSP-31 cells (Fig. SH. lane for
cont. 0.026 + 0.007 vs 0.002 + 0.001). Tn the experiments
using SP cells [rom regenerating muscle at 3 days after
CTX injection. muSP-DN  cells  showed  the  highest
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Fig. 4. Gene expression profiles of muscle SP cells during muscle regeneration. muSP-DN (lane 1), muSP-31 dlane 2). muSP-45 (fane 3). or MP cells were
collected from untreated (cont) and regenerating muscle at 3 days (3d) or 3 days (5d) afier CTX injection, and RT-PCR was performed against the
indicated genes. Total embryo extract (E13) was used as a positive control (PC). f-actin was amplified (o confirm that the quantities of MRNA were equal.

myotube-forming activity. although cach SP subpopula-
tion did form myotubes co-expressing GFP and sarcomer-
ic-o-actinin (Fig. 5H. lane for CTX3d). This clearly
demonstrates that muSP-DN cells have the highest myo-
genic potential among SP sub-fractions in vitro. For com-
parison, we quantified the myotube-forming activity of
satellitec  cell-derived  myablasts.  The  value  was
0.09 -+ 0.01. indicating that myogenic activity of myoblasts
is much higher than that of muSP-DN cells.

Myogenic potential of muscle SP cells in vivo

To evaluate the myogenic potential of muscle SP cells
in vivo. we performed transplantation  experiments.
muSP-DN or muSP-31 cells from untreated muscle of
GFP Tg mice were directly transplanted into CTX-treated
TA muscles of immunodelicient NOD/scid mice. Three
weeks after transplantation. muSP-DN cells had generated
myofibers more clliciently than muSP-31 cells (Figs. 6A
and B. and Table 1). indicating that muSP-DN cells had
relatively higher myogenic potential in vivo as well as in vi-
tro. Contrary to our expectation. muSP-DN cells formed
no GFP-positive adipocytes alter transplantation.

Discussion

Muscle SP cells have been suggested to be multipotent
and can contribute to skeletal muscle  regencration

[4.9.10.23]. However. most ol these studies dealt with
whole muscle SP cells as one functional unit. We subdivid-
ed. for the first time. muscle SP cells using CD31 and
CD45 markers and revealed functional heterogencity of
muscle SP cells. CD31'CD45 SP cells (muSP-31 cells)
are a main subpopulation in non-regenerating muscle.
but CD317CD45" SP cells (muSP-DN cells) which repre-
sent a minor subpopulation in non-regeneraling muscle
have the greatest differentiation potentials and become pre-
dominant subpopulation of SP cells upon muscle injury.

Differentiation potential of muscle SP cells

Phenotypic and immunohistochemical analysis suggest-
ed that muSP-31 cells are a subset of endothelial cells of
capillaries and veins. They poorly proliferate after injury
or in in vitro culture. and their differentiation potentials
are limited both in vitro and in vivo.

CD45' muscle SP cells (muSP-45 cells) were shown ta
have both hematopoietic and myogenic potentials. and
hematopoictic potential of muscle-derived cells was exclu-
sively found in this (raction [8.9). We previously reported
the contribution of muSP-45 cells to muscle regeneration
[14] In this study. we identified novel subpopulation that
possesses much higher myogenic potential than muSP-45.
muSP-DN.

muSP-DN cells  showed the highest  diflerentiation
potential of all the mesenchymal lincuges tested among
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Fig. 5. muSP-DN cells differentiate into osteogenic cells, adipocytes, and skeletal muscle cells. (A.B) Three subpopulations of SI* cells prepared from
unireated (A) or regenerating { B) muscle were induced to differentiate into osteogenic or adipogenic cells. Uninduced cells t ) and induced cells { ) were
then eaamined for alkaline phosphatase expression (osteo) or oil deposits (adipo). Bar: 50 pm. (C.D) Osteogenic (C) and adipogenic (1)) activities of
subsets ol SP cells prepared from control (cont) or regenerating muscle at 3 days after CTX injection (CTX3d) were quantified. Values are the average ol
three independent experiments. Lirror bars represent SD. (15 Gy Co-culture of muscle SP cells with myoblasts. muSP-DN cells from GFP Ty mice were
sorted and co-cultured with WT primary myoblasts in differentiation medium. Cells were stained with anti-GFP (green) and anti-sarcomertic a-actinin (red)
antibodies. Nuclear staining with DAPI (blue) is shown in merged images (G). Insets show GIP' mononucleated myocyte. Bar: 50 pm. (11) Myolube-
forming activities of muSP-DN cells (red bars), muSP-31 cells (blue bars), and muSP-45 cells (green bar) are shown. Each subpopulation was prepared
from untreated teont) or CTX-lreated regencrating muscle (CTX3d). Values are (he average of three independent experiments. Error bars represent SD.
P 001 %P 005

SP subpopulations. They were negative for lineage-specilic detect hematopoietic colonies derived from muSP-DN cells

markers under the non-regenerating condition. but alter  in vitro and muSP-DN cells failed (o rescue the lethally
muscle injury or in in vitro expansion. they actively prolil- irradiated mice (data not shown). These observations indi-
erated and were readily induced to express several mesen- cate that muSP-DN cells are enriched for primitive mesen-

chymal genes. Their differentiation potential seems to be  chymal cells. This notion is further supported by gene
restricted to mesenchymal lincages because we did not expression pattern of muSP-DN cells. muSP-DN cells
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Iig. 6. muSP-DN cells pzn'licipai(c in myofiber formation during muscle
regeneration. {A.B) muSP-DN (A). muSP-31 (B) were transplanted into
CTX-injected NOD/scid muscles. Each subpopulalion was prepared from
untreated muscle of GIP T mice. Muscle sections were slained with anti-
GEP qgreen) and anti-laminin »2 {red) antibodies 3 weeks alter
transplantation. More GUP-positive myvofibers were detected in muSP-
DN-transplanted muscles (A} than in muscles (ransplanted with muSP-31
cells (B). Bar: 40 pm.

specifically expressed ang/ under the non-regenerating con-
dition and during the carly phase ol regeneration (Fig. 4.
lane 1. cont or 3d). Perivascular cells. such as pericytes.
express angl [24.25). and several groups suggest that mul-
tipotent mesenchymal stem cells may be derived from peri-
cyles [26-28]. A recent report demonstrated that vascular
mural precursor cells are negative for endothelial markers
but positive for Tie2 and smooth muscle cell markers
[29]. Likewise. muSP-DN cells were negative for Fik/ and
p W F throughout the regeneration process (Fig. 4. lane T).
but began to cxpress 772 and xSMA during late phases
of regencration (Fig, 4. lane 1. 5d). Given the similarity
between muSP-DN cells and those reported perivascular
primitive cells. muSP-DN cells would represent perivascu-
lar primitive mesenchymal cells in skeletal muscle.

Roles of muscle SP cells in muscle regeneration

muSP-DN cells actively proliferated and significantly
increased in number upon muscle injury. The precise fate
of muSP-DN cells has remained to be determined. since
the number of muSP-DN cells returned to normal level
al late stage of muscle regeneration,

We noted that angiogenic factors and TGF-p superfamily
antagonists were strongly expressed in muSP-DN cells dur-
ing muscle regeneration. Previous reports showed that
Prel’ interstitial mesenchymal cells in muscle produce
angiogenic fuctors, including ang/. and promote muscle
regeneration after ischemia [30.31] Some members of the
TGF-B superfamily. such as myostatin and TGF-B1. are
known to act as negative regulators of myogenesis [32.33],
Inversely. onc of the TGF-§ superfamily antagonists, follist-
atin. has been reported to promote myoblast recruitment

and fusion [34]. Therefore. muSP-DN cells might promote.

muscle regeneration by producing regeneration-regulating
factors.

muSP-DN cells preferentially differentiate into myogen-
ic cells alter intramuscular transplantation. implying that
normal muscle environment lacilitates myogenic differenti-

ation of muSP-DN cells. However. we revealed that
muSP-DN cells have a high tendeney to differentiate into
osteogenic or adipogenic cells in vitro. Therelore. it is
possible that muSP-DN cells differentiate into osteogenic
or adipogenic cells in some pathological conditions such
as Duchenne muscular dystrophy [35.36]. Recent finding
that microvascular pericytes can differentiate into adipo-
cytes [37] further supports the notion that muSP-DN cells
might be implicated in pathological changes.

In conclusion. we identified novel subpopulation of
muscle SP cells. CD31 CD45  SP cells. which possesses
capacily of mesenchymal differentiation i vitro and
reveals myogenic differentiation potential in vivo. Qur flind-
ings might provide new insights that may well be useful in
understanding adult skeletal muscle regeneration and in
designing therapeutic strategies of muscular dystrophy.
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Mutations in the dysferiin gene underlie two phenotypically
distinct muscular dystrophies: Miyoshi myopathy and limb-
girdle muscular dystrophy 2B. Dysferlin was proposed to have
a putative functional role in mediating the fusion of intracel-
fular vesicles to the sarcolenima during injury-induced mem-
brane repair, but dysferlin has been found not only at the sar-
colemma but also within the cytoplasm of skeletal muscle
fibers by immunohistochemistry. In this study, we examined
the subcellular localization of dysferlin in skeletal muscle by
immunohistochemical and biochemical analyses to elucidate
other functional roles of dysferlin. Immunochistochemistry
confirmed granular cytoplasmic expression patiern of dysfer-
lin in muscle fibers. Subcellular membrane fractionation
revealed that a portion of dysferlin associated with a T-tubule-
enriched intracellular membrane fraction as well as a sar-
colemmal fraction, This indication was consistent with subse-
quent results that dysferlin coprecipitates by immunoprecip-
itation with the dihydropyridine receptor (DHPR), a protein
complex localized in T-tubules. Moreover, both proteins were
observed to partially colocalize by double immunofluorescent
labeling in skeletal muscle fibers. We also found that caveolin-
3, previously shown to interact with dysferlin, coprecipitates
with DHPR. These results demonstrated that dysferlin may be
involved in the formation of an oligomeric complex with
DHPR and caveolin-3. Caveolin-3 has been also reported to
participate in an insulin-regulated transport mechanism in
muscle, and caveolin-3-containing vesicles might traffic
between intracellular sites and target sites on the sarcolemma
and T-tubules. Therefore, it is very intriguing to assume that
dysferlin might be involved in the fusion of caveolin-3-contain-
ing vesicles with T-tubules.

Key Words: dysferlin, T-tubules, caveolin-3

Introduction

Two phenotypically distinct forms of muscular
dystrophy with autosomal recessive inheritance,
Miyoshi myopathy and limb girdle muscular dys-
trophy 2B (LGMD 2B) are reported to be caused

by genetic mutations in the dysferlin gene (DYSF).
Distal or proximal muscles are known to be pre-
dominantly involved in Miyoshi myopathy or in
LGMD 2B, respectively [1,2}. Both diseases are
clinically characterized by a late onset and slow
progression of symptoms, as well as elevated
serum creatine kinase levels [3]. DYSF was iden-
tified through positional cloning and mapped to
the 2p13 gene locus [4,5]. It consists of over 55
exons transcribed into an 8.5 kb major transcript
predominantly expressed in skeletal muscle [4,5].

The functional role of dysferlin in muscle phys-
iology and pathology has been the subject of exten-
sive research over the years. Studies of its cDNA
sequence predict a protein of approximately 230 kDa,
typically a type II transmembrane protein. Dysferlin
contains sequences of calcium-binding C2 domains.
These are motifs found in a number of proteins
involved in signal transduction and membrane traf-
ficking [6] such as the calcium-sensing synaptotag-
mins [7] and protein kinase C [8]. In addition, dys-
ferlin has recently been identified as a member of a
unique family of proteins: the ferlins. These proteins,
which include myoferlin [9] and otoferlin [10], have
as an important functional characteristic a high
sequence homology to the C. elegans fer-1 protein,
reported to play a critical role in the fusion of intra-
cellular vesicles with the plasma membrane in sperm
cells [11]. This has suggested a putative role for dys-
ferlin in mediating the fusion of intracellular vesicles
with the sarcolemma of skeletal muscle fibers in a
calcium-dependent manner. Indeed, dysfertin knock-
out mice developed a slowly progressive muscular
dystrophy due to an inability of intracellular vesicles
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to fuse with the sarcolemma during injury-induced
membrane repair [12]. The fusion process has also
been suggested to involve an interaction between

dysferlin and the annexins; calcium and phospho-

lipid-binding proteins implicated in membrane repair
[13]. The presence of dysferlin has been shown not
only at the sarcolemma [12-16] but also within the
cytoplasm [12,16] of skeletal muscle fibers by
immunohistochemistry and it has been proposed that
dysferlin present on the intracellular vesicles is
involved in the injury-induced fusion-process [17].

In the present study, we systematically exam-
ined the localization of dysferlin in the muscle
fiber by immunohistochemical and biochemical
analyses in order to characterize the intracellular
localization of dysferlin. Our immunohistochem-
ical results confirmed the presence of dysferlin at
the sarcolemma and within the cytoplasm of
muscle fibers. In membrane fractionation experi-
ments, dysferlin was shown to be associated with
a T-tubule-enriched intracellular membrane frac-
tion in addition to a sarcolemmal fraction. This
association with a T-tubule-enriched membrane
fraction was consistent with subsequent results
shown by immunoprecipitation experiments that
dysferlin coprecipitates with the dihydropyridine
receptor (DHPR), a protein complex localized in
T-tubules. We also found that caveolin-3, previ-
ously shown to interact with dysferlin, coprecip-
itates with DHPR by immunoprecipitation.

Materials and methods
Animals

Wistar rats and mice (Balb/c and SJL) were
purchased from Clea Japan Inc. (Tokyo, Japan)
and Charles River Japan Inc. (Tokyo, Japan)
respectively. The SJL mouse is a naturally occur-
ring animal model of dysferlin deficiency caused
by an inframe deletion mutation in the dysferlin
gene. It has been shown that expression of trun-
cated dysferlin is greatly reduced [18,19] in
skeletal muscles of this animal model. All animal
handling procedures were performed in accordance
with protocols approved by the National Institute
of Neuroscience, NCNP, Kodaira, Japan.

Antibodies

For immunoprecipitation studies, a polyclonal
antibody against dysferlin was raised by immunizing
rabbits with a polypeptide corresponding to the

‘Dy,s‘ferlin'loéanzation in skeletal m'us@‘l’e‘z'..'jf_»

amino acid sequence of human dysferlin 1999 to
2016 conjugated with keyhole limpet hemocyanin,
and emulsified with the adjuvant TiterMax Gold
(CytRx Corp., Atlanta, GA). The antiserum was
affinity-purified by absorption onto a polypeptide
coupled to thiopropyl-Sepharose 6B (Amersham
Biosciences Corp., Piscataway, NJ) followed by elu-
tion with 4 M MgCl,. In immunoblot analysis, the
antibody specifically reacted with dysferlin in micro-
somes of mouse skelétal muscle (data not shown).
Monoclonal antibodies against dysferlin (NCL-Ham-
let) and dystrophin (NCL-DYS2) were purchased
from Novocastra Laboratories Ltd Newcastle, UK.
Polyclonal antibody against ¢i-actinin was obtained
as described [20]. Antibodies against triadin, DHPR
(02 subunit), ryanodine receptor and sarco/endoplas-
mic reticulum calcium ATPasel (SERCA1) were
obtained from Affinity Bioreagents, Inc. (Golden,
CO). Antibodies against NaK-ATPase ol and DHPR
subunit ol were obtained from Upstate Biotech
(Lake Placid, NY). Monoclonal antibodies against
annexin A2 and caveolin-3 were from BD Transduc-
tion Labs. (San Jose, CA). Anti-NSF antibody was
from ICN Biomedicals, Inc. (Aurora, OH). Anti-
desmin antibody was from Progen Biotechnik
GMBH (Heidelberg, Germany). Goat polyclonal
antibodies against DHPR o1, SERCALI and cave-
olin-3 were from Santa Cruz Biotech., Inc. (Santa
Cruz, CA). The Alexa-conjugated secondary anti-
bodies were purchased from Molecular Probes Inc.
(Eugene, OR).

Immunohistochemical analysis

Animals were killed by CO; inhalation followed
by cervical dislocation. Tibialis anterior (TA) muscles
were rapidly dissected out and snap-frozen in liquid
nitrogen-cooled isopentane. 6 pm.thick cryostat sec-
tions were fixed by immersion in 4% paraformalde-
hyde in phosphate-buffered saline (PBS), pH 7.4, at
4°C for 2 min, dehydrated in 70% ethanol at 4°C for
10 min and then permeated with 0.1% triton X-100
in PBS at room temperature for 10 min. Sections were
washed and incubated for 25 s with proteinase K solu-
tion (550 U/ml, Wako Pure Chemical Industries Ltd,
Osaka, Japan) at a dilution of 1:300 in TE buffer [10
mM Tris-HCl (pH 8.0), | mM EDTA]. After wash-
ing, sections were incubated in primary antibody
diluted in 2% casein in PBS at 4°C overnight. For
double immunostaining; sections were incubated
overnight in a mixture of the relevant primary anti-
bodies diluted in 2% casein in PBS. After primary
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antibody incubation, sections were washed three
times for 5 min with PBS and then incubated for 1 h

with the relevant secondary antibodies. After wash-
ing, sections were mounted in VectaShield® mount-
ing medium (Vector Labs, Burlingame, CA) and cov-
erslipped. Fluorescent images were captured by con-
focal-laser scanning microscope (Leica TCS SP,
Leica, Heidelberg, Germany)

Subcellular membrane fractionations

Two different subcellular membrane fractiona-
tion protocols were used in the present study. The first
protocol used (Fig 2A) was a slight modification of
that previously reported by Dombrowski et al [21].
Briefly, muscles (~1 g) were excised from the
hindlimbs of mice, cut into small pieces with scissors
and frozen in liquid nitrogen. The frozen muscles
were pulverized by the use of Cryo-Press chilled
with liquid nitrogen and homogenized at 4°C with
Polytron PT3000 equipped with a DA 3012/2S probe
(Kinematica, AG, Littau Lucerne, Switzerland) at
16,000 rpm for 10 s. The original homogenizing
buffer was changed to buffer A containing 20 mM
sodium pyrophosphate, 20 mM sodium phosphate,
0.25 M sucrose, 0.5 mM O, O’-bis(2-aminoethyl)eth-
yleneglycol-N, N, N’, N’-tetraacetic acid and 1 mM
MgCl, (pH 7.1) in order to decrease non-specific
aggregation. Discontinuous sucrose density gradient
centrifugation experiments were omitted in this
study.

In the second protocol (Fig 3A), sarcolemma was
purified by the method of Munoz et al [22]. Homog-
enization steps were slightly modified as follows.
Freshly dissected mouse hindlimb muscles (~6 g)
were homogenized twice with a Polytron homoge-
nizer (PT3000) at 4°C, 13,000 rpm for 20 s and cen-
trifuged. The pellet was resuspended and again
homogenized twice with the Polytron homogenizer
at 17,000 rpm for 30 s. After centrifugation, the two
supernatants were pooled and the remaining proce-
dures were carried out in accordance with Munoz et
al. Protease inhibitor cocktail, complete EDTA free
(Roche Diagnostics GmbH, Mannheim, Germany)
was included in all buffers used. All other reagents
were purchased from Wako Pure Chemical.

Fractionation of microsomal proteins

Fractionation of digitonin-solubilized micro-
somes from rabbit skeletal muscle by wheat-germ
agglutinin (WGA) gel chromatography was per-
formed as previously described [23].

Immunoprecipitation

Besides anti-dysferlin antibody prepared in this
study, anti-DHPR a1 (Upstate Biotech), anti-DHPR
o2 and anti-caveolin-3 (Santa Cruz) antibodies were
used for immunoprecipitation. Each IgG was coupled
with the gel by use of Affi-Gel Hz immunoaffinity
kit (Bio-Rad Labs, Hercules, CA). Prepared gels
were washed once before use with the elution buffer:
0.15 M glycine-HCl, pH 2.5 and 0.1% digitonin
before use. The WGA-bound microsomal proteins
were mixed with approximately 50 pl of the gel equi-
librated with the binding buffer: 0.15 M NaCl, 20
mM Hepes-NaOH, 0.1% digitonin, protease inhibitor
cocktail Complete EDTA-free (Roche Diagnostics
GmbH) in a MicroSpin column (Amersham Bio-
sciences) and incubated overnight at 4°C with gen-
tle agitation. The gel in the column was then washed
many times with the binding buffer and eluted with
the elution buffer. Washing and eluting procedures
were performed by gravity drip from the column.
The eluted proteins were neutralized with 2 M Tris-
HCI, pH 9.0 and ultrafiltrated close to dehydration
with Microcon 30 (Millipore Corp., Bedford, MA).
The proteins were extracted from the membrane with
the buffer containing 1% SDS, 1 mM TCEP (Pierce
Biotechnology Inc., Rockford, IL) and 22 mM Tris-
HCI (pH 6.7), and concentrated to one-third volume
with a centrifugation evaporator.

Protein concentration was determined by Pro-
tein Assay Stain (Bio-Rad) or Coomassie Plus-
200 Protein Assay Reagent (Pierce Biotechnology)
using either BSA or y-globulin as a standard.

Electrophbresis and Immunoblot AnalysiS

In SDS-PAGE, proteins were run on 5-10% or 5-
15% precast gel (DRC, Tokyo, Japan). Subsequent
transfer from the gel on to PVDF membranes (Mil-
lipore) was performed for 1 h at a current of 5
mA/cm? with a buffer similar to that of Kyhse-Ander-
son [24]. Following transfer, membranes were
blocked with PBS including each 0.1% of casein and
gelatin for 1 h at room temperature, and then incu-
bated with primary antibodies followed by the
respective horse-radish-peroxidase (HRP)-labeled
secondary antibodies. Molecular masses were esti-
mated with Biotinylated Standards kit (Bio-Rad) and
HRP-labeled avidin. Bound antibodies were detect-
ed by chemiluminescence with Supersignal West

" Dura Extended Duration Substrate (Pierce Biotech-

nology). Signals were visualized with Luminoim-
ager (Roche Diagnostics). Blot overlay assay for the
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WGA-binding proteins was performed in accordance
with the method of Yoshida and Ozawa [23]. Bound
biotinyl WGA was detected with a combination of an
RTU Vectastain Elite ABC reagent and a VIP-stain-
ing kit (Vector Labs).

Results

Immunohistochemical analysis of dysferlin
in skeletal muscle fibers

We first analyzed the localization of dysferlin
in skeletal muscles of Wistar rats and Balb/c mice
by confocal laser-scanning microscopy. In both
transverse and longitudinal cryosections, a mouse
monoclonal antibody against dysferlin stained not
only the sarcolemma but also the cytoplasm of
muscle fibers (Fig. 1). In transverse sections, the
cytoplasmic staining was observed as a granular
staining pattern that appeared intense in some
fibers. This staining pattern is similar to that pre-
viously reported [12]. In longitudinal sections,
cytoplasmic localization was observed as cross-
striated double bands under high magnification.
We found no correlation between the intense cyto-
plasmic staining observed in some fibers and fiber
type distribution (data not shown). We also exam-
ined the localization of dysferlin in skeletal mus-
cles of SJL mice, which have an inframe deletion
in the dysferlin gene. Dysferlin staining was sig-
nificantly reduced from the sarcolemma and cyto-
plasm in both transverse and longitudinal sections
of SJL mice skeletal muscle (Fig. 1). To investi-
gate the specificity of the fluorescence signals
observed, the antibody was also incubated with a
polypeptide corresponding to its epitope. This
resulted in a loss of any signal in the muscle sec-
tions (data not shown). These results indicate that
dysferlin is localized not only on the sarcolemma
but also within the cytoplasm of muscle fibers.

Subcellular distribution of dysferlin

Next, we examined the localization of dys-
ferlin within muscle fibers by biochemical frac-
tionation. using a previously established proce-
dure [21] (Fig. 2A). This protocol allowed for the
isolation of three distinct membrane fractions; a
crude microsomal fraction enriched in sar-
colemmal membranes (F2), and two internal mem-
brane fractions: PF4 enriched in T-tubule and SR
membranes, and PF8 an intracellular pool for glu-
cose transporterd (Glutd).

Dysferlin localization in skeietal muscle

A) B)

Balb/c |

SJL |

Fig. 1. Immunohistochemical analysis of dysferlin in
skeletal muscle fibers. A) and B), immunofiuorescent
images of transverse and longitudinal sections (6 pm),
respectively, of the tibialis anterior (TA) muscles of
Wister rats, Balb/c and SJL mice stained with mono-
clonal antibody against dysferlin. Scale bar, 20 pm.

Fractions obtained from Balb/c and SJL mice
were analyzed for dysferlin and a number of other
protein markers (Fig. 2B). NaK-ATPase, a sar-
colemmal marker, was detected only in the F2
fraction. This fraction also included annexin A2
[13] and caveolin-3 [25], two proteins reported
to interact with dysferlin at the sarcolemma. On
the other hand, the PF4 fraction contained the
intracellular membrane proteins DHPR, SERCAT,
triadin and the ryanodine receptor, although some
amounts of these were also detected in the F2
fraction. As shown in Fig. 2B, dysferlin was
detected not only in the sarcolemma-enriched F2
fraction, but also in the PF4 fraction. Further-
more, the intensity of the dysferlin signal was
found to be similar between F2 and PF4. This
result shows that a substantial amount of dys-
ferlin distinctly associates with non-sarcolemmal
membranes.
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Fig. 2. Subcellular distribution of dysferlin in skeletal muscle. A) Schematic representation of subcellular mem-
brane fractionation protocol [21]. F2, a crude microsomal fraction enriched in sarcolemmal membranes; PF4,
internal membrane fraction enriched in T-tubule and SR membranes; PF8, internal membrane fraction enriched
in GLUT4-containing intracellular membranes. B) Immunoblot analysis of the fractions obtained from Balb/c and
SJL mice. Membrane proteins of each fraction were loaded on the respective lanes in equal amounts, although
the amount was changed depending on the antibody used for analysis (0.05 to 5 pug). Dysferlin was detected
in fractions F2 and PF4, but not in PF8. RyR, ryanodine receptor.

In the analysis of SJL mice, dysferlin was
undetectable. However, we did not observe any
significant changes in the amount or distribution
of the other marker proteins analyzed (Fig. 2B).

Close association of dysferlin with T-tubules

The subcellular fractionation data demonstrated
the presence of dysferlin in membrane fractions
enriched in T-tubules and SR (Fig. 2). To further clar-
ify the association of dysferlin with these internal
membranes, we extracted crude microsomes from
mouse skeletal muscle homogenates using a proto-
col first described by Munoz et al [22]. This crude
microsomal preparation, obtained under physiolog-
ical condition, includes internal membranes. This
was then separated into 4 fractions based on individ-
ual densities (Fig. 3A). The lightest of these, 23F, is
reportedly a fraction enriched in sarcolemma and T-
tubule membranes. 26F and 29F are enriched in intra-
cellular Glut4-containing vesicles and 35F is essen-
tially an SR-enriched fraction [22]. Immunoblot

analysis (Fig. 3B) showed that the sarcolemmal
marker, NaK-ATPase was mainly recovered in 23F,
with trace amounts detected in 26F. The N-ethyl-
maleimide-sensitive fusion protein (NSF), a chaper-
one required for the fusion of transport vesicles to
their target membranes [26], displayed a similar dis-
tribution pattern to that of NaK-ATPase. SERCA1
was mainly detected in 35F and to a lesser extent in
29F, meaning most of the SR was recovered in these
fractions. The T-tubule marker DHPR was detected
in all fractions in the present experiment. This con-
trasts with the results of Munoz et al [22]. This dis-
crepancy may be due to species differences between
mice and rats. Dysferlin was mostly detected in 23F
and 26F, with lesser amounts detected in 29F. The
near absence of dysferlin in the SR-enriched fraction
(35F) suggests that it is not likely associated with SR
membranes. Caveolin-3, a dysferlin-interacting pro-
tein, was detected in fractions 23F, 26F and 29F.
Further fractionation of 23F by WGA agglu-
tination allows for the separation of a pure sar-

138



A) B)

skeletal muscle
23F 26F 29F 35F
homogenize
A& in 12000 NaK-ATPase «d w
Pellet 20 min = :
resuspend s NSF @ e o
upernatant DHPRO®2
s;)lngézlmoelo‘g, @B e e on
SERCAT . w0 as
Pellet Supematant caveolin-3 e» e» @
addition of KCl to 0.6 i dy sferin -
epin 150,000 g,
Supemastant 60 min
Pellet
" resuspend
Ca?* loading
in 150,000 g,
Supematant <€ PP eomin © C)
Pellet ( microsomes ) SM T
resuspend
NaK-ATPase
Sucrose deﬂs.ity grafdiem NSE
ultracentrifugation
sm DHPRe2
7 TP SERCAT1
2 caveolin-3
dy sfedin

Fig. 3. Close association-of dysferlin with T-tubules. A) Schematic representation of microsomal membrane frac-
tionation protocol [22]. 23F; light microsomal fraction enriched in sarcolemmal and T-tubule membranes, 26F and
29F: fractions enriched in Glut4-containing intracellular vesicles, 35F; an SR-enriched fraction. SM and TT, the
subfractions of 23F that were agglutinated and non-agglutinated with WGA, respectively. B) Immunoblot analysis
of the four microsomal fractions with various antibodies. Membrane proteins in each fraction were loaded on the
respective lanes in equal amounts, with the amounts changing depending on the antibody used (0.3 to 6 ug).
Dysferlin was detected in 23F and 26F, and to a lesser extent in 29F. C) immunoblot analysis of SM and TT frac-
tions with various antibodies. The amount of dysferlin was similar between both fractions.

colemmal fraction (SM) from a T-tubule-enriched
membrane fraction (TT) {22]. This is based on the
principle that WGA receptors present on T-tubules
cannot interact with WGA, because of the inside-
out orientation of the fragmented T-tubular mem-
brane. As shown in Fig. 3C, NaK-ATPase and NSF
were mainly detected in the SM fraction, while
DHPR was. mostly detected in the TT fraction.
SERCA1 was notably absent from both fractions.
Interestingly, dysferlin was recovered in similar
amounts in both SM and TT, demonstrating that

in addition to sarcolemmal localization, dysferlin
closely associates with T-tubule membranes. Cave-
olin-3 was also detected in both fractions but com-
paratively more in TT.

Interaction of dysferlin with DHPR

To date, dysferlin has been reported to interact
with annexins Al & A2 [13], caveolin-3 [25] and
affixin [27]. The presence of dysferlin in T-tubule-
enriched intracellular membrane fractions suggests
the possibility of other dysferlin-interacting proteins.
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To investigate this possibility, we solubilized crude
microsomes with digitonin and fractionated them
using WGA gel affinity chromatography as depicted
in Fig. 4A. As expected, dystrophin [28] and DHPR
[29] were detected in the bound fraction, and proteins
such as SERCA1 and NSF were detected in the flow-
through fraction (Fig. 4B). Interestingly, dysferlin
was detected in both fractions, indicating that a por-
tion of dysferlin was bound to WGA.. Since the amino
acid sequence of dysferlin precludes it as a glycopro-
tein [4,5], this finding suggested to us that a portion
of dysferlin may bind to WGA probably through an
association with WGA-binding protein(s). Caveolin-
3 was also detected in both fractions.

To find out which WGA-binding protein(s) may
associate with dysferlin, we immunoprecipitated dys-
ferlin from the bound fraction and examined the pre-

cipitate for the presence of WGA-binding protein(s).
Since the anti-dysferlin monoclonal antibody hither-
to used was not suitable for immunoprecipitation,
we raised an anti-dysferlin polyclonal antibody in
rabbits as described under materials and methods.
This polyclonal antibody specifically reacted with
dysferlin in skeletal muscle membranes of mice (data
not shown). Using this antibody, an immunoprecip-
itate was prepared from the WGA-bound fraction
and analyzed by blot overlay assay with biotinyl
WGA. As shown in Fig. 4C, positive bands were
detected at approximately the 80-, 100- and 140-kDa
positions. We predicted these to be putative dysfer-
lin-interacting proteins. '

DHPR, shown to bind to the WGA gel (Fig. 4B),
is a protein complex composed of four subunits; o1,
o2, B and 7. It reportedly binds to the gel through its
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Fig. 4. Investigation of dysferlin-binding proteins. A) Schematic representation of crude microsome preparation
and WGA gel chromatography of digitonin-soiubilized microsomal proteins. B) Immunoblot analysis of the flow-
through and bound fractions with various antibodies. The volume of both fractions was adjusted and aliguots
loaded onto the gel. C) Blot overlay assay with biotinyl WGA of the immunoprecipitate prepared from the WGA-
bound fraction with anti-dysferlin palyclonal antibody. Proteins of approximate molecular masses 140, 100 and

80 kDa were shown to react with WGA.,
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o2 subunit [29]. Its molecular mass of approximate-
ly 140 kDa under reduced conditions {29} is consis-
tent with that of the largest dysferlin-interacting pro-
tein we detected (Fig. 4C). To test the possibility that
dysferlin may associate with the WGA gel through
an association with DHPR, we performed a series of
immunoprecipitation experiments using the WGA-
bound fraction. As shown in Fig. 5, DHPR was
immunoprecipitated by an anti-dysferlin antibody,
and conversely, dysferlin was immunoprecipitated
by anti-DHPR ol and o2 antibodies. This clearly
demonstrates an interaction between dysferlin with
DHPR. In another group of experiments we con-
firmed the presence of the dysferlin-interacting pro-
tein, caveolin-3 in immunoprecipitates prepared
using the anti-dysferlin antibody. Additionally, analy-
sis of immunoprecipitates prepared with both anti-
DHPR ol and o2 antibodies demonstrated the pres-
ence of caveolin-3, while anti-caveolin-3 antibody
was found to reciprocally immunoprecipitate DHPR.
These results suggest an association between DHPR
and caveolin-3. Relative amounts of caveolin-3 in
immunoprecipitation study indicated that only a por-
tion of caveolin-3 might participate in the complex
with dysferlin and DHPR.

We have not identified the 100- and 80-kDa
WGA-binding proteins that were shown to interact
with dysferlin, but their presence indicates that
dysferlin may interact with more proteins than
presently known.

antibodies used for
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Fig. 5. Dysferlin, DHPR and caveolin-3 mutually interact.
Immunoblot analysis of immunoprecipitates prepared
from WGA-bound microsomal proteins. One pl of immuno-
precipitates was loaded on each lane.

Dysferlin localization in skeletal muscile

Fartial colocalization of dysferlin with DHPR

Based on our finding that dysferlin interacts with
DHPR and caveolin-3, we expect that these proteins
would colocalize in skeletal muscle fibers. There-
fore we set out to verify this by double immunoflu-
orescent staining. The anti-dysferlin monoclonal and
anti-DHPR a1 antibodies both produced cross-stri-
ated bands of dysferlin and DHPR, respectively, in
longitudinal sections of skeletal muscle fibers
(Fig. 6). Analysis of double stained patterns revealed
areas of colocalization between the two proteins.

Anti-caveolin-3 antibody showed a less orga-
nized cytoplasmic staining pattern in comparison
with dysferlin and DHPR, and double staining did
not show clear colocalization between caveolin-3
and either DHPR (data not shown) or dysferlin. This
might be explained by the notion that only a small
portion of caveolin-3 associated with DHPR and dys-
ferlin, as suggested by immunoprecipitation.

We also investigated the localization of dysfer-
lin in relation to other well characterized sarcomer-
ic protein markers such o-actinin and desmin, two
functionally different proteins associated with Z-

Fig. 8. Partial colocalization of dysferlin and DHPR. High-
resolution images of 6 um longitudinal sections from the
TA muscle of Wistar rats double stained with monaoclonal
antibody against dysferlin (red, left panels) and antibod-
ies against DHPR a1, caveolin-3, SERCA1, v-actinin and
desmin (green, center panels). Respective merged
images are shown on the right panels. Scale bar, 5 um.
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lines, and SERCAL, a protein responsible for the
uptake of calcium into intracellular stores. Double
staining of dysferlin with either o-actinin or desmin
showed no areas of colocalization. Instead, striations
produced by either oi-actinin or desmin were labeled
within the dysferlin doublet striated pattern. Results
with SERCA1 were similar to that obtained with
DHPR, with comparatively fewer areas of colocaliza-
tion observed.

Discussion

While no comprehensive report has been pub-
lished detailing the precise localization of dysferlin
within the muscle fiber, a careful examination of lit-
erature shows a consensus indicating the presence of
dysferlin at both the sarcolemma [12-16] and with-
in the cytoplasm [12,16] of muscle fibers. In the pre-
sent study we confirmed the presence of dysferlin at
the sarcolemma initially by immunohistochemical
observation (Fig. 1). Subsequent biochemical analy-
sis revealed the presence of dysferlin, first in a crude
microsomal fraction (Fig. 2), and then in a pure sar-
colemmal fraction prepared from light microsomes
(Fig. 3). We also observed dysferlin localization as
granular cytoplasmic staining within muscle fibers
by immunohistochemistry (Fig. 1). This pattern of
cytoplasmic localization was of interest in view of
the fact that dysferlin has a putative role in mediat-
ing intracellular vesicle fusion with the sarcolemma
[12,13]. However, since not much is known about the
nature of this intracellular localization, we investi-
gated this further via a series of biochemical exper-
iments.

Two significant findings were made in this
study. The first of these was the observation that
in addition to the pure sarcolemmal fraction, a
portion of dysferlin was present in a T-tubule-
enriched intracellular membrane fraction (Fig. 3).
This was determined using a protocol of subcel-
lular fractionation with further purification by
WGA agglutination. T-tubules are specialized
membrane invaginations of the sarcolemma and
carry membrane depolarization deep into the fiber
to trigger excitation-contraction coupling [30]. The
protein and lipid composition of this system has
been shown to be very distinct from that of the
sarcolemma [30]. This suggests that the associa-
tion of dysferlin with T-tubules may be indepen-
dent of its localization at the sarcolamma, and is
the first published data describing an association
of dysferlin with non-sarcolemmal membranes.

Another significant finding was the identifica-
tion of DHPR as a dysferlin-interacting protein com-
plex. This result supports the finding of dysferlin
present on T-tubules. The DHPR is responsible for
the L-type Ca®* current and serves as the voltage sen-
sor for excitation contraction coupling [32]. It is com-
posed of o1, 02, B and 7y subunits [29]. The ol sub-
unit is a transmembrane protein that contains the
basic functional elements for the L-type Ca?* chan-
nel while the [} subunit is an intracellular protein
essential for excitation contraction coupling. The
functional significance of the 02 and Y subunits is not
clearly defined [32]. . :

The question remains as to exactly how dysfer-
lin associates with DHPR. Two possibilities exist as
to how dysferlin may interact with DHPR. One
involves a lateral association between dysferlin and
DHPR in T-tubule membranes. The other involves an
association between dysferlin, present in intracellu-
lar vesicles, and DHPR. Double immunostaining
(Fig. 6) and membrane fractionation experiments
indicate that the entire DHPR complex may not inter-
act with dysferlin. Therefore, we are of the opinion
that the interaction occurs between dysferlin and
DHPR present on distinct membranes respectively.

It is not clear whether this association is direct or
not, but it is interesting to assume that some other pro-
tein(s) may be involved in this association. The WGA-
binding proteins of molecular masses 80 and 100 kDa
shown to interact with dysferlin (Fig. 4C) might be
involved in this association. Alternatively, caveolin-
3, reported to be dysferlin-interacting protein [25]
might be involved. In the present study, we observed
by biochemical analysis that caveolin-3 associated
with both membranes of T-tubules and the sarcolem-
ma (Fig. 3). This distribution pattern was consistent
with previous reports [33]. We confirmed by immuno-
precipitations that dysferlin in fact interacts with cave-
olin-3 and in addition, we found that caveolin-3 inter-
acts with DHPR. These results show that dysferlin,
DHPR and caveolin-3 may participate in the forma-
tion of a large oligomeric complex. Caveolin-3 is a
major protein component of cardiac and skeletal mus-
cle caveolae [34], another system of specialized mem-
brane invaginations of the sarcolemma implicated in
a number of cellular processes including calcium
homeostasis [35] and signal transduction [36]. It has
been suggested that caveolin-3 associates mainly with
T-tubules during myogenesis and has been proposed
to play a role in the formation of T-tubules [37].
Indeed, caveolin-3 knockout mice show a phenotype
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