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SUMMARY

Satellite cells function as precursor cells in mature skeletal muscle homeostasis and regeneration. In healthy tissue, these cells are main-
tained in a state of quiescence by a microenvironment formed by myofibers and basement membrane in which LAMININs (LMs) form a
major component. In the present study, we evaluated the satellite cell microenvironment in vivo and found that these cells are encapsu-
lated by LMa2-5. We sought to recapitulate this satellite cell niche in vitro by culturing satellite cells in the presence of recombinant
LM-E8 fragments. We show that treatment with LM-E8 promotes proliferation of satellite cells in an undifferentiated state, through
reduced phosphorylation of JNK and p38. On transplantation into injured muscle tissue, satellite cells cultured with LM-E8 promoted
the regeneration of skeletal muscle. These findings represent an efficient method of culturing satellite cells for use in transplantation
through the recapitulation of the satellite cell niche using recombinant LM-E8 fragments.

INTRODUCTION

Regeneration of adult skeletal muscle regeneration is medi-
ated by tissue-specific muscle stem cells, also known as
satellite cells (Mauro, 1961). Satellite cells reside in a
specialized niche environment situated between the base-
ment membrane of the muscle tissue and the plasma mem-
brane of constituent myofibers (Relaix and Zammit, 2012).
This niche structurally orients satellite cell mitosis (Kuang
et al., 2008). In adult skeletal muscle, satellite cells are
maintained in a state of quiescence until tissue damage or
other stimuli cause these cells to become activated, prolifer-
ate, and subsequently differentiate into mature myofibers
(Charge and Rudnicki, 2004). A small number of activated
satellite cells self-renews and returns to the quiescent state
maintaining a reservoir of stem cells for homeostasis and
repair (Olguin and Olwin, 2004; Zammit et al., 2004).
The paired box transcription factor PAX7 is critical for
maintaining satellite cell function (von Maltzahn et al.,
2013) and, together with the myogenic regulator, MYOD,
is a key determinant of satellite cell fate (Zammit et al.,
2002). Satellite cell behavior is regulated by multiple
signaling pathways such as MAPK protein, c-Jun N-termi-
nal kinase (JNK), and p38 MAPK (Alter et al., 2008; Bernet
et al., 2014; Charville et al., 2015; Cosgrove et al., 2014;
Troy et al., 2012).

PAX7-expressing cells are necessary and sufficient for
muscle regeneration (Lepper et al.,, 2011; Sambasivan
et al., 2011). Transplantation of autologous satellite cells
modified to express DYSTROPHIN is being studied as a
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potential therapeutic approach in Duchenne muscular dys-
trophy (DMD) (Ikemoto et al., 2007). However, satellite
cells begin to differentiate immediately upon losing con-
tact with their niche environment; in culture, satellite cells
cease to express PAX7 and lose their capacity to support
regeneration (Montarras et al., 2005). Efficient techniques
for expanding satellite cells in an undifferentiated state
in vitro are thus urgently needed. Previous studies have re-
ported the culture of undifferentiated satellite cells by
manipulation of NOTCH signaling (Parker et al., 2012),
substrate elasticity (Gilbert et al., 2010), or regulation of
p38 activation (Bernet et al., 2014; Charville et al., 2015;
Cosgrove et al., 2014). We therefore sought to identify effi-
cient methods of mimicking the satellite cell niche to
enable more efficient expansion of satellite cells in vitro.
Components of the cellular microenvironment, such as
ECM, play essential roles in the maintenance of satellite
cell stemness (Dumont et al., 2015; Thomas et al., 2015).
Changes in the composition of ECM during muscle devel-
opment and regeneration affect quiescence, activation, dif-
ferentiation, and self-renewal in satellite cells. During
muscle regeneration, the expression of ECM proteins,
including COLLAGEN, FIBRONECTIN, and LAMININ
(LM), is induced in skeletal muscle and required for the
maintenance of satellite cells (Bentzinger et al., 2013;
Disatnik and Rando, 1999; Johansson et al., 1997; Urciuolo
et al., 2013). However, much remains to be learned about
the architecture and structural components of ECM in re-
gard of satellite cell microenvironment and the signals
that these factors provide to maintain satellite cells in a
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quiescent state. LMs, a glycoprotein family with a cross-
shaped structure, consisting of «, §, and vy chains, consti-
tute a major component of the ECM in the skeletal muscle
basement membrane (Miner and Yurchenco, 2004). The
o chain is expressed in a tissue- and developmental stage-
specific manner, and mouse knockout models for each
o chain variant exhibit different phenotypes (Guo et al.,
2003; Heng et al., 2011). In skeletal muscle, LMa2 is specif-
ically localized in the basement membranes (Yao et al.,
1996). Loss of the LMa2 subunit leads to progressive
muscular dystrophy and has been used as a model of
congenital muscular dystrophy (Helbling-Leclerc et al.,
1995). LMa4 and a5 are expressed in embryonic muscle
basal lamina, and LMa5 is expressed in adult muscle during
regeneration in cardiotoxin mouse muscle injury models
and in DMD tissue (Patton et al., 1999). LMs function in
cell-to-basement membrane adhesion (Domogatskaya
et al., 2012). Signaling from LM to cells via INTEGRIN reg-
ulates cell survival and differentiation (Disatnik and
Rando, 1999). Satellite cells can be cultured on a variety
of ECM substrates including Matrigel, GELATIN,
COLLAGEN, and LM111 (Danoviz and Yablonka-Reuveni,
2012; Grefte et al., 2012; Zou et al., 2014). Although LM is
commonly used for satellite cell culture, the expression of
LMs as components of the structural microenvironment
of satellite cells has not been elucidated.

In the present study, we show that the LMa3, a4, and a5
chains, together with LMa2 in the basement membrane, are
components of the satellite cell niche in skeletal muscle tis-
sue in both mouse and human. In an effort to functionally
replicate the extracellular LM environment of satellite cells
in vitro, we prepared recombinant LM-E8 fragments, which
consist of the C-terminal half of the coiled-coil region of the
LM protein with the LM globular domains 1-3. LM-E8 frag-
ments exhibit INTEGRIN-binding activity equivalent to
that of intact LMs (Miyazaki et al., 2012). We show that
reconstitution of extracellular LM environment by LM-E8
maintains satellite cells in an undifferentiated state through
regulation of JNK and p38 signaling. These findings show
that satellite cells can be maintained and expanded ex vivo
through the functionally replication of the human/mouse
satellite cell niche environment with LM-E8 fragments
and that satellite cells cultured under these conditions
retain their ability to contribute to muscle regeneration.

RESULTS

LM a3, a4, and a5 Are Extracellular Components of
Satellite Cells

LMs are the major component of the satellite cell niche and
function in cell-to-basement membrane adhesion (Domo-
gatskaya et al., 2012). We analyzed the expression pattern

of each LM « chain in mouse skeletal muscle. Tibialis ante-
rior (TA) muscles were stained with antibodies for each LM
o. chain and PAX7, a marker of satellite cells. We found
that PAX7" quiescent satellite cells were surrounded by
LMa3, a4, and oS5 (Figures 1A and 1B). In addition, LMa4
and a5 were detected in blood vessel basement membrane.
We did not detect the expression of LMa1 in skeletal muscle.
Consistent with reports from previous studies, the basement
membranes of mature muscle fibers were stained with LMa2
(Helbling-Leclercet al., 1995; Holmberg and Durbeej, 2013).

To examine the expression of LMs in self-renewing satel-
lite cells, we next analyzed regenerating TA muscle tissue.
Muscle regeneration was induced by cardiotoxin. Interest-
ingly, we found that the expression of LMa3, a4, and a5
was closely associated with PAX7*KI67~ self-renewed
satellite cells, which were located at the edges of regenerat-
ing muscle fibers (Figures 1C and S1A-S1C). Sequential
scanning images showed that self-renewed satellite cells
are encapsulated by a pericellular matrix composed of
LMoa3, a4, and a5 (Figure 1C). In contrast, the expression
of LMa3, a4, and a5 chains, particularly that of the a4
and o5 chains, adjacent to PAX7*KI67"-activated satellite
cells, seemed to be reduced in the regenerating tissue (Fig-
ures S1D-S1E, left). These results indicate that satellite cells,
especially those that have undergone self-renewal, are
encapsulated in LMa3, 24, and a5 chains.

Reconstitution of Extracellular LM Environment by
LM-E8 Fragments

Our expression analyses of LM « subunits led us to specu-
late that components of extracellular LM isoforms might
play roles in maintaining PAX7 expression in cultured sat-
ellite cells. We prepared recombinant LM-E8 fragments,
which are minimally active fragments of LMs retaining
the INTEGRIN-binding sites (Figure 2A). Quiescent satellite
cells were directly isolated from 8-week-old mouse muscle
by fluorescence-activated cell sorting (FACS) using the
SM/C-2.6 antibody, which recognizes an antigen expressed
in satellite cells (Figure S2) (Fukada et al., 2004). To recon-
stitute the extracellular/pericellular LM environment, we
tested different culture conditions using the LM-E8 frag-
ments: culture on LM111-E8; culture on LM211-E8; culture
on LM322-, 411-, and 511-E8; pretreatment with LM332-,
411-, and 511-E8, and then culture on Matrigel; pretreat-
ment with LM332-, 411-, and 511-E8, and then culture
on LM211-E8; we termed this last condition “Pre3/4/
5-on2” (Figure 2B). We also tested several other different
culture conditions using the LM-E8 fragments (Figure S3).
Culture on Matrigel without pretreatment was used as a
control (Danoviz and Yablonka-Reuveni, 2012; Motohashi
et al.,, 2014), as Matrigel containing LM111 is the most
common substrate that stabilizes the expression of PAX7
when culturing satellite cells, more so than gelatin and
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Figure 1. Expression of LM o Chains in Mouse Skeletal Muscle

(A) LM immunofluorescence using anti-a1, a2, a3, a4, and a5 chain antibodies is shown in red. PAX7 was used as a satellite cell maker
(green) and DAPI was used a nuclear maker (blue). Scale bar represents 20 pum.

(B) High-magnification view of LMa3, a4, and a5 expression around satellite cells. Scale bar represents 5 um.

(C) High-magnification view of LMa3, a4, and a5 expression around satellite cells 14 days after cardiotoxin (CTX) injection (sequential
scanning image). Muscle tissue was stained with anti-LMa3-5 antibody (red) and anti-PAX7 antibody (green) in satellite cells. Scale bar

represents 5 um.

collagen (Danoviz and Yablonka-Reuveni, 2012; Grefte
et al., 2012). We also observed that sorted satellite cells
barely attached and proliferated scarcely on a gelatin-
coated dish (data not shown). We found that the relative
fluorescence intensity of PAX7 was highest in the Pre3/4/
5-on2 group (Figure 2C). We detected LM332-, 411-, and
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511-E8 fragments around isolated satellite cells after pre-
treatment (Figure 2D). Because E8 fragments were detected
with the HA tag attached to the B chain, it remains unclear
whether all of the LM332-, 411-, and 511-E8 fragments
were deposited around satellite cells. These data suggest
that functional reconstitution of the extracellular LM
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Figure 2. Reconstitution of Extracellular LM Environment by LM-E8

(A) Schematic of LM 111-, 211-, 332-, 411-, and 511-E8 fragments.

(B) Culture method used for isolated satellite cells.

(C) The relative fluorescence intensity of PAX7 after 5 days in culture on the Matrigel control or the combination of LM-E8 fragments. The
ratio of the Matrigel control was set as 1.0. n = 3 independent experiments. Error bars, SEM; *p < 0.05, **p < 0.01.
(D) Immunostaining for HA tag (red) and DAPI (blue) of cells treated by LM 332-, 411-, and 511-E8. Scale bar represents 5 pum.

environment using LM-E8 can maintain undifferentiated
satellite cells expressing PAX7 in vitro.

Reconstitution of Extracellular LM Environment
Maintains Satellite Cells in an Undifferentiated State
while Retaining Their Proliferative Capacity

PAX7 is expressed in both quiescent and activated satellite
cells, and is downregulated when satellite cells commit to

differentiation (Kuang and Rudnicki, 2008; Sambasivan
and Tajbakhsh, 2007; Tedesco et al., 2010). To investigate
whether differentiation of satellite cells is suppressed in
the Pre3/4/5-on2 condition, we labeled satellite cells with
PAX7 and MYOD to distinguish them from committed
myogenic cells (Figure 3A). We observed that the immuno-
fluorescence level of PAX7 was higher in the Pre3/4/5-on2
group than in the Matrigel control (Figure 3B). We also
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Figure 3. LM-E8 Fragments Maintain Undifferentiated State of Cultured Satellite Cells

(A) Immunostaining of cultured satellite cells by the Matrigel control or the Pre3/4/5-on2 group for anti-PAX7 antibody (green), anti-
MYOD antibody (red), and DAPI (blue). Scale bar represents 500 um.

(B) The relative fluorescence intensity of PAX7 at day 5. The ratio of the Matrigel control was set as 1.0. n = 3 independent experiments.
Error bars, SEM; **p < 0.01.

(C) The percentage of PAX7*MYOD ™ (blue), PAX7*MYOD* (pink), and PAX7~MYOD* (red) cells at day 5. n = 3 independent experiments. Error
bars, SEM; *p < 0.05, **p < 0.01.

(D) The relative mRNA levels of Myogenin in satellite cells cultured on the Matrigel control and the Pre3/4/5-on2 condition at day 5. The
ratio of the Matrigel control was set as 1.0. n = 3 independent experiments. Error bars, SEM; **p < 0.01.

(E) Number of PAX7" satellite cells cultured on the Matrigel control and the Pre3/4/5-on2 group for 5 days. n = 3 independent experiments.
Error bars, SEM; *p < 0.05.

(F) Ratio of Ki67* proliferating cells in PAX7" satellite cells cultured by the Matrigel control and the Pre3/4/5-on2 group for 5 days was
calculated. n = 3 independent experiments. Error bars, SEM; *p < 0.05.

found that the ratios of PAX7*MYOD™ (Figure 3C, blue committed myogenic cells was significantly lower in
bars) and PAX7*MYOD"* (Figure 3C, pink bars) satellite cells ~ Pre3/4/5-on2 (Figure 3C, red bars). In addition, the Myoge-
were both higher in the Pre3/4/5-on2 group than in the nin mRNA level was lower in Pre3/4/5-on2 condition than
Matrigel control. In contrast, the ratio of PAX7"MYOD* in the Matrigel control (Figure 3D). These observations
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Figure 4. LM-E8 Fragments Mediate Activation of JNK and p38

(A) Levels of the phosphorylated molecules measured using FACS on isolated satellite cells with/without treatment with LM332-, 411-, and
511-E8 for 30 min.

(B) Histograms show levels of phosphorylated INK. Blue line histogram; controls (without antibody) and red line histogram; samples (with
antibody). Left: satellite cells after sorting. Middle: satellite cells treated with LM332-, 411-, and 511-E8 for 30 min after sorting. Right:
satellite cells treated without LM332-, 411-, and 511-E8 for 30 min after sorting.

(legend continued on next page)
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suggest that reconstitution of the LM environment main-
tains PAX7-expressing satellite cells in an undifferentiated
state. We next investigated the effects of Pre3/4/5-on2 on
the proliferative capacity of cultured satellite cells. We
found that the number of PAX7* satellite cells was higher
in the Pre3/4/5-on2 group than in the Matrigel control
(Figure 3E). The percentage of proliferating cells marked
by expression of KI67 within the population of PAX7*
satellite cells was also higher in the Pre3/4/5-on2 group
(Figure 3F), indicating that satellite cells maintain their pro-
liferative capacity when grown in a Pre3/4/5-on2 environ-
ment. Under this culture condition, satellite cells exited the
quiescent state and proliferated, while maintaining the
expression of PAX7. Collectively, these results suggest
that culture with LM-E8 prevents satellite cell differentia-
tion and promotes proliferation, which may indirectly
increase the satellite cell self-renewal pool.

LM-E8 Fragments Mediate the Activation of JNK in
Satellite Cells

LM-E8 fragments include the INTEGRIN-binding sites of
the intact LM protein (Miyazaki et al., 2012). To investigate
downstream partners by LM-ES in satellite cells and its role
in maintaining the undifferentiated state of cultured
satellite cells, we analyzed the downstream signaling of
INTEGRINs. Immediately after isolating satellite cells by
FACS, we measured phosphorylation levels of several intra-
cellular signaling molecules (Figures 4A and S4). Interest-
ingly, the level of phosphorylated JNK (pJNK) was elevated
in sorted satellite cells, while the phosphorylation levels of
other molecules (p38, ERK, FAK, STAT3, SRC, AKT, and p33)
were unchanged (Figure S4), suggesting the involvement of
JNK phosphorylation in the early stage of the activation of
satellite cells. After treating sorted satellite cells with

LM322-,411-, and 511-E8, we observed dephosphorylation
of JNK (Figures 4B and 4C). To determine whether this
effect is mediated by INTEGRINS, we examined cells treated
with fragments of LM511-E8 (EQ), in which the Glu residue
(E) in the C-terminal tail region of the y1 chain of LM511-
E8 is replaced with Gln (Q) to prevent INTEGRIN binding
(Miyazaki et al., 2012). We found that treatment with
LMS11-E8 (EQ) did not decrease the level of pJNK (Fig-
ure 4D). These results indicate that LMES-INTEGRIN
signaling reduces the phosphorylation of JNK in isolated
satellite cells.

JNK signaling promotes proliferation of satellite cells and
differentiation of myoblasts during regenerative myogene-
sis (Alter et al., 2008; Shi et al., 2013). We next analyzed
thelevel of pJNKin Pre3/4/5-on2-cultured satellite cells (Fig-
ure 4E). We found that the level of pJNK was reduced in the
Pre3/4/5-on2 group compared with the Matrigel control
(Figures 4F and 4G). To test for effective inhibition of JNK ac-
tivity in Pre3/4/5-on2-cultured satellite cells, we examined
various concentrations of JNK inhibitor SP600125. PAX7*
satellite cells were increased at 2.5 pg/mL of SP600125,
but were not significantly changed at concentrations
>5.0 pg/mL (Figure 4H), suggesting that the moderate level
of the inhibition in JNK signaling increased the number of
PAX7* cells in the Pre3/4/5-on2. LM-E8-INTEGRIN
signaling thus proliferates cultured satellite cells in an undif-
ferentiated state through regulation of JNK activation.

Reconstitution of Extracellular LM Environment by
LM-E8 Fragments Decreases the Activation of p38 in
Satellite Cells

High levels of p38 activity promote differentiation (Bernet
et al.,, 2014; Charville et al., 2015; Troy et al., 2012). We
investigated whether phosphorylation of p38 in cultured

(C) Ratios of mean fluorescence intensities (MFIs), calculated based on FACS data. The ratio of the sample without antibody was set as
1.0. n = 3 independent experiments. Error bar, SEM; *p < 0.05, **p < 0.01.

(D) Ratio of phosphorylated INK was measured by FACS sorting of isolated satellite cells incubated with/without LM511-E8 or LM511-E8
(EQ) for 30 min. MFIs were calculated based on FACS data. The ratio of the sample without antibody was set as 1.0. n = 3 independent

experiments. Error bars, SEM; *p < 0.05.

(E) Sorted satellite cells cultured by the Matrigel control and the Pre3/4/5-on2 condition for 5 days.
(F) Immunostaining of satellite cells cultured on the Matrigel control and the Pre3/4/5-on2 condition for PAX7 (green), pINK (red), and

DAPI at 5 days. Scale bar represents 100 pm.

(G) Ratio of INK phosphorylated cells to all cells. n = 3 independent experiments. Error bars, SEM; *p < 0.05.

(H) The number of PAX7*MYOD™ (blue), PAX7*MYOD™ (pink), and PAX7 "MYOD" (red) cells cultured by the Pre3/4/5-on2 group with 2.5,
5.0, 10, or 20 ng/mL SP600125 (INK inhibitor) for 5 days were calculated. n = 3. Statistical analysis was performed on the number of PAX7*
cells. Error bars, SEM; *p < 0.05.

(I) Immunostaining of satellite cells cultured by the Matrigel control and the Pre3/4/5-on2 condition for PAX7 (green), p-p38 (red), and
DAPI at 5 days. Scale bar represents 100 pum.

(J) Ratio of p38 phosphorylated cells cultured on the Matrigel control and the Pre3/4/5-on2 group was calculated. n = 3 independent
experiments. Error bars, SEM; *p < 0.05.

(K) The number of PAX7"MYOD™ (blue), PAX7*MYOD" (pink), and PAX7~MYOD™ (red) cells cultured by the Pre3/4/5-on2 group with 2.5,
5.0, 10, or 20 pug/mL SP600125 (INK inhibitor) for 5 days were calculated. n = 3 independent experiments. Statistical analysis was
performed on the number of PAX7" cells. Error bars, SEM; **p < 0.01.
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Figure 5. Satellite Cells Cultured by Pre3/
4/5-on2 Enhance Regenerative Capacity

(A) EGFP-positive satellite cells were sorted
and cultured by the Matrigel control and the
Pre3/4/5-on2 group for 5 days. These cells
were injected into C57BL/6 tibialis anterior

14d (TA) muscles.
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satellite cells is regulated by Pre3/4/5-on2. We found that
levels of phosphorylated p38 were reduced in Pre3/4/5-
on2 cultured cells (Figures 4I and 4J), indicating that
LM-E8 directly or indirectly attenuates p38 activation.
Interestingly, inversely proportional levels of PAX7 expres-
sion and p38 phosphorylation were observed in cultured
satellite cells in the Pre3/4/5-on2 group, whereas nearly
all cultured satellite cells were observed with phosphoryla-
tion of p38 on Matrigel (Figure 4I). To investigate the role of
p38 signaling in the proliferation of satellite cells in an
undifferentiated state in the Pre3/4/5-on2 culture, we
analyzed the expression level of PAX7 in cultured satellite
cells using an inhibitor of p38, SB203580 (Charville et al.,
2015; Hayashiji et al., 2015), in various concentrations.
PAX7*cells were increased at 2.5 and 5.0 pg/mL of
SP203580, but decreased at 20 pg/mL (Figure 4H). As with
JNKinhibition, moderate levels of p38 inhibition increased
the number of PAX7*cells. These results suggest that Pre3/
4/5-on2 culture maintains undifferentiated state in
cultured satellite cells in an undifferentiated state, at least
in part through regulation of p38 phosphorylation.

LM-E8 Fragments Enhance the Efficiency of Satellite
Cell Transplantation

To analyze the regenerative efficiency of satellite cells
cultured on Pre3/4/5-on2, cultured satellite cells isolated

Control

A (B) Two weeks after the injection, cross-
sections were stained with LMa2 (red) and
DAPI (blue). Scale bars represent 100 pm
(upper figures) and 500 pum (lower figures).
(C) Number of EGFP-positive fibers in TA
muscle was calculated. The ratio of the
Matrigel control was set as 1.0. n = 3
independent experiments. Error bars, SEM;
= **p < 0.01.

Analysis

Pre3/4/5
-on2

from C57BL/6-EGFP mice were injected with 2 x 10° cells
per TA muscle of 8-week-old wild-type C57BL/6 mice (Fig-
ure 5A). Twenty-four hours before transplantation, recip-
ient C57BL/6 muscles were injected with cardiotoxin to
induce tissue damage and initiate the regenerative
response. Two weeks after transplantation, we investigated
the contribution of the transplanted cells to the regenera-
tion of muscle tissue by detection of EGFP-positive fibers
(Figure 5B). These fluorescence signals were not derived
from autofluorescence in the tissue (Figure S5). Transplan-
tation of satellite cells cultured in Pre3/4/5-on2 produced
significantly more EGFP-positive fibers than those cultured
on the Matrigel control (Figure 5C), suggesting that satel-
lite cells cultured in Pre3/4/5-on2 exhibit enhanced ability
to contribute to regeneration.

In Human Muscle Tissue, Satellite Cells Are
Encapsulated in LMa3, a4, and a5

To identify the immunohistochemical localization of each
LM o chain in human skeletal muscle, semitendinosus
muscles were stained with antibodies against each LM
a chain and against PAX7. LMa2 staining labeled muscle
basement membrane, as expected. PAX7" satellite cells
were located adjacent to the basement membrane (Fig-
ure 6A, arrowheads). PAX7* satellite cells were surrounded
by LMa3, a4, and a5, forming a microenvironment similar
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a3

a4

Figure 6. Expression of LM o Chains in Human Skeletal Muscle
(A) LM immunofluorescence using anti-a2 chain antibodies is shown in red. PAX7 was used as satellite cell maker (green) and DAPI was
used a nuclear maker (blue). Left panel shows lower magnification images. Arrowheads indicate PAX7" cells located between a myofiber and
basement membrane, labeled with LMa2 staining. Scale bars represent 50 um (left figure) and 100 um (right figure).

(B) High-magnification view of LMa3, a4, and a5 expression around satellite cells. Scale bar represents 5 um.

to that observed in mouse (Figure 6B). As was the case in
mouse, LMol was not detected in human muscle tissue
(data not shown). Strong immunostaining of LM«4 was de-
tected in the basement membrane of blood vessels as well.
These results indicate that satellite cells are encapsulated in
LMa3, a4, and o5 in human skeletal muscle tissue, closely
resembling the satellite cell microenvironment in mouse.

LM-E8 Fragments Expand Undifferentiated Satellite
Cells and Enhance Regenerative Capacity of Human
Satellite Cell

To analyze the effect of Pre3/4/5-on2 on human satellite
cells, we cultured human satellite cells with Pre3/4/5-on2,
following the same approach as used in our tests of mouse
satellite cells described above (Figure 7A). We directly
isolated mononuclear cells from human semitendinosus
muscles by FACS using CDS6 and INTEGRIN a7 antibodies
(Figure S6) (Castiglioni et al., 2014). To analyze the effect of
Pre3/4/5-on2 on maintenance of the undifferentiated state
of human satellite cells, we first examined the PAX7* cell
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population in cultured human satellite cells. The relative
fluorescence intensity of PAX7 was highest in the Pre3/4/
5-on2 group compared with the Matrigel control (Fig-
ure 7B). These results suggest that functional reconstitu-
tion of the extracellular LM environment by LM-E8
promotes maintenance of undifferentiated satellite cells
in human as well as in mouse.

We next cultured human satellite cells with StemkFit, a
clinical-grade defined culture medium developed for use
in clinical application, to assess the robustness of Pre3/4/
5-on2 in conditions closer to those required in transla-
tional and clinical research settings. We found that
mRNA levels of PAX7 increased in the Pre3/4/5-on2 group
compared with the Matrigel control (Figure 7C). We also
found that a ratio of satellite cells was increased in the
Pre3/4/5-on2 group (Figure 7D). These results suggest that
LM-E8 fragments expand the population of human satel-
lite cells in an undifferentiated state.

To evaluate the ability of expanded human satellite
cells to contribute to muscle regeneration, we injected
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2-3 x 10° cells into the TA muscle of immunodeficient
mice (NSG mice). Twenty-four hours before cell transplan-
tation, we injected the recipient muscles with cardiotoxin
to induce injury and trigger regeneration. Two weeks after
injection, we prepared tissue sections and analyzed muscle
regeneration by immunodetection of HUMAN NUCLEI-
and HUMAN SPECTRIN-positive fibers. In three indepen-
dent experiments, we observed more human nuclei in
the TA muscle of NSG mice transplanted with cells cultured
in Pre3/4/5-on2 than those grown on Matrigel (Figure 7E).
We also observed 2-3 times as many HUMAN SPECTRIN-
positive fibers in NSG mice transplanted satellite cells
cultured in Pre3/4/5-on2 compared with the Matrigel con-
trol (Figure 7F). These data suggest that human satellite
cells cultured in Pre3/4/5-on2 show enhanced engraftment
and regenerative capacity.

Finally, we analyzed the regenerative ability of human
satellite cells cultured in Pre3/4/5-on2 in DMD-null/
NSG mice, which are severely immunodeficient and
DYSTROPHIN deficient, and commonly used as a mouse
model of DMD. Human satellite cells cultured in Pre3/4/5-
on2 were injected into TA muscles of 10-week-old DMD-
null/NSG mice at doses of 3 x 10° cells per muscle. Four
weeks after injection, regenerated fibers, including cultured
human satellite cells in Pre3/4/5-on2, were observed by im-
munodetection of DYSTROPHIN (Figure 7G). The antibody
staining was specific, since the contralateral TA, used as a
control, was not stained, indicating the specificity of this
antibody staining (Figure S7). These results indicate that hu-
man satellite cells cultured in Pre3/4/5-on2 contribute to
regeneration, even in DYSTROPHIN-deficient muscle.

In summary, the reconstitution of the extracellular LM
environment by LM-E8 enables the in vitro expansion of
undifferentiated human satellite cells, which retain their
ability to contribute to tissue regeneration in mouse
models of muscle defect and injury.

DISCUSSION

As a niche component, extracellular matrix in the sur-
rounding microenvironment, or in direct cellular contact,
has been shown to play important roles in maintaining
quiescence, including satellite cells (Chen et al., 2013). In
the present study, we established an artificial niche that
maintains satellite cells in vitro using recombinant LM-E8
fragments. Our findings suggest that the recapitulation of
the extracellular LM environment by LM-E8 supports pro-
liferation of satellite cells in an undifferentiated state.
Satellite cell quiescence is required for the long-term
maintenance of skeletal muscle homeostasis (Wang et al.,
2014). Interactions between cells and ECM play important
roles in tissues, including skeletal muscle. LMa2 is the most
abundant LM isoform in the basement membrane of adult
skeletal muscle (Yao et al., 1996). Our data show that satel-
lite cells are encapsulated in LMa3, a4, and a5 (Figure 1).
Thus, LMa3, a4, and a5, as well as LMa2, may play an
important role as a niche for quiescent satellite cells. We
found that the recapitulation of extracellular LM environ-
ment by LM-E8 maintains a pool of PAX7" satellite cells
in vitro (Figure 2). In this culture condition, satellite cells
exited the quiescent state and proliferated, while maintain-
ing the expression of PAX7 (Figure 3). These observations
suggest that other factors may be necessary for maintaining
satellite cells in a quiescent state. In previous studies of
cultured satellite cells, NOTCH signaling was shown to
play a role in maintaining satellite cells, and is downregu-
lated during differentiation (Bjornson et al., 2012; Conboy
and Rando, 2002; Mourikis et al., 2012). Inhibition of the
NOTCH signaling in satellite cells forces them to exit the
quiescent state (Mourikis et al., 2012). In a myoblast
cell line, constitutively active NOTCH delays the expres-
sion of the myogenic differentiation marker MYOD (Nof-
ziger et al., 1999). One recent study suggested that synergy

Figure 7. LM-E8 Fragments Expand Undifferentiated Satellite Cells and Enhance Therapeutic Efficacy of Human Satellite Cell
(A) Sorted human satellite cells (CD56", ITGa.7" cells) cultured by the Matrigel control and the Pre3/4/5-on2 condition for 6 days.

(B) Immunostaining of human satellite cells cultured on the Matrigel control and the Pre3/4/5-on2 group for PAX7 (green) and (DAPI).
Scale bar represents 100 um. Bars show relative fluorescence intensity of PAX7 at day 6. The ratio of the Matrigel control was set at 1.0.
n = 3 independent experiments. Error bars, SEM; *p < 0.05.

(C) The relative mRNA levels of PAX7 in satellite cells cultured on the Matrigel control and the Pre3/4/5-on2 condition. The ratio of the
Matrigel control was set as 1.0. n = 3 independent experiments. Pooled data from three individual human samples are shown. Error bars,
SEM; **p < 0.01.

(D) Number of cultured satellite cells. The ratio of the Matrigel control was set as 1.0. n = 3 independent experiments. Error bars, SEM;
**n < 0.01.

(E) Immunostaining of cross-section of TA muscle of NSG mice at 14 days after cardiotoxin injection for HUMAN NUCLEI antibody (red) and
DAPI. Scale bar represents 500 pm.

(F) Immunostaining of cross-sections of TA muscle of NSG mice at 14 days after cardiotoxin injection for HUMAN SPECTRIN antibody
(green), HUMAN NUCLEI antibody (red), and DAPI. Scale bar represents 100 pum. Bars show ratio of HUMAN SPECTRIN™ fiber number.
The ratio of the Matrigel control was set at 1.0. n = 3 independent experiments. Error bars, SEM; *p < 0.05.

(G) Immunostaining of cross-section of TA muscle of NSG-mdx mice at 28 days after cardiotoxin injection for DYSTROPHIN antibody (red),
HUMAN NUCLEI antibody (green), and DAPI. Scale bar represents 100 um.
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between biomechanical and biochemical properties is
required for the maintenance of PAX7 expression in
satellite cells (Cosgrove et al., 2014). Activation, prolifera-
tion, and differentiation of satellite cells are regulated by
changes in elastic stiffness in vitro (Boonen et al., 2009;
Engler et al., 20006). To keep the quiescent state of satellite
cells in vitro, it may even be necessary to mimic NOTCH
signaling and elasticity.

To address the signals provided from LM-E8 fragments,
we analyzed the phosphorylation of downstream signaling
molecules (Figures 4 and S4). Our data reveal that satellite
cells are maintained in an undifferentiated state through
regulation of JNK and p38 signaling in LM-E8 culture (Fig-
ure 4). Members of the MAPK family regulate the activa-
tion, proliferation, and differentiation of satellite cells.
JNK and p38 signaling is involved in the exit of satellite
cells from quiescent state (Jones et al., 2005; Perdiguero
et al., 2007; Troy et al., 2012). JNK signaling is involved
in myoblast differentiation (Alter et al., 2008). The p38
pathway is required for the activation and differentiation
of satellite cells and inducing the expression of MYOD
(Jones et al., 2005). Low-level p38 activation is required
for asymmetric division and self-renewal of satellite cells.
Conversely, high levels of p38 activity promote differentia-
tion (Bernet et al., 2014; Charville et al., 2015; Cosgrove
et al., 2014). It has also been reported that the expression
of DUSP1 (dual-specificity phosphatase-1) is decreased
upon activation of human satellite cells in culture (Char-
ville et al., 2015). The DUSP1 protein has phosphatase
activity, and specifically inactivates MAPK proteins, in
particular JNK and p38. One previous study reported
that ECM induces dephosphorylation of JNK and p38 (Gi-
vant-Horwitz et al., 2004). Crosstalk between intracellular
signaling pathways is important for cell fate determination
and the regulation of cellular responses to extracellular sig-
nals. One previous study reported that NOTCH specifically
induces the expression of DUSP1, and directly inactivates
p38 MAPK in the myogenic cell line (Kondoh et al.,
2007). Moreover, LM-binding INTEGRINs specifically
induce the expression of NOTCH ligands (Estrach et al.,
2011). We thus suggest that the recapitulation of the extra-
cellular LM environment by LM-E8 maintains satellite cells
in an undifferentiated state via direct and/or indirect
pathways.

In this study, we found that satellite cells behave differ-
ently when grown on Matrigel or LM-E8 culture, possibly
due to differences in signals transmitted to satellite cells
by LM-E8 and Matrigel, which contain many proteins,
including full-length LMs. Our results also showed that
treating satellite cells with LM332-, 411-, or 511-E8 on
an LM211-E8-coated dish is important for maintaining
them in an undifferentiated state. Previous studies have
reported that satellite cells express high levels of a7p1

INTEGRIN, which binds to LMa2 (Burkin and Kaufman,
1999). Stem cells may be anchored to their niche via
adhesion molecules to maintain the quiescent state and
continuously self-renew (Chen et al.,, 2013). It was
recently reported that LM521 supports formation of myo-
tubes in vitro (Penton et al., 2016). Full-length LM521 acts
synergistically on the RGD-dependent INTEGRIN-binding
site and the al1p1l/«2B1 INTEGRIN-binding site in the
N-terminal region of the «5 chain, in addition to the
INTEGRIN-binding site of the E8 region. These findings
suggest that satellite cell responses to full-length LM and
the LM-E8 fragment, which bind only to INTEGRIN,
may differ. Binding between N-terminal domains of LM
is important for the construction of the basement mem-
brane, while the E8 region contains the INTEGRIN-bind-
ing sites, which may be involved in the maintenance of
stem cells. Treatment with LM332-, 411-, or 511-E8 in
the liquid phase, immediately after the isolation of cells
from muscle tissue, may thus also provide a functional
equivalent to the LM pericellular matrix for satellite cells
in culture. The pericellular matrix plays important roles
in regulating biomechanical, biophysical, and biochem-
ical interactions between cells and the ECM. A previous
study suggested that the pericellular matrix plays a key
role in controlling cell homeostasis and maintaining the
undifferentiated status of pluripotent cells (Guilak et al.,
2006; Wilusz et al.,, 2014). Chondrogenic progenitor
cells produce high levels of LMal and o5 in their pericel-
lular matrix (Schminke et al., 2016). In skeletal muscle,
COLLAGEN VI is expressed around satellite cells and
also functions as a pericellular matrix (Urciuolo et al.,
2013). Our results suggest that it is possible to reconstruct
the pericellular LM environment by treatment with
LMES8 fragments, minimal fragments possessing INTEG-
RIN-binding activity in cell culture.

Importantly, we have also shown that satellite cells are
encapsulated in LMa3, a4, and a5 in the human skeletal
muscle tissue, and that LM211-, 332-, 411-, and 511-E8
fragments support the expansion of human satellite cells
in an undifferentiated state. These results suggest that hu-
man satellite cells can be regulated by the recapitulation
of the extracellular LM environment using recombinant
LM-E8 fragments in vitro. This study thus provides an effi-
cient method for preparing human satellite cells using re-
combinant proteins, with potential applications in the
development of novel cell therapeutics.

EXPERIMENTAL PROCEDURES

Cell Culture

Isolated mouse satellite cells were plated on plastic dishes or glass
chamber slides coated with Matrigel (BD Matrigel Matrix Growth
Factor Reduced, BD Biosciences), gelatin (StemSure 0.1 w/v% Gelatin
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Solution, Wako) or LM-E8 fragment. To promote proliferation, satel-
lite cells were cultured in DMEM with GlutaMAX (Life Technologies)
containing 20% fetal bovine serum (FBS) (Sigma-Aldrich), 1% chick
embryo extract (United States Biological), 100 units/mL penicillin,
100 pg/mL streptomycin (Life Technologies), and 5 ng/mL basic
fibroblast growth factor (ReproCell) in 5% CO, at 37°C. In the differ-
entiation assay, satellite cells were cultured in differentiation
medium consisting of DMEM with GlutaMAX supplemented with
5% horse serum (Life Technologies), 100 units/mL penicillin, and
100 pg/mL streptomycin. Human satellite cells were cultured in
DMEM with GlutaMAX (Life Technologies) containing 20% FBS
(Sigma-Aldrich), 100 units/mL penicillin, 100 pg/mL streptomycin
(Life Technologies), with 5% horse serum (Life Technologies) and
25 ng/mL basic fibroblast growth factor (ReproCell) under 5% CO,
at 37°C for 5 days. For transplantation, human satellite cells were
cultured in Stemfit ANO3K (Ajinimoto) under 5% CO, at 37°C for
6 days.

Cell Transplantation

To induce muscle injury, cardiotoxin (Sigma-Aldrich) was injected
into the TA muscles of C57BL/6 mice, NSG mice, or DMD-null/
NSG mice 24 hr before transplantation. Independent C57BL/
6-GFP transgenic mouse- and human-derived satellite cells
cultured on Matrigel or LM-E8 (Pre3/4/5-on2) for 5 days were
injected directly into the TA muscle.
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