©2016. Published by The Company of Biologists Ltd | Biology Open (2016) 5, 100-111 doi:10.1242/bio.012450

e Company of
‘Blologlsts

RESEARCH ARTICLE

BRE facilitates skeletal muscle regeneration by promoting satellite

cell motility and differentiation
Lihai Xiao and Kenneth Ka Ho Lee*

ABSTRACT

The function of the Bre gene in satellite cells was investigated during
skeletal muscle regeneration. The tibialis anterior leg muscle
was experimentally injured in Bre knockout mutant (BRE-KO) mice.
It was established that the accompanying muscle regeneration was
impaired as compared with their normal wild-type counterparts (BRE-
WT). There were significantly fewer pax7* satellite cells and smaller
newly formed myofibers present in the injury sites of BRE-KO mice.
Bre was required for satellite cell fusion and myofiber formation. The
cell fusion index and average length of newly-formed BRE-KO
myofibers were found to be significantly reduced as compared with
BRE-WT myofibers. It is well established that satellite cells are highly
invasive which confers on them the homing ability to reach the muscle
injury sites. Hence, we tracked the migratory behavior of these cells
using time-lapse microscopy. Image analysis revealed no difference
in directionality of movement between BRE-KO and BRE-WT satellite
cells but there was a significant decrease in the velocity of BRE-KO
cell movement. Moreover, chemotactic migration assays indicated
that BRE-KO satellite cells were significantly less responsive to
chemoattractant SDF-10. than BRE-WT satellite cells. We also
established that BRE normally protects CXCR4 from SDF-1o-
induced degradation. In sum, BRE facilitates skeletal muscle
regeneration by enhancing satellite cell motility, homing and fusion.

KEY WORDS: BRE, Knockout mice, Muscle satellite cells,
Skeletal muscle regeneration, Cell migration

INTRODUCTION

Skeletal muscle accounts for approximately 40-50% of the human
body’s mass and it’s the most abundant tissue. The main function of
skeletal muscle is to maintain posture and generate movement of the
body. Besides bone marrow, skeletal muscle exhibits a tremendous
regenerative capacity in response to injuries (Collins et al., 2005).
The main regenerative potential of skeletal muscle is derived from a
small population of stem cells found outside muscle fibers called
satellite cells. Under normal condition, satellite cells are maintained
in a quiescent state and accounted for only about 2-7% of the total
nuclei observed in adult skeletal muscles (Abou-Khalil et al., 2010).
However, this percentage will increase to about 10-15% in response
to muscle injury, when quiescent satellite cells are induced to
proliferate. The satellite cells will migrate to the injury site, fuse with
each other and differentiate to create new myofibers. The newly-
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formed myofibers will further fuse with existing intact myofibers
to repair the damaged muscle. The extent of this bioactivity is
depending on the severity of injury. In vitro, it is possible to follow
the chronological and dynamic process of satellite cell migration,
differentiation and fusion (O’Connor et al., 2007; Bae et al., 2008).
Many proteins have been now identified to be important in the
regulation of satellite cell migration which includes: fibroblast
growth factor (FGF), hepatocyte growth factor (HGF) and IL-4
(Lluri and Jaworski, 2005; Lafreniere et al., 2006). Components of
the extracellular matrix (such as fibronectin and laminin) and
chemokines (such as SDF-lo) also play important roles in
regulating these biological processes (Griffin et al., 2010).

The Bre (brain and reproductive organ-expressed protein) gene
was originally identified as a gene that was responsive to cellular
DNA damage and retinoic acid treatment (Li et al., 1995).
Normally, this gene was found extensively expressed in brain,
testicular and ovarian tissues, hence it was named Bre. Subsequent
studies have revealed that Bre was expressed in most of the organs
including the skeletal muscles. The Bre gene encodes a 1.9 kb full
length mRNA and transcribes a highly conserved 383 amino acid
protein, with the molecule weight of 44 kDa. The protein contains
no known functional domains. BRE protein, also known as
TNFRSF1A modulator or BRCC45, is normally expressed in the
cytoplasm but under stress and pathological conditions, it is also
found in the nucleus. In the nucleus, BRE is a component of the
BRCA1-RAP80 complex and acts as an adaptor protein linking
NBA1 with the rest of the protein complex. Following DNA
damage, the complex exhibited E3 ligase activity so as to enhance
cell survival (Dong et al., 2003). In the cytoplasm, BRE is also a
component of the BRISC (BRCC36 Isopeptidase complex)
complex. During apoptotic induction, BRE will bind to the
cytoplasmic region of TNF-R1 (Gu et al., 1998), Fas (Li et al,,
2004) and DISC (Patterson et al., 2010) to protect cells from
apoptosis and enhance cell survival.

In this study, we examined the function of BRE in skeletal
muscles since nothing is known about its normal function in vivo.
We generated BRE knockout (BRE-KO) mice and studied how the
absence of BRE affected skeletal muscle regeneration. We also
isolated satellite stem cells from wild-type (BRE-WT) and BRE-KO
mouse skeletal muscles and compared the ability of these cells to
migrate, fuse and differentiate. Using the skeletal muscle model, we
maximize our understanding of BRE in these fundamental
processes. In addition, the satellite stem cells also present the
opportunity to investigate the developmental potency of satellite
stem cells in the absence of BRE expression.

RESULTS

Bre expression in BRE-WT and BRE-KO muscles

BRE-KO mice were generated by crossing male TNAP™* mice
with female BRE®® mice according to the breeding strategy
illustrated in Fig. S1. We first validate that the Bre gene was
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Marker BRE-- BRE™~ R BRE- BRE™~* Fig. 1. Validation of Bre null
S _ mutation in the skeletal muscles of
BRE I T BRE-KO mice. (A) PCR genotyping
§! 43.0KD T “ showing exon 3 of the Bre gene has
g ’ . - been deleted in Bre™'~ tissue.
o ¥ i RT-gPCR (B) and Western blot (C)
£ . analysis also confirm the Bre™'~
skeletal muscles do not express Bre
GAPDH . .
mRNA and protein, respectively.
< © 37.0KD “ - GAPDH was used as internal control.
A B Group C

completely knocked out at the DNA, mRNA and protein levels in  newborn BRE-KO mice were grossly indistinguishable from
our BRE-KO mice. Skeletal muscle cells were harvested from BRE-WT mice. We x-rayed the older mice and again found no
BRE-WT and BRE-KO mice and used for PCR, Real-time difference between the skeleton of BRE-KO and BRE-WT mice
RT-PCR and western blot analysis. The PCR genotyping show (Fig. S2).

exon 3 has been deleted from the full length Bre gene (Fig. 1A).

The RT-qPCR results revealed that BRE-WT skeletal muscle cells  Skeletal muscle regeneration is delayed in BRE-KO mice
could express Bre mRNA but not by BRE-KO cells (Fig. 1B). We investigated whether the Bre gene influences skeletal muscle
Similarly, western blot show BRE-WT skeletal muscle cells could regeneration. The tibialis anterior muscle of both BRE-WT and
express BRE protein not BRE-KO cells (Fig. 1C). We found that BRE-KO mice were injected with CTX and then harvested for

Days post CTX injection

BRE-KO

BRE-WT

@R BRE-KO

I** Bl BRE-WT
D15 post injury I % % %
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D7 post injury

Cross section area (umz)

Fig. 2. Tibialis anterior muscles of BRE-KO (A-D) and BRE-WT (E-H) mice chemically damaged with cardiotoxin and allowed to regenerate for

4-15 days. Histological sections stained with H&E showed there were necrotic myofibers and numerous small mononucleated lymphocytes (red arrows)
present at the injury sites in both BRE-KO mice (B) and BRE-WT (F). At day 7 post-injury, almost of the damaged myofibers have disappeared and were replaced
by small newly-formed myofibers (yellow arrows) with centrally localized nuclei in BRE-WT muscles (G). In BRE-KO muscles, there were both newly formed
myofibers and myofibers in the process of being formed (yellow arrows). The latter was less evident than in corresponding BRE-WT injured muscles. There were
still numerous degenerating myofibers present in the BRE-KO injury site (C). At day 15 post-injury, there were more newly regenerated myofibers present in both
BRE-WT (H) and BRE-KO (D) muscles. (I) Bar chart showing the average cross section area of the newly-formed myofibers in 7 and 15 day post-injury muscles.
Only myofibers with centrally localized nuclei were measured and 3 mice for each genotype were analyzed. The results showed newly-formed myofibers were
significantly smaller in BRE-KO muscles than in BRE-WT muscles, day 7 (**P<0.01) and day 15 (***P<0.001) post-injury. Data are presented as meants.e.m.
Scale bar=50 pm.
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Fig. 3. RT-gPCR analysis of the muscle
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analysis 4, 7 and 15 days post-injection. Between day 1-4 post-
injury, there were necrotic myofibers and numerous small
mononucleated lymphocytes present at the injury sites of both
BRE-WT (Fig. 2F) and BRE-KO mice (Fig. 2B). In BRE-WT
muscles, almost all of the damaged myofibers have disappeared and
were replaced by small newly-formed myofibers, at day 7 post-
injury (Fig. 2G). The nuclei in these newly-regenerated myofibers

uninjured
A — A
4 day
2]
7 day
C
15 day
D

Fig. 4. Inmunofluorescent staining showing the presence of pax7* cells
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are centrally localized within the fibers. In the BRE-KO injury
muscle site, there were still numerous degenerating myofibers
but also small newly-formed myofibers and myofibers in the
process of being formed (Fig. 2C). At day 15 post-injury, there were
proportionally more newly regenerated myofibers increased in both
BRE-WT (Fig. 2H) and BRE-KO (Fig. 2D) injured muscles.
However, there were still unrepaired muscle areas visible in the
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in BRE-WT (A-D) and BRE-KO (E-H) tibialis anterior before and after

cardiotoxin-induced injury. () Chart showing there were 9% pax7” satellite cells present in BRE-WT injury site while only 3.3% for BRE-KO after 4 days post-
injury. At day 7, this percentage increased to 14.7% and 7.2% in the BRE-WT and BRE-KO muscle injury sites, respectively. At day 15, in the BRE-WT
muscle, the percentage of pax7” satellite cells significantly drops to about 8.3%. By contrast, the percentage of pax7” satellite cells present in BRE-KO injury site
increased to 10% from 7%. J: Western blot analysis of BRE and pax7 expression before and after muscle injury. Both BRE and pax7 expression was up-regulated
after muscle injury. Three mice for each genotypes were counted. Data are presented as meants.e.m. Scale bar=20 pym.
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BRE-KO

BRE-KO group. We calculated that the average cross section area of
the newly-formed myofibers in day 7 and day 15 post-CTX treated
muscles. It was determined that, at these two time points, the newly-
formed myofibers in BRE-KO muscles were significantly smaller in
BRE-WT muscles (Fig. 21).

It has been reported that, after muscle injury, the inflammatory
response is activated and this lead to the destruction of the damaged
muscle fibers. Neutrophils, leukocytes and macrophages migrated
to the injury site, to initiate myolysis and remove cellular debris.
During this process, growth factors and cytokines are secreted
which regulates the activation, proliferation, differentiation and
migration of satellite stem cells. In this context, we investigated the
expression of key cytokines before and after muscle injury. We
established that normal injured muscles expressed significantly
higher levels of TGFB1, HGF, IL-6, EGF, SDF-1o. and IGF-1,
4 days post-injury (Fig. 3).

Next, we estimated and compared the percentage of pax7*
satellite cells present in the injury sites of BRE-WT and BRE-KO
muscles (Fig. 4). Immuno-fluorescent staining revealed that 4 days
after injury, there were 9% pax7" satellite cells present in BRE-WT
injury site and 3.3% in BRE-KO injury site. Seven days after injury,
this percentage increased to 14.7% and 7.2% in BRE-WT and
BRE-KO muscle injury site, respectively. At day 15 when muscle
regeneration was almost completed in BRE-WT muscle, the
percentage of pax7" satellite cells significantly decreased to about
8.3%. By contrast, the percentage of pax7" satellite cells present in
BRE-KO injury site increased to 10% from 7%. The results indicate
that the injured BRE-KO muscles do not regenerate as efficiently as
BRE-WT muscles.

Bre does not affect satellite cell morphology

We have isolated satellite cells from BRE-WT and BRE-KO EDL
muscles using the single myofiber culture method and serial
purification on uncoated culture dishes (Fig. S3). We immuno-
fluorescently stained the purified satellite cell cultures with pax7
antibody and found about 95% of the cells were pax7” in both
BRE-KO (Fig. 5A-D) and BRE-WT (Fig. SE-H) groups. These
satellite cells were processed for SEM and TEM examinations. Under
the scanning electron microscope, the morphology of BRE-WT and
BRE-KO satellite cells appeared rounded (Fig. ST and J, respectively).
These cells have a high nuclear to cytoplasmic ratio both in
BRE-WT (Fig. 5K) and BRE-KO (Fig. 5L) groups as revealed

Fig. 5. BRE-KO (A-D’) and BRE-WT (E-H’) satellite cells
immunofluorescently stained with BRE and pax7
antibodies. The staining show BRE is expressed in the nucleus
and cytoplasm of BRE-WT satellite cells (F). In the absence of
BRE, the satellite cells are still capable of expressing pax7 (C).
Under the scanning electron microscope, the morphology of
both BRE-WT (I) and BRE-KO (J) satellite cells appeared
rounded. Under the transmission electron microscope, the
satellite cells show a high nuclear to cytoplasmic ratio in both
BRE-WT (K) and BRE-KO (L) satellite cells. There was no
morphological difference between the two groups. Scale bars,
100 pm for A-H, 10 um for A’-H’, 100 um for I-J and 20 pm

for K-L.

under the transmission microscope, but there was no obvious
morphological difference between the two groups.

BRE is required for satellite cell fusion

We investigated whether the absence of BRE expression affected
satellite cell proliferation. To address this question, we pulse
labelled BRE-KO and BRE-WT satellite cells with 10 uM BrdU for
3 h. The cultures were then double immunofluorescently stained
with BrdU and BRE antibodies. Under the confocal microscope, we
determined that BrdU" satellite cells were present in both BRE-KO
(Fig. 6A) and BRE-WT (Fig. 6D) cultures. We calculated and
compared the percentage of proliferating cells present but found no
significant difference between BRE-KO and BRE-WT satellite cell
cultures (Fig. 6G). It appears that the absence of BRE do not affect
satellite cell proliferation.

A

BRE-WT

=2

=

& @

5 3

&2

==

EE

a

0.
G BRE-KO BRE-WT
Groups

Fig. 6. Satellite cells were pulse labelled with BrdU and then double
immune-fluorescently stained with BrdU and BRE antibodies. BrdU"
satellite cells were present in both BRE-KO (A-C) and BRE-WT (D-F) cultures.
(G) Bar chart showing there was no significant difference in the number of
BrdU" satellite cells in BRE-KO and BRE-WT cultures. Data were presented as
meanzs.e.m. Scale bar=100 ym.
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Fig. 7. BRE-KO (A-D) and BRE-WT (E-G) satellite cells cultured in the presence of myogenic differentiation medium (DM) at 0 h (A,E), 24 h (B,F) 36 h
(C,G) and growth medium (GM) at 6 days (D,H). In the presence of DM, the satellite cells were able to align with each other and fused to form myofibers in both
BRE-KO and BRE-WT cultures (B-G). However, the BRE-KO satellite cell fusion index was determined to be 49.85+3.1% which was significantly lower than

BRE-WT (72.47+3.0%, **P<0.01) (I). The average length of a single myofiber was measured after 36 h culture in DM (J). BRE-KO myofibers were found to be
significantly shorter than BRE-WT myofibers (237.03+70 pym vs 564.05+161 um, respectively, “***P<0.001). For satellite cells maintained in the presence of GM
for 6 days, the average length of BRE-KO myofibers was again significantly shorter than BRE-WT myofibers (182.81+48 ym vs 456.11+£127 ym, respectively,
***P<0.001). RT-gPCR analysis revealed that there were no differences in pax7 (K) and MyoD (L) expression between BRE-KO and BRE-WT satellite cells

cultured for 24-36 h in DM. However, BRE-WT satellite cells expressed significantly higher levels of MyoG (M) at 24 h than BRE-KO satellite cells. The data are

presented as meanzs.e.m. Scale bar=100 ym.

Next, we examined whether the absence of BRE affected
satellite cell fusion to form myofibers. We exposed BRE-KO and
BRE-WT satellite cells to differentiation medium, composed of
DMEM F12 supplemented with 10% horse serum and 1% PS, for
24-36 h. We found that satellite cells have aligned with each and
fused to form myofibers after 24 h induction in myogenic
differentiation medium, in both BRE-KO (Fig. 7B) and BRE-WT
(Fig. 7F) cultures. However, the BRE-KO satellite cell fusion index
(49.85+£3.1%) was significantly lower than BRE-WT (72.47+
3.0%) (Fig. 7I). Furthermore, the average length of BRE-KO
myofibers is significantly shorter 237+70 um (36 h treatment) and
183448 um (6 day treatment) than BRE-WT myofibers 564+
161 um (36 h treatment) and 456£127 um (6 day treatment)
(Fig. 7J). The results imply that BRE is necessary for complete
fusion of satellite cells. Since BRE-KO satellite cell fusion was
affected, RT-qPCR was performed to establish how expression of
key myogenic differentiation genes was correspondingly affected.
The results revealed that there were no differences in pax7
(Fig. 7K) and MyoD (Fig. 7L) expression between BRE-KO and
BRE-WT satellite cells, 24-36 h after exposure to differentiation
medium. However, we found that BRE-WT satellite cells

104

expressed higher levels of MyoG (Fig. 7M) at 24h than
corresponding BRE-KO satellite cells.

Osteogenic differentiation potential is repressed in BRE-KO
satellite cells

We examined the multipotency of satellite cells. The cells were
treated with commercially available adipogenic, cardiomyogenic
and osteogenic inducing media. However, we found that satellite
cells did not differentiate into adipocytes, cardiomyocytes and
osteocytes — instead both BRE-KO and BRE-WT satellite cells
rapidly differentiated in to myofibers directly after the
differentiation media were replaced (Fig. S4). We decided to use a
Wnt agonist (chemical structure in Fig. 8G) instead to induce
osetogenic differentiation in vitro. Our Alizarin Red staining
revealed the presence of Alizarin Red" aggregates after 3 day Wnt
agonist treatment in BRE-WT satellite cell cultures (Fig. 8D’).
These cultures progressively generated larger aggregates of boney
calcium deposition at day 7 (Fig. 8E’) and day 9 (Fig. 8F’).
Furthermore, they were bigger than the Alizarin Red" aggregates
produced by BRE-KO satellite cell cultures (Fig. 8B’ and C’,
respectively). Statistical analysis revealed that the average area of
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Fig. 8. BRE-KO (A-C) and BRE-WT (D-F) satellite cells were treated with a Wnt agonist (G, a small osteogenic-inducing molecule) for 3-9 days, to test
these cells’ osteogenic potentials. (A’-F’) are higher magnification of the framed regions in images of (A-F). Alizarin Red staining revealed that BRE-WT

satellite cells began to undergo osteogenic differentiation after 3 days treatment (D’). BRE-WT satellite cells produced significantly more calcium depositions at
day 7 (E’) and 9 (F") compared with BRE-KO satellite cells (B’ and C’, respectively). (H) Statistical analysis revealed that the average area occupied by osteoblasts
and calcium deposits in BRE-WT cultures was significantly larger than in BRE-KO cultures at day 9 (***P<0.001). Data are presented as meants.e.m. Scale bars,

100 um for A-F, 20 um for A’-F’.

Alizarin Red" calcium deposits in BRE-WT cultures was
significantly larger than BRE-KO cultures at day 9 (Fig. 8H).

Absence of BRE impairs satellite cell migration and
chemotactic response

Satellite cells migration is crucial for the recruitment of these cells to
the injury site to facilitate muscle regeneration. We have used time-
lapse microscopy to record the migration of BRE-KO and BRE-WT
satellite cells in vitro. Images of the cells were captured at one minute
intervals for a total duration of two hours. For both groups, 20
satellite cells were tracked and analyzed. The results indicated that
both BRE-KO and BRE-WT satellite cells migrated in all directions
as demonstrated by the individual cell trajectory plots (Fig. 9A and
B, respectively), which were automatically calculated using an
Image J software. There were no differences in directionality
between BRE-KO and BRE-WT satellite cells (Fig. 9C). However,
we found that in the absence of BRE, there was a significant
reduction in the velocity of satellite cell migration (Fig. 9D).

It is has been reported that HGF and SDF-la could
chemotactically regulate satellite cell migration to the injury site
(Suzuki et al., 2000; Ratajczak et al., 2003; Sherwood et al.,
2004). We used a Multi-well Chemotaxis Chamber setup to
examine the chemotactic response of BRE-KO and BRE-WT
satellite cells to SDF-1o and HGF. The extent of cell migration
was determined by the number of Dil-labelled BRE-KO (Fig. 9E
and H for SDF-10. and HGF, respectively) and DiO-labelled BRE-
WT (Fig. 9F and I for SDF-1o. and HGF, respectively) satellite

cells that have migrated across the membrane filter towards the
chemoattractant. We established that there was no significant
difference in BRE-KO and BRE-WT satellite cells’ migratory
response to HGF (Fig. 9L). By contrast, BRE-KO satellite cells
were significantly less responsive to SDF-1o. than BRE-WT cells
(Fig. 9K).

BRE protects CXCR4 from SDF-10 induced degradation
Above we have determined that BRE is required for cell migration
and chemotactic response to SDF-1a but not HGF. CXCR4 is the
receptor of SDF-la, so we investigated CXCR4 expression in
BRE-KO and BRE-WT satellite cells using RT-qPCR and
immunofluorescent staining. Our RT-qPCR results revealed that
BRE-KO satellite cells expressed a significantly higher level of
CXCR4 mRNAs (40 folds higher) than BRE-WT satellite cells
(Fig. 10B). Surprisingly, at the protein level, immunofluorescent
staining indicated that BRE-WT satellite cells (Fig. 10E) have
higher protein level of CXCR4 expression than BRE-KO (Fig. 10D)
satellite cells. These results appeared to contradict the RT-qPCR
result because CXYCR4 mRNA was highly expressed on BRE-KO
satellite cells but why were there less CXCR4 proteins in these
mutant cells? We hypothesize that in the absence of BRE, CXCR4
protein was unstable and could easily be degraded. This would
account for why more CXCR4 mRNA and protein were synthesized
to compensate for the CXCR4 protein degradation.

Previous studies have reported that after SDF-lo binds to
CXCRA4, the receptor is rapidly degraded through endocytosis and
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Fig. 9. (A-D) Time-lapse microscopy was used to record the migration of satellite cells in vitro. Individual cell trajectory plots indicated that BRE-KO (A)
and BRE-WT (B) migrated in all directions and there were no significant differences in directionality between the two groups (C). By contrast, there was a
significant reduction in the velocity of BRE-KO satellite cells’ movement compared with BRE-WT (D, ***P<0.001). (E-G) Dil-labelled BRE-KO (red, E) and DiO-
labelled BRE-WT (green, F) satellite cells were tested for their abilities to chemotactic response to SDF-10. (K) Statistical analysis revealed that BRE-KO satellite
cells were significantly less responsive to SDF-1a. than BRE-WT cells (**P<0.001). By contrast, when HGF was used as the chemoattractant (H-J), there was no
difference in chemotactic response and migration (L). Data are presented as meants.e.m. Scale bars=100 ym.

lysosomes sorting. To address our hypothesis above, we pre-treated
satellite cells with cycloheximide (a protein biosynthesis inhibitor)
for 30 min and then incubated the cells with growth culture medium
containing 100 pg/ml SDF-1co. Total protein of these cells was
isolated 1 h after treatment and CXCR4 expression was analyzed by
western blot (Fig. 10F). The results showed that CXCR4 was
degraded in both BRE-KO and BRE-WT satellite cells after 1 h
SDF-1o treatment. However, CXCR4 degradation in BRE-KO cells
was more rapid than in BRE-WT cells (Fig. 10G, 50% vs 20%,
respectively). The results suggest that BRE normally protects
CXCR4 from ligand-induced CXCR4 protein degradation.

DISCUSSION

Bre was initially identified to be expressed in the brain, testis and
ovary so that was how the name was derived. Presently, we have
demonstrated that Bre is also expressed in the skeletal muscles and
their associated satellite stem cells. It has been reported that Bre
encodes a multifunctional protein that play a role in DNA repair
(Dong et al., 2003), preventing apoptosis (Chan et al., 2008) and
maintaining stemness (Chen et al., 2013). In this context, we were
interested in Bre’s role in satellite stem cell physiology during
skeletal muscle regeneration. It is now well establish that
following skeletal muscle injury, the muscles repair itself by
forming new myofibers derived from activated satellite cells
(Musaro, 2014). When the muscles are injured, the satellite cells
re-enter into the cell cycle and increase the number of available
satellite cells for muscle regeneration. This event is associated
with significant up-regulation of pax7 (marker for satellite cells)
expression (Musaro, 2014). We analyzed BRE expression of
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in skeletal muscles after injury and found that, just like pax7,
BRE expression was also significantly up-regulated. Hence, we
hypothesized that Bre might play a key role in the control of
skeletal muscle regeneration.

In this study, we use Bre knockout mice as a model to elucidate
the role of Bre in skeletal muscle repair. We first confirmed that Bre
was not expressed in our mutant mice at mRNA and protein levels.
We were surprised to not find any phenotype in the Bre mutant mice
despite reports that Bre was an important multifunctional gene.
Moreover, the BRE-KO skeletal muscles appeared histological
similar to BRE-WT mice. We asked whether the effect of the
mutation was more obvious at the cellular and molecular level
following experimental intervention. Therefore, we chemically
damaged the skeletal muscles in BRE-KO mice to determine
whether muscle regeneration was affected as compared with
BRE-WT mice. We found that there were significantly fewer
BRE-KO satellite cells present at the injury site and also the new
formed myofibers were smaller during the early stages of muscle
repair, as compared with their normal counterpart. It is well
established that normally after muscle injury, satellite cells
proliferate and migrate into the damage site where they fuse
together to form new myofibers. These myofibers then become
interconnected with intrinsic intact myofibers present around the
injury site (von Maltzahn et al., 2013). This suggests that Bre might
be required for satellite cell proliferation, migration and
differentiation. Hence, we investigated these key biological
processes using satellite cells in vitro.

In vitro, we determined that without BRE, satellite cell fusion was
deficient. Specifically, we demonstrated a decreased in satellite cell
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Fig. 10. RT-gPCR analysis revealed that BRE-KO
satellite cells expressed a significantly higher
level of CXCR4 mRNAs (40 folds higher) than
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fusion index and shorter myofibers formed as compared with
BRE-WT satellite cells. The relation between BRE and satellite cell
fusion is unclear but satellite cell differentiation involves this process
and an increase in MyoG expression. We found MyoG expression
was significantly repressed in BRE-KO satellite cells. MyoG is a
member of the myogenic regulatory transcription factors and an
important regulator for skeletal muscle development and
regeneration. MyoG has a highly restricted expression pattern and
found in primary myotome of mouse embryo at E9 (Sassoon et al.,
1989), newly regenerated myofibers (Zhao et al., 2002) and
differentiated satellite cells. The MyoG expression is thought to be
regulated by Notch, Wnt and FGF signaling pathways (Chapman
et al., 2006; Borello et al., 2006; Buckingham, 2006), protein
kinase A (Li et al., 1992a) and protein kinase C (Li et al., 1992b). It is
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significantly degraded in both BRE-KO and
BRE-WT satellite cells after 1 h SDF-1a. treatment
(**P<0.01). However, CXCR4 degradation in
BRE-KO cells was significantly more rapid than in
BRE-WT cell (50% vs 20%, respectively). Data are
presented as meants.e.m. Scale bars=20 pm.
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also believed that a correct spatio-temporal switch from Notch to Wnt
signaling was crucial for efficient skeletal muscle regeneration (Brack
et al., 2008). We believe that BRE is required for proper MyoG
expression during skeletal muscle regeneration. In the absence of
BRE, satellite cell fusion and differentiation could occur but retarded,
probably caused by an inadequate increase in MyoG expression.
Satellite cells are regarded as being the stem cells of skeletal
muscles, with the ability of undergoing self-renewal. They are also
thought to be multipotent and can be induced to differentiate into
multiple cell lineages, including adipocytes and osteocytes, using
adipogenic inducing medium and bone morphogenetic proteins,
respectively (Asakura et al., 2001; Ozeki et al., 2006). Satellite cells
normally differentiate into myofibers very rapidly when cultured in
myogenic differentiation medium but can also transdifferentiate into

Fig. 11. Proposed mechanism for Bre function in the regulation
of skeletal muscle regeneration. We propose that Bre null

mutation impairs skeletal muscle regeneration by reducing CXCR4

expression in satellite cells. This subsequently represses satellite
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cell migration to the muscle injury site. The Bre mutation also
represses MyoG expression during satellite cell differentiation and
fusion which further negatively impact on skeletal muscle repair.
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osteocytes when induced (Koci€ et al., 2012). Amongst the known
signaling pathways that regulate osteoblast development, Wnt
signaling is thought to be the most crucial. Normally, Wnt binds
to the Frizzled receptor to phosphorylate the GSK3/Axin complex
that stabilizes intracellular B-catenin. The B-catenin translocates into
the nucleus and could activate genes associated with osteogenic
differentiation, such as Runx2. In this study, we have used a small
molecule Wnt agonist that mimics the effects of Wnt but without
inhibiting GSK-3B (Liu et al., 2005), to induce the osteogenic
differentiation in satellite cells. We established that osteogenic
induction was very rapid and Alizarin red stained osteoblasts were
discernable in the cultures after 3 days whereas classical osteogenic
inducing medium requires approximately 2 weeks. In addition, we
determined that osteogenic differentiation could also occur in
BRE-KO satellite cells but significantly deficient as compared with
their normal counterpart. Previously, we have reported that BRE acts
like an adaptor protein that promotes stemness and at the same time
inhibits the differentiation in human umbilical cord perivascular
(HUCPV) mesenchymal stem cells (Chen et al., 2013). Moreover,
we silenced BRE expression and revealed that HUCPV cells
accelerated their osteogenic differentiation after induction. This
would correlate with our present observations that osteogenic
differentiation is deficient in BRE-KO satellite cells. However, BRE
does not appear to be required for maintaining stemness in satellite
cells, as was the case for HUCPV cells. This is because in vitro, we
demonstrated that BRE-KO and BRE-WT satellite cells could
proliferate  (self-renewal) at similar rates and can both
transdifferentiate into osteocytes (but with different efficiency).
Nevertheless, it does affect differentiation and may explain why
myogenic cell fusion and differentiation is impaired when skeletal
muscles are injured in BRE-KO mice.

Chemokines, like SDF-la, are important for regulating cell
migration. Normally SDF-lo is mainly expressed in the bone
marrow (Bleul et al., 1996) but is also produced by the skeletal
muscles when they are injured. SDF-1o acts on cells that express the
CXCR4 receptor and is involved in regulating the migration of
transplanted cells in damaged muscles (Grabowska et al., 2012). We
compared the ability of BRE-KO and BRE-WT satellite cells to
express CXCR4 and determined that BRE-KO cells expressed a
significantly higher level of CXCR4 transcripts but a slightly lower
level of the CXCR4 protein. It has been reported that the correlation
between mRNA and protein expression can be as little as 40%. This
poor correlation could be attributed to post-transcriptional and
translational regulations, protein stability and protein modification
(de Sousa Abreu et al., 2009). In this context, we believe that in the
absence of BRE, the CXCR4 receptor is more readily degraded.
Ubiquitination is the process where ubiquitin become attached to
target proteins destined for destruction — which is crucial in many
biological processes. It has been reported that cell surface CXCR4
receptor is a target for ubiquitin (Saini et al., 2010) and
ubiquitination of CXCR4 leads to endocytosis, endosome sorting
and subsequent degradation (Marchese and Benovic, 2001).
Nevertheless, the exact mechanisms involved are still not fully
understood (Holleman and Marchese, 2014). It has been
demonstrated that three enzymes are involved which includes
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes
(E2s), and ubiquitin ligases (E3s). These are needed for ubiquitin
attachment to the target substrate proteins. AIP4 (a Nedd4-like E3
ubiquitin ligase) together with Hrs and Vps4, coordinate the
ubiquitination and deubiquitination pathways that mediate in the
degradation of CXCR4 (Marchese et al., 2003). BRE is a component
of the BRCA1-A complex which is an ubiquitin E3 ligase complex
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possessing deubiquitinase activity that specifically removes Lys-63-
linked ubiquitin on histones H,A and H,AX. Hence, we hypothesize
that BRE could mediate in CXCR4 turnover by regulating their
deubiquitination. In the absence of BRE, CXCR4 is more rapidly
degraded which explains why BRE-KO satellite cells produced
significantly higher levels of CXCR4 mRNAs (to compensate) than
BRE-WT satellite cells. In addition, the lack of CXCR4 clarifies
why BRE-KO satellite cells were significantly less responsive to
chemoattractant SDF-lo. than BRE-WT satellite cells in our
chemotactic migration assays.

In conclusion, our data suggests that BRE is required for efficient
satellite stem cell migration, homing and differentiation during
skeletal muscle regeneration. In addition, BRE is required for
maintaining CXCR4 expression and may explain why satellite stem
cell migration is deficient in the mutant satellite stem cells. We have
proposed a model illustrating BRE’s role in skeletal muscle
regeneration in Fig. 11.

MATERIALS AND METHODS

Production of Bre knockout mice

Homozygous BRE-KO mice were generated using the Cre/loxP system on a
C57/BL/6] background. Male heterozygous PGCs (primordial germ cells)-
Cre transgenic mice (129-Alpltm1 (cre) Nagy/J, Stock Number: 008569),
where the Cre recombinase sequence was knock-in into the TNAP
(tissue non-specific alkaline phosphatase) gene. These mice (from here on
referred to as TNAP"“") were purchased from the Jackson Laboratory.
Female Bre-targeted mice (B6Dnk; B6N-Bretmla (EUCOMM) Wtsi/H),
where the exon3 are flanked by two loxP sites, were acquired from the
International Knockout Mouse Consortium. These mice from here on are
referred to as BRE™*. BRE-KO mice were generated by crossing
male TNAP"*" mice with female BRE®” mice. All animal handling
and surgical procedures have been approved by the Animal Research
Ethics Committee of Chinese University of Hong Kong and Hong Kong
department of health.

Cardiotoxin-induced muscle injury model

BRE-WT and BRE-KO mice were anesthetized by intraperitoneal injection
of katamine (75 mg/kg) and xylazine (7.5 mg/kg). We selected the tibialis
anterior (TA) muscle in the leg for experimentation. The TA in one of the
legs was injected with 10 pl of 100 uM cardiotoxin (CTX; Sigma-Aldrich)
while the contralateral control leg was injected with saline. The TA muscles
were harvested for analysis on day 4, 7 and 15 after cardiotoxin-induced
injuries. The muscles harvested were used for mRNA and protein isolation,
routine histology and immunohistochemistry staining.

Satellite cells culture

Satellite cells were isolated from both BRE-WT and BRE-KO mice using
a modified protocol developed by Sherwood et al. (2004). Briefly, the
extensor digitorum longus (EDL) muscle was dissected intact with the
tendon attached from both BRE-WT and BRE-KO mice. The EDL
muscles were then digested in 0.2% collagenase type I for 25-30 min at
37°C. Following collagenase digestion, individual myofibers were
released from the muscle mass by repeatedly trituration in warm culture
medium. The single myofibers were then transferred into culture dishes
coated with matrigel. These myofibers were cultured in DMEM-F12
medium supplemented with 20% fetal bovine serum, 10%, horse serum,
1% chicken embryo extract, 10ng/ml bFGF and 1% Penicillin/
Streptomycin. After 1 week of culture, the satellite cells have migrated
away from the myofibers and onto the culture dish. We performed serial
pre-plating of the cells that have invaded these dishes. These cells were
trypsinized into a cell suspension and then serially pre-plated onto
uncoated culture dishes for 2 h at 37°C in 5% CO, to remove the more
adhesive fibroblasts. The purity of the isolated satellite cells was assessed
by immunocytochemistry for the satellite cell specific marker, pax7. In
addition, these satellite cells were genotyped to confirm that they do not
express Bre.
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Immunofluorescent staining

Cells maintained on glass cover-slips were fixed and permeabilized in
0.5% Triton X-100 in PBS for 1 h at room temperature. These cells were
then blocked with 2% BSA and 5% host serum in PBS for 1h. For
skeletal muscles, the section were dewaxed, hydrated and microwaved for
15 min in 10 mM citric acid-sodium citrate buffer (pH 6.0) for antigen
retrieval. Following five washings in PBS, the sections were blocked with
5% normal goat serum in PBS for 30 min at 37°C. These specimens were
incubated with the desired primary antibodies diluted in 1% BSA and
2.5% host serum in PBS overnight at 4°C. The specimens were then
washed five times in 0.05% Tween-20/PBS and incubated with the
appropriate Alexa Fluor conjugated secondary antibody diluted in 1%
BSA for 1 h at 4°C. The cells were washed in PBST, counterstained with
4 ug/ml DAPI, mounted in 70% glycerol and examined under a confocal
microscope (Olympus FV1000 ZCD). The samples were photographed
and analyzed using a FV10-ASW 1.7 viewer software. The primary
antibodies used were: Rabbit anti-BRE (Cell Signaling, 1:200); Mouse
anti-Pax7 (Developmental Studies Hybridoma Bank, 1:100); Rabbit anti-
CXCR4 (Santa Cruz, 1:50) and Mouse anti-BrdU (ZYMED, 1:100). The
secondary antibodies used were: Alexa Fluor 488 donkey anti-mouse 1gG
(Invitrogen, 1:300) and Alexa Fluor 647 donkey anti-rabbit IgG
(Invitrogen, 1:300).

Transmission electron microscopy

Satellite cells were pelleted and then harvested in 0.1 M sodium cacodylate
buffer (pH 7.4). The cell pellets were then fixed in 0.25% glutaraldehyde
plus 2% paraformaldehyde for 2 h at room temperature and washed 3 times
in sodium cacodylate buffer. The cells were post-fixation in 1% OsO, for 1 h
and washed with distilled water. The samples were then dehydrated in
ethanol and embedded in Epson resin (Epon-812, DDSA, MNA and DMP-
30). The embedded cell pellets were sectioned at 70 nm using a diamond
knife and the sections were post stained with 4% uranyl acetate and lead
citrate buffer. All stained sections were viewed under a Hitachi H7700
Transmission Electron Microscope.

Scanning electron microscopy

Satellite cells were cultured on glass coverslips to 80% confluence and then
fixed in 2.5% glutaradehyde. The cultures were washed three times in PBS
and post-fixed in 1% osmium tetraoxide made up in distilled water. The
cultures were then dehydrated in ethanol, critical dried and gold-coated. All
specimens were viewed under a Hitachi SU8010 Scanning Electron
Microscope with i-XRF EDS system.

Cell proliferation assays

BRE-WT and BRE-KO satellite cells were cultured on matrigel coated
culture dishes at low cell density and pulsed labelled with growth
medium supplemented with 10 uM BrdU (Amersham Biosciences) for
3 h. The cultures were then washed three times in fresh growth medium
and fixed in 4% paraformaldehyde for 30 min. To visualize the BrdU-
labelling, the cultures were permeabilized with 2 M HCI+0.5% Triton X-
100 in PBS for 30 min at room temperature. The samples were double
immunofluorescently stained with BRE and BrdU antibodies along with
the appropriate fluorescent-labelled secondary antibodies. The stained
samples were analyzed with an Olympus FV1000 ZCD laser scanning
confocal system. The percentage of proliferating (BrdU™) satellite cells
were determined and statistically compared between the BRE-WT and
BRE-KO groups.

Myogenic differentiation assay

Satellite cells from BRE-WT and BRE-KO EDL muscles were cultured on
matrigel coated culture dishes to 80% confluence. The medium was then
replaced with myogenic differentiation medium containing DMEM F12
supplemented with 10% Horse serum and 1% PS. The cells were incubated
for 24-36 h, fixed in 4% paraformaldehyde and stained with DAPIL. All
samples were photographed under a Nikon Ti-E microscopy. The
percentage of nuclei within myofibers and the mean length of myofibers
were measured and analyzed using an Image J software.

Osetogenic differentiation assay

We tested the multipotency of BRE-WT and BRE-KO satellite cells. The
satellite cells were cultured on matrigel coated dishes to 90% confluence.
Then commercial available osteogenic, adipogenic or cardiomyogenic
differentiation medium were added to the cultures according to the
manufacturer’s instructions (Cat.No.A10072-01, A10070-01, A25042SA,
Life Technologies). We determined that these differentiation media were
unable to induce satellite cells to differentiate into adipocytes, osteocytes
and cardiomyocytes. Consequently, we used growth medium supplement
with 10 uM Wnt agonist (CalBiochem, Cat no: 681665) to induce
osteogenesis. The medium was changed every 2 days and after 3-9 days
incubation, the cells were fixed with 4% paraformaldehyde and stained with
Alizarin Red S dye. This dye reveals the presence of calcium phosphate
deposits normal found in bone matrix. The stained cultures were
photographed under an Olympus IX83 Inverted Microscope with ZDC.
Regions in the cultures containing Alizarin Red” calcium deposits were
measured quantified and statistically analyzed using SPSS.

Time-lapse migration analyses

BRE-WT or BRE-KO satellite cells were allowed to attach to confocal
dishes in culture medium containing HEPES buffer. The dishes were sealed
with para-film to prevent evaporation and the dishes were housed in a heated
humidified chamber at 37°C. The movement of individual cells was
recorded and tracked using a Nikon Ti-E live cell imaging system. For time-
lapse recording, an image was automatically captured at 1 min intervals fora
total duration of 2 h. The data were saved as multipage TIFF files and
analyzed using Image J software. Briefly, the TIFF files were loaded into the
Image J software with ‘Manual Tracking’ plug-in for tracking the movement
of individual cells. This was then followed by data analysis using the
‘Chemotaxis and Migration tool’ plug-in to calculate the velocity and
directionality of individual cell movement. For each experimental group, the
movement of up to 20 satellite cells was analyzed.

Chemotactic migration assay

Chemotactic migration assays were performed using a Neuro Probe
Reusable Multi-well Chemotaxis Chambers, according to manufacturer’s
instructions. BRE-WT and BRE-KO satellite cells were labelled with
fluorescent dyes Vybrant DiO and Dil, respectively. The fluorescently
labelled satellite cells were detached from the culture dishes with trypsin
and suspended in culture medium. Both BRE-WT and BRE-KO satellite
cells (at exactly the same cell concentration) were mixed together to give
a final concentration of 1x10° cells/ml for each cell type. The
polycarbonate membrane used in the Multi-well Chemotaxis Chambers
was pre-coated with matrigel and contained numerous 10 um pores. 50 pl
of the cell suspension was loaded onto the upper wells of the chamber
while 25 pl of culture medium containing 1 pg/ml of SDF-1o or 1 pug/ml
of HGF was introduced to the lower wells. After incubation at 37°C for
12 h, cells that have not migrated and remained on top of the membrane
were carefully wiped off using sterile cotton buds. The lower surface of
membrane directly opposing the chemoattractants was examined under a
fluorescent microscopy and photographed. The number of DiO-labelled
BRE-WT and Dil-labelled BRE-KO satellite cells were counted,
recorded and analyzed for each well.

Ligand-induced receptor degradation assay

BRE-WT and BRE-KO satellite cells were grown on culture dishes coated
with matrigel coated to approximately 80% confluence. The cells were
cultured in medium containing 20 ug/ml of cycloheximide for 30 min at
37°C and 5% CO,. The cells were then washed with fresh culture medium
three times (10 min each) and SDF-1o. was added with a final concentration
of 100 ug/ml. After 1 h incubation, the satellite cells were washed with
culture medium three times, washed in PBS and pelleted for protein
extraction and western blot analysis.

Western blot analysis

Total protein was extracted from muscle tissues and cultured satellite
stem cells with RIPA buffer supplemented with protease inhibitor
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cocktail and 1 mM PMSF. For muscle tissues, after adding lysis buffer,
the samples were dissected into small pieces and homogenized with an
electric homogenizer. For satellite cells, it was pelleted, collected
and then added with lysis buffer. The protein concentration was
measured with a BSATM Protein Assay Kit (Pierce). The protein
extract was resolved in a 10% SDS-PAGE gel, transfer onto a
nitrocellulose membrane and blocked with 5% nonfat dry milk in
TBST (0.1% Tween-20 in TBS) for 2 h at room temperature. Primary
antibody diluted with blocking buffer was added to the membrane and
incubated overnight at 4°C. The treated membrane was then washed
five times in TBST (5 min each) and treated with the appropriate
secondary antibody for 1 h at room temperature. After washing with
TBST, the membrane was examined using an Odyssey Infrared Imaging
System.

The antibodies used were: Rabbit anti-BRE (Cell Signaling, 1:1000);
Mouse anti-Pax7 (Developmental Studies Hybridoma Bank, 1:1000); Rabbit
anti-CXCR4 (Santa Cruz, 1:200); Mouse anti-GAPDH (Sigma, 1:15,000);
Rabbit anti-MyoD (Santa Cruz, 1:200); Mouse anti-Tublin (Santa Cruz,
1:15,000); Donkey anti-mouse IDRye 800CW (Licor Bioscience, 1:15,000);
Donkey anti-rabbit IDRye 680CW (Licor Bioscience, 1:15,000).

RT-qPCR analysis

Total RNA was extracted from muscle tissue or satellite cells using an
RNeasy Fibrous Tissue Mini Kit or RNeasy Mini Kit (Qiagen)
respectively, according to the manufacturer’s protocol. cDNA was
synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) with Oligo dT 18 primer. Quantitative Real-time PCR was
performed with SYBR Premix Ex Taq Kit (TAKARA). The
quantification of mRNA expression was performed with an ABI ViiA
7 Real Time PCR System. The primers used in the study are listed in
Table SI.

Acknowledgements
We would like to thank Jean Kung for allowing us access to all the equipment housed
in the Core Laboratories at SBS CUHK.

Competing interests
The authors declare no competing or financial interests.

Author contributions

L.X. performed all of the experiments cited in the paper and wrote up part of the
manuscript. K.K.H.L. developed the ideas for the experiments and wrote up part of
the manuscript.

Funding
This study was supported by General Research Fund [469313] awarded to K.K.H.L.

Supplementary information
Supplementary information available online at
http:/bio.biologists.org/lookup/suppl/doi:10.1242/bio.012450/-/DC1

References

Abou-Khalil, R., Mounier, R. and Chazaud, B. (2010). Regulation of myogenic
stem cell behaviour by vessel cells: the “ménage a trois” of satellite cells,
periendothelial cells and endothelial cells. Cell Cycle 9, 892-896.

Asakura, A., Rudnicki, M. A. and Komaki, M. (2001). Muscle satellite cells are
multipotential stem cells that exhibit myogenic, osteogenic, and adipogenic
differentiation. Differentiation 68, 245-253.

Bae, G.-U., Gaio, U., Yang, Y.-J., Lee, H.-J., Kang, J.-S. and Krauss, R. S. (2008).
Regulation of myoblast motility and fusion by the CXCR4-associated sialomucin,
CD164. J. Biol. Chem. 283, 8301-8309.

Bleul, C. C., Fuhlbrigge, R. C., Casasnovas, J. M., Aiuti, A. and Springer, T. A.
(1996). A highly efficacious lymphocyte chemoattractant, stromal cell-derived
factor 1 (SDF-1). J. Exp. Med. 184, 1101-1109.

Borello, U., Berarducci, B., Murphy, P., Bajard, L., Buffa, V., Piccolo, S.,
Buckingham, M. and Cossu, G. (2006). The Wnt/beta-catenin pathway
regulates Gli-mediated Myf5 expression during somitogenesis. Development
133, 3723-3732.

Brack, A. S., Conboy, I. M., Conboy, M. J., Shen, J. and Rando, T. A. (2008).
A temporal switch from Notch to Wnt signaling in muscle stem cells is necessary
for normal adult myogenesis. Cell Stem Cell 2, 50-59.

Buckingham, M. (2006). Myogenic progenitor cells and skeletal myogenesis in
vertebrates. Curr. Opin. Genet. Dev. 16, 525-532.

110

Chan, B. C.-L., Ching, A. K.-K., To, K.-F., Leung, J.C.-K., Chen, S, Li, Q., Lai,
P. B.-S., Tang, N. L.-S., Shaw, P.-C., Chan, J. Y.-H. et al. (2008). BRE is an
antiapoptotic protein in vivo and overexpressed in human hepatocellular
carcinoma. Oncogene 27, 1208-1217.

Chapman, G,, Liu, L., Sahigren, C., Dahlqvist, C. and Lendahl, U. (2006). High
levels of Notch signaling down-regulate Numb and Numblike. J. Cell Biol. 175,
535-540.

Chen, E., Tang, M. K,, Yao, Y., Yau, W. W. Y., Lo, L. M,, Yang, X., Chui, Y. L.,
Chan, J. and Lee, K. K. H. (2013). Silencing BRE expression in Human Umbilical
Cord Perivascular (HUCPV) progenitor cells accelerates osteogenic and
chondrogenic differentiation. PLoS ONE 8, e67896.

Collins, C. A,, Olsen, l., Zammit, P. S., Heslop, L., Petrie, A., Partridge, T. and
Morgan, J. E. (2005). Stem cell function, self-renewal, and behavioral
heterogeneity of cells from the adult muscle satellite cell niche. Cell 122,
289-301.

de Sousa Abreu, R., Penalva, L. O., Marcotte, E. M. and Vogel, C. (2009).
Global signatures of protein and mRNA expression levels. Mol. Biosyst. 5,
1512-1526.

Dong, Y., Hakimi, M.-A., Chen, X., Kumaraswamy, E., Cooch, N. S., Godwin,
A. K. and Shiekhattar, R. (2003). Regulation of BRCC, a holoenzyme complex
containing BRCA1 and BRCAZ2, by a signalosome-like subunit and its role in DNA
repair. Mol. Cell 12, 1087-1099.

Grabowska, |., Brzoska, E., Gawrysiak, A., Streminska, W., Moraczewski, J.,
Polanski, Z., Hoser, G., Kawiak, J., Machaj, E. K., Pojda, Z. et al. (2012).
Restricted myogenic potential of mesenchymal stromal cells isolated from
umbilical cord. Cell Transplant. 21, 1711-1726.

Griffin, C. A., Apponi, L. H., Long, K. K. and Pavlath, G. K. (2010). Chemokine
expression and control of muscle cell migration during myogenesis. J. Cell Sci.
123, 3052-3060.

Gu, C., Castellino, A., Chan, J. Y. and Chao, M. V. (1998). BRE: a modulator of
TNF-alpha action. FASEB J. 12, 1101-1108.

Holleman, J. and Marchese, A. (2014). The ubiquitin ligase deltex-3I regulates
endosomal sorting of the G protein-coupled receptor CXCR4. Mol. Biol. Cell 25,
1892-1904.

Kocig, J., Santibafiez, J. F., Krsti¢, A., Mojsilovi¢, S., Dordevig, I. O., Trivanovi¢,
D., lli¢, V. and Bugarski, D. (2012). Interleukin 17 inhibits myogenic and
promotes osteogenic differentiation of C2C12 myoblasts by activating ERK1,2.
Biochim. Biophys. Acta 1823, 838-849.

Lafreniere, J. F., Mills, P., Bouchentouf, M. and Tremblay, J. P. (2006).
Interleukin-4 improves the migration of human myogenic precursor cells in vitro
and in vivo. Exp. Cell Res. 312, 1127-1141.

Li, L., Heller-Harrison, R., Czech, M. and Olson, E. N. (1992a). Cyclic AMP-
dependent protein kinase inhibits the activity of myogenic helix-loop-helix
proteins. Mol. Cell. Biol. 12, 4478-4485.

Li, L., Zhou, J., James, G., Heller-Harrison, R., Czech, M. P. and Olson, E. N.
(1992b). FGF inactivates myogenic helix-loop-helix proteins through
phosphorylation of a conserved protein kinase C site in their DNA-binding
domains. Cell 71, 1181-1194.

Li, L., Yoo, H. Y., Becker, F. F., Ali-Osman, F. and Chan, J. Y. H. (1995).
Identification of a BRE gene responsive to DNA damage and retinoic acid.
Biochem. Biophys. Res. Commun. 206, 764-774.

Li, Q., Ching, A. K.-K,, Chan, B. C.-L., Chow, S. K.-Y., Lim, P.-L., Ho, T. C.-Y,, Ip,
W.-K., Wong, C.-K., Lam, C. W.-K,, Lee, K. K.-H. et al. (2004). A death receptor-
associated anti-apoptotic protein, BRE, inhibits mitochondrial apoptotic pathway.
J. Biol. Chem. 279, 52106-52116.

Liu, J., Wu, X., Mitchell, B., Kintner, C., Ding, S. and Schultz, P. G. (2005).
A small-molecule agonist of the Wnt signaling pathway. Angew. Chemie 44,
1987-1990.

Lluri, G. and Jaworski, D. M. (2005). Regulation of TIMP-2, MT1-MMP, and MMP-2
expression during C2C12 differentiation. Muscle Nerve 32, 492-499.

Marchese, A. and Benovic, J. L. (2001). Agonist-promoted ubiquitination of the G
protein-coupled receptor CXCR4 mediates lysosomal sorting. J. Biol. Chem. 276,
45509-45512.

Marchese, A., Raiborg, C., Santini, F., Keen, J. H., Stenmark, H. and Benovic,
J. L. (2003). The E3 ubiquitin ligase AlP4 mediates ubiquitination and sorting of
the G protein-coupled receptor CXCR4. Dev. Cell 5, 709-722.

Musard, A. (2014). The basis of muscle regeneration. Adv. Biol. 2014, 1-16.

O’Connor, R. S., Mills, S. T., Jones, K. A, Ho, S. N. and Pavlath, G. K. (2007).
A combinatorial role for NFAT5 in both myoblast migration and differentiation
during skeletal muscle myogenesis. J. Cell Sci. 120, 149-159.

Ozeki, N., Lim, M., Yao, C.-C., Tolar, M. and Kramer, R. H. (2006). o.7-integrin
expressing human fetal myogenic progenitors have stem cell-like properties and
are capable of osteogenic differentiation. Exp Cell Res. 312, 4162-4180.

Patterson-Fortin, J., Shao, G., Bretscher, H., Messick, T. E. and Greenberg,
R. A. (2010). Differential regulation of JAMM domain deubiquitinating enzyme
activity within the RAP80 complex. J. Biol. Chem. 285, 30971-30981.

Ratajczak, M. Z., Majka, M., Kucia, M., Drukala, J., Pietrzkowski, Z., Peiper, S.
and Janowska-Wieczorek, A. (2003). Expression of functional CXCR4 by
muscle satellite cells and secretion of SDF-1 by muscle-derived fibroblasts is

c
@
o

o)
>
(o)

i

§e

@



http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.012450/-/DC1
http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.012450/-/DC1
http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.012450/-/DC1
http://dx.doi.org/10.4161/cc.9.5.10851
http://dx.doi.org/10.4161/cc.9.5.10851
http://dx.doi.org/10.4161/cc.9.5.10851
http://dx.doi.org/10.1046/j.1432-0436.2001.680412.x
http://dx.doi.org/10.1046/j.1432-0436.2001.680412.x
http://dx.doi.org/10.1046/j.1432-0436.2001.680412.x
http://dx.doi.org/10.1074/jbc.M706730200
http://dx.doi.org/10.1074/jbc.M706730200
http://dx.doi.org/10.1074/jbc.M706730200
http://dx.doi.org/10.1084/jem.184.3.1101
http://dx.doi.org/10.1084/jem.184.3.1101
http://dx.doi.org/10.1084/jem.184.3.1101
http://dx.doi.org/10.1242/dev.02517
http://dx.doi.org/10.1242/dev.02517
http://dx.doi.org/10.1242/dev.02517
http://dx.doi.org/10.1242/dev.02517
http://dx.doi.org/10.1016/j.stem.2007.10.006
http://dx.doi.org/10.1016/j.stem.2007.10.006
http://dx.doi.org/10.1016/j.stem.2007.10.006
http://dx.doi.org/10.1016/j.gde.2006.08.008
http://dx.doi.org/10.1016/j.gde.2006.08.008
http://dx.doi.org/10.1038/sj.onc.1210733
http://dx.doi.org/10.1038/sj.onc.1210733
http://dx.doi.org/10.1038/sj.onc.1210733
http://dx.doi.org/10.1038/sj.onc.1210733
http://dx.doi.org/10.1083/jcb.200602009
http://dx.doi.org/10.1083/jcb.200602009
http://dx.doi.org/10.1083/jcb.200602009
http://dx.doi.org/10.1371/journal.pone.0067896
http://dx.doi.org/10.1371/journal.pone.0067896
http://dx.doi.org/10.1371/journal.pone.0067896
http://dx.doi.org/10.1371/journal.pone.0067896
http://dx.doi.org/10.1016/j.cell.2005.05.010
http://dx.doi.org/10.1016/j.cell.2005.05.010
http://dx.doi.org/10.1016/j.cell.2005.05.010
http://dx.doi.org/10.1016/j.cell.2005.05.010
http://dx.doi.org/10.1039/b908315d
http://dx.doi.org/10.1039/b908315d
http://dx.doi.org/10.1039/b908315d
http://dx.doi.org/10.1016/S1097-2765(03)00424-6
http://dx.doi.org/10.1016/S1097-2765(03)00424-6
http://dx.doi.org/10.1016/S1097-2765(03)00424-6
http://dx.doi.org/10.1016/S1097-2765(03)00424-6
http://dx.doi.org/10.3727/096368912X640493
http://dx.doi.org/10.3727/096368912X640493
http://dx.doi.org/10.3727/096368912X640493
http://dx.doi.org/10.3727/096368912X640493
http://dx.doi.org/10.1242/jcs.066241
http://dx.doi.org/10.1242/jcs.066241
http://dx.doi.org/10.1242/jcs.066241
http://dx.doi.org/10.1091/mbc.E13-10-0612
http://dx.doi.org/10.1091/mbc.E13-10-0612
http://dx.doi.org/10.1091/mbc.E13-10-0612
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.bbamcr.2012.01.001
http://dx.doi.org/10.1016/j.yexcr.2006.01.002
http://dx.doi.org/10.1016/j.yexcr.2006.01.002
http://dx.doi.org/10.1016/j.yexcr.2006.01.002
http://dx.doi.org/10.1128/MCB.12.10.4478
http://dx.doi.org/10.1128/MCB.12.10.4478
http://dx.doi.org/10.1128/MCB.12.10.4478
http://dx.doi.org/10.1016/S0092-8674(05)80066-2
http://dx.doi.org/10.1016/S0092-8674(05)80066-2
http://dx.doi.org/10.1016/S0092-8674(05)80066-2
http://dx.doi.org/10.1016/S0092-8674(05)80066-2
http://dx.doi.org/10.1006/bbrc.1995.1108
http://dx.doi.org/10.1006/bbrc.1995.1108
http://dx.doi.org/10.1006/bbrc.1995.1108
http://dx.doi.org/10.1074/jbc.M408678200
http://dx.doi.org/10.1074/jbc.M408678200
http://dx.doi.org/10.1074/jbc.M408678200
http://dx.doi.org/10.1074/jbc.M408678200
http://dx.doi.org/10.1002/anie.200462552
http://dx.doi.org/10.1002/anie.200462552
http://dx.doi.org/10.1002/anie.200462552
http://dx.doi.org/10.1002/mus.20383
http://dx.doi.org/10.1002/mus.20383
http://dx.doi.org/10.1074/jbc.C100527200
http://dx.doi.org/10.1074/jbc.C100527200
http://dx.doi.org/10.1074/jbc.C100527200
http://dx.doi.org/10.1016/S1534-5807(03)00321-6
http://dx.doi.org/10.1016/S1534-5807(03)00321-6
http://dx.doi.org/10.1016/S1534-5807(03)00321-6
http://dx.doi.org/10.1155/2014/612471
http://dx.doi.org/10.1242/jcs.03307
http://dx.doi.org/10.1242/jcs.03307
http://dx.doi.org/10.1242/jcs.03307
http://dx.doi.org/10.1016/j.yexcr.2006.09.017
http://dx.doi.org/10.1016/j.yexcr.2006.09.017
http://dx.doi.org/10.1016/j.yexcr.2006.09.017
http://dx.doi.org/10.1074/jbc.M110.135319
http://dx.doi.org/10.1074/jbc.M110.135319
http://dx.doi.org/10.1074/jbc.M110.135319
http://dx.doi.org/10.1634/stemcells.21-3-363
http://dx.doi.org/10.1634/stemcells.21-3-363
http://dx.doi.org/10.1634/stemcells.21-3-363

RESEARCH ARTICLE

Biology Open (2016) 5, 100-111 doi:10.1242/bio.012450

associated with the presence of both muscle progenitors in bone marrow and
hematopoietic stem/progenitor cells in muscles. Stem Cells 21, 363-371.

Saini, V., Marchese, A. and Majetschak, M. (2010). CXC chemokine receptor 4 is a
cell surface receptor for extracellular ubiquitin. J. Biol. Chem. 285, 15566-15576.

Sassoon, D., Lyons, G., Wright, W. E., Lin, V., Lassar, A, Weintraub, H.
and Buckingham, M. (1989). Expression of two myogenic regulatory
factors myogenin and MyoD1 during mouse embryogenesis. Nature 341,
303-307.

Sherwood, R. |, Christensen, J. L., Conboy, I. M., Conboy, M. J., Rando, T. A,,
Weissman, I. L. and Wagers, A. J. (2004). Isolation of adult mouse myogenic

progenitors: functional heterogeneity of cells within and engrafting skeletal
muscle. Cell 119, 543-554.
Suzuki, J., Yamazaki, Y., Li, G., Kaziro, Y. and Koide, H. (2000). Involvement of Ras
and Ralin chemotactic migration of skeletal myoblasts. Mol. Cell. Biol. 20, 4658-4665.
von Maltzahn, J., Jones, A. E., Parks, R. J. and Rudnicki, M. A. (2013). Pax7 is
critical for the normal function of satellite cells in adult skeletal muscle. Proc. Natl.
Acad. Sci. USA 110, 16474-16479.
Zhao, P., lezzi, S., Carver, E., Dressman, D., Gridley, T., Sartorelli, V. and
Hoffman, E. P. (2002). Slug is a novel downstream target of MyoD. Temporal
profiling in muscle regeneration. J. Biol. Chem. 277, 30091-30101.

111

Biology Open


http://dx.doi.org/10.1634/stemcells.21-3-363
http://dx.doi.org/10.1634/stemcells.21-3-363
http://dx.doi.org/10.1074/jbc.M110.103408
http://dx.doi.org/10.1074/jbc.M110.103408
http://dx.doi.org/10.1038/341303a0
http://dx.doi.org/10.1038/341303a0
http://dx.doi.org/10.1038/341303a0
http://dx.doi.org/10.1038/341303a0
http://dx.doi.org/10.1016/j.cell.2004.10.021
http://dx.doi.org/10.1016/j.cell.2004.10.021
http://dx.doi.org/10.1016/j.cell.2004.10.021
http://dx.doi.org/10.1016/j.cell.2004.10.021
http://dx.doi.org/10.1128/MCB.20.13.4658-4665.2000
http://dx.doi.org/10.1128/MCB.20.13.4658-4665.2000
http://dx.doi.org/10.1073/pnas.1307680110
http://dx.doi.org/10.1073/pnas.1307680110
http://dx.doi.org/10.1073/pnas.1307680110
http://dx.doi.org/10.1074/jbc.M202668200
http://dx.doi.org/10.1074/jbc.M202668200
http://dx.doi.org/10.1074/jbc.M202668200


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


