
The Ror1 receptor tyrosine kinase plays a critical role in
regulating satellite cell proliferation during regeneration of
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The Ror family receptor tyrosine kinases, Ror1 and Ror2, play
important roles in regulating developmental morphogenesis
and tissue- and organogenesis, but their roles in tissue regener-
ation in adult animals remain largely unknown. In this study, we
examined the expression and function of Ror1 and Ror2 during
skeletal muscle regeneration. Using an in vivo skeletal muscle
injury model, we show that expression of Ror1 and Ror2 in skel-
etal muscles is induced transiently by the inflammatory cyto-
kines, TNF-� and IL-1�, after injury and that inhibition of
TNF-� and IL-1� by neutralizing antibodies suppresses expres-
sion of Ror1 and Ror2 in injured muscles. Importantly, expres-
sion of Ror1, but not Ror2, was induced primarily in Pax7-posi-
tive satellite cells (SCs) after muscle injury, and administration
of neutralizing antibodies decreased the proportion of Pax7-
positive proliferative SCs after muscle injury. We also found
that stimulation of a mouse myogenic cell line, C2C12 cells, with
TNF-� or IL-1� induced expression of Ror1 via NF-�B activa-
tion and that suppressed expression of Ror1 inhibited their pro-
liferative responses in SCs. Intriguingly, SC-specific depletion
of Ror1 decreased the number of Pax7-positive SCs after muscle
injury. Collectively, these findings indicate for the first time that
Ror1 has a critical role in regulating SC proliferation during
skeletal muscle regeneration. We conclude that Ror1 might be a
suitable target in the development of diagnostic and therapeutic
approaches to manage muscular disorders.

The Ror family of receptor tyrosine kinases, Ror1 and Ror2,
act as receptors for Wnt5a to activate the �-catenin-indepen-
dent non-canonical Wnt signaling, thereby regulating cellular

polarity, migration, proliferation, and differentiation during
developmental morphogenesis and tissue- and/or organogene-
sis (1– 8). Interestingly, Wnt5a–Ror1 and/or Wnt5a–Ror2 sig-
naling also play important roles in the regulation of neural pro-
genitor cells (NPCs)4 and primordial germ cells (PGCs) during
developmental processes (9, 10). It has also been shown that
Wnt5a–Ror1 and Wnt5a–Ror2 signaling is required for the
proliferation and stemness of NPCs and that Wnt5a–Ror2 sig-
naling is involved in efficient polarization and migration of
PGCs to the embryonic gonads in response to the chemotactic
stem cell factor (SCF or secreted KitL). However, it remains
largely unknown about possible roles of Ror1 and Ror2 in the
regulation of adult tissue stem cells, including the skeletal mus-
cle-specific stem cells.

Accumulating evidence further demonstrates that Wnt5a–
Ror signaling is critically involved in various pathological con-
ditions, including regeneration and/or inflammatory responses
after tissue damage as well as cancer progression (11–15).
Wnt5a–Ror2 signaling has been shown to be activated and to
play crucial roles in inflammation by analyzing unilateral ure-
teral obstruction-induced kidney fibrosis and dextran sodium
sulfate-induced colitis (15, 16). It has also been reported that
inflammatory cytokines, including IL-6, activate Wnt5a–Ror2
signaling in adipose tissue-derived mesenchymal stem cells
(17). Interestingly, it has been shown that Wnt5a–Ror2 signal-
ing is required for intestinal crypt regeneration after injury (18)
and that Ror2 plays an important role in regulating proliferative
properties of reactive astrocytes after brain injury presumably
independent of Wnt5a (19). However, the roles of Ror1 and
Ror2 in regenerative processes are still poorly understood.

The skeletal muscles are one of the well-characterized loco-
motive organs, where skeletal muscle-specific stem cells (des-
ignated as satellite cells (SCs)) have been thought to play impor-
tant roles during muscle regeneration after injury (20). SCs,
which reside between the plasma membrane of myofibers and
the basement membrane, are activated upon injury of the skel-
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etal muscles by physical accidents, extensive exercise, and so
forth. During muscle regeneration, activated SCs proliferate
and differentiate, eventually leading to formation of newly
established myofibers by myoblast fusion (21, 22). This process
is regulated elaborately by various cytokines and by expression
of key transcriptional regulators such as paired box 7 (Pax7) and
myogenic regulatory factors, which control specification and
differentiation of SCs. It has been reported that inflammatory
cytokines such as TNF-� and IL-1� are important for myogen-
esis (23–25). However, the roles of inflammatory cytokines in
skeletal muscle regeneration are still somewhat controversial,
and both cell growth-promoting and -inhibiting effects of
inflammatory cytokines on SCs and/or myogenic cells have
been reported (26).

It has been shown that both canonical and non-canonical
Wnt signaling plays important roles in the proliferation and
differentiation of SCs during muscle regeneration (27–32). For
example, Wnt7a has been shown to promote proliferation of
SCs through the �-catenin-independent Wnt/planar cell polar-
ity (PCP) and Akt/mammalian target of rapamycin pathways
upon binding to its receptor, Frizzled7 (Fzd7), during skeletal
muscle regeneration (28, 33). Although both Ror1 and Ror2
have been shown to play important roles in the �-catenin-inde-
pendent Wnt signaling, it remains unclear about their roles in
the regulation of SCs during muscle regeneration after injury.

Here, we found that expression of Ror1 and Ror2 was
induced by the inflammatory cytokines, TNF-� and IL-1�, in
the skeletal muscle after injury and that induced expression of
Ror1 in SCs was associated with their proliferative properties.
We also sought to understand how Ror1 is induced by inflam-
matory cytokines and to clarify the role of Ror1 in regulating
properties of SCs and of a myogenic cell line, C2C12 cells.

Results

Expression of Ror1 and Ror2 is induced in injured skeletal
muscles by TNF-� and IL-1�

We first examined temporal expression patterns of Ror1 and
Ror2 mRNAs after the cardiotoxin (CTX)-induced injury of
tibialis anterior (TA) muscles. We found that expression of
Ror1 and Ror2 mRNAs was induced rapidly and reached max-
imal levels at day 3 and declined by day 7 after CTX-induced
injury of TA muscles (Fig. 1A). It has been reported that inflam-
matory cytokines such as TNF-� and IL-1� are induced after
damage of the skeletal muscles during the early phase of their
regeneration (34). Thus, we examined temporal expression pat-
terns of inflammatory cytokine mRNAs, including Tnf-� and
Il-1� mRNAs, in the CTX-induced TA muscle-damage model.
Importantly, expression of both Tnf-� and Il-1� was induced
and reached maximal levels at day 1 and declined gradually at
days 3 and 7 after TA muscle injury (Fig. 1A). The finding that
the induced expression of Tnf-� and Il-1� precedes that of Ror1
and Ror2 during muscle regeneration suggests that expression
of Ror1 and Ror2 could be regulated by TNF-� and IL-1�. We
also assessed expression levels of Ror1 and Ror2 proteins dur-
ing muscle regeneration. Expression of Ror1 and Ror2 proteins
was detectable at days 1 and 3, respectively, reached maximal

levels at day 7, and declined at day 14 after muscle injury
(Fig. 1B).

Next, we examined the role of TNF-� and IL-1� in regulating
expression of Ror1 and Ror2 induced by CTX-induced muscle
injury. For this purpose, the effect of both TNF-� and IL-1�
during muscle regeneration was inhibited by an administration
of their neutralizing antibodies into the TA muscles treated
with either PBS or CTX. It was found that blockade of TNF-�
and IL-1� by neutralizing antibodies against them inhibited the
induction of Ror1 and Ror2 following muscle injury compared
with isotype-matched control IgG administration (Fig. 1C).
Administration of the neutralizing antibodies or control IgG
into the skeletal muscles injected with PBS failed to affect Ror1
expression (Fig. 1C). Because blockade of TNF-� and IL-1�
suppressed the induction of Ror1 and Ror2 expression in the
damaged muscles, it can be assumed that TNF-� and/or IL-1�
might regulate induced expression of Ror1 and Ror2 after mus-
cle injury.

Expression of Ror1 is induced primarily in Pax7-positive SCs
after injury of the skeletal muscles

We then examined which cells express Ror1 and Ror2 during
muscle regeneration. To this end, we first separated SCs, which
can be identified as SM/C-2.6-positive and CD31-, CD45-, and
Sca-1-negative cells (35, 36), and unsorted cells (UCs) from the
intact skeletal muscles (supplemental Fig. S1A), and we mea-
sured expression levels of Ror1 and Ror2 transcripts in SCs and
UCs. As expected, expression of Pax7, one of the representative
SC markers (37), was detected exclusively in SM/C-2.6-positive
and CD31-, CD45-, and Sca-1-negative sorted SCs but not in
UCs (Fig. 2A, right panel), indicating that these sorted cells
indeed represent characteristics of SCs. Interestingly, expres-
sion of Ror1 was detected primarily in sorted SCs (Fig. 2A, left
panel). In contrast, expression of Ror2 was detected in sorted
SCs and UCs at comparable levels (Fig. 2A, middle panel).
Based on this finding, we focused on Ror1 hereafter to elucidate
its expression and function in sorted SCs in more detail.

Thus, we examined the proportions of SCs and expression
levels of Ror1 in SCs from the CTX-treated skeletal muscles at
the indicated time points. The proportion of sorted SCs as well
as the expression level of Ror1 increased at day 3 and declined at
day 12 after injury (supplemental Fig. S1, B and C). Further-
more, we examined expression of Ror1 and Pax7 in the respec-
tive sorted SCs from the intact and damaged skeletal muscles at
day 3 by a multicolor fluorescence in situ hybridization (FISH)
analysis with probes for Ror1 mRNA and Pax7 mRNA. In this
analysis, these mRNAs could be detected as small particles, and
we evaluated the numbers of the respective particles in the indi-
vidual cells. Apparent Ror1 mRNA particles were detectable in
almost all the sorted SCs (Fig. 2B, left panels) but were rarely
detectable in UCs from the intact muscles (Fig. 2, C and E, left
panels). Importantly, increased numbers of Ror1 mRNA parti-
cles per cell were observed in sorted SCs from injured muscles
at day 3 compared with those from the intact muscles (Fig. 2, B,
right panels, and D and F), but Ror1 mRNA particles were mar-
ginally detectable in UCs from injured muscles (Fig. 2, C and E,
right panels). We defined cells with one or more Ror1 mRNA or
Pax7 mRNA particles as Ror1-positive or Pax7-positive cells,
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respectively. The majority of Pax7-positive sorted SCs was also
positive for Ror1 (day 0 (intact), 86.44%, and day 3 (injured),
94.66%, Fig. 2G). These results indicate that Ror1 is expressed in
SCs and further induced in SCs after muscle injury.

Expression of Ror1 is induced via activation of NF-�B by TNF-�
and IL-1�

We next performed experiments using from the mouse myo-
genic cell line C2C12 cells that have been utilized as an in vitro
experimental model to study myogenic differentiation. In
agreement with our findings using an injured skeletal muscle
model, stimulation of C2C12 cells with either TNF-� or IL-1�
resulted in induced expression of Ror1 at both mRNA and pro-
tein levels (Fig. 3, A and B), indicating that expression of Ror1
could also be induced by TNF-� and IL-1� in the myogenic
cells.

As an attempt to elucidate the molecular mechanism under-
lying induced expression of Ror1 by TNF-� and/or IL-1�, we
focused on the NF-�B signaling pathway, which can be acti-
vated in C2C12 cells by TNF-� and/or IL-1� (38). We exam-
ined the effect of the NF-�B inhibitor, pyrrolidine dithiocar-
bamate (PDTC), on TNF-�-induced expression of Ror1.
Treatment of C2C12 cells with PDTC inhibited drastically
TNF-�-induced expression of Ror1 at both mRNA and protein
levels (Fig. 3, C and D). To further confirm NF-�B-mediated
Ror1 expression by TNF-�, we performed knockdown of p65,
which is a component protein of the NF-�B complex, by treat-
ment of C2C12 cells with two different siRNA oligonucleotides
targeting p65. As shown, suppressed expression of p65 by
siRNA inhibited significantly induced expression of Ror1 by
TNF-� at both mRNA and protein levels (Fig. 3, E and F). Sim-
ilar to TNF-�, induced expression of Ror1 by IL-1� was also

Figure 1. Induced expression of Ror1 and Ror2 following skeletal muscle damage by CTX can be inhibited by neutralizing antibodies against TNF-�
and IL-1�. A, expression levels of Ror1, Ror2, Tnf-�, and Il-1� mRNAs in the skeletal muscles treated with either CTX or PBS were measured by qRT-PCR analysis
at the indicated time points. Relative expression values were determined by defining expression levels (relative amounts) of the respective transcripts at day
0 (untreated) as 1. Data are expressed as mean � S.D. (n � 4 animals). (*, p � 0.05; **, p � 0.01; ***, p � 0.001, n.s. (not significant), Bonferroni’s post hoc test.)
B, expression of Ror1 and Ror2 proteins is induced in the skeletal muscle following damage by CTX. Lysates were prepared from the skeletal muscles at the
indicated time points after treatment with either CTX or PBS. Proteins (10 �g in total) in the respective lysates were separated by SDS-PAGE and separated
proteins were subjected to Western blotting with anti-Ror1, anti-Ror2, and anti-�-tubulin antibodies, respectively. Based on these data, relative band intensi-
ties of Ror1 and Ror2 at the indicated time points were measured. Relative values were determined by defining expression levels of Ror1 or Ror2, respectively,
at day 0 of PBS-treated skeletal muscles as 1. C, expression levels of Ror1 mRNA and Ror2 mRNA in the skeletal muscles treated with CTX or PBS in the presence
of neutralizing antibodies against TNF-� and IL-1� or isotype-matched control IgG were measured by qRT-PCR analysis. Total mRNAs were prepared from the
skeletal muscles 3 days after treatment with either CTX or PBS. Relative expression values of Ror1 and Ror2 were determined by defining expression level of Ror1
or Ror2, respectively, at day 0 of PBS and control IgG-treated skeletal muscles as 1. Data are expressed as mean � S.D. (PBS � control IgG, n � 4 animals; PBS �
neutralizing antibodies, n � 4 animals; CTX � control IgG, n � 6 animals; CTX � neutralizing antibodies, n � 6 animals.) (*, p � 0.05; **, p � 0.01; ***, p � 0.001,
n.s. (not significant), Bonferroni’s post hoc test.)

Role of Ror1 in satellite cells

J. Biol. Chem. (2017) 292(38) 15939 –15951 15941



abrogated by knockdown of p65 (supplemental Fig. S2), indi-
cating that induced expression of Ror1 by TNF-� or IL-1�
might be mediated by activation of the NF-�B pathway.

Because NF-�B has been shown to bind directly to a gene
promoter and thereby activating transcription of target genes,
we next investigated whether NF-�B might regulate transcrip-
tional induction of Ror1 directly by employing chromatin
immunoprecipitation (ChIP) assay and luciferase reporter

assay of the Ror1 promoter. Sequence alignment of the human
and mouse Ror1 promoters revealed that two regions (region 1
and 2), containing putative NF-�B-binding sites (GGRRN-
NYYCC), are highly conserved between them (Fig. 4A) (39 –
41). Based on this sequence information, we designed three sets
of primers to detect direct binding of p65 to three sites (sites
1–3, indicated in Fig. 4A) within the mouse Ror1 promoter.
ChIP assay revealed that stimulation of C2C12 cells with

Figure 2. Expression of Ror1 is induced primarily in Pax7-positive SCs following skeletal muscle damage by CTX. A, sorted SCs and UCs were separated
from the intact skeletal muscles by FACS. Expression levels of Ror1, Ror2, and Pax7 mRNAs in SCs and UCs were measured by qRT-PCR analysis. Relative
expression values were determined by defining expression levels of the respective transcripts in UCs as 1. Data are expressed as mean � S.D. (n � 3 animals).
(***, p � 0.001, t test.) B, multicolor FISH analysis using probes for Ror1 mRNA (green) and Pax7 mRNA (red) in sorted SCs separated from the intact (left panels)
or injured skeletal muscles (at day 3) (right panels). Scale bar, 5 �m. C, multicolor FISH analysis using probes for Ror1 mRNA (green) and Pax7 mRNA (red) in UCs
separated from the intact (left) or injured skeletal muscles (at day 3) (right panel). Scale bar, 5 �m. D–F, quantification of the number of Ror1 mRNA particles per
Pax7-positive cell in sorted SCs separated from the intact (D, left panels) or injured skeletal muscles at day 3 after treatment with CTX (D, right panels) or in UCs
from the intact (E, left panels) or injured skeletal muscles at day 3 after treatment with CTX (E, right panels). Data of sorted SCs are presented as histograms in D
and E and box-and-whisker plots with average values (�) in F (intact (day 0); n � 59, injury (day 3); n � 75). (***, p � 0.001, t test.) G, percentage of Ror1-positive
or -negative cells in Pax7-positive cells separated from the intact or injured skeletal muscles (at day 3).

Role of Ror1 in satellite cells

15942 J. Biol. Chem. (2017) 292(38) 15939 –15951

http://www.jbc.org/cgi/content/full/M117.785709/DC1


TNF-� promoted the binding of p65 to sites 1–3 within the
mouse Ror1 promoter, similar to its binding to the I�B� pro-
moter (a positive control for a p65 target gene), but it failed to
promote its binding to a distal promoter region, about 20 kbps
upstream of the Ror1 promoter (a negative control for a p65
target gene) (Fig. 4B). We then examined whether the binding
of p65 to the Ror1 promoter might be required for transcrip-
tional induction of Ror1 by luciferase reporter assay. As shown
in Fig. 4C, the DNA fragment from �1,000 to �500 base pairs
(bps) (containing region 2), but not that from �500 to �1 bp,

within the mouse Ror1 promoter is required critically for
responding to NF-�B activation induced by TNF-�. In fact,
TNF-�-induced luciferase activities were suppressed by treat-
ment with PDTC (Fig. 4D). Next, we examined whether puta-
tive p65-binding sites within region 2 are responsible for Ror1
expression induced by stimulation with TNF-�. To this end, six
putative p65-binding sites within the region 2 were deleted.
Transfection with the p65-binding site-deleted reporter con-
struct resulted in significant decreases in both basal and TNF-
�-induced luciferase activities compared with transfection with

Figure 3. Expression of Ror1 induced by TNF-� is mediated by NF-�B pathway. A, expression level of Ror1 mRNA in C2C12 cells treated with TNF-� (20
ng/ml), IL-1� (20 ng/ml), or vehicle alone (�) for 24 h was measured by qRT-PCR analysis. Relative expression values were determined by defining expression
level of Ror1 in cells treated with vehicle alone (�) as 1. Data are expressed as mean � S.D. (n � 3). (**, p � 0.01; ***, p � 0.001, Bonferroni’s post hoc test.) B,
expression of Ror1 protein is induced in C2C12 cells treated with TNF-� (20 ng/ml) or IL-1� (20 ng/ml). Lysates (10 �g of proteins in total) prepared from C2C12
cells treated with TNF-�, IL-1�, or vehicle alone (�) for 24 h were subjected to SDS-PAGE and followed by Western blotting with anti-Ror1 or anti-�-tubulin
antibodies, respectively. Relative band intensities of Ror1 were measured, and relative values were determined by defining expression level of Ror1 in vehicle
alone (�) as 1. C, expression levels of Ror1 mRNA in C2C12 cells treated with TNF-� (20 ng/ml) or vehicle alone (�) in the presence or absence of NF-�B inhibitor,
PDTC (100 �M), for 24 h were measured by qRT-PCR analysis. Relative expression values were determined by defining expression level of Ror1 in cells treated
with vehicle alone as 1. Data are expressed as mean � S.D. (n � 3). (**, p � 0.01; ***, p � 0.001, n.s. (not significant), Bonferroni’s post hoc test.) D, relative band
intensities of Ror1, phosphorylated I�B (P-I�B), I�B, and �-tubulin proteins in cell lysates (10 �g of proteins in total) from C2C12 cells treated with TNF-� (20
ng/ml) or vehicle alone (�) in the presence or absence of NF-�B inhibitor, PDTC (100 �M), for 24 h were measured by Western blotting with anti-Ror1,
anti-phosphorylated I�B, anti-I�B, and anti-�-tubulin antibodies, respectively. Non-specific bands are indicated as * and **. E, expression of Ror1 and p65
mRNAs in C2C12 cells, transiently transfected with either p65 siRNAs (p65#1 and p65#2) or control siRNA (Ctrl), followed by stimulation with TNF-� (20 ng/ml) or
vehicle alone (�) for 24 h, was measured by qRT-PCR analysis. Relative expression values of Ror1 and p65 were determined by defining expression levels of Ror1
or p65, respectively, in cells transfected with control siRNA, followed by treatment with vehicle alone as 1. Data are expressed as mean � S.D. (n � 3). (***, p �
0.001, n.s. (not significant), Bonferroni’s post hoc test.) F, Ror1, p65, and �-tubulin proteins in cell lysates (10 �g of proteins in total) from C2C12 cells transiently
transfected with either p65 siRNAs or control siRNA, followed by stimulation with TNF-� or vehicle alone (�) for 24 h, were measured by Western blotting with
anti-Ror1, anti-p65, or anti-�-tubulin antibodies, respectively.
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Figure 4. Expression of Ror1 induced by TNF-� is mediated by direct binding of NF-�B to the promoter within Ror1 gene. A, schematic representation
of human and mouse Ror1 promoters. Two regions (region 1 (light gray boxes) and region 2 (dark gray boxes)) are highly conserved between human and mouse
Ror1 genes. The arrows indicate the positions of primer sets for ChIP analysis. Black lines in regions 1 and 2 are putative NF-�B-binding sites (GGRRNNYYCC, R is
A or G; N is any base; Y is C or T). B, binding of p65 to putative p65-binding sites within mouse Ror1 promoter in C2C12 cells stimulated with TNF-� (20 ng/ml)
was measured by ChIP analysis (see “Experimental procedures”). Lysates from C2C12 cells stimulated with TNF-� or vehicle alone (�) for 48 h were subjected
to co-immunoprecipitation with either rabbit anti-p65 antibody or isotype-matched control (irrelevant) IgG (Ctrl), followed by qRT-PCR analysis using the
above primer sets. The results of qRT-PCR with primer sets for the I�B� promoter and a distal Ror1 promoter region (about 20 kbps upstream of the Ror1
promoter) are shown as positive and negative control experiments, respectively. Representative data from three (sites 1–3) and two (I�B� promoter) indepen-
dent experiments are shown. Bars represent the mean � S.D. (n � 3). (*, p � 0.05; **, p � 0.01, Bonferroni’s post hoc test). IP, immunoprecipitation. C, luciferase
activities in C2C12 cells transiently transfected with control luciferase (Luc) reporter vector or Luc reporter vectors containing �0.5 or �1.0 kb mouse Ror1
promoter, followed by stimulation with TNF-� (20 ng/ml) or vehicle alone (�) for 24 h, were measured as described under “Experimental procedures.” Data are
expressed as mean � S.D. (n � 6). (**, p � 0.01; ***, p � 0.001, n.s. (not significant), Bonferroni’s post hoc test.) D, luciferase activities in C2C12 cells transiently
transfected with Luc reporter vectors containing �1.0-kbp mouse Ror1 promoter, followed by stimulation with TNF-� (20 ng/ml) or vehicle alone (�) in
presence or absence of NF-�B inhibitor, PDTC (20 �M), for 24 h were measured. Data are expressed as mean � S.D. (n � 3). (***, p � 0.001, n.s. (not significant),
Bonferroni’s post hoc test.) E, luciferase activities in C2C12 cells transiently transfected with control Luc reporter, Luc reporter containing �1.0-kbp mouse Ror1
promoter or Luc reporter containing �1.0-kbp mouse Ror1 promoter with deletions of six putative p65-binding sites within region 2, followed by stimulation
with TNF-� (20 ng/ml) or vehicle alone (�) for 24 h, were measured. Data are expressed as mean � S.D. (n � 3). (***, p � 0.001, n.s. (not significant), Bonferroni’s
post hoc test.)
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the wild-type (control) reporter construct (Fig. 4E). The results
indicate that induced expression of Ror1 might be mediated
directly by NF-�B activated by inflammatory cytokines, such as
TNF-� and IL-1�.

Proliferative response of SCs is induced by TNF-� and IL-1�
during muscle regeneration

Next, we examined the effect of TNF-� and IL-1� on the
properties of SCs during muscle regeneration in vivo by abla-
tion of TNF-� and IL-1� by their neutralizing antibodies. In the
CTX-untreated muscles, any apparent differences in the num-
ber of SCs, characterized as Pax7-positive cells, were detected
between control IgG-injected and neutralizing antibody-in-
jected muscles (Fig. 5A, upper panels). However, ablation of
both TNF-� and IL-1� in the damaged muscles reduced signif-
icantly the number of SCs compared with the muscles injected
with control IgG (Fig. 5, A, middle panels, and B). Interestingly,
co-immunostaining of Ki67 (a marker of proliferative cells)
with Pax7 revealed that the number of proliferative SCs (Pax7-
and Ki67-double positive cells) was also reduced by administra-
tion of neutralizing antibodies (Fig. 5, A, lower panels, and C),
suggesting that TNF-� and IL-1� might regulate proliferative
characteristics of SCs during muscle regeneration. Considering
our findings that expression of Ror1 is induced in SCs by TNF-�
and IL-1� during muscle regeneration, it is conceivable that

Ror1 might play an important role in regulating proliferative
property of SCs.

Ror1 is required for proliferative property of SCs during muscle
regeneration

It has been reported that TNF-� stimulation induces prolif-
erative response of C2C12 cells (24). To examine whether Ror1,
induced by TNF-�, can affect property of myogenic C2C12
cells, we performed Ror1 knockdown in C2C12 cells prior to
their stimulation with TNF-� under differentiation conditions
in vitro. As shown, TNF-�-induced Ror1 expression was sup-
pressed significantly by treatment with si-Ror1#1 or si-Ror1#2
(Fig. 6A). Consistent with the previous report, it was found that
TNF-� stimulation induced some proliferative response of
C2C12 cells as assessed by anti-Ki67 immunostaining (Fig. 6, B
and C). Interestingly, suppressed expression of Ror1 in C2C12
cells resulted in significant inhibition of TNF-�-induced prolif-
erative response of C2C12 cells (Fig. 6, B and C), indicating that
Ror1, induced by TNF-�, might be required for proliferative
response of C2C12 cells.

To confirm the role of Ror1 in regulating proliferative
response of SCs during muscle regeneration in vivo, we ana-
lyzed proliferation of SCs during the early phase of muscle
regeneration using the mice lacking Ror1 expression. Because
conventional Ror1 mutant mice die neonatally due to respira-

Figure 5. Proliferative SCs in the regenerating skeletal muscle are decreased by neutralizing antibodies against TNF-� and IL-1�. A, SCs (Pax7-positive
cells, upper and middle panels) and proliferative SCs (Pax7 and Ki67-double positive cells, lower panels, yellow arrowheads) in the CTX-treated or -untreated
skeletal muscles (at day 5) in the presence of neutralizing antibodies against TNF-� and IL-1� (right panels) or isotype-matched control IgG (left panels) were
visualized by immunofluorescence staining with antibodies against Pax7 (red) and Ki67 (white). The numbers of SCs in CTX-untreated muscles in the presence
of neutralizing antibodies or isotype-matched control IgG are 0.05 � 0.015 or 0.07 � 0.02 (not significant), respectively. Basement membranes and nuclei
were visualized by staining with anti-laminin antibody (green) and DAPI (blue), respectively. Scale bar, 20 �m. B, number of Pax7-positive cells attached to a
single myofiber in the CTX-treated skeletal muscles (at day 5) in the presence of neutralizing antibodies against TNF-� and IL-1� or isotype-matched control IgG
were measured. Data are expressed as mean � S.D. (n � 8 animals). (*, p � 0.05, t test.) C, number of Pax7 and Ki67-double positive cells attached to a single
myofiber in the CTX-treated skeletal muscles (at day 5) in the presence of neutralizing antibodies against TNF-� and IL-1� or isotype-matched control IgG were
measured. Data are expressed as mean � S.D. (n � 3 animals). (*, p � 0.05, t test.)
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tory dysfunction (42, 43), we established SC-specific Ror1 con-
ditional knock-out (Ror1 cKO) mice. We separated SCs from
the intact muscles of Ror1 cKO mice after intraperitoneal injec-
tion of tamoxifen, and we measured the expression of Pax7 and
Ror1 in sorted SCs and the other cells (UCs) to confirm SC-spe-
cific deletion of Ror1. qRT-PCR analysis revealed that expres-
sion of Ror1 in the Ror1 KO SCs was indeed almost undetect-
able compared with that in control SCs (Fig. 7A), whereas
expression of Pax7 in the Ror1 KO SCs was almost unaffected
(Fig. 7A). The result suggests that SC-specific Ror1 deletion did
not affect Pax7 expression in SCs from the intact muscles. We
then examined the effect of Ror1 depletion in SCs on their pro-
liferative property during muscle regeneration. To this end, we
first analyzed expression of Ror1 and Pax7 in the damaged mus-
cles from Ror1 cKO and control mice at the indicated time
points after CTX-induced muscle injury. As expected, basal and
induced expression of Ror1 in the damaged muscles from Ror1
cKO mice was negligible during muscle regeneration, com-
pared with those from control mice (Fig. 7B, left panel). Intrigu-
ingly, unlike the intact muscles, induced expression of Pax7 was
hardly detectable in the damaged muscles from Ror1 cKO mice
after injury, when compared with control mice (Fig. 7B, right
panel). Importantly, immunofluorescent staining of SCs in the
damaged muscle with anti-Pax7 antibody revealed that the

number of Pax7-positive SCs per fiber in Ror1 cKO mice
reduced significantly compared with those in control mice (Fig.
7, C and D). FACS analysis further revealed that the proportion
of SCs at the indicated time points after muscle injury increased
at day 3 in control mice, but not Ror1 cKO mice (Fig. 7E and
supplemental Fig. S3). We also analyzed the cross-sectional
area (CSA) of the TA muscles 14 days after CTX treatment. The
median CSA of the TA muscles from Ror1 cKO mice was sig-
nificantly smaller than that from control mice (supplemental
Fig. S4). Collectively, these findings indicate that Ror1 might
play an important role in regulating proliferative property of
SCs during muscle regeneration.

Discussion

Although the roles of Ror1 and Ror2 in adult animals have
been extensively studied in the context of cancer progression
and inflammation, little is known about their roles in tissue
regeneration after injury. Thus far, it has been reported that
Wnt5a–Ror2 signaling is required for intestinal crypt regener-
ation after microsurgical injury (18) and that Ror2 signaling
plays an important role in regulating the proliferative response
of reactive astrocytes after stub-wound injury of the brain cor-
tex (19). However, it remains entirely unknown about the role
of Ror1 in tissue regeneration after injury. In this study, we

Figure 6. Ror1 is required for TNF-�-dependent proliferation of C2C12 cells. A, expression levels of Ror1 mRNA in C2C12 cells, transiently transfected with
either Ror1 siRNAs (Ror1#1 and Ror1#2) or control siRNA (Ctrl), followed by stimulation with TNF-� (10 ng/ml) for 24 h, were measured by qRT-PCR analysis.
Relative expression values were determined by defining expression level of Ror1 in cells transfected with control siRNA, followed by treatment with vehicle
alone as 1. Data are expressed as mean � S.D. (n � 3). (*, p � 0.05; **, p � 0.01, n.s. (not significant), Bonferroni’s post hoc test.) B, C2C12 cells, transiently
transfected with either Ror1 siRNAs (Ror1#1 and Ror1#2) or control siRNA (Ctrl), followed by stimulation with TNF-� (10 ng/ml) for 24 h, were visualized by
staining with anti-Ki67 antibody (green) and DAPI (blue). Scale bar, 100 �m. C, proportions of Ki67-positive C2C12 cells were quantified. Data are expressed as
mean � S.D. (n � 3). (**, p � 0.01, n.s. (not significant), Bonferroni’s post hoc test.)
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show for the first time the critical role of Ror1 in regulating
proliferative property of SCs during skeletal muscle regenera-
tion. It was found that expression of Ror1 could be detected
mainly and constitutively in SCs and further induced in SCs
after injury through NF-�B activation by TNF-� and IL-1�, and
that induced expression of Ror1 in SCs might play an important
role in regulating their proliferative response.

It has been shown that Ror1 can act as a receptor for Wnt5a
to mediate activation of NF-�B in leukemia B cells, HEK293
cells, and cochleae (44, 45). However, Wnt5a-independent
functions of Ror1 in several cancer cells, including lung adeno-
carcinoma, have been reported (46, 47). Ror1 has been shown to
associate with c-Met to mediate Met-driven cancer cell prolif-
eration (46). Although our findings indicate the critical role of
Ror1 in regulating proliferative property of SCs, the role of
Wnt5a, whose expression is detectable during muscle regener-
ation in vivo (33), in this process remains unclear. We also
observed expression of Wnt5a during muscle regeneration, but
its temporal expression profile did not match the temporal pro-
liferative response of SCs after muscle injury (data not shown).
Expression of Wnt5a in C2C12 cells was also detectable at rel-
atively lower levels, but it was affected marginally by stimula-
tion with TNF-� and IL-1� (data not shown). At present, we
also failed to detect Wnt5a-induced proliferative response of
C2C12 cells in the presence or absence of TNF-� under our

experimental setting (data not shown). Further study will be
required to clarify a possible involvement of Wnt5a in Ror1-
mediated regulation of SCs.

Supposing that the role of Ror1 in regulating the proliferative
property of SCs during muscle regeneration might be indepen-
dent of Wnt5a, it remains unclear about a responsible ligand for
Ror1 to regulate the proliferative property of SCs during muscle
regeneration. In this respect, it should be noted that Wnt7a,
encoding another member of the Wnt family proteins, is
induced during the early phase of muscle regeneration (33).
Furthermore, Wnt7a and its cognate receptor Fzd7 play the
critical role in regulating proliferation of SCs and myogenic
cells through Wnt-PCP signaling during muscle regeneration
(28, 33). Thus, it will be of interest to address a question of
whether Ror1 is involved in Wnt7a–Fzd7 signaling by acting as
a receptor or co-receptor for Wnt7a.

Our findings reveal that Ror1 might act as a novel molecule in
SCs to regulate the proliferative property of SCs; however, it
remains entirely unclear about the signaling pathway down-
stream of Ror1. Future studies will determine how Ror1 can
regulate proliferative response of SCs during muscle regenera-
tion. It can also be envisaged that Ror1 might be a suitable
molecular target to develop novel diagnostic and therapeutic
approaches to muscular disorders, including sarcopenia.

Figure 7. Ror1 deficiency in SCs suppresses injury-induced increase in their number. A, Ror1flox/flox (Control) and Ror1flox/flox;Pax7/Cre�/ERT2 (Ror1 cKO) mice
were injected intraperitoneally with tamoxifen once a day for 2 days, and then unsorted cells (UCs) and sorted SCs were isolated from the intact skeletal muscles
by FACS (see “Experimental procedures”). Expression levels of Ror1 and Pax7 mRNAs in UCs and SCs were measured by qRT-PCR analysis. Data are expressed
as mean � S.D. (n � 3 animals). Relative expression values were determined by defining expression levels of the respective transcripts in UCs of control mice
as 1. (***, p � 0.001, n.s. (not significant), Bonferroni’s post hoc test.) B, expression levels of Ror1 (left panel) and Pax7 (right panel) mRNAs in the CTX-treated
skeletal muscles at the indicated time points from control and Ror1 cKO mice, injected intraperitoneally with tamoxifen once a day for 2 days prior to the
treatment with CTX, were measured by qRT-PCR analysis. Relative expression values were determined by defining expression levels of the respective tran-
scripts at day 0 of control mice as 1. Data are expressed as mean � S.D. (n � 3 animals). (***, p � 0.001, n.s. (not significant), Bonferroni’s post hoc test.) C, SCs
(Pax7-positive cells) in the CTX-treated skeletal muscles (at day 5) from control (left panel) and Ror1 cKO mice (right panel), injected intraperitoneally with
tamoxifen once a day for 2 days prior to the treatment with CTX, were visualized by immunofluorescence staining with anti-Pax7 antibody (red). Basement
membranes and nuclei were visualized by staining with anti-laminin antibody (green) and DAPI (blue), respectively. Scale bar, 20 �m. D, number of Pax7-
positive cells attached to a single myofiber in the CTX-treated skeletal muscles (at day 5) from control and Ror1 cKO mice, injected intraperitoneally with
tamoxifen once a day for 2 days prior to the treatment with CTX, were measured. Data are expressed as mean � S.D. (n � 3 animals). (*, p � 0.05, t test.) E,
quantification of the SC proportion in the CTX-treated skeletal muscles at the indicated time points from control and Ror1 cKO mice, injected intraperitoneally
with tamoxifen once a day for 2 days prior to the treatment with CTX. Data are expressed as mean � S.D. (n � 3 animals). (**, p � 0.01; ***, p � 0.001, n.s. (not
significant), Bonferroni’s post hoc test.)
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Experimental procedures

Mice

Male C57BL/6 mice at 8 –12 weeks old were purchased from
Japan SLC (Shizuoka, Japan). CTX (Latoxan, Valence, France)-
induced TA muscle injury experiments were performed as
described previously (48). Briefly, CTX (2.5 �l of 10 �M CTX/g
body weight) or its vehicle alone (PBS) was injected into TA
muscle unilaterally. In some experiments, neutralizing antibod-
ies against TNF-� (0.5 �g/g body weight; eBioscience, Santa
Clara, CA) and IL-1� (0.5 �g/g body weight; eBioscience) or
isotype-matched control IgG (1.0 �g/g body weight; eBiosci-
ence) were co-injected with CTX or PBS. Ror1flox/flox mice were
generated as described previously (49); Pax7-Cre�/ERT2 mice
were obtained from The Jackson Laboratory (50). For TA
muscle injury, experiments of SC-specific Ror1 knock-out
mice, Ror1flox/flox;Pax7-Cre�/ERT2 mice were intraperitoneally
injected with tamoxifen (100 �g/g body weight) (Sigma) once a
day for 2 days, followed by injection with CTX into TA muscles.
All animal experiments in this study were approved by the
Institutional Animal Care and Use Committee (Permission
No. P121005-R5) and conducted at the Institute for Experi-
mental Animals, Kobe University Graduate School of Medi-
cine, according to the Kobe University Animal Experimen-
tation Regulations.

Isolation of SCs

TA muscles were digested in DMEM/F-12 containing 0.5%
(w/v) collagenase type II (Worthington) for 90 min at 37 °C with
trituration and passed through a 40-�m nylon mesh. The
resultant cell suspensions were washed with ice-cold PBS con-
taining 2% fetal bovine serum (FBS). SCs were isolated from the
cell suspension by fluorescence-activated cell sorter (Moflo
XDP, Beckman Coulter, Brea, CA) using anti-CD31, CD45,
Sca-1, and SM/C-2.6 antibodies as described previously (35, 36,
48). SCs can be identified as SM/C-2.6-positive and CD31-,
CD45-, and Sca-1-negative cells.

Fluorescence in situ hybridization (FISH)

To monitor the extent of Ror1 expression in SCs, SCs isolated
from intact or injured (at day 3) skeletal muscles by FACS were
plated on a glass slide by Plate Spin2 (Kubota, Tokyo, Japan).
SCs were then fixed with 4% (w/v) paraformaldehyde (PFA) for
10 min at room temperature and subjected to FISH analysis.
FISH was carried out using a QuantGene ViewRNA in situ
hybridization cell kit (Affymetrix, Santa Clara, CA) with the
respective probe sets designed by Affymetrix for hybridization
to mouse Ror1 mRNA and Pax7 mRNA, according to the man-
ufacturer’s instruction.

Immunofluorescence microscopic analysis

TA muscles were isolated, frozen with O.C.T. compound
(Sakura Finetek, Tokyo, Japan), and sectioned in a cryostat. The
frozen sections were fixed with 4% (w/v) PFA, permeabilized
with 0.2% (v/v) Triton X-100/PBS, and blocked with M.O.M.
Blocking Reagent (Vector Laboratories, Burlingame, CA). The
sections were then stained with the respective antibodies and
DAPI (Sigma). The following antibodies were used: anti-Pax7

(1:2, Developmental Studies Hybridoma Bank, Iowa City, IA),
anti-Ki67 (14-5698-82, 1:100, eBioscience), and anti-laminin
(L9393, 1:30, Sigma). Fluorescent images were obtained using a
laser-scanning confocal imaging system (LSM710; Carl Zeiss,
Oberkochen, Germany). Pax7-positive cells were defined as
cells in which Pax7 was localized at the nuclei. To quantify the
average of CSA, TA muscle sections stained with anti-laminin
were analyzed by ImageJ.

Cell culture and transfection

Mouse myogenic cell line C2C12 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Nissui, Tokyo,
Japan) supplemented with 20% FBS. C2C12 cells were stimu-
lated with TNF-� (at a final concentration of 20 ng/ml; R&D
Systems, Minneapolis, MN) or IL-1� (at a final concentration of
20 ng/ml; R&D Systems) in DMEM/F-12 supplemented with
2% horse serum. For blockade of NF-�B pathway, cells were
pretreated with 100 �M pyrrolidine dithiocarbamate (PDTC,
Merck Millipore, Darmstadt, Germany) for 1 h, followed by
stimulation with TNF-� in the presence of 100 �M PDTC for
24 h. To inhibit expression of p65 and Ror1, cells were trans-
fected with the respective siRNA oligonucleotides by Lipo-
fectamine RNAiMax reagent (Thermo Fisher Scientific,
Waltham, MA). siRNAs targeting mouse p65 (p65#1, Mm_
Rela_0588; p65#2, Mm_Rela_0590) and their control siRNA
(Mission siRNA universal negative control, catalog no.
SIC_001) were purchased from Sigma. Silencer select siRNAs
targeting mouse Ror1 (Ror1#1, s77260; Ror1#2, s77261) and
their control siRNA (Silencer select negative control no. 1, cat-
alog no. 4390843) were purchased from Thermo Fisher Scien-
tific. To examine proportions of Ki67-positive C2C12 cells,
cells were transfected with the respective siRNA oligonucleo-
tides and cultured in DMEM/F-12 supplemented with 2% horse
serum in the presence or absence of TNF-� (at a final concen-
tration of 10 ng/ml) for 24 h. The cells were fixed by 4% (w/v)
PFA for 10 min at room temperature. The fixed cells were
stained with the anti-Ki67 antibody along with DAPI to evalu-
ate the percentages of Ki67-positive cells.

Real-time quantitative RT-PCR

Total RNAs were extracted from cultured cells and/or TA
muscles using Isogen (Nippon Gene, Tokyo, Japan). cDNAs
were synthesized from these RNAs as templates using Prime-
Script RT reagent (Takara Bio, Shiga, Japan). Expression levels
of the respective genes of interest were measured using the
LightCycler 480 II system (Roche Applied Science, Basel, Swit-
zerland). The amounts of mRNAs were normalized relative to
those of 18S ribosomal RNA. The sequences of the primer pairs
are as follows: Ror1 (5�-GCTGCGGATTAGAAACCTTG-3�
and 5�-TACGGCTGACAGAATCCATC-3�); Ror2 (5�-ATG-
TGGACTCCCTCCAGATG-3� and 5�-GAAGACGAAGTG-
GCAGAAGG-3�); Tnf-� (5�-ATGAGCACAGAAAGCAT-
GATC-3� and 5�-TACAGGCTTGTCACTCGAATT-3�); Il-1�
(5�-CAGGATGAGGACATGAGCACC-3� and 5�-CTCTG-
CAGACTCAAACTCCAC-3�); Pax7 (5�-CTGGATGA-
GGGCTCAGATGT-3� and 5�-GGTTAGCTCCTGCCTGC-
TTA-3�); and p65 (5�-ATGGCTACTATGAGGCTGAC-3� and
5�-GTCTCGCTTCTTCACACACT-3�).

Role of Ror1 in satellite cells

15948 J. Biol. Chem. (2017) 292(38) 15939 –15951



Western blotting

Cells were solubilized in ice-cold lysis buffer (50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1% (v/v) Nonidet P-40, 1 mM

EDTA, 10 mM NaF, 1 mM Na3VO4, 10 �g/ml aprotinin, 10
�g/ml leupeptin, 1 mM p-amidinophenylmethanesulfonyl fluo-
ride). TA muscles were solubilized in ice-cold lysis buffer by
using a homogenizer (Polytron homogenizer, Kinematica,
Luzerne, Switzerland) for 30 – 60 s. Proteins (10 �g in total per
lane) were separated by SDS-PAGE and transferred onto
Immobilon-P membranes (Merck Millipore). Membranes were
immunoblotted with the respective antibodies as follows: anti-
Ror1 (catalog no. 4102, 1:5,000, Cell Signaling Technology,
Danvers, MA); anti-�-tubulin (PM054-7, 1:5,000, Medical and
Biological Laboratories, Nagoya, Japan); anti-p65 (catalog no.
8242, 1:5,000, Cell Signaling Technology); anti-phosphorylated
I�B (catalog no. 2859, 1:1,000, Cell Signaling Technology), and
anti-I�B (catalog no. 4814S, 1:1,000, Cell Signaling Technol-
ogy). Immunoreactive bands were visualized by using Western
Lightning Plus-ECL (PerkinElmer Life Sciences). Relative band
intensities of the proteins of interest in Western blotting were
quantified by ImageJ (National Institutes of Health, Bethesda,
MD). Briefly, regions of interest were defined in the respective
protein bands, and their intensities were measured by ImageJ.

Luciferase reporter assay

Mouse Ror1 promoter regions from �500 to �1 bp or from
�1,000 to �1 bp or from �1000 to �1 bp with deletion of six
putative p65-binding sites within region 2 were subcloned into
pGL4.10 (Luc) vectors (Promega, Madison, WI), respectively.
Deletion construct was made by PrimeSTAR mutagenesis basal
kit (Takara). These Luc vectors or an empty Luc vector were
co-transfected with pRL-TK (Promega,) into C2C12 cells by
Lipofectamine 3000 reagent (Thermo Fisher Scientific).
Twenty hours after transfection, cells were further cultured in
DMEM/F-12 supplemented with 2% horse serum in the pres-
ence or absence of TNF-� for 24 h. For blockade of NF-�B
pathway, cells were pre-treated with 20 �M PDTC for 1 h, fol-
lowed by stimulation with TNF-� in the presence of 20 �M

PDTC for 24 h. Luciferase activities were measured using Dual-
Luciferase reporter system (Promega) and GloMax 96 micro-
plate luminometer (Promega). The transcriptional activities
were normalized relative to Renilla luciferase activities.

ChIP assay

Samples were prepared using MAGnify chromatin immuno-
precipitation system (Thermo Fisher Scientific). Briefly, cells
were fixed with 1% (w/v) PFA for 10 min at room temperature
and solubilized with cell lysis buffer (5 mM PIPES (pH 8.0), 8.5
mM KCl, 0.5% (v/v) Nonidet P-40, and protease inhibitors) for
10 min on ice. Subsequently, lysates were digested with 375
units/ml Micrococcal nuclease (Takara Bio) for 10 min at 37 °C.
Nuclei were collected by centrifugation (500 � g) for 10 min at
4 °C and solubilized with Nuclei lysis buffer (50 mM Tris-HCl
(pH 8.0), 10 mM EDTA (pH 8.0), and 1% SDS). Lysates were
sonicated for three cycles (sonication, 30 s; on ice, 30 s) by a cell
disruptor (UD-201, Tomy, Tokyo, Japan) and subjected to
immunoprecipitation with anti-p65 (sc-372X, 1:20, Santa Cruz
Biotechnology, Dallas, TX) or control rabbit IgG (011-000-003,

1:120, Jackson ImmunoResearch, West Grove, PA). After
decross-linking and purification of the DNA fragments, the
amounts of the DNA fragments of interest were measured by
LightCycler 480 II system (Roche Applied Science) with the
respective primer pairs and normalized relative to those in
input materials. The sequences of the primer pairs are as
follows: site 1 (5�-CCGAGATGCCTTGGAAGGTG-3� and 5�-
CTCCGACTGCAGAAGAGCG-3�); site 2 (5�-AAGTC-
AGTCTGGCATACAGTGG-3� and 5�-TTACATACGG-
TGTATTTCTCTTGCT-3�); site 3 (5�-CACTGTCTATAAT-
GCAGCAGGC-3� and 5�-GAGTTCAGTACCAAGAACAC-
CCT-3�); I�B� (5�-TAGCCAGCGTTTCCACTCTT-3� and
5�-GGTCATGCACAGGGAACTTT-3�); about 20 kbps up-
stream of the Ror1 promoter (5�-TGGAAAGCAATGA-
TTTGACT-3� and 5�-ATGCTTCCTAGGAGCTCTGT-3�).

Statistical analysis

Data are represented as the mean � S.D. Statistical analyses
were performed using the GraphPad Prism 5.0 (GraphPad Soft-
ware). Statistical significance was determined as follows: *, p �
0.05; **, p � 0.01; ***, p � 0.001 and n.s. (not significant) com-
pared with the corresponding control using the two-tailed
Student’s t test when two groups were compared and using
one-way analysis of variance followed by Bonferroni’s post hoc
test when more than three groups were compared.
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