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Fig. 1. Oil red O staining and morphology changes of HSCs isolated from rat
SL. (A) Representative H&E- and oil red O-stained sections. Rats fed a choline-
deficient diet for 6 weeks had more than 60% of macrovesicular steatosis. (B)
Images show differences in F-actin expression in isolated HSCs from NL, SL, and SL
treated with fasudil (10 puM, 24 h). Cells were stained to show F-actin (red) and
nuclei (blue). HSCs isolated from NL showed slight stress fiber formation and
F-actin expression. By contrast, HSCs isolated from SL had an elongated, fusiform
morphology with prominent dendritic processes. Fasudil suppressed both stress
fiber formation and F-actin expression. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

significantly smaller than those with HSCs-NL (p <0.01). In the
presence of fasudil (10 uM), this reduction in the areas of gels
with HSCs-SL was not observed. The gel areas containing
HSCs-SL were significantly smaller in the presence of ET-1
(5nM) than those with HSCs-SL in the absence of ET-1
(p <0.01). In sharp contrast, however, when fasudil was added
to the culture medium in the presence of ET-1, the shrinkage of
the gels with HSCs-SL was suppressed (p <0.01; Fig. 2A and B).
Furthermore, the NO synthase inhibitor 1-NAME (100 uM) was
used to investigate the influence of NO on HSCs. Fasudil sup-
pressed the contraction of HSCs-SL even in the presence of
1-NAME (p <0.01; Fig. 2C and D).

Expression of ROCK2 and phosphorylation of MLC and cofilin

To examine the possible involvement of the Rho/ROCK pathway
in the activation of HSCs, the expression of ROCK2 and the phos-
phorylation state of MLC and cofilin, a downstream effector of
Rho/ROCK signaling, were assessed by Western blot analysis with
monoclonal antibodies to ROCK2 and the phosphorylated form of
MLC and cofilin. Quantitative analysis using a scanning densitom-
eter confirmed that ROCK2 was significantly overexpressed in
HSCs-SL compared with HSCs-NL (p <0.01) (Fig. 3A). The phos-
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Fig. 2. Collagen gel contraction assay. (A) Contraction of collagen gels induced
by the activation of isolated HSCs in untreated NL and SL, and in NL and SL
treated with ET-1, fasudil or a combination of the two. Without the addition of
HSCs, the collagen gels did not contract during the observation period (not
shown). Control, medium alone; ET-1, 5nM ET-1; Fasudil, 10 uM fasudil;
Fasudil + ET-1, 10 pM fasudil and 5 nM ET-1. (C) Contraction of collagen gels in
SL and SL treated with 1-NAME, fasudil or a combination of the two. Control,
medium alone; t-NAME, 100 uM 1-NAME; Fasudil, 10 uM fasudil; Fasudil +
t-NAME, 10 pM fasudil, and 100 uM 1-NAME. (B and D) Changes in the collagen
gel area induced by contraction of HSCs. HSCs isolated from rat NL, closed bars;
HSCs isolated from rat SL, open bars. Average values (SD) of three independent
experiments are shown. *p <0.05 compared to each control; **p <0.01 compared
to each control.

phorylation level of MLC in HSCs-SL was significantly increased
compared with that in HSCs-NL. The phosphorylation levels of
MLC and cofilin were significantly enhanced by ET-1 in HSCs-SL
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Fig. 3. Western blot analyses in rat HSCs isolated from rat NL or SL. (A)
Expression level of ROCK2. (B) Total and phosphorylated MLC and cofilin. HSCs
isolated from rat SL were either left untreated or cultured with 10 pM fasudil and/
or 5 nM ET-1 for 30 min. The protein expression of ROCK2 was normalized to the
level of B-actin. The phosphorylation levels of MLC and cofilin were normalized to
total MLC and cofilin protein expression, respectively. Each figure is represen-
tative of three independent experiments. Average values (SD) for individual
groups are shown. *p <0.01, **p <0.05, **N.S.

(p<0.05, in both), but the effects were suppressed by fasudil
(p <0.05, 0.01, respectively; Fig. 3B).

Influence of IR on the secretion of ET-1

Serum ET-1 concentrations were measured after 30 min of ische-
mia followed by 3 h of reperfusion using ELISA. Serum ET-1 con-
centrations significantly increased after IR in rats with NL
(p <0.01). Serum ET-1 concentrations after IR were significantly
higher in rats with SL than in rats with NL (p <0.01). Furthermore,
fasudil significantly suppressed the serum ET-1 concentrations
after IR (p <0.01; Fig. 4).

Influence of IR on portal perfusion pressure

To determine the influence of IR on the microvascular blood flow
in the hepatic lobule, the portal perfusion pressure was assessed
in isolated rat livers. Perfusion pressures were measured after
45 min of ischemia followed by 15 min of reperfusion. The portal
perfusion pressures in rats with SL were significantly higher than
those in rats with NL (p <0.05). The portal perfusion pressures in
rats with SL after IR were significantly higher than those in rats
with SL that did not undergo IR (p <0.01), and the effect was sup-
pressed by fasudil (p <0.01; Fig. 5).

JOURNAL OF HEPATOLOGY

20— * * *

18 4

16 + === NL
14 - === SL

Serum ET-1 concentrations
g/
>
1

IR +
Fasudil

IR IR

Fig. 4. Serum ET-1 concentrations, reflecting secretion from SECs and HSCs.
Blood samples were collected from rats with NL or SL after 30 min of ischemia
followed by 3 h of reperfusion. A group of the SL rats received fasudil (10 mg/kg)
30 min before ischemia. Average values (SD) for individual groups are shown; for
all groups, n = 6. *p <0.01.

Biochemical assessment, histological study, and survival rates after
IR

AST and ALT are well-established markers of hepatocellular
injury after IR. Serum AST and ALT levels were measured after
30 min of ischemia followed by 3 or 24 h of reperfusion. The
increase in AST at 3 and 24h and in ALT at 3 h after IR of
the untreated rats with SL was significantly higher than in
fasudil-treated rats with SL (Fig. 6A). For histological analysis,
liver specimens were obtained after 45 min of ischemia followed
by 24 h of reperfusion. Liver specimens from untreated rats with
SL after IR showed distortion of architecture, sinusoidal conges-
tion, microthrombus, and extensive areas of coagulative necrosis.
In contrast, specimens from the SL group treated with 10 mg/kg
fasudil showed almost normal hepatic structure (Fig. 6B). TUNEL
staining of liver tissue sections after IR showed that most hepato-
cytes in NL were TUNEL positive, whereas only minimal TUNEL
staining was found in SL (Supplementary Fig. 2). The survival rate
of rats with SL that underwent 45 min of ischemia was signifi-
cantly lower than that of rats with NL (p <0.01). However, treat-
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Fig. 5. Portal pressures in isolated perfused livers from rats with NL and SL.
Livers were untreated, treated with 45 min of ischemia followed by 15 min of
reperfusion, or preinjected with 10 mg/kg fasudil intraperitoneally 30 min before
IR. Average values (SD) for individual groups are shown; for all groups, n=5.
*p <0.05; **p <0.01, **N.S.
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Fig. 6. Influence of IR in rats with SL. Rats with NL or SL were treated with IR. A
fraction of the SL group received fasudil (10 mg/kg) 30 min before IR. (A) Serum
levels of AST and ALT in rats with SL after 30 min of ischemia followed by 3 and
24 h of reperfusion. Average values (SD) for individual groups are shown; for all
groups, n=5. *p<0.05, *N.S. (B) Histological examination of NL and SL after
45 min of ischemia followed by 24 h of reperfusion. Liver specimens from
untreated rats with SL showed severe fat accumulation, distortion of architecture,
sinusoidal congestion, and extensive areas of coagulative necrosis. Liver speci-
mens from the group that received fasudil similarly showed severe fat accumu-
lation but had a nearly normal hepatic structure and minimal sinusoidal
enlargement in the hepatic lobule center compared with the untreated SL.
Representative H&E-stained liver sections. (C) The survival rates of rats with NL or
SL that underwent 45 min of ischemia. Although the survival rate of the SL group
was significantly lower than that of the NL group (p <0.01), fasudil treatment
significantly improved the survival rate of the SL group (p <0.01), n=10.

ment with fasudil significantly improved the survival rate of rats
with SL after IR (p <0.01; Fig. 6C).

Discussion

The SL is known to be vulnerable to IR compared with the NL. The
present study is the first report to provide evidence of the effect

of Rho/ROCK signaling activation in HSCs on the increased sus-
ceptibility of SL to IR injury in rats. The present results showed
that the activation of HSCs in SL was associated with the upreg-
ulation of ROCK2 and that the enhanced activation of ROCK2
was involved in the induction of IR injury in SL. The intra-abdom-
inal infusion of fasudil, a specific inhibitor of ROCK, significantly
alleviated IR injury in SL.

ROCK is a downstream effector of the small GTPase Rho
involved in the regulation of cytoskeletal rearrangements and cell
migration. ROCK is involved in the contraction of activated HSCs,
which play an important role in regulating hepatic microcircula-
tion. Intrahepatic upregulation of ROCK contributes to increased
intrahepatic resistance in cirrhotic rats and to an increased sensi-
tivity of cirrhotic livers to vasoconstrictors [24].

In the current study, HSCs-SL showed greater stress fiber for-
mation and overexpression of ROCK compared with NL. The
contractility of the HSCs and the phosphorylation of MLC in
the HSCs were significantly enhanced in SL compared with NL.
These results indicated a significant activation of the HSCs-SL
compared with the HSCs-NL. There have been few studies using
HSCs-SL. However, liver biopsy specimens from SL and nonalco-
holic steatohepatitis showed the presence of activated HSCs,
identified immunohistologically using a specific monoclonal
antibody to detect cytoplasmic o-smooth muscle actin, which
is not present in quiescent cells. These findings revealed a cor-
relation between the degree of HSC activation and hepatic fibro-
sis, and the study of these specimens suggested a trend toward
increased HSC activation with increasing fat accumulation,
although this lacked statistical significance [15-17]. The hepatic
expression of ROCK has been shown to be elevated in livers
from cirrhotic rats and patients with alcohol-induced cirrhosis,
and intrahepatic upregulation of ROCK contributes to portal
hypertension via an increase in hepatic vascular resistance
[24]. These results indicate that the activation of HSCs may be
related to the overexpression of ROCK.

In our previous report using normal rat livers, the IR-induced
impairment of sinusoidal microcirculation resulted, in part, from
the contraction of HSCs, and Y-27632, a specific ROCK inhibitor,
suppressed the IR-induced microcirculatory disturbance by pro-
moting the relaxation of HSCs [9].

In the present study, the portal perfusion pressure was signif-
icantly increased in SL compared with NL. The perfusion pressure
in SL was further increased after IR, and fasudil significantly sup-
pressed this pressure increase. Serum ET-1 concentration was
also significantly elevated after IR, and the increase in ET-1 con-
centration was suppressed by the administration of fasudil. These
findings indicate that fasudil attenuates microvascular injury
following ischemia reperfusion in SL. ET-1, which activates the
Rho/ROCK pathway and elevates portal pressure via contraction
of HSCs, was used as an alternative marker for IR injury in our
in vitro studies (including a collagen gel contraction assay and
measurement of MLC and cofilin phosphorylation in HSCs). This
was done because it was extremely difficult to isolate HSCs from
rats with SL undergoing IR owing to insufficient perfusion of
pronase and collagenase, and even when successful, the
isolated HSCs showed very low viability for use in further
in vitro studies.

The contractility of the HSCs and the phosphorylation of MLC
and cofilin were significantly enhanced by ET-1 in the HSCs-SL,
and fasudil attenuated these effects. Furthermore, fasudil pro-
longed the survival of rats with SL undergoing IR and attenuated
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sinusoidal congestion and hepatocyte necrosis. These results
indicate that fasudil, a specific ROCK inhibitor, suppresses
[R-induced liver injury by ameliorating the hemodynamic distur-
bance through the modulation of Rho signaling in SL, which is
more vulnerable to IR than NL.

Fasudil was used as a ROCK inhibitor in the present study
based on the clinical application of the inhibitor for the release
of cerebral vasospasm after subarachnoid hemorrhage [25].
Fasudil was administered at a dose of 10 mg/kg by intraperito-
neal injection before IR because the area under the serum fasudil
concentration curve for rats after the intraperitoneal injection of
the inhibitor (10 mg/kg) was 4490 ng h/ml, which was almost
compatible or slightly higher than that of fasudil in humans
[26]. The use of fasudil may be a new therapeutic strategy to pre-
vent hepatic IR injury.

The results of the current study indicated that the effect of
fasudil on the contractility of HSCs-SL was mediated by the
direct inhibition of ROCK, and independent of the NO effect in
HSCs. Anegawa et al. reported that in a rat model of secondary
biliary cirrhosis bile duct ligation, ROCK activation with resul-
tant eNOS activation was substantially involved in the patho-
genesis of portal hypertension. Moreover, fasudil significantly
suppressed ROCK activity and increased eNOS phosphorylation
through a reduction of the binding of serine/threonine Akt to
ROCK and an increase of the binding of Akt to eNOS [27]. The
improvement of hepatic hemodynamics by fasudil has been
shown to be mediated by an enhancement of NO production
by sinusoidal endothelial cells (SECs), rather than by direct inhi-
bition of Rho-kinase in HSCs. Our result was not compatible
with Anegawa’s report. This may be due to differences in the
experimental model used. We used a collagen gel contraction
assay to show that the effect of fasudil on the contractility of
HSCs-SL was mediated by direct inhibition of ROCK, while in
the study by Anegawa et al., a bile duct ligation-induced second-
ary biliary cirrhosis model revealed that the hemodynamic
effects of the in vivo administration of fasudil were associated
with the production of NO by SECs, and not by direct inhibition
of ROCK. The relationship between SL and NO synthesis remains
to be elucidated, and further investigation is necessary. In addi-
tion, ROCK inhibitors have been reported to improve the VLDL
transport functions of hepatocytes in SL, which might be one
of the mechanisms underlying their protective effect against
IR injury [28].

In summary, activation of Rho/ROCK signaling in HSCs-SL is
associated with an increased susceptibility to IR injury. Inhibition
of ROCK attenuates the activation of the HSCs-SL and improves IR
injury in rats with liver steatosis.
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The activation of innate immune responses by nucleic acids is central
to the generation of host responses against pathogens; however,
nucleic acids can also trigger the development and/or exacerbation
of pathogenic responses such as autoimmunity. We previously
demonstrated that the selective activation of nucleic acid-sensing
cytosolic and Toll-like receptors is contingent on the promiscuous
sensing of nucleic acids by high-mobility group box proteins
(HMGBSs). From this, we reasoned that nonimmunogenic nucleo-
tides with high-affinity HMGB binding may function as suppressing
agents for HMGB-mediated diseases, particularly those initiated
and/or exacerbated by nucleic acids. Here we characterize an array
of HMGB-binding, nonimmunogenic oligodeoxynucleotides (ni-
ODNs). Interestingly, we find that binding affinity is rather in-
dependent of nucleotide sequence, but is instead dependent on
length and structure of the deoxyribose backbone. We further show
that these ni-ODNs can strongly suppress the activation of innate
immune responses induced by both classes of nucieic acid-sensing
receptors. We also provide evidence for the suppressive effect of an
ni-ODN, termed ISM ODN, on the induction of adaptive immune
responses and in mouse models of sepsis and autoimmunity. We
discuss our findings in relation to the critical role of HMGBs in
initiating immune responses and the possible use of these ni-ODNs
in therapeutic interventions.

pattern recognition receptors | retinoic acid-inducible gene I-like receptor |
experimental autoimmune encephalomyelitis

he innate immune system is integral to the protection of the

host against invading pathogens by providing immediate de-
fense and the subsequent activation of the adaptive immune
system. Pattern recognition receptors (PRRs) are germ line-
encoded receptors that recognize conserved pathogen-associated
molecular patterns (PAMPs) and potently activate cells of the
innate immune system (1, 2). The protective role of PRRs
against infectious microbial pathogens via the induction of
adaptive immunity has been unequivocally demonstrated; how-
ever, the activation of these receptors may also result in eliciting
harmful immune responses such as life-threatening inflammation
and autoimmunity (3, 4). During microbial infection or tissue
damage, DNA and RNA potently activate the innate and sub-
sequent adaptive immune responses. In mammals, the trans-
membrane PRR Toll-like receptor (TLR)3, TLR7, and TLRY,
respectively, recognize double-stranded RNA, single-stranded
and short double-stranded RNAs, and hypomethylated DNA,
whereas retinoic acid-inducible gene I (RIG-I)-like receptors,
namely RIG-I and melanoma differentiation-associated gene 5
(MDAS), are best known as RNA-sensing receptors in the cy-
tosol, but more recently have been shown to also participate in
the cytosolic DNA-sensing system (5-8). In addition, cytosolic
DNA-sensing receptors, which include DNA-dependent activa-
tor of IFN regulatory factors (IRFs) (DAI), absent in melanoma
2 (AIM2), among others, have been identified (9, 10). The
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hallmark of the innate immune responses activated by these
receptors is the induction of type I IFNs, proinflammatory
cytokines, and chemokines, except for AIM2, which induces the
inflammasome (6, 10).

We showed previously that high-mobility group box proteins
(HMGBI, 2, and 3) are essential for triggering all nucleic acid
receptor-mediated innate immune responses (11). Indeed,
HMGB:s bind to various immunogenic nucleic acids in vitro, and
cells in which the expression of HMGBs is suppressed exhibit
a profound defect in their ability to evoke innate immune
responses, indicating a hierarchy in the nucleic acid-mediated
activation of immune responses wherein the selective activation
of nucleic acid-sensing receptors is contingent on the more
promiscuous sensing of nucleic acids by HMGBs. In addition,
HMGBI is secreted by innate immune cells in response to
PAMPs and released by injured or dying cells, and transmits
signals to the cell interior via the activation of receptors that
include TLR4, thereby occupying a crucial role in the patho-
genesis of both sterile and infectious inflammations (12-14). In
this context, numerous antagonists that neutralize HMGB1
in preclinical disease models have supported the role of HMGB1
in regulating innate and adaptive immune responses in health
and during inflammatory diseases such as arthritis, sterile is-
chemia/reperfusion injury, cancer, and infection (15, 16). Thus,
selectively targeting HMGB1 and its family members may be of
clinical use and could provide key insights into the pathogenesis
of various inflammation-associated diseases.

In view of our previous findings that HMGBs bind nucleic
acids promiscuously, we searched for nonimmunogenic oligo-
deoxynucleotides (ni-ODNs) showing high-affinity HMGB bind-
ing with the rationale that such nucleotides may effectively
suppress HMGB-associated diseases initiated and/or exacer-
bated by nucleic acids. Here we introduce an array of ni-ODNs
that can strongly bind to HMGBs, which we find depends on
their length and phosphorothioate deoxyribose backbone. We
also show an inhibitory effect of an ni-ODN in the induction of
adaptive immune responses as well as in animal disease models
associated with HMGBs, and discuss the significance of our
findings from a therapeutic point of view.

Results

Generation of ni-ODNs with High-Affinity Binding to HMGBs. On the
basis of our previous finding that the TLR9 agonist CpG-B ODN
shows a markedly high affinity with HMGBs (11), we rational-

Author contributions: H.Y., S.C., T.B., K.H., H.O., and T.T. designed research; H.Y., S.C., T.B.,
Y.N., and T.0. performed research; T.O. and H.O. contributed new reagents/analytic tools;
H.Y. 5.C,, T.B., and T.T. analyzed data; and H.Y., 5.C,, T.B., K.H., and T.T. wrote the paper.

The authors declare no conflict of interest.
"H.Y., 5.C., and T.B. contributed equally to this work.
*To whom correspondence should be addressed. E-mail: tada@m.u-tokyo.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi: 10.
1073/pnas.1108535108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1108535108



a

ized that analogs without the CpG motif may also show similar if
not higher affinities with HMGBs but, unlike CpG-B ODN,
which activates TLR9 (5), will be nonimmunogenic (17). Thus,
we generated ODNs carrying GpG or GpC in lieu of the CpG
dinucleotide sequence of CpG-B ODN (Fig. S14), respectively
termed ISM ODN and ISR ODN, and then examined their in-
teraction with HMGBs with these ODNs by competitive pull-
down assay: In this assay, inhibition of the precipitation of
a recombinant HMGB protein by biotin-conjugated CpG-B
ODN was monitored by increasing the amounts of unconjugated
ODN of interest (11). As expected, the precipitation of HMGB1
was inhibited by unconjugated CpG-B ODN in a dose-dependent
manner, whereas ISM and ISR ODNs also showed inhibition in
this assay (Fig. 14). Among the three ODNs examined, the half-
maximal inhibitory concentration (ICsp) was lowest for ISM
ODN, suggesting that ISM ODN has the highest affinity with
HMGBI1 (Fig. 14). Unlike CpG-B ODN, ISM and ISR ODNs
were inert in evoking innate immune responses on the basis of
cytokine induction in dendritic cells (DCs) (Fig. S1B).

Because these ODNG all have a phosphorothioate backbone in-
stead of the usual phosphodiester backbone (11), we next asked
whether the nature of the sugar backbone would affect ODN af-
finity with HMGBI1 by generating an ISM ODN with a natural
phosphodiester bond, termed PD-ISM ODN. When PD-ISM ODN
was subjected to the pull-down assay, the inhibition of HMGBI1-
CpG-B ODN interaction was not observed, indicating that the
phosphorothioate backbone is a critical element for ODN binding
to HMGBI (Fig. 1B). However, because the inhibition of HMGB1
precipitation by a base-free phosphorothioate deoxyribose homo-
polymer, termed PS (18), is far weaker than the inhibition by CpG-B
ODN and ISM and ISR ODNSs of identical length, it is clear that the
bases also contribute to HMGB1 binding (Fig. 1B).

The above observations prompted us to examine whether the
base sequence and length of ODNs affect their binding to HMGB1
by generating various lengths of poly(dA) with the phosphor-
othioate backbone (Fig. S1C). As shown in Fig. 1C, 20-mer poly
(dA) (A20 ODN) inhibited the binding of HMGBI to CpG-B
ODN, but the inhibition was much weaker for 15-mer poly(dA)

CpG-B ODN pull-down

(A15 ODN), whereas 10- and 5-mer poly(dA) (A10 and A5 ODNS,
respectively) failed to inhibit the CpG-B ODN-HMGBI in-
teraction entirely. Essentially the same observations were made
when poly(dC) ODNs (C20, C15, C10, and C5 ODNs) were sim-
ilarly examined (Fig. S1D). These observations thus identify three
critical elements of ODNs for their high-affinity binding to
HMGBI, namely ODN phosphorothioate backbone and length
and, albeit to a lesser extent, base sequence. Finally, we also found
that HMGB1, HMGB2, and HMGB3 were all bound directly to
ISM ODN (Fig. S1E). Collectively, these results are consistent
with our previous finding of promiscuous binding of HMGBs (11)
and demonstrate that even ni-ODNs can bind HMGBs with high
affinity, provided that they have the characteristics defined above.

Suppressive Effect of ISM ODN on Nucleic Acid-Mediated Immune
Responses. We next examined whether ISM ODN, which shows the
highest binding affinity with HMGBs, suppresses nucleic acid-
mediated innate immune responses. As shown in Fig. 24, mouse
embryonic fibroblasts (MEFs) pretreated with ISM ODN and
subsequently stimulated with poly(dA-dT)-poly(dT-dA) (B-DNA)
(19) or poly(I:C) showed markedly suppressed mRNA induction
of type I IFNs, IL-6, and RANTES genes compared with mock-
treated MEFs; as expected, ISM ODN strongly interferes with the
binding of HMGB1 to B-DNA or poly(I:C) (Fig. S24). On the
other hand, the mRNA induction of the same genes by lipopoly-
saccharide (LPS) stimulation remained unaffected (Fig. S2B). To
examine the correlation between HMGB binding affinity and the
suppressive effect of the above ODNs, we compared ISM ODN
with CpG-B ODN, ISR ODN, PS, and PD-ISM ODN for their
suppressive effect on cytosolic nucleic acid stimulations in MEFs.
As shown in Fig. 2B, mRNA induction of the cytokine genes was
also strongly suppressed by CpG-B or ISR ODNs, albeit less ef-
fectively than ISM ODN. On the other hand, the suppressive effect
was very weak, if at all, for PS and PD-ISM ODN. Essentially the
same observation was made for the induction of IFN-$ and IL-6
secretion by ELISA (Fig. S2 C and D). In addition, A20 or C20
ODN:s effectively suppressed IFN-f mRNA induction by B-DNA,
whereas the effect diminished rather markedly as ODN length
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Suppressive effect of ISM ODN on nucleic acid-mediated innate immune responses. (A and B) MEFs were left untreated (control) or pretreated with the in-

dicated ODN (1 pM) for 1 h, and then stimulated with B-DNA (5 pg/mL) or poly(1:C) (5 pg/mL) for 3h (Aand B) or 6 h (A). (C) Bone marrow-derived pDCs were left untreated
(control) or pretreated with ISM ODN for 1 h, and then stimulated with CpG-A ODN (1 pM) or poly(U) (5 pg/mL) for 6 or 12 h. Cytokine mRNA expression levels of the
indicated genes were measured by quantitative RT-PCR. *P < 0.01 compared with control. Data in all panels are presented as means and SD (n = 3). ND, not detected.

decreased (Fig. S2E). Thus, the suppressive effect of each ODN
correlates with its binding affinity with HMGBI1.

Because HMGBs are essential for both cytosolic and TLR-
dependent sensing of nucleic acids (11), we next determined
whether TLR responses to nucleic acids are also suppressed by
ISM ODN. First, bone marrow cells were cultured in vitro with the
Flt3 ligand to enrich plasmacytoid DCs (pDCs), which produce
type ITFN en masse upon TLR7 or TLR9 stimulation (20), and the
effect of ISM ODN was then examined. As shown in Fig. 2C, the
mRNA induction by CpG-A ODN or poly(U), which respectively
activate TLR9 and TLR7, was strongly suppressed when these
cellswere pretreated with ISM ODN. Consistent with this, a strong
suppression by ISM ODN was also observed on the secretion of
IFN-o and IFN-B by these cells (Fig. S2F). Similarly, when con-
ventional DCs (cDCs), which were obtained by in vitro culture of
bone marrow cells with GM-CSF, were examined for CpG-B
ODN-TLR9-mediated IL-6 and TNF-a production, the ISM
ODN pretreatment of the cells resulted in a strong suppression,
whereas the LPS-TLR4-mediated production of the same cyto-
kines remained unaffected (Fig. S2G). Taken together, these

11544 | www.pnas.org/cgi/doi/10.1073/pnas.1108535108

findings all support our initial rationalization that ni-ODNs with
high affinity for HMGBs can selectively suppress nucleic acid-
activated immune responses via cytosolic receptors or TLRs.

Effect of ISM ODN on Cellular Delivery of and Receptor Signaling by
Nucleic Acids. To address where these ODNs exert their sup-
pressive effect on nucleic acid-mediated innate immune
responses, we first examined whether ISM ODN affects the
cellular uptake of B-DNA by fluorescence microscopy. When
a macrophage-like cell line, RAW264.7, was pretreated or mock-
treated with ISM ODN and then transfected with rhodamine-
labeled B-DNA, the B-DNA uptake in the cells was equally
observed in the cytosolic fraction as spot-like shapes, suggesting
that ISM ODN pretreatment does not interfere with the B-DNA
uptake into the cells (Fig. 34 and Fig. S34). Similarly, the uptake
of CpG-B ODN remained unaffected by ISM ODN pre-
treatment (Fig. 3B and Fig. S3B). Interestingly, when rhodamine-
conjugated ISM ODN was delivered into the cells, it merged with
FITC-labeled dextran, an endosome/lysosome marker, as well as
with LysoTracker, a lysosome marker (Fig. S3C); this pattern is
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ODN. (A and B) RAW264.7 cells were left untreated (control) (Left) or treated
with ISM ODN (1 uM) (Right) for 1 h, and then stimulated with rhodamine-
conjugated B-DNA (1 pg/mL) (ROX-B-DNA; red) (4) or rhodamine-conjugated
CpG-B ODN (1 uM) (ROX-CpG-B; red) (B) for 1 h. Fluorescence images were
observed by confocal microscope. The nucleus was stained with Hoechst
33342 (green). (Scale bars, 10 pm.) (C) MEFs were left untreated or pre-
treated with ISM ODN for 1 h, and then stimulated with 10 ug/mL B-DNA for
the indicated time periods. The phosphorylation of IRF3, IkB-o, JNK, and p38
was assessed by immunoblot analysis using the indicated antibodies.

essentially similar to that of the TLR9 agonist CpG-B ODN, as
demonstrated in previous studies (21, 22), and suggests that the
endosomal/lysosomal trafficking of these ODNs occurs similarly.
On the other hand, rhodamine-labeled B-DNA merged with
dextran but not with LysoTracker (Fig. S3D). Thus, taken to-
gether with previous reports showing that HMGB1 is also
expressed in endosomes (11, 23), these findings suggest that it is
the endosomal compartment where ISM ODN exerts its sup-
pressive effect on B-DNA-mediated innate immune signaling by
competing with this and other immunogenic nucleic acids for
binding with HMGBs (Discussion).

To further consolidate the notion that ISM ODN indeed
suppresses innate immune signaling, we examined the induction
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of phosphorylation of IRF3, IkB-a, JNK, and p38 MAPK fol-
lowing cytosolic B-DNA stimulation in MEFs with or without
ISM ODN pretreatment. As shown in Fig. 3C, the phosphory-
lation of all was inhibited by ISM ODN pretreatment, which was
similarly observed in cells stimulated by poly(I:C) (Fig. S3E).
Because the sequence of ISM ODN is identical to that of the
TLRY agonist CpG-B ODN aside from one nucleotide, we
wished to confirm that the inhibitory effect of ISM ODN is not
mediated by TLR9 by any means. When wild-type and T/r9-de-
ficient cDCs were cytosolically stimulated with B-DNA or poly(IL:
C), we observed that the induction of IL-6 and TNF-o mRNAs
was equally suppressed by ISM ODN in cells of both genetic
backgrounds, indicating that ISM ODN bound to HMGBs exerts
its function independently of TLR9 (Fig. S3F). Taken together
with these findings, we surmise that ISM ODN does not interfere
with the uptake of nucleic acids but rather inhibits the sub-
sequent ligand binding to the PRRs, thereby blocking down-
stream signal transduction events (Discussion).

ISM ODN Suppresses Nucleic Acid-Mediated Immune Responses in
Vivo. Nucleic acids potently enhance adaptive immune responses,
be they protective or harmful to the host, via the activation of
innate immune receptors (24). To investigate the effect of ISM
ODN on nucleic acid-mediated adaptive immune responses
in vivo, mice were immunized with chicken ovalbumin (OVA)
protein using B-DNA or CpG-A ODN as an adjuvant (22) and
either with or without pretreatment with ISM ODN, and the
induction of CD8a™ cytotoxic T lymphocytes (CTLs) was ex-
amined by flow cytometry. As shown in Fig. 44, the induction of
OVA-specific CTL responses was strongly suppressed by the
pretreatment of mice with ISM ODN. In addition, when OVA-
specific IgG1 production was monitored in the sera from mice
immunized with OVA and B-DNA, it was found to be sup-
pressed and almost undetectable in ISM ODN-pretreated mice
(Fig. S44). Thus, ISM ODN also serves as a potent suppressor of
nucleic acid-mediated adaptive immune responses.

Therapeutic Effects of ISM ODN in Immunological Disorder Models.
The above findings prompted us to examine whether ISM ODN
suppresses inflammation or autoimmune disorders in which the
contribution of nucleic acids and/or HMGBI1 has been implicated.
There is ample evidence that autoantibodies bound to self-DNA
or -RNA, or DNA derived from dead cells of inflammatory lesions,
can activate nucleic acid-sensing receptors and subsequent im-
mune responses (4, 24-26). A typical example is experimental
autoimmune encephalomyelitis (EAE), an animal autoimmune
demyelinating disease model of human multiple sclerosis, wherein
signaling by nucleic acid-sensing TLRs contributes to the de-
velopment and pathology of the disease (27-29). Thus, we exam-
ined whether ISM ODN can suppress EAE development in mice
immunized with myelin oligodendrocyte glycoprotein peptide
emulsified in complete Freund’s adjuvant. Eight days after im-
munization, these mice were injected i.v. with ISM ODN or were
mock-injected. Remarkably, EAE development, which was ob-
served in the mock-injected mice, was strongly suppressed in the
ISM ODN-injected mice (Fig. 4B).

We next examined the effect of ISM ODN on an established
LPS-induced septic shock model for which an active role for
HMGB1 has beenreported (30). Interestingly, when mice were i.p.
injected with a lethal dose of LPS, those pretreated with ISM ODN
showed a significantly high survival rate: As shown in Fig. 4C,
whereas all mice without ISM ODN pretreatment died within 48 h,
70% of those mice with ODN pretreatment survived even 72 h
after LPS injection. It is worth noting that, unlike the control mice,
the induction of serum aspartate transaminase (AST) and alanine
transaminase (ALT), which are indicators of liver injury, remained
strongly suppressed in ISM ODN-pretreated mice 16 h after LPS
injection, suggesting that ISM ODN itself has little or no toxicity
(Fig. S4B). To further examine how ISM ODN suppresses LPS-
induced lethality in mice, we analyzed the levels of serum proin-
flammatory cytokines after LPS injection. As shown in Fig. S4C,
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Fig. 4. Effect of ISM ODN on nucleic acid-mediated immune responses and
disease models in vivo. (A) Mice were immunized with 0.5 mg of OVA and
DNA (10 pg of B-DNA or 50 pug of CpG-A ODN) in the presence or absence of
1 mg of ISM ODN. Six days later, splenocytes were isolated and subjected to
three-color FACS analysis using an anti-CD8x antibody, anti-CD44 antibody,
and OVA-specific MHC class | tetramer. The data shown were gated on CD8a-
positive events. The numbers indicate the percentage of tetramer-positive
cells relative to the total number of CD8u* T cells. (B) Mean EAE scores + SD
for mice treated with PBS (control) or ISM ODN (n = 4 per group) are shown.
(C) Mice were i.p. injected with 1.25 mg of LPS, with or without {control) 0.1
mg of ISM ODN 1 h before LPS injection. The survival rate of each group was
monitored for 72 h (n = 10).

IL-6 and TNF-a production levels in sera were found to be the
same between ISM ODN-pretreated and mock-pretreated mice
2 h after LPS injection; however, cytokine levels were markedly
reduced in the ODN-pretreated mice at later time points. These
findings suggest that the early-phase induction of these cytokines
via the LPS-TLR4 signaling pathway is not affected by ISM ODN,
but rather it is the later-phase induction that is mediated by
HMGBI which is inhibited by the ODN. Indeed, HMGBI is in-
duced by LPS injection at this later phase (i.e., 8-32 h after in-
jection) (30). It has also been shown that HMGB1, which activates
TLR4 and possibly other receptors, is required for a lethal in-
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flammation (12, 13, 16). Thus, these observations raise the in-
teresting possibility that ISM ODN not only suppresses nucleic
acid-mediated immune responses but may also affect the activity
of HMGBI as a proinflammatory cytokine (Discussion).

Discussion

Nucleic acid-mediated immune responses have become an at-
tractive area of study, given their connection to protective and
pathological immunities. In view of our previous finding that
HMGBs function as universal sentinels for the innate immune
responses activated by nucleic acids (11), we aimed here to dem-
onstrate proof of concept for targeting HMGBs as a means for
therapeutic intervention for immunological disorders. To do so,
we reasoned that ni-ODNs with a high affinity for HMGBs would
interfere with the activation of subsequent nucleic acid-mediated
immune responses. Indeed, ISM ODN was found to bind HMGBs
with high affinity (Fig. 1 and Figs. S1 D and E and S24) and to
suppress immune responses induced by nucleic acid-sensing cy-
tosolic receptors or TLRs (Fig. 2 and Fig. 52 C, D, and F). Because
intracellular uptake/delivery of the immunogenic nucleic acids
remained unaffected in the presence of ISM ODN (Fig. 3.4 and B)
yet downstream signaling events were suppressed (Fig. 3C and Fig.
S3E), it is likely that ISM ODN competes with immunogenic
nucleic acids for HMGB binding. On the basis of our observations
(Fig. S3 C and D) and on previous reports showing that HMGB1 is
expressed also in endosomes (11, 23), this suppression of HMGB1
function by ISM ODN likely occurs in endosomal vesicles. This
view is consistent with our previous notion that the association of
ligands with the endosomal membrane and their binding to innate
receptors are the common events for the activation of nucleic acid-
mediated immune responses (11, 23, 31).

We surmise further that HMGBs function as essential and
common components of nucleic acid ligands, without which
nucleic acids cannot efficiently bind and activate their cognate
receptors, and that the ni-ODNs described here likely interfere
with this critical interaction through their binding to HMGBs.
Indeed, our data show a correlation between the binding affinity of
ODNs with HMGBI and the magnitude of the suppressive effect
of ODNs. Of the structural elements of ODNs that determine
binding affinity with HMGBs, our data indicated that a length of
more than 15 nucleotides and a phosphorothioate backbone are
most critical (Fig. 1 B and C and Fig. S1D). In this regard, previous
reports have shown that one HMGB1 molecule covers 15-18 bp of
DNA (32, 33), which corroborates our findings that affinity
markedly decreased as the ODNs became shorter than 20
nucleotides (Fig. 1C and Fig. S1D). Our results also show the im-
portance of phosphorothioate modification of a normal phos-
phodiester backbone for the high-affinity interaction of ni-ODNs
with HMGBs (Fig. 1B); it is interesting to note that this backbone
structure per se also shows binding affinity with other proteins
including TLRO (18, 34). However, it is clear that the nucleotide
bases attached to the backbone are also critical for ODN-HMGB
interaction. In an attempt to suppress the activation of TLR7- or
TLRY9-mediated immune responses, relatively short (15- to 25-
mer, in most cases) partially or entirely phosphorothioated ODNs
have been studied (35, 36). In addition, several classes of “in-
hibitory ODNs” have been developed, and some of them are
reported to ameliorate disease symptoms of animal models of
autoimmune diseases and septic shock (36); however, it has been
shown that the affinity of inhibitory ODNs with the receptors does
not necessarily correlate with their inhibitory activity (37). In light
of our present findings, these ODNs may also exert their inhibitory
activities on TLR signaling through their interaction with HMGBs.

Nucleic acid-mediated immune responses have been implicated
in the pathogenesis of inflammatory and autoimmune diseases (4,
24). Our present study indicates that ISM ODN may serve as an
effective compound for the treatment of autoimmunity and sepsis
(Fig. 4 B and C). Notably, ISM ODN treatment did not affect the
growth of primary MEFs in vitro (Fig. S3G) and did not change
AST and ALT levels in sera (Fig. S4B), suggesting that ISM ODN
treatment has little, if any, toxic effect. Because it has been sug-
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gested that TLRO signaling is related to the exacerbation of EAE
symptoms (28, 29), we surmise that ISM ODN may block patho-
logical TLRY signaling, thereby attenuating the progression of the
disease. Moreover, we show ISM ODN suppression of LPS-
mediated endotoxin shock, which provides yet another interesting
possibility for ODN-based therapy for sepsis and numerous other
inflammatory diseases involving HMGBI (16). Although further
study will be required to clarify how ISM ODN inhibits LPS-
mediated endotoxin shock, the following possibilities may be
considered. It is possible that ISM ODN inhibits the function of
HMGBI as an inflammatory cytokine when released into the ex-
tracellular environment by active secretion from stimulated
monocytes/macrophages (30) or by passive diffusion from necrotic
cells, functioning as a potent proinflammatory cytokine (12) via
the activation of TLR4 and other receptors (13). Thus, ODN in-
teraction with secreted HMGB1 may cause the functional in-
activation of HMGBI1 as an inflammatory cytokine, possibly
through the induction of a conformational change. On the other
hand, because ISM ODN shows no effect on LPS-mediated re-
sponse in vitro (Fig. S2 B and G), HMGB1 may need to interact
with an additional molecule for its inflammatory cytokine action
in vivo. Because LPS injection into mice induces massive death of
hepatocytes and other cells (38), one possibility is the suppression
of inflammatory responses by the necrotic cell-derived DNA that
may activate the innate immune receptors via interaction with
HMGB:s. This notion is supported by our observation that IL-6 and
TNF-« production induced by necrotic cells is inhibited by treat-
ment with ISM ODN (Fig. S4D). Another intriguing possibility is
that HMGBI1 secreted from cells associates with nucleic acids and
that the resulting complex may be the active form, whose function
is inhibited by the ODN.
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Because of its inflammatory activity, HMGBI has been tar-
geted for therapy in the treatment of numerous inflammatory
diseases. For instance, a previous study has demonstrated that
injection of an anti-HMGBI antibody protects mice from LPS-
induced lethal shock (30). In addition, because the protein is
often overexpressed in cancer cells, there is much hope for
therapeutic strategies based on targeting HMGBI1 (39). Thus,
ISM ODN or more effective derivatives may lead to the de-
velopment of alternate therapeutic interventions for these dis-
eases. Further evaluation of the efficacy and safety of ISM ODN
and other ODNs, compared with other strategies targeting
HMGBI, will be critical for pursuing such possibilities.

Materials and Methods

Poly(dA-dT)-poly(dT-dA) (B-DNA), poly(U), and LPS were purchased from
Sigma. Poly(l:C) was purchased from GE Healthcare Biosciences. ODNs for
CpG-B (17), CpG-A (GGtgcatcgatgcaGGGGGY) (40), ISM, ISR, PD-ISM (tccat-
gaggttcctgatget), poly(dA), and poly(dC) (uppercase, phosphorothioate
backbone; lowercase, phosphodiester backbone) with or without biotin,
rhodamine, or FITC were purchased from FASMAC. PS (18) was used as de-
scribed previously (11). Complex formation of B-DNA, poly(l:0), or poly(U)
with Lipofectamine 2000 (Invitrogen) and that of CpG-A ODN with N-[1-(2,3-
dioleoyloxy)propyll-N, N, N-trimethylammonium methyl-sulfate (DOTAP)
(Roche Applied Science) was prepared as described previously (11, 22). Ad-
ditional information is available in S/ Materials and Methods.
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ABSTRACT

A high concentration of bone morphogenetic proteins (BMPs) stimulates myogenic progenitor
cells to undergo heterotopic osteogenic differentiation. However, the physiological role of the
Smad signaling pathway during terminal muscle differentiation has not been resolved. We report
here that Smad1/5/8 was phosphorylated and activated in undifferentiated growing mouse
myogenic progenitor Ricl0 cells without exposure to any exogenous BMPs. The amount of
phosphorylated Smad1/5/8 was severely reduced during precocious myogenic differentiation
under the high cell density culture condition even in growth medium supplemented with a high
concentration of serum. Inhibition of the Smad signaling pathway by dorsomorphin, an inhibitor of
Smad activation, or noggin, a specific antagonist of BMP, induced precocious terminal
differentiation of myogenic progenitor cells in a cell density-dependent fashion even in growth
medium. In addition, Smad1/5/8 was transiently activated in proliferating myogenic progenitor
cells during muscle regeneration in rats. The present results indicate that the Smad signaling
pathway is involved in a critical switch between growth and differentiation of myogenic
progenitor cells both in vitro and in vivo. Furthermore, precocious cell density-dependent
myogenic differentiation suggests that a community effect triggers the terminal muscle
differentiation of myogenic cells by quenching the Smad signaling.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Skeletal muscle formation in the paraxial mesoderm is controlled by a
number of signaling molecules emanating from neighboring tissues.

Signaling molecules have both permissive and repressive effects on Sonic hedgehog (Shh) and Wnt promote myogenesis {1]. In contrast,
gene expression in the myotomes during embryonic myogenesis. bone morphogenetic protein 4 (BMP4) inhibits premature differen-
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Abbreviations: BMP, bone morphogenetic protein; ALK, activin-like kinase; MyHC, myosin heavy chain; BPV, bupivacaine hydrochloride
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tiation of the paraxial mesoderm. In addition, the negative action of
BMP4 is counteracted by a specific BMP antagonist, noggin [1].

In contrast to embryonic skeletal muscle formation, the contribu-
tion of the signaling molecules to regulation of myogenesis during
postnatal growth and repair of skeletal muscles remains to be
determined. Skeletal muscle stem cells of adult muscle are known as
muscle satellite cells that were characterized as a different class of
myogenic cells from embryonic and fetal myoblasts [2]. Nonetheless,
the signaling molecules that control embryonic and fetal myogenesis
are likely to play a role in the regulation of growth and differentiation
of muscle satellite cells and their descendant progenitor cells. Shh and
Wnt have been reported to promote the proliferation of postnatal
myogenic cells derived from muscle satellite cells [3-6]. It has been
well established that BMPs induce heterotopic osteogenic terminal
differentiation in myogenic cells derived from satellite cells [7-9].
Forced expression of constitutively active forms of BMP type I
receptors and those of activin-like kinases (ALK) or receptor-regulated
Smads (Smad1/5/8) induces ectopic osteogenesis in myogenic cells
[10-13]. These results strongly suggest that the BMP-ALK-Smad
signaling pathway renders the myogenic cell fate osteogenic.
However, the concentration of exogenous BMPs required to induce
osteogenesis in more than a half of myogenic cells is 100 ng/ml or
higher [8,9,14,15] (Supplementary Fig. S1; Hashimoto, unpublished
data). Recently, gene expression analyses of human skeletal muscle
demonstrate that BMP4 is involved in the regulation of myogenic
progenitor proliferation in human fetal skeletal muscle {16]. Co-Smad,
Smad4, is involved in the inhibition of myogenesis but not the
induction of osteogenesis, both of which are triggered by BMPs [15].
Therefore, these studies imply that the Smad signaling pathway plays a
distinct role independently of heterotopic osteogenesis.

In vitro culture systems of myogenic cells have greatly
contributed to elucidation of the molecular mechanisms underlying
myogenic terminal differentiation of muscle satellite cells. Mouse
and rat myoblast cell lines such as C2C12 [17], Ric10[18],and L6 [19]
from muscle satellite cells in postnatal muscle have been established
and represent excellent cell culture models to analyze the
proliferation and differentiation of myogenic progenitor cells.
Terminal muscle differentiation of myoblastic cells is usually induced
by reduction of the serum concentration in the culture medium. A
number of studies have provided mechanistic insights into myogen-
esis using this differentiation-inducing condition because terminal
muscle differentiation is synchronously induced in cells cultured in
the serum-reduced differentiation medium. Nevertheless, we should
keep in mind that the reduction of serum and/or growth factors
would never be triggering mechanisms of terminal muscle differ-
entiation in vivo. Another option to induce myogenesis of cultured
myoblasts is high cell density culture. A number of muscle cell
biologists may have had the common experience of myogenic cells
beginning to undergo terminal muscle differentiation even in
growth medium supplemented with a high concentration of serum
when cultures become confluent. The spontaneous differentiation
occurs asynchronously and focally in myoblast cultures under that
growth condition. Thus, cell density-dependent and growth factor-
independent induction of spontaneous myogenesis in vitro might be
a unique model to investigate the initiation of myogenesis in
regenerating muscles, which may contain large amounts of growth
factors and cytokines. Mechanistic insights into spontaneous
myogenesis may provide a new hypothesis concerning the molec-
ular switch between growth and differentiation of myogenic cells
during muscle regeneration.

In this study, we focused on the physiological role of the Smad
signaling pathway in the switch between growth and differentiation
of myogenic progenitor cells. Smad1/5/8 was activated in undiffer-
entiated mouse myogenic Ric10 cells under growth conditions
without the stimulus of exogenous BMPs. We show here that the
community effect of myogenic cells quenches the Smad signaling
pathway and triggers terminal muscle differentiation.

Materials and methods
Cell culture

The mouse myogenic cell line Ric10 was established from muscle
satellite cells of the normal gastrocnemius muscle of an adult female
ICR mouse [9,18,20]. Ric10 cells were plated on dishes coated with
type I collagen (Sumilon, Tokyo, Japan) and cultured at 37 °C under
10% CO, in primary myocyte growth medium (pmGM) consisting of
Dulbecco's modified Eagle's medium supplemented with 20% fetal
bovine serum (FBS), 2% Ultroser G (Biosepra, Cedex-Saint-Christophe,
France), and glucose (4.5 mg/ml) [9,14,21,22]. For induction of
myogenic differentiation, the cells were plated and cultured for 24 h
in pmGM, and then the medium was changed to primary myocyte
differentiation medium (pmDM) consisting of the chemically defined
medium TIS {23,24] supplemented with 2% FBS.

For micromass culture, dissociated single cells were cultured in
pmGM at a density of 5 x 10* or 1x 10° cells per 100-ul spot in a 35-
mm dish or 5x 102-2.5x 10% cells per 50-ul spot in a well of a 24-
well plate. After incubation for at least 2 h, pmGM was carefully
added to each dish or well.

For inhibition of the Smad signaling pathway, Ric10 cells were
cultured in medium supplemented with dorsomorphin (Calbio-
chem, Darmstadt, Germany) or recombinant mouse noggin and Fc
of human IgG, chimeric protein (R&D Systems, Minneapolis, MN).

Promoter assay

Ric10 cells (2x 10% per well in 12-well plates) were transfected with
0.75 pg of plasmids in the presence of 4.5 pl of FuGENEG transfection
reagent (Roche Diagnostic, Mannheim, Germany) as described
[20,23-25]. A reporter plasmid MGN-luc was constructed by
subcloning a 1.4 kb fragment of mouse myogenin promoter [26]
(kindly provided by Y. Nabeshima) into pGL2 (Promega, Madison,
WI). The transcriptional activity of Smad1/5/8 was determined using
a BMP/Smad-dependent specific enhancer-containing reporter
plasmid BRE-luc [27] (kindly provided by K. Miyazono). FLAG-
tagged mouse Smad6 cDNA (kindly provided by K. Watanabe) and
ALK2(KR) cDNA encoding a dominant negative form of human ALK2
(kindly provided by T. Imamura) were subcloned into pcDNA3
(Invitrogen, San Diego, CA). An expression plasmid for Renilla
luciferase, pRL-TK (Promega) was co-transfected for normalization
of transfection efficiency. A dual luciferase assay using a dual
luciferase assay system was done essentially according to the
manufacturer’s instructions (Promega).

Induction of muscle regeneration by bupivacaine
Gastrocnemius muscles of Sprague-Dawley rats were injected with

500 pl of 0.5% bupivacaine hydrochloride (Marcain; Astellas Pharma,
Tokyo, Japan) [28]. Three to four days after injection, the
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gastrocnemius muscles were removed and quickly frozen in iso-
pentane cooled with liquid nitrogen and processed for preparation of
cryosections as described [29]. Muscle specimens were sectioned at a
thickness of 8 um with a cryostat.

Immunofluorescence analysis

The frozen sections and cultured cells were fixed with 4% parafor-
maldehyde for 10 min at room temperature or on ice, respectively,
and then incubated with primary antibodies. Primary antibodies
included mouse monoclonal antibodies to mouse MyoD (1:10,
Novocastra, Newcastle, UK), chicken sarcomeric myosin heavy chain
(MHyC) (MF20, undiluted culture supernatant) [30], rat myogenin
[31] (ascites, 1:1000, Developmental Studies Hybridoma Bank, lowa
City, IA), rabbit polyclonal antibodies to human phosphorylated
Smad1/5/8 (pSmad) (1:100, Cell Signaling, Denver, CO), rat myogenin
(1:200) [25], or mouse Id1 (1:100, affinity purified antibodies against
R-galactosidase-mouse Id1 fusion protein) (Hashimoto, unpub-
lished). Secondary antibodies included biotinylated or Cy3-labeled
antibodies to mouse or rabbit immunoglobulin G (Jackson ImmunoR-
esearch Laboratory, Bar Harbor, ME). The biotinylated antibodies
were detected with streptavidin-conjugated Alexa488 (Jackson
ImmunoResearch Laboratory). Cell nuclei were stained with 24-
diamidino-2-phenylindole dihydrochloride n-hydrate (DAPI) (Sigma,
St. Louis, MO). Samples were visualized using an upright microscope
(model BX50; Olympus, Tokyo, Japan) and an inverted microscope
(model IX71; Olympus) and a CCD camera (DP70; Olympus). Images
were post processed using Adobe Photoshop (Adobe Systems, San
Jose, CA). The signal intensity of pSmad in the nucleus was quantified
using Image ] software (NIH, Bethesda, MA). The signal density of
pSmad in each sample was estimated from [signal intensity/nuclear
area).

Immunoblotting

Sample preparation and immunoblot analysis were performed as
described [24,25,32]. Immune complexes were detected by color-
imetry with a BCIP/NBT detection kit (Nacalai, Kyoto, Japan) or an
ECL kit (GE Healthcare, Piscataway, NJ). Primary antibodies included
antibodies to MyHC, myogenin, Smad1 (Abcam, Cambridge, MA),
pSmad, Id1 (Santa Cruz Biotech., Santa Cruz, CA) and flotilin-1 (Santa
Cruz Biotech). Secondary antibodies included alkaline phosphatase
(DAKO, Carpinteria, CA)- or horseradish peroxidase (GE Health-
care)-labeled antibodies to mouse or rabbit immunoglobulin G. The
PVDF membranes (Fluoro Trans W; Pall, Port Washington, NY) or X-
ray films (Hyperfilm ECL; GE Healthcare) were scanned, and the
signal intensity of each band was quantified using Image | software.

Results

Smad1/5/8 are phosphorylated in undifferentiated myogenic
cells under growth conditions

To understand the physiological role of BMP-ALK-Smad signaling
pathway during the growth and differentiation of postnatal myogenic
cells, we detected phosphorylated Smad1/5/8 in the mouse myogenic
progenitor cell line Ric10 with or without BMP2 stimulation. Smad1,
Smad5, and Smad8 are functionally activated through their phosphor-
ylation in a BMP-ALK-Smad axis-dependent manner [33]. The amount
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of Smad1, a major Smad protein in Ric10 cells, remained constant even
under BMP stimulation (Fig. 1A, upper panel). Exogenous BMP2
activated the Smad signaling pathway: although the amount of
phosphorylated Smad1/5/8 in BMP-stimulated Ric10 cells was not
more than 1.5 times that in unstimulated cells (Fig. 1A), exogenous
BMP2 multiplied the transcriptional activity of Smad1/5/8 up to more
than 10 times that in unstimulated cells (Fig. 1Ba). However, Smad1/5/
8 was also phosphorylated in growing Ric10 cells without exposure to
any exogenous ligand (Fg. 1A, left lane). Phosphorylated Smad1/5/
8 was localized in nuclei of unstimulated, growing Ric10 cells (Fig. 1C).
In addition, ALK2(KR), the dominant negative form of ALK2,
significantly reduced the transcriptional activity of Smad1/5/8 in
unstimulated cells (Fig. 1Bb). Exogenous BMP2 induced glycosylpho-
sphatidylinositol-anchored alkaline phosphatase (ALP), an early
marker of osteogenic differentiation through the activation of Smad
signaling pathway in mouse myogenic cells (Supplementary Fig. S1)
[9,14]. In contrast, the basal level activation of Smad1/5/8 didn't induce
ALP expression in unstimulated mouse myogenic cells (data not
shown) [9,14]. The results suggest that the Smad signaling pathway
plays a physiological role that is independent of osteogenic differen-
tiation in unstimulated, undifferentiated growing Ric10 cells.

Myogenic terminal differentiation-inducing conditions
reduce the amount of phosphorylated Smad1/5/8

Myogenic terminal differentiation of cultured myogenic cells depends
highly on both the serum concentration in the medium and the cell
density in the culture. Despite the low cell density, myogenic
progenitor cells actually undergo myogenic differentiation in differ-
entiation medium supplemented with a low concentration of serum.
However, myogenic cells under the high cell density culture condition
give rise to myotubes faster than those under the low cell density
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Fig. 1 - Phosphorylation of Smad1/5/8 in undifferentiated
growing myogenic cells. (A) Total protein (20 mg) was
prepared from Ric10 cells that had been cultured in pmGM
supplemented with (lane BMP2) or without (lane C) BMP2
(100 ng/ml) for 24 h. Smad1 and phosphorylated Smad1/5/

8 (pSmad) were detected on immunoblots. Relative amounts of
pSmad are shown below the lower panel. (B) Ric10 cells were
transfected with BRE-luc, Renilla luciferase-expression plasmid
pRL-tk, and pcDNA3.1 (a and vector in b) or an expression
plasmid for dominant negative ALK2 (KR). Then the cells were
cultured in pmDM for 24 h and harvested for dual luciferase
assay according to the manufacturer's instructions (Hashimoto
and Ogashiwa, 1997). In (a), the cells were stimulated with
BMP2 (100 ng/ml) or without (control) for 24 h. (C)
Unstimulated, growing Ric10 cells showed nuclear localization
of pSmad. The images were obtained by phase contrast (a) and
epifluorescent (b) microscopy. Scale bar: 10 pm.
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culture condition. To reveal the optimal culture condition for myogenic
differentiation, different numbers of Ric10 cells were cultured for 24 h
in the chemically defined differentiation medium TIS supplemented
with different concentrations of serum. Actually, myogenic differen-
tiation of Ric10 cells was exclusively induced under the culture
condition with low serum and high cell density in an early period of
culture (Fig. 2A). Then we determined the activation level of the Smad
signaling pathway in Ric10 cells under different culture conditions.
Smad1/5/8 was phosphorylated in low cell density culture (Fig. 2B,

lower panel). In contrast, the amount of phosphorylated Smad1/5/
8 severely declined in the high cell density culture. The serum
concentration in the medium also affected the phosphorylation level of
Smad1/5/8 both in low and high cell density cultures. In addition, a low
cell density in the culture and a high serum concentration in the
medium synergistically activated the Smad signaling pathway
(Fig. 2C). However, a low cell density in the culture more potently
activated the Smad signaling pathway than a high serum concentra-
tion in the medium.
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Fig. 2 - Down-regulation of Smad signaling pathway under myogenic differentiation-inducing conditions. (A) Ric10 cells were
plated at a density of 5x10%, 1x10% and 2x 10* cells in a well of a 12-well culture plate and then cultured for 24 h in medium
supplemented with different concentrations of fetal bovine serum (FBS). Cell density at seeding (cells per mm?) is shown in
parentheses left of the panels. Myogenin-positive nuclei were detected with a specific antibody and appeared as green dots. The
percentage of myogenin-positive nuclei is shown inside the panels. Phase contrast and immunofluorescence images of the identical
fields are shown as pairs. Scale bar: 100 pm. (B and C) Different numbers of Ric10 cells were plated in 35-mm dishes and cultured for
24 h in medium supplemented with different concentrations of FBS. Cell density at seeding (cells per mm?) is shown in parentheses
in (B). Myogenin, pSmad, and flotilin-1 were detected in 20 mg of total protein by immunoblotting analysis. Flotilin-1 was used
as a loading control. Amounts of phosphorylated Smad1/5/8 on immunoblots were quantified and are represented as a

three-dimensional graph (C).

148



EXPERIMENTAL CELL RESEARCH 317 (2011) 221-233 225

The myogenic differentiation-specific transcription factor myo-
genin was expressed exclusively in the high cell density cultures of
Ric10 cells, in which phosphorylation of Smad1/5/8 was down-
regulated (Fig. 2B, upper panel). It should be noted that Ric10 cells
undergo myogenic differentiation during prolonged culture (more
than 48 h), even under the low cell density culture condition
(Fig. 3A) [18]. Therefore, myogenic terminal differentiation was
enhanced in the high cell density culture associated with inactiva-
tion of the Smad signaling pathway. The results suggest that the
Smad signaling pathway is activated in undifferentiated proliferating
cells and inactivated during the myogenic differentiation induced
under the high cell density culture condition. The results imply the
involvement of the Smad signaling pathway in a critical switch
between growth and differentiation of myogenic cells.

Quenching of Smad signaling pathway is rate-limiting for
myogenic differentiation induced by serum reduction

To determine whether the Smad signaling pathway is involved in
the regulation of myogenic differentiation triggered by serum
reduction, Ric10 celis were seeded at low (22 cells per mm?) or
high (111 cells per mm?) cell density and then induced to
differentiate in differentiation medium pmDM containing 2%

serum for up to 48 h. Ric10 cells seeded at high cell density gave
rise to myotubes after 24 h under the serum-reduced culture
condition whereas those under the low cell density culture
condition began to fuse after 36 h (Fig. 3A). Expression of
myogenin and a muscle differentiation marker MyHC was induced
by serum reduction faster in the high cell density culture than the
low cell density culture (Fig. 3B). In contrast to the muscle-specific
proteins, the amount of a downstream factor of the Smad signaling
pathway, Id1, declined faster in the high cell density culture than
the low cell density culture. Serum reduction decreased the
amount of phosphorylated Smad1/5/8 in both low and high cell
density cultures. However, the phosphorylated Smad1/5/8 still
remained under the serum-reduced, low cell density culture
condition (Fig. 3B).

The previously mentioned results imply that quenching of the
Smad signaling pathway is rate-limiting for myogenic differenti-
ation induced by serum reduction. To explore this possibility,
Ric10 cells were treated with the Smad signaling pathway
inhibitor dorsomorphin [34]. Ric10 cells were seeded at low cell
density (18 cells per mm?) and then induced to differentiate in
pmDM for up to 48 h. More than 90% of Ric10 cells underwent
myogenic differentiation under this condition (Fig. 3A) [18].
Dorsomorphin further reduced the amount of remaining
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Fig. 3 - Activation levels of Smad signaling pathway during serum-reduced, low cell density culture. (A and B) Ric10 cells (2x 10*
cells per 35-mm dish; 22 cells per mm? for low cell density culture or 1x 10° per 35-mm dish; 111 cells per mm? for high cell density
culture) were plated and cultured in pmDM for up to 60 h. Images in (A) were obtained by phase contrast microscopy. Scale bar:
50 pm. Total cell lysates (20 pg of proteins) were subjected to immunoblotting analyses for MyHC, myogenin, pSmad, Id1, and
flotilin-1 (B). Flotilin-1 was used as a loading control. Plating cell number is shown at the left of panels. Cell density at seeding (cells
per mm?) is shown in parentheses in (B). Arrowheads indicate the enhanced expression of MyHC and myogenin. (C) Ric10 cells
(1x10° per 100-mm dish; 18 cells per mm?) were cultured in pmDM with dorsomorphin (3 gM) or without (Controel) for the
indicated periods (h) shown at the top of panels. Total cell lysates (20 pg of proteins) were subjected to immunoblotting analyses for
MyHC, myogenin, pSmad, and flotilin-1. Flotilin-1 was used as a loading control. Arrowheads indicate the enhanced expression of
MyHC and myogenin in dorsomorphin-treated culture. (D) Ric10 cells were transfected with MGN-luc, pRL-tk, and pcDNA3.1 (vector
and Dorsomorphin) or an expression plasmid for Smad6 or dominant negative ALK2 (ALK2(KR)). Then the cells were cultured in

pmDM for 24 h and harvested for dual luciferase assay.
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phosphorylated Smad1/5/8 (Fig. 3C). Expression of myogenin and
MyHC was enhanced in Ric10 cells treated with dorsomorphin at
24 and 36 h of culture in pmDM. Taken together with the results,
lowering the level of phosphorylated Smad may enhance myo-
genic differentiation triggered by serum reduction.

To determine whether the myogenic differentiation is negatively
regulated through the activation of Smad1/5/8 under the serum-
reduced culture condition, we determined the promoter activity of
myogenin in Ric10 cells when the function of Smad1/5/8 was
directly inhibited at distinct steps of the cellular signaling pathway:
dorsomorphin inhibits phosphorylation of Smad1/5/8. Smad6, an
inhibitory Smad, interrupts the interaction between Smad1/5/8 and
Smad4 or BMP type I receptors [35,36]. ALK2(KR), the dominant
negative form of ALK2, suppresses the activation of the BMP-
receptor ALK2 [12]. Activity of the myogenin promoter in Ric10 cells
during 24 h of differentiation culture was significantly enhanced by
administration of dorsomorphin or expression of Smad6 or ALK2
(KR) (Fig. 3D). The results suggest that the quenching of Smad
signaling pathway plays a role in the rate-determining step of
terminal muscle differentiation triggered by serum reduction.

Concentration of phosphorylated Smad1/5/8 declines during
myogenic differentiation in a cell density-dependent fashion

High cell density culture is another option for induction of
myogenic differentiation in vitro. Ric10 cells were cultured in
micromass to undergo myogenic differentiation independently of
the serum concentration in the medium. When 5x 10 or 1x10°
Ric10 cells were seeded in a 100-ul spot, cells gave rise to a circular
mass, the diameter of which was 6-8 mm (Fig. 4A). The cell
density within a micromass declined along a central-peripheral
axis. Myogenic terminal differentiation was induced exclusively
in the central region of a cell mass during the 48 h after seeding,
even when cells were cultured in growth medium pmGM
containing 20% serum and supplementary growth factors
(Fig. 4B). In the central region of the culture, the extremely
high cell density was associated with a loss of phosphorylated
Smad1/5/8 and the induction of myogenin expression even in
pmGM (Fig. 4C). Myogenin expression was induced in a fraction
of the nuclei in which the amount of phosphorylated Smad1/5/
8 was severely reduced (Supplementary Fig. S2). In contrast, the
cells retained phosphorylated Smad1/5/8 and did not express
myogenin in the peripheral region with relatively low cell density.
The results indicate that the Smad signaling pathway was
inactivated under the high cell density culture condition, and
also suggest that quenching of the Smad signaling pathway
induces precocious myogenic differentiation even in the presence
of growth factors.

Id1 gene is one of the target genes of the Smad signaling
pathway [27]. Its gene product, Id1, inhibits transcription of the
MyoD family and suppresses terminal myogenic differentiation
[37]. Id1 expression was inhibited in Ric10 cells exclusively in the
central region even in pmGM (Fig. 4D), although 1d1 is normally
expressed in a serum-dependent manner (Fig. 3B) [37]. Similar
expression patterns of phosphorylated Smad1/5/8 and Id1 imply
that inactivation of the Smad signaling pathway may induce
myogenin expression and myogenesis through suppression of Id1
expression.

Furthermore, differentiation-inducing culture for 24 h in
pmDM following 24 h of culture in pmGM triggered the robust

A Cell density

B vyHC and DAPI

C
Center
%
D AP myogenin

Fig. 4 - Down-regulation of phosphorylated Smad and Id1 during
myogenesis triggered in high cell density culture. (A and B) For a
micromass culture, 1x 10° Ric10 cells were plated in a 100-ul spot
and cultured in pmGM for up to 48 h. A diagram of micromass
culture shows that cell density is reduced along with the
center-periphery axis (A). MyHC was detected with a specific
antibody (red) and nuclei were stained with DAPI (blue) in (B).
Pictures show whole cell mass (a) and regions of center (b) or
periphery (c). Scale bars, 1 mm (a) and 50 pm (b and ¢). (Cand D)
Ric10 cells (5x 10 cells per 100-ul spot) were cultured in
micromass for 48 h in pmGM. The cells were subjected to
immunostaining with anti-myogenin and anti-pSmad or anti-Id1
antibodies. Nuclei were stained with DAPI. The numbers in
phase contrast images in (C) represent the cell density of the
indicated field (cells per mm?). Images in each row were obtained
from the same field. Scale bars: 50 pm.

expression of myogenin from the center to the sub-periphery of
the cell mass (Fig. 5A). Ric10 cells gave rise to myotubes in the sub-
peripheral region as well as the central region of the micromass.
Serum reduction caused a rapid fall in the amount of phosphor-
ylated Smad1/5/8 in micromass cultures (Fig. 5A). Id1 was down-
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Fig. 5 — Synergistic induction of robust myogenesis by high cell
density and serum reduction. (A and B) Ric10 cells (5x 10* cells
per 100 pl of spot) were cultured in micromasses in pmGM for
24 h and then further cultured in pmDM for up to 24 h. The cells
were subjected to immunostaining with anti-myogenin,
anti-pSmad, and anti-Id1 antibodies. Nuclei were stained with
DAPL The numbers in the phase contrast images in (A)
represent cell density of the indicated field (cells per mm?).
Images in each row show the same field. Scale bars: 50 pm.

regulated even in the peripheral region of the micromass in pmDM
(Fig. 5B). It should be noted that the cell density in the peripheral
region of the micromass (4-6x 10? cells per mm?) was still much
higher than that of the low cell density cultures shown in Figs. 2
and 3 (less than 100 cells per mm?). The results indicate that high
cell density and serum reduction synergistically induced robust
myogenic differentiation, possibly through quenching the Smad
signaling pathway.

Dorsomorphin enhances myogenic differentiation in a cell
density-dependent fashion under growth condition

To determine whether the Smad signaling pathway is involved in the
regulation of myogenic differentiation induced in the high cell
density culture, Ric10 cells were cultured in micromass under the
growth condition and treated with dorsomorphin for 24 h after
seeding. Myotube formation was markedly enhanced by dorsomor-
phinin a dose-dependent fashion (Fig. 6A). Expressions of MyHC and
myogenin were also enhanced by dorsomorphin in a similar manner
(Fig. 6B). Myotubes were robustly formed in both dorsomorphin-
treated and untreated cultures when the cells were cultured for the
prolonged period (48-60 h). The result indicates that dorsomorphin
induced myogenic differentiation precociously.

In the next series of experiments, various numbers of Ric10
cells were cultured in micromass to understand whether cell
density affects the enhancement of myogenesis by dorsomorphin.
The highest concentration of cells in the central region of the cell
mass increased along with the number of plated cells (Fig. 6C).
Phosphorylation of Smad1/5/8 was suppressed in high cell density
cultures (Fig. 6D). Dorsomorphin also inhibited phosphorylation of
Smad1/5/8 and markedly enhanced myogenic differentiation in
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high cell density culture whereas its effects were obscure in
relatively lower cell density culture (Fig. 6E). Dorsomorphin
continuously but limitedly decreased the level of phosphorylated
Smad1/5/8 per nucleus (Fig. 6F). Dorsomorphin and high cell
density synergistically down-regulated phosphorylation of
Smad1/5/8. When the concentration of phosphorylated Smad1/
5/8 fell below the putative threshold that is represented by an
arrow in Fig. 6F, expression of myogenin was induced (Fig. 6G).
Dorsomorphin-treatment also resulted in down-regulation of Id1
and up-regulation of MyoD (Supplementary Fig. S3). These results
imply that down-regulation of the Smad signaling pathway
induces myogenic differentiation even in pmGM under the high
cell density culture condition. Similar results were obtained from
another mouse myogenic cell line, COM3, that was re-cloned from
C2C12 cells (Supplementary Figs. S4-6) [23].

BMP antagonist noggin triggers myogenic terminal
differentiation in a cell density-dependent fashion under
growth condition

To determine whether precocious cell density-dependent, serum
concentration-independent myogenic differentiation is sup-
pressed by ligand BMP, Ric10 cells cultured in micromass were
exposed to a BMP antagonist, noggin. The expression of MyHC and
myogenin were induced in the center of cell mass exclusively
(Fig. 7A). Recombinant noggin (5 mg/ml) enhanced myotube
formation and the expression of MyHC and myogenin in the region
with the relatively lower cell density (Fig. 7B). However, noggin
failed to induce MyHC expression in Ric10 cells in the peripheral
region where cell density was lower than 1000 cells per mm?
(Fig. 7C). Consistent with the results in myogenesis assay, noggin
decreased the level of phosphorylated Smad1/5/8 (Fig. 7D). The
results suggest that ligand-dependent activation of the Smad
signaling pathway contributes to the suppression of precocious
differentiation of myogenic cells.

Smad signaling pathway is transiently activated in myogenic
progenitor cells during muscle regeneration in vivo

To examine the involvement of the Smad signaling pathway in
postnatal muscle regeneration, the phosphorylation of Smad1/5/
8 was determined in regenerating muscle. Muscle regeneration
was induced by injection of BPV into the gastrocnemius muscle of
rats. During the early phase of muscle regeneration, myogenic
progenitor cells derived from muscle satellite cells express MyoD
but not myogenin in BPV-injected rat muscle. Then, the cells are
induced to express both MyoD and myogenin, and they give rise
to myofibers [38] (Umeda and Hashimoto, unpublished observa-
tion). We detected phosphorylated Smad1/5/8 in more than 50%
of nuclei of MyoD-expressing myogenic cells in regenerating
muscle on days 3 and 4 after BPV injection (Fig. 8Aa-d). A fraction
of the myogenin-positive myogenic cells also showed phosphor-
ylated Smad1/5/8 in their nuclei (Fig. 8Ae-h), but the percentage
of phosphorylated Smad1/5/8-positive cells in the myogenin-
positive mononucleated cells was less than that in the number
of MyoD-positive mononucleated cells (39% vs. 65%). The
results indicate that the Smad signaling pathway is first acti-
vated and then inactivated in myogenic progenitor cells during
postnatal muscle regeneration. Therefore, the Smad signaling
pathway may be involved in the regulation of growth and
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differentiation of postnatal myogenic cells in vivo as well as in
vitro.

Discussion

Smad signaling pathway determines cell fates of
myogenic cells

In the present study, we provide evidence for a novel role of the
BMP-ALK-Smad axis in the switch between growth and differen-
tiation of myogenic cells during postnatal muscle growth and
repair. Autonomous cell expression of BMP receptors and
downstream Smad proteins in postnatal myogenic cells implies a
physiological function of the BMP-ALK-Smad axis during postna-
tal muscle differentiation. Actually, growing undifferentiated
myogenic cells show significant activation of the Smad signaling
pathway without administration of any exogenous BMPs. Four
independent methods of blocking the BMP-ALK-Smad axis
demonstrated that this physiological Smad signaling suppresses
precocious differentiation of myogenic cells and keeps their
undifferentiated state (Fig. 8B): inhibition of BMP function by
noggin, inhibition of ALK2 activation by dominant negative ALK2,
inhibition of the interaction between Smad1/5/8 and Smad 4 or
ALK2 by an inhibitory Smad, and inhibition of phosphorylation of

Fig. 6 - Induction of precocious myogenic differentiation by
dorsomorphin. (A and B) Ric10 cells (5x 10* cells per 100-pl
spot) were cultured in micromass in pmGM for 24 h and then
further cultured in pmGM with (Ab-d) or without (Aa)
dorsomorphin for up to 24 h. Each medium contained 0.03%
DMSQO. The cells were subjected to immunostaining with
anti-MyHC alone (A) or anti-myogenin and anti-MyHC
antibodies (B). Nuclei were stained with DAPL Images of central
regions of micromasses with the highest cell density were
obtained by phase contrast (Aa-d) and epifluorescent
microscopy (Aa’-d’). The percentages of nuclei in
MyHC-positive cells in the total number of nuclei are shown in
the lower panels (Aa’~d’). The percentages of nuclei in
myogenin- and MyHC-positive cells in the total number of
nuclei were calculated, and averages and standard deviations of
three independent cultures are shown as solid and open bars,
respectively in (B). (C-G) The indicated numbers of Ric10 cells
per 50-ul spot were cultured in micromass in pmGM for 24 h
and then further cultured in pmGM with 3 uM dorsomorphin
(E and solid bars in C, F and G) or without (D and open bars in C,
F and G) for up to 24 h. The cells were subjected to
immunostaining with anti-myogenin and anti-pSmad
antibodies. Nuclei were stained with DAPI. Images of the
central regions of micromasses with the highest cell density
were obtained by phase contrast (top panels) and
epifluorescent microscopy (lower panels) in (D and E). Cell
density (cells per mm?) at the end of culture was calculated and
is shown as averages and standard deviations of three
independent cultures (C), or represented as numbers in the top
panels (D and E). The relative concentration of pSmad in nuclei
(F) and the percentages of myogenin-positive nuclei in the total
number of nuclei (G) were calculated, and averages and
standard deviations of three independent cultures are shown.
Scale bars: 10 pm.
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Smad1/5/8 by a protein kinase inhibitor dorsomorphin. The
correlation between the levels of phosphorylated nuclear
Smad1/5/8 and myogenin indicates a threshold of the Smad signal
intensity that is sufficient to maintain myogenic cells in an
undifferentiated state (Fig. 6F). When the level of Smad signaling
is below the threshold, myogenic progenitor cells begin to undergo
terminal myogenic differentiation (Fig. 8B).

Our previous study suggests that the exposure to high concentra-
tions of BMP2 causes extraordinary activation of the Smad signaling
pathway resulting in induction of osteogenesis in myogenic cells [9].
Hyper-activated Smad1/5/8 irreversibly prevents myogenesis,
whereas spontaneously activated Smad1/5/8 suppresses precocious
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myogenic differentiation reversibly without exposure to exogenous
BMPs. Then, hyperactivation of the Smad signaling pathway results in
expression of Smad target genes that are not induced during
myogenesis but are required for osteogenesis (Fig. 8B).

Recently, we found that high concentrations of BMPs induce
ectopic osteogenesis of Ric10 in a cell density-dependent fashion
(Supplementary Fig. S7). The results suggest a continuum in the
effect of BMPs between the inhibition of myogenic differentiation
and transdifferentiation into an osteogenic cell fate. In addition,
low concentrations of BMP2 induced osteogenesis in Ric10 cells at
low cell density (Supplementary Figs. S7B and C). Taken together
with the Supplementary results, the magnitude of Smad signaling
might play a critical role in generation of different fates from
myogenic progenitor cells (Fig. 8B). In addition, we have found
that the exogenous BMP-induced osteogenesis is facilitated by a
co-signal (Yanagisawa and Hashimoto, unpublished). Therefore,
cellular context and co-signals may determine whether a given
BMP stimulus induces which cell fates. From this point of view, it is
very interesting that the migrating Ric10 cells at the margin of a
cell mass were refractory when exposed to high concentrations of
BMP2 (Supplementary Figs. S7D and E).

Quenching of Smad signaling is rate-limiting for myogenic
differentiation

The present study indicates that quenching of the Smad signaling
pathway triggers myogenic differentiation under the high cell
density culture condition. Serum reduction also lowered the
phosphorylation level of the Smad signaling pathway. However,
high cell density was more potent for inactivating the Smad
signaling pathway than low serum concentration in the medium.
The present study shows that the Smad signaling pathway is also
rate-limiting for myogenic differentiation induced by serum
reduction. However, the enhancement of myogenic differentiation
by dorsomorphin was quite limited under the serum-reduced, low
cell density culture condition. Thus, it is likely that distinct

Fig. 7 - Induction of precocious myogenic differentiation by
BMP antagonist noggin. (A, B and C) Ric10 cells (5 x 10 cells per
100-p1 spot) were cultured in micromasses in pmGM for 24 h
and then further cultured in pmGM with (B) or without (A)
noggin (5 mg/ml) for up to 24 h. The cells were subjected to
immunostaining with anti-myogenin and anti-MyHC
antibodies. Nuclei were stained with DAPI. Images of various
regions were obtained by phase contrast and epifluorescent
microscopy. Numbers in the left-hand panels in A and B
represent cell density (cell per mm?). (C) Cell density and the
percentages of nuclei in MyHC-positive cells in the total
number of nuclei were calculated in cultures stimulated with
(solid circles) or without (open circles) noggin. (D) Ric10 cells
(5x10* cells per 100-ul spot) were cultured in micromasses in
pmGM for 24 h and then further cultured in pmGM with (lower
panels) or without (upper panels) noggin (5 mg/ml) for up to
24 h. The cells were subjected to immunostaining with
anti-myogenin and anti-phosphorylated Smad1/5/8 antibodies.
Nuclei were stained with DAPL Images were obtained by
epifluorescent microscopy. The numbers in parentheses at the
left of panels represent cell density (cell per mm?) at the end of
culture. Scale bars: 50 pm.



