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Abstract

Nrf2 is a master regulator of oxidative stresses through the induction of anti-oxidative
genes. Nrf2 plays roles in maintaining murine hematopoietic stem cells and fly intestinal
stem cells. The canonical Notch signaling pathway is also crucial for maintaining several
types of adult stem cells including muscle stem cells (satellite cells). Here, we show that
DIlI1 induced Nrf2 expression in myogenic cells. In addition, primary targets of Notch signal-
ing, Hesr1 and Hesr3, were involved in the up-regulation of Nrf2 mRNA and expression of
its target genes. In vitro, Nrf2 had anti-myogenic and anti-proliferative effects on primary
myoblasts. In vivo, although Nrf2-knockout mice showed decreased expression of its target
genes in muscle stem cells, adult muscle stem cells of Nrf2-knockout mice did not exhibit
the phenotype. Taken together, in muscle stem cells, the Notch-Hesr-Nrf2 axis is a pathway
potentially inducing anti-oxidative genes, but muscle stem cells either do not require Nrf2-
mediated anti-oxidative gene expression or they have a complementary system compen-
sating for the loss of Nrf2.

Introduction

Canonical Notch signaling is essential for maintaining several types of adult stem cells includ-
ing muscle stem cells, melanocyte stem cells, neural stem cells, epithelial stem cells, and intesti-
nal stem cells [1-4]. When Notch is activated, its intracellular domain is cleaved by y-secretase
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and it translocates to the nucleus, where it activates the transcription of target genes through
interaction with Rbpj (Recombination Signal-Binding Protein 1 for J-Kappa) and MamL (mas-
termind-like). Well-known targets of canonical Notch signaling are Hes (Hairy and enhancer
of split) and Hesr (Hes-related, also known as Hey/Herp/Hrt/Gridlock/Chf) family genes [5, 6].
Using genetic tools to conditionally abrogate Rbpj in muscle stem cells, two independent
groups reported that canonical Notch signaling was essential for maintaining muscle stem cells
in a quiescent and undifferentiated state in mouse adult skeletal muscle [3, 4]. We and other
groups previously reported that, in myogenic cells, Hesrl and Hesr3 are predominantly
induced by Notch ligand (DII1 or DIl4) [7], and that Hesr1 and Hesr3 are essential for the gen-
eration of adult muscle stem cells during postnatal development [8]. Like Rbpj-knockout mus-
cle stem cells, Hesr1/Hesr3-double knockout (dKO) muscle stem cells express myogenic and
proliferation-related proteins that are rarely detected in adult muscle stem cells. Therefore, the
Notch/Rbpj/Hesr1-Hesr3 pathway is considered to be essential for generating adult muscle
stem cells, but the molecular mechanism by which quiescent and undifferentiated states are
impaired in the absence of Hesr1 and Hesr3 is still unknown [9].

Nrf2 is ubiquitously expressed in cells and is well characterized as a master regulator of the
anti-oxidative response pathway. Nrf2 activity is tightly regulated by Keapl (Kelch-like ery-
throid cell-derived protein with CNC homology [ECH]-associated proteins). Intriguingly,
Hochmuth et al. demonstrated that CncC (a homologue of Nrf2) activity is related to aged-
related loss of intestinal stem cells in Drosophila [10]. CncC induces antioxidant genes, which
result in low oxidative stress and maintain intestinal stem cells in the quiescent state. However,
Keap1 suppressed the transcriptional activities of CncC in old flies and led to decreased expres-
sion of antioxidant genes, which resulted in a high ROS (Reactive oxygen species) and prolifer-
ative condition leading to aged-related degeneration of the intestinal epithelium. Tsai et al.
reported the importance of Nrf2 in murine hematopoietic stem cells. In Nrf2-knockout mice,
hematopoietic stem cell and progenitor pools are expanded, which indicates an intrinsic dys-
function of hematopoietic stem cells in their migration to and retention in the niche [11]. How-
ever, the role of Nrf2 in muscle stem cells remains to be elucidated. In addition, information
about the transcriptional regulation of Nrf2 is limited compared to that of its post-transcrip-
tional regulation.

Intriguingly, the Notchl promoter has an Nrf2-binding element (ARE), and Nrf2 directly
regulates Notch expression [12]. In addition, the same group recently demonstrated that the
Nrf2 promoter has an Rbpj binding element and that canonical Notch signaling directly regu-
lates Nrf2 gene expression [13]. Thus, these two major signaling molecules may reciprocally
regulate each other, but, in adult stem cells, the relationship between Nrf2 and Notch signaling
is still largely unknown.

Here, we show the presence of a Notch-Nrf2 axis in muscle stem cells. We also found regula-
tion of Nrf2 expression by the primary target of Notch signaling, Hesr1 and Hesr3. Similar to
Notch signaling, Nrf2 has an anti-myogenic effect on myogenic cells in vitro. In addition, the
loss of Nrf2 resulted in decreased expression of its target genes in in vivo muscle stem cells. How-
ever, Nrf2-knockout mice did not exhibit any abnormality in muscle stem cells. These results
indicate that the Notch-Hesrs-Nrf2 axis is a potential active pathway in muscle stem cells, but
that Nrf2 is dispensable, or it has redundant genes or a redundant pathway in muscle stem cells.

Results
Notch signaling induced Nrf2 mRNA in myogenic cells

First, we examined the induction of Nrf2 mRNA by Notch ligand in myogenic cells. C2C12
cells, a myogenic cell line, were cultured with DIl1-expressing CHO (Chinese Hamster Ovary)
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cells (DII1) or control CHO cells (Cont), and then we compared mRNA expressions of Nrf2 by
DIl1 and Cont cultures. Similar to Hesr1 and Hes3 (well-known primary targets of Notch sig-
naling), Nrf2 expression was upregulated in C2C12 cells co-cultured with DII1 (Fig 1). These
results indicate the presence of a Notch-Nrf2 axis in myogenic cells.

Next, we examined whether Hesr1 and Hesr3 induced the mRNA expressions of Nrf2 and
its target genes, Hmox1 and Txnrd1. Hesrl or Hesr3 was retrovirally transduced in primary
myoblasts (Fig 2A), and we observed that Hesr1 significantly induced Nrf2 and its target genes,
Hmox1 (Heme Oxygenase-1) and Txnrd1 (Thioredoxin reductase 1) (Fig 2B). We also investi-
gated the mRNA expression of Nrf2 in HesrI- and/or Hesr3-knockout MuSCs. In our previous
analyses, MuSCs in HesrI- or Hesr3-single knockout mice did not show a remarkable pheno-
type [8]. Consistent with previous results, Hesr1- or Hesr3-single knockout MuSCs expressed a
level of Nrf2 similar to that of wild-type mice. However, Hesr1/Hesr3-double knockout MuSCs
exhibited decreased expressions of Nrf2 and its target genes (Fig 2C). These results suggest that
Hesrl and Hesr3 are necessary for Nrf2 expression in MuSCs.

In order to examine the contributions of Hesr1 and Hesr3 to DII1-dependent Nrf2 expres-
sion in primary myoblasts, similar to Fig 1, primary myoblasts were co-cultured with DII1-ex-
pressing CHO or control CHO cells. In control cells, Nrf2 was induced by DII1 as well as Pax7
(paired box 7) and Myf5 (myogenic factor 5) (Fig 3A and 3B). In contrast, the expressions of
MyoD (myogenic determination gene) and myogenin were decreased by DII1. This increment
or decrement was also observed in dKO myoblasts. However, the increased expression of Nrf2
was not observed in dKO myoblasts. Taken together, these results indicate that canonical
Notch pathways induced mRNA expression of Nrf2 potentially in a Hesr1/Hesr3-dependent
manner in MuSCs.

Nrf2 had anti-myogenic and anti-proliferative effects

In order to examine the impact of Nrf2 on myogenic gene expressions, Nrf2 genes were retrovi-
rally transduced in primary myoblasts, and mRNA and protein expression of myogenic genes
were examined. As shown in Fig 4A, overexpression of Nrf2 in primary myoblasts resulted in
up-regulation of its target anti-oxidative genes, Hmox1, Txnrdl, and Gclm (glutamate-cysteine
ligase, modifier subunit) (Fig 4A). In these cells, nRNA expressions of MyoD and myogenin
were inhibited by Nrf2 (Fig 4B). In addition, Nrf2 significantly suppressed MyoD protein in
primary myoblasts (Fig 4C).
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Fig 1. DII1 induces mRNA expression of Nrf2. C2C12 cells were cultured with CHO (white) or CHO-DII1
(black). After 12 hours co-culture, total RNA was obtained and Nrf2 and Notch effector gene expressions
were examined by real-time PCR. The y-axis shows the mean+S.D. (n = 5). **, P<0.01, *, P<0.05.

doi:10.1371/journal.pone.0138517.g001
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Fig 2. Hesr1 and Hesr3 affect Nrf2 expression. (A) Relative expressions of Hesr1, Hesr2, and Hesr3
mRNA were compared among control (CLIG), Hesr1-overexpressed (Hesr1), and Hesr3-overexpressed
(Hesr3) primary myoblasts. The y-axis indicates means+S.D. (n = 3—4). **, P<0.01. (B) Relative expressions
of Nrf2, Hmox1, and Txnrd1 mRNA were compared among control (CLIG), Hesr1-overexpressed (Hesr1),
and Hesr3-overexpressed (Hesr3) primary myoblasts. The y-axis indicates means+S.D. (n = 3—4). **,
P<0.01, *, P<0.05. (C) Relative expressions of Nrf2, Hmox1, and Txnrd1 mRNA were compared among wild-
type (WT), Hesr1-null (1KO), Hesr3-null (3KO), and Hesr1/Hesr3-double null (dKO) MuSCs. The y-axis
indicates means+S.D. (n = 3-4). **, P<0.01, *, P<0.05.

doi:10.1371/journal.pone.0138517.g002

Next, we examined the effects of Nrf2 on cell proliferation and cell cycle—related gene
expressions in primary myoblasts. As shown in Fig 4D, cell cycle—related gene expressions
tended to be inhibited by Nrf2. Specifically, Ccna2 and Ccenbl expressions were significantly
suppressed by Nrf2. Furthermore, EQU uptake was slightly inhibited by Nrf2 (Fig 4E). There-
fore, these results suggested that Nrf2 has anti-myogenic and anti-proliferative effects in vitro.

It is well known that the induction of anti-oxidative genes by Nrf2 results in a decreased
level of ROS. Therefore, the effect of Nrf2 might result from the reduced level of ROS in pri-
mary myoblasts. In order to investigate the correlation between ROS level and myogenesis,
C2C12 cells were treated with pyocyanin (PCN), an inducer of oxidative stress. As shown in
Fig 4F, PCN increased the ROS level in C2C12 cells, and NAC (N-acetyl-L-cysteine, an inhibi-
tor of ROS) negated the effect of PCN. Using these cells, the MyoD protein level was evaluated
by Western blot analyses. As shown in Fig 4G, PCN or NAC significantly inhibited or induced
MyoD protein. Therefore, these results suggest that the Nrf2 has an anti-myogenic effect which
is likely to stand as a different pathway from the induction of anti-oxidative stress genes by
Nrf2.
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Fig 3. Nrf2 expression in Hesr1/Hesr3-double null primary myoblasts is decreased. (A) Relative expressions of Pax7, Myf5, MyoD, and Myogenin
mRNA by myoblasts co-cultured cells with CHO (white) and CHO-DII1 were compared (black). The y-axis indicates means+S.D. (n = 5-6). (B) Primary
myoblasts derived from control (WT) or Hesr1/Hesr3-double null (dKO) were cultured with CHO (Cont) or CHO-DII1 (DII1). After 24 hours co-culture, total
RNA was obtained and myogenic genes and Nrf2 gene expression examined by real-time PCR. (n = 5-6).

doi:10.1371/journal.pone.0138517.9003

Nrf2-knockout mice showed no abnormality in skeletal muscle and
MuSCs at the basal state

In order to determine whether Nrf2 plays physiological roles in the development of skeletal
muscle and maintenance of MuSCs, we analyzed Nrf2-knockout mice generated previously
[14]. As shown in Fig 5A, the muscle weight was not changed among control, Nrf2-heterozy-
gous, and Nrf2-knockout mice. The number and area of myofibers were also not changed (Fig
5B and 5C). Furthermore, in contrast with hematopoietic stem cells, immunohistochemical
studies showed no alternation in the number of MuSC in Nrf2-knockout mice (Fig 5D). FACS
analyses also supported the lack of effect of Nrf2-knockout on MuSC number (Fig 5E). Collec-
tively, Nrf2-knockout mice did not show any abnormality in skeletal muscle development or
MuSC number under normal condition.

Nrf2-knockout mice showed down-regulation of anti-oxidative genes and
normal quiescent and undifferentiated states

We next examined the expressions of myogenic and cell cycle-related genes in Nrf2-knockout
mice. As shown in Fig 5F, Nrf2 and the target genes of Nrf2 were significantly decreased in
Nrf2-knockout mice. However, myogenic and cell cycle-related gene expressions of control
and Nrf2-knockout mice were not different (Fig 5G and 5H). Furthermore, there was no differ-
ence in the protein expressions of MyoD between the control and Nrf2-knockout group (Fig
51). We could detect Pax7"Ki67" cells, neither in control nor Nrf2-knockout mice. Further, the
regenerative ability of Nrf2 is similar to the littermate control in cardiotoxin-induced acute
damage model (S1 Fig). Collectively, although Nrf2 regulates anti-oxidative genes in MuSCs,
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Nrf2 is dispensable or has a redundant gene pathway for regulating their quiescent and undif-
ferentiated state.

Discussion

In this study, we demonstrated that DII1 induced Nrf2 expression in myogenic cells. In addi-
tion, Hesr1 induced Nrf2 expression. Hesrl is considered to be a transcriptional repressor
because it recruits corepressors such as mSin3A, N-CoR, and histone deacetylase 1 via C-termi-
nal YRPW terapeptides [5]. Therefore, the effect of Hesr1 on Nrf2 expression seems to be indi-
rect. Although Hesr3 has a further degenerated YXXW sequence and the cofactors of Hesr3
are not yet identified, Hesr3 was also considered a transcriptional repressor. In vitro, Hesrl
induced the expression of Nrf2, but Hesr3 did not induce it. The decreased level of Nrf2 expres-
sion was observed only in Hesr1/Hesr3-double knockout mice. Hesr1 inhibited MyoD expres-
sion, but Hesr3 did not have such an effect in C2C12 cells [15]. A remarkably increased MyoD
expression was also observed in only Hesr1/Hesr3-double knockout mice, demonstrating the
complementary roles of hesr1 and hesr3 in satellite cells [8]. Currently, we cannot explain
those discrepancies, but one possibility is the co-repressor or co-work molecule of Hesr3 is not
expressed in in vitro myoblasts for the induction of Nrf2 mRNA and suppression of MyoD.

In contrast, Rbpj binds directly to the Nrf2 promoter [13]. In our analyses, D111 did not suc-
cessfully induce Nrf2 expression in Hesr1/Hesr3-double knockout myoblasts. Even in dKO
myoblasts co-cultured with control cells, the Nrf2 level was lower than in wild-type cells.
These results suggest that the Rbpj-Nrf2 axis is less sensitive or that the Notch-Rbpj-Hesr1/
Hesr3-Nrf2 axis is a more crucial pathway in myogenic cells.

There is increasing evidence that Nrf2 and other regulators of the oxidative stress response
are critical for quiescence in hematopoietic and neural stem cells. In MuSCs, the loss of Nrf2
resulted in a decrease in Nrf2 target genes. These results indicate that Nrf2 functions to induce
its target genes in MuSCs. However, approximately half of them were still expressed in Nrf2-
knockout mice, which implies that an Nrf2-independent mechanism also contributes to their
expression in MuSCs. Nrfl is also a member of the Cap’n’collar (Cnc) family of transcriptional
factors. During early development, Nrfl and Nrf2 have overlapping functions and Nrfl/Nrf2-
double knockout fibroblasts showed increased intracellular ROS levels compared with those of
each single-knockout mouse [16]. During myogenic development, Pitx2 (Paired-Like Homeo-
domain 2)/Pitx3 directly regulate Nrfl expression, and the loss of Pitx2/Pitx3 leads to down-
regulation of Nrfl, eventual ROS accumulation, and finally leads to cell death [17]. In MuSCs,
Nrfl mRNA was detected, and Nrf2-knockout mice showed the similar level of NrfIl mRNA
with the littermate control (S2 Fig). Nrf2-overexpressed MuSCs also show same level of Nrfl
mRNA, indicating Nrfl might work redundantly with Nrf2 against ROS in MuSCs without
influencing Nrfl expression.

FoxOs (Forkhead box O) genes are also known as transcriptional factors that activate tran-
scription of anti-oxidative genes. In hematopoietic and neural stem cells, the requirement for a
FoxO gene or genes is reported [18, 19]. For example, in hematopoietic stem cells, the loss of
FoxO3 results in increased cell cycling and reduction of the hematopoietic stem cell pool [20].
Although FoxO3 is expressed in MuSCs and FoxO3 affects their self-renewal, the muscle stem
cell pool was not affected one month after FoxO3 deletion as a steady condition [21]. These
results might imply that FoxOs and Nrf2 work redundantly in MuSCs.

Although little is known about the function of Nrf2 in MuSCs, the importance of Nrf2 in
mouse skeletal muscle was reported. Kombairaju et al. showed that Nrf2-knockout A/J mice (a
model of dysferlinopathy) exhibited significant muscle-specific functional deficits, histopatho-
logic abnormalities, and dramatically enhanced X-ROS compared to control A/] and WT mice
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[22]. Others reported that Nrf2 has a minimal role in the mouse skeletal muscle antioxidant
defense in two-month-old mice, but Nrf2 disruption promotes oxidative stress and impairs
antioxidant mechanisms on aging [23, 24]. Al-Sawaf et al. reported impaired regeneration in
Nrf2-knockout mice using an ischemia injury model and indicated that MyoD and myogenin
promoters contain a highly conserved ARE sequence across species that is the binding site of
Nrf2 [25]. In addition, they indicated that Nrf2 induced MyoD or suppressed myogenin
expression using 539 bp upstream of the MyoD gene or 4000 bp upstream of the myogenin
gene. Intriguingly, the influence of Nrf2 on MyoD and myogenin were detected in proliferating
myoblasts, but not in differentiated myotubes. In our analyses, Nrf2-knockout mice did not
show any defect in skeletal muscle regeneration in acute muscle damaged model (cardiotoxin
model), and Nrf2 inhibited MyoD and myogenin expression in proliferating myoblasts.
Although further studies are necessary to reveal the expression regulation of myogenic genes
by Nrf2, the data provide the evidence that the function of Nrf2 is strongly depended on the
state of cell differentiation and injured condition.

ROS accumulation affects myogenic differentiation [26]. For example, in vitro, administra-
tion of H,O, inhibits or slows down the process of myogenic differentiation. In contrast, an
ROS trapping agent (phenyl-N-tert-butylnitrone, PBN) reduced redox potentials and
enhanced C2C12 differentiation. A similar result was reported by another group [27]. Intrigu-
ingly, p66shc-knockout mice exhibited lower oxidative stress, and the skeletal muscle of
p66shc-knockout mice regenerated faster than that of control mice in both ischemia and CTX-
injured models. The number of muscle satellite cells in p66shc-knockout mice was equal to
control mice, but in vitro cultured p66shc-knockout satellite cells displayed a lower oxidative
stress level and a higher proliferation rate and the cells differentiated faster than the control
cells. Furthermore, p66shc-knockout satellite cells were resistant to H,O,-induced inhibition of
differentiation. It can be suggested that ROS exerts an inhibitory effect on myogenic differenti-
ation. Our results showed the inhibition of MyoD expression by pyocyanin, also, indicating the
inhibitory role of ROS on myogenic differentiation. Despite the inhibition of ROS by Nrf2,
Nrf2 had a suppressive effect on MyoD expression in vitro. Although the anti-oxidative roles of
Nrf2 is the best characterized, the inhibitory effect of Nrf2 on MyoD expression seems to be
ROS-independent in myogenic cells. In fact, it is reported that Nrf2 plays roles in the survival
of hematopoietic stem cells via a ROS-independent mechanism [28].

In summary, we found a potential Notch-Hesr-Nrf2 axis in MuSCs. Although Nrf2-knock-
out mice did not exhibit any impairment in MuSCs, Nrf2 suppresses myogenic and cell-cycle
related genes. There is a possibility that MuSCs of aged Nrf2-knockout mice show some abnor-
malities. Because female Nrf2-knockout mice spontaneously develop a lupus-like autoimmune
nephritis [29], it is difficult to rule out the secondary effect of Nrf2 in MuSCs. Therefore, in
order to reveal the direct role of Nrf2 in aged MuSCs, a conditional knockout mouse will be
necessary.

Materials and Methods

Mice

C57BL/6 mice were purchased from Charles River Japan (Yokohama, Kanagawa, Japan).
Hesr1”” mice and Hesr3”" mice were described previously [8, 30]. In order to generate Hesr1”"
Hesr3™” mice, Hesr1""~ Hesr3”" mice were crossed. Nrf2 knockout mice [14] were provided by
Riken Bio Resource Center (Kanagawa, Japan) and maintained in our animal facility by

brother-sister matings. All procedures for experimental animals were approved by the Experi-
mental Animal Care and Use Committee of Osaka University.
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Preparation and FACS analyses of skeletal muscle-derived
mononuclear cells

Mononuclear cells from skeletal muscle were prepared using 0.2% collagenase type II
(Worthington Biochemical Corp., Lakewood, NJ) as previously described [31]. Myogenic cells
were highly purified in the SM/C-2.6"CD31 CD45 Sca-1" fraction [32, 33].

Immunohistochemistry

Tibialis anterior muscles were isolated and frozen in liquid nitrogen-cooled isopentane (Wako
Pure Chemical Industries, Osaka, Japan). For immunohistological analyses, transverse cryosec-
tions (6 um) were fixed with 4% PFA for 10 min. After washing with 0.1% Triton-X100/PBS,
endogenous mouse IgG was blocked using an M.O.M. kit (Vector Laboratories Inc., Burlin-
game, CA), and then reacted with mouse anti-Pax7 and rat anti-laminin o2. The next day, after
washing with 0.1% Triton-X100/PBS, the sections were stained with secondary antibodies con-
jugated with Alexa 488 or Alexa 568 (Molecular Probes, Eugene, OR, USA). The signals were
recorded photographically using the confocal laser scanning microscope system TCS-SP5
(Leica, Heerbrugg, Switzerland) or a fluorescence microscope BX51 (Olympus, Tokyo, Japan)
equipped with a DP70 CCD camera (Olympus) or BZ-X700 (Keyence, Tokyo, Japan).

RT-PCR

Total RNA was extracted from sorted cells with a Qiagen RNeasy Micro Kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany) and then reverse-transcribed into
cDNA by using TagMan Reverse Transcription Reagents (Roche Diagnostics, Mannheim, Ger-
many). Real time PCR was performed using SYBR Premix Ex Taq (Takara, Kyoto, Japan) in a
final volume of 10 pl. Samples were amplified, and the relative gene expression levels were cal-
culated using standard curves generated by serial dilutions of the cDNA. Specific primer
sequences used for PCR are listed in S1 and S2 Tables.

Retroviral vector preparation and infection experiments

Retrovirus constructs of Hesr1 and Hesr3 were described previously [34]. Parental retro CLIG
contains GFP, and therefore simultaneously expresses hesr genes and GFP. A full-length Nrf2
cDNA was amplified by RT-PCR using the following forward or reverse primers containing
restrict enzyme sequence, Xhol or Notl, respectively: forward, 5/ ~CTCGAGccctcageat
gatggact-3’,andreverse, 5 ~-GCGGCCGCtcacagtaggaagttttagca-3’.The PCR
product was sequenced and cloned into a bicistronic retrovirus construct, pMXs-IRES/GFP (a
kind gift from T. Kitamura at the University of Tokyo)[35, 36], which contains an IRES-GFP
sequence inserted after the Nrf2 gene. Therefore, it simultaneously expresses Nrf2 and GFP.

The viral particles were prepared as described [35, 36]. After overnight infection with
recombinant retroviruses, GFP-positive cells were sorted by FACS Aria IT"™. To investigate
MyoD expression or perform EdU-uptake assays, GFP-positive cells were grown in GM for
2-3 d and then fixed with 4% paraformaldehyde. After permeabilization by 0.25% Triton-
X100, the cells were stained with anti-MyoD antibodies (BD Pharmingen, San Diego, CA,
USA) or EdU (Invitrogen, Carlsbad, CA, USA). EAU was added to GM 2 h before fixation and
was detected following the protocol supplied by the manufacturer. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI).
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Satellite cell culture

Freshly isolated satellite cells were cultured in a growth medium (GM) of high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM-HG; Sigma-Aldrich, St. Louis, MO, USA) containing
20% FCS (Trace Biosciences, N.S.W., Australia), 10 ng/ml bEGF (PeproTech, London, UK),
and penicillin (100 U/ml)-streptomycin (100 pg/ml) (Gibco BRL, Gaithersburg, MD) in
culture dishes coated with Matrigel (BD Bioscience). Differentiation was induced in differentia-
tion medium (DM) containing DMEM-HG, 5% horse serum, and penicillin-streptomycin for
3-4d.

Co-culture with CHO-DIIA

CHO cells stably transfected with mouse D11 (CHO-DII1) or empty vector (CHO-V) were
kind gifts from Dr. Zolkiewska (Kansas State University) (Dyczynska et al., 2007). Satellite cells
were isolated from wild-type or Hesr1/3-dKO mice, and 1x10° cells were plated in six-well
plates. Three days later, CHO-DIl1 or CHO-V were added (5x10° cells/well) and incubated in
GM. After 12-24 h, total RNA was extracted from the cultured cells including CHO cells.
Primers were designed specific for mouse sequences.

Measurement of ROS

C2C12 cells were cultured at 2 x 10° cells per well on 6-cm dishes. The next day, pyrocyanin
(Sigma-Aldrich) was added at a final concentration of 10 uM. After a 24-h culture, the cells
were harvested and analyzed. When the cells were treated with N-acetyl-L-cysteine (NAC), it
was added to the cells 1 h before pyrocyanin treatment. ROS was detected by CM-H,DCFDA
(Life Technologies, Carlsbad, CA, USA) and an FACSCalibur flow cytometer (BD Immunocy-
tometry Systems).

Western Blot

C2C12 cells were homogenized in lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM NaF, 1% NP40, and protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan).
The lysate was obtained by centrifugation at 14000 x g for 20 min at 4°C, then the protein con-
centration was measured by a DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA).
After addition of 6 x SDS loading buffer (125 mM Tris-HCI, 12% 2-mercaptoethanol, 4%
sodium dodecylsulfate, 20% glycerol, and 0.01% bromophenol blue) to the lysate, total proteins
were boiled for 5 min and separated by electrophoresis on polyacrylamide gels. Then the pro-
teins were transferred to an Immobilon-P Transfer Membrane (Millipore, Bedford, MA, USA).
The membranes were incubated in PBS containing 5% skim milk at room temperature to block
non-specific protein binding. The membranes were subsequently incubated in 10 mM T'ris-
HCI, 150 mM NacCl, and 0.1% Tween 20 buffer containing anti-MyoD antibody or anti-B-actin
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. After incubation
with the appropriate HRP-labeled secondary antibody (Santa Cruz Biotechnology) for 1 h at
room temperature, the blots were stained with an ECL Western blotting kit (GE Healthcare,
Little Chalfont, UK). The signals were detected using a Light-Capture imaging system (Atto
Corp., Tokyo, Japan).

Statistics

Values were expressed as means + SD or SE. Statistical significance was assessed by Student’s ¢
test. In comparisons of more than two groups, non-repeated measures analysis of variance
(ANOVA) followed by the Bonferroni test (vs. control) or SNK test (multiple comparisons)
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were used. A probability of less than 5% (p<0.05) or 1% (p<0.01) was considered statistically
significant.

Supporting Information

S1 Fig. The ability of skeletal muscle regeneration in Nrf2-KO mice. TA muscles of
Nrf2-KO and the littermate control mice were damaged by cardiotoxin. After 2 weeks, the TA
muscles were fixed and stained by H&E.

(PDF)

S2 Fig. Expression level of Nrfl mRNA in Nrf2-KO MuSCs or Nrf2-overexpressing myo-
blasts. (A) Relative expressions of Nrfl mRNA in wild type (WT) and Nrf2-KO (KO) MuSCs.
The y-axis indicates meanstS.E. (n = 5). (B) Relative expressions of Nrfl mRNA control (IG),
and Nrf2-overexpressed (Nrf2) myoblasts were compared. The y-axis indicates means+S.E.
(n=4).

(PDF)

S1 Table. Sequences of primers for standard. Primer sequences and product size are listed.
(DOCX)

$2 Table. Sequences of primers for real-time PCR. Primer sequences and product size are
listed.
(DOCX)

Acknowledgments

We thank Masayuki Yamamoto (Tohoku University), Ryoichiro Kageyama (Kyoto Univer-
sity), and Toshio Kitamura (Tokyo University) for donating Nrf2-knockout mice, hesrl and
hesr3 retrovirus vectors, or Plat-E retrovirus-packaging cells, respectively. CHO-DII1 and con-
trol cells were kindly provided by Anna Zolkiewska (Kansas State University). We also thank
Katherine Ono for reading this manuscript.

Author Contributions

Conceived and designed the experiments: MY So-ichiro Fukada. Performed the experiments:
MY SM TY MN LZ AU Sumiaki Fukuda. Analyzed the data: MY SM KT So-ichiro Fukuda.
Contributed reagents/materials/analysis tools: HK. Wrote the paper: MY So-ichiro Fukuda.

References

1. Imayoshil, Sakamoto M, Yamaguchi M, Mori K, Kageyama R. Essential roles of Notch signaling in
maintenance of neural stem cells in developing and adult brains. J Neurosci. 2010; 30(9):3489-98.
PMID: 20203209. doi: 10.1523/JNEUROSCI.4987-09.2010

2. Moriyama M, Osawa M, Mak SS, Ohtsuka T, Yamamoto N, Han H, et al. Notch signaling via Hes1 tran-
scription factor maintains survival of melanoblasts and melanocyte stem cells. J Cell Biol. 2006; 173
(8):333-9. PMID: 16651378.

3. Bjornson CR, Cheung TH, Liu L, Tripathi PV, Steeper KM, Rando TA. Notch signaling is necessary to
maintain quiescence in adult muscle stem cells. Stem Cells. 2012; 30(2):232—-42. PMID: 22045613.
doi: 10.1002/stem.773

4. Mourikis P, Sambasivan R, Castel D, Rocheteau P, Bizzarro V, Tajbakhsh S. A critical requirement for
Notch signaling in maintenance of the quiescent skeletal muscle stem cell state. Stem Cells. 2012; 30
(2):243-52. PMID: 22069237. doi: 10.1002/stem.775

5. Fischer A, Gessler M. Delta-Notch—and then? Protein interactions and proposed modes of repression
by Hes and Hey bHLH factors. Nucleic Acids Res. 2007; 35(14):4583-96. PMID: 17586813.

PLOS ONE | DOI:10.1371/journal.pone.0138517 September 29, 2015 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138517.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138517.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138517.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138517.s004
http://www.ncbi.nlm.nih.gov/pubmed/20203209
http://dx.doi.org/10.1523/JNEUROSCI.4987-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/16651378
http://www.ncbi.nlm.nih.gov/pubmed/22045613
http://dx.doi.org/10.1002/stem.773
http://www.ncbi.nlm.nih.gov/pubmed/22069237
http://dx.doi.org/10.1002/stem.775
http://www.ncbi.nlm.nih.gov/pubmed/17586813

@’PLOS ‘ ONE

Role of Nrf2 in Muscle Stem Cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

Iso T, Sartorelli V, Poizat C, lezzi S, Wu HY, Chung G, et al. HERP, a novel heterodimer partner of
HES/E(spl) in Notch signaling. Mol Cell Biol. 2001; 21(17):6080-9. PMID: 11486045.

Buas MF, Kabak S, Kadesch T. Inhibition of myogenesis by Notch: evidence for multiple pathways. J
Cell Physiol. 2009; 218(1):84-93. PMID: 18727102. doi: 10.1002/jcp.21571

Fukada S, Yamaguchi M, Kokubo H, Ogawa R, Uezumi A, Yoneda T, et al. Hesr1 and Hesr3 are essen-
tial to generate undifferentiated quiescent satellite cells and to maintain satellite cell numbers. Develop-
ment. 2011; 138(21):4609-19. doi: 10.1242/dev.067165 PMID: 21989910; PubMed Central PMCID:
PMC3265560.

Yamaguchi M, Fukada S. Regulation of muscle stem cell quiescence and undifferentiated state: The
role of Hesr1 and Hesr3. Hayat MA, editor: Springer; 2013. 107-16 p.

Hochmuth CE, Biteau B, Bohmann D, Jasper H. Redox regulation by Keap1 and Nrf2 controls intestinal
stem cell proliferation in Drosophila. Cell Stem Cell. 2011; 8(2):188-99. doi: 10.1016/j.stem.2010.12.
006 PMID: 21295275; PubMed Central PMCID: PMC3035938.

Tsai JJ, Dudakov JA, Takahashi K, Shieh JH, Velardi E, Holland AM, et al. Nrf2 regulates haematopoie-
tic stem cell function. Nat Cell Biol. 2013; 15(3):309—16. doi: 10.1038/ncb2699 PMID: 23434824;
PubMed Central PMCID: PMC3699879.

Wakabayashi N, Shin S, Slocum SL, Agoston ES, Wakabayashi J, Kwak MK, et al. Regulation of
notch1 signaling by nrf2: implications for tissue regeneration. Science signaling. 2010; 3(130):ra52. doi:
10.1126/scisignal.2000762 PMID: 20628156; PubMed Central PMCID: PMC2932745.

Wakabayashi N, Skoko JJ, Chartoumpekis DV, Kimura S, Slocum SL, Noda K, et al. Notch-Nrf2 axis:
regulation of Nrf2 gene expression and cytoprotection by notch signaling. Mol Cell Biol. 2014; 34
(4):653-63. doi: 10.1128/MCB.01408-13 PMID: 24298019; PubMed Central PMCID: PMC3911489.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer mediates
the induction of phase Il detoxifying enzyme genes through antioxidant response elements. Biochem
Biophys Res Commun. 1997; 236(2):313-22. PMID: 9240432.

Buas MF, Kabak S, Kadesch T. The Notch effector Hey1 associates with myogenic target genes to
repress myogenesis. J Biol Chem. 2010; 285(2):1249-58. PMID: 19917614. doi: 10.1074/jbc.M109.
046441

Leung L, Kwong M, Hou S, Lee C, Chan JY. Deficiency of the Nrf1 and Nrf2 transcription factors results
in early embryonic lethality and severe oxidative stress. J Biol Chem. 2003; 278(48):48021-9. doi: 10.
1074/jbc.M308439200 PMID: 12968018.

L'Honore A, Commere PH, Ouimette JF, Montarras D, Drouin J, Buckingham M. Redox regulation by
Pitx2 and Pitx3 is critical for fetal myogenesis. Dev Cell. 2014; 29(4):392—-405. doi: 10.1016/j.devcel.
2014.04.006 PMID: 24871946.

Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH, Cullen DE, et al. FoxOs are critical mediators
of hematopoietic stem cell resistance to physiologic oxidative stress. Cell. 2007; 128(2):325-39. doi:
10.1016/j.cell.2007.01.003 PMID: 17254970.

Paik JH, Ding Z, Narurkar R, Ramkissoon S, Muller F, Kamoun WS, et al. FoxOs cooperatively regulate
diverse pathways governing neural stem cell homeostasis. Cell Stem Cell. 2009; 5(5):540-53. Epub
2009/11/10. doi: 10.1016/j.stem.2009.09.013 PMID: 19896444; PubMed Central PMCID:
PMC3285492.

Miyamoto K, Araki KY, Naka K, Arai F, Takubo K, Yamazaki S, et al. Foxo3a is essential for mainte-
nance of the hematopoietic stem cell pool. Cell Stem Cell. 2007; 1(1):101-12. doi: 10.1016/j.stem.
2007.02.001 PMID: 18371339.

Gopinath SD, Webb AE, Brunet A, Rando TA. FOXO3 Promotes Quiescence in Adult Muscle Stem
Cells during the Process of Self-Renewal. Stem cell reports. 2014; 2(4):414-26. doi: 10.1016/j.stemcr.
2014.02.002 PMID: 24749067; PubMed Central PMCID: PMC3986584.

Kombairaju P, Kerr JP, Roche JA, Pratt SJ, Lovering RM, Sussan TE, et al. Genetic silencing of Nrf2
enhances X-ROS in dysferlin-deficient muscle. Frontiers in physiology. 2014; 5:57. doi: 10.3389/fphys.
2014.00057 PMID: 24600403; PubMed Central PMCID: PMC3928547.

Gounder SS, Kannan S, Devadoss D, Miller CJ, Whitehead KJ, Odelberg SJ, et al. Impaired transcrip-
tional activity of Nrf2 in age-related myocardial oxidative stress is reversible by moderate exercise train-
ing. PLoS One. 2012; 7(9):e45697. doi: 10.1371/journal.pone.0045697 PMID: 23029187; PubMed
Central PMCID: PMC3454427.

Miller CJ, Gounder SS, Kannan S, Goutam K, Muthusamy VR, Firpo MA, et al. Disruption of Nrf2/ARE
signaling impairs antioxidant mechanisms and promotes cell degradation pathways in aged skeletal
muscle. Biochimica et biophysica acta. 2012; 1822(6):1038-50. doi: 10.1016/j.bbadis.2012.02.007
PMID: 22366763.

PLOS ONE | DOI:10.1371/journal.pone.0138517 September 29, 2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/11486045
http://www.ncbi.nlm.nih.gov/pubmed/18727102
http://dx.doi.org/10.1002/jcp.21571
http://dx.doi.org/10.1242/dev.067165
http://www.ncbi.nlm.nih.gov/pubmed/21989910
http://dx.doi.org/10.1016/j.stem.2010.12.006
http://dx.doi.org/10.1016/j.stem.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21295275
http://dx.doi.org/10.1038/ncb2699
http://www.ncbi.nlm.nih.gov/pubmed/23434824
http://dx.doi.org/10.1126/scisignal.2000762
http://www.ncbi.nlm.nih.gov/pubmed/20628156
http://dx.doi.org/10.1128/MCB.01408-13
http://www.ncbi.nlm.nih.gov/pubmed/24298019
http://www.ncbi.nlm.nih.gov/pubmed/9240432
http://www.ncbi.nlm.nih.gov/pubmed/19917614
http://dx.doi.org/10.1074/jbc.M109.046441
http://dx.doi.org/10.1074/jbc.M109.046441
http://dx.doi.org/10.1074/jbc.M308439200
http://dx.doi.org/10.1074/jbc.M308439200
http://www.ncbi.nlm.nih.gov/pubmed/12968018
http://dx.doi.org/10.1016/j.devcel.2014.04.006
http://dx.doi.org/10.1016/j.devcel.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24871946
http://dx.doi.org/10.1016/j.cell.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17254970
http://dx.doi.org/10.1016/j.stem.2009.09.013
http://www.ncbi.nlm.nih.gov/pubmed/19896444
http://dx.doi.org/10.1016/j.stem.2007.02.001
http://dx.doi.org/10.1016/j.stem.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18371339
http://dx.doi.org/10.1016/j.stemcr.2014.02.002
http://dx.doi.org/10.1016/j.stemcr.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24749067
http://dx.doi.org/10.3389/fphys.2014.00057
http://dx.doi.org/10.3389/fphys.2014.00057
http://www.ncbi.nlm.nih.gov/pubmed/24600403
http://dx.doi.org/10.1371/journal.pone.0045697
http://www.ncbi.nlm.nih.gov/pubmed/23029187
http://dx.doi.org/10.1016/j.bbadis.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22366763

@’PLOS ‘ ONE

Role of Nrf2 in Muscle Stem Cells

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Al-Sawaf O, Fragoulis A, Rosen C, Keimes N, Liehn EA, Holzle F, et al. Nrf2 augments skeletal muscle
regeneration after ischaemia-reperfusion injury. J Pathol. 2014; 234(4):538-47. doi: 10.1002/path.4418
PMID: 25111334.

Hansen JM, Klass M, Harris C, Csete M. A reducing redox environment promotes C2C12 myogenesis:
implications for regeneration in aged muscle. Cell biology international. 2007; 31(6):546-53. doi: 10.
1016/j.cellbi.2006.11.027 PMID: 17241791; PubMed Central PMCID: PMC2034314.

Zaccagnini G, Martelli F, Magenta A, Cencioni C, Fasanaro P, Nicoletti C, et al. p66(ShcA) and oxida-
tive stress modulate myogenic differentiation and skeletal muscle regeneration after hind limb ische-
mia. J Biol Chem. 2007; 282(43):31453-9. doi: 10.1074/jbc.M702511200 PMID: 17726026.

Merchant AA, Singh A, Matsui W, Biswal S. The redox-sensitive transcription factor Nrf2 regulates
murine hematopoietic stem cell survival independently of ROS levels. Blood. 2011; 118(25):6572-9.
doi: 10.1182/blood-2011-05-355362 PMID: 22039262; PubMed Central PMCID: PMC3242719.

Yoh K, Itoh K, Enomoto A, Hirayama A, Yamaguchi N, Kobayashi M, et al. Nrf2-deficient female mice
develop lupus-like autoimmune nephritis. Kidney international. 2001; 60(4):1343-53. doi: 10.1046/j.
1523-1755.2001.00939.x PMID: 11576348.

Kokubo H, Miyagawa-Tomita S, Nakazawa M, Saga Y, Johnson RL. Mouse hesr1 and hesr2 genes are
redundantly required to mediate Notch signaling in the developing cardiovascular system. Dev Biol.
2005; 278(2):301-9. PMID: 15680351.

Uezumi A, Ojima K, Fukada S, Ikemoto M, Masuda S, Miyagoe-Suzuki Y, et al. Functional heterogene-
ity of side population cells in skeletal muscle. Biochem Biophys Res Commun. 2006; 341(3):864—73.
PMID: 16455057.

Fukada S, Ma Y, Ohtani T, Watanabe Y, Murakami S, Yamaguchi M. Isolation, characterization, and
molecular regulation of muscle stem cells. Frontiers in physiology. 2013; 4:317. Epub 2013/11/26. doi:
10.3389/fphys.2013.00317 PMID: 24273513; PubMed Central PMCID: PMC3824104.

Fukada S, Higuchi S, Segawa M, Koda K, Yamamoto Y, Tsujikawa K, et al. Purification and cell-surface
marker characterization of quiescent satellite cells from murine skeletal muscle by a novel monoclonal
antibody. Exp Cell Res. 2004; 296(2):245-55. PMID: 15149854.

Satow T, Bae SK, Inoue T, Inoue C, Miyoshi G, Tomita K, et al. The basic helix-loop-helix gene hesr2
promotes gliogenesis in mouse retina. J Neurosci. 2001; 21(4):1265-73. PMID: 11160397.

Nosaka T, Kawashima T, Misawa K, Ikuta K, Mui AL, Kitamura T. STAT5 as a molecular regulator of
proliferation, differentiation and apoptosis in hematopoietic cells. Embo J. 1999; 18(17):4754—65.
PMID: 10469654.

Kitamura T, Koshino Y, Shibata F, Oki T, Nakajima H, Nosaka T, et al. Retrovirus-mediated gene trans-
fer and expression cloning: powerful tools in functional genomics. Exp Hematol. 2003; 31(11):1007-14.
PMID: 14585362.

PLOS ONE | DOI:10.1371/journal.pone.0138517 September 29, 2015 14/14


http://dx.doi.org/10.1002/path.4418
http://www.ncbi.nlm.nih.gov/pubmed/25111334
http://dx.doi.org/10.1016/j.cellbi.2006.11.027
http://dx.doi.org/10.1016/j.cellbi.2006.11.027
http://www.ncbi.nlm.nih.gov/pubmed/17241791
http://dx.doi.org/10.1074/jbc.M702511200
http://www.ncbi.nlm.nih.gov/pubmed/17726026
http://dx.doi.org/10.1182/blood-2011-05-355362
http://www.ncbi.nlm.nih.gov/pubmed/22039262
http://dx.doi.org/10.1046/j.1523-1755.2001.00939.x
http://dx.doi.org/10.1046/j.1523-1755.2001.00939.x
http://www.ncbi.nlm.nih.gov/pubmed/11576348
http://www.ncbi.nlm.nih.gov/pubmed/15680351
http://www.ncbi.nlm.nih.gov/pubmed/16455057
http://dx.doi.org/10.3389/fphys.2013.00317
http://www.ncbi.nlm.nih.gov/pubmed/24273513
http://www.ncbi.nlm.nih.gov/pubmed/15149854
http://www.ncbi.nlm.nih.gov/pubmed/11160397
http://www.ncbi.nlm.nih.gov/pubmed/10469654
http://www.ncbi.nlm.nih.gov/pubmed/14585362

