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Myoblast differentiation is an ordered multistep process that includes withdrawal from
the cell cycle, elongation, and fusion to form multinucleated myotubes. Id3, a member of
the Id family, plays a crucial role in cell cycle exit and differentiation. However, in muscle
cells after differentiation induction, the detailed mechanisms that diminish Id3 function
and cause the cells to withdraw from the cell cycle are unknown. Induction of myoblast
differentiation resulted in decreased expression of Id3 and increased expression of
XBP1u, and XBP1u accelerated proteasomal degradation of Id3 in C2C12 cells. The
expression levels of the cyclin-dependent kinase inhibitors p21, p27, and p57 were not
increased after differentiation induction of XBP1-knockdown C2C12 cells. Moreover,
knockdown of Id3 rescued myogenic differentiation of XBP1-knockdown C2C12 cells.
Taken together, these findings provide evidence that XBP1u regulates cell cycle exit
after myogenic differentiation induction through interactions with Id3. To the best of our
knowledge, this is the first report of the involvement of XBP1u in myoblast differentiation.
These results indicate that XBP1u may act as a “regulator” of myoblast differentiation
under various physiological conditions.

Keywords: skeletal muscle differentiation, cell cycle exit, unfolded protein response, Id3, cyclin-dependent
kinase inhibitor

INTRODUCTION

Myoblast differentiation is an ordered multistep process that includes withdrawal from the cell
cycle and the expression of key myogenic factors leading to fusion into multinucleated myotubes
(Stockdale, 1992). Progression through the cell cycle phases is dependent on consecutive activation
and inhibition of phosphoproteins by cyclin-dependent kinases (CDKs) complexed with associated
activatory cyclins (Harashima et al., 2013). Cyclin-dependent kinase inhibitors (CKIs) are negative
cell cycle regulators (Vidal and Koff, 2000). Based on their sequence homology and specificity
of action, CKIs are divided into two distinct families as follows: INK4 and Cip/Kip (Sherr and
Roberts, 1999). Cip/Kip members, i.e., p21Cip1 (p21), p27Kip1 (p27), and p57Kip2 (p57) share a
conserved N-terminal domain that mediates binding to cyclins and inhibit a broader spectrum of
cyclin–CDK complexes (Harper et al., 1993; Polyak et al., 1994; Lee et al., 1995). CKIs inhibit CDK
activity, and contribute to the cell cycle exit (Tane et al., 2014). In muscle cell differentiation, the
CDK-cyclin complex is downregulated, while the expression of p21 is increased (Fujio et al., 1999;
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Liu et al., 2017). In mice lacking p21, the differentiation of
myoblasts is decreased and cell proliferation is increased (Hawke
et al., 2003; Chinzei et al., 2015). During myogenesis, p27 is
upregulated to withdraw from the cell cycle (Zabludoff et al.,
1998) and to promote differentiation (Leshem et al., 2000). Mice
lacking both p21 and p57 fail to form myotubes, displaying
increased proliferation and apoptotic rates of myoblasts
(Zhang et al., 1999).

Inhibitor of DNA-binding (Id) proteins are helix-loop-helix
(HLH) transcription factors that play crucial roles in cell cycle exit
and differentiation (Ying et al., 2003; Ciarapica et al., 2009). In
mammals, there are four Id protein isoforms: Id1–4. Id1, Id2,
and Id3 can inhibit myogenic differentiation, while Id4 functions
as corepressors of other HLH transcription factors (Atherton
et al., 1996; Melnikova and Christy, 1996; AlSudais et al., 2018).
Id3 is the most highly expressed Id family member in myoblasts
but expression is decreased after differentiation (Atherton et al.,
1996). Knockdown of Id3 is reported to enhance myogenic
differentiation (AlSudais et al., 2018). In C2C12 mouse muscle
progenitor cells overexpressing Id3, withdrawal from the cell
cycle after differentiation induction is delayed and differentiation
is inhibited (Melnikova and Christy, 1996). However, in muscle
cells after differentiation induction, the mechanism underlying
diminished Id3 function that causes the cell to withdraw from the
cell cycle is unknown.

Skeletal muscle differentiation and formation occurs along
with a significant level of cellular stress (Nakanishi et al., 2005;
Jahnke et al., 2009; Baechler et al., 2019). The unfolded protein
response (UPR), which is induced by stress to the endoplasmic
reticulum (ER), is necessary for the differentiation of various cell
types, including myoblasts (Iwakoshi et al., 2003; Sha et al., 2009;
Tohmonda et al., 2011; Tsuchiya et al., 2017). Three pathways
are involved in the ER stress response: PERK (protein kinase
R-like ER kinase), ATF-6 (activating transcription factor 6), and
IRE1α (inositol-requiring enzyme 1 α) (Schröder, 2008). Upon
sensing the accumulation of unfolded proteins, IRE1α cleaves
unspliced X-box-binding protein 1 (XBP1u) mRNA and removes
a 26-nucleotide-long intron, resulting in the production of
spliced XBP1 (XBP1s) (Yoshida et al., 2001). The majority
of the described functions of XBP1 are ascribed to XBP1s.
XBP1s, a transcriptional factor, regulates the transcription of
specific genes, depending on the cell type, to control cellular
functions, including ER homeostasis, lipid metabolism, and
cell differentiation (Park et al., 2021). Indeed, our previous
study demonstrated that XBP1s regulates the early stages of
myogenesis (Tokutake et al., 2019). XBP1s are involved in
apoptosis and autophagy occurring in the first 24 h after
differentiation induction. Furthermore, the expression of cyclin-
dependent kinase 5 (CDK5), intimately involved in skeletal
muscle development (Lazaro et al., 1997) is regulated by XBP1s.
However, XBP1u consists of a hydrophobic stretch and lacks the
transcription activation domain. XBP1u contains a degradation
domain and can bind XBP1s. Therefore, XBP1u controls the
termination of UPR responses by mediating the proteasomal
degradation of XBP1s (Yoshida et al., 2006). However, relatively
few studies have investigated the role of XBP1u in cellular
differentiation.

Therefore, the aim of this study was to investigate the potential
role of XBP1u in Id3-mediated cell exit and inhibition of
C2C12 myogenic differentiation. The results showed that Id3
expression was decreased, while XBP1u expression was increased
after induction of muscle differentiation and XBP1u accelerated
the degradation of Id3 via the proteasomes of C2C12 cells.
Knockdown of Id3 rescued myogenic differentiation of XBP1-
knockdown C2C12 cells. These finding suggest that XBP1u plays
an important role in switching from the undifferentiated to
differentiated state by targeting Id3 for degradation.

MATERIALS AND METHODS

Reagents
Dulbecco’s modified Eagle medium (DMEM) was purchased
from Invitrogen (Grand Island, NY, United States). Fetal bovine
serum (FBS) was purchased from EQUITECH-BIO (Cotton
Gin Lane, TX, United States). Horse serum was obtained from
Thermo Scientific (Waltham, MA, United States). Precast, 4–
20% Mini-PROTEAN TGX gels and Polyvinylidene fluoride
(PVDF) membranes were obtained from Bio-Rad (Hercules,
CA, United States). MG132, Cycloheximide (CHX), Id3 siRNA,
and non-targeting control siRNA were purchased from Sigma-
Aldrich (Saint Louis, MO, United States). All other compounds
were purchased from Nacalai Tesque (Kyoto, Japan).

Antibodies
For immunoblotting analysis, the following antibodies were used:
anti-Myosin 4 (MF20) monoclonal antibody (Thermo Scientific),
anti-Flag (catalog number: PM020) rabbit polyclonal antibody
(MBL, Nagoya, Japan), anti-XBP1 rabbit polyclonal antibody
(catalog number: sc-7160), anti-Id3 (catalog number: sc-56712),
anti-p21 (catalog number: sc-6246), anti-cyclin D1 (catalog
number: sc-8396) mouse monoclonal antibody (Santa Cruz
Biotechnology), anti-α-tubulin (catalog number: PM054), anti-
mouse or anti-rabbit IgG HRP-linked whole Ab (GE Healthcare,
Chicago, IL, United States).

Plasmids
The XBP1u expression plasmid was generated using standard
DNA techniques. Mouse cDNA encoding Id3 (GenBank
accession number NM_008321) was amplified from total
RNA of skeletal muscle tissue by RT-PCR using a sense
primer (5′-TCCCTCTCTATCTCTACTCTCCAAC-3′) and an
antisense primer (5′-AGTCCCAGGGTCCCAAGC-3′). Flag-Id3
was produced by cloning into a pFLAG-CMV expression vector
(Sigma-Aldrich). The nucleotide sequences of PCR products
and construct were verified by sequencing. The sequence was
analyzed using the basic local alignment search tool (BLAST).
The pcDNA3.1(-) plasmid encoding XBP1u was a kind gift from
Dr. Ann-Hwee Lee, Ph.D. (Regeneron Pharmaceuticals, Inc.,
Tarrytown, NY, United States).

Cell Culture
C2C12 mouse myoblast cell line (DS Pharma Biomedical, Osaka,
Japan) and previously generated XBP1-knockdown cell lines
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FIGURE 1 | XBP1u expression is increased after differentiation induction. (A) XBP1s and XBP1u protein expression levels in C2C12 cells during differentiation.
C2C12 cells were treated with the proteasome inhibitor MG132 (20 µM) for 2 h prior to lysate preparation. Protein levels of each XBP1 isoform and were detected by
western blot analysis. *Non-specific band. Left panel: Representative images of three independent experiments are shown. Middle panel: Quantification of XBP1
isoform expression obtained from three independent experiments and normalized to α-tublin as represented in the bar graph. The results are presented as the
mean ± SEM (n = 3). Student’s t-test. ∗‡p < 0.05 vs. 0 h of each group. Right panel: Protein level of myosin heavy-chain (MHC) was detected via western blot
analysis. Representative images of three independent experiments are shown. (B) Relative expression of XBP1s, XBP1u, Myogenin, and Myh1 mRNA were

(Continued)

Frontiers in Physiology | www.frontiersin.org 3 January 2022 | Volume 13 | Article 796190

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-796190 January 22, 2022 Time: 15:43 # 4

Hayashi et al. XBP1u-ID3 Interaction Is Essential for Myogenesis

FIGURE 1 | determined by RT-qPCR. The results are presented as the mean ± SEM (n = 3). Student’s t-test. ∗‡p < 0.05, ∗∗∗p < 0.001 vs. 0 h of each group.
(C) Upper panel: Image comparison of the control and XBP1-knockdown myotubes. Five days after differentiation, cells were immunostained using an anti-myosin
heavy-chain antibody (green). Nuclei were stained with DAPI (blue). Scale bar = 400 µm. The images below show larger magnification views of boxed regions. Scale
bar = 50 µm. Lower panel: The mRNA level of Xbp1 was determined by RT-qPCR and normalized to Gapdh. The results are presented as the mean ± SEM of three
independent determinations. Student’s t-test. ∗∗p < 0.01. KD indicates “knockdown.” (D) Primary mouse myoblasts were transfected with XBP1 siRNA or control
siRNA. Left panel: The mRNA level of Xbp1 was determined by RT-qPCR and normalized to Gapdh. The results are presented as the mean ± SEM of three
independent determinations. Student’s t-test. ∗p < 0.05 vs. the control group. Middle panel: Three days after differentiation, cells were immunostained using an
anti-muscle heavy-chain antibody (green). Nuclei were stained with DAPI (blue). Representative fluorescent images of the primary mouse myoblasts treated with
control siRNA or XBP1 siRNA in differentiation medium for 72 h. Scale bar = 400 µm. The images below show larger magnification views of boxed regions. Scale
bar = 50 µm. Right panel: The fusion index was calculated. The data are representative of four independent experiments. Ten views were analyzed for each
experiment. Mann–Whitney U test. ∗∗∗p < 0.001 vs. the control group.

FIGURE 2 | ID3 protein expression level in XBP1-knockdown cells during early differentiation. Control or XBP1-knockdown cells were induced to differentiate and
treated with the proteasome inhibitor MG132 (20 µM) for 6 h before lysate preparation. Id3 and α-tubulin (internal control) protein levels were detected by western
blot analysis. Left panel: Representative images of four independent experiments are shown. Right panel: Quantification of Id3 expression obtained from four
independent experiments and normalized to α-tublin as represented in the bar graph. The results are presented as the mean ± SEM (n = 4). Student’s t-test.
∗p < 0.05. “KD” indicates “knockdown.”

were cultured as described previously (Tokutake et al., 2019).
Briefly, the cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
under an atmosphere of 5% CO2/95% air at 37◦C. Primary
mouse myoblasts were isolated from 4 week-old C57bl/6J mice
(Japan SLC, Hamamatsu, Japan). Undifferentiated myoblasts
were maintained in growth medium consisting of DMEM
supplemented with 20% fetal bovine serum and 2 ng/mL
basic fibroblast growth factor (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan). To induce differentiation into
myotubes, cells were shifted to DMEM supplemented with
2% horse serum.

To assess degradation of Id3 by XBP1u, C2C12 cells
were co-transfected with p cDNA3.1(-)-XBP1u and a Flag-
Id3 construct using Lipofectamine 2000 reagent (Invitrogen
Corporation, Carlsbad, CA, United States) in accordance with
the manufacturer’s protocol. At 24 h post transfection, the
proteasome inhibitor MG132 (20 µM) was added to the culture
and the cells were incubated for 6 h.

For the proteosome experiment, at 24 h post transfection, the
cell cultures were harvested, and replated in 9-cm tissue culture
dishes. Then, the cells were treated with cycloheximide (CHX)
(100 µg/ml) with or without MG132 (20 µM), and incubated for
the indicated times.

For the knockdown experiment, XBP1-knockdown cells or
primary mouse myoblasts were seeded in growth medium at
a confluence of 40–50% in the wells of a 6-well plate and
incubated overnight at 37◦C. The next day, the cells were
transfected with either small interfering RNA (siRNA) against
Id3 or control siRNA using Lipofectamine 2000 reagent in
accordance with the manufacturer’s protocol. For induction of
myogenic differentiation, at 6 h post transfection, the cells were
cultured in differentiation medium.

RNA Extraction and Quantitative
Real-Time PCR
Total RNA was isolated from C2C12 cells, XBP1-
knockdown cells or primary mouse myoblasts using the
TRIzol reagent (Invitrogen) following the manufacturer’s
instructions. The concentration of total isolated RNA was
determined by optical density measurements at 260 nm
and its purity was measured at a wavelength ratio of
260/280 nm (1.85–2.0 was the acceptable value range) using
a spectrophotometer (NanoDrop One Spectrophotometer,
Thermo Scientific). The cDNA was synthesized from total
RNA using a qPCR RT Master Mix with gDNA Remover
(TOYOBO, Osaka, Japan). Quantitative real-time PCR was
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FIGURE 3 | XBP1u proteins were co-immunoprecipitated with Id3 and ectopic XBP1u decreased the level of ectopic Id3 in C2C12 cells. (A) Co-immunoprecipitation
of ectopic XBP1u with ectopic Flag-Id3 from cell lysates. C2C12 cells were co-transfected with pcDNA3.1-XBP1u and Flag-Id3 expression plasmids, then treated
with MG132 (20 µM) for 6 h before lysate preparation. The lysates were immunoprecipitated with anti-Flag antibodies and, as a negative control, with rabbit IgG. The
immunoprecipitates were subjected to western blot analysis with antibodies against Id3 or FLAG. Aliquots of the lysates (input) were similarly subjected to western
blot analysis. Representative images of three independent experiments are shown. (B) Ectopic XBP1u decreased the levels of ectopic Id3 proteins in C2C12 cells in
a dose-dependent manner. C2C12 cells in 3.5-cm dishes were transfected with 2 µg of Flag-Id3 expression plasmids and, if indicated, with pcDNA3.1-XBP1u. After
36 h of incubation, the cells were lysed in radioimmunoprecipitation assay buffer, and the levels of Id3 and α-tubulin (internal control) were determined by western
blot analysis. Left panel: Representative images of three independent experiments are shown. Right panel: Quantification of Id3 expression obtained from three
independent experiments and normalized to α-tublin as represented in the bar graph. The results are presented as the mean ± SEM (n = 3), Tukey–Kramer test.
Means with different letters are significantly different, p < 0.05. (C) Xbp1u accelerated proteosomal degradation of ectopic Id3-Flag in C2C12 cells. C2C12 cell were
co-transfected with pcDNA3.1-XBP1u and Flag-Id3 expression plasmids. After 24 h, the cultures were digested with trypsin/EDTA, pooled, replated, and incubated
for a further 24 h. Then, the cells were treated with CHX (100 µg/ml) with or without MG132 (20 µM) and incubated for the indicated times. The cells were lysed and
the levels of Id3-Flag and α-tubulin (internal control) were determined by western blot analysis. Representative images of three independent experiments are shown.

performed using SYBR Premix Ex Taq TM II (TaKaRa Bio
Inc., Shiga, Japan). Relative expression was normalized to
TATA-binding protein (Tbp) or Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) gene expression. The following
primers were used: Tbp F: 5′-cattctcaaactctgaccactgcac-3′,
R: 5′-CAGCCAAGATTCACGGTAGATACAA-3′; Gapdh
F: 5′-TTGTGATGGGTGTGAACCACGAG-3′, R: 5′-CATGAG
CCCTTCCACAATGCCAA-3′; Xbp1s F: 5′-TGAGAACCAGGA
GTTAAGAACACG-3′, R: 5′-CCTGCACCTGCTGCGGAC-3′;
Xbp1u F: 5′-AGACTATGTGCACCTCTGCA-3′, R: 5′-ACA
GGGTCCAACTTGTCCAG-3′; Id3 F: 5′-ACATCTTCCCAT
GGACTCTG-3′, R: 5′-TAGGTCCTTCTGGGTAGACC-3′;

Myogenin F: 5′-TACGTCCATCGTGGACAGCAT-3′, R: 5′-
TCAGCTAAATTCCCTCGCTGG-3′; Myh1 F: 5′-AGAGCC
AAGAGGAAACTGGAGG-3′, R: 5′- CTCGTCCTCAATCTTG
CTCTGC-3′; p21/Cdkn1a F: 5′-GCAGACCAGCCTGACAGAT
TT-3′, R: 5′-GAGAGGGCAGGCAGCGTAT-3′; p27/Cdkn1b
F: 5′-TCAAACGTGAGAGTGTCTAACG-3′, R: 5′-CCGGGC
CGAAGAGATTTCTG-3′; p57/Cdkn1c F: 5′-GTAGCAGGAAC
CGGAGATGG-3′, R: 5′-TTTACACCTTGGGACCAGCG-3′;
Ccnd1 F: 5′-CGGATGAGAACAAGCAGACC-3′, R: 5′-GCGGT
AGCAGGAGAGGAAGT-3′; Relative transcript expression was
calculated by the 2−ddCt method (Pfaffl, 2001) and represented
as relative values to control or 0 h.
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Co-immunoprecipitaion and
Immunoblotting
The cells were harvested and lysed in RIPA lysis buffer
[50 mM Tris–HCl (pH 7.4) containing 1% NP-40, 0.25%
sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 1 mM
EDTA, and 1 × protease inhibitor cocktail (Nacalai Tesque)]
to prepare protein extracts. For coimmunoprecipitation,
a Pierce Crosslink magnetic IP and Co-IP kit (Thermo
Scientific) was used to capture Id3-Flag-binding cellular
proteins by co-immunoprecipitation (co-IP) according to the
manufacturer’s instruction. The cell extracts or co-IP samples
were size-fractionated using SDS-PAGE and protein bands were
subsequently transferred to PVDF membranes. Membranes
were incubated with primary followed by secondary antibodies
in blocking buffer. Labeled proteins were visualized using
the ECL Prime Western Blotting Detection Reagent kit (GE
Healthcare); images were captured using an Image Quant LAS
500 (GE Healthcare) and analyzed with ImageJ software from
the NIH1.

EdU Proliferation Assay
At 0, 12, 24, and 48 h after differentiation stimuli, cell
proliferation was detected using incorporation of 5-ethynyl-
2′-deoxyuridine (EdU) with the Click-iT EdU Cell Proliferation
Assay Kit (Invitrogen). Briefly, cells were incubated with
10 µM EdU for 1 h before fixation, permeabilization, and
EdU staining, which were carried out according to the kit’s
protocol. The cells were incubated in a DAPI solution for
5 min. Fluorescence photographs were taken on EVOS R©

FL Auto (Life Technologies; Carlsbad, CA, United States).
Quantification of proliferation nuclei was accomplished
by performing counts for DAPI and EdU. Nuclei were
counted manually using digital photography and Adobe
Photoshop software.

Immunocytochemistry and Myotube
Quantification
Immunocytochemistry was performed as described previously
(Tokutake et al., 2015). Briefly, cells were washed with
PBS, fixed with 4% paraformaldehyde in PBS, and blocked
with 10% goat serum in PBS with 0.01% Triton-X 100.
Then, the cells were incubated with mouse anti-Myosin 4
(MF20) monoclonal antibody (Thermo Scientific) (1:50) for
2 h at room temperature. The cells were then incubated
with Alexa-Fluor R© 488-conjugated goat anti-mouse antibody
(Thermo Scientific) for 1 h. The cell nuclei were stained with
DAPI (Thermo Scientific) and observed under the EVOS R©

FL Auto (Thermo Scientific). The differentiation potential of
the myoblasts, known as the fusion index, was evaluated
as a percentage of the number of nuclei contained within
MF20-positive myotubes per total number of nuclei. At least
500 nuclei from ten random fields were counted for group
(n = 3).

1https://imagej.nih.gov/ij/

Statistical Analysis
All data are presented as the mean ± standard error of
the mean (SEM) of at least three independent experiments.
Comparisons between two samples were conducted using the
Student’s t-test or Mann–Whitney U test, while comparisons
of multiple groups were performed using analysis of variance
followed by the post hoc Tukey–Kramer’s honestly significant
difference test. A probability (p) value of < 0.05 was considered
statistically significant.

RESULTS

XBP1u Expression Was Increased After
Differentiation Induction of C2C12 Cells
First, the protein expression levels of XBP1s and XBP1u in
differentiated cells were measured by western blot analysis.
As shown in Figure 1A, XBP1u expression was significantly
increased at 12 h after differentiation induction, whereas
XBP1s expression was significantly decreased at 24 h after
differentiation induction and remained low. The mRNA
expression levels of XBP1s and XBP1u were also assessed by
quantitative real-time polymerase chain reaction (RT-qPCR).
As shown in Figure 1B, mRNA expression of XBP1u was
significantly increased after differentiation induction, whereas
XBP1s mRNA expression was decreased. We confirmed
that protein expression of myosin heavy-chain (MHC)
and mRNA expression of Myogenin and Myh1 increased
48 h after differentiation (Figures 1A,B). Consistent with
our previous report, myotube formation in previously
generated XBP1-knockdown C2C12 cell lines that stably
expressed XBP1 shRNA (XBP1- knockdown cells), was
inhibited 5 days post differentiation induction (Figure 1C).
Our previous study has also showed that the expression of
myogenesis related genes (MyoD, Myogenin, Mrf4, and Mef2c)
was significantly repressed with differentiation in XBP1-
knockdown cells (Tokutake et al., 2019). To confirm the
role of XBP1 in other type of myoblast, XBP1 was knocked
down in primary-cultured mouse myoblasts by siRNA.
RT-qPCR data confirmed that Xbp1 expression in the
knockdown cells was significantly lower compared with
that in control cells. XBP1 silencing impaired myogenic
differentiation of primary-cultured mouse myoblasts. The
fusion index (average number of myonuclei/MyHC + cells) of
knockdown cells was significantly lower than that in control
cells (Figure 1D).

Id3 Expression Was Maintained at a
Higher Level After Differentiation
Induction of XBP1- Knockdown Cells
Since Id3 is an important factor of early stage myogenic
differentiation, Id3 protein expression was monitored in the
early differentiation stage. As shown in Figure 2, XBP1
depletion maintained high Id3 expression after differentiation
induction, although Id3 expression rapidly diminished in
control cells. These results suggest that maintenance of Id3
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FIGURE 4 | XBP1-knockdown promoted abnormal proliferation and CDK inhibitor expression after differentiation induction. (A) EdU staining of control or
XBP1-knockdown cells. Control or XBP1-knockdown cells were induced to differentiate and then incubated in EdU and 4′,6-diamidino-2-phenylindole (DAPI)
solution for the indicated times. Left panel: Images showing EdU incorporation (green) and DAPI (blue). Right panel: Quantification of the percentage of EdU-positive
nuclei. The results are presented as the mean ± SEM of three independent experiments. Welch’s t-test. ∗p < 0.05, ∗∗p < 0.01 vs. 0 h of each group. “n.s.” indicates
not significant. Scale bar = 100 µm. (B) The mRNA expression levels of Cdkn1a, Cdkn1b, Cdkn1c, and Ccnd1 during differentiation induction, as determined by
RT-qPCR and normalized to Gapdh. The results are presented as the mean ± SEM of four independent experiments. Student’s t-test. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001 vs. 0 h of each group. (C) p21 and cyclin D1 protein expression levels after differentiation induction of control or XBP1-knockdown cells. Control or
XBP1-knockdown cells were induced to differentiate and cell lysates were prepared at the indicated times. The expression levels of p21, cyclin D1, and α-tubulin
(internal control) were determined by western blot analysis. Left panel: Representative images of three independent experiments are shown. Right panel:
Quantification of p21 or cyclin D1 expression of three independent experiments and normalized to α-tublin and represented in the bar graph. The results are
presented as the mean ± SEM of three independent experiments. “KD” indicates “knockdown.” Student’s t-test. ∗p < 0.05, ∗∗∗p < 0.001 vs. 0 h of each group.

expression is associated with differentiation inhibition of XBP1-
knockdown cells.

XBP1u Accelerated Proteasomal
Degradation of Id3 in C2C12 Cells
XBP1u is a negative mediator of XBP1s, ATF6, and Foxo1
by targeting these molecules for proteasomal degradation

(Yoshida et al., 2006, 2009; Zhao et al., 2013). Therefore,
to determine whether XBP1u interacts with Id3, co-
expression of XBP1u and Id3 was induced in C2C12 cells.
Co-immunoprecipitation analysis revealed that XBP1u was
physically bound to Id3 in transfected cells (Figure 3A).
As shown in Figure 3B, there was an ectopic XBP1u dose-
dependent decrease in Id3 expression. Degradation of Id3 is
reported to occur through the ubiquitin-proteasome pathway
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FIGURE 5 | Loss of Id3 rescues XBP1- knockdown -mediated inhibition of myogenic differentiation. (A) C2C12 cells were transfected with Id3 siRNA or control
siRNA. The mRNA level of Id3 was determined by RT-qPCR and normalized to Gapdh. The results are presented as the mean ± SEM of three independent
determinations. Student’s t-test. ∗p < 0.05 vs. the control group. (B) XBP1- knockdown cells were transfected with Id3 siRNA or control siRNA prior to differentiation
induction. Cells were immunostained with anti-MHC antibody (green) and DAPI (blue) on day 3 post differentiation. Scale bars = 400 µm. The images below
show larger magnification views of boxed regions. Scale bar = 50 µm. (C) The fusion index was calculated. KD indicates “knockdown.” The data are representative
of four independent experiments. Ten views were analyzed for each experiment. Mann–Whitney U test. ∗∗∗p < 0.001 vs. the control group, ‡p < 0.05 CL siRNA vs.
Id3 siRNA.

FIGURE 6 | Schematic illustration of conclusion. XBP1u physically bound to
ID3 accelerated proteasomal degradation of Id3, a novel regulator of the CDK
inhibitor. XBP1u regulated cell cycle exit after differentiation induction via
interactions with Id3 and promoted myogenic differentiation.

(Bounpheng et al., 1999). Western blot analysis revealed that in
C2C12 cells, in which protein synthesis was blocked by CHX,
the degradation of Id3 was inhibited by MG132, an agent that

blocks protein degradation by proteasomes (Figure 3C). These
results indicate that XBP1u accelerated proteasomal degradation
of Id3 in C2C12 cells.

XBP1-Knockdown Exhibited Abnormal
Proliferation and CDK Inhibitor
Expression After Differentiation
Induction
Next, the proliferation of XBP1-knockdown cells after
differentiation induction was examined. The EdU incorporation
assay showed that XBP1-knockdown cells maintained the ability
to proliferate after differentiation induction, while proliferation
of control cells was significantly reduced (Figure 4A). In order to
further investigate the mechanism of XBP1-knockdown to alter
the cell cycle after differentiation induction, we identified key
cell cycle regulatory genes. The mRNA expression levels of the
CDK inhibitors p21, p27, and p57 were significantly increased
after differentiation induction of control cells (Figure 4B).
On the other hand, the expressions levels were unchanged
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in XBP1- knockdown cells. The mRNA expression level of
cyclin D1 was decreased after differentiation induction in both
control and XBP1-knockdown cells (Figure 4B). Western
blot analysis was performed to measure p21 and cyclin D1
protein expression levels to confirm that XBP1-knockdown
alters the cell cycle after differentiation induction. As shown in
Figure 4C, XBP1-knockdown altered p21 protein expression
after differentiation induction, but not cyclin D1 expression.
These results indicate that XBP1-knockdown altered the
expression of the CDK inhibitor.

Loss of Id3 Rescues
XBP1-Knockdown-Mediated Inhibition of
Myogenic Differentiation
Finally, the effect of Id3 silencing on myogenic differentiation in
XBP1-knockdown cells was investigated. XBP1-knockdown cells
were treated with Id3 siRNA prior to differentiation induction.
RT-qPCR confirmed the knockdown of Id3 (Figure 5A). The
fusion index of XBP1-knockdown cells was partially rescued by
knockdown of Id3 (Figure 5B).

DISCUSSION

The intracellular mechanisms underlying myoblast
differentiation and cell cycle withdrawal remain unclear. It
is well known that Id3 is involved in both myoblast proliferation
and differentiation. The results of this study demonstrated that
XBP1u, a UPR-related molecule, plays a role in Id3-mediated
myoblast differentiation.

XBP1 is a major regulator of the UPR and mediates adaptation
to ER stress. XBP1s is a key transcriptional factor that regulates
the transcription of genes involved in the UPR (Frakes and Dillin,
2017). Additionally, XBP1s contributes to the differentiation
of various cell types (Iwakoshi et al., 2003; Sha et al., 2009;
Tohmonda et al., 2011; Tsuchiya et al., 2017). Indeed, our
previous study demonstrated that XBP1-knockdown remarkably
suppressed C2C12 myoblast differentiation and the expression
of CDK5 (cyclin-dependent kinase 5), which is associated with
myogenic cell differentiation and patterning and regulated by
XBP1s (Philpott et al., 1997; Tokutake et al., 2019). In this study,
however, expression of XBP1u, but not XBP1s, was increased after
differentiation induction of C2C12 cells (Figure 1A). This is the
first report of increased XBP1u expression after differentiation
induction. However, further studies are needed to identify the
mechanisms underlying the regulation of XBP1u expression after
differentiation induction.

XBP1u has no transcriptional activity (Calfon et al., 2002)
and undergoes rapid proteasomal degradation (Tirosh et al.,
2006). Although relatively short-lived, XBP1u has a degradation
domain and acts as a negative regulator of the UPR by
targeting XBP1s and activates ATF6 for degradation (Yoshida
et al., 2006, 2009). Therefore, XBP1u is thought to act as
a regulator involved in fine-tuning of the UPR. Moreover,
XBP1u affects autophagy by interacting with the transcription
factor FOXO1 (Zhao et al., 2013). In addition, XBP1u
physically bound to ID3 accelerated the proteasomal degradation

of Id3 (Figure 3). ID3, which is expressed at a higher
level after differentiation induction of XBP1-knockdown cells
(Figure 2), prevents skeletal muscle differentiation (Melnikova
and Christy, 1996). Taken together, these results suggest that
XBP1u degrades Id3 after differentiation induction of C2C12
myoblasts. Moreover, the results suggest that XBP1u plays an
unexpectedly important role as a regulator, at least in response
to differentiation induction.

Cell cycle arrest is critical for muscle differentiation. Exit
from the cell cycle is accomplished by the down-regulation
of cyclins, with the exception of cyclin D3 (Skapek et al.,
1995), and induction of the CDKIs p21, p57, and p27,
which inhibit a wide range of CDKs essential for cell cycle
progression (Guo et al., 1995; Halevy et al., 1995; Sherr and
Roberts, 1999). In the present study, abnormal proliferation
and the expression levels of CDKIs p21, p27, and p57 were
unchanged after differentiation induction of XBP1-knockdown
cells (Figure 4). Also, XBP1-knockdown myoblasts exhibited
abnormal proliferation (Supplementary Figure 1). A recent
study indicated that XBP1u downregulated p21 expression
(Huang et al., 2017). Moreover, Id3 is a novel regulator of CDKIs,
which could lead to decreased expression of p21 accompanied
by proliferation (Mueller et al., 2002). Silencing of Id3 primarily
attenuated p21 and p27 expression (Sharma et al., 2012),
although Id3 appears to be involved in the control of the
steady-state level of p27 at the G1/S boundary (Chassot
et al., 2007). Further, Id3 potently repressed expression of the
p57 (Lee et al., 2011). Therefore, the abnormal proliferation
of XBP1-knockdown cells may be due to the maintenance
of Id3 expression.

Finally, the loss of Id3 rescued XBP1-knockdown -mediated
inhibition of myogenic differentiation (Figure 5). Therefore,
abnormal cell cycling after differentiation induction may be a
factor in abnormal differentiation of XBP1-knockdown cells.
However, only partial phenotype rescue was observed, as XBP1s
is also involved in muscle differentiation. The results of our
previous study implied that XBP1s is necessary for myogenic
cell adaptation and viability upon differentiation induction
(Tokutake et al., 2019). Also, cell cycle exit during osteogenic
differentiation of mesenchymal stem cells is reportedly mediated
by Xbp1s-induced upregulation of p21 and p27 (Zhang et al.,
2020). Considering that Xbp1s is involved in the expression
of genes related to the cell cycle and cell adaptation as a
transcription factor, and that XBP1u regulates the expression
of other protein, including XBP1s and Id3 via its degradation
domain, it is expected that XBP1s and XBP1u regulate the
muscle differentiation process in a coordinated and complex
manner. Further studies investigating the sequential expression
regulation and role of XBP1s and XBP1u will contribute to a
better understanding of the mechanism underlying myoblast
differentiation, especially in the initial stage of differentiation.

CONCLUSION

These results indicate that XBP1u regulates cell cycle exit after
differentiation induction via interactions with Id3 in C2C12 cells
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(Figure 6). Moreover, this XBP1u-Id3 interaction is necessary for
C2C12 myoblast differentiation. To the best of our knowledge,
this is the report of the involvement of XBP1u in myoblast
differentiation. However, the functions of XBP1u remain largely
unknown, although it has been suggested that XBP1u may
acts as a “regulator” of myoblast differentiation under various
physiological conditions.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

SH and SY contributed to the experimental design. SH, SS, SK,
and YT conducted the experiments and analyzed the data. SH
and YT drafted the manuscript. SY supervised the project and
corrected the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This study was supported in part by a Grant-in-Aid from the
Japan Society for the Promotion of Science (17K08042) to SY.

ACKNOWLEDGMENTS

We would like to thank Ann-Hwee Lee for providing
pcDNA3.1(-) with mouse XBP1u plasmid construct.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.796190/full#supplementary-material

Supplementary Figure 1 | (A) EdU (green) and DAPI (blue) staining of
undifferentiated XBP1 KD or mock cells (left). Quantification of the percentage of
EdU-positive nuclei. The results are presented as the mean ± SEM of three
independent experiments. Student’s t test. ∗∗∗p < 0.001 vs. the control group. (B)
Cell growth curves of XBP1 KD and mock cells. Results are means + SEM for
three independent determinations. Student’s t test. ∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001 vs. the control group.

REFERENCES
AlSudais, H., Lala-Tabbert, N., and Wiper-Bergeron, N. (2018). CCAAT/enhancer

binding protein β inhibits myogenic differentiation via ID3. Sci. Rep. 8: 16613.
doi: 10.1038/s41598-018-34871-0

Atherton, G. T., Travers, H., Deed, R., and Norton, J. D. (1996). Regulation of
cell differentiation in C2C12 myoblasts by the Id3 helix-loop-helix protein. Cell
Growth Differ. 7, 1059–1066.

Baechler, B. L., Bloemberg, D., and Quadrilatero, J. (2019). Mitophagy regulates
mitochondrial network signaling, oxidative stress, and apoptosis during
myoblast differentiation. Autophagy 15, 1606–1619. doi: 10.1080/15548627.
2019.1591672

Bounpheng, M. A., Dimas, J. J., Dodds, S. G., and Christy, B. A. (1999). Degradation
of Id proteins by the ubiquitin-proteasome pathway. FASEB J. 13, 2257–2264.
doi: 10.1096/fasebj.13.15.2257

Calfon, M., Zeng, H., Urano, F., Till, J. H., Hubbard, S. R., Harding, H. P., et al.
(2002). IRE1 couples endoplasmic reticulum load to secretory capacity by
processing the XBP-1 mRNA. Nature 415, 92–96. doi: 10.1038/415092a

Chassot, A. A., Turchi, L., Virolle, T., Fitsialos, G., Batoz, M., Deckert, M., et al.
(2007). Id3 is a novel regulator of p27kip1 mRNA in early G1 phase and is
required for cell-cycle progression. Oncogene 26, 5772–5783. doi: 10.1038/sj.
onc.1210386

Chinzei, N., Hayashi, S., Ueha, T., Fujishiro, T., Kanzaki, N., Hashimoto, S., et al.
(2015). P21 deficiency delays regeneration of skeletal muscular tissue. PLoS One
10:e0125765. doi: 10.1371/journal.pone.0125765

Ciarapica, R., Annibali, D., Raimondi, L., Savino, M., Nasi, S., and Rota, R. (2009).
Targeting Id protein interactions by an engineered HLH domain induces
human neuroblastoma cell differentiation. Oncogene 28, 1881–1891. doi: 10.
1038/onc.2009.56

Frakes, A. E., and Dillin, A. (2017). The UPR(ER): sensor and coordinator of
organismal homeostasis. Mol. Cell 66, 761–771. doi: 10.1016/j.molcel.2017.05.
031

Fujio, Y., Guo, K., Mano, T., Mitsuuchi, Y., Testa, J. R., and Walsh, K. (1999). Cell
cycle withdrawal promotes myogenic induction of Akt, a positive modulator of
myocyte survival. Mol. Cell Biol. 19, 5073–5082. doi: 10.1128/mcb.19.7.5073

Guo, K., Wang, J., Andrés, V., Smith, R. C., and Walsh, K. (1995). MyoD-induced
expression of p21 inhibits cyclin-dependent kinase activity upon myocyte

terminal differentiation. Mol. Cell Biol. 15, 3823–3829. doi: 10.1128/mcb.15.7.
3823

Halevy, O., Novitch, B. G., Spicer, D. B., Skapek, S. X., Rhee, J., Hannon, G. J., et al.
(1995). Correlation of terminal cell cycle arrest of skeletal muscle with induction
of p21 by MyoD. Science 267, 1018–1021. doi: 10.1126/science.7863327

Harashima, H., Dissmeyer, N., and Schnittger, A. (2013). Cell cycle control across
the eukaryotic kingdom. Trends Cell Biol. 23, 345–356. doi: 10.1016/j.tcb.2013.
03.002

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., and Elledge, S. J. (1993). The
p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent
kinases. Cell 75, 805–816. doi: 10.1016/0092-8674(93)90499-g

Hawke, T. J., Meeson, A. P., Jiang, N., Graham, S., Hutcheson, K., DiMaio, J. M.,
et al. (2003). p21 is essential for normal myogenic progenitor cell function in
regenerating skeletal muscle. Am. J. Physiol. Cell Physiol. 285, C1019–C1027.
doi: 10.1152/ajpcell.00055.2003

Huang, C., Wu, S., Ji, H., Yan, X., Xie, Y., Murai, S., et al. (2017). Identification of
XBP1-u as a novel regulator of the MDM2/p53 axis using an shRNA library. Sci.
Adv. 3:e1701383. doi: 10.1126/sciadv.1701383

Iwakoshi, N. N., Lee, A. H., Vallabhajosyula, P., Otipoby, K. L., Rajewsky, K., and
Glimcher, L. H. (2003). Plasma cell differentiation and the unfolded protein
response intersect at the transcription factor XBP-1. Nat. Immunol. 4, 321–329.
doi: 10.1038/ni907

Jahnke, V. E., Sabido, O., and Freyssenet, D. (2009). Control of mitochondrial
biogenesis, ROS level, and cytosolic Ca2+ concentration during the cell cycle
and the onset of differentiation in L6E9 myoblasts. Am. J. Physiol. Cell Physiol.
296, C1185–C1194. doi: 10.1152/ajpcell.00377.2008

Lazaro, J. B., Kitzmann, M., Poul, M. A., Vandromme, M., Lamb, N. J., and
Fernandez, A. (1997). Cyclin dependent kinase 5, cdk5, is a positive regulator of
myogenesis in mouse C2 cells. J. Cell Sci. 110(Pt 10), 1251–1260.

Lee, M. H., Reynisdottir, I., and Massague, J. (1995). Cloning of p57KIP2, a
cyclin-dependent kinase inhibitor with unique domain structure and tissue
distribution. Genes Dev. 9, 639–649. doi: 10.1101/gad.9.6.639

Lee, S. H., Hao, E., Levine, F., and Itkin-Ansari, P. (2011). Id3 upregulates BrdU
incorporation associated with a DNA damage response, not replication, in
human pancreatic β-cells. Islets 3, 358–366. doi: 10.4161/isl.3.6.17923

Leshem, Y., Spicer, D. B., Gal-Levi, R., and Halevy, O. (2000). Hepatocyte growth
factor (HGF) inhibits skeletal muscle cell differentiation: a role for the bHLH

Frontiers in Physiology | www.frontiersin.org 10 January 2022 | Volume 13 | Article 796190

https://www.frontiersin.org/articles/10.3389/fphys.2022.796190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.796190/full#supplementary-material
https://doi.org/10.1038/s41598-018-34871-0
https://doi.org/10.1080/15548627.2019.1591672
https://doi.org/10.1080/15548627.2019.1591672
https://doi.org/10.1096/fasebj.13.15.2257
https://doi.org/10.1038/415092a
https://doi.org/10.1038/sj.onc.1210386
https://doi.org/10.1038/sj.onc.1210386
https://doi.org/10.1371/journal.pone.0125765
https://doi.org/10.1038/onc.2009.56
https://doi.org/10.1038/onc.2009.56
https://doi.org/10.1016/j.molcel.2017.05.031
https://doi.org/10.1016/j.molcel.2017.05.031
https://doi.org/10.1128/mcb.19.7.5073
https://doi.org/10.1128/mcb.15.7.3823
https://doi.org/10.1128/mcb.15.7.3823
https://doi.org/10.1126/science.7863327
https://doi.org/10.1016/j.tcb.2013.03.002
https://doi.org/10.1016/j.tcb.2013.03.002
https://doi.org/10.1016/0092-8674(93)90499-g
https://doi.org/10.1152/ajpcell.00055.2003
https://doi.org/10.1126/sciadv.1701383
https://doi.org/10.1038/ni907
https://doi.org/10.1152/ajpcell.00377.2008
https://doi.org/10.1101/gad.9.6.639
https://doi.org/10.4161/isl.3.6.17923
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-796190 January 22, 2022 Time: 15:43 # 11

Hayashi et al. XBP1u-ID3 Interaction Is Essential for Myogenesis

protein twist and the cdk inhibitor p27. J. Cell Physiol. 184, 101–109. doi:
10.1002/(SICI)1097-4652(200007)184:1<101::AID-JCP11<3.0.CO;2-D

Liu, X., Wang, Y., Zhao, S., and Li, X. (2017). Fibroblast growth factor 21 promotes
C2C12 cells myogenic differentiation by enhancing cell cycle exit. Biomed. Res.
Int. 2017:1648715. doi: 10.1155/2017/1648715

Melnikova, I. N., and Christy, B. A. (1996). Muscle cell differentiation is inhibited
by the helix-loop-helix protein Id3. Cell Growth Differ. 7, 1067–1079.

Mueller, C., Baudler, S., Welzel, H., Böhm, M., and Nickenig, G. (2002).
Identification of a novel redox-sensitive gene, Id3, which mediates angiotensin
II-induced cell growth. Circulation 105, 2423–2428. doi: 10.1161/01.cir.
0000016047.19488.91

Nakanishi, K., Sudo, T., and Morishima, N. (2005). Endoplasmic reticulum stress
signaling transmitted by ATF6 mediates apoptosis during muscle development.
J. Cell Biol. 169, 555–560. doi: 10.1083/jcb.200412024

Park, S. M., Kang, T. I., and So, J. S. (2021). Roles of XBP1s in
transcriptional regulation of target genes. Biomedicines 9:791. doi:
10.3390/biomedicines9070791

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Philpott, A., Porro, E. B., Kirschner, M. W., and Tsai, L. H. (1997). The role of
cyclin-dependent kinase 5 and a novel regulatory subunit in regulating muscle
differentiation and patterning. Genes Dev. 11, 1409–1421. doi: 10.1101/gad.11.
11.1409

Polyak, K., Kato, J. Y., Solomon, M. J., Sherr, C. J., Massague, J., Roberts, J. M., et al.
(1994). p27Kip1, a cyclin-Cdk inhibitor, links transforming growth factor-beta
and contact inhibition to cell cycle arrest. Genes Dev. 8, 9–22. doi: 10.1101/gad.
8.1.9

Schröder, M. (2008). Endoplasmic reticulum stress responses. Cell Mol. Life Sci. 65,
862–894. doi: 10.1007/s00018-007-7383-5

Sha, H., He, Y., Chen, H., Wang, C., Zenno, A., Shi, H., et al. (2009). The IRE1alpha-
XBP1 pathway of the unfolded protein response is required for adipogenesis.
Cell Metab. 9, 556–564. doi: 10.1016/j.cmet.2009.04.009

Sharma, P., Patel, D., and Chaudhary, J. (2012). Id1 and Id3 expression is associated
with increasing grade of prostate cancer: Id3 preferentially regulates CDKN1B.
Can. Med. 1, 187–197. doi: 10.1002/cam4.19

Sherr, C. J., and Roberts, J. M. (1999). CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev. 13, 1501–1512. doi: 10.1101/
gad.13.12.1501

Skapek, S. X., Rhee, J., Spicer, D. B., and Lassar, A. B. (1995). Inhibition of
myogenic differentiation in proliferating myoblasts by cyclin D1-dependent
kinase. Science 267, 1022–1024. doi: 10.1126/science.7863328

Stockdale, F. E. (1992). Myogenic cell lineages. Dev. Biol. 154, 284–298. doi: 10.
1016/0012-1606(92)90068-r

Tane, S., Ikenishi, A., Okayama, H., Iwamoto, N., Nakayama, K. I., and Takeuchi,
T. (2014). CDK inhibitors, p21(Cip1) and p27(Kip1), participate in cell cycle
exit of mammalian cardiomyocytes. Biochem. Biophys. Res. Commun. 443,
1105–1109. doi: 10.1016/j.bbrc.2013.12.109

Tirosh, B., Iwakoshi, N. N., Glimcher, L. H., and Ploegh, H. L. (2006). Rapid
turnover of unspliced Xbp-1 as a factor that modulates the unfolded protein
response. J. Biol. Chem. 281, 5852–5860. doi: 10.1074/jbc.M509061200

Tohmonda, T., Miyauchi, Y., Ghosh, R., Yoda, M., Uchikawa, S., Takito, J., et al.
(2011). The IRE1α-XBP1 pathway is essential for osteoblast differentiation
through promoting transcription of Osterix. EMBO Rep. 12, 451–457. doi:
10.1038/embor.2011.34

Tokutake, Y., Yamada, K., Hayashi, S., Arai, W., Watanabe, T., and Yonekura,
S. (2019). IRE1-XBP1 pathway of the unfolded protein response is required
during early differentiation of C2C12 myoblasts. Int. J. Mol. Sci. 21:182. doi:
10.3390/ijms21010182

Tokutake, Y., Yamada, K., Ohata, M., Obayashi, Y., Tsuchiya, M., and Yonekura,
S. (2015). ALS-linked P56S-VAPB mutation impairs the formation of
multinuclear myotube in C2C12 cells. Int. J. Mol. Sci. 16, 18628–18641. doi:
10.3390/ijms160818628

Tsuchiya, M., Koizumi, Y., Hayashi, S., Hanaoka, M., Tokutake, Y., and Yonekura,
S. (2017). The role of unfolded protein response in differentiation of mammary
epithelial cells. Biochem. Biophys. Res. Commun. 484, 903–908. doi: 10.1016/j.
bbrc.2017.02.042

Vidal, A., and Koff, A. (2000). Cell-cycle inhibitors: three families united
by a common cause. Gene 247, 1–15. doi: 10.1016/s0378-1119(00)0
0092-5

Ying, Q. L., Nichols, J., Chambers, I., and Smith, A. (2003). BMP induction of
Id proteins suppresses differentiation and sustains embryonic stem cell self-
renewal in collaboration with STAT3. Cell 115, 281–292. doi: 10.1016/s0092-
8674(03)00847-x

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T., and Mori, K. (2001). XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to
produce a highly active transcription factor. Cell 107, 881–891. doi: 10.1016/
s0092-8674(01)00611-0

Yoshida, H., Oku, M., Suzuki, M., and Mori, K. (2006). pXBP1(U) encoded in XBP1
pre-mRNA negatively regulates unfolded protein response activator pXBP1(S)
in mammalian ER stress response. J. Cell Biol. 172, 565–575. doi: 10.1083/jcb.
200508145

Yoshida, H., Uemura, A., and Mori, K. (2009). pXBP1(U), a negative regulator
of the unfolded protein response activator pXBP1(S), targets ATF6 but not
ATF4 in proteasome-mediated degradation. Cell Struct. Funct. 34, 1–10. doi:
10.1247/csf.06028

Zabludoff, S. D., Csete, M., Wagner, R., Yu, X., and Wold, B. J. (1998). p27Kip1 is
expressed transiently in developing myotomes and enhances myogenesis. Cell
Growth Differ. 9, 1–11.

Zhang, D., Fan, R., Lei, L., Lei, L., Wang, Y., Lv, N., et al. (2020). Cell cycle exit
during bortezomib-induced osteogenic differentiation of mesenchymal stem
cells was mediated by Xbp1s-upregulated p21(Cip1) and p27(Kip1). J. Cell Mol.
Med. 24, 9428–9438. doi: 10.1111/jcmm.15605

Zhang, P., Wong, C., Liu, D., Finegold, M., Harper, J. W., and Elledge, S. J. (1999).
p21(CIP1) and p57(KIP2) control muscle differentiation at the myogenin step.
Genes Dev. 13, 213–224. doi: 10.1101/gad.13.2.213

Zhao, Y., Li, X., Ma, K., Yang, J., Zhou, J., Fu, W., et al. (2013). The axis
of MAPK1/3-XBP1u-FOXO1 controls autophagic dynamics in cancer cells.
Autophagy 9, 794–796. doi: 10.4161/auto.23918

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hayashi, Sakata, Kawamura, Tokutake and Yonekura. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org 11 January 2022 | Volume 13 | Article 796190

https://doi.org/10.1002/(SICI)1097-4652(200007)184:1<101::AID-JCP11<3.0.CO;2-D
https://doi.org/10.1002/(SICI)1097-4652(200007)184:1<101::AID-JCP11<3.0.CO;2-D
https://doi.org/10.1155/2017/1648715
https://doi.org/10.1161/01.cir.0000016047.19488.91
https://doi.org/10.1161/01.cir.0000016047.19488.91
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.3390/biomedicines9070791
https://doi.org/10.3390/biomedicines9070791
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1101/gad.11.11.1409
https://doi.org/10.1101/gad.11.11.1409
https://doi.org/10.1101/gad.8.1.9
https://doi.org/10.1101/gad.8.1.9
https://doi.org/10.1007/s00018-007-7383-5
https://doi.org/10.1016/j.cmet.2009.04.009
https://doi.org/10.1002/cam4.19
https://doi.org/10.1101/gad.13.12.1501
https://doi.org/10.1101/gad.13.12.1501
https://doi.org/10.1126/science.7863328
https://doi.org/10.1016/0012-1606(92)90068-r
https://doi.org/10.1016/0012-1606(92)90068-r
https://doi.org/10.1016/j.bbrc.2013.12.109
https://doi.org/10.1074/jbc.M509061200
https://doi.org/10.1038/embor.2011.34
https://doi.org/10.1038/embor.2011.34
https://doi.org/10.3390/ijms21010182
https://doi.org/10.3390/ijms21010182
https://doi.org/10.3390/ijms160818628
https://doi.org/10.3390/ijms160818628
https://doi.org/10.1016/j.bbrc.2017.02.042
https://doi.org/10.1016/j.bbrc.2017.02.042
https://doi.org/10.1016/s0378-1119(00)00092-5
https://doi.org/10.1016/s0378-1119(00)00092-5
https://doi.org/10.1016/s0092-8674(03)00847-x
https://doi.org/10.1016/s0092-8674(03)00847-x
https://doi.org/10.1016/s0092-8674(01)00611-0
https://doi.org/10.1016/s0092-8674(01)00611-0
https://doi.org/10.1083/jcb.200508145
https://doi.org/10.1083/jcb.200508145
https://doi.org/10.1247/csf.06028
https://doi.org/10.1247/csf.06028
https://doi.org/10.1111/jcmm.15605
https://doi.org/10.1101/gad.13.2.213
https://doi.org/10.4161/auto.23918
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	XBP1u Is Involved in C2C12 Myoblast Differentiation via Accelerated Proteasomal Degradation of Id3
	Introduction
	Materials and Methods
	Reagents
	Antibodies
	Plasmids
	Cell Culture
	RNA Extraction and Quantitative Real-Time PCR
	Co-immunoprecipitaion and Immunoblotting
	EdU Proliferation Assay
	Immunocytochemistry and Myotube Quantification
	Statistical Analysis

	Results
	XBP1u Expression Was Increased After Differentiation Induction of C2C12 Cells
	Id3 Expression Was Maintained at a Higher Level After Differentiation Induction of XBP1- Knockdown Cells
	XBP1u Accelerated Proteasomal Degradation of Id3 in C2C12 Cells
	XBP1-Knockdown Exhibited Abnormal Proliferation and CDK Inhibitor Expression After Differentiation Induction
	Loss of Id3 Rescues XBP1-Knockdown-Mediated Inhibition of Myogenic Differentiation

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




