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Abstract

Background

Silencing Mediator of Retinoid and Thyroid hormone receptors (SMRT; NCoR2) is a tran-
scriptional corepressor (CoR) which has been recognized as an important player in the regu-
lation of hepatic lipogenesis and in somatic development in mouse embryo. SMRT protein is
also widely expressed in mouse connective tissues, for example adipocytes and muscle.
We recently reported that mice with global deletion of SMRT develop significant obesity and
muscle wasting which are independent from thyroid hormone (TH) signaling and thermo-
genesis. However, the tissue specific role of SMRT in skeletal muscle is still not clear.

Methods

To clarify role of SMRT in muscle differentiation, we made myogenic C2C12 clones which
lack SMRT protein (C2C12-SKO) by using CRISPR-Cas9. Wild-type C2C12 (C2C12-WT)
and C2C12-SKO cells were cultured in differentiation medium, and the resulting gene and
protein profiles were compared between the two cell lines both before and after differentia-
tion. We also analyzed muscle tissues which were dissected from whole body SMRT knock-
out (KO) mice and their controls.

Results

We found significant up-regulation of muscle specific B-oxidation markers; Peroxisome pro-
liferator-activated receptor 6 (PPAR®) and PPARY coactivator-1a (PGC-1a) in the C2C12-
SKO cells, suggesting that the cells had a similar gene profile to what is found in exercised
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rodent skeletal muscle. On the other hand, confocal microscopic analysis showed the signif-
icant loss of myotubes in C2C12-SKO cells similar to the morphology found in immature
myoblasts. Proteomics analysis also confirmed that the C2C12-SKO cells had higher
expression of markers of fibrosis (ex. Collagen1A1; COL1A1 and Fibroblast growth factor-2;
FGF-2), indicating the up-regulation of Transforming growth factor-p (TGF-B) receptor sig-
naling. Consistent with this, treatment with a specific TGF- receptor inhibitor ameliorated
both the defects in myotube differentiation and fibrosis.

Conclusion

Taken together, we demonstrate that SMRT functions as a pivotal transcriptional mediator
for both B-oxidation and the prevention for the fibrosis via TGF-@ receptor signaling in the dif-
ferentiation of C2C12 myoblasts. In contrast to the results from C2C12 cells, SMRT does
not appear to play a role in adult skeletal muscle of whole body SMRT KO mice. Thus,
SMRT plays a significant role in the differentiation of myoblasts.

Introduction

With an aging population worldwide, the loss of muscle mass as found in sarcopenia is recog-
nized as a significant medical problem [1-3]. Various qualitative changes in skeletal muscle,
for example fibrosis and ectopic fatty deposition are being recognized as the cause of muscle
loss in such disorders [4, 5]. Thus, significant work is focused on understanding muscle cell
differentiation and muscle regeneration. These studies have demonstrated that a variety of
transcription factors are involved in the process of both muscle differentiation and regenera-
tion [6-11].

While nuclear receptor corepressors (CoRs) were thought to be a constitutional co-factor
for nuclear receptors (NRs) in the regulation of target gene transcription, recent studies have
shown that CoRs themselves play a larger role in the specific regulation of DNA transcription
and act as gatekeepers of homeostasis [12-15]. Classically, in the absence of ligand, CoRs bind
to target NRs and recruit a multi-protein complex that includes histone deacetylase 3
(HDACS3). In the formation of this complex, HDAC3 is activated and represses gene transcrip-
tion. Recent studies have also shown that CoRs function in both presence or absence of ligand
and that the amount of CoR present determines the sensitivity for the ligand in the target tissue
[16-18).

Interestingly, each CoR has cell and nuclear receptor specific function. For example,
NCoR1, a paralog of SMRT strongly suppresses the expression of TH receptor (TR)-target
genes in the mouse liver while both SMRT and NCoR1 are required for the suppression of
hepatic lipogenesis, indicating that each CoR can specifically function to regulate lipogenic
genes likely through their recruitment by multiple NRs [16, 19, 20]. In skeletal muscle where
NCoRI has been deleted, mice demonstrate significant up-regulation of mitochondrial B-oxi-
dation [21]. Interestingly, muscle specific deletion of HDAC3 leads to enhanced fatty acid
catabolism rather than carbohydrate metabolism in the myocyte [22]. However, the muscle-
specific function of SMRT, especially the role in the process of skeletal muscle development
has not been elucidated.

By using a genome editing strategy, we made C2C12 SMRT knock-out cells (C2C12-SKO)
to test the role of SMRT in a model of murine myocyte development. Herein we demonstrate

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 2/21


https://doi.org/10.1371/journal.pone.0277830

PLOS ONE

SMRT acts as a strong regulator of both 3-oxidation and suppressor of fibrosis in the muscle differentiation

that these cells have significant up-regulation of fatty acid B-oxidation which coincides with
the deterioration of myotube formation during the process of differentiation. Based on causal
network analysis by proteomics, we also show that these cells have significant fibrosis consis-
tent with up-regulation of TGF-B receptor-signaling. Taken together, we demonstrate that
SMRT plays an important role as a strong suppressor of fatty acid catabolism and fibrosis dur-
ing the process of skeletal muscle differentiation.

Materials & methods
Cell culture and differentiation of C2C12 cells

C2C12-WT and C2C12-SKO cells were cultured as previously described [23]. Briefly, these
cells between passage 2-12 in growth medium were used for experiments. They were seeded at
a density of 8000 cells/cm” in the 6-well plate, and cultured overnight in the antibiotic-free
DMEM medium (high glucose) containing 10% fetal bovine serum (FBS) at 37°C in a humidi-
fied incubator containing 5% CO,. In all experiments, cells were disseminated on the plates
whose inside were coated by 1% gelatin solution (SIGMA-Aldrich) to adhere the cells on the
bottom of each well. For differentiation into myotube formation, the culture medium was
replaced with a differentiation medium (DMEM supplemented with 2% horse serum) for 5
days, and the medium was changed every couple of days.

Mouse experiments
To generate the mouse strain with a post-natal global deletion of SMRT (SMRT'>**/***UB-

c™", UBC-SKO mice), we used the same strategy as previously described [20, 24, 25]. All
experiments were approved by the Dokkyo Medical University Institutional Animal Care and
Use Committee. 4-5 mice were housed in a cage in the animal facility with a 12 hours light/
dark cycle and supplied with standard chow diet and water ad libitum. The experiments were
performed in age- and sex-matched mice at 9-10 weeks of age unless otherwise specified. At
that age, the UBC-SKO and SMRT**1xP (ontrol) animals were treated with tamoxifen
(20mg/100g BW) for 5 days. At the end of the studies (at 24 weeks of age for both the
UBC-SKO and control mice), all mice were euthanized via carbon dioxide inhalation. Blood
and tissue samples were rapidly collected, and the level of recombination and extent of SMRT
deletion was assessed by qPCR as reported previously [20, 25]. Only UBC-SKO mice with
expression levels of the SMRT gene less than 90% of that were found in control animals were
included in the experimental analysis.

Genome editing strategy

The C2C12 SMRT-null clones (C2C12-SKO and C2C12-SKO2) were established by genome
editing using a vector-based CRISPR-Cas9 system as described previously [23]. Briefly, to
reduce off-target effects, we utilized the Cas9 double-nickase (Cas9n) method [26, 27]. The
preparation of sgRNA-Cas9n expressing vectors was reported previously [23]. The sequences
of sgRNA pairs were designed as shown in S1 Table. After co-transfection with an empty vec-
tor or a pair of SMRT exon2-targetting vectors were transfected using Lipofectamine 2000
(Thermo Fisher Scientific) and the cells were cultured in the presence of 1.5 pug/ml puromycin
for 5 days. Surviving cells were then diluted and seeded as single colonies in each well of
96-well plate. Each clone was expanded and then screened for SMRT protein expression by
western blotting using specific anti-SMRTe antibody (S1 Table). Genomic mutations in har-
vested clones were confirmed by DNA sequencing [23].
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si-RNA assays for Tgf-p isoforms and administration of a Tgf-p receptor
inhibitor

C2C12-SKO cells were seeded in a 6-well plate and cultured in antibiotic-free DMEM medium
containing 10% FBS overnight as described above. Next, the medium was changed to control
medium and Stealth si-RNAs (Thermo Fisher Scientific) with a final concentration of 50 nM
and prepared according to the manufacturer’s protocol. Then, each of four si-RNA platforms;
50 nM si-Control, 50 nM si-Tgf-p1, 50 nM si-Tgf-B3, or 50 nM dual si-Tgf-Bs (50 nM si-Tgf-
B1 + 50 nM si-Tgf-B3) was added to the medium of the cells (S1 Table). For transfection, we
used 9 pl of Lipofectamine RNAIMAX (Thermo Fisher Scientific) per well (on day 1 and day
3). At the end of day 4, treated cells were used for immunohistochemistry or harvested for
expression analyses.

For the assay that used the Tgf-p receptor inhibitor; LY-364947 (Fujifilm Wako, 123-05981),
C2C12-SKO cells were seeded and cultured overnight in antibiotic-free DMEM with 10% FBS
in a 6-well plate (day 0). On day 1, the medium was changed to differentiation medium contain-
ing 10 uM of LY-364947 or vehicle. The cells were treated twice with LY-364947 or vehicle
every 48 hours in the differentiation medium (day 1 and day 3). At the end of day 4, treated
cells were used for immunohistochemistry or harvested for expression analyses.

Immunofluorescence

Immunohistochemistry (IHC) studies were performed as previously described [23]. Briefly,
cells were washed before and after fixation with 4% paraformaldehyde (PFA) (Fisher Scientific,
Pittsburgh, PA, USA). The cells were incubated with the 1:300 dilution of anti-myosin heavy
chain 4 (anti-MYH4) primary antibody in 5% skim milk at 4°C, overnight (S1 Table). Second-
ary antibody; Alexa Fluor 488 goat anti-mouse IgG (H+L) and 4°,6-diamidino-2-phenylindole
(DAPI Fujifilm Wako, Chemicals, Osaka, Japan 340-07971) (100 ng/ml) were used as manu-
facturer’s instructions (S1 Table). Images were taken with a fluorescent microscope (Zeiss
LSM 710, Oberkochen, Germany) using the program Slidebook 5.0 (Intelligent Imaging Inno-
vations, Gottingen, Germany). The images were analyzed using Image], and the fusion indexes
were calculated as the percentage of the number of nuclei in MYH4-positive C2C12 myocytes
divided by the total number of nuclei counted. Five fields were chosen randomly to measure
the index [23, 28].

Western blotting (WB)

Protein lysates from culture cells and mouse skeletal muscle for Western blot analysis were
prepared as described previously [20, 23, 25]. Briefly, blots of 50 pg protein lysate for culture
cell and 100 pg for mouse skeletal muscle were probed with the specific antibodies listed in S1
Table, according to the manufacturer’s instructions (S1 Table). Appropriate horse-radish per-
oxidase (HRP)-conjugated antibodies were used as secondary antibodies (S1 Table). Then,
ECL prime (GE Healthcare) was used for visualization. Protein density was quantified using
Image Lab software (Bio-Rad).

For calculating relative expression, each protein level except SMRT, MYH4, and H4K5ac
was normalized by the GAPDH expression level in the same lane respectively. Relative expres-
sions of SMRT and MYH4 were normalized to the expression level of POL-2 protein. Relative
expression of H4K5ac was normalized to the expression level of H4 protein. We assessed the
relative expression of COL1A1 in Fig 3C normalized to GAPDH as we also probed for the
FGF2 isoform which has a lower molecular weight. In contrast, we assessed COL1AL1 in Fig
4C, 4F and S4C by POL-2 as higher molecular weight proteins were probed in the same blot.
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Fatty Acid Oxidation (FAO) rate

FAOQ rates in both C2C12-WT and C2C12-SKO cells were assessed by the fluorescence B-oxida-
tion detection method using FAOBIue (Catalog number; FDV-0033, Funakoshi, Tokyo, Japan).
Briefly, undifferentiated myoblasts of both cells were seeded at a density of 6x10* cells/well in
24-well plates whose bottoms were coated by Cellmatirix Type I-C (Lot No. 191128, Nitta Gela-
tin, Osaka, JAPAN), and incubated for 24 hours as described above. Next, the cell culture
medium was switched to serum-free DMEM which contained 5pM FAOBlue reagent and ImM
L-carnitine (Fujifilm Wako, Chemicals, Osaka, Japan 359-44361), followed by incubation at
37°C for 3 hours. After cells were lysed in distilled water, the fluorescence of coumarin pro-
duced by B-oxidation of FAOBlue was measured by Varioskan® FLASH 4.00.53 (Thermo
Fisher Scientific Inc., Waltham, MA, USA) with excitation at 405 nm and emission at 460 nm.

Alkaline phosphatase (ALP) activity

ALP activity was assessed as an indication of osteoblastic differentiation in C2C12 myoblasts.
The ALP activities of protein extracts from both C2C12-WT and C2C12-SKO myoblast cells
were measured by p-nitrophenyl-phosphate method using LabAssay ALP™ALP (633-51021,

FUJIFILM Wako, Gunma, JAPAN).

Real-time quantitative PCR (RT-qPCR)

RNA extraction, cDNA synthesis and qPCR were performed as described previously [20, 25].
In the gPCR analyses, all nRNAs were quantified using Power SYBR Green PCR master mix
(Roche) and the previously published primers listed in S1 Table in a total volume 10 pl (S1
Table). The relative mRNA levels of all genes were calculated using the standard-curve method
and normalized to the level of GAPDH mRNA.

Proteomics and pathway analysis

For sample preparation, three aliquots of cell lysate per group containing 10 ug of protein were
prepared, and the steps of protein extraction and digestion were performed following the pro-
tocol of trypsin-based phase-transfer surfactants (PTS) buffer as described in Masuda T, et al.
and Iwasaki M, et al. [29, 30]. Then, each sample was diluted by 50 pl of buffer A (0.1% formic
acid, 5% acetonitrile), and subsequently desalted by GL-TipTM SDB (GL Sciences Inc., Tokyo,
Japan) as prepared the manufacturer’s protocol. The eluents were pooled and dried with vac-
uum centrifugation for following Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis.

50 pl of protein sample diluted by buffer B (0.1% formic acid in acetonitrile) was loaded on
an analytical column (0.3 ml Sc-Vial, 1030-51024, PTFE/Si-Sc-Cap 1030-51219, GL Sciences),
and LC-MS/MS analysis was performed with the Triple TOF 6600 (AB Sciex, Framingham,
MA), according to the protocol by Nakamura H, et al. [31].

For data analyses, the Sequential Window Acquisition of All Theoretical Mass Spectra
(SWATH) were subsequently performed [31, 32]. The data of expression levels of proteins ana-
lyzed by SWATH was adjusted by peak intensity of B-Galactosidase (4333606, LC/MS Peptide
Calibration Kit, PN 4465867, Sciex). The proteins whose expression levels acquired from
C2C12-SKO cells changed more than 2- or 0.5-fold compared to C2C12-WT cells were used
as specific proteins (S2 Table).

The data list of differentially expressed proteins was subsequently imported to Ingenuity
Pathway Analysis (IPA) software (Qiagen, Hilden, Germany) for constructing both pathways
and networks between protein molecules. The statistical method calculating for activation z-
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score in the analyses of both canonical pathway and the upstream and downstream (diseases
and functions) analyses were based on the methods previously reported [33, 34].

Statistical analyses

Statistical analysis was performed using the Prism, Ver.7 program (GraphPad software, San
Diego, CA, USA). All data (gene expression and quantifications of protein amount) were pre-
sented as mean + standard error of the mean (SEM). These data were normalized by the values
of a control cell (C2C12-WT, C2C12-SKO with vehicle) or of a control mouse group
(SMRT'*1) ‘Gjgnificance in the difference between two groups (mRNA levels, quantifica-
tions of protein amount, fusion index, FAO rate, ALP activity, and mouse quadriceps weight)
were determined by the unpaired Student’s t-test. The significance in the difference between
three groups (mRNA levels, quantifications of protein amount, and fusion index) were deter-
mined by Repeated Measures One-way analysis of variance (ANOVA) with the Tukey-Kramer
post hoc test. The significances of cellular mRNA and protein levels in C2C12-WT compared
between the series of incubation time point were also analyzed by Repeated Measures One-
way ANOVA with the Tukey-Kramer post hoc test.

Results

SMRT regulates myotube formation in the differentiation process of
C2C12 cells

The function of SMRT during the differentiation process of skeletal muscle has not been eluci-
dated. To examine SMRT expression in muscle development, we used mouse C2C12 wild type
(C2C12-WT) cells as a model. At first, we performed expression analyses for both SMRT
mRNA and protein in a series of time points in the differentiation process, and confirmed that
myotubes were formed in C2C12-WT cells that was cultured in the control medium for 5 days.
As shown in S1A Fig, the transcription of Smrt mRNA was significantly up-regulated in the for-
mer on days 1-2 and the level remained stable through days 3-5 (S1A Fig). On the other hand,
the protein expression level of SMRT increased by day 5, indicating that SMRT protein accumu-
lates in the latter differentiation phase of C2C12-WT cells (S1B Fig). These data indicate that
the function of SMRT seems to be more important in the later stage of muscle differentiation.

To elucidate SMRT’s role in skeletal muscle differentiation, we made two clones of SMRT-
null C2C12 cells which were named C2C12-SMRT KO and C2C12-SMRT KO2 (C2C12-SKO
and C2C12-SKO02) utilizing a genome-editing strategy. Immunohistochemistry (IHC) analysis
using an anti-MYH4 antibody demonstrates that both C2C12-SKO and C2C12-SKO2 cells
show immature myotubes compared with C2C12-WT cell (Figs 1A and S1C). Consistent with
the result of IHC, expression of Myosin heavy chain (Myh4) was lower in both mRNA and pro-
tein levels in the two SMRT-null clones (Figs 1B, 1C, S1D and S1E). However, further gene
analyses showed that the majority of myogenic markers tested in the C2C12-SKO cells showed
higher expression patterns, indicating that SMRT seems to effect specific myogenic target
genes such as Myh4 in the differentiation process (Figs 1B, 1C, S1D and S1E). Taken together,
two clones of SMRT-null cell showed a similar phenotype which impairs normal myotube for-
mation. These data suggest that SMRT seems to play an important role in the regulation of
specific myogenic gene expression in the differentiation process of C2C12 cells.

SMRT suppresses p-oxidation during C2C12 cell differentiation

Next, we performed further analyses using one of the SMRT-null clones (C2C12-SKO) and
investigated the mechanism by which SMRT regulates metabolic genes during muscle

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 6/21


https://doi.org/10.1371/journal.pone.0277830

PLOS ONE SMRT acts as a strong regulator of both 3-oxidation and suppressor of fibrosis in the muscle differentiation

A

MHC DAPI Merge
C2C12- ] c2C12-WT
WT < 15- B C2C12-SKO
é *kk*
X
3 10-
£
5 5
[
w 0
B g o 04 ' *kk
2 ] C2C12-WT
(]
© 0034 . [ C2C12-SKO
X
m *kkk *kkk
L002{ ——
X
E *% dkkk
£0.011 _
k=
& 0.00 — .——
MyoD Myogenin Myomaker Myomerger Myomerger Myh4
(L) (S)
C c2C12 WT C 2. _wkx
(]
Lane Number| @ @ @ @ 2.0 [J C2C12-WT
4 [ C2C12-SKO
SMRT (275kDa) P W W g1
1.0-
(]
MYH4 (220kDa) [ G Ml B o ol 2 05
[
POL-2 (217kDa) we S cune bl 4ol o X 00 YHa

Fig 1. SMRT regulates myotube formation in the differentiation process of C2C12 cells. (A) Both C2C12-WT and C2C12-SKO cells were induced to
differentiate in differentiation medium. The expression of myosin heavy chain 4 (MYH4) in both C2C12-WT and C2C12-SKO cells were assessed by IHC.
Myotubes were stained by anti-MYH4 antibody (Green). Nuclei were stained by DAPI (Blue). The fusion indexes of the cells were calculated from IHC. (B)
mRNA expression of myogenic-related genes in both C2C12-WT and C2C12-SKO cells were quantified by gPCR (n = 3 per group). (C) Protein expression of
SMRT and MYH4 in both C2C12-WT and C2C12-SKO cells were assessed by WB (n = 3 per group). Student t-tests were used for statistical analyses in the
calculation for fusion index and all qPCR and quantification of protein expression. Results are shown as the mean+SEM (error bars represent SEM), and the p-
value are shown as ****p<0.0001, ***p<0.001, **p<0.01.

https://doi.org/10.1371/journal.pone.0277830.9001

differentiation. Previous studies which examined the corepressor complex in muscle (muscle
specific NCoR1KO and the global HDAC3 mutant) showed that both models have significant
impact on oxidative metabolism in skeletal muscle [21, 22]. At first, we investigated mRNA
and protein levels of B-oxidation-related genes in the pre-differentiation stage of both
C2C12-WT and C2C12-SKO cells. While the mRNA level of Pgc-1a; a potent transcriptional
factor of muscle B-oxidation was significantly lower the nuclear receptor, Ppard, was signifi-
cantly up-regulated in C2C12-SKO cells (S2A Fig). Contrary to these results, protein expres-
sion of both PPARS and PGC-1a were significantly up-regulated in C2C12-SKO cells
compared with C2C12-WT cells (S2A and S2B Fig). As B-oxidation-related-genes were up-
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group). (C) The mRNA expression of Hdac3 in both C2C12-WT and C2C12-SKO cells was quantified by gPCR (n = 3 per group). (D) Protein expression of
HDACS3 was assessed by WB (n = 3 per group). (E) Protein expressions of histone H4K5ac and H4 were assessed by WB (n = 3 per group). Student t-tests were
used for statistical analyses in all gPCR and quantification of protein expression. Results are shown as the mean+SEM (error bars represent SEM), and the p-
value are shown as ****p<0.0001, ***p<0.001, **p<0.01, and *p<0.05.
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may protect PGC-1a from degradation induced by poly-ubiquitination (Fig 2A and 2B) [35].
Although the mRNA expressions of Uncoupling protein2 and 3 (Ucp2, Ucp3) in C2C12-SKO
cells were comparable to control, as we expected, both mRNA and protein levels of AMP-acti-
vated protein kinase2 (Ampk2) and mRNA level of Carnitine palmytoyltransferase 1-B (Cpt1-p)
were significantly up-regulated in C2C12-SKO cells (Fig 2A and 2B). While mRNA expression
of Cd36 was decreased during differentiation as seen in Fig 2A, these results taken together the
data suggest that the intercellular B-oxidation level was significantly elevated through the pro-
cess of differentiation of C2C12-SKO cells (Fig 2A and 2B).

HDACS3 is known as the major conserved partner of NCoR1/SMRT in the formation of the
CoR complex that elicits enzymatic activity as a histone deacetylase to induce transcriptional
repression [18, 19, 36]. Previous studies using a muscle specific HDAC3-null mouse or
NCoR1/SMRT double mutant mice which lack a HDAC3-binding domain manifest a similar
muscular phenotype. For example, as HDAC3 activity fell the catabolism of lipids became
more predominant than that of carbohydrates in the skeletal muscle of these mouse models
[22, 37, 38]. To confirm the net effect of SMRT deletion on HDAC3, we investigated its expres-
sion. While the mRNA level of Hdac3 was up-regulated the protein level was lower in
C2C12-SKO cells, indicating that C2C12-SKO cells may have lower HDAC3 activity compared
with wild type cells (Fig 2C and 2D).

To investigate the effect of SMRT deletion on its paralog NCoR1, we performed expression
analyses of both its mRNA and protein levels in the post-differentiation state in C2C12-SKO
cells. As shown in S2D and S2E Fig, both were up-regulated in C2C12-SKO cells (S2D and S2E
Fig). However, despite the higher expression of NCoR1 in C2C12-SKO cells, the protein levels
of acetylated histone H4K5 (H4K5ac) in C2C12-SKO were comparable to those of C2C12-WT
cells (Fig 2E). Taken these data together, SMRT seems to be major suppressor of B-oxidation
in the differentiation process of C2C12 cells.

SMRT suppresses Tgf-p receptor signaling-mediated fibrosis in C2C12 cells

To further clarify the mechanism of how SMRT regulates myotube formation in C2C12 cells,
we performed a comprehensive proteomics analysis using LC-MS/MS comparing fully differ-
entiated C2C12-WT and C2C12-SKO cells. We identified 397 differentially expressed proteins
in C2C12-SKO cells, and the statistical significance was found in the expression level of 85 of
these proteins, with 44 proteins significantly up-regulated, and 41 proteins significantly down-
regulated (S2 Table, S3A Fig). Interestingly, some connective tissue-related proteins, for
instance, Phosphatidylglycerophosphate Synthase 1 (PGS1), Collagen Type I Alphal
(COL1AL1), Sarco/Endoplasmic Reticulum Ca**-ATPase (SERCA), and Troponin I were up-
regulated while glycolysis-related enzymes such as Hexokinasel (HXK1), Enorase3 (ENOB),
and Phosphoglycerate Kinasel (PGK1) were significantly down-regulated. This suggests that
the deletion of SMRT causes both constitutive and catabolic changes in C2C12-SKO cells. To
elucidate the mediator of these changes in C2C12-SKO cells, we analyzed their expression pro-
file using Ingenuity Pathways Analysis [33]. Top canonical analysis showed that glucose catab-
olism was enhanced in C2C12-SKO cells (e.g. Glycolysis, Gluconeogenesis), and TGFBI and
SMAD were identified as top-ranked up-stream regulators, indicating that Tgf-p signaling
seems to be significantly up-regulated in C2C12-SKO cells (S3B and S3C Fig).

To confirm that SMRT deletion did affect transcriptional derepression of Tgf-p signaling,
we performed mRNA expression analyses of the Tgf-p family. Indeed, the majority of Tgf-B
isoforms (Tgf-B1, Tgf-p2, and Tgf-33) and another Tgf-B family member, Bone morphogenetic
proteind (Bmp4) were significantly up-regulated in both the pre-differentiation and post-dif-
ferentiation state in C2C12-SKO cells (S3D Fig, Fig 3A). Further analyses demonstrated that
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Fig 3. SMRT suppresses Tgf-p receptor signaling-mediated fibrosis in C2C12 cell. (A) The expression of Tgf-B signaling-related genes in both C2C12-WT
and C2C12-SKO cells were quantified by qPCR (n = 3 per group). (B) The expression of fibrosis-related genes in both C2C12-WT and C2C12-SKO cells were
quantified by qPCR (n = 3 per group). (C) Protein expression of markers of fibrosis and BMP4 in both C2C12-WT and C2C12-SKO cells were assessed by WB
(n = 3 per group). (D) The expression of Tgf-P receptor-target genes in both C2C12-WT and C2C12-SKO cells were quantified by qPCR (n = 3 per group). (E)
The protein levels of transcriptional mediators in Tgf-B receptor signaling were assessed by WB in both C2C12-WT and C2C12-SKO cells. (n = 3 per group).
Student t-tests were used for statistical analyses in all gPCR and quantification of protein expression. All results of bar graph in this figure are shown as the
mean+SEM (error bars represent SEM), and the p-value are shown as ****p<0.0001, ***p<0.001, **p<0.01, and *p<0.05.

https://doi.org/10.1371/journal.pone.0277830.g003

the mRNA expression of the fibrosis-related genes, Collal, Fgf2, and Connective tissue growth
factor (Ctgf) which are recognized as target genes of Tgf-p signaling showed higher expression
in the post-differentiation state in C2C12-SKO cells (Fig 3B). Consistent with this, the protein
levels of COL1A1 and FGF2 were also increased in C2C12-SKO cells, indicating that SMRT
deletion seemed to increase markers of fibrosis in C2C12-SKO cells (Fig 3C). While the
mRNA level of BMP4 was higher, the protein level in C2C12-SKO cells was comparable to
C2C12-WT cells (Fig 3C). To confirm the possibility of osteoblastic differentiation caused by
enhanced BMP4 signaling in the pre-differentiation state of C2C12 myoblast cells, we per-
formed further analysis for ALP activities compared between C2C12-WT and C2C12-SKO
cells as osteoblast formation accompanied with high ALP activity has been shown to be
strongly induced by BMP4 treatment in C2C12 myoblasts [39]. As shown in S3E Fig, indeed,
C2C12-SKO cells had significantly higher ALP activity compared with wild type in the pre-dif-
ferentiated state (S3E Fig). This indicates that, while the protein level of BMP4 in C2C12-SKO
cells was comparable to that of WT cells, the osteoblastic change caused by the activation of
BMP4 signaling may also play a role in the deterioration of myotube formation seen in
C2C12-SKO cells (Figs 3C and S3E).

To clarify the mechanism of enhanced signaling resulting in pathways activated in fibrosis,
we focused on transcriptional levels of Tgf- receptor signaling mediators [40-42]. As shown
in Fig 3D, mRNA expression of Smad2 and Smad3, which are representative transcriptional
activators of Tgf-B receptor signaling in C2C12-SKO cells were increased and Activin A recep-
tor type-II-like kinase 5 (Tgf-f receptor type I, Alk5) was also significantly up-regulated in
C2C12-SKO cells. In contrast, both mRNA and protein expression of S-Catenin in
C2C12-SKO cells were comparable to wild type cells, indicating that the activation of Tgf-B
receptor signaling does not change the amount of B-CATENIN which is the major cofactor of
PPARGS-mediated NR complex (Fig 3D and 3E) [43, 44]. Furthermore, while the expression
level of the phosphorylated form of SMAD3 (p-SMAD?3), a pivotal transcriptional mediator of
Tgf-B receptor signaling was significantly lower, the expression level of non-phosphorylated
SMAD?2 was not decreased and p-SMAD2 was up-regulated in C2C12-SKO cells. These data
suggest that fibrotic changes may be activated by multiple mediators downstream of Tgf-B
receptor signaling via both transcriptional and translational regulation (Fig 3D and 3E)

[28, 45].

SMRT plays an important role in both myotube formation and protection
against fibrosis during differentiation of C2C12 cells via Tgf-p receptor
signaling

To clarify SMRTs function in the context of Tgf-B receptor signaling, we investigated the effect
of small interfering RNA (si-RNA) on Tgf-p receptor isoforms during C2C12 cell differentia-
tion. As shown in Fig 4A, IHC demonstrates that C2C12-SKO cells treated with si-Tgf-f1
showed higher expression of MYH4 protein and the improvement of the fusion index com-
pared to si-Control, indicating the recovery of myotube formation (Fig 4A). As expected, the
mRNA level of Tgf-f1 was lower in the C2C12-SKO treated by si-Tgf-B1, the protein level of
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Fig 4. SMRT plays an important role in both myotube formation and protection against fibrosis during the differentiation of C2C12 cells via Tgf-p
receptor signaling. (A) Two groups of C2C12-SKO cells treated with either si-Tgf-B1 or si-Control were induced to differentiate in control medium for 4 days.
The expressions of MYH4 in both cells were assessed by IHC. Myotubes were stained by MYH4 (Green). Nuclei were stained by DAPI (Blue). (B) mRNA
expressions of Tgf-p isoforms and Collal in two groups of C2C12-SKO cells treated with either si-Tgf-B1 or si-Control were quantified by qPCR (n = 3 per
group). (C) Protein expressions of MYH4 and COL1A1 in two groups of C2C12-SKO cells treated with either si-Tgf-B1 or si-Control were assessed by WB

(n = 3 per group). (D) Two groups of C2C12-SKO cells treated with either vehicle or LY-364947 were induced to differentiation in control medium for 4 days.
The expressions of MYH4 in both cells were assessed by IHC. Myotubes were stained by MYH4 (Green). Nuclei were stained by DAPI (Blue). (E) mRNA
expressions of Tgf-p isoforms and Collal in two groups of C2C12-SKO cells treated with either vehicle or LY-364947 were quantified by qPCR (n = 3 per
group). (F) Protein expressions of MYH4 and COLIALI in two groups of C2C12-SKO cells treated with either vehicle or LY-364947 were assessed by WB

(n = 3). per group). (G) Protein expressions of p-SMAD2 and p-SMAD3 in two groups of C2C12-SKO cells treated with either vehicle or LY-364947 were
assessed by WB (n = 3 per group). (H) Protein expressions of PPARS, PGC-10, and AMPK?2 in two groups of C2C12-SKO cells treated with either vehicle or
LY-364947 were assessed by WB (n = 3 per group). Student t-tests were used for statistical analyses in all gPCR and quantification of protein expression. Results
are shown as the mean+SEM (error bars represent SEM), and the p-value are shown as ****p<0.0001, ***p<0.001; **, p< 0.01; *, p< 0.05.

https://doi.org/10.1371/journal.pone.0277830.9004
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MYH4 was significantly up-regulated compared to the C2C12-SKO cells treated by si-Control
(Fig 4B and 4C). However, treatment with si-Tgf-B1 did not lower the marker of fibrosis,
Collal, in C2C12-SKO cells. (Fig 4B and 4C). Interestingly, Tgf-83 was significantly up-regu-
lated in C2C12-SKO cells treated with si-Tgf-B1(Fig 4B). Consistent with this, the protein level
of COL1A1 had a trend of higher expression in the C2C12-SKO cells treated with si-Tgf-p1,
compared with the cells treated by si-Control (Fig 4C). These data suggest that the reciprocal
up-regulation of other Tgf-f isoforms may promote fibrosis in C2C12-SKO cells.

To further analyze this, we performed further si-RNA experiments targeting another Tgf-B
receptor isoform; Tgf-A3, and a dual siRNA targeting both Tgf-81 and Tgf-B3 (si-Tgf-B(1+3)).
As shown S4A Fig, myotube formation recovered in both the C2C12-SKO cells treated by
either si-Tgf-B3 or the dual si-Tgf-B(1+3) (S4A Fig). Intriguingly, the C2C12-SKO cells treated
with si-Tgf-p3 showed lower mRNA expression of Tgf-81, and the dual si-Tgf-f(1+3) siRNA
treatred cells showed significantly lower expressions of all three isoforms. Tgf-32 seemed to
have little effect on the myoblast differentiation program as its expression did not show recip-
rocal up-regulation (S4B Fig). However, the mRNA expression of Collal in both C2C12-SKO
cells treated with si-Tgf-B3 and dual si-Tgf-B(1+3) siRNAs were comparable to that of si-Con-
trol (S4B Fig). Consistent with this, both C2C12-SKO cells treated with si-Tgf-p3 and dual si-
Tgf-B(1+3) siRNAs showed a trend to recovery of the MYH4 protein. However, the expression
of COL1A1 in both remained higher compared with the cells treated with si-Control. This sug-
gests the possibility that the effect of siRNA for each Tgf-f isoform was not strong enough to
prevent fibrotic change in C2C12 cells (S4C Fig).

To examine this, we investigated the effect of LY-364947, a competitive inhibitor for the
Tgt-B receptors on the differentiation process of C2C12 cells. As expected, C2C12-SKO cells
treated with LY-364947 showed increased myotube formation by IHC, and significantly higher
expression of MYH4 protein by WB (Fig 4D and 4F). The gene profiles analyzed by qPCR
demonstrated that only Tgf-31 mRNA was significantly down-regulated in C2C12-SKO cells
treated with LY-364947, and other Tgf-f isoforms (Tgf-$2 and Tgf-$3) in the cell were compa-
rable to the controls (C2C12-SKO cell treated with vehicle) (Fig 4E). Although the administra-
tion of LY-364947 significantly decreased the expression of only Tgf-B1, the fibrotic marker;
Collal was significantly reduced in C2C12-SKO cells (Fig 4E). Consistent with this, protein
levels of COL1A1 were also significantly down-regulated in C2C12-SKO cells treated with LY-
364947 (Fig 4F).

To assess the net effect of Tgf-p signaling both on the myogenic differentiation and p-oxi-
dation-mediated lipid metabolism, we evaluated the protein expression of both p-SMADs
and B-oxidation-related genes between two group of C2C12-SKO cells treated by vehicle or
LY-364947. Indeed, as shown in Fig 4G, the protein expression of both p-SMAD2 and p-
SMAD3 were decreased in C2C12-SKO cells treated by LY-364947 compared with the cells
treated by vehicle. This indicates that enhanced Tgf-p receptor signaling in C2C12-SKO cells
has a suppressive effect on myotube formation (Fig 4G). Next, we also evaluated the protein
expression of B-oxidation-related genes between the two cell groups. While the relative
expression of PPARS showed no difference between the two cell groups, interestingly, PGC-
1o and AMPK?2 were significantly down-regulated in C2C12-SKO cells treated with LY-
36494, suggesting the possibility that suppression of Tgf-B signaling leads to a decrease in B-
oxidation-mediated lipid metabolism (Fig 4H). Taken together, these data suggest that while
the inhibition of each Tgf-B isoform would be important for normal myofiber formation the
complete blockade of Tgf-B receptor signaling is pivotal for preventing fibrosis as well as sup-
pressing the expression of specific B-oxidation-related genes during the differentiation of
C2C12 cells.
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Post-natal SMRT deletion has minimal effects on both pB-oxidation and
Tgf-p signaling in in vivo mouse skeletal muscle

To confirm SMRTs function in mature mouse skeletal muscle in vivo, we used a SMRT dele-
tion strategy using tamoxifen-inducible ubiquitin C (UBC) ERT2-Cre recombinase to avoid
the embryonic lethality associated with global SMRT deletion [20, 25, 46]. We previously dem-
onstrated that UBC-SKO mice had lower skeletal muscle mass which associates with signifi-
cant obesity [20]. As shown in Fig 5A, SMRT protein was significantly decreased in the
skeletal muscle of whole-body SMRT KO mice (UBC-SKO) compared with SMRTIoxP/loxP
mice without ERT2-Cre (Control) (Fig 5A). As expected, UBC-SKO mice have a smaller sized
quadriceps with significantly lower weight than controls (S5A and S5B Fig).

To investigate the metabolic effects in skeletal muscle of UBC-SKO mice, we performed
expression analyses of B-oxidation-related genes, compared with control. Gene profiling by
qPCR demonstrated that mRNA levels of all B-oxidation-related genes (ex. Ppard, Pgc-1a, and
Ampk2) tested in UBC-SKO skeletal muscle were comparable to control (Fig 5B). While pro-
tein levels of PPARS were significantly lower in UBC-SKO mice compared with control, the
levels of PGC-10. were similar, indicating post-natal SMRT deletion caused few changes in B-
oxidation in fully-developed skeletal muscle (Fig 5C).

We next further analyzed the effects of SMRT deletion on both Tgf- signaling and fibrotic
markers in skeletal muscle. As shown in Fig 5D, although Tgf-BI and Bmp4 were comparable
to those of controls, 8-Catenin and other Tgf-p isoforms (ex. Tgf-2 and Tgf-f3) were

A Control
Lane Number @ @ @

SMRT (275kDa) % S S
POL-2 (217kDa) ik D .. ——

C Control
Lane Number @ @ @

PPARS (49KDa) = == .
PGC-1a (75kDa) ‘---- -

GAPDH (37kDa) b .

c

o

?, 1.0 ] Control
g ke [l UBC-SKO
d 0.5

Q

2

®

o 0.0

x PPARD PGC-1a

D

0.02-

Relative mRNA Expression

o
=
=]
©

0.000

Relative mRNA Expression
o
[=}
[=}
B

Tgt-p1

[ Control
[l UBC-SKO

FkkK

-

Pgc-1a

Smrt Ppard Ampk2

[ Control
[l UBC-SKO

Tgf-82 Tgf-p3 Bmp4 g-Catenin Collal Fgf2 AIk5

Fig 5. Post-natal SMRT deletion has minimal effects on both B-oxidation and Tgf-p signaling in in vivo mouse skeletal muscle. (A) Protein levels of SMRT
in the skeletal muscle of both UBC-SKO and control mice was assessed by WB (n = 3 mice/group). (B) The expressions of Smrt and B-oxidation-related genes
in the skeletal muscle of both UBC-SKO and control mice were quantified by gPCR (n = 5-6 mice/group). (C) Protein expressions of PPARS and PGC-1a in
the skeletal muscle of both UBC-SKO and control mice were assessed by WB (n = 3 mice/per group). (D) The expressions of Tgf-B receptor signaling-related
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used for statistical analyses in all gPCR and quantification of protein expression. All results are shown as the mean+SEM (error bars represent SEM), the p-

value was shown as; ****, p< 0.0001; **, p< 0.01; *, p< 0.05.
https://doi.org/10.1371/journal.pone.0277830.9005
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significantly increased in the skeletal muscle of UBC-SKO mice (Fig 5D). However, the
mRNA expressions of markers of fibrosis (ex. Collal and Fgf2) and Tgf-p receptor signaling-
related genes (eg. Alk5) were not different between controls and UBC-SKO mouse muscle (Fig
5D). Taken together, these results imply that while there may still be the possibility that some
certain Tgf-B receptors are activated after the post-natal deletion of SMRT this is not enough
to change B-oxidation or fibrosis in the skeletal muscle of the UBC-SKO mice.

Discussion

Degenerative muscle disorders originating from congenital or acquired disease directly causes
serious restrictions on the activities of daily living (ADL) for patients. In addition, because
society as a whole is aging, sarcopenia is increasingly recognized as a world-wide medical
problem [3]. Based on this, research focusing on muscle development is an area of intense
interest. Importantly it is critical to understand the gene regulatory mechanisms involved dur-
ing the process of development or regeneration [7, 9, 10, 47].

Both SMRT and NCoR1 are known as the representative orthologs of CoRs which are
broadly expressed in major organs in mice and humans. Previous studies have demonstrated
that the each CoR plays a tissue-specific role in the regulation of DNA transcription [12, 48—
50]. Indeed, using genetic strategies, recent studies have demonstrated that muscle-specific
deficiency of either NCoR1 or HDAC3 in mice can cause the up-regulation of fatty acid B-oxi-
dation [21, 22]. However, the role of SMRT in skeletal muscle has not been elucidated yet.

To investigate the function of SMRT in the mouse skeletal muscle, we made SMRT-null
clones from mouse C2C12 myoblast cells using CRISPR-Cas9. Interestingly, the loss of SMRT
in these cells led to the up-regulation of genes important in fatty-acid -oxidation which is usu-
ally activated by physical exercise in skeletal muscle. We also found that these cells had a signif-
icant loss of myofiber formation (Figs 1A and S1C).

Previous studies demonstrated that the pivotal transcriptional mediator; PGC-1a strongly
regulates fatty acid B-oxidation via the nuclear receptor PPARS in skeletal muscle [35]. Thus
we first focused on SMRTs function in the context of the regulation of fatty acid B-oxidation
regulation in C2C12 cells also in part because PPARS was previously reported as a binding
partner for SMRT [51]. Indeed, we found that C2C12-SKO cells had high protein expression
levels of PPARS and PGC-1a. in both the pre- and post-differentiation state (Figs 2B and S2B).
To confirm the SMRT-null effect in adult skeletal muscle, we also analyzed the muscle tissue
dissected from global SMRT KO (UBC-SKO) mice and did not see similar elevation of PPARS
and PGC-1a, which was inconsistent with the results observed in C2C12-SKO myotubes (Figs
2B and 5C). These contradictions may be caused by the difference in the function of SMRT
before and after the muscle tissue development. Indeed, while the embryonic global SMRT
deletion causes embryonic lethality because of congenital cardiac defects we previously con-
firmed that adult UBC-SKO mice have normal cardiac function [20, 46]. Taken together, these
data suggest that SMRT works as a master regulator for lipid catabolism during myocyte differ-
entiation in C2C12 cells. In the adult mouse after development has occurred, SMRT does not
appear to play a role in this process.

Further comprehensive proteomics analysis using LC-MS/MS and following IPA pathway
analysis demonstrated that C2C12-SKO cells had lower expression of glycolysis-related
enzymes. This suggests that the cells seemed to have a catabolic shift from carbohydrates to
fatty acids which was a similar phenotype seen in the genetic mouse models reported previ-
ously (S2 Table, S3B Fig) [22, 37, 38]. However, we also found that Tgf-B receptor signaling is
the predominant pathway activated in C2C12-SKO cells. Both Tgf-B family members and
fibrosis markers were significantly up-regulated in the C2C12-SKO cells (Figs 3A, 3B, 3D and
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S3D). Tgt-Bs have been known as the signaling mediators which cause fibrosis in cardiac or
skeletal muscle, leading to degenerative muscle disorders such as heart failure and sarcopenia
[28, 52]. Indeed, the inhibition of Tgf-P receptor signaling could induce myotube formation
and ameliorate fibrosis in the C2C12-SKO cells (Fig 4D-4F). Of note, we found that while the
direct inhibition of Tgf-B signaling by siRNA could re-establish myotube formation it did not
improve markers of fibrosis in C2C12-SKO cells (Figs 4A-4C and S4A-S4C). Thus the regula-
tion of Tgf-P receptor signaling by the SMRT/HDACS3 repressor complex may predominantly
effect the inhibition of fibrosis rather than the process of myofiber differentiation in C2C12
cells which was elicited by each Tgf-B receptor isoform. While the protein level of p-SMAD3
was lower than the other regulators of Tgf-p receptor signaling non-phosphorylated SMAD3
and p-SMAD?2 were significantly up-regulated in the C2C12-SKO cells (Fig 3E). Indeed, fur-
ther evaluation of the C2C12-SKO cells treated by LY-364947 showed significant lower expres-
sion level of both p-SMADs (p-SMAD?2, 3) and some certain -oxidation-related genes (PGC-
lo, and AMPK?2). Thus, Tgf-B receptor signaling suppresses myotube formation and B-oxida-
tion-mediated lipid metabolism in C2C12 cells (Fig 4G and 4H). Of note, Fig 4F and 4G indi-
cate that the complete blockade of Tgf-p receptor signaling by LY-364947 seemed to be
predominantly important for prevention of fibrosis in C2C12-SKO cells (Fig 4F and 4G).
Interestingly, the inhibition of Tgf-B receptor signaling by LY-364947 also caused lower
expression of PGC-1a and AMPK?2, but not PPARS repression (Fig 4H). This may indicates
that both PGC-10. and AMPK2 may have different effects on lipid metabolism via Tgf- recep-
tor signaling as well as via PPARS nuclear receptor signaling [53, 54].

We also found that C2C12-SKO cells had higher ALP activation compared with
C2CI12-WT cells (S3E Fig). This may indicate the possibility that osteoblast formation medi-
ated by BMP4 signaling was also involved in myogenic deterioration of C2C12-SKO cells [39].
Taken above data together, these results suggest that SMRT seems to control fibrosis via the
multiple transcriptional mediators downstream of Tgf-f§ family receptor signaling [45, 55].

Although UBC-SKO mice manifested both lower quadricep weight which mimics muscle
wasting and higher mRNA levels of some specific Tgf-B pathway signaling isoforms (ex. Tgf-
B2, Tgf-B3, and B-Catenin) compared to control, there was no evidence of fibrosis or its mark-
ers (Figs 5D, S5A and S5B). Thus, SMRT might have only small effects on the development of
fibrosis in adult skeletal muscle rather than during development.

In conclusion, we shed light on SMRT function as a dual suppressor of both fatty acid -
oxidation and Tgf-P receptor signaling which induces fibrosis during the process of C2C12 dif-
ferentiation and potentially skeletal muscle development. These results support the notion of a
potential therapeutic effect of either a SMRT analog or a Tgf-f receptor antagonist for congen-
ital muscle wasting disorders. Herein, we did not elucidate the mechanism by which SMRT
deficiency directly or indirectly affected Tgf-p signaling in myocytes. While other studies have
reported that a treatment with Tgf-p has direct effect to induce intranuclear SMRT expression
in mouse heart and embryonic lung cells the net effect of Tgf-p on the mechanisms of tran-
scriptional regulation by SMRT is still unclear [52, 56]. To clarify the detailed mechanism of
SMRT function in the regulation of B-oxidation and Tgf-f receptor signaling further in vivo,
additional analyses using novel SMRT mouse genetic models will be required.

Supporting information

S1 Fig. SMRT protein is strongly expressed in the later phase of differentiation process of
C2C12 cells. (A) The series of time points (day 0-5) of mRNA expression levels of Smrt during
the differentiation process of C2C12-WT cell were assessed by qPCR (n = 3). (B) The series of
time points (day 0-5) of protein expressions of SMRT during the differentiation process of
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C2C12-WT cell were assessed by WB (n = 3). (C) Both C2C12-WT and C2C12-SKO2 cells
were induced to differentiate in differentiation medium. The expressions of MYH4 in both
C2C12-WT and C2C12-SKO2 were assessed by IHC. Myotubes were stained by MYH4
(Green). Nuclei were stained by DAPI (Blue). (D) mRNA expression of Myh4 gene in both
C2C12-WT and C2C12-SKO2 cells was quantified by qPCR (n = 3 per group). (E) Protein
expressions of SMRT and MYH4 in both C2C12-WT and C2C12-SKO2 cells were assessed by
WB (n = 3 per group). One-way ANOVA was used in (A) and (B) for statistical analyses. The
same alphabet on the top of graph bars indicate there is no statistical significance between
them. Student t-tests were used for statistical analyses in (C), (D) and (E). Results are shown as
the mean+SEM (error bars represent SEM), and the p-value are shown as ***p<0.001,
“*p<0.01.

(EPS)

S2 Fig. SMRT suppresses B-oxidation in the pre-differentiation state of C2C12 cells. (A)
The mRNA expressions of B-oxidation-related gene in the pre-differentiation state of both
C2C12-WT and C2C12-SKO cells were quantified by gPCR (n = 3 per group). (B) Protein
expressions of PPARS and PGC-1o in the pre-differentiation state of both C2C12-WT and
C2C12-SKO cells were assessed by WB (n = 3 per group). (C) Fatty acid oxidation (FAO) rates
compared between C2C12-WT and C2C12-SKO cells in the pre-differentiation state were
determined (n = 3 per group). (D) The mRNA expression of Ncor! in the post-differentiation
state in both C2C12-WT and C2C12-SKO cells was quantified by qPCR (n = 3 per group). (E)
Protein expression of NCORI in the post-differentiation state was assessed by WB (n = 3 per
group). Student t-tests were used for statistical analyses in all qPCR and quantification of pro-
tein expression. Results are shown as the mean+SEM (error bars represent SEM), and the p-
value are shown as ****p<0.0001, **p<0.01, *p<0.05.

(EPS)

S3 Fig. Proteomics analysis identified the Tgf- signaling was predominant in C2C12-SKO
cells. (A) Total 397 proteins (44 were significantly up-regulated, and 41 down-regulated) were
identified by LC-MS/MS used Triple-TOF®), Sciex 6600 in the comparison between
C2C12-SKO and C2C12-WT cells. (B) Lists of top canonical pathways were ranked by IPA
proteomics analyses in C2C12-SKO compared with C2C12-WT cells. (C) Causal network
analysis identified TGFB1(T'GF-B1) as upstream regulator. Rectangular means cytokine, and
ellipse means transcriptional regulator. Orange means predicted activation, and blue means
inhibition. The color depth indicates intensity of activation. The pointed arrowheads represent
activating relationship and a blunt arrowhead inhibitory relationship. The dashed lines indi-
cate virtual relationships composed of the net effect of the pathways between the root regulator
and the target molecules. (D) The mRNA expression of Tgf-p families in the pre-differentia-
tion state of both C2C12-WT and C2C12-SKO cells was quantified by qPCR (n = 3 per group).
Student t-tests were used for statistical analyses in qPCR. Results are shown as the mean+SEM
(error bars represent SEM), and the p-value are shown as ****p<0.0001, ***p<0.001. (E) ALP
activities in the pre-differentiation state of both C2C12-WT and C2C12-SKO cells were deter-
mined (n = 3 per group).

(EPS)

$4 Fig. Dual suppression of Tgf-B isoforms ameliorates myotube formation which is limit-
ing to improve fibrosis in the differentiation of C2C12-SKO cells. (A) C2C12-SKO cells
were tested by three groups of si-RNA; si-Control, si-Tgf-p3, and dual knock-down by both si-
Tgt-B1 and si-Tgf-B3. They were induced to differentiation in differentiation medium. The
expressions of MYH4 were assessed by IHC. Myotubes were stained by MYH4 (Green). Nuclei
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were stained by DAPI (Blue). (B) mRNA expressions of three Tgf-f isoforms and Collal in the
three groups were quantified by qPCR (n = 3 per group). (C) Protein expressions of MYH4
and COL1AL in the three groups were assessed by WB (n = 3 per group). For statistical analy-
ses, One-way ANOVA was used in the fusion index panel of (A), (B) and (C). Results are
shown as the mean+SEM (error bars represent SEM), and the p-value are shown as
##%%p<0.0001, ***p<0.001, *p<0.05.

(EPS)

S5 Fig. Global SMRT-null mice showed the loss of skeletal muscle weight. (A) Quadriceps
dissected from both UBC-SKO and control mouse were shown. (B) The quadriceps weights
compensated by body weight were measured in both UBC-SKO and control mice (n = 5-6
mice/group).

(EPS)

S1 Table. Key resources.
(PDF)

S2 Table. Comprehensive proteomics analysis of protein expressions in C2C12-WT and
C2C12-SKO cells.
(XLSX)

S1 Raw images.
(PDF)

Acknowledgments

We thank Dr. Ken-ichi Inoue (Center of Regenerative Medicine, Comprehensive Research
facilities for Advanced Medical Science, Dokkyo Medical University School of Medicine) for
kind assistance on proteomics analysis by IPA software.

Author Contributions

Conceptualization: Hiroaki Shimizu, Hiroyuki Sugimoto, Ronald N. Cohen, Anthony N.
Hollenberg.

Data curation: Hiroaki Shimizu, Yasuhiro Horibata, Izuki Amano, Megan J. Ritter, Mariko
Domae, Hiromi Ando, Hiroyuki Sugimoto.

Methodology: Hiroaki Shimizu, Yasuhiro Horibata, Izuki Amano, Megan J. Ritter, Hiroyuki
Sugimoto.

Resources: Hiroaki Shimizu.

Supervision: Hiroyuki Sugimoto, Ronald N. Cohen, Anthony N. Hollenberg.

Validation: Hiroyuki Sugimoto, Ronald N. Cohen, Anthony N. Hollenberg.
Visualization: Hiroaki Shimizu.

Writing - original draft: Hiroaki Shimizu, Ronald N. Cohen, Anthony N. Hollenberg.
Writing - review & editing: Hiroaki Shimizu, Ronald N. Cohen, Anthony N. Hollenberg.

References

1. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz AV, et al. The loss of skeletal
muscle strength, mass, and quality in older adults: the health, aging and body composition study. J

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277830.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277830.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277830.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277830.s008
https://doi.org/10.1371/journal.pone.0277830

PLOS ONE

SMRT acts as a strong regulator of both 3-oxidation and suppressor of fibrosis in the muscle differentiation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gerontol A Biol Sci Med Sci. 2006; 61: 1059—1064. https://doi.org/10.1093/gerona/61.10.1059 PMID:
17077199.

Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: European
consensus on definition and diagnosis: Report of the European Working Group on Sarcopenia in Older
People. Age Ageing. 2010; 39: 412—423. https://doi.org/10.1093/ageing/afq034 PMID: 20392703.

Mizuno T, Matsui Y, Tomida M, Suzuki Y, Nishita Y, Tange C, et al. Differences in the mass and quality
of the quadriceps with age and sex and their relationships with knee extension strength. J Cachexia Sar-
copenia Muscle. 2021; 12: 900-912. https://doi.org/10.1002/jcsm.12715 PMID: 34009738.

Kragstrup TW, Kjaer M, Mackey AL. Structural, biochemical, cellular, and functional changes in skeletal
muscle extracellular matrix with aging. Scand J Med Sci Sports. 2011; 21: 749-757. https://doi.org/10.
1111/j.1600-0838.2011.01377.x PMID: 22092924

Biltz NK, Collins KH, Shen KC, Schwartz K, Harris CA, Meyer GA. Infiltration of intramuscular adipose
tissue impairs skeletal muscle contraction. J Physiol. 2020; 598: 2669-2683. https://doi.org/10.1113/
JP279595 PMID: 32358797.

Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a secretory organ. Nat
Rev Endocrinol. 2012; 8: 457—465. https://doi.org/10.1038/nrendo.2012.49 PMID: 22473333.

Collins CM, Ellis JA, Holaska JM. MAPK signaling pathways and HDAC3 activity are disrupted during
differentiation of emerin-null myogenic progenitor cells. Dis Model Mech. 2017; 10: 385-397. https:/
doi.org/10.1242/dmm.028787 PMID: 28188262.

Feige P, Brun CE, Ritso M, Rudnicki MA. Orienting Muscle Stem Cells for Regeneration in Homeosta-
sis, Aging, and Disease. Cell Stem Cell. 2018; 23: 653-664. https://doi.org/10.1016/j.stem.2018.10.
006 PMID: 30388423.

Cui S, LiL, Yu RT, Downes M, Evans RM, Hulin JA, et al. beta-Catenin is essential for differentiation of
primary myoblasts via cooperation with MyoD and alpha-catenin. Development. 2019; 146. https://doi.
org/10.1242/dev.167080 PMID: 30683662.

Moretti I, Ciciliot S, Dyar KA, Abraham R, Murgia M, Agatea L, et al. MRF4 negatively regulates adult
skeletal muscle growth by repressing MEF2 activity. Nat Commun. 2016; 7: 12397. https://doi.org/10.
1038/ncomms 12397 PMID: 27484840.

Umemoto T, Furutani Y, Murakami M, Matsui T, Funaba M. Endogenous Bmp4 in myoblasts is required
for myotube formation in C2C12 cells. Biochim Biophys Acta. 2011; 1810: 1127—1135. https://doi.org/
10.1016/j.bbagen.2011.09.008 PMID: 21964441.

Nofsinger RR, Li P, Hong SH, Jonker JW, Barish GD, Ying H, et al. SMRT repression of nuclear recep-
tors controls the adipogenic set point and metabolic homeostasis. Proc Natl Acad Sci U S A. 2008; 105:
20021-20026. https://doi.org/10.1073/pnas.0811012105 PMID: 19066220.

Raghav SK, Waszak SM, Krier I, Gubelmann C, Isakova A, Mikkelsen TS, et al. Integrative genomics
identifies the corepressor SMRT as a gatekeeper of adipogenesis through the transcription factors C/
EBPbeta and KAISO. Mol Cell. 2012; 46: 335-350. https://doi.org/10.1016/j.molcel.2012.03.017
PMID: 22521691.

Stanya KJ, Kao HY. New insights into the functions and regulation of the transcriptional corepressors
SMRT and N-CoR. Cell Div. 2009; 4: 7. https://doi.org/10.1186/1747-1028-4-7 PMID: 19383165.

Astapova |. Role of co-regulators in metabolic and transcriptional actions of thyroid hormone. J Mol
Endocrinol. 2016; 56: 73-97. https://doi.org/10.1530/JME-15-0246 PMID: 26673411.

Astapova |, Lee LJ, Morales C, Tauber S, Bilban M, Hollenberg AN. The nuclear corepressor, NCoR,
regulates thyroid hormone action in vivo. Proc Natl Acad Sci U S A. 2008; 105: 19544—19549. https:/
doi.org/10.1073/pnas.0804604105 PMID: 19052228.

Mendoza A, Hollenberg AN. New insights into thyroid hormone action. Pharmacol Ther. 2017; 173:
135-145. https://doi.org/10.1016/j.pharmthera.2017.02.012 PMID: 28174093.

Hollenberg AN. Metabolic health and nuclear-receptor sensitivity. N Engl J Med. 2012; 366: 1345—
1347. https://doi.org/10.1056/NEJMcibr1114529 PMID: 22475600.

Sun Z, Feng D, Fang B, Mullican SE, You SH, Lim HW, et al. Deacetylase-independent function of
HDACS3 in transcription and metabolism requires nuclear receptor corepressor. Mol Cell. 2013; 52:
769-782. https://doi.org/10.1016/j.molcel.2013.10.022 PMID: 24268577 .

Shimizu H, Lu Y, Vella KR, Damilano F, Astapova |, Amano |, et al. Nuclear corepressor SMRT is a
strong regulator of body weight independently of its ability to regulate thyroid hormone action. PLoS
One. 2019; 14: e0220717. https://doi.org/10.1371/journal.pone.0220717 PMID: 31404087.

Yamamoto H, Williams EG, Mouchiroud L, Canto C, Fan W, Downes M, et al. NCoR1 is a conserved
physiological modulator of muscle mass and oxidative function. Cell. 2011; 147: 827-839. https://doi.
org/10.1016/j.cell.2011.10.017 PMID: 22078881

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 19/21


https://doi.org/10.1093/gerona/61.10.1059
http://www.ncbi.nlm.nih.gov/pubmed/17077199
https://doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
https://doi.org/10.1002/jcsm.12715
http://www.ncbi.nlm.nih.gov/pubmed/34009738
https://doi.org/10.1111/j.1600-0838.2011.01377.x
https://doi.org/10.1111/j.1600-0838.2011.01377.x
http://www.ncbi.nlm.nih.gov/pubmed/22092924
https://doi.org/10.1113/JP279595
https://doi.org/10.1113/JP279595
http://www.ncbi.nlm.nih.gov/pubmed/32358797
https://doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
https://doi.org/10.1242/dmm.028787
https://doi.org/10.1242/dmm.028787
http://www.ncbi.nlm.nih.gov/pubmed/28188262
https://doi.org/10.1016/j.stem.2018.10.006
https://doi.org/10.1016/j.stem.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30388423
https://doi.org/10.1242/dev.167080
https://doi.org/10.1242/dev.167080
http://www.ncbi.nlm.nih.gov/pubmed/30683662
https://doi.org/10.1038/ncomms12397
https://doi.org/10.1038/ncomms12397
http://www.ncbi.nlm.nih.gov/pubmed/27484840
https://doi.org/10.1016/j.bbagen.2011.09.008
https://doi.org/10.1016/j.bbagen.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21964441
https://doi.org/10.1073/pnas.0811012105
http://www.ncbi.nlm.nih.gov/pubmed/19066220
https://doi.org/10.1016/j.molcel.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22521691
https://doi.org/10.1186/1747-1028-4-7
http://www.ncbi.nlm.nih.gov/pubmed/19383165
https://doi.org/10.1530/JME-15-0246
http://www.ncbi.nlm.nih.gov/pubmed/26673411
https://doi.org/10.1073/pnas.0804604105
https://doi.org/10.1073/pnas.0804604105
http://www.ncbi.nlm.nih.gov/pubmed/19052228
https://doi.org/10.1016/j.pharmthera.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28174093
https://doi.org/10.1056/NEJMcibr1114529
http://www.ncbi.nlm.nih.gov/pubmed/22475600
https://doi.org/10.1016/j.molcel.2013.10.022
http://www.ncbi.nlm.nih.gov/pubmed/24268577
https://doi.org/10.1371/journal.pone.0220717
http://www.ncbi.nlm.nih.gov/pubmed/31404087
https://doi.org/10.1016/j.cell.2011.10.017
https://doi.org/10.1016/j.cell.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22078881
https://doi.org/10.1371/journal.pone.0277830

PLOS ONE

SMRT acts as a strong regulator of both 3-oxidation and suppressor of fibrosis in the muscle differentiation

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Song S, Wen Y, Tong H, Loro E, Gong Y, Liu J, et al. The HDAC3 enzymatic activity regulates skeletal
muscle fuel metabolism. J Mol Cell Biol. 2019; 11: 133—-143. https://doi.org/10.1093/jmcb/mjy066
PMID: 30428023.

Horibata Y, Mitsuhashi S, Shimizu H, Maejima S, Sakamoto H, Aoyama C, et al. The phosphatidylcho-
line transfer protein StarD7 is important for myogenic differentiation in mouse myoblast C2C12 cells
and human primary skeletal myoblasts. Sci Rep. 2020; 10: 2845. hitps://doi.org/10.1038/s41598-020-
59444-y PMID: 32071354.

Costa-e-Sousa RH, Astapova |, Ye F, Wondisford FE, Hollenberg AN. The thyroid axis is regulated by
NCoR1 via its actions in the pituitary. Endocrinology. 2012; 153: 5049-5057. https://doi.org/10.1210/
en.2012-1504 PMID: 22878400.

Shimizu H, Astapoval l, Ye F, Bilban M, Cohen RN, Hollenberg AN. NCoR1 and SMRT play unique roles
in thyroid hormone action in vivo. Mol Cell Biol. 2015; 35: 555-565. https://doi.org/10.1128/MCB.
01208-14 PMID: 25421714.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the CRISPR-
Cas9 system. Nat Protoc. 2013; 8: 2281-2308. https://doi.org/10.1038/nprot.2013.143 PMID:
24157548.

Mali P, Aach J, Stranges PB, Esvelt KM, Moosburner M, Kosuri S, et al. CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering. Nat Biotech-
nol. 2013; 31: 833-838. https://doi.org/10.1038/nbt.2675 PMID: 23907171.

Hillege MMG, Galli Caro RA, Offringa C, de Wit GMJ, Jaspers RT, Hoogaars WMH. TGF-beta Regu-
lates Collagen Type | Expression in Myoblasts and Myotubes via Transient Ctgf and Fgf-2 Expression.
Cells. 2020; 9. https://doi.org/10.3390/cells9020375 PMID: 32041253.

Masuda T, Tomita M, Ishihama Y. Phase transfer surfactant-aided trypsin digestion for membrane pro-
teome analysis. J Proteome Res. 2008; 7: 731-740. https://doi.org/10.1021/pr700658q PMID:
18183947.

Iwasaki M, Masuda T, Tomita M, Ishihama Y. Chemical cleavage-assisted tryptic digestion for mem-
brane proteome analysis. J Proteome Res. 2009; 8: 3169-3175. https://doi.org/10.1021/pr900074n
PMID: 19348461.

Nakamura H, Nagamine A, Yashima H, Araki T, Yamamoto K. Exploration of Proteins Involved in Acqui-
sition of Resistance to Cetuximab. Indonesian Journal of Pharmaceutics. 2019; 1. https://doi.org/10.
24198/idjp.v1i1.19582

Sze YH, Zhao Q, Cheung JKW, Li KK, Tse DYY, To CH, et al. High-pH reversed-phase fractionated
neural retina proteome of normal growing C57BL/6 mouse. Sci Data. 2021; 8: 27. https://doi.org/10.
1038/s41597-021-00813-1 PMID: 33500412.

Kishimoto S, Inoue Kl, Sohma R, Toyoda S, Sakuma M, Inoue T, et al. Surgical Injury and Ischemia
Prime the Adipose Stromal Vascular Fraction and Increase Angiogenic Capacity in a Mouse Limb
Ischemia Model. Stem Cells Int. 2020; 2020: 7219149. https://doi.org/10.1155/2020/7219149 PMID:
325089383.

Song X, Zhang Y, Dai E, Wang L, Du H. Prediction of triptolide targets in rheumatoid arthritis using net-
work pharmacology and molecular docking. Int Immunopharmacol. 2020; 80: 106179. https://doi.org/
10.1016/j.intimp.2019.106179 PMID: 31972422.

Koh JH, Hancock CR, Terada S, Higashida K, Holloszy JO, Han DH. PPARbeta Is Essential for Main-
taining Normal Levels of PGC-1alpha and Mitochondria and for the Increase in Muscle Mitochondria
Induced by Exercise. Cell Metab. 2017; 25: 1176—1185 e1175. https://doi.org/10.1016/j.cmet.2017.04.
029 PMID: 28467933.

Guo C, Gow CH, Li Y, Gardner A, Khan S, Zhang J. Regulated clearance of histone deacetylase 3 pro-
tects independent formation of nuclear receptor corepressor complexes. J Biol Chem. 2012; 287:
12111-12120. https://doi.org/10.1074/jbc.M111.327023 PMID: 22337871.

Hong S, Zhou W, Fang B, Lu W, Loro E, Damle M, et al. Dissociation of muscle insulin sensitivity from
exercise endurance in mice by HDAC3 depletion. Nat Med. 2017; 23: 223-234. https://doi.org/10.
1038/nm.4245 PMID: 27991918.

You SH, Lim HW, Sun Z, Broache M, Won KJ, Lazar MA. Nuclear receptor co-repressors are required
for the histone-deacetylase activity of HDAC3 in vivo. Nat Struct Mol Biol. 2013; 20: 182—187. https://
doi.org/10.1038/nsmb.2476 PMID: 23292142.

Nojima J, Kanomata K, Takada Y, Fukuda T, Kokabu S, Ohte S, et al. Dual roles of smad proteins in the
conversion from myoblasts to osteoblastic cells by bone morphogenetic proteins. J Biol Chem. 2010;
285: 15577-15586. https://doi.org/10.1074/jbc.M109.028019 PMID: 20231279.

Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al. Activation of canonical Wnt
signalling is required for TGF-beta-mediated fibrosis. Nat Commun. 2012; 3: 735. https://doi.org/10.
1038/ncomms1734 PMID: 22415826.

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 20/21


https://doi.org/10.1093/jmcb/mjy066
http://www.ncbi.nlm.nih.gov/pubmed/30428023
https://doi.org/10.1038/s41598-020-59444-y
https://doi.org/10.1038/s41598-020-59444-y
http://www.ncbi.nlm.nih.gov/pubmed/32071354
https://doi.org/10.1210/en.2012-1504
https://doi.org/10.1210/en.2012-1504
http://www.ncbi.nlm.nih.gov/pubmed/22878400
https://doi.org/10.1128/MCB.01208-14
https://doi.org/10.1128/MCB.01208-14
http://www.ncbi.nlm.nih.gov/pubmed/25421714
https://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
https://doi.org/10.1038/nbt.2675
http://www.ncbi.nlm.nih.gov/pubmed/23907171
https://doi.org/10.3390/cells9020375
http://www.ncbi.nlm.nih.gov/pubmed/32041253
https://doi.org/10.1021/pr700658q
http://www.ncbi.nlm.nih.gov/pubmed/18183947
https://doi.org/10.1021/pr900074n
http://www.ncbi.nlm.nih.gov/pubmed/19348461
https://doi.org/10.24198/idjp.v1i1.19582
https://doi.org/10.24198/idjp.v1i1.19582
https://doi.org/10.1038/s41597-021-00813-1
https://doi.org/10.1038/s41597-021-00813-1
http://www.ncbi.nlm.nih.gov/pubmed/33500412
https://doi.org/10.1155/2020/7219149
http://www.ncbi.nlm.nih.gov/pubmed/32508933
https://doi.org/10.1016/j.intimp.2019.106179
https://doi.org/10.1016/j.intimp.2019.106179
http://www.ncbi.nlm.nih.gov/pubmed/31972422
https://doi.org/10.1016/j.cmet.2017.04.029
https://doi.org/10.1016/j.cmet.2017.04.029
http://www.ncbi.nlm.nih.gov/pubmed/28467933
https://doi.org/10.1074/jbc.M111.327023
http://www.ncbi.nlm.nih.gov/pubmed/22337871
https://doi.org/10.1038/nm.4245
https://doi.org/10.1038/nm.4245
http://www.ncbi.nlm.nih.gov/pubmed/27991918
https://doi.org/10.1038/nsmb.2476
https://doi.org/10.1038/nsmb.2476
http://www.ncbi.nlm.nih.gov/pubmed/23292142
https://doi.org/10.1074/jbc.M109.028019
http://www.ncbi.nlm.nih.gov/pubmed/20231279
https://doi.org/10.1038/ncomms1734
https://doi.org/10.1038/ncomms1734
http://www.ncbi.nlm.nih.gov/pubmed/22415826
https://doi.org/10.1371/journal.pone.0277830

PLOS ONE

SMRT acts as a strong regulator of both 3-oxidation and suppressor of fibrosis in the muscle differentiation

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kodaka Y, Tanaka K, Kitajima K, Tanegashima K, Matsuda R, Hara T. LIM homeobox transcription fac-
tor Lhx2 inhibits skeletal muscle differentiation in part via transcriptional activation of Msx1 and Msx2.
Exp Cell Res. 2015; 331:309-319. https://doi.org/10.1016/j.yexcr.2014.11.009 PMID: 25460335.

Palumbo-Zerr K, Zerr P, Distler A, Fliehr J, Mancuso R, Huang J, et al. Orphan nuclear receptor NR4A1
regulates transforming growth factor-beta signaling and fibrosis. Nat Med. 2015; 21: 150-158. https://
doi.org/10.1038/nm.3777 PMID: 25581517.

Beyaz S, Yilmaz OH. Molecular Pathways: Dietary Regulation of Stemness and Tumor Initiation by the
PPAR-delta Pathway. Clin Cancer Res. 2016; 22: 5636-5641. https://doi.org/10.1158/1078-0432.
CCR-16-0775 PMID: 27702819.

Song LN, Gelmann EP. Silencing mediator for retinoid and thyroid hormone receptor and nuclear recep-
tor corepressor attenuate transcriptional activation by the beta-catenin-TCF4 complex. J Biol Chem.
2008; 283: 25988-25999. https://doi.org/10.1074/jbc.M800325200 PMID: 18632669.

Girolami |, Veronese N, Smith L, Caruso MG, Reddavide R, Leandro G, et al. The Activation Status of
the TGF-beta Transducer Smad?2 Is Associated with a Reduced Survival in Gastrointestinal Cancers: A
Systematic Review and Meta-Analysis. Int J Mol Sci. 2019; 20. https://doi.org/10.3390/ijms20153831
PMID: 31387321.

Jepsen K, Gleiberman AS, Shi C, Simon DI, Rosenfeld MG. Cooperative regulation in development by
SMRT and FOXP1. Genes Dev. 2008; 22: 740-745. https://doi.org/10.1101/gad.1637108 PMID:
18347093.

Huang S, Lin X, Deng X, Luo X, Fang W, Luo R. Decreased cytoplasmic expression of Raptor correlates
with disease progression and unfavorable prognosis in hepatocellular carcinoma. Int J Clin Exp Pathol.
2017; 10: 11789-11796. PMID: 31966542.

Sutanto MM, Ferguson KK, Sakuma H, Ye H, Brady MJ, Cohen RN. The silencing mediator of retinoid
and thyroid hormone receptors (SMRT) regulates adipose tissue accumulation and adipocyte insulin
sensitivity in vivo. J Biol Chem. 2010; 285: 18485—-18495. https://doi.org/10.1074/jbc.M110.107680
PMID: 20371609.

Fang S, Suh JM, Atkins AR, Hong SH, Leblanc M, Nofsinger RR, et al. Corepressor SMRT promotes
oxidative phosphorylation in adipose tissue and protects against diet-induced obesity and insulin resis-
tance. Proc Natl Acad Sci U S A. 2011; 108: 3412—-3417. https://doi.org/10.1073/pnas.1017707108
PMID: 21300871.

Astapova |, Ramadoss P, Costa-e-Sousa RH, Ye F, Holtz KA, Li Y, et al. Hepatic nuclear corepressor 1
regulates cholesterol absorption through a TRbeta1-governed pathway. J Clin Invest. 2014; 124:
1976-1986. https://doi.org/10.1172/JCI73419 PMID: 24713658.

Shi 'Y, Hon M, Evans RM. The peroxisome proliferator-activated receptor delta, an integrator of tran-
scriptional repression and nuclear receptor signaling. Proc Natl Acad Sci U S A. 2002; 99: 2613-2618.
https://doi.org/10.1073/pnas.052707099 PMID: 11867749.

Liu C, Lim ST, Teo MHY, Tan MSY, Kulkarni MD, Qiu B, et al. Collaborative Regulation of LRG1 by
TGF-betal and PPAR-beta/delta Modulates Chronic Pressure Overload-Induced Cardiac Fibrosis. Circ
Heart Fail. 2019; 12: e005962. https://doi.org/10.1161/CIRCHEARTFAILURE.119.005962 PMID:
31830829.

Choi HI, Park JS, Kim DH, Kim CS, Bae EH, Ma SK, et al. PGC-1alpha Suppresses the Activation of
TGF-beta/Smad Signaling via Targeting TGFbetaRI Downregulation by let-7b/c Upregulation. Int J Mol
Sci. 2019; 20. https://doi.org/10.3390/ijms20205084 PMID: 31614978.

Hou S, ZhengF, Li Y, Gao L, Zhang J. The protective effect of glycyrrhizic acid on renal tubular epithelial
cell injury induced by high glucose. Int J Mol Sci. 2014; 15: 15026—15043. https://doi.org/10.3390/
ijims150915026 PMID: 25162824.

Miyazono K, Ehata S, Koinuma D. Tumor-promoting functions of transforming growth factor-beta in pro-
gression of cancer. Ups J Med Sci. 2012; 117: 143—152. https://doi.org/10.3109/03009734.2011.
638729 PMID: 22111550.

Stockert J, Adhikary T, Kaddatz K, Finkernagel F, Meissner W, Muller-Brusselbach S, et al. Reverse
crosstalk of TGFbeta and PPARbeta/delta signaling identified by transcriptional profiling. Nucleic Acids
Res. 2011; 39: 119-131. hitps://doi.org/10.1093/nar/gkq773 PMID: 20846954.

PLOS ONE | https://doi.org/10.1371/journal.pone.0277830 December 1, 2022 21/21


https://doi.org/10.1016/j.yexcr.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25460335
https://doi.org/10.1038/nm.3777
https://doi.org/10.1038/nm.3777
http://www.ncbi.nlm.nih.gov/pubmed/25581517
https://doi.org/10.1158/1078-0432.CCR-16-0775
https://doi.org/10.1158/1078-0432.CCR-16-0775
http://www.ncbi.nlm.nih.gov/pubmed/27702819
https://doi.org/10.1074/jbc.M800325200
http://www.ncbi.nlm.nih.gov/pubmed/18632669
https://doi.org/10.3390/ijms20153831
http://www.ncbi.nlm.nih.gov/pubmed/31387321
https://doi.org/10.1101/gad.1637108
http://www.ncbi.nlm.nih.gov/pubmed/18347093
http://www.ncbi.nlm.nih.gov/pubmed/31966542
https://doi.org/10.1074/jbc.M110.107680
http://www.ncbi.nlm.nih.gov/pubmed/20371609
https://doi.org/10.1073/pnas.1017707108
http://www.ncbi.nlm.nih.gov/pubmed/21300871
https://doi.org/10.1172/JCI73419
http://www.ncbi.nlm.nih.gov/pubmed/24713658
https://doi.org/10.1073/pnas.052707099
http://www.ncbi.nlm.nih.gov/pubmed/11867749
https://doi.org/10.1161/CIRCHEARTFAILURE.119.005962
http://www.ncbi.nlm.nih.gov/pubmed/31830829
https://doi.org/10.3390/ijms20205084
http://www.ncbi.nlm.nih.gov/pubmed/31614978
https://doi.org/10.3390/ijms150915026
https://doi.org/10.3390/ijms150915026
http://www.ncbi.nlm.nih.gov/pubmed/25162824
https://doi.org/10.3109/03009734.2011.638729
https://doi.org/10.3109/03009734.2011.638729
http://www.ncbi.nlm.nih.gov/pubmed/22111550
https://doi.org/10.1093/nar/gkq773
http://www.ncbi.nlm.nih.gov/pubmed/20846954
https://doi.org/10.1371/journal.pone.0277830

