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Despite the emerging importance of protein arginine methyltransferases (PRMTs) in regu-
lating skeletal muscle plasticity, PRMT biology during muscle development is complex and
not completely understood. Therefore, our purpose was to investigate PRMT1, -4, and -5
expression and function in skeletal muscle cells during the phenotypic remodeling elicited
by myogenesis. C2C12 muscle cell maturation, assessed during the myoblast (MB) stage,
and during days 1, 3, 5, and 7 of differentiation, was employed as an in vitro model of
myogenesis. We observed PRMT-specific patterns of expression and activity during myo-
genesis. PRMT4 and -5 gene expression was unchanged, while PRMT1 mRNA and pro-
tein content were significantly induced. Cellular monomethylarginines (MMAs) and sym-
metric dimethylarginines (SDMAs), indicative of global and type II PRMT activities, respec-
tively, remained steady during development, while type I PRMT activity indicator asymmetric
dimethylarginines (ADMAs) increased through myogenesis. Histone 4 arginine 3 (H4R3) and
H3R17 contents were elevated coincident with the myonuclear accumulation of PRMT1
and -4. Collectively, this suggests that PRMTs are methyl donors throughout myogenesis
and demonstrate specificity for their protein targets. Cells were then treated with TC-E 5003
(TC-E), a selective inhibitor of PRMT1 in order to specifically examine the enzymes role
during myogenic differentiation. TC-E treated cells exhibited decrements in muscle differ-
entiation, which were consistent with attenuated mitochondrial biogenesis and respiratory
function. In summary, the present study increases our understanding of PRMT1, -4, and -5
biology during the plasticity of skeletal muscle development. Our results provide evidence
for a role of PRMT1, via a mitochondrially mediated mechanism, in driving the muscle dif-
ferentiation program.

Introduction
Protein arginine methyltransferases (PRMTs) are key regulators of important cellular events such as signal
transduction, as well as transcriptional activation and repression [1-3]. These enzymes methylate argi-
nine residues by transferring methyl groups from S-adenosyl-l-methionine to terminal guanidino nitro-
gen atoms of targetted proteins [4]. As a result of PRMT activity, three different methylarginine species
are generated, including monomethylarginine (MMA), symmetric dimethylarginine (SDMA), and asym-
metric dimethylarginine (ADMA) marks on target proteins [5]. It has recently been demonstrated that the
occurrence of arginine methylation is comparable with phosphorylation and ubiquitylation [6], demon-
strating the importance of this relatively less understood modification. PRMTs are classified in two groups
based on their methylated arginine products: type I PRMTs (i.e. PRMT1, -2, -3, -4, -6, and -8) produce
MMA and ADMA, while type II PRMTs (i.e. PRMT5, -7, and -9) generate MMA and SDMA. The impor-
tance of PRMT1, -4, and -5 has been demonstrated through mice knockout models where ablation of these
enzymes is incompatible with life [7-9]. Furthermore, dysfunction of these PRMTs has been implicated
in the most prevalent diseases of Western society, namely cardiovascular disease, diabetes, and cancer
[1,10]. For example, overexpression of PRMT1 is linked to lung cancer, while aberrant expression levels
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of PRMT1, -4, and -5 are observed in breast tumors [5]. Therefore, expanding our understanding of these enzymes
will likely have critically important health implications.

Though the presence of arginine methylation in skeletal muscle was first reported almost five decades ago [11],
only recently have studies emerged implicating roles for PRMTs in muscle. A number of mechanistic papers have
provided a basis for knowledge of PRMT biology in skeletal muscle [3]. For example, PRMT expression, activity, and
subcellular localization are dynamic and contribute to the early processes that drive both disuse- and exercise-induced
skeletal muscle plasticity in vivo [12,13]. Furthermore, the expression and activities of PRMTs are altered throughout
myogenesis [14-17]. However, within the context of the developing myogenic program, our understanding of when
these adaptations occur, and to what extent, requires further clarification. Reports of PRMT1, -4, -5, and -7 levels dur-
ing skeletal muscle development have varied from no detected expression [4], to constitutively expressed [4,18,19], to
unchanged [17], to increased [16]. Along these lines, the activities of these enzymes throughout myogenesis have also
differed between studies. For example, while work from Anthony Imbalzano’s laboratory demonstrated that PRMT4
was only required for late myogenic gene expression [20], recent data from Kawabe et al. [14] showed that PRMT4
methylation regulated Pax7 transcriptional activity, which was necessary for the induction of the early gene Myf5
(myogenic factor 5). Furthermore, reconciling conflicting reports of PRMT5 function during distinct phases of the
myogenic program presents additional challenges to achieve clarity with respect to PRMT activity during skeletal
muscle development [4,15,20-22]. Altogether, critical aspects of PRMT biology during myogenesis, such as gene ex-
pression and function, are still undefined.

On balance, the conflicting literature on PRMT expression and activity during myogenesis may be due to differ-
ences in the PRMTs examined, experimental timecourse utilized, as well as models of muscle differentiation employed
in these studies. These inconsistencies make it difficult to elucidate PRMT biology in skeletal muscle. A comprehen-
sive examination of PRMT1, -4, and -5 expression and function throughout a complete timecourse of myogenesis is
required in order to clarify and expand our knowledge of the roles of PRMTs in skeletal muscle plasticity. Thus, the
purpose of the present study was to examine PRMT1, -4, and -5 expression and function during the conditions of
skeletal muscle remodeling evoked during myogenesis. We hypothesized that PRMT expression and activity would be
dynamic during muscle development, and that these alterations would exhibit enzyme-specific patterns. A secondary
objective, designed to complement a study identifying a critical role for PRMT1 in muscle regeneration that was pub-
lished during the preparation of this manuscript [17], was to test the requirement of PRMT1 for the progression of
skeletal muscle differentiation. We anticipated that the function of PRMT1 during muscle maturation would indeed
be essential for optimal muscle development to occur.

Methods
C2C12 muscle cell culture
Commercially available C2C12 mouse myoblasts (MBs) (American Type Culture Collection, Manassas, U.S.A.) were
used in the present study. C2C12 cells were grown in the presence of growth medium (GM), which comprised Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen Life Technologies, Burlington, Canada) supplemented with
10% FBS (Invitrogen Life Technologies), and 1% penicillin/streptomycin (Invitrogen Life Technologies). The cul-
tured dishes were maintained in a 5% CO2 atmosphere at 37◦C. Myogenic differentiation was induced when ∼90%
cell confluence was attained, after which GM was replaced with differentiation medium (DM; DMEM supplemented
with 2% horse serum and 1% penicillin/streptomycin; Invitrogen Life Technologies). Cells were grown in DM for 7
days, with DM changed every 48 h. Five experimental timepoints were employed to characterize myogenesis in vitro.
The first was the MB stage, which was when cells reached ∼90% confluence. The second to fifth timepoints occurred
throughout the fusion and growth of myotubes (MT), including day 1 (D1) MT (24 h after the transition from GM
to DM), day 3 (D3; 72 h after the GM to DM switch), day 5 (D5; 120 h), and day 7 (D7; 168 h). At the specified
timepoints, C2C12 cells were washed three times with Dulbecco’s PBS (HyClone, South Lake, Utah) and processed for
subsequent analyses.

Drug treatments
C2C12 MBs were cultured until ∼90% confluence and then induced to differentiate in medium treated with vehicle
(VEH; DM supplemented with DMSO; Invitrogen Life Technologies) or treated with TC-E 5003 (TC-E; DM supple-
mented with (volume; final concentration) 2.1 μl; 0.1 μM TC-E; Tocris, Bristol, United Kingdom), a highly selective
and specific antagonist of PRMT1 [23]. Four experimental timepoints were employed to examine skeletal muscle
differentiation, including D1, D3, D5, and D7, after which cells were washed three times with PBS and prepared for
analyses.
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Whole cell protein extraction
Cells were scraped in ice-cold RIPA buffer (Sigma–Aldrich, Oakville, Canada) supplemented with cOmplete Mini
Protease Inhibitor Cocktail (Roche, Laval, Canada) and PhosSTOP (Roche). Samples were sonicated (Fisher Scien-
tific) 5× 3 s on ice at 100% power. The samples were spun at 20000×g for 15 min. The protein concentrations of the
supernatants were determined using the Pierce BCA Protein Assay kit (Thermo Scientific, Rockford, U.S.A.) using
BSA as the standard.

Cell fractionation
Nuclear fractions were isolated from C2C12 cells at the MB stage as well as at D1, D3, D5, and D7 of muscle differen-
tiation according to procedures as described previously [24], with modifications. Briefly, 500 μl of STM buffer was
added to each sample tube and the solution was then homogenized on ice using sonication at 100% power for 10× 2
s, with 30 s between each bout. An additional 200 μl of STM buffer was added before the samples were spun. After
centrifuging at 800×g for 15 min, the supernatant and pellet (P0) were separated. The pellet (P0) was resuspended
in 1000 μl of STM buffer, vortexed for 15 s, and then centrifuged at 500×g for 15 min. The nuclear pellet (P1) was
then suspended in 250–400 μl of STM buffer and spun at 100×g for an additional 15 min while the supernatant was
discarded. The sample was again separated and the pellet (P5) was kept; 400 μl of NET buffer was added to the tube
before vortexing and then placed on ice for 30 min. The sample was then sonicated at 100% power for 10× 2 s with
30 s in between the bouts. The sample was spun at 9000×g for 30 min before being separated and the supernatant
was kept and labeled as the nuclear fraction. Protein concentration of the cellular fractions were determined using
the BCA Protein Assay kit.

Immunoblotting
For whole cell lysates, 20–50 μg of cellular protein was loaded into each lane of 10 or 12.5% polyacrylamide gels and
resolved by SDS/PAGE. For nuclear fractions, 40 μg of protein was loaded into each lane. Gels were transferred on to
nitrocellulose membranes (Bio–Rad, Mississauga, Canada) after which membranes were stained with either Ponceau
S or amido black (Sigma–Aldrich, Oakville, Canada) in order to normalize loading across samples, as previously de-
scribed [25,26]. Membranes were washed with TBS-Tween 20 ((TBST) (25 mM Tris/HCl (pH 7.5), 1 mM NaCl, and
0.1% Tween 20)) and blocked with 5% skim milk in TBST solution for 1 h. Membranes were subsequently incubated
in 5% milk-TBST with primary antibodies overnight at 4◦C on a compact digital rocker (Thermo Scientific). The an-
tibodies used were: myogenin (M3559; Dako, Santa Clara, U.S.A.), PRMT1 (P1620; Sigma–Aldrich), which likely rec-
ognizes PRMT1v1, PRMT4 (A300-421A; Bethyl, Montgomery, TX), PRMT5 (07-405; EMD Millipore, Massachusetts,
U.S.A.), histone 2B (H2B; 8135, Cell Signaling Technology, Massachusetts, U.S.A.), glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; ab9483; Abcam, Toronto, Canada), histone 4 arginine 3 asymmetric dimethylation (H4R3me2a;
39705, Active Motif, Carlsbad, U.S.A.), histone 3 arginine 8 symmetric dimethylation (H3R8me2s) (ab130740, Abcam),
histone 3 arginine 17 asymmetric dimethylation (H3R17me2a) (ab8284, Abcam), H4 (ab10158, Abcam), H3 (ab1791,
Abcam), MMA (mme-R; 8015, Cell Signaling Technology), ADMA (adme-R; 13522, Cell Signaling Technology),
SDMA (sdme-RG; 13222, Cell Signaling Technology), peroxisome proliferator-activated receptor γ co-activator-1α
(PGC-1α) (AB3242; EMD Millipore), and total oxidative phosphorylation (OXPHOS) cocktail (ab110413; Abcam).
After incubation, the blots were washed 3× 5 min in TBST, and appropriate horseradish peroxidise-linked secondary
antibodies were applied. The bound antibodies were visualized by ECL (Bio–Rad, Mississauga, Canada) and the mem-
brane was imaged with Alpha Innotech imaging equipment (Alpha Innotech, San Leandro, U.S.A.). ImageJ (NIH) was
employed for densitometry.

Immunofluorescence imaging
Cells were cultured on three 15-mm glass coverslips that were inserted at the bottom of individual 35 × 10 mm2 dishes.
At each experimental time point, cells were washed three times with PBS and fixed with 4% paraformaldehyde for
30 min. After fixation, cells were washed again in PBS and incubated in 0.25% Triton-X in PBS for 5 min. Following
the incubation, blocking was performed with 10% goat serum for 60 min. Subsequently, cells were incubated with
embryonic myosin heavy chain (eMHC) primary antibody (Developmental Studies Hybridoma Bank, Iowa, U.S.A.)
overnight at 4◦C. The next morning, cells were washed in PBS and incubated in secondary antibody (Alexa Fluor
goat anti-mouse 594, 1:500 dilution prepared in 1% BSA) for 60 min. Following incubation, the cells were washed
in PBS and DAPI (1:20000) was applied and incubated for 5 min. Cells were then washed and the coverslips were
carefully removed from the plate. Coverslips were mounted using DAKO fluorescence mounting medium (Agilent
Technologies, U.S.A.). Three images were taken from each coverslip. The images were viewed using a fluorescence
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microscope (Nikon Instruments Canada, Mississauga, ON) at 20× magnification. MT length and width were deter-
mined by calculating the average of the five longest and widest MTs using 4×4 eMHC stained immunofluorescence
images. The fusion index was calculated by identifying the percentage of eMHC positive cells that had two or more
myonuclei. The area fraction was calculated by determining the percentage of eMHC positive cells relative to the total
surface area of the image. Cell metrics were determined using Nikon Eclipse Ti-E software (ver. 4.4.2).

RNA isolation and reverse transcription real-time PCR
Total RNA was extracted from C2C12 cells using TRIzol reagent (Invitrogen Life Technologies) according to the
manufacturer’s protocol. After treating with Turbo DNaseI (Invitrogen Life Technologies) for 30 min, RNA was fur-
ther purified with RNeasy columns (Qiagen, Toronto, Canada). RNA concentration and integrity (i.e. A260/A230)
was measured using a Nanodrop instrument (Thermo Scientific) before being reverse transcribed into cDNA. Su-
perscript III (Invitrogen Life Technologies) was used to synthesize cDNA from total RNA, according to the man-
ufacturer’s instructions. Target cDNA levels were compared by qPCR in reactions containing either SYBR green
(Roche Diagnostics, Meylan, France) or GoTaq qPCR Mastermix (Promega, Wisconsin, U.S.A.), forward (F) and
reverse (R) primers, and cDNA. qPCR was conducted over 45 cycles at 95◦C for 15 s and at 60◦C for 1 min, pre-
ceded by an initial 95◦C for 10 min. The ��CT method was used to calculate the expression of the genes of in-
terest with the average of 18S rRNA (18S), GAPDH, and 40S ribosomal protein S11 (RPS11) utilized as the in-
ternal control [28,29]. Primers utilized in this study were as follows: myogenin forward (F) 5′-GCAAGGTGTG
TAAGAGGAAG-3′, reverse (R) 5′-TGTGGGAGTTGCATTCACTG-3′; PRMT1 (PRMT1v1) F 5′-GCCTGCAAGT
GAAGAGGAAC-3′, R 5′-CTCAGGACTGGTGGAGAAGC-3′; PRMT4 F 5′-ACCACACGGACTTCAAGGAC-3′,
R 5′-CTCTTCACCAGGACCTCTGC-3′; PRMT5 F 5′- TCTCCCCACCAGCATTTTCC-3〈0:named-content 0:co
ntent-type=”word-wrap”〉′〈/0:named-content〉, R 5〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-co
ntent〉-TGGAGGGCGATTTTGGCTTA-3’; GAPDH F 5〈0:named-content 0:content-type=”word-wrap”〉′〈/0:name
d-content〉-AACACTGAGCATCTCCCTCA-3〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-conten
t〉, R 5〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-content〉-GTGGGTGCAGCGAACTTTAT-3〈0:
named-content 0:content-type=”word-wrap”〉′〈/0:named-content〉; 18S F 5〈0:named-content 0:content-type=”w
ord-wrap”〉′〈/0:named-content〉-GTAACCCGTTGAACCCCATT-3〈0:named-content 0:content-type=”word-wrap
”〉′〈/0:named-content〉, R 5〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-content〉-CCATCCAATCG
GTAGTAGCG-3〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-content〉; RPS11 5〈0:named-conten
t 0:content-type=”word-wrap”〉′〈/0:named-content〉-CGTGACGAACATGAAGATGC-3〈0:named-content 0:cont
ent-type=”word-wrap”〉′〈/0:named-content〉, R 5〈0:named-content 0:content-type=”word-wrap”〉′〈/0:named-cont
ent〉-GCACATTGAATCGCACAGTC-3’.

Mitochondrial respiration
At each timepoint of interest, C2C12 cells were washed with PBS and removed from the 100 mm × 20 mm culture
plate using trypsin-EDTA. Two culture plates were combined together and the sample was centrifuged at 100×g at
room temperature for 3 min. The supernatant was discarded and the pellet was resuspended in mitochondrial respi-
ration medium (MiR05) which contained: 0.5 mM EGTA, 10 mM KH2PO4, 3 mM MgCl2.6H2O, 60 mM potassium
lactobionate, 20 mM HEPES, 20 mM taurine, 110 mM sucrose, and 1 g/l BSA. Cells were subsequently counted using
Trypan Blue and a hemocytometer (Invitrogen). Samples were treated with 3 μg/106 cells/ml digitonin for 5 min at
37◦C on a digital rocker. Following permeabilization, samples were centrifuged at 800×g for 3 min. The permeabilized
cells were resuspended in MiR05 buffer and were used for determination of mitochondrial oxygen (O2) consump-
tion at 37◦C using the Oroboros Oxygraph-2 K (Oroboros Instruments Corp., Innsbruck, Austria). The cells (1 ×
106 cells/chamber) were placed into separate sealed chambers and the following substrates were added (volume; final
concentration): glutamate (5 μl; 5 mM), followed by malate (4 μl; 2 mM), ADP (20 μl; 5 mM), cytochrome c (5 μl; 10
μM), pyruvate (5 μl; 5 mM), and succinate (20 μl; 20 mM). The rate of O2 consumption was recorded and expressed
as picomoles/second/million cells using DatLab software (Oroboros Instruments Corp.).

Statistical analyses
A one-way ANOVA with Bonferroni post-hoc test and Student’s t tests were used to identify differences between
means during the myogenesis timecourse experiments. A two-way ANOVA with Bonferroni post-hoc tests was used
for analysis of the PRMT1 inhibition experiments. Statistical analyses were performed on the raw datasets prior to
the conversion to fold differences. Sample sizes for all experiments were n=3–6, with each n being the mean of two or

4 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20171533
https://doi.org/10.1042/BSR20171533

three biological replicates. Statistical significance was accepted at P<0.05. Data in graphical summaries are presented
as mean +− S.E.M.

Results
PRMT gene expression throughout myogenesis
To begin our characterization of PRMT expression and function during myogenesis, we first sought to confirm the
progression of muscle development throughout the experimental timecourse. To this end, we examined cell morphol-
ogy, eMHC expression, as well as myogenin transcript and protein levels, which all represent established histological
and molecular markers of myogenesis [30,31]. Qualitative assessment of light microscopy images indicates that the
C2C12 cells progressed morphologically from mononucleated MBs to robust MTs as expected throughout the differ-
entiation timecourse (Figure 1A, left column panels). Immunofluorescence detection of eMHC also demonstrated
the advancement of the myogenic program (Figure 1A, right column panels), as expression of the protein increased
coincident with the fusion and growth of MTs throughout the 7-day timecourse. Furthermore, mRNA and protein
levels of the myogenic regulatory factor myogenin increased as expected during the differentiation protocol (Figure
1B,C), which is indicative of typically progressing myogenesis. Myogenin mRNA content was ∼1.5-fold higher af-
ter D3 relative to the MB stage (P<0.05). Myogenin protein content was significantly greater at all differentiating
timepoints in comparison with the MB stage.

We next endeavored to examine the gene expression of PRMT1, PRMT4, and PRMT5 during the differentiation
timecourse by measuring mRNA and protein levels of the enzymes. PRMT1 transcript levels were significantly higher
at D5 compared with all preceding timepoints, and returned to baseline by D7 (Figure 1D). Both PRMT4 and PRMT5
mRNA levels remained unchanged throughout myogenesis (Figure 1D). The protein content of these enzymes fol-
lowed their mRNA patterns of expression and were constitutively expressed across the timecourse (Figure 1E,F).
In contrast, PRMT1 protein expression was significantly higher by D3 of differentiation, as compared with earlier
timepoints, and remained elevated 2–2.2-fold until D7 (Figure 1E,F).

PRMT activity during skeletal muscle development
To determine the global activity of PRMTs during myogenesis, we utilized immunoblotting to probe for MMA,
ADMA, and SDMA levels, which are established markers of PRMT activity, type I PRMT activity, and type II PRMT
activity, respectively [1,32]. The three antibodies utilized in this experiment recognize unique methylarginine species,
however within each species the immunoreagents do not identify specific methylated protein targets. For this analy-
sis, therefore, we quantitated all the bands in a single lane for each sample and presented these data as an indicator of
general methylarginine levels for each species. We hypothesized that PRMT activity assessed in this manner would
reflect any myogenesis-induced alterations in PRMT protein content. ADMA content was increased by ∼1.7-fold
(P<0.05) at D3, as compared with the MB stage, and remained elevated (Figure 2A,B). In contrast, cellular MMA
and SDMA levels did not change throughout myogenesis (Figure 2A,B).

To examine PRMT-specific methyltransferase activities, we measured the methylated arginine levels of their histone
targets. Asymmetric arginine dimethylation of H4R3me2a and H3R17me2a, as well as symmetric arginine dimethyla-
tion of H3R8me2s, are specific and exclusive methylation targets of PRMT1, PRMT4, and PRMT5, respectively [33,34].
The myonuclear subfractions employed in this analysis were isolated with a high level of purity, as indicated by the
presence of the nuclear protein H2B, and the absence of the cytosolic molecule GAPDH (Figure 3A). We first as-
sessed myonuclear PRMT content during myogenesis since specific methyltransferase functions are dependent, in
part, on the subcellular localization of the enzymes. Myonuclear PRMT1 and -4 accumulated throughout differentia-
tion, demonstrating levels that were ∼1.5–2.1-fold higher (P<0.05) at D5 and D7 compared with MB (Figure 3A,B).
Nuclear PRMT5 content remained unchanged. Total H4 and H3 levels did not change over the course of muscle devel-
opment (Figure 3C). Histone methylation status, expressed as the methylated form of the histone relative to the total
amount of the protein, significantly increased during myogenesis for H4R3me2a and H3R17me2a, reaching levels that
were ∼1.9-fold greater at D7 compared with MB (Figure 3C,D). In contrast, H3R8me2s methylation status remained
unchanged across myogenic development.

PRMT1 function in myogenesis
In an effort to elucidate the role of PRMT1 in myogenesis, we employed the specific PRMT1 antagonist TC-E [23] to
inhibit PRMT1 methyltransferase function during muscle differentiation. TC-E treatment did not affect cellular H4
content, which remained unchanged throughout myogenesis (Figure 4A). TC-E completely blocked the increase in
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Figure 1. PRMT gene expression during myogenesis

(A) Light microscope images (left column panels) of C2C12 MBs, and day 1 (D1), 3 (D3), 5 (D5), and 7 (D7) MT. Immunofluorescence

images (right column panels) of muscle cells throughout the differentiation timecourse stained with DAPI (blue) and eMHC (red).

Scale bar =200 μm. (B) Representative immunoblot (above) depicting myogenin levels throughout the experimental timecourse.

Ponceau S stain (below) indicates equal loading between samples. (C) Graphical summary of myogenin mRNA (gray line) and

protein (black line) expression levels across the timecourse of myogenesis. Data are displayed as relative to MB levels. n=5;

*P<0.05 compared with MB mRNA content; *P<0.05 compared with MB protein content. (D) PRMT1, PRMT4, and PRMT5 mRNA

expression in MB, and D1, D3, D5, D7 MTs displayed relative MB levels. (E) Typical PRMT1, PRMT4, and PRMT5 immunoblots

and amido black loading control image. (F) Graphical summary of PRMT protein content throughout C2C12 myogenesis. n=3–4;

*P<0.05 compared with PRMT1 levels in MB.
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Figure 2. Global PRMT activity throughout myogenesis

Representative (A) MMA, ADMA, and SDMA immunoblots at MB, and D1, D3, D5, and D7 stages of differentiation. A typical amido

black stain is also shown to indicate consistent loading between samples. (B) Graphical summary of MMA, ADMA, and SDMA

species, expressed relative to MB levels. n=5–7; *P<0.05 compared with MB ADMA content.
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Figure 3. Specific PRMT methyltransferase activity during skeletal muscle differentiation

(A) Representative PRMT1, PRMT4, PRMT5, H2B, and GAPDH immunoblots, as well as an amido black image of myonuclear

lysates isolated from MB, D1, D3, D5, and D7 C2C12 cells. (B) Graphical depiction of myonuclear PRMT protein levels throughout

myogenesis, expressed relative to the MB stage. *P<0.05 compared with MB PRMT1 content; *P<0.05 compared with MB PRMT4

content. (C) Typical immunoblots of H4R3me2a, H3R17me2a, H3R8me2s, total H4 and H3 protein content from MB, as well as D1,

D3, D5, and D7 MTs. A representative amido black stain is presented below. (D) Graphical summary of histone arginine methylation

status throughout myogenesis, depicted as the methylated form of the histone relative to the total histone amount, expressed

relative to MB levels. *P<0.05 compared with MB H4R3me2a status; *P<0.05 compared with MB H3R17me2a status. n=4–7.

H4R3me2a methylation status that occurred with myogenic development (Figure 4A,B). H4R3me2a methylation levels
were significantly blunted by ∼25% at D3–D7, thereby confirming the efficacy of the inhibitor.

Light microscopy images revealed smaller and less robust MTs in the TC-E treated condition as compared with the
VEH-treated cells (Figure 5A). To further provide evidence of the role of PRMT1 on muscle development, cellular
morphology was quantitatively examined between the VEH and TC-E-treated conditions using eMHC and DAPI
fluorescence analyses. As expected, there was a progressive increase in MT fusion, length, width, and surface coverage
(i.e. area fraction) across the experimental timecourse in the VEH-treated cells (Figure 5B–F). This was also observed
in the TC-E condition. However, TC-E treatment resulted in significant ∼20–40% attenuations in all morphology
metrics, which were observed at timepoints ranging from D3 to D7 of differentiation.

Effects of PRMT1 inhibition on mitochondrial biogenesis and function
To understand the potential mechanisms underlying the differentiation defects observed in PRMT1-inhibited cells,
we examined the effects of TC-E on mitochondrial biogenesis and oxygen consumption. Indeed, mitochondrial con-
tent and function are required for optimal myogenic progression [35,36]. Protein levels of representative subunits
of mitochondrial electron transport chain complex I (CI), CIII, and CV were attenuated by ∼20–40% (P<0.05) in
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Figure 4. PRMT1 inhibition during myogenesis

(A) Representative H4R3me2a and H4 immunoblots, as well as amido black stain at C2C12 differentiation days 1, 3, 5, and 7 in

the VEH and TC-E 5003 (TC-E) treatment conditions. (B) Graphical summary of H4R3 methylation status in the VEH and TC-E

conditions expressed relative to levels in VEH D1. n=5; *P<0.05 compared with VEH at the same timepoint; #P<0.05 main effect

of time in the VEH.

D3–D7 cells in response to PRMT1 inhibition (Figure 6A,B,D,E). In contrast, CII expression was similar between
VEH and TC-E treatment conditions throughout myogenesis (Figure 6A,C). PRMT1 inhibition also resulted in the
significant reduction by 25–40% in the protein content of PGC-1α, a master regulator of muscle mitochondrial bio-
genesis [37], during D3–D7 of differentiation (Figure 6A,F).

Finally, to further investigate the role of PRMT1 in mitochondrial biology, organelle respiration was measured
during the timecourse of muscle development in the presence or absence of the PRMT1-specific antagonist. TC-E
treatment did not affect CI- or CI + CII-driven mitochondrial oxygen consumption in D1 differentiated cells (Figure
7A,E,F). However, there was a ∼20–35% reduction (P<0.05) in oxygen consumption in D3–D7 TC-E-treated cells
following the addition of the CI substrate pyruvate, as compared with VEH-treated cells (Figure 7B–E). PRMT1 in-
hibition also significantly attenuated succinate/CI + CII supported mitochondrial respiration at D5 and D7 of myo-
genesis (Figure 7D,F).

Discussion
The purpose of the current study was to provide a more comprehensive characterization of PRMT biology throughout
the process of skeletal muscle differentiation. Our data revealed PRMT-specific patterns of expression and activity
during myogenesis, which suggest individualized contributions for each enzyme to the muscle development process.
Moreover, complementary assessments of PRMT1, -4, and -5 function indicate that PRMT methyltransferase activity
in muscle is substrate specific, depending in part, on the subcellular location of the protein target. Since PRMT1
expression and activity were particularly responsive to myogenic cues, we inhibited its methyltransferase activity
in order to elucidate its role in skeletal muscle differentiation. Muscle cells in which PRMT1 activity was knocked
down exhibited differentiation defects that were associated with attenuated mitochondrial biogenesis and respiratory

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 5. Effect of PRMT1 inhibition on the progression of myogenic differentiation

(A) Light microscopy images of C2C12 muscle cells at D1, D3, D5, and D7 of differentiation in the VEH (left column) or TC-E condition

(right column). (B) Immunofluorescence images stained with eMHC (red) and DAPI (blue) of VEH- (left column) and TC-E-treated

cells (right column). Scale bar =200 μm. Graphical summaries of (C) MT fusion index, (D) MT length, (E) MT width, and (F) MT

surface area of VEH- and TC-E-treated cells across the experimental timecourse. n=3–5; #P<0.05 main effect of time in the VEH

and TC-E conditions; ¶P<0.05 main effect of treatment; *P<0.05 compared with VEH at the same timepoint.

10 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 6. Effect of PRMT1 inhibition on mitochondrial biogenesis during muscle development

(A) Representative immunoblots of mitochondrial complex I (CI), CII, CIII, CV, PGC-1α, as well as amido black stain, in VEH- and

TC-E-treated cells across the differentiation timecourse. Graphical summaries of (B) CI, (C) CII, (D) CIII, (E) CV, and (F) PGC-1α

protein content expressed relative to the levels in VEH D1 cells. n=4; #P<0.05 main effect of time in the VEH and TC-E conditions;
¶P<0.05 main effect of treatment; *P<0.05 compared with VEH at the same timepoint.

function. Thus, extending recent work implicating the requirement of PRMT1 in skeletal muscle regeneration in vivo
[17], our results demonstrate that PRMT1 is necessary during differentiation in order to evoke complete myogenic
development, however other PRMTs including PRMT4 and -5 are likely also involved in this process. Moreover, the
negative effects of PRMT1 inhibition on myogenesis are at least partially mitochondrially mediated. The present study
enhances our understanding of PRMT1, -4, and -5 biology during the plasticity of skeletal muscle development, as
well as provides additional mechanistic evidence for a role of PRMT1 in driving the myogenic program.

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 7. Effect of PRMT1 inhibition on mitochondrial respiration

Graphical summaries of rates of mitochondrial oxygen consumption in (A) D1, (B) D3, (C) D5, and (D) D7 cells with the substrates

malate and glutamate (Mal + Glut), ADP, cytochrome c (Cyto c), pyruvate (Pyr), and succinate (Succ) in VEH and TC-E treatment

conditions. (E) CI and (F) CI + CII oxygen consumption values across the differentiation timecourse in the two experimental condi-

tions. n=3–5; #P<0.05 main effect of time in the VEH and TC-E conditions; ¶P<0.05 main effect of treatment; *P<0.05 compared

with VEH-treated cells.

Previous studies have demonstrated that several members of the PRMT family are expressed during skeletal muscle
cell development, including PRMT1, -4, -5, and -7 [16,18,19,38]. Unfortunately however, a coherent understanding
of PRMT transcript and protein levels during myogenesis has been difficult to achieve due, in part, to the disparate
models and timing utilized thus far. Therefore, we sought to address this knowledge gap by clarifying PRMT gene
expression via the employment of a standardized, comprehensive timecourse of C2C12 skeletal muscle cell differenti-
ation. Our data revealed a measure of PRMT specificity with respect to gene expression during myogenesis. PRMT1
was induced at the mRNA and protein levels, while PRMT4 and -5 remained unchanged. PRMT1 followed a similar
pattern of expression as the myogenic regulatory factor myogenin, which suggests a common upstream regulator.
A candidate may be Eya1, which affects myogenin expression [39], and was recently demonstrated to be part of a
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myogenic pathway involving PRMT1 [17]. However, our data contradict this recent study by Blanc et al. [17], where
the authors observed that PRMT1 mRNA and protein content were similar between proliferating and differentiat-
ing isolated primary muscle stem cells. The discrepancy between their results and those of the current study may be
attributed to differences in cell type and/or duration of the myogenic timecourse utilized. In line with our findings,
previous studies reported that PRMT4 and -5 transcript and protein levels were constitutively expressed during early
and later points of skeletal muscle development [4,18,19]. Constitutive expression of PRMT5 appears to be consis-
tent with its roles in both the proliferative and differentiation phases of skeletal muscle development [15,40]. The
differential expression pattern that we observed between PRMTs during myogenesis is likely due, in part, to unique,
PRMT-specific upstream regulatory mechanisms.

We utilized two complementary approaches to investigate PRMT function during myogenesis. We first examined
global PRMT activity by assessing total cellular MMA, ADMA, and SDMA levels. The MMA mark is a measure of
non-specific PRMT activity, while the accumulation of ADMA and SDMA marks are indicative of type I and type
II PRMT function, respectively [1,41]. Furthermore, since PRMT1 and PRMT5 catalyze the majority of ADMA and
SDMA producing reactions, respectively [33,41,42], the appearance of these marks generally reflects the activities
of these enzymes. A notable caveat is that relative PRMT activities have not yet been elucidated in skeletal muscle.
We observed an increase in ADMA levels coincident with unchanged amounts of MMA and SDMA methylarginine
species during the progression of muscle differentiation. The significant up-regulation in ADMA content was consis-
tent with the rise in PRMT1 protein content. Previous evidence supports the idea that enzymatic activities of PRMTs
are altered during muscle development [4,14,17]. It is interesting to note here that, similar to our PRMT4 results, oth-
ers have also reported alterations in PRMT activity during myogenesis that are independent from any lack of change
in PRMT content [4]. Certainly, activation of PRMTs may be facilitated by a number of mechanisms in this scenario,
including the subcellular translocation of existing enzymes to the appropriate compartment, as well as stimulatory
protein–protein interactions or post-translational modifications [14,18,43].

We isolated myonuclei and assessed the targetted methyltransferase activities of PRMT1, -4, and -5 throughout the
experimental myogenic timecourse. The ADMA marks on H4R3me2a and H3R17me2a, as well as the SDMA deposited
on H3R8me2s, are specifically and exclusively catalyzed by PRMT, -4, and -5, respectively [10,33]. We found that the
elevation in targetted PRMT activities generally reflected the increased nuclear accretion of the enzymes. Interest-
ingly, while cellular PRMT4 content remained unchanged during differentiation, we observed a specific subcellu-
lar redistribution of PRMT4 within myonuclei, which corresponded with increased H3R17me2a methylation status.
These observations are in line with earlier work that examined the nuclear function of PRMT4 [18]. It must also be
highlighted that each PRMT has many putative arginine methylation targets, and each member can have differential
preferences for its targets [33]. For instance, the interaction between PRMT5 and COPR5 causes PRMT5 to alter its
specificity to preferentially methylate H4R3me2s over H3R8me2s [44]. Altogether, our data suggest that PRMTs are ac-
tive methyl donors throughout myogenesis and demonstrate specificity for their histone and non-histone targets in
skeletal muscle.

Relative to other PRMTs, PRMT4 and -5 expression and function during myogenesis have been extensively studied
[18-20,22,38,45]. Work from George Muscat’s laboratory was the first to demonstrate a role for PRMTs, specifically
PRMT4, in potentiating myogenesis, clearly supporting a positive function of arginine methylation in mammalian
differentiation [18]. By contrast, there are few reports that have directly assessed the necessity of PRMT1 throughout
skeletal muscle development [4,17,43]. In an effort to expand our understanding of the myogenic functions of PRMT1,
the enzyme that accounts for the majority (>80%) of arginine methyltransferase activity [46], we pharmacologically
inhibited PRMT1 with TC-E and evaluated its impact on myogenesis. The strategy to employ a drug antagonist of
PRMT1 was selected here in part because the use of small molecules is a more clinically translatable application,
as compared with the use of RNA-based technologies (e.g. siRNA, shRNA) or transgenic approaches (e.g. overex-
pression or knockout animals). Moreover, TC-E possesses remarkably high specificity for PRMT1, as compared with
other arginine and lysine methyltransferases [23]. The compound demonstrates potent anticancer activity and inhi-
bition of androgen-dependent transcription in MCF7a and LNCaP cells, indicative of attenuated PRMT1 function. In
skeletal muscle cells, TC-E treatment was able to completely block the differentiation-associated increase in PRMT1
activity, as evidenced by H4R3me2a methylation status, indicating that the drug successfully inhibited PRMT1. Our
data demonstrating that TC-E treatment significantly attenuated various morphological metrics of C2C12 differen-
tiation reveals that PRMT1 activity is required for the optimal progression of the myogenic program. These results
confirm recent work by Blanc et al. [17] who showed that PRMT1 is essential to successful muscle regeneration in
vivo in response to cytotoxic injury. Our work also builds on, and extends these in vivo data by demonstrating that
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inhibition of PRMT1 exclusively during and after the onset of differentiation, as compared with initiating the knock-
out prior to the myogenic stimulus (i.e. cardiotoxin injury), reveals a role for the enzyme specifically during muscle
differentiation.

Mitochondrial biogenesis is necessary for the myogenic program to proceed under both in vitro and in vivo condi-
tions. For example, MBs that lack mtDNA fail to differentiate into MTs [47]. Moreover, skeletal muscle regeneration
is characterized by a nearly five-fold increase in mitochondrial content during the onset of muscle differentiation
[48]. We suspected that a potential mechanism linking PRMT1 inhibition to the observed differentiation defects was
mitochondrially mediated. Our rationale was based on previous studies implicating PRMT1 [49,50] and arginine
methyltransferase activity [51] in mitochondrial biogenesis and function. Indeed, Teyssier et al. [50] very elegantly
demonstrated more than a decade ago that PRMT1 methylates PGC-1α, a master regulator of muscle plasticity and
mitochondrial biogenesis, which directly stimulates the transcriptional function of the co-activator. More recent work
from Sha et al. [49] showed that PRMT1 is almost entirely responsible for depositing the ADMA mark on mitochon-
drial proteins, and that PRMT1 knockdown resulted in reduced mitochondrial respiratory activity, ATP synthesis, as
well as a significant elevation in oxidant production. Consistent with these reports, we observed that PRMT1 inhi-
bition led to attenuated mitochondrial biogenesis and function in skeletal muscle cells. Although we were unable to
resolve the OXPHOS complex IV subunit with a reliable degree of confidence, representative protein subunits from
complexes I, III, and V were significantly lower in the TC-E-treated cells during days 3–7 of differentiation. Interest-
ingly, the rise in complex II content during myogenesis was unaffected by PRMT1 inhibition. The OXPHOS protein
content data were reflected by results from the mitochondrial oxygen consumption trials, which demonstrated atten-
uated organelle respiratory function when PRMT1 activity was blunted. It is likely that complex II was largely spared
due, in part, to its composition being solely dependent on nuclear DNA-encoded subunits, as well as to its dedicated
assembly apparatus [52].

PGC-1α levels were also blunted as a function of PRMT1 inhibition in skeletal muscle. The co-activator stimulates
the transcription of mitochondrial genes located in nuclear and mitochondrial genomes by, for example interact-
ing with nuclear respiratory factor 1 and mitochondrial transcription factor A (Tfam), respectively [53,54]. Notably,
PGC-1α also participates in an autoregulatory positive feedback loop driving its own expression [55], as well as con-
tributes to the transcriptional activation of Tfam [56]. It is therefore reasonable to posit that the attenuated PGC-1α
expression in response to PRMT1 inhibition caused a dysregulation in Tfam expression and/or function. The ex-
pression of mtDNA genes encoding OXPHOS subunits is critical for maintaining proper function of the organelle, as
evidenced by the considerable impairments caused by mtDNA mutations [54]. Thus, although speculative, our results
suggest that PRMT1 inhibition likely affects mitochondrial content and function via decrements in PGC-1α content
and/or activity, with particular consequence on events occurring within the organelle. Additional studies should also
address whether the decrement in mitochondrial biogenesis pathways are a direct effect of PRMT1 inhibition or po-
tentially secondary to the pharmacologically induced attenuation of muscle differentiation, or a combination thereof.

In summary, our results demonstrate that the expression and activities of PRMT1, -4, and -5 display differential re-
sponses during skeletal muscle development. Indeed, PRMT1 biology was particularly responsive to myogenic cues.
We also show that inhibition of PRMT1 in skeletal muscle cells results in morphological deficiencies, as well as decre-
ments in mitochondrial biogenesis and respiratory function. Thus, complementing recent in vivo work [17], this
investigation supports a critical role for PRMT1 specifically in the optimal progression of muscle differentiation. The
present study enhances our understanding of PRMT biology during skeletal muscle plasticity elicited by myogene-
sis and identifies a mitochondrially mediated mechanism that links PRMT1 inhibition to defects in skeletal muscle
development.
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