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Methyltransferase-like 21e inhibits 26S proteasome
activity to facilitate hypertrophy of type IIb myofibers
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ABSTRACT: Skeletal muscles contain heterogeneous myofibers that are different in size and contractile speed, with
type IIbmyofiberbeing the largest and fastest.Here,we identifymethyltransferase-like 21e (Mettl21e), amemberof
newly classified nonhistone methyltransferases, as a gene enriched in type IIb myofibers. The expression of
Mettl21ewas strikingly up-regulated in hypertrophic muscles and during myogenic differentiation in vitro and in
vivo. Knockdown (KD) ofMettl21e led to atrophy of culturedmyotubes, and targetedmutation ofMettl21e inmice
reduced the size of IIb myofibers without affecting the composition of myofiber types. Mass spectrometry and
methyltransferase assay revealed thatMettl21e methylated valosin-containing protein (Vcp/p97), a key component
of the ubiquitin-proteasome system. KD or knockout ofMettl21e resulted in elevated 26S proteasome activity, and
inhibition of proteasome activity prevented atrophy of Mettl21e KD myotubes. These results demonstrate that
Mettl21e functions to maintain myofiber size through inhibiting proteasome-mediated protein degradation.—
Wang, C., Zhang, B., Ratliff, A. C., Arrington, J., Chen, J., Xiong, Y., Yue, F., Nie, Y., Hu, K., Jin, W., Tao, W. A.,
Hrycyna, C. A., Sun, X., Kuang, S. Methyltransferase-like 21e inhibits 26S proteasome activity to facilitate hyper-
trophy of type IIb myofibers. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Mammalian skeletal muscles are mainly composed of
mature muscle cells (myofibers) that are heterogeneous
in the expressions of myosin heavy chain (Myh) iso-
forms (1). Based on the expression of Myh7, Myh2,
Myh1, or Myh4, rodent limb muscle myofibers are
classified as type I, IIa, IIx/d, or IIb, respectively. These
4 types of myofibers also exhibit distinct physiologic
and metabolic characteristics (2). The contractile speed
of myofibers ranks in the order of IIb . IIx . IIa . I,
whereas the fatigue resistance of myofibers is nega-
tively correlated with the contractile speed (2). Bio-
chemically and metabolically, I and IIa myofibers have

high oxidative capacity with a large number of mito-
chondria. In contrast, IIx and IIb myofibers mainly
utilize glycolysis to generate ATP. Besides the physio-
logic and metabolic differences, the size of myofibers
are generally in the order of IIb . IIx . IIa . I (3).
However, it is not clear why IIb myofibers have the
largest size comparedwith the other types ofmyofibers.

The identity of a myofiber is controlled by several
factors, including motor neuron innervation, hormonal
regulation, progenitor cell origin, and myofiber type–
specific gene expression (2). Each mature myofiber is
monoinnervated by a single motor neuron, which trans-
mits electrical impulses to a subset ofmyofibers (4). Firing
of slow motor neurons (motor neurons innervating slow
myofibers) generates sustained and low-amplitude ele-
vations in intracellular calcium concentrations, leading to
the activation of calcineurin (5). In contrast, fast motor
neuron firing leads to brief calcium transients of high
amplitude, which are insufficient to activate calcineurin
(5). Activated calcineurin activates Nuclear factor of acti-
vated T-cells (NFAT) and myocyte enhancer factor-2
(MEF2) transcription factors to promote transcription of
slow myofiber-related genes (6–9). Besides motor neurons,
Twist Family BHLH Transcription Factor 2 (Twist2)-
dependent progenitor cells are recently shown tomaintain
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IIb myofibers (10). In addition, myofiber-type specific
genes or microRNAs are shown to contribute to myofiber
specifications, such as type I–specific ephrin-A3 and
microRNA-208/microRNA-499 (11, 12), oxidative myofi-
ber–enriched PGC1-a (13), glycolyticmyofiber–specific T-
Box 15 (14), and fast myofiber–enriched SRY-Box 6 (15).
However, gene programs that regulate subtypes of fast
myofibers are poorly understood.

Methyltransferases are enzymes that transfer a
methyl group (CH3) from a donor, generally S-adeno-
syl-L-methionine (SAM), to lysine and arginine resid-
uals of substrate proteins (16). Methylation of histone
proteins are often related to changes in chromatin state
and gene expression, whereas methylation of non-
histone proteins may modify their activity, stability,
and molecular interactions (17). In humans, a group of
methyltransferase-like 21 (METTL21) proteins (A–D)
has recently been identified to mediate lysine methyl-
ation of molecular chaperones and eukaryotic trans-
lation elongation factor 1A (eEF1A) (18–22). Specifically,
METTL21A (HSPA Lysine Methyltransferase, or HSPA-
KMT) methylates several heat shock protein 70 (HSPA/
Hsp70) proteins (20), METTL21B methylates eEF1A at
Lys165 (K165) (21, 22), and METTL21C and METTL21D
(VCP-KMT) methylate the ATP-dependent chaperone
VCP at Lys315 (K315) (18, 19, 23). In addition, a yeast
Mettl21-like protein is shown to methylate eEF1A (24),
suggesting a potential role of Mettl21 family methyl-
transferases in protein synthesis, a pivotal process for
muscle hypertrophy.

In searching for myofiber type–specific regulators,
we analyzed microarray and RNA-sequencing data
comparing gene expression in the skeletal muscles of
control and myostatin (Mstn) knockout (KO) mice,
which exhibit robust myofiber hypertrophy and in-
creased abundance of IIb myofibers (25, 26). This anal-
ysis led to the identification of Mettl21e gene that was
among the top up-regulated genes in MstnKO muscles.
Intriguingly, the expression ofMettl21e is also increased
in the Callipyge sheep model of muscle hypertrophy
and in response to b-adrenergic agonist–induced mus-
cle protein accretion in lambs (27, 28), suggesting a
conserved link between Mettl21e and muscle hyper-
trophy in multiple species. In this study, we used
loss-of-function assays in cell culture and in a novel
mouse model to investigate the function of Mettl21e in
vivo. Our results demonstrate that Mettl21e is a type IIb
myofiber–enriched protein that functions to maintain
myofiber size through suppression of 26S proteasome
activity.

MATERIALS AND METHODS

Mice

Constitutive Mstn KO mice were generated by Dr. S. E. Jin-Lee
(Johns Hopkins University, Baltimore, MD, USA) (29). Hetero-
zygous Mstn+/2 mice were bred to generate Mstn KO and
wild-type (WT) littermates. Unless otherwise indicated, we used
2-mo-oldmice for experiments. All procedures involving the use
of animals were performed in accordance with the guidelines

presented by Purdue University’s Animal Care and Use
Committee.

Generation of Transcription activator-like effector
nuclease-mediated Mettl21e KO mice

The Transcription activator-like effector nuclease (TALEN)-
mediated Mettl21e KO mice were produced by Beijing View-
Solid Biotechnology (Beijing, China). The TALEN plasmid
pCS5-eTALEN-T was designed to induce Mettl21e frameshift
mutation. TALEN-left targets the sequence (59-GGTCGCAGA-
GATCATGG-39) of the sense strand, and TALEN-right targets
the sequence (59-AGTCGTTATCAGAGTTG-39) of the antisense
strand. Mutated mice were generated by pronuclear injection
using standard methods. Founder mice were screened for the
presence ofmutation by sequencing the PCR products amplified
by the primers for Mettl21e-sens (59-ATGGACCTCACAGTA-
ACTCACAT-39) and Mettl21e-anti (59-GCTTGCCACAATG-
GAGACAAG-39). Mutant mice were mated with WT C57BL/6
mice to obtain heterozygous Mettl21eHe mice. Mettl21eHe mice
were then mated at least 3 generations to obtain Mettl21eKO and
WT mice.

Primary myoblast isolation, culture,
and differentiation

Primarymyoblastswere isolated from5-wk-oldWTfemalemice.
Thehind limb skeletalmuscleswereminced anddigested in type
I collagenase and dispase B mixture (Roche Applied Science,
Penzberg, Germany). The digestion was stopped with F-10
Ham’s medium containing 17% fetal bovine serum, and the cells
were filtered from debris, centrifuged, and cultured in growth
medium (F-10 Ham’s medium supplemented with 17% fetal
bovine serum, 4 ng/ml basic fibroblast growth factor, and 1%
penicillin-streptomycin) on uncoated dishes for 3 d when 5 ml
growth medium were added each day. Then, the supernatant
were collected, centrifuged, and trypsinized with 0.25% trypsin.
Afterwashingoff the trypsin, primarymyoblastswere seededon
collagen-coated dishes, and the growth medium was changed
every 2 d. Myoblasts were induced to differentiate on matrigel-
coated dishes and cultured in differentiation medium (DMEM
supplemented with 2% horse serum and 1% penicillin-
streptomycin). Differentiation medium was replaced every
day. Primary myoblasts were cultured in normal humidified
tissue culture incubators with 5% CO2. To inhibit Mstn sig-
naling, cells were treated with 200 ng/ml follistatin (SRP3045;
MilliporeSigma, Burlington, MA, USA). To inhibit proteasome
activity, differentiated myoblasts were treated with 25 nM
bortezomib (B-1408; LC Laboratories, Woburn, MA, USA).

Immunostaining and image acquisition

Muscle samples were processed following the protocol described
byWang et al. (30). Myoblasts andmyotubes were fixed with 4%
paraformaldehyde and then blocked with blocking buffer (5%
goat serum, 2% bovine serum albumin, 0.2% Triton X-100, and
0.1% sodium azide in PBS) for at least 1 h. Then, the sampleswere
incubated with primary antibodies [1:200 in blocking buffer; sar-
comeric myosin heavy chain antibody (clone MF20) was from
Developmental Studies Hybridoma Bank (University of Iowa,
Iowa City, Iowa, USA), and anti-DYKDDDDK epitope (FLAG)
antibody (F1804) was from MilliporeSigma] overnight. After
washing with PBS, the samples were incubated with respective
secondary antibodies and DAPI for 45 min at room temperature.
Fluorescent images were captured using a Leica DM 6000B fluo-
rescent microscope (Leica Microsystems, Wetzlar, Germany).
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RNA extraction and real-time quantitative PCR

Total RNA of muscles or myoblasts were extracted using Trizol
Reagent (15596-018; Thermo Fisher Scientific, Waltham, MA,
USA). RNA was treated with RNase-free DNase I (AM2224;
Thermo Fisher Scientific) to remove genomic DNA. The purity
and concentration of total RNA were measured by Nanodrop
3000 (Thermo Fisher Scientific). Random primers and Moloney
murine leukemiavirus reverse transcriptasewereused toconvert
RNA into cDNA. Real-time PCR was performed using Roche
Lightcycler 480 PCR System with SYBR Green Master Mix
(04707516001; Roche Applied Science). Primers used were listed
in Supplemental Table S1 and ref. 31. Ct value of 18S rRNAwas
used as internal control, and 22DDCtmethodwas used to analyze
the relative mRNA expression of various genes.

Single myofiber isolation

Extensor digitorumlongus (EDL) andsoleus (SOL)muscleswere
removed carefully anddigestedwith 2mg/ml collagenase type 1
(CLS-1; Worthington Biochemical, Lakewood, NJ, USA) in
DMEM (MilliporeSigma) for 45 min at 37°C. Digestion was
stopped by carefully transferring EDL or SOLmuscles to a horse
serum–coated Petri dish (60-mm) with DMEM. Myofibers were
released by gently flushing muscles with a large bore glass pi-
pette. The released single myofiber was washed in PBS and then
transferred to a 0.2-ml PCR tube. The residual PBSwas removed
fromthePCR tube.RNAofa singlemyofiberwas extractedusing
a PicoPureRNA IsolationKit (KIT0204; ThermoFisher Scientific)
according to themanufacturer’s protocol. Generally,we pipetted
50 ml extraction buffer into the PCR tube containing a single
myofiber and incubated for 30 min at 42°C to extract cellular
contents. Then, we gently mixed 50 ml 70% ethanol into the cell
extracts, and the mixture was added into preconditioned purifi-
cation column. After 2 rounds of wash, RNAwas eluted with 11
ml elution buffer. The eluted RNA was used directly in reverse
transcription to generate cDNA for real-time PCR analyses.

Protein extraction and Western blot analysis

Muscle samples and cultured myoblasts were washed with PBS
and homogenized with radioimmune precipitation assay buffer
(50mMTris-HCl, pH8.0, 150mMNaCl, 1%NP-40, 0.5% sodium
deoxycholate, and 0.1% SDS). Protein concentrations were de-
termined using Pierce BCA Protein Assay Reagent (Pierce Bio-
technology,Rockford, IL,USA).Proteins (100mg)wereseparated
by 10% SDS-PAGE, electrotransferred onto PVDF membrane
(MilliporeSigma), and incubated with specific primary anti-
bodies. Glyceraldehyde 3-phosphate dehydrogenase (6C5) anti-
bodies (1:1000 in 5%w/vnonfat drymilk)were fromSantaCruz
Biotechnology (Dallas, TX, USA), and MF20 (1:100 in 5% w/v
nonfat dry milk) was from Developmental Studies Hybridoma
Bank. Immunodetection was performed using ECL Western
blotting substrate (Pierce Biotechnology) and detected with
FluoChem R imaging system (ProteinSimple, San Jose, CA,
USA).

Adenovirus generation

Theadenoviruseswith short hairpin (sh)-RNAs,Mstn, orMettl21e-
FLAGwere generated using the AdEasy system (240009; Agilent,
Santa Clara, CA, USA). We subcloned the U6-shRNA cassettes
from pLKO.1-U6-shRNA plasmids (Sh1: TRCN0000176763; Sh2:
TRCN0000177496;Sh3:TRCN0000177877;Sh4:TRCN0000176682;
MilliporeSigma) with primers (pLKO.1-f/r, Supplemental Table
S1).MstnORF andMettl21e-FLAGORFwere clonedwith primers

(Mstn-f/r for Mstn; Mettl21e-f/Mettl21e-FLAG-r for Mettl21e-
FLAG; SupplementalTableS1).TheseclonedDNAsequenceswere
inserted into pAdTrack-CMV plasmid (16405; Addgene, Water-
town, MA, USA) (The clonedMettl21e-FLAGORFwas also inser-
ted into pcDNA3.1 for intracellular location detection) and then
were digested by PmeI and transfected with the DH5a competent
cellwithpAdEasy-1.The followingstepswereexactlyaccording to
themethodsgenerating theMyoD-overexpressionadenovirus (31).

RNA sequencing

RNA was extracted from tibialis anterior (TA) muscles of three
8-wk-old WT and Mettl21eKO mice. Sequencing libraries were
generated using NEBNext Ultra RNA Library Prep Kit for Illu-
mina (NewEnglandBiolabs, Ipswich,MA,USA)according to the
manufacturer’s recommendations. RNA was sequenced and
analyzed by Novogene (Beijing, China) using the Illumina
Hiseq4000 platform (Illumina, San Diego, CA, USA). The
original data of RNA sequencing are deposited to the Gene
Expression Omnibus (GEO) data set (GSE122024, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122024; Token:
qrqjeqcqnfmxvct).

Immunoprecipitation to pull down Mettl21e
binding complex

Vectors containing Mettl21e-FLAG or GFP-FLAG were trans-
duced into primary myoblasts (70–80% confluent) by adenovi-
rus.Twodaysposttransduction,cellswere inducedtodifferentiation
for 3dand thenwere scrapedwith ice-coldPBS (from103100–mm
plates for each plasmid) and were centrifuged. The cell pellet was
completely resuspendedwith1ml lysis buffer (50mMTris-HCl,pH
7.5, 150 mM NaCl, and 1% NP40 with 1 time Protease inhibitor
cocktail)oniceandsonicatedwitha1-spulseat5-s intervals10times.
After5minonice,cell lysatewascentrifugedwith14,000rpmat4°C,
and then the supernatant (containing 5 mg proteins de-
termined by the Pierce bicinchoninic acid assay) was trans-
ferred to 50 ml precleaned anti-FLAG magnetic beads slurry
(M8823; MilliporeSigma). After incubation on rotator for 3 h in
a cold room (4°C), the magnetic beads were washed 3 times
with lysis buffer. Then, we added 500 ml ddH2O, and pipeted
up and down several times to remove salt or solvent remainder
(twice). Bead-captured proteins were eluted with 100 ml of
50 mM triethyl amine and 5 mM DTT on a thermal shaker
(99°C, 5 min). The protein elution was centrifuged with Cen-
triVap Concentrator (Labconco, Kansas City, MO, USA) to
partially remove triethyl amine, adjusted to 100 ml and pH 8.0
with 1% acetic acid and 15 mM Iodoacetamide, and placed in
the dark for 1 h. Before desalting the protein elution with C18
Zip tips (NT3C18.96; Glygen, Columbia, MD, USA), 1 mg trypsin
was reacted with the 100 ml adjusted protein elution for 16 h at
37°C. The following steps formass spectrometric data acquisition
andanalysiswereaccording to thedescriptionsbyWang et al. (31).

Recombinant protein production and purification

pETDuet-1-derived plasmids incorporating His6-VCP, His6-
Mettl21e, orHis6-Hsp90ab1were transformed into the Escherichia
coli expression strain BL21 (DE3; Thermo Fisher Scientific). Cells
were cultured in LBmediumwith 0.1 mg/ml ampicillin at 37°C
in a shaking incubator at 220 rpm until the absorbance at 600 nm
reached 0.6 optical density (OD). The culture was induced with
100 mM isopropyl b-D-thiogalactoside (Gold Biotechnology, St.
Louis, MO, USA), and the temperature was lowered to 18°C for
18 h. Cellswere harvested by centrifugation at 7000 g. Cell pellets
were resuspended in lysis buffer [50 mM Tris (pH 7.5), 500 mM
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NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3 mM 2-ME, 0.5%
Triton X-100, 1 tablet cOmplete EDTA-free Protease Inhibitor
Cocktail (Roche, Basel, Switzerland), and 2 mM 4-benzene-
sulfonyl fluoride hydrochloride (Gold Biotechnology)]. Cells
were lysed via probe sonication and underwent centrifugation at
100,000 g for 1 h. The soluble protein in the supernatant was
rockedwithNi-NTAresin (ThermoFisher Scientific) at 4°C.After
1 h, resin was washed with buffer (50 mM Tris-HCl, pH 7.5,
500mMNaCl, 10% glycerol, and 30mM imidazole) followed by
an additional washwith the addition of 0.5MKCl. Recombinant
proteins were removed from resin with elution buffer (50 mM
Tris-HCl, pH 7.5, 500 mM NaCl, 300 mM imidazole). The
eluted protein was concentrated in Amicon Ultra MWCO
concentrators columns (MilliporeSigma) with appropriate
molecular mass cutoffs. Proteins were divided into aliquots
and stored at 280°C and were thawed on ice prior to use in
assays. Concentrations of each protein were determined via
Bradford protein assay (Thermo Fisher Scientific). Purity was
confirmed by loading purified protein (1 mg) on 10%
SDS-PAGE and either stained with Coomassie [0.25% (w/v)
Coomassie Brilliant BlueR-250 (20278; ThermoFisher Scientific),
80% methanol, and 20% acetic acid] or transferred to a nitrocel-
lulose membrane (0.22 mm; GE Healthcare, Waukesha, WI,
USA). The nitrocellulose membrane was blocked at 4°C over-
night in 20% (w/v) nonfat dry milk in PBS with Tween 20
[137 mMNaCl, 2.7 mMKCl, 4 mMNa2HPO4, 1.8 mM KH2PO4
and 0.05% (v/v) Tween-20, pH7.4]. The blockedmembranewas
incubated for 1 h at room temperature with a-His-hrp (1:10,000;
MilliporeSigma) antibody in 5% (w/v) nonfat dry milk in PBS
with Tween 20. The membranes were washed 3 times with PBS
withTween20, and theproteinbandswerevisualizedusingECL
(Pierce Biotechnology).

In vitro methyltransferase reaction

Methyltransferase reactionswereperformed in50-ml volumes for
1 h at 37°C inmethyltransferase reaction buffer [50 mMTris (pH
7.5), 50 mMKCl, 5 mMMgCl2, 1 mMATP], 13 mM [14C] SAM (2
mCi), 1 mM methyltransferase enzyme or 4 mM substrates, and
varying concentrations of substrates or methyltransferase en-
zyme. The reactionswere stopped by precipitating proteinswith
50-ml 10% (v/v) Trichloroacetic acid (TCA) at 4°C for 1 h. The
reactions were spotted onto glass fiber filters (45 mm;Whatman,
Maidstone, United Kingdom), and the acid-insoluble material
was retained during vacuum filtration. The reaction tubes were
rinsedwith anadditional 50ml 10% (v/v)TCAandapplied to the
filters. The filters were thenwashedwith 1ml of 10% (v/v) TCA
followed by 1ml 100% ethanol and left to dry for 10min at room
temperature. The dried filters were placed in scintillation vials
with 10 ml Bio-Safe II biodegradable scintillation cocktail (Re-
search Products International, Mt Prospect, IL, USA), and ra-
dioactivity was measured by scintillation counting.

Proteasome activity assay

TAmuscles or differentiatedmyoblasts were homogenizedwith
0.5% NP-40. Then, the tissue or cell lysates were centrifuged at
4°C at 13,000 rpm for 10 min. The supernatants were collected
andmeasured using a ProteasomeActivity Assay Kit (ab107921;
Abcam, Cambridge, MA, USA) according to the manufacturer’s
protocol.

Statistical analysis

The data were presented with mean and SD. P values were cal-
culated using unpaired 2-tailed Student’s t test for 2 group

comparison and 1-wayANOVA formultiple group comparison.
Values of P, 0.05 were considered to be statistically significant.

RESULTS

Mettl21e expression is elevated in
hypertrophic Mstn KO muscles

We analyzedmicroarray data comparing gene expression
of gastrocnemius (GA) muscles from WT and Mstn con-
ditional KO mice (25). Three months after Cre-mediated
deletionofMstn inadultmice, the expressionofMettl21e in
GA muscles was 12-fold higher in Mstn KO mice than in
WTmice (Fig. 1A). Consistently, a higher level ofMettl21e
expression was detected in the TAmuscles of constitutive
Mstn KO mice relative to the same muscles of WT mice
(Fig. 1B). These results suggest that the expression of
Mettl21e is negatively correlated with Mstn but positively
associated with muscle hypertrophy.

To determine whether Mettl21e expression is directly
regulated by Mstn downstream signaling, we examined
acute responses to perturbations of Mstn signaling. We
first treated primary myoblasts with an Mstn inhibitor
(follistatin) in differentiation medium for 5 d. The treat-
ment did not alter the expression ofMettl21e (Fig. 1C). We
also used adenoviral vectors to overexpress Mstn or GFP
(control) in primary myoblasts cultured in growth me-
dium. Overexpression of Mstn did not affect the expres-
sion ofMettl21e (Fig. 1D).We further analyzedmicroarray
data comparing gene expression of GA muscles of mice
injected with PBS or anMstn antibody (clone JA-16 or PF-
354) for 4 d, at which time point muscle hypertrophy did
not occur (32). The short-term injection of JA16 did not
change the expression of Mettl21e (Fig. 1E), though it
blocked Mstn signaling (32). These results suggest that
Mettl21e expression is associated with muscle hypertro-
phy rather than directly regulated by Mstn downstream
signaling.

Muscle hypertrophy is often associatedwith changes in
myofiber type distribution. We found that there was an
apparent increase in the abundance of IIbmyofibers in the
Mstn KO EDL muscles relative to WT muscles (Fig. 1F),
accompanied by an increased mRNA level of Myh4 (Fig.
1G), which encodes the IIb isoformMyh. Interestingly, the
mRNA levels ofMettl21ewere also evaluated by 8-fold in
Mstn KO compared with WT EDL muscles (Fig. 1H). In
contrast, Mettl21e levels in the SOL muscle that lacks IIb
myofibers were comparable in Mstn KO and WT mice
(Fig. 1I–K). These results indicate that the up-regulation of
Mettl21e in the Mstn KO muscles is correlated to an in-
crease in IIb myofibers.

Mettl21e is enriched in type IIb myofibers

We next directly determined the expression ofMettl21e in
different typesofmyofibers.WeusedMettl21casa control,
which is specifically expressed in type Imyofibers (23).We
found that both Mettl21c and Mettl21e were primarily
expressed in the skeletal muscle of mice (Fig. 2A). Within
various muscle groups, the levels of Mettl21cwere found
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to be SOL . GA . TA and EDL (Fig. 2B), a pattern con-
sistent with the relative abundance of type I myofibers in
these muscles. In contrast, the expression ofMettl21ewas
much higher in TA, EDL, and GA muscles than in SOL
muscles, which lack type IIb myofibers (Fig. 2B). To di-
rectly examine the expression ofMettl21e in various types
of myofibers, we isolated individual myofibers from SOL
and EDL muscles and performed quantitative (q) PCR
analysis on single myofibers. All individual myofibers
predominantly express oneofMyh isoforms, andbasedon
the relative levels of Myh7, Myh2, Myh1, and Myh4, indi-
vidual myofibers can be readily grouped into type I (blue
column), IIa (red column), IIx (green column), or IIb (gray
column) myofibers (Fig. 2C). Interestingly, all IIb myo-
fibers also expressed a medium level of Myh1 (Fig. 2C).
Strikingly, whereas Mettl21c expression was restricted
to type I myofibers, Mettl21e expression was mainly

enriched in IIbmyofibers (Fig. 2D).Onaverage, themRNA
level ofMettl21c was 12-fold in type I myofibers as in the
other types (IIa, IIx, IIb) of myofibers, and Mettl21e ex-
pression was about 7-fold in type IIb myofibers as in the
other types (I, IIa, IIx) of myofibers (Fig. 2D, inset). The
single-cell–analysis results demonstrate that Mettl21e is
enriched in type IIb myofibers.

Mettl21e regulates myotube size in
myoblast culture

Mettl21e expression was up-regulated by 37-fold at
3 d postinduction of differentiation in primary myoblasts
(Fig. 3A), suggesting it mainly functions in differentiated
myotubes.We thusperformedshRNAtoknockdown(KD)
Mettl21e inmyotubes. Four adenoviral shRNA-GFP vectors
(Sh1–Sh4) were constructed; 3 of them target coding DNA
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sequence, and 1 targets 39UTR (Fig. 3B). Sh1–Sh4 reduced
the expression of Mettl21e by 99%, 0%, 52%, and 92%, re-
spectively (Fig. 3B). Sh1 and Sh4 were thus chosen to KD
Mettl21e, andSh2wasusedasanegative control.Myoblasts
were transduced with the Sh1, Sh2, Sh4, or control (GFP
only) adenoviral vectors for 2 d and then induced to dif-
ferentiate for 3 d. As expected, myotubes treated with Sh2
weremorphologically similar to controlmyotubes (Fig. 3C).
In contrast, myotubes treatedwith Sh1 or Sh4were thinner
than control myotubes (Fig. 3C). Quantitative analysis
showed thatMettl21eKDdecreased the fusion index and the
diameter of myotubes (Fig. 3D, E). Mettl21eKD myotubes
also expressed lower levels of Myh than did the control

myotubes (Fig. 3F). Our cell culture data suggest a function
of Mettl21e in regulating myofiber size.

Mutation of Mettl21e decreases the size of
type IIb myofibers in mice

We then generatedMettl21e KOmice using TALEN tech-
nique, creating a single nucleotide deletion in the 59 region
of the Mettl21e gene (Fig. 4A). This frameshift mutation
generated 4 mutated amino acids (35FIPT38 to 35LSQL38)
and a stop codon (TGA), leading to a truncated Mettl21e
protein with only 38 amino acids (Fig. 4B). The truncated
Mettl21eproteindoesnot contain the functionaldomainof
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Figure 2. The expression Mettl21e in different types of myofibers. A) qPCR showing relative mRNA levels of Mettl21c and Mettl21e
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Mettl21e, indicative of a loss-of-function mutation (Fig.
4B). Importantly, the weights of 2 representative fast
muscles (TA and EDL) were significantly lower in the
Mettl21eKO mice compared withWT littermates (Fig. 4C).
Interestingly, the decreases in muscle weight is accompa-
nied by an increase in the weights of subcutaneous and
epididymal white adipose tissues (Fig. 4C). As a result,
therewas nodistinguishable difference in theoverall body
weight and tissue weights of other tissues between WT
and Mettl21eKO mice (Fig. 4C, D).

We further investigated the histology of fast-twitch
muscles. Numbers of myofiber were comparable between
WT andMettl21eKOmice in several different muscles (Fig.
4E). Staining forMyh isoformsshowed thatMettl21eKOdid
not change myofiber type composition in EDL muscles
(Fig. 4F). However, type IIb myofibers had smaller size
in Mettl21eKO mice than in WTmice (Fig. 4G). Analysis
of size distribution of type IIb myofibers showed that

Mettl21eKOmyofibers had a peak at 40–45mm,whereas
the WT myofiber diameter peaked at 45–50 mm (Fig.
4H). In contrast, diameters of the other myofiber types
(type I + IIa + IIx) were comparable between WT and
Mettl21eKOmice (Fig. 4I). These loss-of-function studies
provide compelling evidence that Mettl21e is essential
for maintaining type IIb myofiber size but dispensable
for myofiber patterning.

Mettl21e methylates Vcp and modulates the
activity of 26S proteasome

We performed RNA-sequencing analysis to better un-
derstand how Mettl21e KO alters TA muscle gene ex-
pression. Compared with TA muscles of WT mice, there
were only 3 genes thatwere up-regulated and 6 genes that
weredown-regulatedbymore than2-fold (fold change.2
and P, 0.01) inMettl21eKO samples in triplicate (Fig. 5A).
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The small numberofgeneswhose expression is affectedby
Mettl21e KO suggests a post-transcriptional regulatory
function ofMettl21e. Consistently,we found thatMettl21e
was localized exclusively in the cytoplasmby using FLAG
antibody to stain C2C12 myoblasts transfected with a
pcDNA3.1-Mettl21e-FLAGplasmid that encodes aMettl21e-
FLAG fusion protein (Fig. 5B).

Wenext sought to identifyMettl21e-associatedproteins
that could be responsible for the regulation of myofiber
size. We used FLAG antibody to immunoprecipitate pro-
tein complexes from myocytes transduced withMettl21e-
FLAG or GFP-FLAG adenoviral vectors. Using mass
spectrometry,we identified a list of proteins specifically in
Mettl21e-associated complexes but not in GFP-associated
complexes (Supplemental Table S2). To narrow down the
list of potential substrates, we did Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling pathway analysis
of the identified proteins, and the top enriched pathway is
proteasome (Fig. 5C). We then prioritized the Mettl21e-
associated proteins that are related to proteasome com-
plexes, including 6 subunits of 26Sproteasome [regulatory
particle non-ATPase 1 (Rpn1), Rpn8, regulatory particle
triple-A ATPase 3 (Rpt3), Rpt4, Rpt5, and Rpt6] and 2
chaperone proteins [Vcp and heat shock protein HSP
90-beta (Hsp90ab1)] together with Mettl21e (Fig. 5D).

Given the established role of Vcp and Hsp90 in 26S
proteasome function (33, 34) and the recent report that
Mettl21 proteins preferentially interact with chaperone
proteins (18), we examined whether Vcp or Hsp90ab1 is
subject to Mettl21e-mediated methylation using in vitro
methylation assay.RecombinantVcporHsp90ab1protein
was held constant at 4 mM in the presence of [14C] SAM
and increasing concentrations of recombinant Mettl21e,
and the incorporation of methyl groups into proteins was
measuredasTCA-insoluble radioactivity.The incorporated
radioactivity indicates that Vcp but not Hsp90ab1 is
dose-dependently methylated by Mettl21e (Fig. 5E). Con-
versely, we held recombinant Mettl21e at 1 mM with in-
creasing concentrations of Vcp. The radioactivity curve
confirms that Mettl21e methylates Vcp dose dependently
(Fig. 5F).

Vcp is involved in the regulation of the ubiquitin-
proteasome system (35). To determine if Mettl21e
methylation of Vcp leads to alterations in the activity
of proteasome, we performed 26S proteasome activity
assay. KO of Mettl21e increased the activity of 26S
proteasome by 47% in TA muscles (Fig. 5G). In addi-
tion, Mettl21eKD myotubes had about 50% higher
proteasome activities than the control myotubes (Fig.
5G). These results indicate that Mettl21e methylates
Vcp and modulates the activity of 26S proteasome.

Inhibition of proteasome activity prevents
atrophy of Mettl21e KD myotubes

To verify that Mettl21e regulates myotube size through
proteasome, we inhibited proteasome activity in control
and Mettl21eKD myotubes using bortezomib, a Food and
DrugAdministration–approved 26S proteasome inhibitor.
To this end, myoblasts were transduced with the adeno-
viral-GFP vector (control) and Sh1 (Mettl21eKD) at d 1 after

serum withdrawal. After differentiation for an extra 2 d,
myotubes were treated with DMSO or 25 nM bortezomib
for 2 d. In the absence of the inhibitor, Mettl21eKD myo-
tubes consistently exhibited thinner morphology than did
the control KD myotubes (Fig. 6A). In contrast, there was
no distinguishable difference between control and Met-
tl21eKD myotubes in the presence of bortezomib (Fig. 6A).
Quantifications of fusion index and relative myotube di-
ameter showed that bortezomib treatment blunted the
differences between control and Mettl21eKD myotubes
(Fig. 6B). Consistently, bortezomib treatment increased the
protein levels ofMyh in control myotubes and normalized
the levels of Myh in Mettl21eKD myotubes (Fig. 6C). To-
gether, we conclude thatMettl21emaintainsmyofiber size
through a proteasome-dependent pathway.

DISCUSSION

Mettl21e is one of the top up-regulated genes in Mstn KO
fast-twitchmuscles (25), but we show that it is not directly
regulated by Mstn. Instead, increased expression of Met-
tl21e was due to increases in the abundance of IIb myo-
fibers in Mstn KO fast-twitch muscles (36). This finding
also explains the up-regulation ofMettl21e in hypertrophic
muscles of Callipyge sheep (27), in which a substantial
increase of type IIb myofibers in hypertrophic muscles
was reported (37, 38). Interestingly, the counterpart of
Mettl21e in humans is denoted as a unitary pseudogene
(39). Human METTL21EP was possibly inactivated by
a splice-junction mutation (AG to TA) located at the
acceptor-splice site of its second intron. This splice-
junction mutation is accompanied by the lack of de-
tectable type IIb myofibers in human skeletal muscles
(40).

Mettl21e is located in cytoplasm. This cytoplasmic lo-
calization indicates that Mettl21e is not a histone methyl-
transferase that functions to regulate gene transcription.
Our mass spectrometry data show that Mettl21e physi-
cally interacts with subunits of 26S proteasome and its
associated chaperone proteins. Mettl21eKO or Mettl21eKD

increases the proteasome activity, therefore reducing
myofiber size.Moreover, inhibition of proteasomeactivity
rescues Mettl21eKD-induced myofiber atrophy, demon-
strating that Mettl21e regulates myofiber size through
proteasome.

Our data shows that Mettl21e methylates Vcp, which
is reported as a substrate of human METTL21C and
METTL21D (18, 19, 23). Vcp is an important element of
the ubiquitin-proteasome system (35, 41). It acts as a mo-
lecular chaperone to bring ubiquitinated substrates to the
26S proteasome for degradation (33, 41). It also maintains
the activity of 26S proteasome through binding and an-
tagonizing the inhibitory function of the proteasome in-
hibitor PI31 (42). However, the effect of methylation of
Vcp on proteasome has yet to be determined (19). Current
knowledge indicates that nonhistone methylation regu-
lates protein functions through the crosstalk with other
post-translational modification or through changing
protein-protein interactions (17, 43). It is possible that
Mettl21e methylates Vcp to affect its binding with the
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other proteins and thus affects proteasome activity. It is
also possible that Mettl21e directly methylates one of
the 26S proteasome subunits to regulate proteasome
activity. Understanding the detailed mechanisms will
extend our knowledge about molecular regulation of
proteasome activity.

Mettl21e KO muscle showed a relatively milder phe-
notype in comparison with Mettl21e KD myotubes. We
mutatedMettl21e by a frame-shifting indel, resulting in
a premature termination codon and a truncated protein
that does not contain the methyltransferase domain.
It is possible that the truncated protein retains some
methyltransferase-independent function in regulating
myofiber size. In addition, the most recent studies

report a nonsense-induced transcriptional compensa-
tionmechanism, inwhichmRNAcontaining premature
termination codon is degraded throughnonsense-mediated
RNAdecay to induce transcriptional up-regulation of genes
similar to itself (44, 45). In this regard, othermembers of the
Mettl21 familyproteinsmayhavepartially compensated for
the Mettl21e loss-of-function.

Myofiber size may be regulated at both cellular (myo-
genic differentiation and myoblast fusion) (46) and mo-
lecular (protein synthesis anddegradation) level.Ourdata
do not support a role of Mettl21e in myogenic differenti-
ation. First, Mettl21e expression increases by 35-fold at
3 d after differentiation, suggesting that Mettl21e mainly
functions aftermyogenic differentiation. Second,Mettl21e
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KD did not inhibit myoblast differentiation. However, we
could not completely rule out a role of Mettl21e in myo-
blast fusion based on the observation that Mettl21e KD
reduces myoblast fusion. As myoblast fusion was also
increased with inhibition of proteasome, it is possible that
that the reduced myoblast fusion after Mettl21e KD is a
secondary effect of reduced proteasome activity.

Our findinghelps to explain themyofiber-size paradox,
in which oxidative myofibers are smaller than glycolytic
myofibers despite the higher myonuclei content (per vol-
ume) and higher rates of protein synthesis in the oxidative
myofibers (3, 47, 48). One explanation for this paradox is
due to differential rate of protein degradation, which is
mainly mediated by the ubiquitin-proteasome system.
This system includes 2 discrete and successive processes:
conjugating substrate proteins with multiple ubiquitin
molecules and the subsequent degradation of the tagged
proteins by the 26S proteasome (49). The conjugation of
ubiquitin to lysine residues of substrate proteins requires 3
ATP-dependent enzymatic steps (49). E3 is the key en-
zyme in the conjugation process. Two muscle-specific E3,
muscle atrophyFboxandmuscleRINGfinger1, are found
to have a higher expression in oxidative muscles than in
glycolytic muscles (3, 50). Thus, the higher rates of protein
degradation in the oxidative muscles may have under-
lined their smaller size. Here, we provide evidence that
type IIb myofibers also employ an active mechanism to
maintain their larger size through Mettl21e-mediated in-
hibition of 26S proteasome activity.
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