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Protein methyltransferases mediate posttranslational modifi-
cations of both histone and nonhistone proteins. Whereas his-
tone methylation is well-known to regulate gene expression, the
biological significance of nonhistone methylation is poorly
understood. Methyltransferase-like 21c (Mettl21c) is a newly
classified nonhistone lysine methyltransferase whose in vivo
function has remained elusive. Using a Mettl21cLacZ knockin
mouse model, we show here that Mettl21c expression is absent
during myogenesis and restricted to mature type I (slow) myofi-
bers in the muscle. Using co-immunoprecipitation, MS, and
methylation assays, we demonstrate that Mettl21c trimethylates
heat shock protein 8 (Hspa8) at Lys-561 to enhance its stability.
As such, Mettl21c knockout reduced Hspa8 trimethylation and
protein levels in slow muscles, and Mettl21c overexpression in
myoblasts increased Hspa8 trimethylation and protein levels.
We further show that Mettl21c-mediated stabilization of Hspa8
enhances its function in chaperone-mediated autophagy, lead-
ing to degradation of client proteins such as the transcription
factors myocyte enhancer factor 2A (Mef2A) and Mef2D. In
contrast, Mettl21c knockout increased Mef2 protein levels in
slow muscles. These results identify Hspa8 as a Mettl21c sub-
strate and reveal that nonhistone methylation has a physiologi-
cal function in protein stabilization.

The skeletal muscle provides body support, powers body
movements, and regulates systemic energy homeostasis. Mam-
malian skeletal muscles are heterogeneous, composing two
general types of muscle cells (myofibers): the slow-twitch (type
I) and fast-twitch (type II) myofibers (1). The myocyte enhancer
factor 2 (Mef2)3 family transcription factors are indispensable
for muscle development and for the establishment of type-I

myofibers (2–4). However, the level and activity of Mef2 pro-
teins must be controlled in the adult during muscle mainte-
nance, as aberrantly enhanced Mef2 activity is associated with
myotonia and compromised mitochondria function (5, 6). Cur-
rent understanding about the regulation of Mef2 is mainly on
its transcriptional activity. Mef2 is activated by Ca2�/calmod-
ulin kinases (7), calcium-activated serine/threonine phospha-
tase calcineurin (8), and mitogen-activated protein kinases,
such as p38 and extracellular signal–regulated kinase 5 (9, 10).
By contrast, the activity of Mef2 is repressed by class II histone
deacetylases (11, 12). Recent studies have also pointed to a role
of posttranscriptional regulation of Mef2 by microRNAs (6).

At the posttranslational level, Hspa8/Hsc70 plays a role
in regulating Mef2 proteins through chaperone-mediated
autophagy (CMA). In CMA, cytoplasmic client proteins with
CMA-targeting motif are recognized and delivered by Hspa8/
Hsc70 to lysosome through the lysosomal receptor, lysosomal-
associated membrane protein 2A (Lamp2a) (13). Hspa8 has
been shown to mediate the degradation of two major isoforms
of the Mef2 proteins, Mef2A and Mef2D, in neuronal cells (14,
15). However, there is lack of a physiological context linking
Hspa8 and Mef2 proteins in skeletal muscle.

Protein lysine methyltransferases (PKMTs) transfer a methyl
group (CH3) from S-adenosyl-L-methionine (SAM) to lysine
residuals of substrates (16). Methylation alters the hydrophobic
and steric properties of a lysine residue, leading to changes in
protein stability, protein-protein interactions, and protein-
DNA interactions (17). Histone lysine methylation regulates
chromatin structures and thus modulates gene expression
(18), but the biological significance of nonhistone methyla-
tion is poorly understood (19). Recently, a group of 10 non-
histone protein lysine methyltransferases was characterized
as methyltransferase family 16 (MTF16). Among this family
METTL21A-D forms a subgroup based on phylogenetic analy-
sis (20, 21). Intriguingly, METTL21C is identified as a pleiotro-
pic gene for both skeletal muscle and bone through a genome-
wide association study (22). Knockdown of Mettl21c impairs
myogenesis of C2C12 myoblasts (22). A recent study identifies
that Mettl21c is a type I myofiber–specific protein and func-
tions to trimethylate valosin-containing protein (Vcp/p97), a
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protein required for autophagy (23, 24). Mettl21c�/� mice have
normal muscle patterning, but dysregulated autophagy and
muscle weakness (23). In human cells, METTL21C physically
interacts with heat shock 70 kDa (HSPA) proteins (21), but it is
unknown whether the HSPA proteins are bona fide substrates
of METTL21C.

In this study, we used the Mettl21cLacZ knockin/knockout
mouse model to track the developmental expression of
Mettl21c. We found that Mettl21c was absent during myogen-
esis and was only expressed in mature type I myofibers. We
then demonstrated that Mettl21c methylates and stabilizes
Hspa8, thereby reducing the level of Hspa8 client proteins
Mef2A and Mef2D. These data demonstrate an in vivo physio-
logical function of Mettl21c and reveal the biological signifi-
cance of nonhistone methylation in the skeletal muscle.

Results

Mettl21c is not expressed during myogenesis and only
expressed in mature slow myofibers

We tracked the expression of Mettl21c using Mettl21cLacZ/�

mice, which contain the �-gal reporter targeted to replace exon
2–5 of Mettl21c (Fig. 1A). Immunofluorescence staining of the

slow (type I) myofiber–specific myosin heavy chain (Myh7) and
X-Gal staining in serial sections of adult soleus (SOL) muscle
indicate type I myofiber–specific expression of Mettl21c (Fig.
1B). We also isolated single myofibers from WT mice and
detected the expression of Mettl21c specifically in type I myo-
fibers expressing Myh7 in a separate study (25), which confirms
X-Gal signal as a reporter of Mettl21c expression. We then
investigated the developmental expression of Mettl21c. Whole-
mount X-Gal staining showed no discernible positive signals in
limb muscles of E18.5 embryos (data not shown). Additionally,
there were no X-Gal signals in SOL muscle of postnatal day 3
(P3) mice, although Myh7� (type I) myofibers were readily
detectable at the same stage (Fig. 1C), indicating that the
expression of Myh7 precedes that of Mettl21c and excluding a
possible role of Mettl21c in type I myofiber specification. X-Gal
signals were first shown in a group of Myh7� myofibers in SOL
muscles of P7 mice (Fig. 1D). The X-Gal signals became stron-
ger and nearly all Myh7� myofibers had positive X-Gal staining
in SOL muscle of P10 mice (Fig. 1E). Consistent with the X-Gal
staining patterns, mRNA levels of Mettl21c were low from
E18.5 to P3, then up-regulated at P7, reaching the plateau levels
at P10 in hind limb muscles (Fig. 1F). Hence, Mettl21c is

Figure 1. Dynamic expression of Mettl21c during muscle development and myogenesis. A, genetic targeting of Mettl21c through insertion of LacZ into
exons 2–5. The gray box indicates the exon of Mettl21c gene, and the blue box indicates LacZ gene. B, immunostaining of Myh7 (type I myofibers, red) and Myh2
(type IIa myofibers, green) and X-Gal staining of serial sections of SOL muscles isolated from Mettl21cLacZ/� mice. Scale bar: 100 �m. C–E, immunostaining
of Myh7 (red) and dystrophin (green), and X-Gal staining of serial sections of SOL muscles of P3 (C), P7 (D), and P10 (E) Mettl21cLacZ/� mice. Scale bar: 100 �m. F,
qPCR analysis of Mettl21c in different developmental stage. Error bars represent mean � S.D. of six mice with three technical repeats. Different letters
indicate p � 0.05 (one-way ANOVA). G, qPCR analysis of Mettl21c in myocytes differentiated for 3 days or SOL muscles isolated from Mettl21cLacZ/� (HET)
or Mettl21cLacZ/LacZ (KO) mice. Error bars represent mean � S.D. of five independent biological experiments with three technical repeats. * indicates p �
0.05 (Student’s t test). H, immunostaining of MF20 (myosin heavy chain, red) and DAPI (cyan) in differentiated myoblasts isolated from Mettl21cLacZ/�

mice at different days after differentiation induction. Scale bar: 50 �m.
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expressed after the establishment of Myh7� myofiber and the
expression level is increased with the maturation of Myh7�

myofibers.
To further confirm the absence of Mettl21c expression dur-

ing myogenesis, we cultured primary myoblasts isolated from
the Mettl21cLacZ/� (HET) or Mettl21cLacZ/LacZ (KO) mice and
induced the cells to differentiate. Quantitative PCR analyses
showed that the mRNA levels of Mettl21c in the HET myotubes
were identical to those of KO myotubes (both were nearly
undetectable), indicative of the lack of Mettl21c expression in
the HET myotubes (Fig. 1G). In contrast, the level of Mettl21c
in the adult SOL muscles of HET was over 100 times higher
than that in the KO muscles (Fig. 1G). In addition, there were no
morphological differences between HET and KO myotubes
(Fig. 1H), suggesting that Mettl21c is dispensable for myogenic
differentiation. These results suggest that Mettl21c mainly
functions in mature type I myofibers.

Mettl21c is indispensable for proper muscle function

We next studied the function of Mettl21c in vivo using KO
mice models. To exclude the potential influence of �-gal, we
compared KO mice with Mettl21cLacZ/� mice. KO mice were
indistinguishable from HET and WT mice in gross morphol-
ogy, body weight, and SOL muscle weight (Fig. 2, A and B).
Total numbers and sizes of myofibers in SOL muscles were
comparable between HET and KO mice (Fig. 2, C and D).
Immunostaining of Myh isoforms showed that the percentage
of type I myofibers in SOL muscle was comparable between

HET and KO mice (Fig. 2, E and F), suggesting that Mettl21c
KO does not affect slow myofiber development or mainte-
nance. However, KO mice run shorter distance and had lower
speed than HET mice (Fig. 2G), indicating that Mettl21c is nec-
essary for proper functioning of skeletal muscles.

Hspa8 is a substrate of Mettl21c

To understand the function of Mettl21c, we first attempted
to identify Mettl21c-associated proteins. We used FLAG anti-
body to immunoprecipitate (IP) protein complexes from myo-
cytes transduced with Mettl21c-FLAG or GFP-FLAG adenovi-
ral vectors. SDS-PAGE analysis of the proteins obtained by IP
revealed an �70 kDa protein co-purified with Mettl21c but not
with GFP (Fig. 3A). Using affinity purification-MS (AP-MS), we
identified several chaperone proteins specifically in Mettl21c-
associated complexes, but not in GFP-associated complexes
(Fig. 3B). Among these chaperone proteins, Hspa5 and Hspa8
have a molecular mass at �70 kDa. IP analysis confirmed that
Mettl21c binds with Hspa8 (Fig. 3C), but not with Hspa5 in
myocytes (Fig. 3C). These results indicate a physical association
between Mettl21c and Hspa8.

We further performed in vitro methyltransferase assay to
determine whether Hspa8 is methylated by Mettl21c. Various
concentrations of recombinant Mettl21c and Hspa8 proteins
were reacted in the presence of [14C]SAM, and the incorpora-
tion of methyl groups into substrates was measured as TCA-
insoluble radioactivity. To establish the validity of the assay, we
used recombinant Vcp as a positive control, which was recently

Figure 2. Mettl21c is required for proper muscle function. A and B, relative body weight (A) and SOL muscle weight (B) of HET and KO mice. C, myofiber
numbers in SOL muscles of HET and KO mice. D, myofiber size in SOL muscles of HET and KO mice. E, immunostaining of Myh7 (red) and Myh2 (green) in SOL
muscles of HET or KO mice. Scale bar: 500 �m. F, quantification of different types of myofibers in SOL muscles of HET or KO mice. G, running speed and distance
of HET and KO mice in treadmill test. Error bars represent mean � S.D. of seven mice. * indicates p � 0.05 (Student’s t test).
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shown to be methylated by Mettl21c (23). We found that Vcp
was dose-dependently methylated by Mettl21c, with a Km at
�0.0075 (Fig. 3D). We next held the Mettl21c at a constant
concentration (1 �M) with varying concentration (0, 0.001,
0.005, 0.0075, 0.01, 0.05, 0.1, 0.25, 0.5, and 1.0 �M) of Hspa8,
and found that Hspa8 was dose-dependently methylated by
Mettl21c, with a Km at �0.03 (Fig. 3E). The Km of Mettl21c on
Hspa8 was slightly higher than that on Vcp, indicating that
Mettl21c-Hspa8 had a relatively lower reaction rate than that of
Mettl21c-Vcp. These data provide compelling biochemical evi-
dence that Hspa8 is a new substrate of Mettl21c.

Mettl21c methylates Hspa8 at Lys-561

Then we utilized AP-MS to characterize methylated peptides
enriched by IP using a pan-methyl lysine antibody in myocytes
transduced with Mettl21c (Mettl21cOE) or GFP (as control)
adenoviral vectors (Fig. 4A). This led to the identification of
lysine (K) 561 in Hspa8 that was highly trimethylated in primary
myoblasts transduced by Mettl21c-expressing adenovirus in
relative to cells transduced by GFP control (Fig. 4B). Specifi-
cally, the abundance of the trimethylated Hspa8 peptide was
5-fold higher in Mettl21cOE myocytes than in control myocytes
(Fig. 4B), indicating that Mettl21c is responsible for the Lys-561
trimethylation. To verify the methylation site, we mutated the
Lys-561 to nonmethylatable alanine (A) and used the recombi-
nant K561A-Hspa8 mutant as a substrate with increasing
concentrations of Mettl21c in the methyltransferase assay.
Whereas the WT Hspa8 was robustly methylated by Mettl21c,
the K561A mutation abolished the dose-dependent incorpora-
tion of radioactivity and methylation by Mettl21c (Fig. 4, C and D),

indicating that Lys-561 was the only site in Hspa8 that can
be methylated by Mettl21c. We further utilized the same
AP-MS assay to investigate methylated peptides in SOL mus-
cles of HET and KO mice. We did not detect any Lys-561
monomethylation in Hspa8, and only detected either dimeth-
ylation or trimethylation of Lys-561 (Fig. 4E). Importantly, loss
of Mettl21c decreased the abundance of trimethylated Hspa8
peptide by 51%, compensated by 11% increase in the abundance
of dimethylated Hspa8 peptide (Fig. 4E). Our data demonstrate
that Mettl21c trimethylates Hspa8 at Lys-561.

Lys-561 methylation stabilizes Hspa8

We next investigated the biological consequences of Lys-561
methylation. It has been reported that the methylation per-
turbs interaction between Hspa8 and an E3 ubiquitin ligase
C terminus of Hsp70 interacting protein (CHIP), leading to
decreased ubiquitination on Hspa8 (26). Thus, we hypothe-
size that the Lys-561 methylation prevents Hspa8 from deg-
radation. We transfected 293A cells with K561R or K561A
mutant pcDNA5–GFP-Hspa8 plasmids to mimic meth-
ylated or unmethylated Lys-561, and treated the 293A cells
with a protein synthesis inhibitor cycloheximide (CHX) to
observe the degradation of the two mutants (Fig. 5A).
Although the protein level of K561A mutant was decreased
within 8 h after CHX treatment, the protein level of K561R
mutant was unchanged within 24 h after CHX treatment
(Fig. 5A), indicating that Lys-561 methylation increased the
stability of Hspa8.

It has been reported that Hspa8 targets Mef2A and Mef2D to
lysosome for degradation through CMA in neurons (14, 15).

Figure 3. Mettl21c binds and methylates Hspa8. A, Coomassie Blue–stained SDS-PAGE of proteins pulled down by the FLAG antibody from myocytes
transduced with Mettl21c-FLAG or GFP-FLAG adenoviral vectors. B, mass spectrometry analysis of Mettl21c binding proteins. C, detection of Hspa8 but not
Hspa5 in Mettl21c-FLAG protein complex after immunoprecipitation from myocytes. The lysates of myocytes was set as a positive control to indicate the
position of Hspa8 and Hspa5. D and E, In vitro methyltransferase activity of Vcp (D) and Hspa8 (E) as substrates of Mettl21c. Mettl21c was held constant at 1 �M

in the presence of 13 �M [14C]SAM and increasing concentrations of either Vcp or Hspa8 as the substrate. The data are represented as a percentage of cpm
(representing methyl groups transferred) at 1 �M substrate. Error bars represent mean � S.D. of three experiments performed in duplicate.
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We therefore examined how Hspa8 affects Mef2 proteins in
myotubes. We transduced myotubes by adenovirus expressing
Hspa8-GFP (Hspa8OE) or GFP only (control), and found that
Hspa8OE reduced the levels of Mef2A and Mef2D in myotubes
(Fig. 5B). Consistently, Hspa8OE decreased the transcriptional
activities of Mef2A and Mef2D, but not Mef2C (Fig. 5C). Nota-
bly, K561A-Hspa8 similarly inhibited the activity of Mef2A and
Mef2D (Fig. 5C), indicating that K561 methylation was not
required for the inhibition of Mef2A and Mef2D.

We further investigated the effect of Lys-561 trimethylation
on Hspa8 stability. We detected the level of Hspa8 and its target
proteins Mef2A and Mef2D in SOL muscles of Mettl21cKO

mice. Mettl21cKO reduced the Lys-561 trimethylation and the
level of Hspa8 in sarcoplasm and increased the protein levels of
Mef2A and Mef2D in myonuclei (Figs. 4E and 5D). To examine
the effect of Mettl21c-mediated Lys-561 trimethylation on
Hspa8 level and function, differentiated myoblasts were trans-

duced with Mettl21c (Mettl21cOE) or GFP (as control) adeno-
viral vectors. The expression of Mettl21c was over 2000-fold
higher in Mettl21cOE myotubes than in control myotubes (Fig.
5E). Mettl21cOE increased the trimethylation and the level of
Hspa8, concomitant with a decrease in the level of Mef2A and
Mef2D (Figs. 4B and 5F). These results provide compelling evi-
dence that Lys-561 methylation stabilizes Hspa8.

As Mettl21c trimethylates and maintains the level of Hspa8,
which was shown to function as carrier to facilitate degradation
of Mef2A and Mef2D through the CMA pathway, we hypothe-
size that the regulation of Mef2A and Mef2D by Mettl21c
is CMA-dependent. To test this hypothesis, we selectively
blocked CMA by silencing Lamp2a using lentiviral shRNA (27).
Lamp2a shRNA efficiently reduced the level of Lamp2a,
accompanied by an accumulation of Mef2A and Mef2D (Fig.
5G). Importantly, Lamp2a silencing prevented Mettl21cOE-
mediated reduction of Mef2A and Mef2D (Fig. 5, F and G),

Figure 4. Mettl21c methylates Hspa8 at Lys-561. A, flow chart of the analysis of methylated peptides. B, chromatogram view for the trimethylated Hspa8
peptide in myoblasts transduced with Mettl21c-GFP (Mettl21cOE) or GFP only (as control) adenoviral vectors. The MS/MS fragmentation pattern of Hspa8
peptide is highlighted. The b- and y-ions support trimethylation of Hspa8 at Lys-561. C and D, In vitro methyltransferase activity of Mettl21c and mutated
Hspa8 (C) or WT Hspa8 (D). The substrate (K561A-Hspa8 or WT Hspa8) was held constant at 4 �M in the presence of 13 �M [14C]SAM and increasing
concentrations of Mettl21c. The data are represented as cpm. Error bars represent mean � S.D. of three experiments performed in duplicate. E, chromatogram
view for the dimethylated or trimethylated Hspa8 peptide in SOL muscles of HET or KO mice; MS/MS fragmentation pattern of Hspa8 peptide.
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indicating that the CMA pathway mediates the degradation of
Mef2A and Mef2D in Mettl21cOE myotubes. These results
together establish a model in which Mettl21c methylates Hspa8
to facilitate degradation of its client proteins such as Mef2A and
Mef2D (Fig. 5H).

The expression of Mettl21c is absent during muscle
regeneration

Although high levels of Mef2 proteins are detrimental to
mature muscles (6), Mef2 transcription factors are required for
muscle regeneration (3). As Mettl21c regulates the levels of

Figure 5. Lys-561 methylation stabilizes Hspa8. A, Western blot analysis of mutated Hspa8 after cycloheximide-induced inhibition of translation. B, Western
blot analysis showing the effect of Hspa8 overexpression (Hspa8OE) on Mef2A and Mef2D proteins in myotubes. Primary myoblasts were induced to differen-
tiate for 2 days and then were transduced with Hspa8OE or control adenoviral vectors for 3 more days. C, luciferase assays showing the effects of Hspa8 on the
transcriptional activity of Mef2A, Mef2C, and Mef2D using the 3XMEF2-luc reporter. Error bars represent mean � S.D. of five independent biological experi-
ments. * indicates p � 0.05 (Student’s t test). D, Western blot analysis of indicated proteins in sarcoplasm and myonuclei proteins of SOL muscles from HET and
KO mice. E, qPCR analysis of Mettl21c in differentiated myoblasts transduced with Mettl21c-GFP (Mettl21cOE) or GFP only (as control) adenoviral vectors. Primary
myoblasts were induced to differentiate for 2 days and then were transduced with Mettl21cOE or control adenoviral vectors for 3 more days. Error bars represent
mean � S.D. of five independent biological experiments. * indicates p � 0.05 (Student’s t test). F, Western blot analysis of indicated proteins in control and
Mettl21cOE myotubes. G, Western blot analysis of indicated proteins in control and Mettl21cOE myotubes after Lamp2 knockdown. Primary myoblasts were
treated with lentivirus for 2 days and selected in puromycin (1 �g/ml) for 2 additional days. These primary myoblasts were then transduced with Mettl21cOE or
control adenoviral vectors. Two days after adenoviral transduction, the myoblasts were induced to differentiate for 3 days. H, diagram summarizing the role of
Mettl21c in type I myofibers. Mettl21c methylates Hspa8 at Lys-561 to interrupt its binding with an E3-ligase CHIP, and to prevent its ubiquitination and
proteasome-dependent degradation. The surviving Hspa8 carries Mef2A and Mef2D to lysosome for degradation in chaperone-mediated autophagy pathway.
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Mef2A and Mef2D, we predict that Mettl21c expression should
be down-regulated during muscle regeneration to allow accu-
mulation of Mef2 proteins. We thus examined the expression of
Mettl21c using the Mettl21cLaz/� reporter mice during SOL
muscle regeneration after cardiotoxin (CTX)-induced injuries.
We performed immunofluorescence and X-Gal staining on
sections of regenerated SOL muscles. At day 7 post CTX injec-
tion, only a small number of regenerating Myh7� myofibers
had weak X-Gal signals (Fig. 6A), indicating that Mettl21c is not
expressed in newly regenerated type I myofibers. At day 14 post
CTX injection, a substantial number of regenerated myofibers
expressed Myh7, accompanied by increased levels of X-gal sig-
nal specifically in Myh7� myofibers (Fig. 6B). In parallel,
Mettl21c mRNA levels was sharply decreased by more than 90%
within 3 days after CTX-induced muscle degeneration, and
gradually increased in the following 2 weeks, reaching the max-
imal levels at day 14 post CTX injury (Fig. 6C). These results
indicate that Mettl21c expression is down-regulated during
muscle regeneration and suggests that Mettl21c is dispensable
for muscle regeneration. We also investigated the regeneration
of SOL muscles in HET and KO mice after CTX injury. Consis-
tently, the regeneration of KO muscles was comparable to that
of HET muscles at day 7 post CTX injury (Fig. 6D). These
results ensure the notion that Mettl21c mainly functions in
mature type I myofibers.

Discussion

In this study we dissect the dynamic expression and in vivo
function of a type I myofiber-specific methyltransferase
Mettl21c. The expression of Mettl21c is absent during myogen-
esis, indicating that Mettl21c is not required for the develop-
ment of skeletal muscle, inconsistent with the normal muscle
morphology in KO mice. Despite the normal muscular mor-
phology, KO mice have decreased motor activity. Wiederstein
et al. (23) report a similar weak muscle phenotype and they

additionally show that Mettl21c KO leads to dysregulated
autophagy program potentially through Vcp.

We identified Hspa8 as a novel substrate of Mettl21c and
pinpointed Lys-561 as the specific residue being trimethylated.
Intriguingly, Jakobsson et al. (28) reported that human HSPA8,
which shares similar primary structure with murine Hspa8,
is trimethylated at Lys-561 by METTL21A, a paralog of
METTL21C. A potential compensatory role of murine
Mettl21a may explain why Mettl21c KO only partially blocks
the trimethylation of Hspa8. Our AP-MS results indicate that
Hspa8 is also dimethylated at Lys-561 in skeletal muscles. How-
ever, the Lys-561 dimethylation is not mediated by Mettl21c as
deletion of Mettl21c leads to increased levels of dimethylated
Hspa8. Although what dimethylates Hspa8 is unclear, SETD1A
has been reported to dimethylate Lys-561 of Hspa1, a paralog of
Hspa8 (29).

At the functional level, Lys-561 methylation of Hspa8
decreases its affinity for the E3 ligase, CHIP, and thus reduces
the ubiquitination of Hspa8 (26). The latter event prevents
ubiquitin-mediated proteasomal degradation of Hspa8 and sta-
bilizes Hspa8. Consistently, we show that the mimetic of meth-
ylated Hspa8 has better stability than unmethylated Hspa8. In
addition, we found that Mettl21cOE or Mettl21cKO increases or
decreases the protein level of Hspa8, respectively.

Hspa8 plays several different roles in the autophagy program
(30). For example, Hspa8 cooperates with BAG3, which medi-
ates macro-autophagy and maintains mitochondria homeosta-
sis (31, 32). Intriguingly, impaired Hspa8-BAG3–mediated
autophagy results in muscle weakness (33). Hspa8 inhibitors,
such as P140 and 2-phenylethynesulfonamide, have been
shown to disrupt the binding of Hspa8 with the other chaper-
ones and down-regulate autophagy program (30, 34, 35). Thus,
the decreased level of Hspa8 may contribute to the impaired
autophagy and weak muscle in the KO mice (23).

Figure 6. Expression of Mettl21c during muscle regeneration. A and B, immunostaining of Myh7 (red), Myh2 (green), and dystrophin (blue), and X-Gal
staining of serial sections of SOL muscles at day 7 (A) and day 14 (B) after CTX injection. Scale bar: 100 �m. C, qPCR analysis of Mettl21c at different days during
SOL muscle regeneration. Error bars represent mean � S.D. of six mice with three technical repeats. Different letters indicates p � 0.05 (one-way ANOVA). D,
H&E staining of SOL muscles from HET and KO mice 7 days after CTX injection. Scale bar: 100 �m.
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In addition, Hspa8 is a key regulator in the CMA pathway
(36). It selectively recognizes KFERQ-like motif– containing
proteins, including Mef2A and Mef2D, and shuttles them to
lysosome for degradation. The degradation of Mef2A and
Mef2D is blocked by interrupting their interactions with Hspa8
in neuronal cells (14, 15). Here, we identify a conserved role of
Hspa8 in skeletal muscles by demonstrating that Hspa8OE

reduced the protein levels of Mef2A and Mef2D. Thus, the
expression of Mettl21c could harness the level of Mef2 pro-
teins through Hspa8. The expression of Mettl21c is absent
during myogenesis and muscle regeneration, allowing Mef2
transcription factors to accumulate and function during
muscle establishment. Upon completion of muscle develop-
ment or regeneration, Mettl21c is then increased to lower
the level of Mef2 transcription factors. A proper level of
Mef2 is key for normal muscle function, as a high level of
Mef2A has been shown to compromise mitochondria func-
tion in the skeletal muscle (6). Collectively, our study estab-
lishes Mettl21c as a regulator of Hspa8 to maintain its level
in mature type I myofibers.

Experimental procedures

Mice

The Mettl21cLacZ/� mice (stock no. 025271) were from The
Jackson Laboratory (23). Unless otherwise indicated, we used
2-month-old male mice for experiments. All procedures in-
volving mice were approved by Purdue University’s Animal
Care and Use Committee under protocol no. 1112000440.

Primary myoblast isolation, culture, and differentiation

Primary myoblasts were isolated from 5-week-old WT
female mice. The hind limb skeletal muscles were minced and
digested in type I collagenase and dispase B mixture (Roche
Applied Science). The digestion was stopped with Ham’s F-10
medium containing 17% fetal bovine serum (FBS), and the cells
were filtered from debris, centrifuged, and cultured in growth
media (Ham’s F-10 medium supplemented with 17% FBS, 4 ng
ml�1 basic fibroblast growth factor and 1% penicillin-strepto-
mycin) on uncoated dishes for 3 days when 5 ml growth media
were added each day. Then the supernatants were collected,
centrifuged, and trypsinized with 0.25% trypsin. After washing
off the trypsin, primary myoblasts were seeded on collagen-
coated dishes, and the growth medium was changed every 2
days. Myoblasts were induced to differentiate on Matrigel-
coated dishes and cultured in differentiation media (DMEM
supplemented with 2% horse serum and 1% penicillin-strepto-
mycin). Differentiation media were replaced every day. Primary
myoblasts were cultured in normal humidified tissue culture
incubators with 5% CO2.

Immunostaining, X-gal staining, and image acquisition

For immunostaining of muscle samples, they were processed
following the protocol described by Wang et al. (37). Generally,
muscle slides were directly blocked with blocking buffer (5%
goat serum, 2% BSA, 0.2% Triton X-100, and 0.1% sodium azide
in PBS) for at least 30 min. Primary antibodies were diluted
with blocking buffer. Myh2 (2F7 from Developmental Studies

Hybridoma Bank (DSHB)) and Myh7 (BA-F8 from DSHB) anti-
bodies were diluted at a ratio 1:300. Dystrophin (ab15277,
Abcam) antibody was diluted at a ratio 1:1000. Blocking buffer
was removed from the sections and diluted primary antibodies
were added on sections overnight at 4 °C. After washing with
PBS, the samples were incubated with respective secondary
antibodies and DAPI for 45 min at room temperature. Myo-
tubes were fixed with 4% paraformaldehyde, and then were
blocked with blocking buffer for at least 30 min. Then the sam-
ples were incubated with primary antibodies (1:200 in blocking
buffer) (MF20, DSHB) 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 fluorescent microscope.
For X-gal staining, tissue sections were fixed with 4% paraform-
aldehyde for 5 min. Then samples were washed with washing
buffer (0.1 M phosphate buffer, pH 7.3, 2 mM MgCl2, and 0.02%
Nonidet P-40) for at least three times. Then samples were
stained with staining buffer (washing buffer containing 1 mg
ml�1 X-Gal in dimethyl formamid, 2.12 mg ml�1 potassium
ferrocyanide, and 1.64 mg ml�1 potassium ferricyanide) over-
night at 37 °C. After staining, the staining buffer was poured off
and replaced with washing buffer.

RNA extraction and real-time qPCR

Total RNA of muscles or myoblasts were extracted using
TRIzol Reagent. RNA was treated with RNase-free DNase I to
remove genomic DNA. The purity and concentration of total
RNA were measured by NanoDrop 3000 (Thermo Fisher). Ran-
dom primers and Moloney murine leukemia virus reverse tran-
scriptase were used to convert RNA into cDNA. Real-time PCR
was performed using Roche Light Cycler 480 PCR System with
SYBR Green Master Mix. Forward and reverse primers for
Mettl21c were 5�-AGGAGCTCAAGTCACAGCAACAGA
and 5�-AGAGGCCAGCACGTAGTCATAACA, respectively.
Ct value of 18S rRNA was used as internal control and 2���Ct

method was used to analyze the relative mRNA expression of
various genes.

Protein extraction and Western blot analysis

Muscle samples and cultured myoblasts were washed with
PBS and homogenized with radioimmune precipitation assay
buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% SDS). Protein con-
centrations were determined using Pierce BCA Protein Assay
Reagent (Pierce Biotechnology). Proteins (100 �g) were sep-
arated by 10% SDS-PAGE, electrotransferred onto PVDF
membrane (EMD Millipore, Billerica, MA), and incubated
with specific primary antibodies. Mef2A (B-4), Mef2D
(H-11), GFP (B-2), and GAPDH (6C5) antibodies (1:1000 in
5% w/v nonfat dry milk) were from Santa Cruz Biotechnol-
ogy, and Hspa8/Hsc70 (ab2788), NOQ/Myh7 (ab11083), and
Lamp2a (ab18528) were from Abcam. Immunodetection was
performed using ECL Western Blotting Substrate (Pierce
Biotechnology) and detected with FluoChem R imaging sys-
tem (ProteinSimple).
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Myonuclei and sarcoplasm protein preparation

SOL muscles were homogenized in the cell lysis buffer (10
mM HEPES, pH 7.5, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5%
Nonidet P-40, 0.5 mM PMSF and 1� protease inhibitor mix-
ture) and allowed to swell on ice for 15–20 min with intermit-
tent mixing. Tubes were vortexed to disrupt cell membranes
and then centrifuged at 12,000 � g at 4 °C for 10 min. The
supernatant is the sarcoplasm extract. The pelleted nuclei were
washed twice with the cell lysis buffer and resuspended in the
nuclear extraction buffer (20 mM HEPES, pH 7.5, 400 mM NaCl,
1 mM EDTA, 1 mM DTT, 1 mM PMSF and 1� protease inhibitor
mixture) and incubated in ice for 30 min. Myonuclei extract
was collected by centrifugation at 12,000 � g for 15 min at 4 °C.

Adenovirus generation

The adenoviruses with Hspa8, Mettl21c, or Mettl21c-FLAG
were generated using the AdEasy system. Hspa8 ORF, Mettl21c
ORF, and Mettl21c-FLAG ORF were cloned with primers
5�-AAGCGGCCGCATGTCTAAGGGACCTGCAGTTGG/
5�-CGTCTAGATTAATCCACCTCTTCAATGG for Hspa8;
5�-AAGCGGCCGCATGGATCAGCATCTCCACATAG/5�-
CGTCTAGATCACTCCCACTTTAATATCCC for Mettl21c;
5�-AAGCGGCCGCATGGATCAGCATCTCCACATAG/5�-
CGTCTAGATCACTTGTCGTCATCGTCTTTGTAGTCC-
TCCCACTTTAATATCCC for Mettl21c-FLAG. These cloned
DNA sequences were inserted into pAdTrack-CMV plasmid
(the cloned Mettl21c-FLAG or Mettl21c ORF was also inserted
into pcDNA3.1) and then were digested by PmeI and trans-
fected the DH5a competent cell with pAdEasy-1. The steps
were exactly following the methods described by Wang et al.
(38).

Immunoprecipitation to pull down Mettl21c-binding complex

Vectors containing Mettl21c-FLAG or GFP-FLAG were
transduced into primary myoblasts (70 – 80% confluent) by
adenovirus. Two days post transduction, cells were induced to
differentiation for 3 days and then were scraped with ice-cold
PBS (from 10 � 100 mm plates for each plasmid) and were
centrifuged. The cell pellet was completely resuspended with 1
ml lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1%
Nonidet P-40 with 1� protease inhibitor mixture), on ice, and
sonicated with 1-s pulse and 5-s interval for 10 times. After 5
min on ice, cell lysate was centrifuged with 14,000 rpm at 4 °C,
and then the supernatant (containing 5 mg proteins deter-
mined by the Pierce bicinchoninic acid assay) was transferred
to 50 �l precleaned anti-FLAG magnetic beads slurry (M8823,
Sigma). After incubation on a rotator for 3 h in a cold room
(4 °C), the magnetic beads were washed three times with lysis
buffer. Then, 500 �l ddH2O were added, up and down several
times to remove salt or solvent remainder (twice). Bead cap-
tured proteins were eluted with 100 �l of 50 mM triethyl amine
and 5 mM DTT on thermal shaker (99 °C, 5 min). The protein
elution was centrifuged with CentriVap Concentrator (Lab-
conco) to partially remove triethyl amine, and then was
adjusted to 100 �l, pH 8.0 with 1% acetic acid, and 15 mM

iodoacetamide and placed in dark for 1 h. Before desalting
the protein elution with C18 ZipTips (NT3C18.96, Glygen),
1 �g trypsin was reacted with the 100 �l adjusted protein

elution for 16 h at 37 °C. The following steps for mass spec-
trometric data acquisition and analysis were according to the
descriptions by Wang et al. (38).

Mass spectrometry analysis of peptides with methylated lysine

Peptides with methylated lysine were enriched by immu-
noprecipitation using the PTMScan Pan-Methyl Lysine Kit
(14809, Cell Signaling Technology) according to the manufa-
cturer’s instructions. In brief, myocytes or SOL muscle lysates
were prepared using urea lysis buffer (20 mM HEPES, pH 8.0,
9 M urea, 2.5 mM sodium pyrophosphate). Protein concentrations
were determined and adjusted to be the same. DTT (4.5 mM)
and iodoacetamide (10 mM) were used to introduce reduction
and alkylation of proteins. The urea was then diluted with 20
mM HEPES, pH 8.0, to a final concentration of �2 M. Before
desalting the protein elution with C18 Sep-Paks, 1 �g trypsin
was reacted with the 100 �l adjusted protein lysates for 16 h at
37 °C. The protein elution was frozen (�80 °C freezer) for 2 h
and the frozen peptide solution was lyophilized for 2 days.
Lyophilized peptides were resuspended using the IAP buffer
provided in the kit. Then the IAP-peptides solution was mixed
with antibody-bead slurry and incubated on a rotator for 2 h at
4 °C. The antibody-beads were washed three times with IAP
buffer and washed three more times with ddH2O. Bead-cap-
tured peptides were eluted with 100 �l of 0.15% trifluoroacetic
acid (TFA). Eluted peptides were purified with StageTips. The
following steps for mass spectrometric data acquisition and
analysis were according to the descriptions by Wang et al. (38).

Generation of mutated Hspa8

The pcDNA5-GFP-Hspa8 (K561A) and pcDNA5-GFP-
Hspa8 (K561R) were generated using Q5 Site-Directed
Mutagenesis Kit (E0554, New England Biolabs) according to
the manufacturer’s protocol. In brief, the pcDNA5-GFP-Hspa8
was amplified by PCR primers: Hspa8-A-f: GCGATTAACGA-
TGAGGACAAAC or Hspa8-R-f: AGGATTAACGATGAGG-
ACAAAC and Hspa8-Mu-r: GCCTTGAAGTTTCTCATC-
TTC. Note the plasmid concentrated should be less than 25 ng.
PCR products were then reacted with KLD enzyme mix (pro-
vided in the kit). KLD mix was incubated with chemically com-
petent cells. Plasmids were extracted from transfected cells and
sequenced to confirm the correct mutation. To detect the deg-
radation of mutated Hspa8, 293A cells were transfected with
indicated plasmid. Two days after the transfection, 293A cells
were treated with 100 �g ml�1 cycloheximide (C7698, Sigma)
for up to 8 h to block protein translation.

Recombinant protein production and purification

pETDuet-1– derived plasmids incorporating His6-tagged
proteins were transformed into the Escherichia coli expression
strain BL21 (DE3) (Invitrogen). Cells were cultured in LB media
with 0.1 mg/ml ampicillin at 37 °C in a shaking incubator at 220
rpm until the absorbance at 600 nm reached 0.8 OD. The cul-
ture was induced with 100 �M isopropyl �-D-thiogalactoside
(Gold Biotechnology) and the temperature was lowered to
18 °C for 18 h. Cells were harvested by centrifugation at 7000 � g.
Cell pellets were resuspended in lysis buffer (50 mM Tris, pH
7.5, 500 mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3 mM
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2-mercaptoethanol, 0.5% Triton X-100, 1 tablet cOmpleteTM

EDTA-free Protease Inhibitor Mixture (Roche), and 2 mM

AEBSF (Gold Biotechnology). Cells were lysed via probe soni-
cation and underwent centrifugation at 100,000 � g for 1 h. The
supernatant was rocked with nickel-nitrilotriacetic acid resin
(Thermo Scientific) at 4 °C. After 1 h, resin was washed with
buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 10% glycerol,
and 30 mM imidazole), followed by an additional wash with the
addition of 0.5 M KCl. 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 (Millipore)
with appropriate molecular mass cutoffs. Proteins were ali-
quoted and stored at �80 °C and were thawed on ice prior to
use in assays. Concentrations of each protein were determined
via Bradford protein assay (Thermo Scientific).

In vitro methyltransferase reaction

Methyltransferase reactions were performed in 50-�l vol-
umes for 1 h at 37 °C in methyltransferase reaction buffer (50
mM Tris, pH 7.5, 50 mM KCl, 5 mM MgCl2, 1 mM ATP), 13 �M

[14C]SAM (2 �Ci), 1 �M methyltransferase enzyme, and varying
concentrations of substrate. The reactions were stopped by
precipitating proteins with 50-�l 10% (v/v) TCA at 4° for 1 h.
The reactions were spotted onto glass fiber filters (Whatman,
45 um) and the acid-insoluble material was retained during
vacuum filtration. The reaction tubes were rinsed with an addi-
tional 50 �l 10% (v/v) TCA and applied to the filters. The filters
were then washed with 1 ml of 10% (v/v) TCA, followed by 1 ml
100% ethanol, and left to dry for 10 min at room temperature.
The dried filters were placed in scintillation vials with 10 ml
Bio-Safe IITM biodegradable scintillation mixture (Research
Products International) and radioactivity was measured by
scintillation counting.

Luciferase assay

Transient transfections were performed with Lipofecta-
mine2000 (Thermo) according to manufacturer’s instruc-
tions. HEK293 cells were grown in DMEM supplemented with
10% FBS. Briefly, 100 ng of reporter 3XMEF2-luc, 10 ng Renilla,
and 300 ng of each other plasmids (pCGN-MEF2A,
pcDNA3.1-MEF2C-HA, pCGN-MEF2D, pcDNA5-GFP-Hspa8
(K561A), and pcDNA5-GFP-Hspa8) was mixed with 2 �l of
Lipofectamine2000 and added to 293 cells in 24-well plates.
After 48 h, cells were harvested and analyzed with the Dual-
Luciferase Reporter Assay System (Promega). The total amount
of DNA added in each transfection was kept constant by refer-
ring to the Renilla signal. The 3XMEF2-luc (Addgene plasmid
32967), pCGN-MEF2A (Addgene plasmid 32958), and pCGN-
MEF2D (Addgene plasmid 32963) were gifts from Ron Prywes;
the pcDNA3.1-MEF2C-HA was a gift from Andrew Lassar
(Addgene plasmid 32515); and the pcDNA5-HSPA8 was a gift
from Harm Kampinga (Addgene plasmid 19460).

Lentivirus generation

To deplete endogenous Lamp2a, shRNAs target 5�-GAC-
TGCAGTGCAGATGAAG, 5�-CTGCAATCTGATTGATTA,
and 5�-TAAACACTGCTTGACCACC, corresponding to the

exon 8 of Lamp2a, were chosen according to the description by
Massey et al. (27). The hairpin (sense-loop-antisense) for these
sequences was cloned in the Plko.1 plasmid. Lentiviral particles
containing Plko.1-Lamp2a-shRNAs or Plko.1-Scramble (a gift
from David Sabatini, Addgene plasmid 1864) (39) were pro-
duced according to the protocol described by Wang et al. (40).

Statistical analysis

The data were presented with mean and S.D. p values were
calculated using unpaired two-tailed Student’s t test for two
groups’ comparison and one-way ANOVA for multiple groups’
comparison. p values � 0.05 were considered to be statistically
significant.
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