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Abstract: DPY19L3 has been identified as a C-mannosyltransferase for thrombospondin type-1 repeat
domain-containing proteins. In this study, we focused on the role of DPY19L3 in the myogenic
differentiation of C2C12 mouse myoblast cells. We carried out DPY19L3 gene depletion using the
CRISPR/Cas9 system. The result showed that these DPY19L3-knockout cells could not be induced
for differentiation. Moreover, the phosphorylation levels of MEK/ERK and p70S6K were suppressed
in the DPY19L3-knockout cells compared with that of parent cells, suggesting that the protein(s) that
is(are) DPY19L3-mediated C-mannosylated and regulate(s) MEK/ERK or p70S6K signaling is(are)
required for the differentiation.
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1. Introduction

Satellite cells, precursor of skeletal muscle cells, proliferate extensively and dif-
ferentiate into myoblasts by muscle injury. This involves the up-regulation of myo-
genic differentiation-related genes, such as MYOD, myogenin, and myosin heavy chain
(MHC) [1–3]. Skeletal muscle growth is regulated by various factors and signaling path-
ways. For example, the mTOR/S6K pathway is known to regulate muscle growth and
metabolism [4]. C2C12 cell is a myoblast cell line derived from mouse satellite cells [5].
C2C12 cells are usually used as a muscle regeneration model in vitro, because they have
an ability to transition from proliferation into differentiation and form myofibers by ad-
equate stimulus, similar with satellite cells [3]. Protein O-linked β-N-acetylglucosamine
(O-GlcNAcylation) negatively regulates the C2C12 cell myogenic program [6]. Moreover,
Mef2c, the transcription factor of myogenin, is O-GlcNAcylated, and O-GlcNAcylation
of Thr9 in Mef2c inhibits its DNA binding affinity [7]. However, the association between
cellular differentiation and other glycosylations is not fully understood.

C-mannosylation is a unique type of glycosylation in which an α-mannose attaches to
the indole C2 carbon of the N-terminal tryptophan residue of the consensus sequence Trp-
Xaa-Xaa-Trp/Cys (Xaa: any amino acid), via a C-C linkage [8], and about 30 C-mannosylated
proteins have been reported so far [9]. In 2013, Buettner et al. reported that dpy-19 is the
C-mannosyltransferase for the thrombospondin type-1 repeat (TSR) domain in C. elegans [10].
There are four homologs of DPY19 (DPY19L1-L4) in mammals, and it has been demonstrated
that DPY19L1 and DPY19L3 have a C-mannosyltransferase activity [11,12]. It has been
revealed that C-mannosylation involves protein secretion, intracellular localization, and
protein folding, which are similar with other forms of glycosylation [13–22]; however, the
role of C-mannosyltransferases on biological events is still obscured.

Here, we demonstrated that DPY19L3 is expressed during myogenic differentia-
tion of C2C12 cells, and knockout of DPY19L3 gene inhibits the phosphorylation lev-
els of MEK/ERK and p70S6K, and the differentiation. Thus, our data suggest that C-
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mannosylated protein(s) mediated by DPY19L3 may have important roles for the differen-
tiation through the MEK/ERK and p70S6K signaling pathway.

2. Results
2.1. DPY19L3 Is Expressed during Myogenic Differentiation in C2C12 Cells

It has been reported that the level of O-GlcNAcylation decreases during the myogenic
differentiation in C2C12 cells [6], although the relationship between C-mannosylation
and the differentiation had not been determined. Recently, we identified DPY19L3 as a
C-mannosyltransferase in mammalian cells [11]. To investigate whether the expression
level of DPY19L3 is changed during the differentiation, we evaluated the expression of
the DPY19L3 mRNA level. C2C12 cells were differentiated by changing from the growing
medium (GM) to the differentiating medium (DM). As shown in Figure 1A, the cells were
fused, and the myotube diameter was increased during the differentiation. Moreover,
we detected the mRNA expression levels of myogenin, mrf4, and muscle creatine kinase
(MCK), monitored as differentiation markers (Figure 1B) [6,23]. The expression levels
of each marker increased during differentiation, compared with exponentially growing
C2C12 cells (Figure 1B). DPY19L3 mRNA was expressed under growing condition and
during the differentiation (Figure 1B).
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Figure 1. DPY19L3 is expressed during myogenic differentiation. (A) Representative image of
the growing and differentiating cells. C2C12 cells were cultured in growing medium (GM), and
the culture medium was changed from GM to differentiating medium (DM) for 0 (left) or 5 days
(right). The cells were visualized with May–Grünwald Giemsa stain and photographed. Bar, 100 µm.
(B) Increase in DPY19L3 gene expression during myogenic differentiation. Total RNAs were isolated
from C2C12 cells every day after changing the medium to DM, and RT-PCR was performed. Myogenin,
mrf4, and MCK were monitored as differentiation markers.
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2.2. Inhibition of Myogenic Differentiation by Knockout of DPY19L3 Gene

To examine the role of DPY19L3 on myogenic differentiation, we disrupted the DPY19L3
gene of C2C12 cells. We designed the sequences functioning as sgRNAs (Figure 2A). Our
designed sequences target exon 1 of mouse DPY19L3 gene, and we confirmed that C2C12
cells have wild-type DPY19L3 gene (Figure 2B). After transfection with vectors encoding
Cas9 and the sequences of sgRNAs, we obtained C2C12 cells lacking mature DPY19L3
protein. The sequences of two alleles are shown in Figure 2C, and each allele should
generate immature DPY19L3 protein due to the artifact frameshift mutation (Figure 2C),
suggesting that we could establish DPY19L3 knockout C2C12 cells (designated as C2C12-
DPY19L3-KO cells).
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Figure 2. Establishment of DPY19L3-knockout C2C12 cells. (A) Target sequences of sgRNAs to
establish DPY19L3-KO cells by using the CRISPR/Cas9 system. The sequence is in part of exon 1 of
mouse DPY19L3. The target sequences of sgRNAs and the PAM sequences are colored in red and
green, respectively. (B) The amino acid sequence of wild-type mouse DPY19L3. (Upper) Amino
acids encoded in exon 1 and targeted region are colored in blue and red, respectively. (Lower) The
nucleic acid sequence of wild-type mouse DPY19L3. (C) Expected DPY19L3 protein sequences in
C2C12-DPY19L3-KO cells. Purple characters are artificially generated amino acids by CRISPR/Cas9-
mediated frameshift mutations.

To investigate the effect of DPY19L3 on myogenic differentiation, we cultured both
parent C2C12 and C2C12-DPY19L3-KO cells and changed the media from GM to DM for
5 days. Under GM culture condition, both cell types grew normally (Figure 3A). C2C12
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cells were differentiated after medium change for 5 days, and the cells were fused and
myotube diameter was increased; however, the fusion index was a very low percentage,
and the myotube diameter was still around 15 µm after the medium change for 5 days in
C2C12-DPY19L3-KO cells (Figure 3A,B). Taken together, these results indicated that the
knockout of DPY19L3 gene resulted in the inhibition of myogenic differentiation.
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Figure 3. Inhibition of myogenic differentiation in C2C12-DPY19L3-KO cells. (A,B) Effect of depletion
of the DPY19L3 gene on myogenic differentiation. C2C12 (parent) and C2C12-DPY19L3-KO (DPY19L3-
KO) cells were cultured in GM, and the culture medium was changed from GM to DM for 0 (upper) or
5 days (lower). The cells were visualized with May–Grünwald Giemsa stain and photographed. Red
arrow markers indicate myotubes which contain 3 or more nuclei. Bar, 100 µm (A). Fusion index and
myotube diameter were calculated (B). Data represent mean ± standard error (* p < 0.05).

2.3. Decrease of Phosphorylation Levels of ERK and P70S6k in DPY19L3-Knockout Cells

Several signal pathways are known to regulate myogenic differentiation, such as MEK,
ERK, and p70S6K [24–26]. To examine whether these signals are altered or not by depletion
of DPY19L3 gene, we assessed the phosphorylation levels of MEK/ERKs and p70S6K in
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both parent and C2C12-DPY19L3-KO cells. The MEK, ERKs, and p70S6K phosphorylation
statuses of C2C12-DPY19L3-KO cells were low under the DM culture condition, compared
with parent cells (Figure 4A). It is suggested that low levels of MEK, ERK, and p70S6K
phosphorylation may be the reason of inhibition of the differentiation. Moreover, the
expressions of myogenin, mrf4, and MCK mRNAs were suppressed in C2C12-DPY19L3-KO
cells compared with that of C2C12 cells (Figure 4B), indicating that the inhibition point of
the differentiation is an upstream event of the differentiation markers’ expression.
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Figure 4. Suppression of phosphorylation levels of MEK, ERK, and p70S6K in C2C12-DPY19L3-KO
cells. (A) C2C12 (parent) and C2C12-DPY19L3-KO (DPY19L3-KO) cells were cultured in GM or in DM
for 5 days. The cells were lysed, and immunoblotting was performed with the indicated antibodies.
Phosphorylation levels of MEK, ERK, and p70S6K were normalized by Total MEK/ERK/p70S6K, then
GM and DM parent cells were defined as 1.0, respectively. (B) C2C12 (parent) and C2C12-DPY19L3-
KO (DPY19L3-KO) cells were cultured in GM or in DM for 5 days. Total RNAs were isolated, and
expression levels of myogenin, mrf4, MCK, and β-2 microglobulin (β-2 M) were determined by semi-
quantitative RT-PCR. Signal intensities of myogenin, mrf4, and MCK were quantified, and normalized
to β-2 M. Red 1.0 meant the samples used for definition.
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3. Discussion

Myogenic differentiation is an important event for the maintenance for muscle by
turnover from old to new cells. Several key regulators of myogenic differentiation have
already been identified; however, the role of glycosylation except for O-GlcNAcylation is
still unclear. Several transcriptional factors, such as MyoD and MEF2 families, regulate the
expression levels of myogenic differentiation-related genes [27,28]. Thus, it is suggested
the possibility that DPY19L3-mediated C-mannosylation regulates these transcriptional
factor activities.

DPY19L3 is known as a mammalian C-mannosyltransferase. Our results demonstrated
that knockout of the DPY19L3 gene inhibited the differentiation of C2C12 cells (Figure 3A).
The data suggest the relationship between myogenic differentiation and C-mannosylation
and that some myoblast differentiation-related proteins are C-mannosylated by DPY19L3.
Because the number of the reported C-mannosylated proteins is about 30 so far, which
is much less than other glycosylated proteins, the function of C-mannosylation is largely
unknown. Our study might offer a new insight to demonstrate the novel function of
C-mannosylation for myogenic differentiation.

We speculate on the responsible substrates of DPY19L3 for myogenic differentiation. First,
the proteins acting at upstream of MEK/ERK and p70S6K signaling might be C-mannosylated,
because phosphorylation levels of MEK/ERK and p70S6K were reduced in C2C12-DPY19L3-
KO cells during differentiation (Figure 4A). Since the reported C-mannosylated proteins
are mainly secreted or transmembrane proteins, it is expected that the receptors or their
ligands that regulate upstream of this signaling are C-mannosylated by DPY19L3. Next, it is
possible that the C-mannosylation of Rspo1 by DPY19L3 is important for the differentiation
of C2C12 cells. Interestingly, Rspo1 in mouse muscle satellite cells negatively regulates
muscle cell fusion and controls normal muscle tissue regeneration, through canonical Wnt/β-
catenin signaling pathway [29]. Moreover, we reported that C-mannosylation in human
Rspo1 enhances the activation of Wnt/β-catenin signaling [11]. Therefore, it is suggested
that DPY19L3 attaches mannose to Rspo1 in myoblasts, and C-mannosylation of Rspo1 is
important for myogenic differentiation. Further studies are needed to identify the responsible
C-mannosylated protein(s) that regulate(s) myogenic differentiation.

In summary, we demonstrated that DPY19L3 is an important regulator for myogenic
differentiation. Since the relationship between protein glycosylation and myogenic differ-
entiation is not fully understood, our findings may assist in the development of new drugs
and/or diagnoses for muscle-related diseases.

4. Materials and Methods
4.1. Cell Culture

C2C12 myoblasts (RIKEN BRC, Tsukuba, Japan) were cultured in a growing medium
(GM) that was supplemented with 10% (v/v) fetal bovine serum, 100 units/mL penicillin
G, 100 mg/L kanamycin, 600 mg/L L-glutamine, and 2.25 g/L NaHCO3 at 37 ◦C in a
humidified incubator with 5% CO2. To induce terminal differentiation, C2C12 myoblasts
were plated at a density of 3 × 105 cells/9 cm2 and cultured in GM. After 24 h, GM
was replaced by a differentiating medium (DM), which was DMEM supplemented with
heat-inactivated 2% horse serum, and the cells were re-fed DM every other day.

4.2. Semi-Quantitative RT-PCR

Cells were lysed, and isolated total RNAs were used for the reverse-transcription
reaction, which was performed using the High-Capacity cDNA Reverse-Transcription Kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) [30,31]. The resulting cDNA was used
for PCR. The sequences of the primers for semi-quantitative RT-PCR, the number of cycles,
and the annealing temperatures were as follows:

DPY19L3: 5′-TCAACACGTTCCAGAGGCTC-3′ (forward) and 5′- CAGACTTCAG
AGCTGCACAG-3′ (reverse), 25 cycles, 58 ◦C; Myogenin: 5′- GTGCCCAGTGAATGCAACTC-
3′ (forward) and 5′-TATCCTCCACCGTGATGCTG-3′ (reverse), 30 cycles, 58 ◦C; Mrf4: 5′-
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CCTACAGCTACAAACCCAAGCA-3′ (forward) and 5′-TTCTCCACCACCTCCTCCA-3′

(reverse), 35 cycles, 58 ◦C; MCK: 5′-CTGACCCCTGACCTCTACAAT-3′ (forward) and
5′-CATGGCGGTCCTGGATGAT-3′ (reverse), 30 cycles, 58 ◦C; and β-2 microglobulin: 5′-
ACTGACCGGCCTGTATGCTA-3′ (forward) and 5′-GGGGTGAATTCAGTGTGAGC-3′

(reverse), 25 cycles, 58 ◦C.
The PCR products were electrophoresed on agarose gels, stained with ethidium

bromide, and visualized on a UV illuminator. The number of PCR cycles was determined
after confirmation of the efficacy of amplification and defining the linear exponential
portion of the amplification [32,33].

4.3. May–Grünwald Giemsa Staining

Cells were fixed with cold methanol for 15 min and permeabilized with 1% Triton
X-100 in PBS for 5 min. After washing with PBS (pH 7.2), cells were stained with May–
Grünwald stain for 5 min, washed with PBS (pH 6.4), and re-stained with Giemsa stain
for 20 min. As a morphological parameter of myotube formation, the fusion index was
calculated as the number of nuclei residing in cells containing three or more nuclei, divided
by the total number of nuclei in May–Grünwald Giemsa-positive cells. The myotube
diameter was calculated by measuring the diameter of multinucleated myotube cells with
3 or more nuclei.

4.4. Generation of DPY19L3-KO C2C12 Myoblast Cell Line Using the CRISPR/Cas9 System

To generate the DPY19L3-KO C2C12 myoblast cell line, we used the pSpCas9n(D10A)-
2A-Puro (PX462) V2.0 plasmid (Addgene, Cambridge, MA). The primers to construct the
sgRNA that targets DPY19L3 were as follows: forward 1, 5′-CACCGAAATCCTCAGAAAC
TTCTAT-3′ and reverse 1, 5′-AAACATAGAAGTTTCTGAGGATTTC-3′, forward 2, 5′-
CACCGACCAAAAGAAGATGTGAAGT-3′ and reverse 2, 5′-AAACACTTCACATCTTC
TTTTGGTC-3′ (exon 1, mouse DPY19L3). Each pair of primers was annealed, and the
sgRNA was inserted into the BbsI site of the plasmid. The 2 resulting plasmids were
transfected into C2C12 myoblast cells, and the selection was performed with 2 µg/mL
puromycin dihydrochloride (Merck KGaA, Darmstadt, Germany) for 2 weeks. After the
selection, clonal cell lines were isolated by the limiting dilution method [34].

4.5. Western Blotting

Cells were lysed in lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% (w/v)
SDS, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, and 1 mM phenylmethyl-
sulfonyl fluoride) at 4 ◦C with sonication, and the lysates were centrifuged at 20,000× g
for 10 min. The amount of protein in each lysate was measured by staining with CBB
G-250 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Loading buffer (350 mM Tris–HCl,
pH 6.8, 30% (w/v) glycerol, 0.012% (w/v) bromophenol blue, 6% (w/v) SDS, and 30%
(v/v) 2-mercaptoethanol) was added to each lysate, and the lysates were boiled for 3 min
and electrophoresed on SDS-polyacrylamide gels. Proteins were transferred to PVDF
membranes and immunoblotted with anti-p70S6 kinase (#2708; Cell Signaling Technology,
Danvers, MA, USA), anti-p-p70S6 kinase (Thr389) (#9205; Cell Signaling Technology),
anti-ERK2 (#sc-154; Santa Cruz Biotechnology, Inc. Dallas, TX, USA), anti-p-p44/42 MAPK
(T202/Y204) (#9101S; Cell Signaling Technology), anti-MEK2 (#610235, BD biosciences,
Franklin Lakes, NJ, USA), anti-phospho-MEK1/2 (Ser217/221) (#9121, Cell Signaling Tech-
nology), and anti-α-tubulin (#T5168, Merck KGaA). Signals were detected with ECL using
Western Lightning Plus-ECL (PerkinElmer, Inc., Waltham, MA, USA) and Immobilon West-
ern Chemiluminescent HRP substrates (Merck KGaA). Protein bands were quantified in
ImageJ (National Institutes of Health, Bethesda, MD, USA) [34–37].

4.6. Statistical Analysis

Statistical analyses were performed using two-tailed Student’s t-test. The results
shown are the means ± s.d. In the figures, significant p values are shown as p < 0.05.
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