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DEVELOPMENTAL BIOLOGY

Human myotube formation is determined by

MyoD-Myomixer/Myomaker axis

Haifeng Zhang', Junfei Wen', Anne Bigot?, Jiacheng Chen', Renjie Shang'?,

1,3%

Vincent Moulyz, Pengpeng Bi

Myoblast fusion is essential for formations of myofibers, the basic cellular and functional units of skeletal muscles.
Recent genetic studies in mice identified two long-sought membrane proteins, Myomaker and Myomixer, which
cooperatively drive myoblast fusion. It is unknown whether and how human muscles, with myofibers of tre-
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mendously larger size, use this mechanism to achieve multinucleations. Here, we report an interesting fusion
model of human myoblasts where Myomaker is sufficient to induce low-grade fusion, while Myomixer boosts its
efficiency to generate giant myotubes. By CRISPR mutagenesis and biochemical assays, we identified MyoD as the
key molecular switch of fusion that is required and sufficient to initiate Myomixer and Myomaker expression. Mech-
anistically, we defined the E-box motifs on promoters of Myomixer and Myomaker by which MyoD induces their
expression for multinucleations of human muscle cells. Together, our study uncovered the key molecular apparatus
and the transcriptional control mechanism underlying human myoblast fusion.

INTRODUCTION

Skeletal muscles account for around 40% of adult human body weight.
The essential step of myogenesis that gives rise to the dimension of
muscle tissues is myoblast fusion. During muscle development, many
thousands mononucleated myoblasts recognize each other and fuse
to form the elongated form of syncytium known as myofiber, the ba-
sic contractile unit of muscle tissues (I, 2). Similarly, regeneration
of injured muscles also requires fusion of muscle stem cells with
damaged myofibers (3-6). Myoblast fusion shares similarities with
the fusion models of other cell types that generally involve cell rec-
ognition and adhesion, cytoskeletal reorganization, and, finally, mem-
brane merging (5, 7-10). While major progresses were made that
advanced our understanding of these processes, little was known
about the molecular mechanism that is deployed at the membrane
interface of myoblasts, which ensures the cell type specificity of fu-
sion and also directs coalescence of plasma membranes.

Recent studies using murine models found two muscle-specific
membrane proteins, Myomaker (MymK) and Myomixer (MymX, also
known as Myomerger or Minion) (11-14). Specifically, deletion of
MymK or MymX in mice abrogated the multinucleations of skeletal
muscle tissues during embryo development. The loss of MymK or
MymX in muscle stem cells also abolished myofiber regeneration in
mice (15-17). Recessive mutations in MymK gene were also linked
to a congenital myopathy with marked facial weakness (18, 19). Co-
expression of MymX and MymK is sufficient to induce fusions between
otherwise nonfusogenic cells, e.g., fibroblasts (12-14). Reconstitution
experiments established a molecular model that shows that the fu-
sion between two cells required the function of MymK on two sides,
but that of MymX at least on one side (13). Therefore, MymX and
MymK constitute the long-sought tissue-specific mechanism that
drives multinucleations of skeletal muscles.

During mouse myogenesis, MymX and MymK share similar ex-
pression patterns with two members of myogenic regulatory factors
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(MRFs), MyoD and MyoG (11-15). MyoD and the two MRF mem-
bers, Myf5 and Myf6, are determinants of myogenesis (20-22). These
myogenic factors display functional redundancy and reciprocal reg-
ulations of expression (20-24). Deletion of MyoD in mice led to genetic
compensation from Myf5 and an overly normal myogenic program
in vivo (25, 26). In adult mice, deletion of MyoD from satellite cells
delayed regeneration, whereas deletions of both MyoD and Myf5 led
to a complete failure of muscle regeneration (27). Consistent with the
in vivo phenotype, mouse MyoD-deficient myoblasts showed de-
fects of differentiation and fusion, although smaller myotubes can
still be found in the culture (27). Compared with other MRFs,
MyoG plays a major role at the later stage of myogenesis (28-30).
Specifically, deletion of MyoG in vivo led to the near-complete ab-
sence of myofibers, whereas the isolated myoblasts from MyoG null
mice retained normal myogenic potentials in culture (31). In zebrafish,
deletion of MyoG down-regulated the expression of MymX and MymK
genes (32), which are required for myoblast fusion that generates
fast-twitch muscle fibers (18, 32-35).

Much of our knowledge about human myogenesis were gained
from genetic studies using lower vertebrate model organisms. How-
ever, the unique molecular mechanism that dictates the tremendous
size of human muscle cells is largely unknown. Here, we report the
functions and regulations of MymX and MymK genes in the pro-
cess of human syncytial myofiber formations. Using multiple lines
of gene knockouts (KOs), we uncovered a molecular model where-
by MymK is sufficient to drive human myoblast fusion, whereas
MymX boosts fusion efficiency to generate heavily multinucleated
myotubes. We also probed the functions of MRF family members
during human myotube inductions. As the key molecular mecha-
nism that governs this process, we show that MyoD is essential to
control the formations of human myotubes. Specifically, genetic de-
letion of MyoD in human cells completely abolished myoblast dif-
ferentiation and fusion. Although the differentiation potentials of
human MyoD KO myoblasts can be efficiently rescued by Myf5 and
Myf6, these factors showed much weaker effects on myoblast fusion.
Using the approach of CRISPR-mediated interference, we revealed
the cis-regulatory elements that MyoD uses to induce the transcription
of human MymX and MymK genes. Together, our study provides
insights into the molecular mechanism of human myoblast fusion.
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RESULTS

Drastic fusion defects upon genetic deletion of MymX

in human myoblasts

The low-passage immortalized human myoblasts were derived from
paravertebral muscle tissues of a healthy donor, as described previ-
ously (36). These cells display robust myogenic and fusogenic po-
tentials. Shortly after 3 days of differentiation, majority of the cells
formed huge syncytia that commonly contained hundreds of myo-
nuclei (fig. S1A). This morphological change was accompanied by
sharp inductions of the myogenic gene expression program, e.g., my-
osin heavy chain genes (MYH1, MYH3, and MYHS), MyoG, MYF6,
and MEF2C (fig. S1B). The expression of other MRF members, MyoD
and MYF5, was maintained at relatively high levels in the initial phase
of differentiation but was down-regulated thereafter (fig. S1B).

In accordance with the timing of myoblast fusion, the expression
of MymX and MymK was promptly and simultaneously induced by
myogenic differentiation (fig. S1B). Although MymK expression can
be stabilized during 3 days of differentiation, the abundance of MymX
transcripts gradually diminished once it reached a plateau at 12 hours
after myogenic induction. As a result, MymX protein peaked in a
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short time window but soon disappeared after 48 hours of differen-
tiation (fig. S1C), which coincided with the near completion of
fusion (fig. S1A). Western blotting analyses following cellular frac-
tionations revealed the membrane localizations of MymX (fig. S1D)
and MymK (fig. S1E) proteins in human myocytes. Therefore, the
expression patterns of MymX and MymK in human cells closely mim-
icked those in murine muscles (11-14). However, the exact functions
of MymX and MymK in human myoblasts are unknown.

We first performed loss-of-function study and generated human
MymX KO (MymXX°) myoblasts through CRISPR-Cas9-mediated
gene editing (Fig. 1A). Briefly, a pair of guide RNA (gRNA) that tar-
gets MymX open reading frame (ORF) was delivered by lentiviral
infection (Fig. 1B). Cells that express Cas9, but not gRNA, were deemed
as wild-type (WT) control groups. MymXX® clones were derived by
single-cell isolations and clonal expansions. Genotyping analysis by
sequencing revealed the editing and biallelic frameshift mutations
of MymX gene (Fig. 1, C and D). Depletions of MymX protein were
also confirmed by Western blotting analyses (Fig. 1E). Although the
expression of myosin varied among MymX<© clones at an early stage
of differentiation, their levels were comparable with those from
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Fig. 1. Loss of Myomixer causes major fusion defects of human myoblasts. (A) Schematic of CRISPR approach to generate gene KO single clone from human myo-
blasts. (B) Human MymX gene structure and positions of gRNAs and genotyping primers. (C) MymX genotyping results in three clones. Arrow points to the position of
WT-size amplicon. (D) Sanger sequencing results of MymX genotyping polymerase chain reaction (PCR) products shown in (C). Biallelic deletions of MymX gene were
confirmed. The frameshifted codons were highlighted in red. Arrow indicates the position of big deletion. (E) Western blots of myosin heavy chain (MF20) and MymX
in human myoblasts after 40 or 72 hours of differentiation. DM, differentiation medium. (F) Myosin immunostaining results of WT and MmeKO myoblasts. Cells were
differentiated for 3 days. Arrow points to myotube. Scale bar, 100 um. (G) Measurements of fusion of WT and MymX*© myoblasts. n = 3. Statistical analysis was performed
for the comparisons of multinucleated cells (three or more nuclei). ***P < 0.001. Data are means + SEM. (H) Myosin immunostaining results to show the rescue of fusion
defects of human MymXX® myoblasts by retroviral MymX expression. Cells were differentiated for 3 days. Scale bar, 100 um. (I) Confirmation of MymX reexpression by
Western blotting.
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WT cells after full-term differentiation (Fig. 1E). Consistently, MyoG,
MYHS, and MymK were expressed at similar levels between geno-
types (fig. S2A), indicating that the differentiation program of hu-
man muscle precursor cells was not affected by the absence of MymX
protein.

Notably, deletion of MymX caused major fusion defects but did
not eliminate all syncytium formations (Fig. 1F). In comparison with
the massive myotubes that spread over large culture areas for the
control group, 63% of MymX<® cells remained mononucleated af-
ter full-term differentiation (Fig. 1G). The rest appeared as either
binucleated myocytes or small myotubes that contained an average
of 4.5 myonuclei (Fig. 1G). Similar results were recapitulated from
another three MymX*© clones (fig. $2, B to D). To verify that the
fusion defect was attributed to the exact loss of MymX gene but not
to a rare CRISPR off-target effect (if any), we performed rescue ex-
periments. Fusion defects of MymX*© cells can be faithfully rescued
by introducing MymX expression construct that harbors silent mu-
tations in the protospacer sequences of gRNAs (Fig. 1, H and I).
Together, these results revealed the crucial role of MymX for human
myotube formations.

Loss of MymK abolishes human myoblast fusion

Compared with mouse MymX*© myoblasts that only rarely fused
to generate small myotubes (12-14), large syncytia that host 6 to
10 myonuclei can be found in human MymXX© culture (Fig. 1G).
Although inactivation of MymX gene did not affect MymK expres-
sion (fig. S2A), we tested whether a higher level of MymK could
induce a stronger fusion of MymXX° myoblasts. Overexpression of
human MymK in MymX*© myoblasts significantly increased the
abundance of multinucleations from which even larger syncytia were
formed (fig. $3). This result indicated that human MymX*® myo-
blasts can fuse in a MymK dosage-dependent manner. In compari-
son with mouse studies, these results indicate that the function of
human MymK gene may be strengthened, which can replace the par-
tial role of MymX. Alternatively, human myoblasts may use other
muscle-specific factor(s) to assist the action of MymK in the ab-
sence of MymX.

To discern these possibilities, we first examined the role of MymK
in human myoblasts by CRISPR mutagenesis (Fig. 2A). Genotyping
and sequencing revealed biallelic frameshift mutations in all single
clones (Fig. 2, B and C) except one allele in clone #G7 that showed
in-frame deletions of 30 amino acids (Fig. 2C). Again, the loss of
MymK did not affect myogenic differentiation, as normal expression
levels for myosin and MyoG were detected (Fig. 2D and fig. S4A).
Human MymKX° myoblasts showed a complete failure of fusion
because no muscle syncytium (three or more nuclei) was found af-
ter the full-term differentiation (Fig. 2, E and F). Same phenotypes
were recapitulated from another three MymK*® clones (fig. $4, B to
D). Validating the specificity of CRISPR targeting, fusion defects of
these human MymK*® cells were rescued by introducing a gRNA-
insensitive expression cassette for human MymK (Fig. 2G). Together,
MymK is absolutely required for human myoblast fusion.

Human and mouse species share 80% homology for MymX pro-
teins and 89% homology for MymK proteins. To strictly compare
the fusogenic activities of these orthologs as a means to understand
the mechanistic basis of human myoblast fusion, we generated hu-
man MymX and MymK double-KO (dKO) myoblasts by inactivating
MymK gene in MymX<© clone #G6 (fig. S5A). As expected, these
cells can normally differentiate but do not fuse. The monoclonal an-
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tibody developed using mouse MymK antigen cannot faithfully rec-
ognize human MymK protein for us to gauge MymK overexpression
levels (fig. S5B), a prerequisite of gene function assays. We opted to
perform tagging for both human and mouse MymK proteins. In-
stead of using the conventional flag tag that disrupted MymK function
(fig. S5C), we fused a diminutive EPEA (glutamic acid-proline-glutamic
acid-alanine)-epitope tag, known as C-tag, to the C terminus of
MymK (in short, MymK-C). Without losing MymK function (fig. S5C),
this tagging method enabled us to unbiasedly measure the expression
levels of human and mouse MymK proteins using a commercially
available antibody that recognizes the EPEA sequence.

Consistently, reexpression of MymK-C in dKO cells rendered the
low fusogenic activity that led to formations of small syncytia, which
recapitulated the observations made from human MymX*® culture
(fig. S6A). Delivery of MymK-C together with MymX restored the
normal-level fusion of dKO cells (fig. S6A). In these rescue assays,
human and mouse MymX proteins did not show apparently differ-
ent strength of fusogenic activity when their expression levels were
also considered (fig. S6, A to C). However, the human MymK ex-
pression group displayed similar levels of rescue on fusion compared
with those achieved by mouse MymK, although the protein abun-
dance of human MymK was only one-third of that of mouse MymK
(fig. S6, A to C). This indicates that human MymK may have higher
fusogenic activity than mouse MymK. When similar expression level
was achieved (fig. S6D), human MymK induced the formations of
significantly larger syncytia than those from the mouse MymK ex-
pression group (fig. S6, E and F).

In addition to these rescue assays, we also examined human MymK
function in a more stringent test involving nonmuscle cells. Expres-
sion of human MymK, in the absence of MymX, was not sufficient
to induce fibroblast-fibroblast fusion (fig. 6, G and H), similar with
previous observations of mouse MymK (11). Together, our results
indicate that although human MymK displayed higher activities than
mouse MymK, these proteins are not fundamentally different.

MymX promotes human myoblast fusion in the presence

of MymK

The fusion defects of MymX*® and MymK*® cells highlight the critical
requirements of these genes for optimal human myotube formations.
We continued to probe the exact working model of MymX and
MymK that drives syncytializations of human myoblasts. To distin-
guish fusion from cytokinesis defects, we performed dual-label and
mixing experiments for three genotypes of human myoblasts: WT,
MymX*©, and MymKX© (Fig. 3A). This allows the tracking of cell
fusion because the merging of cells from two different groups (termed
as heterologous fusion) can be reported by mixing of fluorescence
signals.

These fusion-reconstitution experiments showed that Mym
myoblasts cannot fuse with themselves, nor with MymX*® or WT
myoblasts (Fig. 3, B and C), indicating that MymK is required from
both sides for membrane coalescences. Consistent with our earlier
observations, MymX*® myoblasts can fuse to generate syncytia that
host an average of four myonuclei (Fig. 3, B and C); however, when
MymX is present on one side, as modeled by the WT and MymX*®
cell mixing, larger syncytia that contained an average of 57 myonuclei
were formed (Fig. 3, B and C); furthermore, when MymX was pres-
ent on both sides, as modeled in WT-WT mixing scheme, an aver-
age of 354 myonuclei per syncytium was scored (Fig. 3, B and C).
Together, these results revealed an interesting molecular model of
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MymK genotyping PCR products as shown in (B). The frameshifted codons were highlighted in red. Arrow indicates the position of big deletion. (D) Western blot analysis

of myosin heavy chain. Cells are differentiated for 3 days. (E) Myosin immunostaining results of WT and Mym

K*© myoblasts. Cells were differentiated for 3 days. Arrow

points to multinucleated myotube. Nuclei were counterstained with Hoechst and pseudo-colored in green. Scale bar, 100 um. (F) Measurements of fusion for myosin* WT
and MymK*© myoblasts. n = 3. The ratio of mononuclear cells was used for statistical analysis. ***P < 0.001. Data are means + SEM. (G) Myosin immunostaining results to

show the rescue of fusion defects of human MymK<©

human myoblast fusion that MymK on both sides can induce low-
grade fusions independent of MymX, whereas the presence of MymX
on one or two sides markedly boosts the fusion efficiency. Consist-
ently, we show that, even in the absence of myogenic cues (missing
MymX expression), syncytia from WT myoblasts can be induced
when MymK was ectopically expressed; larger syncytia were formed
when MymX protein was also provided (Fig. 3D). Together, these
results highlight the functional synergy between MymX and MymK
that is required for optimal fusion of human myoblasts.

MyoD is essential for MymX/MymK expression and human
myoblast fusion

Myoblast fusion is a tightly regulated process that ensures the cell
type specificity and also avoids any undesirable fusion of muscle
cells. This could be achieved by controlling the expression of MymX
and MymK specifically in muscle cells and precisely in the time win-
dow of myoblast fusion. As such, the transcriptional mechanism
that determines the spatial and temporal expression patterns of MymX
and MymK genes is critical for proper progression of myogenesis.

Zhang et al., Sci. Adv. 2020; 6 : eabc4062 18 December 2020

myoblasts by retroviral MymK expression. Cells were differentiated for 3 days. Scale bar, 100 um.

Previous analyses of MymX and MymK promoters indicated that
MyoD may control MymX and MymK expression in mouse myo-
blasts (11, 12, 15). However, a direct test of these regulations by KO
experiments is missing. Contrary to the perinatal lethality phenotype
of MymX or MymK mutants, MyoD null mice appeared normal and
fertile and did not show any overt muscle phenotypes (25, 26). In adult
mice, MyoD null myoblasts also partially retained fusogenic capacity
that can support skeletal muscle regeneration (27), although the loss
of either MymX or MymK abolished muscle regeneration (15, 16).
Beyond the apparent phenotypic differences among those mu-
rine models of gene KOs, the effects of MyoD deletion in human
cells also remain untested. To directly examine the regulatory roles
of MyoD on MymX and MymK expression, we generated human
MyoDX© myoblasts by CRISPR mutagenesis with a gRNA that tar-
gets the first coding exon of MyoD gene. Sequencing analysis of
genotyping polymerase chain reaction (PCR) products revealed bi-
allelic disruptions of MyoD ORFs in two clones (Fig. 4A and fig. S7,
A and B). Depletions of MyoD protein in human MyoD*® myoblasts
were confirmed by immunostaining (Fig. 4B, top row). Notably, the
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Fig. 3. MymX promotes human myoblast fusion in the presence of MymK. (A) Schematic of fusion reconstitution assays. Human myoblasts were first labeled by the
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point to multinucleated cells with dual labels. Scale bar, 100 um.

loss of MyoD abolished the fusion and differentiation of human
myoblasts evidenced by the complete absence of myosin expression
and syncytium formation after full-term myogenic inductions (Fig. 4B,
second row). Accordingly, the expression of MyoG, MymX, and
MymK was also lost in MyoDKO cells (Fig. 4, C and D). These myo-
genic and fusogenic defects were rescued when exogenous MyoD was
provided (Fig. 4, E and F). Therefore, human myoblasts fully de-
pend on MyoD for myotube formations in culture.

MyoG is a downstream target gene of MyoD during myoblast
differentiation (31, 37). Expression of MyoG was abolished in hu-
man MyoD*® myocytes (Fig. 4, C and D). When MyoG was ectop-
ically provided in MyoD* cells, the expression of MymX and MymK
genes (Fig. 4, G and H) as well as myotube formations (Fig. 4, 1andJ)
were restored to comparable levels as achieved by MyoD rescue. These
results indicate that MyoD may control human myotube forma-
tions through MyoG.

MyoG promotes human myoblast fusion by increasing
MymK expression

To directly examine the role of MyoG downstream of MyoD during
human myogenesis in vitro, we knocked out MyoG gene through
CRISPR-Cas9-mediated gene targeting. Genotyping and sequencing
analyses revealed homozygous deletions of 164 base pairs (bp) with-
in the first exon of MyoG in two clones (Fig. 5A and fig. S8, A and
B). Asa consequence, a premature stop codon emerged in this exon.
The truncated myogenin transcripts from MyoG*© cells were expressed

Zhang et al., Sci. Adv. 2020; 6 : eabc4062 18 December 2020

at alevel similar to that of the full-length myogenin transcripts from
WT cells, as detected by reverse transcription PCR (Fig. 5B) and quan-
titative PCR (qPCR) (Fig. 5, C and D), indicating the insensitivity of
this mutated transcript to nonsense-mediated mRNA decay. Never-
theless, the absence of myogenin protein in MyoG*® clones was con-
firmed by Western blotting (Fig. 5E) and immunostaining (Fig. 5F)
analyses using an antibody that detects the C terminus of MyoG
protein.

Unexpectedly, in contrast to the complete loss of muscle cells in
human MyoDXO culture, MyoG*® cells displayed relatively moder-
ate phenotypes, i.e., 52% reductions of the differentiation index
(Fig. 5, F and G) and 65% reductions of the fusion index (Fig. 5, F
and H), compared with the control group. However, reflecting the
combined effects, MyoGX® culture showed much smaller syncytia
that contained an average of 12 myonuclei, compared with 119 myo-
nuclei per syncytium scored in the control group (Fig. 5I). The fu-
sion defect is accompanied by a 62% reduction of MymK mRNA
level in MyoGX*© myoblasts (Fig. 5C). By comparison, the expres-
sion of MymX at both mRNA (Fig. 5C) and protein (Fig. 5E) levels
was not significantly affected by the deletion of MyoG. To consoli-
date this and the role of MyoG in human myoblast differentiation,
we also checked the expression of MymX and myosin by Western
blotting analyses at more time points along the course of myogenic
differentiation. Consistently, MyoG*® myoblasts expressed normal
levels of MymX, although the expression of myosin was slightly de-
layed at early stages of differentiation (Fig. 5] and fig. S8C).
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To understand the mechanism underlying MyoG*® phenotype, ~ $9, B to D). Accordingly, MymK expression in MyoG*® cells was

we performed rescue experiments. Consistent with a role of MymK,
overexpression of this gene markedly increased the sizes of MyoG<®
myotubes (Fig. 5, K and L). Similar rescue effects from MymK
were also observed in another MyoG clone (fig. S8, D and E).
Immunostaining revealed that MyoGX® cells normally expressed
MyoD at 1 day after myogenic inductions (fig. S9A). Considering
that the expression level of MyoD declines after this stage (fig. S1B),
we tested whether an extended presence of MyoD protein in MyoG<®

cells could allev1ate their fusogenic defects. Overexpression of MyoD
in MyoGX© cells restored the fusion and differentiation indexes to
comparable levels as achieved by reexpression of MyoG itself (fig.
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also normalized by the ectopic expression of MyoD (fig. S9E). The
reciprocal rescues of the myogenic defects among these KO cells by
MyoD or MyoG highlight an interesting paradigm of human myo-
tube formation that, at the early stage of myogenesis, MyoD initi-
ates the myogenic program and MyoG expression; toward the later
stage when MyoD expression declines, MyoG can work as a surro-
gate of MyoD to continually sustain muscle fusion that boosts the
sizes of human myotubes by maintaining MymK transcription.
This model is consistent with murine data that the regulations of a
myogenic program by MyoD and MyoG do not overlap with each
other (31).
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MYF5 and MYF6 cannot fully substitute functions of MyoD
for human myoblast fusion
Genetic studies revealed the loss of most myogenesis and perinatal
lethality when MyoG was inactivated in mice (28-31). Mice lacking
either MyoD or Myf5 showed normal myogenesis, whereas mice lack-
ing both factors failed to generate muscle cells (25, 31, 38-40). The
phenotypic disparities among these null alleles of these factors
highlight the functional redundancy of MRF members and different
compensation responses in these systems. We continued to dissect
the roles of other MRF members in human MyoD*© myoblasts. First,
we examined the expression of MYF5, MYF6, and MEF2C, another
myogenic factor that plays important roles during the late-ste}§e myo-
genesis (41, 42). Compared with WT cells, human MyoD © myo-
blasts showed normal and decent levels of expression of MYF5 but
great reductions for the expression of MYF6 and MEF2C (fig. S10A).
We then tested whether overexpression of MYF5 or the normal-
ized expression of MYF6 and MEF2C could restore the myogenic
potentials of human MyoD*® myoblasts. Exogeneous expression of
any of these factors robustly rescued myogenic differentiation, i.e.,
restorations of around 30% differentiation index (fig. S10, B to D).
In contrast, only MYF5 and MYF6 can weakly induce the fusion and
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generations of small myotubes that hosted three to four nuclei on
average (fig. S10, C and E). These fusion-rescue effects corelated well
with the induction levels for the expression of MymX and MymK
genes (fig. S10F). Consistent with stronger effects on differentiation,
all three myogenic factors strongly induced myosin expression (fig.
S10F). Together, the functions of MyoD during human myotube
formations in vitro cannot be replaced by other MRF members.

MyoD is self-sufficient to induce the transcription of

MymX and MymK

The above gain- and loss-of-function assays highlight the essential
roles of the MyoD-MymX/MymK axis in controlling human myo-
blast fusion. However, the mechanistic details underlying the gene
regulations remained unclear. For instance, is MyoD self-sufficient
to initiate MymX and MymK expression independent of other myo-
genic factors? If yes, how does MyoD transactivate MymX and MymK
expression?

We investigated the first question by performing sufficiency tests
in fibroblasts that do not have the expression of myogenic factors.
We show that transduction of MyoD into 10T1/2 fibroblasts ro-
bustly induced MymX and MymK expression (Fig. 6A) as well as the
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fibroblast-syncytia formations (Fig. 6B). This myogenic fate con-
version driven by MyoD involves global gene expression changes,
including up-regulations of a panel of myogenic factors down-
stream of MyoD (43-46). To rule out the secondary effects of MyoD-
responsive genes in regulations of MymX and MymK expression,
we concomitantly inhibited protein translations by cycloheximide
(CHX) with the control of MyoD transcriptional activities (Fig. 6C).
The latter was achieved by commanding nuclear importing of a MyoD-
estrogen receptor fusion protein (MyoDER) (47) with treatment of
4-hydroxytamoxifen (4OH-TMX). We reasoned that if MyoD is
self-sufficient in activating MymX and MymK expression, such an
induction will not be negated by CHX treatment, which blocks trans-
lations of other myogenic factors; by contrast, if CHX compromises
the action of MyoD, it would suggest that MyoD also requires the
function of other myogenic factors to initiate MymX and MymK
expression.

We first validated our experimental design and reagents. Treat-
ing cells with 4OH-TMX promptly induced nuclear localization of
MyoD®® protein, as revealed by immunostaining of MyoD (Fig. 6D).
Using MyoG as an example, we show that CHX can efficiently block
protein synthesis in response to MyoD function (Fig. 6E). With these
technical validations, we examined the impact of CHX on MyoD-
induced MymX and MymK expression. Notably, MyoD"® robustly
induced transcriptions of MymX and MymK genes from fibroblasts
in the absence and presence of CHX (Fig. 6F). Therefore, the trans-
activator MyoD, independent of other myogenic factors, is sufficient
to commence MymX and MymK expression.

The sufficiency of MyoD in inducing MymX and MymK expres-
sion necessitates a clear understanding of the molecular mechanism
underlying this process. As a basic helix-loop-helix transcriptional
factor, MyoD activates the expression of its target genes by binding
to E-box motifs (CANNTG) (45). Using FIMO, a motif discovery
tool that empirically predicts transcriptional factor binding sites (48),
we found two MyoD-binding motifs that were highly conserved in
proximal promoters of MymX (Fig. 6G, left) and MymK (Fig. 6G,
right) from five distantly related mammal species including whale
and bat. Analysis of an ENCODE chromatin immunoprecipitation
sequencing (ChIP-seq) dataset (49) revealed that in C2C12 myo-
blasts that underwent fusion, MyoD can bind to the predicted pro-
moter regions that centered on the two highly conserved E-box mo-
tifs (Fig. 6H).

We then used a CRISPR tool to interrogate gene regulatory net-
works as previously reported (50-52). For this experiment, a cata-
lytically dead Cas9 (dCas9) was applied to dissect the function of the
E-box motifs underlying the MyoD-MymX/MymK axis (Fig. 6I). We
hypothesized that MyoD can bind to certain E-box motifs to induce
MymX and MymK expression during normal differentiation (Fig. 61,
state a); when recruited by gRNA, the positioning of dCas9 to the
proximity of E-box motifs and the unwinding of the DNA should
block MyoD binding, thus repressing the transcriptions of MymX
and MymK genes (Fig. 61, state b); as a proof of the gRNA targeting
specificity, MymX and MymK expression should be rescued when the
transactivator MPH (MS2-P65-HSF1) is provided and recruited to MymX
and MymK promoter regions by docking to an MS2 loop on these
gRNAs (Fig. 61, state c). Consistent with our hypothesis, the expression
of gRNA that recruits dCas9 to the E-box on the MymX promoter
significantly inhibited either differentiation-activated (Fig. 6], left) or
MyoD overexpression-induced (Fig. 6K, left) MymX expression in
human myoblasts. Similar effects were also observed using a gRNA
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that binds to the E-box region on the MymK promoter (Fig. 6, J,
right, and K, right). In these assays, gRNA that targeted an upstream
non-E-box region on MymX or MymK promoters was applied as
control. Last, adding transactivator MPH successfully switched the
MymX or MymK transcription state from inhibition to activation
in a gRNA-specific manner (Fig. 6L). Together, these results indi-
cate that MyoD directly activates MymX and MymK expression by
binding to the evolutionarily conserved E-box motifs on MymX and
MymK promoters, respectively.

In summary, our results provide the genetic evidence that hu-
man myoblast fusion is determined by the MyoD-MymX/MymK
regulatory axis (Fig. 6M). One intriguing observation is that MymK
can promote low-grade fusion of human MymX*° myoblasts (fig.
S$3) but failed to induce fibroblast-fibroblast fusion (fig. S6, G and
H). This result indicates that, in the absence of MymX, MymK re-
quires additional muscle-specific factor(s) to activate the cell fusion
program. Consistent with this notion, we show that the expression
of MymK cannot induce fusion of human MyoDKO myoblasts (fig.
§10, G and H). Although coe)?ression of MymK together with MymX
can induce fusion of MyoD"° myoblasts, the efficiency was not as
high as that elicited by MyoD reexpression (fig. S10, G and H).
Therefore, this additional factor, similar to MymX and MymK, could
also receive regulations from MyoD during human myoblast differ-
entiation. On the basis of our gain/loss-of-function tests, functional
comparisons of these factors and their combinations were high-
lighted (Fig. 6N). Together, our study revealed the key molecular
mechanism that governs human myoblast fusion.

DISCUSSION

Using gene KO experiments, we uncovered the crucial function of
MymX, MymK, and MRF regulators during human myoblast dif-
ferentiation and fusion. With these unique gene KO reagents, we
also carefully compared the fusogenic activities of human and mouse
MymX/MymK orthologs. Contrary to a protein homology-assisted
prediction, human MymK, instead of MymX, showed higher activ-
ities compared with their mouse orthologs. Even in the absence of
MymX, MymK protein can induce low-level myoblast fusion in a
dosage-dependent manner. Future endeavors are needed to study
the biochemical basis underlying the functional gain of human
MymK protein.

MymX and MymK expression ought to be tightly controlled for
proper multinucleations of myoblasts in coordination with differ-
entiation program. Our functional studies of MyoD, MyoG, and other
MREFs highlight the distinct contributions of these factors in gov-
erning human myoblast fusion. Specifically, MyoD is essential and
sufficient to transactivate the fusion program. Even in the absence
of other myogenic factors, MyoD induced MymX/MymK expres-
sion and robust syncytializations. Despite being a direct target gene
of MyoD, MyoG is not absolutely required for human myoblast fu-
sion but can promote this process by increasing MymK expression.
This result aligned well with a recent report that disruption of MyoG
gene in zebrafish does not prevent myogenic differentiation but in-
stead drastically compromised myocyte fusion and significantly re-
duced myotube sizes (32). MyoD and MyoG can form heterodimer
that binds to E-box motifs and induces the expression of common
target genes (45, 53). This may also be true for MymK transcription
at the early stage of human myoblast differentiation. By contrast,
MymX expression was not affected by the loss of MyoG. Consistent
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with the notion that MyoG does not control MymX expression in
human myoblasts, our characterizations of gene expression during
human myoblast differentiation showed that the changes of MymX
expression preceded the dynamics of MyoG expression (fig. S1B).

The selective boost of MymK expression by MyoG is intriguing,
especially in the context that MyoG relays the role of MyoD toward
the late stage of myoblast fusion (37). As a consequence, the time
window of MymK expression and function may extend beyond that
of MymX. In theory, this expression pattern can establish the cell
identities of fusion: MymK" myofibers and MymK*/MymX" myo-
cytes. On the basis of our quantitative analyses of fusion efficiency
controlled by side requirements of MymX (Fig. 3C), it predicts three
fusion schemes: (i) Myocyte-myocyte fusion is most efficient be-
cause MymX is present on both sides; (ii) myocyte-myofiber fusion
is less efficient because MymX is only present on one side (myo-
cyte); and (iii) myofiber-myofiber fusion is least efficient because
MymX is absent from both sides. This three-phase fusion model
could orderly correspond to three-stage human myogenesis in cul-
ture (fig. S1A): formations of nascent myofibers at the early stage
(day 1), myofiber growth through nuclear additions in the middle
stage (day 2), and final adjustment of myofiber size versus number
at the late stage (day 3). Consistent with this model, the phenotype
of human MyoG*© myoblasts may represent a state of arrested fu-
sion that nascent myotubes were formed but failed to grow to nor-
mal sizes like the control group (Fig. 5F). In addition, we did observe
the fusion between myoblasts and mature myotubes in cell label-
mixing experiments, where MymX is only detected in the former,
but not the latter, cell population (fig. S10, I to K).

It is well known that members of the MRF family often exhibit
functional redundancies in vivo, but not in cultured cells (26, 29).
For instance, the loss of MyoD in vivo can trigger an up-regulation
of Myf5 expression that can efficiently compensate and support
myogenesis (25, 27, 38). In comparison, myogenic defects in primary
cultures of mouse MyoD*® myoblasts were pronounced, although
low-level fusions were still observed (27, 54-56). Our results showed
that deletion of MyoD in human myoblasts did not affect the ex-
pression level of MYF5, yet it also failed to safeguard a myogenic
program for MyoD*® myoblasts. Although overexpression of MYF5
or MYF6 partially rescued the differentiation of human MyoDX®
cells, these genes only showed minor effects on MymX/MymK ex-
pression and myoblast fusion. A possible explanation is that even if
MYF5 binds to the same promoter site, it displays weaker activities
compared with MyoD (57). Our analysis of the cis-regulatory ele-
ments identified two conserved MyoD-binding E-box motifs on the
promoters of human MymX and MymK genes. The competing
binding of these motifs by the dCas9-gRNA complex significantly
inhibited but failed to completely block the inductions of MymX
and MymK expression in response to MyoD. This suggests that, in
addition to these tested E-box motifs in the proximal promoters,
MyoD may also use other distal E-box motifs to fine-tune MymX
and MymK expression. Therefore, future efforts are needed to com-
prehensively study the potential function of other regulatory ele-
ments in controlling human myoblast fusion.

Last, the transcriptional mechanism by which MyoG uses to dif-
ferentially induce MymK and MymX expression in human myoblasts
remains unknown. This will need to be explained based on the dis-
tinct settings of MyoG loss- versus gain-of-function experiments.
Specifically, although MymX expression was not changed upon de-
letion of MyoG, overexpression of MyoG can robustly induce the
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expression of both MymX and MymK in human MyoD*® myo-
blasts. In zebrafish, MyoG was shown to bind to the MymK promoter
to directly activate its expression (32). Analysis of the ENCODE
ChIP-seq data (49) also revealed the co-occupancy of MyoG with
MyoD on promoters of MymX and MymK in mouse myoblasts.
Therefore, we predict that the evolutionarily conserved regulatory
mechanism could also be deployed in human cells by which MyoG
controls MymK expression at the late stage of myogenesis, whereas
MymX expression is independent of a similar regulation mechanism
by MyoG.

MATERIALS AND METHODS

Cell cultures

Human myoblasts (hSkMC-AB1190) were immortalized as we pre-
viously published (36). These cells were cultured in 15% fetal bovine
serum (FBS) and 5% Growth Medium Supplement Mix in Skeletal
Muscle Cell Basal Medium with 1x GlutaMAX and 1% gentamicin
sulfate. Fibroblasts were maintained in 10% FBS with 1% penicillin-
streptomycin in Dulbecco’s modified Eagle’s medium (DMEM).
Myoblast differentiation medium contained 2% horse serum in DMEM
with 1% penicillin-streptomycin. Cells do not have mycoplasma
contamination as tested by using the Universal Mycoplasma Detec-
tion Kit (American Type Culture Collection, 30-1012K).

Lentivirus preparation and CRISPR-Cas9 KO experiments

in cultured cells

The Lenti-CRISPR v2 vector (58) was a gift from F. Zhang (Addgene
plasmid #52961). The following gRNAs that target the coding re-
gions of human MymX, MymK, MyoD, and MyoG genes were in-
dividually cloned into the Lenti-CRISPR v2 vector: MymX gRNA 1
(5'=3"), GGCTCCCAGGACATGCGAG; MymX gRNA 2 (5'=3’),
ACCTCTCCCTCCTCTCCAGG; MymK gRNA 1 (5'=3"), CTCA-
CAGCTACAGAAGATGA;MymKgRNA2(5'=3"), AAAGAAGAAG-
CGTAGCATCA; MyoG gRNA 1 (5'-3’), ACCACCAGGCTAC-
GAGCGGA; MyoG gRNA 2 (5'—3'), CCACACTGAGGGAGAAGCGG;
MyoD gRNA (5'—=3"), CGTCGAGCAATCCAAACCAG.

For lentivirus production, Lenti-X 293T cells (Clontech, 632180)
were cultured in DMEM (containing 1% penicillin-streptomycin and
10% FBS). Transfection was performed using FuGENE6 (Promega,
#E2692) with psPAX2 and pMD2.G plasmids. Two days after trans-
fection, lentivirus supernatant was filtered and concentrated with
the Lenti-X Concentrator (Clontech, PT4421-2) following the man-
ufacturer’s protocol. The psPAX2 vector was a gift from D. Trono
(Addgene plasmid #12260). The pMD2.G vector was a gift from
D. Trono (Addgene plasmid #12259). Human myoblasts were infected
by lentivirus in growth medium. Single clone was isolated, expand-
ed, and genotyped by PCR and Sanger sequencing. Specifically, for
genotyping, PCR products were gel-purified and cloned into the TA
vector (Thermo Fisher Scientific, K460001) before se%uencing. MymX/
MymK dKO cell line was generated from MymX*° clone G6 with
MymK gRNAs.

Retroviral vector preparations and expression

Retroviral vector pMXs-Puro (Cell Biolabs, #RTV-012) was used
for complementary DNA (cDNA) cloning and to achieve gene
overexpression. The identities of the DNA inserts in the plasmids
were verified by Sanger sequencing. The MyoD-pCLBabe plasmid
(59) was a gift from S. Tapscott (Addgene plasmid #20917). The
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pBabe-X-SF1-myomaker plasmid was a gift from E. Olson (60). For
all rescue experiments, gRNA-insensitive DNA cassettes were used.
Two micrograms of retroviral plasmid DNA was transfected into pack-
aging human embryonic kidney (HEK) 293 cells using FuGENE 6
(Promega, #E2692). Two days after transfection, virus medium was
filtered and used to infect cells. One day after infection, the cells were
switched to growth medium. For fusion rescue experiments, the cells
were then switched to myoblast differentiation medium (2% horse
serum in DMEM with 1% penicillin-streptomycin).

Differentiation index and fusion index measurements
Human myoblasts can be fully differentiated after 3-day induction,
after which the myotubes will detach from culture dish. Therefore,
unless otherwise required for a longer time, differentiation was in-
duced for 3 days or shorter time. Differentiation index was mea-
sured as the percentage of the nuclei number in MF20" cells relative
to the total nuclei number. Fusion index was measured as the nuclei
number in myotubes (three or more nuclei) as a percentage of the
total number of nuclei.

GFP and Cherry labeling and cell mixing assays

Lentiviruses expressing green fluorescent protein (GFP) and retro-
viruses expressing Cherry were packaged from pLOVE-GFP and
pMXs-Cherry (Cell Biolabs, #RTV-012) plasmids, respectively. The
pLOVE-GFP plasmid (61) was a gift from M. Ramalho-Santos
(Addgene plasmid #15949). Twelve hours before transfection, HEK293
cells were seeded in a 10-cm dish at a density of 2 x 10°, Cells were
infected for 2 days before use for experiments. Human myoblasts
were infected by either retroviral Cherry or lentiviral GFP. The
labeled cells were mixed at a 1:1 ratio and cultured in growth me-
dium for 1 day before switching to differentiation medium for
another 3 days.

Total RNA extraction, cDNA synthesis, and real-time PCR
Total RNA was extracted from cells using TRIzol Reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions. The
quality and concentration of total RNA were assessed with a spec-
trophotometer (NanoDrop One, Thermo Fisher Scientific) at 260 and
280 nm. Ratios of absorption (260/280 nm) of all samples were be-
tween 1.8 and 2.0. cDNA was synthesized from 2 g of total RNA by
reverse transcription using random primers with M-MLV (Moloney
Murine Leukemia Virus) reverse transcriptase (Invitrogen). Real-
time PCR was performed using the QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific) with SYBR Green Master Mix
(Roche) and gene-specific primers. The 284 method was used to
analyze gene expression after normalization with 18S ribosomal RNA
(rRNA). Primer sequences are listed in table S1.

Membrane fractionations

Membrane fractionation was performed with the Mem-PERTM Plus
Membrane Protein Extraction Kit (Thermo Fisher Scientific, 89842).
Briefly, human myoblasts were suspended in phosphate-buffered
saline (PBS) by scraping off the surface of the plate with a cell scraper.
After centrifugation, the cell pellets were washed twice and perme-
abilized with constant mixing for 10 min at 4°C. The cytosol fraction
(supernatant) was collected after 15-min centrifugation at 16,000g
at 4°C. The total membrane protein fraction (pellets) was resuspended
and solubilized at 4°C for 30 min with constant mixing. The mem-
brane fraction was collected as the supernatant after 16,000g centrifu-
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gation for 15 min at 4°C. The protein samples were mixed with 4x
Laemmli sample buffer and analyzed by Western blot analysis.

Western blotting analyses

Cells were lysed in radioimmunoprecipitation assay buffer (Sigma-
Aldrich, R0278) supplemented with complete protease inhibitor (Sigma-
Aldrich) for 15 min. Lysates were then centrifuged at 16,000¢ for 15 min
at 4°C. Protein supernatant was collected and mixed with 4x Laemmli
sample buffer (Bio-Rad, #161-0747). A total of 20 to 40 ug of protein was
loaded and separated by SDS-polyacrylamide gel electrophoresis.
The proteins were transferred to a polyvinylidene fluoride membrane,
blocked in 5% fat-free milk for 1 hour at room temperature, and then
incubated with primary antibodies diluted in 5% milk overnight at 4°C.
After washing in TBST (Tris buffered saline with Tween 20), the mem-
brane was incubated with secondary antibody in blocking buffer for
1 hour at room temperature. Immunodetection was performed using
Western Blotting Luminol Reagent (Thermo Fisher Scientific, 34075).

MyoD®® expression and chemical treatments

The lentiviral pLv-CMV-MyoD-ER(T) vector (47) was a gift from
J. Chamberlain (Addgene plasmid #26809). The lentiviruses were pre-
pared as introduced above. Human myoblasts or mouse 3T3-HA
fibroblasts were cultured in the growth medium for 18 hours and
then infected by lentivirus for MyoD™® expression. Transcriptional
activity of MyoD"™® was activated by treating with 2 uM 4OH-TMX
for 4 hours for mRNA measurement and 1 day for protein level
measurements. CHX was added 1 hour before the application of
40H-TMX. Total RNA was extracted from the cells for cDNA syn-
thesis and qPCR measurements.

CRISPRi and CRISPRa assays

The lentiMPH v2 plasmid (62) was a gift from F. Zhang (Addgene
plasmid #89308), and lentiSAM v2 was a gift from A. Karpf (Addgene
plasmid #92062). The lentiSAM v2 plasmid was used for gRNA clon-
ing after the removal of VP64 for CRISPRi experiments. Lentivirus
was packaged as introduced above. The protospacer sequences for
gRNAs that target the control and E-box motif regions of human
MymX and MymK promoters were as follows: control for MymX,
AGCCCCACTGGATTCAGCAC; MymX, AACAGCTGTGTTCT-
GGCACC; control for MymK, GCAGGAGAATCTCTTGAACCG;
MymK, TCACGTGGCATGTCAGCTGT.

Immunostaining and microscopy

Cells were fixed in 4% paraformaldehyde/PBS for 10 min at room
temperature, permeabilized with 0.2% Triton X-100 in PBS, and blocked
with 3% bovine serum albumin/PBS for 1 hour at room temperature.
Cells were incubated with primary antibody overnight at 4°C, followed
by incubation with Alexa Fluor-conjugated secondary antibodies.
Nucleus was counterstained with Hoechst 33342. The staining was vi-
sualized on the BioTek Lionheart FX Automated Microscope. Fluores-
cence images were collected with a camera on the BioTek Microscope
System or Olympus FV1200 Confocal Laser Scanning Microscope.

Quantification and statistical analysis

Quantification results for each experiment were based on at least three
independent experiments. For image analysis, randomly chosen views
were imaged. All analyses were conducted with Student’s ¢ test with
a two-tailed distribution. Comparisons with P < 0.05 were consid-
ered significant.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabc4062/DC1

View/request a protocol for this paper from Bio-protocol.
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