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Abstract: As the largest tissue in the body, skeletal muscle has multiple functions in movement and
energy metabolism. Skeletal myogenesis is controlled by a transcriptional cascade including a set of
muscle regulatory factors (MRFs) that includes Myogenic Differentiation 1 (MYOD1), Myocyte En-
hancer Factor 2 (MEF2), and Myogenin (MYOG), which direct the fusion of myogenic myoblasts into
multinucleated myotubes. Neddylation is a posttranslational modification that covalently conjugates
ubiquitin-like NEDD8 (neural precursor cell expressed, developmentally downregulated 8) to protein
targets. Inhibition of neddylation impairs muscle differentiation; however, the underlying molec-
ular mechanisms remain less explored. Here, we report that neddylation is temporally regulated
during myoblast differentiation. Inhibition of neddylation through pharmacological blockade using
MLN4924 (Pevonedistat) or genetic deletion of NEDD8 Activating Enzyme E1 Subunit 1 (NAE1),
a subunit of the E1 neddylation-activating enzyme, blocks terminal myoblast differentiation par-
tially through repressing MYOG expression. Mechanistically, we found that neddylation deficiency
enhances the mRNA and protein expressions of class IIa histone deacetylases 4 and 5 (HDAC4
and 5) and prevents the downregulation and nuclear export of class III HDAC (NAD-Dependent
Protein Deacetylase Sirtuin-1, SIRT1), all of which have been shown to repress MYOD1-mediated
MYOG transcriptional activation. Together, our findings for the first time identify the crucial role of
neddylation in mediating class IIa and III HDAC co-repressors to control myogenic program and
provide new insights into the mechanisms of muscle disease and regeneration.
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1. Introduction

Protein neddylation is a posttranslational modification in which the ubiquitin-like
molecule NEDD8 (neural precursor cell expressed, developmentally downregulated 8)
is covalently linked to specific lysine residues of target proteins. Neddylation requires
NEDD8-specific E1, E2, and E3 enzymes [1–3]. The only and specific E1 enzyme for NEDD8
is a heterodimer of NEDD8 Activating Enzyme E1 Subunit 1 (NAE1 also known as APPBP1)
and Ubiquitin Like Modifier Activating Enzyme 3 (UBA3). Ubiquitin Conjugating Enzyme
E2 M (UBE2M, also known as UBC12) and Ubiquitin Conjugating Enzyme E2 F (UBE2F)
are the E2-conjugating enzymes, where yet to be fully defined E3-ligases promote the
conjugation of NEDD8 to its substrate proteins via its C-terminal glycine [2,3]. Inversely,
NEDD8-specific proteases such as the COP9 signalosome (CSN) and NEDD8-Specific
Protease 1 (NEDP1 also known as SENP8) remove NEDD8 from target proteins, which
control the balance of the neddylation status [4,5]. Neddylation regulates a broad range of
substrates that are involved in diverse cellular processes, including ubiquitin–proteasome
system (UPS)-mediated protein degradation, cell cycle progression, ribosome biogenesis,
transcriptional regulation and autophagy, among others [2,3]. The functions of NEDD8 in
protein homeostasis have been elucidated mainly through its regulation of Cullin-RING
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ubiquitin ligases (CRLs), which mediate the proteolysis of ∼20% of cellular proteins [6].
Recently, neddylation has been implicated in many pathophysiological statuses such as em-
bryonic development [7], adipogenesis [8], cardiac homeostasis [9,10], synapse formation
and development [11,12], and tumor development [6]. MLN4924 (Pevonedistat; hereafter,
MLN), a specific inhibitor of NAE1, shows promise in treating multiple malignances [13,14].
However, MLN has been shown to impair muscle differentiation [15]. The underlying
mechanisms are not fully elucidated.

Muscle differentiation is a highly controlled, multistep process including withdrawal
from the cell cycle, transcriptional activation of myotube-specific genes, and formation of
multinucleated myotubes [16]. It is orchestrated by the sequential activation of four
basic helix-loop-helix (bHLH) muscle regulatory factors (MRFs): Myogenic Factor 5
(MYF5), Myogenic Differentiation 1 (MYOD1), Myogenin (MYOG), and Myogenic Factor 6
(MYF6) [17] and their associations with the myocyte enhancer factor-2 (MEF2) family [18].
MYOD1 and MYF5 are initiators of the myogenic program, which upregulate the expres-
sion of MYOG and MYF6 to specify myoblasts for terminal differentiation [19]. MYOG and
MYF6 then more directly trigger the expression of myotube-specific genes for myoblast
fusion, the ultimate step of muscle differentiation [19].

Histone acetyltransferases (HATs) and deacetyltransferases (HDACs) act as transcrip-
tional co-activators and co-repressors of MRFs, respectively, to control the myogenic gene
transcription [20]. HDACs can be classified into four groups [21]. The class I HDACs
consist of HDAC1, 2, 3 and 8. Class II HDACs contain the IIa HDAC family (HDAC4, 5, 7,
and 9) and the IIb family (HDAC6 and 10). Sirtuins (SIRT1, 2, 3, 4, 5, 6, and 7), a family
of NAD+-dependent deacetylases, form the class III HDACs. HDAC11 is the sole class
IV HDAC [21]. HDAC1 directly binds and inhibits MYOD1 activity in undifferentiated
myoblasts [22]. Upon differentiation, HDAC1 expression is downregulated, while the
formation of the pRb–HDAC1 complex induces the disruption of the MYOD1–HDAC1
complex, then the transcriptional activation of muscle-specific genes [23]. In prolifera-
tive myoblasts, class II HDACs, such as HDAC4, 5, and 7, associate with and inhibit the
activity of MEF2 family members, thereby blocking MYOD1-dependent conversion of
myoblasts into myotubes [16,24]. Likewise, SIRT1 directly or indirectly regulates MYOD1
activity through its association with a MYOD1/PCAF/GCN5 complex to inhibit myoge-
nesis [25,26]. SIRT1 expression is downregulated and also shuttles from the nucleus to
the cytoplasm during muscle differentiation [27]. Various post-translational modifications
(PTMs) regulate HDAC levels and functions, including acetylation, methylation, phos-
phorylation, sumoylation, and ubiquitination [21]. However, the potential involvement of
neddylation in regulating HDACs thus muscle differentiation has not been described.

In this study, we, for the first time, showed that neddylation inhibition blocks terminal
myogenic differentiation of C2C12 cells through enhancing HDAC4/5 and SIRT1 expres-
sion and/or preventing SIRT1 nuclear export to inhibit MYOG and muscle-specific gene
expression.

2. Results
2.1. Neddylation Is Downregulated during Myoblast Differentiation

To determine the role of neddylation in muscle differentiation, we first examined the
neddylation profile changes during the terminal myoblast differentiation using C2C12
cells. We found that the protein levels of NAE1 and UBC12 were decreased by 50%
upon induction of differentiation at day 1 (D1) and maintained the same low levels until
myotube maturation by D5 (Figure 1A,B). The levels of total NEDD8-conjugated (N8-Conj.)
proteins including neddylated Cullins (N8-CULs) as well as the free NEDD8 also showed
similar downregulation during myoblast differentiation (Figure 1A,B). Interestingly, an
unknown NEDD8-conjugated protein at ≈50 kD was highly abundant and appeared
unaltered in C2C12 cells during the differentiation. The reduced expression of neddylation
enzymes was further confirmed by the concomitant decrease of neddylated CUL1 upon
induction of myogenesis (Figure 1A). As reported before, the protein expression of MYOD1
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did not show changes during terminal myoblast differentiation, whereas the expression
of MYOG and myosin heavy chain (MyHC), the early and late differentiation markers,
were significantly upregulated in the early and late phases of differentiation, respectively
(Figure 1A,C), which is indicative of the successful myotube formation. Interestingly,
when we specifically stained the C2C12 with NEDD8 during myoblast differentiation, we
identified that the levels of neddylated proteins were higher in proliferative C2C12 cells.
Its level was downregulated in most differentiating but non-fused C2C12 cells. However,
higher neddylation levels were very prominent in fused myotubes at both D3 and D6
of differentiation (Figure 1D). These results emphasize that activation of the myoblast
differentiation program is coupled to the partial inhibition of neddylation, especially at the
entry of myoblast differentiation. However, enhanced neddylation is associated with the
successful formation of myotubes.
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Figure 1. Neddylation is differentially regulated during C2C12 differentiation. (A–C) Western blot of the indicated proteins
(A), and quantifications of NAE1, UBC12, and neddylated Cullins (N8-CULs) (B); quantifications of MYOD1, MYOGENIN,
and MYOSIN (skeletal, fast) (MyHC) (C) in proliferative C2C12 cells cultured in growth media (i.e., day 0, D0) and for the
indicated days after differentiation induction (D1 to D5). Proteins were quantified and normalized to ACTB. Data were
presented as fold changes with D0 cells set at 1. N8-Conj.: NEDD8-conjugated. Arrows indicate neddylated CULs and
CUL1. (D) Representative immunofluorescence images of C2C12 cells stained with NEDD8 (green) in growth media (D0)
and for 3 and 6 days in differentiation media (D3, D6). Nuclei were counterstained with Hoechst 33342. Scale bars: 50 µm.
** p < 0.005 versus D0. One-way ANOVA. Three independent experiments.

2.2. Neddylation Inhibition Blocks Myotube Formation

Next, we examined whether neddylation inhibition affects myotube formation. We ap-
plied a specific NAE1 inhibitor MLN throughout the program of C2C12 differentiation. By
D6 of differentiation, MLN inhibited NAE1-mediated neddylation by 50% as validated by
a reduction in neddylated CULs as well as the specific CUL1 (Figure 2A). The increased ex-
pression of native CUL1 was due to the impaired CUL1 degradation when its neddylation
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was inhibited (Figure 2A). Interestingly, MLN treatment completely repressed the myotube
formation as assessed by the dramatically diminished protein expression of MYOG, MyHC,
and α-skeletal actin (ACTA1), but not MYOD1 (Figure 2A,B). Consistent with the failure to
form multinucleated myotubes, bright-field microscopy as well as immunofluorescence
staining of MyHC further confirmed the successful formation of multinucleated, myosin-
expressing myotubes in differentiated vehicle-treated, but not MLN-treated, C2C12 cells
(Figure 2C). MLN treatment for the first two days of differentiation also dose-dependently
reduced myotube formation (Figure 2D), suggesting the importance of maintaining neddy-
lation during the early stage of myoblast differentiation. These data reveal that neddylation
is necessary to ensure the successful myotube formation.
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Figure 2. Neddylation inhibition mediated by a specific NAE1 inhibitor MLN4924 blocks C2C12
myotube formation. (A,B) Western blot analysis of neddylated Cullins (N8-CULs), CUL1, and
muscle differentiation markers in vehicle (Veh)-treated and MLN4924 (MLN, 0.5 µM)-treated C2C12
for 6 days (D6) in differentiation media. Proteins were quantified and normalized to TUBA1A.
Arrow indicates neddylated CUL1. Data were presented as fold changes with Veh-treated cells
set at 1. * p < 0.05; ** p < 0.005 vs. Veh. Unpaired t tests. (C) Representative bright-field and
immunofluorescence images of Veh-treated and MLN-treated C2C12 at D6 of differentiation. Cells
were stained with MyHC (red), and nuclei were counterstained with DAPI (blue). Scale bar: 200 µm.
(D) Representative bright-field images of Veh- and MLN-treated C2C12 cells at D6 in differentiation
media with insulin. MLN at indicated doses was only treated for the first 2 days of differentiation.
Scale bar: 200 µm. Three independent experiments.

2.3. NAE1 Deletion in C2C12 Cells Prevents Terminal Myoblast Differentiation

To further illustrate the essential role of neddylation in myoblast differentiation, we
generated NAE1-knockout (KO) C2C12 cells using the CRISPR/Cas9 strategy. Lentiviruses
overexpressing two gRNAs (gRNA1 and gRNA2) targeting exon 2 and 3 of the murine
Nae1 gene, respectively, were used to infect proliferating C2C12 cells to delete NAE1 and
generate two lines of NAE1-KO C2C12 myoblasts. C2C12 cells infected with lentivirus
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expressing no gRNA were used as a control (Ctrl). We confirmed the successful deletion of
NAE1, which led to the reduced neddylated Cullins including CUL1 in NAE1-KO C2C12
cells throughout the myogenesis (Figure 3A). The protein expression of MYOD1 was not
perturbed in proliferative and differentiated NAE1-KO C2C12 cells. Interestingly, NAE1
deletion slightly downregulated the mRNA levels of MYOG without altering its protein
expression in D0 proliferative C2C12 cells (Figure 3A,C). Both mRNA and protein levels of
MYOG were drastically upregulated at D3 and D6 in Ctrl cells (Figure 3A,C). However,
such upregulations were almost completely blunted in differentiating NAE1-KO C2C12
cells as compared to Ctrl cells (Figure 3A,C; D6 protein levels were quantified in Figure 3B).
Accordingly, the expressions of the late differentiation markers (e.g., MyHC and ACTA1)
were significantly reduced at D3 and D6 in NAE1-KO C2C12 cells (Figure 3A, with D6
protein quantified in Figure 3B). Bright-field microscopy and immunofluorescence staining
of MyHC further confirmed a nearly complete lack of myotube formation by six days of
differentiation in NAE1-KO C2C12 cells (Figure 3D). These data suggest that NAE1 deletion
blocks neddylation, which impairs myotube formation partially through repressing MYOG
upregulation, similar to the effect of MLN.
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Figure 3. Neddylation inhibition mediated by knockout of NAE1 inhibits C2C12 differentiation.
C2C12 cells were infected with lentiviruses expressing gRNAs (gRNA1 and gRNA2) against murine
Nae1, respectively, to generate bulk cultures of cells with NAE1 knockout (KO1 and KO2). Cells
infected with lentiviruses expressing no gRNA were used as controls (Ctrl). (A) Western blot analysis
of NAE1, neddylated Cullins (N8-CULs), CUL1, myogenic transcription factors, and muscle differen-
tiation markers during the differentiation. Arrow indicates neddylated CUL1. (B) Quantifications of
protein expressions as normalized to TUBA1A at D6. Data were presented as fold changes with Ctrl
set at 1. (C) qRT-PCR analysis of Myog gene expression at D0, D3, and D6 of myoblast differentiation.
(D) Representative bright-field and immunofluorescence images at 6 days in differentiation medium.
Cells were stained with MyHC (red), and nuclei were counterstained with DAPI (blue). Scale bar:
200 µm. * p < 0.05; ** p < 0.01 vs. Ctrl. One-way ANOVA. Three independent experiments.

2.4. Neddylation Deficiency Blocks Myoblast Differentiation Potentially through Modulating Class
II and III HDACs

MYOG contains both MYOD1 and MEF2 binding sites at its promoter. MEF2 recruits
HDAC4/5 to the MYOG promoter, which inhibits MYOD1 activity and therefore blocks
MYOG expression and, thus, myogenesis [16,28]. Likewise, activation of SIRT1 also in-
hibits myogenesis by direct or indirect interactions with the MYOD1 and MEF2 [25,29].
We consistently observed unaltered MYOD1, but highly blunted MYOG, expression, sug-
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gesting that inhibition of terminal myoblast differentiation by neddylation deficiency at
least partially occurs at the level of MYOG potentially through perturbing its upstream
MYOD1 activity, not its expression. Therefore, we focused on the negative regulators of
MYOD1: class II and III HDACs. In the Ctrl cells, induction of myoblast differentiation
led to a tendency of lower protein expressions of HDAC4/5 by D3 (Figure 4A,B), which
cannot be attributed to the changes in their mRNA levels (Figure 4C). NAE1 deletion
did not perturb the protein levels of HDAC4/5 in D0 proliferative NAE1-KO C2C12 cells
as compared to the Ctrl myoblasts. However, the protein expressions of HDAC4/5 at
D3 of differentiation were significantly enhanced in both lines of NAE1-KO C2C12 cells
(Figure 4A,B), which were largely due to their upregulated mRNA levels (Figure 4C).
In contrast, SIRT1 was reduced by 60% in D3-differentiating Ctrl cells. However, NAE1
deletion prevented SIRT1 from downregulation upon myogenic induction, which occurred
specifically at protein, not mRNA, levels (Figure 4A–C). We further examined the earlier
responses of HDAC4/5 and SIRT1 in MLN-treated C2C12 cells during the first three days of
myoblast differentiation. As expected, MLN inhibited neddylation of CULs, such as CUL1
(Figure 4D). Not surprisingly, elevated protein expressions of HDAC4/5 in MLN-treated
C2C12 cells were obvious by D3 of differentiation (Figure 4D). Again, SIRT1 was rapidly
downregulated within 24 h of differentiation in vehicle-treated cells; its level was sustained
in MLN-treated differentiating C2C12 cells (Figure 4D). No significant changes in MYOD1
levels were observed, whereas MLN-treated cells largely failed to express MYOG at as
early as D1 after induction of differentiation (Figure 4D). These data further illustrate that
neddylation deficiency blocks entry of terminal myoblast differentiation at the MYOG
step at least partially due to the upregulation of the well-known negative regulators of
MYOG transcription: HDAC4/5 and SIRT1, which ultimately inhibits myotube formation
in C2C12 cells.
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blots of HDAC4, 5 and SIRT1 in NAE1-KO C2C12 cells before (D0) and after 3 and 6 days (D3 and D6) of myoblast
differentiation as compared with vector controls (Ctrl). (B) Protein expressions at D0 and D3 were quantified by normalizing
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and Sirt1 at D0 and D3 of myoblast differentiation. D0 Ctrl cells were set at 1. * p < 0.05; ** p < 0.005 vs. Ctrl at the same day
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Cullins (N8-CULs), CUL1, HDAC4, 5, and SIRT1, and myogenic transcription factors in vehicle (Veh) and 0.5 µM MLN4924
(MLN) treated C2C12 cells before and during the first three days of myogenic differentiation. Arrow indicates neddylated
CUL1. Three independent experiments.
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2.5. Neddylation Deficiency Causes SIRT1 Accumulation in the Nucleus during the Early Stage of
Myoblast Differentiation

Downregulation of SIRT1 in differentiating C2C12 cells acts mainly via a post-translational
manner (Figure 4A–C). Failure to downregulate SIRT1 during myoblast differentiation
of both MLN-treated and NAE1-KO C2C12 cells suggests a potential involvement of
neddylation in regulating SIRT1 stability. Meanwhile, the localization of SIRT1 in the
nucleus is also critical for inhibiting myogenesis. Next, we focused on comparing whether
the sustained SIRT1 level mainly occurred in the nucleus of NAE1-KO C2C12 cells during
early myogenesis. At D3, some of the Ctrl cells have already formed differentiating
myotubes, which still contained a large amount of nuclear SIRT1, although mainly in the
periphery of the nucleus. More SIRT1 was localized in the cytoplasm of Ctrl D3 myotubes
than the residual unfused myoblasts, suggesting that SIRT1 shuttles from the nucleus to
the cytoplasm when myoblasts are triggered to differentiate (Figure 5A). In contrast, in D3
NAE1-KO differentiating C2C12 cells, whereas no myotubes were detectable, SIRT1 was
mostly retained in the nucleus. In addition, the nuclear SIRT1 immunofluorescence were
significantly intensified when compared to the D3 Ctrl cells (Figure 5A), consistent with the
augmented SIRT1 expression in neddylation-deficient C2C12 cells during differentiation
(Figure 4A). We also performed cytosol/nucleus fractionation to detect the subcellular
localizations of SIRT1 during myoblast differentiation. In line with the immunofluorescence
staining, SIRT1 was mainly nuclear in Ctrl C2C12 cells; the expression of SIRT1 was
increased in both cytoplasmic and nuclear fractions in NAE1-KO C2C12 cells three days
after switching to the differentiation media (Figure 5B,C). There were no differences in total
and nuclear MYOD1 levels, further suggesting that inhibition of myocyte differentiation may
occur through repressing MYOD1 activity via more nuclear SIRT1. These data suggest that
neddylation inhibition increases SIRT1 nuclear localization to block the muscle differentiation.
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3. Discussion

In this study, we found that neddylation is temporally regulated in association with
myogenic differentiation of C2C12 cells. It is initially downregulated but selectively
elevated in fused myotubes. Pharmacological inhibition of neddylation or genetic deletion
of NAE1, the subunit of only E1 enzymes, led to complete failure of myotube formation.
Mechanistically, neddylation deficiency resulted in an early upregulation of myogenic co-
repressors such as HDAC4/5 and SIRT1 as well as SIRT1 nuclear retention to inhibit MYOG
expression and thus myogenesis. These studies provide insights into an essential role of
an understudied post-translational modification, neddylation, in mediating myoblast
differentiation and thus muscle cell mass and regeneration.

A previous study demonstrated that neddylation is transiently upregulated during
the first two days of myoblast differentiation and that it returned to the similar levels as
the proliferative myoblasts [15]. In contrast, we performed more comprehensive Western
blot studies of the whole cell lysates, which identified reduced levels of neddylated pro-
teins concomitant with lower expressions of the enzymatic machineries of neddylation,
including NAE1 (E1), UBC12 (E2), and free NEDD8, throughout the myoblast differentia-
tion. It remains unknown whether such discrepancies are caused by different cell culture
conditions or by the antibodies used. Interestingly, when performing immunofluorescence
staining, which provides a more cell-specific neddylation profile, in more mixed popu-
lations of fused or non-fused differentiating myoblasts, we, for the first time, identified
a strikingly higher level of NEDD8 staining in fused myotubes, but markedly reduced
neddylation levels in nonfused differentiating myoblasts. Thus, the overall reduction in
neddylation status in D5-6 differentiated C2C12 cultures may be due to the lower efficiency
of myotube formation induced by standard myoblast differentiation protocol. Nevertheless,
our study highlights an early downregulation of neddylation upon initiation of myoblast
differentiation, yet an enhanced neddylation in mature myotubes, suggesting neddylation
is tightly involved during different stages of myoblast differentiation.

Inhibition of neddylation by MLN or siRNA-mediated NEDD8 knockdown prevents
myotube formation in C2C12 cells [15]. Our study first recapitulated the potent effect of
MLN in blocking myoblast differentiation. We further utilized CRISPR/Cas9 strategies to
delete NAE1 in C2C12 cells, which consequently inhibited neddylation and completely
shut down the terminal myoblast differentiation program (Figure 3). These data clearly
emphasize the essential role of neddylation in regulating myotube formation. Furthermore,
we and others also illustrated the importance of neddylation for the onset of myoblast
differentiation, as inhibiting neddylation during the first two days of myogenesis effec-
tively blocked myotube formation ([15] and Figure 2D). While the physiological role of
downregulating neddylation upon myoblast differentiation remains unknown, it seems
necessary to maintain certain levels of neddylation to ensure the successful myogenic
program.

A previous study attributes the blockage of myoblast differentiation caused by ned-
dylation deficiency largely to the dysregulated CRL activities [15]. However, thus far,
no specific CRL substrates have been identified to account for the observed phenotype.
MYOD1 and MYF5 are two critical bHLH factors that have overlapping functions in spec-
ification of myoblasts; deletion of both genes completely eliminates the skeletal muscle
formation [30]. In our study, we found neddylation deficiency did not perturb the mRNA
and protein expressions of MYOD1 (Figures 2 and 3) and MYF5 (not shown). MYOG
acts downstream of MYOD1 and MYF5 to switch on muscle differentiation genes, the
absence of which resulted in a severe deficiency of muscle fibers despite similar muscle
cell commitment [31,32]. MYOG itself is degraded by UPS involving SCF (Skp1-Cullin1-F-
box protein) ubiquitin ligase [33]. However, inhibition of neddylation caused a complete
block of MYOG at both mRNA and protein levels (Figures 2 and 3). These data suggest
that neddylation deficiency did not perturb MYOG protein stability via targeting CRLs;
rather, it may act at least partially through repressing MYOD1 transcriptional activity to
downregulate MYOG transcription and expression. Therefore, we reason that neddylation
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may be required for the degradation of co-repressors of MYOD1 to regulate myogenic
transcription.

HDACs are well-known co-repressors directly or indirectly involved in suppressing
MYOD1 transcriptional activities. After induction of differentiation, HDACs leave the
promoters of muscle-specific genes through decreased expression, nuclear export, and/or
a redistribution to other binding proteins to facilitate MYOD1/MEF2-mediated muscle
transcription activation [34–36]. Several HDACs, including HDAC1 [37,38], HDAC2 [39],
HDAC4/5 [40], HDAC6 [41], and SIRT1 [42,43], have been shown to be either regulated by
the proteasome pathway or neddylation itself. In our study, qRT-PCR and Western blotting
screening of various HDACs in MLN-treated or NAE1-KO C2C12 cells identified that only
class IIa HDAC4/5 and SIRT1, and not the other HDAC1, 3, 6, and 9, were accumulated
at the onset of myoblast differentiation (Figure 4 and data not shown). As previously re-
ported, HDAC4/5 [34] and SIRT1 [27] protein levels decrease in differentiating myoblasts.
However, both HDAC4 and HDAC5 are increased on the transcriptional and on the protein
levels in differentiating neddylation-deficient C2C12 cells (Figure 4). Different from the
mRNA upregulation of Hdac4/5, the sustained higher levels of SIRT1 in NAE1-KO and
MLN-treated differentiating C2C12 cells seem to be mainly at the posttranscriptional level,
potentially due to the failure to block the active degradation of SIRT1. Meanwhile, SIRT1
is reported to translocate from the nucleus to the cytoplasm after the induction of muscle
differentiation [27]. Such export was also dysregulated when neddylation is inhibited, al-
though it is hard to determine whether more nuclear accumulation of SIRT1 is secondary to
the overall higher SIRT1 levels. This requires further studies to dissect whether neddylation
deficiency alters phosphatidylinositol-3-kinase (PI3K)-mediated SIRT1 phosphorylation,
which regulates SIRT1 nuclear export [27]. In addition, we used class II HDAC inhibitors
(LMK-235 and MC1568) and SIRT1 inhibitors (EX-527 and nicotinamide), which failed
to rescue differentiation in neddylation-inhibited C2C12 cells (data not shown). Such
results are not surprising considering the broad substrates of neddylation, which renders it
almost impossible to target one single pathway to revert the phenotype. Notably, all these
changes occurred after the initiation of differentiation, further emphasizing the importance
of neddylation in ensuring the proper myogenic program. Thus far, HDAC4/5 [40] and
SIRT1 [42,43] have all been shown to be regulated by ubiqutination-mediated proteasome
pathways. Exactly how neddylation, in combination with the differentiation signal, directly
or indirectly regulates these myogenic co-repressors awaits further investigation.

In conclusion, our study strengthens the importance of neddylation in controlling
proper myogenic program and uncovers a new mechanistic link between neddylation
and the myogenic co-repressors HDACs. Our study also cautions that clinically utilizing
MLN4924 to inhibit neddylation for cancer treatment may cause unexpected effects on
muscle homeostasis in patients.

4. Materials and Methods
4.1. Cell Culture and Myoblast Differentiation and Reagents

C2C12 cells (ATCC# CRL-1772) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (Hyclone, Thermo Fisher Scientific,
Waltham MA, USA) and 1% penicillin-streptomycin (DMEM growth medium) at 37 ◦C
incubator with 5% CO2. Differentiation was induced in DMEM plus 2% horse serum
(Hyclone) and 1% penicillin-streptomycin (DMEM differentiation medium) after cells
reached confluence. The differentiation medium was changed every day. MLN4924
compound was purchased from Millipore Sigma and dissolved in DMSO for storage at
−20 ◦C.

4.2. CRISPR/Cas9 Gene Targeting, Lentivirus Production, and Infection of C2C12 Cells

For lentivirus production, 293T cells were transfected with the guide RNA (gRNA)
plasmid (pLenti-CRISPR V2 empty vector or vector-encoding gRNA1 and gRNA2 against
murine Nae1, GenScript), pMD2.G-VSV-G, and psPAX2 using PolyJetTM in vitro DNA
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transfection reagent (Signagen Laboratories). The two gRNA sequences are: gRNA1,
TATAGGCTGTGGGGTGATCA and gRNA2, GAACCGAGCTCAAGCTGCCA. Two days
later, lentivirus-containing supernatants were filtered through a 0.45 µm filter and then
combined with fresh DMEM complete medium at a 1:1 ratio to infect proliferating C2C12
cells overnight in the presence of 8 µg/mL of polybrene. Two µg/mL puromycin was added
to select infected cells two days after infection. After 7 days of selection, we confirmed the
successful CRISPR/Cas9-mediated gene editing by T7 endonuclease 1 digestion assay at
the respective locus targeted by gRNA1 and 2. Cells were then cultured to confluence for
myoblast differentiation.

4.3. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent. For qRT-RCR analysis,
1 µg of total RNA was reverse-transcribed to cDNA using InvitrogenTM M-MLV Reverse
Transcriptase (28025013). Gene expression was assessed using iTaqTM Universal SYBR
Green Supermix (Bio-Rad 1725125). Analysis was performed on Agilent Technologies
Stratagene Mx3005P real-time PCR system with the following murine gene-specific primers
listed in Table 1:

Table 1. List of forward and backward primers used in this study.

Forward Primers Backward Primers

Hdac4 CAGGAGATGCTGGCCATGAA GCACTCTCTTTGCCCTTCTC
Hdac5 GCTTCTTTGGACCAGAGTTCC CATCTCAGTGGGGATGTTGG
Sirt1 CTTCAGTGTCATGGTTCCTT ACCGAGGAACTACCTGATTA
Myog GTCCCAACCCAGGAGATCATT AGTTGGGCATGGTTTCGTCT
36B4 CGCTTTCTGGAGGGTGTCCGC TGCCAGGACGCGCTTGTACC

The 2−∆∆Ct method was used to analyze the relative fold changes in gene expression level normalized against
36B4 expression.

4.4. Cellular Protein Extraction, Subcellular Fractionation, and Western Blot

Cells were lysed in an RIPA buffer with a protease inhibitor and phosphatase inhibitor
cocktail (Sigma Aldrich, St. Louis, MO, USA). Whole cell lysates were then centrifuged at
13,000 rpm for 15 min, and the pellet was discarded. Cytosol/nucleus fractionation was
prepared as previously described [44]. Briefly, cells were washed with PBS and collected
in ice-cold nuclei lysis buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, pH
7.6) with protease inhibitor cocktail. Lysates were then centrifuged at 600× g for 5 min.
The supernatant was stored on ice (the cytosolic fraction). The pellet was washed once
with ice-cold nuclei lysis buffer then resuspended in RIPA buffer with protease inhibitors.
Lysates were centrifuged for 10 min at 16,000× g. The resulting supernatant was the
nuclear fraction lysate. Protein concentration was determined by a Pierce BCA protein
assay kit, and proteins were resolved by SDS-PAGE and transferred to a polyvinylidene
fluoride (PVDF) membrane. After blocking with 5% fat-free milk for 1 h at room tem-
perature, the membranes were incubated with the following primary antibodies diluted
in 2.5% milk overnight at 4 ◦C: NAE1 (CST, #14321), UBC12 (CST, #5641), NEDD8 (CST,
#2754), CUL1 (Scbt, sc-11384), pan-sarcomeric MyHC (i.e., Myosin (Skeletal, Fast), Sigma,
clone MY-32, M4276)), MYOG (DSHB, F5D), ACTA1 (Proteintech, 17521-1-AP), ACTB
(thermofisher, MAB1501), alpha-tubulin (Proteintech, 66031-1-lg), MYOD1 (Proteintech,
18943-1-AP), HDAC4 (Scbt, sc-46672), HDAC5 (Scbt, sc-133106), SIRT1 (CST, #8469). The
corresponding HRP-conjugated secondary antibodies were applied for 1 h at room temper-
ature. Then, the membranes were developed using ECL substrate and visualized using the
GE A600 Imaging System followed by densitometry qualification using ImageQuantTL
(GE Healthcare).
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4.5. Immunofluorescence Microscopy

For immunofluorescence staining of cultured cells, cells were fixed in 4% paraformalde-
hyde (PFA) in PBS for 10 min, permeabilized with 0.2% Triton X-100 in PBS, then blocked
with 3% BSA/PBS for 1 h at room temperature. Cells were incubated with primary anti-
bodies against MyHC (Myosin (skeletal, fast), 1:500, Sigma, M4276 clone MY-32), NEDD8
(1:300, CST, #2754), SIRT1 (1:100, CST, #8469) overnight at 4 ◦C, followed by 1 h incubation
with Alexa Fluor conjugated secondary antibody at room temperature in the dark. Nuclear
counterstaining was performed with DAPI or Hoechst 33342. Microscopy was performed
using a Keyence BZ-X800 fluorescence microscope.

4.6. Statistical Analysis

Data were shown as mean ± s.e.m. Statistical analysis was carried out using GraphPad
Prism 8 software (GraphPad Software), including two-tailed unpaired Student’s t-test, one-
way analysis of variance (ANOVA), or two-way ANOVA followed by a post-hoc test when
appropriate. A p-value < 0.05 was considered statistically significant.
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