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Metabolic stress and changes in nutrient levelsmodulatemany aspects of skeletal muscle function during aging and
disease. Growth factors and cytokines secreted by skeletal muscle, known as myokines, are important signaling
factors, but it is largely unknownwhether theymodulatemuscle growth and differentiation in response to nutrients.
Here, we found that changes in glucose levels increase the activity of the glucose-responsive transcription factor
MLX (Max-like protein X), which promotes and is necessary formyoblast fusion.MLX promotesmyogenesis not via
an adjustment of glucose metabolism but rather by inducing the expression of several myokines, including insulin-
like growth factor 2 (IGF2), whereas RNAi and dominant-negative MLX reduce IGF2 expression and block myo-
genesis. This phenotype is rescued by conditioned medium from control muscle cells and by recombinant IGF2,
which activates the myogenic kinase Akt. Importantly, MLX-null mice display decreased IGF2 induction and di-
minishedmuscle regeneration in response to injury, indicating that the myogenic function of MLX is manifested in
vivo. Thus, glucose is a signaling molecule that regulates myogenesis and muscle regeneration via MLX/IGF2/Akt
signaling.
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Unicellular and multicellular organisms have evolved
several homeostatic adaptive strategies to regulate cell
and organismal behavior in the face of fluctuating nutri-
ent levels. Skeletal muscle is one of the tissues that are
most profoundly remodeled in response to changes in
the levels of glucose and other nutrients. Many aspects
of skeletal muscle homeostasis are modulated by glu-
cose, including myogenesis, the process by which mono-
nucleated progenitors (myoblasts) fuse into syncytial
muscle cells during development and regeneration. Sev-
eral lines of evidence indeed point to glucose as an
important mediator of myogenesis. First, high glucose
levels promote myogenesis (Nedachi et al. 2008), and
the expression of genes involved in glucose metabolism
is up-regulated during myogenesis in vitro (Webster
et al. 1990). Second, glucose metabolism via glycolysis
is necessary for myogenesis in the Drosophila embryo
(Tixier et al. 2013). Last, glucose restriction inhibits
myogenesis by activating AMPK kinase and the sirtuin
SIRT1, and partial loss of SIRT1 allows myogenesis to

occur even at low glucose concentrations that are nor-
mally not permissive (Fulco et al. 2008). Despite these
studies, the mechanisms and signaling pathways sensing
glucose and responsible for glucose-induced adaptive
myogenesis are largely unknown.
A class of proteins that have recently gained attention

for theirmany signaling roles ismyokines; i.e., growth fac-
tors and cytokines secreted by skeletalmuscle in response
to a range of different stimuli (Pedersen and Febbraio 2012;
Demontis et al. 2013a). Myokines can act locally on the
muscle itself as well as systemically on other tissues to
regulate many physiological functions ranging from met-
abolic homeostasis to aging and disease-related processes
(Boström et al. 2012; Demontis et al. 2014). In addition to
endocrine functions, there are many examples of auto-
crine and paracrine signaling of myokines on the muscle,
including themodulation of myogenesis (Rai and Demon-
tis 2015). For example, leukemia inhibitory factor (LIF) is a
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myokine that regulates myoblast proliferation and differ-
entiation and is produced in response to exercise (Hunt
et al. 2010, 2011; Broholm et al. 2011). However, despite
the important signaling roles of myokines, little is known
about the transcription factors thatmodulate their expres-
sion in response to glucose and other nutrients.

Max-like protein X (MLX) is a member of the Myc-Max
family of basic helix–loop–helix (bHLH) transcription fac-
tors (Billin et al. 1999) that, in response to high glucose
levels, translocates from the cytoplasm to the nucleus
(Peterson et al. 2010), where it regulates the expression
of target genes with carbohydrate response element
(CHORE) motifs in their promoter (Minn et al. 2005).
MLX is ubiquitously expressed across tissues and regu-
lates transcription by forming heterodimers with either
MLX-interacting protein (MLXIP/MondoA) or MLXIP-
like (MLXIPL/CHREBP) that are primarily expressed in
the muscle (Billin et al. 2000) and liver (Yamashita et al.
2001), respectively. Increased intracellular glucose leads
to nuclear accumulation of MLX (along with MLXIP and
MLXIPL) and increased DNA binding. Several lines of ev-
idence support the hypothesis that glucose-6-phosphate is
the primary metabolite responsible for MLX activation.
First,MLX translocation to the nucleus and transcription-
al activity can be stimulated by 2-deoxyglucose, an analog
of glucose that accumulates in cells following phosphory-
lation but cannot be further metabolized (Stoltzman et
al. 2008). Second, phosphorylation of glucose by hexoki-
nase is required for MLX activity (Stoltzman et al. 2008).
Last, phosphoglucoisomerase deficiency leads to glu-
cose-6-phosphate buildup and enhances MLX activation
(Stoltzman et al. 2011). The precisemechanisms bywhich
glucose-6-phosphate activates MLX are not completely
understood but perhaps entail direct binding to MLXIP/
MLXIPL (McFerrin and Atchley 2012). In addition, glu-
cose-dependent post-translational modifications can reg-
ulate MLXIPL (Guinez et al. 2011), which can also be
phosphorylated and inactivated by the energy-sensing ki-
nase AMPK (Kawaguchi et al. 2002). Thus, MLX and its
coactivators can sense glucose via multiple mechanisms.
Furthermore, because MLX is part of a large interactive
network of transcriptions factors, including Myc, Max,
Mxd, and MLXIP/MLXIPL, its transcriptional output
may be determined by the context-specific organization
of this network (Diolaiti et al. 2015).

In agreement with a fundamental role for MLX in glu-
cose sensing, microarray studies indicate that ∼75% of
all transcriptional changes induced by glucose in hepato-
cytes are mediated by MLX (Ma et al. 2006). For example,
MLX induces the expression of enzymes involved in car-
bon metabolism (Ma et al. 2005, 2006; Iizuka et al. 2009)
and proteins that regulate glucose uptake, including thio-
redoxin-interacting protein (TXNIP) (Parikh et al. 2007;
Wu et al. 2013). However, although MLX is important
for glucose sensing and glucose metabolism in the liver
(Postic et al. 2007), it is unknown whether it has similar
roles in other tissues.

In this study, we examined the transcriptional andmet-
abolic roles of MLX in skeletal muscle cells. We found
that MLX transcriptional activity increases in response

to glucose and that MLX is necessary for and promotes
myogenic differentiation. However, rather than promot-
ing glucose metabolism, MLX induces the expression of
many myokines in response to glucose, including insu-
lin-like growth factor 2 (IGF2), which recapitulates the ef-
fects of MLX on myogenic differentiation. These findings
indicate that MLX modulates glucose-induced myoblast
fusion and differentiation via myokine signaling.

Results

The transcription factor MLX induces target gene
expression in muscle cells via glucose-induced
DNA binding and histone H4 acetylation

To experimentallymodulateMLX transcriptional activity
in muscle cells, wild-type MLX (MLX-WT), dominant-
negative MLX (MLX-DN), MLX RNAi (MLX shRNA),
and N-terminally truncated MLX (MLX-ΔN121) con-
structs were generated and stably expressed in C2C12
mouse myoblasts via lentiviral-mediated transduction.
Overexpression of MLX variants led to an ∼60-fold in-
crease in Mlx mRNA levels compared with empty vector
control, whereas MLX shRNA led to an 80% decrease in
endogenous Mlx mRNA levels compared with a nontar-
geting control shRNA (Fig. 1A; Supplemental Fig. S1A).
MLX-WT, MLX-DN, and MLX-ΔN121 protein variants
were detected by Western blot at the expected sizes
(∼20 kDa for MLX-ΔN121 and ∼30 kDa for MLX-WT
and MLX-DN) (Supplemental Fig. S1B) and by immunos-
taining of lentiviral-transduced cells that coexpress GFP
(Supplemental Fig. S1C). Both MLX-WT and MLX-DN
were ubiquitously detected in the cells, whereas MLX-
ΔN121 localized to nuclei (Supplemental Fig. S1C), con-
sistent with previous evidence that the N-terminal
domain of MLX harbors cytoplasmic retention sequences
(Billin et al. 2000).

To assess the transcriptional activity of transgenicMLX
variants, we examined changes in the expression of Txnip
and Arrdc4, two genes known to be induced by glucose
and MLX (Stoltzman et al. 2008; Yu et al. 2009). Both
MLX-DN and MLX shRNA prevented glucose-induced
expression of Txnip andArrdc4, whereas MLX-WT signif-
icantly enhanced their expression (Fig. 1B). Moreover
MLX-ΔN121 blunted Txnip and Arrdc4 induction by glu-
cose, indicating that N-terminal truncation impairs MLX
transcriptional activity, although it leads to constitutive-
ly nuclear localization (Supplemental Fig. S1A–C).

To further corroborate these findings, we assessed the
DNA-binding capacities of MLX variants to the CHORE-
containing Txnip promoter by chromatin immunoprecip-
itation (ChIP) combined with quantitative PCR (qPCR).
Expression of MLX-WT allowed for glucose-dependent re-
cruitment of MLX and MLXIP (MondoA) to the Txnip
promoter, whereas this was blocked by MLX-DN but re-
tained with MLX-ΔN121 (Supplemental Fig. S1D). Fur-
thermore, histone H4 acetylation, an epigenetic mark
induced by glucose and indicative of open chromatin and
active transcription, was increased at the Txnip promoter
in response to glucose and MLX-WT but inhibited by
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MLX-DN and MLX-ΔN121 (Supplemental Fig. S1D).
Therefore, nuclear localization of MLX is insufficient for
transcriptional activity and requires recruitment of addi-
tional transcriptional coactivators, such as histone acetyl
transferases, as previously described (Davies et al. 2008;
Peterson et al. 2010). Taken together, these findings indi-
cate that the transcription factor MLX modulates glu-
cose-induced transcriptional responses in muscle cells
and that both its N-terminal domain and DNA binding
are required for histone H4 acetylation to activate target
gene expression in muscle cells.
Regulation of MLX target genes in muscle cells may

also stem from the interaction of MLX with other bHLH
transcription factors at target gene promoters. In particu-
lar, MLX has recently been shown to coordinately regu-
late a subset of target genes with c-Myc (Shen et al.
2015) and to be necessary for survival of Myc-driven tu-
mors (Carroll et al. 2015).We found that c-Myc occupancy
at the Txnip promoter is reciprocal toMLX and likely me-
diated by E-boxes contained within the CHORE motifs
(Supplemental Fig. S1D). Therefore, antagonistic promot-
er occupancy by MLX and c-Myc may also contribute to

determining the transcriptional output of MLX target
genes in muscle cells.

MLX regulates myogenesis in response to glucose

C2C12myoblasts form syncytial muscle cells (myotubes)
when grown to confluence in cell culture medium con-
taining 10% fetal bovine serum (FBS) and subsequently
cultured for 8 d in differentiation-inducing medium con-
taining 2%horse serum.Asmeasured by immunostaining
(Fig. 1C), control myoblasts differentiated efficiently and
reached maximal fusion by 4 d of differentiation, whereas
MLX-DN andMLX shRNAmyoblasts appeared unable to
fuse. Conversely, MLX-WTmyoblasts fused more rapidly
than controls and produced hypertrophic myotubes, as in-
dicated by the fusion index, which is the proportion of nu-
clei present within myotubes (Supplemental Fig. S2A).
These findings indicate that MLX activity is necessary
for and promotes myogenesis. To determine whether
myotube hypertrophy caused by MLX-WT is simply due
to enhanced myoblast fusion or is also due to additional
anabolic effects, we next analyzed the proportional

Figure 1. The transcription factorMLX reg-
ulates glucose-induced myogenesis. (A) In-
creased Mlx expression is detected by
quantitative PCR (qPCR) in muscle cells sta-
bly expressing MLX-WT and MLX-DN com-
pared with control cells expressing an empty
vector (EV) control. MLX shRNA decreases
Mlx levels compared with a nontargeting
(NT) control shRNA. (B) MLX protein vari-
ants andMLXshRNAregulate the expression
of MLX target genes known to be glucose-re-
sponsive. MLX-WT increases the expression
of Txnip and Arrdc4, which are also induced
by glucose. Conversely, MLX-DN and MLX
shRNA decrease Txnip and Arrdc4 expres-
sion and prevent their glucose-induced up-
regulation. The histograms show the mean
of three biological replicates ±SEM. (∗) P <
0.05. See also Supplemental Figure S1. (C )
Phase contrast and α-actin immunostaining
demonstrate increased myotube formation
at day 4 of differentiation due to MLX-WT
overexpression and impairment of myogene-
sisdueto lossofMLXactivity (MLX-DNover-
expression andMLX shRNA) compared with
controls (empty vector [EV] and a nontarget-
ing [NT] shRNA). See also Supplemental Fig-
ures S2 and S3. (D) The fusion index (i.e., the
number of nucleiwithin syncytialmyotubes)
indicates that MLX-WT increases myoblast
fusion, whereas MLX-DN and shRNA
decrease myoblast fusion. Myoblasts stably
expressing MLX-WT have increased glucose
sensitivity and increased fusion index at low-
er glucose concentrations that are normally
not permissive.Conversely,myoblasts stably
expressing MLX-DN and MLX shRNA can-
not fuse regardless of glucose concentrations.
(∗) P < 0.05, SEM. n = 3.
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myotube size, which is defined as the area of the
myotubes divided by the number of myotube nuclei (Sup-
plemental Fig. S2A). Interestingly, the proportional myo-
tube size did not significantly change in response to
MLX-WT overexpression, indicating that myotube hyper-
trophy is primarily due to the higher number of myoblasts
fusing to form myotubes.

Because MLX transcriptional activity is regulated by
glucose, we next probed their interaction by examining
the extent of myoblast fusion at day 4 of differentiation
in response to different levels ofMLX activity and glucose.
Myoblast fusion was maximal at 10–25 mM glucose con-
centrations in control cells (Fig. 1D), whereas myoblasts
overexpressingMLX-WTappearedmore glucose-sensitive
and had maximal fusion at relatively low glucose concen-
trations (5 mM). Conversely, myoblasts overexpressing
MLX-DN or MLX shRNA were glucose-insensitive and
unable to fuse even at high glucose concentrations
(40 mM). These findings indicate that MLX and glucose
are indeed required for myoblast fusion and that MLX ac-
tivity dictates cellular sensitivity to glucose.

To dissect themechanisms involved, we testedwhether
MLX modulates cell cycle exit, myogenic commitment
(nuclear detection of myogenin), and expression of genes
encoding proteins that mediate myoblast fusion. Howev-
er, none of these myogenic processes were modulated by
MLX (Supplemental Fig. S2A,B). Moreover, restoring nor-
mal levels of Txnip, a keyMLX target gene, did not rescue
the fusion defects of MLX-DN myoblasts (Supplemental
Fig. S3A,B). Because previous studies have shown that glu-
cose uptake and metabolism promote myogenesis (Fulco
et al. 2008), we next tested whether MLX induces these
processes in muscle cells as it does in the liver (Ma et al.
2005; Postic et al. 2007; Stoltzman et al. 2008; Peterson
et al. 2010). Surprisingly, glucose uptake was unperturbed
in myoblasts overexpressing MLX-WT (Fig. 2A) and even
increased in MLX-DN and MLX shRNA myoblasts com-

pared with controls, indicating that intracellular glucose
levels are not limiting for myogenesis in myoblasts with
loss ofMLX function (Fig. 2A). Moreover, the levels of lac-
tate (an end product of glycolysis) (Fig. 2B) and the extra-
cellular acidification rate (ECAR; a measure of glycolytic
activity) (Fig. 2C) were not modulated by MLX activity,
nor was the oxygen consumption rate (OCR), an indicator
of mitochondrial respiration (Fig. 2D). Thus, in contrast to
its function in the liver, MLX does not regulate glucose
metabolism inmyoblasts, suggesting that signaling rather
than metabolic adaptive responses is induced by MLX to
regulate myogenesis.

MLX regulates myokine expression

In order to discover novel genes regulated by MLX that
could be responsible for its effects on myogenesis, we per-
formed RNA sequencing (RNA-seq) of cells with MLX
gain and loss of function (Supplemental Table S1). RNA-
seq analyses found many genes significantly regulated
in muscle cells overexpressing MLX-WT, MLX-DN, and
MLX shRNA compared with their respective controls
(Fig. 3A). To identify MLX target genes relevant for myo-
genesis, we focused on a set of 80 genes that were signifi-
cantly and concordantly regulated by MLX-WT, MLX-
DN, and MLX shRNA (see Materials and Methods for se-
lection criteria). Of these, 62 genes were transcriptionally
activated by MLX, whereas 18 genes were repressed.
Enriched gene clusters were identified by DAVID (Data-
base for Annotation Visualization and Integrated Discov-
ery) and PIR (Protein Information Resource) annotation
keywords and indicated that therewas a significant enrich-
ment (31 out of 67 annotated genes) for muscle-secreted
proteins (i.e., myokines) (Fig. 3B), indicating an unantici-
pated role of MLX in regulating their expression.

Considering that genes encoding muscle-secreted sig-
naling proteins (myokines) constitute a major class of

Figure 2. The promyogenic effects of MLX are
not due to changes in glucose metabolism. (A)
2-deoxy-D-glucose (2DG) uptake does not chan-
ge with MLX-WT overexpression but increases
with MLX loss of function (MLX-DN and MLX
shRNA). (∗) P < 0.05, SEM. n = 3. (B) Levels of ex-
tracellular lactate, an end product of glucoseme-
tabolism, are not affected by MLX activity. (C )
Similarly, the ECAR, whichmeasures glycolytic
conversion of pyruvate into lactate, is not al-
tered by changes in MLX activity. (D) The
OCR, indicative ofmitochondrial respiratory ca-
pacity, is also unchanged. (Red) MLX-WT;
(green) MLX-DN; (black) empty vector (EV)
control.
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MLX-regulated genes, we tested whether conditionedme-
dia from differentiating control cells can rescue the fusion
defectsofmyoblastsoverexpressingMLX-DN. Interesting-
ly, theadditionof thismilieuof secreted factors stimulated
fusionofMLX-DNmyoblasts, resulting in the formationof
myotubesafter4d inculture (Fig.3C), suggestingthatmyo-
kines may be required for glucose-induced myogenesis.
FromtheRNA-seq data ofMLX-regulatedmyokines,we

selected the chemokines Ccl2 and Ccl7, the insulin-like
growth factor Igf2, the interleukin-1 receptor antagonist
Il1rn, the lectin-binding protein Lgals3bp, the matricellu-
lar CCN family geneNov, and the thrombospondinThbs2
andexamined themfurther becauseof their potential asso-
ciationwithmyogenesis (Florini et al. 1991a; Iruela-Arispe
et al. 1993; Sakamoto et al. 2002; Yahiaoui et al. 2008).
First, by qPCR, we validated their expression in response
to MLX activity and found that MLX-WT increases their
mRNA levels, whereas MLX-DN and MLX shRNA
decrease their expression relative to controls (Fig. 3D). Sec-
ond, we tested whether MLX-induced myokines are mod-
ulated during differentiation and by changes in glucose
levels.TheexpressionofCcl2,Ccl7, Igf2, Il1rn, andNov in-
creased in response to higher glucose levels (Fig. 3D),
whereas the expression ofmostmyokines did not increase
followingdifferentiation (SupplementalFig. S4A),with the

exception of Igf2 expression, which increased (Fig. 3E).
These findings indicate that glucose and MLX regulate
the expression of myokines produced by myoblasts.

MLX promotes myokine gene transcription
by increasing histone H4 acetylation

Glucose influences gene expression by inducing chro-
matin remodeling via epigenetic modifications such as
acetylation of histones H3 and H4 (Lee et al. 2014). Con-
sidering that MLX increases H4 acetylation in proxi-
mity to Txnip (Supplemental Fig. S1D; Cha-Molstad
et al. 2009), we performed ChIP of acetylated histone H4
(H4ac) from MLX-WT-expressing and MLX-DN-express-
ing cells followed by sequencing (Fig. 4) to determine
whether MLX generally regulates H4 acetylation in prox-
imity to its target genes. Myoblasts with MLX-DN
showed overall increased H4ac near all gene promoters
(Fig. 4A), which could be explained by increased glucose
uptake by these cells (Fig. 2A). However, MLX-WT myo-
blasts displayed increased H4ac specifically in the pro-
moter regions of genes up-regulated by MLX-WT (as
determined from RNA-seq data) (Fig. 3) and decreased
H4ac in the promoter regions of down-regulated genes
(Fig. 4A; Supplemental Table S2). Interestingly, there

Figure 3. MLX regulates the expression of several
myokines. (A) Plot of RNA-seq data comparing log2
fold changes in gene expression observed in cells over-
expressing MLX-DN (Y-axis) versus log2 fold changes
seen in MLX shRNA cells (X-axis). Points are color-
coded according to the log2 fold changes in gene
expression seen in cells overexpressing MLX-WT.
Many of the genes transcriptionally regulated by
MLX encode for myokines; i.e., muscle-secreted pro-
teins (31 out of 67 MLX-regulated annotated genes).
See also Supplemental Table S1. (B) Enriched gene
set analysis shows that MLX regulates predominantly
the expression of extracellular and secreted proteins.
(C ) Fusion defects observed in myoblasts overexpress-
ing MLX-DN are rescued by conditioned culture
medium from control myoblasts. (D) Normalized ex-
pression of qPCR data indicates that MLX-WT and
glucose strongly induce the expression of severalmyo-
kines, whereas MLX shRNA and MLX-DN reduce
their expression. Data from three biological replicates
are shown. (E) Igf2 expression increases during myo-
genesis, suggesting that it is important for myoblast
fusion and differentiation. Moreover, Igf2 expression
is increased by MLX-WT and decreased by loss of
MLX activity (MLX-DN andMLX shRNA). The histo-
grams show the mean of three biological replicates ±
SEM. (∗) P < 0.05. See also Supplemental Figure S4.
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was an overall correlation between the relative levels of
H4ac and the presence of predicted MLX-binding sites; i.
e., CHORE-like motifs (Fig. 4B; Supplemental Table S3).
For example, the glucose- andMLX-regulated geneArrdc4
showed a strong H4ac signal in MLX-WT but not in MLX-
DN cells surrounding the transcriptional start site (TSS),
which also contains a CHORE motif. Similarly, the myo-
kine Lgals3bp displayed strong H4ac levels at the +1 nu-
cleosome position in MLX-WT cells, and this was
absent in MLX-DN cells. Also in this case, there was a
CHORE upstream of the TSS. This indicates thatMLX ac-
tivity is needed for the up-regulation of H4 acetylation lo-
cally at promoter regions of MLX target genes, including
myokines, presumably via its binding to CHORE motifs.
We also validated these changes in H4ac by qPCR and
found similar results (Fig. 4C). Moreover, several other
MLX target genes are similarly regulated (Supplemental
Fig. S5; Supplemental Tables S2, S3).

Although the association between CHOREs and H4ac
may hold true for several genes, CHOREs could not be

identified near Nov, which had strong MLX-dependent
H4ac centered on its TSS, suggesting possible diversions
from this model. Moreover, although there were several
CHOREs and H4ac peaks present within the Igf2 gene lo-
cus, the H4ac peak with the greatest magnitude of change
caused byMLXwas present in the final exon of Igf2as (Igf2
antisense) (Fig. 4B, arrow). This peak also had three
CHORE motifs in its vicinity (two of which contained
the canonical sequence CAGGTGnnnnnCAGGTG). Al-
though this is at somewhat of a distance (<10 kb) from
the TSS, there are well-known long-range enhancers and
promoters that drive Igf2 transcription and can be as far
as 100 kb away from the TSS (Alzhanov et al. 2010). Fur-
thermore, the site of this MLX-dependent H4ac peak has
already been described as an Igf2 promoter (dubbed the
Pm promoter) that can drive transcription of Igf2 in myo-
blasts (Duputié et al. 2012). On this basis, we propose that
DNA binding of MLX occurs via CHORE-like sequences
and that it promotes H4 acetylation near target genes, in-
cluding Igf2 and other myokines.

Figure 4. Histone H4 acetylation occurs specifically at MLX target genes and is dependent on MLX DNA binding. (A) ChIP-seq (ChIP
combined with deep sequencing) data for H4ac demonstrate overall H4ac enrichment around the TSSs of genes in MLX-WT and MLX-
DN myoblasts and the presence of nucleosome-free regions in close proximity to the TSSs. Overall, a global increase in H4ac levels is
observed inMLX-DN cells compared withMLX-WT.However, genes specifically up-regulated byMLX-WT (and having decreased expres-
sion with MLX-DN and MLX shRNA) show increased H4 acetylation, whereas genes down-regulated by MLX show decreased H4 acet-
ylation. (B) Examples of MLX target genes that show increased H4ac levels in MLX-WT compared with MLX-DN. RNA-seq tracks show
transcript levels, and computationally identifiedMLX-binding CHOREs (denoted with an asterisk) that lie in close proximity to the H4ac
peaks are identified below. (C ) ChIP-qPCRvalidation of H4ac enrichment at the promoter regions ofMLX target genes in response to over-
expression of MLX-WT (red) compared with MLX-DN (green). Arrows in B indicate regions displaying H4ac peaks that have been further
validated by ChIP-qPCR. See also Supplemental Figure S5 and Supplemental Tables S2 and S3.
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IGF2 is a myokine regulated by MLX
and promotes myogenesis

We tested whether exogenous addition of any of these
MLX-induced myokines regulates myoblast fusion. Re-
combinantmousemyokines were added to differentiation
media of control and MLX-DN-overexpressing myoblasts
at concentrations of 1, 10, and 100 ng/mL, and myotube
formation was monitored. No recombinant myokine
was able by itself to induce fusion of MLX-DN myoblasts
(Supplemental Fig. S4B), except for 10 and 100 ng/mL
IGF2 (Fig. 5A). Concentrations of 100 ng/mL IGF2 also en-
hanced fusion of control myoblasts (Fig. 5A).
Given the capacity of IGF2 to rescue the myoblast fu-

sion defects due toMLX-DN, we tested whether Igf2 tran-
scriptional changes induced by MLX indeed result in
corresponding changes in IGF2 protein levels. To this pur-
pose, we measured IGF2 protein levels by ELISA from un-
differentiated myoblasts and differentiating cultures at
days 2 and 4. Measurement of IGF2 levels in conditioned
medium and cell lysates indicated that IGF2 protein levels
increase during myogenesis and in response to MLX-WT
overexpression, particularly in the conditioned medium
but also in the cell lysates. Conversely, IGF2 protein levels
were low inmyoblasts overexpressingMLX-DN andMLX
shRNA (Fig. 5B). This confirms that changes in Igf2 ex-
pression lead to corresponding changes in intracellular
and, most notably, secreted IGF2 protein levels.

To test whether changes in IGF2 protein levels induce
corresponding changes in IGF2 signaling, we monitored
by Western blot phospho-Akt (Ser473) levels, which in-
crease in response to exogenous IGF2. As predicted by
the progressive increase in Igf2 expression and IGF2 pro-
tein levels during myogenesis, phosphorylation of Akt in-
creases during the course of muscle differentiation.
Moreover, increasedAkt phosphorylationwas found in re-
sponse to MLX-WT overexpression, whereas myoblasts
with MLX-DN and MLX shRNA had lower phospho-Akt
levels (Fig. 5C), consistent with IGF2 mRNA and protein
changes elicited by MLX gain and loss of function. IGF2
has been previously shown to be produced by myoblasts
(Florini et al. 1991a; Erbay et al. 2003) and stimulate myo-
genic differentiation via Akt (Florini et al. 1991b; Yoon
and Chen 2008; Markljung et al. 2009). To test whether
Akt is indeed a key mediator of myoblast fusion down-
stream fromMLX/IGF2 signaling, we used pharmacologi-
cal inhibitors of Akt and found that they prevented MLX-
and IGF2-induced myoblast fusion following induction of
differentiation (Supplemental Fig. S6A–C).
We then tested the responsiveness of MLX-WT-overex-

pressing and MLX-DN-overexpressing cells to IGF2. In
control cells, concentrations of IGF2 between 50 and
100 ng/mL increased the fusion index from control levels
of 25% up to 40%. When exposed to exogenous IGF2,
myoblasts overexpressing MLX-DN gradually increased
their fusion index from 0% (with 1 ng/mL IGF2) up to

Figure 5. MLX promotes myogenesis via
IGF2 signaling. (A) Of several MLX-induced
myokines, only IGF2 induces myogenesis and
rescues myoblast fusion defects caused by
MLX-DN overexpression. Immunostaining
for α-actin (red) and DAPI (4′,6-diamidino-2-
phenylindole) (blue) is shown. See also Supple-
mental Figure S4. (B) ELISA measurement of
IGF2 levels in conditioned cell culture medi-
um and cellular lysates indicates that IGF2 pro-
tein levels increase as differentiation proceeds
and in response to MLX activity (MLX-WT),
whereas loss of MLX function (MLX-DN and
MLX shRNA) decreases IGF2 protein levels.
The histograms show the mean of three differ-
ent experiments ±SEM. (∗) P < 0.05. (C ) Treat-
ment of serum-deprived muscle cells (−) with
recombinant mouse IGF2 (+) increases phos-
pho-Akt levels (Ser473). Akt phosphorylation
also increases during myogenesis ([Mb] myo-
blast; [D2] day 2 of differentiation; [D4] day 4
of differentiation) coincident with increased
Igf2 mRNA and protein levels. Loss of MLX
function (MLX-DN andMLX shRNA) decreas-
es Akt phosphorylation, whereas MLX-WT
increases it, indicating that MLX regulates
IGF2/Akt signaling. (D) The dose response

curve of the myoblast fusion index in response to IGF2 levels indicates that while exogenous addition of recombinant mouse IGF2 to cul-
ture medium stimulates fusion in control cells, myoblasts overexpressing MLX-WT are insensitive and appear to have already reached a
maximum level of myoblast fusion. In addition, IGF-2 rescues myoblast fusion defects due to MLX-DN overexpression. (E) Myoblasts
overexpressing IGF2 have increased fusion at low levels of glucose that are normally not permissive for fusion, similar to MLX-WT over-
expression (shown inD). Themean of three biological replicates ±SEM is shown, with P < 0.05 comparedwith the respective control at the
same concentration of IGF2/glucose.
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normal control levels (25%) with 25 ng/mL IGF2 and
further increased to 40% at the maximum IGF2 concen-
tration of 100 ng/mL. The fusion index of myoblasts over-
expressing MLX-WT remained steady at ∼40% with all
concentration of IGF2 ranging from 1 to 100 ng/mL, sug-
gesting that myoblast fusion is already maximal in these
cells due to MLX-induced Igf2 expression (Fig. 5D). Simi-
larly, myoblasts overexpressing IGF2 displayed a higher
fusion index than control cells at all glucose concentra-
tions, including low glucose levels that are typically not
permissive for myoblast fusion (Fig. 5E). Therefore, there
is strong interdependence between MLX, IGF2, and glu-
cose levels during myogenesis. Altogether, our data are
consistent with an important role for autocrine and para-
crine IGF2/Akt signaling in stimulating myoblast fusion
and differentiation downstream from MLX.

Muscle regeneration is impaired
in muscles of MLX-null mice

To further investigate the role of MLX in myogenesis, we
analyzed the muscles of MLX-null mice (Mlx−/−). The
tibialis anterior muscles from 12-wk-old mice lacking
MLX appeared essentially normal when compared with
wild-type (Mlx+/+) controls, with no signs of pathology or
impaired muscle development (Fig. 6A), suggesting that
fetal myogenesis is unaffected by loss of MLX. Measure-
ment of muscle and myofiber size revealed that, indeed,
there were no changes in the proportional area of tibialis
anterior muscles from control andMlx−/− mice, although
therewas a slight increase in the proportion of largermyo-
fibers in Mlx−/− muscles (Fig. 6B). In response to injury,
myogenesis can also occur in adults in order to regenerate
damaged muscles. Importantly, IGF2 is a key myokine
known to regulate adult muscle regeneration (Ge et al.
2009; Ikemoto-Uezumi et al. 2015). We therefore tested
whether MLX regulates muscle regeneration via IGF2 sig-
naling. When injected with cardiotoxin, tibialis anterior
muscles of wild-type mice efficiently removed necrotic
myofibers and displayed regenerating centrally nucleated
myotubes 7 d after injury, whereas MLX-null mice had
persistent necrotic myofibers and reduced fusion of myo-
tubes, indicating impaired regeneration (Fig. 6A). Remark-
ably, cardiotoxin-injured tibialis anterior muscles from
Mlx−/− mice displayed impaired regeneration exemplified
by an overall decrease in muscle area accompanied by an
increased proportion of smaller-sizedmyotubes compared
with isogenic controls (Fig. 6B). Consistent with reduced
myoblast fusion due to the absence of MLX, the ex-
pression of its transcriptional targets was also perturbed
in regenerating muscle. Decreased Mlx mRNA levels co-
incided with a severe loss of Txnip expression, which
was not influenced by cardiotoxin (Fig. 6C). Igf2 mRNA,
on the other hand, was dramatically up-regulated follow-
ing cardiotoxin injury, but the increase in Igf2 expression
was significantly blunted in Mlx−/− muscles, similar to
what is seen in myoblasts lacking MLX activity (Figs.
3,4). Other myokines regulated by MLX that were identi-
fied from RNA-seq (Fig. 3), including Thbs2, Col6a1,
Col6a2, andNov, showed transcriptional regulation simi-

lar to that of Igf2 (Supplemental Fig. S7), suggesting that
they may also contribute to muscle regeneration. Alto-
gether, these findings indicate that MLX is necessary for
efficient muscle regeneration in vivo and that this is due
to its capacity to regulate the expression of Igf2 and other
myokines.

Discussion

Insulin resistance and diminished intracellular uptake of
glucose are components of both aging and diabetes, but
it is largely unknownwhether they are causally associated
with the decline in the regeneration of muscle and other
tissues that is observed in these conditions. One possibil-
ity is that limited glucose uptake leads to lower ATP pro-
duction and thus indirectly compromises regeneration by
affecting cellular resources available for this process. Al-
ternatively, glucose may act as a signaling molecule that
directlymodulates pathways responsible for regeneration.
This study demonstrates a previously unanticipated role
for the glucose-sensing transcription factor MLX in regu-
lating the differentiation and growth of muscle cells via
myokine signaling (Fig. 7), suggesting that altered MLX
signaling may contribute to decreased regeneration in
many disease conditions.

Much of the research onMLX to date has focused on its
role in sensing changes in glucose levels in hepatocytes
and concordantly adjusting glucose metabolism by in-
creasing the expression of target genes involved in glycol-
ysis and negatively regulating glucose uptake (Ma et al.
2005; Postic et al. 2007; Stoltzman et al. 2008; Peterson
et al. 2010). However, we found that MLX does not
regulate glycolysis in muscle precursor cells. Moreover,
although MLX increases the expression of Txnip (a nega-
tive regulator of glucose uptake) in muscle cells, we ob-
served no changes in the expression of other reported
MLX target genes associated with glucose metabolism.
Therefore, glucose metabolism does not account for the
modulation of myogenesis by MLX gain and loss of func-
tion. However, muscle progenitor cells have low glucose
uptake and metabolism compared with contracting mus-
cle cells, suggesting that MLX may regulate glucose
metabolism in other circumstances. In linewith thismod-
el, muscle-specific loss of MLXIP does not affect glucose
metabolism in the resting state but leads to higher lactate
levels in response to short-term fasting and exercise (Min-
ako et al. 2014). This paradoxical effect, opposite to what
is expected, is due to the interaction of MLXIP with PGC-
1α and does not require CHOREmotifs andMLX (Minako
et al. 2014). Future studies will determine whether MLX
can influence glucose metabolism in muscles under spe-
cific circumstances.

Surprisingly, we found that MLX regulates the expres-
sion of several muscle-secreted signaling proteins (myo-
kines) that are also induced by glucose. Among these,
IGF2 recapitulated the effects of MLX in modulating glu-
cose-induced myogenesis by activating the kinase Akt,
which is known to be required for myoblast fusion down-
stream from IGF2 (Jiang et al. 1999). In glucose-restricted
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conditions, myoblasts with increased MLX activity and
IGF2 levels indeed fused to a much greater degree than
controlmyoblasts, indicating that glucose-induced signal-

ing mediated byMLX/IGF2/Akt can promote myogenesis
in unfavorable conditions. These findings are in line with
a previous study that has shown that glucose can promote

Figure 6. Mlx-null mice have impaired muscle regeneration. (A) Representative histology images from uninjured and injured tibialis an-
terior muscles undergoing regeneration 7 d after cardiotoxin injection (D7 CTX) from Mlx-null (Mlx−/−) and wild-type (Mlx+/+) isogenic
controlmice at 12wkof age. The top panels showhematoxylin/eosin staining,whereas thebottom panels show immunostaining for Lam-
inin (green; amarker defining the externalmyofiber boundaries), nuclei (blue), and F-actin (red; which indicates viablemyofibers, whereas
its absence defines necrotic myofibers). In wild-type mice, muscle regeneration is completed 7 d after cardiotoxin injection (D7 CTX), re-
sulting in the formation of myofibers completely filling external boundaries. Conversely, Mlx-null mice have impaired muscle regener-
ation, as indicated by persistence of numerous necrotic myofibers (indicated by asterisks) and the presence of small myotubes (indicated
by arrows) that incompletely fill external boundaries left by priormyofibers. (B) The proportionalmuscle area (calculated as the percentage
of total muscle area occupied by F-actin-positive myofibers) is similar in Mlx-null and wild-type muscles in uninjured conditions but is
decreased significantly in regenerating Mlx-null muscles compared with wild-type controls. This indicates that muscle regeneration is
impaired due to insufficientmyogenesis inMlx-null mice. Frequency distributions ofmyofiber andmyotube diameters show a small shift
to the right in uninjured Mlx-null myofibers compared with wild-type. However, there is an increased proportion of small myotubes
(<30 µm in diameter) 7 d after cardiotoxin injection in Mlx-null muscles compared with wild-type controls, indicating impaired regener-
ation and insufficient fusion ofMlx-null myoblasts. Coincident changes are seen in the mean diameter of myotubes. Frequency distribu-
tions represent >2000 cell measurements pooled from individual animals for each genotype and condition. (C ) qPCR analysis ofMlx and
Txnip levels confirms thatMLX activity is decreased inmuscles fromMlx-nullmice.Moreover, Igf2 up-regulation induced by cardiotoxin
injection is significantly blunted inMlx-null muscles, which explains their defective regeneration. The histograms show themean of four
or more biological replicates ±SEM. (∗) P < 0.05 compared with the wild-type isogenic controls.
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myogenesis by decreasing the activity of the energy-sens-
ing AMPK kinase (Fulco et al. 2008). In this respect, it is
interesting to note that AMPK can also inhibit nuclear
translocation and transcriptional activity of MLX he-
terodimers via phosphorylation (Kawaguchi et al. 2002),
suggesting that low glucose can block myogenesis by
inhibiting MLX/IGF2 signaling via AMPK. Moreover,
AMPK inhibits mTOR, with which both MLX (Carroll
et al. 2015) and MLXIP (Kaadige et al. 2015) functionally
interact, suggesting multiple levels of cross-talk between
MLX and nutrient-sensing pathways. We therefore pro-
pose that the glucose-sensing transcription factor MLX
and myokine signaling may encompass a novel part of
the molecular pathway necessary for glucose-induced
adaptive myogenesis. Given its widespread expression,
MLX may modulate the transcription of secreted signal-
ing proteins in response to glucose in many cell types,
which was also implicated by a recent study in colorectal
cancer cells (Nam et al. 2015). Therefore, our study indi-
cates thatMLX has more diverse roles than previously an-
ticipated, presumably in concert with the large network of
positive and negative transcriptional regulatory factors to
which it belongs (Diolaiti et al. 2015).

We discovered a role for MLX in the production of IGF2
and other myokines by myoblasts in response to glucose.
Although Igf2 expression was known to increase during
muscle differentiation (Kou and Rotwein 1993) and regen-
eration (Levinovitz et al. 1992) and to modulate these pro-
cesses, there have not been any transcriptional activators
of Igf2 described to date, and only negative regulators of
Igf2 expression were known (Markljung et al. 2009;
Duputié et al. 2012). We found that glucose and MLX in-
duce Igf2 transcription, whereas MLX-DN and MLX
shRNA reduce its expression. Our study therefore ad-

dresses this important area of research by demonstrating
that MLX transcriptionally activates Igf2 expression in a
glucose-dependent manner during myogenesis. Although
the presence of MLX-binding sites (CHORE motifs) and
modulation of histone H4 acetylation suggest a direct
role for MLX in regulating Igf2 expression, it remains pos-
sible that indirect mechanisms are also involved.

Consistent with our findings that MLX regulates myo-
blast fusion and differentiation in vitro, we found that
muscle regeneration is impaired in Mlx-null mice. Com-
pared with controls, loss of MLX resulted in persistence
of necroticmyofibers, reducedmyotube fusion, lower pro-
portional muscle area, and decreased expression of Igf2
and other injury-induced myokines. Both the reduced
myotube fusion and the persistence of necrotic myofibers
observed in Mlx-null muscles undergoing regeneration
could be explained by reduced Igf2 expression because re-
generating aged muscles (which have reduced Igf2 expres-
sion) of wild-type mice display similar alterations, and
these can be rescued by IGF2 administration (Ikemoto-
Uezumi et al. 2015). Therefore, IGF2 is a key mediator
of the myogenic functions of MLX. However, MLX induc-
es the expression of several other myokines in addition to
IGF2, and therefore it is possible that regeneration deficits
observed in muscles ofMlx-null mice derive also from re-
duced transcription of these myokines.

The remarkable similarity between the impaired regen-
eration of aged wild-type mice and young Mlx-null mice
suggests a possible role for MLX in the maintenance of
muscle homeostasis throughout aging via regulation of
myokine expression. On this basis, MLX could delay the
progression of sarcopenia (the age-related loss of skeletal
muscle mass and function) and promote muscle growth
and regeneration in the context of many debilitative dis-
eases characterized by muscle atrophy (Demontis et al.
2013b; Piccirillo et al. 2014).

In summary, we found that MLX is a transcriptional
sensor of glucose levels in muscle cells and that it orches-
trates adaptive glucose-induced myogenesis by regulating
the expression of several myokines. IGF2 is a keyMLX-in-
duced myokine that stimulates myoblast fusion and dif-
ferentiation via Akt in response to glucose and muscle
injury. Considering that the activity of glucose-responsive
pathwayschangesduringdevelopment, aging, anddiseases
characterized by metabolic dyshomeostasis, our findings
provide a possible mechanistic basis for understanding
howglucose acts as a signalingmolecule to controlmuscle
cell fate in different physiologic and pathologic contexts.

Materials and methods

Cell culture methods

The mouse myoblast C2C12 cell line (American Type Culture
Collection, CRL-1772) was maintained in standard conditions;
i.e., in high-glucose (4.5 g/L, equivalent to 25 mM) DMEM
containing 10% FBS and supplemented with GlutaMax (Life
Technologies) in a 5%CO2 incubator at 37°C. To induce differen-
tiation, C2C12 cells were grown to near confluence in 10%
FBS-containing growth medium and subsequently in

Figure 7. The glucose-sensing transcription factor MLX pro-
motes myogenesis via myokine signaling. Diagram that summa-
rizes the role of MLX in myogenesis and muscle regeneration. In
response to glucose, MLX is activated in myoblasts, translocates
from the cytoplasm to the nucleus, binds toDNACHOREmotifs,
increases histone H4 acetylation (Ac) at target gene promoters,
and increases the expression of target genes. Myokines such as
IGF2 are transcriptionally activated by MLX. Once secreted,
IGF2 can in turn activate cell-autonomously and cell-nonautono-
mously the myogenic kinase Akt by promoting its phosphoryla-
tion. Akt promotes myoblast fusion and differentiation and
thus allows for formation of syncytial muscle cells (myotubes).
We propose that the decreased muscle regenerative capacity ob-
served during aging and diseases characterized by altered glucose
homeostasis may be due to altered MLX and myokine signaling.
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differentiation medium containing 2% normal horse serum in
DMEM, which was changed daily. Quantitation of the fusion in-
dex (i.e., the proportion of total nuclei present within syncytial
myotubes with three or more nuclei) was calculated following 8
d of differentiation using confluentmyoblasts (at day 0 of differen-
tiation, immediately prior to the addition of differentiationmedi-
um) as a comparison. Because a plateau in myoblast fusion was
observed by day 4 of differentiation, most experiments were
done at day 4 of differentiation. For rescue experiments with con-
ditioned cell culture medium, myoblasts overexpressing MLX-
DNwere cultured with conditioned culture medium from differ-
entiating entry vector controlmyoblasts, and themediumwas re-
placed every day for 4 d before imaging by phase contrast
microscopy. For experiments with recombinant myokines, these
were added to the differentiation cell culture medium at 100 ng/
mL, and themediumwas replaced daily until day 4 before immu-
nostaining. Myotube formation with 100 ng/mL recombinant
protein is shown in Figure 4C and Supplemental Figure S4. Re-
combinant myokines were purchased from the following suppli-
ers: NOV from Genetex (GTX48170-PRO), IL1RN from Abnova
(P4498), LGALS3BP from Abnova (H00003959-P01), IGF2 from
Biolegend (588204), and CCL2 and CCL7 from RND Biosystems
(479-JE-010/CF and 456-MC-010). The HEK293 subcloned cell
line 293FT, which was used to produce lentiviral vectors, was
maintained in 10% FBS containing DMEM.

Skeletal muscle regeneration experiments in mice

All mice were housed and handled in accordance with approved
St. Jude Children’s Research Hospital Institutional Animal Care
and Use Committee protocols. C57BL6 mice carrying MLX-null
mutationswere generated by partial deletion of theMlx coding se-
quenceand aredescribed indetail byPACarroll andRNEisenman
(in prep.). Micewere genotyped before experimental use, and lack
ofMLX activitywas confirmed by qPCR forTxnip and otherMLX
target genes. For skeletalmuscle regeneration experiments, 50 µL
of cardiotoxin was injected into the tibialis anteriormuscle of 12-
wk-old male mice at a concentration of 0.1 mg/mL in PBS. Seven
days after injection, the muscles were excised and frozen in iso-
pentane cooledwith liquid nitrogen for histology and snap-frozen
in liquid nitrogen for RNA extractions and qRT–PCR. Frozen
sections were cut to 10 µm and fixed for 15 min with 4% parafor-
maldehyde. Sections were then washed, blocked, and immunos-
tained for Laminin (clone 4H8-2; Santa Cruz Biotechnology,
sc-59854), DAPI (4′,6-diamidino-2-phenylindole), and Alexa fluor
633-conjugated phallodin and analyzed with the Nikon NIS Ele-
ments software to determine the Feret’s minimal diameter of
myofibers and myotubes using Laminin and phalloidin staining,
respectively.

Cloning

To obtain a vector for overexpression of MLX-WT, its cDNA
(NM_01550.3) was cloned by PCR into the MCS of the
pCDH-EF1-MCS-T2A-GFP lentiviral expression vector (System
Biosciences) in-frame with T2A-GFP and sequence-verified.
MLX-ΔN121 (a putative constitutive active) (Iizuka et al. 2009)
was obtained by PCR and consisted of nucleotides 360–894 of
theMLXORF. AMLX-DN construct was obtained bymutagene-
sis of MLX-WT by introducing the R141A and R142S mutations,
which have been previously shown to allow for heterodimeriza-
tion but prevent DNA binding, thus inhibiting transcription
(Ma et al. 2005). Control nontargeting andMLX targeting lentivi-
ral shRNAs were purchased fromOrigene (TL513600) in a pGFP-
C-shLentiviral vector.

Lentiviral transduction

Lentiviral-mediated transduction of myoblasts was achieved by
cotransfecting 293FT cells with the lentiviral long-terminal re-
peat-containing expression vectors alongside the packaging vec-
tors pCMV8.9 and pVSV-G to produce VSV-G pseudo-typed
lentiviral vectors. Viral titers were measured by serial dilution
and transduction of 293FT cells. C2C12 cells were then trans-
duced with lentiviral vectors at a multiplicity of infection of
100 with 8 µg/mL polybrene for 24 h and expanded. pCDH-EF1-
MCS-T2A-GFP lentiviral transduced cells were 100% GFP-posi-
tive and maintained transgenic GFP and MLX expression persis-
tently. Following transduction, shRNA transduced cells were
further selectedwith 2 µg/mL puromycin for 7 d, and knockdown
was tested by qPCR. TG513600A/GI580306 MLX shRNA result-
ed in a >70% decrease in MLX mRNA levels relative to the non-
targeting shRNA (TR30021) control (Fig. 1), while the other three
shRNA were not efficacious in knocking down MLX levels (data
not shown).

ELISA

For measuring IGF2 levels in conditioned cell culture medium
and cell lysates, the mouse IGF2 Duoset ELISA kit (RND Bio-
systems, DY792) was used following the manufacturer’s instruc-
tions. Conditioned medium was collected after 8 h of incubation
with cells, whereas cell lysates were obtained by washing cells
with PBS with protease inhibitors and lysing them in PBS by
freezing–thawing three times. The conditioned medium and ly-
sate samples were centrifuged, and the supernatants were used
for measuring IGF2 levels.

Western blot

Four days after differentiation, muscle cells cultured in 12-well
plates were washed with cold PBS and lysed on ice with 200 µL
of RIPA buffer with protease and phosphatase inhibitors. Protein
concentrations were quantitated with the Bio-Rad protein assay,
and all samples were standardized in order to load 20 µg of protein
per polyacrylamide gel lane. PAGE was performed, and proteins
were transferred to PVDF membranes for probing. Membranes
were blocked with 5% milk powder and incubated with primary
antibodies overnight at 4°C before incubation with secondary an-
tibodies for 2 h and chemiluminescence imaging. Primary anti-
bodies used were rabbit anti-phospho-Akt (Ser473) D9E (Cell
Signaling, 4060), rabbit anti-phospho-Erk antibody (Cell Signal-
ing, 9101), rabbit anti α-tubulin 11H10 (Cell Signaling, 2125),
andmouse polyclonal anti-MLX (Abcam, ab167286; thisweak-af-
finity antibody detects MLX upon overexpression but not its en-
dogenous levels).

Immunostaining

Cells were fixed by adding 1 vol of 4% paraformaldehyde to 1 vol
of culture medium and incubating for 15 min at room tempera-
ture. Cells were then permeabilized with 0.1% Triton X-100,
blocked with 2% BSA and 2% horse serum for 2 h, and then incu-
batedwith primary antibody overnight at 4°C followed bywashes
and incubation with Alexa fluor 488- and 555-conjugated second-
ary antibodies and DAPI. The primary antibodies used were
mouse polyclonal anti-MLX (Abcam, ab167286), mouse IgM
anti-α-actin 5C5 (Santa Cruz Biotechnology, sc-58670), and
mouse anti-myogenin F5D (Dako, IR067), all at a dilution of
1:100. Myogenin levels were assessed by immunostaining after
differentiation because myoblasts are myogenin-negative prior
to addition of differentiation medium. EDU staining was
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performed following EDU labeling for 2 h in culture and following
the recommended instructions using the Click-iT EdUAlexa flu-
or 555 imaging kit (Life Technologies, C10338).

Image analysis

Image analysis was done with ImageJ (Schneider et al. 2012).
ImageJ was used to derive the fusion index by counting the nuclei
present in syncytial myotubes and within mononucleated myo-
blasts, the percentage of total nuclei within myotubes, and the
percentage of EDU- and myogenin-positive nuclei. ImageJ was
also used to quantitate the area of myotubes to derive the myo-
tube size to nuclei ratio.

ChIP

ChIP was performed from C2C12 cells cultured in 15-cm dishes
following fixation in 1% formaldehyde for 10 min, quenching
with 125mMglycine for 5min, washingwith PBS, and collection
of the cells by centrifugation. Subsequently, ActiveMotif’s ChIP-
IT Express kit (catalog no. 53008) was used following the manu-
facturer’s instructions. In brief, collected cells were lysed with
kit buffers and dounce-homogenized. The nuclear pellet was
then sonicated, and chromatin was sheared using a Diagenode
Bioruptorwith 10 pulses each of 17 sec on and 43 sec off. Chroma-
tin shearing efficiency was assessed by sample purification and
gel electrophoresis and consistently yielded sheared chromatin
within the range of 200–1000 base pairs (bp), with intense foci
around 300–400 bp. Once chromatin shearingwas confirmed, im-
munoprecipitation was performed by incubating 3 µg of antibody
with 40 µL of chromatin sample and 25 µL of protein Gmagnetic
beads in a total volume of 100 µL overnight at 4°C on a tube rota-
tor. The beads were then washed and eluted, and the eluted sam-
ple was reverse-cross-linked and digested with proteinase K. The
eluted DNA was purified using the ReliaPrep FFPE gDNA mini-
preparation system (Promega) for real-time qPCR. The fold en-
richment was calculated as the proportional change from the
naïve IgG control without glucose treatment. The antibodies
used were naïve rabbit IgG (EMD Millipore, 12-370) and sc-
14705 (Santa Cruz Biotechnology), sc-133397 (Santa Cruz Bio-
technology), 13-2500 (clone 9E10, Thermo Fisher Scientific),
and 06-598 (EMD Millipore) for MLX, MLXIP, MYC, and H4ac,
respectively. Note that the anti-MLX and anti-MLXIP antibodies
used here for ChIP-qPCR experiments appear to have low affinity
because, in ChIP-seq (ChIP combined with deep sequencing) ex-
periments, peaks could be called only at the Txnip promoter
but nowhere else in the genome. Oligonucleotides used for
ChIP-qPCR experiments are listed in Supplemental Table S4,
and we confirmed that enrichment was not present at a control
locus distal from the promoter (Txnip flanking).

ChIP-seq and data analysis

ForChIP-seq, librarieswere prepared from10ng ofDNAusing the
NEB Next ChIP-seq library preparation reagent set for Illumina
with NEB Next high-fidelity 2× PCR master mix according to
the manufacturer’s instructions (New England Biolabs) with the
followingmodifications: A second 1:1Ampure cleanupwas added
after adaptor ligation, theAmpure size selection step prior to PCR
was eliminated, and the 72°C extension step of the PCR was
lengthened to 45 sec. Completed librarieswere analyzed for insert
size distribution on a 2100 BioAnalyzer high-sensitivity kit (Agi-
lent Technologies) or Caliper LabChip GX DNA high-sensitivity
reagent kit (PerkinElmer). Libraries were quantified using the
Quant-iT PicoGreen dsDNA assay (Life Technologies) and Kapa
library quantification kit (Kapa Biosystems) or low-pass sequenc-

ingon aMiSeqnanokit (Illumina). Fifty-cycle single-end sequenc-
ing was performed on an Illumina HiSeq 2500 for DNA obtained
from MLX-WT and MLX-DN samples immunoprecipitated for
H4ac with three replicates for each sample, including input chro-
matin. For all of these ChIP-seq data, we used BWA (version
0.5.9-r26-dev, default parameter) to align the reads to mouse ge-
nomemm9 (MGSCv37 from Sanger) and thenmarked duplicated
reads with Picard (version 1.65 [1160]), with only nonduplicated
reads kept by Samtools (parameter “-q 1 -F 1024” version 0.1.18
[r982:295]). To control the quality of the data and estimate the
fragment size, the nonduplicated version of SPP (version 1.11)
was used to draw cross-correlation with support of R (version
2.14.0) using the packages caTools (version 1.17) and bitops (ver-
sion 1.0–6). All of our data passed quality control following
ENCODE criterion. Upon manually inspecting the cross-correla-
tion plot generated by SPP, the best fragment size estimates (the
smallest fragment size estimated by SPP in all of our cases) were
used to extend each read and combine replicates to generate big-
wig files to view on IGV (version 2.3.40). After we observed the
high consistency between replicates, we scaled the bigwig files
and normalized them to 60 M reads so that the heights of peaks
between samples are roughly comparable. We generated the nor-
malized H4ac signal on the bigwig files by bigWigSummary from
University of California at Santa Cruz and averaged it across gene
sets (Kent et al. 2010). In order to identify regions of variable H4
acetylation with MLX genotypes, we considered the read count
ratio versus input normalized by total reads; i.e., (Rep1 + Rep2
+ Rep3 + 1)/(Input1 + Input2 + Input3 + 1)/(TotalRep1 + TotalRep2
+ TotalRep3)∗(TotalInput1 + TotalInput2 + TotalInput3) for 4-kb
regions centered around the TSS from the RefSeq database. This
allowed for identification of differentially acetylated promoter re-
gions that was further confirmed by ChIP-qPCR. ChIP-seq results
are available at the Gene Expression Omnibus (GEO) with GEO
accession number GSE74678.

Computational prediction of CHORE motifs

To predict potential CHORE-like sequences in proximity toH4ac
peaks, we used putative CHORE sequences previously identified
from ChIP-seq of MLXIPL (CHREBP) in human adipose and liver
tissue (Poungvarin et al. 2015) to generate a position weight ma-
trix. This matrix was used to scan the motif matches on the
mouse mm9 genome by STORM (Schones et al. 2007), with a
P-value cutoff of 1 × 10−5.

Real-time qPCR

RNA was extracted from cultured cells with Trizol reagent (Life
Technologies) followed by RNEasy minikit (Qiagen) cleanup
and DNase treatment. RNA was quantitated, and 500 ng was re-
verse-transcribed into cDNA using iScript cDNA synthesis kit
(Bio-Rad). The resulting cDNA was used for qPCR with SYBR
Green (Bio-Rad) with validated oligonucleotides for specific tran-
scripts. Normalized expression of qPCR data was obtained by fol-
lowing the ΔΔCt method and using the housekeeper genes Ppia
(for cell culture samples) and Hprt (for regeneration studies),
which were previously found to be reliable normalization control
genes inmyoblast culture conditions andmuscle regeneration ex-
periments (Hunt et al. 2013). Oligonucleotide sequences used for
qPCR are listed in Supplemental Table S4.

RNA-seq and data analysis

RNA was extracted as described above. Three biological repli-
cates were prepared for RNA-seq with the TruSeq stranded
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mRNA library preparation kit (Illumina) and sequenced on the
Illumina HiSeq 2000 platform. FastQ sequences were map-
ped to the mouse mm9 genome by StrongARM, developed for
the Pediatric Cancer Genome Project (Downing et al. 2012).
Mapped reads were counted with HTSeq (Anders et al. 2015),
and gene-level FPKM (fragments per kilobase per million
mapped fragments) values were computed. All sample data
were collated into a matrix using R (3.0.1) and log start-trans-
formed [log2(FPKM+ 1] in STATA/MP 11.2. Genes were statisti-
cally tested by class (t-test, unequal variance t-test per gene).
Bonferroni correction and false discovery rates (FDRs) were de-
termined to allow both strict and modest multiple comparison
filtering (PartekGenomics suite 6.6). Six-hundred-fifty-five genes
were selected that had an absolute value log ratio of at least 1 in at
least one comparison and passed FDR at 5% (vs. respective con-
trols). We then filtered for genes that showed concordant regula-
tion with MLX-WT, MLX-DN, and MLX shRNA; i.e., genes that
change in the same directions inMLX-DNandMLX shRNAsam-
ples and do not have the same directional change in theMLX-WT
samples. The 80 genes concordantly regulated byMLXwere iden-
tified because they satisfied a minimum of two out of three of the
following requirements: a significant change of at least 1.5-fold
compared with control for (1) MLX-WT, (2) MLX-DN, and (3)
MLX shRNA; that is, the 80 selected genes were either regulated
consistently by bothMLX-DNandMLX shRNAor in an opposite
fashion by MLX-WT and MLX-DN and/or MLX shRNA. These
were analyzed for enriched gene sets by using the SwissProt PIR
(SP_PIR) and DAVID. The results of RNA-seqmapping and quan-
titation, the 80 selected genes, and the enriched gene clusters are
presented in Supplemental Table S1. RNA-seq results are avail-
able at the Gene Expression Omnibus with accession number
GSE70028.

Metabolic analyses

Extracellular lactate from cell culture medium was quantitated
with the glycolysis cell-based assay kit (Cayman Chemical).
Glucose uptakewasmeasuredwith the glucose uptake cell-based
assay kit (CaymanChemical) following the plate-readingmethod
indicated in the manufacturer’s instructions. Seahorse analysis
was done using a Seahorse XF24 analyzer, the XF glycolysis stress
test kit, and the XF cell mito stress test kit after optimization of
drug concentrations for C2C12 cells (the concentrations used are
indicated in Fig. 2).

Statistical analyses and calculations

Data shown represents themean ± SEMwith aminimumof three
biological replicates. Statistical comparisons between groups
were done using GraphPad Prism software and one-way or two-
way ANOVAwith Dunnet’s multiple comparison tests for assays
with one and two variables, respectively. Z-score calculations,
RNA-seq graphs, and heat maps were generated with Spotfire
DecisionSite software.
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