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Epigenetic regulatory mechanisms are increasingly recognized as crucial
determinants of cellular specification and differentiation. During muscle cell
differentiation (myogenesis), extensive remodelling of histone acetylation and
methylation occurs. Several of these histone modifications aid in the expres-
sion of muscle-specific genes and the silencing of genes that block lineage
commitment. Therefore, the identification of new epigenetic regulatory mech-
anisms is of high interest. Still, the functional relevance of numerous histone
modifications during myogenesis remain completely uncertain. In this study,
we focus on the function of H3K36me3 and its epigenetic writer, SET
domain containing 2 (SETD2), in the context of muscle cell differentiation.
We first observed that SETD2 expression increases during myogenesis. Tar-
geted depletion of SETD2 in undifferentiated (myoblasts) and differentiated
(myotubes) muscle cells reduced H3K36me3 levels and induced profound
changes in gene expression and slight alterations in alternative splicing, as
determined by deep RNA-sequencing analysis. Enzymes that function in
metabolic pathways were upregulated in response to SETD2 depletion. Fur-
thermore, we demonstrated that upregulation of several glycolytic enzymes
was associated with an increase in intracellular pyruvate levels in SETD2-
depleted cells, indicating a novel role for SETD2 in metabolic programming
during myogenesis. Together, our results provide new insight into the sig-
nalling pathways controlled by chromatin-modifying enzymes and their asso-
ciated histone modifications during muscle cell differentiation.
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SETD2 affects myogenic metabolism and splicing

Introduction

During cellular differentiation, extensive changes in
gene expression occur. These transcriptional changes
coincide with, and are sometimes regulated by, chro-
matin alterations at the same loci. Loss of function
mutations in histone reader, writer, and eraser
enzymes are common in developmental diseases and
cancer, suggesting that these proteins, and the chro-
matin marks they modify, aid in regulating gene
expression during cellular differentiation and the main-
tenance of tissue homeostasis [1].

The skeletal muscle cell differentiation program
(myogenesis) is highly regulated by a combination of
extracellular signals, transcriptional factors, microRNAs
(miRNAs), and chromatin remodelling enzymes [2,3].
Six homeobox 1 and 4 (SIX1 and SIX4) and paired
box 3 and 7 (PAX3 and PAXY7) are major transcription
factors that regulate specification and commitment of
early myogenic progenitor cells [4,5]. As differentiation
progresses, SIX1, SIX4, PAX3, and PAX7 are repressed
as the expression of myogenic regulatory factors includ-
ing myogenic differentiation 1 (MYODI1), myogenic
factor 5 (MYF5), and myogenin (MYOGQG) is activated.
Myogenic regulatory factors bind to E box motifs,
which are found at the promoters or enhancers of
muscle-specific genes to increase their expression [6,7].
In part, PAX3 and PAX7 repression is achieved
through MYODI1-mediated activation of miR206 that
targets PAX3 and PAX7 for degradation, thereby push-
ing cells towards terminal differentiation [8,9].

Epigenetic writing enzymes can operate in concert
with these transcription factors to mediate multiple
stages of myogenesis. In muscle precursor cells,
MYODI1 associates with the histone deacetylase 1
(HDACI) to inhibit expression of muscle-specific genes
[10]. Myogenic differentiation is then dependent on a
switch between the association of MYODI! and
HDACI! in undifferentiated cells to MYODI1 and the
lysine acetyltransferase 2B (KAT2B also known as P/
CAF) [10,11] in differentiated cells. The interaction
between MYODI1 and KATB?2 stimulates gene expres-
sion programs leading to terminal differentiation [11].
In fact, genome-wide studies indicate that MYODI1 fre-
quently localizes to areas of histone acetylation in skele-
tal muscle cells [12]. Globally, histone acetylation levels
decrease during the differentiation of mouse C2CI12
myoblasts and muscle stem cells in culture [13,14]. In
muscle stem cells, this switch is driven by increased glu-
cose utilization that reduces histone acetylation at genes
that must be silenced for differentiation to proceed [14].

Histone methylation can also activate or repress myo-
genic gene expression programs. During lineage
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commitment, PAX7 stimulates MYFS5 expression by
remodelling nearby H3K4 tri-methylation (H3K4me3)
through its association with the WDR4-ASH2L-MLIL2
histone methyltransferase (HMT) complex [15]. PAX7
is also silenced through the deposition of H3K27 tri-
methylation (H3K27me3) at its promoter by the enhan-
cer of the zeste 2 polycomb repressive complex 2 sub-
unit (EZH2) [16]. In addition, EZH2 inhibits the
expression of MYOG until the initiation of differentia-
tion when the lysine demethylase 6A (KDMG6A) is
recruited to erase H3K27me3 which, in turn, allows
myogenesis to proceed [17,18]. Derepression of MYOG
is further accomplished by demethylation of H3K9 di-
and tri-methylation (H3K9me2 and H3K9me3) by the
lysine demethylase 4A/C (KDM4A/C) which is required
for muscle cell differentiation [19]. While these studies
have demonstrated the importance of posttranslational
acetylation, H3K4me3, H3K27me3, H3K9me2, and
H3K9me3 to the myogenic gene expression program,
the function of other chromatin marks, and their epige-
netic writers, remain unclear.

SET domain containing 2 (SETD2) is the only his-
tone methyltransferase known to tri-methylate
H3K36me (H3K36me3) [20]. SETD2 associates with
the RNA polymerase II during transcriptional elonga-
tion to deposit H3K36me3 on actively transcribed
genes [21-24]. H3K36me3 deposition is not only a con-
sequence of transcription but also functions to recruit
deacetylases or methyltransferases which inhibit tran-
scriptional initiation at cryptic sites and promote tran-
scriptional fidelity [25-28]. In cell culture systems and
in vivo, H3K36me3 recruits RNA-binding proteins to
nascent RNA, thereby altering constitutive and alterna-
tive splicing decisions co-transcriptionally [24,29-31].
Knockout of Setd?2 results in embryonic lethality in mice
and produces defects in vascular remodelling prior to
death [32]. Although SETD2 functional studies in mus-
cle are limited, Setd2~/~ myoblasts are unable to differ-
entiate and have reduced proliferative capacity, due to
decreased expression of genes involved in cell-cycle reg-
ulation [33]. Genome-wide analyses indicate that histone
marks, including H3K36me3, are remodelled during
myogenesis [13]. These studies suggest that SETD?2 is
important during myogenesis, possibly through regulat-
ing gene expression and splicing programs, but the
affected pathways have not yet been determined in an
unbiased, genome-wide manner.

Here, we investigate how H3K36me3 and its epige-
netic writer, SETD2, influence transcriptional and
posttranscriptional programs during myogenesis using
deep RNA-sequencing. Our results indicate that
SETD?2 functions to regulate metabolic programs and
to fine-tune splicing patterns.
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Results

SETD2 expression increases during myogenesis

Differentiation of mouse C2CI12 myoblasts into myo-
tubes is a robust, well-described, and established model
of myogenesis [34,35]. Reduction of serum concentration
in culture induces the fusion of mononucleated myo-
blasts into multinucleated myotubes that share character-
istics with early skeletal muscle fibres (Fig. 1A). C2C12
cell differentiation recapitulates the extensive transitions
in gene expression and alternative splicing programs
occurring in early skeletal muscle development in vivo
[36-39]. Therefore, this is a suitable system to investigate
the role of SETD2 in transcriptional and posttranscrip-
tional programs in the context of muscle. We first evalu-
ated the expression level of myosin heavy chain (MYH),
a well-established myogenic marker, during C2CI12 cell
differentiation. MYH levels greatly increase upon the
induction of differentiation, illustrating that the cells
were efficiently differentiated (Fig. 1B). We next exam-
ined the expression of SETD2 and H3K36me3 over the
course of 6 days of myoblast differentiation to myo-
tubes. We found a significant, approxmately 2-fold
increase in SETD2 expression, but no change in
H3K36me3 levels during myogenesis (Fig. 1B-D).

Depletion of SETD2 in myoblasts and myotubes
reduces total H3K36me3

To carefully examine the role of SETD2 during myo-
genesis, we performed targeted depletion of SETD2
using two independent small interfering RNAs
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(si-RNAs) in myoblasts. Myoblasts were either har-
vested 24 h after depletion or differentiated for 96 h
into myotubes before being subjected to deep RNA-
sequencing analysis (Fig. 2A). Western blot analysis
indicated that si-Setd2 treatment reduced SETD?2
expression by 98% and 88% in myoblasts and myo-
tubes, respectively (as determined by the mean of si-
Setd2 #1 and si-Setd2 #2). Similarly, we observed a
70% and 67% decrease in H3K36me3 in transfected
myoblasts (Fig. 2B) and myotubes (Fig. 2C) compared
to a nontargeting si-RNA (si-Ctrl). Therefore, both
SETD2 and H3K36me3 levels were strongly decreased
by both si-Setd2 #1 and si-Setd2 #2 treatment. Messen-
ger RNAs (mRNAs) were then captured using magnetic
oligo-dT beads and cDNA libraries were analysed using
an [llumina NovaSeq6000 instrument with > 60 million
read pairs per sample. All samples had a high degree of
sequencing accuracy, with > 90% of read pairs mapping
to the mouse genome (Table S1).

Depletion of SETD2 and H3K36me3 produced no
visually observable defects in myoblast morphology or
myotube differentiation as determined by light micro-
scopy and immunofluorescence confocal microscopy
(Fig. 3A-C). Quantification of fusion index, a widely-
used measure of the degree of cell—cell fusion and mus-
cle cell differentiation [40,41], were similar among con-
trol and SETD2-depleted myotubes (Fig. 3D). The
total number of nuclei within each field of view was
unaffected by SETD2 depletion, as determined by
DAPI staining (Fig. 3E). Furthermore, the expression
levels of myogenenic markers such as MYH, the myo-
genic differentiation 1 (MYODI1), and myogenin
(MYOG) were unchanged in si-Setd2 treated myotubes

Fig. 1. SETD2 expression is regulated
during myogenesis. (A) Schematic of
myoblast differentiation into myotubes in
culture. (B-D) SETD2 expression and
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Fig. 2. Myoblasts and myotubes were depleted of SETD2 before being subjected to RNA-sequencing. (A) Schematic of experimental strat-
egy for RNA-sequencing analysis (n = 3). (B, C) SETD2 and H3K36me3 levels were measured in myoblasts (B) and myotubes (C) by western
blotting following si-Setd2 delivery (n = 3). H3, Histone 3. *P < 0.05 (versus si-Ctrl), Student T test.

(Fig. 3F-I). These data suggest that any detected
changes in gene expression and alternative splicing are
likely to be caused by SETD2 depletion, and not sim-
ply the result of defects in differentiation or low cell
viability.

H3K36me3 fine-tunes splicing patterns in
myoblasts and myotubes

We detected 108 and 162 splicing events that were sig-
nificantly different from the controls in both si-Setd2
#1 and si-Setd2 #2 treated myoblasts and myotubes,
respectively (Fig. 4A and File S1). Differences in per-
cent spliced in (APSI) values (defined as the difference
between the PSI in control cells and the PSI in si-
Setd2 treated cells, i.e. si-Ctrl — si-Setd2) were highly
correlated between the two si-RNAs in myoblasts
(Pearson = 0.93) and myotubes (Pearson = 0.89; Fig. 4
B), demonstrating a high degree of reproducibility of
our findings among different si-RNAs. Both in myo-
blasts and myotubes, over 50% (52% in myoblasts
and 56% in myotubes) of the differential splicing
events had a IPSIl < 20% (Fig. 4B, red dots), suggest-
ing that H3K36me3 primarily fine-tunes splicing pat-
terns in muscle cells. Gene ontology (GO) analysis of
all of the differentially spliced genes in both si-Setd2
conditions was performed using ENRICHR [42-44]. We
observed an overrepresentation of splicing events in
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genes encoding proteins involved in DNA damage
response and muscle contraction in myoblasts and
myotubes, respectively (Fig. 4C,D).

RNA-sequencing data were next visualized using the
UCSC genome browser and validated by reverse tran-
scription PCR (RT-PCR) using primers designed to
hybridize with the constitutive exons flanking the alter-
native regions (Fig. SA-L). PSI values were calculated
by densitometry and the APSI values for 12 splicing
events from RT-PCR experiments were correlated with
those obtained from the RNA-sequencing studies
(Fig. SM). The APSI values calculated from RT-PCR
assays were highly correlated (Pearson = 0.96) with
APSI values determined by computational analysis of
RNA-sequencing data, indicating robust detection of
splicing events.

Alternative splicing events were categorized into five
major types, based on the location of the alternative
region: cassette exon (CE), retained intron (RI), alterna-
tive 3’ splice site (A3SS), alternative 5 splice site (A5SS),
or mutually exclusive exon (MXE) (Fig. 6A,B). The
most common type of alternative splicing event detected
after SETD2 depletion in both myoblasts and myotubes
were those occurring in cassette exons (58% of events in
myoblasts and 62% in myotubes; Fig. 6B). We found an
approximately equal number of events where the alterna-
tive region was more included or more excluded in
response to SETD2 depletion both in myoblasts and
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Fig. 3. si-Setd2 treatment does not affect muscle cell differentiation. (A, B) Light microscopy analysis of myoblasts and myotubes after
SETD2 depletion. (C) Immunofluorescence confocal microscopy staining of myosin heavy chain (MYH) in SETD2-depleted myotubes. (D, E)
Fusion index (D) and total nuclei (E) were determined by microscopy image analysis (n = 3). (F-I) Expression of MYH (G), myogenic differen-
tiation 1 (MYOD1) (H), and myogenin (MYOG) (I), in SETD2-depleted myotubes was determined by western blot assays (n = 4). Scale
bars =1 mm.
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Fig. 4. SETD2 fine-tunes splicing patterns in myoblasts and myotubes. (A) Venn diagrams displaying the overlap between alternative splicing
changes in myoblasts (left) and myotubes (right) after treatment with si-Setd2 #1 or si-Setd #2 or a control si-RNA (si-Ctrl). (B) Correlation
plot between the APSI for si-Setd2 #1 and si-Setd2 #2 obtained by RNA-sequencing in myoblasts (left) and myotubes (right). APSI was
defined as the difference between the PSI in SETD2-depleted cells and the PSI in control cells. Events with IAPSII < 20% are shown in red.
(C, D) Gene ontology analysis (biological process) of differentially spliced genes in si-Setd2 #1 and si-Setd2 #2 treated myoblasts (C) and
myotubes (D). Red line indicates P = 0.05. PSI, percent spliced in. P-values were determined by Fisher's exact test (A, C, D), or significance

test for correlation, based on a T distribution (B).

myotubes (Fig. 6C), indicating that H3K36me3 can
either activate or repress inclusion of alternative regions.

In several instances, multiple differential splicing
events were detected in a single gene. In total, differen-
tial alternative splicing events occurred in 103 genes
(108 total splicing events) in myoblasts and in 140
genes (162 total splicing events) in myotubes. We next
asked whether the same genes that were alternatively
spliced in response to SETD2 depletion were also dif-
ferentially expressed. We observed very little overlap
between genes regulated by alternative splicing and
those that change in their overall expression level

(FC > 1.25, which means FC > 1.25 for upregulation
or FC < 1/1.25 for downregulation, P-adj < 0.05;
Fig. 6D). These results indicate that differences in total
gene expression are not driven by changes in alterna-
tive splicing patterns (through nonsense mediated
decay, for example) in SETD2-depleted cells.

SETD2 controls extensive gene expression
programs in myoblasts and myotubes

Analysis of RNA-sequencing data revealed extensive
changes in gene expression programs both in
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myoblasts and myotubes with significant overlap
between si-Setd2 #1 and si-Setd2 #2 (FC > 1.25, P-
adj < 0.05; Fig. 7A and File S1). Fold changes in gene
expression were highly correlated among si-Setd2 #1
and si-Setd2 #2 treated myoblasts (Pearson = 0.88)
and myotubes (Pearson = 0.88; Fig. 7B). Differential
gene expression analysis was validated by real-time
quantitative PCR (qPCR) of 14 genes, which displayed
a high degree of correlation with RNA-sequencing
data (Pearson = 1.00; Fig. 7C-Q). The strong concor-
dance among si-Setd2 #1 and si-Setd2 #2-treated cells
and qPCR assays indicates high accuracy of our differ-
ential gene expression analysis.
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SETD2 regulates the expression of metabolism-
related genes in myotubes

The majority of the differentially expressed genes were
upregulated in SETD2-depleted myoblasts and down-
regulated in SETD2-depleted myotubes (Fig. 8A).
Indeed, previous reports demonstrated that SETD?2
can repress or promote expression at different loci
[45,46]. Next, we performed gene ontology (GO) anal-
ysis of all of the differentially expressed genes (FC >
1.25, P-adj < 0.05) in both si-Setd2 conditions using
ENRICHR [42-44]. Genes encoding proteins involved in
cellular differentiation and mitotic spindle organization
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Fig. 8. Metabolism-related genes are upregulated in SETD2-depleted myotubes. (A) Differentially expressed genes classified based on
whether they are upregulated in both si-Setd2 #1 & si-Setd2 #2 (upregulated), downregulated in both si-Setd2 #1 & si-Setd2 #2 (down-
regulated), or regulated in opposite directions in si-Setd2 #1 & si-Setd2 #2 (opposite among si-Setd2 #1 & si-Setd2 #2) in myoblasts (left)
and myotubes (right). (B,C) Gene ontology analysis (biological process) of differentially expressed genes in si-Setd2 #1 and si-Setd2 #2-
treated myoblasts (B) and myotubes (C). Red line indicates P = 0.05. (D) Gene ontology analysis (KEGG pathways) of upregulated genes
in SETD2-depleted myotubes. Red line indicates P = 0.05. (E) Scheme of cellular metabolic reactions based on glycolysis, cholesterol
metabolism and pyruvate metabolism KEGG pathways. Upregulated genes after SETD2 depletion are shown in red. *P < 0.05, Fisher's

exact test (B-D).

6808

The FEBS Journal 289 (2022) 6799-6816 © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



H. J. Wiedner et al.

were overrepresented in myoblasts and myotubes,
respectively (Fig. 8B,C).

KEGG pathway analysis of upregulated genes in
myotubes revealed an enrichment of genes that func-
tion in metabolic-related pathways (Fig. 8D). Further
inspection of these genes revealed that they encode key
enzymes involve in glycolysis, cholesterol metabolism,
and pyruvate metabolism (Fig. 8E). As examples, we
confirmed by qPCR analysis the upregulation of
lipoprotein lipase (Lpl), phosphofructokinase (Pfkm),
aldolase fructose-bisphosphate A (Aldoa), lactate
dehydrogenase B (Ldhb), and pyruvate dehydrogenase
kinase 2 (Pdk2) mRNAs in SETD2-depleted myotubes
(Fig. TM-Q).

In myotubes, SETD2 depletion increases
intracellular pyruvate concentration

To determine if SETD2 depletion leads to upregula-
tion of metabolic enzymes at the protein level, we per-
formed western blot assays for PFKI1, ALDOA,
PDK?2, and LDHB (Fig. 9A). Indeed, we observed
overexpression of these metabolic proteins (Fig. 9B—
E). Because PFK1, ALDOA, PDK?2, and LDHB can
positively regulate pyruvate levels (Fig. 8E), we
hypothesized that intracellular pyruvate concentration
could be affected by SETD2 depletion. We directly
measured intracellular pyruvate levels in SETD2-
depleted myotubes and found an increase in pyruvate
concentration compared to control cells (si-Ctrl; Fig. 9

SETD2 affects myogenic metabolism and splicing

F). These results indicate that SETD2 loss can result
in metabolic dysregulation during myogenesis.

Discussion

Previous analyses of the positioning of histone post-
translational modifications by chromatin immunopre-
cipitation sequencing (ChIP-sequencing) revealed that
H3K36me3 is preferentially located on exons com-
pared to introns and is believed to be deposited co-
transcriptionally by the association between SETD?2
and RNA polymerase II [21-24]. Although SETD2
has been mechanistically linked to alternative splicing
through the coupling of H3K36me3 and various
RNA-binding proteins, we detected relatively minor
effects of SETD?2 loss on splicing patterns during myo-
genesis [24,29-31]. One explanation for this finding is
that H3K36me3 regulation of splicing may depend on
the cell type or tissue context. To date, a connection
between H3K36me3 and splicing has been described in
epithelial cells, fibroblasts, yeast cells, and even in vivo
in mouse brains during cocaine addiction and Ara-
bidopsis thaliana in response to temperature fluctua-
tions [29-31,47,48]. Still, our study indicates that the
dependency of alternative splicing on H3K36me3 in
muscle cells is less pronounced. Perhaps this is due to
the presence of splicing factors that are known to
robustly regulate splicing during myogenesis such as
the RNA binding fox-1 homologue 2 (RBFOX2), the
muscle-blind like proteins 1 and 2 (MBNLI1 and
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MBNL2), quaking (QKI), the poly-pyrimidine tract
binding proteins 1 and 2 (PTBP1 and PTBP2), and the
CUGBP elav-like family members 1 and 2 (CELF1
and CELF2), which may operate independently of
H3K36me3 [40,49-52].

Although information regarding the role of SETD2
during myogenesis is limited, one previous study
reported that CRISPR/Cas9-based genomic silencing of
SETD2 blocked proliferation and differentiation of
myoblast cells [33]. We did not observe morphological
defects during differentiation after knocking down
SETD?2, which may be due to the fact that in this study
we depleted, but did not completely silence, SETD2 and
H3K36me3. Therefore, our results indicate that low
levels of SETD2 and H3K36me3 are sufficient to permit
differentiation, in contrast with complete SETD2 knock
out studies. The observation that SETD2 knock down
did not block differentiation allowed us to identify tran-
scriptional changes that respond to SETD2 expression
levels and are not a secondary effect of alterations in dif-
ferentiation programs.

The Warburg effect is a shift towards glycolysis and
lactate production, which has emerged as a key factor
in tumour cell proliferation [53]. Notably, increased
glycolysis is extremely common in clear cell renal cell
carcinoma (ccRCC), a context in which loss-of-
function mutations in the SETD2 gene are frequently
observed (approximately 10% of primary tumours)
[54-56]. In addition to metabolic reprogramming, acti-
vation of the hypoxia-inducible factor 1 (HIF-1) path-
way is a hallmark of ccRCC [54]. Here, we observed
the upregulation of genes involved in glycolysis and
HIF-1 signalling as a result of SETD2 loss in myo-
tubes (Fig. 8D.E). For example, ALDOA is a key
enzyme in the glycolytic pathway (and a HIF1 target
gene), converting fructose-1,6-bisphosphate  into
glycerol-3-phosphate and its overexpression is associ-
ated with poor prognosis in ccRCC patient samples
(and increased cell proliferation and invasion in renal
carcinoma cell lines) [57,58]. Our results show that
ALDOA is upregulated at both the mRNA and pro-
tein level in the absence of SETD2. These observations
raise the possibility that SETD2 loss could mediate
metabolic reprogramming in ccRCC and may be par-
ticularly interesting as the exact function of SETD2
mutations in ccRCC remains elusive.

Adult skeletal muscle tissue composes 30-40% of
body mass and is the largest metabolic organ system
in humans [59]. During myogenesis, mitochondrial bio-
genesis increases, and, correspondingly, metabolism
programs shift from primarily glycolysis to oxidative
phosphorylation [60,61]. Presumably, increased oxida-
tive phosphorylation provides a larger supply of ATP,
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which is necessary for contraction of mature muscle.
Our results suggest that SETD2 is important for this
developmentally regulated metabolic reprogramming
and that reduction in the levels of SETD2 expression
could revert metabolic pathways in mature muscle cell
towards glycolysis. For example, we found that
SETD?2 depletion resulted in the upregulation of sev-
eral glycolytic enzymes (PFKM, ALDOA, LDHB, and
PDK?2) concomitant with an increase in intracellular
pyruvate levels. Taken together, our findings expand
on previous reports that suggest an interplay between
metabolic programs, histone modifications, and gene
expression during myogenesis [14,62,63].

Materials and methods

Cell culture

Murine C2CI12 myoblasts were obtained from ATCC
(Manassas, VA, USA, CRL-1772) and maintained in a
humidified incubator at 37 °C under 5% CO,. Undifferenti-
ated myoblasts were cultured in growth medium consisting
of Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal
bovine serum (FBS), 2 mM glutamine, 100 units-mL™"' of
penicillin, and 100 pgmL™" streptomycin. Myoblasts were
regularly subcultured to maintain a confluency under 40%.
After reaching 80-100% confluency, cells were washed with
phosphate buffered saline (PBS) and differentiation was initi-
ated by replacing growth media with media containing
DMEM, 2% horse serum, 100 units-mL~" of penicillin, and
100 pg-mL~! streptomycin (known as differentiation media).
Differentiation media was refreshed every 2 days.

si-RNA delivery

Undifferentiated myoblasts were plated in DMEM supple-
mented with 10% FBS and 2 mm glutamine (7 x 10* cells
per well in 6-well plates). The following day, myoblasts
were transfected with a nontargeting si-RNA (Dharmacon,
Lafayette, CO, USA, D-001210-01-20), si-Setd2 #1 (Dhar-
macon, D-062392-18), or si-Setd#2 (Dharmacon, D-
062392-20) using the Lipofectamine RNAiMax transfection
reagent (Invitrogen, Waltham, MA, USA, #13778075)
according to the manufacturer’s protocol. The next day,
RNA and protein were collected from undifferentiated
cells, or differentiation was initiated. RNA and protein
were harvested after 4 days of differentiation.

RNA extraction

Cells were washed with PBS and RNA was extracted using
TRIzol reagent (Invitrogen; RT-PCR and qPCR assays) or
using the RNeasy mini kit (QIAGEN, Germantown, MD,
USA, #74104) (RNA-sequencing studies). A NanoDrop
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Lite Spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA, ND-LITE) was used to determine total
RNA concentration.

RNA-sequencing

RNA quality was assessed using an HTX Synergy plate
reader (BioTek, Winooski, VT, USA) with the Take3
micro-volume plate accessory (BioTek) and electrophore-
sis on a TapeStation instrument (Agilent, Santa Clara,
CA, USA). All samples passed the following conditions:
(@) A260 nm/A280 nm = 1.9, (b)  Az60 nm/A230 nm = 1.6, ()
DV200 > 96, and (d) RNA integrated number (RIN) >
8.5. Polyadenylated RNAs were captured, and cDNA
libraries were generated using the KAPA stranded
mRNA-Seq kit with KAPA mRNA capture beads
(Roche, Basel, Switzerland, #07962207001). Final library
quality and pool balance were determined using a MiSeq
Nano instrument. Samples were pooled and analysed
using an Illumina NovaSeq6000 instrument S4 flow-cell
with 100 bp paired end reads.

RNA-sequencing analysis

Three independent replicates for all treatment conditions
were generated for RNA-sequencing analysis. RNA-
sequencing reads were aligned to the mouse genome (mm10)
using STAR 2.7.6a [64]. Read counts were determined using
saLMON 1.4.0 [65]. Differential gene expression analysis was
performed using the DESeq2 package [66] in R Studio. To
exclude lowly expressed genes, those with less than 500 reads

PSI

SETD2 affects myogenic metabolism and splicing

P-values reported here were based on Fisher’s exact test as
determined by ENRICHR software [42-44].

Alternative splicing evaluation by RT-PCR

Reverse transcription of RNA into cDNA was performed
using the high-capacity cDNA reverse transcription kit
(Applied Biosystems, Waltham, MA, USA, #4368813) and
RNase inhibitors (Applied Biosystems, N8080119). The fol-
lowing thermocycling conditions were used for reverse tran-
scription: (a) 25 °C for 10 min, (b) 37 °C for 120 min, (c)
85 °C for 5 min, and (d) 4 °C pause. Alternative splicing
primers were designed to hybridize with constitutive exons
flanking the alternatively spliced regions using the UCSC
genome browser and Primer 3 (Table S2). PCR assays were
performed using GoTaq reagent (Promega, Madison, WI,
USA, M7123) and primers diluted to a final concentration
of 0.5 pm. Thermocycling conditions for PCR assays were
as follows: (a) 95 °C for 1 min 15 s, (b) 28 cycles of 95 °C
for 45s, 57 °C for 45s, 72 °C for 1 min, (¢) 72 °C for
10 min, and (d) 4 °C pause. PCR products were separated
using 6% polyacrylamide gel electrophoresis in TAE buffer
(40 mm Tris, 20 mm acetic acid, 1 mm EDTA) at 140 V for
1-4 h. An ethidium bromide solution (0.4 pg-mL™") was
used to stain gels for 10 min prior to imaging on the Che-
miDocTM XRS+ imaging system (BioRad, Hercules, CA,
USA). Densitometry quantifications were performed using
the Image rLABT™M 6.0.1 software (BioRad). Ethidium bro-
mide oligo-length dependent staining bias was corrected
using a standard curve and a pUC19 ladder. The PSI was
determined by the following equation:

Density of band including the alternative region

total across all samples were removed. Genes with FC > 1.25
(which means FC > 1.25 for upregulation or FC < 1/1.25
for downregulation) and Pygjusieda < 0.05 were considered dif-
ferentially expressed. Splicing analysis was performed using
RMATs 4.1.0 [67]. Differences in percent spliced in (APSI)
were calculated by subtracting the PSI following SETD2
depletion from the PSI under control conditions (i.e., si-Ctrl
— si-Setd2). Splicing events with IAPSII > 5%, P < 0.05, and
FDR < 0.2 for both si-Setd2 #1 and si-Setd2 #2 were consid-
ered differentially spliced.

Gene ontology analysis

Differentially expressed genes were analysed using ENRICHR
[42-44]. Data presented here were derived from analysis of
‘Biological Process 2021’ and ‘KEGG 2021’ pathways.

- Density of band including the alternative region + Density of band without the alternative region

Real time quantitative PCR (qPCR)

mRNA expression levels were determined using Tagman Fast
Advance Master Mix (Applied Biosystems), 50 ng input
cDNA, and TagMan probes (Table S3). Samples were anal-
ysed using an Applied Biosystems QuantStudio 7 Flex Real-
Time PCR system with the following thermocycling program:
(a) 95 °C for 20 s and (b) 40 cycles of 95 °C for 1 s, 60 °C for
20 s. Cycle threshold values of quantified transcripts were nor-
malized to the cycle threshold of the hydroxymethylbilane
synthase (Hmbs) control gene from the same sample.

Protein lysate preparation

After washing cells with ice cold PBS, ice cold RIPA lysis buf-
fer (50 mm Tris, 150 mm NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
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pH 7.5) containing protease and phosphatase inhibitors
(Thermo Fisher Scientific) was used to lyse cells. Samples were
immediately transferred to ice and incubated for 15 min
before being sonicated in an ice bath at 75 V for 3 min (30 s
on, 30 s off). Lysates were then incubated on ice for 15 min
and centrifuged for 10 min at 18,000 g. at 4 °C. Supernatants
containing the protein fraction were transferred to new tubes
and protein concentration was estimated using the BCA pro-
tein assay kit (Thermo Fisher Scientific, #23225) according to
manufacturer’s instructions.

Western blotting

Protein samples were diluted in loading buffer (50 mm
Tris-HCI pH 6.8, 12.5 mm EDTA, 10% glycerol, 2% SDS,
0.02% bromophenol blue, 360 mm beta-mercaptoethanol),
boiled for 5 min, and resolved by SDS polyacrylamide gel
electrophoresis (SDS/PAGE) in Mini-PROTEAN vertical
electrophoresis systems (BioRad). Electrophoresis was per-
formed at 90 V for 30 min followed by 45 min at 130 V. TGX
Stain-free gels were activated for 2.5 min using a Chemi-
DocTM XRS+ imaging system (BioRad). For most targets,
proteins were transferred into Amersham Hybond Low Fluo-
rescence 0.2 pm PVDF membranes (GE Healthcare Life
Sciences, Piscataway, NJ, USA, #10600022) using the Mini
Trans-Blot Cell system (BioRad) at 100 V for 1h. For
SETD2, blots were transferred at 40 V overnight at 4 °C.To
determine total protein loaded, blot images were captured
using a ChemiDocTM XRS+ imaging system (BioRad). After
transfer, membranes were blocked with a 5% nonfat dry milk
solution in tris-buffered saline with tween (TBST; 20 mm Tris-
base, 137 mm NaCl, 0.1% tween 20, pH 7.6) for 1 h at room
temperature, rinsed with TBST, and incubated overnight at
4 °C with primary antibodies diluted in 1% BSA in TBST:
anti-SETD2 from Cell Signalling (Danvers, MA, USA,
#23486; 1 : 500), anti-Histone H3 from Abcam (Cambridge,
United Kingdom, ab1791; 1 : 1000), anti-H3K36me3 (a gen-
erous gift from Dr Brian Strahl at The University of North
Carolina at Chapel Hill; 1 :4000), anti-PFK1 from Santa
Cruz Biotechnology (sc-377 346; 1 : 500), anti-ALDOA from
Santa Cruz Biotechnology (Dallas, TX, USA, sc-390 733;
1:500), anti-PDK2 from Santa Cruz Biotechnology (sc-
517 284; 1 : 500), anti-LDHB from Santa Cruz Biotechnology
(sc-100 775; 1 : 500), anti-M YH from Santa Cruz Biotechnol-
ogy (sc-376 157; 1:500), anti-MYODI1 from Santa Cruz
Biotechnology (sc-377 460; 1 : 500), and anti-MYOG from
Santa Cruz Biotechnology (sc-12 732; 1 : 500). The following
day, primary antibody solutions were removed, and mem-
branes were washed with TBST three times, for 10 min each.
After the final wash, membranes were incubated with an
anti-rabbit Dylight 800 secondary antibody (Thermo Fisher
Scientific, SAS5-35571) or anti-mouse Dylight 800 secondary
antibody (Thermo Fisher Scientific, SA5-10176) diluted
(1:10000) in 1% BSA in TBST for 1 h in the darkness at
room temperature. Membranes were then washed with TBST
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three times (for 10 min each), imaged using an Odyssey Licor
Imager and quantified using IMAGEJ [68]. H3K 36me3 was nor-
malized to total histone 3 (H3) from the same sample. All
other target signals were normalized to total protein.

Intracellular pyruvate quantification

Pyruvate was measured with the Pyruvate Assay Kit from
Abcam (ab65342) according to manufacturer’s instructions.
Briefly, transfected cells were harvested in assay buffer and
treated with a master mix containing pyruvate oxidase
which generated a fluorescent signal (excitation/emis-
sion = 535/587 nm) directly proportional to pyruvate levels.
To prevent the conversion of pyruvate to lactate, samples
were deproteinized using a 10 kDa cutoff spin filter (Pierce
88 513). Pyruvate content was calculated according to a
standard curve generated from kit reagents. Data were nor-
malized based on the average of four replicates of control
(si-Ctrl) cells.

Immunofluorescence confocal microscopy and
image processing

Cells were fixed with 4% paraformaldehyde diluted in PBS
for 20 min at room temperature. Next, cells were washed
three times in PBS, for 10 min each and incubated in
blocking solution (1% BSA, 0.3% Triton in PBS) for 1 h,
all at room temperature. Samples were incubated overnight
at 4 °C with anti-MYH from Santa Cruz Biotechnology
(sc-376 157; 1 : 150) diluted in blocking solution. The fol-
lowing day, cells were washed three times in PBS, for
10 min each before incubation with goat antimouse IgG
(H+ L) Alexa Fluor 488 from Thermo Fisher Scientific
(A-11001; 1 : 150) diluted in blocking solution for 1 h at
room temperature. Samples were washed three times in
PBS, for 10 min each, incubated with 2 pm DAPI diluted
in PBS for 5 min, and washed three additional times in
PBS, all at room temperature. Images were captured at
room temperature using a Zeiss 880 confocal microscope
equipped with a Plan-Apo 10x objective (NA = 0.45, work-
ing distance = 2.0 mm) and zEN BLACK (Zeiss, Oberkochen,
Germany) image acquisition software. The following excita-
tion parameters were used argon multiline laser at 488 nm
(Alexa Fluor 488), or a 405 nm laser diode (DAPI). The
following emission filters were used: band-pass 490-615 nm
(Alexa Fluor 488) and band pass 410-514 nm (DAPI). Pro-
cessing of images was performed using the Fur software.
Fusion index was determined as the percent of nuclei
within MYH-positive myotubes with three or more nuclei.

Light microscopy and image processing

Live cells were imaged on an Olympus (Shinjuku City,
Japan) IX83 microscope fitted with a 4x objective with a
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Hamamatsu (Bridgewater, NJ, USA) C11440 camera and
CELLSENS (Olympus, The Hague, The Netherlands) Dimen-
sion software. Processing of images was performed using
the run software [69].

Statistical analysis

Data are reported as mean + SEM. An unpaired Student’s
t-test (two-tailed) was used to determine P-values, with
those less than 0.05 considered statistically significant. The
exceptions to this approach were the analyses of correla-
tion, which relied on a T distribution under the null
hypothesis of Pearson (p) = 0 and the analyses of overlap
between differential gene expression or splicing under si-
Setd2 #1 and si-Setd2 #2 treatment which was determined
by a Fisher’s exact test.
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