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ABSTRACT

Alternative splicing transitions occur during organ development, and, in numerous diseases, splicing programs revert to
fetal isoform expression. We previously found that extensive splicing changes occur during postnatal mouse heart devel-
opment in genes encoding proteins involved in vesicle-mediated trafficking. However, the regulatory mechanisms of this
splicing-trafficking network are unknown. Here, we found that membrane trafficking genes are alternatively spliced in a
tissue-specific manner, with striated muscles exhibiting the highest levels of alternative exon inclusion. Treatment of dif-
ferentiated muscle cells with chromatin-modifying drugs altered exon inclusion in muscle cells. Examination of several
RNA-binding proteins revealed that the poly-pyrimidine tract binding protein 1 (PTBP1) and quaking regulate splicing
of trafficking genes during myogenesis, and that removal of PTBP1 motifs prevented PTBP1 from binding its RNA target.
These findings enhance our understanding of developmental splicing regulation of membrane trafficking proteins which
might have implications for muscle disease pathogenesis.
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INTRODUCTION

Diverse transcripts and proteins arise from a limited ge-
nome through alternative splicing. Alternative splicing is
a ubiquitous mechanism for tuning gene expression. In
fact, approximately 95% of human genes are estimated
to have at least one alternative isoform (Pan et al. 2008;
Wang et al. 2008). The expression of particular splice var-
iants contributes to transcript and protein diversity among
different tissues. Previous work comparing the transcrip-
tomes of different tissues revealed that skeletal muscle,
brain, heart, and testes have highly tissue-specific and evo-
lutionarily conserved splicing patterns (Merkin et al. 2012).
Extensive alternative splicing changes occur during post-
natal development of striated muscles in mice, with the
majority of them occurring during the first 4 wk after birth

in mice (Giudice et al. 2014; Brinegar et al. 2017). This
developmental window coincides with a profound intracel-
lular architectural transformation as the heart and skeletal
muscles adapt to accommodate increased physiological
demands (Franzini-Armstrong 1991; Xu et al. 2005;
Olson 2006; Gokhin et al. 2008; Kalsotra et al. 2008).
Numerous splicing changes that arise during postnatal

development of striated muscles occur in genes that en-
code proteins involved in vesicle-mediated transport and
membrane dynamics (Giudice et al. 2014; Brinegar et al.
2017). The functional importance of these splice isoforms
has been illustrated by studies demonstrating that expres-
sion of adult isoforms of trafficking genes are necessary for
proper organization of transverse tubules (T-tubules),
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skeletal muscle force generation, and the development of
skeletal muscle mass in mice (Fugier et al. 2011; Böhm
et al. 2013; Giudice et al. 2016; Blue et al. 2018; Moulay
et al. 2020).

In several cardiac and skeletalmuscle disorders, adult tis-
sues reexpress fetal splice isoforms that contribute to dis-
ease features (Du et al. 2010; Park et al. 2011; Ames et al.
2013). For example, in myotonic dystrophy type 1, splicing
of membrane-related genes such as the chloride channel 1
(CIC-1), and bridging integrator 1 (BIN1) revert to fetal pat-
terns (Wheeler et al. 2007; Fugier et al. 2011). Rescuing this
mis-splicing restoresmuscle function inmousemodels and
in cultured human cells (Wheeler et al. 2007; Fugier et al.
2011). Despite the importance of membrane trafficking to
normal striated muscle development and pathophysiolo-
gy, the regulatory mechanisms underlying this mem-
brane-trafficking splicing network are largely unknown.

A strong body of evidence indicates that splicing can be
functionally coupled to transcription and influenced by lo-
cal chromatin states (Alexanderet al. 2010; Lucoet al. 2010;
Schor et al. 2013; Khan et al. 2014; Nojima et al. 2015;
Agirre et al. 2021). Currently, very little is known regarding
the role of chromatin in alternative splicing and membrane
trafficking regulation in the context of striated muscle de-
velopment.Oneprevious studydemonstrated that in cardi-
omyocytes calcium-induced hyperacetylation increases
transcription rate and the skipping of developmentally reg-
ulated alternative exons (Sharma et al. 2014). Whether this
mechanism applies to the splicing of membrane trafficking
genes in striated muscle is unknown.

Numerous RNA-binding proteins (RBPs) act as splicing
factors that coordinate alternative splicing during muscle
development and are involved in the pathogenesis of mus-
cular diseases. A combination of computational, in vitro,
and in vivo studies suggest that the poly-pyrimidine tract
binding proteins 1 and 2 (PTBP1 and PTBP2), quaking
(QKI), RNA binding fox-1 homolog 2 (RBFOX2), muscle-
blind like proteins 1 and 2 (MBNL1 and MBNL2), and the
CUGBP elav-like family members 1 and 2 (CELF1 and
CELF2) are key splicing regulators in striatedmuscle devel-
opment and myogenesis (Kalsotra et al. 2008; Hall et al.
2013; Batra et al. 2014; Giudice et al. 2014; Singh et al.
2014;Wanget al. 2015). However, almost nothing is known
about which RBPs regulate the splicing of genes encoding
proteins that control cellular functions related to mem-
brane dynamics, endocytosis, and other intracellular trans-
port steps.

In this study, wedescribe a set of splicing events inmem-
brane traffickinggenes that are characterizedby tissue- and
developmental stage-specific isoform expression patterns.
We sought to determine the contribution of chromatin
states, cis-regulatory sequences, and trans-acting RBPs to
alternative splicing of these membrane trafficking genes
during muscle cell differentiation. Given that proper splic-
ing and intracellular transport are critical for striatedmuscle

development and that correcting splicing can improve dis-
ease-associated muscle weakness, understanding the
splicing regulatory mechanisms controlling the expression
of genes encoding membrane trafficking proteins may be
useful for therapeutic development.

RESULTS

Alternative splicing events in membrane
trafficking genes

Membrane organization and intracellular transport are vital
for the establishment of T-tubules and neuromuscular junc-
tions, which are critical for heart and skeletal muscle func-
tion (Dowling et al. 2008; Al-Qusairi and Laporte 2011).
Previously, we found that genes regulated by alternative
splicing during postnatal mouse heart development are
enriched for those encoding proteins involved in intra-
cellular trafficking, endocytosis, and membrane dynamics
(Giudice et al. 2014). Within the group of alternatively
spliced membrane-related genes, we discovered that their
functions fall into four subcategories: (i) clathrin-mediated
endocytosis, (ii) structural proteins, (iii) other vesicle-
mediated intracellular transport, and (iv) membrane curva-
ture. For the current study,weselected11 splicingevents in
10 membrane-related genes (Fig. 1A) based on the follow-
ing criteria: (i) at least two alternative splicing events were
chosen from each subgroup to cover potentially different
cellular functions; (ii) splicing events were chosen that
were among the most pronounced in the previous study
(Giudice et al. 2014). The clathrin heavy chain (CLTC), cla-
thrin light chain (CLTA, also knownas LCA), and the adaptor
related protein complex 2 subunit alpha 1 (AP2A1) are in-
volved in clathrin-mediatedendocytosis. The cappingactin
protein of the muscle z-line subunit beta (CAPZB) and fibu-
lin 2 (FBLN2) are two structural proteins. The transmem-
brane P24 trafficking protein 2 (TMED2), scribble (SCRIB),
and the GTPase activating protein and VPS9 domains 1
(GAPVD1) are proteins involved in intracellular transport
mediatedby vesicles. Finally, theCdc42 interactingprotein
4 (TRIP10, also known as CIP4) and the formin binding pro-
tein 1 (FNBP1, also known as FB17) are both involved in
membrane curvature and dynamics (Fig. 1A).

To understand how alternative splicing might influence
the structure and potentially the function of membrane
trafficking proteins, we utilized bioinformatic databases
(Ensembl,Uniprot, and Interpro) to evaluate theproteindo-
mains and location of the alternative exon (Supplemental
Fig. S1). The alternative exon of CLTC is located close to
its trimerization domain (Supplemental Fig. S1A), which
serves as a site of interaction with other clathrin chains to
form the triskelion and the endocytic vesicles. The location
of the alternative exonsuggests that its inclusion could alter
clathrin-coated vesicle assembly. Recent work has demon-
strated that inclusion of the alternative exon of CLTC
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dictates the organization of clathrin coats (Moulay et al.
2020). Interestingly, AP2A1, which binds clathrin to facili-
tate interactions with membrane components, and CLTA,
which interacts with CLTC to form the clathrin triskelion,
are also alternatively spliced (Supplemental Fig. S1B,C).

This evidence further indicates that
clathrin-mediated endocytosis might
be functionally regulated by the ex-
pression of alternative isoforms.

We observed that the alternative re-
gions are proximal to or within coiled-
coil domains in CLTA, FNBP1, SCRIB,
TRIP10, TMED2, and CAPZB (Sup-
plemental Fig. S1C–H). For example,
inclusion of the alternative exon of
TMED2 adds a seven amino acid,
in-frame, peptide within its coiled-
coil domain (Supplemental Fig. S1G).
Coiled coil domains areoften involved
in vesicle tethering to the Golgi (True-
bestein and Leonard 2016). Given that
TMED2 is believed to be involved in
transporting cargo between the endo-
plasmic reticulum and Golgi appara-
tus, it is possible that inclusion of the
alternative region influences intracel-
lular trafficking by TMED2 (Barr et al.
2001).

Inclusion of the alternative exon of
CAPZB shifts the reading frame of
the carboxyl terminus, which influenc-
es localization of the protein in heart
(Supplemental Fig. S1H). CAPZB is a
structural protein and is important
for capping the growing actin fila-
ments to prevent addition and degra-
dation. The long CAPZB isoform
containing the alternative exon local-
izes to the Z-line, whereas the short
isoform is found in the intercalated
discs of cardiomyocytes (Schafer
et al. 1993). FBLN2 is another struc-
tural protein that is alternatively
spliced (Danan-Gotthold et al. 2015).
The alternative exon of FBLN2 en-
codes an EGF-like calcium binding
domain (Supplemental Fig. S1I), which
may influence its ability to bind calci-
um or its role as an extracellular matrix
protein. Two alternative splicing
events occur in GAPVD1 (Supplemen-
tal Fig. S1J,K). Inclusion of the alterna-
tive exon of GAPVD1 inserts a 27
amino acid peptide between the Ras
GTP-ase (RGT) domain and the coiled

coil domain (Supplemental Fig. S1J) and use of an alterna-
tive 5′ splice site adds a 21 amino acid peptide near the
RGT domain (Supplemental Fig. S1K). The molecular func-
tions of most of the alternative isoforms of membrane traf-
ficking genes have not been examined, but they likely

B
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D

FIGURE 1. Characterization of a panel of splicing events in membrane trafficking genes. (A)
Schematic representation of 10 proteins with functions related to membrane trafficking (left)
and the size of the alternatively spliced region (right). (B) Relationship between the size of
the alternative region and the sum of the sizes of the flanking introns. Sizes of the alternative
region and the flanking intron were normalized to the largest exon or intron. ∗Gapvd1 denotes
the alternative splice site (alt. 5′ss) in Gapvd1 pre-mRNA, which leads to an alternative region
of 63 nt. (C ) Quantification of GC content of alternative regions and their upstream constitutive
exons. (D) Analysis of the strength of the alternative splice sites as scored by MaxEntScan.
Stronger and weaker alternative splice sites were defined as those with a score 10% higher
or lower than their corresponding constitutive splice sites, respectively.
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influence protein function, and ultimately, membrane dy-
namics.

Sequence analysis of the alternative exons indicated that
within the selected set of traffickinggenes, short alternative
exons were flanked by large intronic regions, whereas the
long alternative exons were surrounded by shorter intronic
regions (Fig. 1B). Furthermore, the GC-content of the
alternative exons was similar to constitutive exons from
the samegene (Fig. 1C) and themajor-
ity of the alternative 3′ and 5′ splice
sites were similar to or weaker than
their constitutive sites, as scored by
MaxEntScan (Fig. 1D).

Membrane trafficking genes are
regulated by alternative splicing
in a tissue- and developmental
stage-specific manner

Given that the splicing of several
membrane trafficking genes is impor-
tant for proper striated muscle archi-
tecture and function, (Fugier et al.
2011; Giudice et al. 2016; Blue et al.
2018; Moulay et al. 2020) we sought
to define the expression patterns of al-
ternative isoforms in various tissues
during postnatal development. We
collected 14 different organs from
FVB–NJ mice at postnatal day 4.5
(p4.5) and adulthood (4 mo of age)
and quantified the percent spliced in
(PSI) of the alternative region for our
panel of 11 splicing events using
reverse transcription PCR (RT-PCR)
assays. In adult mouse tissues, we ob-
served that the isoforms including the
alternative regions were expressed in
heart, skeletal muscle, and some in
brain, but not in the other evaluated
tissues (Fig. 2A). The level of inclusion
of the alternative regions was lower in
neonatal heart and skeletal muscles
when compared to the adult tissues
but was still higher than in other
neonatal tissues such as the spleen,
kidney, and liver, among others (Sup-
plemental Fig. S2). For example, the
168 nt containing exon of Trip10 pre-
mRNA was not included or very lowly
included in neonatal spleen, intestine
(Fig. 2B, left), kidney, liver, brain, and
lung (Supplemental Fig. S3A), while
adult heart and skeletal muscle tissues
exhibited high levels of inclusion (58%

and 82%, respectively) (Fig. 2B, right; Supplemental Fig.
S3A). Similarly, the 81 nt containing alternative exon of
Gapvd1 pre-mRNA was very lowly included in neonatal
spleen, intestine (Fig. 2C, left), kidney, liver, and lung (Sup-
plemental Fig. S3B), but striated muscle tissues exhibited
higher levels of inclusion (27% in heart and 36% in gastroc-
nemius muscle) compared to the other tissues, excluding
brain (58%) (Fig 2C, right; Supplemental Fig. S3B). The 21

E

FB
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FIGURE 2. Membrane trafficking genes are regulated by alternative splicing in a tissue-specif-
ic manner and during C2C12 cell differentiation. (A–D) Alternative splicing of trafficking genes
in mouse tissues was evaluated by RT-PCR and quantified by densitometry. Heatmap shows
the summary of the results of 11 events in adult mice (A). Striated muscles are labeled in
red. Three examples are shown: Trip10 (B), Gapvd1 (C ), and Tmed2 (D) in neonatal (postnatal
day 4.5, p4.5) and adult (ad) tissues. (E,F ) Splicing of trafficking genes was evaluated during
C2C12 cell differentiation. The heatmap summarizes the results of all the tested events (E).
Splicing events in Trip10, Tmed2, and Gapvd1 pre-mRNAs are shown as examples (F ). (G)
Correlation plot between the PSI in myotubes and the average of adult skeletal gastrocnemius
muscle and adult ventricle. Results are shown as mean±SEM, n=3, (∗) P<0.05, Welch’s t-test,
adult versus p4.5 or differentiated (D) versus undifferentiated (UD). (PSI) Percent spliced in,
(EDL) extensor digitorum longus, (FDB) flexor digitorum brevis, (TA) tibialis anterior.
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nt containing exon of Tmed2 pre-mRNA was completely
excluded in spleen, intestine (Fig. 2D, left), kidney, liver,
brain, and lung (Supplemental Fig. S3C), but included in
adult heart and gastrocnemius muscle (68% and 80%, re-
spectively) (Fig. 2D, right) and other skeletal muscle tissues
(Supplemental Fig. S3C).
These studies led us to conclude that alternative splicing

of membrane trafficking genes is regulated during postna-
tal development and their tissue-specific isoform expres-
sion suggests that the splice isoforms may contribute to
the proper functionality of adult striated muscles.

Splicing transitions in membrane trafficking genes
observed in vivo are robustly reproduced during
C2C12 cell differentiation in vitro

C2C12 mouse myoblast cells are a well-established model
used to study aspects of striated muscle biology in vitro
(McMahon et al. 1994; Bland et al. 2010). Upon reduction
of the serum concentration, mononucleated C2C12
myoblasts exit the cell cycle and fuse together to formmul-
tinucleated myotubes (myogenesis). We utilized existing
RNA-sequencing data from C2C12 myoblasts and myo-
tubes (Singh et al. 2014) to determine whether the splicing
transitions in membrane trafficking genes observed during
striated muscle development in vivo were recapitulated
during C2C12 cell differentiation. Using theMixture of Iso-
forms (MISO) software (Katz et al. 2010), we defined differ-
entially alternatively spliced events as those exhibiting a
|ΔPSI |≥ 0.1 where ΔPSI was defined as the difference be-
tween thePSI inmyotubes and thePSI inmyoblasts.Wede-
tected 427 eventswith positiveΔPSI values (ΔPSI≥0.1) and
231 events with negative ΔPSI values (ΔPSI≤−0.1), for a to-
tal of 658 events that were differentially spliced between
myoblasts and myotubes. Gene ontology (GO) analysis
(Yu et al. 2012) of these genes revealed an enrichment of
endocytosis, trafficking and cell organization categories
(P<8×10−3) (Supplemental Fig. S3D). Thus, GO catego-
ries related to membrane dynamics and intracellular
trafficking were prevalent in the global dataset of differen-
tially spliced genes duringmyogenesis, consistent with ob-
servations made by us and others during in vivo
development of the heart and skeletal muscle (Giudice
et al. 2014; Brinegar et al. 2017). To validate these findings,
we evaluated the splicing patterns of our 11 selected splic-
ing events in C2C12 myoblasts and myotubes via RT-PCR
(Fig. 2E,F). All of the alternative regions that transitioned
from lower to higher inclusion levels during striatedmuscle
development in mice also increased in inclusion during
C2C12 cell differentiation in culture (Fig. 2E). Trip10
(exon of 168 nt), Gapvd1 (exon of 81 nt), and Tmed2
(exonof 21 nt) exhibited low inclusion (4%, 4%, 0%, respec-
tively) in myoblasts and a gradual increase in inclusion lev-
els up to 75%, 35%, 81%, respectively, after 6 d of
differentiation (Fig. 2E,F).

The mean inclusion levels of alternative regions in adult
skeletal gastrocnemius muscle and adult ventricle were
positively correlated with their levels in differentiated
C2C12 cells (myotubes) (Fig. 2G, Pearson=0.46). These
results indicate that differentiation of C2C12 cells recapit-
ulatemost in vivo splicing transitions, and they can serve as
an appropriate model for investigating the molecular reg-
ulators controlling the striated muscle splicing transitions
in membrane trafficking genes.

Chromatin-modifying drugs influence alternative
splicing outputs in trafficking genes

Chromatin states can influence alternative splicing deci-
sions both in cell culture and tissues (Luco et al. 2010;
Khan et al. 2014; Xu et al. 2021). Thus, we sought to inves-
tigate if chromatin-modifying drugs influence alternative
splicing decisions inmembrane trafficking genes. After dif-
ferentiating C2C12 cells for at least 72 h, we treated myo-
tubes with trichostatin A (TSA) or camptothecin (CPT).
TSA is a histone deacetylase inhibitor that promotes a

more permissive chromatin environment and has been
demonstrated to facilitate transcriptional elongation in
mammalian cell culture (Protacio et al. 2000; Bintu et al.
2012; Dujardin et al. 2014). After treating myotubes with
TSA for 16–18 h, we observed an over threefold increase
in histone acetylation (Fig. 3A). Splicing assays revealed a
|ΔPSI| > 5 in 8 of the 11 events in the developmentally reg-
ulated membrane trafficking genes (Fig. 3B–D). While al-
ternative exons in Cltc and Tmed2 pre-mRNAs displayed
drastic increases in skipping after TSA exposure (Fig. 3B,
C), alternativeexons in Fbln2 andScribpre-mRNAs showed
an increase in inclusion levels (Fig. 3B,C). Overall, the pri-
mary response to histone acetylation was an increase in
exon skipping (Fig. 3C,D) and exon size was correlated
with TSA-responsive splicing changes (Pearson=0.62)
with the shortest exons having the highest degree of
exon skipping (Fig. 3E).
We next treated myotubes for 16–18 h with CPT (1 or 10

µM), a potent topoisomerase inhibitor. One effect of CPT
treatment is inhibition of transcriptional elongation, either
by restricting unwinding of the supercoiled DNA tem-
plate, or by inducing transcriptional pausing (Ljungman
and Hanawalt 1996; Listerman et al. 2006). Exon skipping
was increased in Cltc, Capzb, and Fnbp1 pre-mRNAs in re-
sponse to CPT treatment (Fig. 3F,G). In fact, CPT treat-
ment led to a dose-response increase in exon skipping
for most membrane trafficking genes under investigation
(Fig. 3G,H).
To determine whether overall mRNA expression was al-

tered by TSA and CPT treatment, we performed quantita-
tive real time PCR (qPCR) assays for our set of membrane
trafficking genes. All mRNAs exhibited a significant up-
regulation at the mRNA level after TSA treatment except
Trip10 (Supplemental Fig. S4). In contrast, Capzb, Fbln2,
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Fnbp1, Gapvd1, Scrib, and Tmed2 were down-regulated
after CPT treatment. These results are not surprising given
that TSA and CPT promote and inhibit overall transcrip-
tion, respectively. We found no association between the
up- or down-regulation of gene expression in response
to TSA or CPT and the splicing outcomes. Because we ob-
served similar splicing outcomes in response to TSA or
CPT treatment (e.g., the alternative exon of Fnbp1 is
skipped in response to both CPT and TSA treatment), over-
all gene expression does not appear to drive splicing
changes.

Chromatin states are known to be coupled to splicing
through the action of RBPs. Therefore, we next sought to
determine the identities of RBPs that regulate the splicing
of trafficking genes.

RBP expression changes during myogenesis

We selected a group of RBPs that were previously de-
scribed as splicing regulators and that are known to be
expressed in C2C12 cells, skeletal muscle, and heart tis-
sue: PTBP1, PTBP2, RBFOX2, QKI, MBNL1, MBNL2,
CELF1, and CELF2 (Bland et al. 2010; Wang et al.

2012; Hall et al. 2013; Giudice and Cooper 2014; Singh
et al. 2014; Wang et al. 2015). First, we defined the
expression patterns of these candidate RBPs in myoblasts
and myotubes using western blot assays (Fig. 4A).
Consistent with previous reports, we observed that
PTBP1 was expressed in myoblasts but virtually absent
in myotubes (Fig. 4B; Boutz et al. 2007; Bland et al.
2010). PTBP2, a homolog of PTBP1, was down-regulated
by 49% during C2C12 cell differentiation (Fig. 4C). These
findings are consistent with previous work that suggests
PTBP2 repression occurs via miR-133 up-regulation dur-
ing myogenesis (Boutz and Chawla 2007). RBFOX2 ex-
pression was 36% higher in myotubes compared with
myoblasts (Fig. 4D), while QKI levels were unaltered dur-
ing myogenesis (Fig. 4E). We observed similar expression
levels of CELF1 and MBNL1 in myoblasts and myotubes,
but a twofold increase in CELF2 expression and a 36%
decrease in MBNL2 expression during differentiation
(Fig. 4F–I).

These results led us to hypothesize that the expression
dynamics of RBPs could influence the splicing of alterna-
tive exons in the membrane trafficking genes during
myogenesis.
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FIGURE 3. Trichostatin A (TSA) and camptothecin (CPT) treatment influence alternative splicing outputs. (A) Western blot assays were performed
using lysates from myotubes treated with TSA. Untreated cells were collected before (Pre) and 16–18 h after (−) TSA treatment. The ratio of acet-
ylated histone H3 (H3ac) to total histone H3 was quantified by densitometry. (B,C ) After treatment with TSA, splicing of trafficking genes was
determined in myotubes by RT-PCR and PSI was quantified via densitometry. (D) Pie chart of splicing events that respond to TSA treatment.
Skipping and inclusion were defined as events with a ΔPSI≤−5 and ΔPSI≥ 5, respectively. (E) Scatterplot of alternative region size and ΔPSI.
(F,G) Myotubes were treated with CPT (1 or 10 µM), splicing of trafficking genes was evaluated by RT-PCR, and PSI was quantified via densitom-
etry. (H) Pie chart of splicing events that respond to CPT treatment. ΔPSI was defined as the difference between the PSI under TSA or CPT treat-
ment and the PSI when an equal volume of DMSO (vehicle) was added. Results are shown asmean±SEM, n=3–6, (∗) P<0.05,Welch’s t-test, TSA
or CPT treatment versus an equal volume of DMSO. (bp) Basepair, (DMSO) dimethyl sulfoxide, (KDa) kilodalton, (nt) nucleotide, (PSI) percent
spliced in.
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PTBP1 and QKI co-regulate alternative splicing
decisions in membrane trafficking genes

To determine the impact of our candidate RBPs on the ex-
pression of the muscle-specific isoforms of the membrane
trafficking proteins under study, we depleted each RBP in
C2C12 cells. In these experiments, undifferentiated cells
were treated with small interfering RNAs (si-RNAs) and
splicing outputs were evaluated after differentiation by
RT-PCR assays. The exceptions to this approach were
PTBP1, PTBP2, and RBFOX2. In PTBP1 and PTBP2 deple-
tion experiments, splicing patterns were evaluated in un-
differentiated cells because these RBPs are very lowly
expressed in myotubes (Fig. 4B,C). On the other hand,
RBFOX2 has a strong effect on C2C12 cell differentiation,
especially in early stages (Singh et al. 2014). To avoid
changes in alternative splicing that result from differentia-
tion defects, myoblasts were differentiated for 2 d before
transfection of RBFOX2 si-RNAs and then splicing outputs
were evaluated 2 d later.
We observed relatively little effect of CELF1, CELF2,

MBNL1, MBNL2, PTBP2, and RBFOX2 depletion on the

splicing patterns of the selectedmem-
brane trafficking genes (Fig. 4J; Sup-
plemental Figs. S5–S7). In contrast,
PTBP1 and QKI depletion produced
widespread changes in isoform ex-
pression of the trafficking genes (Fig.
4J; Supplemental Fig. S8). Depletion
of PTBP1 in myoblasts (Fig. 5A) led
to an increase in exon inclusion of 5%
or more in 10 out of the 11 evaluated
events (Fig. 4J; Supplemental Fig.
S8A), including Fbln2 (Fig. 5B) and
Capzb pre-mRNAs (Fig. 5C). No com-
pensatory up-regulation in PTBP2 was
observed following PTBP1 knock-
down (Fig. 5A). QKI depleted myo-
tubes (Fig. 5D) displayed an increase
in exon inclusion for three events,
such as those in Fbln2 (Fig. 5E) and
Clta pre-mRNAs (Fig. 4J; Supplemen-
tal Fig. S8B), and increase in exon
skipping for seven others, including
Capzb (Fig. 5F), Fnbp1, Ap2a1, Cltc,
and Tmed2 pre-mRNAs (Fig. 4J; Sup-
plemental Fig. S8B).

Interestingly, PTBP1 and QKI ap-
pear to regulate the splicing of several
events (Fbln2, Clta, Gapvd1 63 nt alt.
5′ss) in a cooperativemanner, but oth-
ers (Capzb, Cltc, Ap2a1, Fnbp1,
Trip10, Scrib) in an antagonistic man-
ner. These data indicate that the com-
bined actions of PTBP1 and QKI

determine splicing decisions in membrane trafficking
genes during myogenesis.
In light of our discovery that QKI and PTBP1 coordinate

the splicing of membrane trafficking genes, we examined
theexpressionof RBPs in response toTSAorCPT treatment
by western blotting (Supplemental Fig. S9A,B). Densitom-
etry analysis revealed changes in expression of multiple
RBPs following TSA or CPT treatment (Supplemental Fig.
S9C–E). We were particularly interested in the protein ex-
pression changes of QKI and PTBP1 because they are ma-
jor splicing regulators of membrane trafficking genes (Fig.
4J). To examine whether TSA and CPT may influence the
splicingbyalteringRBPexpression,wecorrelated the splic-
ing results from TSA or CPT treatment with those fromQKI
or PTBP1 depletion (Supplemental Fig. S9F–H). We ob-
served a strong correlation between splicing changes in re-
sponse to TSA or CPT treatment and QKI depletion
(Supplemental Fig. S9F–H, left) but not with PTBP1 deple-
tion (Supplemental Fig. S9F–H, right). These results
imply that TSA and CPT treatment may change splicing
decisions in membrane trafficking genes by altering QKI
expression.
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FIGURE 4. The expression of RBPs is regulated during myogenesis and influences splicing of
membrane trafficking genes. (A) Quantification of RBP expression during myogenesis. Results
are shown as mean±SEM, n=6, (∗) P<0.05, Welch’s t-test. (B–I ) PTBP1 (B), PTBP2 (C ),
RBFOX2 (D), QKI (E), CELF1 (F ), CELF2 (G), MBNL1 (H), andMBNL2 (I ) expression inmyoblasts
(Mb) andmyotubes (Mt) was measured by western blotting. (J) Heatmap of splicing changes in
trafficking genes upon RBP knockdown that were evaluated by RT-PCR assays and quantified
by densitometry. ΔPSI was defined as the difference between the PSI in the knockdowns and
the PSI in the control si-RNA. n=3. (PSI) Percent spliced in.
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Distribution of PTBP1 andQKI bindingmotifs around
the alternative exons of membrane trafficking genes

We next asked whether there were putative PTBP1 and
QKI binding motifs within the alternative exons or the
flanking introns of our group of membrane trafficking
genes. PTBP1 binds UCUCU motifs, particularly those up-
stream of alternatively spliced exons to induce exon skip-
ping (Fig. 6A; Spellman and Smith 2006; Keppedipola
2012). In contrast, QKI is known to bind to ACUAA motifs
upstream or downstream of an alternative exon to pro-
mote its skipping or inclusion, respectively (Fig. 6B;
Galarneau and Richard 2005; Hall et al. 2013).

We utilized a set of ten 5-mer PTBP3 motifs (PTBP1 and
PTBP3 share overlapping specificity) (Dominguez et al.
2018; Van Nostrand et al. 2020) and ten QKI motifs (Ray
et al. 2013). By analyzing the alternative regions of the se-
lected trafficking genes and up to 500 nt of the flanking

intronic regions, we evaluated the
presence and distribution of PTBP1
and QKI binding motifs. There were
more PTBP1 motifs upstream of all al-
ternatively spliced regions with some
motifs downstream as well (Fig. 6C).
This analysis, combined with our cell
culture studies suggests that PTBP1
might bind upstream of alternative ex-
ons in membrane trafficking genes to
promote exon skipping in myoblasts.
A higher number ofQKImotifs were

located upstream of alternative exons
in Fbln2, Trip10, and Clta genes than
downstream (Fig. 6D). Because QKI
depletion led to an increase in inclu-
sion of alternative exons in Fbln2 and
Clta, we propose that QKI might bind
to the motifs located upstream of the
alternative exons, thus acting as a neg-
ative splicing regulator for these splic-
ing events. The regions downstream
of the alternative exons in Tmed2,
Fnbp1,Cltc,Capzb, andAp2a1 genes
contained more QKI motifs than the
upstream regions (Fig. 6D). When
QKI was depleted, we observed an in-
crease in exon skipping in Tmed2,
Fnbp1,Cltc,Capzb, andAp2a1genes,
suggesting that QKI might bind to
downstream motifs in these pre-
mRNAs and act as a positive splicing
regulator.
Overall, these findings suggest that

membrane trafficking genes are regu-
lated by alternative splicing by PTBP1
and QKI. PTBP1 acts as a splicing re-

pressor by binding to upstream motifs, and QKI acts as a
splicing silencer or enhancer when bound upstream or
downstream of the alternative exon, respectively.

PTBP1 and RBFOX2 binding motifs are enriched
around the entire set of alternative exons regulated
during myogenesis

We used the previously mentioned RNA-sequencing data
(Singh et al. 2014) to determine whether or not the distri-
bution of motifs on trafficking genes are similar (or not)
to all exons that are alternatively spliced during myogene-
sis. To determine motif enrichment, we performed an un-
biased analysis of the 658 cassette exon events that
change during myogenesis (427 events with ΔPSI≥0.1
and 231 events with ΔPSI≤−0.1) and 658 unchanged cas-
sette exon events matched based on length and GC-
content.
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FIGURE 5. PTBP1 and QKI regulate alternative splicing in membrane trafficking genes. (A)
PTBP1 was depleted in myoblasts, and western blot assays for PTBP1 and PTBP2 were per-
formed (top), and the PTBP1 blot was quantified (bottom). (B,C ) Splicing of several trafficking
genes upon PTBP1 knockdown was evaluated by RT-PCR and quantified by densitometry. (D)
QKI was depleted in myotubes, and western blot assays were performed (top) and quantified
(bottom). (E,F ) Splicing of several trafficking genes upon QKI depletion was evaluated by RT-
PCR and quantified by densitometry. Results are shown as mean±SEM, n=3, (∗) P<0.05,
Welch’s t-test. (bp) Basepair, (KDa) kilodalton, (LMNA) lamin A/C, (nt) nucleotide.
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Analysis of the alternative exon sequences revealed few
enrichedmotifs (datanot shown).However, investigationof
intron sequences upstream of exons with positive ΔPSI val-
ues (ΔPSI≥ 0.1, i.e., PSImyotubes > PSImyoblasts), revealed a
significant enrichment of UC-rich motifs (Supplemental
Fig. S10A, right). We did not observe a significant enrich-
ment of UC-rich motifs for the upstream introns of alterna-
tive exons with negative ΔPSI values (ΔPSI≤−0.1, i.e.,
PSImyoblasts > PSImyotubes) (Supplemental Fig. S10A, left).
The presence of UC-rich binding motifs upstream of differ-
entially splicedexons suggests that PTBP1mightbeaglob-
al splicing regulator during myogenesis.
Within the introns downstream of alternative exons reg-

ulated during myogenesis, we observed a significant en-
richment of the RBFOX2 canonical motif, GCAUG, for
events with positive ΔPSI values (Supplemental Fig. S10B,
right). This is consistent with the finding that RBFOX2 pro-
motes exon inclusion when binding downstream of the al-
ternative exon (Sun et al. 2012). Interestingly, we did not
observe an enrichment ofQKImotifs in either the upstream
or downstream introns of the exons undergoing alternative
splicing during myogenesis, indicating that QKI regulation

might be specific to particular splicing
events, including membrane traffick-
ing genes (Figs. 4J, 5D; Supplemental
Fig. S10B).

Deletion of UCUCU motifs in
Capzb and Fnbp1 pre-mRNAs
prevents PTBP1 binding

To determine if the putative PTBP1
motifs identified by our bioinformatic
analysis were occupied by this RBP,
we performed in vitro binding assays.
We first used fluorescence polariza-
tion experiments to assess PTBP1
binding affinity for RNA regions in
the two events, Capzb and Fnbp1.
RNA oligonucleotides (14–17 nt)
containing consensus PTBP1 binding
sequences mapping to either the al-
ternative exon or the upstream flank-
ing intron for Capzb (Fig. 7A) and
Fnbp1 (Fig. 7B) were synthesized.
Capzb and Fnbp1 gene sequences
that did not have PTBP1 motifs were
usedas controls.Weobservedsigmoi-
dal binding curves for the exon and in-
tron oligonucleotides for both genes,
with binding constants indicative of
high-affinity binding similar to previ-
ous reports (Fig. 7C,D; Han et al.
2014). Importantly, control RNA se-
quences lacking PTBP1 motifs, or a

randomized RNA sequence displayed substantially weaker
or no binding (Fig. 7C,D, gray curves).
To corroborate our fluorescence polarization results we

sought to assess PTBP1 binding to longer natural sequenc-
es (>100 nt) from Capzb. We adapted a previous method
(Lambert et al. 2014; Dominguez et al. 2018) in which pro-
tein is immobilized to beads, incubated with RNA, and
RNA binding is measured (in this case RNA binding is quan-
tified by qPCR). Sequences spanning the Capzb intron or
exon were in vitro transcribed to contain 5–6 PTBP1 motifs.
As additional controls, we generated variants of Capzb
RNAs in which PTBP1 motifs were mutated (C to G transi-
tions, Fig. 7E, indicated as red circles) as well as a com-
pletely randomized RNA sequence which served as
“background” binding (Fig. 7E–F). PTBP1 exhibited sub-
stantial binding to the wild-type Capzb intron sequence,
which was greatly diminished with the RNAs harboring mu-
tant motifs (Fig. 7G, left). PTBP1 association with the wild-
type Capzb exon sequence was considerably weaker than
with the intronic sequence (Fig. 7G), similar to our fluores-
cence polarization data (Fig. 7B), and also consistent with
the preferred binding location of the protein in vivo.

BA
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FIGURE6. Membrane trafficking genes contain putative PTBP1 andQKI bindingmotifs in and
around the alternatively spliced regions. (A,B) Schematic of the mechanism of PTBP1 (A) and
QKI (B) regulation of alternative splicing. (C,D) Bioinformatic motif analysis for membrane traf-
ficking genes for PTBP1 (C ) andQKI (D). PTBP1motifs are indicated by black triangles andQKI
motifs by red triangles. Analysis was performed using ten PTBP1 motifs and ten QKI motifs.
Exons and introns are scaled according to size. Up to 500 nt of the upstream intron and down-
stream intron was used for analysis.
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Collectively, our data confirms the UCUCU motif as the
consensus PTBP1 binding sequence and illustrates that
PTBP1 preferentially binds to upstream intronic motifs
with exceptionally high affinity for Capzb and Fnbp1.

DISCUSSION

Membrane trafficking proteins are involved in signal
transduction, maintenance of ion concentration, clathrin-
mediated endocytosis, vesicle-mediated transport, and
secretory pathways, which are all especially critical to stri-
ated muscle physiology. In this work, we describe a set
of membrane trafficking genes that are alternatively
spliced in a tissue- and developmental stage-specific man-
ner. The alternative regions in these membrane trafficking
genes are small, and several fit the definition of microex-
ons (i.e., exons containing 3–30 nt) (Ustianenko et al.

2017). Recent work demonstrated
that inclusion or skipping of microex-
ons can drastically alter protein bind-
ing partners and catalytic activity of
enzymes (Ustianenko et al. 2017).
Microexon inclusion can remodel en-
tire protein binding networks in neu-
rons, and likely behave similarly in
other tissues (Irimia et al. 2014). More-
over, the majority of the alternative
exons in membrane trafficking genes
contain a multiple of three nucleo-
tides, which translates to an in-frame
insertion in the final peptide se-
quence and suggests that these iso-
forms may have novel functions that
specifically support muscle function.

The combined actions of PTBP1
and QKI regulate splicing of
membrane trafficking genes
during myogenesis

PTBP1 and QKI have been shown to
control an overlapping set of 172
exons during muscle cell differentia-
tion in a microarray study (Hall et al.
2013). In our work, we find that mem-
brane trafficking genes represent a
functionally linked subset of genes
that are regulated specifically by
PTBP1 and QKI. In contrast, RBFOX2,
which is an established regulator of
splicing duringmuscle cell differentia-
tion (Singh et al. 2014), is not a prima-
ry splicing regulator of membrane
trafficking genes. The lack of global
enrichment of QKI motifs in alterna-

tively spliced genes during myogenesis and the presence
of these motifs proximal to the alternative regions of traf-
ficking genes further suggests that QKI specializes in reg-
ulating particular splicing events, including those in
membrane trafficking genes. In our study and in others,
PTBP1 generally acts as a negative splicing factor (Boutz
et al. 2007). The down-regulation of PTBP1 expression
during myogenesis may therefore function to relieve re-
pression of alternative exons and allow the specific regula-
tory action of QKI to dictate adult splice isoform
expression of membrane trafficking genes (Boutz et al.
2007). The close proximity of PTBP1 and QKI motifs sug-
gests that a reduction in PTBP1 could also alleviate com-
petition for binding of pre-mRNAs by QKI in adult
tissues. Cooperation of splicing by multiple RBPs has
been extensively demonstrated in many tissues. Thus, it
is plausible that different pairs of RBPs coregulate subsets
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FIGURE 7. PTBP1 binds with high affinity to Capzb and Fnbp1 intronic motifs in vitro.
(A) Fluorescently labeled Capzb RNA oligonucleotides overlapping selected, putative
PTBP1 binding motifs (arrowheads) identified within the alternative exon and up to 500 nt of
flanking intron. (B) Fluorescently labeled Fnbp1 RNA oligonucleotides overlapping selected,
putative PTBP1 binding motifs (arrowheads) identified within the alternative exon and up to
500 nt of the flanking introns. (C ) Fluorescence polarization binding curves for Capzb RNA ol-
igonucleotides incubated with PTBP1. Intron KD∼ 3 nM (SD=0.2 nM), exon KD∼6 nM (SD=2
nM). (D) Fluorescence polarization binding curves for Fnbp1 RNA oligonucleotides incubated
with PTBP1. Intron KD∼2 nM (SD=0.9 nM), exon KD∼8 nM (SD=6 nM). (E) Capzb RNA oli-
gonucleotides with wild-type or mutant putative PTBP1 motifs. (F ) Schematic of Bind-n-
qPCR assay. (G) PTBP1 binding enrichment to Capzb RNA oligonucleotides shown in panel
E. Fluorescence polarization shows cumulative data with three replicates (n=3). qPCR binding
assays show cumulative data of replicates (n=5). Significance was determined via one-tailed t-
test, (∗) P<0.05.
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of trafficking genes providing fail-safe mechanisms to
prevent mis-splicing (Dassi 2017).
PTBP1 and QKI are expressed in numerous tissues, yet

unique splice isoforms of the membrane trafficking genes
evaluated here are expressed mostly in striated muscle.
This observation might be explained by the fact that
PTBP1 expression is down-regulated during striated mus-
cle development, but not during the development of other
tissues (Zhang et al. 2009; Carithers et al. 2015; Uhlén et al.
2015). Particularly high expression levels of QKI in striated
muscle tissues may also contribute to these patterns
(Uhlén et al. 2015; Chen et al. 2021). Indeed, a recent
cross-species comparison of alternative splicing patterns
indicates that QKI motifs tend to be located downstream
of developmentally regulated exons in heart and likely
function to promote the expression of adult heart isoforms
(Mazin et al. 2021).

Chromatin-modifying drugs alter RBP expression

The chromatin-modifying drugs TSA and CPT have been
extensively utilized to study the relationship between chro-
matin states, transcriptional kinetics, and alternative splic-
ing outcomes. Although a relationship between treatment
with TSA and CPT and histone acetylation or transcription
rate has previously been experimentally established, our
results suggest that expression of specific RBPs is also af-
fected by TSA and CPT. In our studies, treatment of myo-
tubes with TSA or CPT led to the down-regulation of QKI
and produced splicing changes that resembled those in
QKI depleted myotubes. These results suggest that the
splicing effects observed after TSA and CPT treatment
might be due to reduced QKI expression. These findings
are likely to apply to non-muscle contexts where changes
in the expression of other RBPs could mediate the effects
observed after TSA or CPT exposure. These discoveries
warrant a reexamination of the utility of these compounds
in studying the relationship between transcriptional dy-
namics and alternative splicing.

Implications for striated muscle diseases

Mis-splicing of membrane-related genes is functionally
tied to features of muscular and cardiac diseases (Savkur
et al. 2004; Fugier et al. 2011; Tang et al. 2012; Hong
et al. 2014; Freyermuth et al. 2016; Moulay et al. 2020).
For example, a reversion to the expression of the fetal
splice isoform of BIN1 has been observed in several mus-
cular diseases and results in disorganized T-tubules (Fugier
et al. 2011; Böhm et al. 2013). Bin1 pre-mRNA splicing is
regulated by MBNL1 and splicing correction restores mus-
cle strength in human muscle cells (Fugier et al. 2011).
Another example is clathrin, a well-known endocytosis me-
diator, which consists of clathrin heavy chains and light
chains coded for by the Cltc and Clta genes, respectively.

Mice lacking the alternative exon of CLTC exhibit in-
creased skeletal muscle mass and larger myofibers, indi-
cating that Cltc splicing is functionally relevant for
muscle development (Blue et al. 2018). Further, forced al-
ternative exon skipping in Cltc results in abnormal clathrin
plaque formation, reduced muscle force generation, and
disruptions in intracellular architecture, establishing a nov-
el role for the alternative exon in Cltc pre-mRNA in muscle
homeostasis (Moulay et al. 2020). Increased skipping of
the alternative exon was also correlatedwithmyotonic dys-
trophy severity (Moulay et al. 2020). Our observation that
QKI and PTBP1 antagonistically regulate the alternative
exon in Cltc pre-mRNA suggests an important but unstud-
ied potential role of these proteins in the pathogenic
mechanism of myotonic dystrophy.

Final remarks

Proper expression of membrane trafficking proteins is crit-
ical for functional skeletal and cardiac muscle. Our study
implicates PTBP1 and QKI in the regulation of this mem-
brane trafficking splicing network. Greater insight into
the splicing regulators of trafficking proteins and the func-
tion of alternative isoforms has the potential to reveal novel
details about the still uncertain etiologies and molecular
mechanisms underlying numerous diseases in striated
muscle.

MATERIALS AND METHODS

Animals and tissue isolation

The FVB/NJ (The Jackson Laboratory) mouse colony was main-
tained from breeding pairs. Adult (4–5 mo) and postnatal day
4.5 (p4.5) mice were euthanized by the isoflurane drop method
followed by secondary euthanasia techniques, such as
cervical dislocation (adult) or decapitation (p4.5). Tissues were ex-
cised, blotted dry, flash frozen in liquid nitrogen, and stored at
−80°C until further use. Mouse handling techniques followed
the NIH Guidelines for Use and Care of Laboratory Animals
approved by the Institutional Animal Care and Use Committee
(IACUC) at The University of North Carolina at Chapel Hill (UNC
Chapel Hill).

Cell culture

C2C12mouse myoblast cells (ATCC) were cultured at 37°C under
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100
units/mL of penicillin, and 100 µg/mL streptomycin. Cells were
maintained at low confluency (30%–40% confluent). For differen-
tiation, cells were washed with phosphate buffered saline (PBS)
and cultured in DMEM supplemented with 2% horse serum,
2mMglutamine, 100 units/mL of penicillin, and 100 µg/mL strep-
tomycin. Differentiation media were replaced every 48 h.
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si-RNA delivery

C2C12 myoblast cells were plated in six well plates (60–80×103

cells per well) in DMEM supplemented with 10% FBS and 2 mM
glutamine. Delivery of si-PTBP1 (Invitrogen, MSS276537, MSS
276539), si-PTBP2 (Invitrogen, MSS225938, MSS225940), si-QKI
(Invitrogen, MSS208338, MSS276677), si-MBNL1 (Invitrogen,
MSS226392, MSS226393), si-MBNL2 (Invitrogen, MSS272396,
MSS200587), si-CELF1 (Invitrogen, MSS203372, MSS203374), or
si-CELF2 (Invitrogen, MSS274200, MSS204012) was performed
the following day when the cells reached 50%–60% confluency us-
ing the Lipofectamine RNAiMax transfection reagent (Invitrogen,
13778075) following manufacturer protocols. Prior to transfection
of si-RBFOX2 (Dharmacon, D-051552-01-0002, D-051552-04-
0002), myoblasts were differentiated for 2 d. A si-luciferase
(si-luc) (Invitrogen, 465377) was used as a negative control for
experiments using the stealth si-RNAs from Invitrogen and a non-
targeting si-RNA (Dharmacon, D-001210-01-20) was used as a
negative control for experiments using the si-RNAs from Dharma-
con. For PTBP1 and PTBP2 depletion experiments, cells were
washed with PBS and RNA, and protein lysates were extracted
24 h after transfection. Cells were differentiated for 4–6 d before
RNA and protein collection for QKI, MBNL1, MBNL2, CELF1,
CELF2, and RBFOX2 depletion experiments.

TSA and CPT treatment

C2C12 myoblasts were plated in six well plates (200–300×103

cells per well) in DMEM supplemented with 10% FBS and 2 mM
glutamine. Differentiation was initiated the following day by
switching the culture medium to DMEM supplemented with 2%
horse serum and 2 mM glutamine. After 3–6 d of differentiation,
cells were treated with 1 µg/mL TSA, 1 µM CPT, 10 µM CPT, or
an equal volume of dimethyl sufloxide (DMSO, vehicle) for 16–
18 h.

RNA extraction

Flash frozen tissues were pulverized using 1.4 mm ceramic beads
(Lysing Matrix D) and TRIzol Reagent (Invitrogen) at 6500 r.p.m.
for 20 sec intervals using a Precellys-24 Homogenizer (Bertin In-
struments). Total RNAwas extracted following the TRIzol Reagent
manufacturer’s recommended protocol. Total RNA concentration
was measured using a NanoDrop Lite Spectrophotometer
(ND-LITE, Thermo Fisher Scientific).

cDNA synthesis

RNA was reverse-transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4368813),
nuclease-free water and RNase inhibitors (Applied Biosystems,
N8080119), and the following program: (i) 25°C for 10 min, (ii)
37°C for 120 min, (iii) 85°C for 5 min, (iv) 4°C pause.

Alternative splicing evaluation by PCR

cDNA was utilized to perform PCR assays using GoTaq Green
Master Mix (Promega, #M7123) and mouse primers (0.5 µM)

that targeted the constitutive exons that flank the alternative
spliced regions (Supplemental Table S1). Amplification condi-
tions were as follows: (i) 95°C for 1 min 15 sec, (ii) 28 cycles of
95°C for 45 sec, 57°C for 45 sec, 72°C for 1 min, (iii) 72°C for
10 min, (iv) 4°C pause. PCR products were separated by electro-
phoresis using 6% polyacrylamide gels in TBE buffer (89 mM Tris,
89 mM boric acid, 2.5 mM EDTA, pH 8.3) for 4 h at 140 V. Gels
were stained with an aqueous solution of 0.4 μg/mL ethidium bro-
mide for 10 min and visualized using the ChemiDoc XRS+
Imaging System (Bio-Rad). The Image Lab 6.0.1 Software (Bio-
Rad) for analysis was utilized to quantify the alternative splicing
gels by densitometry.

Quantitative real-time PCR (qPCR)

Applied Biosystems TaqMan Fast Advanced Master Mix (Thermo
Fisher Scientific, #4444557) was used in 20 µL reaction with 25 ng
cDNA. The following protocol was run on a StepOne Plus Ma-
chine: (i) 50°C for 2 min; (ii) 95°C for 20 sec; (iii) 95°C for 1 sec;
(iv) 60°C for 20 sec. The cycle thresholds for all probes were nor-
malized to ribosomal protein L13a (Rpl13a, Mm01612986_gH,
amplicon size 122 bp; Thermo Fisher Scientific) (Supplemental
Table S2).

Protein lysate preparation

Cells were placed on ice, washed with ice cold PBS, and lysed on
ice with cold RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], pH 7.5) containing protease inhibitors (Roche,
11873580001, 04693132001) and phosphatase inhibitors
(Thermo Fisher Scientific, #78428), and 1 mM EDTA. Lysates
were incubated on ice for 15 min, sonicated at 75% amplitude
for 3 min (30 sec on, 30 sec off), incubated on ice for 15 min
and then centrifuged at 14,000 r.p.m. for 10 min at 4°C. Superna-
tants were transferred into new tubes and stored at −80°C. Pro-
tein concentration was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, #23225).

Western blotting

Equal amounts of protein were diluted in loading buffer (50 mM
Tris-HCl pH6.8, 12.5mMEDTA, 10%glycerol, 2%SDS, 0.02%bro-
mophenol blue, 360 mM beta-mercaptoethanol). Samples were
analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE)
on TGX-stain-free gels (Bio-Rad) utilizing a buffer containing 192
mM glycine, 25 mM Tris-base, and 3.5 mM SDS, pH 8.3. Electro-
phoresis was performed at 90 V for 30 min and 90–150 V for
30 min. Gels were imaged on a ChemiDoc XRS+ Imaging System
(Bio-Rad). Proteins were then transferred into an Amersham
Hybond Low Fluorescence 0.2 µmPVDFmembrane (General Elec-
tric Healthcare, #10600022) at 100 V for 1 h using a transfer buffer,
which contains 192 mM glycine, 25 mM Tris, and 20% methanol,
pH 8.3. Membranes were imaged on a ChemiDoc Imaging System
(Bio-Rad) to estimate total protein in each lane. Membranes were
then blocked for 1 h at room temperature using 5% nonfat dry
milk in tris-buffered saline with tween (TBST) (20 mM Tris-base,
137 mM NaCl, 0.1% tween 20, pH 7.6). Membranes were washed
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briefly with TBST and then incubated overnight at 4°C with the ap-
propriate primary antibodies diluted in 1% BSA in TBST. Primary
antibodies and the utilized dilutions were as follows: anti-PTBP1
from Abcam (ab133734,1:5,000 or 1:10,000), anti-PTBP2 from
Abcam (ab154787,1:5,000 or 1:2,000), anti-RBFOX2 from Santa
Cruz Biotechnology (sc271407,1:500), anti-QKI from Abcam
(ab126742,1:1,000), anti-MBNL1 from Santa Cruz Biotechnology
(sc515374,1:250), anti-MBNL2 from Santa Cruz Biotechnology
(sc136167,1:200 or 1:500), anti-CELF1 from Santa Cruz Biotechnol-
ogy (sc20003,1:200 or 1:1,000), anti-CELF2 from Santa Cruz Bio-
technology (sc47731,1:200), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) from Santa Cruz Biotechnology
(sc365062,1:100), anti-lamin A/C from Santa Cruz Biotechnology
(sc7293,1:500), anti-vinculin (VCL) from Cell Signaling Technology
(#4650,1:1,000), anti-acetyl-histone H3 (H3ac) from Millipore
(#06-599,1:500). The following day, membranes were washed in
TBST three times (10min each) and incubatedwith the appropriate
secondary antibodies diluted (1:10,000) in 1% BSA in TBST for
1–1.5 h in darkness and at room temperature. Secondary antibod-
ies utilized were purchased from Thermo Fisher Scientific and were
as follows: anti-mouse Dylight 800 (SA5-35521) and anti-rabbit
Dylight 800 (SA5-35571).Membranes were imaged using anOdys-
sey Licor Imager.

Unbiased motif analysis

RNA-sequencing data from one sample of undifferentiated
C2C12 myoblasts and two samples of differentiated C2C12 myo-
tubes were utilized (Singh et al. 2014). Samples were aligned to
the mm10 genome using STAR (Dobin et al. 2013), then sorted
and indexed using bedtools (Quinlan and Hall 2010), and alterna-
tive splicing was calculated usingMISO (Katz et al. 2010) (undiffer-
entiated sample compared to the two differentiated samples).
Cassette exon events from the twoMISO comparisons were com-
bined. Significant events were defined as those with a Bayes fac-
tor≥10 and ΔPSI≥ 0.1 (positive ΔPSI) or Bayes factor≥10 and
ΔPSI≤−0.1 (negative ΔPSI). Length and GC content were calcu-
lated for the alternatively spliced exons, and the upstream and
downstream flanking introns (up to 500 bp). Sequences with sim-
ilar length and GC content within each of those subcategories
were matched using the MatchIt R package to generate a control
set (Ho et al. 2011). 5-mer frequency was computed for these re-
gions, and the frequency of 5-mers in significant events compared
to matched control nonsignificant events was calculated using a
Fisher’s exact test. Significant 5-mers with a Padj < 0.05 were plot-
ted. For both cases, ΔPSI was defined as the difference
between the PSI in myotubes and the PSI in myoblasts (ΔPSI =
PSImyotubes−PSImyoblasts). Using these sets of exons, upstream
and downstream introns of the exons were determined.

Biased motif analysis

By utilizing a set of ten 5-mer PTBP3 motifs (TTTCT, TCTTT,
TCTCT, TTCTT, CTATC, CTTTC, TCTAT, CTTCT, TATCT, CTTTT)
in vitro specificity of the RBP was determined (Dominguez et al.
2018). For QKI, a set of ten 5-mer QKI motifs identified in vitro
were utilized (ACTAA, CTAAC, CTAAT, TACTA, CTAAC, TCTAA,
CTAAG, GACTA, AACTA, CTGTA) (Ray et al. 2013). Using those
motifs, the alternative exons of the 11 events in the trafficking

genes and up to 500 nt of the upstream and downstream introns
were analyzed to determine the presence and location of PTBP1
and QKI binding motifs.

GO analysis

GO enrichment analysis was performed using ClusterProfiler
(Yu et al. 2012). A background set of genes expressed during
C2C12 cell differentiation was used to compare with the cassette
exon events considered differentially spliced according to the crite-
ria described above. The −log10 value was calculated from the
Benjamini–Hochberg adjustedP-value outputted fromCell Profiler.

Analysis of splice site strength

Sequences were retrieved from Ensembl genome browser. Splice
site strength was calculated using MaxEntScan::score5ss and
MaxEntScan::score3ss (Yeo and Burge 2004). The strength of the
5′ splice site was defined as the mean scores determined by the
maximum entropy model, maximum dependence decomposition
model, first-order Markov model, and weight matrix model. The
strength of the 3′ splice site was defined as the mean scores deter-
mined by the maximum entropy model, first-order Markov model,
and weight matrix model. A cutoff of 10% was used to define alter-
native sites that were higher or lower than the constitutive sites.

Expression and purification of PTBP1

PTBP1 isoform 1 was cloned out of pGEX-2TK-PTB from Phil
Sharp (Garcia-Blanco et al. 1989) (Addgene, plasmid #21929;
http://n2t.net/addgene:21929; RRID:Addgene_21929)1, cloned
into a pGEX-6P-1 construct containing GST and SBP (streptavidin
binding peptide) tags, and transformed into BL21(DE3) E. coli
cells. Cultures were grown in LB media until an optical density
of ∼0.8 was reached, the temperature was adjusted to 16°C and
the cultures were induced with 0.5 mM IPTG (Thermo Fisher
Scientific) overnight. Cells were collected by centrifugation at
4000g for 15 min and lysed in a buffer containing 50 mM Tris
pH 7.6, 200 mM NaCl, 5 mM DTT, 500 units/L culture
Benzonase Nuclease (Sigma-Aldrich), and 2 mM phenylmethyl-
sulfonyl fluoride (PMSF). Lysates were sonicated and centrifuged
at 36,000g for 30 min. Supernatants were then passed over a 0.45
μm filter. GST-SBP-PTBP1 was purified using GST-trap FF col-
umns (General Electric Healthcare). Protein concentration was de-
termined via Pierce 660 nm assay (Thermo Fisher Scientific), and
purity was assessed via SDS-PAGE and Coomassie blue staining.

In vitro transcription of RNA oligonucleotides

Intron and exon DNA oligonucleotides for Capzb were ordered
from Integrated DNA Technologies (IDT) and PCR amplified using
FWD_adapter and REV_adapter primers (Supplemental Table S3)
from IDT to produce the full-length DNA oligonucleotides with
qPCR adapters and a T7 promoter. DNA was resolved via agarose
gel electrophoresis and the resultant bands were extracted utilizing
aQIAquickGel Extraction Kit (Qiagen). DNAwas in vitro transcribed
using a T7 RiboMAX Express Large Scale RNA Production System
(Promega) to produce final RNA oligos with qPCR adapters
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(Supplemental Table S3). Final purity was assessed via denaturing
acrylamide gel electrophoresis, and RNA concentration was deter-
mined using a NanoDrop One (Thermo Fisher Scientific).

qPCR binding assay

DynabeadsMyOne Streptavidin T1 (Thermo Fisher Scientific) were
washed first with nuclease-freewater, then blocking buffer contain-
ing 25 mM Tris pH 8.0, 150 mM KCl, 3 mMMgCl2, 1 mg/mL BSA,
2 units/µL SUPERase-In (Invitrogen), and 1 mg/mL yeast tRNA
(Thermo Fisher Scientific), and finally with binding buffer (25 mM
Tris pH 8.0, 150 mM KCl, 3 mM MgCl2, 1 mg/mL BSA, 2 units/
mL SUPERase-In, and 50 nM random 14 nt RNA oligo). Reactions
were assembled in triplicate with 20 µL of beads, 50 nM GST-
SBP-PTBP1, and 5 nM transcribed RNA and diluted to a final vol-
ume of 60 µL in binding buffer. Reactions were left to equilibrate
for 30 min at 25°C. Following equilibration, the reactions were
placed on a magnetic stand for 2 min to isolate the PTBP1–RNA
complexes. Unbound RNA was removed, and the beads were
washed three times with 180 µL of wash buffer (25 mM Tris pH
8.0, 150 mM KCl, 2 mM MgCl2, 2 units/mL SUPERase-In, and 50
nM random sequence RNA). Product reactions were washed for
5 min and then placed on the magnet. PTBP1–RNA complexes
were eluted from the magnetic beads in elution buffer (4 mM bio-
tin, 25 mM Tris pH 8.0) for 30 min at 37°C. The product reactions
were placed back on the magnetic stand and the PTBP1–RNA
complexes were collected. Collected RNAwas reverse transcribed
using the iScript Reverse Transcription Supermix (Bio-Rad) follow-
ing manufacturer’s protocol with RT primer (5′-CGT-TGA-CAC-
TCG-ACG-ACT-GCA-3′) from IDT. Total input RNA (0.3 pmol)
was reverse transcribed to allow for RNA input normalization fol-
lowing qPCR. Template cDNA from RT was amplified by qPCR uti-
lizing the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
according to manufacturer’s instructions with qPCR_FWD primer
(5′-AGT-TGT-ACA-GTC-CGA-CGA-TGC-3′) andqPCR_REVprimer
(5′-CGT-TGA-CAC-TCG-ACG-ACT-GCA-3′), both from IDT. The
threshold cycle (Ct) was determined for each, and ΔCt values
were used to quantify the binding differences between wild-type
and mutant oligonucleotides. All values were normalized to the
Ct values of the input RNA and randomer ΔCt values.

Fluorescence polarization assay

RNA oligonucleotides with a 6-FAM (fluorescein) label at the
3′ end were purchased from IDT and their sequences are as
follows: Capzb intron (5′-CUC-UCU-GAA-CAC-UCU-CU-/6-FAM/-
3′), Capzb exon (5′-AUC-UCU-UGA-UGC-UAU-CC-/6-FAM/-3′),
Capzb control (5′-AGC-GCC-AGG-UCU-AC-/6-FAM/-3′), Fnbp1
intron (5′-CUC-UCU-CUC-UCU-CUC-UC-/6-FAM/-3′), Fnbp1
exon (5′-CUU-UCU-CUC-AAG-CU-/6-FAM/-3′), Fnbp1 control (5′-
CUG-GUC-UAA-UUG-GGU-UC-/6-FAM/-3′). GST-SBP-PTBP1 was
serial diluted in FP binding buffer [20 mMHEPES, 50mMNaC2H3-

O2, 3 mM Mg(C2H3O2)2, 0.01% triton X-100, 5 mM GSH, and
10 µg/mL BSA, pH 6.5] at the indicated final concentrations. RNA
(to 5 nM final) was added and the reactions were incubated for
15 min at 4°C. Plates were then centrifuged at 1000g for 1 min.
Fluorescence polarization was measured at 25°C using a PHERA-
star Plate Reader (BMG Labtech). Data were fit to a four-parameter
logistic regression and a Kd was determined.

Statistical analysis

Significancewas determined using an unpairedWelch’s t-test (two-
tailed). When multiple groups were compared, a one-way ANOVA
with Bonferroni post-hoc test formultiple comparisons was applied
to test significance. For RNA-sequencing analysis, adjusted P-value
(Padjusted) was used to account for multiple comparisons. qPCR
binding significance was determined via t-test. Statistical analysis
was performed in Microsoft Excel (Microsoft), RStudio or in Prism
9 (GraphPad). Statistical significance was considered if P<0.05 or
Padjusted <0.05. All data are represented as mean±SEM.
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Supplemental material is available for this article.
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in which the first author(s) of research-based papers in each is-
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work to readers of RNA and the RNA research community.
Emma Hinkle and Hannah Wiedner are co-first authors of this
paper, “Alternative splicing regulation ofmembrane trafficking
genes during myogenesis.” Emma and Hannah are both fifth
year PhD candidates in Genetics and Molecular Biology in Dr.
Jimena Giudice’s laboratory at the University of North
Carolina at Chapel Hill. Emma’s research focuses on investigat-
ing the interplay between mechanotransduction and alterna-
tive splicing in skeletal muscle, and Hannah’s research
focuses on the regulatory mechanisms of alternative splicing
during muscle development and their functional outputs.

What are the major results described in your paper and
how do they impact this branch of the field?

Skeletal and cardiacmuscle exhibit high levels of alternative splicing
in membrane trafficking genes; various groups have demonstrated
that this contributes to tissue maturity. Here we discover that the
RNA-binding proteins (RBPs), polypyrimidine tract binding protein
1 (PTBP1) andquaking (QKI), regulate the splicingofmembrane traf-
ficking genes. Further, we describe a previously unknown phenom-

enon whereby chromatin-modifying drugs impact both alternative
splicing and RBP expression. These findings impact the field of
both RNA and skeletal muscle by expanding our understanding of
alternative splicing regulation in striated muscle tissues.

What led you to study RNA or this aspect of RNA science?

EH: Before beginning graduate school, I was interested in DNA,
but I soon realized that RNA is the molecule that gets things done
in the cell! With my interest in mechanotransduction (how cells
sense mechanical signals and create biochemical cues), I find it fasci-
nating that skeletal muscle undergoes alternative splicing changes as
well asmechanical changesduringdevelopment tomature the tissue.

HW: One of the questions that initially fascinated me in biology
was “if humans develop from a single cell, how are cells from dif-
ferent bodily tissues so unique?” For example, cells in our bones
look and function differently than brain cells, yet they contain es-
sentially the samegeneticmaterial. My pursuit to answer this ques-
tion led me to become fascinated by the intricacies of gene
expression networks, feedback loops, and the regulatory mecha-
nisms involved in tissue development.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

We began working on experiments for this paper during our lab
rotations during the first year of our PhD program nearly four years
ago! Because the COVID-19 pandemic began in themiddle of this
project, we faced difficulties (as many scientists did) in completing
the necessary experiments, which set us back some. However, it
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If you were able to give one piece of advice to your younger
self, what would that be?

EH:Our labmotto is “little by little,”meaning that bymaking small
steps of progress every day we will meet our goals in the long run.
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I would tell my younger self that it’s better to be faithful every day
in work instead of mistakenly thinking that you must accomplish
something big every day. Those exciting accomplishments only
happen once in a while, but they are due to the faithfulness and
perseverance exhibited in the mundane.

HW: If I could give any piece of advice to my younger self, I would
say “havemore confidence in your scientific ideas!” I think it’s easy
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What are your subsequent near- or long-term career plans?
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planning to pursue a career in Medical Communications post PhD!

What were the strongest aspects of your collaboration
as co-first authors?
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the same page. This made it easy to discuss various aspects about
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oration to be a positive experience.
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tunity to exchange skills, perspectives, ideas, and tools that I
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Emma and I are early-stage researchers, understanding how to in-
tegrate perspectives, work cohesively, and adapt will serve us well
for the rest of our careers. It’s a rare experience to have and it’s one
I will cherish as Emma and I prepare to graduate soon!
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