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Abstract
Differentiation of smooth muscle cells (SMCs) depends on serum response factor (SRF) and its co-activator myocardin 
(MYOCD). The role of MYOCD for the SMC program of gene transcription is well established. In contrast, the role of 
MYOCD in control of SMC-specific alternative exon usage, including exon splicing, has not been explored. In the current 
work we identified four splicing factors (MBNL1, RBPMS, RBPMS2, and RBFOX2) that correlate with MYOCD across human 
SMC tissues. Forced expression of MYOCD family members in human coronary artery SMCs in vitro upregulated expression 
of these splicing factors. For global profiling of transcript diversity, we performed RNA-sequencing after MYOCD transduc-
tion. We analyzed alternative transcripts with three different methods. Exon-based analysis identified 1637 features with 
differential exon usage. For example, usage of 3´ exons in MYLK that encode telokin increased relative to 5´ exons, as did 
the 17 kDa telokin to 130 kDa MYLK protein ratio. Dedicated event-based analysis identified 239 MYOCD-driven splicing 
events. Events involving MBNL1, MCAM, and ACTN1 were among the most prominent, and this was confirmed using variant-
specific PCR analyses. In support of a role for RBPMS and RBFOX2 in MYOCD-driven splicing we found enrichment of 
their binding motifs around differentially spliced exons. Moreover, knockdown of either RBPMS or RBFOX2 antagonized 
splicing events stimulated by MYOCD, including those involving ACTN1, VCL, and MBNL1. Supporting an in vivo role of 
MYOCD-SRF-driven splicing, we demonstrate altered Rbpms expression and splicing in inducible and SMC-specific Srf 
knockout mice. We conclude that MYOCD-SRF, in part via RBPMS and RBFOX2, induce a program of differential exon 
usage and alternative splicing as part of the broader program of SMC differentiation.
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Introduction

Smooth muscle cells (SMCs) are not terminally differenti-
ated and can change their phenotype in response to environ-
mental cues. This allows SMCs to switch from a contractile 
and highly differentiated phenotype to several less differ-
entiated phenotypes [1], one of which is called synthetic. 
These transitions, referred to as phenotypic modulation, 
play a central role in numerous vascular diseases. Critical 
for the contractile phenotype is the powerful transcriptional 
co-activator myocardin (MYOCD) [2–4], which associates 
with serum response factor (SRF) on genomic elements 
called CArG boxes to control a gene program required for 
contractile differentiation and SMC identity [5]. Inducible 
disruption of MYOCD-SRF activity in SMCs of adult mice 
circumvents developmental lethality and leads to impaired 
contractility and severe morbidities involving numerous 
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organ systems, including blood vessels, the gastrointestinal 
tract, and the urogenital tract [6–8].

Pre-messenger RNAs (pre-mRNAs) derived from multi-
exon genes are subject to alternative splicing (AS), and this 
increases transcriptomic and proteomic diversity several-fold 
[9–11]. On average, each gene has 6.3 alternatively spliced 
transcripts of which 3.9 are protein-coding [12]. An impor-
tant theme in AS is the presence of conserved AS signa-
tures that differ between tissues [13, 14]. Such signatures are 
likely driven in part by tissue-specific RNA-binding splic-
ing factors [10, 11, 15], but the identity and combinations 
of splicing regulators specific to individual cell types have 
remained elusive [16]. Transcriptomic diversity is further 
increased by alternative internal promoters and transcrip-
tion start sites, and such events may be more common than 
AS [17]. That AS is widespread and plays critical roles in 
human disease is clear [18, 19], but the magnitude of its 
proteomic impact has been questioned [20]. This suggests 
that studies aiming to assess tissue specific AS should also 
aim to probe its proteomic consequences.

Beyond high expression of differentiation markers, cer-
tain AS events define contractile SMCs [15, 21, 22]. For 
example, smooth muscle myosin, encoded by MYH11, has 
different splice variants [23] that influence shortening veloc-
ity and force development [24]. Tropomyosin 1 (TPM1), 
similarly, is spliced in an SMC-specific manner [25, 26], 
as is caldesmon (CALD1) [27]. Yet another example is the 
L-type  Ca2+-channel [28], for which SMC-specific AS deter-
mines sensitivity to channel blockers of the dihydropyridine 
class, a group of medicines used to reduce blood pressure 
[29, 30]. Developmentally regulated splicing of the myosin 
phosphatase targeting subunit (MYPT1 or PPP1R12A) [31], 
that influences nitric oxide-dependent arterial dilatation and 
blood pressure has also been uncovered [32]. MYOCD itself 
is regulated by AS, with an N-terminally truncated SMC 
isoform that preferentially interacts with SRF [33, 34]. The 
existence of an SMC-specific AS code supports the presence 
of SMC-enriched splicing factors. Indeed, a recent study 
indicated that Rbpms (RNA-binding protein with multiple 
splicing) may be one such factor [35], but several others 
have been shown to influence AS in SMCs [15], including 
PTBP1 [22], MBNL1 [26], TRA2B [36], RBFOX2 [37], 
and QKI [38].

In the current work we aimed to define splicing factors 
enriched in SMCs by leveraging RNA-sequencing data in 
correlation analyses, to explore if the identified splicing fac-
tors are regulated by MYOCD, and to determine whether 
MYOCD influences transcript isoform diversity. We find 
that MYOCD regulates the splicing factors RBPMS and 
RBFOX2 at the mRNA and protein levels in human coronary 
artery SMCs. Using RNA-sequencing and three different 
methods to assess transcript diversity, we define 1637 fea-
tures of differential exon usage, 239 splicing events, and 515 

genes with isoform switches, of which 151 have predicted 
functional consequences. Moreover, we find that binding 
sites for RBPMS and RBFOX2 are enriched around exons 
targeted by MYOCD, and that knockdown of either RBPMS 
or RBFOX2 mitigates the effect of MYOCD on splicing. 
MYOCD therefore contributes to SMC-specific transcript 
diversity by regulating the splicing factors RBPMS and 
RBFOX2, but also by favoring alternative promoters and 
3´ ends.

Materials and methods

RNA correlation analyses

RNA-sequencing data from different human organs was 
downloaded from the GTExPortal.org in mid-2020, and the 
overall RNA-level of MYOCD (in transcripts per million, 
TPM) was correlated to all other transcripts in individual 
organs using the Pearson method and Excel. For the cur-
rent analyses we used the 26 tissues with highest median 
MYOCD expression (from aorta to skeletal muscle), with a 
minimum, maximum, and median of 9, 803, and 390 indi-
viduals per tissue. The sum of Pearson correlation coef-
ficients was calculated for each transcript across tissues 
yielding an Rsum value that was sorted in descending order. 
MYOCD correlations versus splicing factors from the top 
percentile of Rsum values were subsequently tested using 
the Spearman method in GraphPad Prism.

To support a role of MYOCD-driven splicing in human 
tissues, we examined key splicing findings using transcript, 
exon and junction data for aorta, tibial artery, coronary 
artery, and esophagus muscularis in GTExPortal. Pairwise 
Spearman’s correlations and the Dunn and Clark test [39] for 
comparing dependent overlapping correlations were used to 
test if our key alternative splicing findings were differently 
correlated with overall expression of MYOCD.

Cell culture and viral overexpression

Cryopreserved human coronary artery SMCs were pur-
chased from Thermo Scientific/Gibco (C-017-5C). They 
were cultured using either Human Vascular Smooth Mus-
cle Cell Basal Medium (Life Technologies, M231500) with 
addition of growth supplement (SMGS, Life Technologies, 
S00725) and PEST (50U/50 μg/ml, Biochrom, A2212) or 
Smooth Muscle Cell Growth Medium (Sigma-Aldrich, 
#311–500) with addition of PEST in a standard cell culture 
incubator (37 °C, 95% air, and 5%  CO2). Smooth muscle 
cells from the human bladder were obtained in a prior study 
[40] and cryopreserved. After thawing, cells were culti-
vated in DMEM/Ham’s F-12 medium (Biochrom, FG4815) 
containing 10% fetal bovine serum (Biochrom, S0115) 
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and PEST. All cells were used in passages 3–8. Adenovi-
ruses were purchased from Vector Biolabs: Ad-h-MRTFA/
eGFP (ADV-215499), Ad-h-MRTFB (ADV-215500), Ad-
h-MYOCD (ADV-216227), Ad-CMV-Null (#1300), Ad-h-
shSRF (shADV-224323), and Ad-GFP-U6-shRNA (#1122). 
Transductions were done at the indicated concentrations 
(multiplicities of infection, MOI). As negative controls for 
overexpression and knockdown we used Ad-CMV-Null and 
Ad-GFP-U6-shRNA, respectively. Transduced cells were 
harvested at 96 h, at144h, or at 192 h as indicated. The viral 
vector used for MYOCD encodes a transcript without exon 
2a, expressed primarily in heart, but to some extent (≈ 25%), 
in SMCs.

RT‑qPCR

Cells were washed (PBS, P4417, Sigma-Aldrich) and then 
lysed in RLT Lysis buffer from the RNeasy mini kit. The 
RNeasy mini kit (Qiagen #74106) and a QIAcube worksta-
tion were used for RNA isolation. Purity and concentration 
of isolated RNA was determined using a NanoDrop 2000c 
instrument (Thermo Scientific). MRTF-A primer (Forward: 
5´-ATG CCG CCT TTG AAA AGT CCA-3´, Reverse: 5´-TCT 
TCC GTT TGA GAT AGT CCTCT-3´) was ordered from Euro-
fins Genomics. This primer and QuanTitect primer assays 
for RBPMS (QT00042679), RBPMS2 (QT01034824), 
MBNL1 (QT00077952), RBFOX2 (QT00039907), 
MYOCD (QT00072884), MRTF-B (QT00010115), 
MYH11 (QT00069391), MCAM (QT00079842), KCNMB1 
(QT00080493), CAV1 (QT00012607), SRF (QT00084063), 
ACTA2 (QT00088102), and 18S (QT00199367), along with 
the QuantiFast SYBR Green RT-PCR kit (Qiagen, #204,156) 
were used to prepare mixes (10 µl) that were run using the 
StepOnePlus thermal cycler (Applied Biosystems). Exact 
primer sequences are not revealed by Qiagen. 18S was used 
as a reference gene when calculating fold changes (FC) using 
the Pfaffl method.

Differential gene expression and alternative splicing 
analyses

A detailed account of the RNA-sequencing experiment along 
with processed data was published elsewhere [41]. Raw bulk 
RNA-Seq data is available at the Sequence Read Archive 
with the BioProject PRJNA731342. Briefly, sequencing 
was done at the local core facility using a NextSeq 500/550 
High Output Kit v2.5 and the Illumina NextSeq 500 instru-
ment. The average sequencing depth was 52 (42–57) million 
75 bp paired-end reads per sample. Reads were mapped with 
STAR 2.7.6 [42] in 2-pass mode and counted with feature-
Counts 2.0.1 [43]. Differential gene expression analysis was 
done using DESeq2 1.26.0 [44].

We combined three main strategies to assess splicing: 
exon-based, event-based, and isoform-based analysis [45]. 
(i) The exon-based analysis was performed with DEXSeq 
1.32.0 [46] that uses exon counts to test for differential exon 
usage between conditions. This method covers most genes 
and discovers cases of potential alternative splicing with 
high sensitivity. However, inferences regarding the type of 
splicing event or consequences for specific transcript iso-
forms are precluded, and thus predictions regarding bio-
logical consequences are difficult. For functional inferences 
of the DEXSeq results, we used WebGestaltR [47] to run 
enrichment analysis with different functional databases 
using the genes showing differential exon usage. (ii) We 
used rMATS 4.1.1 for the event-based analysis [48]. This 
analysis identifies splicing events supported by overlapped 
sequencing reads, and thus provides grounds for biological 
inferences. Events detected by rMATS can often be validated 
by PCR, but rather few events are detected due to the limited 
coverage. (iii) Isoform-based splicing analysis was done with 
IsoformSwitchAnalyzeR 1.8.0 [49]. It is the most informa-
tive analysis of those used in terms of functional inferences, 
as knowledge of isoform switches between conditions allows 
assessing functional consequences based on the prediction 
of Open Reading Frames (ORF), protein domains (via 
Pfam), signal peptides (via SignalP), intrinsically disordered 
regions (IDR, via IUPred2A), coding potential (via CPAT), 
and sensitivity to Non-sense Mediated Decay (NMD). The 
drawback of the isoform-based approach is the accuracy of 
read assignment to different isoforms that originate from the 
same gene as such isoforms are similar in their sequences. 
We used Salmon 1.3.0 for transcripts/isoforms counts which 
performs reasonably well in this task [50]. The code and 
conda environment for the differential gene expression and 
alternative splicing analyses are available at https:// github. 
com/ LUDC- bioin forma tics/ SMC_ MYOCD_ splic ing.

Western blotting

Cells were thoroughly washed in ice cold PBS followed 
by addition of lysis buffer (70 μl 60 mM Tris–HCl, 2% 
SDS, 10% glycerol, pH 6.8), and scraping using a rubber 
policeman. Protein concentration was analyzed using the 
BIO-RAD DC protein assay kit (#500–0112). Mercaptoe-
thanol (to 5%) and bromophenol blue were added, and the 
protein concentration was adjusted to 1 μg/μl. After heat-
ing (95 °C, 5 min), samples were stored at − 80 °C. For 
one-dimensional protein separation we used pre-cast gels 
(BIO-RAD, #5,671,084 and #5,671,085) that were run in 
an electrophoresis unit using Tris/Glycine/SDS buffer (BIO-
RAD, #161–0732) until the front ran off. The Trans-Blot 
Turbo system was used for protein transfer to 0.2 μM nitro-
cellulose (BIO-RAD, #170–4159), and membranes were 
blocked for 2 h in Casein block (BIO-RAD, #161–0782) 

https://github.com/LUDC-bioinformatics/SMC_MYOCD_splicing
https://github.com/LUDC-bioinformatics/SMC_MYOCD_splicing
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at room temperature. Antibodies were added directly to the 
blocking buffer at recommended dilutions. The following 
primary targets were assayed: RBPMS (Millipore Sigma, 
HPA056999), RBFOX2 (Sigma-Aldrich, HPA006240), 
MBNL1 (Abcam Biochemicals, ab108519), MYLK (Abcam, 
ab76092), HSP90 (BD Biosciences, 610,418), SLMAP 
(Millipore Sigma, HPA002357), ACTN1 (Sigma-Aldrich, 
HPA006035), FLNA (Abcam, ab76289), TPM1 (Cell Sign-
aling Technology, 3910S), CALD1 (Cell Signaling Technol-
ogy, 12503S), VCL (Cell Signaling Technology, 13901S), 
SORBS1 (Abcam, ab224129), p-MLC2 (Cell Signaling 
Technology, 3675S), MLC2 (official gene symbol is MYL9, 
Cell Signaling Technology, 3672S), and GAPDH (EMD 
Millipore, MAB374). The MYLK antibody was raised using 
a peptide corresponding to amino acids 1850–1950 in the C 
terminus. It is therefore predicted to detect telokin in addi-
tion to long MYLK isoforms. Membranes were enclosed in 
bags with a small volume of diluted antibody and maintained 
at 4 °C with tumbling or shaking for 48 h. After three 10 min 
washes in Tris-buffered saline (BIO-RAD, 170–6435) with 
0.1% Tween (BIO-RAD, 161–0781), membranes were incu-
bated with secondary HRP-conjugated antibodies (1:10,000, 
Cell Signaling Technology #7074S and #7076S) for 2 h. 
After three final washes, signals were developed using 
West Femto substrate (Thermo Fisher Scientific, #34,096) 
in an Odyssey Fc Imager (LI-COR Biosciences). Blots were 
stripped (Thermo Scientific, 46,430) for 30 min, at 60 °C, 
and recycled for detection of a house-keeping protein.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in Krebs–Ringer 
Bicarbonate buffer for 30 min at room temperature. To 
unmask antigen-binding sites, cells were incubated in 
0,05% antigen retrieval solution (0,5% trypsin, 1% (w/v) 
CaCl, dH20, pH 7.8) for 15 min in a humidified container 
at 37 °C. Immediately after removing the trypsin solution, 
cells were blocked and permeabilized in blocking buffer (1% 
(w/v) bovine serum albumin, 1% goat serum, 1% (v/v) Tri-
ton) for 30 min at room temperature. Cells were labeled with 
rabbit-MYLK (Abcam, ab76092) in blocking buffer without 
Triton at 1:200 dilution overnight at 4 °C. The next day, cells 
were washed 2 times and labeled with secondary antibody 
(Alexa Fluor-488, Invitrogen, A-11034) at room temperature 
for 1 h. Hoechst (Invitrogen, H3569) and Phalloidin (Inv-
itrogen, A22287) were added to visualize nuclei and actin 
filaments, respectively. Images were acquired using a Nikon 
A1 plus confocal microscope using 20 × magnification, NA 
1.40 (Nikon Instruments Inc.). A z-stack was acquired using 
8 averaging and a 17.88 pinhole size. Image projections and 
mean intensity values of the MYLK signal were made and 
calculated using the Fiji software.

Isoform‑specific PCR analyses

RNA was extracted from transduced cells (null and 
MYOCD), and cDNA was generated using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 
4,368,814). After dilution, reactions were run for 35 cycles 
(denaturation: 94 °C, 30 s; annealing: 61 °C, 30 s; extension: 
72 °C, 1 min) using PCR. Specific primers were obtained 
from VastDB (http:// vastdb. crg. eu/ wiki/ Main_ Page) and 
produced by Eurofins Genomics. Amplicons were separated 
for 2.5 h-4 h on 2% agarose gels containing the nucleic acid 
stain Gelred (VWR, 41,003), and images were captured 
using an Odyssey Fc Imager (LI-COR Biosciences). For 
quantitative analysis, we divided the intensity of the band 
of interest (typically the weakest) with all bands in the same 
lane (× 100) and refer to this as percent spliced in (PSI, vary-
ing from 0 to 100). One exception is panel R in the figure 
presenting the effects of RBPMS and RBFOX2 knockdown, 
and where human bladder SMCs were used. In these cells, 
and contrasting to coronary SMCs, the major MBNL1 band 
was the lowest one, but we still used it in the numerator as 
we wanted the analysis to be comparable to data in panel I 
in the same figure.

Enrichment of binding motifs for splicing factors

Motif enrichment analyses were performed using MATT 
[51] essentially as described [35]. Briefly, exons in tran-
scripts identified by rMATS (FDR < 0.05 and |ΔPSI|> 5%, 
PSI = percent spliced in) were used to test enrichment or 
depletion of recognition elements for RBPMS (CACn(1–12)
CAC), RBFOX (GCAC/TG), and MBNL (C/TGCC/T). 
RNA maps were obtained using the rna_maps command, 
and as a background, an unregulated set of 2000 exons was 
used.

RNA silencing

RBPMS siRNA (si-RBPMS, SR307544) and RBFOX2 
siRNA (si-RBFOX2, SR308351) were purchased from 
OriGene. Cells were transduced with Null or MYOCD 
viruses (200MOI) and 50 nM si-RBPMS or si-RBFOX2 
was transfected into cells after 48 h using siTran 2.0 siRNA 
transfection reagent (OriGene, TT320001) according to the 
manufacturer’s instructions. Cells were harvested for RNA 
isolation at 96 h.

Depolymerization of actin

To depolymerize actin, cells were treated with Latrunculin 
B (LatB100 nM, Calbiochem, 428,020) or vehicle (DMSO) 
in serum-free medium for 20 h. Cells were then allowed to 
recover for 4 h in serum-containing medium without LatB. 

http://vastdb.crg.eu/wiki/Main_Page
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At 24 h LatB was again added. After 4 cycles, cells were 
harvested, and RNA was extracted.

Inducible smooth muscle knockout of Srf

Srf-floxed mice  (Srffl/fl) were bred with hemizygous Myh11-
Cre/ERT2 mice as previously described [41]. Recombina-
tion was induced by intraperitoneal injection of tamoxifen 
(1 mg/mouse/day) for 5 consecutive days in 8-12w old mice. 
These mice are referred to as knockouts (KO). Control mice 
were either Cre-positive  Srffl/fl mice injected with ethanol/
sunflower oil (1:10) (vehicle controls), or Cre-negative  Srffl/

fl mice injected with tamoxifen (tamoxifen controls), in an 
identical manner. There were no differences between the 
two control groups in the analyses, so the two control groups 
were pooled and simply referred to as wild type (WT). Mice 
were euthanized by cervical dislocation 21-25d post-injec-
tions, and the aorta and bladder were excised. After fine 
dissection, tissues were either fixed and imaged [52], snap 
frozen for biochemical experiments, or mounted in myo-
graphs [41, 53] for force measurements. Mouse RT-qPCR 
primers were from Qiagen (Srf: QT00126378, Myh11: 
QT02327626, Cnn1: QT00105420, Tagln: QT00165179, 
Rbpms_vb: QT01553972, Rbfox2: QT00146216, and 18 s: 
QT02448075). Primers for detection of Myocd-Ex2a were 
obtained from the literature [33], and other primers for iso-
form-specific PCR analyses were from VastDB. All of them 
were obtained from Eurofins Genomics. For western blotting 
and imaging, we used antibodies against Myh11 (Abcam, 
ab53219), Srf (Cell Signaling Technology, 5147S; Protein-
tech, 16,821–1-AP), Cnn1 (Abcam, ab46794), and Tagln 
(Sm22, Abcam, ab14106). The remainder of the antibodies 
used in mice were the same as those used in human cells.

Statistics

Normality of data was tested using Shapiro–Wilk’s test, 
and the F-test or Brown-Forsythe test was used for check-
ing homogeneity of variances. For two-group comparisons, 
2-sided student’s t-test for unpaired comparisons was used 
in cases of normally distributed and equal variance data. 
Welch’s t test was used if the normality criterion was met but 
variances were inhomogeneous. If the normality criterion 
was not met, we used Mann Whitney U. For multi-group 
comparisons we used ordinary one-way ANOVA followed 
by Tukey’s or Dunnett’s post-hoc tests in cases of normal-
ity and homogenous variances. If the normality test failed, 
Kruskal–Wallis one-way ANOVA with Dunn's post hoc test 
was used. If the normality test passed but the homogeneity 
test failed, Welch’s one-way ANOVA test with Dunnett's 
T3 post hoc test was performed. The Spearman method was 
used to test individual correlations. P < 0.05 was considered 

significant. All statistical tests were performed in GraphPad 
Prism version 9.2.0.

Results

RBPMS and RBFOX2 correlate with MYOCD 
across human smooth muscles

Using RNA-sequencing data downloaded from the GTEx-
Portal.org, we noted that a handful of splicing factors were 
among transcripts that are highly correlated (i.e., they were 
within the top percentile of Rsum-values) with myocar-
din (MYOCD) across 26 human tissues containing SMCs 
(Fig. 1A, n = 9 to n = 803). The splicing factors correlating 
best with MYOCD were RBPMS2, RBFOX2, RBPMS, and 
MBNL1 (colored symbols in Fig. 1A), each of which has 
previously been implicated in SMC AS regulation. Individ-
ual correlations versus MYOCD are shown for the coronary 
artery in Fig. 1B–E, and three additional examples from the 
overall analysis in Fig. 1A are shown in Fig. 1F–H. MYOCD 
correlated positively with RBPMS in all the three arteries 
represented in the database, and indeed across different 
SMC tissues, arguing that this association is shared among 
arteries independently of anatomical location. MRTFB, a 
co-activator that is closely related to MYOCD, correlated 
less well to RBPMS across tissues. We have previously seen 
that MYOCD correlates at the mRNA level with many of 
the transcripts that it regulates [41, 52, 54]. We therefore 
hypothesized that MYOCD regulates the expression of these 
RNA splicing proteins to cause SMC-specific splicing of 
pre-mRNAs. We also reasoned that MYOCD may affect 
transcript diversity by more direct means, by favoring e.g., 
alternative transcription start sites and 3´ ends.

Forced expression of MYOCD increases RBPMS 
and RBFOX2 at the mRNA and protein levels

To directly test if MYOCD regulates the expression of splic-
ing factors, we overexpressed MYOCD in human coronary 
artery SMCs using an adenoviral vector. We chose overex-
pression over silencing because MYOCD levels fall sub-
stantially when SMCs are propagated in cell culture [3]. 
Moreover, some MYOCD target genes, while universally 
active in SMCs in tissue, are silent in cultured coronary 
artery SMCs [55]. The effect of MYOCD was compared 
with family members MRTF-A and MRTF-B. Null virus 
was used as control. Forced expression of MYOCD (giv-
ing 20–40% positive nuclei) increased RBPMS, RBPMS2, 
MBNL1, and RBFOX2 mRNAs (Fig. 2A, pink squares vs. 
blue circles). No effect was seen with MRTF-A (Fig. 2A, 
green triangles). MRTF-B (beige triangles) had the same 
effect as MYOCD on the abundance of all transcripts assayed 
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except for RBFOX2 (ANOVA-Dunnett). Overexpression 
of MRTF-B did not increase the level of MYOCD or vice 
versa (Online resource 1A-C), rather, there was some degree 
of mutual antagonism. Time-course studies demonstrated 
a time-dependent increase of RBPMS following MYOCD 
transduction (Fig. 2B). In addition, MYOCD and MRTF-B 
increased RBPMS at the protein level when assayed at 6d, 
a time chosen to account for any delay between mRNA and 
protein (Fig. 2C). No significant effect was seen with MRTF-
A (Fig. 2C). Protein levels, determined by western blotting, 
of MBNL1, RBPMS2, and RBFOX2 did not change after 
forced expression of MYOCD at 6d (data not shown). How-
ever, at 8d of MYOCD transduction, RBFOX2 increased 
(Fig. 2D) while MBNL1 remained unchanged (not shown). 
MYOCD thus increases RBPMS and, with a delay, RBFOX2 
at the protein level.

To examine involvement of SRF we next used a short 
hairpin construct (Ad-shSRF) for silencing. The RBPMS and 
RBFOX2 mRNA levels were reduced by SRF silencing under 
basal conditions (Fig. 2E) in human coronary artery SMCs. 
Moreover, the mRNA level of RBPMS and RBFOX2 were 

decreased by SRF silencing in MYOCD-transduced human 
bladder SMCs (Fig. 2F). Similarly, the increase of RBPMS 
caused by MRTF-B was antagonized by SRF silencing in 
human coronary artery SMCs (Fig. 2G). ENCODE ChIP-
sequencing data in the Genome Browser shows binding of 
SRF in the RBPMS promoter and in two introns (Fig. 2H, 
green triangles). SRF binding in the RBPMS promoter was 
located ≈ 2 kb upstream of the transcription start site of the 
longest transcript and overlapped the CArG-like sequence 
CCT TAA CTGG. Only one SRF binding site was present at 
the RBFOX2 locus, and it was distant from the transcription 
start site (≈ 50 kb upstream). Taken together, these findings 
suggest SRF-dependent expression of RBPMS and RBFOX2.

RNA‑sequencing after overexpression of MYOCD 
confirms altered expression of the splicing factors 
RBPMS and RBFOX2

Next, to examine the impact of MYOCD on transcript diver-
sity, we designed an RNA-sequencing (RNA-seq) experi-
ment comparing MYOCD and null transduced cells (Online 

Fig. 1  Correlation analyses suggest that myocardin may target splic-
ing regulatory proteins to effectuate changes in splicing. RNA-
sequencing data from the GTExPortal.org was used to correlate myo-
cardin (MYOCD), a master regulator of smooth muscle cell (SMC) 
differentiation, with all other transcripts in 26 tissues. Four splicing 
factors were found in the positive extreme (top 1%) of the sum of cor-
relation coefficients across tissues (Rsum, A). B–E Examples of cor-
relations between myocardin (MYOCD) and the four splicing factors 

in the coronary artery. These panels also show the R and P-values 
(Spearman), and illustrate the size (n-values) for some of the data-
sets underlying the analysis in A. F–H Additional examples from the 
analysis in A. These findings suggested the possibility that myocar-
din, and perhaps all myocardin related transcription factors (MRTFs), 
may target splicing regulatory proteins, thus contributing to the splic-
ing code in SMCs
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resource 2A). Following quantification of four known target 
transcripts by RT-qPCR (Online resource 2B), four samples 
from each group were chosen for sequencing. As previously 
reported [41], over-expression of MYOCD has a profound 

effect on total gene expression causing differential expres-
sion of 11,363 genes (FDR < 0.01, Online resource 2C), 
including the well-known MYOCD targets MYH11, ACTA2, 
and CNN1.

Fig. 2  MYOCD and MRTF-B affect expression of splicing factors. 
To approach the hypothesis that MYOCD targets splicing factors, 
we assayed the identified splicing factors at the mRNA level follow-
ing adenoviral overexpression of myocardin (MYOCD) and the two 
myocardin family members MRTF-A and MRTF-B. Adenoviruses 
(200 MOI) were added to human coronary artery SMCs in culture 
and cells were harvested at 4  days. Transcript levels were deter-
mined by RT-qPCR and mRNA fold changes (FC) are shown in (A) 
(n = 6–12 throughout, error bars represent SEM). B A time-course 
experiment where Ad-h-MYOCD or Ad-null viruses were added at 
0 h and cells were harvested at different times, followed by RT-qPCR 
for RBPMS (n = 4 null and 4 MYOCD at each time). Panels C and 
D show western blots for RBPMS (6 days, to account for any delay 
between mRNA and protein) and RBFOX2 (8  days), respectively. 

Compiled western blot data is shown below the membranes (n = 10 
for C and 6–7 for D). HSP90 was used to ascertain equal protein 
loading. MYOCD binds to DNA via serum response factor (SRF). 
To examine the role of SRF, a short hairpin (shSRF) virus was used 
for knockdown. RBPMS and RBFOX2 were then assayed using RT-
qPCR (panel E, coronary artery SMCs under basal conditions, and 
(F), bladder SMCs transduced with MYOCD, n = 6 throughout). SRF 
is the positive control. The control construct in this case is referred 
to as U6 or U6 + MYOCD. SRF knockdown was also combined with 
MRTF-B overexpression (G), showing that the RBPMS increase with 
MRTF-B depended on SRF (n = 9). In (E, F), cells were transduced 
with virus for 8 days, and in (G), cells were transduced for 6 days. 
Panel H shows the RBPMS gene locus with ChIP-seq data for SRF 
(green triangles, from the USCS genome browser)
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Focusing on the differential expression analysis, we 
examined the fate of the four splicing factors. MBNL1, 
RBFOX2, and RBPMS were increased by MYOCD (Online 
resource 2D). RBPMS2, however, was unchanged (Online 
resource 2D). We also manually surveyed RNA-binding 
proteins using a cut-off for significance (FDR <  10–5) and 
identified 18 splicing factors that changed. MBNL1 was the 
most increased, and RNPC3 was the most reduced (Online 
resource 2E). QKI, previously found to be upregulated on 
modulation of SMCs towards the synthetic phenotype [34], 
was reduced (Online resource 2E). Two of the splicing fac-
tors identified in the RNA-seq experiment also ranked highly 
in the analysis in Fig. 1A. These were RBM24 (rank 486, 
i.e., top 1%), and STAU1 (rank 1005). We also performed 
Venn analyses using (i) a list of 1542 RNA-binding proteins 
[56], (ii) the top 1% of transcripts in the MYOCD correla-
tion analysis, and (iii) all transcripts that were increased by 
MYOCD (FDR <  10–5) in the differential expression analy-
sis. There were 12 transcripts in the overlay (Online resource 
2F). MBNL1, RBFOX2, and RBPMS were again represented. 
We concluded that MBNL1, RBFOX2, and RBPMS are 
robustly regulated at the mRNA level by MYOCD, but so 
are several other RNA-binding proteins with a potential role 
in SMC-specific splicing.

MYOCD drives alternative isoforms 
with genome‑wide functional consequences

We next used the RNA-seq data to analyze transcript diver-
sity and splicing. Exon-based analysis (DEXSeq) identi-
fied 5836 exonic regions showing differential usage. These 
regions covered 1637 features that contained 2677 genes 
(gene-level FDR = 0.01, Online resource 3). Identified genes 
were enriched for KEGG pathways that included “ribosome” 
and “focal adhesion”, and such GO terms as “structural 
constituent of muscle”, “extracellular matrix”, and “actin 
cytoskeleton”, (Online resource 4A). Event-based analy-
sis (rMATS) isolated splicing events that included skipped 
exons (SE), alternative 5’ splice sites (A5SS), alternative 3’ 
splice sites (A3SS), mutually exclusive exons (MXE), and 
retained introns (RI, Online resource 3). There were 239 
significant events (FDR < 0.05, |ΔPSI|> 10%) involving 190 
genes. The distribution of these events across categories is 
depicted in Online resource 4B. Isoform-based analysis (Iso-
formSwitchAnalyzeR), finally, identified 515 genes (Online 
resource 3) with isoform switches and 151 (29%) of them 
had predicted functional consequences. There was an overall 
increase in exon skipping, intron retention, alternative 5´end 
donor site, alternative 3´end acceptor site, while alternative 
transcription starts and stops decreased. Analysis of func-
tional consequences revealed significant over-representation 
of open reading frame (ORF) gain, protein domain gain, 

intrinsically disordered region (IDR) gain, intron retention 
(IR) gain, and “transcript is coding” (Online resource 4C).

Several genes overlapped between the three methods. 
The rMATS genes overlapped by 30% with the DEXSeq 
genes and by 6% with the IsoformSwitchAnalyzeR genes. 
Among the IsoformSwitchAnalyzeR genes, 36% were 
shared with the DEXSeq results. Overlaps at the exon level 
showed strong and significant correlation between the DEX-
Seq fold change and rMATS inclusion difference for intron 
retention and skipped exons (Online resource 4D and E). 
12 genes were represented in all analyses and among them 
were LRRC17, MID1, DDAH1, FLNA, and DMD. 303 genes 
were represented in at least two of the analyses, and MYLK, 
ACTN1, FN1, MYL9, VCL, PTPRF, and PPP1R12A were 
among them. Thus, three different RNA-seq-based analysis 
methods support the view that MYOCD promotes transcript 
diversity and splicing.

MYLK and SLMAP are likely examples of alternative 
transcription start sites favored by MYOCD

We first sought to confirm examples of MYOCD-driven 
isoform diversity and focused on MYLK. MYLK encodes 
myosin light chain kinase (also called MLCK), the enzyme 
that mediates myosin phosphorylation and SMC contrac-
tion [57]. MYLK stood out in the DEXSeq results with a 
relative reduction of several 5´ exons and an increase of a 
handful of exons towards the 3´ end of the gene. MYLK was 
also among the top significant genes in the isoform-based 
results, showing a significant decrease of fractional usage 
for the longest isoform and corresponding increase in usage 
of three short isoforms that lack catalytic and actin-binding 
domains, while retaining the myosin binding domain at the 
C-terminus (Fig. 3A).

In mouse, Mylk generates three independent proteins 
due to alternative transcription start sites: 220 kDa myo-
sin light chain kinase (MLCK), 130 kDa smooth muscle 
MLCK (smMLCK), and 17 kDa telokin (from a combina-
tion of the Greek telos, "end" and kinase) derived from 
the last three exons. These gene products are regulated 
by independent promoters [58–61]. The short MYLK tran-
scripts that were increased by MYOCD in human coronary 
SMCs therefore likely represent telokin and telokin-related 
transcripts. Western blotting using a MYLK antibody 
detected a prominent 17 kDa band after overexpression 
of MYOCD that was absent in null samples (Fig. 3B). A 
band at 130 kDa also increased (see bottom of Fig. 3B for 
longer exposure), but no band was seen at 220 kDa. The 
MYLK blot was stripped and re-probed for a housekeep-
ing protein (Fig. 3C) to allow for quantification. A modest 
but significant 2.8-fold increase was seen for the 130 kDa 
band, and the 17 kDa band increased several 100-fold 
(Fig. 3D), as did the ratio of the 17 and 130 kDa bands 
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Fig. 3  MYOCD promotes expression of telokin relative to myosin 
light chain kinase. MYLK, which encodes smooth muscle myosin 
light chain kinase (smMLCK) was captured by exon-based and iso-
form-based splicing analyses. The isoform-based analysis showed 
that three short isoforms derived from the 3´ end of the gene and 
that lack catalytic domains were favored by MYOCD at the expense 
of a longer transcript that included the catalytic domain (A). The 
colored exons represent different domains, and the kinase domain 
is encoded by the dark grey exons towards the 3´ end. Dark green, 
represent an intrinsically disordered-binding region, while red and 
orange colors represent IG-like domains. The short transcripts below 
the longest isoform represent three telokin-related peptides. Western 
blotting for MYLK (B) using MYOCD transduced coronary artery 

SMCs showed that a 130  kDa MYLK band increased modestly 
with MYOCD (B, D), while a 17  kDa band increased substantially 
(B, D). Faint bands at 19–20 and at 25 kDa were also increased by 
MYOCD (B). After blotting for MYLK, the membrane was stripped 
and re-probed for HSP90 (C) to ascertain equal protein loading. The 
MYLK17/MYLK130 ratio increased dramatically with MYOCD (E). 
Like coronary artery SMCs, MYOCD increased MYLK17 relative to 
MYLK130 in bladder SMCs (F), and imaging (G) indicted an over-
all increase of MYLK after MYOCD transduction. No striking dif-
ference in co-localization with actin filaments was apparent as shown 
using phalloidin to label filamentous actin. Myosin phosphorylation 
(P-MLC2) was not increased after MYOCD transduction as shown 
using western blotting (H)
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(Fig. 3E). Similarly, in human bladder SMCs, MYOCD 
increased telokin with only a moderate effect on 130 kDa 
MYLK such that the telokin/smMLCK ratio increased 
7.7 ± 0.5-fold (P < 0.0001, n = 4, Fig. 3F). Inspection of 
ChIP-sec data (ENCODE) in the human genome browser 
revealed intronic SRF binding sites in human MYLK, two 
in the middle of the gene (in introns 7 and 12 of the longest 
transcript, hg19) and one just 5’ of the last exons (intron 
29 of the longest transcript, hg19). These findings argue 
that telokin-related peptides represent the major proteins 
derived from the human MYLK locus following overex-
pression of MYOCD, and this likely depends on an inter-
nal promoter towards the end of the gene.

MYLK binds to actin via its N-terminal domain [62]. 
The C-terminal (telokin-) part of MYLK lacks a catalytic 
domain but is important for myosin binding. We there-
fore hypothesized that imaging for MYLK would show 
co-localization with actin in control conditions that is 
reduced after overexpression of MYOCD. Imaging using 
an antibody raised against a C-terminal MYLK peptide, 
and which therefore detects the 130 and 17 kDa isoforms 
(see above), showed an overall increase of fluorescence 
after MYOCD transduction. Association with actin was 
still apparent in some areas (Fig. 3G), and the antibody 
did not allow quantitative co-localization analysis, requir-
ing cumbersome antigen retrieval. We also determined 
phosphorylation of the regulatory light chains of myosin 
(MLC2 encoded by MYL9). MYOCD did not increase 
the relative level of P-MLC2 (Fig. 3H), but interpreta-
tion is complicated by an increase of the MLC2 level 
with MYOCD. Functional consequences of preferential 
telokin regulation were thus difficult to ascertain in these 
experiments.

Another transcript with a large difference in exon usage 
after MYOCD transduction was sarcolemma associated 
protein (SLMAP, gene level FDR = 0), which has an unde-
fined role in blood pressure control and airway resistance 
[63, 64]. The DEXSeq analysis revealed decreased usage 
of early exons relative to late exons (Fig. 4A). SLMAP was 
not recovered in the isoform-based analysis, presumably 
due to considerable isoform complexity, so isoform assign-
ment (Fig. 4B) remains hypothetical. Western blotting dis-
closed two bands at 40 and 30 kDa whose intensity changed 
68 ± 4-fold and 22 ± 2-fold upon overexpression of MYOCD 
(Fig. 4C, D). Reasonably strong bands at 80 and at 70 kDa 
were not affected (1.1 ± 0.1-fold and 1.3 ± 0.1-fold changes). 
Encode ChIP-seq data indicates intronic SRF binding in 
SLMAP suggesting independent internal promoters driving 
late exons.

Taken together, these findings suggest that MYOCD regu-
lates MYLK and SLMAP by activating internal promoters to 
drive expression of isoforms containing only the C-terminal 
regions present in full length isoforms.

MYOCD promotes expression of SMC‑specific 
isoforms of caldesmon and vinculin

We next focused on two SMC-specific splicing events [35]. 
The CALD1 gene generates heavy (h-caldesmon: 135 kDa) 
and light (l-caldesmon: 75 kDa) caldesmon, and the heavy 
isoform is considered specific for SMCs. Western blot-
ting showed that h-caldesmon increased 46 ± 3-fold while 
l-caldesmon increased only 2.2 ± 0.2-fold after MYOCD 
transduction (Fig. 4E). Consequently, the h- to l-caldesmon 
protein ratio increased 22 ± 0.9-fold (P < 0.001). Another 
example was VCL, which generates vinculin (130 kDa) 
along with the heavier SMC-enriched splice variant called 
meta-vinculin (150 kDa). Meta-vinculin was undetectable 
in coronary artery SMCs in control conditions, but a sharp 
band at the expected molecular weight of meta-vinculin was 
seen after overexpression of MYOCD (Fig. 4F). Therefore, 
the meta-vinculin to vinculin ratio increased 8.9 ± 0.6-fold 
(P < 0.001) with MYOCD. Taken together, these examples 
validate our RNA-seq analyses and argue that MYOCD pro-
motes an exon usage and splicing code specific for SMCs.

RBPMS‑dependent splicing events driven by MYOCD

Next, to get a better handle on splicing events regulated by 
MYOCD in an RBPMS-dependent manner, we focused on 
92 events involving 65 genes that were common to Rbpms 
over-expression and knock down [35], and overlapped those 
with the genes from the current rMATS output. There were 
15 genes represented in the overlap of these datasets, includ-
ing ACTN1, PTPRF, SORBS1, and TPM1 (Fig. 5A). CALD1 
and VCL depend on RBPMS for splicing in rat, but they are 
missing from the list (Fig. 5A) because they were not cap-
tured by rMATS (only by DEXSeq).

We thereafter selected splicing events for confirmation 
by PCR and agarose gel electrophoresis. Some of the results 
from these experiments are illustrated in Fig. 5B (n = 5–6). 
Among the chosen events, the largest shifts were seen for 
MBNL1, LRRC17, MCAM, ACTN1, and COL13A1. For 
example, MYOCD promoted skipping of 36 bp and 95 bp 
alternative exons in MBNL1 (Fig. 5B). This is identical to 
the effect of Rbpms overexpression in rat SMCs [35]. Other 
switches were quantitatively smaller as exemplified by 
SORBS1, and CALD1 (Fig. 5B, C). A functionally interest-
ing example was the myosin phosphatase (MYPT1, encoded 
by the gene PPP1R12A). The exon inclusion detected is 
important for cyclic nucleotide dependent smooth mus-
cle relaxation and blood pressure regulation [32, 65, 66]. 
MYOCD promoted inclusion (Fig. 5B, PPP1R12A), and 
there was essentially no inclusion in basal conditions. About 
one third of the event-specific primers resulted in more than 
two bands. In most cases, this is due to involvement of > 1 
exons (e.g., MBNL1), but we did not explore the identity of 
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additional bands throughout. We found no example among 
the confirmed events that favored the non-SMC variant. 
Compiled results from these confirmatory splicing assays 
are shown in Fig. 5C.

Figure 5D defines the architecture of the TPM1 event 
involving exon 2 and exon 3. An increase of exon 2 usage 
and a reduction in usage of the mutually exclusive exon 3 
was seen. Because the exon numbering is ambiguous, exact 
genomic coordinates are given for the respective exons/
events (Fig. 5D, top). The reciprocal increase of exon 2 and 
reduction of exon 3 is consistent with the splicing pattern in 
mature SMCs [25]. The same is true for the ACTN1 event, 
which involves switching from a mutually exclusive exon 
encoding a  Ca2+-binding EF-hand to a variant that does not 
bind  Ca2+, as observed in mature SMCs. In all, these analy-
ses confirm that MYOCD favors SMC-specific alternative 
splicing of numerous mRNAs.

Some of the events were associated with differences 
in protein migration in western blot experiments. This is 
exemplified by TPM1 (Fig. 5E), which was represented in 
the MXE, A5SS, and SE categories of the rMATS analysis. 
Four bands between 36 and 32 kDa were resolved, and the 
first (36 kDa), second (35 kDa), and third (33 kDa) bands 
changed relative to the fourth (32 kDa) band on overexpres-
sion of MYOCD; quantitative analysis of the second band 
(35 kDa) was difficult, presumably because the stronger 
bands above and below contributed to the background, but 
analysis of the 36 and 33 kDa bands relative to the 32 kDa 
band is shown in the bar graph to the right. Another example 
was SORBS1 (Fig. 5F) which was represented in the MXE 
category and that was robustly upregulated. Western blot-
ting for SORBS1 showed a band at 200 kDa that remained 
static, while bands at 140, 110, 65, and 45 kDa increased. 
Bands at 140 and 65 kDa were absent in control conditions 

Fig. 4  Additional examples of 
MYOCD-driven differential 
exon usage include SLMAP, 
CALD1, and VCL. SLMAP 
which encodes sarcolemma 
associated protein, was among 
the striking examples in the 
exon-based analysis. Reads 
mapping to 3´, late, exons were 
increased relative to early exons 
(A). Late exons are represented 
in the two annotated mRNA 
isoforms shown in light blue in 
(B). Western blotting showed 
SLMAP bands at 40 and 
30 kDa that increased dramati-
cally with MYOCD compared 
to null virus, while bands 
at 80 and 70 kDa remained 
inert (C). After blotting for 
SLMAP, the membrane was 
stripped and re-probed for 
HSP90 (D). Panel E shows 
western blotting for caldesmon 
(null: −; MYOCD: +). Heavy 
(h-CALD1) and light caldes-
mon (l-CALD1) variants were 
resolved, and intensity was 
adjusted to clearly show the 
heavy isoform in the top blot 
(long), and the lower band in 
the middle blot (short). Quan-
tification, shown at the bottom, 
demonstrated a greater relative 
increase of h-CALD1 com-
pared to l-CALD1. MYOCD 
similarly promoted expression 
of meta-vinculin (F), which is 
a SMC-enriched ≈ 150 kDa 
splice variant derived from the 
VCL gene, relative to vinculin 
(≈ 130 kDa)
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but were readily detectable after overexpression of MYOCD 
(Fig. 5F). We do not rule out that some of this complexity 
arises for reasons other than splicing, such as alternative 
internal promoters. Some splicing events were not associ-
ated isoform changes in western blotting, as exemplified by 
ACTN1 (which however increased, Online resource 5A), 
FLNA (Online resource 5B), and MBNL1 (see below).

A putative RBPMS/RBFOX2 complex downstream 
of MYOCD

Our experiments so far allowed us to refine the hypothesis 
formulated at the outset of this work. That is, MYOCD pro-
motes expression of RBPMS and RBFOX2, and this in turn 

favors SMC-specific splicing. Based on this refined hypoth-
esis, we made three predictions. The first prediction was that 
binding motifs for RBPMS and RBFOX2 should be enriched 
around exons that are activated or repressed by MYOCD. 
The second prediction was that silencing of RBPMS or 
RBFOX2 should antagonize the effect of MYOCD on splic-
ing. Finally, because MYOCD, but not MRTF-A, regulated 
RBPMS (c.f. Figure 2C), we also predicted that the effect 
of MYOCD on splicing should not be shared by MRTF-A.

We first examined occurrence of binding motifs for splic-
ing factors around the alternatively spliced exons identified 
by rMATS. We focused on motifs for RBPMS defined as 
CACn(1–12)CAC (Online resource 6, top), RBFOX defined 
as GCAC/TG (Online resource 6, middle), and MBNL 

Fig. 5  Event-based splicing 
analysis highlights potential 
RBPMS-dependent events 
downstream of MYOCD. 
The output from our rMATS 
analysis was overlapped with 
genes found to undergo Rbpms-
dependent splicing in rat cells 
in a previous study [35]. A 
Genes from the overlap of 
these datasets. For confirma-
tion of true splicing events, we 
used event-specific primers 
and PCR. Amplicons were 
separated on agarose gels (B, 
n = 5–6). Events are ordered 
by absolute change in percent 
spliced in (PSI). C Compiled 
data from panel B. TPM1, 
known to undergo SMC specific 
splicing, was represented in 
many categories in the rMATS 
analysis, showing increased 
usage of exon 2 and reduced 
usage of exon 3 (D). In panel 
E, TPM1 protein variants were 
examined by western blot-
ting showing bands at 36 and 
33 kDa that increased relative 
to other bands. Quantification 
is included in the bar graph on 
the right. Panel F shows western 
blotting for SORBS1. At least 
five SORBS1 protein species 
were detected and quantified 
(right)
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defined as C/TGCC/T (Online resource 6, bottom). Each 
of these proteins has previously been demonstrated to have 
position-dependent activity, activating exon inclusion when 
binding downstream of target exons, but inhibiting when 
bound upstream or within the exon. RBFOX motifs were 
similarly enriched downstream of exons that are activated by 
MYOCD and upstream and within exons that are repressed, 
suggesting that MYOCD expression activates a program of 
RBFOX regulated events. RBPMS and MBNL motifs were 
associated only with exons that showed increased skipping 
upon MYOCD expression, and the motifs were enriched at 
various locations in both flanking introns. Therefore, motif 
enrichment favored RBFOX2 as an important driver of AS 
following overexpression of MYOCD, with RBPMS and 
MBNL1 potentially also playing important roles.

Affinity purification/mass spectrometry has identified 
RBFOX2 as an interaction partner of RBPMS and RBPMS2 
[67] (Fig. 6A). We realized that an additional partner in 
this complex, PICK1, is regulated at the mRNA level by 
MYOCD. This suggested that MYOCD regulates three to 
four partners in an RBPMS/RBFOX2 splicing complex. 
We therefore examined if knocking down either RBPMS 
or RBFOX2 would antagonize effects of MYOCD on splic-
ing. Figure 6B shows successful silencing of RBPMS in the 
absence (white bars), and presence (grey bars) of MYOCD. 
RBPMS silencing reversed the effect of MYOCD on splic-
ing of ACTN1, MBNL1, and VCL (Fig. 6C–E, and Online 
resource 5C). Silencing of RBFOX2 was also successful 
(Fig. 6F), and this again impaired MYOCD’s ability to 
drive splicing (Fig. 6G-J). Some of the splicing events pro-
moted by MYOCD therefore depend on both RBPMS and 
RBFOX2.

Our last prediction was that MYOCD, but not MRTF-A, 
should drive an RBPMS-dependent splicing event. To exam-
ine this prediction MYOCD was overexpressed in parallel 
with MRTF-A and MRTF-B (8 days) and we examined the 
appearance of meta-vinculin by western blotting (Fig. 6K, 
L). Contrary to our prediction, both MYOCD and MRTF-
A increased the meta-vinculin to vinculin ratio (Fig. 6L). 
We therefore examined RBPMS and RBFOX2 in the same 
lysates. RBPMS was increased by MYOCD and MRTF-
B (Fig. 6M), but not significantly by MRTF-A (P = 0.12, 
ANOVA-Tukey). However, the level of RBPMS in MRTF-A 
transduced cells was not different from that in cells trans-
duced with MYOCD or MRTF-B, and the RBPMS level 
correlated with vinculin splicing across the entire dataset 
(Fig.  6N, Spearman, pink dots = null, blue = MRTF-A, 
green = MYOCD, purple = MRTF-B). This was not seen for 
RBFOX2 (R = 0.21, P = 0.33, Spearman). Taken together, 
this suggested that RBPMS induction with MRTF-A is just 
marginally smaller than with MYOCD, but nonetheless 
sufficient to drive splicing. MRTF-A also promoted vincu-
lin splicing in bladder SMCs (Fig. 6O, P ≤ 0.036 for all 

co-activators, ANOVA-Dunnett), and this appeared to cor-
relate with its effect on RBPMS. MBNL1 was unaffected 
(Fig. 6O).

Contrasting with MYOCD, which is constitutively 
nuclear, the physiological control mechanism for MRTF-A 
and MRTF-B involves changes in actin polymerization. Hav-
ing established that MRTF-A and MRTF-B affect splicing 
of vinculin like MYOCD, we next asked if depolymeriza-
tion of actin would reduce SMC-specific splicing. For this 
we used Latrunculin B (LatB) which depolymerizes actin. 
LatB treatment can be toxic to cells, but we used a protocol 
where cells recover for 4 h without LatB every 24 h [55]. 
We focused on bladder SMCs in these experiments because 
they contain more meta-vinculin than coronary SMCs to 
start with (compare Fig. 6O null with 6 K null), making 
it more likely that we would see a difference with LatB. 
Depolymerization of actin reduced RBPMS and RBFOX2, 
along with the positive control ACTA2 (Fig. 6P). This associ-
ated with reduced SMC-specific splicing of VCL, MBNL1, 
and ACTN1 as shown by PCR and agarose gel electropho-
resis (Fig. 6Q, R). Similar, but less pronounced results were 
obtained in coronary artery SMCs (Online resource 5F, 
G). Interestingly, and in contrast to coronary artery SMCs, 
SMC-specific splicing of MBNL1 dominated in bladder 
SMCs (compare Fig. 6Q, G). This is consistent with the 
more pronounced SMC-specific splicing of VCL (Fig. 6O vs. 
K) and ACTN1 (Fig. 6Q vs. C) in bladder versus coronary 
artery SMCs in culture.

Srf knockout affects SMC‑specific splicing in vivo

To examine if MRTF-SRF signaling influences SMC splic-
ing in vivo we used two strategies. First, we used mice with 
inducible and SMC-specific knockout of Srf. Inducible 
knockout of Srf in SMCs leads to death from gastrointestinal 
complications 28 days after induction with tamoxifen. Here, 
we harvested the aorta and urinary bladder from knockout 
(KO) and wild type (WT) mice at 21–25 days. Nuclear Srf 
staining was reduced in the SMC layers of both the aorta and 
bladder from knockout mice, but the difference appeared 
more pronounced in bladder (Fig. 7A, right, insets show 
high magnification views). Similarly, reduction of Srf and 
contractile markers (Myh11, Cnn1, and Tagln) at the mRNA 
level were more pronounced in bladder (Srf reduced by 81%, 
Fig. 7C) than in aorta (Srf reduced by 47%, Fig. 7B). We 
thus focused on the bladder. In the KO bladder, Srf and 
the contractile markers were reduced at the protein level 
(Fig. 7D), and contraction in response to the muscarinic 
agonist carbachol (Fig. 7E), depolarization (Fig. 7F), and 
myosin phosphatase inhibition (Fig. 7G) was reduced com-
pared to WT mice. Knockout of Srf in vivo therefore leads 
reduced contractile differentiation and to loss of contrac-
tility. In keeping with our hypothesis, reduction of Rbpms 
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was moreover observed in Srf KO mice (Fig. 7H), while 
Rbfox2 was unaffected (Fig. 7I). Agarose gel electrophoresis 
demonstrated altered splicing of Vcl, Cald1, and Mbnl1 as 
anticipated (Fig. 7J). Because Myocd splicing is Rbpms-
dependent in rat SMCs [35], and given that it was point-
less to examine MYOCD splicing in the previous experi-
ments where MYOCD was overexpressed, we also examined 
splicing of Myocd in Srf KO bladder. Exclusion of Myocd 
exon 2a, which produces a longer Myocd protein that pre-
dominates in heart [33], increased in KO compared to WT 
bladder (Fig. 7J, bottom gel). Moreover, in human coronary 
SMCs, silencing of either RBPMS or RBFOX2, increased 
the heart variant of MYOCD at the expense of the SMC vari-
ant (Fig. 7K). In contrast to bladder tissue, where the SMC 
isoform of Myocd dominated (≈95% + exon 2a, Fig. 7J), the 
SMC isoform was the least abundant isoform in cultured 
SMCs (≈25% + exon2a, Fig. 7K), consistent with reduction 
of contractile differentiation in culture. We also examined 
Vcl and Cald1 splicing at the protein level in Srf knockout 
bladder, and SMC-specific splicing was reduced in both 
cases (Fig. 7L), even if the Cald1 splicing pattern was more 
complex in mouse bladder than in human SMCs (compare 
Fig. 7L with Fig. 4E).

Second, rather than using all reads mapping to a gene (as 
in Fig. 1), we used different features (transcript isoforms, 
exon reads, and junction reads) for correlations with the 
overall level of MYOCD. We observed correlation patterns 
consistent with the differential exon usage documented for 
MYOCD transduced SMCs in case of TPM1, SLMAP, VCL, 
ACTN1, LRRC17 (Online resource 7). For instance, expres-
sion of transcripts and junctions with exon 2 in TPM1 cor-
related more strongly with MYOCD than did expression of 
transcripts and junctions including exon 3. Similarly, the pat-
tern of down-regulation of early exons relative to late exons 

in SLMAP upon MYOCD transduction, was reflected in the 
pattern of correlation of early and late exons with MYOCD. 
Correlation patterns for MYLK, MBNL1, and PPP1R12A 
were less conclusive, presumably due to more complex 
splicing structures and a high number of transcripts. In the 
same manner we examined if features including exon 2a in 
MYOCD correlated better with the overall RBPMS level 
than did features skipping exon 2a. Junction level correla-
tions showed this pattern, but exon level correlations did not 
(Online resource 8).

Taken together, our work favors a model where activity of 
MYOCD and SRF drives SMC-specific splicing of several 
targets, in part through RBPMS, including VCL and MYOCD 
itself, as depicted in Fig. 8.

Discussion

The present work demonstrates that MYOCD regulates 
splicing factors and influences splicing in human SMCs. 
Moreover, MYOCD impacts proteome diversity via alter-
native promoters and transcription start sites as well as 
alternative 3’ ends. Unearthing of RBPMS in the MYOCD 
co-expression module, and the novel finding that RBPMS is 
regulated by MYOCD at the mRNA and protein levels is of 
particular interest given the recent identification of Rbpms 
as a regulator of splicing in rat SMCs [35]. That study also 
provided evidence that Rbpms is reduced upon modulation 
of SMCs towards the synthetic phenotype, in good agree-
ment with how MYOCD behaves in cell culture [3, 68, 69]. 
Rbpms is involved in numerous splicing events, involving 
e.g., Vcl, Mbnl1, and Actn1 [35]. Our demonstration that 
SMC-specific splicing changes involving these transcripts 
occur after MYOCD transduction is consistent with the 
view that RBPMS is downstream of MYOCD. Moreover, 
the events identified are identical to the events driven by 
Rbpms in rat SMCs [35]. We also demonstrate that silenc-
ing of RBPMS abrogates the effect of MYOCD on several 
of these alternative splicing events. Taken together, these are 
compelling arguments that MYOCD exerts some, but likely 
not all, of its effects on splicing through RBPMS.

Additional splicing factors in the MYOCD co-expres-
sion module are MBNL1, RBPMS2, and RBFOX2. Because 
RBPMS and RBFOX2 bind to each other [67], and given that 
silencing of either of them impairs MYOCD-driven splic-
ing, it makes sense to suggest that the effects of MYOCD 
on splicing are funneled in part by an RBPMS/RBFOX2 
complex. This would also explain why our motif enrichment 
analysis favored RBFOX2 over RBPMS, despite the stronger 
correlation between RBPMS expression and splicing. More-
over, exons that are regulated in response to RBPMS knock-
down or overexpression in rat SMCs [35], are associated 
not only with binding motifs for RBPMS but also RBFOX 

Fig. 6  RBPMS RBFOX2 act downstream of MYOCD. A previous 
study identified a putative splicing complex consisting of RBPMS, 
RBPMS2, and RBFOX2 (A). We noted that an additional partner in 
this complex (PICK1) was regulated by MYOCD at the mRNA level, 
suggesting that MYOCD exerts its splicing effects via 3–4 core part-
ners (green) in a splicing factor complex. Silencing of RBPMS (B), 
antagonized MYOCD-driven changes in splicing of ACTN1, MBNL1, 
and VCL as shown using variant-specific primers and agarose gel 
electrophoresis (C–E, n = 6 in this and the following panels). Simi-
larly, silencing of RBFOX2 (F), antagonized the effect of MYOCD 
on splicing of these transcripts (G–J). We also examined if MYOCD, 
but not MRTF-A, can drive differential splicing of vinculin (VCL) 
using western blotting (K). All MRTFs increased the meta-VCL/
VCL ratio (L). RBPMS was preferentially regulated by MYOCD 
and MRTF-B (M), but RBPMS and the meta-VCL to VCL ratio cor-
related across the entire dataset (N). All MRTFs similarly promoted 
VCL splicing in bladder SMCs (O, numbers from the densitomet-
ric quantification are shown by the bands). Because MRTF-A and 
MRTF-B are inhibited by depolymerization of actin, bladder SMCs 
were treated with Latrunculin B, which depolymerizes actin. This 
reduced the mRNA levels of RBPMS and RBFOX2 (P) and inhibited 
SMC-specific splicing (Q, R)

◂
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(AJ, unpublished observations). We believe that changes in 
other splicing factors, such as the reduction of QKI, are also 
relevant for the transcriptome-wide changes documented 
here, but protein level data in those cases was not gener-
ated. We did examine the MBNL1 protein, but neither its 
overall level nor its isoform distribution changed in MYOCD 
transduced cells. This was surprising for at least two reasons. 
One is that a recent study reported that MYOCD regulates 
the expression of MBNL1 at the mRNA and protein level 
via a CArG box in the proximal promoter [70]. Another is 
that Rbpms controls the Mbnl1 protein isoform distribution 
in rat SMCs [35]. Given that MYOCD promoted skipping of 
36 bp and 95 bp exons in MBNL1, identical to the effect of 
Rbpms in rat SMCs, but left downstream secondary events 
unaffected (such as LSM14B splicing [35], Online resource 
3), it seems likely that at least the effect on MBNL1 pro-
tein isoform distribution would have become evident with 
longer times of transduction. We do not rule out that the 
discrepancy between MBNL1 mRNA and protein arises for 
other reasons than time of transduction, such as increase of 
the antisense transcript MBNL1-AS1, which was the most 
MYOCD-responsive long non-coding RNA in our sequenc-
ing experiment.

Two observations argue that the effects of MYOCD 
and MRTF-B on RBPMS are direct and mediated by SRF. 
First, we find that SRF knockdown reduces the basal level 
of RBPMS and that it antagonizes the effect of MRTF-B. 
Second, chromatin immunoprecipitation data in the genome 
browser (ENCODE) indicates SRF binding close (≈ 2 kb) 
to the transcription start site of the longest transcript, and 

within two introns. Single nucleotide polymorphisms are 
scattered across the RBPMS locus and in close vicinity to 
the SRF binding sites, but these associate primarily with 
hematological phenotypes, including e.g., platelet count. 
Knockout models for Rbpms and Rbpms2 have been cre-
ated by the International Mouse Phenotyping Consortium 
(https:// www. mouse pheno type. org/), and numerous pheno-
types have been recorded. For instance, knockout of Rbpms 
leads to pre-weaning lethality with 100% penetrance. A 
recent study using an independent Rbpms knockout mouse 
reported complete lethality by postnatal day 4, associated 
with patent ductus arteriosus and noncompaction cardio-
myopathy [71]. Tissue-specific and inducible strategies to 
address the in vivo significance of RBPMS in SMC function 
are thus warranted.

One of the most notable events of differential exon usage 
detected here involves MYLK, which encodes 130 kDa myo-
sin light chain kinase (MLCK) and 17 kDa telokin. Knock-
out of the intronic telokin promoter in mouse leads to loss of 
telokin expression and increased smooth muscle contraction 
[59]. This is opposite to the effect seen after knockout of 
smooth muscle MLCK, which leads to impaired contraction 
[72]. Two of our analyses showed that 3’ exons in MYLK are 
preferentially expressed following transduction of MYOCD, 
and this associates with appearance of a 17 kDa telokin 
band. Moreover, SRF binds internal sequences in the human 
MYLK gene. In all, our results therefore support differen-
tial regulation of human telokin and MLCK by two internal 
MYOCD-driven promoters with rather different strengths. 
Mouse telokin is activated tenfold [60] and MLCK 25-fold 
[61] by Myocd, but we find here that human telokin is acti-
vated 350-fold and MLCK only threefold (human coronary 
SMCs). Thus, the major MYOCD-driven products of the 
human MYLK gene are telokin and two telokin-like peptides.

MYOCD drives several other events of AS and differen-
tial exon usage that are likely to be functionally relevant. In 
the case of ACTN1, the splicing event detected abrogates 
 Ca2+-binding. The proposed relevance is that dynamic 
and  Ca2+ dependent cross-linking of actin filaments, while 
important in motile cells, is not needed in contractile SMCs 
in tissue [73]. Specific targeting strategies have been used 
for knockout of h-caldesmon, and this influences rate of 
relaxation [74]. Meta-vinculin, finally, was shown to affect 
force transduction at cell adhesion sites [75]. The event 
involving MYPT1 (PPP1R12A), which encodes the myosin 
phosphatase targeting subunit, affects nitric oxide-dependent 
arterial dilatation and blood pressure [31, 32]. An interest-
ing observation in this case was that exon 24 inclusion was 
absent under basal conditions and seen only after overex-
pression of MYOCD. One would thus predict that disruption 
of MRTF-SRF signaling in vivo should impair nitric oxide-
dependent dilatation. Exactly this has been reported [6], 
and the defect seems to be situated downstream of cGMP 

Fig. 7  Inducible and SMC-specific knockout of Srf in  vivo reduces 
SMC splicing of Vcl, Cald1, and Myocd. To address the in vivo rel-
evance of Myocd-Srf-driven splicing, we generated mice allowing 
for inducible deletion of Srf in SMCs (Myh11-CreERT2 x  Srffl/fl mice 
injected with tamoxifen, referred to as knockout, KO). Compared to 
wild type mice (WT), staining for Srf (green), which is a predomi-
nately nuclear protein, was reduced in SMCs in the aorta and uri-
nary bladder (A). White lines in the micrographs highlight the SMC 
layers of the aorta and bladder, respectively. This was confirmed 
by RT-qPCR, showing reduction of Srf along with three contractile 
markers in both aorta (B), and bladder (C). We focused on the blad-
der in view of better Srf depletion and could confirm sizeable reduc-
tion of Srf and SMC markers by western blotting (D). Contraction in 
response to cumulative addition of the muscarinic agonist carbachol 
(E), depolarization with KCl (60  mM, F), and stimulation with the 
phosphatase inhibitor Calyculin A (1 µM, G), was reduced, confirm-
ing loss of contractility in KO vs. WT bladder. In addition to these 
expected phenotypes, we also observed a reduction of Rbpms (H), but 
not of Rbfox2 (I) by RT-qPCR. Splicing of Vcl, Cald1, and Mbnl1 
was altered as shown using PCR and agarose gel electrophoresis 
(J). Myocd splicing (exon 2a) was also examined. Myocd splicing 
changed from the SMC variant containing exon 2a (+ Ex2a), towards 
a variant that lacks exon 2a (−  Ex2a, panel J, bottom). Silencing 
of either RBPMS or RBFOX2 similarly favored the heart variant 
(− Ex2a) of MYOCD in cultured human coronary SMCs (K). Altered 
splicing of Vcl, and Cald1 in KO bladder was confirmed by western 
blotting (L)

◂
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generation, consistent with the idea that myosin phosphatase 
activation [76] falters.

Our experiments with different myocardin-related tran-
scription factors did not support critical differences between 
them in relation to splicing. In fact, their effects on RBPMS 
expression correlated with their effect on vinculin splicing. 
Accordingly, we found that depolymerization of actin also 
influenced splicing. This finding is of interest because the 
physiological activation mechanism of MRTF-A and MRTF-
B involves actin dynamics, such as caused by mechanical 
forces and geometrical constraints. One may thus speculate 
that a differential effect of MYOCD and MRTF-A on splic-
ing is not a major reason why MRTF-A cannot compensate 
for MYOCD in smooth muscle homeostasis [7].

We demonstrate that SMC-specific and inducible knock-
out of Srf leads to reduction of Rbpms in the bladder, and 
this associates with altered splicing of Vcl, Cald1, and 
Myocd itself. In addition to supporting the in vivo relevance 
of Myocd-Srf-driven splicing, this may allow for a positive 
feedback mechanism. This is because the SMC variant of 
myocardin in some cases is a more effective co-activator 
of target genes [77]. Sustained myocardin expression may 
thus tentatively promote its own splicing (Fig. 8), eventually 
yielding a more effective co-activator of SRF.

Constraints imposed by bioinformatic techniques, use 
of short sequence reads, and sequencing depth can limit 
the number of splicing events detected. Simulations sug-
gest that a sequencing depth of 50 million reads per sample 

results in the detection accuracy of 0.29–0.91 depending 
on the variation between samples [48]. We reached, on 
average, a sequencing depth of 52 million reads per sample 
and the variation between samples was small, suggesting 
that we targeted the higher end of this range. Even if some 
splicing events were missed, we still detected a consider-
able number of interesting genes with alternative splicing, 
and our results were validated using other methods. Stud-
ies of the functional impact of specific splicing changes 
driven by MYOCD is difficult at the tissue level in humans 
and were beyond the scope of the present work, but the 
current survey arguably makes the field better equipped to 
select such events for testing in model systems.

To conclude, the present work shows that MYOCD, 
which is critical for SMC gene expression and identity, 
implements a unique exon usage code beyond its effect 
on SRF-dependent transcription. This impacts isoform 
diversity at the mRNA and protein levels. MYOCD works 
through the splicing factors RBPMS and RBFOX2 to pro-
gram exon usage, and this has remained an overlooked 
but critical aspect of SMC differentiation and function. 
Among the MYOCD-driven alternative transcripts, there 
are several which are important for SMC function. One 
of the most striking examples involves independent reg-
ulation of telokin-like peptides from the MYLK locus. 
These peptides lack catalytic domains and can therefore 
not activate myosin. The effect of MYOCD on splicing is 
at least partly shared among the MRTF family members. 
Accordingly, SMC splicing also responds to changes in 
actin dynamics.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04497-7.

Acknowledgements We thank Katarzyna Kawka for invaluable techni-
cal support throughout this work. We also thank Malin Svensson at the 
sequencing facility, and Bengt Uvelius for the human bladder biopsies 
retrieved, with written informed consent, in prior studies to generate 
the bladder SMCs used here.

Author contributions All authors contributed to the study conception 
and design, including data collection and analysis. The first draft of 
the manuscript was written by KS, and all authors edited the text. All 
authors read and approved the final manuscript.

Funding Open access funding provided by Lund University. This 
work was supported by grants from the Swedish Research Council VR 
(2020–00908, to KS, 2018-02635 to OH), the Heart-Lung Foundation 
(20200222, to KS), the Royal Physiographic Society (F 2022/207, to 
LL), NIH (R01 HL142971-A1 to SF), a VA MERIT award (BX004443, 
to SF), and Wellcome Trust (209368/Z/17/Z, to CWJS).

Data availability Links to RNA-seq data, analyses, and code are given 
in materials and methods or as Online resource files. For example, 
RNA-Seq data is available at the Sequence Read Archive with the 
BioProject PRJNA731342. Data from other experiments are available 
from the lead or corresponding author on reasonable request.

Fig. 8  A model for MYOCD-driven splicing in SMCs. Cartoon 
depicting the model suggested by this work, where MYOCD tar-
gets splicing regulators through SRF, including RBPMS, to pro-
mote SMC-specific splicing of VCL, ACTN1, and others. This 
would appear to include MYOCD itself. Given that the SMC variant 
of MYOCD (+ Ex2a) may be a more effective co-activator of SMC 
genes, this may result in a positive feedback loop, allowing for slow 
maturation of SMCs. Aspects of this model require further experi-
mental verification. The cartoon was generated using BioRender
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