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ORIGINAL RESEARCH

The SRSF4–GAS5-Glucocorticoid Receptor Axis 
Regulates Ventricular Hypertrophy
Javier Larrasa-Alonso, María Villalba-Orero, Carlos Martí-Gómez, Paula Ortiz-Sánchez, Marina M. López-Olañeta,  
M. Ascensión Rey-Martín, Fátima Sánchez-Cabo, François McNicoll , Michaela Müller-McNicoll , Pablo García-Pavía ,  
Enrique Lara-Pezzi

RATIONALE: RBPs (RNA-binding proteins) play critical roles in human biology and disease. Aberrant RBP expression affects 
various steps in RNA processing, altering the function of the target RNAs. The RBP SRSF4 (serine/arginine-rich splicing 
factor 4) has been linked to neuropathies and cancer. However, its role in the heart is completely unknown.

OBJECTIVE: To investigate the role of SRSF4 in the heart.

METHODS AND RESULTS: Echocardiography of mice specifically lacking SRSF4 in the heart (SRSF4 KO) revealed left ventricular 
hypertrophy and increased cardiomyocyte area, which led to progressive diastolic dysfunction with age. SRSF4 KO mice showed 
altered electrophysiological activity under isoproterenol-induced cardiac stress, with a post-QRS depression and a longer QT interval, 
indicating an elevated risk of sudden cardiac death. RNA-Seq analysis revealed expression changes in several long noncoding RNAs, 
including GAS5 (growth arrest-specific 5), which we identified as a direct SRSF4 target in cardiomyocytes by individual-nucleotide-
resolution cross-linking and immuno-precipitation. GAS5 is a repressor of the GR (glucocorticoid receptor) and was downregulated in 
SRSF4 KO hearts. This corresponded with elevated GR transcriptional activity in cardiomyocytes, leading to increases in hypertrophy 
markers and cell size. Furthermore, hypertrophy in SRSF4 KO cardiomyocytes was reduced by overexpressing GAS5.

CONCLUSIONS: Loss of SRSF4 expression results in cardiac hypertrophy, diastolic dysfunction, and abnormal repolarization. The 
molecular mechanism underlying this effect involves GAS5 downregulation and consequent elevation of GR transcriptional 
activity. Our findings may help to develop new therapeutic tools for the treatment of cardiac hypertrophy and myocardial 
pathology in patients with Cushing syndrome.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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RBPs (RNA-binding proteins) regulate protein expression 
and function by regulating a wide range of posttranscrip-
tional processes, including constitutive and alternative 

splicing, transport, localization, stability, and translation.1

The human genome encodes >1500 RBPs.2 Aberrant 
expression of specific RBPs is linked to several human 
diseases, mostly neurological or neuromuscular disorders 
such as Alzheimer disease, amyotrophic lateral sclerosis, 
and frontotemporal lobar dementia.3,4 Altered expression 

of RBPs is also a common feature of several cancers.5,6 
Moreover, recent evidence reveals the involvement of 
RBPs in a broad spectrum of cardiovascular diseases,7 
including dilated cardiomyopathy,8–11 cardiac hypertrophy,12 
and electrophysiological alterations.13,14 For example, dele-
tion of MBNL1 (muscleblind-like 1) in mice results in QRS 
and QTc widening and bundle block,15 whereas RBFox1 
deficiency leads to hypertrophic cardiomyopathy.16 Some 
members of the serine/arginine-rich (SR) family of RBPs 
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show an association with heart disease. A lack of SRSF1 
(serine/arginine splicing factor 1) in cardiomyocytes leads 
to animal death due to severe excitation-contraction cou-
pling defects.17 Similarly, loss of SRSF2 causes dilated 
cardiomyophaty18 and depletion of SRSF10 causes 
embryonically lethal cardiac contraction defects.19

The SR family of RBPs is composed of 12 members, 
each containing one or 2 RNA recognition motifs in its 
N-terminal region and a C-terminal domain (RS domain) 
enriched in arginine and serine residues. SR proteins are 
mainly located in the nucleus, where they participate in 
mRNA constitutive and alternative splicing, but they also 
shuttle between the nucleus and the cytoplasm to regu-
late mRNA export, stability, and translation.20–22

The SR RBP member SRSF4 associates cotran-
scriptionally and posttranscriptionally with intronless 

and intron-containing mRNAs and with ncRNAs (non-
coding RNAs).23,24 SRSF4 participates in constitutive 
and alternative splicing and can alter gene expression 
by regulating detained intron splicing.25 SRSF4 also 
interacts with RNA classes that are not processed by 
the spliceosome.24 Moreover, SRSF4 binds to polyad-
enylated histone mRNAs in the cytoplasm, suggesting 
that it may be involved in histone mRNA 3’ end forma-
tion, export, and translation.24 SRSF4 controls cell cycle 
and differentiation by regulating hundreds of function-
ally related mRNAs.26 In the nervous system, SRSF4 is 
associated with a subset of neurodegenerative diseases 
called tauopathies through its regulation of the alter-
native splicing of exon 10 in the tau gene; this results 
in increased expression of the abnormal tau isoform 
FTDD-17, which can lead to neurodegeneration.27 More-
over, SRSF4 modulates alternative splicing of genes 
involved in hematopoietic progenitor cell differentiation28 
and SRSF4 downregulation in acute myeloid leukemia 
causes a splicing change in CASP8 (caspase 8) asso-
ciated with disease progression.29 These accumulated 
findings demonstrate the relevance of SRSF4 to neural 
function and cell proliferation; however, the role of this 
RBP in the heart is completely unknown.

In this study, we show that loss of SRSF4 in cardio-
myocytes produces left ventricular (LV) hypertrophy, dia-
stolic dysfunction, as well as repolarization abnormalities 
under cardiac stress conditions. Using cross-linking and 
immuno-precipitation (iCLIP), we found that the lncRNA 
GAS5 is a direct SRSF4 target in cardiomyocytes whose 
expression is downregulated in SRSF4 KO hearts. GAS5 

Nonstandard Abbreviations and Acronyms

GAS5	 growth arrest-specific 5
GR	 glucocorticoid receptor
iCLIP	� individual-nucleotide resolution cross-

linking and immunoprecipitation
LV	 left ventricular
ncRNA	 noncoding RNA
NMD	 nonsense-mediated decay
RBP	 RNA binding protein
SR	 serine/arginine-rich
SRSF4	 serine/arginine splicing factor 4

Novelty and Significance

What Is Known?
•	 RBPs (RNA binding proteins) regulate a wide range 

of posttranscriptional processes, and their aberrant 
expression is linked to several human diseases.

•	 Loss of the RBP SRSF4 (serine/arginine-rich splicing 
factor 4) is associated with neuropathies and cancer; 
however, its role in the heart is virtually unknown.

What New Information Does This Article  
Contribute?
•	 Cardiac-specific deletion of SRSF4 results in cardiac 

hypertrophy and diastolic dysfunction.
•	 Loss of SRSF4 destabilizes the lncRNA GAS5 (growth 

arrest-specific 5), which results in overactivation of the 
glucocorticoid receptor.

The SRSF4 is an RBP involved in posttranscriptional 
regulation in different tissues. Loss of SRSF4 can lead 
to neurodegeneration or cancer due to changes in 
alternative splicing of its target mRNAs. Its role in the 
heart was previously unknown. In this study, we found 
that cardiac-specific SRSF4 knockout mice develop 
cardiac hypertrophy, electrophysiological abnormalities, 
and diastolic dysfunction. In the absence of SRSF4, 
several lncRNAs were also dysregulated. We observed 
that SRSF4 binds to and stabilizes the lncRNA GAS5, 
an inhibitor of the GR (glucocorticoid receptor). In the 
absence of SRSF4, GAS5 is degraded, and the GR 
promotes cardiac hypertrophy. This SRSF4-deficient 
hypertrophic response also upregulated another RBP, 
SRSF6. Lastly, overexpression of GAS5 using an 
adeno-associated viral vector reduced cardiac hyper-
trophy in SRSF4 knockout mice. Our results high-
light the novel role of the SRSF4-GAS5-GR axis in 
the development of cardiac hypertrophy, opening new 
possibilities for further investigations in its treatment.

D
ow

nloaded from
 http://ahajournals.org by on January 9, 2023



Original Research

Circulation Research. 2021;129:669–683. DOI: 10.1161/CIRCRESAHA.120.318577� September 3, 2021    671

Larrasa-Alonso et al SRSF4 Regulates Left Ventricular Hypertrophy

is a repressor of the GR (glucocorticoid receptor),30 and 
we show here that GR transcriptional activity increases in 
SRSF4 KO cardiomyocytes, resulting in increased cell size 
and expression of hypertrophy markers. GAS5 overexpres-
sion in SRSF4 KO cardiomyocytes reduces their surface 
area, thereby establishing a causal relationship between 
SRSF4–GAS5 interaction and cardiac hypertrophy.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Mice
SRSF4 KO mice were originally generated at the Mouse Clinical 
Institute—Institut Clinique de la Souris, France (EMMA ID: EM: 
07637). The neomycin cassette was removed using the FLP-
FRT system to obtain a SRSF4 floxed mouse line with LoxP sites 
flanking SRSF4 exon 2. This line was crossed with C57BL/6 
mice to remove the FLP cassette and the resulting SRSF4 floxed 
mice were crossed with the cardio-specific Cre line Nkx2.5-Cre 
(C57BL/6 background, provided by Dr José Luis de la Pompa, 
CNIC, Madrid, Spain). The resulting line was maintained in homo-
zygosis. SRSF4 floxed mice were used as controls.

Experiments were performed with adult males aged from 2 
to 14 months. Power calculations were performed to determine 
the necessary number of animals based on prior data (P=0.05; 
power=80%). The study was mainly restricted to male mice to 
avoid the influence of sex differences associated with oestrogen 
production, which can affect the heart. A group of female mice 
was also included in the study to confirm the changes observed 
in male mice. Unless indicated in the figure legend, figures show 
results in male mice. Mice were housed in an air-conditioned 
room with a 12-hour light/dark cycle and free access to water 
and chow. Mice were euthanized in a carbon dioxide chamber. 
All procedures were approved by the Ethics Committees of the 
CNIC and the Regional Government of Madrid (PROEX 332-15, 
PROEX 177-17). Animals were randomly (simple randomization) 
assigned to groups. Researchers were blinded to the allocations.

Echocardiography
LV wall thickness, cardiac function, and chamber dimensions 
were analyzed by transthoracic 2-dimensional, M-mode, and 
Pulse Wave Doppler echocardiography. Scans were performed by 
operators blinded to genotype and treatment using a 40 MHz 
linear transducer (Vevo 2100, VisualSonics). Mice were placed on 
a heating pad under light anesthesia with 0.5% to 2% isoflurane 
administered with 100% oxygen via nose cone and adjusting the 
isoflurane delivery trying to maintain the heart rate in 500±50 
bpm. LV wall thickness was calculated as the mean of the LV 
anterior wall thickness in diastole and the LV posterior wall thick-
ness in diastole acquired in short-axis view. Normalized Cardiac 
Mass is calculated by Vevo 2100 with the following formulas; 
LV mass=1.053×([LVIDd  (left ventricular internal dimension 
in diastole)+LVPWd  (left ventricular posterior wall thickness in 
diastole)+LVAWd (left ventricular anterior wall thickness in dias-
tole)]3−LVIDd3). LV mass corrected=LV mass×0.8. Normalized 

cardiac mass=LV mass corrected/body weight. LVIDd (LV inter-
nal diameter in diastole). LV ejection fraction and LV volume in 
diastole were obtained from the long axis view. The mitral inflow 
pattern was assessed using pulse wave Doppler to evaluate 
diastolic function from a 4-chamber apical view. Diastolic func-
tion was determined by measuring isovolumetric relaxation time 
and the early and late diastolic peak wave ratio (E/A wave ratio). 
Images were analyzed off-line by an expert using the Vevo 2100 
analysis software (VisualSonics). As with the image acquisition, 
researchers were blinded to mouse genotype and treatment.

RNA-Seq
Total RNA was extracted from the LV of 2-month-old control and 
SRSF4 KO hearts using the RNAeasy extraction kit (74104, 
Qiagen). Libraries were prepared using polyA-positive selection, 
and RNAs were sequenced using an Illumina-HiSeq apparatus. 
Raw sequencing data were uploaded to the GEO repository 
(accession reference GSE131145). RNAs were sequenced 
by the CNIC Genomics Unit and RNA-Seq analysis was per-
formed by the CNIC Bioinformatics Unit. Fastq files contain-
ing the reads for each library were extracted and demultiplexed 
using the Casava v1.8.2 pipeline. Reads were preprocessed 
with a pipeline that used cutadapt v1.6 to remove Illumina adap-
tors and FastQC to perform quality controls after each step. 
Processed reads were mapped to the Ensembl genebuild 76 
reference transcriptome GRCm38 and quantified using RSEM 
v1.2.3. Data were normalized using TMM (trimmed mean of M 
values), and genes with at least 1 count per million in at least 3 
samples were retained for further analysis. Differential expres-
sion was assessed using the edgeR Bioconductor Package.31,32 
Changes were considered significant at an adjusted P<0.05. 
Alternative splicing was analyzed using vast-tools v0.2.0,33 and 
changes were considered significant when the probability of an 
absolute difference in the inclusion rate was >95%. The follow-
ing regular commands were used:

1.	Map reads to the genome, transcriptome and reference 
built-in library of exon-exon junctions for mouse genome 
version mm9: vast-tools align --sp Mmu SAMPLE.R1.fastq 
SAMPLE.R2.fastq

2.	Combine information from all samples: vast-tools com-
bine -sp Mmu

3.	Perform differential splicing analysis: vast-tools diff -a 
SRSF4_1,SRSF4_2,SRSF4_3 -b Control_1,Control_2,C
ontrol_3

Plots summarizing RNA-seq results were generated with 
custom python scripts using matplotlib and seaborn libraries. 
The specific scripts used to generate the figures can be found 
in the public code repository at https://bitbucket.org/cmartiga/
srsf4_ko_analysis.

Cross-Linking and Immuno-Precipitation
Wild-type C57BL/6 neonatal cardiomyocytes were isolated 
at postnatal day 0 or 1.34 A total of 8 million neonatal cardio-
myocytes were plated on 10 cm2 plates. The following day, 
cells were transfected with 15 μg of SRSF4-GFP modRNA 
using 21 μL of Lipofectamine 2000 (11668027, Thermo 
Fisher Scientific). At 48-hour posttransfection, cells were 
irradiated once with 100 mJ UV light (254 nm) and iCLIP 
was performed as previously described.24 Briefly, crosslinked 
RNA was digested with RNaseI (Ambion) to produce 80 to 
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200–nucleotide fragments, and RNA-protein complexes were 
immunoprecipitated with Protein G Dynabeads (ThermoFisher 
Scientific) coupled to a goat anti-GFP antibody (D. Drechsel, 
MPI-CBG, Dresden). RNA fragments were then ligated to 
preadenylated DNA 3′ adapters (IDT) and reverse-transcribed 
using barcoded RT-primers and SuperscriptIV (ThermoFisher 
Scientific). After size-selection, cDNA fragments were circu-
larized using CircLigaseTM (Epicentre) and relinearized with 
BamHI (NEB). The final cDNA libraries containing 5′ and 3′ 
adapters were amplified using AccuPrime (ThermoFisher 
Scientific) and were sequenced in an Illumina HiSeq2000 
machine (single-end 75 nucleotide reads, 20 million reads per 
replicate). Analysis of iCLIP sequencing reads was done using 
the iCount package (http://icount.biolab.si). Adapters and bar-
codes were removed, and reads were mapped to the mouse 
mm9 genome assembly (Ensembl59 annotation) using Bowtie 
(version 0.10.1). To determine protein-RNA contact sites, only 
uniquely mapping reads were used. PCR duplicates were 
removed using the random barcodes in the 3′ adapter. Cross-
link (X-link) sites within co-transcribed regions were extracted 
and randomized. Significant X-links (FDR <0.05) were calcu-
lated using normalized numbers of input X-links.35–37 BED files 
were indexed with tabix,38 and coordinates from significant 
X-links were intersected with GTF coordinates using pysam39 
(https://github.com/pysam-developers/pysam) to character-
ize the binding preferences of SRSF4 (coding, noncoding, or 
intronic sequences). Raw sequencing data were uploaded to 
the GEO repository (accession reference GSE131145). All 
codes are available at https://github.com/tomazc/iCount.

Statistical Analysis
Data were analyzed for normality using the D´Agostino and 
Pearson omnibus normality test. If the normality test was not 
passed, data were analyzed for statistical significance by a 
Mann-Whitney test for experiments with two conditions and 
one variable, and by a Kruskal-Wallis test followed by Dunn 
Multiple comparison test for experiments with >2 conditions 
and one variable. If the normality test was passed, data were 
analyzed for statistical significance by Student t test for experi-
ments with 2 conditions and one variable, by 1-way ANOVA 
followed by Bonferroni posttest for experiments with >2 con-
ditions and one variable, and by 2-way ANOVA followed by 
Bonferroni posttest for analysis of multiple conditions and 2 
variables, as indicated in each figure legend. Fisher test was 
used to associate 2 qualitative variables. Differences were con-
sidered significant at P<0.05. The n in figure legends indicates 
biological replicates.

For figures that include representative images, the indi-
vidual sample that best represented the mean of the group 
was selected. All statistical analyses were performed using 
Graphpad Prism 7.0.

RESULTS
Cardiac SRSF4 Expression Progressively 
Decreases Over Time
Cardiac SRSF4 mRNA expression during development 
and into adulthood was studied by qRT-PCR in hearts 
isolated from wild-type embryos and mice. SRSF4 mRNA 

expression peaked in the embryonic heart at embryonic 
day E13.5, followed by a progressive decline up to 6 
months of age (Figure IA in the Data Supplement).

Cardio-Specific SRSF4 Knockout Leads to LV 
Hypertrophy
To study the role of SRSF4 in the heart, we crossed 
SRSF4 floxed mice with Nkx2.5-Cre transgenic mice. In 
the resulting cardio-specific knockout mouse line (SRSF4 
KO), the floxed exon in the SRSF4 gene is excised in 
early heart progenitor cells during embryonic develop-
ment. Cardiac-specific loss of SRSF4 was confirmed by 
qRT-PCR and Western blot (Figure IB and IC in the Data 
Supplement) and had no effect on animal viability. Some 
mRNA and protein expression was detected in the hearts 
of KO mice, likely originated in cells that do not derive 
from cardiac precursors, and in which the Cre recombi-
nase was not expressed. Mice bearing the floxed SRSF4 
allele with no Cre recombinase were used as controls.

Echocardiography from 2 to 14 months postbirth 
showed significantly higher values for LV wall thickness 
and normalized cardiac mass in male SRSF4 KO mice 
than in controls, together with an increased heart weight 
to body weight ratio (Figure 1A through 1D, Table II in 
the Data Supplement). SRSF4 KO mice also showed a 
significantly thicker LV wall when compared to Nkx2.5-
Cre mice without a floxed SRSF4 allele, suggesting that 
the observed cardiac hypertrophy was not due to non-
specific effects of the Cre recombinase itself (Figure II 
in the Data Supplement).SRSF4 KO hearts appeared to 
be enlarged (Figure 1E) and had higher expression than 
controls of the heart disease markers brain natriuretic 
peptide (BNP) and MYH7 (myosin heavy chain 7) (Fig-
ure  1F). These findings were confirmed in a group of 
female mice at 4 months of age (Figure III in the Data 
Supplement). SRSF4 KO mice also showed an increased 
cardiomyocyte area (Figure 1G and 1H), suggesting that 
the cardiac hypertrophy observed by echocardiography 
was due to an increase in the size of individual cardio-
myocytes. We did not detect significant increases in the 
expression of different fibrosis markers by qRT-PCR in 
SRSF4 KO hearts or in the amount of fibrotic tissue in 
histological sections (Figure IV in the Data Supplement). 
We found no significant changes in arterial pressure, 
suggesting that the observed cardiac hypertrophy was 
not the result of increased blood pressure (Figure V in 
the Data Supplement).

SRSF4 KO Mice Develop Diastolic Dysfunction
To investigate the effect of LV hypertrophy in SRSF4 KO 
mice on cardiac function, we analyzed systolic and dia-
stolic function by echocardiography (Table II in the Data 
Supplement). Loss of SRSF4 had no significant effect on 
systolic function or LV diastolic volume (Figure 2A and 2 
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Figure 1. Cardiac-specific loss of SRSF4 (serine/arginine splicing factor 4) leads to left ventricular (LV) hypertrophy.
A and B, Representative M-mode short axis view echocardiography of control (A) and SRSF4 KO (B) left ventricles at 10 mo of age. C and D, 
Echocardiography analysis of LV wall thickness (C) and cardiac mass normalized to body weight (D). Data are shown as mean±SEM. Symbols 
represent individual animals (biological replicates). E, Representative whole hearts from 10-month-old control and KO mice. F, Quantitative real-
time polymerase chain reaction analysis of brain natriuretic peptide (BNP) and Myh7 mRNA in control and SRSF4 KO hearts. n=4 mice per group 
in all groups except SRSF4 KO mice at 4 mol/L, which was n=5. C, D, and F, Data are shown as mean±SEM. *P<0.05, **P<0.01, ***P<0.001 
for SRSF4 KO (red) vs control (gray). Two-way ANOVA followed by Bonferroni correction; M, months. G, Representative myocardial sections 
from 2- and 4-month-old mice, stained with tetramethylrhodamine-conjugated wheat-germ agglutinin (red) and DAPI (blue). Scale bar: 100 µm. 
H, Quantification of cardiomyocyte cross-sectional area (CSA). Each symbol represents the CSA average of one mouse. Data are shown as 
mean±SEM. *P<0.05 SRSF4 KO vs control. Two-way ANOVA followed by Bonferroni posttest. AW indicates anterior wall; and PW, posterior wall.
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B). However, SRSF4 mice showed a significant and age-
dependent decrease in the E/A wave ratio and an ele-
vated isovolumetric relaxation time (Figure 2C and 2D). 
Thus, although SRSF4 KO mice show preserved con-
traction, they progressively develop diastolic dysfunction.

SRSF4 KO Mice Exhibit Electrocardiographic 
Features of Cardiac Hypertrophy and Abnormal 
Repolarization
Cardiac hypertrophy is a risk factor for QT-prolongation 
and sudden cardiac death.40 To study whether the hyper-
trophy caused by the lack of SRSF4 altered cardiac 
electrophysiological activity, we performed ECGs under 
basal and stress conditions (Figure 3A). In basal condi-
tions, KO mice had a significantly higher heart rate than 
controls and a wider QRS complex amplitude, which is 
a characteristic of cardiac hypertrophy (Figure 3B and 
3C). We also found decreased J wave amplitude and 
a longer QT interval corrected for heart rate (cQT) in 
SRSF4 KO mice, although the differences did not reach 
statistical significance. These repolarization abnormali-
ties were intensified by isoproterenol-induced stress, 
which further increased the cQT interval, caused ST-
segment depression, and produced a negative J wave 
(Figure 3D and 3E). We found no significant changes 
in the expression of potassium channel coding genes, 
suggesting that the electrical abnormalities were the 

consequence of cardiac hypertrophy, rather than the 
cause (Figure VI in the Data Supplement).

The lncRNA GAS5 Is a Direct SRSF4 Target 
in Cardiomyocytes, and Its Expression Is 
Downregulated in SRSF4 KO Hearts
To study the molecular mechanism underlying the devel-
opment of LV hypertrophy in SRSF4 KO mice, we per-
formed an RNA-Seq analysis of hearts from 2-month-old 
control and SRSF4 KO mice. Significant expression 
changes were detected in 858 genes, including many 
lncRNAs (Figure VIIA and VIIB in the Data Supplement 
and Table III in the Data Supplement). Gene ontology 
analysis of significantly increased genes in KO mice 
showed enrichment in genes associated with sodium 
transport and vasoconstriction, whereas downregulated 
genes were associated with action potential regulation 
(Figure VIIC and VIID in the Data Supplement). Alterna-
tive splicing analysis in control and KO hearts, however, 
revealed few genes with a significant isoform change, 
suggesting that alternative splicing is not strongly 
affected by the lack of SRSF4 (Figure VIIIA through 
VIIIC and Table IV in the Data Supplement).

To investigate the direct SRSF4 target genes in cardio-
myocytes, we immunoprecipitated SRSF4-bound RNAs 
from neonatal cardiomyocytes using iCLIP, which enables 
the identification of RNA-protein interactions.41 The iCLIP 

Figure 2. SRSF4 (serine/arginine splicing factor 4) KO mice develop diastolic dysfunction with preserved ejection fraction.
A–D, Echocardiography analysis of left ventricular function. A, LV ejection fraction (LVEF). B, LV volume in diastole (LVVOLd). C, E/A wave ratio of 
mitral flow, with normal mitral flow defined as ranging from 1.2 to 1.8. **P<0.01 normal (1.2–1.8) vs abnormal E/A ratio; Fisher test. M, months. D, 
Isovolumetric relaxation time (IVRT). Data are shown as mean±SEM. Symbols represent individual animals (ie, biological replicates). A, B, and D, 
*P<0.05 SRSF4 KO vs control. Two-way ANOVA followed by Bonferroni posttest.
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results showed specific binding of SRSF4 to 836 RNAs in 
these cells (Figure IX and Table V in the Data Supplement). 
To determine which of the differentially expressed genes 
are direct SRSF4 targets, we intersected RNA-Seq and 
iCLIP data. The resulting list of 42 genes (Table VI in the 
Data Supplement) included the lncRNA GAS5. Analysis 

by qRT-PCR confirmed GAS5 downregulation in SRSF4 
KO hearts (Figure  4A), and the GAS5 expression pro-
file in wild-type hearts was very similar to that of SRSF4 
(Figure 4B). We next investigated whether GAS5 down-
regulation in the absence of SRSF4 was due to faster 
degradation. Transcription in neonatal cardiomyocytes 

Figure 3. SRSF4 (serine/arginine splicing factor 4) KO mice have electrophysiological alterations.
A, Representative ECGs of control and SRSF4 KO mice in baseline conditions and after intraperitoneal isoproterenol injection. The arrow 
marks the depression after the QRS complex. B–E, Analysis of heart rate (B), QRS amplitude (C), J wave amplitude (D), and corrected QT 
interval (E) in baseline and isoproterenol-stimulated conditions. Data are shown as mean±SEM, and symbols represent individual 6-month-
old mice. *P<0.05, ***P<0.001, SRSF4 KO vs control; ##P<0.01, ###P<0.001, isoproterenol vs baseline; 2-way ANOVA followed by the 
Bonferroni multiple comparison test.
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from control and SRSF4 KO mice was blocked with acti-
nomycin D, and GAS5 expression was measured at spe-
cific time points posttreatment. At 4-hour posttreatment, 
GAS5 expression in SRSF4 KO cardiomyocytes was sig-
nificantly lower than in control cells (Figure 4C).

A previous study has reported that GAS5 is an non-
sense-mediated decay (NMD) target.42 To determine 
whether GAS5 is more degraded by NMD in the absence 
of SRSF4, we treated control and SRSF4 KO neonatal 
cardiomyocytes with an NMD inhibitor. Results showed 

Figure 4. Expression of the lncRNA GAS5 decreases in the absence of SRSF4 (serine/arginine splicing factor 4).
A, Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of GAS5 expression in the hearts of control and SRSF4 KO mice from 
birth to adulthood. Data are shown as mean±SEM; n=4 mice per group, except for P1 groups (n=5). **P<0.01, ***P<0.001 SRSF4 KO vs control; 
2-way ANOVA followed by Bonferroni posttest. B, Expression profile of GAS5 in the hearts of wild-type mice from embryonic development to 
adulthood. Data are shown as mean±SEM; n=3 mice per group, except for the E17.5 group (n=4). *P<0.05; Kruskal-Wallis test followed by Dunn 
Multiple comparison test. C, qRT-PCR analysis of GAS5 expression in control and SRSF4 KO neonatal cardiomyocytes treated with ActD. Values 
for each treatment time point were normalized to the mean basal (untreated) value and to the mean value for control cells treated with DMSO 
(dotted line). Data are shown as mean±SEM, n=3 per group. **P<0.01 SRSF4 KO vs control; 2-way ANOVA followed by the Bonferroni posttest. 
D and E, qRT-PCR analysis of GAS5 (D) and GADD45 (E) expression in control and SRSF4 KO neonatal cardiomyocytes treated with vehicle 
(DMSO, control) or with nonsense-mediated decay (NMD) inhibitor for7 h. Values were normalized to the mean value of each group treated with 
DMSO. Data are shown as mean±SEM, and symbols represent individual samples from one experiment. n=5. *P<0.05, **P<0.01, ***P<0.001 for 
control vs NMD inhibitor. Two-way ANOVA followed by Bonferroni correction.
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a significant increase in GAS5 expression after blocking 
NMD in control cells, however, in KO cells, GAS5 levels 
were even further increased. Such a difference was not 
seen for the control NMD target GADD45, which sug-
gests that the observed effect is specific. (Figure 4D and 
4E). Together, these results suggest that SRSF4 binds the 
lncRNA GAS5 and protects it from degradation by NMD.

SRSF4–GAS5–Glucocorticoid-Receptor 
Signaling Controls Cardiomyocyte Hypertrophy
GAS5 represses GR-mediated induction of several 
genes.30 Moreover, GR activation is known to induce 
hypertrophic changes in H9C2 cells and primary neona-
tal rat cardiomyocytes.43 To investigate whether SRSF4 
regulates GR activity by controlling GAS5 expression, 
we first analyzed the localization of GAS5 within the cell 
and found it was partially located in the nucleus (Figure 
X in the Data Supplement). We then treated neonatal 
cardiomyocytes from control and SRSF4 KO mice with 
dexamethasone to activate the GR. After 72 hours, we 
determined the expression of hypertrophic markers and 
several known direct GR targets30,44 by qRT-PCR. Dexa-
methasone increased the expression of these genes 
in control and KO cells, but dexamethasone-induced 
expression of the hypertrophic markers ANF  (atrial 
natriuretic factor) and BNP was significantly higher in 
SRSF4 KO cells than in controls (Figure XIA and XIB in 
the Data Supplement). Similarly, SRSF4 KO cells showed 
significantly higher dexamethasone-induced expression 
of the direct GR targets Fkbp5 and Gilz (Figure XIC and 
XID in the Data Supplement). Moreover, dexametha-
sone-treated SRSF4 KO neonatal cardiomyocytes were 
significantly larger than both dexamethasone-treated 
control cells and untreated cells (Figure XIE in the Data 
Supplement).

To validate these findings in vivo, we treated SRSF4 
KO and control mice with dexamethasone and analyzed 
LV mass by echocardiography. We found a significant 
increase in LV wall thickness in SRSF4 KO mice com-
pared with control mice. This was paralleled by a signifi-
cant increase in the heart weight to body weight ratio in 
mice lacking SRSF4 in the heart (Figure  5A and 5B). 
In addition, we observed a significant increase in ANF, 
Fkbp5, and Gilz mRNA expression in SRSF4 KO mice 
(Figure  5C through 5F). BNP also showed increased 
expression, although the changes did not reach signifi-
cance. Together, these results indicate that the hyper-
trophy observed in SRSF4 KO cardiomyocytes might be 
due to increased GR transcriptional activity.

To rule out that changes in GR expression may 
underlie the cardiac hypertrophy observed in SRSF4 
KO mice, we measured its expression by qRT-PCR and 
western blot. Results showed no significant changes 
neither in mRNA nor in protein levels (Figure XII in the 
Data Supplement).

GAS5 Overexpression Reduces Hypertrophy in 
SRSF4 KO Cardiomyocytes
To determine whether the increased cardiomyocyte 
hypertrophy observed in SRSF4 KO cells is due to 
decreased GAS5 expression, we overexpressed GAS5 
using modRNA in control and SRSF4 KO neonatal 
cardiomyocytes and stimulated them with dexameth-
asone. At 72 hours after dexamethasone treatment, 
we measured the expression of hypertrophic mark-
ers and known direct GR targets by qRT-PCR. GAS5 
overexpression significantly decreased dexametha-
sone-induced expression of the hypertrophic marker 
ANF and partially reduced the GR-regulated gene Gilz 
(Figure  6A through 6D). GAS5 (growth arrest-spe-
cific 5)-overexpression in SRSF4 KO cardiomyocytes 
also reduced dexamethasone-induced cardiomyocyte 
hypertrophy (Figure 6E).

To confirm these results in mice, we overexpressed 
GAS5 in a cardiac-specific manner using an adeno-
associated virus bearing the GAS5 lncRNA under the 
control of the cardiac troponin promoter. Results showed 
a significant decrease of the LV wall thickness in SRSF4 
KO mice one week after injection of AAV9 (adeno-
associated virus type 9)-GAS5, and a partially reduced 
expression of GR target genes Fkbp5 and Gilz  (Fig-
ure 7A through 7D). Together these results indicate that 
the loss of GAS5 in SRSF4 KO hearts thus appears to be 
at least partly responsible for the hypertrophic response 
in cardiomyocytes.

SRSF6 Overexpression Plays a Role in GR 
Signaling
Since GAS5 overexpression did not completely reverse 
cardiac hypertrophy in SRSF4 KO cardiomyocytes, we 
investigated other pathways that might also contribute 
to the observed phenotype. The RNA-seq analysis had 
shown an increase in another member of the SR family, 
SRSF6, in SRSF4 KO hearts, together with changes in 
other RBPs (Table III in the Data Supplement). While 
we did not observe major changes in the expression 
of any of the other RBPs analyzed (Figure XIII in the 
Data Supplement), we found a significant increase in 
SRSF6 mRNA in the myocardium of SRSF4 KO mice 
(Figure XIVA in the Data Supplement). To determine 
whether the upregulation of SRSF6 could play a role 
in GR signaling in the absence of SRSF4, we knocked 
down the expression of SRSF6 in SRSF4 KO cardio-
myocytes in vitro, and we measured the expression of 
the direct GR targets Fkbp5 and Gilz (Figure XIVB in 
the Data Supplement). Results showed a significant 
decrease in both GR targets following the reduction 
in SRSF6, suggesting that this RBP plays a role in the 
activation of GR signaling observed in the absence of 
SRSF4.
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The Expression of SRSF4 and GAS5 Is 
Reduced in Patients With Cushing Syndrome
Finally, given the relationship between SRSF4, GAS5, 
and the GR that we unveiled here, we investigated 

whether the expression of SRSF4 and GAS5 was 
downregulated in patients with Cushing syndrome, 
whose features include elevated blood glucocorti-
coids and LV hypertrophy. We analyzed previously 
published RNA-seq data obtained from adipose tissue 

Figure 5. SRSF4 (serine/arginine splicing factor 4) KO mice show an increase in hypertrophy and cardiac expression of 
hypertrophic markers and known GR (glucocorticoid receptor) targets following DEX treatment.
A and B, Echocardiography analysis of left ventricular (LV) wall thickness (A), and heart weight/body weight (B) of SRSF4 KO and control mice 
following 2 wk treatment with DEX (15 mg/100 g BW) or no treatment. Expression of ANF (C), brain natriuretic peptide (BNP) (D), Fkbp5 (E), 
and Gliz (F) was analyzed by quantitative real-time polymerase chain reaction. Data are shown as mean±SEM. Symbols represent individual 
animals. ***P<0.001 DEX (green) vs No DEX (violet). †P<0.05, SRSF4 KO vs control, †††P<0.001 SRSF4 KO vs control. Two-way ANOVA 
followed by Bonferroni correction.

D
ow

nloaded from
 http://ahajournals.org by on January 9, 2023



Original Research

Circulation Research. 2021;129:669–683. DOI: 10.1161/CIRCRESAHA.120.318577� September 3, 2021    679

Larrasa-Alonso et al SRSF4 Regulates Left Ventricular Hypertrophy

of patients with Cushing syndrome and controls. We 
found a downregulation of SRSF4 and GAS5 expres-
sion in patients with Cushing syndrome compared 
with controls (Figure XV in the Data Supplement), 
suggesting a potential role of this signaling axis in 
Cushing syndrome.

DISCUSSION
A number of RBPs have recently been implicated in 
several diseases, including cardiovascular disease. The 
RBP SRSF4 has been linked to neuropathies and can-
cer; however, its role in the heart had not been previously 

Figure 6. GAS5 (growth arrest-specific 5) overexpression reduces hypertrophy in SRSF4 (serine/arginine splicing factor 4) KO 
cardiomyocytes.
A–D, Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of the hypertrophy markers ANF and brain natriuretic peptide (BNP) 
(A and B) and the GR (glucocorticoid receptor) targets Fkbp5 and Gliz (C and D) in control and SRSF4 KO neonatal cardiomyocytes treated 
with 100 nmol/L DEX and transfected with GAS5 or control modRNA. Data are shown as mean±SEM, and symbols represent 3 independent 
experiments (biological replicates), each of them the average of 2 (control) or 3 (KO) technical replicates. In each independent experiment, 
values were normalized to the mean value of control samples with no DEX and no GAS5 in each genotype (dotted line). *P<0.05 GAS5 vs 
control modRNA; 2-way ANOVA followed by the Bonferroni posttest. E, Area of control and SRSF4 KO neonatal cardiomyocytes treated with 
100 nm DEX and transfected with GAS5 or control modRNA. Data are shown as mean±SEM, and symbols represent the average of individual 
cardiomyocytes in each biological replicate. **P<0.01, GAS5 vs control modRNA; 2-way ANOVA followed by the Bonferroni posttest.
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explored. In this study, we show that cardiac-specific loss 
of SRSF4 leads to LV hypertrophy associated with an 
increase in cardiomyocyte size. Adult SRSF4 KO mice 
also develop diastolic dysfunction and electrophysiologi-
cal features associated with an increased risk of sudden 
cardiac death.

The combination of RNA-Seq and iCLIP analysis 
identified the lncRNA GAS5 as a direct SRSF4 target 
in cardiomyocytes. GAS5 expression during development 
followed the same pattern as that of SRSF4, and loss of 
SRSF4 resulted in strong downregulation of this lncRNA. 
GAS5 is degraded through NMD; depletion of the key 
NMD machinery component UPF1  (up-frameshift 1) 
induces GAS5 transcript upregulation and consequent 
downregulation of the apoptosis-related genes cIAP2 

and SGK1, whose promoters are regulated by the GR.45 
Another study reported that downregulation of the NMD 
machinery is essential for the differentiation of neural 
progenitors and is accompanied by increased expression 
of several NMD targets, including GAS5.46 In addition 
to mRNAs, NMD targets include miRNAs and lncRNAs 
such as GAS5.42 Thus, while the precise mechanism 
by which SRSF4 regulates GAS5 expression remains 
unknown, our data suggests that it involves mRNA stabil-
ity or protection from degradation through NMD.

GAS5 is expressed in adult tissues and during embry-
onic development and is downregulated in several can-
cers, including breast cancer.47 GAS5 localizes to both 
the nucleus and the cytoplasm30 and has an estimated 
half-life of ≈4 hours.48 In lymphocytes, GAS5 regulates 

Figure 7. GAS5 (growth arrest-specific 5) overexpression reduces left ventricular hypertrophy in SRSF4 (serine/arginine 
splicing factor 4) KO mice.
A, Echocardiography analysis of left ventricular (LV) wall thickness of control and SRSF4 KO mice injected with AAV9 (adeno-associated virus 
type 9)-GAS5 or a control AAV9. Data are shown as mean ±SEM. Symbols represent individual mice. **P<0.01, SRSF4 KO mice + AAV9 GAS5 
vs SRSF4 KO mice+AAV9 control; †P<0.05, control mice+AAV9 GAS5 vs control mice+AAV9 control; 2-way ANOVA followed by the Bonferroni 
multiple comparison test. B–D, Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of GAS5 (B), Gilz (C), and Fkbp5 (D) mRNA 
expression in mice injected with the different AAV9 at 1 wk postinjection. Data are shown as mean±SEM. Symbols represent individual animals, 
different from A. #P<0.05, AAV9 control vs AAV9 GAS5; 2-way ANOVA followed by the Bonferroni multiple comparison test.
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apoptosis and the cell cycle.49 Interestingly, GAS5 is 
decreased in patients with type 2 diabetes; it binds to 
the insulin receptor promoter to regulate its expression, 
and its depletion inhibits glucose uptake and insulin 
signaling.50 The interaction of GAS5 with the GR DNA-
binding domain prevents GR binding to the glucocorti-
coid response element in target genes, thus modulating 
GR transcriptional activity.30 Our results suggest that 
SRSF4-GAS5 interaction regulates GR transcriptional 
activity in the heart, in line with in vivo and in vitro evi-
dence implicating glucocorticoids in the development of 
cardiac hypertrophy51–53 and the induction by activated 
GR of hypertrophic changes in H9C2 cells and primary 
neonatal rat cardiomyocytes.43 Our findings demonstrate 
that GR transcriptional activity increases in SRSF4 KO 
cardiomyocytes, in which GAS5 expression is downreg-
ulated. We also found that SRSF4 KO cardiomyocytes 
responded to dexamethasone-mediated GR activation 
with more pronounced increases in hypertrophy marker 
expression and cell area than observed in controls. 

These results were validated in vivo. Moreover, we also 
found that overexpression of GAS5 reduced hypertro-
phy in SRSF4 KO cardiomyocytes, suggesting a causal 
role for the loss of GAS5 expression in the hypertrophic 
response observed in the absence of SRSF4.

GAS5 overexpression, however, only partially reversed 
cardiac hypertrophy, suggesting that additional mecha-
nisms mediate cardiac hypertrophy in mice lacking 
SRSF4. In this regard, we observed that SRSF6 tran-
scripts are increased in SRSF4 KO cardiomyocytes and 
that reduction of SRSF6 levels results in reduced cardio-
myocyte hypertrophy. Although additional investigation is 
needed to confirm the role of SRSF6 in the heart, these 
results suggest that the induction of SRSF6 is a prohy-
pertrophic mechanism.

The structural and functional alterations observed in 
mice lacking SRSF4 in the heart resemble those found 
in human hypertrophic cardiomyopathy.54 It would be 
interesting to investigate whether patients with idiopathic 
cardiac hypertrophy have loss of function mutations in 

Figure 8. Molecular mechanism leading to cardiac hypertrophy in the absence of SRSF4 (serine/arginine splicing factor 4).
A, GAS5 (growth arrest-specific 5) is a direct SRSF4 target. When SRSF4 is present, GAS5 binds to the GR (glucocorticoid receptor) and inhibits 
its binding to the GRE region in its target genes. B, In the absence of SRSF4, GAS5 is downregulated, and the GR induces the expression 
of target genes involved in cardiomyocyte hypertrophy. Moreover, the absence of SRSF4 produces the upregulation of SRSF6, which further 
contributes to an increase in GR targets.
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the SRSF4 or GAS5 genes. Moreover, elevated blood 
glucocorticoids and LV hypertrophy are features of Cush-
ing syndrome and several patients with Cushing syn-
drome develop LV hypertrophy without hypertension.53 In 
this regard, we found that SRSF4 and GAS5 expression 
was downregulated in adipose tissue from patients with 
Cushing syndrome. Therefore, it would be worth investi-
gating whether these patients have elevated GR activity 
in the heart due to SRSF4 deficiency.55,56

In summary, our study shows that loss of SRSF4 
in cardiomyocytes results in faster degradation and 
subsequent downregulation of GAS5, leading to an 
increase in the transcriptional activity of the GR, which 
causes cardiomyocyte hypertrophy (Figure  8). These 
findings may help to identify new diagnostic and thera-
peutic tools for the treatment of cardiac hypertrophy 
and Cushing syndrome.
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