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ABSTRACT

Human genetic studies identified a strong associa-
tion between loss of function mutations in RBFOX2
and hypoplastic left heart syndrome (HLHS). There
are currently no Rbfox2 mouse models that recapitu-
late HLHS. Therefore, it is still unknown how RBFOX2
as an RNA binding protein contributes to heart de-
velopment. To address this, we conditionally deleted
Rbfox2 in embryonic mouse hearts and found pro-
found defects in cardiac chamber and yolk sac vascu-
lature formation. Importantly, our Rbfox2 conditional
knockout mouse model recapitulated several molec-
ular and phenotypic features of HLHS. To determine
the molecular drivers of these cardiac defects, we
performed RNA-sequencing in Rbfox2 mutant hearts
and identified dysregulated alternative splicing (AS)
networks that affect cell adhesion to extracellular
matrix (ECM) mediated by Rho GTPases. We iden-
tified two Rho GTPase cycling genes as targets of
RBFOX2. Modulating AS of these two genes using
antisense oligos led to cell cycle and cell-ECM ad-
hesion defects. Consistently, Rbfox2 mutant hearts
displayed cell cycle defects and inability to undergo
endocardial-mesenchymal transition, processes de-
pendent on cell-ECM adhesion and that are seen in
HLHS. Overall, our work not only revealed that loss
of Rbfox2 leads to heart development defects resem-

bling HLHS, but also identified RBFOX2-regulated AS
networks that influence cell-ECM communication vi-
tal for heart development.

INTRODUCTION

The RNA binding protein RBFOX2 has an emerging role
in heart diseases (1–6). Low RBFOX2 expression or activ-
ity are associated with heart failure (1) and cardiac compli-
cations of diabetes (2). Furthermore, RBFOX2 is also one
of the high-risk genes for congenital heart defects (1–6).
Heterozygous loss of function mutations in RBFOX2 are
identified in patients with hypoplastic left heart syndrome
(HLHS) and are linked to the left ventricle obstruction phe-
notype observed in these patients (3–5). HLHS is one of the
most complex congenital heart diseases with a high mortal-
ity rate (6,7) and it is thought to be multigenic (8,9). HLHS
patients typically exhibit circulation problems due to the
hypoplasia within the left side of the heart, including the
cardiac valves, left ventricle and aorta. Cross-talk between
myocardial cells that pump the heart and the endocardial
cells that line the interior of the heart is essential for nor-
mal cardiac development (10). Endocardial-mesenchymal
transition (Endo-MT) and myocardial proliferation defects
have been identified in HLHS patients and implicated in de-
velopmental defects of HLHS (11,12). Genome-wide gene
expression and alternative splicing (AS) abnormalities have
been identified in infants with HLHS (13). We have recently
shown that RBFOX2 is a major contributor to transcrip-
tome changes observed in HLHS patients (14). Despite the
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prominent genetic and molecular association of RBFOX2
to HLHS pathogenesis, the mechanistic underpinnings of
RBFOX2 function in cardiovascular development and dis-
ease remain elusive.

RBFOX2 belongs to the RBFOX family of RNA-binding
proteins that are involved in alternative splicing (AS) regu-
lation (15). RBFOX2 controls AS in large macromolecu-
lar complexes via its interactions with several splicing reg-
ulators (16). RBFOX2 binding sites ((U)GCAUG) are en-
riched near alternative exons regulated during post-natal
murine heart development (17). However, not much is
known regarding RBFOX2 targets in the embryonic heart.
A comprehensive identification of RBFOX2-regulated AS
networks in the embryonic heart is necessary to fully un-
derstand RBFOX2′s role in heart development and disease.

RBFOX2 is critical for heart function. Knockdown of
both Rbfox2 and its paralog Rbfox1 in zebrafish lowered
heart rate and negatively affected myofibril formation (18).
Conditional loss of Rbfox2 in committed embryonic car-
diomyocytes using myosin light chain promoter driven Cre
(mlc2v::Cre) resulted in dilated cardiomyopathy at post-
natal stages partly due to defects in excitation-contraction
coupling (19). However, embryonic origins of postnatal di-
lated cardiomyopathy were not reported (1,19,20). A recent
study has shown that conditional deletion of Rbfox2 using
neural crest-specific Cre drivers did not affect cardiovascu-
lar development (21). In sum, previous Rbfox2 conditional
knockout studies in mice did not reveal cardiovascular de-
velopment defects. Therefore, it is unclear how RBFOX2
contributes to congenital heart defects.

Based on our findings that RBFOX2 has a widespread
and early expression pattern in the embryonic heart, we con-
ditionally deleted Rbfox2 in multiple cell types at an ear-
lier embryonic stage using Nkx2.5 Cre, different than the
other studies. We found that Rbfox2 is required for embry-
onic survival and proper formation of the cardiac chambers,
outflow tract (OFT) and yolk sac vasculature. To determine
the mechanisms underlying these defects, we performed
RNA-seq and analyzed global AS patterns. We identified
AS changes in genes involved in cytoskeletal organization,
cell-extracellular matrix (ECM) adhesion and Rho GTPase
signaling/cycling in Rbfox2 mutant hearts. Modifying AS
of just two of these RBFOX2 targets (guanine exchange
factors for Rho GTPases) impaired cell-ECM adhesion
and cell cycle progression. Consistently, Rbfox2 mutant em-
bryos displayed defects in cell cycle progression and Endo-
MT that are dependent on cell-ECM adhesion. Notably,
our Rbfox2 conditional mouse model recapitulated some
phenotypic and molecular features of HLHS. Our data also
suggest that Rbfox2 deletion in multiple cell lineages collec-
tively contribute to cardiovascular defects. In summary, our
data demonstrate that Rbfox2 is required for heart develop-
ment and the precise regulation of RBFOX2-dependent AS
networks contributes to cell-ECM communication in the
embryonic heart.

MATERIAL AND METHODS

Generation of Rbfox2 conditional knockout mice

All animal experiments were conducted in accordance with
the NIH Guidelines for the care and the use of animals

approved by the Institutional Animal Care and Use Com-
mittee of UTMB. E0.5 was estimated as the noon of the
day the plugs. The timed-pregnant uterus was dissected
and suspended in cold phosphate-buffered saline (PBS)
till the embryos and/or embryonic heart were harvested.
Tail or yolk sac genomic DNA was used for genotyping
PCR. Rbfox2flox/flox mice were purchased from Jackson labs
(Stock no: 014090). Nkx2.5Cre/+ mice were obtained from
Dr Robert Schwartz’s lab. These mice have reduced Nkx2-
5 mRNAs due to the Cre knock in into the Nkx2-5 lo-
cus (22). To generate Rbfox2 mutant embryos, Rbfox2flox/flox

mice were crossed with Nkx2.5Cre/+ mice and the Rbfox2-
HetCKO (Rbfox2lox/+, Nkx2.5Cre/+) male animals from this
mating were crossed back with Rbfox2flox/flox females to gen-
erate Rbfox2-CKO (Rbfox2flox/flox, Nkx2.5Cre/+) embryos.

Whole mount embryos processing and paraffin sectioning

A total number of six embryos for each genotype (control
- Rbfox2flox/flox; Rbfox2-HetCKO -Rbfox2lox/+, Nkx2.5Cre/+

& Rbfox2-CKO - Rbfox2flox/flox, Nkx2.5Cre/+) at two devel-
opmental stage (E9.5 and E10.5) were fixed for 24 h in 4%
freshly prepared from paraformaldehyde buffered with 0.1
M sodium phosphate (pH 7.2) at 4◦C. Subsequently, em-
bryos were washed with 1× PBS (#46-013-CM, Corning)
followed by dehydration with increasing concentration of
ethanol (#E7023, Sigma) from 70 to 100%. Embryos were
cleared with Xylene (#534056, Sigma) before embedding in
paraffin (#76258, Sigma) block with preferred orientation.
7 �m-thick sections of whole mount embryos were obtained
using a microtome (Microtome, HM2035) and collected on
positively charged glass slides.

Immunofluorescence of embryo sections

Immunofluorescence staining was performed on paraffin
sections from each genotype using three sections per em-
bryo, from three embryos, obtained from three different
litters. Paraffin sections were incubated at 56◦C for 12–14
h, followed by deparaffinization and dehydration in xylene
for 20 min. Slides were washed in decreasing concentra-
tions (100–50%) of ethanol for 5 min at each concentra-
tion. Antigens were then exposed by incubating the sections
with sodium citrate buffer (10 mM, pH 6.0) for 20 min in
a steam chamber. Blocking was performed in 3% BSA in
PBST (0.2% Triton X-100) at RT for 1 hr. Sections were
then incubated with the following primary antibodies: Rb-
fox2 (A300-864A, Bethyl laborites inc.); cardiac troponin
I (ab47003, Abcam); CD31/PECAM1(AF3628, R&D sys-
tem); alpha-smooth muscle actin (NB300-978, Novus bio-
logicals); phospho-Histone H3 (#9701, Cell signaling tech-
nology); vinculin (V9131, Sigma) for 14–16 h at RT in a hu-
midifying chamber. Slides were washed with PBS contain-
ing 0.1% Triton X-100 and then incubated with the appro-
priate fluorescently labeled appropriate secondary antibod-
ies for 2 h at 37◦C. Slides were then washed four times with
PBS containing 0.1% Triton X-100, followed by incubation
with 4′,6-diamino-2-phenylindole dihydrochloride (DAPI,
#MP01306, Invitrogen) or TO-PRO-3 (#T3605, Life tech-
nology) stain for 30 min at room temperature in the dark.
Excess stain was washed away with PBS before mounting
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the coverslips using Mowiol mounting media and then the
slides were sealed using nail polish. Fluorescence images
were obtained with a confocal laser-scanning microscope
(LSM 880META, Carl Zeiss) at the University of Texas
Medical Branch, Optical Microscopy Core facility. All the
image quantification was performed using ImageJ software
and significance were calculated by either t-test or one-way
ANOVA using GraphPad PRISM software.

Hematoxylin and eosin (H&E) staining

Complete whole mount embryo (E9.5 and E10.5) sec-
tions were stained with hematoxylin and eosin (H&E;
Hemotoxylin, Gill no 2, Sigma, GHS232; Eosin Y, Sigma,
HT110332). 7 �m sections were dewaxed twice in xylene
and rehydrated in decreasing concentrations of ethanol
from 100% to 50% before proceeding with further stain-
ing. Sections were incubated in Hemotoxylin for 2 min,
de-stained (1% hydrochloric acid in 70% ethanol) for 5 s,
washed in 80% ethanol for 1 min, followed by a brief incu-
bation (1 s) in eosin before dehydrating in ethanol (95% and
100%) and clearing in xylene. Stained slides were mounted
using DPX mountant (Sigma, 06522). Images were ob-
tained with a light microscope (Olympus, IX51) at the Uni-
versity of Texas Medical Branch, Optical Microscopy Core
facility. All the image quantification was performed using
ImageJ software and significance were calculated by either
t-test or one-way ANOVA using GraphPad PRISM.

Alternative splicing validations

The semi-quantitative RT-PCR was performed to assess
splicing patterns of genes using a previously described pro-
tocol (2,23). Primer sequences to validate AS events were
designed to detect inclusion/exclusion of alternative exons
of the following genes: ABI1 exon10, ECT2 exon 4, FN1
exon 25 and CTTN exon 11 (Supplementary Table S2).
For all genes, PCR was carried out using 5�l cDNA and
100ng primer pair with Biolase Taq polymerase (Bioline
BIO-21042) using following amplification condition 95◦C
45 s; 59◦C 45 s; 72◦C 1 min for 25 cycles. Data from at least
three independent experiments were used for quantification
and statistical analysis, and significance was calculated us-
ing an unpaired t-test or one-way ANOVA with Bonferroni
correction using GraphPad PRISM.

TUNEL staining

Apoptotic cells were identified using the DeadEnd Fluo-
rometric TUNEL System (G3250, Promega) following the
manufacturer’s protocol. In brief, paraffin sections were in-
cubated at 56◦C for 12–14 h, followed by deparaffinization
and dehydration in xylene for 20 min. Slides were washed in
decreasing concentrations (100–50%) of ethanol for 5 min
at each concentration. Tissue sections were then fixed in
4% formaldehyde at room temperature after washing with
0.85% sodium chloride for 5 min. Tissue was permeabilized
by proteinase K (20 �g/ml) at room temp for 20 min then
fixed with 4% formaldehyde and incubated with equilibra-
tion buffer prior to the rTdT reaction in dark, humidified
chamber at 370◦C for 90 min. The reaction was stopped

with 2× SSC followed by incubation with 4′,6-diamino-
2-phenylindole dihydrochloride (DAPI, MP01306, Invitro-
gen)) stain for 30 min at room temperature in the dark.
Slides were processed and imaged using a confocal laser-
scanning microscope (LSM 880META, Carl Zeiss) at the
University of Texas Medical Branch, Optical Microscopy
Core facility. TUNEL positive nuclei were counted using
ImageJ software and quantified by one-way ANOVA using
GraphPad PRISM 6.

Real time RT-qPCR

The cDNA was synthesized from 2.0 �g RNA using Biolase
DNA polymerase (Bioline) with random OligodT primers
(Invitrogen) as detailed previously (14). cDNA was diluted
five times and used for real time qPCR reaction using
LightCycler® 480 SYBR Green I Master mix (Roche) and
Roche LightCycler 480 (Roche diagnostic). Specific primers
for qPCR were designed to detect the total mRNA levels for
Twist1 and Cdh2 genes (Supplementary Table S2). EEF1A1
was used as internal control to normalize the mRNA levels.
Relative mRNA level in comparison to controls were deter-
mined using 2−��ct method.

RNA-sequencing and genome wide alternative splicing anal-
ysis

RNA was extracted from E9.5 mice heart tissues from
control (Rbfox2flox/flox), Rbfox2-HetCKO (Rbfox2lox/+,
Nkx2.5Cre/+) and Rbfox2-CKO (Rbfox2flox/flox, Nkx2.5Cre/+;
two hearts per group, from two different litters) using
TRIzol (#15596018, Invitrogen) according to the manu-
facturer’s protocol. RNA quality was assessed by Agilent
Bioanalyzer and quantified using Qubit Fluorometer by
the Next Generation Sequencing Core Facility at UTMB.
Sequencing libraries were prepared, and 75-base paired-
end sequencing was performed using an Illumina NextSeq
550 system. Data were analyzed for AS changes using
mixture of isoform (MISO) algorithm (24). We compared
Rbfox2-CKO to Rbfox2-HetCKO embryos to avoid AS
changes that could result from low Nkx2-5 levels. Percent
spliced in is defined as % exon or intron inclusion. �PSI
is defined as the difference between Rbfox2-HetCKO PSI
and Rbfox2-CKO PSI in embryonic hearts as tabulated
in the excel file (diff). For RBFOX2 binding site overlay,
the BLAT tool from UCSC Genome browser was used
to map these sequences to the human genome (hg18) and
to download RBFOX2 CLIP-density for each alternative
exon and flanking 250nt long upstream and downstream
intronic regions.

Cell-ECM adhesion assay

HUVECs were treated with either control siRNA
(#4390844, Thermo fisher) or RBFOX2 specific siRNA
(#4390816, Thermo fisher) and Control SSO (standard
control, Gene Tools LLC, ‘seq- CCTCTTACCTCAGTTA-
CAATTTATA’) or Abi1 + Ect2 SSO for 48 h. Cell viability
was monitored using trypan blue. 2 × 104 cells were seeded
in each well of 96-well plate coated with 40 �g/ml of
Collagen-I (#C9791, Sigma). Cells were allowed to attach
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for 45 min before washing off the non-adherent cells. EGM-
2 complete endothelial growth media was then added, and
the plate was incubated at 37◦C in a 5% CO2 humidified
incubator for 4 h to recover. Live cells attached to the plates
were quantified by MTT ((3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide)) assay (#30101K, ATCC)
following the manufacturer’s protocol. Data from at least
three independent experiments were used for statistical
analysis, and significance was calculated using an unpaired
t-test using GraphPad PRISM software.

Focal adhesion and stress fiber analysis

HUVECs were treated with either control siRNA
(#4390844, Thermo fisher) or RBFOX2 specific siRNA
(#4390816, Thermo fisher) for 48 h in each chamber of
a four-chambered cover glass slide. Cells were washed
with PBS and fixed with 4% paraformaldehyde solution
in PBS at RT for 15 min. Cell membranes were partially
perforated by incubating with 0.5% Triton X-100 at RT.
Cells were stained with an anti-vinculin antibody (#V9131,
Sigma) to mark focal adhesions and phalloidin (#A12379,
Invitrogen) to label stress fibers. Fluorescence images were
obtained with a confocal laser-scanning microscope (LSM
880META, Carl Zeiss) at UTMB Optical Microscopy
Core facility. All the image quantification was determined
using Image J software and significance were calculated
by t-test or one-way ANOVA with Bonferroni correction
using GraphPad PRISM software.

Cell cycle analysis

HUVECs were treated with either control siRNA
(#4390844, Thermo fisher) or RBFOX2 specific siRNA
(#4390816, Thermo fisher) and Control SSO (10 �M) or
Abi1 (6 �M) +Ect2 (10 �M) SSO for 48 h. Cells were
collected and pelleted down and were washed once with
1× PBS. Pellets were resuspended in 500 �l fresh PBS.
Then, 500 �l 100% ethanol was added dropwise while
vortexing and cells were placed in −20◦C overnight. The
cells were then pelleted down and washed with 1× PBS
followed by addition of 500 �l propidium iodide (#P4170,
Sigma) + RNAse (#R4875, Sigma) solution at 50 �g/ml.
Cells were analyzed with a Beckham Coulter CytoFlex
Flow Cytometer for 50 000 cell counts. Data obtained from
the flow cytometer was analyzed with FlowJo software.

HUVEC in vitro mesh network formation

HUVECs (2 × 104 cells) treated with either control
(#4390844, Thermo fisher) or RBFOX2 specific (#4390816,
Thermo fisher) siRNAs were seeded on matrigel I (#CB-
40234C, Corning) coated in a 96-well plate and cultured
in EGM-2 complete endothelial growth media (#CC-3162,
Lonza) and incubated at 37◦C in a 5% CO2 humidified in-
cubator. Bright field images of each well were taken every
2 h to monitor network formation for 7 h. HUVECs were
stained with 6 �M Calcein AM (#C1430, Invitrogen) dye
for 15 min at 37◦C in a 5% CO2 humidified incubator at the
end of experiment and GFP fluorescence was imaged us-
ing an Olympus microscope fluorescent microscope. Images

from three independent experiments were used for quantify-
ing various vessel morphometric and spatial parameters us-
ing AngioTool software (version 0.5, 25 May 2011)(25) and
significance was determined using an unpaired t-test using
GraphPad PRISM software.

Flp-in HEK293 stable cells

Human FLAG-tagged RBFOX2WT and RBFOX2RRM mu-
tant was cloned into pcDNA5/FRT/TO expression vec-
tors. Flp-in T-REx 293 cells plated on six-well plates were
co-transfected with 4 �g pOG44 recombinase and 0.4 �g
RBFOX2WT or 0.4 �g RBFOX2RRM plasmid using Lipo-
fectamine 2000 (#11668019, Invitrogen). Cells stably ex-
pressing the constructs were selected in 100 �g/ml hy-
gromycin. To induce RBFOX2 expression, stable cells were
treated with 1.0 �g/ml of doxycycline for 24 h.

Western blot

HEK293 protein lysates (30–50 �g/sample) were separated
on 10% SDS-PAGE gels and were then transferred to a
PVDF membrane. Membranes were blocked with 5% dry
fat-free milk solution in PBST (PBS containing 0.1% Tween
20) and then were cut into two pieces below 50 kDa. Each
membrane was incubated with different primary antibod-
ies: RBFOX2 (#ab57154, Abcam) and FLAG (#F7425,
Sigma) at 4◦C overnight. Membranes were washed with
PBST 4 times 15 min for each wash and then incubated with
HRP-labeled secondary antibody for 2 h at room tempera-
ture. HRP activity was determined using Immobilon West-
ern chemiluminescent (Millipore P90720) or SuperSignal
West Femto Chemiluminescent (Pierce PI34095) HRP sub-
strate followed by exposure to X-ray film or imaged using
a Bio-Rad Chemidoc Touch Imaging system. All the bands
were quantified using Image Lab software (Bio-Rad labo-
ratories).

Statistical analysis

Prism 9 was used to perform all statistical analyses (Graph-
Pad Software). Student’s t-test was used to determine sig-
nificance between two groups. Multiple groups were com-
pared using one-way analyses of variance (ANOVAs) with
Bonferroni’s post hoc test. Details for statistical analysis for
specific experiments were detailed for each experiment in
Figure legends.

RESULTS

Conditional deletion of RBFOX2 results in embryonic lethal-
ity and profound cardiovascular developmental defects

To investigate the role of RBFOX2 in heart development,
we first examined the developmental stage specific expres-
sion pattern of Rbfox2 in the developing mouse heart. We
isolated hearts from wild type (WT) newborn and adult (6
months-old) mice as well as from embryos at embryonic day
8.5 (E8.5), 9.5 (E9.5) and 12.5 (E12.5) and assessed Rbfox2
mRNA levels. Rbfox2 mRNA was detectable in the heart at
all developmental stages (E8.5, E9.5, E12.5, newborn and
adult), but was downregulated in adult hearts, as previously
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described (Supplementary Figure S1A) (17,23). To deter-
mine the cell type specific RBFOX2 expression, we exam-
ined the localization of RBFOX2 protein in different cell
types in WT E13.5 mouse hearts. RBFOX2 protein colocal-
ized with endothelial/endocardial cell marker platelet en-
dothelial cell adhesion molecule (PECAM1/CD31), with
smooth muscle cell marker alpha-smooth muscle actin (�-
SMA) and with cardiomyocte marker cardiac troponin I
(cTNI) (Supplementary Figure S1B). As RBFOX2 was ex-
pressed in multiple cell types in the embryonic heart at
E13.5, we examined expression at earlier embryonic stages.
At E9.5 and E10.5 RBFOX2 protein was broadly detected
throughout the embryo, with widespread localization in the
cardiac region colocalizing with �-SMA that marks con-
tractile cells at these embryonic stages (Supplementary Fig-
ure S1C and D).

To determine how Rbfox2 contributes to cardiovascu-
lar development, we conditionally deleted in the embry-
onic heart. Based on the timing and widespread expres-
sion of RBFOX2 in multiple cell types in the embryonic
heart, we investigated the role of Rbfox2 in the embryonic
heart by crossing mice containing a conditional allele of Rb-
fox2 flox/flox (Rbfox2flox/flox) (26) to Nkx2.5 Cre knock-
in mice (22) to delete Rbfox2 (Rbfox2flox/flox; Nkx2.5Cre/+,
i.e. in short Rbfox2-CKO) between E7.5 and E8.5. Rbfox2
heterozygous conditional cardiac knockout (Rbfox2flox/+;
Nkx2.5Cre/+, i.e. in short Rbfox2-HetCKO) pups were born
with the expected Mendelian ratios. However, no live pups
were obtained with the Rbfox2-CKO genotype, indicating
that conditional homozygous cardiac knockout of Rbfox2
is embryonic lethal. Rbfox2-CKO embryos were viable un-
til embryonic day 11.5 (E11.5) but were severely growth
impeded when compared to Rbfox2-HetCKO and con-
trol (Rbfox2flox/flox) littermate embryos (Figure 1A). Impor-
tantly, RBFOX2 protein was absent in the heart of Rbfox2-
CKO embryos marked with �-SMA, confirming effective
recombination of the conditional allele and deletion of Rb-
fox2 as by the Nkx2.5 Cre driver (Supplementary Figure
S2).

Grossly, at E10.5 100% of Rbfox2-CKO embryos were
noticeably smaller in size and displayed hemorrhage and
pericardial edema, which are commonly associated with
early congestive heart failure (Figure 1B, bottom left
panel). The hearts of control and Rbfox2-HetCKO embryos
featured the normal morphological arrangement of four
cardiac chambers whereas Rbfox2-CKO embryos (100%,
N = 22) failed to display four chambered heart and progress
this far at E10.5 (Figure 1C, bottom middle panel). Rbfox2-
CKO embryo demonstrated failure to thrive but with beat-
ing hearts at the time of harvest at E10.5 (Supplementary
Movie S1). At this stage, we also noticed that the yolk
sac vasculature appeared abnormal and anemic in Rbfox2-
CKO embryos. PECAM1 staining of E10.5 yolk sacs con-
firmed the lack of remodeled vasculature and the persis-
tence of primitive plexus in the yolk sacs of Rbfox2-CKO
embryos, unlike littermate controls (Figure 1D, bottom
right panel). Histological analysis of tissue sections pro-
vided evidence that Rbfox2-CKO embryos exhibited under-
developed hearts with a thin and hypoplastic OFT (Figure
1E). In addition, ventricle walls were significantly thinner in
E10.5 Rbfox2-CKO embryos compared to Rbfox2-HetCKO

and controls (Figure 1F). We also examined Rbfox2-CKO
embryos at E9.5. Rbfox2 mutant embryos (Supplementary
Figure S3A) and their isolated hearts (Supplementary Fig-
ure S3B) from these embryos were indistinguishable from
the control embryos at this stage grossly and histologically
(Supplementary Figure S3C). PECAM1 staining of E9.5
yolk sacs (Supplementary Figure S3D) revealed no differ-
ence in yolk sac vasculature between controls and Rbfox2
mutants. Overall, these results show that Rbfox2 condi-
tional ablation using Nkx2.5 Cre mice impairs proper heart
development and causes embryonic lethality.

Genome wide AS changes impact genes involved in cy-
toskeleton organization, cell-ECM adhesion and Rho GT-
Pase signaling/cycling in Rbfox2 mutant hearts

Not much is known regarding RBFOX2′s role in the em-
bryonic heart and its target RNAs regulated via AS. To
determine the molecular drivers underlying the develop-
mental defects observed in Rbfox2-CKO mutants, we per-
formed RNA-sequencing using polyadenylated RNA col-
lected from E9.5 embryonic hearts prior to the manifes-
tation of severe morphological defects observed at E10.5.
We obtained 70–100 million paired-end reads per sample,
which are needed for detection of AS variants, and mapped
these reads to the mouse genome with high efficiency and
reproducibility (Supplementary Table S1).

RBFOX2 has a role in AS, so we checked AS patterns
using the mixture of isoforms (MISO) algorithm based on
the criteria that percent spliced in (PSI) is ≥ 15% and sig-
nificance (defined as Bayes factor: B ≥ 1). We identified
986 aberrant AS patterns that were altered specifically in
Rbfox2-CKO but not in Rbfox2-HetCKO embryos (Supple-
mentary Dataset S1). Violin plots show different types of
AS events and the extent of AS changes in Rbfox2-CKO
hearts (Figure 2A). The most commonly affected AS event
was the cassette exon (CE) splicing (435 out of 986, 44%).
65% of cassette exons were more included and 35% were
more excluded in Rbfox2 mutant hearts (Figure 2B), sug-
gesting that RBFOX2 predominantly represses alternative
exon inclusion in the embryonic heart.

To determine which of these genes with cassette
exon changes are direct targets of RBFOX2, we used
the publicly available RBFOX2 enhanced crosslinking
immunoprecipitation (eCLIP) datasets from ENCODE
project that identified RNAs bound to RBFOX2 and spe-
cific RBFOX2 binding sites within these pre-mRNAs in
HEPG2 and K562 cells (27,28). RBFOX2 mainly binds
to intronic regions in the pre-mRNAs flanking alternative
exons to regulate AS, therefore, we examined RBFOX2
binding sites within 250nt upstream and downstream in-
tronic regions flanking cassette alternative exons, which are
mis-spliced in Rbfox2-CKO embryonic hearts (Figure 2C).
Strikingly, 72% (313 out of 435) of these genes displayed
RBFOX2 binding sites within 250nt flanking alternative ex-
ons (Figure 2C). These results suggest that 72% of genes
that undergo cassette exon splicing changes in Rbfox2-CKO
hearts are RBFOX2 targets.

Cassette exon splicing can directly influence protein cod-
ing region via excluding or including alternative coding ex-
ons. To determine how RBFOX2-regulated exons influence
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Figure 1. Severe cardiovascular developmental defects in Rbfox2-CKO embryos. (A) Gross images of E11.5 Control (Rbfox2flox/flox) or Rbfox2-CKO
(Rbfox2flox/flox;Nkx2-5Cre/+) embryos. (B) Representative images of Control (Rbfox2flox/flox) (E10.5: n = 44), Rbfox2-HetCKO (Rbfox2flox/+;Nkx2-5Cre/+)
(E10.5: n = 23) and Rbfox2-CKO (Rbfox2flox/flox;Nkx2-5Cre/+) (E10.5: n = 22) embryos isolated at E10.5. (C) Representative images of hearts isolated from
Control, Rbfox2-HetCKO and Rbfox2-CKO embryos at E10.5. (D) PECAM1 immunostaining of yolk sac vasculature of Control, Rbfox2-HetCKO and
Rbfox2-CKO embryos at E10.5. All scale bars = 100 �m. (E) Representative images of hematoxylin and eosin (H&E) stained embryonic sections at E10.5.
Arrows mark specific cardiac regions. V: ventricular chamber, OFT: outflow tract. (F) Relative ventricular wall thickness in E10.5 embryos was quantified
using ImageJ. Data are mean ± standard deviation. ** P = 0.0029, *** P = 0.0003; by analysis of variance (ANOVA) with Bonferroni’s post hoc test.
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Figure 2. Global AS changes in Rbfox2-CKO embryonic hearts impact cytoskeletal organization, Rho GTPase cycling and cell-ECM adhesion. (A) Violin
plot representation of different types of AS events and the extent of AS changes in Rbfox2-CKO (Rbfox2flox/flox;Nkx2-5Cre/+) E9.5 hearts in comparison to
Rbfox2-HetCKO (Rbfox2flox/+;Nkx2-5Cre/+) E9.5 hearts. CE: cassette exon (435 events; 387 genes), MXE: mutually exclusive exons (74 events; 71 genes),
RI: retention of introns (170 events; 170 genes), A3SS: Alternative 3′ splice site (193 events; 189 genes), A5SS: Alternative 5′ splice site (106 events; 106
genes). PSI: Percent spliced in (Rbfox2-hetCKO – Rbfox2-CKO), significance determined by Bayes factor (B) >1. (B) Cassette exon inclusion and exclusion
in embryonic hearts at E9.5. (C) RBFOX2 eCLIP comparisons to identify RBFOX2 targets that undergo AS changes in Rbfox2-CKO E9.5 embryo hearts.
Alternative exons or 250nt intronic regions upstream or downstream of alternative exons were used for this analysis. Pie chart of RBFOX2-binding clusters
in 435 transcripts that are mis-spliced in Rbfox2-CKO E9.5 embryo hearts. Cassette exon splicing events affected in Rbfox2-CKO hearts with at least
one CLIP peak at a Bayes factor 1 were designated as “significant” and <1 as ‘not significant’. (D) Exon Ontology analysis of 435 RBFOX2-regulated
cassette exons and the corresponding encoded protein properties of these cassette exons. (E) GO enrichment analysis of genes affected in Rbfox2-CKO
E9.5 hearts via cassette exon splicing. (F) Biological processes affected in E9.5 Rbfox2-CKO hearts via cassette exon splicing. (G) Major cell types affected
by mis-splicing of genes with cassette exon changes in Rbfox2-CKO embryos using Enrichr server.
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the functionality of the encoded protein, we used the Exon
Ontology Interface (29). This analysis revealed distinct pro-
tein features encoded by RBFOX2-regulated alternative ex-
ons (Figure 2D). 24.7% of RBFOX2-regulated alternative
exons contain known structural domains, 22.8% contain
regions of proteins that are post-translationally modified,
while 12.8% are within binding domains and 9.4% are pre-
dicted to affect subcellular localization (Figure 2D). These
results indicate that RBFOX2 induced AS changes is pre-
dicted to affect regulatory regions of proteins via AS of cas-
sette exons in the embryonic heart.

Most of the RBFOX2-regulated cassette exons contain
regulatory and structural regions of the encoded proteins
and these cassette exons displayed the most common AS
change in Rbfox2 mutants. Thus, we searched which biolog-
ical processes and signaling pathways are affected via AS
of cassette exons in Rbfox2-CKO embryos that could ex-
plain the cardiac defects. GO enrichment analysis of genes
with cassette exon changes revealed cytoskeleton organi-
zation and Rho GTPase cycle and small GTPase signal-
ing to be the most affected (Figure 2E). The top biologi-
cal processes affected were membrane organization, cell ma-
trix adhesion and cell-substrate junction assembly (Figure
2F). The top cell types were endothelial (human umbili-
cal endothelial cells:HUVECs) and SKOV3 (ovarian can-
cer cell with epithelial like morphology) cells (Figure 2G).
Rho GTPases are known regulators of cytoskeletal or-
ganization and cell-ECM adhesion. These results suggest
that RBFOX2-regulated AS networks impact Rho GTPase
cycling/signaling that is important for cell-ECM adhesion
and cytoskeletal organization in the embryonic heart.

RBFOX2 regulates AS of genes critical for Rho GTPase cy-
cling, cell-ECM adhesion and proliferation

Among these RBFOX2 regulated AS targets, we further an-
alyzed AS of 3 specific genes: Abi1 (Abl Interactor 1) and
Ect2 (Epithelial Cell Transforming 2) and Fn1 (Fibronectin
1). These genes are important regulators of cell-ECM adhe-
sion and cell cycle. In addition, they display extensive (top
changers) cassette exon changes in Rbfox2-CKO embryos.
Importantly, Abi1 and Ect2 act as guanine exchange factors
(GEFs) of Rho GTPase family of proteins.

Ect2 encodes for ECT2 protein, a GEF of the Rho fam-
ily of small GTPases, that controls cytokinesis during cell
cycle, and cell polarity (30). Structural studies found that
exon 4, which codes for part of the BRCT 0 domain of
ECT2, contributes to GEF activation and interactions with
proteins important for cell spreading (31,32) (Figure 3A).
RNA-seq revealed that exon 4 of Ect2 is more excluded in
Rbfox2-CKO hearts.

Abelson interactor 1 (Abi1) is an adaptor for the onco-
gene tyrosine kinase, ABL necessary for cell proliferation.
ABI1 is also an adaptor for multiprotein complex that act
as a GEF for Rac GTPase, critical for cell adhesion (33).
ABI1 is also a component of the SCAR/WAVE complex
that regulates cytoskeletal remodeling (34). Structural stud-
ies showed that exon 10 codes part of the proline-rich do-
main important for cell adhesion and proliferation (35–38)
(Figure 3B). The spliced variant of Abi1 that lacks exon 10
is favored in Rbfox2 mutant hearts.

Fn1 encodes for Fibronectin 1, which is one of the main
extracellular matrix component necessary for cell adhesion
to ECM (39). AS change in exon 25 removes FN8 domain,
part of the protein region (FN7-FN10 domains) that is im-
portant for cell adhesion (40,41) (Figure 3C).

Integrative Genomics Viewer (IGV) shows the cassette
exon exclusion of Abi1 (53% AS change or PSI: 53), Ect2
(58% AS change or PSI: 58) and Fn1 (28% AS change
or PSI: 28) in Rbfox2-CKO compared to Rbfox2-HetCKO
and control embryos (Figure 3D). We successfully validated
exon exclusions in these genes in E9.5 Rbfox2-CKO hearts
(Figure 3E and F).

In addition, we depleted RBFOX2 in primary HUVECs
and analyzed AS of ABI1, FN1 and ECT2. We used HU-
VECs for most of the in vitro analyses because our unbiased
RNA-seq analysis revealed HUVECs as the top cell type
affected via AS in Rbfox2-CKO mutants (Figure 2G). Sim-
ilar to AS changes in Rbfox2-CKO mutant hearts (Figure
3E and F), alternative exons of ABI1, ECT2 and FN1 were
more excluded in RBFOX2 depleted cells (Figure 4A). In
agreement with these data, RBFOX2 binding clusters were
identified within intronic/exonic regions near the alterna-
tive exons of these genes (ENCODE RBFOX2-eCLIP data,
Figure 4B).

To further delineate RBFOX2-mediated AS regulation of
these genes, we used stable HEK293 cells engineered to ex-
press WT (RBFOX2WT), or a mutant form of RBFOX2
(RBFOX2RRM) that is unable to bind RNA (42–44). Ex-
pression of RBFOX2WT and RBFOX2RRM was induced
by doxycycline treatment. RBFOX2WT induction increased
exon inclusion of ABI1, ECT2 and FN1 genes in opposition
to RBFOX2 depletion studies as expected (Figure 4A versus
C). In contrast to RBFOX2WT, mutant RBFOX2RRM did
not increase inclusion of these cassette exons (Figure 4C).
RBFOX2WT and RBFOX2RRM proteins were successfully
induced in HEK293 cells, which express very low levels of
endogenous RBFOX2 (Figure 4D). These results demon-
strate that RBFOX2 controls AS of these genes with RB-
FOX2 binding sites and that RBFOX2 RNA binding activ-
ity is necessary for AS regulation of these genes.

RBFOX2-mediated AS regulation of Abi1 and Ect2 is critical
for cell cycle progression

Since Rbfox2 mutant hearts were hypoplastic and RBFOX2
targets Abi1 and Ect2 have prominent roles in cell cycle,
we assessed whether cell cycle is affected in Rbfox2-CKO
mutants at E9.5. Nkx2.5 knock in Cre mice recombines
in myocardial and endothelial/endocardial cells (45–47).
Therefore, we determined the percentage of myocardial and
endothelial/endocardial cells in the cardiac region undergo-
ing mitosis by marking mitotic cells using phospho-histone
H3 antibody. The number of SMA+ contractile cells as
well as PECAM1+ endocardial/endothelial cells were sig-
nificantly decreased in both Rbfox2-HetCKO and Rbfox2-
CKO embryos compared to the littermate controls at E9.5
(Figure 5A and B). To determine whether increased apopto-
sis contributed to hypoplastic hearts, we assessed apoptosis
by TUNEL assay. At E9.5, there was no significant differ-
ence in the number of apoptotic cells between Rbfox2-CKO
embryos and Rbfox2-HetCKO or control embryos (Supple-
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Figure 3. Validation of AS defects in Rbfox2-CKO embryonic hearts and predicted effects of specific AS changes on encoded proteins. (A) Graphical
representation of alternative exon 4 of ECT2. BRCT protein domains are shown as ribbon and red backbone marked in BRCT0 is encoded by alternative
exon 4. Predicted protein lacking exon 4 prediction model is derived from PDB id-4N40 (68). (B) Schematic representation of alternative exon 10 of ABI1
and its predicted effect on downstream cellular processes. Proposed model is adopted from (35). (C) Graphical representation of alternative exon 25 of
FN1. Exon-25 encodes protein domain FN8 that plays important role in angiogenesis and cell adhesion. Predicted protein lacking exon 25 prediction
model is derived based on PDB id-1FNF (69). (D) Representative Integrative Genomics Viewer (IGV) images of AS changes in Abi1, Ect2 and Fn1 genes
identified in Control, Rbfox2-HetCKO and Rbfox2-CKO E9.5 hearts. (E) Representative gel images of AS changes in Abi1, Ect2 and Fn1 in Control,
Rbfox2-HetCKO and Rbfox2-CKO E9.5 hearts. Mean PSI values were included below the gel images (n = 4 heart per genotype). (F) Quantification of AS
changes in Abi1, Ect2 and Fn1 in Control, Rbfox2-HetCKO and Rbfox2-CKO E9.5 hearts. Data are mean ± standard deviation (n = 4 heart per genotype).
*P = 0.0102; *P = 0.0263; ***P = 0.0001; *P = 0.0125; **P = 0.0024; ***P = 0.0002 by analysis of variance (ANOVA) with Bonferroni’s post hoc test.
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Figure 4. RBFOX2 regulates AS of ABI1, ECT2 and FN1. (A) Verification of AS changes in ABI1 exon 10, ECT2 exon 4 and FN1 exon 25 in scrambled
versus RBFOX2 siRNA treated HUVEC cells using RT-qPCR. Data are mean ± standard deviation (n = 6 from three independent experiments). ****P =
0.0001; ***P = 0.0009; ***P = 0.0004 by Student’s t-test. (B) RBFOX2 eCLIP-clusters in ABI1, ECT2 and FN1 pre-mRNAs. RBFOX2 binding clusters
within the exonic and intronic regions flanking alternative exons of Abi1, Ect2 and Fn1 pre-mRNAs were identified by RBFOX2 eCLIP-seq (ENCODE
project). (e = exon). (C) Quantification of AS changes in ABI1, ECT2 and FN1 in HEK293 cells stably expressing RBFOX2WT or RNA binding mutant
RBFOX2RRM. Data are mean ± standard deviation (n = 3 from three independent experiments). **P = 0.006; ****P = 0.0001; **P = 0.003 by analysis of
variance (ANOVA) with Bonferroni’s post hoc test. (D) Western blot analysis of RBFOX2 in control HEK293 cells or HEK293 cells inducibly expressing
RBFOX2WT or RNA binding mutant RBFOX2RRM. No stain gel was used to monitor even protein loading.

mentary Figure S4). These results indicate that conditional
loss of Rbfox2 in the embryonic heart adversely affects cell
cycle.

To determine whether differential splicing of Abi1, and
Ect2 contribute to the cell cycle defects seen in Rbfox2 mu-
tants, we used splice switching antisense oligonucleotides
(SSOs) to modulate AS of these two genes to mimic their
AS patterns observed in Rbfox2-CKO embryos (Figure 3E
and F). Compared to control oligos, HUVECs treated with

a mixture of ABI1 and ECT2 specific SSOs exhibited almost
a complete switch to the exon skipped isoforms (Figure
5C), similar to AS changes seen in Rbfox2 mutants (Figure
3E and F) and RBFOX2 depleted cells (Figure 4A). Non-
targeted alternative exon 11 of CTTN, which was used as
a negative control, was unaffected (Figure 5C, right panel),
demonstrating the specificity of our targeting oligos.

To determine if these alternatively spliced variants could
potentially explain low mitotic cells observed in Rbfox2-
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Figure 5. AS regulation of Ect2 and Abi1 by Rbfox2 is important for cell cycle progression. (A) Immunofluorescence of phospho-histone H3 positive con-
tractile cells in Control, Rbfox2-HetCKO and Rbfox2-CKO embryonic hearts at E9.5. Contractile cells were stained for �-smooth muscle actin (�-SMA) and
nuclei with DAPI at E9.5. % proliferating contractile cells were quantified using ImageJ. Data are mean ± standard deviation. *** P = 0.0001; by analysis of
variance (ANOVA) with Bonferroni’s post hoc test. Scale bars = 50 �m. (B) Immunofluorescence of phospho-histone H3 positive endocardial/endothelial
cells in Control, Rbfox2-HetCKO and Rbfox2-CKO embryonic hearts at E9.5. Endocardial/endothelial cells were stained for PECAM1 and nuclei with
DAPI. Data are mean ± standard deviation. * P = 0.0452, *** P = 0.0009; by analysis of variance (ANOVA) with Bonferroni’s post hoc test. Scale
bars = 50 �m. (C) The effect of control or ECT2 and ABI1 targeting SSOs on alternative splicing of ABI1, ECT2 and CTTN determined by RT-PCR
48 h post-treatment. (n = 4). (D) Cell cycle was examined in Control-SSO or ECT2 and ABI1-SSO treated HUVECs by flow cytometry using propidium
iodide DNA labeling and histogram was analyzed using FlowJo. Data are mean ± standard deviation (n = 6). ***P = 0.0003, ****P = 0.0001 by unpaired
Student’s t-test.

CKO mutants, we examined cell cycle progression in HU-
VECs treated with these SSOs. Remarkably, altering AS of
just ABI1, and ECT2 (out of 986 total AS) delayed cell cycle
progression reflected as an increased number of cells in G1
phase and decreased number of cells in S phase (Figure 5D).
These data suggest that dysregulation of Abi1 and Ect2 AS
induces cell cycle defects and is likely one of the contribu-
tors to cell cycle defects seen in Rbfox2-CKO embryos.

RBFOX2-mediated AS regulation of Abi1 and Ect2 is impor-
tant for cell adhesion to ECM

Analysis of AS changes in Rbfox2 mutants revealed en-
dothelial cells and cell-ECM adhesion to be affected. In the
embryonic heart, adherence of specialized endothelial (en-
docardial) cells to ECM is necessary for Endo-MT. Endo-
MT is a process in which endocardial cells transdifferenti-
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ate into migratory mesenchymal cells that is critical for the
septation of cardiac chambers, the formation of OFT and
valves (10,48).

Rbfox2 mutants exhibited cardiac chamber and OFT de-
fects. Moreover, the timing of the appearance of the heart
defects in the Rbfox2-CKO embryos between E9.5 and
E10.5 also coincided with Endo-MT process. Therefore,
we examined the mesenchymal cells in the atrioventricu-
lar canal of embryos between E9.5 and E10.5; a known
site for active Endo-MT during valve formation. We la-
beled the endocardial cells that are present in the atrioven-
tricular canal before the mesenchymal transition with ar-
rows (Figure 6A). We marked the boundaries of the en-
docardial cushions containing newly derived mesenchyme
cells following EMT between E9.5 and E10.5 with lines
(Figure 6A). E9.5 embryos showed normal endocardial
cells in all embryos. E10.5 embryos revealed that control
embryos displayed normal atrioventricular cushions popu-
lated by mesenchymal cells, indicative of normal Endo-MT,
while Rbfox2-CKO embryos showed few, if any mesenchy-
mal cells within this region at E10.5, suggestive of Endo-
MT defects (Figure 6A, bottom right panel). Consistent
with these phenotypic changes in Endo-MT, we found that
transcription factor Twist1, which is critical for mesenchy-
mal transition, was significantly downregulated in Rbfox2-
CKO embryos (Figure 6B). In addition, the mesenchymal
marker gene Cadherin-2 was also decreased in Rbfox2 mu-
tants when compared to controls (Figure 6B). These results
indicate that Endo-MT is defective in Rbfox2-CKO embryo
hearts.

Rbfox2 mutants displayed Endo-MT defects coincident
with defects in chamber and OFT formation, similar to en-
docardial cell defects observed in HLHS patients (11). For
that reason, we tested whether RBFOX2 regulates the ad-
herence of endothelial cells to ECM in vitro (Supplemen-
tary Figure S5). Briefly, we depleted RBFOX2 in cultured
HUVECs and examined cell viability, which was found to
be similar between control and RBFOX2 knocked down
cells (98% versus 97%). We then plated HUVECs treated
with control or RBFOX2 specific siRNAs and quantified
their ability to attach to ECM component collagen I (Fig-
ure 6C, top panels). Cell-ECM adhesion was significantly
reduced in RBFOX2 knocked down HUVECs compared
to cells treated with scrambled siRNAs (Figure 6C).

To determine whether AS changes in Abi1 and Ect2 con-
tributes to cell-ECM adhesion defects seen in Rbfox2 mu-
tants, we designed SSOs to mimic exon exclusions in these
genes observed in Rbfox2 mutants (Figure 3E and F). Al-
tering AS of Abi1 and Ect2 was adequate to impair cell ad-
hesion to ECM (Figure 6C, bottom panels), similar to that
is observed in RBFOX2 depleted HUVECs (Figure 6C, top
panels). These results suggest that RBFOX2 mediated AS
of Abi1 and Ect2 is critical for cell adhesion to ECM and
maybe one of the possible contributors to Endo-MT defects
in Rbfox2 mutants.

RBFOX2 depletion modulates focal adhesions

To determine the mechanism for defective cell-ECM adhe-
sion in RBFOX2 depleted cells, we examined focal adhe-
sions and actin stress fibers, both are essential structures for

cell-ECM adhesion. We visualized the actin stress fiber as-
sembly labeling F-actin with fluorescently conjugated phal-
loidin while focal adhesion formations were labeled by vin-
culin staining. The number of focal adhesions were in-
creased in RBFOX2 knocked down HUVECs (Figure 7A).
Noticeably, focal adhesion structures were different in RB-
FOX2 depleted cells such that there were more of nascent
focal adhesions (dot type) than the mature adhesions (dash
type), which are present in adherent cells (49) (Figure 7A,
white arrows). These results demonstrate that RBFOX2 de-
pletion can influence focal adhesion structures.

Changes in focal adhesions can affect endothelial cell mi-
gration and tube formation, which can be tested in vitro
using an endothelial network formation assay. We checked
the network forming ability of HUVECs depleted of RB-
FOX2. RBFOX2 knockdown did not significantly alter the
assembly of the networks determined by the total junc-
tions formed, total vessel length, total vessel area and vessel
length, although the total number of end points were signif-
icantly increased in RBFOX2-depleted HUVECs (Supple-
mentary Figure S6).

To investigate whether focal adhesions are also affected
in Rbfox2-CKO mutant embryos, we performed vinculin
staining to mark focal adhesions in E10.5 embryonic heart
tissues. Vinculin signal was increased in Rbfox2-CKO mu-
tants at E10.5 (Figure 7B), consistent with increased vin-
culin positive focal adhesions in RBFOX2 depleted cells
(Figure 7A). Loss of Rbfox2 alters focal adhesions that are
crucial for cell-ECM adhesion.

DISCUSSION

The RNA binding protein Rbfox2 has an emerging role in
cardiovascular diseases and congenital heart defects (1,3–
6). However, it remains elusive how RBFOX2 impacts heart
development. In this study, we addressed this clinically rele-
vant question using a combination of genetics, genomics,
and molecular and cellular biology tools. We discovered
that Rbfox2 is essential for cardiac chamber, OFT and yolk
sac vasculature formation. Rbfox2 mutants developed con-
gestive heart failure as well as yolk sac vasculature defects
at E10.5. However, it is unclear whether defects in yolk vas-
culature or cardiac output are the primary reasons for em-
bryonic lethality and cardiovascular developmental defects.
Our in vitro studies indicate that Rbfox2 is not necessary
for endothelial cell mesh network formation (Supplemen-
tary Figure S6), which can be used to assess the tube forma-
tion in an in vitro setting (50,51). Rbfox2 mutant embryos
displayed normal yolk sacs at E9.5 (Supplementary Figure
S3). Our results indicate that both yolk sac vasculature and
cardiac defects occur between E9.5 and E10.5. Additional
studies are needed to determine the causal defects in these
embryos.

RBFOX2 is a risk allele for HLHS and heterozygous loss
of function mutations in patients are consistently linked to
the HLHS phenotype (3–5). HLHS patients are born with
circulation problems due to the hypoplasia of left part of
the heart affecting the left ventricle, valves and the aorta
(7). There is very little known regarding the mechanisms
of these developmental defects in patients with HLHS.
Cardiomyocyte proliferation defects are thought to be one
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Figure 6. RBFOX2-mediated AS regulation of Ect2 and Abi1 is critical for cell adhesion to ECM. (A) Representative images of H&E stained embryonic
sections of Control, Rbfox2-HetCKO and Rbfox2-CKO at E9.5 and E10.5. Arrows indicate endocardial cells in cardiac cushions of the atrioventricular
canal at E9.5. Lines represent the mesenchymal cells at E10.5. Scale bars = 100 �m. (B) RT-qPCR analysis of transcription factor Twist1, which promotes
mesenchymal transition and mesenchymal cell marker Cadherin2 and in Control, Rbfox2-HetCKO and Rbfox2-CKO embryo hearts at E9.5. Data are
mean ± standard deviation. *** P = 0.0004, **** P = 0.0001, by analysis of variance (ANOVA) with Bonferroni’s post hoc test. (C) Left panel: Brightfield
microscope images of MTT reagent treated control or RBFOX2 depleted (top) and Control-SSO or ABI1-ECT2 targeting SSO treated (bottom) HUVECs
after adhesion to collagen I matrix within 45 min (n = 4). Right panel: Quantification of relative cell adherence (absorbance at 570) of scrambled or
RBFOX2 siRNA treated HUVECs to collagen I determined by the MTT assay. Data are mean ± standard deviation (n = 16). ****P = 0.0001, ****P =
0.0001 using Student’s t-test.

of the contributors to the underdevelopment of the left
heart in HLHS (8,12). In this study, we found phenotypic
and molecular similarities between our conditional Rbfox2
knockout mice and HLHS patients. First, Rbfox2-HetCKO
embryos exhibited profound changes in proliferation of
contractile cells similar to that seen in HLHS. Loss of one
allele of Rbfox2 in mice was adequate to impact mitosis
of contractile and endocardial/endothelial cells. Second,
Rbfox2 conditional ablation led to hypoplastic hearts and

OFT, similar to HLHS in humans (6,52). Third, in our
conditional knockout mouse model, mesenchymal cells in
the developing cardiac valves were not detectable consistent
with low expression of mesenchymal cell markers, sugges-
tive of compromised Endo-MT that leads to valve forma-
tion defects, also observed in HLHS patients (8,12). Fourth,
we identified AS changes in genes that regulate cell-ECM
adhesion and found that RBFOX2 is important in influ-
encing focal adhesions. Notably, genes with functions in
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Figure 7. RBFOX2 depletion alters focal adhesions. (A) Immunohistochemical staining of focal adhesions (FA) using vinculin antibody (magenta) and
stress fibers using phalloidin (red) in control or RBFOX2 (green) knocked down HUVECs. Nuclei were stained with DAPI. The number of focal adhesions
were quantified using control (n = 30) and RBFOX2 (n = 28) knocked down HUVECs with ImageJ. Data are mean ± standard, ****P = 0.0001 using
Student’s t-test. Scale bars = 10 �m. (B) Vinculin immunofluorescence in Control, Rbfox2-HetCKO and Rbfox2-CKO embryonic hearts at E10.5. Nuclei
were stained with DAPI. Vinculin intensity per cells were quantified using Image J. Data are mean ± standard deviation. ** P = 0.0054; by analysis of
variance (ANOVA) with Bonferroni’s post hoc test. Scale bars = 50 �m.

focal adhesions and cell-ECM adhesion were also identified
as the most affected processes in an HLHS mouse model
(8), and cell-ECM adhesion and endocardial cell defects
have also been identified in HLHS patients (11). Overall,
our results indicate that Rbfox2 conditional loss in the em-
bryonic heart partially recapitulates some of the features of
HLHS. This could be attributed to the multigenic etiology
of the disease. Even though Rbfox2-HetCKO embryos dis-
played cell proliferation and adhesion defects but these de-
fects were not as severe as the Rbfox2-CKO embryos. Intro-
ducing HLHS patient specific mutations to mouse Rbfox2
locus may better phenocopy human HLHS.

HLHS patients can have neuronal developmental defects
(3). RBFOX2 has an important role in regulating AS net-

works in the brain and is required for motor neuron func-
tion and the development of the cerebellum in mice (26). It
is possible that loss of Rbfox2 contributes to both heart and
brain problems in HLHS patients. Neural crest cell specific
ablation of Rbfox2 did not impact cardiovascular develop-
ment. It is possible that RBFOX1 and RBFOX3 might com-
pensate for the loss of Rbfox2 in neural crest cells. More-
over, ablation of Rbfox2 in neural crests after mesenchy-
mal transition (53) might have hindered its role on EMT
of neural crest cells and on cardiovascular development. In
our conditional knockout mouse model Rbfox2 is ablated
in three cell lineages in the embryonic heart. These mutants
displayed cardiovascular defects that resembled some fea-
tures of HLHS. These results suggest that Rbfox2 deletion
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in multiple cell lineages collectively contribute to cardiovas-
cular developmental defects.

RBFOX2 is a well-known regulator of AS and its bind-
ing sites were identified in genes that undergo dramatic AS
transitions during post-natal heart development (17). RB-
FOX2 regulated AS networks in the embryonic heart are
widely unknown. In this study, we identified RBFOX2 reg-
ulated AS networks that can direct specific cell behavior in
the embryonic heart.

During cardiovascular development, the adherence of
cells to the ECM via focal adhesions is critical for mod-
ulating cell behavior and is highly regulated by family of
Rho GTPases (54,55) (56). Interaction of cells with ECM
activates several GTPases and kinases to regulate cell po-
larity, migration, proliferation and differentiation (57). Al-
though the importance of cell-ECM adhesion during devel-
opment is well established, it is widely unknown whether
post-transcriptional mechanisms are involved in regulation
of cell-ECM adhesion during heart development. Our un-
biased analyses identified AS networks that alter cytoskele-
tal organization and cell-ECM adhesion, processes medi-
ated by Rho GTPases in Rbfox2 mutant hearts. Indeed,
RBFOX2 depletion in cultured endothelial cells adversely
affected cell adhesion to ECM associated with changes in
focal adhesions. Examining the consequences of RBFOX2-
regulated AS demonstrated that RBFOX2-regulated exons
encode for regulatory and structural regions of proteins.
Using splice switching oligos, we demonstrated that RB-
FOX2 regulated AS has physiological consequences such
that modifying only two RBFOX2-regulated AS events
(GEFs for Rho GTPases) was sufficient to impair cell-
ECM adhesion and cell cycle progression similar defects
seen in Rbfox2 mutant hearts. Importantly, different knock-
out mouse models of these GTPase regulators (ABI1, ECT2
and FN1) displayed embryonic lethality or cardiovascular
development defects (37,58–61), supporting our findings re-
garding their AS dysregulation in Rbfox2 mutants.

Our results demonstrate that Rbfox2 has a previously un-
recognized role in influencing cell-ECM adhesion proper-
ties. Genome wide analysis of RBFOX2 target RNAs using
CLIP-seq in several different cell and tissues types identi-
fied cytoskeletal genes as RBFOX2 targets (26,62). How-
ever, the functional relationship between RBFOX2 and the
cytoskeleton has been unresolved. Our new findings provide
insights into the functional connection between RBFOX2
and cytoskeleton. Our in vitro studies unveiled that RB-
FOX2 is important for focal adhesions. The changes in focal
adhesions may be one of the contributors to cell-ECM ad-
hesion defects. Importantly, focal adhesions and cell-ECM
adhesion were also identified as the most affected processes
in an HLHS mouse model (8). Cell-ECM adhesion is criti-
cal for Endo-MT. In our mouse model, we identified Endo-
MT defects associated with changes in transcription factor
Twist 1 and mesenchymal cell marker Cdh2. Our finding
is consistent with previous findings that RBFOX2 is impli-
cated in EMT (63–65).

Our successful use of SSOs to modulate RBFOX2 reg-
ulated AS may lead to new ways to correct aberrant AS
in HLHS patients that harbor RBFOX2 loss of mutations
and suffer from long-term cardiac complications. FDA-
approved antisense oligonucleotides have been used in clin-

ics to treat children with spinal muscle dystrophy and adults
with Duchenne’s Muscular Dystrophy (66,67).

In summary, our results demonstrate that Rbfox2 is re-
quired for proper cardiac chamber, OFT and yolk sac vas-
culature formation. Our findings also indicate that estab-
lishment of RBFOX2 regulated AS networks in the embry-
onic heart is vital for cell-ECM adhesion, Endo-MT and
cell proliferation.
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