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Rbfox2 function in RNA metabolism 
is impaired in hypoplastic left heart 
syndrome patient hearts
Sunil K. Verma1, Vaibhav Deshmukh2, Curtis A. Nutter1, Elizabeth Jaworski1, Wenhao Jin3, 
Lalita Wadhwa4, Joshua Abata5, Marco Ricci6, Joy Lincoln7,8, James F. Martin2,9, 
Gene W. Yeo3,10 & Muge N. Kuyumcu-Martinez1,11,12

Hypoplastic left heart syndrome (HLHS) is a fatal congenital heart disease in which the left side 
of the heart is underdeveloped, impairing the systemic circulation. Underdeveloped left ventricle 
exerts biomechanical stress on the right ventricle that can progress into heart failure. Genome-wide 
transcriptome changes have been identified at early stages in the right ventricle (RV) of infants with 
HLHS, although the molecular mechanisms remain unknown. Here, we demonstrate that the RNA 
binding protein Rbfox2, which is mutated in HLHS patients, is a contributor to transcriptome changes 
in HLHS patient RVs. Our results indicate that majority of transcripts differentially expressed in HLHS 
patient hearts have validated Rbfox2 binding sites. We show that Rbfox2 regulates mRNA levels of 
targets with 3’UTR binding sites contributing to aberrant gene expression in HLHS patients. Strikingly, 
the Rbfox2 nonsense mutation identified in HLHS patients truncates the protein, impairs its subcellular 
distribution and adversely affects its function in RNA metabolism. Overall, our findings uncover a novel 
role for Rbfox2 in controlling transcriptome in HLHS.

Hypoplastic left heart syndrome (HLHS) is one of the least understood, fatal congenital heart diseases that affects 
1 in 4,344 newborns1,2. Infants with HLHS suffer from varying degrees of hypoplasia of the left ventricle (LV), left 
atrium (LA), and ascending aorta, closing or narrowing of mitral, and aortic valves3. HLHS patients need three 
stages of surgery or cardiac transplantation to reestablish the systemic circulation3. Even post-surgery, patients 
are at high risk to develop right ventricle (RV) failure and/or abnormal heart rhythm due to hypoxic conditions, 
pressure and volume overload1,4–6. Mechanisms leading to the progression of RV overload into RV failure are 
largely unknown. Aberrant alternative splicing (AS) patterns and mRNA levels have been identified in HLHS RVs 
obtained at early stages during Stage 1 Norwood surgery5. Identification of early changes in HLHS RV will help 
better understand the progression of RV overload into heart failure and also help determine novel biomarkers for 
RV failure in HLHS patients.

Although genome-wide gene expression changes were identified in HLHS patient RVs5, the molecular events 
responsible for aberrant transcriptome in HLHS patients are unclear. Therefore, there is a pressing need to deter-
mine such mechanisms to better understand HLHS RV pathogenesis and identify novel targets for potential 
therapy options.
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The RNA binding protein Rbfox2 has been recently identified as a major risk allele for HLHS7. In a large 
cohort of congenital heart disease patients, three de novo detrimental Rbfox2 mutations significantly associated 
with HLHS phenotype7. Rbfox2 belongs to a family of RNA-binding proteins with affinity for (U)GCAUG rich 
sequences, which are highly conserved among vertebrates in both sequence and position8,9. Rbfox2 binding tar-
gets were identified in mouse and human ES cells and 293T cells using cross-linking immunoprecipitation fol-
lowed by RNA-sequencing (CLIP-seq) analysis10–12. Rbfox2 controls alternative splicing (AS) events critical for the 
survival of ES cells, differentiation of pluripotent stem cells13 and during epithelial-mesenchymal transition14,15. 
Conditional deletion of Rbfox2 in the cerebellum leads to AS and developmental defects16. Knockdown of both 
Rbfox2 and its paralog Rbfox1 in zebrafish lowers heart rate and causes myofibrillar disarray17. Downregulation 
of Rbfox2 is associated with pressure overload induced heart failure in mice18. Our results indicate that Rbfox2 is 
also involved in diabetic heart disease19; suggesting an important role for Rbfox2 in human heart diseases.

In this study, we provide evidence that Rbfox2 has a role in HLHS pathogenesis. We demonstrate that HLHS 
patient specific mutation in Rbfox2 induces a dramatic change in Rbfox2 protein subcellular localization and 
affects its function in RNA splicing. In the future, our findings may allow identification of innovative therapy 
strategies such as the use of modified oligos or small molecules to restore Rbfox2 function in patients with HLHS.

Results
Rbfox2 undergoes changes in HLHS patients’ right ventricles. To determine regulators that account 
for abnormal gene expression in HLHS patient RVs, we focused on the RNA binding protein Rbfox2, because it 
was identified as a major risk allele for HLHS using a large cohort of congenital heart disease patients7. Rbfox2 
mutations were significantly associated with HLHS among other congenital heart defects7. HLHS specific Rbfox2 
mutations (splice site, nonsense and frameshift) are predicted to either target Rbfox2 mRNA for degradation 
(data not shown) or truncate the protein removing a portion of the C-terminal domain (CTD) of the protein 
(Fig. 1a and Supplementary Fig. 3). Splice site mutation is expected to cause inclusion of ~1.6 kb intron 10 and 
likely degradation of Rbfox2 mRNA by nonsense-mediated decay (NMD). Frameshift mutation is also predicted 
to introduce a stop codon immediately after the mutation potentially leading to NMD. Nonsense Rbfox2 muta-
tion is expected to remove a small portion of the CTD (Fig. 1a and Supplementary Fig. 3). Notably, the CTD of 
Rbfox2 is necessary for interactions of Rbfox2 with several RNA binding proteins and spliceosome component 
U1C and localization to the nucleus20–22.

We first checked Rbfox2 mRNA levels in HLHS patient hearts by real time qRT-PCR using gene specific 
primers (Supplementary Table 2). No change in mRNA levels of Rbfox2 was identified in HLHS patient hearts in 
comparison to the controls (Fig. 1b). To investigate if there are any changes in protein levels, we analyzed protein 
lysates from human HLHS patient and control hearts by Western blot (WB) using commercially available Rbfox2 
antibody. A striking ~3KDa change in MW of Rbfox2 protein was observed in HLHS patient hearts in compar-
ison to control hearts (Fig. 1c). We also tested whether Rbfox1, a family member of Rbfox2, is affected in HLHS 
patient hearts. Rbfox1 is expressed and dynamically regulated in developing postnatal hearts23. Rbfox1 protein 
was modestly downregulated (1.5 fold change) in HLHS patient hearts without a change in its MW (Fig. 1c). 
To further investigate the change in MW of Rbfox2, we assessed Rbfox2 protein pattern on 2-dimensional (2D) 
gels followed by WB. 2D/WB analysis of Rbfox2 indicates that not only the MW but also the isoelectric point 
(pI) of Rbfox2 was altered in HLHS patient hearts. Control human heart lysates displayed three Rbfox2 specific 
spots with a pI of ~6 (Fig. 1d, bottom panel). These spots were barely detectable in HLHS hearts (Fig. 1d, top 
panel). Strikingly, four spots with lower molecular weight and more basic pI (pH ~7 to 8) were predominant 
in HLHS patient heart lysates (Fig. 1d, top panel; marked with arrows). Proteins can become basic pI when 
they lose post-translational modifications such as phosphorylation. We have shown that Rbfox2 is regulated in 
a PKC-dependent manner24. Thus, we tested whether PKCα /β  is altered in HLHS patients that could explain 
changes in Rbfox2 protein levels. There was no obvious change in PKCα /β  protein levels or activation status in 
HLHS patient hearts (Fig. 1c and data not shown). These results suggest that changes in Rbfox2 in HLHS patient 
hearts are independent of PKCα /β .

Since Rbfox2 has several spliced variants including a dominant negative (DN) isoform that has a lower 
molecular weight due to the exclusion of exon 6, which encodes a large portion of the RNA recognition domain25, 
we tested whether the lower migrating isoform of Rbfox2 protein is the DN isoform. DN Rbfox2 expression was 
determined by qRT-PCR in HLHS patient hearts using primers to detect exon 6 inclusion (Supplementary Table 2).  
Figure 1e shows that there was no difference in Rbfox2 DN expression level in HLHS patients versus control 
hearts indicating that the low MW isoform present in HLHS patients is not the DN isoform of Rbfox2.

Subcellular distribution of Rbfox2 protein is altered in HLHS patient right ventricles. Since 
Rbfox2 HLHS specific nonsense mutation is expected to truncate the protein potentially affecting its nuclear 
localization, we checked Rbfox2 subcellular distribution in HLHS patient RVs. Neonatal patient hearts with 
Tetratology of Fallot (TOF) were used as controls for evaluating HLHS specific changes independent of hemod-
ynamic effects on systemic RV dysfunction. Rat newborn and adult, mouse embryonic and human adult hearts 
were also used as additional controls for determining Rbfox2 localization because of the difficulty in obtaining 
heart biopsy samples from healthy infants. DAPI/TO-PRO-3 was used to mark the nucleus and cardiac troponin 
I to mark cardiomyocytes (Fig. 2a). Using frozen heart sections, we found that Rbfox2 was localized both in the 
nucleus and cytoplasm of cardiomyocytes in control RVs obtained from infants with TOF (Fig. 2a, top panel). In 
contrast, Rbfox2 was predominantly cytoplasmic in punctate bodies with barely detectable levels in the nucleus of 
cardiomyocytes in HLHS patient RVs (Fig. 2a, lower panel). Rbfox2 was localized to both nucleus and cytoplasm 
in rat (newborn and adult), mouse (embryonic) and human (adult) hearts but more prominently in the nucleus of 
rat newborn and adult hearts and embryonic mouse hearts (Supplementary Fig. 2). These results combined with 
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our observation on WB and 2D/WB indicate that Rbfox2 protein displayed a lower MW and localized predomi-
nantly in the cytoplasm of HLHS patient RVs in contrast to the pattern in control RVs.

To test the effect of HLHS specific mutations on Rbfox2 expression, localization and function, we generated a 
nonsense mutant of GFP-tagged Rbfox2 based on the mutations identified in HLHS patients. We expressed either 
wild type (WT) or HLHS specific nonsense mutant of GFP-Rbfox2 in COS M6 cells. WT Rbfox2 was mostly 
nuclear whereas HLHS specific Rbfox2 nonsense mutant was predominantly cytoplasmic in punctate bodies 
around the nuclear envelope resembling its pattern seen in HLHS patient hearts (Fig. 2b vs. 2a). HLHS specific 
nonsense Rbfox2 mutant displayed a lower MW (Fig. 2c) as predicted based on the mutation site (Fig. 1a and 
Supplementary Fig. 3). Nonsense mutant of Rbfox2, which lacks a portion of the CTD that has a nuclear localiza-
tion signal and binding sites for splicing regulators, was unable to control alternative splicing of its target Ank2 as 
efficiently as WT Rbfox2 (Fig. 2d). In summary, HLHS patient specific nonsense mutation affects the subcellular 
localization of Rbfox2 impacting its nuclear function in RNA splicing.

Figure 1. Rbfox2 undergoes changes in HLHS patient hearts. (a) The effect of de novo nonsense mutation 
identified in HLHS patients on Rbfox2 protein. (b) Quantification of mRNA levels of Rbfox2 in control and 
HLHS patient hearts determined by qRT-PCR after normalizing to GADPH mRNA levels. (n ≥  3), ns: not 
significant. (c) WB analysis of heart protein lysates from controls or HLHS patients using anti-Rbfox2, anti-
Rbfox1 and anti-PKCalpha/beta antibodies. Ponceau S staining of the membrane was used to monitor protein 
loading. (d) Analysis of Rbfox2 protein in control or HLHS patient hearts using two-dimensional (2D) gel 
electrophoresis followed by WB using anti-Rbfox2 antibody. Four black arrows indicate Rbfox2 isoforms in 
HLHS hearts. (e) DN Rbfox2 expression in control vs HLHS patient hearts determined by exon 6 exclusion 
using qRT-PCR. (n ≥  3), ns: not significant.
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Figure 2. Subcellular distribution of Rbfox2 is altered in HLHS right ventricles. (a) Immunofluorescence 
(IF) of Rbfox2 in right ventricle sagittal sections of infants with HLHS or Tetralogy of Fallot (control). 
Cardiomyocytes were marked with cardiac troponin I. Nuclei were stained with DAPI/TO-PRO-3. Fluorescence 
images were obtained at 80X magnifications with a confocal laser-scanning microscope (LSM 510META, 
Carl Zeiss) at the University of Texas Medical Branch imaging core facility. (b) Representative images of GFP 
(control), GFP-tagged wild type (Rbfox2WT) and nonsense mutant (Rbfox2Nonsense) of Rbfox2 protein in COS 
M6 cells. (c) WB analysis of GFP-Rbfox2WT and GFP-Rbfox2Nonsense protein in COS M6 cells using anti-Rbfox2 
antibody. GAPDH WB was used as a loading control. (d) Percent inclusion of Ank2 exon 41 in control (vector), 
GFP-Rbfox2WT or Rbfox2Nonsense mutant expressing COS M6 cells determined by qRT-PCR (n ≥  3). Each reaction 
was done as triplicates for 3 different experiments and significance was calculated using one-way ANOVA.
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A significant number of transcripts altered in HLHS patient hearts are Rbfox2 targets. Because 
Rbfox2 protein was mostly cytoplasmic in HLHS patient RVs, we tested whether transcripts differentially 
expressed in HLHS RVs are Rbfox2 targets. We used HLHS patient exon array data to extract genomic loca-
tions for differentially expressed transcripts in HLHS patient hearts. Using the available HLHS patient exon array 
data, we extracted sequences for differentially expressed genes in HLHS patient hearts. These sequences were 
mapped to the human genome to access Rbfox2 CLIP-binding density information10. Rbfox2 CLIP-seq analysis 
was performed in human ESCs and Rbfox2 binding clusters were found to be statistically significant in 85% of 
the binding sites identified when compared to the rest of the genome10. Our analysis of 1348 transcripts (623 
genes) that are differentially expressed in HLHS patients revealed that 69.4% of the transcripts contain statisti-
cally significant Rbfox2 CLIP-peaks (Fig. 3a). We used genes that are not significantly affected in HLHS patients 
as controls for this analysis. Consistent with its function in AS regulation, 934 transcripts exhibited significant 
Rbfox2-CLIP clusters in intronic and/or exonic regions of the differentially expressed transcripts (Supplementary 
Fig. 1). Rbfox2 binding sites were mostly enriched in the 3′ untranslated region (UTR) of 38.8% of the total 
transcripts analyzed (Fig. 3b). When genes with Rbfox2 binding sites were categorized based on their biological 
function using DAVID server (whole genome was used as a background control), the top statistically significant 
groups were RNA/protein metabolic processes and cell cycle in agreement with the previous findings10,16 (Fig. 3c). 
Overall, these results indicate that a large portion of transcripts modulated in HLHS patients are previously iden-
tified Rbfox2 targets that have important roles in cell cycle and RNA/protein metabolism.

Rbfox2 controls mRNA levels that are affected in HLHS patients’ right ventricles. To validate 
transcriptome changes, we used HLHS patient RV biopsy samples obtained at early stages during Stage 1 surgery. 
HLHS patients LVs, which are severely underdeveloped and undergone decompensation, were excluded for our 
analyses. Using RNA from RV heart biopsy samples, we validated mRNA levels of 5 genes (Pnn, Spcs1, Ddx39, 

Figure 3. A large group of transcripts altered in HLHS patient hearts have Rbfox2 binding sites. (a) Pie 
chart of Rbfox2 binding sites on 1348 transcripts that are differentially expressed in HLHS patients. (b) Rbfox2 
binding site distribution on transcripts differentially expressed in HLHS patient hearts. (c) Top GO categories of 
genes with Rbfox2 binding sites.
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Mcm7, Phkb) that were identified as the top changers in HLHS patient RV transcriptome analysis5. Functions of 
these genes are described in Supplementary Table 1. Importantly, all 5 mRNAs displayed Rbfox2 binding sites 
in their 3′UTRs. For real time RT-PCR analysis, 3 different internal controls with similar results were obtained, 
so the results from one of the internal controls (DNA-directed RNA polymerase II subunit RPB1 (Polr2a)) were 
shown in Fig. 4. Pnn, Spcs1, Ddx39, Mcm7 and Phkb mRNAs were downregulated in HLHS patient RVs when 
compared to control RVs obtained from Tetralogy of Fallot patients (Fig. 4, black bar vs white bar). To determine 
if Rbfox2 regulates mRNA levels of putative targets altered in HLHS, we ectopically expressed Flag tagged wild 
type Rbfox2 (Rbfox2WT) or RNA binding deficient mutant (Rbfox2DD). We chose COS M6 cells for this study, as 
endogenous Rbfox2 levels are very low in COS M6 cells and should not interfere with the overexpressed Rbfox2 
proteins. Expression of Flag-Rbfox2WT increased mRNA levels of Pnn, Phkb, and Spcs1 significantly (Fig. 5a; 
white vs black bars). Expression of the RNA binding deficient mutant of Rbfox2 (Rbfox2DD) did not affect mRNA 
levels of Pnn, Phkb and Spcs1 demonstrating that Rbfox2 binding ability is necessary to regulate mRNA levels of 
these putative targets (Fig. 5a; white vs gray bars). Ddx39 mRNA levels were undetectable in these cells. Mcm7 
mRNA levels were unaffected in Rbfox2 expressing cells suggesting that change in Mcm7 mRNA levels in HLHS 
patients are independent of Rbfox2 (data not shown). Rbfox2DD was generated by mutating 2 critical phenyla-
lanine residues in the RNA recognition motif essential for RNA binding activity26–28. Rbfox2WT and Rbfox2DD 
mutant proteins were expressed at similar levels in these cells (Fig. 5b). Importantly, Flag-Rbfox2WT protein was 
not only nuclear but also cytoplasmic (Fig. 5c) consistent with an increase in mRNA levels of its putative targets 
(Fig. 5a). Cytoplasmic fractions were free from nuclear contamination as hnRNPC was only present in the nuclear 

Figure 4. Transcripts with Rbfox2 binding sites are dysregulated in HLHS patient right ventricles. Real 
time qRT-PCR analysis of Pnn, Spcs1, Ddx39, Mcm7 and Phkb mRNA levels in right ventricles of infants with 
TOF (control, white bars) or infants with HLHS (black bars). Each mRNA levels were normalized to the internal 
control (Polr2a ). Each reaction was done as triplicates and significance was calculated by unpaired t-test (n >  3).
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fraction (Fig. 5c). These findings indicate that Rbfox2 controls mRNA levels of targets with 3′UTR binding sites 
and RNA-binding activity of Rbfox2 is necessary for regulation of mRNA levels. Overall, we find that Rbfox2 
protein localization and function is disrupted in HLHS.

Discussion
HLHS is one of the most complex and challenging congenital heart diseases. In HLHS patients, the left side of the 
heart cannot support blood flow to the organs due to severe hypoplasia. Without surgical intervention and/or car-
diac transplantation, HLHS can be fatal within the first hours or days after birth1,2. Post-surgery, the RV takes over 
the LV function3. Pressure and volume overload on the RV can lead to heart failure and arrhythmias at post-natal 
stages3,6. Mutations in certain genes are identified in HLHS patient tissues29–33, yet underlying genetic, molecular 
and cellular events responsible for HLHS RV pathogenesis are not well understood. Detrimental Rbfox2 muta-
tions have been identified and significantly associated with HLHS phenotype in a recent large human genetic 
study7. Our studies show that Rbfox2 nonsense mutation identified in HLHS patients alters proper localization of 
Rbfox2 in the cell and adversely affects its role in RNA metabolism contributing to early transcriptome changes 
in HLHS patients. Here, we show that 936 differentially expressed transcripts identified in the RV of infants with 
HLHS have Rbfox2 binding sites (Fig. 3).

Figure 5. Rbfox2 regulates mRNA levels of target genes dysregulated in HLHS. (a) Real time qRT-PCR 
analysis of Pnn, Phkb, and Spcs1 mRNA levels in control (vector), Rbfox2WT or Rbfox2DD expressing COS M6 
cells. Results are representative of three independent experiments. Significance was calculated using one-way 
ANOVA (n >  3). (b) WB analysis of Rbfox2 in COS M6 cells. GADPH WB was used to monitor protein loading. 
(c) WB analysis of Flag-Rbfox2WT in nuclear and cytoplasmic fractions of COS M6 cells using anti-FLAG 
antibody. GADPH WB was used as cytoplasmic marker, and hnRNPC WB as a nuclear marker.
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We found that Rbfox2 that is predominantly localized to the cytoplasm in HLHS patient hearts (Fig. 2a). 
Rbfox2 has many isoforms generated through alternative promoter usage and AS25,34, especially a dominant neg-
ative isoform that lacks RNA binding activity and possesses inhibitory splicing activity25. Our findings demon-
strate that Rbfox2 isoform expressed in HLHS is not the dominant negative version with inhibitory splicing 
function (Fig. 1e). We find that Rbfox2 has a different pI in HLHS patient hearts (Fig. 1d). We show that HLHS 
specific nonsense mutation truncates Rbfox2 protein at the CTD modulating its cellular distribution and function 
similar to its pattern observed in HLHS patient RVs (Fig. 2b,d).

Our results provide new insights into HLHS pathogenesis by identifying Rbfox2 as a contributor to gene 
expression changes in the RV of HLHS patients. By integrating Rbfox2 CLIP-sequencing and HLHS patient tran-
scriptome data, we determined Rbfox2 binding sites on 69% of 1348 transcripts that undergo changes in HLHS 
patient RVs and 38.8% of these transcripts have binding sites within 3′UTRs. We found that Rbfox2 regulated 
genes have functions in cell cycle and macromolecular metabolism (Fig. 3). We tested mRNA levels of five puta-
tive Rbfox2 targets with Rbfox2 binding sites in their 3′UTRs because they were altered the most in HLHS patient 
RVs. These target genes are implicated in regulating cell proliferation, differentiation, and apoptosis, processes 
thought to be dysregulated in HLHS. Pnn encodes for pinin protein that plays a crucial role in small intesti-
nal development by influencing epithelial cell differentiation35. Phkb encodes for glycogen phosphorylase kinase 
that is important for glycogen breakdown and cell growth36. Ddx39 is an RNA helicase that regulates the switch 
between cellular proliferation and differentiation in Xenopus37. MCM7 is important for DNA replication and cell 
growth38. These findings suggest that Rbfox2 contributes to cardiac transcriptome changes in HLHS patients by 
affecting mRNA levels of genes involved in cell cycle and metabolism.

While Rbfox2 function in AS is well-characterized, its function in other aspects of mRNA metabolism is 
largely unknown. Our results reveal a new role for Rbfox2 in controlling mRNA levels in the heart. In support of 
our findings, Rbfox1, one of the Rbfox family members, has recently been found to regulate mRNA stability and 
translation in the brain39. Our data show that there is only modest downregulation of Rbfox1 protein in HLHS 
patient RVs. In summary, our results demonstrate that Rbfox2 nonsense mutation identified in HLHS patients 
alters its localization and function contributing to aberrant transcriptome changes of its targets in HLHS patients.

Methods
Rbfox2 CLIP cluster identification on transcripts altered in HLHS patients. Genomic sequences 
for 1348 probe locations5 were extracted using the online Galaxy ‘Fetch sequence’ tool with the criterion that 
the sequence length is between 20 nt and 2.5 kb. Each genomic location was extended by 500 nt upstream and 
downstream before mapping Rbfox2 CLIP-clusters obtained from human ESC cells10. Each of the sequences were 
further analyzed and categorized based on statistically significant CLIP-clusters present in exon, intron and UTR 
regions of RNAs.

Cell culture and transfections. COS M6 cells were cultured and maintained as described previously24. 
COS M6 cells (1.0 ×  106) were transfected using FuGENE 6 transfection reagent (Promega E2692) and 1 μ g of 
Flag or GFP tagged wild type (Rbfox2WT) or RNA binding deficient mutant (Rbfox2DD) or nonsense mutant of 
Rbfox2 (Rbfox2Nonsense) plasmid DNA according to the manufacturer’s protocol. Corresponding vector DNAs 
were used as negative controls. Cells were harvested 72 hrs post-transfection for RNA or protein extraction as 
described previously24.

RNA Extraction. RNA was extracted from cells and human heart tissues using TRIzol (Invitrogen) according 
to the manufacturer’s protocol. RNA concentrations were measured using EPOCH Microplate Spectrophotometer 
(BioTek) and quality of the RNA was assessed using the bioanalyzer at the University of Texas Medical Branch 
Next Generation Sequencing Core Facility.

Splicing analysis. The qRT-PCR was performed using a previously described protocol24. Primer sequences 
were designed to detect inclusion/exclusion of alternative exons of Ank2 (Supplementary Table 2). For all genes, 
PCR was carried out using 5 μ l cDNA and 100ng primer pair with Biolase Taq polymerase (Bioline BIO-21042) 
using following amplification conditions: 95 °C 45 s; 59 °C 45 s; 72 °C 1 min for 24 cycles. PCR products were 
resolved on 5% non-denaturing polyacrylamide gels, stained with ethidium bromide and imaged using the Biorad 
XR imaging system. Unsaturated band intensities were quantified and percent exon inclusion was calculated24. All 
amplified DNA bands were gel isolated and sequenced.

Real time RT-PCR. The cDNA was synthesized from 2.0 μ g RNA using Biolase DNA polymerase (Bioline) 
with random OligodT primers (Invitrogen) as detailed previously24. cDNA was diluted fifty 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 Pnn, Spcs1, 
Ddx39, Mcm7, and Phkb genes (Supplementary Table 2). Polr2a was used as internal control to normalize the 
mRNA levels. Relative mRNA level in comparison to controls were determined using 2−ΔΔct method.

2 dimensional (2D) gels and Western blotting. 2D gel electrophoresis was performed as described pre-
viously24. Proteins (30–50 μ g/sample) were separated by isoelectric focusing using strips that range from pH 3 
to 10, then loaded on 10% SDS-PAGE gels, and transferred to a PVDF membrane. Membranes were blocked 
with 5% dry fat-free milk solution in PBST (PBS containing 0.1% Tween 20) and incubated overnight at 4 °C 
with the indicated antibodies: Rbfox2 (abcam #57154; 1:500), GAPDH (abcam #9484; 1:2500). Membranes were 
washed with PBST 3 ×  15 minutes and incubated with HRP-labeled secondary antibody for 2 hrs at room temper-
ature. HRP activity was determined using Immobilon Western Chemiluminescent reagent (Millipore P90720) or 
SuperSignal West Femto Chemiluminescent (Pierce PI34095) HRP substrate followed by exposure to x-ray film.
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Rbfox2 plasmid constructs. Human Flag-tagged Rbfox2 cDNA clone (transcript variant 6) was generously 
provided by Dr. Douglas L. Black (UCLA). An Rbfox2 mutant lacking RNA binding activity (Rbfox2DD) was gen-
erated by mutating two critical Phenylalanine 153 and 155 residues into aspartic acid residues necessary for RNA 
binding using Quick-change site directed mutagenesis kit (Agilent Technologies Inc.)26–28. Human GFP-tagged 
Rbfox2 cDNA clone (transcript variant 3) was obtained form Addgene plasmid repository (plasmid # 63086). 
Rbfox2 nonsense mutant was generated by replacing nucleotide C to T at equivalent chromosomal position 
(Ch22:36,155,972)7 in Flag and GFP tagged Rbfox2 DNA using site directed mutagenesis.

Statistics. Data are represented as mean ±  SEM or ±SD. Data from at least three independent experiments 
were used for statistical analysis, and significance was calculated using an unpaired t-test for two group com-
parisons or one-way ANOVA with Bonferroni correction for three and four different group comparisons using 
GraphPad Prism software.

Human Heart tissues. All human heart tissues were de-identified and pre-existing. Human heart RV biopsy 
samples were obtained from the Heart Center Tissue Bank at Texas Children’s Hospital and from Dr. Marco Ricci 
(n =  11 HLHS age range: 1–5 days old). Normal human fetal heart protein lysates were purchased from American 
Life Sciences. Non-diseased fetal heart RNA was purchased from Agilent (pool of 10 hearts from 19–21 weeks old 
fetuses), Biochain (1 heart from 31 week-old fetus) and Clontech (pool of 5 hearts from 25–40 week old fetuses). 
RV biopsy samples from neonates with Tetralogy of Fallot (n =  2 age range 2 to 5 months) were obtained from the 
Heart Center Tissue Bank at Texas Children’s Hospital.

Study Approval. All human heart tissues used in this study were de-identified and pre-existing, and thus 
were exempt approved by UTMB Institute Review Board (IRB# 11-087). All animal experiments were conducted 
in accordance with the National Institute of Health Guidelines for the care and the use of animals approved by 
the Institutional Animal Care and Use Committee of University of Texas Medical Branch (IAUCUC #1101001).

References
1. Morris, S. A. et al. Prenatal diagnosis, birth location, surgical center, and neonatal mortality in infants with hypoplastic left heart 

syndrome. Circulation 129, 285–292, doi: 10.1161/circulationaha.113.003711 (2014).
2. Parker, S. E. et al. Updated National Birth Prevalence estimates for selected birth defects in the United States, 2004-2006. Birth 

defects research. Part A, Clinical and molecular teratology 88, 1008–1016, doi: 10.1002/bdra.20735 (2010).
3. Sugiura, J. et al. Effects of tricuspid valve surgery on tricuspid regurgitation in patients with hypoplastic left heart syndrome: a non-

randomized series comparing surgical and non-surgical cases. European journal of cardio-thoracic surgery: official journal of the 
European Association for Cardio-thoracic Surgery, doi: 10.1093/ejcts/ezt613 (2014).

4. Knirsch, W. et al. Clinical Course and Interstage Monitoring After the Norwood and Hybrid Procedures for Hypoplastic Left Heart 
Syndrome. Pediatric cardiology, doi: 10.1007/s00246-014-0865-y (2014).

5. Ricci, M. et al. Myocardial alternative RNA splicing and gene expression profiling in early stage hypoplastic left heart syndrome. 
PLoS One 7, e29784, doi: 10.1371/journal.pone.0029784 (2012).

6. Trivedi, B. et al. Arrhythmias in patients with hypoplastic left heart syndrome. American heart journal 161, 138–144, doi: 10.1016/j.
ahj.2010.09.027 (2011).

7. Homsy, J. et al. De novo mutations in congenital heart disease with neurodevelopmental and other congenital anomalies. Science 
350, 1262–1266, doi: 10.1126/science.aac9396 (2015).

8. Yeo, G. W., Van Nostrand, E. L. & Liang, T. Y. Discovery and analysis of evolutionarily conserved intronic splicing regulatory 
elements. PLoS genetics 3, e85, doi: 10.1371/journal.pgen.0030085 (2007).

9. Minovitsky, S., Gee, S. L., Schokrpur, S., Dubchak, I. & Conboy, J. G. The splicing regulatory element, UGCAUG, is phylogenetically 
and spatially conserved in introns that flank tissue-specific alternative exons. Nucleic acids research 33, 714–724, doi: 10.1093/nar/
gki210 (2005).

10. Yeo, G. W. et al. An RNA code for the FOX2 splicing regulator revealed by mapping RNA-protein interactions in stem cells. Nature 
structural & molecular biology 16, 130–137, doi: 10.1038/nsmb.1545 (2009).

11. Jangi, M., Boutz, P. L., Paul, P. & Sharp, P. A. Rbfox2 controls autoregulation in RNA-binding protein networks. Genes & development 
28, 637–651, doi: 10.1101/gad.235770.113 (2014).

12. Lovci, M. T. et al. Rbfox proteins regulate alternative mRNA splicing through evolutionarily conserved RNA bridges. Nature 
structural & molecular biology 20, 1434–1442, doi: 10.1038/nsmb.2699 (2013).

13. Venables, J. P. et al. MBNL1 and RBFOX2 cooperate to establish a splicing programme involved in pluripotent stem cell 
differentiation. Nature communications 4, 2480, doi: 10.1038/ncomms3480 (2013).

14. Venables, J. P. et al. RBFOX2 is an important regulator of mesenchymal tissue-specific splicing in both normal and cancer tissues. 
Molecular and cellular biology 33, 396–405, doi: 10.1128/MCB.01174-12 (2013).

15. Braeutigam, C. et al. The RNA-binding protein Rbfox2: an essential regulator of EMT-driven alternative splicing and a mediator of 
cellular invasion. Oncogene, doi: 10.1038/onc.2013.50 (2013).

16. Gehman, L. T. et al. The splicing regulator Rbfox2 is required for both cerebellar development and mature motor function. Genes & 
Development 26, 445–460, doi: 10.1101/Gad.182477.111 (2012).

17. Gallagher, T. L. et al. Rbfox-regulated alternative splicing is critical for zebrafish cardiac and skeletal muscle functions. Developmental 
biology 359, 251–261, doi: 10.1016/j.ydbio.2011.08.025 (2011).

18. Wei, C. et al. Repression of the Central Splicing Regulator RBFox2 Is Functionally Linked to Pressure Overload-Induced Heart 
Failure. Cell reports, doi: 10.1016/j.celrep.2015.02.013 (2015).

19. Nutter, C. A. et al. Dysregulation of RBFOX2 Is an Early Event in Cardiac Pathogenesis of Diabetes. Cell Rep 15, 2200–2213, doi: 
10.1016/j.celrep.2016.05.002 (2016).

20. Baraniak, A. P., Chen, J. R. & Garcia-Blanco, M. A. Fox-2 mediates epithelial cell-specific fibroblast growth factor receptor 2 exon 
choice. Molecular and cellular biology 26, 1209–1222, doi: 10.1128/MCB.26.4.1209-1222.2006 (2006).

21. Mauger, D. M., Lin, C. & Garcia-Blanco, M. A. hnRNP H and hnRNP F complex with Fox2 to silence fibroblast growth factor 
receptor 2 exon IIIc. Molecular and cellular biology 28, 5403–5419, doi: 10.1128/MCB.00739-08 (2008).

22. Lee, J. A., Tang, Z. Z. & Black, D. L. An inducible change in Fox-1/A2BP1 splicing modulates the alternative splicing of downstream 
neuronal target exons. Genes Dev 23, 2284–2293, doi: 10.1101/gad.1837009 (2009).

23. Kalsotra, A. et al. A postnatal switch of CELF and MBNL proteins reprograms alternative splicing in the developing heart. 
Proceedings of the National Academy of Sciences of the United States of America 105, 20333–20338, doi: 10.1073/pnas.0809045105 
(2008).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:30896 | DOI: 10.1038/srep30896

24. Verma, S. K. et al. Reactivation of fetal splicing programs in diabetic hearts is mediated by protein kinase C signaling. The Journal of 
biological chemistry 288, 35372–35386, doi: 10.1074/jbc.M113.507426 (2013).

25. Damianov, A. & Black, D. L. Autoregulation of Fox protein expression to produce dominant negative splicing factors. RNA 16, 
405–416, doi: 10.1261/rna.1838210 (2010).

26. Auweter, S. D., Oberstrass, F. C. & Allain, F. H. Sequence-specific binding of single-stranded RNA: is there a code for recognition? 
Nucleic acids research 34, 4943–4959, doi: 10.1093/nar/gkl620 (2006).

27. Mayeda, A., Munroe, S. H., Caceres, J. F. & Krainer, A. R. Function of conserved domains of hnRNP A1 and other hnRNP A/B 
proteins. The EMBO journal 13, 5483–5495 (1994).

28. Sun, S., Zhang, Z., Fregoso, O. & Krainer, A. R. Mechanisms of activation and repression by the alternative splicing factors 
RBFOX1/2. RNA 18, 274–283, doi: 10.1261/rna.030486.111 (2012).

29. Elliott, D. A. et al. Cardiac homeobox gene NKX2-5 mutations and congenital heart disease: associations with atrial septal defect and 
hypoplastic left heart syndrome. Journal of the American College of Cardiology 41, 2072–2076 (2003).

30. Iascone, M. et al. Identification of de novo mutations and rare variants in hypoplastic left heart syndrome. Clinical genetics 81, 
542–554, doi: 10.1111/j.1399-0004.2011.01674.x (2012).

31. Reamon-Buettner, S. M., Ciribilli, Y., Inga, A. & Borlak, J. A loss-of-function mutation in the binding domain of HAND1 predicts 
hypoplasia of the human hearts. Human molecular genetics 17, 1397–1405, doi: 10.1093/hmg/ddn027 (2008).

32. Mahtab, E. A. et al. Disturbed myocardial connexin 43 and N-cadherin expressions in hypoplastic left heart syndrome and 
borderline left ventricle. The Journal of thoracic and cardiovascular surgery 144, 1315–1322, doi: 10.1016/j.jtcvs.2012.02.011 (2012).

33. Huang, G. Y. et al. Evaluating the role of connexin43 in congenital heart disease: Screening for mutations in patients with outflow 
tract anomalies and the analysis of knock-in mouse models. Journal of cardiovascular disease research 2, 206–212, doi: 10.4103/0975-
3583.89804 (2011).

34. Arya, A. D., Wilson, D. I., Baralle, D. & Raponi, M. RBFOX2 protein domains and cellular activities. Biochemical Society transactions 
42, 1180–1183, doi: 10.1042/BST20140050 (2014).

35. Joo, J. H. et al. Pinin modulates expression of an intestinal homeobox gene, Cdx2, and plays an essential role for small intestinal 
morphogenesis. Dev Biol 345, 191–203, doi: 10.1016/j.ydbio.2010.07.009 (2010).

36. Terashima, M. et al. KIAA1199 interacts with glycogen phosphorylase kinase beta-subunit (PHKB) to promote glycogen breakdown 
and cancer cell survival. Oncotarget 5, 7040–7050, doi: 10.18632/oncotarget.2220 (2014).

37. Wilson, J. M. et al. RNA helicase Ddx39 is expressed in the developing central nervous system, limb, otic vesicle, branchial arches 
and facial mesenchyme of Xenopus laevis. Gene Expr Patterns 10, 44–52, doi: 10.1016/j.gep.2009.11.001 (2010).

38. Yoshida, K. & Inoue, I. Conditional expression of MCM7 increases tumor growth without altering DNA replication activity. FEBS 
Lett 553, 213–217 (2003).

39. Lee, J.-A. et al. Cytoplasmic Rbfox1 Regulates the Expression of Synaptic and Autism-Related Genes. Neuron 89, 113–128, 
doi:10.1016/j.neuron.2015.11.025 (2016).

Acknowledgements
We would like to thank Dr. Mariano Garcia-Blanco for critically reading the manuscript and providing insights, 
and Dr. Heather Lander for editing the manuscript. This work was partly supported by March of Dimes Starter 
Basil O’Connor Starter Scholar Award 5FY12-21, American Heart Association Grant 15GRNT22830010 and 
UTMB startup funds and pilot grant to MNK-M. We acknowledge the institutionally supported Optical Imaging 
Core at UTMB. The Jonathan and Eileen Otto Research Fund, Division of Cardiothroacic Surgery, Section of 
Pediatric Cardiac Surgery, University of Miami Miller School of Medicine to M.R., NHLBI RO1HL091878 
J.L., and NIH R01DE023177 and RO1HL118761 to J.F.M. National Institutes of Health Grants (HG0046590, 
NS075449) to G.W.Y.

Author Contributions
S.K.V., V.D., C.A.N., E.J., W.J. and J.A. conducted the experiments; S.K.V. and M.N.K.-M. designed and analyzed 
the experiments; G.W.Y. analyzed computational experiments; J.F.M. analyzed the experiments. M.N.K.-M. wrote 
the paper. Human heart biopsy samples were provided by J.L., M.R. and L.W.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Verma, S. K. et al. Rbfox2 function in RNA metabolism is impaired in hypoplastic left 
heart syndrome patient hearts. Sci. Rep. 6, 30896; doi: 10.1038/srep30896 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Rbfox2 function in RNA metabolism is impaired in hypoplastic left heart syndrome patient hearts
	Results
	Rbfox2 undergoes changes in HLHS patients’ right ventricles. 
	Subcellular distribution of Rbfox2 protein is altered in HLHS patient right ventricles. 
	A significant number of transcripts altered in HLHS patient hearts are Rbfox2 targets. 
	Rbfox2 controls mRNA levels that are affected in HLHS patients’ right ventricles. 

	Discussion
	Methods
	Rbfox2 CLIP cluster identification on transcripts altered in HLHS patients. 
	Cell culture and transfections. 
	RNA Extraction. 
	Splicing analysis. 
	Real time RT-PCR. 
	2 dimensional (2D) gels and Western blotting. 
	Rbfox2 plasmid constructs. 
	Statistics. 
	Human Heart tissues. 
	Study Approval. 

	Acknowledgements
	Author Contributions
	Figure 1.  Rbfox2 undergoes changes in HLHS patient hearts.
	Figure 2.  Subcellular distribution of Rbfox2 is altered in HLHS right ventricles.
	Figure 3.  A large group of transcripts altered in HLHS patient hearts have Rbfox2 binding sites.
	Figure 4.  Transcripts with Rbfox2 binding sites are dysregulated in HLHS patient right ventricles.
	Figure 5.  Rbfox2 regulates mRNA levels of target genes dysregulated in HLHS.



 
    
       
          application/pdf
          
             
                Rbfox2 function in RNA metabolism is impaired in hypoplastic left heart syndrome patient hearts
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30896
            
         
          
             
                Sunil K. Verma
                Vaibhav Deshmukh
                Curtis A. Nutter
                Elizabeth Jaworski
                Wenhao Jin
                Lalita Wadhwa
                Joshua Abata
                Marco Ricci
                Joy Lincoln
                James F. Martin
                Gene W. Yeo
                Muge N. Kuyumcu-Martinez
            
         
          doi:10.1038/srep30896
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30896
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30896
            
         
      
       
          
          
          
             
                doi:10.1038/srep30896
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30896
            
         
          
          
      
       
       
          True
      
   




