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The Tetralogy of Fallot (TOF), the most prevalent form of
cyanotic congenital heart disease, stems from abnormal
development of the outflow tract during embryogenesis.
Despite the crucial role played by primary cilia in heart
development, there is currently insufficient evidence to estab-
lish a causal relationship between defects in genes related to
primary cilia and non-syndromic TOF. Here, we performed
Sanger sequencing on 131 Chinese patients diagnosed with
TOF and identified a splicing variant (c.683-1G > C) in the
EFCAB?7 gene. This splicing variant triggered exon skipping,
leading to the production of a non-functional protein both
in vitro and in vivo. Mice carrying this variant exhibited
abnormal cardiac development, impaired ciliogenesis, dis-
rupted Hedgehog signaling, and hindered Shh/Gli pathway
activity. Through the integration of CUT&Tag data on Glis and
bulk RNA-seq profiles of embryonic hearts at E10.5, we found
that transcriptional downregulation of Gli target genes,
including Myh6, Zfpm1, and Nkx2-5, is a consequence of Shh
signaling inhibition. Our findings implicate EFCAB7 as a po-
tential causative gene for TOF, underscoring the indispensable
function of primary cilia in the intricate process of cardiac
septation during heart development.

Congenital heart defects (CHD) arise from the structural or
functional abnormalities of the heart and/or great vessels
during embryogenesis (1). Around 1% of newborns suffer from
CHD, which constitutes the primary cause of infant mortality
worldwide (2, 3). CHD affects most parts of the heart and is
classified into three main categories: cyanotic heart disease,
left-sided obstructive defects, and septal defects (4). Among
these, Tetralogy of Fallot (TOF) is the most common cyanotic
CHD, including overriding aorta, pulmonary artery stenosis,
ventricular septal defects, and right ventricular hypertrophy,
accounting for nearly 10% of all cases (5). The etiology of CHD
is multifactorial, including genetic and environmental factors.
Currently, the major identified genetic causes involve
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chromosomal abnormalities, large subchromosomal deletions
or duplications as well as point mutations (6). As with other
types of CHDs, TOF displays a significant degree of genetic
heterogeneity (7, 8). Approximately 20% of TOF cases are
classified as syndromic and are associated with recognized
diseases or chromosomal abnormalities, such as 22q11 dele-
tion syndrome (Di George syndrome) and Down’s syndrome
(9, 10). The remaining 80% of TOF cases are non-syndromic,
with an unknown etiology (11, 12).

Over the past 2 decades, findings from genetic studies con-
ducted on mice and large-scale sequencing of CHD patients
have indicated that primary cilia play a crucial role in cardio-
vascular development (13-15). Primary cilia are membrane-
bound organelles, based on microtubules, protruding from the
surface of most animal cells during growth arrest. The axoneme
of primary cilia comprises nine doublet microtubules extending
from a basal body derived from the mother centriole of the
centrosome (16). Due to the absence of the central apparatus
and dynein arms, most primary cilia exhibit a “9 + 0” micro-
tubule configuration. Consequently, primary cilia are usually
non-motile, and serve a function akin to an “antenna” with
numerous signaling receptors on them, and coordinate the
transduction of multiple developmental signaling pathways,
such as the Hedgehog (Hh) pathway (17, 18). Primary cilia are
indispensable for Hh signaling output, and all core components
of the Hh signaling machinery-ranging from the receptor
PTCHI and SMO to the GLI transcriptional effectors dynam-
ically localize to cilia during signal transduction (19, 20). A
range of ciliary proteins collaborate to ensure normal ciliary
transport, including components of the basal body that nucle-
ates the cilium; the transition fibers that anchor the basal body
to the cell surface; the transition zone that gates protein entry
into the cilium; the motors that mediate intraciliary transport;
and the intraflagellar transport (IFT) complexes that traffic
ciliary cargo (19).

Impairment of the structures or functions of primary cilia
results in abnormal signaling transduction, subsequently
causing a series of syndromes collectively termed “ciliopathies”
(21). Congenital cardiovascular deformities are observed in
patients with certain ciliopathies, such as Bardet-Biedl
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EFCAB7 splicing variant disrupts cilia function in heart development

syndrome, Joubert syndrome, Sensenbrenner syndrome, and
Ellis van Creveld (EvC) syndrome (22). However, there is
currently no evidence to suggest that non-syndromic TOF is
associated with defects in the primary cilia genes.

Previous studies have identified EF-hand calcium binding
domain 7 (EFCAB7) functions as a component of the EvC
complex, located immediately distal to the ciliary transition
zone, and functions as a positive regulator of the Hedgehog
pathway. Depletion of EFCAB?7 leads to the mislocalization of
EVC-EVC2 within cilia and inhibits the induction of Glil and
Gli2, which are transcription factors in the Hh pathway (23, 24).
In this study, we performed Sanger sequencing on 131 Chinese
patients with non-syndromic TOF, constructed a mouse model
of EFCAB7 mutation based on the splice site variant found in
EFCAB?7, and conducted a mechanism study. Our data suggest
that EFCAB7 mutations are a disease factor in TOF, which
affects the cardiac development process by hindering Sonic
Hedgehog (Shh) signaling transduction in cilia.

Results
A splice site variant of EFCAB7 identified in patients with TOF

First, we conducted Sanger sequencing of the exon regions
of the EFCAB7 gene in 131 patients with TOF and identified
five mutations, including a splice acceptor mutation, that
potentially affect the function of EFCAB7 (Table S2). Subse-
quently, in a separate cohort of 682 patients with CHDs, we
further validated the three mutations in the exons of this gene
(Table S3). Among these eight mutations, our attention was
drawn to a canonical splice site variation (c.683-1G > C)
located at the last base of the adjacent intron preceding exon 6
of EFCAB?, potentially causing misrecognition of the splice
donor site and inducing mRNA splicing errors, leading to loss
of protein function (Fig. 1A). To validate this prediction, we
conducted a minigene assay using the Exontrap Cloning
Vector, pET01, which possesses an intrinsic splicing function
that allows for the selective cloning of exon sequences from
genomic eukaryotic DNA fragments. The 293T cells were
transfected with pETO1 carrying either wild-type (WT) or
€.683-1G > C mutant EFCAB7 minigenes, and the total RNA
was reverse transcribed into ¢cDNA for amplification and
sequencing. Cells transfected with the W'T minigene produced
a 380 bp band upon PCR analysis. Direct sequencing of the
PCR products revealed that it contained both Exon 5 and 6. In
contrast, cells transfected with mutant minigene produced a
shorter 258 bp band that skipped Exon 6 of EFCAB7 (Fig. 1B).
The observed results were consistent with the disruption of the
genuine acceptor site of exon 6 due to the c.683-1G > C
alteration. Subsequently, we aimed to further investigate the
functionality of the abnormal EFCAB? transcript caused by the
splice site variant. It is anticipated that the transcript lacking
122 bp of exon 6 would induce a reading frameshift, leading to
premature termination of translation and ultimately produc-
tion of non-functional protein products (Fig. 1C). To assess
EFCAB7 mRNA expression in mouse hearts, we designed
forward and reverse primers targeting Exons 5 and 8 of the
EFCABY gene, as the mutation causes exon skipping and the

2 J Biol. Chem. (2025) 301(3) 108249

loss of Exon 7. The expression levels of EFCAB7 mRNA were
then quantified using RT-qPCR. Our results revealed that the
expression of EFCAB7 mRNA was significantly reduced in
both the heterozygous and homozygous mutant mice hearts
compared to the WT mice (Fig. 1D).

The splicing variant reduced EFCAB7 protein stability

To further assess the EFCAB7 variant, we generated
eukaryotic expression plasmids containing the complete
sequence of EFCAB7 ¢cDNA and a mutant lacking 122 bp of
exon 6 (referred to as EFCAB7mut) fused with EGFP. The
Western blot analysis revealed that EFCAB7mut expressed
truncated protein products of shorter length, but the mutation
does not completely abolish EFCAB7 protein expression
(Fig. 1E). Previous studies have identified EFCAB7 as a con-
stituent of the EvC complex in primary cilia. In this study, we
utilized immortalized human retinal pigment epithelial cell
line RPE1 to investigate the subcellular localization of
endogenous EFCAB7 protein and observed its presence at the
basal body region of primary cilia (Fig. 1F). After transient
transfection into RPE1 cells, we observed that EGFP-
EFCAB7mut localized at the basal body of primary cilia
similarly to EGFP-EFCAB?7 (Fig. 1G). There was no significant
alteration in the ciliary localization of the mutant protein.

We noticed that the fluorescence intensity of EGEP-
EFCAB7mut was relatively weak, possibly due to decreased
protein stability. To validate this hypothesis, we treated RPE1
cells expressing exogenous EFCAB7 or its mutant with MG132
to inhibit proteasome-mediated degradation and observed a
substantial accumulation of labeled protein (Fig. 1H). This
finding suggests rapid turnover of EFCAB7 in RPE1 cells.
Subsequently, we assessed the decay rate of EFCAB7 by
blocking protein synthesis using cycloheximide (CHX). The
half-life of EFCAB7mut protein was significantly shorter
compared to WT (Fig. 11), indicating reduced protein stability
likely caused by abnormal folding of the truncated variant.

Aberrant cardiac development in Efcab7 mutant mice

While the missense variant of EFCAB7 was previously re-
ported to modify the phenotype of EvC syndrome (25, 26), a
ciliopathy with cardiac anomalies, there is currently no direct
evidence that it is responsible for abnormal cardiac develop-
ment. We successfully generated knock-in mice using
CRISPR/Cas9 technology and an ssDNA template carrying the
patient-specific point variant (Fig. 24). To mitigate off-target
risks, we validated the top 10 predicted high-risk sites and
found no off-target effects (Fig. S1). We extracted total RNA
from the hearts of WT and Efcab7""™ mice, and performed
reverse transcription and PCR amplification. Agarose gel
electrophoresis and sequencing results confirmed the deletion
of exon 6 in mutant mice (Fig. 2B). Upon conducting het-
erozygous intercrosses, we observed that Efcab7™™* mice
were born at expected Mendelian ratios (Fig. 2C).

After staining the hearts of postnatal day 1 (P1) newborns,
we observed normal heart development in WT mice. In
contrast, we found overriding aorta in 2 of 51 (3.92%)

SASBMB



EFCAB?7 splicing variant disrupts cilia function in heart development

Exon5 Exon6 Vector
TCTTAAATAAAG|GTGACACC -

EFCAB7,c.683-1G>C

TTGITGCAEGTGACACC!

Wide type ||/

Exontrap Exon5 Vector
Vector

Mutant

C chromosome 1 p31.3

GESNIEEESEE EE|IIRE SNENENIININIINE D

u T 15
2 ik
< %
49.17kb Forward strand %
EFCAB7 £ 104 T
NM_032437.4 ~
2
pre-mRNA mRNA o
L 05
e —E—EO— - —— N ©
Intron5 Intron6 —122bp—| 2
©
Exon skipping © 1
¢.683-1G-C S S
& & F
g EGFP-C2-EFCAB7 EGFP-C2-EFCAB7mut
o @
< <
o O
L I
Wwow
N NN
000
oo o
[T TR
[OENGENG]
W wow
= L1o0kD
GFP = -55kD
-35kD

DAPI/EFCAB7/Ac-Tubulin/y-Tubulin DAPI/EFCAB7/Ac-Tubulin/y-Tubulin  DAPI/EFCAB7/Ac-Tubulin/y-Tubulin

DMSO +
MG132 -
GFP-EFCAB7 +

- EGFP-C2-EFCAB7 EGFP-C2-EFCAB7mut
-+
- - CHX(h) 0 2 4 8 0 2 48
GFP-EFCAB7mut -

- + o+
GFP | wew s L—100kD P v
GFP 100kD [ 8 55KkD ' ‘ ‘ L
| ———— - — — —
Actin [====f 400 [===|.1000 Aetin 40K 401

+ o+

20- 1.5 —e— EGFP-C2-EFCAB7
~ *hx N~ —e— EGFP-C2-EFCAB7mut
o _ 1.54 ns g -
<" o2
O > g 5 1.0
Lo o —
W < 1.0 £
2B e
£ 0 = O i ns
% 5 0.5 < 509
-
x @
0.0 T T T T o
DMSO N 0. : ; . ‘
MG132 - + - 0 2 4 &
GFP-EFCAB7 + o+ -

CHX(h)
GFP-EFCAB7mut -

+ o+

+

Figure 1. An intronic variation of EFCAB7 leads to abnormal mRNA splice and reduced protein stability. A, verification of an intronic variation in the
EFCAB7 gene of a TOF patient by Sanger sequencing. B, cloning of the EFCAB7 minigene, comprising exons 5 to 6 and their flanking introns, into the
Exontrap vector for in vitro splicing analysis. Agarose gel electrophoresis of amplified cDNA fragments from 293T cells expressing the ExonTrap minigene,
revealing differences between wild-type (WT) and mutant constructs. Sanger sequencing confirms the RT-PCR products. C, schematic representation of the
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Efcab7™"™* mice, ventricular septal defects (VSD) in 3 of 51
(5.88%), and atrial septal defect (ASD) in 11 of 51 (21.57%).
Additionally, we also found a certain number of heart defects
in Efcab7" /mut ice (Fig. 2, D and E). Furthermore, the widths
of the pulmonary artery in Efcab7™""* mice and Efcab7""*
mice were both significantly narrower than those in WT mice
(Fig. 2F). These findings indicate abnormal development of the
cardiac outflow tract in Efcab7™""* mice.

7mut/mut

Aberrant ciliary transport of Smo in Efcab cells

Defects in the structure and function of primary cilia play
a crucial role in the pathogenesis of CHD. Several kinds of
ciliary mutant mice reveal CHD phenotype. Since EFCAB7
functions in the EvC zone of primary cilia, we aimed to
investigate whether the malformation of the cardiac outflow
tract observed in Efcab7™™ mice was due to abnormal
ciliogenesis. To achieve this, we immunostained the primary
cilia of E13.5 embryonic hearts and found that the per-
centage of primary cilia in Efcab7™""™* embryonic hearts
was not significantly decreased, but their cilia length was
shortened (Fig. 34). To understand the functional changes of
Efcab7 mutant at the ciliary base, we isolated primary mouse
embryo fibroblasts (MEFs) from E13.5 Efcab7™"™ em-
bryos and cultured them in vitro. After inducing ciliogenesis
by low-serum stimulation of cultured cells for 24 h, we
found a reduced proportion of ciliogenesis and shortened
primary cilia of Efcab7™*"* MEFs (Fig. 3B). These results
indicated that the Efcab”7 mutant led to the abnormality of
primary cilia.

In the Hh pathway, the dynamic localization of all core
components, including the receptor PTCH1 and SMO, as well
as the GLI transcriptional effectors, to primary cilia is essential
for the signaling output. Therefore, we further explored the
effect of the Efcab? variant on Hh signaling transduction. We
used Sonic Hedgehog (Shh) ligands to stimulate in vitro
cultured MEFs. After hours of Shh ligand stimulation, we
observed the continuous accumulation of endogenous SMO in
the primary cilia in Efcab7"”* MEFs by immunofluorescence
staining, which reached saturation within 4 h (Figs. 3C, S2).
However, in Efcab7™"™* MEFs, SMO exhibited a delayed
response to Shh ligand stimulation in terms of its enrichment
in primary cilia. Specifically, SMO exhibited reduced accu-
mulation in primary cilia after 1 to 2 h of Shh treatment, but
eventually reached saturation within 4 h (Figs. 3C, S2). To
conduct a deeper examination of the ciliary trafficking irreg-
ularities observed in Efcab7™""* MEFs, we utilized lentivirus
to infect primary MEFs to stably express mCherry-tagged
SMO. We next conducted a Fluorescence Recovery After

Photobleaching (FRAP) assay and found that the fluorescence
recovery of SMO-mCherry in Efcab7™"""* cilia was less than
that in control cilia after photobleaching (Fig. 3D), suggesting a
defected ciliary import of SMO in Efcab7”““" cilia. We also
monitored the dynamics of SMO-mCherry through kymo-
graph analysis. Neither the anterograde nor the retrograde
velocities of SMO puncta were affected by Efcab7 mutants
(Fig. 3E). Meanwhile, the retrograde frequency of SMO puncta
appeared to be slightly augmented in the cilia of Efcab7™*/"™*
MEFs, but its anterograde frequency remained unchanged,
compared to the WT MEFs (Fig. 3E). These data indicated that
the deficiency of Efcab? hinders the transportation of SMO in
primary cilia.

Shh/Gli pathway was impeded in Efcab7™ "™ cells and
embryonic hearts

After stimulation with the Shh ligand, except for the ciliary
aggregation of SMO, the downstream transcription factor
GLI2 also accumulates at the tips of the primary cilia (Fig. 44).
However, Shh-induced GLI2 aggregation at the ciliary tips was
significantly inhibited in Efcab7”“*""“* MEFs (Fig. 4, A and B).
Glil was an early target gene induced by Shh signaling, and the
levels of its protein and RNA products were significantly
decreased in mutant cells (Fig. 4, C and D). Hh signaling also
plays an essential role in cardiovascular development,
including the development of the outflow tract and semilunar
valve (27, 28). We suspected that the aberrant cardiac devel-
opment observed in Efcab7 mutant mice might be due to the
inappropriate changes in Shh signaling, and we tested the
activity of the Shh pathway in embryonic hearts. The Western
blot results indicated that the expression of GLI1 was signifi-
cantly reduced in E10.5 Efcab7™“""™ hearts compared to W'T
hearts (Fig. 4E) and suggested that the Shh/Gli pathway was
impeded during the heart development of Efcab7™ "
embryos.

We further conducted bulk RNA sequencing on E10.5
hearts from WT and Efcab7™™* mice, followed by an
analysis to identify the intersection between 1786 significantly
down-regulated genes in E10.5 Efcab7™"""* hearts and 3949
target genes of Glil/Gli2 identified from CUT&Tag results of
E10.5 hearts of WT mice. This analysis resulted in a total of
431 GLI-binding genes that were down-regulated in the
Efcab7™"" hearts (Fig. 4F). Among the top enriched path-
ways in GO enrichment analysis of these 431 genes, a quarter
were associated with heart morphogenesis and development
(Fig. 4G). Furthermore, we found that out of these 431 genes,
seven have been previously reported to be associated with TOF
(Table S4), and qPCR analysis revealed lower levels of RNA

splicing patterns observed for WT and mutant EFCAB7 mRNA. D, the relative mRNA expression of EFCAB7 in E10.5 WT, Efcab7*’™", Efcab7™ "™ hearts.
**p < 0.01, **p < 0.001. E, the protein levels assessed by Western blot for EFCAB7 in RPE1 cells carrying wild-type or mutant cDNA. EGFP-C2 serves as the
empty vector control. F, ciliary localization of endogenous EFCAB7 observed by immunofluorescence staining in RPE1 cells. The red fluorescence represents
EFCAB7, while the green fluorescence represents Ac-tubulin (a marker of ciliary axoneme) and gamma-tubulin (a marker of the basal body). Scale bar: 20pm
and 2pum. G, ciliary localization of EGFP-tagged EFCAB7 or its mutant observed by immunofluorescence staining in RPE1 cells. Green represents EFCAB7,
while red represents Ac-tubulin. Scale bar: 20pum and 2um. H, effect of proteasome inhibitor MG132 (20 tM) on the level of EFCAB7 and its mutant in
transfected RPE1 cells. Quantification data presented below are based on three independent experimental repetitions. ***p < 0.001, ns p > 0.05. (I) Western
blot analysis and quantification of the turnover rates of EFCAB7 and its mutant in transfected RPE1 cells. Quantification data presented below are based on

three independent experimental repetitions. ***p < 0.001, ns p > 0.05.
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Figure 2. Phenotypic analysis of Efcab7 mutant mice. A, validation of CRISPR/Cas9-mediated knock-in of the site variant at Efcab7 locus. The schematic
represents the target site and ssDNA sequence used for editing Efcab7. The lower panel shows the Sanger sequence analysis of gene-edited mice. B,
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Figure 3. Aberrant ciliogenesis in Efcab7 mutant mice and cells. A, representative immunofluorescent staining for primary cilia in the heart of WT and
Efcab7 mutant embryos at E13.5. Immunofluorescent staining of primary cilia in the E13.5 heart of WT and Efcab7 mutant embryos. Quantitation of
percentage and ciliary length of ciliated cells from immunofluorescent staining. Scale bar: 20pm and 2pm. *p < 0.05, ns p > 0.05. B, representative
immunofluorescent staining for primary cilia in primary MEFs isolated from E13.5 WT and Efcab7 mutant embryos. Quantitation of percentage and ciliary
length of ciliated cells from immunofluorescent staining. Scale bar: 20um and 2pum. *p < 0.05, ***p < 0.001, ns p > 0.05. C, impaired ciliary transport of SMO
in Efcab7™"™ " cells. Quantification of anti-SMO staining in primary cilia in WT and Efcab7 mutant MEFs treated with Shh conditional medium for the
indicated durations. (n > 50 in each group). Representative images shown in Fig. S3. *p < 0.05, **p < 0.01, ns p > 0.05. D, FRAP measurement of SMO-
mCherry import into the primary cilium in WT and Efcab7 mutant MEFs. The cells were treated with ShhN, and images of fluorescence recovery were
captured every 2 s after photobleaching the entire cilium axoneme. Scale bar: 2um. *p < 0.05. E, kymograms depicting the movement of SMO-mCherry
particles in WT and Efcab7 mutant MEFs. Scale bar: 2um. *p < 0.05, ns p > 0.05.

products of Myh6 (29), Zfpm1 (30) and Nkx2-5 (8) in the E10.5
hearts of Efcab7™™* mice compared to WT mice (Fig. 4H).

The spatial transcriptomics (31) and scRNA-seq analysis of
E10.5 hearts revealed distinct spatial expression patterns and
subcellular localization of the three significantly down-
regulated genes. Myh6 and Nkx2-5 were predominantly

expressed in cardiomyocytes, whereas ZfpmI exhibited wide-
spread coverage and uniform distribution throughout all re-
gions of the cardiac outflow tract (Fig. 4, I-K). By conducting
CUT&Tag analysis on E10.5 hearts of WT mice, we have
obtained additional evidence supporting the interaction be-
tween Glil/2 and three significantly down-regulated genes

P > 0.05, the Chi-square test. D, heart phenotypes of P1 mice observed by HE staining. Magnified images of regions of interest are shown in the lower panel.
The red arrow indicates the heart defect. E, statistical analysis of the cardiac phenotypes in WT, Efcab7"” ™ and Efcab7™ "™ mice by exact probability
method, p < 0.05. Scale bar: 500pm and 250pum. F, representative images of P1 hearts of gene-edited Efcab7 mice under a stereoscope. The white lines
indicate the measured sites of pulmonary artery width. Measurement of pulmonary artery width is presented. More than 35 P1 hearts from each group were
selected for statistical analysis. Scale bar: 500um and Tmm. **p < 0.01, ***p < 0.001.
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Figure 4. Efcab7 variant suppresses activation of Hh signaling in MEFs and embryonic hearts. A, representative images of endogenous GLI2 im-
munostaining (red) in primary cilium (green, stained by anti-Ac-tubulin) in WT and Efcab7 mutant MEFs in the absence or presence of ShhN. Scale bar: 20um
and 2pum. B, quantification of anti-GLI2 staining at the tip of primary cilium as shown in (A) (n > 50 per group). **p < 0.01, ***p < 0.001. Western blot (C) and
gPCR (D) analysis of GliT expression in primary MEF cells induced by Shh. Primary MEF cells were isolated from embryos #5 and #7 of E13.5 Efcab7™* (WT) or
embryos #2 and #3 of Efcab7™ "™t (mutant) strains. ***p < 0.001. E, Western blot analysis of GLI1 expression in E10.5 WT and Efcab7 mutant hearts.
*p < 0.05. * non-specific bands. F, Venn Diagram depicting significantly down-regulated genes identified in E10.5 Efcab7™"™" hearts by bulk RNA-seq
analysis (p.adjust < 0.05, FC < 1) and Gli-binding genes (Gli1 and Gli2) identified by CUT&Tag analysis in E10.5 WT hearts (FDR < 0.05). G, the top 20
pathways in GO-Biological Process enrichment analysis of down-regulated GLI-binding genes. Pathways associated with heart development are highlighted
in red. H, the relative mRNA expression of seven down-regulated GLI-binding genes, which have been reported to be associated with TOF, is presented.
*p < 0.05, ***p < 0.001. /, dimensionality reduction and clustering of single cells from E10.5 cardiac outflow tract, colored by cell types. J, a 10x spatial
transcriptome cell type distribution map of E10.5 WT hearts. K, gene expression of three known genes associated with TOF (Myh6, Zfpom1 and Nkx2-5) was
illustrated using scRNA-seq UMAP plot, a violin plot across scRNA-seq clusters, and spatial transcriptomics, respectively. L, IGV maps of the regulatory
regions of Gli1 and Gli2 on these three target genes (Myh6, Zfpm1 and Nkx2-5), obtained by Gli1 and Gli2 CUT&Tag analysis of E10.5 WT hearts.

(Myh6, Zfpml, and Nkx2-5): Gliland Gli2 were observed to
bind at the promoter region of ZfpmI; Gli2 was observed to
bind at the promoter region of Myh6, while Glil binding site
was detected at the intro region of Myh6; moreover, Gli2
binding was found at the intergenic region of Nkx2-5 (Fig. 4L).
These findings revealed that the variant in EFCAB7 may
disrupt embryonic heart development by influencing down-
stream target genes (Myh6, Zfpml, and Nkx2-5) mediated
through the Shh/Gli pathway.

Discussion

In this study, we identified a splice site variant in the
EFCAB? gene, which is associated with the role of primary cilia
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in signaling, among Chinese patients with non-syndromic
TOF. To elucidate the potential impact of this variant on
cardiovascular development, we generated knock-in mice
carrying the mutation. Through our analysis of cardiac phe-
notypes and underlying mechanisms, we further substantiated
the crucial role of primary cilia in the pathogenesis of cardiac
defects.

Through forward genetic screening in mice, it was discov-
ered that numerous defects in ciliary genes could contribute to
the development of congenital heart diseases, indicating a
central role of ciliary defects in the pathogenesis of this con-
dition (32, 33). Studies have demonstrated that cilia can
dynamically interact with PCP components to regulate cell
skeleton, thereby modulating cell polarity and the migration of
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polarized cells (34). These dynamic cellular processes may
facilitate the guidance of multiple extracardiac cell populations
across significant distances toward the embryonic heart, which
is crucial for normal heart development (13, 35). Primary cilia
serve as chemosensory and mechanosensory organelles that
coordinate multiple signaling pathways including HH, Wnt/
PCP, Notch, and TGF-f. They transmit signals between cells
through various mechanisms such as cell membrane receptors,
ion channels, and diverse G-protein-coupled receptors (19).
Currently, the Shh signaling pathway represents one of the
most well-described ciliary signaling pathways (36). Numerous
studies have indicated that ablation or dysfunction of primary
cilia can significantly impair Shh signaling. Mice lacking Shh
exhibit phenotypes highly resembling TOF, characterized by
ASD, VSD, and outflow tract defects along with abnormal
aorta. Additionally observed are varying degrees of myocardial
hypertrophy and abnormalities like pulmonary atresia or hy-
poplastic pulmonary artery (37, 38).

The Hedgehog pathway is closely associated with primary
cilia and plays a crucial role in the development and separation
of the cardiac outflow tract. The EFCAB7 protein has been
demonstrated to interact with the EVC-EVC2 protein com-
plex, facilitating its localization just distal to the ciliary tran-
sition zone and playing a pivotal role in the intra-ciliary
transport of components of the Shh pathway (24). Mutations
in EFCAB?7 lead to a reduction in both the number and length
of cilia, thereby interfering with cilium-mediated expression of
the Hedgehog pathway. In Efcab?7 knockout cells, Shh signal
transduction is significantly inhibited, resulting in inaccurate
localization of EVC-EVC2 ciliary proteins within the ciliary
EVC zone as they become dispersed throughout the entire
cilium (24). Our study confirms that loss-of-function variants

in human populations fail to sustain proper ciliary Shh
signaling transduction. Although the variant does not signifi-
cantly affect SMO’s movement ability within cilia, it may
impede SMO’s import into cilia, leading to reduced accumu-
lation on the ciliary membrane. This reduction markedly in-
hibits downstream activation of Gli transcription factors in the
Shh pathway, consequently impairing normal heart develop-
ment (Fig. 5). However, further investigation is required to
determine whether this variant triggers abnormalities in other
heart development-specific mechanisms.

In this study, we investigated the role of the EFCAB7 gene in
non-syndromic Tetralogy of Fallot (TOF). Through targeted
genomic DNA sequencing, we identified variants of the
EFCAB7 gene in a cohort of TOF patients. Using a mini-gene
vector and ectopic expression in cultured cell lines, we tested
the molecular effects of the splicing variant on mRNA splicing
and the resulting mutant protein on cilia morphology/Hh
signaling. Additionally, the functional impact of this genetic
variation on cardiac development was evaluated in mice car-
rying knock-in alleles. Along with cardiac morphology, we
analyzed ciliagenesis, Hh signaling, and downstream gene
expression in the mutant mice. Both in vitro and in vivo results
confirm that EFCABY is a novel candidate gene for TOF, with
its disruption of cilia formation and downstream gene regu-
lation playing a key role in disease pathology. This study
represents the first report of a splicing variant in EFCAB7 as a
genetic cause of TOF, offering new insights into the functional
mechanisms of ciliary genes in cardiac development and
highlighting the potential for this variant to be used in future
screening for congenital heart diseases.

Our study also has several limitations. First, during gene
screening, we did not account for the possibility that a single
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Figure 5. Abnormal Hedgehog (Hh) signal transduction caused by EFCAB7 mutation. A, mechanism of Hedgehog Signaling Activity. Hedgehog
signaling activity is primarily directed through the activated membrane protein receptor SMO, which, upon activation, stimulates the nuclear transcription
factor GLI gene family. These GLI proteins then enter the nucleus and initiate the expression of downstream target genes. Notably, both the SMO receptor
and GLI transcription factors are localized on the ciliary membrane or within the cilia. B, effect of EFCAB7 Mutation on Hh Signaling. Mutation in EFCAB7
leads to a decrease in the number and length of cilia, which subsequently impairs the cilia-mediated Hedgehog signaling pathway. The absence of EFCAB7
protein may hinder the transport of SMO within primary cilia, resulting in a significant reduction in the expression of the GLI transcription factor.
Consequently, the decreased expression of GLI-binding target genes, such as Myh6, Zfpm1, and Nkx2-5, leads to outflow tract dysplasia and congenital heart

defects, including TOF.
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patient might harbor multiple gene mutations. However,
complex congenital heart diseases, including TOF, may be
influenced by multiple gene mutations or gene-environment
interactions. In this study, we focused solely on the mutation
status of EFCAB7 in our TOF population. Secondly, although
we observed a certain proportion of cardiac defects in het-
erozygous mice, the incomplete penetrance observed in the
patient population with TOF and mouse model prompted us
to prioritize homozygous mice for subsequent mechanistic
studies. We believe that homozygous mice offer advantages
over heterozygous mice in exploring the potential downstream
mechanisms of ciliary gene mutations that affect the patho-
genesis of TOF. Therefore, all subsequent studies focus on
homozygous mutant mice to investigate these downstream
mechanisms. Future research could aim to address these
limitations by considering the potential impact of multiple
gene mutations and exploring the role of gene-environment
interactions in the development of TOF.

In conclusion, our findings provide compelling evidence to
support the pivotal involvement of EFCAB?7 in cardiac devel-
opment through its regulation of ciliogenesis and Shh
signaling transduction via primary cilia. These results suggest
that EFCAB7 holds promise as a potential candidate gene
associated with congenital heart defects. Moreover, this study
reinforces the crucial role played by primary cilia in orches-
trating the complex process of cardiac septation during em-
bryonic heart development.

Experimental procedures
Study patients

The study involved 131 TOF cases from Nanjing Children’s
Hospital and Jiangsu Provincial People’s Hospital, and the
other 682 patients with CHD were from the Second Affiliated
Hospital of Nanjing Medical University. All cases were diag-
nosed by echocardiography or surgery. Cases with known
chromosomal abnormalities, positive first-degree relatives with
a family history of congenital heart defects, mothers exposed
to pesticides or using therapeutic drugs during pregnancy, and
mothers with diabetes or phenylketonuria were excluded. In-
dividuals without heart diseases and other birth defects
comprised the control group in the same area during the same
period. Methods and experimental protocols involving human
subjects were approved by the institutional review boards of
Nanjing Medical University. All participants completed writ-
ten informed consent form before taking part in this research,
and all investigations conformed to the principles outlined in
the Helsinki Declaration.

DNA extraction and Sanger sequencing

Approximately 5 ml of peripheral blood was drawn from
the subjects to extract genomic DNA, and the integrity of the
DNA was detected by gel electrophoresis. We downloaded
the coding region sequence of EFCAB7 from the human
reference genome (GRCh37/hgl9) and used the online
software Primer 3 (v.0.4.0) to design primers. The EFCAB7
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coding region was amplified by PCR using 14 pairs of
primers (Table S1). After the PCR reaction, the product was
directly subjected to Sanger sequencing (Thingke, Nanjing).
The sequencing data were visualized by the sequencing
analysis (Application Biosystems), and the variants were
analyzed using the online software NCBI Basic Local
Alignment Search Tool (BLAST). The primer sequences for
Sanger sequencing are listed in Table S1.

Cells and plasmids

Primary mouse embryo fibroblasts (MEFs) were isolated
from E13.5 mouse embryos of indicated genotypes. Human
retinal pigment epithelial cells (RPE1) were presented by
Xiumin Yan, Center of Excellence for Molecular Cells, Chinese
Academy of Sciences. Human embryonic kidney cell 293T
(HEK293T) is stored in our laboratory. pRKS5, pRKS5-Shh,
PEGFP-C2-EFCAB7, and the mutant plasmids were con-
structed in our laboratory using homologous recombination
technology.

Generation of Efcab7™ Y™ mice model using CRISPR-Cas9

All animal experiments were performed under the Guide-
lines for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Ethical Com-
mittee of Nanjing Medical University (IACUC-1912049).
Anthropomorphic Efcab7™*"* mice were generated by the
CRISPR/Cas9 genome editing system. The sequences of
Efcab7 single-guide RNA (sgRNA: aaatgacggttactctttac) were
designed by CRISPR Design (http://crispr.mit.edu/), and
single-stranded oligodeoxynucleotide HDR template (ssDNA:
gtttagaaacacactgctgctgattaccaaatgacggttactctttacacgtgacacaag
ccatgccttactgtcaacaactagaaagttcaaaacatc) corresponding to
this sequence was cloned into PGL3 for guide RNA in-vitro
transcription. The edited sites were amplified by PCR and
Sanger sequencing in the founders, and the founders were
followed by at least three consecutive backcrosses with con-
genic mice (C57BL/6) to obtain a pure background. The
conditional mutant allele was genotyped using forward
primer: 5- CCATTAAAGCCTGGTCAGTATGA-3' and
reverse primer: 5'- GTTCACAAACTCCATTGGTTCCC -3'.
The animal study was reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Nanjing Medical
University

Histological analysis of mouse hearts

P1 hearts from WT and Efcab7™™* mice were isolated
and fixed using 4% paraformaldehyde (PFA), dehydrated in a
gradient of alcohol concentrations, embedded in paraffin
using a paraffin embedding instrument (Thermo EC350), and
sectioned frontally into 6-um thick sections using a micro-
tome (Thermo HMB340E). Then, Hematoxylin and Eosin
(H&E) staining was performed using an automatic dyeing
device (Tissue-Tek DRS2000). The stained sections were
sealed with neutral gum and photographed using a Zeiss
microscope.
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Minigene splicing assay

According to the experimental procedure of MoBiTec
GmbH in Germany, we amplified the genomic DNA (gDNA)
fragment by PCR, which included exon5, exon6, and the intron
located between them, and cloned them into an Exontrap
Cloning Vector, pETO01, for the minigene assay. The sequences
of wild-type and mutant EFCAB7 minigenes were validated
using Sanger sequencing. The wild-type and mutant tran-
scripts were produced by transient transfection of HEK293T
cells with each plasmid. Total RNA was extracted from cells
48 hours after transfection and reverse-transcribed. Aberrantly
spliced transcripts were identified by sequencing their RT-PCR
products that were isolated via agarose gel electrophoresis.

RNA extraction, reverse transcription, and quantitative PCR
assay

Total RNA was isolated from cultured cells using the
RNAiso reagent (TaKaRa). Reverse transcription was carried
out using the Prime Script RT reagent Kit (TaKaRa). qPCR was
performed using the FastStart SYBR Green Master Mix
(Roche) on a LightCycler 96 System (Roche). The primers used
to detect mRNA expression are listed in Table S5. Experiments
were repeated at least three times, and samples were analyzed
in triplicate.

Immunofluorescence staining

Approximately 0.6 x 10° cells per well were seeded onto
Lab-Tek chambered slides and cultured for 24 h. The cells
were transfected, allowed to recover for an additional 24 h, and
then treated with ShhN-CM or other compounds, as indicated.
Prior to any further treatments, the transfected cells were
starved in pure DMEM for 24 h to visualize ciliary proteins.
Following this, the cells were collected, and fixed in 4% PFA for
15 min at 4 °C, and processed using standard immunostaining
procedures. The primary antibodies were: mouse anti-
Acetylated tubulin (Sigma, 1:1000 dilution), mouse anti-y-
tubulin (Sigma, 1:200 dilution), rabbit anti-EFCAB7 (Thermo
Fisher Scientific, 1:100 dilution), mouse anti-Smo (Santa Cruz
Biotechnology, 1:100 dilution), and goat anti-Gli2 (R&D Sys-
tems, 1:100 dilution). The secondary antibodies were as fol-
lows: anti-mouse IgG HRP (Santa Cruz Biotechnology, 1:200
dilution), anti-rabbit IgG HRP (Santa Cruz Biotechnology,
1:200 dilution), and anti-goat IgG HRP (Santa Cruz Biotech-
nology, 1:200 dilution).

Live-cell imaging and fluorescence recovery after
photobleaching

MEFs cultured for less than six passages were seeded onto
35-mm glass-bottom dishes. To imaging ciliary motility of
SMO-mCherry, cells were infected with lentivirus for 48 h
and then treated with a 1:9 mixture of Shh-containing me-
dium and fresh medium for an additional 24 h to activate
Shh signaling.

For live-cell imaging, ciliary images were captured at 300-ms
intervals for 36 s using a ZEISS 900 microscope. Kymographs
were generated from the time-lapse image sequence using
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KymographClear 2.0 of Image J (Fiji). Particle velocities were
measured from kymographs as the mean velocity. Traffic fre-
quencies were determined from kymographs as the number of
particles crossing the ciliary middle line per 36 s.

For Fluorescence Recovery After Photobleaching (FRAP)
assay, ciliary m-Cherry was photobleached with a 594 nm
laser, and cilia were observed using a ZEISS 900 microscope.
Images were acquired every 2 s after photobleaching.
Excluding the time for photobleaching, the total duration for
the FRAP assay was 90 s. The signal intensities from cilia,
cilia-photobleached regions, and background were measured
using Image] (NIH).

Protein extraction and Western blot analysis

After transfection or treatment as described above, cells
were lysed in radioimmunoprecipitation assay buffer (RIPA
buffer). Heart tissues from E10.5 mice were collected and lysed
using the mammalian protein extraction reagent RIPA
(Beyotime). Following centrifugation of the protein lysate, the
protein in the supernatant was quantified using the BCA
protein assay kit (Beyotime). Then, the lysates were denatured
at 100 °C for 10 min with 6 x SDS loading buffer, subjected to
SDS-PAGE, and subsequently analyzed by western blotting
with the indicated antibodies, including rabbit anti-Glil (Cell
Signaling Technology, 1:1000 dilution), rabbit anti-B-actin
(Affinity Biosciences, 1:1000 dilution), rabbit anti-GFP
(Abcam, 1:1000 dilution), anti-mouse IgG HRP (Santa Cruz
Biotechnology, 1:5000 dilution), and anti-rabbit IgG HRP
(Santa Cruz Biotechnology, 1:5000 dilution).

RNA-seq experiments and analysis

Total RNA was extracted using TRIzol (Thermo) treatment,
and 2 g of total RNA per sample was used as input material
for RNA sample preparations. The sequencing libraries were
generated using the VAHTS mRNA-seq v2 Library Prep Kit
(llumina). The mRNA was purified from total RNA using
poly-T oligo-magnetic beads and then cut into small fragments
for cDNA synthesis. After adenylation of the 3’ ends of the
DNA fragments, adaptors with a hairpin loop structure were
ligated and subjected to PCR amplification. High-throughput
RNA sequencing was performed by using the Illumina Nova-
Seq platform.

The raw data were filtered by Q30 quality score and aligned
to the mouse reference genome GRCm38/mm10 using STAR
software (v2.5.3a). Assembly and quantification of transcripts
were performed using the RESM software (Versionl.3.3) and
were guided by the Ensembl GTF gene annotation file (http://
www.ensembl.rog/). The relative abundance of transcripts was
measured using the number of fragments per million mapped
reads (Fragments Per Kilobase of transcript per Million map-
ped reads, FPKM). Effectively expressed genes require an
FPKM score greater than one.

CUT&Tag experiment and high throughput sequencing

CUT&Tag experiment and high throughput sequencing
were conducted by Seqghealth Technology Co., Ltd (Wuhan,
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China). Two groups of samples, each containing 10 fresh E10.5
hearts from wild-type mouse embryos, were homogenized af-
ter collection to obtain cells, followed by incubation with
Concanavalin A-coated magnetic beads. Next, cells were
incubated with anti-GLI1 and anti-GLI2 primary antibody
(GLI: R&D Systems, AF3324; GLI2: R&D Systems, AF3526) for
2 h, and then for 1 h with secondary antibody at room tem-
perature. Hyperactive pG-Tn5 transposonase was then added
to perform tagmentation. The reaction was terminated, and
DNA fragments were extracted by PCI, followed by PCR
amplification using indexed P5 and P7 primers. The library
products were enriched, quantified, and finally sequenced on a
Novaseq 6000 sequencer (Illumina) with PE150 mode.

Raw data were first filtered by Fastp (v0.23.1), discarding
low-quality reads and trimming reads contaminated with
adaptor sequences. Clean reads were mapped to the mouse
reference genome GRCm38/mm10 using Bowtie2 (v2.2.6) with
default parameters. Sambamba (v0.7.1) was then used for sam/
bam format conversion and removal of PCR duplicate reads.
DeepTools (v2.4.1) was employed to visualize the distribution
of reads on upstream and downstream of TSS. The MACS2
software (v2.2.7.1) was used for peak calling, and bedtools
(v2.30.0) for peak annotation and peak distribution analysis.
The Homer (v4.10) was used for motifs analysis. Finally, by
combining the motifs in JASPAR, the transcription factor
binding sites were predicted by calling out the peak sequences
of the potential target genes.

Single-cell RNA sequencing (scRNA-seq) analysis

Cardiac OFTs from E10.5 wild-type mouse embryos were
dissected and transferred to a 2 ml Eppendorf tube containing
tissue storage buffer (Miltenyi Biotec, #130—100-008). The
tube was centrifuged at 50 g for 1 min at 4 °C. After discarding
the tissue storage buffer, 1ml preheated digestion solution
(Miltenyi Biotec, #130—-110-203) at 37 °C was added to the
OFTs tissue. The tube was incubated in a 37 °C water bath and
gently pipetted three times every 5 min. The enzymatic incu-
bation lasted for approximately 15 min. Upon completion, 10%
FBS (Pricella, #164210-50) was added, and the solution was
filtered using a 40-pm cell strainer (Corning, #CLS431750).
The suspensions were centrifuged at 300g for 3 min at 4 °C,
and the pellets were resuspended in PBS with 0.01% Bovine
serum albumin (Sigma, #A1933).

Then cells were loaded into microfluidic chip of Chip A
Single Cell Kit v2.0 (MobiDrop, #S050100201) to generate
droplets with MobiNova-100 (MobiDrop, #A1A40001). Each
cell was encapsulated into a droplet which contained a gel
bead linked with up to millions of oligos (cell unique barcode).
After encapsulation, the droplets were exposed to light from
the MobiNovaSP-100 (MobiDrop, #A2A40001) for cutting
while oligos diffused into the reaction mix. The mRNAs were
captured via cell barcodes, with cDNA amplification occurring
within the droplets. Following reverse transcription, cDNAs
with barcodes were amplified, and a library was constructed
using the High Throughput Single Cell 3'RNA-Seq Kit v2.0
(MobiDrop, #S050200201) and the 3’ Single Index Kit
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(MobiDrop, #S050300201). The resulting libraries were
sequenced on an Illumina NovaSeq 6000 System.

The raw FASTQ files were de-multiplexed and mapped to
the mouse reference genome GRCm38/mm10 by Cell Ranger
(v.6.1.1) pipeline with default parameters to generate the
feature-barcode gene expression matrix. Cell filtering, data
normalization, and unsupervised analysis were carried out in R
package Seurat (v4.1.3) according to their recommended steps.
In brief, genes expressed in less than 3 cells, and cells with
<200 genes or >10% mitochondrial genes were filtered out.
Doublets were detected and removed using R package Dou-
bletFinder (v2.0.3). The Harmony R package (v0.1.1) was used
for batch correction to avoid the batch effect of sample iden-
tity, which might disrupt the downstream analysis. A subset of
11 significant principal components was selected using the
Seurat ElbowPlot and JackStrawPlot functions. Cell clustering
and UMAP visualization were performed using Seurat
FindClusters and RunUMAP functions. To identify specific
genes for each cell cluster, we applied the Seurat FindAll-
Markers function using the default parameters. The annota-
tions of cell identity on each cluster were defined by the
expression of known marker genes.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
7.0. Each measurement was repeated at least three times.
Comparisons between indicated groups were performed using
the Wilcoxon-Mann-Whitney test. p values < 0.05 were
considered statistically significant. *»p < 0.05, **p < 0.01,
***p < 0.001 and ns for p > 0.05.

Data availability

All data generated or analyzed during this study are
included in this published article and its additional files.

Supporting article  contains

information.
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