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Abstract
Background: Mutations in the CFTR gene cause cystic �brosis (CF) with myocardial dysfunction.
However, it remains unknown whether CF-related heart disease is a secondary effect of pulmonary
disease, or an intrinsic primary defect in the CF heart.

Results: Here, we used a zebra�sh model, which lacks lung tissue, to investigate the role of CFTR in
cardiogenesis during embryonic development. Our �ndings demonstrate that a loss of CFTR impairs
cardiac development from the cardiac progenitor stage of heart development, resulting in cardiac looping
defects, a dilated atrium, pericardial edema, and a decrease in heart rate. Furthermore, we found that
cardiac development is perturbed in wild type embryos treated with a gating specific Cftr channel
inhibitor, CFTRinh-172, at the blastula stage of development, but not with treatment at later stages. Gene
expression analysis of blastulas indicated that transcript levels, including mRNAs associated with
cardiovascular diseases, were signi�cantly altered in embryos derived from cftr mutants relative to
controls. To evaluate the role of CFTR in human heart failure, we performed a genetic association study
on individuals with dilated cardiomyopathy and found that CFTR containing I556V mutation, which
causes a channel defect, is associated with the disease. Similar to well-studied channel-defective CFTR
mutants, CFTR I556V mRNA failed to restore cardiac dysplasia in mutant embryos.

Conclusions: The present study reveals an important role for the CFTR ion channel in regulating cardiac
development during early embryogenesis, supporting the hypothesis that CF-related heart disease results
from an intrinsic primary defect in the CF heart.

1. Background
Mutations in cystic �brosis transmembrane conductance regulator (CFTR) have been shown to cause
cystic �brosis (CF) [1, 2], and the CF hallmark is electrolyte and �uid transport defect resulting in a
multitude of clinical manifestations [1, 2]. Defective ion channel function of CFTR due to the most
common mutation ΔF508 in the CFTR gene has been shown to underlie the pathogenesis of disease
conditions, such as CF related abnormal gonad function and infertility [3–5], CF-related diabetes [6],
obstructive lung disease [7, 8] and pancreas exocrine de�ciency [9].

The feature of CF is developmental organ failure induced by the progress of scarring and �brosis. The
Caucasian population is affected mainly as a fatal chronic autosomal recessive systemic disorder[10–
12]. Importantly, pathological, experimental, and clinical evidence reported by a number of clinical studies
and case reports in the past four decades indicates heart disease with myocardial dysfunction in CF,
which affects systolic and diastolic heart function and possibly starts from childhood[11]. Early
subclinical changes detected by transthoracic echocardiogram (TTE) and sensitive echocardiographic
modalities [13–15] have provided evidence of abnormal myocardial function in CF, leading to the
possibility of there being a CF-related cardiomyopathy [11, 15].
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Because zebra�sh genome sequence program has been completed and the high conservation of gene
function between zebra�sh and humans is uncovered, zebra�sh have become an attractive model for
studying the function of human disease-related gene variants. Especially, zebra�sh model can provide
novel mechanism insights into human cardiovascular disease [16].

The current dogma considers that heart dysfunction in CF is a secondary defect that results from the
initial pulmonary disease; however, the presence of CFTR in cardiac myocardia and its involvement in the
regulation of cardiomyocyte contraction has prompted a debate as to whether CF-associated heart
disease is caused by an intrinsic primary defect of the heart [17].

Here, we demonstrate that Cftr mutation leads to aberrant cardiac development, resulting in myocardial
dysplasia in zebra�sh embryos. Furthermore, we demonstrate that defects in CFTR are associated with
dilated cardiomyopathy, suggesting that CFTR plays an essential role in myocardial development and
function. Thus, our results provide support for the argument that CF-associated heart disease is likely to
be caused by an intrinsic, primary cardiac defect.

2. Results
2.1 cftr mutation leads to defects in cardiogenesis beginning at the stage where cardiac progenitor cells
emerge

To determine whether CFTR plays an important role in cardiac development during zebra�sh
embryogenesis, we �rst performed morphological phenotypic analysis on two existing cftr mutant
zebra�sh lines, cftrscu101 [18] (http://z�n.org/action/feature/view/ZDB-ALT-181127-1) and cftrscu102 [19]
(http://z�n.org/action/feature/view/ZDB-ALT-190307-1). cftrscu101 carried a 9-bp deletion, which was
predicted to delete the start codon of Cftr; cftrscu102 carried a 2-bp deletion in Exon 6, causing frameshifts
leading to premature stop codons at 219 AA. This revealed that embryos from the two cftr mutant lines
similarly develop pericardial edema by 60 hpf (Fig. 1A), accompanied by a lower heart rate (Fig. 1B) and a
dramatic reduction in systolic function (Fig. 1C) as measured by ventricular fractional shortening
(cftrscu102data not shown).

The cftrscu101 mutant line was used for the following analyses. To further determine the effect of cftr
mutation on heart development, we investigated the expression levels of several common cardiac
markers by ISH in cftrscu101 embryos. At the 8-somite stage (13 hpf), when cardiogenic differentiation is
initiated, the expression of the cardiac mesoderm marker nkx2.5 was dramatically affected (Fig. 1D).
Staining for the two populations of nkx2.5+ cardiac precursors, which lie adjacent to the midline, was not
only reduced in intensity (Fig. 1E), but their distance from one another was also increased (Fig. 1F). These
data suggest that the speci�cation and migration of cardiac mesoderm is greatly impaired in cftr
mutants.
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To further investigate the effect of cftr mutation on cardiac morphogenesis in zebra�sh, cardiomyocyte
marker myl7 (formerly indicated as cmlc2) expression was examined by ISH. In WT embryos, the heart
tube had formed at 24 hpf, that is, cardiac progenitors were speci�ed correctly and extended from the
midline to the region under the left eye to form the linear heart tube. However, consistent with a previously
described role for cftr in the establishment of embryonic laterality [20], cftrscu101 had heart tubes located
at the midline and to the right, resulting in the formation of a defective heart tube by 48 hpf (Fig. 1G).
Because of the variation existence of defective heart phenotype among larvae, the angle between the
longitudinal axes of the ventricle and atrium was measured to demonstrate the looping defect. Results
indicated that the statistical looping angle (average 3°) of cftrscu101 was decreased signi�cantly when
compared to WT embryos (average 21°) (Fig. 1H). Furthermore, cftrscu101 embryos also showed markedly
dilated atria (Fig. 1I).

We also assessed the expression of the atrioventricular boundary marker genes bmp4 (Fig. 1J and K) and
has2 (Fig. 1L and M) in the cftr mutants, and found that the expression of these two marker genes was
also dramatically weakened in cftrscu101 embryos. Taken together, these results suggest that cftr plays an
essential role in early heart morphogenesis, particularly at the stage of cardiogenic differentiation.

2.2 The blastula stage is the key temporal window of cftr function on cardiogenesis

To further characterize the role of cftr ion channel function during cardiogenesis, we investigated the
effect of the CFTR inhibitor CFTRinh-172 on WT embryos at different time points. CFTRinh-172 is a
potent and speci�c inhibitor of the CFTR channel that was identi�ed by high-throughput screening [21,
22]. During the blastula stage (5 hpf), cardiac progenitor cells are located bilaterally in the lateral
marginal zone [16]. We �rst treated WT embryos at 3–5 hpf with 10 µm CFTRinh-172, a dose widely used
to inhibit cftr ion channel activity [23]. Interestingly, the embryos treated by CFTRinh-172 at this time point
showed cardiac dysplasia similar to cftrscu101 (Fig. 2A-H).

Next, we treated WT embryos at the gastrula stage, when cardiac progenitor cells move dorsally towards
the mid-line before migrating to the anterior lateral plate mesoderm (ALPM) [16]. However, expression and
localization of the cardiac marker nkx2.5 did not show signi�cant abnormality when embryos were
treated at either the early (treatment at 6–8 hpf) and late (treatment at 8–10 hpf) gastrula stages
(Supplemental Fig. 1A-F). In brief, these results indicate that the blastula stage is the stage at which cftr
affects cardiogenesis.

2.3 RNA-seq analysis reveals signi�cant changes in the expression levels of factors essential for
cardiogenesis in cftrscu101 embryos at the blastula stage

To uncover the molecular mechanisms of cftr regulation during cardiogenesis, and to quantify the
dynamic changes across the entire transcriptome, we performed RNA-seq analysis in WT and cftr mutant
zebra�sh embryos at the blastula stage (5 hpf). Results showed that cftr mutants differentially expressed
1334 transcripts (412 up-regulated and 922 down-regulated) (Supplemental Table 1). To characterize the
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function of these altered mRNAs, KEGG pathway-based classi�cation analysis on the ontology of cellular
processes, environmental information processing, genetic information processing, human diseases,
metabolism, and organismal systems was performed, and revealed a widely different distribution in
cftrscu101 mutant embryos compared to WT (Fig. 3A and Supplemental Table 2).

Of note, human disease-based enrichment results found that transcripts for genes involved in
cardiovascular diseases, including dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy
(HCM) (Fig. 3B and C, Supplemental Tables 3 and 4), were signi�cantly affected in cftrscu101 mutants.
Then, we selected 10 representative genes with signi�cant expression change for further identi�cation,
quantitative PCR results showed that all detected genes demonstrated similar expression pattern in
embryos (Fig. 3D). In conclusion, gene expression analysis comparing WT and cftr mutant embryos
indicated that cftr de�ciency induces signi�cant changes in transcript levels, resulting in the altered
expression of many mRNAs critical to cardiovascular diseases.
2.4 CFTR I556V mutation in human dilated cardiomyopathy

Due to the severe cardiomyopathy and alteration of cardiovascular disease-related mRNAs resulting from
the loss of cftr in zebra�sh, as well as to provide more convincing evidence for the role of CFTR in
myocardial development, we considered that whether CFTR was associated with human heart trouble. So,
the potential involvement of CFTR in a Chinese population of dilated cardiomyopathy was evaluated.

Fortunately, we enrolled 1 propositus (see Supplemental Table 5 for clinical information and
Supplemental Fig. 2 for sequencing data) with family history of diagnosed idiopathic dilated
cardiomyopathy for CFTR mutation screening by whole-exome sequencing. Interestingly, we identi�ed a
heterozygous missense mutation (A→G at position 1666, resulting in the amino acid change I556V) in
this propositus. Furthermore, this CFTR I556V mutation was not identi�ed in over
gender/age/geography/ethnicity matched 600 healthy controls, demonstrating a highly signi�cant
association between the CFTR mutation and dilated cardiomyopathy through exact Fisher’s test analysis
(P < 0.001).
2.5 CFTR I556V mutation fails to rescue the cardiac dysplasia in zebra�sh cftr mutant model

The CFTR I556V mutation was initially reported in a French male who presented with asthma-like
bronchopathy and chronic diarrhea [24, 25]. I556V and a second mutation, F508del, are the most
common types of CFTR mutations in Chinese patients with CF and congenital bilateral absence of the
vas deferens (CBAVD) [26, 27]. Importantly, compared with WT, open probability (Po) of Cl− channel
function was signi�cantly reduced in the presence of I556V (by 34%) [28]. However, the association of the
CFTR I556V mutation with cardiac development and dilated cardiomyopathy has not yet been
investigated.

To investigate the function of CFTR I556V mutation in the heart, we sought to restore the cardiac
dysplasia in cftr mutants by by injecting human CFTR I556V mRNAs into mutant embryos. CFTR wild-
type or channel-defective human CFTR (∆F508 and G551D) mRNAs were injected in parallel for
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comparison. The CFTR ΔF508 mutation results in protein misfolding and subsequent protein retention in
the endoplasmic reticulum (ER), with a negligible amount of mutant CFTR reaching the plasma
membrane, leading to impaired ion channel function [29], while CFTR G551D is a well-known mutation
causing gating defect in CFTR channel function [30, 31].

As with the channel-defective ΔF508 and G551D mutants, CFTR I556V failed to restore the cardiac
dysplasia in cftr mutants, as evidenced by altered nkx2.5 expression at 13 hpf (Fig. 4A-C), myl7
expression at 48 hpf (Fig. 5A-C), heart rate (Fig. 6A) and systolic function at 60 hpf (Fig. 6B). In contrast,
WT CFTR mRNA markedly restored the cardiogenesis in offspring embryos derived from the mutant line.
Interestingly, a ΔPDZ mutant, which lacks the protein interaction module but has intact channel function,
also rescued the cardiogenic defects. Taken together, these results, along with those demonstrating
impaired cardiogenesis in the presence of CFTRinh-172, indicate that cftr ion channel activity is essential
to cardiac development.

3. Discussion
Many reports have shown the association of the myocardium structural changes in CF[11]. Here, we used
a zebra�sh model without lung tissue to demonstrate that cftr de�ciency impairs cardiac development at
early embryonic stages, resulting in cardiac looping defects, a dilated atrium, pericardial edema, and a
decrease in heart rate. Especially, we �nd a small number but signi�cant altered expression of genes
associated with cardiac dysfunction are enriched in cftr mutant embryos revealed by RNA-seq analysis,
giving the link between embryonic cardiac de�ciency caused by cftr mutant and cardiac defects in
individuals with CF and supporting the argument that the CF-related heart disease is an intrinsic primary
defect in the CF heart.

Dilated cardiomyopathy (DCM) is a primary cardiomyopathy characterized by unilateral or bilateral
cardiac expansion, myocardial contractile dysfunction, and thinning of the ventricular wall. Previous
studies have suggested that DCM is caused by multiple factors such as genetics, autoimmune
abnormalities, viral infections, poisons, or drugs. However, with the development of molecular genetics
and whole-genome linkage analysis techniques, recent studies have found that more than 40% of DCM
patients have a familial genetic predisposition [32]. Familial dilated cardiomyopathy can be diagnosed in
a patient if two or more immediate family members have DCM, or if sudden cardiac death occurs in a
young person. The most important genetic model of DCM is autosomal dominant inheritance.

The electrical activity of cardiomyocytes depends on the normal function of various ion channels.
Sodium is an important ion current in cardiomyocytes, as it mediates the rapid ascending phase of the
action potential of cardiomyocytes, and determines the excitatory conduction of these cells. CFTR
regulates chloride transport while also regulating sodium transport. The activity of the epithelial sodium
channel (ENaC) is dependent on CFTR and increases with increasing CFTR activity. Electrophysiological
experiments have been used to demonstrate synergy between the two ion channels, and increased
chloride transport by CFTR activation also enhances the ability of sodium ions to pass through the ENaC.
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Furthermore, studies have found that ENaC activation requires the involvement of intact CFTR, and its
expression is dependent on the help of CFTR. Thus, CFTR de�ciency also leads to epithelial sodium ion
abnormalities [33].

CFTR is well known as a phosphorylation-dependent chloride channel, and in addition to the apical
membranes widely present in various epithelial cells, such as the respiratory tract and the intestine, CFTR
expression has also been observed in the myocardium. Recordings of cardiomyocytes taken at the whole
cell level have shown that chloride current activation by cyclic adenosine monophosphate-PKA (ICl.PKA),
PKC (ICl.PKC), and by purinergic receptors (extracellular triphosphate adenine ATP; ICl.ATP) is mediated by
CFTR[34, 35]. In CFTR knockout (KO) mouse model, cardiomyocytes with disrupted CFTR function require
CaMKII and Ca2+-activated Cl− channel activity to maintain contraction rate[36]. In a mouse model of CF
(ΔF508), CFTR mutation leads to left ventricular (LV) remodeling with alteration of cardiac and aortic
functions in the absence of lung disease[37]. In this study, we indeed found that the CFTR I556V mutation
was associated with impaired channel function in a propositus with family history of dilated
cardiomyopathy, providing further evidence for the between CFTR and heart disease.

4. Conclusions
We used a zebra�sh model, which lacks lung tissue, to demonstrate that a loss of CFTR impairs cardiac
development from the cardiac progenitor stage of heart development, resulting in cardiac looping defects,
a dilated atrium, pericardial edema, and a decrease in heart rate. Gene expression analysis of blastulas
indicated that transcript levels, including mRNAs associated with cardiovascular diseases, were
signi�cantly altered in embryos derived from cftr mutants relative to controls. Furthermore, we found that
CFTR containing I556V mutation, which causes a channel defect, is associated with dilated
cardiomyopathy by a genetic association study, and CFTR I556V mRNA failed to restore cardiac
dysplasia in mutant embryos. The present study reveals an important role for the CFTR ion channel in
regulating cardiac development during early embryogenesis, supporting the hypothesis that CF-related
heart disease results from an intrinsic primary defect in the CF heart.

5. Methods
5.1 Zebra�sh care

All experiments in this study were conducted in accordance with the “Guide for the Care and Use of
Laboratory Animals” (Eighth Edition, 2011. ILARCLS, National Research Council, Washington, D.C.) and
were approved by the Animal Care and Use Committee of West China Second University Hospital,
Sichuan University (Approval ID: HXDEYY20131021). The standard care of zebra�sh followed the
guidelines from China Zebra�sh Resource Center (http://www.z�sh.cn/) and THE ZEBRAFISH BOOK
(https://z�n.org/zf_info/zfbook/zfbk.html). In the laboratory, as zebra�sh older than 18 months begin to
age, their spawning is reduced, their immunity is reduced, they are susceptible to bacteria, or they can
grow tumors, which can be euthanized in time dealing with humane endpoints and pain management.
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The euthanasia method of zebra�sh was rapid cooling performed as previously described[38, 39] and
approved by IACUC (Institutional Animal Care and Use Committee). Brie�y, place the �sh in a small
volume of water in a container of adequate size, and �sh must not come into direct contact with ice; add
four times the volume of ice on top of water; monitor water temperature with a thermometer; keep �sh in
chilled water until 20 minutes after orientation loss and operculum movement cessation; remove �sh and
store in freezer until appropriate carcass disposal. Our research study also covers the 3Rs (re�nement,
replacement, and reduction).

5.2 Zebra�sh embryo manipulation, in situ hybridization, In vitro synthesis of RNA, microinjection,
fractional shortening and cardiac looping angle measurement

Wild type (WT) zebra�sh embryos from the AB strain were used, while cftr mutant zebra�sh lines
cftrscu101and cftrscu102 were previously established and maintained in the lab[18, 19]. Embryos
manipulation, whole-mount in situ hybridization (ISH), in vitro synthesis of RNA, microinjection (injection
dose was ~ 50 pg mRNA per embryo) and statistics were carried out as previously described[18, 19].
Fractional shortening of the ventricles and heart rate was calculated using software from the Noldus
company (https://www.noldus.com/). Measurement for cardiac looping angle at 48hpf was done as
Xiyang Peng et al (2016)[40] and Priya Choudhry et al (2013)[41] described.
5.3 Analysis of the transcriptome

We screen and breed homozygous cftr mutant adult �sh in our lab, and the cftrscu101 embryos were
generated from the homozygous cftr mutant adult parents. We collected part of cftrscu101 embryos for
genotyping, and the rest of 100 embryos were sent to RNA extraction and RNA seq experiments. Embryos
were collected from WT and cftr mutant lines and sent to Chengdu Life Baseline Technology Co., LTD for
transcriptomic analysis by RNA-seq as previously described[42].
5.4 Reagents and constructs

CFTRinh-172 (Catalog No. S7139) was from Selleck and diluted in DMSO. At the beginning of the
blastula stage (3 hours post fertilization (hpf)) or beginning of the gastrula stage (6 hpf) or
midgastrulation stage (8 hpf), embryos (30 embryos in a well of 6-well plate with 3 ml culture water) were
treated with CFTRinh-172 for 2 hours and then subjected to whole-mount ISH. All the treatment and ISH
assay was performed with three independent biological replicates. WT CFTR plasmid was previously
generated and maintained in the lab[19], while ∆F508, G551D, and I556V mutant plasmids were
constructed using the KOD-Plus-Mutagenesis Kit (TOYOBO).
5.5 Gray scale measurement.

Whole-mount ISH images were taken under same magni�cation and exposure settings by Nikon
SMZ1270 microscopy and standardized them with same software setting. Signal strength gray scale of
whole-mount ISH images was measured by ImageJ software.
5.6 Quantitative real time RT–PCR (qPCR) analysis and statistics.
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Quantitative real time RT–PCR and related statistics were performed as previously described[18]. The
primers used to detect cacna2d2a were “GTCCAGTACGGATCAGACTTC” and
“TGTTTGGAGTCCGGTGTGAC”; atp2a2a were “CACTGACACATAGTTCTTTTGGGG” and
“TCTGCAGGCAACTCGTTAGG”; hip1ra were “CGCGCTCGTGTTGATTATTGA” and
“TCGCAGGAGATTTGCCATGT”; CT990561.2 were “CAAGAACAAATGGCTGTCGG” and
“CGCAGTATGACGCTGTGGAA”; itgbl1 were “ATGCCAGGTCACAGAACCAG” and
“TTTGCTGGAGAGCGAACACT”; itga10 were “CAGTTGACTGAGGCAGACGA” and
“ACCGCTCTCACACTCAAGAAA”; si:ch211-211k8.4 were “ATCATCACAGACCGACATCCTC” and
“CATTTACGCAACTTCTCACAACC”; tpm4b were “GAAGCGGATCCAGATTTGCG” and
“ATCTCCTTCAGCTTTCTCGC”; itgb1b.1 were “AGACCTGCATATAGGTTTTGGT” and
“TGTCTGTCAAGCTCAGGACG”; mamdc2b were “AGAACAGAGCCGTCGTTTGAT” and
“AGACCCTGCTCCTGTGGTAT”; FO904953.1(smyhc2) were “AGGCCAATTCTAACCTGGGC” and
“CTTCGTCAGCCCCCTTCTTG”; β-actin (housekeeping gene) were “ATGAGTCTGGCCCATCCATC” and
“CCTTTGCCAGTTTCCGCATC”.

Abbreviations
CF: Cystic �brosis; CFTR: Cystic �brosis transmembrane conductance regulator; ABC: ATP-binding
cassette; TTE: transthoracic echocardiogram; WT: Wild type; ISH: in situ hybridization; FRKM: per million
mapped reads; SD: standard deviation; CBAVD: congenital bilateral absence of the vas deferens; Po: open
probability; ER: endoplasmic reticulum; DCM: Dilated cardiomyopathy; ENaC: epithelial sodium channel;
KO: knockout; LV: left ventricular
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Figure 1

cftr mutation induces cardiac dysplasia in the early zebra�sh embryo. (A) Lateral views of live zebra�sh
embryos at 60 hpf. Arrows indicate the pericardium. Heart rate (B) and quanti�cation of ventricular
fractional shortening (FS) (C) are represented in the scatter diagram. (D) The expression pattern of nkx2.5
at 13 hpf is signi�cantly affected in cftr mutant embryos. Embryo orientations: dorsal view with anterior
oriented at the top. Arrows indicate normal nkx2.5 expression; arrowheads demonstrate the aberrant
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strength and position of nkx2.5 expression in the cftr mutant; double-ended arrows indicate the distance
between the two populations expressing nkx2.5. Relative expression of nkx2.5 (E) and relative distance of
nkx2.5 lateral signal (F) are represented in the scatter diagram. (G) Heart morphology (marked by the pan-
cardiomyocyte marker myl7) at 48 hpf was impaired signi�cantly in cftr mutants. Embryo orientation:
ventral view with the anterior at the top. Arrows point to the atrium; red lines demonstrate the acute angle
formed between the atrial and ventricular axes. Looping angle (H) and area ratio of atrium/ventricle (I)
are represented in the scatter diagram. The expression of bmp4 (J and K) and has2 (L and M) is
dramatically reduced in cftr mutant embryos at 48 hpf. Embryo orientation: ventral views with the anterior
at the top. Arrows point to the signal generated by detected marker genes.
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Figure 2

Treatment with the CFTR inhibitor CFTR_inh172 at the blastula stage leads to cardiac dysplasia in early
zebra�sh embryos. (A-C) The expression pattern of nkx2.5 at 13 hpf is signi�cantly affected. Embryo
orientations: dorsal view with anterior oriented at the top. Arrows indicate normal nkx2.5 expression;
arrowheads demonstrate the aberrant strength and position of nkx2.5 expression in the cftr mutant;
double-ended arrows indicate the distance between the two populations expressing nkx2.5. (D and E)
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Heart morphology (marked by the pan-cardiomyocyte marker myl7) at 24 hpf was altered signi�cantly.
Embryo orientation: ventral view with the anterior at the top. Red lines demonstrate the acute angle
formed between the head midline and heart tube. (F-H) Heart morphology (marked by myl7) at 48 hpf
was impaired signi�cantly. Embryo orientation: ventral view with the anterior at the top. Arrows point to
the atrium; red lines demonstrate the acute angle formed between the atrial and ventricular axes.

Figure 3
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Mutation of cftr induces signi�cant alterations in transcription in blastula-stage embryos. (A) KEGG
pathway classi�cation analysis of transcriptomic data. KEGG analysis for dilated cardiomyopathy (DCM)
(B) and hypertrophic cardiomyopathy (HCM) (C) gene sets using upregulated or downregulated genes
comparing cftr mutant embryos with WT. (D) Key molecules of DCM and HCM affected by cftr mutant
were veri�ed by real-time PCR in embryos. The data represent the mean ± SD from three experiments. *P <
0.05, **P < 0.01 vs WT.

Figure 4
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CFTR I556V mutants fail to rescue nkx2.5-expressing cardiac progenitor cells at the 8-somite stage (13
hpf) of embryogenesis. (A) Embryo orientations: dorsal view with anterior at the top. Arrows point to the
normal nkx2.5 signal; arrowheads demonstrate the aberrant strength and position of nkx2.5 expression
induced by cftr mutants; double-ended arrows indicate the distance between the two nkx2.5+ progenitor
populations. Relative expression of nkx2.5 (B) and relative distance of nkx2.5 lateral signal (C) are
represented in the scatter diagram.

Figure 5
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CFTR I556V fail to rescue heart morphology marked by myl7 expression 48 hpf during embryogenesis.
(A) Embryo orientations: ventral views with the anterior at the top. Arrows point to the atrium; red lines
indicate the acute angle formed between the atrial and ventricular axes. Looping angle (B) and area ratio
of atrium/ventricle (C) are represented in the scatter diagram.

Figure 6



Page 22/22

CFTR I556V fail to rescue heart function at 60 hpf during embryogenesis. Heart rate (A) and
quanti�cation of ventricular fractional shortening (FS) (B) are represented in the scatter diagram.
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