Cellular and Molecular Life Sciences (2023) 80:19

https://doi.org/10.1007/500018-022-04669-5 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

Functional screening of congenital heart disease risk loci identifies 5
genes essential for heart development in zebrafish

Jianlong Ma' - Yayun Gu?3 . Juanjuan Liu** - Jingmei Song’ - Tao Zhou®* - Min Jiang®>* - Yang Wen?3 .
Xuejiang Guo?* - Zuomin Zhou?* - Jiahao Sha** - Jianbo He' - Zhibin Hu**> . Lingfei Luo' - Mingxi Liu®

Received: 2 July 2022 / Revised: 9 December 2022 / Accepted: 10 December 2022 / Published online: 27 December 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Congenital heart disease (CHD) is the most common birth defect worldwide and a main cause of perinatal and infant mortal-
ity. Our previous genome-wide association study identified 53 SNPs that associated with CHD in the Han Chinese popula-
tion. Here, we performed functional screening of 27 orthologous genes in zebrafish using injection of antisense morpholino
oligos. From this screen, 5 genes were identified as essential for heart development, including iggap2, ptprt, ptpn22, thck
and maml3. Presumptive roles of the novel CHD-related genes include heart chamber formation (iggap2 and ptprt) and
atrioventricular canal formation (ptpn22 and tbck). While deficiency of mami3 led to defective cardiac trabeculation and
consequent heart failure in zebrafish embryos. Furthermore, we found that maml3 mutants showed decreased cardiomyo-
cyte proliferation which caused a reduction in cardiac trabeculae due to inhibition of Notch signaling. Together, our study
identifies 5 novel CHD-related genes that are essential for heart development in zebrafish and first demonstrates that maml3
is required for Notch signaling in vivo.
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Introduction
Jianlong Ma, Yayun Gu, Juanjuan Liu and Jingmei Song contributed

equally to this work. Congenital heart disease (CHD) is the most common birth
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50 Mingxi Liu on the population, methods of diagnosis, and severity of
mingxi.liu@njmu.edu.cn the disease [1, 2]. Epidemiological and population-based

studies suggest that approximately 20-30% of CHD occurs
in the context of syndromes that encompass non-cardiac
manifestations, such as Holt-Oram syndrome, DiGeorge
syndrome and Noonan syndrome, and for many of these,
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rial inheritance model, suggesting that malformations result
from multiple susceptibility genes with low-penetrance

Institute of Developmental Biology and Regenerative
Medicine, Southwest University, Chongqing 400715, China

State Key Laboratory of Reproductive Medicine, Nanjing
Medical University, Nanjing 211100, China

Department of Histology and Embryology, Nanjing Medical
University, Nanjing 211100, China

Key Laboratory of Targeted Intervention of Cardiovascular
Disease, Collaborative Innovation Center for Cardiovascular

Disease Translational Medicine, Nanjing Medical University, mutations or intermediate-penetrance mutations in combi-
Nanjing 211100, China nation with adverse environmental factors [6, 7]. In recent
6 State Key Laboratory of Reproductive Medicine, The years, several genes have been implicated in monogenic
Affiliated Taizhou People’s Hospital of Nanjing Medical forms of non-syndromic CHD, including TBX5 and TBX1
University, Taizhou School of Clinical Medicine, Nanjing [8]. To identify more common genetic variants associated

Medical University, Nanjing 211100, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04669-5&domain=pdf
http://orcid.org/0000-0001-6499-7899

19 Page2of 14

J.Maetal

with sporadic non-syndromic CHD in Han Chinese popula-
tions, we performed a multistage genome-wide association
study (GWAS) previously [9] and identified 53 SNPs that
were associated with CHD. We then identified candidate
genes located within 200 kb of these SNPs and ascertained
their potential function in CHD by a functional screen of
orthologous genes in the zebrafish (Danio rerio) model. The
zebrafish represents a well-studied model organism in bio-
medical research because of its rapid development, the large
number of eggs produced by a single cross, and the ease of
genetic manipulation [10-12]. Additionally, the optical clar-
ity of zebrafish embryos allows for real-time in vivo obser-
vation of physiological or pathological events that occur
during organ development, rendering zebrafish an optimal
vertebrate model system for studying cardiovascular devel-
opment and homeostasis [13, 14]. The zebrafish has a rela-
tively simple cardiac and vascular system, and the molecular
mechanisms underlying vessel formation and morphogenesis
are very similar to those of higher vertebrates. In particular,
the early stages of zebrafish and human heart development
exhibit a remarkable degree of anatomical and functional
conservation [15, 16].

Here, we used antisense morpholino oligos (MO)
designed against small (~25 bp) regions of mRNA to knock
down the genes associated with susceptibility loci identi-
fied from CHD GWAS during cardiovascular development.
After two rounds of functional screening, we identified 5
novel CHD-related genes that were essential for heart devel-
opment in zebrafish, including iggap?2, ptprt, ptpn22, tbck,
and maml3. Furthermore, we found deficiency of maml3
led to abnormal heart morphology and heart failure due to
inhibition of Notch signaling. Together, our study identi-
fied 5 novel CHD-related genes in regulating zebrafish heart
development and demonstrated that maml3 is required for
Notch signaling in vivo. In addition, our results indicated
that functional analyses in model systems can effectively
translate GWAS findings into relevant biological information
in an objective and unbiased manner.

Results

Identification of candidate human CHD
susceptibility genes and functional screening
of orthologous genes in zebrafish

In our previous GWAS screen involving 4225 CHD cases
and 5112 non-CHD controls [9], we identified 53 SNPs
that were associated with CHD (P < 1x107™%). After 2
rounds of validation with 2160 cases and 3866 controls,
we found strong evidence of genome-wide significance
(P <5x107%) for CHD susceptibility for 2 SNPs, rs2474937
at 1pl2 (P=8.44x107'% and rs1531070 at 4q31.1
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(P=4.99x 10_12). The other SNPs did not reach genome-
wide significance (P <5x 107%) by multiple validation
analysis; however, they may still mark surrounding genes
essential for heart development that confer a risk for CHD.
Using Drosophila as a model, we have previously shown
that functional screening of genes surrounding SNPs that did
not reach genome-wide significance can effectively identify
disease-related genes and thereby control for false negatives
in multiple-stage population data from GWAS [17]. Using
a similar strategy, we evaluated genomic regions flanking
these potential CHD susceptibility loci (Fig. S1). Outcomes
from a recent study revealed that the majority (93%) of dis-
ease- and trait-associated SNPs identified by GWAS are
located within noncoding sequences [18]. Approximately
32% of GWAS SNPs are located in regulatory DNA marked
by deoxyribonuclease I hypersensitive sites (DHSs); these
regulator regions may affect genes within 100 kb [18]. We
therefore included genes within 200 kb of each SNP and
classified these as Class I if the respective SNP was located
within the gene body and as Class II if the gene represented
an adjacent gene located within 200 kb upstream or down-
stream of the respective SNP. In total, we identified 56
candidate genes in the human genome that were associated
with the 53 SNPs (Table S1 in Supporting Information).
We next identified the corresponding zebrafish orthologues
using the Ensembl and ZFIN databases and only considered
genes with at least 20% sequence identity and of homol-
ogy type ‘orthologue-one to one.” We found 28 orthologous
zebrafish genes corresponding to an equal number of human
genes (Table S1 in Supporting Information). One ortholo-
gous zebrafish gene, tshz2, which corresponded to three
human genes and three candidate SNPs, was excluded from
the functional analysis because antisense morpholino oligos
(MO) could not be designed. The remaining 27 genes were
included in the next functional study (Fig. S1).

In vivo functional analysis in zebrafish identifies
genes essential for heart development

To investigate the function of the 27 zebrafish orthologues
during heart development, we conducted an in vivo car-
diac development screen using a transgenic zebrafish line
Tg(myl7:GFP) expressing enhanced green fluorescent pro-
tein (GFP) under the control of the cardiac myosin light
chain 2 promoter [19]. In this strain, GFP is exclusively
expressed in cardiomyocytes such that cardiac development
and abnormalities can be clearly visualized during embry-
onic development. After injection of translation-blocking
MO designed against the transcripts of each of the candidate
genes (Table S2 in Supporting Information) into 1- to 2-cell
stage zebrafish embryos, we assessed the viability and car-
diac morphology of embryos at 48 h post-fertilization (hpf)
(Fig. S2), when key aspects of heart development including
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cardiac chamber and atrioventricular canal (AVC) formation
and looping are apparent [20]. For the vast majority (26/27)
of candidate genes, knockdown was not associated with a
reduction in embryo viability below 50%. Serp2 morphants
exhibited malformation of the whole embryo and less than
50% of embryos were viable, suggesting that this gene plays
an essential role during development. Serp2 was therefore
excluded as a candidate CHD susceptibility gene (Fig. S2A).
Of the remaining 26 morphants, 7 (29.17%) exhibited a car-
diac phenotype with a significantly increased rate of car-
diac abnormalities in embryos versus controls (Fig. S2B).
The 7 novel genes associated with cardiac defects after
MO-mediated knockdown were iggap2, ptprt, tbck, ptpn22,
grm4, slc24a3, and mami3 (Fig. S3). Among them, 82.80%
(207/250) of iggap2 morphants and 71.40% (200/280) ptprt
morphants exhibited a smaller ventricle (Fig. S3B, C);
knockdown of thck, ptpn22 and grm4 caused an extended
AVC and heart looping defects (Fig. S3D-F); these defects
were present in 82.31% (228/277), 85.32% (279/327) and
76.77% (195/254), respectively; While 74.31% (188/253) of
slc24a3 morphants and 73.95% (159/215) maml3 morphants
showed heart looping disorders (Fig. S3G, H). In general
appearance, iggap2 and maml3 morphants displayed nor-
mal morphology except slight pericardial edema in iggap2
morphants (Fig. S3B’, H’); knockdown of ptprt and ptpn22
exhibited a smaller head, smaller eyes, unabsorbed yolk,
and an edematous hindbrain, while ptpn22 morphants also

Fig.1 Cardiac defects induced

showed pericardial edema and curved tail (Fig. S3C’, E');
tbck, grm4, and slc24a3 morphants had a smaller head,
unabsorbed yolk and pericardial edema (Fig. S3D’, F', G").

To exclude the possible off-target effects, splice blocking
MOs were designed to verify these phenotypes as second
round of validation (Table S2 in Supporting Information)
and the effectiveness of these MOs in affecting their target
transcripts was confirmed by RT-PCR or sequencing (Fig.
S4). Embryos injected with splice blocking MOs of iggap?2,
ptprt, thck and ptpn22 exhibited similar phenotypes to trans-
lation-blocking morphants, confirming an important role of
these 4 genes in zebrafish heart development (Fig. 1A-E).
While, even the splice blocking morphants of maml3 pre-
sented a similar phenotype, the defects of heart looping
were relatively slight and these defects were just present in
55.73% (107/192) (Fig. 1F). However, the phenotypes of
slc24a3 and grm4 splice blocking morphants were not repro-
ducible, thus we excluded them from further analysis. In
summary, we identified 5 genes that had important roles in
heart development via a medium-throughput genetic screen
based on antisense MOs in zebrafish.

Knockdown of iggap2 and ptprt causes cardiac
chamber defects in developing zebrafish embryos

Similar to translation-blocking morphants, 82.69%
(215/260) of iggap2 splice-blocking morphants exhibited

Tg(myl7:GFP)

by knockdown of splice-
blocking MO of iggap2, ptprt,
tbck, ptpn22, and mamli3. A-F
Representative heart images of
control and morphant embryos.
Ventral view, anterior to the

top. Scale bars: 50 pm. A’-F’
Representative bright-field
images of whole embryos. Scale
bars: 500 pm
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a smaller ventricle and/or an enlarged, balloon-like atrium
and mild pericardial edema (Fig. 1B, B’). Double FISH for
ventricular and atrial myosin heavy chain (vimhc and amhc),
markers of ventricular and atrial cardiomyocytes, respec-
tively, confirmed this phenotype (Fig. S5A).

Knockdown of ptprt with splice-blocking MO was associ-
ated with smaller ventricle size, whereas atrium size was not
affected. Morphants also had smaller heads and eyes, and
an edematous hindbrain (Fig. 1C, C’). These defects were
present in 83.56% (244/292) of ptprt morphant embryos at
48 hpf. Smaller ventricle size in p#prt morphants was also
confirmed by double FISH for vinhc and amhc (Fig. SSA).

The tbck and ptpn22 morphants exhibit an extended
AVC and heart looping defects

Consistent with translation-blocking morphants, knock-
down of tbck and ptpn22 by splice-blocking MO caused
an extended AVC accompanied with heart looping defects
(Fig. 1D, E), and these defects were present in 73.33%
(209/285), and 73.11% (223/305), respectively. In addition,
the tbck morphants exhibited smaller head and pericardial
edema (Fig. 1D’); And the ptpn22 morphants had a series of
severe morphological defects, including tail curling, hind-
brain edema, smaller head, smaller eyes, unabsorbed yolk,
and pericardial edema (Fig. 1E’). These results suggest that
tbck and ptpn22 play an important role in AVC formation.
To more clearly define the cardiac defects in these two
morphants, we examined the expression of the AVC myo-
cardial marker bmp4 and endocardial marker has2. Strik-
ingly, expression of bmp4 was upregulated and expanded
throughout the entire ventricle in both morphants, rather
than restricted to AVC region as observed in control MO-
injected embryos (Fig. S5B). Similarly, has2 was also
upregulated in these two morphants, with ectopic expres-
sion beyond the AVC. However, the cardiac chamber specific
markers vmhc and amhc appeared unaffected in both mor-
phants (Fig. S5B). Overall, we conclude that thck and ptpn22
do not affect cardiac cell fate specification and patterning,
but have an important role in the morphogenesis of the AVC.
To further verify the specificity of the phenotype exhib-
ited in morphants, phenotypic rescue experiments were
performed. Knockdown of iggap2 with iggap2 MO alone
caused a smaller ventricle phenotype in 71.3% (72/101) of
embryos (Fig. S6B); however, this cardiac chamber defects
decreased to 32.3% (31/96) when co-injected iggap2 MO
with full-length zebrafish iggap2 mRNA (Fig. S6B’). Simi-
larly, 65.1% (95/146) and 62.4% (103/165) of embryos
showed an extended AVC accompanied with heart looping
defects in tbck and ptpn22 MO-injected groups, respec-
tively (Fig. S6C, D). In contrast, such defects were cor-
rected in 34.6% (46/133) and 28.7% (29/101) of embryos
when co-injected with full-length tbck and ptpn22 mRNA,
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respectively (Fig. S6C’, D"). However, ptprt mRNA was not
able to rescue the cardiac chamber defects in ptprt mor-
phants. We speculate that this is caused by the fact that the
full-length mRNA of ptprt is incomplete in the current data-
base. Together, mRNA rescue experiments further verify the
specificity of the phenotype exhibited in iggap2, tbck, and
ptpn22 morphants.

Expression pattern of the 5 CHD-related genes
in the zebrafish heart

Based on previously reported data [21] and our whole-mount
in situ hybridization (WISH) results, with the exception of
iggap2, the other 4 novel CHD susceptibility genes were
not expressed clearly in the heart region at 24 hpf and 48
hpf (Fig. S7B, C). Besides, these 4 genes were also not
expressed in other tissues that may impact heart develop-
ment indirectly such as bilateral heart fields at 15-somite
(Fig. STA). We assume the expression of these genes was
too low to be detected by WISH, and we used the highly
sensitive absolute quantitative PCR to measure the abso-
lute copy number of these 5 CHD-related genes in heart
tissue. Besides, we also measure the absolute copy number
of myl7, ctsk, and cryaa which should have robust, low and
no expression in the heart, respectively. The expression level
of ctsk was lower than iggap2, but higher than mamli3, ptprt,
tbck, and ptpn22 (Fig. 2A). Besides, all the 5 CHD-related
genes were expressed much higher than cryaa, so we assume
they were indeed expressed in the heart and could not be
noise.

As for iggap?2, although it has been mentioned that weak
expression of this gene was observed in zebrafish heart,
the precise expression pattern of iggap?2 is not clear [21].
We next assessed the developmental specific expression of
iggap? in zebrafish by WISH and detected a low level of
iggap2 mRNA in the ventricular region at 36 hpf and 48 hpf
(Fig. 2B). FISH-antibody staining confirmed the expression
of iggap?2 in the ventricle at 36 hpf and 48 hpf (Fig. 2C).
Together, these data suggest that iggap2 is expressed in
ventricle during heart development, which strongly implies
that iggap?2 plays a significant role in zebrafish ventricular
development.

Regional association plots for 3 novel CHD
associated loci

Our experimental strategy combining GWAS data with
functional screening identified 5 novel CHD susceptibil-
ity genes, TBCK, PTPN22, IQGAP2, PTPRT, and MAML3
as essential for cardiac development. Figure S§A-C shows
regional risk association plots for the 3 SNPs in the vicinity
of TBCK, PTPN22, and IQGAP2, respectively. Regional risk
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Fig.2 Expression of iggap2,
ptprt, tbck, ptpn22 and mami3
in zebrafish heart. A Absolute
q-PCR analysis of the expres-
sion of myl7, ctsk, cryaa,

and the 5 CHD-related genes

in zebrafish heart at 24 hpf

and 48 hpf. Data represent
mean+ SEM. B. The expres-
sion of iggap2 was assessed in
zebrafish embryos at 36 hpf and
48 hpf by WISH. Dotted lines
outline the heart. Ventral view,
anterior to the top. Scale bars: N
50 pm. C FISH-antibody stain- ‘(\\) s
ing for iggap?2 in Tg(myl7:GFP) y
embryos at 36 hpf and 48 hpf
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association of rs1531070 with MAML3 and rs490514 with
PTPRT has been reported previously [9, 22].

The mami3-deficient zebrafish is generated
by CRISPR/Cas9 technology

As previously reported, non-syndromic CHD occurs just as
a heart defect without other organs anomaly. The mami3
morphants displayed nearly normal morphology in general
appearance (Fig. 1F’) that is consistent with non-syndromic
CHD. So we generated a maml3 mutant zebrafish line (mam-
134131y ysing CRISPR/Cas9 technology to further study the
biological function of maml3 in zebrafish heart development
(Fig. S9). As indel mutations may not completely disrupt the
function of target gene [23], we deleted part of exon 1 and
exon 2 of the mami3 gene by Co-injection of two gRNAs
together with Cas9 mRNA (Fig. S9A). PCR amplification of
genomic DNA isolated from the microinjected or the wild-
type embryos (Fig. S9B) and sequencing of the PCR prod-
ucts (Fig. S9C) indicated the genomic sequence between the
two target sites was deleted accurately.

The mami3 deficiency leads to abnormal heart
morphology, impaired cardiac function, and heart
failure

To better analyze the heart morphology in mami3 mutants,
we crossed the mami3°’3! line with the transgenic line
Tg(myl7:GFP) expressing GFP in cardiomyocytes as men-
tioned above and the heart defects were analyzed carefully.
About 60% of maml3 mutants presented with slight cardiac
looping defects compared with siblings at 2—-3 dpf, which

Cc

is similar to maml3 morphants (Fig. 3A). While the heart
looping defects of maml3 mutants became apparent at 4—5
dpf (Fig. 3A) and about 15% of maml3 mutants showed
collapsed chambers at 5 dpf (Fig. S10A). In the bright-
field view, maml3 mutant larvae displayed a significant
decrease in body length from 3 dpf compared with siblings
(Fig. 3B, D). Besides, nearly all the mutant larvae exhibited
smaller lens and most mutant larvae have no swim blad-
der (Fig. 3B). In addition, about half of the maml3 mutants
began to develop pericardial edema at 3 dpf (Fig. 3B), and
about 10% of maml3 mutants showed body edema and
decreased blood circulation at 5 dpf (Fig. S10B and Mov-
ies S1, S2). Then, we analyzed the heart rate of sibling and
maml3 mutant embryos from 2 to 5 dpf. At 2—4 dpf, heart
rate showed no significant difference between sibling and
maml3 mutant larvae (Fig. 3E). While, mami3 mutants dis-
played a significantly depressed heart rate at 5 dpf compared
with siblings, which indicated that maml3 mutant larvae
developed abnormal cardiac function at 5 dpf (Fig. 3E). In
addition, we examined the expression level of mami3 from
3 to 5 dpf by FISH-antibody staining and found that mami3
was lowly expressed in heart region at these stages (Fig. 3F).
This result implies that maml3 plays a role in zebrafish heart
development from 3 to 5 dpf.

It has been reported that heart failure in zebrafish
should include the following components: increased ven-
tricular size, impaired contractility indicated by blood
flow, increased edema, cardiac arrhythmias, and increased
expression of heart failure biomarkers [24]. As the mami3
mutants exhibited decreased blood circulation, pericardial
edema, and depressed heart rates (Fig. 3 and Fig. S10), we
suspect that the mutants developed heart failure. As we
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Fig.3 The mami3 mutants display abnormal heart morphology, car-
diac dysfunction, and heart failure. A Representative heart images of
siblings and mami3 mutants from 2 to 5 dpf. Ventral view, anterior
to the top. Scale bars: 50 pm. B Representative bright-field images
of sibling and mami3 mutant larvae from 2 to 5 dpf. Arrows, arrow-
heads, and asterisks indicate the lens, pericardium, and swim blad-
ders, respectively. Scale bars: 300 pm. C WISH analysis of nppa
and nppb of sibling and maml3 mutant embryos at 5 dpf. Ventral

know, natriuretic peptides A and B (nppa and nppb) are
well-known biomarkers of heart failure and are extensively
induced in ventricular during heart failure [24-26]. So,
we examined the expression of nppa and nppb and found

@ Springer

view, anterior to the top. Scale bars: 50 pm. D Mean body length
of sibling and mami3 mutant larvae from 2 to 5 dpf. Data represent
mean =+ SEM. ns, no significance; ****P <0.0001. Student’s 7 test. E
Comparison of the heart rate (beats per minute) in sibling and mami3
mutant embryos from 2 to 5 dpf. Data represent mean+SEM. ns, no
significance; ***P <(0.001. Student’s ¢ test. F FISH-antibody staining
for mami3 in Tg(myl7:GFP) embryos at 3 dpf, 4dpf, and 5 dpf. Ven-
tral view, anterior to the top. Scale bars: 50 pm

significantly increased expression of these two markers in
the ventricular region of some maml3 mutants compared
with siblings at 5 dpf (Fig. 3C), which further indicated
maml3 mutant embryos develop heart failure. Together,
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except normal ventricular size, maml3 mutants showed
all symptoms of heart failure. These data suggested that
maml3 plays an essential role in zebrafish heart develop-
ment and loss-of-function mutation in maml3 gene leads
to heart failure in zebrafish.

The mami3 mutants show defective trabeculation

Embryonic heart failure, which is a common cause of mor-
bidity and mortality in CHD, can be induced by abnormal
ventricular trabeculation [27-29]. Previous studies showed
that a reduction in trabeculation commonly leads to heart
failure and early embryonic lethality in both zebrafish and
mouse [30, 31]. So we detect whether the trabeculation
is perturbed in maml3 mutants. As cardiac trabeculae are
detectable around 3 dpf in zebrafish [30, 32], we observed
trabeculation from 3 to 5 dpf in mami3 mutants. Although
a radially arranged protrusion was readily discernible in
siblings at 3 dpf, there was less and/or short trabeculae in
about 30% of the maml3 mutants (Fig. 4A, B). In siblings,
trabeculae became more pronounced and complex at 4 dpf
and formed an elaborate network at 5 dpf (Fig. 4C, E). While

Sibling maml3”

3 dpf

4 dpf

5 dpf

Fig.4 Knockout of maml3 leads to a reduction in trabeculae in
zebrafish. A—F Representative ventricle images of siblings (A, C, E)
and maml3 mutants (B, D, F). White arrowheads indicate the trabecu-
lae of siblings and maml3 mutants. Ventral view, anterior to the top.
Scale bars: 50 pm. A’-F’ Surface rendering of the ventricles of sib-
lings (A’, C’, E’) and maml3 mutants (B’, D’, F’). Red arrows indi-
cate the trabecular ridges of siblings and mami3 mutants

about 20% of the maml3 mutants still showed poorly devel-
oped trabeculae carneae at 4-5 dpf (Fig. 4D, F). 3D surface
reconstructions of sibling and maml3 mutant ventricles from
3 to 5 dpf further confirmed the reduced trabecular complex-
ity in maml3 mutant hearts (Fig. 4A’—F"). Taken together, we
assume the phenotype of heart failure in mami3 mutants is
caused by a significant reduction in trabeculation.

Notch signaling is down-regulated in mami3
mutants

To explore the regulatory mechanism of the maml3 gene
involved in zebrafish heart development, we dissected
the hearts from siblings or mami3 mutants at 3 dpf in
Tg(myl7:GFP) background to perform RNA-Seq analysis.
Transcriptional profile analyses revealed down-regulation of
Notch signaling related gene in the mutant hearts (Fig. SA).
gPCR verified that the expression of Notch target genes
(heyl, hey2, and her6) significantly decreased in the maml3
mutants (Fig. 5B). These results were surprising, as previ-
ous study showed that Mami3-null mice exhibited no obvi-
ous abnormalities and unchanged mRNA levels of Notch
target genes [33]. To further confirm the change of Notch
signaling in zebrafish maml3 mutant, we crossed this mutant
line with the Notch reporter line Tg(Tpl:d2GFP) express-
ing a destabilized GFP upon Notch activation [34] and the
Tg(myl7:CFPNTR)‘?¥ line expressing CFP under the car-
diac myosin light chain 2 promoter. Then, Notch activity was
assessed in this double transgenic fish at 3 dpf and 5 dpf,
respectively. As previously reported [35], Notch-activated
Tp1:d2GFP was prominent in a subset of ventricular car-
diomyocytes and AV endocardial cells at 3 dpf while the
Tp1:d2GFP? signal gradually declined at 5 dpf in siblings
(Fig. 5C, arrows). These Tp1:d2GFP* cardiomyocytes in
the myocardial wall form clusters across the surface of the
ventricle in 3D images (Fig. 5C, arrows). However, mami3
mutant cardiomyocytes exhibited very weak Tpl:d2GFP*
signal in the ventricular cardiomyocytes at 3 or 5dpf
(Fig. 5C, arrowheads), while the Tpl:d2GFP™ signal had
no significant difference in AV region between siblings
and mutants (Fig. 5C, asterisks). These results indicate that
maml3 deficiency leads to a decrease in Notch signaling in
the ventricular cardiomyocytes, not the AV region. As Notch
activity in the ventricular zone is required for proper trabec-
ulae development [36, 37], we assume trabeculation defect
in the maml3 mutant is caused by decreased Notch signaling.

The mami3 mutants exhibit decreased
cardiomyocyte proliferation

As Notch signaling is essential for regulating cardio-
myocyte proliferation during ventricular trabeculation
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Fig.5 Notch signaling is down-regulated in maml3 mutant embryos.
A Heatmap represents the expression analysis of genes related with
Notch signaling pathway in siblings and mami3 mutant. Bar on the
right represents the abundances of expression; color shading from
blue to red indicates the expression abundances from low to high.
B gPCR of representative Notch target genes for cardiac tissue

in mouse [36], we assumed the reduction in trabeculae
in maml3 mutants caused by decreased ventricular car-
diomyocyte proliferation. To assess if cardiomyocyte
proliferation was impaired in maml3 mutants with defec-
tive trabeculae, we immunostained for proliferating cell
nuclear antigen (PCNA), a marker of cell proliferation and
expressed in the nuclei of cells during the DNA synthesis
phase of the cell cycle. The maml3 mutant cardiomyocytes
displayed a significantly reduced level of cell proliferation
compared with siblings at 3 dpf (Fig. 6A, B), and car-
diomyocyte proliferation was further reduced at 4 dpf. In
addition, maml3 mutant larvae also showed a decrease in
proliferative ventricular cells using another cell prolifera-
tion marker pH3 at 3 dpf(a marker of M phase) (Fig. 6C,
D). Similarly, cardiomyocyte proliferation was more sig-
nificantly suppressed at 4 dpf. These data indicate that
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from siblings and maml3 mutant embryos at 3 dpf. Data represent
mean +SEM. **P <0.01. Student’s ¢ test. C Confocal slices and 3D
projections of the ventricles of siblings and maml3 mutants. Ventral
view, anterior to the top. Arrows indicate the Tpl:d2GFP* cardio-
myocytes and asterisks indicate AV endocardial cells. Ventral view,
anterior to the top. Scale bars: 50 pm

the reduced trabeculae in maml3 mutants is induced by
decreased ventricular cardiomyocyte proliferation with
inhibition of Notch signaling.

Inhibition of Notch signaling by DAPT in zebrafish
shows a similar phenotype to mami3 mutants

If the cardiac defects in mami3 mutants were caused by inhi-
bition of Notch signaling, we believed that blocking Notch
signaling in wild-type embryos should display a similar phe-
notype to maml3 mutants. While, as previously reported,
the obvious phenotype of zebrafish embryos treated with
high concentrations at 50 pM of DAPT showed a curved
tail [38] which does not exhibit in maml3 mutants. We
assumed Notch signaling was just partially inhibited in
maml3 mutants, as the Tpl:d2GFP* signal was still present
in the AV endocardial cells of mami3 mutant hearts (Fig. 5C,
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Fig.6 Reduction in proliferative ventricular cardiac myocytes in
maml3 mutants. A, C The PCNA and pH3 immunofluorescence
staining in Tg(myl7:GFP) embryos showed decreased cell prolifera-
tive activity in maml3 cardiomyocytes. Ventral view, anterior to the

asterisks). To test this hypothesis, we inhibited Notch activ-
ity with different concentrations of DAPT starting at 24
hpf and found that most embryos did not show a curved
tail when the concentration of DAPT was below 15 pM.
So we treated zebrafish embryos with DAPT at 15 pM and
observed the cardiac defect when Notch signaling was par-
tially inhibited. The Notch-activated TpI:d2GFP* signals
appeared in a subset of ventricular cardiomyocytes and
AV endocardial cells in control group at 3 dpf and 5 dpf,
whereas these Tp1:d2GFP™ signals almost disappeared in
about half (10/18 in 3 dpf and 8/16 in 5 dpf) of the DAPT-
treated embryo hearts (Fig. S11C). Meanwhile, some of
DAPT-treated embryos showed similar cardiac defects to
maml3 mutant, including abnormal cardiac looping, defec-
tive cardiac trabeculation, and heart failure (Fig. S11A, B).
In addition, these embryos displayed pericardial edema
and depressed heart rate at 3 and 5 days post-DAPT treat-
ment compared with control group (Fig. S12A, B). Taken
together, these data indicate that partial inhibition of Notch
signaling with DAPT in zebrafish embryos exhibits a similar
phenotype to mami3 mutant larvae.
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top. Scale bars: 50 pm. B, D The number of PCNA and pH3 positive
cells in maml3 mutant ventricles was significantly decreased when
compared with siblings. Data represent mean+SEM. *P<0.05;
*#*P <0.01%%%; P<0.001; ****P <0.0001. Student’s ¢ test

Discussion

GWAS was a widely used approach for the identification
of susceptibility loci of human disease [39]. However, the
biological significance of these SNPs is largely unknown.
Considering the highly heterogeneous human population
structure and properties of SNPs, many SNPs surrounding
causal genes may have been missed due to low association
values and multiple validations. To assess the value of SNPs
not reaching genome-wide significance, we developed a sys-
tematic screening strategy using zebrafish and our previous
GWAS data in this study.

Herein, we identified 5 novel CHD-related genes that are
essential for embryonic heart development in zebrafish. Pre-
viously, we had combined human disease-associated GWAS
and animal model screening and identified genes essential
for male fertility [17]. We now discovered 5 disease-related
genes by selecting genes surrounding SNPs followed by
functional screening in zebrafish in the same way. Our
approach thus provides a very efficient way to discover risk
genes for human disease; moreover, the outcomes of our
study suggest GWAS stage data can provide useful infor-
mation with and without population validation. In addition,
different with our previous knockdown strategy on fruit fly
of screening for male fertility [17], we perform a second
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round validation and 5 MOs were validated in the second
round study. Two rounds of knockdown screening help us to
discover valid CHD-related genes in a short cycle.

IQGAP?2 is a member of the IQGAP family which is rel-
evant to cell migration, cell proliferation, and other cellular
processes in humans [40]. There is no report about /IQGAP2
in cardiac development, while deficiency of IQGAPI, which
is another member of IQGAP family, shows impaired heart
function and increased cardiomyocyte apoptosis after pres-
sure overload in mice [41]. Ptprt is a member of the pro-
tein tyrosine phosphatase (PTP) family, and interestingly,
Ptpn22 is a member of the non-receptor of the PTP family.
We found knockdown both of ptprt and ptpn22 exhibited
a small head, small eyes, and an edematous hindbrain in
zebrafish embryos (Fig. 1C’, E’), indicating that these two
genes have similar functions. Ptprz, another member of the
PTP family, was reported to play essential roles in cardiac
development in mouse and zebrafish [42]. While mutation
of PTPNI11, another member of the non-receptor of the
PTP family, caused CHD in newborns [43]. Together with
our results, we speculated that the PTP family had a close
relationship with CHD. Tbck contains a presumptive kinase
domain, the TBC (Tre-2/Bub2/Cdc16) domain, and a rhoda-
nese homology domain (RHOD) and is involved in cell pro-
liferation and cell growth [44, 45], which may explain heart
abnormalities in tbck morphants.

MAML3, a member of Mastermind-like protein family
which contain MAML1, MAML2, and MAMLD3, is a tran-
scriptional coactivator for Notch signaling [46] and there are
no reports linking cardiac development with Mastermind-
like family to our knowledge. Although Mami3 is predicted
to play an important role in Notch pathway, the majority of
research on this gene has been linked to tumors [47-49].
Herein, we found deficiency of maml3 led to inhibition of
Notch signaling and consequent abnormal heart morphology
and impaired cardiac function in zebrafish embryos for the
first time. While, a previous study showed that Maml3-null
mice exhibited no decrease in Notch signaling or apparent
abnormalities [33]. The discrepancy for the different phe-
notype in zebrafish and mouse is not fully understood, and
it is possible that we deleted partial sequences of maml3
exon 1 and exon 2 in zebrafish, while only exon 1 of Maml3
was knocked out in mouse [33]. In addition, although mice
are more closely related to humans in evolutionary than
zebrafish, for some diseases, the human symptoms can be
recapitulated in zebrafish rather than mice. For example, the
mutation in human SEC23B cause congenital dyserythro-
poietic anemia type II (CDAII) [50], while deficiency of
Sec23b in mice has a markedly different phenotype exhibit-
ing abnormalities in pancreas [51]. However, knockdown
of zebrafish sec23b leads to aberrant erythrocyte develop-
ment which recapitulates part of the human phenotype [50].
Combined with our previous report which identified the
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CHD susceptibility loci of rs1531070 at 4q31.1 for MAML3
in Han Chinese populations [9], we assume the zebrafish
maml3 mutants recapitulate part of the symptoms in CHD
patients.

Notch signaling plays important role in cardiac trabecula-
tion, while different components of Notch pathway exhibit
diverse functions in different species. For example, deletion
of the Notch ligand DIl4 results in impaired trabeculation in
mouse, whereas disruption of another Notch ligand Jag/ in
mouse shows normal cardiac trabeculae [52]. In contrast,
zebrafish jag2b mutant hearts exhibit increased trabeculation
[35]. Herein, we found deficiency of mami3 led to decrease
in ventricular cardiomyocyte proliferation due to inhibition
of Notch signaling, which caused impaired cardiac trabecu-
lation and heart failure in zebrafish.

In summary, integrating with our previous GWAS data,
we identified 5 novel CHD-related genes that are essential
for embryonic cardiac development in zebrafish, including
iqgap2, ptprt, ptpn22, tbck, and mami3. Furthermore, we
found that deficiency of mami3 led to abnormal heart mor-
phology and heart failure due to inhibition of Notch sign-
aling. In addition, our results demonstrate that functional
analyses in zebrafish can effectively translate GWAS find-
ings into relevant biological information. The 5 essential risk
genes we found warrant further study and may help reveal
mechanisms underlying CHD.

Materials and methods
Zebrafish strains

All animal procedures were performed according to proto-
cols approved by the Institutional Animal Care and Use Com-
mittee of Southwest University (Approval No. 20140920-01)
and were consistent with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The
transgenic or mutant zebrafish lines Tg(myl7:GFP) [19],
Tg(Tpl:d2GFP) [34], Tg(myl7:CFPNTR)“4'%? and mam-
134131 mutant were used in this study. Embryos were treated
with 0.003% 1-phenyl-2-thiourea (PTU, Sigma) from 24 hpf
to inhibit pigmentation.

Microinjection of MOs and synthetic mRNAs

MO against each of the 27 candidate genes and a negative
control MO was designed by and obtained from Gene tools
and injected into 1- to 2-cell embryos to ensure ubiquitous
distribution described previously [53—55]. Each of MOs was
injected into embryos from a low dose to a high dose (1 ng,
2 ng, 4 ng, 6 ng, 8 ng, and 10 ng per embryo) in MO screen
experiment. If embryos exhibited cardiac abnormalities
(one or more of the following: developmental delay in AVC
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formation, looping defects, a smaller or enlarged atrium or
ventricle) when injected with MOs within these doses, we
considered these MOs as candidates and established the
optimal concentration of each MO according to the embry-
onic mortality and phenotypic severity in different doses.
However, if embryos showed normal hearts even injected
with 10 ng MO, we assume that the MO did not affect heart
development. MOs used in this study are summarized in
Table S2 in Supporting Information. The doses of transla-
tion-blocking MOs used in this study are as follows: iggap2
MO =3 ng; ptprt MO=4.5 ng; thck MO =1.5 ng; ptpn22
MO =6 ng; grm4 MO =2 ng; slc24a3 MO =2 ng; mamli3
MO =0.8 ng. The doses of splice-blocking MOs used in this
study are as follows: iggap2 MO =6 ng; ptprt MO =3 ng;
tbck MO =4.5 ng; ptpn22 MO =3 ng; maml3 MO =8 ng.
The viability of zebrafish embryos was ascertained at 48 h
post-fertilization (hpf), and morphology was assessed at this
time point in all lines with more than 70% viability.

For rescue experiments, full-length cDNAs of iggap2,
ptprt, thck, and ptpn22 were subcloned from the pGEMT
vector into the pCS2 + vector. Capped mRNA transcripts
were generated in vitro from the linearized plasmids using
mMESSAGE mMACHINE kit (Ambion) according to the
manufacturer’s protocol. Each of these mRNAs was co-
injected with the corresponding MO at 1- to 2-cell embryos.

Morphology analysis

A total of 200400 whole embryos were collected in each
group, and heart morphology was observed using a fluo-
rescent stereomicroscope (Leica). We graded abnormali-
ties of heart morphology, size and atrioventricular valve as
described previously [56-58]. Confocal images were cap-
tured by ZEN2010 software equipped on an LSM780 confo-
cal microscope (Carl Zeiss). Bright-field images were cap-
tured using a SteREO Discovery V20 microscope equipped
with Axio Vision Rel 4.8.2 software (Carl Zeiss).

In situ hybridization and antibody staining

Whole-mount in situ hybridization (WISH), fluorescent
in situ hybridization (FISH), and antibody staining were
performed as previously described [59-62]. The primers
used for probe synthesis are listed in Table S3 in Support-
ing Information. Images of WISH were captured using a
SteREO Discovery V20 microscope equipped with Axio
Vision Rel 4.8.2 software (Carl Zeiss). Images of FISH were
captured using ZEN2010 software equipped on an LSM780
or LSM880 confocal microscope (Carl Zeiss). Whole-mount
antibody staining was performed as previously described
[63]. Primary antibodies against PCNA (1:500; Abcam)
and pH3 (1:500; Millipore) were applied. Images were

captured using ZEN2010 software equipped on an LSM780
or LSM880 confocal microscope (Carl Zeiss).

Dissection of zebrafish heart

Zebrafish heart isolation was performed as previously
described [64]. Briefly, zebrafish embryos were anaesthe-
tized (about 800 in number for each sample) in PBS by
treatment with tricaine (Sigma, USA). Manually dissect out
GFP-positive hearts under a fluorescence stereomicroscope
(Leica) with a pair of fine tweezers (WPI) and concentrate
them in the center of the dish. Collect the hearts in the small-
est possible volume and pipette into a 1.5 ml tube containing
0.75 ml PBS (on ice). Then, the hearts were sedimented by
centrifuging at 2,000 X g for 5 min at 4 °C. Carefully remove
the supernatant, then add 0.5 ml TriZol (Invitrogen) to the
tube containing the sedimented hearts.

Transcriptome sequencing (RNA-Seq)

Three samples each for WT and mami3 mutant were pre-
pared for sequencing, and mean values were calculated for
the final analysis. The RNA library of each sample was
constructed and sequenced using an Illumina HiSeq plat-
form by Novogene following their standard procedures.
Raw data of fastq format were firstly processed through in-
house perl scripts. In this step, clean data were obtained by
removing reads containing adapter, reads containing ploy-N
and low quality reads from raw data. All the downstream
analyses were based on the clean data with high quality.
The expressed values of all genes were calculated and nor-
malized to fragments per kilobase of transcript per million
mapped fragments (FPKM). FPKM values were obtained
from RNA-seq data to generate a heatmap by the Helm
software. The color scale shown represents FPKM values
which were log2 transformed. Raw data were deposited in
the NCBI Sequence Read Archive database under accession
number PRINA900016.

Reverse transcription-polymerase chain reaction
(RT-PCR)

To verify the effectiveness of MOs in affecting their target
transcripts, RT-PCR was performed. Embryos were injected
with MOs at the 1- to 2-cell stage, and total RNA was iso-
lated from whole embryos at 48 hpf using TriZol reagent
(Invitrogen). RNA was reverse transcribed into cDNA using
OmniScript Reverse Transcription Kit (QIAGEN). The
primers used for RT-PCR are listed in Table S3 in Support-
ing Information.
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Absolute quantitative real-time PCR (qPCR)

RT-qPCR was carried out using the FastStart Universal
SYBR Green Master (Roche). Total RNA was isolated
from heart tissue at 24 hpf and 48 hpf using TriZol rea-
gent (Invitrogen). RNA was reverse transcribed into cDNA
using OmniScript Reverse Transcription Kit (QIAGEN).
The primers used for RT-qPCR are listed in Table S3 in
Supporting Information. For absolute quantification by PCR,
iqgap?2, ptprt, tbck, ptpn22, maml3, myl7 (high expression in
heart), ctsk (low expression in heart), and cryaa (no expres-
sion in heart) cDNA fragments were amplified and cloned
into pPGEMT-Easy vector (Promega) as templates. Each plas-
mid DNA was tenfold serially diluted from 10 to 10° copies
and used in subsequent experiments for generating standard
curve. The qPCR reaction (15 pl) in triplicates comprised of
PCR grade water (3.3 pl); SYBR Green (2x, 7.5 pl); Primer
F and R (10 pmol/pl, 0.6 pl each) and plasmid DNA(3 pl)
or cDNA (10 ng/pl, 3.0 pl). The obtained Ct values were
plotted against the logarithm of their template copy num-
bers of each standard plasmid DNA, and the standard curve
was generated by a linear regression of the plotted points.
Absolute quantification of the sample of 24hpf and 48hpf
was read from the standard curve [65].

49137 mutant line

Generation of the mami3
The mami3°/’3" mutant line was generated by CRISPR/
Cas9 technology as previously described [23]. In brief, two
gRNAs (50 pg) together with Cas9 mRNA (300 pg) were
co-injected into 1-cell stage wild-type embryos, and the
lysate of about 10 embryos at 24 hpf was used as templates
for PCR. The PCR products were sequenced to examine
the deleted genomic sequences in mami3 target region, and
embryos with effective genome editing were raised to adults
(FO). Then, FO fish were screened to identify the founder
whose progeny carry the mutation, and offspring of identi-
fied FO was raised up to get the candidate progeny (F1).
Last, individual F1 adults were screened by PCR using the
tail fin genomic DNA and the genotypes of mutants were
determined by DNA sequencing. The target sequence of
maml3 and PCR primers is depicted in Table S3 in Sup-
porting Information.

Statistical methods

Differences between treatment and control groups after MO
injection and assessment at 48 hpf were analyzed using
one-way ANOVA and the Fisher’s exact test (Stata Soft-
ware 11.0, Stata Corporation, College Station, TX). Other
statistical calculations in this paper were performed using
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GraphPad Prism 8. Unpaired Student’s ¢ test was used for
statistical analysis. Values of P <0.05 were considered statis-
tically significant (*, P <0.05; **, P <0.01; ***, P <0.001;
*#kE% P <0.0001); ns (P>0.05) indicated not significant.
All values were expressed as mean + SEM.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04669-5.
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