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Vertebrate heart formation requires input from two temporally distinct 

phases of cardiomyocyte differentiation. Progenitors from the first heart field form 

the primitive heart tube in the initial phase. Then, in a subsequent phase, 

progenitors from the second heart field contribute additional cells to both poles of 
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the heart. Recruitment of second heart field progenitor cells to the arterial pole 

creates the cardiac outflow tract (OFT), but the precise mechanisms responsible 

for controlling OFT progenitor production remain to be elucidated. Members of the 

Cadm family of cell adhesion molecules participate in both homophilic and 

heterophilic binding to regulate intercellular interactions and signaling. Previously, 

our laboratory had demonstrated that morpholino knockdown of cadm4 results in a 

dramatic OFT expansion, which is preceded by an increase in OFT progenitors. In 

order to extend our studies of Cadm4 function and to analyze its potential 

interactions with other Cadm family members, we have generated mutant alleles 

of cadm4, cadm2a, and cadm3 and analyzed their effects on OFT formation. 

Evaluation of OFT morphology and the OFT progenitor population in cadm4 

mutants did not reveal significant defects in OFT development, in contrast with the 

cadm4 morphant phenotype. Similarly, we found that OFT formation was normal in 

cadm2a mutants, cadm3 mutants, cadm4;cadm2a double mutants, and 

cadm4;cadm3 double mutants. Altogether, our findings document a discrepancy 

between the phenotypes of cadm4 mutants and cadm4 morphants and lay the 

groundwork for future studies on whether and how Cadm molecules regulate OFT 

formation. 
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Introduction 

Vertebrate heart formation requires input from two temporally distinct 

phases of cardiomyocyte differentiation (de Pater et al., 2009; Kelly, 2012). During 

the initial phase, cardiac progenitors from the first heart field (FHF) migrate toward 

the embryonic midline, where they form the primitive heart tube. After heart tube 

formation, progenitors from the second heart field (SHF) contribute additional cells 

to both poles of the heart in the subsequent phase to give rise to additional 

structures: the distal ventricular myocardium, cardiac outflow tract (OFT), and the 

inflow tract (Grant et al., 2017). The temporal separation in differentiation is 

evident, and the types of structures that each heart field contributes to is clear. 

However, the signaling processes regulating the separation of differentiation timing 

are not well understood. Understanding the genes that control the differentiation of 

each heart field can help to define the mechanisms responsible for the two 

discrete phases of cardiomyocyte differentiation.  

One of the structures created by recruitment of late-differentiating, SHF-

derived cardiac progenitor cells is the OFT, a conduit located at the arterial pole of 

the ventricle that connects the heart and the vasculature (Figure 1A-B). The 

cardiac OFT regulates the amount of blood that leaves the ventricle during each 

contraction.  SHF-derived cardiac progenitor cells need to proliferate, deploy, and 

differentiate in a spatially and temporally controlled manner to generate a 

functional OFT structure (Hutson et al., 2010; Tirosh-Finkel et al., 2010; van den 

Berg et al., 2009). Disruption of any part of the network regulating SHF 

development may alter the structure of the OFT, and consequently the OFT 
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functions. Alignment of the base of the aorta to the ventricle depends on the 

correct extension of the OFT structure (Sugishita et al., 2004). OFT malformations 

are closely associated with many types of congenital heart disease (CHD), 

accounting for approximately 30% of CHDs, which accounts for 1% of congenital 

defects found in livebirths (Neeb et al., 2013, Thom et al., 2006). Therefore, 

understanding the genes and molecular mechanisms that regulate OFT 

development can provide insights to the treatment, prevention, and management 

of CHDs that involve dysregulation of OFT formation.  

Prior studies have suggested that FGF signaling in the SHF drives OFT 

formation by promoting proliferation, survival, and deployment of OFT progenitor 

cells (Ilagan et al., 2006; Park et al., 2006; Park et al., 2008; Watanabe et al., 

2010). FGF signaling functions together with canonical Wnt signaling and 

Hedgehog signaling, which also promote survival and proliferation of SHF 

progenitors (Kelly et al., 2014; Dyer et al., 2009; Rochais et al., 2009). BMP 

signaling at the arterial pole antagonizes FGF signaling, and is thought to trigger 

SHF-derived progenitors to differentiate into the cardiomyocytes that make up the 

OFT and the distal ventricular myocardium (Hutson et al., 2010; Tirosh-Finkel et 

al., 2010; Kelly et al., 2014). Thus, while several signaling pathways that drive 

OFT formation have been well documented, the molecular mechanisms restraining 

the process of OFT cardiomyocyte differentiation remains to be elucidated. 

The zebrafish presents a great model system for studying heart 

development, particularly OFT development. The transparency of zebrafish 

embryos can drastically improve the imaging process as well as the accessibility to 
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deeper tissue structures, such as the heart and the OFT. Furthermore, zebrafish 

embryos can survive the initial phase of embryonic development without 

cardiovascular function by facilitating oxygen intake through passive diffusion, 

allowing otherwise detrimental cardiovascular defects to be studied (Bakkers, 

2011). Therefore, OFT defects observed in zebrafish embryos with abnormal SHF 

progenitor proliferation and deployment may provide models for understanding 

human conotruncal heart defects (Marques et al., 2008; Zhou et al., 2011; Grant et 

al., 2017). 

The zebrafish model system has been useful for looking at the importance 

of FGF signaling in the context of OFT development. FGF signaling, which plays 

multiple roles in the SHF, has been implicated in our prior studies to promote 

formation of OFT cardiomyocytes, since the zebrafish fgf8 mutant lacks an OFT 

structure (de Pater et al., 2009; Marques et al., 2008). Findings from our lab 

further suggested that FGF signaling promotes the formation of OFT progenitor 

cells (Zeng and Yelon, 2014). Zebrafish embryos treated with the Fgfr antagonist 

SU5402 from 24-48 hours post fertilization (hpf) led to a diminished OFT 

phenotype, with little impact on ventricular cardiomyocytes (Zeng and Yelon, 

2014). In an effort to uncover novel genes that regulate OFT cardiomyocyte 

production during this timeframe, the heart and the surrounding tissue of SU5402-

treated embryos and their control siblings were subjected to gene expression 

profile comparison, in search of candidate genes that may govern the formation of 

OFT. We were particularly interested in uncovering genes that are regulated by 

FGF signaling and that could be involved in governing OFT progenitor production.  
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Out of the 32 differentially expressed genes identified, genes encoding for 

the Cadm family of cell adhesion molecules were of particular interest, because 

adhesion molecules had not previously been implicated in OFT development. 

Three members of the Cadm family – cell adhesion molecule 4 (cadm4), cell 

adhesion molecule 2a (cadm2a), and cell adhesion molecule 3 (cadm3) – were 

upregulated 2.0-2.5 fold in SU5402-treated embryos (Zeng and Yelon, 2014). We 

began by investigating the role of cadm4, which was found to be expressed in the 

SHF (Zeng and Yelon, 2014). Our laboratory has shown that morpholino (MO) 

knockdown of cadm4 caused dramatic OFT expansion (Zeng and Yelon, 2014) 

(Figure 2A-B). Three MOs, including two ATG MOs and a splice site MO, were 

shown to have similar effects on the OFT, and MO knockdown of cadm4 did not 

alter general embryonic morphology (Figure 2E-F). The change in OFT 

dimensions in cadm4 morphants was due to a change in OFT cardiomyocyte cell 

number while the atrial and ventricular cardiomyocyte cell counts in cadm4 

morphants were unaffected (Figure 2G). Conversely, overexpression of cadm4 by 

injection of cadm4 mRNA resulted in a diminished OFT (Zeng and Yelon, 2014) 

(Figure 2A-D). This indicated a role of cadm4 in limiting OFT cardiomyocyte 

number, which in turn limits OFT size and dimensions. 

To understand the reason for the change in OFT cardiomyocyte number in 

cadm4 morphants and cadm4-overexpressing embryos, we decided to take a 

closer look at the progenitor population that differentiates into OFT 

cardiomyocytes. Alterations of OFT cardiomyocyte number seem to be preceded 

by alterations in OFT progenitor production in response to changes in cadm4 gene 
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function. The OFT progenitor population, marked by mef2cb and 

Tg(nkx2.5:ZsYellow) at the arterial pole, was expanded in cadm4 morphants when 

compared to control siblings, while the OFT progenitor population was significantly 

diminished in cadm4-overexpressing embryos (Figure 3A-F) (Zeng and Yelon, 

2014). A difference in the number of progenitor cells generated seemed to account 

for the difference in the size of the OFT in cadm4 morphants and cadm4-

overexpressing embryos, suggesting a role of cadm4 in limiting the production and 

perdurance of OFT progenitor cells (Zeng and Yelon, 2014). 

Based on our findings, we proposed a model in which interactions between 

the Cadm4 protein and other Cadm family members limit the deployment of SHF 

progenitors to the arterial pole, thereby limiting the size of the cardiac OFT (Zeng 

and Yelon, 2014). Cell adhesion molecules from the Cadm family of type I 

transmembrane proteins (aka SynCAM, IGSF, TSLC, or NecI proteins) are 

characterized by three extracellular immunoglobulin domains, a single pass 

transmembrane domain, an intracellular 4.1B binding domain, and an intracellular 

PDZII domain (Figure 4B) (Biederer 2006). The extracellular domain can 

participate in either homophilic or heterophilic interactions with other Cadms, while 

the intracellular domains interact with the cytoskeleton. Cadm molecules have 

been reported to facilitate interactions between axons and Schwann cells, limit 

tumor cell proliferation and migration, and anchor spermatogenic cells to Sertoli 

cells (Biederer et al., 2002; Maurel et al., 2007; Spiegel et al., 2007; Liu et al., 

2013). Since cadm2a and cadm3 were differentially expressed in the SU5402-

treated hearts, we hypothesize that these family members could regulate OFT size 
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together with Cadm4.  

In order to analyze potential interactions between Cadm family members, 

we aimed to analyze the phenotypes of mutations in the relevant genes. We were 

also motivated to compare the phenotypes of cadm4 morphants and cadm4 

mutants, since a number of recent studies have revealed phenotypic differences 

between knockdown and knockout approaches across different model organisms, 

including Arabidopsis, mouse, Drosopila, human cell lines, and zebrafish (El-

Brolosy et al., 2017). In one study, approximately 80% of published zebrafish 

morphant phenotypes were not observed in mutants (Kok et al., 2015). 

Furthermore, MOs have been reported to induce p53 activation to cause off-target 

effects, which can result in misinterpretation of results (Robu et al., 2007). A recent 

study also suggested that knockdown of EGF-like-domain multiple 7 gene with 

MOs can interfere with genetic compensation by other genes (Rossi et al., 2015). 

We therefore wanted to determine whether cadm4 mutants would exhibit OFT 

enlargement, as is observed in cadm4 morphants.  

Here, we extend our investigation of the role of the Cadm family of cell 

adhesion molecules in defining OFT size. To further examine the function of Cadm 

family members, our lab generated mutations in cadm4, cadm2a, and cadm3 and 

characterized their impact on OFT morphology.  We also examined the effect of 

cadm4 mutations on the OFT progenitor population. In all cases examined, our 

mutations did not disrupt OFT development, indicating a discrepancy between the 

cadm4 mutant and morphant phenotypes. Altogether, our results prompt a 
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reconsideration of the role of Cadm4 during OFT development and suggest the 

possibility of compensation for the loss of cadm4 function in cadm4 mutants.  
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Figure 1. Zebrafish cardiac OFT development. Schematic illustrates the 

structure and orientation of the zebrafish heart at 24 and 48 hpf. (A) Following 

heart tube formation at 24 hpf, cardiomyocyte progenitors from the SHF migrate 

and accrete at the arterial pole. (B) Progenitors from the SHF that are deployed to 

the arterial pole form the distal ventricular myocardium and the cardiac OFT, which 

is a conduit that connects the heart to the vasculature. The cardiac OFT structure 

is formed by 48 hpf. Figure adapted from Grant et al., 2017. 
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Figure 2. cadm4 limits OFT cell number. (A, B) cadm4 MO injection leads to a 

dramatically elongated OFT at 48 hpf, compared to control siblings. (C, D) 

Overexpression via cadm4 mRNA injection diminishes the OFT in comparison to 

control siblings at 48 hpf. (E, F) Injection with cadm4 MO did not affect general 

embryonic morphology when compared to control siblings. (G) Comparison of 

ventricular, atrial, and OFT cell counts in cadm4 MO-injected embryos and control 

siblings indicated that OFT cell number was increased while the ventricular and 

atrial cell counts remained at similar levels in the cadm4 morphants. Bar graph 

indicates mean + SD; data sets were compared using Student’s t-test with two-

tailed distribution; [p<0.0005, asterisk; n=5]. Figure adapted from Zeng and Yelon, 

2014.   
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Figure 3. SHF progenitor population is expanded in cadm4 morphants. (A, B) 

Images depict dorsal view of mef2cb expression in cadm4 morphants and control 

siblings at 30 hpf. Fluorescent in situ hybridization with SHF progenitor marker, 

mef2cb, was employed. mef2cb expression was expanded in the cadm4 

morphants when compared to control siblings. (C-E) Images depict dorsal view of 

the heart. Tg(nkx2.5:ZsYellow) was used to compare SHF progenitors in cadm4 

morphants, cadm4-overexpressing embryos, and control siblings at 24 hpf. OFT 

progenitors, which are nkx2.5+ and MF20-, were expanded in the cadm4 

morphants and diminished in cadm4-overexpressing embryos when compared to 

control siblings. (F) Cell counting of OFT progenitors in the proximal region relative 

to the arterial pole using Tg(nkx2.5:ZsYellow) indicated statistically significant 

differences between cadm4 morphants and control siblings. cadm4-

overexpressing embryos had significantly less proximal OFT progenitors 

compared to control siblings. Two non-overlapping MOs, including an ATG MO 

(n=14; 52 + 6 cells) and a splice MO (n=7; 58 + 6 cells), were both used. (A-E) 

Images were counterstained with MF20. (F) Bar graph depicts mean + SD; data 

sets were compared using Student’s t-test with two-tailed distribution; [p<0.0001, 

asterisk; n=9-14]. Figure adapted from Zeng and Yelon, 2014. 
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Figure 4. Generation of mutations in cadm genes. (A) Schematics illustrate the 

locations of the mutations in each of the cadm mutant alleles. Brown bars 

represent exons and blue bars represent introns. Sites of mutations are indicated 

by the blue arrows. The cadm4sa12426 allele has a C>T nonsense mutation in exon 

2, and was generated through ENU mutagenesis (Busch-Nentwich et al., 2013). 

For cadm4Δ26, cadm2aΔ10, and cadm3Δ70, deletions were generated in either exon 

1 or 2 using CRISPR/Cas9-mediated genome editing, and these create 

frameshifts that are predicted to lead to premature termination codons. (B) 

Schematic of Cadm wild-type protein product is shown. The protein consists of 

three Ig domains, a transmembrane domain, a 4.1B binding domain, and a PDZII 

domain. (C) For each mutant allele, it is predicted that a premature termination 

codon will be activated downstream of the frameshift mutations, resulting in a 

truncated Cadm protein product. The predicted Cadm protein encoded by the 

mutant alleles will only have the Ig1 domain partially retained. 
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Results 

Mutant cadm alleles are predicted to result in truncated Cadm proteins  

To evaluate the roles of the Cadm family of cell adhesion molecules in the 

context of OFT formation, we employed CRISPR/Cas9-mediated genome editing 

to generate mutant alleles in each of the cadm genes that were found to be 

differentially expressed in the SU5402-treated embryos (Zeng and Yelon, 2014): 

cadm4, cadm2a, and cadm3. The mutant alleles cadm4Δ26, cadm2aΔ10, and 

cadm3Δ70 were all created using similar methodology, using sgRNAs that target 

early exons in the coding sequence. The allele cadm4Δ26 contains two deletions in 

exon 2, one that removes 15 base pairs (bp) and one that removes 11 bp (Figure 

5A). The allele cadm2aΔ10 contains a 10 bp deletion in exon 1, and the allele 

cadm3Δ70 contains a 70 bp deletion in exon 2 (Figure 5B-C). Each of these 

deletions creates a frameshift that is predicted to lead to a premature termination 

codon. We also obtained a separate mutation in cadm4, the cadm4sa12426 allele, 

which contains a ENU-induced nonsense mutation (C>T) in exon 2, from the 

Zebrafish International Resource Center (Figures 4A, 5A) (Busch-Nentwich et al., 

2013).  

Premature termination codons may be detected by the intrinsic surveillance 

pathways and result in nonsense-mediated decay (NMD) (Baker et al., 2004). In 

the case of transcripts escaping NMD, the premature termination codons in 

cadm4Δ26, cadm4sa12426, cadm2aΔ10, and cadm3Δ70 are predicted to lead to the 

production of a truncated Cadm protein. Predicted truncations will result in the 

partial loss of Ig1 and the loss of Ig2 and Ig3 extracellular domains, 
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transmembrane domain, and intracellular domains (Figure 4C). Therefore, 

cadm4Δ26, cadm4sa12426, cadm2aΔ10, and cadm3Δ70 are all predicted to be loss-of-

function alleles. 

 

OFT morphology appears normal in cadm4Δ26 mutants and in cadm4sa12426 

mutants  

To advance our understanding of the function of cadm4 in the context of 

OFT formation, it will be important to determine how well the cadm4 mutant 

phenotype recapitulates the cadm4 morphant phenotype. Initial analysis of OFT 

morphology at 50 hpf suggested insignificant differences between cadm4Δ26 

mutant embryos and their control siblings (Figure 6A-B). Qualitative assessment of 

the OFT suggested that cadm4Δ26 mutants exhibited normal OFT morphology, in 

which the OFT structure is properly elongated, orientated, and subdivided from the 

ventricle. The general morphology of the ventricle of cadm4Δ26 mutants at this 

stage also did not differ from their control siblings. Measurements of the OFT long 

arc length suggested insignificant differences between cadm4Δ26 and control 

siblings (Figure 7A). Measurements of the ventricle length, ventricle width, and 

OFT short arc were also recorded and seemed similar between cadm4Δ26 and 

control siblings (data not shown). In addition to recording lengths, various ratios of 

OFT arc lengths to ventricle lengths were also compared between cadm4Δ26 

mutants and control siblings, but suggested insignificant differences in all 

measurements (data not shown). Evaluation of the overall OFT morphology 

suggested that cadm4Δ26 mutant phenotype contrasted with the cadm4 morphant 
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phenotype, which features an elongated OFT (Figures 2B, 6B). 

Next, we compared the OFT phenotype of the cadm4Δ26 mutants, which 

were generated using CRISPR/Cas9-mediated genome editing, to the OFT 

phenotype of cadm4sa12426 mutants, which were generated by ENU mutagenesis 

(Busch-Nentwich et al., 2013). The general cardiac OFT size and morphology of 

cadm4sa12426 mutants were indistinguishable from their control siblings (Figure 6A, 

C). Measurements of the long and short arc of the OFT also suggested 

insignificant differences between cadm4sa12426 mutants and control siblings (Figure 

7B). The OFTs of cadm4sa12426 mutants were correctly oriented and subdivided 

from the ventricles, which were also indistinguishable from control siblings’ 

ventricles. Therefore, both cadm4Δ26 mutants and cadm4sa12426 mutants did not 

exhibit abnormal OFT or other cardiac phenotypes. 

 

OFT progenitor population appears normal in cadm4Δ26 mutants and in 

cadm4sa12426 mutants  

Analysis of OFT morphology suggested no difference, but differences in 

OFT progenitors may be evident at an earlier stage. For example, zebrafish 

mutants for the AP-1 transcription factor component Fosl2, which has been shown 

to potentiate SHF cardiomyocyte differentiation, can compensate for reduced 

efficiency of differentiation by extending the time window of differentiation 

(Jahangiri et al., 2016). Along the same lines, perhaps there is a difference in the 

OFT progenitor population in cadm4 mutants that is then compensated for over 

time. Closer examination of OFT progenitors at a higher resolution may resolve 
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smaller differences between cadm4 mutants and control siblings.  

However, examination of the OFT progenitor population in cadm4Δ26 

mutants suggested no difference when compared to control siblings. The 

progenitor population marked by the SHF marker mef2cb resides in the area 

adjacent to the arterial pole and was not expanded in the cadm4Δ26 mutants at 30 

hpf (Figure 8A, C). Similarly, qualitative analysis of OFT progenitors, marked by 

expression of Tg(nkx2.5:ZsYellow) but not yet exhibiting markers of differentiated 

myocardium, suggested no obvious differences between cadm4Δ26 mutants and 

control siblings (Figure 8B,D). Counting the proximal OFT progenitors marked by 

Tg(nkx2.5:ZsYellow) also suggested insignificant differences between cadm4Δ26 

and control siblings (Figure 8E). Therefore, the progenitor population in cadm4Δ26 

mutants does not appear to be expanded, consistent with the normal OFT 

morphology observed at later stages. 

Further examination of the OFT progenitor population in cadm4sa12426 

mutants using the same methods suggested that these mutants also contain a 

normal number of progenitor cells, comparable to cadm4Δ26 mutants. OFT 

progenitors labeled by mef2cb and Tg(nkx2.5:ZsYellow) at the arterial pole 

suggested insignificant differences between cadm4sa12426 mutants and control 

siblings (Figure 9A-D). Counting the proximal OFT progenitors using 

Tg(nkx2.5:ZsYellow) suggested insignificant differences between cadm4sa12426 

mutants and control siblings (Figure 9E). Altogether, the observation of a normal 

population of OFT progenitors in cadm4Δ26 and cadm4sa12426 mutants falls in line 

with the normal OFT size and morphology observed in cadm4Δ26 and cadm4sa12426 
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mutants. Again, these results suggest striking differences between the phenotypes 

observed in cadm4 mutants and cadm4 morphants. 

 

cadm4 transcript accumulation is disrupted in cadm4sa12426 mutants but not 

in cadm4Δ26 mutants 

There are several possible explanations for the discrepancy between the 

cadm4 mutant and morphant phenotypes. One simple explanation for the lack of 

phenotype in cadm4 mutants could be that the particular mutations examined do 

not lead to the predicted loss-of-function. Alternative splicing or exon skipping are 

examples of the ways that cells can overcome detrimental frameshifting mutations 

(Krawczac et al., 1992; Anderson et al., 2017). By altering mRNA processing, 

partially functional forms of mRNA may be produced, which could bypass the 

predicted loss-of-function. 

 Mutant mRNAs containing premature termination codons are usually 

detected by surveillance machinery, and directed for degradation through NMD. 

The lack of transcript can be an indicator of a strong loss-of-function allele. To 

begin investigating the possibility that cadm4Δ26 is not a loss-of-function allele, we 

examined the expression of cadm4 in cadm4Δ26 mutants. The cadm4 expression 

level and pattern were indistinguishable between cadm4Δ26 mutants and control 

siblings, suggesting that the mutant transcripts escape NMD (Figure 10A, B). Even 

so, the observed cadm4 transcript present in cadm4Δ26 mutants may produce 

nonfunctional Cadm proteins, and remain as a loss-of-function allele. 
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In contrast, expression of cadm4 was not readily detectable in cadm4sa12426 

mutants. (Figure 10C, D). The lack of cadm4 transcripts suggested that transcripts 

were subjected to NMD in cadm4sa12426 mutants. This provides strong support for 

cadm4sa12426 as a strong loss-of-function allele, thereby establishing a discrepancy 

between cadm4 mutant and morphant phenotype. 

 

OFT morphology is normal in cadm4Δ26; cadm2aΔ10 double mutants and in 

cadm4Δ26; cadm3Δ70 double mutants  

Genetic compensation through the upregulation of cadm2a, cadm3, or other 

genes could explain the lack of phenotype in cadm4 mutants. It is particularly 

interesting to consider that Cadm family members could be compensating for one 

another. If cadm2a and/or cadm3 are compensating for cadm4 loss-of-function, we 

would expect double or triple mutants to exhibit an elongated OFT phenotype. 

Based on this premise, we decided to examine the OFT size and morphology of 

cadm4Δ26; cadm2aΔ10 and cadm4Δ26; cadm3Δ70 double mutants. 

First, we characterized the general OFT morphology in cadm2aΔ10 and 

cadm3Δ70 single mutants. Qualitative assessment of OFT morphology in 

cadm2aΔ10 mutants at 50 hpf did not reveal any abnormalities (Figure 6A, D). 

Similarly, cadm3Δ70 mutants did not present abnormal OFT phenotypes when 

compared to control siblings (Figure 6A, E). Measurements of the long OFT arc 

length in both cadm2aΔ10 and cadm3Δ70 single mutants suggested insignificant 

differences when compared to corresponding control siblings (Figures 7C-D).  

 We also found that the overall OFT structure appeared normal in both 
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cadm4Δ26; cadm2aΔ10 double mutants and cadm4Δ26; cadm3Δ70 double mutants. 

Qualitative assessment of OFT morphology in cadm4Δ26; cadm2aΔ10 double 

mutants suggested no obvious difference compared to control siblings (Figure 6A, 

F). The OFT long arc measurements suggested insignificant difference in 

cadm4Δ26; cadm2aΔ10 mutants when compared to their control siblings (Figure 7C). 

Similarly, qualitative assessment of cadm4Δ26; cadm3Δ70 mutants suggested 

normal OFT size and morphology comparable to control siblings (Figure 6A, G). 

Measurements of OFT long arcs of cadm4Δ26; cadm3Δ70 mutants suggested 

insignificant differences compared to control siblings (Figure 7D). Altogether, 

combinatorial knockout of cadm4 and cadm2a or cadm4 and cadm3 did not result 

in any alterations of general OFT size and morphology. If we assume that the 

alleles present in the double mutants are strong loss-of-function alleles, then our 

results would indicate that cadm paralogs do not play a role in restraining OFT 

progenitor production and OFT size. However, both double mutants contain 

cadm4Δ26, which raises the concern that the lack of phenotype is not due to loss of 

gene function.  
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Figure 5. Sequence of cadm mutant alleles. (A) A portion of the cadm4 wild-

type sequence is compared to the altered sequence of cadm4Δ26 and 

cadm4sa12426. cadm4Δ26 contains a 11 bp and 15 bp deletion. cadm4sa12426 contains 

a C>T nonsense point mutation, which is highlighted in pink. The wild-type 

nucleotide in blue under the wildtype cadm4 sequence. Genomic sequence from 

the Chromosome 16 reference GRCz11 primary assembly (24302186 bp – 

24302186 bp) is shown. (B) A portion of the cadm4 wild-type sequence is 

compared to the altered sequence of cadm2aΔ10. cadm2aΔ10 contains a 10 bp 

deletion. Genomic sequence from Chromosome 10 reference GRCz11 primary 

assembly (23358286 bp – 23358217 bp) is shown.  (C) A portion of the cadm4 

wild-type sequence is compared to the altered sequence of cadm3Δ70. cadm3Δ70 

contains a 70 bp deletion. Genomic sequence from Chromosome 2 Reference 

GRCz11 Primary assembly (44101275 bp – 44101394 bp) is shown. 
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Figure 6. OFT morphology of single and double mutants appears normal. (A-

G) Images depict lateral view of the heart at 50 hpf. Differentiated cardiomyocytes 

are stained by the MF20 monoclonal antibody. (A) Control embryos exhibit OFT 

morphology that is properly elongated, oriented, and subdivided from the ventricle. 

The constriction marked by the black line divides the OFT and ventricle. The white 

line outlines the long arc of the OFT, while the yellow line outlines the short arc of 

the OFT. (B-E) cadm4Δ26, cadm4sa12426, cadm2aΔ10, and cadm3Δ70 mutant embryos 

exhibit OFT morphology that is indistinguishable from their control siblings. (F-G) 

cadm4Δ26; cadm2aΔ10 and cadm4Δ26; cadm3Δ70 double mutants also exhibit OFT 

morphology that is indistinguishable from their control siblings.  
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Figure 7. OFT long arc measurements of single and double mutants suggest 

normal OFT morphology. (A-D) Measurements of the OFT long arc are depicted 

in the bar graphs. Measurements were obtained using Image J. (A) OFT long arc 

measurements of cadm4Δ26 mutants and control siblings are indistinguishable. (B) 

Similarly, OFT long arc measurements of cadm4sa12426 mutants did not differ 

significantly compared to control siblings. (C) OFT long arc measurements of 

cadm2aΔ10 mutants suggest insignificant differences when compared to control 

siblings. The OFT long arc measurements of cadm4Δ26; cadm2aΔ10 mutants 

suggest insignificant differences when compared to control siblings. p-values 

comparing cadm2aΔ10 single mutants or cadm4Δ26; cadm2aΔ10 double mutants 

against control siblings are shown. (D) OFT long arc measurements of cadm3Δ70 

mutants suggest insignificant differences when compared to control siblings. The 

OFT long arc measurements of cadm4Δ26; cadm3Δ70 mutants also suggest 

insignificant differences when compared to control siblings. p-values comparing 

cadm3Δ70 single mutants or cadm4Δ26; cadm3Δ70 double mutants against control 

siblings are shown. Measurements of the OFT short arc, ventricle width, and 

ventricle height were also recorded (data not shown), with p-values that are 

insignificant across different genotypes. Bar graphs indicate mean + SEM for each 

data set; data sets were compared with Student’s t-test with two-tailed distribution, 

and selected p-values are shown on graph. Genotypes obtained through post-

procedural PCR genotyping. 
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Figure 8. Analysis of OFT progenitors in cadm4Δ26 mutants suggests no 

difference compared to control siblings. (A, C) OFT progenitors marked by 

mef2cb reside in the proximal region of the arterial pole in both cadm4Δ26 mutants 

and control siblings. Fluorescent in situ hybridization with mef2cb suggests no 

obvious differences between cadm4Δ26 (n=7) and control siblings (n=4). (B, D) 

Similarly, qualitative analysis of OFT progenitors using Tg(nkx2.5:ZsYellow) 

suggests no obvious difference in cadm4Δ26 mutants (n=10) and control siblings 

(n=14). (E) Cell counting of proximal OFT progenitors using Tg(nkx2.5:ZsYellow) 

also suggests insignificant differences between cadm4Δ26 mutants and control 

siblings. Proximal OFT progenitors counted consisted of nkx2.5+ and MF20- cells 

in the proximal region of the arterial pole. Bar graph indicates mean + SEM; data 

sets were compared using Student’s t-test with two-tailed distribution, and all p-

values are depicted in graph. (A-D) Images were counterstained with MF20 and 

depicts a ventral view. 
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Figure 9. Analysis of OFT progenitors in cadm4sa12426 mutants also suggests 

no difference compared to control siblings. (A, C) OFT progenitors marked by 

mef2cb reside in the proximal region of the arterial pole in both cadm4sa12426 

mutants and control siblings. Fluorescent in situ hybridization with mef2cb 

suggests no obvious differences between cadm4 sa12426 (n=11) and control siblings 

(n=11). (B, D) Similarly, qualitative analysis of OFT progenitors using 

Tg(nkx2.5:ZsYellow) suggests no obvious difference in cadm4 sa12426 mutants 

(n=11) and control siblings (n=7). (E) Cell counting of proximal OFT progenitors 

using Tg(nkx2.5:ZsYellow) further suggests insignificant differences between 

cadm4 sa12426 mutants and control siblings. Proximal OFT progenitors counted 

consisted of nkx2.5+ and MF20- cells in the proximal region of the arterial pole. Bar 

graph indicates mean + SEM; data sets were compared using Student’s t-test with 

two-tailed distribution, and all p-values are shown on graph. (A-D) Images were 

counterstained with MF20 and depicts a ventral view. 
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Figure 10. cadm4 transcript accumulation was observed in cadm4Δ26 

mutants but not in cadm4sa12426 mutants. (A-B) In situ hybridization with a 

cadm4 probe indicates normal cadm4 transcript presence in cadm4Δ26 mutants 

(n=14) compared to control siblings (n=13), suggesting that nonsense-mediated 

decay did not occur. (C-D) In contrast, cadm4 transcripts were lost in the 

tegmentum, floor plate, and hindbrain of cadm4sa12426 mutants (n=11) but not in 

control siblings (n=14). The absence of transcripts suggests that the cadm4sa12426 

allele experiences nonsense-mediated decay and suggests that cadm4sa12426 is a 

strong loss-of-function allele. (A-D) Images depict dorsal views at 30 hpf. 
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Discussion 

 In this report, we evaluated general OFT morphology in cadm4Δ26, 

cadm4sa12426, cadm2aΔ10, cadm3Δ70, and two double mutants, and closely 

examined the OFT progenitor population in cadm4Δ26 and cadm4sa12426 mutants. 

Both cadm4Δ26 and cadm4sa12426 mutants exhibited normal OFT morphology and 

OFT progenitor population. The phenotypes of the cadm4 mutants contrasted with 

the phenotypes of cadm4 morphants, which exhibited elongated OFT morphology 

and increased OFT progenitor population. We found that cadm4 transcripts 

seemed to escape NMD in cadm4Δ26 mutants while cadm4sa12426 mutants exhibited 

disrupted cadm4 expression. cadm2aΔ10 and cadm3Δ70 single mutants also exhibit 

normal OFT morphology. Furthermore, cadm4Δ26; cadm2aΔ10 and cadm4Δ26; 

cadm3Δ70 double mutants also depict normal OFT morphology, which is 

comparable to control siblings.  

Off-target MO toxicity could be contributing to the aberrant OFT 

development in cadm4 morphants, in which case our interpretation that cadm4 

limits production of OFT progenitors and OFT size could be incorrect. While off-

target MO effects do not seem likely, due to the use of multiple MOs and the 

evidence that cadm4-overexpressing embryos exhibit a diminished OFT 

phenotype, the interpretation of our results will only be valid if the morphant 

phenotype is a direct result of cadm4 knockdown. Additional experiments are 

necessary to verify the specificity of the cadm4 MO effects. Injection of cadm4 

MOs into a cadm4 loss-of-function mutant background would only produce the 

morphant phenotype if cadm4 MOs induces off-target effects (Rossi et al.,2015). 
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Without the presence of cadm4 transcripts, or the target of the cadm4 MOs, MOs 

that have specific effects will not result in an OFT phenotype when injected into 

mutant background. Therefore, future experiments will involve injection of cadm4 

MOs into cadm4sa12426 mutants: if the knockdown effect is specific, then this will 

not result in OFT elongation. Elucidating potential off-target effects of the MOs can 

allow for better assessment of mutant and morphant phenotype that will in turn 

allow us to understand the role of cadm4 in the context of OFT morphogenesis. 

On the other hand, a valid comparison between mutant and morphant 

phenotypes not only requires specific MO effects, but the corresponding gene 

function of also needs to be ablated by the mutation being examined. The 

difference observed between cadm4Δ26 mutants and cadm4 morphants could 

potentially result from a mutation that is not deleterious to cadm4. There is the 

possibility that permissive mRNA processing in cadm4Δ26 mutants will result in the 

production of viable or partially viable Cadm4 protein. Permissive mRNA 

processing, including exon skipping and cryptic splice site activation, in mutant 

alleles has been reported to compensate for gene perturbations generated through 

ENU or CRISPR/Cas9-mediated genome editing (Anderson et al., 2017). Future 

cDNA sequence analysis is required to elucidate the nature of the cadm4Δ26 allele. 

On the other hand, this rationale does not apply to cadm4sa12426, since the lack of 

evident transcripts in cadm4sa12426 embryos establishes cadm4sa12426 as a strong 

loss-of-function allele.  

The same reason for the lack of phenotype in cadm2aΔ10, cadm3Δ70, 

cadm4Δ26; cadm2aΔ10, and cadm4Δ26; cadm3Δ70 mutants can be attributed to the 
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possibility that the alleles are not loss-of-function alleles. The lack of NMD 

observed in cadm4Δ26 raises concern for cadm2aΔ10 and cadm3Δ70 not 

representing loss-of-function alleles, since the locations of the mutations are 

similar among the cadm mutant alleles generated through CRISPR/Cas9-

mediated genome editing. Using in situ hybridization with cadm2a and cadm3 

probes in cadm2aΔ10 and cadm3Δ70 mutants respectively, the same analysis 

method can be applied to investigate transcript expression in future experiments. If 

transcripts accumulate in cadm2aΔ10 or cadm3Δ70 mutants, cDNA analysis will be 

required to assess these alleles. Furthermore, the doubt in the strength of our 

generated alleles poses a challenge to the interpretation of our double mutant 

results. New alleles should be generated if our existing mutations are not strong 

loss-of-fucntion alleles. Perhaps larger deletions or ablation of conserved regions 

can provide better efficiency in knocking out gene function. 

Alternatively, the notion that a complex genetic compensatory mechanism 

is responsible for the observed differences is particularly appealing based on the 

information we have so far. Inhibition of genetic compensation by MO usage has 

previously been reported (Rossi et al., 2015). This could be a reason for the 

exaggerated phenotype observed in cadm4 morphants. For instance, Rossi et al. 

demonstrated that loss of vegfaa in mutants was compensated by the upregulation 

of vegfab, while vegfaa MO knockdown did not lead to genetic compensation via 

vegfab. We speculate that the same type of scenario could apply to our results, 

and we propose that the observed discrepancy between cadm4 mutants and 

cadm4 morphants is likely due to genetic compensation. Other Cadm family 
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members, such as cadm2a and cadm3, might be the genes responsible for 

compensating for the loss of cadm4, but we do not rule out the possibility that 

compensation via other genes might be involved. Future testing for the 

upregulation of cadm2a and cadm3 in cadm4sa12426 mutants using qPCR will shed 

light on the relationship of these three cadm genes. If upregulation is observed, 

future experiments will analyze the appropriate combinations of mutations in 

multiple cadm genes. If compound mutants exhibit OFT expansion similar to the 

morphants, it would support the role of cadm genes in OFT formation and suggest 

that cadm4 MO usage interferes with the machinery of genetic compensation. 

Alternatively, it may be valuable to look for other genes that may be involved in 

genetic compensation if compound cadm mutants do not recapitulate the cadm4 

morphant phenotype.  

Overall, our findings describe an example of a discrepancy between mutant 

and morphant phenotypes. This urges us to reconsider the role of Cadm4 in OFT 

formation. Perhaps Cadm4 is not an important regulator of this process; 

alternatively, perhaps the loss of Cadm4 is compensated for by other genes in 

cadm4 mutants. Resolution of the role of Cadm4 and other Cadm family cell 

adhesion molecules will be an important future goal. Our establishment of 

cadm4sa12426 as a loss-of-function allele will be useful in addressing the specificity 

of the cadm4 MOs and in integrating into double or triple mutants to investigate 

potential genetic compensatory mechanisms. Understanding the mechanisms that 

regulate OFT size will improve our efforts towards prevention, management, or 

treatment of CHDs related to OFT malformation, and this project lays the 
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groundwork for future experiments that will ultimately resolve the relationship of 

the Cadm family members in the context of shaping OFT development.  
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Materials and Methods 

Zebrafish 

Zebrafish carrying the mutations cadm4Δ26, cadm4sa12426, cadm2aΔ10, and 

cadm3Δ70, and zebrafish carrying the transgene Tg(nkx2.5:ZsYellow) (Zhou et al., 

2011) were bred together to generate the desired genotypes. All procedures were 

conducted at the University of California San Diego, and were performed as 

approved by the Institutional Animal Care and Use Committee and according to 

the National Institutes of Health Guidelines for the Care and Use of Laboratory 

Animals. 

 

Generating and acquiring mutations 

Zebrafish carrying the mutation cadm4sa12426 (Busch-Nentwich et al., 2013) 

were obtained from the Zebrafish International Resource Center (ZIRC). Other 

mutations were generated through CRISPR/Cas9-mediated genome editing in our 

laboratory using previously published methods (Talbot and Amacher, 2014). 

sgRNAs were designed to target either exon 1 or exon 2 of each of the genes. 

Multiple sgRNAs targeting each gene were injected into wild-type embryos at the 

1-cell stage. Putative F0 founders were raised to adulthood and outcrossed to 

determine whether they carried frameshift mutations. F1 and F2 generations were 

raised from founders of interest. Frameshift mutations were found in exon 2 of 

cadm4, in exon 1 of cadm2a, and in exon 2 of cadm3 (Figures 4A, 5A-C). The 

sgRNAs used were: for cadm4: 5’-GAATTATGACGGTTCAATCGTGG-3’ and 5’-

GGAGAACGTGACCGTGCTGGAGG-3’, for cadm2a: 5’-
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CTCACTCACTCCCTCACCTTTC-3’ and 5’TAGCCAGAGGTTATGCTGCAAA-3’, 

and for cadm3: 5’-GGGGTGGTAACCCTGACCTGCGG-3’ and 5’-

GGGCCGTGTTGGACCACTGGAGG-3’. Mutant embryos analyzed in these 

experiments were from the F3 generation or later generations. 

 

Immunofluorescence 

Whole-mount immunofluorescence was performed as previously described 

(Alexander et al., 1998) with primary monoclonal antibodies against sarcomeric 

myosin heavy chain (MF20) and atrial myosin heavy chain (S46). Both primary 

antibodies were obtained from the Developmental Studies Hybridoma Bank 

maintained by the Department of Biological Sciences, University of Iowa. 

Secondary antibodies goat anti-mouse IgG1-FITC (Southern Biotech: 1070-02) 

and goat anti-mouse IgG2b-TRITC (Southern Biotech: 1090-03) recognize S46 

and MF20, respectively. 

 

Measurement of OFT and ventricle dimensions 

 Measurements of OFT and ventricle dimensions were recorded using 

ImageJ. In each image, a straight line was drawn across the constriction that 

separates the OFT and ventricle and was used as a reference to differentiate 

these structures. The long and short arcs of the OFT were measured along the 

structure's curvatures starting from the marked line at the constriction and ending 

the distal edge of MF20 staining. To measure the length of the ventricle, a straight, 

perpendicular line was drawn from the constriction line to the furthest part of the 
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ventricle MF20 staining. Ventricle length measures the longest distance from the 

constriction line to bottom of the ventricle. To measure the width of the ventricle, a 

straight line was drawn parallel to the constriction line from one side of the lateral 

ventricle wall to the other side. Ventricle width at the widest part of the ventricle 

was recorded. In addition to comparing measurements, ratios of arc to ventricle 

dimensions were compared. Ratios of long arc length: ventricle length, long arc 

length: ventricle width, short arc length: ventricle length, and short arc length: 

ventricle width were compared across different genotypes. 

 

Standard and fluorescent in situ hybridization 

Standard whole-mount in situ hybridization was performed as described 

previously (Thisse et al., 1993). The cadm4 antisense probe was generated from a 

plasmid purchased from ATCC (MGC:101704), which contains the full length 

cadm4 cDNA sequence. The DNA template was amplified from the plasmid using 

the PCR primers 5’-TGTACGGAAGTGTTACTTCTGCTC-3’ and 

5’GGATCCATTAACCCTCACTAAAGGGAAGGCCGCGACCTGCAGCTC-3’. In 

addition to the annealing sequence, the latter primer contains the T3 RNA 

polymerase promoter sequence. The antisense RNA probe was synthesized with 

T3 RNA polymerase and labeled with digoxigenin. NBT and BCIP (Roche) were 

used as alkaline phosphatase substrates.  

Fluorescent in situ hybridization for mef2cb (Lazic and Scott, 2011) was 

conducted in combination with MF20 immunofluorescence as described previously 

(Zeng and Yelon, 2014). Following two nights of probe hybridization, embryos 
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were incubated in anti-digoxigenin-POD and MF20 primary antibodies. 

Digoxigenin-labeled probes were detected by deposition of TSA Plus fluorescein 

solution (Perkin Elmer:  NEL741B001KT). Following probe detection, incubation 

with an Alexa Fluor 594 goat anti-mouse IgG secondary antibody (Life 

Technologies: A11005) was used to detect MF20.  

 

Cell counting assay 

To count OFT progenitor cells, we employed embryos carrying 

Tg(nkx2.5:ZsYellow). Embryos were counterstained with MF20, which marks 

differentiated cardiomyocytes. Cell counting was performed on partial 

reconstructions of multiple z-stack slices using Imaris software (Bitplane). 

Nkx2.5:ZsYellow+ MF20- cells residing inside a 85 µm-wide square surface were 

counted as OFT progenitor cells. The square surfaces were centered at the end of 

the arterial pole. When centered at the arterial pole, the surface dimensions 

account for all proximal OFT progenitor cells migrating in from the two sides of the 

arterial pole.  
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Imaging 

Embryos were viewed with a Zeiss AxioZoom microscope, and images 

were captured with a Zeiss Axiocam. Images were processed using Zeiss 

Axiovision. Confocal imaging was performed with a Leica SP5 confocal laser 

scanning microscope. A HCX IRAPO L 25.0X/0.95 water immersion objective was 

used to collect ~100 individual z-stack slices that were 0.29 µm thick. Confocal z-

stacks were exported, processed, and analyzed with Imaris software. All confocal 

images shown are partial reconstructions of multiple z-stack slices. 

 

Genotyping 

Individual embryos were collected after imaging. Embryos were lysed, and 

their genomic DNA was isolated. Standard PCR was used to genotype embryos. 

Primers were designed to amplify regions (~150-300 bp) that contained each of 

the mutations studied. The primers 5’-CGTGTTCCATTAAAGAAGAGCGT-3’ and 

5’-GTGCGCTAACTTGGGTTTCTG-3’ were used to genotype cadm4Δ26. The 

primers 5’-AAGGTTGAATGCTCCATATGCT-3’ and 5’-

TCCCCAAAGAAGAGTGTCTGTT-3’ were used to genotype cadm2aΔ10. The 

primers 5’-TCCTTATGCATCCTCACCAGC-3’ and 

5’CTGTCCTGTTGCCCAGATGA-3’ were used to genotype cadm3Δ70. Based on 

the size differences between the wild-type and mutant amplicons, the genotype 

can be determined for cadm4Δ26, cadm2aΔ10, and cadm3Δ70. cadm4sa12426 was 

genotyped using 5’-AACTTGCAGCTAATACAAAGCGA-3’ and 5’-

TTCAGCGAGAGGGCAGG-3’ primers, followed by restriction digestion of 
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amplicons with CviAII (NEB: R0640). When the nonsense point mutation is 

present, CviAII will digest the 290 bp amplicon into two smaller fragments of 141 

and 149 bp.  

 

Statistical analysis 

Prism software (GraphPad) was used to perform Student’s t-test with two-

tail distribution when comparing two sets of data. Graphs display mean and 

standard error of mean for each data set. 
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