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Abstract

Background—Left ventricular noncompaction (LVNC) is an autosomal dominant, genetically 

heterogeneous cardiomyopathy with variable severity, which may co-occur with cardiac 

hypertrophy.

Methods and Results—Here, we generated whole exome sequence (WES) data from multiple 

members from five families with LVNC. In four out of five families, the candidate causative 

mutation segregates with disease in known LVNC genes MYH7 and TPM1. Subsequent 

sequencing of MYH7 in a larger LVNC cohort identified seven novel likely disease causing 

variants. In the fifth family, we identified a frameshift mutation in NNT, a nuclear encoded 

mitochondrial protein, not implicated previously in human cardiomyopathies. Resequencing of 

NNT in additional LVNC families identified a second likely pathogenic missense allele. 

Suppression of nnt in zebrafish caused early ventricular malformation and contractility defects, 

likely driven by altered cardiomyocyte proliferation. In vivo complementation studies showed that 

mutant human NNT failed to rescue nnt morpholino-induced heart dysfunction, indicating a 

probable haploinsufficiency mechanism.

Conclusions—Together, our data expand the genetic spectrum of LVNC and demonstrate how 

the intersection of WES with in vivo functional studies can accelerate the identification of genes 

that drive human genetic disorders.
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Left ventricular noncompaction/hypertrabeculation (LVNC/LVHT) is a clinically distinct, 

primary cardiomyopathy1. LVNC is characterized by a spongy, noncompacted myocardium 

layer clearly distinct from the underlying, compacted myocardium2, as well as increased 

trabeculation and deep intertrabecular recesses in the left ventricle3. LVNC has variable 

clinical severity, ranging from benign to early-onset, severe heart failure and death4. LVNC 

may be first detected prenatally or as late as 95 years of age, and appears to affect a greater 

proportion of males than females5. Although readily diagnosable by echocardiogram6, the 

true prevalence is estimated to be between 0.014% and 0.24%2,7.

Although LVNC may occur in isolated cases, familial LVNC is recognized as a genetic 

disorder that is inherited in an autosomal dominant (AD) manner8. LVNC is associated 

frequently with mitochondrial disorders and cardiac hypertrophy. It is most commonly 

attributed to mutations in seven genes (TAZ, DTNA, LDB3, LMNA, SCN5A, MYH7 and 

MYBPC3), with additional contributing variants reported in rare instances (ACTC1, TNNT2, 

MIB1, PRDM16, and TPM1); all LVNC loci encode proteins involved in cellular energy, 

muscle development, ion channel formation, or are components of the muscle filaments9–13. 

Despite these advances, many of the causative LVNC genes have yet to be identified1. 

Mutations in MYH7 are the single most common cause of LVNC, accounting for 8–13% of 

cases, with the remainder of the genes reported to be mutated in rare cases10,12. The large 

number of causative loci, as well as overlap with other cardiomyopathy genes, suggests that 

hypertrabeculation is a common compensatory mechanism of impaired or injured 

myocardium1. To improve our understanding of the genetic and molecular basis of this 

disorder we used whole exome sequencing14,15 (WES) to conduct an unbiased investigation 

of the genetic basis of LVNC.

Methods

IRB approval for this study was obtained from Baylor College of Medicine. All participants 

provided informed consent prior to participating in this study.

DNA capture sequencing

Hybridization was conducted with a custom capture reagent15. Precapture libraries for 

SOLiD (2 ug) were hybridized in solution according to the NimbleGen Seqcap EZ protocol 

with minor revisions. Specifically, hybridization enhancing oligos TrTA-A and SOLiD-B 

were used in the hybridization reactions to block the common TrTA adaptor sequences for 

increased capture efficiency. Following sequence capture, post-capture LM-PCR was 

performed using 12 cycles. Capture libraries were quantified using PicoGreen (Cat. No. 

P7589) and their size distribution was analyzed using the Agilent Bioanalyzer 2100 DNA 

Chip 7500 (Cat. No. 5067-1506). Capture efficiency of each capture library was evaluated 

by performing a qPCR-based SYBR Green assay (Applied Biosystems; Cat. No. 4368708) 

with built-in controls (RUNX2, PRKG1, SMG1, and NLK). Capture library enrichment was 
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estimated at 7 to 9-cycles over background by qPCR. Captured libraries were processed 

further for sequencing, with approximately 6–12 Gbs of sequence generated per capture 

library on SOLiDv4 instruments. Illumina library preparation was conducted as described 

previously15.

Whole Exome Sequencing Analysis

Sequence data were aligned to the human genome (hg19) and variants were identified and 

filtered for quality as described14,15. Briefly, read qualities were recalibrated with GATK 

and a minimum quality score of 30 was required; the variant must have been present in at 

least 15% of the reads that cover the position. In addition, prior to variant calling, reads with 

low (<11) mapping qualities (MQ) (a value based on the ratio of the best alignment score to 

the second best alignment score) were removed. Common variants were filtered based on 

minor allele frequency and previous association with disease using previously established 

parameters16. Variant effect on protein was established in both RefSeq and ENSEMBL 

(v78) gene sets. Variants were prioritized based on phenotypic overlap, deleteriousness of 

the variant (e.g. truncating/splice affecting and in silico predictions), and known mutational 

spectrum of the gene in unaffected populations.

Capillary Sequencing

Validation and segregation of discovered variants, and sequencing of the NNT coding exons 

in the expanded cohort was conducted on an ABI3730 capillary sequencer. Amplification 

and sequencing primers were designed by an automated pipeline; variants were 

automatically called using SNPDectector (version 3). Variants were subsequently validated 

visually.

Ion Torrent Sequencing

PCR primers were designed for each coding exon of MYH7 using primer3. Sixteen 

molecular barcodes were generated and appended to each of the forward PCR primers. Each 

exon for each subject was amplified separately, and then pooled into groups of 16 prior to 

sequencing on the Ion Torrent PGM. Reads were mapped to the genome and variants called 

as described above for the Illumina data.

Zebrafish embryo injections and live phenotypic assessment

We identified two zebrafish orthologs of human NNT protein, referred to as nnt-a and nnt-b 

on D. rerio chromosomes 21 and 18 respectively using reciprocal BLAST. We then 

designed splice-blocking morpholinos (MO)s against the splice donor site of exon 4 of each 

transcript (Gene Tools). We injected 9ng of each MO into wild-type embryos at the one- to 

two-cell stage and determined MO efficiency by RT-PCR of cDNA generated from whole 

embryos (n=25 embryos/injection batch; Quantitect Reverse Transcription kit, Qiagen) 

harvested at 3 days post-fertilization (dpf) in Trizol (Invitrogen). Specific targeting of each 

of nnt-a and nnt-b is evidenced by the semi-quantitative decrease in correctly spliced 

transcript. Phenotype specificity experiments were conducted by targeting hacl1, nav1, 

rab28, rbm28 and notch1a. We conducted live embryo phenotypic scoring at 2, 3, or 5 dpf 

using either wild-type (EK/AB outcross); or cmlc2:GFP 17, a myocardium-specific GFP 
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transgene. MO dose response curves for individual and combined suppression of nnt-a and 

nnt-b (3ng, 6ng, and 9ng MO) were generated with EK/AB embryos at 3 dpf; n=50–100 

embryos/injection, repeated three times with masked scoring. For rescue experiments, we 

generated a full-length human NNT ORF construct by PCR amplification from lymphocyte 

cDNA, cloning into a pCR8/GW vector (Invitrogen), and LR recombinase-mediated cloning 

into the pCS2+ backbone. We conducted mutagenesis using the QuikChange site directed 

mutagenesis kit (Agilent); all vectors were sequence confirmed. Capped mRNA was in vitro 

transcribed using the mMessage mMachine kit (Ambion); 200 pg RNA and 5 ng MOs were 

used for in vivo complementation experiments. To assess cardiac heartbeat and morphology, 

we anesthetized 2 dpf cmlc2:GFP larvae with Tricaine, and conducted live video imaging of 

ventral views using a Nikon AZ100 microscope and NIS Elements AR software at 12x 

magnification (10 second videos at 8.77 frames/second; n=10 embryos/injection, replicate 

batches; see Supplementary Movies).

Zebrafish histology

We generated cardiomyocyte cell counts at 2 and 3 dpf using cmlc2:FUCCI18, a double 

transgenic line enabling the detection of non-proliferating (cmlc2:mCherry-zCdt1, red) and 

proliferating (cmlc2:Venus-hGeminin, green) cardiomyocytes. Larval batches were fixed 

overnight in paraformaldehyde (PFA), and 50 μM-thick sections were imaged using a Zeiss 

LSM 700 confocal microscope and ZEN software at 20x magnification. Maximum intensity 

projections were analyzed using Imaris Version 7.6 software; mCherry+ and Venus+ nuclei 

were quantified using surface analysis (n=12 larvae/batch; repeated once). Red+green+ and 

red+green− nuclei were scored as non-proliferating cells, and red− green+ nuclei were scored 

as proliferating.

Statistical Analyses

Mutation burden—To test whether the frequency of rare variants in MYH7 differed 

between ARIC and our LVNC cohort we used a two-tailed Fisher’s exact test. The 

Atherosclerosis Risk In Communities (ARIC)19 cohort consists of 1,650 individuals who 

have undergone WES using the NimbleGen capture reagent followed by Illumina 

sequencing15. On average, >99% of the coding bases in MYH7 have at least 20x redundant 

coverage in this dataset.

In vivo complementation—To test for differences in cardiac edema in 3 dpf morphant 

zebrafish larvae, we compared qualitative scoring data (normal or affected) in a pairwise 

manner across embryo batches using χ2 tests (n=46–15 embryos/batch; three biological 

replicates).

Contractile dysfunction and cardiomyocyte counts—We used a student’s t-test to 

determine the statistical significance of differences in heart beat (2 dpf controls and 

morphants; n=10 larvae/injection batch; two biological replicates). Differences in 

proliferating and non-proliferating cardiomyocytes were also determined using a two-tailed, 

homoscedastic Student’s t-test (2 and 3 dpf controls and morphants; n=12 larvae/injection 

batch; two biological replicates).

Bainbridge et al. Page 4

Circ Cardiovasc Genet. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

We identified five families (A–E) with apparent hereditary LVNC (Supplementary Figure 

1A–E). Initial presentation of the index case for each family was secondary to either an 

abnormal electrocardiogram or a screening echocardiogram that led to the diagnosis of 

LVNC. The remaining family members in each pedigree underwent transthoracic 

echocardiography for indicated screening. Varying degrees of coexisting myocardial 

involvement were identified, including evidence of dilation of the left ventricle (LV) with 

depressed LV systolic function (dilated phenotype); or increased left ventricular thickness 

and increased LV systolic function (hypertrophic phenotype). One member of family C had 

severe dilated cardiomyopathy (DCM) with associated LVNC that required mechanical 

assist and cardiac transplantation.

We generated WES data from multiple affected and unaffected members, when available, 

from all families (Table 1). In total, 228 Gbp of sequence data were produced and aligned to 

the human genome, producing an average depth of coverage of 79x (Supplementary Figure 

1A–E). Bioinformatic analyses were used to identify candidate causative alleles in each 

family. Variants were prioritized for validation based on a) minor allele frequency (MAF); 

b) whether they were predicted to alter protein function (either through a predicted change to 

mRNA splicing or truncation/substitution of the amino acid sequence); c) previous 

association with LVNC or genes with functional similarity to known LVNC genes; d) 

whether they were shared by all affected individuals, but not present in unaffected 

individuals; and e) whether mutants in other organisms had been reported with relevant heart 

pathologies. In all cases, the small size of the pedigree and AD inheritance of the disease 

made it difficult to identify a single variant by segregation alone. However, when a 

predicted pathogenic allele was identified in a known LVNC gene, it was considered the 

most likely causative variant (Supplementary Table 1). We then segregated all LVNC-

associated variants reported here by capillary sequencing in all available members of the 

pedigree.

In four out of five families we identified novel nonsynonymous changes in known LVNC 

genes. In three families (B, D, E) we identified rare, protein changing mutations in MYH7, 

encoding myosin heavy chain beta, p.S648L, p.Q163P and p.E700G respectively, none of 

which have been previously reported but all of which were predicted to be pathogenic with 

multiple in silico prediction algorithms (PolyPhen-2 HDIV/HVAR scores >0.9; Mutation 

Taster, Mutation Assessor; Table 1). MYH7 consists of 40 exons, encoding a protein of 

1,935 residues that is present primarily in slow-type skeletal muscle and in the ventricles20. 

Mutations in MYH7 are associated with other cardiomyopathies, including familial 

hypertrophic cardiomyopathy type 1 and dilated cardiomyopathy type 1S21. In family A, we 

discovered a p.D275H variant in another known LVNC gene22,23, tropomyosin 1 (TPM1). 

TPM1 encodes an actin-binding tropomyosin, is involved in the contractile system in both 

smooth and striated muscle24 and accounts for a small proportion of LVNC cases.

In some cohorts, mutations in MYH7 are thought to account for a minority of LVNC cases 

but were found in three of the five families we studied. We hypothesized that the difficulty 

inherent in sequencing and interpreting data derived from a gene as large as MYH7 might 
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lead to under-reporting of its association with LVNC. The capture sequencing reagent used 

here provides high, relatively even coverage of every coding exon in MYH7 and 

subsequently we found 60% of our families had rare, protein changing variants in MYH7. 

We investigated the prevalence of MYH7 mutations in a cohort of 49 individuals diagnosed 

with LVNC using a PCR-amplicon high-throughput sequencing strategy. In total, we 

produced >350Mbp of sequence data from the Ion Torrent sequencing platform, generating 

an average depth of coverage >200x across all coding exons. Eight individuals harbored a 

single, rare (MAF <0.001), protein changing mutation in MYH7 and one (L030) harbored 

two rare mutations (Supplementary Table 2). The proportion (18.4%) of subjects with 

MYH7 mutations is modestly higher compared to similar studies10,12 in which 7.9–13% of 

individuals harbored pathogenic mutations in MYH7. Although we cannot be certain that all 

discovered variants are deleterious without functional testing, we compared the frequency of 

rare, protein changing MYH7-mutations in LVNC to a cohort of unselected individuals from 

the Atherosclerosis Risk In Communities (ARIC)19 cohort. We found that only 2.5% of 

ARIC individuals had rare, protein changing mutations in MYH7, a 7.4 fold enrichment that, 

despite the relatively modest case sample size in our study, was nonetheless significant 

(p<0.0001). Although the MYH7 sequencing data produced from the ARIC samples is of 

high quality (>99% of coding bases at >20x coverage; see Methods), we cannot rule out the 

possibility that different sequencing methods may contribute to this result. Even so, these 

findings may imply that MYH7 plays a greater role in the development of LVNC either as 

the sole cause of the disease, or possibly acting in concert with other genes. Of note, four 

(50%) of the mutations we discovered in our LVNC cohort were reported previously25–28 

and in one case (p.L061P in L022) a mutation affecting the same amino acid (p.L061R) was 

reported21. This may indicate that the set of pathogenic mutations in MYH7, at least in 

European populations, is relatively well surveyed.

In family C, neither known LVNC genes, nor other genes associated with human 

cardiomyopathy were found to contain rare, protein changing mutations. Of the 25 genes 

that remained after analysis, the majority either had no known function or no shared function 

with other known LVNC genes (e.g. related to the heart, musculature, or cellular energy). 

Cross-referencing this gene set with human (OMIM) or mouse (MGI) phenotype databases 

reduced the priority of most of these genes on the basis that loss of function mutations 

induced phenotypes irrelevant to the cardiac defects in family C, with two exceptions: 

MAP1S and NNT (Supplementary Table 3). However, MAP1S contains numerous 

homozygous frameshift alleles in control individuals, suggesting that its loss of function is 

tolerated in humans. In contrast, NNT, encoding nicotinamide nucleotide transhydrogenase, 

remained a strong candidate for several reasons. First, the mutation detected was a 

frameshift allele within the fourth coding exon of the gene that introduces a premature 

codon that likely renders the transcript subject to nonsense-mediated decay (Figure 1A). 

Second, we found a single heterozygous truncating or stop mutation at any position of the 

coding sequence in 13,000 control chromosomes; this frequency is consistent with the 

prevalence of LVNC and suggests that severe truncating mutations at this locus are 

generally intolerable. Third, mouse Nnt mutants have revealed a direct relevance of NNT to 

cardiac development and function: Nnt null29 mice have a mild cardiovascular background 

phenotype including lower LV shortening, higher aortic ejection time, and increased LV 
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weight30. Moreover, when these mice are rendered null for a second mitochondrial gene, 

MnSOD, they develop lethal prenatal cardiac-hypertrophy29. This is in contrast to MnSOD-

null mice on other (i.e. NNT normal) backgrounds which are long lived with no signs of 

cardiac-hypertrophy29. Finally, all these observations are consistent with a critical role for 

NNT in cellular health: NNT is an evolutionarily-conserved, nuclear-encoded mitochondrial 

protein that is involved in cellular respiration31; it is responsible for coupling hydride 

transfer between NAD(H) and NADP(+) to proton translocation across the inner 

mitochondrial membrane (Figure 1B)32. In mitochondria, NADPH is used for the 

regeneration of glutathione and theoredoxin, two important antioxidant molecules.

Despite the known cellular and in vivo roles of NNT relevant to heart development and 

function, we were cautious in interpreting a pathogenic mutation in a single family. 

Therefore, we expanded our genetic study and Sanger sequenced all coding exons of NNT in 

a cohort of 56 unrelated individuals with LVNC (Supplementary Table 2). We identified a 

missense mutation that affected an evolutionarily conserved residue (p.D277Y) in a single 

individual (L011), who was diagnosed at infancy with LVNC and cyanotic congenital heart 

disease. This mutation was predicted in silico to be pathogenic (PolyPhen-2: possibly 

damaging, score 0.686; Mutation Taster: disease causing; Mutation Assessor: high impact) 

and was absent from all available controls.

Cumulatively, the two families with NNT mutations and the previously-reported phenotypes 

in mouse strengthened the candidacy of NNT in LVNC. Nonetheless, even though the 

mutation in the second family was unique to the patient and was predicted to be deleterious, 

we sought to test directly its effect on protein function. We therefore employed an in vivo 

complementation strategy in a transient zebrafish model system, which we have used 

previously to study the effect of missense mutations for a range of human phenotypes33,34 

Using reciprocal BLAST, we detected two NNT orthologs in the Danio rerio genome, nnt-a 

and nnt-b (83% identical, 91% similar (a); and 75% identical, 85% similar (b), versus human 

respectively; Supplementary Figure 2A), of which our in-house RNAseq data from the 

anterior structures of 5 dpf zebrafish larvae indicated that nnt-a has markedly increased 

expression when compared to nnt-b (456 vs. 2 counts per million mapped reads; (GSE 

#63191)35. Individual injection of morpholinos (MO) targeting either nnt-a or nnt-b and 

scoring blind to injection cocktail (n=50–100 embryos per injection) resulted in reduced 

endogenous transcript (Supplementary Table 4; Supplementary Figure 2B) and impaired 

heart function as evident by cardiac edema at 3-days post fertilization (Figure 1C). 

Importantly, whereas individual MO injections gave rise to 30%-40% affected embryos at 

the highest dose tested (9 ng) for nnt-a and nnt-b respectively, combined suppression of nnt-

a/b yielded 90% affected embryos (n=46–51 embryos/injection; (Supplementary Figure 2C); 

this may be the result of varying dose thresholds for each of the two encoded zebrafish NNT 

proteins. Moreover, the cardiac edema phenotype of nnt morphants was reminiscent of those 

observed for other morphants modeling known human LVNC genes such as taz, ldb3, lmna, 

and prdm16 9,36–38 and was consistent with the observed phenotype of our positive 

experimental control (notch1a)39. Additionally, as a test of specificity of the assay, 

suppression of four randomly selected genes harboring rare variants in LVNC Family C did 
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not produce a cardiac edema phenotype (Supplementary Figure 2A, B, D; Supplementary 

Table 4).

The edema phenotype was specific to the nnt-a/nnt-b MOs, since we were able to rescue the 

MO-induced defects by co-injecting 200 pg of capped wild-type (WT) human NNT mRNA 

(45% vs. 12% affected embryos for MO vs. WT rescue; p<0.0001; Figure 1D). Next, we 

compared the rescue efficiency of NNT mRNA harboring the 277Tyr-encoding change 

found in the LVNC patient to that of WT. Blind scoring of injected embryos showed that the 

mutant rescue was significantly worse than WT (p=0.0027), and was ameliorated 

significantly from that of MO (p<0.0001) (Figure 1D), indicating that the variant results in a 

partial loss of protein function in this assay and is a likely hypomorph. We saw no 

significant cardiac defects in embryos injected with either WT or p.D277Y message in the 

absence of MO.

To determine the cellular and morphological basis underlying the nnt-a/nnt-b MO-induced 

cardiac edema, we utilized transgenic reporter zebrafish lines to refine the relevance of the 

phenotype to LVNC in humans. Although humans and zebrafish display key differences in 

cardiac structure (most notably, zebrafish do not have separate left-right circulation), the 

highly conserved signaling pathways in cardiac development make the zebrafish a useful 

surrogate model to evaluate the candidacy of NNT in LVNC (reviewed in ref 33). First, we 

conducted live imaging of 2 dpf cmlc2:GFP control and nnt-a/nnt-b MO-injected larvae to 

visualize cardiac chamber morphology, contraction, and heart beat (n=10 larvae/injection 

batch, repeated twice). First, we noted that nnt-a/nnt-b morphants display significant 

brachycardia in comparison to their control counterparts (mean 91.5 vs. 66.8 beats/minute 

for control vs. morphants; p<0.0001). Second, we observed marked contractile dysfunction 

in morphant hearts, as evidenced by a lack of ventricular expansion during atrial contraction, 

with a concomitant generalized enlargement of the atrium, a likely compensatory result of 

the ventricular defect (Figure 2; Supplementary Movies).

Previous studies have shown that depletion of bona fide LVNC genes in zebrafish models 

can result in cardiomyocyte proliferation defects9. Therefore, to investigate the cellular basis 

for the contractile defects of nnt-a/nnt-b MO-injected larvae, we quantified the numbers of 

proliferating versus non-proliferating cardiomyocytes. We utilized cmlc2:FUCCI, a dual 

transgenic reporter line that indicates non-proliferating cardiomyocytes (mCherry-zCdt1, a 

G1 marker), and proliferating cardiomyocytes (Venus-hGeminin, an S/G2/M phase 

marker)18. Confocal microscopy and semi-automated cell counting of larval heart sections 

revealed significantly more non-proliferating cardiomyocytes in at 2 dpf in nnt-a/nnt-b 

morphants in comparison to controls (Figure 3A, B; p<0.0001; n=12 larvae/injection batch, 

replicated). However, the difference in cardiomyocyte counts did not persist until 3 dpf, a 

time point at which morphants and controls did not display marked differences in non-

proliferating cardiomyocytes; this was consistent with a significant reduction in proliferating 

cardiomyocytes in 3 dpf morphants vs. controls (Figure 3A, C; p<0.0001; n=12 larvae/

injection batch, repeated with similar results). These data suggest that the ventricular 

contractile defects may be the result of aberrant cardiomyocyte proliferation in the 

developing heart.
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Discussion

Disorders with variable presentation can be challenging to diagnose. Although LVNC can be 

diagnosed by echo-cardiogram, such tests are expensive and are not warranted without 

strong prior indication that the patient has impaired cardiac function. Further, many cases 

may be considered border-line for a noncompaction diagnosis by imaging. Single-gene tests 

can provide an exact diagnosis but are likewise difficult and expensive to conduct on 

genetically heterogeneous diseases where there are myriad potential genes to sequence. 

WES is delivered less expensively than multiple gene tests and provides a relatively 

unbiased method to scan the coding portions of the genome for causative mutations. Using 

this technique we were able to identify mutations in TPM1 in one family, a rare cause of 

LVNC. Further, we found that 3/5 of our families had mutations in MYH7 which likely 

caused their LVNC. The proportion of families carrying MYH7 mutations was higher than 

expected based on previous reports. Investigation into an expanded cohort of individuals 

found that 18.4% of them harbored mutations in MYH7 suggesting a potentially greater 

contribution of this locus than appreciated previously.

The combination of our human genetics data, the in vivo data from zebrafish embryos and 

the prior observations in the mouse implicates mutations in NNT as contributory to LVNC. 

Interestingly, homozygous mutations in NNT have been associated with glucocorticoid 

deficiency, in which the adrenal cortex is unable to produce cortisol in response to 

stimulation by ACTH40. Although no cardiac defects were reported in these subjects, it is 

not surprising that defects in mitochondrial genes may lead to multiple phenotypes and that 

presentation may be influenced by other factors. Multiple lines of evidence from in vivo 

functional testing in zebrafish indicate that nnt suppression results in malformation of the 

ventricle, likely resulting in contractility defects and brachycardia; our data suggest altered 

cell proliferation contributes to the cellular basis of this malformation. These data are 

consistent with other mouse and zebrafish models of LVNC. First, Ki67-immunostaining of 

E13.5 Fkbp12−/− (also known as Fkbp1a) mouse hearts demonstrated increased cell cycle 

activity in the myocardium in comparison to matched controls41. Moreover, a recent study 

in which zebrafish were used to model LVNC showed that suppression of prdm16 resulted 

in decreased cardiomyocyte counts and significantly reduced proliferation from 2–4 dpf, an 

observation that was coincident with increased apoptosis9. Finally, and most relevant to 

NNT, mouse models of Tafazzin, a protein critical to mitochondrial function that when 

mutated gives rise to the syndromic LVNC phenotype of Barth syndrome42, display altered 

cellular proliferation in embryonic hearts43. We do not know the precise developmental 

mechanisms that link cardiomyocyte proliferative defects with ventricular noncompaction 

defects. However, NNT is important for supporting the antioxidant capacity of mitochondria 

and NNT deficient cells are likely under severe oxidative stress, a cellular context with 

documented influence on cardiomyocyte cell cycle44. The implication of this pathway in the 

pathogenesis of this disorder merits additional study, not least because drugs that reduce 

oxidative stress may have a potential therapeutic role in select cases of LVNC. Furthermore, 

our findings of brachycardia and abnormal contractility in the nnt in vivo model highlight 

potential clinical implications. Numerous reports have associated LVNC in humans with 

depressed LV systolic function; this has been associated independently with increased 
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mortality in both children and adults. Moreover, LVNC is reported increasingly in 

conjunction with congenital heart disease 45–47. The implication of NNT in brachycardia 

may offer future understanding of the mechanisms behind LVNC and concomitant CHD.

Identifying novel genetic loci in AD diseases is challenging because many genes contain 

single, rare, protein changing mutations while far fewer have multiple mutations as would be 

the case in autosomal recessive diseases. For AD cases, such as those in the present study, 

segregation in a single family likely will not provide enough statistical-power to identify a 

single, novel causative gene. These approaches are limited in showing causality and 

biological relevance to disease. In that regard, we and others have shown that functional 

studies are a powerful and often necessary tool to both implicate novel causative genes in 

instances where genetic arguments are underpowered and offer the added benefit of 

informing the direction of effect of missense alleles3233. Further development of in vivo or 

in vitro methods for which a robust phenotypic readout is available will become increasingly 

important for the dissection of disorders underscored by extreme genetic heterogeneity, and 

for which few members of the pedigree are available for genetic analysis.
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Figure 1. 
Genetic and Functional evaluation of NNT in LVNC. A. Schematic of the human NNT 

locus on human chromosome 5 (top) showing non-coding exons (white boxes), and coding 

exons (blue boxes). Double slash indicates large introns (> 5kb). A schematic of NNT 

protein is shown below with functional domains Alanine dehydrogenase/PNT, N-terminal 

domain (AlaDh_PNT_N, shown in green), Alanine dehydrogenase/PNT, C-terminal domain 

(AlaDh_PNT_N, shown in purple) and twelve transmembrane domains (orange). The two 

mutations identified in LVNC families are shown with asterisks. B. Schematic of NNT 

function in mitochondria to regenerate NADPH in the cell; NADPH is then used to 

regenerate Thioredoxin Reductase 2 (TrxR-2) and glutathione reductase (GR). C. Lateral 

view of representative 3 dpf control (top) and nnt-a/b morphant (bottom) larvae showing 

cardiac edema (arrow). D. In vivo complementation assay of NNT p.D277Y; quantification 

of cardiac edema in 3 dpf morphant zebrafish larvae (5 ng nnt-a/b MOs) with and without 

addition of 200 pg human wild type NNT RNA (WT), and mutant RNA (p.D277Y). 

Statistically significant differences were calculated with χ2 tests and p<0.0001 are indicated 

(*); n=46–51 embryos/injection batch, repeated three times with masked scoring.
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Figure 2. 
nnt-a/nnt-b morphants display contractile dysfunction. Representative live ventral views of 2 

dpf cmlc2:GFP larvae at ventricular systole (top panels) and ventricular diastole (bottom 

panels). Ventricles in control larvae expand normally as the atrium contracts (compare white 

dashed circle to violet dashed circle in the bottom inset); ventricles in nnt-a/nnt-b morphants 

fail to expand during atrial contraction (5 ng each MO injected/embryo). Dashed box 

corresponds to the magnified image to the right of each large panel; L, left; R, right; A, 

atrium; V, ventricle; scale bars, 100 μm. nnt-a/nnt-b morphants also display brachycardia 

(mean 91.5 vs. 66.8 beats/minute, controls vs. morphants; p<0.0001; student’s t-test; n=10 

larvae/injection, repeated twice; see Supplemental movies).
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Figure 3. 
Suppression of nnt-a/nnt-b in zebrafish results in altered cardiomyocyte proliferation. A. 
Representative maximum intensity projections of cardiac sections from control and nnt-a/

nnt-b morphants (5 ng each MO injected/embryo) at 2 dpf and 3 dpf were used to monitor 

non-proliferating (cmlc2:mCherry-zCdt1, red, G1 phase of the cell cycle) and proliferating 

(cmlc2:Venus-hGeminin, green, S/G2/M phase of the cell cycle) cardiomyocyte counts. 

Cardiomyocytes with only the green signal were counted as proliferating (exemplified by 2 

dpf nnt-a/nnt-b or 3 dpf control panels). Scale bars, 50 μm; arrowheads point to the ventricle 

(V); or atrium (A). B. Quantification of non-proliferating cardiomyocytes as indicated by 

red+green− or red+green+ cells. C. Quantification of proliferating cardiomyocytes as 

indicated by red−green+ cells. p<0.0001; student’s t-test; n=12 larvae/injection batch, 

repeated once with similar results. Error bars represent standard error of the mean (sem).
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