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Abstract

Background: PRDM16 plays a role in myocardial development through TGFβ signaling. 

Recent evidence suggests that loss of PRDM16 expression is associated with cardiomyopathy 

development in mice, although its role in human cardiomyopathy development is unclear. This 

study aims to determine the impact of PRDM16 loss-of-function variants on cardiomyopathy in 

humans.

Methods: Individuals with PRDM16 variants were identified and consented. Induced pluripotent 

stem cell-derived cardiomyocytes (iPSC-CMs) were generated from a proband hosting a Q187X 

nonsense variant as an in vitro model and underwent proliferative and transcriptional analyses. 

CRISPR-mediated knock-in mouse model hosting the Prdm16Q187X allele was generated and 

subjected to echocardiograph, histologic, and transcriptional analysis.

Results: We report two probands with loss-of-function PRDM16 variants and pediatric left 

ventricular noncompaction cardiomyopathy (LVNC). One proband hosts a PRDM16-Q187X 

variant with LVNC and demonstrated infant-onset heart failure which was selected for 

further study. Induced pluripotent stem cells derived cardiomyocytes (IPSC-CMs) prepared 

from the PRDM16-Q187X proband demonstrated a statistically significant impairment in 

myocyte proliferation and increased apoptosis associated with transcriptional dysregulation of 

genes implicated in cardiac maturation, including TGFβ-associated transcripts. Homozygous 

Prdm16Q187X/Q187X mice demonstrated an underdeveloped compact myocardium and were 

embryonic lethal. Heterozygous Prdm16Q187X/WT mice demonstrated significantly smaller 

ventricular dimensions, heightened fibrosis, and age-dependent loss of TGFβ-expression. 

Mechanistic studies were undertaken in H9c2 cardiomyoblasts to show that PRDM16 binds 

TGFB3 promoter and represses its transcription.

Conclusion: Novel loss-of-function PRDM16 variant impairs myocardial development resulting 

in noncompaction cardiomyopathy in humans and mice associated with altered TGFβ signaling.

Visual Overview: An online visual overview is available for this article.
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INTRODUCTION

Left ventricular non-compaction (LVNC) is a primary disease of the heart muscle 

characterized by the presence of dense trabeculations within the left ventricle, which appear 

“non-compacted” on echocardiography[1]. LVNC is associated with a high incidence of 

morbidity and mortality, with 47% of adult patients (and 75% of symptomatic patients) 
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dying within 6 years of diagnosis, often due to ventricular arrhythmias leading to sudden 

death[2]. While LVNC is believed to have a genetic basis, only 15–25% of patients have 

identifiable genetic mutations[3]. This lack of known genetic and molecular mechanisms 

has impeded the progress of medical therapies for the management and prevention of 

LVNC-related mortality.

Pediatric cardiomyopathy is a rare but highly morbid and potentially lethal childhood 

cardiovascular disease. Cardiomyopathy affects at least 1 in 100,000 children in the 

United States with the greatest incidence in those less than 1 year old[4]. Among 

those with symptomatic cardiomyopathy, 40% undergo heart transplantation or die from 

cardiac complications within 2 years[4]. Cardiomyopathy is phenotypically heterogeneous 

with a broad scope of potential causes. Despite this, the majority of individuals with 

cardiomyopathic disease are due to potentially heritable genetic variants in a large number 

of genes. Several genes, mostly encoded elements of the cardiac sarcomere, have been 

implicated in the development of cardiomyopathy; yet, many genetic causes are still 

undetermined[5]. One recent retrospective study found clinical genetic testing identified 

pathological variants in only 26% of cases[6]. Consequently, further work has targeted 

identification of cardiomyopathic loci and prediction of pathogenicity in variants of 

undetermined significance in order to better understand the genetic landscape of pediatric 

cardiomyopathy[7].

1p36 deletion syndrome is the most common terminal chromosomal deletion associated 

with neurological impairments, craniofacial anomalies, and cardiovascular defects notable 

for cardiomyopathy[8, 9]. Thus, 1p36 deletion syndrome is a fruitful research target for 

cardiomyopathy genetics research as it contains a known cardiomyopathic locus within a 

limited set of genes to index. One such locus is PRDM16, a transcription factor linked 

to inherited cardiomyopathy in 1p36 deletion syndrome[10]. This remains controversial 

as there are other potential cardiomyopathic loci in the 1p36 region that confound the 

effects of PRDM16 loss[11]. In order to better understand effects of isolated PRDM16 
loss, several cardiac conditional knockout mouse models have been generated, all of 

which demonstrate cardiomyopathy[12–16]. These studies identify a role for PRDM16 in 

canonical TGFβ signaling wherein loss of PRDM16 results in an overall increase in this 

signaling pathway[12–14]. However, these models demonstrate variable clinical phenotypes, 

including hypertrophy, LV dilation, and LV noncompaction (LVNC)[12–16]. Further, it 

remains unknown if these murine models translate to humans. Specifically, the mechanism 

behind cardiomyopathy development in patients with PRDM16 mutations has yet to be 

determined.

In this study, we identify two pediatric probands hosting isolated loss-of-function PRDM16 
variants and who developed LVNC and quickly progressed into heart failure. We next 

generated mice with a human PRDM16 variant (Proband 1’s PRDM16-Q187X variant) 

and confirmed that Prdm16 loss causes LVNC and pathological remodeling. Using 

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from Proband 

1 and Prdm16-Q187X knock in mouse model, we demonstrate that PRDM16 regulates 

proliferation of cardiomyocytes in humans and mice. We also reveal a cell-autonomous 

regulation of TGFβ signaling by PRDM16 in cardiac cells. This work provides the first 
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investigation of PRDM16 loss in humans and provides insights into the mechanisms by 

which PRDM16 causes LVNC.

METHODS

The authors declare that all supporting data are available within the article and its online 

supplementary files. All RNA sequencing data is available in NCBI: Gene Expression 

Omnibus under accession N GSE193878. Raw sequencing data can be made available upon 

request.

This study received approval from the Institutional Review Boards at Baylor College of 

Medicine and Duke University Health System and all cases and patient-derived lines were 

obtained following receipt of informed consent. Animal studies were conducted in strict 

accordance with the National Institutes of Health guidelines for humane treatment of 

animals and approved by the Institutional Animal Care and Use Committee at the University 

of Utah and Duke University, respectively. A detailed methods section is available in the 

Supplemental Materials.

Statistics

All data are presented as the mean ± SD; p < 0.05 were considered significant, unless 

otherwise noted. Statistical analysis was performed with GraphPad. Unpaired Student’s t test 

was used to compare two independent groups with the exception of the mouse genotypes 

in which contingency tables were used. One-way ANOVA with Tukey post hoc test was 

used for multiple group analysis. Mendelian ratios were compared using Chi-square testing. 

Investigators were blinded to genotype during data collection and analysis.

RESULTS

Loss-of-function pathogenic variants in PRDM16 are associated with LVNC and pediatric 
heart failure in humans

While the loss of the PRDM16 genetic locus has been suggested as the needed trigger 

for the development of LVNC associated with 1p36 deletion syndrome in humans[10], the 

concomitant deletion of other genes proximal to the PRDM16 locus has left it unclear 

whether it is both necessary and sufficient to cause LVNC. Using whole exome sequencing, 

we identified two putative loss-of-function variants in two unrelated pediatric patients 

with LVNC with likely pathogenic variants in PRDM16. Proband 1 is a male child 

who demonstrated LV trabeculations on echocardiography at 4 days of life without a 

family history of cardiac disease (Fig 1a). Repeat echocardiography at 3 months of age 

demonstrated prominent trabeculations, consistent with LVNC, and development of marked 

LV dilation and severe loss of systolic function (Fig 1b and Table S1). Traditional gene panel 

testing for all known cardiomyopathy-associated genes did not identify a disease-associated 

variant. Exome sequencing identified a heterozygous nonsense variant in exon 4 of the 

PRDM16 gene (PRDM16-Q187X, PRDM16-c.559C>T, NM_022114, Fig 1c). This variant 

was predicted to cause an early termination of translation within the N-terminal PR domain 

of PRDM16 (Fig S1a). Exome sequencing excluded the presence of a rare variant in any 

other genetic loci within the 1p36 region potentially associated with cardiomyopathy (i.e. 
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SKI, GABRD, and MMP23B). The variant was absent in over 280,000 control/reference 

alleles placing the minor allele frequency at <4E-6 in the general population (gnomAD), 

absent in ClinVar, and not previously reported. The PRDM16-Q187X variant is predicted to 

be deleterious by a series of in silico pathogenicity models (Table S2) and was deemed likely 

pathogenic by ACMG criteria. The proband had no extra-cardiac features, including those 

associated with 1p36 deletion syndrome. Cascade genetic evaluation of this variant found it 

to be absent in biological parents, indicating a de novo mode of inheritance. Overexpression 

of this variant in HEK293T cells confirmed a loss of full-length protein expression (Fig 1d). 

This variant represents the first nonsense variant described in PRDM16 linked to pediatric 

LVNC and pediatric onset heart failure.

A second loss-of-function variant was identified in a 5-year-old female child (Proband 

2) who was diagnosed with LVNC and had no family history of cardiovascular disease 

(Fig 1e). Echocardiogram demonstrated prominent trabeculations, consistent with LVNC, 

and otherwise normal LV dimensions and preserved cardiac systolic function (Fig 1f). 

Diagnostic cardiomyopathy gene panel testing was negative; however, exome sequencing 

identified a heterozygous splice variant in the 3’ junction of exon 5 of the PRDM16 gene 

(PRDM16-c.676+2T>C, NM_022114, Fig S1b). As with Proband 1, exome sequencing 

confirmed the absence of rare variants in other genes within the 1p36del locus. Moreover, 

the variant was absent in gnomAD and ClinVar, deemed likely pathogenic by ACMG 

criteria, and never reported or described. Cascade genetic testing confirmed a de novo 
mode of inheritance. Overall, this identification of a second, unrelated proband with a 

presumptive loss-of-function variant in PRDM16 supports the conclusion that these variants 

are a rare cause of pediatric-onset LVNC and heart failure. To determine the mechanism 

of loss-of-function variants in PRDM16, we selected the nonsense mutation to further 

define underlying mechanisms of disease development given its location within the coding 

sequence of the gene locus.

PRDM16-Q187X is associated with reduced proliferation and increased apoptosis in iPSC-
derived cardiomyocytes

To identify the developmental defects associated with loss-of-function variants, we first 

generated induced pluripotent stem cell (iPSC) lines derived from the proband carrying 

the PRDM16-Q187X variant (iPSCQX/WT). These iPSCs had a normal karyotype, carried 

the Q187X variant by Sanger sequencing, and expressed the anticipated pluripotency 

markers (Fig S2a–c). As a control, we used both a non-isogenic healthy control 

individual (iPSCWT/WT) as well as a CRISPR-corrected line (iPSCcWT/WT) (Table S3). 

Differentiation into iPSC-derived cardiac myocytes (iPSC-CMs) was validated by cell 

morphology, spontaneous beating in coordinate syncytia, and robust expression of TNNT2, 

ACTC1 (Fig 2a), downregulation of pluripotency markers and increased expression of 

cardiac-specific markers by immunofluorescence and qPCR (Fig S2d–f). IPSC-CMsQX/WT 

demonstrated PRDM16 expression predominantly in the nucleus with weaker expression in 

the cytosol which was similar to both control lines (Fig 2b). Quantification of PRDM16 
expression in the iPSC-CMsQX/WT found reduced expression compared to controls without 

a corresponding decrease in PRDM16 transcript by qPCR (Fig 2c–d, Table S4). These 
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findings suggest that PRDM16-Q187X results in decreased PRDM16 expression by 

nonsense mediated decay.

We next explored whether there was evidence of cardiomyopathic cellular remodeling. 

We found robust and equivocal expression of ACTC1 in iPSC-CMsQX/WT compared to 

control lines (Fig 2e). Conversely, while control iPSC-CMsWT/WT and iPSC-CMscWT/WT 

demonstrated organized, parallel arrays of sarcomeric TNNT2, iPSC-CMsQX/WT 

demonstrated an abnormal organization of TNNT2 with loss of parallel myofilament 

alignment. In addition, the percentage of cells that were positive for TNNT2 expression 

was lower in iPSC-CMsQX/WT compared to controls (Fig 2f–g) with a corresponding 

decrease in TNNT2 expression by qPCR (Fig 2h). To assess the cell proliferation potential 

in maturing iPSC-CMs, the distribution of S-phase cardiomyocytes was determined by 

EdU incorporation. IPSC-CMsQX/WT demonstrated reduced proliferation capacity by ~ 

30% relative to both control lines (Fig 2i–j). Further, TUNEL staining was performed to 

analyze apoptosis and demonstrated an increase in apoptosis in iPSC-CMsQX/WT compared 

with control cells (Fig 2k–l). Given this, we next evaluated markers of cardiomyopathic 

remodeling[12, 14] and found that NPPA and NPPB had significantly higher expression of 

these markers compared with control lines (Fig 2m–n). Taken together, these results suggest 

that the PRDM16-Q187X variant is associated with impaired myocyte proliferation and 

increased apoptosis associated with cellular cardiomyopathic remodeling.

Prdm16QX/QX knock-in mice develop ventricular noncompaction, decreased cardiomyocyte 
proliferation with reduced cell size, and die before birth

To validate whether loss-of-function mutations in PRDM16 were sufficient to cause 

cardiomyopathy in a corresponding in vivo model, we generated the Gln187Ter variant 

allele in Prdm16 in a C57BL/6NJ background using CRISPR-Cas9-mediated genome 

editing (Fig 3a–c). With Prdm16QX/WT × Prdm16QX/WT in-crossing, there were no 

homozygous mutant mice (Prdm16QX/QX) born alive and were presumed embryonic lethal 

(Fig S3a). With Prdm16QX/WT × Prdm16WT/WT in-crossing, the numbers of pups born 

are not different from the numbers expected from the Mendelian law, overall (Fig S3b, 

Table S5). Interestingly, there was a slightly lower than anticipated proportion of female 

Prdm16QX/WT mice born, with only 40% of Prdm16QX/WT mice being female compared 

to 49% of control Prdm16WT/WT mice (Fig S3c, Table S5). Following birth, Prdm16QX/WT 

heterozygous mice had normal survival without noticeable functional impairment compared 

to Prdm16WT/WT controls. Expression analysis of Prdm16 at P3 and 3 months among 

Prdm16QX/WT mice demonstrated similar mRNA expression compared to controls (Fig 

S3d). Given the embryonic lethality noted, we next performed histologic analysis of 

embryonic (E16.5) Prdm16QX/QX hearts. While we found no structural defects of the 

heart, and trabecular layer of the myocardium appeared normally developed, the compacted 

layer was thinner in Prdm16QX/QX embryos compared with both Prdm16QX/WT and 

Prdm16WT/WT embryos (Fig 3d). This thinner compacted myocardium was associated 

with reduced Ki67+ positive cells and had the overall impact of increasing the relative 

thickness of the trabecular myocardium to compacted myocardium, a hallmark of LVNC in 

humans (Fig 3e–i). To further confirm this finding, we next stained fetal heart sections 

for phospho-histone H3 (PH3)-positive cardiomyocytes in the compact and trabecular 
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layers finding a lower number of PH3-positive myocytes in both among Prdm16QX/QX 

hearts. Moreover, when stained with wheat germ agglutinin (WGA), Prdm16QX/QX hearts 

demonstrated reduced cardiac myocyte size, measured in cross-sectional area, compared 

with both Prdm16QX/WT and Prdm16WT/WT embryos (Fig 4a–e). These results suggest 

that PRDM16-Q187X causes developmental arrest of cardiomyocytes as well as smaller 

cardiac myocytes which results in under development of the compacted myocardium and an 

embryonic lethal noncompaction cardiomyopathy.

Given these findings in the developing heart, we next evaluated the Prdm16QX/WT mice for 

evidence of cardiomyopathy through blinded echocardiography analysis at 3 and 8 months 

of age. Prdm16QX/WT mice demonstrated smaller LV internal dimensions, particularly 

during systole with increased fractional shortening, and decreased predicted stroke volumes 

(Fig 5a–e) throughout each of the ages analyzed. These measurements resulted in a reduced 

calculated left ventricular (LV) mass in Prdm16QX/WT mice (Fig S4a–d). Histological 

examination using Masson’s Trichrome and Hematoxylin and Eosin staining at 3 and 8 

months revealed that Prdm16QX/WT mice have a smaller ventricular chamber volume with 

trabecular/noncompacted myocardium as well as significantly increased fibrosis compared 

to controls (Fig 5f–j, Fig S4e–f). These histological changes were associated with elevation 

of Nppa and Nppb mRNA expression at 3 months which was not present at P3, suggesting 

the development of cardiac remodeling late in adulthood (Fig 5k–l). Overall, these results 

suggest that loss of PRDM16 results in impaired myocardial development of the ventricles 

with resultant noncompaction cardiomyopathy with myocardial fibrotic remodeling that 

develops in the adult mouse.

PRDM16-Q187X is associated with modulation of developmentally-dependent TGFβ 
signaling

We hypothesized that loss of PRDM16 will lead to overexpression of TGFB, given the 

previously identified role of PRDM16 in negative regulation of canonical TGFβ signaling 

which is needed for myocardial development[17, 18]. Moreover, activation of TGFβ signaling 

was also seen in human iPSC-CMs derived from patients with LVNC carrying variant in 

the transcription factor TBX20[19]. Recently, perturbations in regulation of TGFβ signaling 

in Prdm16-deficient hearts were demonstrated by us and others[12–15]. However, none of 

these studies examined the mechanisms by which loss-of-function PRDM16 mutations 

regulate TGFB genes. To determine this, we first conducted gene expression analysis by 

RNA sequencing (RNA-seq) of iPSC-CMQX/WT and iPSC-CMWT/WT which yielded 298 

differentially expressed genes with 170 upregulated and 128 downregulated genes (Fig 6a). 

To take advantage of our complementary mouse model, RNA-seq analysis of left ventricular 

myocardium from Prdm16QX/WT mice at P3 and 3 months were compared to controls 

and identified altered expression of 89 genes with 73 upregulated and 16 downregulated 

genes at P3 (Fig 6b), and 70 genes with 37 upregulated and 33 downregulated genes 

at 3 months (Fig 6c). We next combined this analysis to identify pathways common to 

both iPSC-CMs and Prdm16 mice. Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis revealed common downregulated pathways in cardiac muscle contraction with 

genes encoding contractile proteins being over-represented (MYL2, MYL3, MYH7 and 

TNNI3), oxidative phosphorylation (COX7A1, SDHA, NDUFS6 and NDUFS2) and TCA 
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cycle (IDH3A, CS, ACO2, DLD, IDH2, DLAT and PDHA1). We also detected alterations 

in cardiac developmental regulators including downregulated NOTCH genes (DLL3, DLL4, 

NUMB and JAG1) in the iPSC-CMs from the proband and an upregulation of hedgehog 

genes (Bmp2, Wnt2, Gli1, Sufu and Smo) in Prdm16QX/WT hearts (Fig 6d).

In addition to these global developmental pathways, transcriptome analysis found TGFβ 
signaling to be markedly down-regulated in P3 Prdm16QX/WT mice compared to controls. 

Interestingly, this reduced TGFβ expression shifts in the 3-month-old adult Prdm16QX/WT 

mice to increased expression relative to controls. This increase in TGFβ expression was 

also noted in the iPSC-CMQX/WT compared to controls (Fig 6d). This developmentally 

dynamic change in expression was supported by confirmatory qPCR which found an overall 

decrease in mRNA expression of several TGFβ signaling molecules in P3 Prdm16QX/WT 

mice vs controls, including Tgfb2, Tgfbr1, Tgfbr2, which then increased at 3 months (Fig 

6e–h). Furthermore, iPSC-CMQX/WT showed significant upregulation of TGFβ signaling-

related genes compared with both iPSC-CMWT/WT and CRISPR-corrected isogenic iPSC-

CMscWT/WT (Fig 6i–j). Taken together, these results suggest that TGFβ is a critical signaling 

pathway in PRDM16-mediated disease. Moreover, PRDM16-Q187X suppressed TGFβ 
signaling early in development, when there is associated impaired myocardial development, 

which then increased later in the adult heart with associated cardiomyopathic remodeling.

Cell autonomous regulation of Tgfb2 and Tgfb3 genes by Prdm16 in cardiac cells

To examine whether Prdm16 directly represses TGFB-associated genes in a cell autonomous 

fashion, and whether this regulation occurs via modulation of the promoter activity of 

TGFB genes, we used Prdm16 loss-and-gain-of-function studies in rat cardiac H9c2 

cardiomyoblasts. Knockdown of Prdm16 with siRNA enhanced, whereas its overexpression 

reduced, both Tgfb2 and Tgfb3 mRNA expression, respectively (Fig 7a, c). Similarly, 

the mRNA expression of Tgfb2 and Tgfb3 was elevated in neonatal rat cardiomyocytes 

(NRVMs) with Prdm16 knockdown (Fig 7b). PRDM16 regulates transcription through 

several mechanisms involving either direct binding to the promoter of genes, by indirectly 

modulating chromatin or via interaction with DNA binding proteins[20]. Thus, depending 

on the specific mode of regulation, PRDM16 can activate or repress gene expression 

in a tissue and a time-dependent manner. To assess how PRDM16 inhibits TGFB 
gene expression we performed chromatin immunoprecipitation (ChIP)-PCR assays in 

gain-of-function experiments. Three primer sets were designed in the promoter region 

of Tgfb3 and Tgfb2 based on published H3K4 and H3K9 methylation enrichment 

patterns from ChIP-sequencing of human heart tissue (WashU EpiGenome database, 

epigenomegateway.wustl.edu) (Fig 7d, e, Fig S5a, b). Using these primers, we performed 

ChIP-PCR of Myc-tagged PRDM16 expressed via adenovirus in H9c2 cells and confirmed 

binding at the Tgfb3 and Tgfb2 promoter (Fig 7f, Fig S5c) as well as an increase in histone 

3 lysine 4 monomethylation (H3K4me1) and a decrease in histone 3 lysine 4 trimethylation 

(H3K4me3) at this same region (Fig 7g, h, Fig S5d–f). In contrast, siRNA knockdown of 

PRDM16 in these cells, reduced H3K4me1 and H3K9me3, and enhanced H3K4me3 marks 

in Tgfb3 promoter region (Fig S5g–i, Fig S6a–c). ChIP-PCR against random intergenic 

region or Tbp control gene that is not targeted by PRDM16 shows a lack of enrichment 
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therefore supports specificity in targeting. These results suggest that Prdm16 regulates Tgfb2 
and Tgfb3 expression via its methyltransferase activity by mono-methylating H3K4.

DISCUSSION

PRDM16 is a transcriptional regulator implicated in cellular differentiation and is suspected 

to play a role in cardiac specification from mouse and zebrafish studies[10],[12–15]. 

In humans, PRDM16 has been studied in association with 1p36 deletion syndrome, 

a chromosomal deletion syndrome in which PRDM16 can be lost and with which 

cardiomyopathy has been associated[10],[21]. However, the role of PRDM16 in human hearts 

remains unclear and loss-of-function PRDM16 variants have not been fully characterized. 

In this study we sought to determine the effects of PRDM16 variants in cardiomyocytes 

and the pathogenesis of cardiomyopathy. To do so, we examined how PRDM16 modulates 

transcription using human iPSC-CMs and mouse heart. The novel findings of the current 

study are (1) PRDM16 loss-of-function variants are sufficient to cause LVNC in humans 

in the absence of 1p36 deletion syndrome; (2) PRDM16 loss-of-function variants are 

associated with impaired myocardium development, likely due to defective myocyte 

proliferation and differentiation, which results in severe LVNC, (3) PRDM16 bidirectionally 

regulates TGFβ signaling in a temporally-dependent manner; and (4) Prdm16 directly binds 

to the Tgfb3 gene promoter and represses its expression in H9c2 rat cardiomyoblasts.

Using whole exome sequencing, we identified two de novo variants (Q187X and 

c.676+2T>C) in PRDM16 in two unrelated pediatric patients presenting with LVNC by 

echocardiography and who did not have any alterations in genes previously known to 

cause LVNC or any other cardiomyopathy. These variants are novel, predicted by in silico 
analysis and current ACMG guidelines to be pathogenic, and have a mode of inheritance 

suggesting disease-association. Contrary to inherited forms of LVNC, the discovered 

variants in PRDM16 that caused LVNC in this study demonstrate a de novo mode of 

inheritance, suggesting that loss-of-function variants in PRDM16 result in early-onset and 

severe cardiomyopathy which would preclude transmission of the disease allele to offspring. 

Our findings validate a recent associative study[21] linking PRDM16 variants with LVNC 

in a meta-analysis of six different LVNC cohorts and suggest a causal role for PRDM16 
variants in the development of LVNC.

Proband 1 exhibited LVNC at 4 days with preserved function but quickly progressed to 

severe heart failure due to loss of systolic function and LV dilation. This represents a dilated 

cardiomyopathy (DCM)-like progression of LVNC known to occur in some patients with 

LVNC[1]. Conversely, proband 2 had LVNC with intact LV systolic function and no LV 

dilation at 5 years of age. This apparent divergency in cardiac performance is not completely 

understood but could be due to the nature of the variant (truncation versus splice variant), 

the gender of the proband, or the genetic landscape of each proband. This may represent 

a vulnerable myocardial substrate which is at risk of developing heart failure, although the 

variable expressivity of this locus, and of all forms of genetic cardiomyopathy, are not well 

understood.
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This study generated the first model of a human PRDM16 disease-associated variants and 

findings were paired with Prdm16QX/WT knock-in. Careful histologic examination of the LV 

in the Prdm16QX/WT knock-in mice may suggest a severe phenotype in the Prdm16QX/QX 

homozygous mice, with embryonic lethality secondary to LVNC with marked impairment 

of the development of the compact layer of the mouse heart. Prdm16QX/WT mice have a 

milder phenotype marked by underdevelopment of the ventricle and mild noncompaction. 

This gene dose-effect may be due to the maintenance of Prdm16 mRNA expression, again 

suggesting that mice may require a complete loss of Prdm16 to exhibit LVNC while haplo-

insufficient PRDM16 loss in humans is sufficient to cause LVNC. Another possibility is 

that PRDM16 may regulate distinct developmental pathways relevant to LVNC development 

in humans, underscoring the necessity for studies in human cardiomyocytes such as iPSC-

CMs. Interestingly, we see a sex-bias in survival among Prdm16QX/WT mice, with female 

mice having higher embryonic lethality rates, as we see more male mice born. These 

findings are in agreement with our recent work, identifying worse survival among female 

Prdm16 knockout mice compared to males as well as emerging evidence that females with 

PRDM16 deleted in 1p36del syndrome have a higher chance of developing cardiomyopathy 

than males who also lack PRDM16 in 1p36del syndrome[22]. Should this be found in other 

models of disease, it would suggest a sex-specific association between loss of PRDM16 and 

the risk of developing cardiomyopathy, heart failure, and even mortality.

Our human PRDM16 mutation-derived murine model is important as there have been 

several murine Prdm16 knockout models that exhibited variable cardiac phenotypes. 

Global Prdm16 knockout is embryonic lethal[12]; thus cardiac-specific knockouts have 

been generated. Xmlc2-Cre or cTnT-Cre driven Prdm16 knockouts demonstrate LV-specific 

dilation and dysfunction, as well as biventricular non-compaction[14]. Mesp1-Cre driven 

knockouts demonstrate age-associated ventricular fibrosis and cardiac hypertrophy[13, 23]. 

Two Myh6-Cre driven knockouts have been generated and both demonstrate cardiac 

hypertrophy and early onset dilated cardiomyopathy[12, 16]. Consistent with these models, 

our Prdm16QX /QX homozygous mice exhibited LV non-compaction and Prdm16QX /WT 

heterozygous mice developed cardiac hypertrophy and fibrosis. These inconsistent 

phenotypes may be explained in part by the efficiency of the Cre driver to deplete 

Prdm16 but can also suggest that Prdm16 may regulate distinct developmental genes in 

developmental stage-specific manner and may reflect background genetic features. These 

findings are consistent with the observation that humans with PRDM16 variants in the 

presence of 1p36 deletion syndrome develop a spectrum of cardiac phenotypes including 

LVNC alone, DCM alone or both[10].

This study provides novel insights into the role of PRDM16 in TGFβ signaling. We 

demonstrate through RNA-seq and qPCR that PRDM16 regulates TGFB in a time-

dependent manner. PRDM16 has been suggested as a negative regulator of canonical 

TGFβ signaling[12, 14]. Indeed, in 5-month-old Myh6-Cre driven Prdm16 knockouts, TGFβ 
signaling was interrogated and observed to be elevated with hyperphosphorylated Smad2[12]. 

However, the relationship between TGFβ signaling and cardiomyopathy is complex. Given 

the known role of TGFB in cardiac fibrosis, Nam et. al inhibited the TGFB receptors at 2 

months of age in Myh6-Cre-Prdm16 KO mice. Interestingly, this strategy failed to rescue the 

fibrotic phenotype of these mice[12]. They suggest that TGFB is not responsible for cardiac 
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fibrosis in this model. Another possibility, as our data indicate, is that TGFB may have a 

dynamic transcriptional and regulatory time course.

These findings are consistent with literature reports of upregulation of TGFB in 

fetal cardiomyocyte differentiation[24] and TGFB promotion of embryonic trabecular 

cardiomyocyte proliferation[25], as well as seemingly opposite findings in adults 

demonstrating that TGFB expression in adult hearts is associated with fibrosis[13], 

hypertrophy[26], and adverse cardiac remodeling such as induction of fetal-type myosin 

heavy chain[27]. Recent transcriptomic analysis of cell-cycle regulation in cardiomyocytes 

over time (E10.5, P1, and 8-weeks-old) identified TGFβ signaling pathways as the 

most differentially regulated pathway[28]. Thus, TGFβ signaling appears dynamic and 

heterogenous depending on the specific ligand, receptor, and developmental stage. 

Importantly, this study presents evidence that TGFβ signaling is positively regulated by 

PRDM16 early in development then suppressed later in the mature mouse heart. These 

findings are of note as they demonstrate PRDM16 variants are capable of generating TGFB-

mediated effects that vary by time and conspire to disrupt normal myocardial development. 

Together with previously published findings, we propose loss of PRDM16 leads to a lack 

of TGFB induction in early development and dysregulation and hyperactivity as the mouse 

heart matures according to our working mode[13, 18, 29, 30] (Fig 8).

This is particularly interesting given recent findings that suggest that PRDM16 deletion-

associated LVNC may result from loss of compact myocardial identity[14]. Consistent 

with this, Kodo et al. noted PRDM16 negatively regulates TGFβ signaling and suggest 

this axis may contribute to LVNC[19]. In this same work, they demonstrated that TGFB1 

signaling is required for adequate proliferation of compacted myocardium and deficiency 

in TGFB1 signaling early caused LVNC[19]. Our study links these findings: PRDM16 

induces TGFβ signaling early during mouse heart development and without it LVNC can 

develop, but later in cardiac maturation PRDM16 suppresses TGFβ signaling and maintains 

compact myocardial identity. Altogether, our results provide evidence that PRDM16 acts 

both as a positive and a negative regulator of TGFB that is temporally-variable. Lastly, we 

demonstrated mechanistically that Prdm16 binds both Tgfb2 and Tgfb3 gene promoters and 

differentially modulates H3K4 methylation marks in H9c2 rat cardiomyoblasts.

Limitations to this study include the possibility of genetic selection bias as probands 

presented with cardiomyopathy and were later found to have PRDM16 mutations. It remains 

to be determined what the true prevalence of pathogenic PRDM16 variants is and how 

penetrant the disease phenotype might be. We sought to mitigate this bias by searching for 

other putative cardiomyopathic mutations in these probands before concluding PRDM16 
was causative, as well as querying family members some of whom were asymptomatic. 

Further research might entail generation of a collaborative registry to compile cases 

of isolated PRDM16 mutation for better clinical and molecular characterization. Other 

limitations to this study include the difficulty of predicting pathogenicity of splice-site 

variants, such as that of Proband 2. The degree to which these variants may disrupt mRNA is 

a future direction. Finally, we put forward a potential mechanism by which loss of PRDM16 
may result in LVNC through TGFβ signaling in a developmentally specific manner. We 

cannot exclude the possibly that other mechanisms may play an important, and parallel, role 

Sun et al. Page 11

Circ Heart Fail. Author manuscript; available in PMC 2024 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in LVNC development. Additional work is needed to understand the complex underpinnings 

of both myocardial development and myopathic remodeling.

CONCLUSION/IMPLICATIONS FOR CLINICAL PRACTICE

PRDM16 has been implicated in cardiomyopathy through animal studies, associational 

studies, and clinical genetics work on 1p36 deletion syndrome. For the first time, this 

study examined isolated PRDM16 deficiency in human cells by identifying a proband 

with a loss-of-function variant in PRDM16. This variant was studied in both iPSC-CMs 

and mice and demonstrated that PRDM16 deficiency impairs cardiac proliferation and 

differentiation resulting in LVNC. The current and the previous studies shed light on the 

possible mechanisms underlying the multitude clinical phenotypes observed in humans with 

PRDM16 mutations, as well as the pathogenesis of LVNC. Further, this study developed 

valuable tools (iPSC-CMs with PRDM16 variants and Prdm16Q187X/WT knock-in mice) that 

may help study and test potential therapies to restore cardiac defects in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NON-STANDARD ABBREVIATIONS and ACRONYMS

CADD combined annotation dependent depletion

c.676+2T>C NM_022114.4 (PRDM16): c.676+2T>C

ChIP chromatin immunoprecipitation

CRISPR-Cas9 clustered regularly interspaced short palindromic repeats 

and CRISPR-associated protein 9

DCM dilated cardiomyopathy
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DANN deep neural network

EdU 5-Ethynyl-2’-deoxyuridine

HEK293T-EV HEK293T empty vector

hPRDM16-WT human PRDM16 wild-type

hPRDM16-QX human PRDM16-Q187X

iPSCs induced pluripotent stem cells

iPSC-CMs induced pluripotent stem cell-derived cardiomyocytes

KEGG Kyoto Encyclopedia of Genes and Genomes

LV left ventricular

LVDd left ventricular end diastolic dimension

LVDs left ventricular end systolic dimension

LVEDV left ventricular end diastolic volume

LVESV left ventricular end systolic volume

LVNC left ventricular noncompaction cardiomyopathy

NCBI National Center for Biotechnology Information

NRVMs neonatal rat cardiomyocytes

PW posterior wall

Q187X PRDM16-Q187X

SD standard deviation

SVT supraventricular tachycardia

TGFβ transforming growth factor-β

WGA wheat germ agglutinin

WT wild type
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What is New?

• The PRDM16-Q187X nonsense variant causes non-compaction 

cardiomyopathy in humans and mice.

• Nonsense variant in PRDM16 altered TGFB signaling in human induced 

pluripotent stem cells-derived cardiomyocytes and in mouse heart.

What are the Clinical Implications?

• Loss-of-function mutations in PRDM16 are associated with non-compaction 

cardiomyopathy with pediatric onset heart failure.

• PRDM16-associated non-compaction cardiomyopathy results from alteration 

in TGFβ signaling which may be a potential therapeutic target for treating this 

development defect.
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Figure 1: 
Loss-of-function genetics variants in PRDM16 are associated with left ventricular 

noncompaction cardiomyopathy (LVNC). (a) Schematic pedigree of Family A with LVNC. 

Proband 1 (III.1, arrow) hosts a heterozygous nonsense mutation (PRDM16-Q187X) 

denoted with a + and has LVNC with pediatric onset heart failure. DCM, dilated 

cardiomyopathy. SVT, supraventricular tachycardia. (b) Echocardiogram of Proband 1 

demonstrates trabeculations of the left ventricular apex consistent with LVNC (yellow 

arrowheads) present at 3 days of life that progressed to DCM by 3 months of age. (c) 

Sequence chromatogram of genotype wild-type III.2 and genotype PRDM16-Q187X III.1 
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kindred with the mutated nucleotide noted with the arrow. (d) Western blot of empty vector 

(EV), human PRDM16 wild-type (WT), and PRDM16-Q187X protein (QX) overexpressed 

in HEK293T cells. (e) Schematic pedigree Family B with LVNC. Proband 2 (II.1, arrow) 

hosts a heterozygous splice variant (c.676+2T) in PRDM16. (f) Echocardiogram of Proband 

2 (II.1) showing prominent apical trabeculations (yellow arrowheads) consistent with LVNC.
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Figure 2: 
PRDM16-Q187X impairs proliferation and increases apoptosis in iPSC-derived 

cardiomyocytes (iPSC-CMs). (a) Representative images of iPSC-CM differentiation markers 

Troponin T (TNNT2) and cardiac muscle alpha actin (ACTC1) in iPSC-CMs from non-

isogenic control (iPSC-CMsWT/WT), Proband 1 (iPSC-CMsQX/WT) and CRISPR-corrected 

isogenic control (iPSC-CMscWT/WT). Yellow arrowheads demonstrated an abnormal 

organization of TNNT2 with loss of parallel myofilament alignment. (b) Immunostaining 

of nuclei (blue) and PRDM16 (green) in iPSC-CMs. (c) Fluorescence intensity of PRDM16 

in iPSC-CMs (n=3). (d) PRDM16 mRNA expression in Proband 1 (iPSC-CMsQX/WT) 
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compared with controls (n=4). (e) Quantification of ACTC1 expression in iPSC-CMs (n=3). 

(f) Quantification of TNNT2 expression in iPSC-CMs (n=3). (g) Quantification of cells 

with abnormal TNNT2 pattern over the total number of cells (n=3). (h) Relative mRNA 

expression (normalized to RPL32) of TNNT2 from iPSC-CMs (n=4). (i) Immunostaining of 

nuclei (blue), TNNT2 (green) and EdU (pink) in iPSC-CMs at 4 weeks. White arrowheads 

represent EdU positive cells. (j) Percentage of EdU positive cardiomyocytes in Proband 1 

and controls (n=3). (k) Immunostaining of nuclei (blue), TNNT2 (green) and TUNEL (red) 

in iPSC-CMs at 4 weeks. White arrowheads represent TUNEL positive cells. (l) Percentage 

of TUNEL iPSC-CMs (n=3). (m, n) mRNA expression of NPPA (encoding natriuretic 

peptide A) and NPPB (encoding natriuretic peptide B) in iPSC-CMs (n=3). The bar graphs 

show the mean and error bars represent ± SD. Scale bar: 100 μm. P values generated using 

unpaired t-test.
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Figure 3: 
Prdm16QX/QX homozygous mice display left ventricular compaction defect: (a-c) 

Sequence chromatograms confirming the genotype of control (Prdm16WT/WT), heterozygote 

(Prdm16QX/WT) and homozygous mutant (Prdm16QX/QX) knock-in mice, respectively. NruI, 
Bsp68I restriction enzyme. (d) Prdm16WT/WT, Prdm16WT/QX and Prdm16QX/QX E16.5 

hearts were stained with endomucin (Endo) to label endocardial cell and Ki67 to identify 

proliferative cells. (e-f) Quantification of the thickness of noncompacted zone and the 

noncompacted/compacted ratio (at least three hearts per genotype, 6 fields were measured 

per section). (g-h) Cardiomyocyte proliferation rate using average of Ki67+ cells in six field 
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of view (at least three hearts per genotype). (i) Quantification of left ventricle thickness (at 

least three hearts per genotype, 6 different spots were measured per section). The bar graphs 

show the mean and error bars represent ± SD. Scale bars:100 μm. P-values generated using 

one-way ANOVA (not shown) followed by Tukey post hoc test.
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Figure 4: 
Prdm16QX/QX homozygous mice display defects in cardiomyocyte development. (a) 

Prdm16WT/WT, Prdm16WT/QX, Prdm16QX/QX E16.5 hearts were stained with anti-histone 

H3 (PH3) to quantify proliferative cells. Scale bars:100 μm. (b) Representative WGA 

(Wheat germ agglutinin) staining images for visualizing cell size. Scale bars: 10um. 

(c, d) Quantification of PH3 positive (pH3+) cells in both compact and trabecular 

areas of the heart show a significant decrease in cardiomyocyte proliferation rate in 

Prdm16QX/QX when compared to Prdm16WT/WT, Prdm16QX/WT (calculated from at least 

3 sections). (e) Quantification of cross-sectional area shows a significant decrease in 
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cell size in Prdm16QX/QX compared to Prdm16WT/WT, Prdm16QX/WT (n=3 sections, 90 

cardiomyocytes/section/group). The bar graphs show the mean and error bars represent ± 

SD. P-values generated using one-way ANOVA (not shown) followed by Tukey post hoc 

test.

Sun et al. Page 25

Circ Heart Fail. Author manuscript; available in PMC 2024 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Prdm16QX/WT mutant mice develop pathological cardiac remodeling. (a, b) Long-axis B-

mode and M-mode echocardiographic images at 3 and 8 months, respectively. Scale bar:100 

ms. (c) Ejection fraction (n=4, 6, 7 and 8 mice per group, each dot corresponds to a 

mouse); (d) Left ventricular diameter in systole (LVDs) (n=4, 6, 7 and 8 mice per group, 

each dot corresponds to a mouse); (e) Left ventricular end systolic volume (LVESV) in 

Prdm16WT/WT and Prdm16QX/WT mice at 3 and 8 months of age (n=4, 6, 7 and 8 mice per 

group, each dot corresponds to a mouse); (f-i) Histological analysis of heart sections stained 

with hematoxylin and eosin or trichrome from 3 and 8 months-old mice showing small 
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left ventricular (LV) size and internal dimensions. Scale bars: 1000 μm. (j) Quantification 

of the amount of fibrosis in the heart at 3 and 8 months, respectively (n=3 hearts). (k, l) 
Quantification of mRNA expression of Nppa (encoding natriuretic peptide A) and Nppb 
(encoding natriuretic peptide B) in hearts of 3 days (p3) and 3 months-old mice (n=4 hearts). 

The bar graphs show the mean and error bars represent ± SD. Comparisons are by unpaired 

t-tests.
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Figure 6: 
PRDM16-Q187X is associated with modulation of developmentally-dependent Tgfβ 
signaling. (a) Heatmap of differentially expressed transcripts from RNA-seq analysis 

of mutant iPSC-cardiac myocytes (iPSC-CMsQX/WT) and non-isogenic control (iPSC-

CMsWT/WT). (b, c) Heatmap representation of differentially expressed transcripts identified 

from RNA-seq analysis of 3 days (p3) and 3 months old control and Prdm16-Q187X mouse 

hearts. (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated 

and downregulated pathways iPSC-CMsQX/WT vs iPSC-CMscWT/WT as well as in hearts 

from 3 days (p3) and 3 months (3 mon) Prdm16WT/WT and Prdm16QX/WT, respectively. 
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(e-h) QRT-PCR validation of Tgfβ signaling from RNA-seq analysis of p3 and 3 months 

control Prdm16QX/WT (n=4). (i, j) QRT-PCR analysis showed significant increase in TGFβ 
signaling and downstream target genes mRNA expression in iPSC-CMsQX/WT compared to 

both iPSC-CMsWT/WT and isogenic iPSC-CMscWT/WT at 4 weeks (n=4). The bar graphs 

show the mean and error bars represent ± SD. P-values generated using unpaired t-tests.
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Figure 7: 
Prdm16 regulates Tgfb gene transcription in cardiac cells. (a) mRNA expression of Tgfb 
genes in undifferentiated H9c2 rat cardiac myoblasts with Prdm16 siRNA knockdown or 

control siRNA (n=12). (b) mRNA expression of Tgfb genes in neonatal rat cardiomyocytes 

(NRVMs) with Prdm16 siRNA or control siRNA (n=4). (c) mRNA expression of Tgfb genes 

in undifferentiated H9c2 cardiac myoblasts overexpressing Prdm16 (n=3). (d, e) Previous 

ChIP-seq studies have established enrichment of H3K4me3 and H3K9me3 within the 

promoter regions of Tgfb3 (WashU EpiGenome Database). (f) Prdm16 binding to the Tgfb3 
promoter region in H9c2 cardiac myoblast expressing Myc-tagged Prdm16 adenovirus or 
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not. ChIP-PCR negative control showing that PRDM16 is enriched at neither random 

intergenic region nor Tbp control gene (n=8). (g, h) Enrichment of histone H3K4me1 and 

reduced histone H3K4me3 methylation marks in the Tgfb3 promoter region with Prdm16 

over-expression in H9c2 myoblasts (n=8). The bar graphs show the mean and error bars 

represent ± SD. P-values generated using unpaired t-tests.
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Figure 8: 
A schematic of the proposed mechanism of PRDM16-mediated cardiomyopathy 

development. The PRDM16-Q187X variants results on impaired development of the 

compact layer of the left ventricle (LV) during fetal development in the setting of reduced 

TGFβ signaling. This causes a noncompaction cardiomyopathy. If physiologically tolerated 

and does not result in embryonic lethality, the heart is underdeveloped in the post-natal 

mouse, and there is cardiomyopathic remodeling over time associated with increased TGFβ 
signaling.
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