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Birth defects are the leading cause of infant mortality, and they are caused by a combination of genetic and
environmental factors. Environmental risk factors may contribute to birth defects in genetically susceptible infants by
altering critical molecular pathways during embryogenesis, but experimental evidence for gene-environment interactions
is limited. Fetal hyperglycemia associated with maternal diabetes results in a 5-fold increased risk of congenital heart
disease (CHD), but the molecular basis for this correlation is unknown. Here, we show that the effects of maternal
hyperglycemia on cardiac development are sensitized by haploinsufficiency of Notch1, a key transcriptional regulator
known to cause CHD. Using ATAC-seq, we found that hyperglycemia decreased chromatin accessibility at the endothelial
NO synthase (Nos3) locus, resulting in reduced NO synthesis. Transcription of Jarid2, a regulator of histone
methyltransferase complexes, was increased in response to reduced NO, and this upregulation directly resulted in
inhibition of Notch1 expression to levels below a threshold necessary for normal heart development. We extended these
findings using a Drosophila maternal diabetic model that revealed the evolutionary conservation of this interaction and the
Jarid2-mediated mechanism. These findings identify a gene-environment interaction between maternal hyperglycemia
and Notch signaling and support a model in which environmental factors cause birth defects in genetically susceptible
infants.
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Introduction
Birth defects, defined as an abnormality affecting body structure and function that is present at birth, affect 
nearly 8 million children annually and are an important worldwide health problem (1). Among these, con-
genital heart disease (CHD) is the most common type of  birth defect and is a leading noninfectious cause 
of  infant morbidity and mortality (2, 3). While an increasing number of  genetic contributors for CHD in 
humans have been identified, the etiology for majority of  CHD remains unknown. The etiology for these 
cases is proposed to be multifactorial, as demonstrated in epidemiological studies, which show a significant 
role for both genetic and environmental determinants (4–6). Studies of  genetic contributors have identified 
an increasing number of  genes associated with CHD (7–9). The importance of  gene dosage for the occur-
rence of  cardiac malformations has been shown, along with the concept of  an oligogenic etiology for CHD, 
supporting the concept that mild alterations in gene expression levels may lead disease phenotypes (10–13). 
Similarly, numerous environmental risk factors for CHD have been reported, each of  which increases the 
risk of  having a child with CHD (14). For the majority of  these, exposure to a single teratogen raises the 
risk by only 2- to 10-fold, suggesting that additional factors, i.e., underlying genetic susceptibility, may be 
involved. While gene-environment interactions for birth defects have been proposed, there is limited molec-
ular evidence demonstrating the mechanisms by which this occurs (15).

Among the noninherited risk factors, pregestational type 1 and type 2 maternal diabetes mellitus (matDM) 
is well-known, raising the risk of having an infant with CHD by 3- to 5-fold. The cardiac phenotypes include 
looping, conotruncal, and septation defects (14, 16, 17). MatDM constitutes an unfavorable environment for 
embryonic development, characterized by fetal exposure to elevated blood glucose levels, which is the proposed 
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major teratogen for diabetic embryopathy (17, 18). However, the mechanisms by which alterations in maternal 
glucose homeostasis disrupt normal heart development remain poorly understood.

Maternal illnesses, which affect the fetal environment and cause birth defects, are proposed to be medi-
ated by epigenetic mechanisms, including posttranslational modifications of  histones, DNA methylation, 
and noncoding RNAs (19, 20). This tightly orchestrated spatiotemporal regulation is maintained by switch-
ing between a euchromatin (active) and a heterochromatin (silent) state, which is typically accomplished 
by the recruitment of  chromatin-associated multisubunit protein complexes, which alter gene transcription 
by modulating chromatin accessibility (21, 22). With the tremendous advancements in epigenomics, these 
higher-order chromatin organization and accessible regions are able to be defined throughout the genome. 
Assay for transposase-accessible (Tn5) chromatin with high-throughput sequencing (ATAC-seq) is a robust 
method that has improved the ability to identify open chromatin regions, transcription factor (TF) occu-
pancy, and regulatory elements, including promoters and enhancers (23, 24). These higher-order chromatin 
conformational studies allow us an opportunity to determine how environmental perturbations influence 
downstream gene expression required for normal embryonic development.

Hyperglycemia (HG) is known to result in the accumulation of  ROS in the vasculature and developing 
embryo (25, 26). Increased ROS levels associated with reduced NO bioavailability are a hallmark of  dia-
betes-mediated complications that lead to endothelial cell (EC) dysfunction in adult-onset cardiovascular 
disease (26–28). Since redox homeostasis plays an important role in regulating EC fate, it is important 
to understand how increased ROS and loss of  NO affects the fetal cardiovascular system during devel-
opment. It was recently shown that cellular exposure to NO can function as an epigenetic modulator 
by affecting global histone methylation status (29, 30). Targeted deletion of  endothelial NO synthase 
(eNOS, also known as Nos3) in mice results in CHD, demonstrating the requirement of  endothelial NO for 
proper heart development (31, 32). We previously demonstrated a genetic interaction between Nos3 and 
Notch1, as compound mutant mice exhibit a range of  conotruncal and semilunar valve malformations, and 
suggested that loss of  NO led to a further reduction of  Notch1 signaling (33, 34). The Notch signaling 
pathway is a highly conserved intracellular signaling pathway critical in cell fate decisions and numerous 
developmental and disease processes; it includes the 4 Notch transmembrane receptors (Notch1–Notch4) 
that are activated by interactions with Jagged and Delta-like family of  ligands on adjacent cells (35). 
Receptor-ligand recognition is followed by a series of  proteolytic cleavages that releases Notch intracellu-
lar domain, allowing translocation to the nucleus, where it functions in a transcription complex [CBF1/
Su(H)/Lag-1] to activate downstream target genes, including the HEY (Hes-related with YPRW motif) 
family of  transcriptional repressors (36). Mutations in NOTCH1 have been linked to conotruncal and 
semilunar valve malformations in humans, but Notch1 heterozygote mice do not display cardiac malfor-
mations (33, 37–39).

Here, we describe a previously unrecognized gene-environment interaction between Notch1 and 
matDM in mice and investigate the epigenetic mechanisms by which maternal HG affects molecular 
pathways regulating cardiac development using ATAC-seq. These experiments reveal that HG alters the 
open chromatin status upstream of  the Nos3 locus, contributing to decreased NO bioavailability. The 
resultant loss of  NO is associated with enrichment of  Jarid2, a transcriptional repressor, on the Notch1 
locus and leads to further reduction in Notch1 levels below a critical threshold level required for nor-
mal cardiac development. The gene-environment interaction between matDM and Notch signaling is 
shown to be evolutionarily conserved using the Drosophila model system. These data reveal the epigenetic 
machinery by which maternal HG dysregulates the endothelial NO and Notch1 signaling pathways, 
leading to abnormal cardiac development.

Results
Gene-environment interaction between maternal HG and Notch1. We previously reported that homozygous 
deletion of  Nos3, a major source of  NO production in ECs, in association with Notch1 haploinsufficiency, 
resulted in CHD in vivo and demonstrated that NO regulated the Notch1 signaling pathway (33). This 
led us to test whether expression of  Notch1 and its downstream target genes is altered in HG, with its 
well-recognized association with decreased NO bioavailability. We examined the expression of  Notch1 
mRNA, along with several well-described downstream targets using atrioventricular cushion mesenchy-
mal cells, an immortalized embryonic cardiac cell line (tsA58-AVM), cultured in normoglycemic (NG, 5.5 
mM D-glucose) and HG (25 mM D-glucose) conditions by real-time qPCR (RT-qPCR) (40). There was 
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significantly reduced expression of  Notch1, Hey2, EfnB2, and Nrg1 with HG as compared with NG after 
48 hours (Figure 1A). A similar reduction in expression was noted for NOTCH1 intracellular domain 
(N1ICD) and HEY2 by immunoblotting (Figure 1, B and C). To determine if  HG had similar effects in 
utero, we generated a murine model of  matDM by injection of  streptozotocin (STZ), which is selectively 
toxic to pancreatic β cells (41). Using a STZ-induced matDM model, we examined the expression of  the 
Notch1 signaling pathway in the embryonic heart exposed to maternal HG. Similar to our in vitro studies, 
there was downregulation of  transcripts for Notch1, Hey2, EfnB2, Nrg1, and Bmp10 in E13.5 hearts exposed 
to maternal HG by RT-qPCR (Figure 1D). By immunohistochemistry, N1ICD and HEY2 expression was 
diminished in E13.5 hearts exposed to matDM as compared with nondiabetic controls (Figure 1, E–H). In 
combination, these studies demonstrated dysregulation of  the Notch1 signaling pathway under HG stress 
in vitro and in vivo.

We next sought to determine if  an in vivo gene-environment interaction exists between matDM and 
Notch1 heterozygosity (33, 34). For these studies, matDM with moderate HG was induced using STZ 
in WT and Notch1+/– females, which were subsequently bred with WT males (Figure 2A). We found an 

Figure 1. Hyperglycemia downregulates Notch1 pathway. (A) Transcript levels of Notch1, Hey1, Hey2, EfnB2, and Nrg1 in AVM cells cultured in 
HG (25 mM) for 24 hours (blue) and 48 hours (red) by RT-qPCR (n ≥ 3). Comparisons to NG (5.5 mM), represented by the dotted line set to 1; data 
represent mean ± SEM. (B) N1ICD and HEY2 protein expression in AVM cells cultured in NG and HG for 24 hours and 48 hours. (C) Quantification of 
protein expression normalized to GAPDH (n = 3; mean ± SEM). (D) Examination of E13.5 WT murine hearts of nondiabetic and diabetic dams shows 
downregulation of Notch1, Hey2, EfnB2, Nrg1, and Bmp10 mRNA by RT-qPCR (n = 6 pooled hearts/group; mean ± SD). (E–H) Decreased expression of 
N1ICD and HEY2 in embryonic hearts exposed to maternal diabetes by immunohistochemistry (n = 3). Square boxes in left column in E–H are shown 
in higher magnifications from left to right. LV, left ventricle; RV, right ventricle; IVS, interventricular septum. *P < 0.05, 2-tailed Student’s t test in C, 
with Holm-Bonferroni correction in A and D. Scale bars: 100 μm (E–H, left column); 20 μm (E–H, center and right columns).
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approximately 22% incidence of  perimembranous ventricular septal defects (VSDs) (8 
of  36 embryos; P = 0.0165) in WT E13.5 embryos exposed to matDM (maternal aver-
age blood glucose level ± SD = 259.59 ± 54.69 mg/dl) as compared with exposure to 
maternal NG (0 of  25 embryos) in the absence of  growth retardation (Table 1; Figure 
2, B and C; and Supplemental Figure 1, A–D; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.95085DS1). The incidence of  
VSDs was statistically higher in Notch1 heterozygote embryos (14 of  16 embryos; P 
< 0.0001) exposed to matDM (maternal average blood glucose level ± SD = 266.87 
± 62.58 mg/dl) when compared with nondiabetic Notch1+/– (1 of  16 embryos) and 
diabetic WT embryos (8 of  36 embryos) (Table 1 and Figure 2, D and E). 3D recon-
struction of  E13.5 hearts using AMIRA showed the perimembranous VSD location 
(Supplemental Figure 1, E and F). To determine if  maternal Notch1 heterozygosi-
ty affected this interaction, we crossed WT females with matDM (maternal average 
blood glucose level ± SD = 293.67 ± 46.32 mg/dl) to nondiabetic Notch1+/– males 

(Supplemental Figure 2G) and observed a similar increased incidence of  VSDs in Notch1+/– embryos (8 of  
9 embryos) as compared with WT controls (2 of  7 embryos) (Supplemental Table 1 and Supplemental Fig-
ure 1, H–K). We also observed that embryos exposed to higher levels of  maternal glycemic stress resulted 
in increased lethality and neural tube malformations, along with outflow tract defects, septal defects, and 
thin myocardium, demonstrating that fetal exposure to matDM impairs multiple aspects of  development 
(Supplemental Figure 2, A–L). Taken together, we describe a gene-environment interaction between Notch1 
haploinsufficiency and maternal HG, which affected the process of  ventricular septation.

HG alters chromatin accessibility and TF occupancy and reduces endothelial NO. To investigate the epigenetic 
mechanisms by which the environmental stress of  HG influences gene expression through dynamic changes 
in chromatin accessibility genome-wide, we performed high-throughput ATAC-seq in atrioventricular mes-
enchymal (AVM) cells in NG and HG conditions (23, 24). ATAC-seq analysis revealed 49,035 differential 
peaks, with an overall difference in signal intensity in HG compared with NG (Figure 3A and Supplemen-
tal Table 2). When aligned to mm10 genome, we found that these open chromatin regions were primarily 
distributed in the following four locations: (a) proximal promoters (±1.5 kb from transcriptional start site 
[TSS]; 33%); (b) upstream of  genes (>1.5 kb upstream of  TSS; 31%); (c) near intronic/exonic regions 
(>1.5 kb from TSS; 17%); and (d) downstream of  nearest mapped genes (19%) (Figure 3B). Genome-
wide data visualization of  the peaks, using a volcano plot, highlights the dynamic changes in chromatin 
accessibility between the NG and HG AVM cells (Figure 3C). Next, we performed known and de novo 
TF-binding motif  analysis on the NG data set, with HG as background and found that NG has enrichment 
of  binding sites for TFs previously demonstrated to regulate gene expression in ECs (Supplemental Table 
3). Among the 91 known and 29 de novo motifs (P > 1e–10) analyzed, we found multiple binding sites for 
Kruppel-like factors (KLFs, SP1) and the ETS (ELK1, EGR2, ETV1) family of  TFs (42, 43) (highlighted 

Figure 2. Exposure to maternal diabetes and Notch1 haploinsufficiency leads to increased 
incidence of ventricular septal defects. (A) Breeding scheme demonstrating nondiabetic 
WT males crossed with nondiabetic (normoglycemic) and diabetic (hyperglycemic) Notch1+/– 
females. (B–E) Representative H&E-stained images showing the location of ventricular septal 
defects (*) in E13.5 WT and Notch1+/– hearts exposed to maternal diabetes as compared with 
nondiabetic WT and Notch1+/– controls. RA, right atrium, LA, left atrium; RV, right ventricle; LV, 
left ventricle. Scale bar: 200 μm.

Table 1. Gene-environment interaction between matDM and Notch1 haploinsufficiency

Embryo genotype Maternal environment Embryos with VSD (%) P value (nondiabetic vs. diabetic) P value (diabetic WT vs. Notch1+/–)
WT Nondiabetic 0/25 (0%) 0.0165A –

Diabetic 8/36 (22.2%)
Notch1+/– Nondiabetic 1/16 (6.2%)  < 0.0001A  < 0.0001A

Diabetic 14/16 (85.7%)
AStatistically significant 2-tailed P value, Fisher’s Exact test.

https://doi.org/10.1172/jci.insight.95085
https://insight.jci.org/articles/view/95085#sd
https://doi.org/10.1172/jci.insight.95085DS1
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd
https://insight.jci.org/articles/view/95085#sd


5insight.jci.org      https://doi.org/10.1172/jci.insight.95085

R E S E A R C H  A R T I C L E

Figure 3. Hyperglycemia alters chromatin accessibility, TF occupancy, and NO production. (A) Loss of ATAC-seq peaks in HG- (25 mM) compared with 
NG-treated (5.5 mM) atrioventricular mesenchymal (AVM) cells. Heatmap generated from HG normalized to NG input, with peaks centered, including 1.5 
kb upstream and downstream of the transcriptional start site. Red and blue represent low and high signal intensity, respectively. (B) Distribution of 49,035 
differential peaks. Pie chart highlights distribution of peaks within promoter (33%), inside gene (17%), upstream (31%), and downstream (19%) regions.  

https://doi.org/10.1172/jci.insight.95085
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in yellow, Supplemental Table 4). Not surprisingly, we also found sites for NRF1/2, which is essential for 
diabetes-dependent reduced expression of  key genes in oxidative metabolism and mitochondrial function 
(44) (highlighted in yellow, Supplemental Table 4). Utilizing in vitro and in vivo model systems, it has pre-
viously been demonstrated that SP1 and KLF2/4 directly regulate Nos3 by binding to its promoter (45, 46). 
Closer examination of  the Nos3 locus revealed a decrease in ATAC-seq signal with HG stress compared 
with NG (Figure 3D). Among three differentially open chromatin regions (R1, chr5:24357617–24357726; 
R2, chr5:24360864–24360991; R3, chr5:24361289–24361376), only Nos3R1 and Nos3R3 peaks exhibited 
statistically significant (P < 0.05) changes in chromatin accessibility (Figure 3C). These regions were further 
shown to be sites of  transcription by the presence of  an active histone mark (H3K27ac) using ChIP-qPCR 
in NG conditions, and there was a significant reduction (P < 0.05) in H3K27ac enrichment on these 3 loci 
(R1–R3) with HG (Figure 3E). Consistent with this relative chromatin closure in HG, Nos3 expression 
was significantly downregulated with HG using RT-qPCR and immunofluorescent staining in AVM cells 
(Figure 3, F and G). Common TFBS profiles for three open sites predicted using Genomatix software also 
identified putative binding sequences for SP1, ETS, and KLFs in these Nos3 enhancer regions (Supplemen-
tal Tables 5–7). The ATAC-seq signals revealed no statistically significant difference in chromatin openness 
between NG and HG at the proximal promoters of  Notch1 and its downstream targets (Hey2, EfnB2, and 
Nrg1), although we did observe significant differences in the enhancer, intronic, and downstream regions of  
Hey2 (P = 0.011), EfnB2 (P = 0.031), and Nrg1 (P = 0.008) (Supplemental Figure 3, A–D).

We next examined levels of  NO production using diaminorhodamine-4M AM (DAR-4M AM), a 
fluorescent probe that detects NO, and found reduced NO levels with HG in AVM cells (Figure 3, H and 
I, and Supplemental Figure 4, A–C). Using the STZ-induced matDM model, we examined E13.5 hearts 
exposed to matDM (>200 mg/dl blood glucose) and demonstrated reduced DAR-4M AM staining (Fig-
ure 3, L and M). As previously discussed, HG is associated with excessive production of  ROS, including 
peroxide (O2

2–), superoxide (O2
–), and hydroxyl (OH–) radicals, which in turn reacts with NO-producing 

reactive nitrogen species, including nitrates (NO3
–), and peroxynitrite (ONOO–), leading to further reduc-

tion in NO availability (47). Consistent with this, we found elevated ROS with HG using dihydroethidium 
(DHE), a fluorescent probe that detects superoxide, in both AVM cells exposed to HG and in vivo embry-
onic hearts exposed to matDM (Figure 3, J, K, N, and O, and Supplemental Figure 4, D–F). The increase 
in superoxide corresponded to a marked reduction of  NO, notably in the region of  the atrioventricular 
cushions that are composed of  endocardial-derived mesenchymal cells that have undergone endocardi-
al-mesenchymal transformation (yellow arrows, Figure 3, L–O). These changes in NO production were 
seen predominantly in ECs of  E13.5 hearts exposed to matDM (Supplemental Figure 4, G–L), consistent 
with the ATAC-seq data showing that HG alters chromatin accessibility to TFs known to regulate EC 
gene expression. To test if  the cardiac phenotype could be recovered by quenching excess ROS genera-
tion, a subset of  control and STZ-treated WT females were treated with an antioxidant, N-acetyl cysteine 
(NAC), in the drinking water from E0.5 until E13.5 (Supplemental Figure 5A). We found that addition 
of  NAC treatment in vivo was unable to rescue the VSD phenotype in diabetic WT embryos (3 of  8 
embryos [37%]; diabetic, maternal average blood glucose level ± SD = 297.33 ± 69.01 mg/dl versus 5 of  
16 embryos [31%]; diabetic+NAC, maternal average blood glucose level ± SD = 303 ± 75.97 mg/dl; P 
= 1.000) compared with nondiabetic controls (0 of  14 embryos [0%]; P = 0.036 and 0.044, respectively) 
(Supplemental Figure 5, B–J, and Supplemental Table 8). The inability to rescue the phenotype by NAC 
could be explained by chromatin inaccessibility at Nos3 loci with HG, which does not allow for complete 
rescue of  NO levels. Both in vitro and in vivo HG models demonstrated dual mechanisms for the associa-
tion between HG and decreased NO production, relative chromatin closure at the upstream of  Nos3 loci, 
and increased levels of  ROS production.

Histogram displays frequency of peaks at a given distance from TSS. (C) Volcano plot highlights fold change and significance of identified peaks as plotted 
by –log10(P value) versus fold change. (D) Integrative genome viewer tracks of normalized merged data sets, highlighting peak loss at Nos3 loci in HG. Square 
boxes highlight 3 regions (R1–R3) with relative chromatin closure in HG. (E) ChIP-qPCR with H3K27ac showed significant downregulation of activation marks 
at Nos3R1–R3 (n = 4). (F and G) Decreased expression of Nos3 in HG at mRNA and protein levels (n ≥ 5) by IF respectively. Measurement of NO (H and I) and 
superoxide (J and K) production in AVM cells maintained in NG and HG for 48 hours, probed with diaminorhodamine (DAR-4M AM) and dihydroethidium 
(DHE), respectively. (L and M) DAR-4M AM and (N and O) DHE staining of E13.5 murine hearts exposed to nondiabetic and diabetic environments demon-
strates increased ROS and reduced NO with diabetes (n = 3 per group). Nuclear DAPI stain, blue; atrioventricular cushions (yellow arrows); LV, left ventricle; 
RV, right ventricle; IVS, interventricular septum. Mean ± SEM; *P < 0.05, 2-tailed Student’s t test in F and G, with Holm-Bonferroni correction in E. Scale 
bars: 50 μm (G–K); 100 μm (L–O).
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Increased Jarid2 with HG. To elucidate the molecular mechanisms underlying matDM-mediated CHD 
in the setting of  Notch1 haploinsufficiency, we examined the expression of  Jarid2, which encodes a Jumon-
ji-C and AT-rich interaction domain–containing protein that acts as a transcriptional repressor by recruit-
ing silencing marks at histone H3 lysine 9 (H3K9me3) and lysine 27 (H3K27me3) in coordination with 
Setdb1 and polycomb repressive complex 2 (PRC2) (48, 49). Jarid2 had been previously linked to epigenetic 
regulation of  endocardial Notch1, as the expression of  Notch1 is upregulated in Jarid2 KO mice (50, 51). 
Examination of  Jarid2 expression after 48 hours of  HG in AVM cells demonstrated upregulation of  Jarid2 

Figure 4. Jarid2 mediated regulation of Notch1 with hyperglycemia. (A) RT-qPCR and (B) representative immunoblot showing Jarid2 transcript and JARID2 
protein levels in NG- (5.5 mM) and HG-treated (25 mM) AVM cells 24 and 48 hours after treatment (n = 4; mean ± SEM; *P < 0.05, 2-tailed Student’s t 
test). (C) Quantification of relative expression normalized to GAPDH (n = 4; mean ± SEM; *P < 0.05, 2-tailed Student’s t test). (D) Examination of E13.5 
murine hearts (n = 6 hearts pooled together/group) exposed to nondiabetic and diabetic environments shows upregulation of Jarid2 mRNA by RT-qPCR 
(mean ± SD; *P < 0.05, 2-tailed Student’s t test). (E and F) Increased JARID2 protein in embryonic hearts exposed to maternal diabetes by immunohisto-
chemistry (n = 3). Square boxes in E and F are shown in higher magnification from left to right. LV, left ventricle; RV, right ventricle; IVS, interventricular 
septum. Scale bars: 100 μm (E and F, left column); 20 μm (E and F, center and right columns). (G) ChIP-qPCR on AVM cells in NG or HG revealed enrichment 
of JARID2 on Notch1+1150 locus with HG and lack of enrichment with addition of 250 μM DetaNONOate (n = 4; mean ± SEM; #P < 0.05, 2-tailed Student’s 
t test, not significant with Holm-Bonferroni correction). (H) In vivo ChIP-qPCR on E13.5 hearts exposed to nondiabetic and diabetic environments (n = 3). 
Rabbit IgG served as mock control, shown as dotted line (set to 1) (mean ± SEM; *P < 0.05, 2-tailed Student’s t test).

https://doi.org/10.1172/jci.insight.95085
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mRNA and protein when compared with NG (Figure 4, A–C). To determine if  similar changes occurred 
in vivo, we examined E13.5 hearts exposed to matDM and found increased Jarid2 expression as compared 
with controls by RT-qPCR and immunohistochemistry (Figure 4, D–F). Jarid2 has been also shown to 
negatively regulate Notch1 expression by directly binding to the Notch1+1150 locus with Setdb1 (50, 51). We 
examined if  HG led to increased binding of  JARID2 on the Notch1 locus to downregulate its expression by 
performing a ChIP-based PCR assay in AVM cells maintained in NG or HG conditions. By ChIP-qPCR, 
we demonstrated an enrichment of  JARID2 binding on the Notch1+1150 locus in AVM cells with HG and 
a dramatic reduction in binding by ChIP-qPCR with addition of  NO donor, DetaNONOate (Figure 4G). 
Experiments were also performed using immunoprecipitated DNA from E13.5 embryonic hearts exposed 
to matDM (maternal average blood glucose level ± SD = 296.58 ± 54.93 mg/dl) versus NG, and they 
demonstrated a similar enrichment of  JARID2 (Figure 4H). Our in vitro and in vivo studies show that HG 
increases Jarid2 expression and its occupancy on the Notch1+1150 locus, leading to repression of  Notch1 
transcription, and suggested regulation by the level of  NO.

Relationship between NO and Jarid2 and Notch1 expression. NO has been proposed to act as modulator of  
gene expression by affecting posttranslational modifications of  histones, including the Jumonji C domain 

Figure 5. NO mediated Jarid2 repression restores Notch1 expression. (A) Immunoblot showing JARID2 and N1ICD levels in normoglycemic AVM cells 
treated with 250 μM DetaNONOate and 250 μM cPTIO as NO donor and quencher for 48 hours. The graph shows quantification (n = 3; mean ± SEM; *P < 
0.05, 2-tailed Student’s t test). (B) Jarid2 and Notch1 mRNA expression and (C) JARID2 and N1ICD protein levels in AVM cells cultured in NG (5.5 mM) and 
HG (25 mM) with 250 μM DetaNONOate. 0.01 M NaOH served as vehicle control. Immunoblot quantification in C (n ≥ 3; mean ± SEM; #P < 0.05 by 2-tailed 
Student’s t test, not significant with Holm-Bonferroni correction). (D and E) RT-qPCR and representative immunoblot showing expression of Jarid2 and 
N1ICD in AVM cells after treatment with Jarid2 siRNA or control siRNA cultured in NG or HG. Immunoblot quantification in E (n ≥ 3; mean ± SEM; *P < 0.05, 
2-tailed Student’s t test with Holm-Bonferroni correction in B, D, and E).
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containing demethylases (29, 30). To determine if  NO levels affected Jarid2 expression, AVM cells were 
cultured in NG for 48 hours, followed by treatment with 250 μM DetaNONOate (NO donor) or 250 μM 
cPTIO (NO scavenger). While NO donor decreased JARID2 and increased N1ICD protein expression, 
NO scavenger had the opposite effect, supporting a regulatory mechanism mediated by NO (Figure 5A). 
We next assessed whether the addition of  NO donor under the setting of  HG could prevent Jarid2 upregula-
tion and rescue the reduction in Notch1 expression. Therefore, we cultured AVM cells in NG or HG, treated 
them with 250 μM DetaNONOate (NO donor), and found that the addition of  exogenous NO decreases 
Jarid2 and increased Notch1 expression in NG and HG conditions (Figure 5, B and C). To determine if  
Jarid2 was necessary for downregulation of  Notch1 expression in this system, we performed studies using 
Jarid2 siRNA. Knockdown of  Jarid2 using siRNA resulted in an increased expression of  Notch1 mRNA 
in AVM cells exposed to HG, as compared with treatment with a scrambled siRNA control, which led to 
the expected downregulation of  Notch1 (Figure 5D). A similar rescue in N1ICD was found by immuno-
blot with JARID2 knockdown in AVM cells treated with HG (Figure 5E). To test whether addition of  an 
antioxidant was able to restore JARID2 and N1ICD expression, we treated AVM cells cultured in NG and 
HG with 5 mM NAC. In cells exposed to HG, we noted a significant rescue in N1ICD expression back to 
basal levels with NAC treatment compared with HG alone (Supplemental Figure 6, M–P and T); while 
JARID2 expression was decreased with NAC, it remained significantly elevated when compared with basal 
NG levels (Supplemental Figure 6, I–L and S). We noted that NAC treatment was able to reduce total ROS 
generation in HG cells to baseline NG levels (Supplemental Figure 6, A–D and Q), but NO levels did not 
increase (Supplemental Figure 6, E–H and R), as shown by H2DCFDA (a marker for ROS) and DAR4M 
staining, respectively. The inability to rescue NO levels could possibly be due to decreased transcription 
of  Nos3 mRNA due to alterations in chromatin dynamics. In aggregate, these in vitro rescue experiments 
demonstrate the role of  NO in Jarid2-mediated regulation of  Notch1 signaling.

Evolutionary conservation of  HG and Notch1 signaling interaction. To determine if  the gene-environment 
interaction between HG and Notch1 signaling is evolutionarily conserved, we utilized a Drosophila melan-
ogaster model of  HG by supplementing standard fly food with 0.2 g/ml sucrose (52). Expression of  Notch 
signaling was manipulated by heart-specific overexpression (OE) of  Notch1 RNAi-silencing gene, Numb or 
Jarid2 transgenes (known repressors of  Notch signaling), or Jarid2 RNAi-silencing gene. Maternal WT flies 
maintained on a “diabetic” diet demonstrated elevated glucose and trehalose levels in hemolymph as com-
pared with control females maintained on “nondiabetic” fly food (Figure 6, A and B). Progeny flies from 
both maternal “diabetic” or control diets maintained on standard food had normal glucose and trehalose 
levels similar to progeny flies expressing transgenes directing Notch1 RNAi, Numb OE, Jarid2 OE, and Jarid2 
RNAi (Figure 6, A and B). When Notch signaling was decreased with Notch RNAi, Numb OE, or Jarid2 OE, 
there was notable lethality among the progeny of  nondiabetic mothers, and this lethality was increased when 
combined with exposure to maternal HG (Table 2). We did not find a rescue of  the lethality of  progenies 
from nondiabetic and diabetic mothers with Jarid2 RNAi (Table 2), so we examined the maximum adult 
lifespan of  the progenies expressing transgenes.

We found that the lifespan of  WT progeny of  diabetic mothers was approximately 25% shorter than that 
of  progeny of  nondiabetic mothers (Figure 6C). The lifespan was severely shortened by heart-specific Jarid2 or 
Numb OE in progeny of  both diabetic and nondiabetic mothers, and this was true as well for progeny 
expressing Notch RNAi. In all cases, the effect was more severe in progeny of  diabetic mothers (Sup-
plemental Figure 7). Intriguingly, Jarid2 silencing by RNAi transgene expression rescued the reduced 
survival phenotype displayed by WT progeny of  diabetic mothers, while having no adverse effect on 
lifespan of  progeny of  nondiabetic mothers (Figure 6C). We did note that Jarid2 knockdown alone 
did not cause a significant reduction in lifespan, while HG did decrease survival. This suggested that 
the lethality is not solely related to Jarid2.

Examination of  the adult WT progeny exposed to the maternal HG diet demonstrated an apparent disorganiza-
tion, lower density of  cardiomyocyte actin fibers, and slightly elevated pericardin deposition (Figure 6, D–F). Jarid2 OE 
induced strikingly elevated pericardin in offspring of  diabetic mothers and reduced cardiomyocyte actin fibers 
in progeny of  diabetic and nondiabetic mothers. This phenotype was also induced to a lesser extent in proge-
ny expressing Notch RNAi. Numb OE was not associated with significant changes in pericardin, but disorga-
nization of  cardiac actin was apparent. Silencing Jarid2 by RNAi transgene expression was associated with 
upregulated pericardin deposition in progeny of  nondiabetic mothers, but not in progeny of  diabetic mothers, 
suggesting a rescue effect of  reducing Jarid2 level by RNAi that counteracts the increased Jarid2 caused by a 
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maternal HG diet. Together, experiments with the Drosophila maternal HG model displayed an evolutionarily 
conserved gene-environment interaction model involving Jarid2 and Notch1.

Discussion
In this study, we demonstrate an epigenetic mechanism underlying the gene-environment interac-
tion between Notch1 haploinsufficiency and matDM that results in CHD. We show using an in vitro  

Figure 6. Overexpression of 
Jarid2 and Notch1 downregula-
tion results in developmental 
mortality in the Drosoph-
ila maternal diabetes and 
gene-environment interaction 
model. (A) Glucose and (B) 
trehalose levels measured in 
hemolymph of adult WT flies 
with standard and diabetic (0.2 
g/ml) maternal diet, along with 
WT progeny flies and those 
overexpressing heart-specific 
Jarid2, Numb, and Notch1 RNAi 
and Jarid2 RNAi transgenes (n = 
6 using 50 adult flies) (mean ± 
SEM; *P < 0.05 by 2-tailed Stu-
dent’s t test). (C) Survival curves 
for adult progenies exposed 
to nondiabetic and diabetic 
maternal diet overexpressing 
heart-specific Jarid2 RNAi trans-
genes compared with controls. 
(D) Adult fly heart phenotypes 
in progeny of nondiabetic 
and diabetic mothers. Cardio-
myocyte muscle fiber actin 
(phalloidin, red) and pericardin 
(blue) were stained. Red dotted 
lines delineate heart tube. Scale 
bar: 5 μm. Quantification of (E) 
heart tube pericardin deposition 
and (F) cardiomyocyte actin 
fiber density in adult progeny of 
nondiabetic and diabetic moth-
ers (n = 6; mean ± SD; *P < 0.05, 
2-tailed Student’s t test).
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ATAC-seq approach that HG stress alters overall chro-
matin accessibility and TF occupancy, predominantly for 
genes involved in EC gene regulation. Specifically, we noted 
reduced chromatin accessibility at the Nos3 locus and that this 
was associated with reduced NO along with increased oxi-
dative stress in an embryonic cardiac cell line and the devel-
oping heart. Diminished NO production is associated with 
increased expression of  Jarid2, a known epigenetic repressor 
of  Notch1, and thereby results in a further reduction in Notch1 
expression. The combination of  in vitro and in vivo studies 
using both murine and fly model systems identifies an evolu-
tionarily conserved molecular mechanism in which maternal 
HG raises the risk of  CHD by reducing expression of  Notch1 

to a level below a threshold required for normal heart development and identifies potential mechanisms 
by which environmental factors cause CHD in genetically susceptible individuals (Figure 7A).

Systems biology approaches have indicated that the maternal intrauterine environment modulates fetal 
metabolic programming, which in turn can have a profound effect on gene expression early in life and can 
be passed across generations through epigenetic modifications (53). Recent reports have shown that NO 
affects global histone methylation patterns, particularly by directly inhibiting the lysine-specific histone 
demethylase Kdm3a and likely other Jumonji C domain–containing demethylases (29, 30). Although the 
enzymatic activity of  JARID2 has not yet been demonstrated, this DNA-binding protein functions as a 
transcriptional repressor by recruiting other repressive methyltransferases and has been shown to regulate 
the cardiac expression of  Gata4, Nkx2.5, and Cyclin D1 (48–51, 54, 55). Here, we demonstrated that Jarid2 
expression can be modulated by adding external NO donor and quencher, suggesting a link between NO 
and Jarid2; however, the precise mechanism remains to be elucidated. While we observed increased expres-
sion of  Jarid2 in response to HG, the in vitro ATAC-seq data showed that there was no statistical difference 
in chromatin accessibility at the promoter of  the Jarid2 locus between the two groups, suggesting alterna-
tive mechanisms for regulation of  Jarid2 (Supplemental Figure 3E). TFBS profiling of  3 open chromatin 
regions (J2R1–J2R3) upstream of  Jarid2 revealed a consensus binding sequence for SP1, KLFs, hypoxia 
response element, CREB, and NF-κB (Supplemental Tables 9–11), further suggesting that EC TFs may 
regulate the transcription of  this gene under HG stress.

We also describe a mechanism of  Notch1 regulation by Jarid2 in response to HG-induced changes in 
NO levels. This repression of  Notch1 was restored with addition of  a NO donor or by downregulation of  
Jarid2 in AVM cells (Figure 7A). Notch has been shown to alter NO production by activating a PI3 kinase/
Akt pathway to phosphorylate Nos3, and this Notch-dependent autocrine loop is necessary to drive EMT in 
the developing atrioventricular canal (56). Given that NO serves as an important cardiovascular signaling 
molecule, Nos3 is regulated by multiple transcriptional, posttranscriptional, and posttranslational mecha-
nisms (57–59). In parallel to this, our findings from in vitro ATAC-seq revealed that Nos3 open chromatin 
regions (R1–R3) also contain binding sites for KLFs, SP1, and the ETS-family of  TFs, which can regulate 
Nos3’s expression through another feedback mechanism under HG stress (Supplemental Tables 5–7). This 
observation is supplemented by the fact that Klf2 and Klf4 ablation in embryos resulted in EC disruption 
by reducing Nos3 expression (60). Further characterization of  these TFs on Nos3 enhancer regulation upon 
HG exposure is needed. ATAC-seq did not show a statistically significant difference between NG and HG 
at the Notch1 promoter (R1–R4, Supplemental Figure 3A) because of  an inconsistent pattern in their chro-
matin accessible regions among replicates. Additionally, these regulatory regions may need to be opened in 
order for JARID2 and SETDB1 to bind and regulate its expression. Putative TFBS sites for GATA, KLFs, 
NRF1, PAX5/6/9, GLI3, PPARG, PRDM5, SMARCA3, and NF-κB (Supplemental Tables 12–15) were 
identified in these regions, some of  which have been reported to regulate Notch1 expression.

In addition to our current gene-environment model involving Notch1, we examined 361 differential 
ATAC-seq peaks between NG and HG (Figure 3C) with statistical significance (P < 0.05) and a fold change 
of  at least 1.5, which were located within ±1.5 kb of  TSS (Supplemental Figure 8, A–C, and Supplemental 
Table 16). The downstream gene ontology (GO) analysis with this pruned data set identified terms related 
to chromatin regulation and embryo development and genes involved in maintenance of  cellular architec-
ture among the top 25 GO terms (Supplemental Figure 8A). Circle plot displayed the gene associated with 

Table 2. Developmental lethality of progeny flies exposed to 
nondiabetic and diabetic maternal diet

Heart-specific transgene Maternal diet
Nondiabetic Diabetic

Control 0% 0%
Jarid2 OE 14% 26%
Notch RNAi 15% 28%
Numb OE 5% 12%
Jarid2 RNAi 5% 5%
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peaks that were upregulated or downregulated 
within each GO term (Supplemental Figure 8, 
B and C). For example, peaks associated with 
the genes in the BMP, FoxP1, and Wnt cardiac 
morphogenetic signaling pathways were iden-
tified, and they have been linked to increased 
risk of  fetal neurologic and cardiac develop-
mental defects in matDM-exposed embryos 
(61–65). HG stress resulted in dysregulation of  
chromatin accessibility of  genes important for 
reorganizing actin cytoskeleton, cell polarity, 
and alignment during tissue morphogenesis (66, 
67). Interestingly, our data demonstrated that 
peaks associated with genes involved in chro-
matin regulation were also altered in the setting 
of  HG (Supplemental Figure 8, A–C, and Sup-
plemental Table 17). The classifications identi-
fied as most significant by GO terms matched 
the known HG biologic response to diabetes 
mellitus, indicating the usefulness of  this tech-
nology to explain the epigenetic regulation of  
gene expression in the setting of  environmental 
teratogen. Genome-wide analysis of  chromatin 

conformational studies in vivo at different developmental time points will provide a better molecular frame-
work to understand gene-environment interaction in the context of  CHD.

Diabetes mellitus is associated with a multitude of  metabolic disturbances, and elevated glucose levels 
appear to be the primary teratogen for diabetic embryopathy (12). Consistent with this, improved glucose 
control during pregnancy is associated with reduction in CHD risk and, alternatively, poor glycemic control 
is linked to a higher risk for CHD in offspring (10). We are unable to completely rule out the effect of  lack 
of  insulin or insulitis as a result of  STZ toxicity on the murine cardiac phenotype. However, our studies 
in AVM cells and Drosophila model systems, along with the finding of  Notch1 mRNA downregulation in 
an embryonic (HH24) chick model of  HG exposure (data not shown), supports the teratogenicity of  HG 
as opposed to the metabolic consequences related to insulin. Reduced cardiomyocyte proliferation and 
Cyclin D1 transcript expression was noticed in E13.5 embryos exposed to matDM (Supplemental Figure 
9, A–J), which is either due to excess ROS production or the secondary effect of  Notch1 downregulation 
in endocardial/endocardial-derived cells; however, the mechanism leading to VSD is beyond the scope of  
this study. It has been shown that overexpression of  the superoxide dismutase (SOD) gene rescues CHD 
phenotypes in the offspring of  mice with matDM but this may overexpression system may have numerous 

Figure 7. Gene-environment interaction model. (A) 
Schematic diagram representing the normoglycemic 
condition and a proposed model in which HG results 
in increased ROS and reduced NO production by alter-
ing chromatin accessibility. Reduced NO is associated 
with increased expression of Jarid2 and its enrich-
ment on the Notch1 locus with Setdb1. This results 
in repression of Notch1 and its downstream targets, 
culminating in congenital heart defects (highlighted 
by black circle). (B) Model showing gene-environment 
interaction between HG and Notch1 expression. In 
individuals without NOTCH1 mutations (red line), 
only severe HG crosses a threshold for congenital 
heart disease. Individuals with NOTCH1 mutations 
(blue) are a sensitized population that can cross the 
threshold with modest elevations in maternal blood 
glucose. HG, hyperglycemia; NG, normoglycemia.
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effects apart from decreased ROS (68). Similarly, NAC treatment of  severely diabetic mice (average blood 
glucose >450 mg/dl) has been shown to partially rescue the CHD phenotypes (69). This finding is not 
inconsistent with our data, as complete rescue was not achieved with NAC with moderate maternal HG 
(average blood glucose >200 mg/dl), and this is likely due to changes in chromatin accessibility at the 
Nos3 locus. Of  note, neither of  these published studies examined NO levels or Nos3 expression. Our data 
suggest that increased incidence of  CHD with matDM may be prevented by either exogenous NO donor 
supplementation or genetic upregulation of  Nos3. Additionally, overlaying the ATAC-seq data with ChIP-
seq using redox-sensitive TFs, such as NRF1/2 and NF-κB, will identify targets in HG-mediated oxidative 
stress that will help us understand the mechanism of  how ROS alters chromatin accessibility and results in 
reduced Nos3 transcription.

While no study has directly linked levels of  maternal HG in the first trimester when the heart 
develops with the risk of  CHD, lower maternal glycosylated hemoglobin levels (hemoglobin A1c), which 
serve as an indicator of  HG over the preceding 2–3 months, have been shown to be associated with a 
reduced risk of  birth malformations in humans (70–72). It was recently reported that diabetes-induced 
elevation of  maternal blood glucose levels during the 15th–18th week of  gestation were correlated with 
CHD in a California-based case-control study (73). A mild but statistically significant increase in mater-
nal serum glucose was associated with tetralogy of  Fallot, a conotruncal heart defect, in offspring 
relative to unaffected controls, implying that subtle alterations in maternal glucose have the potential to 
serve as an environmental risk factor for CHD (73). These findings, in combination with our work, sug-
gest a gene-environment interaction model where increasing maternal glucose levels interact to reduce 
Notch1 expression levels to cause CHD, and this interaction is sensitized by genetic susceptibility loci, 
i.e., Notch1 haploinsufficiency, to cross a threshold for CHD occurrence (Figure 7B). In addition to 
the importance of  dosage on phenotypic variability, the variety of  cardiac defects observed in diabetic 
pregnancies include defective endocardial cushions with perturbed endothelial-to-mesenchymal trans-
formation to abnormal development and/or migration of  cardiac neural crest cells (74), suggesting the 
potential involvement of  different cell types. Therefore, it is equally important to understand what cell 
lineage is being modulated epigenetically in the setting of  altered in utero environment. In summary, 
our work addresses the combinatorial role of  genetic and environmental risk factors for normal cardiac 
morphogenesis in the developing embryo. We have shown how environmental contributors, such as 
matDM, can influence the expression of  critical cardiac developmental genes via epigenetic mecha-
nisms and suggest that environmental factors can act in a genetically sensitized population to further 
reduce expression levels below a threshold to cause CHD.

Methods
Cell culture experiments. Immortalized AVM cells were cultured in DMEM (ThermoFisher Scientific) with 
5.5 mM D-glucose (NG), L-Glutamine, and sodium pyruvate and supplemented with 10% FBS, 1% pen-
icillin/streptomycin at 37°C in 5% CO2 chamber (40). To mimic HG conditions, cells were treated with 
D-glucose solution (A2494001, ThermoFisher Scientific) at a concentration of  25 mM (HG). Media 
was changed every 2–3 days, and cells were passaged at >90% confluence. All the experiments were per-
formed between passages 4 and 7. Hydrogen peroxide (H2O2; AC302865000, Fisher Scientific) diluted in 
DMSO (D2650, Sigma-Aldrich) was added to culture media to serve as positive control for oxidative stress. 
NAC (O1049-25, Fisher Scientific), a thiol-containing antioxidant, was used to neutralize the effect of  
HG-mediated ROS generation in cells. 2, 2′-(Hydroxynitrosohydrazino) bis-ethanamine (DetaNONOate; 
AC328650250, Fisher Scientific) was used as NO donor and carboxy-PTIO, potassium salt (cPTIO; 81540, 
Cayman Chemical) was used as NO scavenger and dissolved in DMSO per manufacturer’s instructions. To 
test how NO regulates Notch1 expression via Jarid2 in HG conditions, 250 μM DetaNONOate was added 
to AVM cells in NG and HG for 48 hours. Media was refreshed daily with DetaNONOate, and 0.01 M 
NaOH served as negative control.

ATAC-seq. A described ATAC-seq protocol was used to profile the pattern of  accessible chromatin in the 
setting of  NG and HG with minor modifications (23, 24). After 48 hours of  culture in NG and HG, unfixed 
AVM cells were counted for nuclei preparation using a hemocytometer (Bright-Line, Hausser Scientific). In 
each experiment, 54,000 cells were centrifuged at 500 g for 5 minutes (4°C) and washed with 200 μl ice-cold 
1× PBS. Cell pellets were gently resuspended in 200 μl cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM 
NaCl, 3mM MgCl2, 0.1% IGEPAL CA-630; Sigma-Aldrich) supplemented with complete mini EDTA-free 
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protease inhibitor cocktail (11836170001, Sigma-Aldrich) and spun at 500 g for 5 minutes (4°C). Nuclear 
pellets were transposed with 25.0 μl Tagmentation DNA buffer, 2.5 μl Transposase enzyme (Nextera DNA 
library preparation kit, FC-121-1030, Illumina), and 22.5 μl nuclease-free water for 30 minutes (37°C) fol-
lowed by purification with the MinElute Reaction Cleanup kit (28204, Qiagen). Transposed DNA fragments 
were amplified using following PCR conditions: 72°C for 5 minutes; 98°C for 30 seconds; cycling at 98°C for 
10 seconds, 63°C for 30 seconds, and 72°C for 1 minute in 50-μl reaction mix combining 10 μl Transposed 
DNA, 2.5 μl of  25 μM PCR primer 1 (common, Ad1_no mix), 2.5 μl of  25 μM PCR primer 2 (sample spe-
cific, Ad2.1–Ad2.6), 25 μl NEBNext High Fidelity 2X PCR master mix (M0541S, NEB), 0.3 μl 100× SYBR 
Green I (S7563, ThermoFisher Scientific), and 9.7 μl Nuclease-free water. Index primers were synthesized by 
Integrated DNA Technologies (Supplemental Table 18). qPCR side reaction was performed on 5 μl preampli-
fied DNA for 19 cycles to reduce size bias and to determine appropriate number of  PCR cycles for each exper-
iment. Amplified fragments were purified with the Qiaquick PCR purification kit (28104, Qiagen) and run 
on 5% Mini-PROTEAN TBE gel (4565013, Bio-Rad Laboratories) and Agilent Bioanalyzer to check average 
fragment size. The remaining 45 μl of  product was run for 10–13 cycles, and the amplified library was purified 
using the MinElute kit. Quality of  libraries was assessed using the Agilent Bioanalyzer High Sensitivity DNA 
analysis kit by Biomedical Genomics Core at Nationwide Children’s Hospital (NCH). ATAC-seq libraries 
were sent for 50bp paired-end sequencing on Illumina HiSeq 2000 (Epigentek Group Inc.).

ATAC-seq and bioinformatics analysis. Data analyses were performed in collaboration with Epigentek 
Group Inc. Raw reads were quality checked using FastQC version 0.10.1 (Babraham Bioinformatics). One 
NG sample was excluded from analysis due to low coverage. Nextera primers were trimmed from raw reads 
using cutadapt v1.0 with parameters –O 5 –m 30 –q 15, and trimmed reads were aligned to mm10 genome 
using Bowtie v1.0.0 with activation of  “-m 1” so only unique reads were allowed. The mapping results in 
SAM were converted to BAM and sorted by coordinates using samtools v0.1.19. The mapping statistics 
were extracted using Picard version 1.90. Peak calling was performed using MACS2 v2.1.0 with default 
parameters. Affinity-based differential binding analysis and annotation were performed using DiffBind 
v1.12.3 (75) and ChIPpeakAnno v3.0.0, respectively (76). R package DiffBind employs edgeR for differen-
tial analysis, utilizing trimmed mean of  M values (TMM) to account for sequence depth to normalize read 
counts between samples in differential peak calling analysis. The ATAC-seq data have been deposited in 
NCBI’s Gene Expression Omnibus (GEO GSE104520).

ATAC-seq and data visualization. Data visualization was performed by normalizing the merged HG BAM file 
to the merged NG BAM file through random downsampling. Heatmaps were generated with Seqplots using 
49,035 differential peaks called by DiffBind and comparing NG to HG, with features set as the midpoint and 
a plotting distance of 1.5 kb upstream and downstream of the feature. Signal was plotted as “feature centered” 
in decreasing fashion, utilizing the K-means clustering algorithm, and color scaling was set to 0.1. To visualize 
peaks in a genome browser, the ATAC-seq signal was normalized to NG input, converted to bigwig files, and 
visualized on Integrative Genomics Viewer (Broad Institute, ref. 77). Differential ATAC-seq peaks, identified 
by DiffBind, were visualized as a volcano plot [fold change versus log10(P value)] using R package ggplot2 (78).

Functional annotation. Genes associated with “promoter” peaks, which were significantly different (P < 
0.05) and had at least a 1.5-fold change, were subjected to functional annotation utilizing DAVID v6.8 (Data-
base for Annotation, Visualization and Integrated Discover) and included GO direct analysis of biological 
processes, cellular components, and molecular functions (79, 80). The top 25 GO terms were plotted according 
to significance. Circle plot visualization was performed, using GOplot R package v1.0.2 (81) and focused on 
12 of the top 25 GO terms: nucleosome assembly, regulatory region DNA binding, telomeric heterochromatin, 
chromatin binding, positive regulation of transcription DNA templated, negative regulation of BMP signaling 
pathway, embryo development, Wnt-activated receptor activity, actin filament, cytoskeleton, and microtubule.

Motif  enrichment analysis. To identify overrepresented motifs present in ATAC-seq data sets, motif  
enrichment analysis was performed using HOMER v4.4 (Hypergeometric Optimization of  Motif  EnRich-
ment) (82). Enriched motifs were identified using the findMotifsGenome.pl command with default settings 
and the mm10 genome. To identify motifs that became inaccessible with HG, NG ATAC-seq was analyzed 
for enriched motifs with HG set as control. Both known and de novo–enriched motifs were identified.

TFBS prediction analysis. Sequence-based TFBS prediction analysis was performed using Genomatix software 
suite v3.8 with default parameters, with Nos3 (R1, chr5:24357617–24357726; R2, chr5:24360864–24360991; 
R3, chr5:24361289–24361376), Notch1 (R1, chr2:26500935–26501063; R2, chr2:26503580–26503673; R3, 
chr2:26503787–26503942; R4, chr2:26507515–26507771), and Jarid2 (R1, chr13:44733879–44734017; R2, 
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chr13:44733432–44733769; R3: chr13:44730497–44730770) loci identified to be open by ATAC-seq. The lists 
of predicted TFs include consensus sequences; matrix and core similarity scores are summarized (Supplemen-
tal Tables 5–7 and 9–15).

Experimental mouse models. WT C57BL/6 male and female mice (4–8 weeks old) were used (Jackson 
Laboratory). Six- to eight-week-old female mice were used to induce type 1 diabetes mellitus by inject-
ing STZ (NC0146241, Fisher Scientific) dissolved in 0.01 mol/l citrate buffer, pH 4.5, intraperitoneally 
at 75 mg/kg body weight for 3 consecutive days (74). Two weeks after STZ injection, mice were fasted 
for 8 hours during the light cycle, and glucose levels were measured using the AlphaTrak veterinary blood 
glucometer calibrated specifically for rodents from tail vein blood (Abbott Laboratories) before breeding 
and during embryo harvesting. Mice with fasting blood glucose ≥200 mg/dl (11 mmol/l) were defined as 
HG (83). A subset of  nondiabetic and diabetic WT female mice received 4 mg/ml NAC (1 g/kg of  body 
weight/d) in drinking water (69) from E0.5 until embryo harvest at E13.5. Notch1+/– mice were generated 
and genotyped as described previously (33).

Mouse embryo collection. Timed mating was performed using nondiabetic and diabetic WT and Notch1+/– 
female mice with WT and Notch1+/– males. Mice were maintained on a 12-hour-light/dark cycle, with noon 
of  the day of  vaginal plug observation defined as E0.5. Pregnant mothers were sacrificed and embryos were 
collected at E13.5. WT littermates were used as controls for experiments.

Histologic and AMIRA analysis of  embryos. E13.5 embryos from multiple litters were harvested, fixed in 10% 
formalin (Fisher) overnight and washed with 1× PBS. Tissue sections (7 μm) were stained for H&E and imaged 
using Zeiss AxioImagerA2. For AMIRA 3D reconstruction, one embryo from the diabetic and control group 
was serially sectioned (7 μm), H&E stained, and imaged at ×5 magnification. Images were optimized with 
Adobe Photoshop Elements 9 and uploaded to AMIRA v5.5 imaging software. After manual alignment, mate-
rial labels were added by tracing the outline of atrioventricular cushion and interventricular septum.

Measurement of  ROS and NO production. DHE (D-23107, ThermoFisher Scientific), a superoxide indi-
cator; 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA; D-399, ThermoFisher Scientific), total ROS 
indicator; and DAR-4M AM (251765, Calbiochem, EMD Millipore), a NO indicator were used at 10 
μM to determine endogenous ROS and NO production in AVM cells, respectively. DMSO served as neg-
ative control while 300 μM H2O2 and 250 μM DetaNONOate were positive controls for superoxide and 
NO staining. Cells were incubated with dye for 30 minutes (37°C) and washed 5 times with 1× PBS and 
nuclei were stained with DAPI (H-1500, Vector laboratories). Fluorescence was visualized using Olympus 
IX51 (×20 magnification) and captured using CellSens software. Mean fluorescence intensity of  DHE- or 
DAR-4M AM–positive cells in 5 different fields was measured (ImageJ, NIH) and statistical comparisons 
between two groups were performed using Student’s t test (GraphPad Prism). Total ROS levels were mea-
sured in NG- and HG-treated AVM cells in presence/absence of  5 mM NAC using H2DCFDA staining. 
E13.5 embryos from nondiabetic and diabetic WT dams were fixed in 4% paraformaldehyde (PFA; 15710, 
Electron Microscopy Sciences, Fisher Scientific) for 20 minutes (4°C), subjected to 10%–30% sucrose gra-
dient, embedded in Tissue-Tek OCT compound (50-363-579, Electron Microscopy Sciences, Fisher Scien-
tific), and cryosectioned. Sections (8 μm) were permeabilized with 0.1% Triton X-100 in PBS (PBST) and 
incubated with 30 μM DHE and DAR-4M AM for 30 minutes (room temperature). Sections were washed 
with 1× PBST and mounted with Vectashield HardSet Antifade Mounting Medium with DAPI (H-1500, 
Vector Laboratories). Fluorescent images were visualized using Olympus BX51 microscope (×10 magnifi-
cation). All staining experiments were performed in triplicate.

RNA purification and quantitative real-time PCR. RNA was extracted from AVM cells cultured in NG 
and HG for 24 and 48 hours using TRIzol Reagent (15596018, ThermoFisher Scientific) per the manu-
facturer’s instructions. E13.5 hearts were dissected from nondiabetic and diabetic WT mice, harvested in 
TRIzol, and homogenized using TissueLyser II (Qiagen), followed by chloroform-isopropanol extraction 
and purification. RNA was quantified spectrophotometrically, and 500 ng to 1 μg of  total RNA was used 
for reverse transcription using the SuperScript VILO cDNA Synthesis Kit (11754-050, ThermoFisher Sci-
entific). SYBR Green–based real-time qRT-PCR was performed for following genes: mouse Nos3, Notch1, 
Hey1, Hey2, Nrg1, EphrinB2, Bmp10, Jarid2, and Cyclin D1 using Applied Biosystems 7500 real-time PCR 
(ABI) machine. Mean relative gene expression was calculated after normalizing Ct values to Gapdh using 
the ΔΔCt method. Three independent experiments were performed in triplicate in vitro with 6 embryos per 
group. Cell lysates from AVM cells treated with 250 μM DetaNONOate versus 0.01 M NaOH (control) and 
10 nM control siRNA versus Jarid2 siRNA were also extracted 48 hours after treatment following above 
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protocol, and qRT-PCR was performed for Jarid2 and Notch1. Oligonucleotide sequences of  these genes are 
provided in Supplemental Table 19.

Immunofluorescence and immunohistochemistry. For immunofluorescence staining, AVM cells were 
cultured in NG and HG in a 12-well plate for 48 hours and fixed in 2.5% PFA. Cells were permeabilized 
with 0.1% PBST at room temperature for 5 minutes, and nonspecific immunoreactions were blocked 
using IF block buffer containing 1% BSA (A2153, Sigma-Aldrich) in 1× PBST for 1 hour at room 
temperature. Nonspecific immunoreactions were washed 3 times with PBST. Cells were incubated 
overnight with mouse anti-NOS3 (sc-376751; 1:100, Santa Cruz Biotechnology), rabbit anti-JARID2 
(1:250, NB100-2214, Novus Biologicals; 13594S, Cell Signaling Technology), and rabbit anti-N1ICD 
(1:250, ab8925, Abcam) primary antibodies. Following day, after PBST wash, cells were incubated 
with Alexa Fluor 594/488 anti-mouse and anti-rabbit highly cross-adsorbed secondary antibodies 
(ThermoFisher Scientific) for 1 hour at dark and washed 3 times with 1× PBST. Nuclei were stained 
using either propidium iodide (11348639001, Sigma-Aldrich) or Vectashield Mounting Medium with 
DAPI. Images were taken using Olympus IX51 (×20 magnification). A similar protocol was performed 
to stain E13.5 heart sections after deparaffinization using xylene and grades of  ethanol, followed by 
antigen retrieval using citrate-based Antigen Unmasking solution (H-3300, Vector laboratories) for 30 
minutes. After permeabilization and blocking with 1% BSA in PBST for 1 hour, tissue sections were 
incubated with endothelial marker, rabbit anti-PECAM-1 (M20, 1:250, Santa Cruz Biotechnology); 
mitosis marker, rabbit anti-phospho-Histone H3 (PHH3; 1:250, 06-570, EMD Millipore); and cardio-
myocyte marker, mouse anti-cardiac Troponin T (cTnT; 1:250, ab8295; Abcam) primary antibodies 
overnight at 4°C. Following 1× PBST wash, sections were incubated with goat anti-rabbit and anti-
mouse secondary antibodies that were conjugated to Alexa Fluor 594/488 for 1 hour at room tem-
perature in the dark. Sections were washed 3 times with 1× PBST, and sections were counterstained 
with Vectashield HardSet Antifade Mounting Medium with DAPI. Fluorescent images were visual-
ized using Olympus BX51 (×40 magnification). All staining experiments were performed in triplicate.

For immunohistochemical staining, embryonic heart sections were deparaffinized in xylene and rehy-
drated in grades of  ethanol and 1× PBS. Briefly, after antigen retrieval tissue, sections were incubated with 
3% H2O2 diluted in water at room temperature for 10 minutes to quench endogenous peroxidase activity 
and blocked by 5% normal goat serum in 1× TBS containing 0.1% Tween-20 (Sigma-Aldrich) for 1 hour at 
room temperature to avoid nonspecific binding per manufacturer’s protocol. Following this, sections were 
incubated with rabbit anti-N1ICD (1:250, ab8925, Abcam) and anti-JARID2 (1:250, NB100-2214, Novus 
Biologicals) and anti-HEY2 (1:250, AB5716, EMD Millipore) primary antibodies diluted in SignalStain 
Antibody Diluent (8112, Cell Signaling Technology) overnight at 4°C. Normal IgG served as negative 
control. Next, sections were washed with 1× TBST and incubated with SignalStain Boost IHC Detection 
Reagent (HRP, rabbit, 8114, Cell Signaling Technology) for 30 minutes at room temperature. Sections were 
washed 3 times with 1× TBST and visualized using the SignalStain DAB Substrate Kit (8059, Cell Signal-
ing Technology) and imaged using Zeiss AxioImagerA2 (×10 and ×40 magnification).

Immunoblotting. Cell lysate was extracted from AVM cells cultured in NG and HG conditions. 
Briefly, cells were rinsed with ice-cold 1× PBS and lysed with RIPA Lysis and Extraction Buffer 
(89900, ThermoFisher Scientific) supplemented with Halt Protease Inhibitor Cocktail (EDTA free, 
100×) (87785, ThermoFisher Scientific). Cell lysates were centrifuged at 15,871 g for 15 minutes (4°C) 
and supernatant were collected. Protein concentrations were measured using the Pierce BCA Protein 
Assay Kit (23227, ThermoFisher Scientific). 10–20 μg total protein was boiled for 10 minutes with 5× 
sample loading buffer containing 10% SDS and β-mercaptoethanol and separated in 8% polyacryl-
amide gel electrophoresis. After transferring the proteins into polyvinylidene difluoride membrane, 
blocking was performed with 5% nonfat milk (in 1× TBST). Blots were probed using primary antibod-
ies against rabbit anti-N1ICD (1:1,000; ab8925, Abcam), rabbit anti-HEY2 (1:1,000; AB5716, EMD 
Millipore), rabbit anti-JARID2 (1:1,000; NB100-2214, Novus Biologicals, 13594, Cell Signaling), and 
mouse anti-GAPDH (1:1,000; NB300-221, Novus Biologicals) and HRP-conjugated anti-rabbit and 
anti-mouse secondary antibodies (1:5000, PI-1000, PI-2000, Vector Laboratories). Membranes were 
developed using either Pierce ECL Western Blotting Substrate (32106, ThermoFisher Scientific) or 
SuperSignal West Dura Extended Duration Substrate (34075, ThermoFisher Scientific). Lysates pre-
pared from NG AVM cells after treatment with 250 μM DetaNONOate and 250 μM cPTIO for 48 
hours were run on SDS-PAGE and probed against JARID2 and N1ICD. Similarly, cell lysates from 
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AVM cells were collected 48 hours after DetaNONOate treatment and 72 hours after Jarid2 siRNA 
treatment in presence of  HG and NG, and Western blotting was performed for N1ICD and JARID2, 
as described above. Immunoblotting was performed in three independent experiments. Densitometric 
analysis was performed to normalize the protein levels with respect to GAPDH as loading control 
using ImageJ software (NIH; http://imagej.nih.gov/ij/).

ChIP-qPCR. ChIP was performed with digested chromatin from AVM cells maintained in NG and 
HG, with and without addition of  250 μM DetaNONOate using the SimpleChIP Plus Enzymatic 
Chromatin IP Kit (9004, Cell Signaling Technology). Briefly, cells were fixed by cross-linking with 
1% formaldehyde solution (F8775, Sigma-Aldrich) and chromatin fragmented using both micrococcal 
nuclease (MNase) digestion and sonication. Chromatin was immunoprecipitated with rabbit anti-His-
tone H3K27ac (ab4729, Abcam), rabbit anti-JARID2 (NB100-2214, Novus Biologicals), Histone H3 
(D2B12) XP rabbit monoclonal antibody (positive control), and normal rabbit IgG (mock/no anti-
body control) at 4°C overnight following the manufacturer’s instructions. Histone-DNA complexes 
were captured by Protein G agarose beads followed by reversal of  cross-linking and DNA purifica-
tion. Immunoprecipitated DNA from H3K27ac pull-down was amplified for 3 Nos3 (R1–R3) regions 
found to be differentially accessible in response to HG by ATAC-seq. Similarly, oligonucleotides were 
designed to amplify the Notch1+1150 locus to detect JARID2 enrichment in NG and HG.

For in vivo ChIP, at least 15 nondiabetic WT and 20 diabetic WT E13.5 hearts were harvested, 
minced, and homogenized. Chromatin from tissues was cross-linked with 1.5% formaldehyde, followed 
by MNase digestion at 37°C for 20 minutes, and fragmented with 3 sets of-20 second pulses using the 
Virsonic 100 Ultrasonic sonicator. The rest of  the immunoprecipitation steps was performed following 
the protocol described above. JARID2-immunoenriched DNA from both in vitro and in vivo ChIP was 
amplified for the Notch1+1150 locus by SYBR Green–based quantitative PCR. Fold enrichment was cal-
culated by 2–ΔΔCt methods, with comparison between IgG mock control and either H3K27ac or JARID2. 
Supplemental Table 20 contains oligonucleotide sequences encompassing Notch1 and Nos3 loci.

Jarid2 siRNA. Predesigned siRNA targeting the coding region of  murine Jumonji (sc-60873, Santa Cruz 
Biotechnology) was used to knockdown Jarid2. This siRNA consists of  pools of  3–5 target-specific 19- to 
25-nt siRNAs designed to silence gene expression. A control siRNA-A (sc-37007, Santa Cruz Biotech-
nology) was used as scramble siRNA, targeting no known gene. AVM cells maintained in NG and HG 
at 60%–70% confluency were transfected with 10 nM Jarid2 or control siRNA using Lipofectamine 3000 
Transfection Reagent (L3000015, ThermoFisher Scientific). Cell lysates were collected and examined for 
JARID2 and N1ICD protein expression 72 hours after transfection.

Drosophila Studies. Maternal WT flies were maintained on nondiabetic (standard fly food) or diabetic 
(standard fly food with 0.2 g/ml sucrose) diets. Notch1 was downregulated either by overexpressing Jar-
id2 (Jarid2 OE) and Numb (Numb OE) or by silencing Notch with RNAi. Jarid2 was also knocked down 
using a silencing transgene (Jarid2 RNAi). Progeny flies expressing indicated upstream activator sequence 
transgenes under the control of  cardiac cell–specific 4XHand-Gal4 driver were compared with WT control 
flies. Progeny flies of  indicated genotypes were reared and maintained on nondiabetic standard fly food, 
as a function of  mothers reared and maintained on nondiabetic versus diabetic diet. Glucose and trehalose 
levels in hemolymph of  adult flies were measured. Developmental lethality was presented as the percentage 
of  progeny flies expressing the indicated transgene that fail to emerge as adults, relative to sibling flies not 
expressing transgene. Survival of  adult progenies of  diabetic versus nondiabetic mothers with WT and 
transgenes expressing Jarid2 OE, Numb OE, Notch RNAi, and Jarid2 RNAi were compared. 50 male flies 
of  each genotype were transferred within one day of  emergence to vials containing nondiabetic standard fly 
food. Surviving flies were counted every 2 days. Histological analysis was performed on adult fly hearts in 
progeny of  nondiabetic and diabetic mothers. Cardiomyocyte muscle fiber actin was visualized with phal-
loidin. Somatic muscle fibers on either side of  the heart tube were stained. Cardiomyocytes and pericardial 
cells were visualized by nuclear-localized GFP expression driven by Hand gene promoter (Hand-GFP). 
Pericardin was stained and visualized by immunofluorescence. Pericardin produced by cells of  the fat body 
on either side of  the heart tube was antibody labeled.

Statistics. Data are presented as either average ± SD or mean ± SEM. Two-tailed Student’s t test and 
Fisher’s exact test (for categorical data) were performed to determine statistical significance using the 
GraphPad Prism 7 software package. Holm-Bonferroni correction was applied to t test P values for Figures 
1, 3, 4, and 5 to determine correction for multiplicity of  testing using SAS v.9.4. P values of  less than 0.05 
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were considered statistically significant.
Study approval. This study was approved by the Institutional Animal Care and Use Committee at NCH 

(protocol AR13-00056) and conducted in accordance with the NIH’s Guide for the Care and Use of  Laboratory 
Animals (National Academies Press, 2011).
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