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ABSTRACT 

 

The mechanisms by which transcription factor haploinsufficiency alters the epigenetic and 

transcriptional landscape in human cells to cause disease are unknown. Here, I utilized human 

induced pluripotent stem cell (iPSC)-derived endothelial cells (ECs) to show that heterozygous 

nonsense mutations in NOTCH1 (N1) that cause calcific aortic valve disease (CAVD) disrupt the 

epigenetic architecture resulting in derepression of latent pro-osteogenic and -inflammatory 

gene networks. Hemodynamic shear stress, which protects valves from calcification in vivo, 

activated anti-osteogenic and anti-inflammatory networks in N1+/+, but not N1+/-, iPSC-derived 

ECs. N1 haploinsufficiency altered H3K27ac at N1-bound enhancers, dysregulating downstream 

transcription of over 1000 genes involved in osteogenesis, inflammation, and oxidative stress. 

Computational predictions of the disrupted N1-dependent gene network revealed regulatory 

nodes that when modulated restored the network toward the N1+/+ state. My results highlight 

how alterations in transcription factor dosage affect gene networks leading to human disease 

and reveal nodes for potential therapeutic intervention. 

This iPSC model of CAVD provides a platform for screening for small molecules that 

target central regulatory nodes to alleviate the gene network dysregulation in N1 

haploinsufficient cells. However, the lack of an in vivo animal model of CAVD caused by N1 

haploinsufficiency severely limits safety and efficacy testing of potential therapeutics. Diseases 

caused by gene haploinsufficiency in humans commonly lack a phenotype in mice heterozygous 

for the orthologous factor. Since CAVD is an age-dependent disease, I generated N1+/- mice 

lacking telomerase activity and showed that telomere shortening reveals heart valve disease in 

N1+/- mice. Furthermore, N1 haploinsufficiency promoted proliferation that accelerated telomere 

shortening, potentially past the critical threshold at which valve disease ensues. Gene 

dysregulation in AVs of N1 haploinsufficient mice with shortened telomeres involved 

downregulation of osteoclast factors and upregulation of pro-calcific regulatory nodes paralleling 

gene network alterations in the human iPSC disease model. Concordance between the murine 

and human models supports that this model may represent an ideal in vivo setting in which to 

test therapeutics aimed at preventing or delaying the progression of CAVD. 
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CHAPTER ONE:  

Human Disease Modeling Reveals Integrated Transcriptional and Epigenetic 

Mechanisms of NOTCH1 Haploinsufficiency 

 

INTRODUCTION 

 

Human disease is often caused by genetic variants that quantitatively affect dosage of the 

encoded gene product, particularly those involving major regulatory factors.  The use of induced 

pluripotent stem cells (iPSCs) has facilitated the understanding of many human diseases, but it 

remains unclear how reduction in dosage of transcriptional regulators selectively affects the 

transcription of target genes, alters the epigenetic landscape, and perturbs gene networks 

resulting in disease. The ability to model haploinsufficiency of a transcription factor (TF) in 

human iPSCs combined with integration of broad “-omic” data may reveal mechanisms 

underlying dose-sensitivity of regulatory proteins and novel targets for intervention. 

The Srivastava Lab previously reported two families with heterozygous non-sense 

mutations in the membrane-bound TF, NOTCH1 (N1), which led to a congenital defect of the 

aortic valve known as bicuspid aortic valve (BAV) and severe aortic valve calcification in adults 

(Garg et al., 2005). Calcific aortic valve disease (CAVD) is the third leading cause of adult heart 

disease and is responsible for over 100,000 valve transplants annually in the United States 

alone (Garg et al., 2005). BAV, which occurs in 1–2% of the population and involves the 

formation of two valve leaflets rather than the normal three leaflets, is a major risk factor for 

early valve calcification, although the mechanism for the calcification is unknown (Go et al., 

2014). Recent studies identified N1 mutations in additional familial cases of BAV and CAVD as 

well as approximately 4% of sporadic cases, underscoring the importance of N1 in this disease 

(Foffa et al., 2013; Mohamed et al., 2006). 

Hemodynamic shear stress protects against aortic valve calcification in adults, similar to 

shear-induced protection against atherosclerosis and vascular calcification. Accordingly, the first 

region of the valve to calcify is the aortic side, which experiences less laminar shear stress than 

the ventricular side (Weinberg et al., 2010). Shear stress activates signaling through the N1 
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transmembrane receptor in endothelial cells (ECs) in vitro, and NOTCH signaling in vivo is 

greater on the ventricular side of the aortic valve (Combs and Yutzey, 2009; Masumura et al., 

2009). Furthermore, in mice, EC-specific deletion of the Notch ligand Jagged1 leads to valve 

malformations and aortic valve calcification (Hofmann et al., 2012). These findings suggest that 

N1 signaling in the endothelium is uniquely positioned to mediate the anti-calcific response to 

shear stress within the valve. 

 Here, I utilized human iPSC-derived ECs to show that heterozygous nonsense mutations 

in N1 disrupt the epigenetic architecture resulting in derepression of latent pro-osteogenic and -

inflammatory gene networks. Hemodynamic shear stress activated anti-osteogenic and anti-

inflammatory networks in N1+/+, but not N1+/–, iPSC-derived ECs. N1 haploinsufficiency altered 

H3K27ac at N1-bound enhancers, dysregulating downstream transcription of over 1000 genes 

involved in osteogenesis, inflammation, and oxidative stress. Computational predictions of the 

disrupted N1-dependent gene network revealed regulatory nodes that when modulated restored 

the network toward the wild-type (WT) state. Our results highlight how alterations in TF dosage 

affect gene networks leading to human disease and reveal nodes for potential therapeutic 

intervention. 

 

RESULTS 

 

Transcriptional States in EC Differentiation and Response to Shear Stress 

To investigate the consequences of N1 heterozygosity in ECs, I first needed to describe the 

normal transcriptional and epigenetic state of human ECs during differentiation and under static 

and fluid shear stress conditions. I therefore differentiated 2 human embryonic stem cell (ESC) 

lines (H7, H9) and 3 human iPSC lines into ECs using a protocol previously developed in our 

lab (Figure 1A) (White et al., 2012). I collected cells at key stages of EC differentiation: 

undifferentiated pluripotent cells, mesodermal precursors (MesoPs), EC precursors (ECPs), and 

ECs that I exposed to either static or laminar shear stress conditions to model the effects of 

hemodynamic shear stress on the ventricular side of the aortic valve (Figure 1A). I only 
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conducted experiments on ECPs and ECs that were 70–100% pure for their respective markers 

by FACS (Figure 8A–B). 

 I first identified the unique signature of key stages of EC differentiation using RNA-seq 

data from each aforementioned cell population (Figure 1B). As expected, genes related to cell 

division and stem cell maintenance defined pluripotent cells while genes involved in WNT, 

HEDGEHOG, and BMP signaling were enriched in MesoPs. By the ECP stage, genes involved 

in angiogenesis and MAPK signaling were upregulated, indicating the commencement of EC 

specification. NOTCH signaling was a unique feature of the final shear-responsive EC stage. 

ECs also showed upregulation of matrix metalloproteinases (MMPs), which are involved in 

degrading extracellular matrix (ECM) (Vu and Werb, 2000). 

 Genes upregulated in shear stress conditions were involved in antagonizing pro-

osteogenic BMP and TGFβ signaling pathways and included TFs such as SMAD6 and SMAD7 

and secreted factors such as GREM1 (Figure 1B) (Bragdon et al., 2011). The secreted factors 

may provide a mechanism for ECs exposed to shear stress to prevent the calcification of 

underlying valve interstitial cells (VICs). Additionally, shear stress-upregulated genes involved 

factors that increase the resistance to oxidative damage, including NQO1 and TXNRD1 (Gorrini 

et al., 2013). Using a random forest machine learning approach to identify stage-predictive TFs 

from the RNA-seq data, I found that static conditions were predicted by expression of genes 

encoding inflammatory proteins including STAT6, NFKB2, and IRF9, all of which were 

downregulated by shear stress, while the TF most predictive of shear stress conditions was 

SMAD6, which inhibits BMP signaling (Figure 1C and 8C) (Hervas-Stubbs et al., 2011).  

To investigate whether the anti-inflammatory and anti-osteogenic effects of shear stress 

were mediated by changes in genome occupancy of these key TFs, I tested the distribution of 

their putative occupancy sites based on motif analysis within active enhancers or repressed 

regions as identified by H3K27ac and H3K27me3 ChIP-seq, respectively, in human iPSC-

derived ECs (Figure 1D). In static conditions, I found a unique overrepresentation of pro-

inflammatory STAT and IRF motifs in H3K27ac-marked enhancers. By contrast, H3K27ac 

enhancers in the shear stress condition showed a unique overrepresentation of anti-

inflammatory and antioxidant NRF2 motifs and TGFβ-inhibitory JUN motifs (Dennler et al., 2000; 
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Gorrini et al., 2013). H3K27me3-marked repressive regions in shear stress conditions showed a 

unique overrepresentation of SMAD2/3/4 motifs, suggesting repression of pro-osteogenic TGFβ 

signaling in shear stress conditions. Thus, shear stress may protect against calcification by 

antagonizing pro-osteogenic BMP and TGFβ signaling pathways and repressing pro-

inflammatory STAT and IRF signaling pathways at the transcriptional and epigenetic level 

(Figure 1E). 

 

Dynamic Chromatin States Correlated with Distinct Transcriptional Patterns 

To understand the epigenetic changes occurring near the transcriptional start sites (TSSs) of 

dynamically expressed genes, I performed ChIP-seq for the H3K4me3 active promoter mark, 

H3K27ac active enhancer mark, H3K4me1 poised/active mark, and H3K27me3 repressive mark 

across EC differentiation (Rada-Iglesias et al., 2010; Wamstad et al., 2012) (Figure 2A–B). 

Dynamic changes in histone modifications at promoters fell into distinct clusters. To test whether 

dynamic histone modifications correlated with distinct transcriptional patterns to distinguish 

functional groups of co-expressed genes, I compiled genes shared between each chromatin 

and expression cluster and determined statistical enrichment (Figure 2C). Most expression 

clusters correlated with multiple chromatin clusters. For example, expression cluster F 

contained genes highly transcribed at the MesoP stage, which were enriched in chromatin 

clusters 3–8 and 14–15. Previous studies have shown that genes important for early 

development often correlate with a chromatin modification pattern similar to that of chromatin 

cluster 8, which includes a high level of repressive H3K27me3 at the pluripotent stage that is 

then relieved to allow expression during early development (Rada-Iglesias et al., 2010). Indeed, 

I found that there was a significant enrichment in cluster F of genes annotated as developmental 

within chromatin cluster 8 compared to genes annotated as non-developmental (Figure 8D). 

This indicated that chromatin cluster 8 identified a specific functional subset of genes in 

expression cluster F. 

Conversely, some expression clusters correlated strongly with a single chromatin cluster. 

For example, expression cluster J predominantly clustered with chromatin cluster 10. While 

genes expressed in J showed very specific upregulation at the ECP stage, chromatin cluster 10 
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was characterized by stable H3K4me3 and H3K27ac activating marks throughout differentiation. 

All other expression clusters correlating with this non-dynamic chromatin cluster included genes 

upregulated at the ECP stage. This pattern was upheld even when evaluating chromatin marks 

up to 15 kilobases (kb) from gene TSSs. 

The aforementioned random forest approach to discern stage-predictive TFs identified 

several ECP-predictive TFs that may confer the specificity of cluster J genes, including 

SCL1/TAL1, an important regulator of ECPs and vasculogenesis in addition to hematopoiesis 

(Drake et al., 1997; Liao et al., 1998; Van Handel et al., 2012) (Figure 1C). Unlike other cluster J 

genes that showed consistently active promoters throughout differentiation, H3K4me3 and 

H3K27ac marked the TAL1 promoter most strongly at the ECP stage (Figure 2D), when TAL1 

drives critical fate decisions (Van Handel et al., 2012). Additionally, repressive H3K27me3 

marked the TAL1 promoter at prior stages, suggesting its repression may prevent premature 

activation of downstream ECP gene networks. TAL1 gene expression was elevated in ECPs, 

but TAL1 DNA-binding motifs were not enriched in any stage-specific enhancers throughout EC 

differentiation. Thus, genes expressed at the pivotal ECP specification stage maintain an 

epigenetic state primed for transcriptional activation throughout differentiation and may rely on 

the expression of a discrete set of regulators such as TAL1 to confer temporal specificity. Only 

11 other cluster J genes shared TAL1’s dynamic chromatin pattern (chromatin cluster 24). 

These included GATA2, a known cofactor of EC regulator ETV2 (Shi et al., 2014), as well as 

genes with no previously known role in EC differentiation, such as C16orf74, that may represent 

novel ECP regulators. Together, these ECP-enriched genes and their targets activate genes 

critical for downstream endothelial development such as ANGPT2, a known TAL1 target gene 

that is required for postnatal angiogenesis (Deleuze et al., 2012), maintaining a high level of 

activation in ECs under both static and shear stress conditions (Figure 8E). 

I next investigated whether chromatin clusters could discern functional groups of genes 

involved in the response to shear stress. Two groups of expression clusters contained static or 

shear stress-specific gene expression: K-L and P-Q. While K-L was enriched for cytoskeletal 

genes, P-Q was enriched for genes involved in SMAD signaling and blood vessel development. 

I focused on expression clusters P and Q to test whether the associated chromatin clusters 
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could distinguish functional gene groups important for the anti-calcific effects of shear stress. 

GO term enrichment in individual expression-chromatin cluster intersections showed that static-

specific cluster intersections P22 and P25 contained immune process and interleukin signaling 

factors, respectively. However, when intersected with shear-specific genes, the same chromatin 

clusters, 22 and 25, were associated with TGFβ signaling antagonism (including ENG and 

INHBA) and bone mineralization (including inhibitory GREM1) (Bragdon et al., 2011; Guo et al., 

2004). Additional shear-specific cluster intersection Q24 contained activin-binding genes such 

as FSTL3, an inhibitor of TGFβ signaling (Bragdon et al., 2011). Thus, chromatin clusters were 

able to distinguish immune process-related genes active in the static condition and antagonism 

of pro-osteogenic TGFβ signaling in shear stress conditions. 

 

Isogenic iPSC-Derived ECs Model N1 Haploinsufficiency 

I sought to understand how N1 heterozygosity perturbs the normal EC gene expression and 

epigenetic state to cause CAVD. I derived and characterized iPSCs from the fibroblasts of three 

individuals from two families affected with CAVD due to heterozygous nonsense mutations in 

N1 (Figure 3A, 9A–E, and 10). Additionally, I derived and characterized iPSCs from a related 

individual who was N1+/+ and unaffected by CAVD. As unrelated controls, I used two established 

ESC lines (H7, H9) and two previously established iPSC lines. 

To derive isogenic control lines, I corrected the N1 mutation using TALENs (Figure 3A 

and 11A–D). I detected no off-target effects by Southern blot for the donor DNA and compared 

multiple corrected N1+/+ clones to multiple TALEN-targeted but uncorrected N1+/– clones to 

control for any effects of the TALEN-targeting process. I differentiated control and mutant iPSCs 

into ECs and exposed them to either static or shear stress conditions to model the anti-calcific 

effects of shear stress. 

Using isogenic cell lines, I found that N1 mRNA levels were reduced by 30–40% in the 

N1+/– ECs by RNA-seq (Figure 3B). Additionally, 70–100% of N1 mRNA present in N1+/– ECs 

was transcribed from the WT allele, suggesting that the mutant mRNA largely undergoes 

nonsense-mediated decay (Figure 12D). This indicated that the iPSC-derived ECs were 

effectively modeling a decreased dosage of N1. N1+/– ECs showed increased levels of NOTCH4 
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mRNA, which encodes the other major NOTCH protein in ECs and reflects a possible 

compensatory response. Although N1+/– ECs did not exhibit altered differentiation capacity, their 

transcriptome clustered separately from isogenic N1+/+ ECs (Figures 11C and 12A). 

Furthermore, canonical N1 targets, including HES1 and EFNB2, were downregulated in N1+/– 

ECs, indicating N1+/– ECs were haploinsufficient for N1 activity, at least at some targets (Figure 

3C). 

 

Gene Networks Dysregulated Due to N1 Haploinsuffiency 

RNA-seq of iPSC-derived ECs in static conditions revealed that 929 mRNAs were dysregulated 

in N1+/– ECs, while in shear stress conditions 791 mRNAs were altered (with ~half being 

dysregulated in both conditions) (Figure 3D and 3G). GO analysis showed that NOTCH and 

DELTA-NOTCH signaling were among the top pathways dysregulated in N1 haploinsufficiency 

(shear and/or static conditions), indicating that the N1+/– iPSC-derived ECs were indeed 

modeling a defect in N1 activity (Figure 3E). Furthermore, top dysregulated GO pathways 

included endochondral ossification and inflammatory response, two pathways thought to play a 

major role in CAVD. In addition, 180 small non-coding RNAs (ncRNAs) were significantly 

dysregulated in N1+/– ECs, and these were enriched for miRNAs and CDBox RNAs (Figure 

12B–C). Surprisingly, no ncRNAs were significantly dysregulated under shear stress, indicating 

that shear stress-induced N1 signaling may be sufficient to restore ncRNA networks in N1+/– 

ECs to their WT state, similar to the shear stress-induced restoration of a subset of 

dysregulated mRNAs. ncRNAs altered in N1+/– ECs reflected similar processes as observed for 

dysregulated mRNAs. Anti-osteogenic (e.g., miR-20a, 26a, 30e, and 106a) and anti-atherogenic 

miRNAs (e.g., miR-126) were downregulated in N1+/– ECs, while pro-osteogenic (e.g., miR-30d) 

and pro-atherogenic (e.g., miR-663) miRNAs were upregulated (Goettsch et al., 2013; Li et al., 

2013; Schober et al., 2014). 

When I tested whether unique features of the shear stress condition were dysregulated 

in N1 heterozygosity, I found that N1+/– ECs did not properly activate anti-calcific genes normally 

induced by shear stress (Figure 3D and F). In total, 30% of shear-responsive genes in WT ECs 

were dysregulated in N1+/– ECs and were thus N1-dependent (Figure 3G). N1+/– ECs showed 



	   8	  

downregulation of shear-specific antagonists of pro-osteogenic BMP and WNT pathways, 

including genes producing secreted proteins GREM1 and DKK, respectively (Van Handel et al., 

2012). Furthermore, shear-exposed N1+/– ECs failed to upregulate anti-atherogenic factors such 

as CYP1B1 and showed aberrant upregulation of pro-inflammatory genes, including IRF6 

(Conway et al., 2009; Kwa et al., 2014). In both static and shear stress conditions, N1+/– ECs 

showed an increase in cell cycle genes such as CDC20 and CDCA2 (with additional genes such 

as CCNA1 and CCND1 activated in static conditions). Furthermore, I observed downregulation 

of PDE3A and upregulation of PDE2A, which would be predicted to alter EC permeability and 

promote inflammatory cell infiltration (Surapisitchat et al., 2007). Finally, when exposed to shear 

stress, N1+/– ECs did not appropriately upregulate genes involved in the oxidative stress 

response such as CYGB and TXNRD1 (Li et al., 2007) and showed downregulation of MMPs 

such as MMP7 and 9 (with additional MMPs 10, 19, and 24 downregulated in static conditions) 

(Figure 12E). Overall, N1 haploinsufficient ECs could not mediate the normal anti-calcific 

response induced by shear stress and showed aberrant upregulation of pro-osteogenic and 

inflammatory signaling. 

 

Epigenetic Dysregulation Correlated with Pro-Calcific Gene Expression in N1+/– ECs 

To determine whether decreased dosage of N1 perturbed the epigenetic state of genes 

dysregulated in N1+/– ECs, I performed genome-wide ChIP-seq for H3K4me3, H3K27ac, 

H3K4me1, and H3K27me3 in WT or N1+/– patient-specific iPSC-derived ECs under static and 

shear stress conditions. I determined the density of the proximal promoter mark H3K4me3 

within 3 kb of TSSs of genes dysregulated in N1+/– ECs. Given that H3K27ac, H3K4me1, and 

H3K27me3 mark both proximal and distal regulatory domains, I determined the density of these 

marks within 15 kb of TSSs of dysregulated genes. 

When I clustered dysregulated genes based on their expression and epigenetic state in 

N1+/– ECs compared to WT ECs, the resulting clusters defined functional groups of genes 

involved in distinct aspects of CAVD (Figure 4A). For example, cluster I contained genes 

involved in ECM and pro-osteogenic WNT signaling, which showed increased transcription in 

both static and shear stress conditions without much change in any of the four evaluated 
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chromatin marks. However, cluster J distinguished genes involved in pro-osteogenic BMP 

signaling whose transcriptional upregulation was accompanied by increased H3K4me3 and 

H3K27ac activating marks in both static and shear stress conditions as well as decreased 

H3K27me3 repressive marks in the static condition. Thus, functional groups of genes shared 

common epigenetic mechanisms associated with transcriptional dysregulation in N1+/– ECs. 

Focusing on individual genes revealed that histone modification changes correlated with 

pro-calcific gene dysregulation in N1+/– ECs (Figure 4B). Pro-osteogenic genes involved in 

endochondral ossification (e.g., PLAU) and osteoblast regulation (e.g., COL1A1) showed 

upregulated mRNA expression associated with increased activating marks H3K4me3, H3K27ac, 

and H3K4me1 (Engelholm et al., 2001). Conversely, transcriptionally downregulated anti-calcific 

factors including anti-atherogenic genes such as CYP1B1 and osteoclast genes such as ACP5 

showed decreased H3K27ac activating marks as well as increased repressive H3K27me3 

marks (Alatalo et al., 2000). 

I next investigated whether epigenetic dysregulation in N1+/– ECs reflected changes in 

the distribution of key TF motifs within active and repressed regions (Figure 4C). Epigenetic 

studies in WT ECs above showed that pro-inflammatory STAT and IRF motifs were enriched in 

H3K27ac-marked enhancers only in static conditions. Notably, STAT and IRF motifs were 

significantly enriched in H3K27ac-marked activation sites in N1+/– as compared to WT ECs 

during both static and shear stress conditions (Figure 4C). This suggests that in N1+/– ECs there 

is an even greater increase in STAT and IRF signaling in static conditions and that these pro-

inflammatory signals are not appropriately downregulated in response to shear stress. 

Conversely, H3K27me3-marked repressive domains in WT ECs were enriched for SMAD2/3/4 

motifs in shear stress conditions, while H3K27me3 sites in N1+/– ECs were depleted for 

SMAD2/3/4 motifs in shear stress, suggesting a de-repression of pro-osteogenic TGFβ signaling 

as a consequence of N1 haploinsufficiency. Furthermore, in both static and shear stress 

conditions, H3K27ac sites in N1+/– ECs were enriched for RUNX1 motifs compared to WT ECs, 

likely indicating a progression to early chondrogenic signaling given RUNX1’s role in 

chondroblasts and bone formation (Smith et al., 2005; Yamashiro et al., 2004), in addition to its 

role in hematopoiesis (Okuda et al., 1996). In sum, N1+/– ECs revealed a shift of activated 
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chromatin marks towards putative pro-inflammatory and osteogenic regulatory domains and a 

depletion of repressive marks from putative pro-osteogenic enhancers. 

To understand whether N1+/– ECs underwent more permanent silencing of regulatory 

regions that may in principle be related to disease, I evaluated the DNA methylation landscape 

in WT and N1+/– ECs by whole-genome bisulfite sequencing. I concentrated on the static 

condition as preliminary studies showed negligible change in methylation status in response to 

shear stress assays, which occurred over only 24 hours with little cell division to allow for 

methylation turnover. Bisulfite sequencing revealed 248 differentially methylated regions 

(DMRs) in N1+/– ECs compared to WT ECs (Figures 4D and E). Nearly half of these DMRs were 

novel regions not identified in previous efforts to capture the dynamic DNA methylation 

landscape essential for normal development (Ziller et al., 2013). This suggests that 

dysregulation of DNA methylation in disease settings may partially occur in regulatory domains 

otherwise stable throughout development. 

DMRs due to N1 haploinsufficiency were significantly enriched for CpG islands (CpGIs) 

and shores (+/- 2 kb from CpGIs) and depleted for CpG open seas (> 4 kb from CpGIs) (Figure 

4F). The largest enrichment of DNA methylation changes occured at CpG shore regions, 

suggesting that these regions might be the least stable in the disease state. In many regions, 

changes in DNA methylation were accompanied with chromatin mark dysregulation. Regions 

hypermethylated in N1+/– ECs lost H3K4me3 or H3K27ac activating marks present in WT ECs 

while regions hypomethylated in N1+/– ECs gained H3K4me3 or H3K27ac marks (Figure 13A). 

The extensive conversion of these DMRs between the silenced and activated state suggests 

robust changes in the epigenetic landscape of N1+/– ECs. 

 

N1 Binding Sites Showed Dysregulation in H3K27ac Chromatin Marks in N1+/– ECs 

To discern the aspects of transcriptional and epigenetic dysregulation in N1+/– ECs directly 

associated with N1 genome occupancy, I performed endogenous N1 ChIP-seq in primary 

human aortic ECs (HAECs). I found that 414 of the 1303 genes dysregulated in N1+/– ECs 

showed N1 binding in proximity to their TSSs (within 20 kb) as determined by peaks called in 

the N1 ChIP-seq (Figure 5A). Overall, dysregulated genes were significantly more likely to be 
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found in proximity to a N1 peak than non-dysregulated genes (p < 0.05). Genes with the most 

significant N1 ChIP peaks near their TSSs were most often downregulated in N1+/– ECs, which 

is consistent with N1 acting as a transcriptional activator. However, many putative direct targets 

were upregulated in N1 heterozygosity, indicating that N1 might also directly repress pro-calcific 

genes in WT ECs. 

Most N1 binding events occurred in distal intergenic regions, but binding was most 

significantly enriched in promoter regions within 1 kb from TSSs compared to genomic 

background (Figure 5B). Putative direct N1 targets whose expression was unchanged by N1 

haploinsufficiency on average showed greater enrichment of N1 binding near the TSS than 

targets dysregulated in N1+/– ECs (Figure 5C). Sites bound with lower levels of N1 may be more 

sensitive to a reduction in N1 dose, as they may be closer to a critical occupancy threshold 

required for gene activation. To determine motifs enriched in N1 binding sites, I compared 

motifs in genomic regions +/– 25 base pairs (bps) from N1 peak summits to motifs found in 

general open chromatin regions within ECs as determined by H3K27ac ChIP-seq (Figure 5D). 

Only 17% of N1 peaks contained the motif bound by its canonical DNA-binding partner CSL, 

suggesting that N1 may target DNA through alternate binding partners in ECs. However, N1-

bound sites were enriched for motifs including RUNX1 motifs, as previously seen in T-

lymphoblastic leukemia cells (Wang et al., 2011), as well as IRF and STAT motifs. Since 

RUNX1, IRF, and STAT motifs were all enriched in enhancers active specifically in N1+/– ECs, 

N1 complex binding may sufficiently compete with the binding of these TFs in the WT, but not 

mutant, state to prevent activation of related pro-osteogenic and pro-inflammatory signaling 

pathways. 

I next investigated whether histone modifications near direct N1 binding sites were 

altered in ECs with decreased dosage of N1. In WT ECs, genomic regions +/– 1 kb from N1 

peak summits were significantly enriched for H3K27ac and H3K4me1 and depleted, though not 

significantly, for H3K27me3 as defined by ChIP-seq (Figure 5E). In contrast, genomic regions 

+/– 1 kb from N1 peak summits showed significant alterations in H3K27ac and to a lesser 

degree in H3K4me1 in N1+/– ECs in both static and shear stress conditions compared to WT 

ECs (Figure 5F and 13B). N1+/– ECs showed increased H3K27ac at some sites and decreased 
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H3K27ac at other sites, suggesting that N1 binding has a locus-specific effect on H3K27ac. For 

example, decreased H3K27ac surrounding two N1 binding sites within the gene body of the 

previously undescribed target ARHGEF17 correlated with its significant transcriptional 

downregulation in static conditions (Figure 5G). 

I clustered N1 binding sites by the change in H3K27ac in N1 haploinsufficiency 

compared to WT, which revealed that the effect of shear stress on H3K27ac at N1 binding sites 

was reduced in N1+/– ECs (Figure 5F and H). Within N1-bound sites where shear stress 

normally increased acetylation (Cluster B), mutant ECs showed less acetylation in shear stress 

than WT ECs. Conversely, sites with decreased acetylation in shear stress (Clusters E-G) 

showed incomplete deacetylation in mutant ECs as compared to WT ECs. This dampening of 

shear stress effects was less pronounced in distal H3K27ac loci devoid of N1 binding sites 

(Figure 13C). However, the pattern was present in H3K27ac loci proximal (within 1 kb) to TSSs 

and distinguished functional groups of genes (Figure 13D). For example, promoters of genes 

encoding inhibitors of pro-osteogenic WNT signaling (e.g., HBP1, TLE) (Sampson et al., 2001; 

Wu et al., 2014) normally experienced increased H3K27ac in response to shear stress, but 

showed lower levels of acetylation in N1+/– ECs as compared to WT ECs in shear stress 

conditions. Since almost all N1 binding sites showing H3K27ac dysregulation were distal from 

gene TSSs, these data suggest that N1 binding may mediate the effect of shear stress on 

H3K27ac specifically at distal enhancers. 

 

Manipulating Dysregulated Regulatory Nodes Restores Expression of N1 Downstream 

Targets Towards WT Levels 

I sought to harness our knowledge of the transcriptional and epigenetic dysregulation caused by 

N1 haploinsufficiency to identify putative regulatory nodes within the gene network downstream 

of N1 that might serve as therapeutic targets. I employed a network inference algorithm to 

predict network connections using RNA-seq data of WT and N1+/– ECs in static and shear stress 

conditions (Margolin et al., 2006). With N1 as a network hub, I predicted several genes to be 

directly connected to N1 (Figure 6A). These included the canonical targets EPHNB2 and HES4 

as well as ARHGEF17, which I described above as a direct N1 target dysregulated in N1+/– ECs. 
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Genes with putative direct connections to N1 were themselves highly interconnected, 

suggesting that these genes might co-regulate one another to provide additional network 

stability. Each of these genes further branched out to connect to particular sets of genes, such 

as HES4, which connected to many genes strongly dysregulated in N1+/– ECs, and ARHGEF17, 

which connected to genes that were nearly all highly shear-responsive (Figure 14A–B). 

When I expanded our network prediction to include all dysregulated genes as hubs, I 

obtained a gene network with scale-free properties illustrating the predicted connections 

between genes downstream of N1 (Figure 6B). While most genes were connected to few 

dysregulated targets, several genes encoding transcriptional regulators were connected to a 

large portion of the genes dysregulated in N1 haploinsufficiency, suggesting that these putative 

regulatory nodes may control the majority of altered genes (Figure 6B and C). Among the nodes 

connected to the most dysregulated genes were SOX7, the WNT signaling effector TCF4, and 

the BMP signaling effector SMAD1, all upregulated in N1+/– ECs. 

Using siRNAs, I corrected the aberrant upregulation of SOX7, TCF4, or SMAD1, alone 

or in combination, in an effort to restore the normal EC gene network. I monitored the effects of 

these perturbations on the initial putative targets (RASSF4, THSD1, ACE, PDE2A, and GREM1) 

selected based on connections predicted in our inferred gene network (Figure 6D). When I 

intervened solely with SOX7 siRNA, both TCF4 and SMAD1 were restored towards their WT 

expression levels, indicating that SOX7 is upstream of these predicted nodes. In addition, the 

expression of all other putative targets except GREM1 was partially to fully restored to WT 

levels. Intervening with TCF4 siRNA also reduced the aberrant upregulation of SOX7, 

demonstrating a positive feedback loop between SOX7 and TCF4. SMAD1 also shifted towards 

its WT expression, either through direct regulation by TCF4 or indirect regulation through SOX7. 

Knockdown of TCF4 also partially restored the expression of most putative downstream targets 

tested (RASSF4, THSD1, PDE2A), albeit to a lesser degree than knockdown of SOX7. However, 

treating N1+/– ECs with a combination of SOX7 and TCF4 siRNA had even more dramatic 

effects in restoring the WT expression of all putative targets excluding GREM1. In contrast, 

knocking down SMAD1 restored GREM1 expression towards WT levels without affecting SOX7, 

TCF4, or any of the other putative targets. Ultimately, based on our perturbation experiments 
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and network inference, I were able to identify a gene network subcircuit involving nodes SOX7, 

TCF4, and SMAD1 that controls downstream gene dysregulation in N1+/– ECs (Figure 6E). N1 is 

responsible for repressing this subcircuit from activation in WT ECs while decreased N1 levels 

in N1+/– ECs are insufficient to prevent its activation. 

To determine whether intervening with the SOX7 and TCF4 regulatory nodes had more 

widespread effects on restoring the gene network downstream of N1, I expanded our panel to 

include 48 genes dysregulated in N1+/– ECs selected based on our inferred gene network and 

RNA-seq data (Figure 6F). I found that the combination of SOX7 and TCF4 siRNA restored the 

expression of the majority of these genes towards the WT state. N1 expression was unaffected, 

but expression of its canonical downstream target HES1 was restored towards WT, suggesting 

possible repair of the pathways downstream of N1 signaling. The siRNA treatment alleviated the 

downregulation of genes encoding MMPs (MMP24, MMP9), which may serve to degrade ECM 

in the valve, and secreted anti-osteogenic factors such as the WNT inhibitor DKK1 that may 

help prevent calcification in underlying VICs. Additionally, the treatment reduced upregulation of 

pro-inflammatory genes such as IRF6 and cytokine CXCL12 as well as collagens COL15A1 and 

COL12A1 that may contribute to calcification. Overall, correcting the aberrant upregulation of 

regulatory nodes SOX7 and TCF4 using siRNA was able to restore expression of genes within 

the network dysregulated in N1+/– ECs towards the WT state. 

 

DISCUSSION 

 

I have defined the mechanisms critical for normal human EC differentiation and response to 

shear stress, determined how these mechanisms are perturbed in N1 haploinsufficient cells, 

and intervened at key regulatory nodes to restore N1+/– ECs towards their WT state. Overall, 

iPSC-based modeling of human N1 mutations allowed a rigorous interrogation of the gene 

networks disrupted in ECs from patients with CAVD to reveal novel targets for intervention. 

Moreover, the findings here demonstrate mechanisms by which dose-reduction of a TF can alter 

the epigenetics and transcriptome in a human disease model. 
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Transcriptional and Epigenetic Mechanisms Governing EC Differentiation and Response 

to Shear Stress 

Among the more interesting findings from transcriptional and epigenetic profiling during EC 

differentiation was that shear stress induced a highly coordinated suppression of pro-osteogenic 

and inflammatory signaling in ECs that may be critical to protect against calcification events. 

Shear-dependent histone modifications correlated with upregulation of anti-osteogenic genes, 

including those encoding secreted BMP and WNT antagonists that may represent a paracrine 

signaling method for shear-exposed ECs to prevent the calcification of neighboring tissue. 

Synchronously, shear stress downregulated pro-inflammatory cytokines, reduced STAT and IRF 

signaling effectors characteristic of ECs in static conditions, and shifted activating histone 

modifications towards anti-inflammatory and antioxidant motifs. It is interesting to consider that 

ECs throughout the vasculature may function to repress pro-osteogenic events in response to 

laminar shear stress, given the propensity for calcification at sites of vascular bifurcation 

experiencing turbulent blood flow. 

 

Transcriptional Consequences of N1 Haploinsufficiency in iPSC-Based Modeling of 

CAVD 

iPSC-based modeling of human N1 mutations in CAVD revealed that N1 haploinsufficiency 

disrupts the appropriate EC response to shear stress (Figure 7A–C). In contrast to WT ECs, 

shear-exposed N1+/– ECs failed to upregulate anti-osteogenic factors, including secreted BMP 

and WNT antagonists that may be critical for preventing calcification of underlying VICs. They 

instead overexpressed pro-osteogenic genes such as BMP4, suggestive of an osteoblast-like 

switch, highlighting the importance of the N1-dependent response to shear stress in maintaining 

the cell fate of valve ECs. Conversion of valve ECs into osteoblast-like cells has been reported 

in disease states (Hofmann et al., 2012), consistent with N1 functioning to repress this aberrant 

gene program. Interestingly, the secreted anti-osteogenic factor, Matrix Gla Protein (MGP), was 

very lowly expressed in iPSC-derived ECs despite its abundance in native murine valve tissue 

(Luo et al., 1997), making it difficult to determine if MGP was a shear-responsive N1 target in 

human cells. Nevertheless, the transcriptional disturbances in N1+/– ECs indicated a 
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dysregulated inflammatory environment and vulnerability to oxidative stress that may fuel the 

progression of calcification in an aortic valve without the anti-calcific barriers normally erected 

by shear-exposed ECs. 

 Determining the pathways dysregulated in N1+/– ECs focuses therapeutic efforts on 

reinstating the proper EC response to shear stress and restoring the anti-osteogenic and anti-

inflammatory barriers against calcification in the valve. Furthermore, defining the factors 

important for maintaining these barriers provides insight into alternative genes that may be 

mutated in CAVD patients without mutations in N1. Future work delineating whether mutations 

in various members of the network preventing CAVD lead to aortic valve disease may explain 

why only a portion of patients with BAV progress to valve calcification. 

 

N1 Genome Occupancy and Epigenetic Dysregulation in N1+/– ECs 

Determining the transcriptional and epigenetic consequences of N1 haploinsufficiency occurring 

directly at N1-bound sites provides insight into how TF dosage differentially affects targets 

leading to human disease. At baseline in WT ECs, gene targets dysregulated in N1+/– ECs had 

lower N1 occupancy proximal to their TSS compared to non-dysregulated targets. Thus, genes 

most sensitive to decreased dosage of N1 begin with lower levels of N1 binding at baseline, 

potentially placing them closer to the threshold at which binding becomes insufficient to affect 

transcription. 

Consistent with previous reports of N1 recruitment of histone acetyltransferases 

(Yashiro-Ohtani et al., 2014), N1 binding sites showed the greatest changes in H3K27ac, 

compared to other epigenetic marks, and could not mount the proper epigenetic response to 

shear stress in N1+/– ECs. The changes in H3K27ac correlated with transcriptional dysregulation 

of putative direct targets such as ARHGEF17, which I found to be a major predicted regulatory 

node, indicating that WT levels of N1 binding are required to maintain the appropriate epigenetic 

state and transcriptional regulation of the most sensitive direct targets. 

 N1 haploinsufficiency had broad downstream effects on the epigenetic landscape in ECs. 

Epigenetic dysregulation extended to DNA methylation, indicating an extensive shift in the 

regulatory state of key domains in ECs. CpG shore regions were the most vulnerable to 
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dysregulation, showing the largest enrichment of methylation changes in N1 haploinsufficient 

ECs. These data support the notion that CpG shores are the least stable in the disease state, 

consistent with previous reports of shores displaying the most methylation differences in the 

context of cancerous cells and specific tissue types (Irizarry et al., 2009). This ability to 

differentiate between distinct cell states may have important implications in diagnosis of disease. 

For example, DNA methylation may provide a useful marker for patients who are at risk for 

valve calcification. 

 

Identification of Dysregulated Transcriptional Nodes 

An incomplete understanding of the molecular mechanisms involved in the development of 

CAVD has hampered the design of effective therapies. By thoroughly interrogating the 

transcriptional and epigenetic consequences of N1 haploinsufficiency, I identified transcriptional 

nodes controlled by SOX7 and TCF4, where intervention impacted a large portion of the gene 

dysregulation in patient-specific ECs. The ability to exert a concerted influence on gene 

networks disrupted in cells from patients with CAVD by targeting discrete regulatory nodes has 

potential therapeutic implications. Using this iPSC-based disease model, I anticipate screening 

for small molecules that target central regulatory nodes to inhibit or delay the progression of 

calcification in patients at risk for CAVD. 

The work presented here demonstrates the value of computationally integrating 

genome-wide transcriptome, DNA methylation, and histone modification data with gene network 

analyses to reveal the consequences of human disease-causing mutations. I believe this type of 

broad and comprehensive approach will serve as the foundation for rational drug design for 

many disorders in the coming years. 
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FIGURES 

 

Figure 1. Transcriptional Mechanisms in EC Differentiation and Response to Shear 

Stress 

 (A) Stages of EC differentiation analyzed. 

 (B) Unique signature of EC differentiation stages by RNA-seq. Stage-unique genes were 

expressed most highly at the given stage and significantly upregulated relative to immediately 

preceding or following stages. p < 0.05 by negative binomial test with false discovery rate (FDR) 

correction. 

 (C) Top stage-predictive TFs identified by random forest classifier. 

 (D) Left: Expression of TFs whose motifs were tested in the corresponding rows on the right. 

Right: Motif enrichment within activating or repressive chromatin marks in ECs exposed to static 

or shear stress conditions suggesting activated or repressed signaling pathways. Any color 

indicates significant motif enrichment (q < 0.05) by motifDiverge with FDR correction while white 

indicates non-significance. Red up flags: activating marks; blue down flags: repressive marks.  

 (E) Left: Diagram of static-specific pro-inflammatory genes (pink). Right: Diagram of shear-

specific anti-osteogenic genes (violet). 

In (B–D): n = 5. See also Figure 8. 
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Figure 2. Correlation of Dynamic Chromatin Patterns with Transcriptional Transitions 

 (A) Hierarchical clustering of mRNA expression. 

 (B) Hierarchical clustering of genes based on enrichment of histone modifications within 1 kb of 

the TSS. Color indicates mean enrichment for each gene cluster. Red up flags: activating 

marks; blue down flags: repressive marks. 

 (C) The overlap of genes within expression clusters (horizontal axis) and chromatin clusters 

(vertical axis). Color represents X2 residuals (any yellow indicates significant overlap between 

genes in the corresponding expression and chromatin cluster). 

 (D) Histone modification enrichment around TAL1 (Cluster J) during EC differentiation.  

In (A–D): n = 5. See also Figure 8. 
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Figure 3. Gene Networks Dysregulated in N1 Haploinsufficient Isogenic iPSC-derived ECs 

 (A) Pedigrees of two families affected with congenital heart disease and valve calcification due 

to N1 mutations. Squares, males; circles, females. 

 (B) mRNA expression of N1 and compensatory upregulation of NOTCH4. 

 (C) mRNA expression of canonical N1 targets HES1 and EFNB2. 

 (D) Log2 fold change in mRNA expression in N1+/– vs. WT ECs in static and shear stress 

conditions of 1303 genes significantly dysregulated in N1+/– ECs. 

 (E) Top GO pathways enriched among genes dysregulated in N1+/– ECs. 

 (F) Examples of anti-osteogenic (GREM1, DKK1), antioxidant (TXNRD1), and anti-atherogenic 

(CYP1B1) shear-responsive genes not properly activated in N1+/- ECs. 

 (G) Overlap of statistically significant gene sets. 

In (B–G): WT n = 3, N1+/– n = 2 (isogenic ECs); error bars represent standard error; *p < 0.05 by 

negative binomial test with FDR correction. See also Figures 9–12. 
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Figure 4. Epigenetic Dysregulation in N1+/– ECs 

 (A) Hierarchical clustering of genes based on log2 fold change of expression and enrichment of 

histone modifications within 3 kb (H3K4me3) or 15 kb (H3K27ac, H3K4me1, H3K27me3) of the 

TSS in N1+/– vs. WT ECs. Enriched GO pathways within each cluster are shown on the right.  

 (B) Mean log2 fold change in N1+/– vs. WT static ECs of mRNA expression and histone 

modifications as in (A) of individual pro-osteogenic (PLAU, COL1A1), osteoclast (ACP5), and 

anti-atherogenic (CYP1B1) genes. 

 (C) TF motif enrichment in N1+/– vs. WT chromatin marks in static or shear stress conditions. 

Motifs tested were drawn from unique clusters identified in Figure 1D. 

 (D) Relative mean DNA methylation of CpGs in N1+/– (vertical axis) vs. WT (horizontal axis) 

ECs in static conditions. Plot includes only CpGs with 10-1000x total sequence coverage 

between three biological replicates per experimental group. 

 (E) Examples of the 248 DMRs identified in N1+/– vs. WT ECs. 

 (F) Distribution of DMRs or all CpGs relative to CpGIs. Shores are < 2 kb flanking CpGIs; 

shelves are < 2kb flanking outwards from shores; open seas are > 4 kb flanking CpGIs. *p < 

0.05 by X2 test with Bonferroni correction.  

In (A–C): WT n = 5, N1+/– n = 3 (patient-specific ECs). Red up flags: activating marks; blue down 

flags: repressive marks. In (D–F): WT n = 3, N1+/– n = 3 (patient-specific ECs). See also Figure 

13. 
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Figure 5. Transcriptional and Epigenetic Dysregulation Directly Associated with N1 

Genome Occupancy 

 (A) Left: K means clustering of putative direct N1 targets defined as genes significantly 

dysregulated in N1+/– ECs with N1 ChIP peaks within 20 kb of the TSS. Right: Significance of N1 

peaks within 20 kb of the TSS of 414 putative direct N1 targets. 

 (B) Left: Distribution of N1 peaks. Right: Log2 fold change of proportion of N1 peaks vs. 

genomic background in indicated regions. *p < 0.05 by X2 test with Bonferroni correction. 

 (C) N1 density around the TSS of genes dysregulated in N1 haploinsufficiency with N1 peaks 

within 20 kb (green), non-dysregulated genes with N1 peaks within 20 kb (orange), or non-

dysregulated genes without N1 peaks within 20 kb (blue). 

 (D) Motifs significantly enriched (q < 0.05 by motifDiverge with FDR correction) within 25 bps of 

N1 peak summits compared to H3K27ac peaks in ECs in static conditions. 

 (E) Left: Log2 fold change of overlap of chromatin marks in WT ECs with 1 kb around N1 

summits vs. random non-gap genomic loci. *p < 0.05 by X2 test with Bonferroni correction. 

Right: H3K27ac density near N1 summits. 

 (F) Hierarchical clustering based on log2 fold change of N1+/– vs. WT histone modification 

density within 1 kb of N1 summits. *p < 0.05 by KS test with Bonferroni correction (histone 

modification dysregulation around N1 summits vs. random non-gap genomic loci). 

 (G) Top: N1 peaks and WT or N1+/– H3K27ac near ARHGEF17. Bottom: Mean mRNA 

expression of ARHGEF17. Error bars represent standard error; *p < 0.05 by negative binomial 

test with FDR correction. 

 (H) Relative H3K27ac density within 1 kb of N1 summits ordered as in (F) in WT ECs in static 

or shear stress conditions. 

In (A–H): Gene expression:  WT n = 3, N1+/– n = 2 (isogenic iPSC-derived ECs). Chromatin 

marks: WT n = 5, N1+/– n = 3 (patient-specific iPSC-derived ECs). N1 genome occupancy: WT n 

= 1 (union of 3 technical replicates) (primary HAECs). Red up flags: activating marks; blue down 

flags: repressive marks. See also Figure 13. 
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Figure 6. Manipulation of Dysregulated Regulatory Nodes to Restore the EC Gene 

Network 

 (A) Putative regulatory nodes directly connected to N1 in the predicted network and their 

interconnections (p < 0.05). 

 (B) Predicted gene regulatory network in ECs (p < 0.05) with each circle representing a gene 

and color indicating log2 fold change of N1+/– vs. WT expression in shear stress conditions. 

Boxed genes are putative dysregulated regulatory nodes with red and blue boxes indicating up- 

or downregulated genes, respectively. 

 (C) Histogram of number of nodes with different numbers of connected dysregulated genes. A 

small number of master regulators may control the majority of dysregulated genes. 

 (D) Effect of control, SOX7, TCF4, and/or SMAD1 siRNA on N1+/– EC mRNA expression of 

indicated genes as detected by QPCR. 

 (E) Gene regulatory subcircuit assembled based on perturbation results and network prediction.  

 (F) Effect of combined SOX7 and TCF4 siRNA on restoring N1+/– vs. WT expression of 48 

genes dysregulated in N1 haploinsufficiency. N = 2. 

See also Figure 14. 
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Figure 7. Model of Mechanisms Regulating Pro-Calcific Events in N1 Haploinsufficient 

ECs 

 (A) Diagram of osteogenic pathways dysregulated in N1 haploinsufficiency. Red indicates 

upregulation in N1+/– ECs and blue indicates downregulation in N1+/– ECs. 

 (B) Model of WT ECs. Shear stress activates N1 signaling in ECs, leading to epigenetic 

changes at N1-bound enhancers and transcriptional activation of anti-calcific gene programs 

that prevent osteogenesis, inflammation, and oxidative stress to protect the valve from 

calcification. 

 (C) Model of N1+/– ECs, which cannot mediate the proper response to shear stress, leading to 

epigenetic dysregulation at N1-responsive enhancers and aberrant upregulation of pro-calcific 

regulatory nodes. 
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Figure 8. Differentiation Purity, Classification Confidence, Repression of MesoP 

Developmental Genes in Pluripotent Cells, and Shear-Induced N1 Activation  

 (A) FACS plot illustrating percentage of KDR-positive ECPs or CD31/CD144 double-positive 

ECs.  

 (B) Histogram of ECP and EC purity by FACS for above markers for cells analyzed in this study.  

 (C) Out-of-sample prediction confidence of random forest classifier for indicated cell stages 

derived from ESCs or iPSCs. Color indicates average class membership probability for each cell 

stage.  

 (D) Left: percentage developmental or non-developmental MesoP genes in expression cluster 

F with high H3K27me3 in ESC/iPSCs (chromatin cluster 8). *p < 0.05 by X2 test. Error bars 

represent standard error. Right: Percent DNA methylation (violet) and enrichment of H3K27me3 

(blue) within 15 kb from the TSS of developmental vs. non-developmental MesoP cluster F 

genes compared to genomic background (black or grey) during stages of EC differentiation. 

Chromatin marks: n = 5; DNA methylation: n =3. Blue down flags indicate repressive marks.  

 (E) mRNA expression of TAL1 target gene ANGPT2 during EC differentiation. N=5; error bars 

represent SE; *p < 0.05 by negative binomial test with FDR correction. 

 (F) Left: Quantification of activated N1 staining per HAEC nucleus in response to shear stress. 

Right: Activated N1 and Hoescht staining in HAECs in response to 24 hours of static or shear 

stress conditions. Error bars represent standard error of ~100 cells quantified for each timepoint 

in 2 shear stress runs; *p < 0.05 by t-test with Bonferroni correction for each timepoint 

compared to static conditions. 

See also Figures 1-2. 
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Figure 9. iPSC Characterization 

 (A) Karyotype and genotype of iPSCs derived from a N1+/– individual from family A (A-IV-4), two 

N1+/– individuals from family B (B-II-1 and B-III-1), and one N1+/+ individual from family B (B-III-3) 

indicated in Figure 3.  

 (B) mRNA expression of pluripotent cell markers (OCT4, NANOG, SOX2, ZFPY2, TERT1, 

LIN28A) and fibroblast markers (COL1A1, VIM) in patient fibroblasts before reprogramming 

compared to corresponding reprogrammed patient iPSCs, control ESCs (H1, H7, H9), and 

control iPSCs (Ctrl 1-3). Expression values are normalized to H1. 

 (C) Staining of embryoid bodies (EBs) for markers of three germ layers. 

 (D) Staining of teratomas with H&E to delineate three germ layers. 

 (E) Staining of teratomas for markers of three germ layers. 

See also Figure 3. 
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Figure 10. iPSC Pluripotency Staining 

Staining of iPSCs for pluripotency markers with antibodies raised in mouse (TRA-1-60, TRA-1-

81, SSEA4) or rabbit (NANOG, OCT3/4, SOX2) and corresponding negative controls (anti-

FLAG mouse IgG and anti-luciferase rabbit IgG, respectively).  

See also Figure 3. 
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Figure 11. Isogenic iPSC Derivation, EC Purity, and EC Morphology 

 (A) Confirmation of single selection cassette integration into TALEN-targeted iPSC lines by two 

different Southern blot probes against mCherry.  

 (B) Confirmation of Cre-mediated selection cassette removal by copy-number QPCR on 

genomic DNA. The selection cassette was recognized by a FAM dye-labeled probe against 

mCherry. The N1 control FAM dye-labeled probe provided a two-copy reference by recognizing 

a region of the N1 gene outside of the donor DNA homology arms used for TALEN targeting. 

Additionally, both mCherry and N1 control FAM probes were normalized to a VIC dye-labeled 

probe against RNAse to provide a two-copy reference reacting in the same well.  

 (C) Genotype, EC purity (FACS plot), and EC morphology (light microscopy of ECs in culture) 

of TALEN-corrected iPSC lines (TAL WT 1-3) and TALEN-targeted but uncorrected N1+/– lines 

(TAL N1+/– 1-2).  

 (D) Map of donor DNA plasmid used for TALEN targeting. Construct introduces the WT base 

pair deleted in N1+/– individuals in Family B. 

See also Figure 3.  
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Figure 12. Clustering, ncRNA Dysregulation, and Mutant mRNA in Isogenic ECs 

 (A) Separate clustering of isogenic WT and N1+/– ECs in static and shear stress conditions 

based on Spearman correlation of mRNA-seq data.  

 (B) Log2 fold change in ncRNA expression in N1+/– vs. WT ECs in static and shear stress 

conditions of 181 ncRNAs significantly dysregulated in N1+/– ECs.  

 (C) Percentage of ncRNAs assayed compared to percentage of ncRNAs dysregulated in N1 

haploinsufficiency in indicated categories. *p < 0.05 by X2 test with Bonferroni correction.  

 (D) Percentage of N1 mRNA arising from WT or mutant allele in isogenic ECs. No mutant 

mRNA was detected in static conditions; 30% of mRNA detected in shear stress conditions in 

N1+/– ECs was mutant.  

 (E) mRNA expression of MMPs in N1+/– ECs.  

In (A, D, and E): WT n = 3, N1+/– n = 2 (isogenic ECs); error bars represent SE; *p < 0.05 by 

negative binomial test with FDR correction.  

In (B–C): WT n = 3, N1+/– n = 3 (patient-specific ECs).  

See also Figure 3. 
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Figure 13. Chromatin Mark Dysregulation Near DMRs, Distal and Proximal Enhancers, 

and Random Genomic Loci 

 (A) Percentage of DNA methylation (left) and log2 fold change of N1+/– vs. WT H3K4me3 or 

H3K27ac density (right) in static conditions within DMRs identified in N1+/– ECs.  

 (B) Hierarchical clustering based on log2 fold change of N1+/– vs. WT histone modification 

density within 1 kb of random non-gap genomic loci in static or shear stress conditions.  

 (C) Left: Relative H3K27ac density within distal H3K27ac-marked enhancers (>1 kb from TSSs) 

in WT ECs in static or shear stress conditions. Right: Log2 fold change of H3K27ac density in 

N1+/– vs. WT ECs within distal H3K27ac-marked enhancers ordered as in the left under static or 

shear stress conditions.  

 (D) Left: Relative H3K27ac density within proximal H3K27ac-marked enhancers (within 1 kb 

from TSSs) in WT ECs in static or shear stress conditions. Right: Log2 fold change of H3K27ac 

density in N1+/– vs. WT ECs within proximal H3K27ac-marked enhancers, ordered as on the left, 

under static or shear stress conditions. GO pathways enriched in clusters identified by 

hierarchical clustering of genes based on proximal H3K27ac changes in N1+/– ECs.  

In (A–D): DNA methylation: WT n = 3, N1+/– n = 3 (patient-specific ECs). Chromatin marks: WT 

n = 5, N1+/– n = 3 (patient-specific ECs). Red up flags indicate activating marks, while blue down 

flags indicate repressive marks.  

See also Figures 4-5. 
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Figure 14. Genes with Predicted Connections to ARHGEF17 and HES4 Nodes 

 (A) Hierarchical clustering of genes with predicted connections to ARHGEF17. Color represents 

mean log2 fold change in gene expression normalized to WT ECs in static conditions.  

 (B) Hierarchical clustering of genes with predicted connections to HES4. Color represents 

mean log2 fold change in gene expression normalized to WT ECs in static conditions.  

In (A–B): WT n = 3, N1+/– n = 2 (isogenic ECs).  

See also Figure 6. 
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EXPERIMENTAL PROCEDURES 

 

Patient-Specific iPSC Derivation 

iPSCs were derived from patient fibroblasts using episomal reprogramming as described in 

Okita et al., 2008. Fibroblasts were cultured on gelatin with FP medium (DMEM, 10% FBS, 

penicillin/streptomycin). To induce iPSC reprogramming, fibroblasts were transfected with 

episomal OCT3/4, KLF4, and SOX2 plasmids using the Invitrogen Neon Transfection Kit and 

Device. Electroporation conditions were 1650 Volts, 10 mm width, and 3 pulses. Transfected 

cells were cultured in fibroblast conditions until day 5 post-transfection when they were replated 

on mitomycin-c-treated SNL feeder cells in StemCell Technology mTESR Medium. Colonies 

with iPSC morphology were picked 20–30 days post-transfection and transitioned to feeder-free 

conditions on BD Biosciences hESC-qualified Matrigel (#354277) within 10 passages. The 

medium was transitioned to Life Technologies E8 prior to differentiation or isogenic line 

derivation.  

 

iPSC Characterization 

iPSC line karyotype was assessed by cytogenic analysis on twenty G-banded metaphase cells. 

Genotype for the Family A (R1108X) or Family B (H1505del) mutation was confirmed by PCR 

followed by capillary sequencing. Activation of pluripotency markers OCT4, NANOG, SOX2, 

ZFPY2, TERT1, and LIN28A and repression of fibroblast markers COL1A1 and VIM (normalized 

to GAPDH) in iPSCs was confirmed by quantitative RT-PCR (QPCR) using the original 

fibroblast lines as negative controls and three ESC lines and three previously established iPSC 

lines as positive controls. Immunocytochemistry further confirmed protein expression of 

pluripotency surface markers TRA-1-60 (Millipore #MAB4360), TRA-1-81 (Millipore #MAB4381), 

and SSEA4 (Abcam #ab16287) using antibodies raised in mouse with an anti-FLAG antibody 

(Sigma #F1804) raised in mouse as a negative control and expression of nuclear markers 

NANOG (Abcam #ab21624), OCT3/4 (Cell Signaling #2750S), and SOX2 (Abcam #ab59776) 

using antibodies raised in rabbit with an anti-Luciferase antibody raised in rabbit as a negative 

control. Cells were fixed with 10% formalin, treated with 1 µl/ml Proteinase K for antigen 
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retrieval, washed with PBS, permeabilized with 0.1% Triton in PBS, blocked with 10% serum of 

secondary antibody’s host and 0.1% BSA in PBS, and incubated with primary antibody 

overnight. The following day, samples were washed with PBS, incubated with the secondary 

antibody for 1 hour, washed with PBS, stained with DAPI, and again washed in PBS before 

mounting.   

Potential to generate the three germ layers was confirmed by aggregating embryoid 

bodies in ultra-low attachment plates (Corning #3262) in differentiation medium (KO DMEM, 

20% FBS, non-essential amino acids, glutamine, 100 µM BME) for 21 days followed by 

immunocytochemistry as described above for endoderm marker AFP (R&D #MAB1368), 

mesoderm marker DESMIN (Thermo Scientific #RB-9014-p1), and ectoderm marker GFAP 

(Dako #Z0334). Potential to generate the three germ layers within teratomas was confirmed by 

transplanting a 50:50 mixture of iPSCs and cold undiluted BD Biosciences hESC-qualified 

Matrigel (#354277) into 8–14-week-old male CB17 SCID mice (Charles River) subcutaneously 

into the right flank. A minimum of three mice were injected per iPSC line. Teratomas were 

collected 8–12 weeks after injection, fixed with 10% netural buffered formalin for 24 hours, and 

processed to paraffin using standard protocols. Sections were cut at 5 µm and mounted on 

glass slides.  

Teratomas were then evaluated using H&E to identify histological structures 

corresponding to each of the three germ layers and stained for endoderm marker AFP (R&D 

#MAB1368), mesoderm marker DESMIN (Thermo Scientific #RB-9014-p1), and ectoderm 

marker GFAP (Dako #Z0334). Slides were deparaffinized using 3 changes of xylene for 2 min, 

rehydrated in 2 100% alcohol changes for 2 min followed by 1 95% and 1 70% alcohol change 

for 1 min. For H&E, slides were washed in running tap water followed by 7 minutes in Mayers 

Haematoxylin to stain nuclei (American Mastertech HXMMHGAL). Excess haematoxylin was 

removed in running tap water for 1 min followed by blueing (American Mastertech HXB00242E) 

for 1 min and then running tap water for a further 1 min. Slides were then placed in 70% ethanol 

for 1 min and eosin / phloxine to stain cytoplasm and connective tissues (American Mastertech 

STE0457). The eosin was differentiated for 1 min in 95% alcohol, and the tissue sections were 

dehydrated in 2 changes of 100% alcohol followed by 3 changes of 2 min in xylene and 
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mounted in a resinous-based mounting media (Depex Fisher scientific 361254D). Slides were 

left overnight to dry and viewed under a standard upright brightfield microscope. For 

immunohistochemical staining of AFP, DESMIN, and GFAP, deparaffinized sections were 

stained as described above.  

 

Isogenic iPSC Derivation 

I used TALEN genome engineering to correct the mutation in N1+/– iPSCs derived from Family B 

patient II-1. Two left (CTGCAGTGCTGGAAGTA, GCTGGAAGTACTTCA) and two right 

(TGCACTGGCTGTCACA, GAGTTGCACTGGCTG) TALENs targeting the Family B mutation 

were designed using TAL Effector Nucleotide Targeter 2.0 (Doyle et al.) and generated using 

the Addgene Golden Gate Assembly Kit. The final TALENs were sub-cloned into the Addgene 

pC-Goldy TALEN vector. Donor DNA was designed to contain 115 bps of left homology arm and 

310 bps of right homology arm around the mutation point with a loxp-flanked selection cassette 

occurring in the right homology arm. The selection cassette contained mCherry and puromycin-

resistance driven by the EF1α promoter. 1.5 million iPSCs from Family B patient II-1 were 

transfected using the Lonza Human Stem Cell Nucleofector Kit1 (#VPH-5012) and Nucleofector 

Device with 1.5 µg each of donor DNA, left TALEN, and right TALEN with the four possible 

TALEN combinations. Targeted iPSCs were selected by treatment with 0.5 µg/ml of puromycin. 

Single integration was confirmed by Southern blot using two separate DIG-labeled probes 

against mCherry (Probe 1: FW: CGGCGAGTTCATCTACAAGGT, RV: 

CCATGGTCTTCTTCTGCATTACG; Probe 2: FW: AAGGGCGAGGAGGATAACAT, RV: 

ACATGAACTGAGGGGACAGG).  

Nonviral TAT-Cre was then used to remove the selection cassette. Cells were plated as 

single cells to ensure that clones arose from a single parent cell, and clones lacking mCherry 

fluorescence were picked. Removal of the selection cassette was confirmed by copy-number 

QPCR on genomic DNA with a FAM dye-labeled probe against mCherry. A N1 control FAM 

dye-labeled probe provided a two-copy reference by recognizing a region of the N1 gene 

outside of the donor DNA homology arms used for TALEN targeting. Additionally, both mCherry 

and N1 control FAM probes were normalized to a VIC dye-labeled probe against RNAse to 
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provide a two-copy reference reacting in the same well. The iPSC line before TALEN targeting 

served as an mCherry-negative cell line control and a TALEN-targeted line prior to Cre 

treatment served as an mCherry-positive cell line control. Isogenic line genotype was confirmed 

by PCR followed by capillary sequencing. Ultimately, I derived three TALEN-corrected isogenic 

WT lines and two TALEN-targeted but uncorrected isogenic N1+/– lines as controls for the 

TALEN-targeting process. The TALEN-targeted but uncorrected isogenic lines represent lines 

where homologous recombination of the donor DNA occurred in the allele that was already WT 

in the starting heterozygous line, thus maintaining the heterozygous genotype but leaving the 

loxp sites in the WT allele intron. 

 

EC Differentiation and Exposure to Shear Stress 

EC differentiations were performed as described in White et al., 2012. ESC or iPSCs cultured 

on BD Biosciences hESC-qualified Matrigel (#354277) in Life Technologies E8 Medium were 

dissociated briefly using EDTA, washed with PBS, and scraped off the plate using a cell lifter. 

Colonies were pelleted at 500 rpm for 2 min and distributed into ultra-low attachment plates 

(Corning #3262) in 90% aggregation medium (STEMPRO 34 complete medium (Invitrogen 

#10639), glutamine, transferrin, ascorbic acid, monothioglycerol, penicillin/streptomycin), 10% 

StemCell Technology mTESR Medium, and 10 µg/ml rock-inhibitor (EMD #Y27632). Colonies 

were incubated in a hypoxic incubator (5% CO2, 5% O2). The following day (Day 1), EBs were 

collected and allowed to settle by gravity for 20–30 min to separate aggregates from debris. 

Media and debris were aspirated; and EBs were resuspended in 90% aggregation medium, 

10% StemCell Technology mTESR Medium, BMP4 (12 ng/ml, R&D #314-BP), bFGF (5 ng/ml, 

R&D #234-FSE), and Activin A (6 ng/ml, R&D #338-AC/CF) and redistributed in ultra-low 

attachment plates. After 72 hours of culture in hypoxic conditions (Day 4), EBs were collected, 

pelleted at 200 rpm for 2 min, washed with PBS, and resuspended in aggregation medium, 

bFGF (10 ng/ml, R&D #234-FSE), and VEGF (10 ng/ml, Calbiochem #PF074). After 24 hours 

(Day 5), the medium was replaced with new aggregation medium, bFGF, and VEGF as above 

and EBs were distributed into fibronectin coated plates. After 15 hours (Day 6), attached EBs 

were washed with PBS, dissociated with accutase, washed with FACS buffer (PBS, 10% FBS, 
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200 mM HEPES, 10 mM EDTA), and stained with a PE-conjugated antibody against KDR (R&D 

#FAB357P). Cells were then washed again with FACS buffer and stained with anti-PE magnetic 

beads (Miltenyi #120-000-294). Cells were then washed again with FACS buffer and sorted 

magnetically using Miltenyi LS MACS separation columns (#130-042-401). After sorting, KDR-

positive cells were plated on fibronectin in EC Medium (ScienCell #1001). Purity after sorting on 

Day 6 was assessed by FACS for PE using the BD LSR II Flow Cytometer with data analysis 

using BD FACSDiva software. On day 13, final-stage EC purity was assessed by staining cells 

with antibodies recognizing CD31 (BD #558068) and CD144 (#FAB9381P) and analyzing 

CD31/CD144 double-positive cells by FACS as above. Experiments were conducted on Day 0 

pluripotent cells, Day 4 MesoPs, Day 6 ECPs, and Day 17 ECs exposed to static or shear stress 

conditions. Shear stress was applied for 24 hours starting at Day 16 at 12.5 dyn/cm2 for 24 

hours using a peristaltic pump (Cole Parmer #EW-07519-15). For RNA and DNA methylation 

studies, shear stress was applied in parallel-plate µ-slides (Ibidi 80176). For applications where 

a large number of cells were required such as ChIP-seq assays, shear stress was applied in a 

large-scale, custom-designed, polycarbonate parallel-plate flow chamber tested for laminar flow 

by dye and bead assays. 24 hours of shear stress was sufficient to activate N1 cleavage in 

HAECs (Figure 8F) as determined by staining with an antibody specific to cleaved N1 

intracellular domain (Abcam #ab8925). Cells were fixed with 10% formalin, treated with 1 µl/ml 

Proteinase K for antigen retrieval, washed with PBS, permeabilized with 0.1% Triton in PBS, 

blocked with 10% serum of secondary antibody’s host and 0.1% BSA in PBS, and incubated 

with primary antibody overnight. The following day, samples were washed with PBS and 

incubated with oligonucleotide-labeled secondary antibody as described in Duolink kit (Olink 

#92014) protocols. Signal amplification and detection was completed as described in the 

Duolink protocol. Nuclei were then stained with Hoescht, and cells were again washed with PBS 

before mounting. Activated N1 staining per nucleus was quantified using Volocity.  

Throughout the manuscript, “patient-specific” cells refers to lines derived from individual 

patient iPSC lines: two WT ESC lines (H7 and H9), two previously described unrelated WT 

iPSC lines (Fib2 from HSCI iPS Core Facility and 3S5F from Nakamura et al., 2009), one 

related WT iPSC line derived in this study (B-III-3), and three N1+/– iPSC lines derived in this 
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study (A-IV-4, B-II-1, B-III-1). “Isogenic ECs” refers to three isogenic TALEN-corrected WT lines 

and two isogenic TALEN-targeted but uncorrected N1+/– lines. 

 

mRNA-seq and Analysis Pipeline 

Total RNA including microRNAs was isolated using the Qiagen Allprep DNA/RNA Micro Kit. 

cDNA was prepared with the NuGen Ovation RNA-seq System V2 Kit. Total RNA (50 ng) was 

reverse transcribed to synthesize the first-strand cDNA using a combination of random 

hexamers and a poly-T chimeric primer. The RNA template was then partially degraded by 

heating, and the second-strand cDNA was synthesized using DNA polymerase. The double-

stranded DNA was then amplified using single primer isothermal amplification (SPIA). In this 

linear cDNA amplification process, RNase H degraded RNA in DNA/RNA heteroduplex at the 5′-

end of the double-stranded DNA, after which the SPIA primer bound to the cDNA and the 

polymerase started replication at the 3′-end of the primer by displacement of the existing 

forward strand. Random hexamers were then used to amplify the second-strand cDNA 

linearly. Finally, libraries from the SPIA-amplified cDNA were made using the NuGen Ovation 

Ultralow DR Kit. The mRNA-seq libraries were analyzed by Agilent Bioanalyzer and quantified 

using an Illumina Library Quantification Kit (KAPA Biosystems). Four mRNA-seq libraries were 

pooled per lane of paired-end 100 bp sequencing on an Illumina HiSeq 2500 instrument. 

Sequencing quality was assessed with FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed using Fastq-

mcf (http://code.google.com/p/ea-utils) and aligned to the hg19 (Homo sapiens assembly 

February 2009) transcriptome and genome using Tophat (Kim et al., 2013). To quantify N1 

mRNA arising from the WT vs. mutant allele, reads were aligned to a custom index containing 

the WT or mutant N1 sequence. Unmapped (-F 4) and low-quality reads with MAPQ score 

below 30 (-q 30) were removed using Samtools (Li et al., 2009), and duplicate reads were 

removed using Picard MarkDuplicates (http://broadinstitute.github.io/picard). USeq (Nix et al., 

2008) was used to normalize raw read counts, calculate FPKM (fragment per kb per million 

reads mapped), and analyze differential expression using the negative binomial test with FDR 

correction. HOPACH was used for clustering with the correlation metric (van der Laan and 
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Pollard et al., 2001). GO analyses were completed using GO-Elite and ToppGene (Chen et al., 

2009; Zambon et al., 2012). 

WT patient-specific ECs were used for experiments investigating WT EC differentiation 

and response to shear stress. Genes representing a stage-specific signature across EC 

differentiation were defined as genes expressed most highly at the given stage and significantly 

upregulated relative to immediately preceding or following stages. Stage-predictive transcription 

factors were identified using a random forest classifier 

(http://www.stat.berkeley.edu/~breiman/RandomForests/). I used the expression values of all 

transcripts as features to predict the timecourse stage at which each cell population was 

collected for mRNA-seq analysis. Random forests were trained with 100,000 trees and 1000 

variables per level (optimized with tuneRF). 2.5-fold cross-validation was used to determine out-

of-sample accuracy by training on 15 of 25 mRNA-seq data sets (3 of 5 WT cell lines in 5 

stages: pluripotent, MesoP, ECP, EC static, EC shear) and calculating out-of-sample accuracy 

based on the remaining 10 of 25 mRNA-seq data sets (2 of 5 WT cell lines in 5 stages). This 

process was repeated for the 6 possible permutations that include at least one ESC in the 

training data. Top stage-predictive transcription factors were defined by identifying the genes 

most highly weighted (i.e., most important for) the classifier for each stage after removing those 

genes never greater than 1 FPKM in any sample. From the most highly weighted gene lists, I 

identified the top 100 predictive transcription factors for each permutation and found those 

transcription factors that were consistently in the top 100 predictive factors in at least 4 of 6 

possible permutations of training data. Corresponding mRNA-seq and ChIP-seq for chromatin 

marks were conducted on the same patient-specific cell samples. Subclusters with significant 

gene overlap between chromatin and expression clusters were determined by statistical 

enrichment of p < 0.05 calculated by X2 residuals. 

Isogenic ECs were used for experiments determining the effect of N1+/– 

haploinsufficiency on mRNA expression in ECs. mRNA expression studied in context with N1 

ChIPs and siRNA experiments also used isogenic ECs. Patient-specific ECs were used for 

experiments intersecting the effect of N1+/– haploinsufficiency on mRNA expression and 

epigenetic modifications. Network inference was based on mutual information of gene 
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expression in 26 mRNA-seq data sets from both patient-specific and isogenic ECs in static and 

shear stress conditions as described in Margolin et al., 2006. Network diagrams were generated 

using Cytoscape (Shannon et al., 2003), NetworkX (Hagberg et al., 2008), or BioTapestry 

(Longabaugh et al., 2005). Heatmap, bar graph, and network map representations of log2 fold 

changes between WT and N1+/– mRNA expression were Bayesian-corrected with a weight on 

prior mean counts of 0.3 per sample and truncated at an absolute log2 fold change of 2 (unless 

otherwise indicated on scale bar).  

 

ncRNA Microarray and Analysis Pipeline 

Total RNA including microRNAs was isolated from patient-specific WT and N1+/– ECs in static or 

shear stress conditions using the Qiagen Allprep DNA/RNA Micro Kit. Purified RNA was 

analyzed for quality using Agilent Bioanalyzer and quantity and purity was determined with a 

NanoDrop spectrometer. The FlashTag Biotin HSR RNA Labeling Kit was used for biotin 

labeling (Affymetrix). The labeled cDNA was hybridized to Human GeneChip miRNA V3.0 

microarrays (Affymetrix). The signal intensity fluorescent images produced during Affymetrix 

GeneChip hybridizations were read using the Affymetrix Model 3000 Scanner and converted 

into GeneChip probe results files (CEL) using Command and Expression Console software 

(Affymetrix). The Expression Console software was used for RMA normalization of the 

expression results. Limma (Linear Models for Microarray Data) was used to analyze differential 

expression (Smyth, 2004). 

 

Histone Modification ChIP-seq and Analysis Pipeline 

Genome-wide histone modifications were determined by ChIP against H3K4me3 (Millipore #07-

473), H3K27ac (Active Motif #39133), H3K4me1 (Diagenode 194-050), and H3K27me3 

(Millipore #07-449) on 1–5 million patient-specific cells as described in O’Geen et al., 2011. 

Cells were cross-linked by adding 16% methanol-free formaldehyde to a concentration of 1% 

into culture medium and incubating for 15 min at room temperature. Reaction was quenched 

with glycine, and cells were then washed twice with ice-cold PBS containing protease inhibitors 

(1mM PMSF, 1X Roche cOmplete EDTA-free cocktail). Cells were scraped off of the plate using 
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a cell lifter and pelleted for 4 min at 2000 rpm at 4 °C. Pellet was snap-frozen in liquid nitrogen 

and stored at -80 °C. Pellet was then thawed and resuspended in Cell Lysis Buffer (5 mM 

PIPES pH 8, 85 mM KCl, freshly added 1% IGEPAL) with protease inhibitors (Pierce Halt 

Protease Inhibitor Cocktail). Cells were then homogenized using a type B glass dounce 

homogenizer, pelleted, and resuspended in Nuclei Lysis Buffer (50 mM Tris-HCl pH 8, 10 mM 

EDTA, 1% SDS). Chromatin was incubated on ice for 30 minutes and then flash frozen in liquid 

nitrogen. Next, chromatin was thawed and sonicated in Diagenode TPX tubes using the 

Diagenode Bioruptor to 150–500 bps as determined by gel electrophoresis. Debris was pelleted 

and discarded, and an aliquot was removed for Input DNA sequencing from the sonicated 

chromatin within the supernatant. Sonicated chromatin was then diluted 5-fold in IP Dilution 

Buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% IGEPAL, 0.25% deoxycholic acid, 1 mM 

EDTA pH 8) with protease inhibitors and pre-cleared with Life Technologies Protein G 

Dynabeads for 2 hours at 4 °C. 1 µg of antibody was added per million cells, and samples were 

incubated overnight at 4 °C. Antibody-bound chromatin was then collected using Life 

Technologies Protein G Dynabeads and washed twice with IP Dilution Buffer, twice with IP 

Wash Buffer 2 (100 mM Tris–HCl pH 9, 500 mM LiCl, 1% IGEPAL, 1% deoxycholic acid), and 

once with IP Wash Buffer 3 (100 mM Tris–HCl pH 9, 500 mM LiCl, 150 mM NaCl, 1% IGEPAL, 

1% deoxycholic acid). Precipitated chromatin was then eluted for 30 min at 65 °C with Elution 

Buffer (1% SDS, 50 mM NaHCO3). ChIP and Input DNA crosslinks were reversed by adding 5 

M NaCl and heating at 65 °C overnight. The following day, 10 mg/ml RNase A was added to 

precipitated chromatin, and chromatin was incubated for 30 min at 37 °C. DNA was then 

recovered using Agencourt AMPure XP Beads and quantified using the Life Technologies Qubit 

Fluorometer. 

Barcoded ChIP-seq libraries were made from ChIP DNA using the NuGen Ovation 

Ultralow DR or Diagenode Microplex Kit, checked for adapter artifacts by Agilent Bioanalyzer 

using DNA high-sensitivity reagents and chips, and quantified by QPCR using an Illumina 

Library Quantification kit (KAPA Biosystems). Four ChIP-seq libraries were pooled per lane of 

single-end 50 bp sequencing on an Illumina HiSeq 2500 instrument. 
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Sequencing quality was assessed with FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed using Fastq-

mcf (http://code.google.com/p/ea-utils) and aligned to the hg19 (Homo sapiens assembly 

February 2009) (Flicek et al., 2013) using Bowtie (Langmead and Salzberg, 2012). Unmapped 

(-F 4) and low-quality reads with MAPQ score below 30 (-q 30) were removed using Samtools 

(Li et al., 2009), and duplicate reads were removed using Picard MarkDuplicates 

(http://broadinstitute.github.io/picard).  

Histone modification peaks were called using SICER (Zang et al., 2009) with the 

following settings: redundancy threshold 1, window size 200 bp, fragment size 150 bp, effective 

genome fraction 0.82, gap size 200 bp for H3K27ac and H3K4me3, gap size 600 bp for 

H3K27me3, gap size 800 bp for H3K4me1, and FDR threshold of 0.01. An additional fold-

change cutoff for read counts above input level was used: at least 2-fold for H3K4me1 and at 

least 3-fold for H3K27ac, H3K4me3, and H3K27me3.  

To compare histone modification changes between cell types collected across WT EC 

differentiation (pluripotent cells, MesoPs, ECPs, and ECs exposed to static culture or shear 

stress), cell-type-specific peaks were defined as the single bp resolution intersection of peaks 

between all WT samples within that cell type. Furthermore, read counts within peaks were mean 

normalized by cell type, and heatmap representations of read counts were row-scaled for each 

locus by both the mean and standard deviation. Cell-type-specific peaks were unioned across 

all cell types to obtain a set of cell-type-independent peaks.  

To compare histone modification changes between WT and N1+/– cells, again genotype-

specific peaks were defined as the single bp resolution intersection of peaks between samples 

of the same genotype. Furthermore, read counts within peaks were quantile normalized across 

all samples, both WT and N1+/–, for a given cell type. Genotype-specific peaks were unioned 

across both WT and N1+/– cells to obtain a set of genotype-independent peaks. Heatmap and 

bar graph representations of log2 fold changes between WT and N1+/– peak read counts were 

Bayesian corrected with a weight on prior mean counts of 0.1 per sample and truncated at an 

absolute log2 fold change of 1 (unless otherwise indicated on scale bar). HOPACH was used for 
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clustering with the correlation metric (van der Laan and Pollard et al., 2001). GO analyses were 

completed using GO-Elite and ToppGene (Chen et al., 2009; Zambon et al., 2012). 

 

N1 ChIP-seq and Analysis Pipeline 

N1 genome occupancy was determined by ChIP against activated N1 (Abcam #ab8925) using 

the Millipore ChIP Assay Kit on 200 million primary HAECs. Cells were cross-linked by adding 

37% formaldehyde to a concentration of 1% into culture medium and incubating for 10 min at 37 

°C. Cells were then washed twice with ice-cold PBS containing protease inhibitors (1 mM 

PMSF, 1X Roche cOmplete EDTA-free cocktail). Cells were scraped off of the plate using a cell 

lifter and pelleted for 4 min at 2000 rpm at 4 °C. Pellet was snap-frozen in liquid nitrogen and 

stored at -80°C. Pellet was then thawed and resuspended in SDS Lysis Buffer (1% SDS, 10 mM 

EDTA, 50 mM Tris, pH 8.1) with protease inhibitors. Chromatin was sonicated on ice using a 

VirTis VirSonic probe sonicator to 200–1000 bps as determined by gel electrophoresis. Debris 

was pelleted and discarded, and sonicated chromatin within the supernatant was then diluted 

10-fold in ChIP Dilution Buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-

HCl, pH 8.1, 167 mM NaCl) with protease inhibitors, and an aliquot was removed for Input DNA 

sequencing. Chromatin was pre-cleared with Protein A Agarose/Salmon Sperm DNA (50% 

slurry) for 30 min at 4 °C. 20 µg of antibody was added per 200 million HAECs, and samples 

were incubated overnight at 4 °C. Antibody-bound chromatin was then collected using Life 

Technologies Protein G Dynabeads and washed once with Low Salt Immune Complex Wash 

Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), once 

with High Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDT	  A, 20 

mM Tris-HCl, pH 8.1, 500 mM NaCl), once with LiCl Immune Complex Wash Buffer (0.25 M 

LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM Tris, pH 8.1), 

and twice with TE Buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Precipitated chromatin was 

then eluted twice for 15 min each at room temperature using freshly prepared elution buffer (1% 

SDS, 0.1 M NaHCO3). ChIP and Input DNA crosslinks were reversed by adding 5 M NaCl and 

heating at 65 °C overnight. The following day, 10 mg/ml RNase A was added to precipitated 

chromatin, and chromatin was incubated for 30 min at 37 °C. Next, 0.5 M EDTA, 1 M Tris-HCl 
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(pH 6.5), and 10 mg/ml proteinase K were added, and chromatin was incubated for one hour at 

45 °C. DNA was then recovered using Agencourt AMPure XP Beads and quantified using the 

Life Technologies Qubit Fluorometer. 

Barcoded ChIP-seq libraries were made from ChIP DNA using the NuGen Ovation 

Ultralow DR Kit, checked for adapter artifacts by Agilent Bioanalyzer using DNA high-sensitivity 

reagents and chips, and quantified by QPCR using an Illumina Library Quantification kit (KAPA 

Biosystems). Four ChIP-seq libraries were pooled per lane of single-end 50 bp sequencing on 

an Illumina HiSeq 2500 instrument. 

Sequencing quality was assessed with FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed using Fastq-

mcf (http://code.google.com/p/ea-utils) and aligned to the hg19 (Homo sapiens assembly 

February 2009) (Flicek et al., 2013) using Bowtie (Langmead and Salzberg, 2012). Unmapped 

(-F 4) and low-quality reads with MAPQ score below 30 (-q 30) were removed using Samtools 

(Li et al., 2009), and duplicate reads were removed using Picard MarkDuplicates 

(http://broadinstitute.github.io/picard). N1 peaks were called using SPP, and individual peak 

significance was defined by SPP ChIP score (Kharchenko et al., 2008). Peaks from three ChIP-

seq trials were unioned for all analyses.  

 

Transcription Factor Binding Motif Enrichment Analysis	  

Enrichment analysis of transcription factor binding motifs between two sets of loci was 

performed using the motifDiverge R package (Kostka et al., 2014). Human transcription factor 

position weight matrices were acquired from the JASPAR CORE database (Mathelier et al., 

2013) or UniProbe for CSL (UP00484) (Del Bianco et al., 2010). Statistical significance of motif 

enrichment was determined by the pcbern function within the motifDiverge R package, which 

uses the distribution of the difference between the number of successes in two	  correlated 

sequences of Bernoulli trials. Multiple hypothesis testing was corrected for using the Benjamini 

and Hochberg FDR method. 

To find motifs enriched in cell-type-specific histone modification peaks, cell-type-specific 

peaks were defined as the single bp resolution intersection of peaks between all WT samples 
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within that cell type. These loci were compared to the union of all other cell-type-specific peaks 

minus the cell-type-specific peaks of interest. To find motifs enriched in genotype-specific 

histone modification peaks, genotype-specific peaks were defined as the single bp resolution 

intersection of peaks between samples of the same genotype minus genotype-specific peaks of 

the alternate genotype. These WT and N1+/– genotype-specific peaks were compared against 

each other for motif enrichment. Furthermore, histone modification peaks were filtered by 

whether they were proximal, defined as being an H3K4me3 peak and within 1kb of a 

transcription start site, or distal, defined as being an H3K27ac, H3K27me3, or H3K4me1 peak 

and further than 1kb from a transcription start site. Transcription start sites were defined by the 

hg19 Ensembl database release 75 (Flicek et al., 2013). To find motifs enriched in N1 peaks, 

peaks were defined as the union of peaks between all trials. Motif enrichment was tested within 

25 bp of N1 summits compared to H3K27ac peaks in ECs in static conditions. 

 

Meth-seq and Analysis Pipeline 

Genomic DNA was isolated from patient-specific iPSC-derived ECs using the Qiagen Allprep 

DNA/RNA Micro Kit. Bisulfite conversion and library construction was accomplished as 

described in Hsieh et al., 2009. Each Meth-seq library was sequenced in 3 paired-end 100 bp 

lanes on an Illumina HiSeq 2500 instrument. Sequencing quality was assessed with FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed using Fastq-

mcf (http://code.google.com/p/ea-utils) and aligned to the hg19 (Homo sapiens assembly 

February 2009) (Flicek et al., 2013) using Bismark (Krueger and Andrews, 2011). Duplicate 

reads were removed using Picard MarkDuplicates (http://broadinstitute.github.io/picard). 

Methylation calls were made using Bismark_methylation_extractor as part of the Bismark 

aligner with the following settings: -p --no_overlap. Only CpG context methylation calls were 

included for further analysis. DMRs were determined using Bsseq (Hansen et al., 2012). Only 

methylation calls with combined experimental group coverage between 10 and 1000 inclusive 

were kept for further analysis. Functions used for determining DMRs within the Bsseq package 

were BSmooth.tstat (estimate.var = "same", local.correct = TRUE) and dmrFinder (cutoff = c(-
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4.6, 4.6)). DMRs with fewer than 3 individual CpGs or less than 0.1 absolute difference in 

methylation were discarded. 

 

siRNA Experiments 

Control siRNA (Dharmacon ON-TARGETplus Non-Targeting siRNA #1) or four siRNAs against 

each experimental target (SOX7, TCF4, or SMAD1) pooled in Dharmacon ON-TARGETplus 

SMARTpool were delivered to isogenic ECs using Life Technology Lipofectamine RNAiMAX 

transfection reagent. Cells were collected 48 hours after siRNA transfection, and RNA was 

isolated using the Qiagen RNeasy Micro Kit. RNA was reverse transcribed using Invitrogen 

Superscript III 1st Strand Synthesis SuperMix Kit. QPCR was performed using SYBR Green 

probes in duplicate, and expression was normalized to ACTB. 
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CHAPTER TWO:  

Telomere Shortening Reveals Age-Dependent Valve Disease in Notch1 Haploinsufficient 

Mice 

 

INTRODUCTION 

 

Diseases caused by gene haploinsufficiency in humans commonly lack a phenotype in 

mice heterozygous for the orthologous factor. The advent of induced pluripotent stem cells 

(iPSCs) provides a method to study disease and screen for effective therapies using human 

cells from the patients affected by the disease (Takahashi et al., 2007). However, the lack of an 

in vivo animal model for disease severely limits safety and efficacy testing of potential 

therapeutics prior to clinical trials in humans. Determining the factors protecting mice from 

disease caused by gene haploinsufficiency in humans would provide us with a better 

understanding of how gene haploinsufficiency leads to disease and allow us to develop in vivo 

murine models to test potential therapies uncovered through in vitro screening methods. 

In humans, heterozygous non-sense mutations in the transcription factor, NOTCH1 (N1), 

lead to congenital heart defects including valve malformations and severe aortic valve (AV) 

calcification in adults (Garg et al., 2005; McKellar et al., 2007; Mohamed et al., 2006). Calcific 

AV disease (CAVD) is the third leading cause of adult heart disease and is responsible for over 

100,000 valve transplants annually in the United States alone (Garg et al., 2005). However, 

since the incidence increases with age, I have the opportunity to intervene if I could develop a 

therapy to inhibit or delay the progression of calcification in patients at risk for CAVD.  

For many years, advances toward an effective therapy were hampered by the challenge 

that mice heterozygous for N1 do not develop CAVD so they do not provide a viable animal 

model for the disease (Nus et al., 2011). I recently utilized human iPSC-derived endothelial cells 

(ECs) to determine the mechanism of N1 haploinsufficiency in CAVD and revealed regulatory 

nodes within the gene network disrupted in N1+/- ECs that when modulated restore the network 

toward the N1+/+ state, indicating potential therapeutic targets (Theodoris et al., 2015). This 
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iPSC disease model of CAVD provides a platform for screening for small molecules that target 

central regulatory nodes to alleviate the gene network dysregulation in N1 haploinsufficient cells.  

A murine model of N1 haploinsufficiency would provide an invaluable tool to test the 

efficacy of small molecules identified in in vitro screens at preventing CAVD in vivo. Since 

CAVD is an age-dependent disease and humans with CAVD have been shown to have shorter 

telomeres compared to healthy age-matched controls (Kurz et al., 2006), I considered whether 

age-related telomere shortening played a role in CAVD. Laboratory mice have much longer 

telomeres (>40 kilobases (kb)) compared to humans (~5-15 kb), and absence of a disease 

phenotype in mouse models of other human diseases has been attributed to species-specific 

differences in telomere length (Chang et al., 2004; Kipling and Cooke, 1990; Sacco et al., 2010; 

Wong et al., 2003).  

Here, I generate N1 heterozygous mice lacking telomerase activity and show that 

telomere shortening reveals heart valve disease in N1+/- mice. Affected mice showed AV or 

pulmonary valve (PV) stenosis by echocardiography accompanied by AV calcification and 

expression of osteoblast marker Runx2. Furthermore, N1 haploinsufficiency resulted in 

increased proliferation that further reduced telomere length in the specific valve diseased in that 

individual animal, potentially shortening telomeres past the critical threshold at which valve 

disease ensues. Gene dysregulation in AVs of N1 haploinsufficient mice with shortened 

telomeres involved downregulation of osteoclast factors and upregulation of pro-calcific 

regulatory nodes paralleling previously determined gene network alterations in N1 

haploinsufficient iPSC-derived ECs (Theodoris et al., 2015). Concordance between the murine 

AV and human iPSC disease models suggests that this model of N1 haploinsufficiency in mice 

with reduced telomere length may faithfully recapitulate human disease and thus be an ideal in 

vivo setting in which to test therapeutic candidates to prevent or delay the progression of CAVD.  
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RESULTS 

 

Telomere Shortening Revealed CAVD Phenotype in N1 Heterozygous Mice  

To investigate the role of telomere length in CAVD, I generated N1+/- mice lacking telomerase 

activity by crossing C57Bl6 N1+/- mice with C57Bl6 mice heterozygous for the telomerase RNA 

component Terc (mTR) (Blasco et al., 1997). The resulting N1WT/mTRHet and N1+/-/mTRHet mice 

were further crossed to generate N1WT and N1+/- mice completely lacking telomerase activity 

(designated as first generation (mTRG1) mice). N1WT/mTRG1 and N1+/-/mTRG1 mice were then 

intercrossed to produce second generation N1WT/mTRG2 and N1+/-/mTRG2 mice, which were then 

intercrossed to produce third generation N1WT/mTRG3 and N1+/-/mTRG3 mice (Figure 1A). 

Analyzing mice lacking telomerase activity over successive generations allows the study of N1+/- 

mice with progressively shorter telomere lengths to determine the dosage effect of telomere 

shortening on valve disease. 

  I first tested whether telomere shortening revealed the CAVD phenotype in N1+/- mice 

by echocardiography. CAVD is characterized by a narrowing, or stenosis, of the AV secondary 

to calcification that prevents efficient blood flow from the heart to the periphery, necessitating 

AV transplantation in humans. In accordance with Bernoulli’s principle, the stenosis leads to 

increased velocity of blood flow through the AV, which can be measured by echocardiography 

using Doppler. The peak pressure gradient across the AV is linked to the AV peak velocity, and 

aortic root diameter provides an additional metric for quantifying the severity of CAVD. I thus 

evaluated N1+/- mice with and without telomere shortening by these echocardiographic metrics. 

As previously reported, N1+/-/mTRWT mice (which have intact telomerase activity) had no 

abnormal echocardiographic findings as 2-month-old adults (N=6). However, N1+/-/mTRG2 mice 

(which lack telomerase activity and have reduced telomere length) exhibited significantly 

decreased aortic root diameter and significantly increased AV peak velocity and peak gradient, 

all indicative of CAVD (Figure 1B–D). Furthermore, leaflet thickening and defective closure of 

the AV, also characteristic of CAVD, were apparent on echocardiographic imaging.  

I next evaluated the AVs histologically to determine whether calcification underlay the 

AV stenosis detected by echocardiography. No AVs examined from N1WT/mTRG2 mice (N=16) 
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showed Alizarin Red staining of calcification (Figure 1E). In contrast, 100% of AVs examined 

from N1+/-/mTRG2 mice with AV stenosis by echocardiography were positive for Alizarin Red 

staining (Figure 1G). The calcification was extensive, in many cases encompassing an entire 

leaflet of the AV, and was accompanied by leaflet thickening. Calcific regions showed coincident 

staining of the osteoblast marker Runx2, indicating an osteogenic switch within the AV (Figure 

1H). Interestingly, 30% of N1+/-/mTRG2 mice with no abnormal findings by echocardiography 

showed some level of calcification by Alizarin Red staining by 2 months of age, indicating 

variable disease progression in individual mice (Figure 1F). Overall, 43% of N1+/-/mTRG2 mice 

had AV calcification, with 44% of those having progressed to AV stenosis evident by 

echocardiography. 

 

Telomere Shortening Revealed PV Defect in N1 Heterozygous Mice  

Surprisingly, N1+/-/mTRG2 mice showed significantly increased PV peak velocity and peak 

gradient, indicative of PV stenosis, compared to N1WT/mTRG2 mice (Figure 2A–B). Mice with PV 

stenosis also showed significantly increased right ventricular (RV) wall thickness, indicative of 

RV hypertrophy secondary to the PV defect (Figure 2C–D). 100% of mice with PV stenosis by 

echocardiography showed thickened PV leaflets histologically but lacked calcification by Alizarin 

Red staining (Figure 2E). Interestingly, although N1 haploinsufficiency is typically cited to be 

associated with AV defects, one of the N1+/- individuals in the two families previously reported to 

have CAVD due to N1 mutations was diagnosed with Tetralogy of Fallot (TOF), the primary 

feature of which is PV stenosis (Garg et al., 2005). Moreover, mutations in JAG1, a N1 ligand 

expressed in the developing right heart, have been identified as a cause for familial TOF 

(Collition et al., 2000; Eldadah et al., 2001). The PV defects in N1+/-/mTRG2 mice demonstrate 

the requirement for intact N1 signaling for normal PV development and maintenance.  

Only one of the mice showed both AV and PV stenosis by the criteria of greater AV and 

PV peak velocity than any N1WT mice. By these criteria, a total of 31% of N1+/-/mTRG2 mice 

exhibited a defect in either of the semilunar (aortic or pulmonary) valves. 

 

Telomere Dosage Correlated with Incidence of Valve Defects 
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Although adult N1+/-/mTRG2 mice developed valve disease, neonatal N1+/-/mTRG2 mice showed 

no defects by echocardiography, indicating that the valve disease progresses in an age-

dependent fashion (p < 0.05 by Barnard’s test, neonatal N=11, adult N=26). Furthermore, 

successive generations of adult mice lacking Terc had an increased incidence of PV defects, 

indicating that the PV disease incidence correlated with telomere dosage (Figure 3B). The 

incidence of AV defects increased between the first and second generations of mice lacking 

Terc, but no mice in the third generation surviving at 2 months of age presented with AV defects 

(N=7) (Figure 3A). Interestingly, there was a significant shift in Mendelian ratios in the third 

generation lacking Terc, with only 23% of mice being N1+/- rather than the expected 50% (Figure 

3C). It is possible that N1+/-/mTRG3 mice with more severe AV defects were failing to survive to 

adulthood, leading to this decrease in the expected number of surviving N1+/-/mTRG3 mice and a 

coincident absence of surviving mice with AV disease. 

  

Diseased Valves Showed Increased Proliferation and Decreased Telomere Length 

Compared to Non-Diseased Valves  

Since N1 is thought to stabilize ECs, preventing their proliferation (Liu et al., 2006), I sought to 

test whether increased proliferation in the valves of N1+/-/mTRG2 mice underlay their AV and PV 

leaflet thickening. Interestingly, N1+/-/mTRG2 mice showed increased proliferation specifically in 

the valve affected by stenosis in that individual mouse. Namely, N1+/-/mTRG2 mice with AV 

stenosis showed significantly increased proliferation specifically in their AVs compared to both 

N1WT/mTRG2 mice as well as N1+/-/mTRG2 mice with PV stenosis rather than AV stenosis (Figure 

3D). Similarly, mice with PV stenosis showed significantly increased proliferation specifically in 

their PVs compared to both N1WT/mTRG2 mice as well as N1+/-/mTRG2 mice with AV stenosis 

rather than PV stenosis (Figure 3E).  

 Because telomeres shorten with each cell division, I next sought to determine whether 

the increased proliferation in the valves of N1+/-/mTRG2 mice further shortened the telomeres 

specifically in diseased valves. Indeed, N1+/-/mTRG2 mice with AV stenosis showed significantly 

reduced telomeres specifically in their AVs compared to both N1WT/mTRG2 mice as well as N1+/-

/mTRG2 mice with PV stenosis rather than AV stenosis (Figure 3F). Accordingly, though not 
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statistically significant, N1+/-/mTRG2 mice with PV stenosis showed reduced telomeres 

specifically in their PVs compared to both N1WT/mTRG2 mice as well as N1+/-/mTRG2 mice with 

AV stenosis rather than PV stenosis (Figure 3G). Thus, although the background of deficient 

telomerase activity reduced telomere length globally in all mTRG2 mice, increased proliferation 

specific to diseased valves correlated with further telomere shortening in those exact valves, 

potentially reducing telomere length past a critical threshold leading to disease. Overall, 

telomere shortening below a Q-FISH (quantitative fluorescence in situ hybridization) signal 

threshold of about 30 units in this study segregated with the particular valve diseased in 

individual N1+/-/mTRG2 mice.  

 

Gene Dysregulation in Reduced Telomere Murine Model Overlapped with Gene Network 

Alterations in Human iPSC Model of CAVD 

To determine the genes dysregulated due to N1 haploinsufficiency in the setting of reduced 

telomeres, I performed RNA-seq on AVs from N1+/-/mTRG2 compared to N1WT/mTRG2 mice. 

Statistically significant changes were limited due to low replicate number, but overall, gene 

expression alterations paralleled those seen in N1 haploinsufficient iPSC-derived ECs 

(Theodoris et al., 2015). I observed changes expected with reduced dosage of N1, such as 

downregulation of canonical N1 target Hes1 and compensatory upregulation of Notch4, the 

other major Notch protein in the valve endothelium (Figure 4A–B). Additionally, similarly to 

human N1+/- iPSC-derived ECs, N1+/-/mTRG2 valves upregulated cell cycle genes Cdc20, CdcA2, 

and Ccnd1, reflective of their increased proliferation (Figure 4C–E). Statistically significant 

dysregulation included downregulation of Car2, which plays a major role in osteoclast bone 

resorption (Lehenkari et al., 1998) and may be required to prevent calcification in the valve, as 

well as upregulation of Nrg1, which may reflect an ischemic environment within thickened valve 

leaflets (Hedhli et al., 2011) (Figure 4F–G). Furthermore, N1+/-/mTRG2 valves exhibited a trend 

of downregulated Pde3a and upregulated Pde2a similar to that seen in N1 haploinsufficient 

iPSC-derived ECs, which would be predicted to alter EC permeability and promote inflammatory 

cell infiltration involved in CAVD (Surapisitchat et al., 2007) (Figure 4H–I). Finally, N1 

haploinsufficient valves with shortened telomeres upregulated, though not significantly, pro-
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calcific regulatory nodes Sox7 and Smad1 previously identified through network analysis in 

iPSC-derived ECs (Figure 4J–K). Overall, the concordance between the gene expression 

alterations seen in murine N1+/-/mTRG2 valves compared with human N1+/- iPSC-derived ECs 

provides promise that N1+/-/mTRG2 mice will serve as an effective animal model for testing 

therapeutics aimed at alleviating network dysregulation to prevent or delay the progression of 

CAVD.  
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DISCUSSION 

 

This study reveals that longer telomeres protect against age-related valve disease 

caused by N1 haploinsufficiency (Figure 5). Reduced dosage of N1 upregulated cell cycle 

genes and increased cell proliferation, which may further accelerate telomere loss with age, 

shortening telomeres past a critical threshold after which valve disease ensues. Because 

diseases caused by gene haploinsufficiency in humans commonly lack a phenotype in mice 

heterozygous for the orthologous factor, these results warrant additional studies testing whether 

genetically shortening the telomeres of laboratory mice will reveal the phenotype of other age-

related diseases caused by heterozygosity, such as frontotemporal dementia caused by 

heterozygous mutations in Progranulin. The ability to model age-related diseases in mice 

developing the disease by adulthood at 2 months of age will be a pivotal asset to research 

aimed at finding therapies that prevent or delay these diseases occurring with aging in humans.  

Furthermore, this murine model of CAVD provides an important opportunity to study how 

telomere shortening contributes to age-related disease. Gene dysregulation occurring with 

telomere shortening has been previously linked to the loss, upon telomere length reduction, of 

chromosomal looping between telomeres and the altered genes (Robin et al., 2014). Future 

work comparing genome-wide expression of AVs from mTRG2 or WT mice will reveal how AV 

gene networks are altered by telomere shortening alone. Comparing these changes to those 

occurring solely due to N1 heterozygosity will allow us to determine whether there is an 

intersection of the pathways disrupted by both conditions, leading through a two-hit mechanism 

to the increased incidence of valve disease in N1+/-/mTRG2 mice with both shortened telomeres 

and reduced dosage of N1. FISH experiments will directly test whether telomere shortening 

exacerbates gene dysregulation caused by N1 haploinsufficiency by disrupting the normal 

looping between telomeres and critical nodes within the gene network preventing CAVD.  

Overall, this work determines that telomere shortening past a critical threshold in N1+/- 

mice leads to age-related CAVD and provides an animal model in which to test therapeutics and 

further study how age-dependent telomere shortening contributes to human disease. 
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FIGURES 

 

Figure 1. Telomere Shortening Revealed AV Stenosis and Calcification in N1+/- Mice  

(A) Breeding scheme to generate N1+/- and N1WT mice that are mTR heterozygous or 

homozygous knockouts of successive generations. Telomere length shortens with each 

mTR homozygous knockout generation. 

(B) AV peak velocity by echocardiography.  

(C) AV peak gradient by echocardiography.  

(D) Aortic root diameter by echocardiography.  

(E) Alizarin Red staining of calcification in N1WT/mTRG2 AVs with normal echocardiograms (0% 

AVs were Alizarin-positive: n = 16). 

(F) Alizarin Red staining of calcification in N1+/-/mTRG2 AVs with normal echocardiograms (30% 

AVs were Alizarin-positive: n = 17). 

(G) Alizarin Red staining of calcification in N1+/-/mTRG2 AVs with aortic stenosis by 

echocardiograms (100% AVs were Alizarin-positive: n = 4). 

(H) Runx2 staining of AVs. N1+/-/mTRG2 Runx2-stained section is adjacent to bottom right 

Alizarin-stained section in Figure 1F. 

In (B–D): N1WT/mTRG2 n = 15, N1+/-/mTRG2 n = 26. Boxes = interquartile range (IQR), whiskers = 

range, line = median. Red circles = female, blue diamonds = male. *p < 0.05 by t-test. 

In (E–G): *p < 0.05 by Χ2 test. Note: Alizarin Red staining is deep red. Black cells are 

melanocytes naturally found in C57Bl6 AVs. 
  



	   69	  

  



	   70	  

Figure 2. Telomere Shortening Revealed PV Stenosis in N1+/- Mice  

(A) PV peak velocity by echocardiography.  

(B) PV peak gradient by echocardiography.  

(C) RV wall thickness by echocardiography.  

(D) Cross-section of heart from N1WT/mTRG2 mouse with normal echocardiogram or N1+-/mTRG2 

mouse with PV stenosis by echocardiography. RV and left ventricle (LV) are labeled by 

arrows, and RV wall thickness is labeled by brackets.  

(E) PV leaflet thickening (indicated by arrows) in N1+/-/mTRG2 mice with PV stenosis by 

echocardiography (100% PVs showed thickening: n = 5). 

In (A–C): N1WT/mTRG2 n = 15, N1+/-/mTRG2 n = 26. Boxes = IQR, whiskers = range, line = 

median. Red circles = female, blue diamonds = male. *p < 0.05 by t-test. 

 
  



	   71	  

  



	   72	  

Figure 3. Increased Proliferation and Reduced Telomere Length Correlates with Valve 

Disease 

(A) Incidence of AV stenosis in N1+/- mice from successive mTR generations. AV stenosis is 

defined as greater AV peak velocity than any N1WT mouse from any mTR generation. Lack 

of N1+/-/mTRG3 mice with AV stenosis surviving at 2 months of age coincides with decrease 

in overall numbers of surviving N1+/-/mTRG3 mice at 2 months (see Figure 3C).  

(B) Incidence of PV stenosis in N1+/- mice from successive mTR generations. PV stenosis is 

defined as greater PV peak velocity than any N1WT mouse from any mTR generation. 

(C) Only 23% of mTRG3 mice are N1+/- rather than the expected 50%. Severe AV stenosis 

causing neonatal demise may be responsible for decreased Mendelian ratio of N1+/-/mTRG3 

mice at 2 months of age (see Figure 3A). *p < 0.05 by Χ2 test. 

(D) pH3 staining for proliferation in AVs. 

(E) pH3 staining for proliferation in PVs. 

(F) Telomere Q-FISH staining for telomere length in AVs. 

(G) Telomere Q-FISH staining for telomere length in PVs. 

In (D–E): N1WT/mTRG2 n = 4, N1+/-/mTRG2 with AV stenosis by echocardiography n = 5, N1+/-

/mTRG2 with PV stenosis by echocardiography n = 5. Error bars represent standard error (SE); 

*p < 0.05 by t-test. 

In (F–G): N1WT/mTRG2 n = 3, N1+/-/mTRG2 with AV stenosis by echocardiography n = 3, N1+/-

/mTRG2 with PV stenosis by echocardiography n = 2. Error bars represent SE; *p < 0.05 by t-test. 
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Figure 4. Gene Dysregulation Due to N1 Haploinsufficiency in Reduced Telomere Murine 

Model of CAVD 

 (A-K) mRNA expression of indicated genes in N1WT/mTRG2 or N1+/-/mTRG2 AVs by RNA-seq. 

N1WT/mTRG2 n = 2, N1+/-/mTRG2 n = 2. Errors bars represent SE; *p < 0.05 by negative binomial 

test with FDR correction.  
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Figure 5. Model of Telomere Length Threshold Correlating with Heart Valve Disease 

Left: Telomere length shortens with each cell division. Right: Telomere length shortens with age 

as cells divide over time. Dotted red line indicates threshold after which heart valve disease 

ensues. Laboratory mice have longer telomeres at baseline than humans so even with potential 

acceleration of shortening in N1+/- mice, mice do not reach the valve disease threshold in their 

lifetime. However, genetically reducing the baseline level of telomeres using mTRG2 mice puts 

mice closer to the critical threshold of heart valve disease. Increased cell division caused by N1 

haploinsufficiency accelerates telomere shortening rate, revealing heart valve disease 

phenotype in N1+/-/mTRG2 mice. 

 

                        



	   77	  

EXPERIMENTAL PROCEDURES 

 

Mouse Lines and Echocardiography 

All protocols were approved by institutional guidelines (UCSF Institutional Animal Care and Use 

Committee). N1+/- and mTRhet C57Bl6 mice (purchased from Jackson Labs: #002797 and 

#004132, respectively) were used to generate double mutant animals. All echocardiographic 

and histologic phenotyping was performed in a double-blinded fashion.  

Echocardiography was performed under isofluorane anesthesia with standard 

measurement techniques (reviewed in Rottman et al., 2007) using the Vevo 770 Imaging 

System (VisualSonics) equipped with an RMV-707B transducer with central frequency of 30 

MHz. Peak blood flow velocity through AVs and PVs was obtained by pulsed wave Doppler in 

the modified parasternal long and short axis views. RV dimension and wall thickness and aortic 

root diameter were measured in the modified parasternal long axis view. The average of three 

cardiac cycles was used for each measurement. 

 

Aortic Root Sectioning and Staining 

Hearts were fixed by perfusion fixation under anesthesia using isofluorane by ventricular KCl 

injection followed by PBS wash and fixation with 4% paraformaldehyde. Hearts were then 

incubated in 10% formalin overnight. The cardiac apex was cut parallel to the aortic root, and 

the heart tissue was then paraffin processed using standard protocols and embedded with the 

cut surface down. The resulting paraffin block was trimmed and angled to obtain a full three-

leaflet view of the aortic root. The root was serially sectioned at 5 µm intervals from the base of 

the aortic sinus and mounted on slides. The slides were then deparaffinized as previously 

described (Theodoris et al., 2015) and stained with either H&E and Alizarin Red for calcification 

or immunohistochemical stains for Runx2 and pH3. H&E staining was performed as previously 

described (Theodoris et al., 2015) and calcification was stained with 2% Alizarin Red (pH 4.1-

4.3) for 90 seconds followed by blotting and dehydrating in acetone for 20 dips, 50% acetone / 

50% xylene for 20 dips, and 95% alcohol for 5 dips followed by 3 changes of 1 min in xylene 

and mounting in DPX. Immunohistochemical staining on deparaffinized sections was performed 
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as previously described (Theodoris et al., 2015) using Abcam antibody #23981 for Runx2 and 

Millipore antibody #06-570 for pH3. 

 

Telomere Q-FISH 

Telomere Q-FISH on aortic root sections was performed as previously described in Sacco et al., 

2010. 

 

AV RNA-seq and Analysis Pipeline 

Hearts were washed with PBS, and three AV leaflets were harvested by micro-dissection from 

each of two N1WT/mTRG2 and two N1+/-/mTRG2 mice. Leaflets were incubated in collagenase for 

20 minutes at 37 °C to dissociate cells, and RNA was isolated using the Qiagen RNeasy Micro 

Kit. RNA-seq libraries were constructed, sequenced, and analyzed as previously described 

(Theodoris et al., 2015) with alignment to the mm9 (Mus musculus assembly July 2007) 

genome and transcriptome. 
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CONCLUSION 

Overall, using a human iPSC disease model, I defined the transcriptional and epigenetic 

mechanisms critical for normal human EC differentiation and response to shear stress and 

determined how gene regulation in shear stress is perturbed due to N1 haploinsufficiency to 

cause CAVD. I then generated a murine model for CAVD that shows that telomere shortening 

past a critical threshold permits the gene dysregulation resulting from reduced dosage of N1 to 

drive valve disease in vivo and that N1 haploinsufficiency further accelerates age-related 

telomere shortening by promoting proliferation in the heart valves. By mapping the gene 

networks altered in N1 haploinsufficient iPSC-derived ECs, I was able to identify key regulatory 

nodes that, when manipulated, alleviated network dysregulation, restoring the ECs towards their 

WT state. Now, I am screening about 2000 small molecules to identify compounds that target 

these regulatory nodes to correct the gene network dysregulation in N1 haploinsufficient cells, 

and preliminary data shows one or more promising drugs already FDA approved for other 

purposes that may be successful “network correctors” in the human iPSC-derived ECs in vitro. 

Future work will harness the in vivo model of valve disease to determine the molecular 

contribution of telomere shortening to age-related disease and to test the efficacy of potential 

therapeutics identified through the in vitro screen in an animal model to develop an effective 

therapy to prevent or delay the progression of CAVD. 
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