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Abstract

Congenital heart disease (CHD) is the most common cause of neonatal mortality

related to birth defects. Etiology is multifactorial including genetic and/or

environmental causes. The genetic etiology is known in less than 20 % cases.

Animal studies have identified genes involved in cardiac development. How-

ever, generating cardiac phenotypes usually requires complete gene knockdown

in animal models which does not reflect the haplo-insufficient model commonly

seen in human CHD. Human pluripotent stem cells which include human

embryonic stem cells (hESC) and human-induced pluripotent stem cells

(hiPSC) provide a unique in vitro platform to study human “disease in a dish”

by providing a renewable resource of cells that can be differentiated into

virtually any somatic cell type in the body. This chapter will discuss the use of

human pluripotent stem cells to model human CHD.
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45.1 Introduction

Human embryonic stem cells (hESC) can give rise to all three germ layers –

ectoderm, endoderm, and mesoderm – and can be used to generate differentiated

cells of different lineages [1]. The Nobel prize-winning discovery by Yamanaka of

the ability to reprogram somatic cells to induced pluripotent stem cells (iPSC) using
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specific reprogramming factors [2] uncovered a whole new field of research focused

on the use of iPSCs to model human disease, perform drug screens, and explore

strategies for autologous cell-based therapies in the future. Reprogramming

protocols include ectopic expression of four transcription factors [2, 3] that induce

reprogramming of somatic cells into an embryonic state. Viral integration-free

protocols are also used albeit are less efficient. These cells can then be expanded

and differentiated into several somatic cell types including cardiac lineages such as

cardiomyocytes, vascular smooth muscles cells (SMCs), and endothelial cells. The

process of cardiac differentiation of hESCs and hiPSCs recapitulates cardiac

embryogenesis thereby providing a unique opportunity to explore the impact of

gene or environmental defects on early cardiac development and gain novel insights

into disease mechanisms [4]. Strategies for modeling cardiac malformations are

discussed.

45.2 Modeling Fetal Cardiac Reprogramming in Hypoplastic
Left Heart Syndrome (HLHS)

HLHS is one of the most severe cardiac malformations characterized by poor

growth of left-sided cardiac structures. This is commonly associated with endocar-

dial fibroelastosis (EFE). The mechanism of LV growth failure and fibrosis is

poorly understood. We studied 29 normal and 30 HLHS fetal hearts during second

trimester [5]. We found increased nuclear expression of hypoxia-inducible factor

1α (HIF1α) in fetal HLHS compared to normal LVs, a central hypoxia-responsive

gene that promotes activation of angiogenic, metabolic, and other genes to facilitate

cardiac adaptation to hypoxia. However, expression of vascular endothelial growth

factor (VEGF) was downregulated. The failure of hypoxia-induced angiogenesis

was likely related to cell senescence as shown by DNA damage (nuclear γH2AX
activation and p53 upregulation) and of cell senescence (β-galactosidase
upregulation). Senescent cells, although functional, do not produce growth factors

essential for the survival and proliferation of stem/progenitor cells thereby

compromising tissue renewal capacity. Not surprisingly, HLHS hearts showed

fewer cardiac progenitor markers, as well as reduced differentiated cardiomyocyte

and endothelial cells. DNA damage was most prominent in endothelial cells

followed by myocytes, with SMCs being least susceptible. Additionally, there

was increased transforming growth factor (TGFβ1) expression, increased

myofibroblast transformation, and increased interstitial and perivascular fibrosis

in fetal HLHS compared to controls. Together this suggested that the fetal LV may

be susceptible to chronic hypoxia or reduced blood flow (a phenomenon that occurs

in HLHS due to reduced antegrade flow through the diminutive ascending aorta)

resulting in DNA damage and cell senescence and consequent loss of cell replica-

tion and growth capacity as well as fibrosis.

To clarify the role of hypoxia in fetal cardiac differentiation, we exposed hESC-

derived cardiac lineages to 1 % hypoxia for 72 h. This was associated with

recapitulation of the fetal HLHS phenotype including increased HIF1α; reduced

322 S. Mital



Fig. 45.1 Effect of hypoxia on DNA damage and oncogene upregulation in hPSC-derived cardiac

lineages. (a) DNA damage-related marker γH2AX (green nuclear foci) and senescence marker

β-gal (blue) are increased in hypoxic cells. Blue represents nuclear staining with DAPI. (b) qPCR
results revealed higher mRNA expression of the tumor suppressor oncogene p53 and the G1 cell

cycle inhibitors p16 and p18 in hypoxic (gray bars) compared with control cells (black bars). (c)
Double immunostaining revealed co-localization of ph-p53 (green) with cTnT+ myocytes (red),
CD31+ endothelial cells (red), and SMA+ SMCs (red), indicating DNA damage in all three

lineages. Blue represents nuclear staining with TO-PRO-3. (d) Cellomics quantification confirmed

the higher number of phospho-p53+ cardiac lineages in hypoxic cells (gray bars) compared with

controls (black bars), with most severe injury in ECs followed by myocytes and then SMCs.

∗P< 0.01 versus controls; {P< 0.05 versus SMA+ cells; {P< 0.05 versus cTnT+ cells (n¼ 3

experiments in each group). Original magnification: �1,000 (γH2AX); �600 (β-gal) (a); �1,000

(c) (Reproduced with permission) [5]. Reprinted from Gaber et al. [5], Copyright (2013), with

permission from Elsevier [5])
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VEGF; TGFβ1 upregulation; DNA damage (highest in endothelial cells followed

by myocytes followed by SMCs); cell senescence; reduced cell proliferation,

resulting in a reduction in myocyte and endothelial lineages but increase in SMC

lineages; and reduced contractility (Fig. 45.1). Treatment with TGFβ1 inhibitor

reversed this abnormal phenotype. This suggests that immature cardiac lineages

may be susceptible to hypoxic injury and that this may be mediated in part by

TGFβ1 activation. This may contribute to the phenotype of LV growth failure and

fibrosis in cardiac malformations like fetal HLHS.

These findings have several implications. They suggest that antenatal interven-

tion for HLHS may be more effective in promoting LV growth if performed before

irreversible tissue injury. However, complementary strategies to provide missing

growth factors and/or inhibit TGFβ1 either pre- or postnatally may be needed to

promote LV growth and ameliorate progressive fibrosis.

45.3 hiPSCs to Model Williams-Beuren Syndrome (WBS)

WBS is a genetic disorder caused by deletion of 26–28 genes in the 7q11.23 region.

Cardiac manifestations are common and are related primarily to haploinsufficiency

of the elastin gene in the deleted region. Elastin insufficiency causes vascular SMC

proliferation resulting in either generalized arteriopathy or discrete arterial stenoses

including supravalvar aortic stenosis, coronary stenosis, pulmonary stenosis, and

renal artery stenosis [6]. Surgical correction is often associated with recurrence of

stenosis, and there are no medical therapies to prevent or reduce vascular stenoses.

Mouse models require complete elastin gene knockdown to reproduce supravalvar

aortic stenosis. We therefore generated iPSCs from a patient with WBS with

supravalvar aortic stenosis to provide a more human-relevant model for study.

Skin fibroblasts obtained at the time of surgery were reprogrammed using four

factor retroviral reprogramming. Four iPSC lines were characterized for

pluripotency and subjected to SMC differentiation using a published protocol

[7]. SMCs generated from iPSCs from normal BJ fibroblasts showed high elastin

expression, with 90 % positive for SM22α (a marker of SMC differentiation). These

cells showed a good contractile response (Ca2+ flux) to a vasoactive agonist like

endothelin and tube-forming capacity on Matrigel assay. In contrast, WBS iPSC-

derived SMCs showed low elastin expression, had fewer SM22α-positive cells,

were highly proliferative, showed poor tube-forming capacity on Matrigel, and did

not show a contractile response to endothelin (Fig. 45.2) [8]. Treatment with

rapamycin, a mTOR inhibitor and antiproliferative agent, showed partial rescue

of the abnormal phenotype in WBS-SMCs by enhancing differentiation, reducing

proliferation, and improving tube-forming capacity. However, it did not restore

contractile response to endothelin. Ge et al. used a similar approach to generate and

study SMCs from a patient with supravalvar aortic stenosis with WBS and another

with elastin loss-of-function mutation that showed a similar phenotype that was

rescued by ERK1/2 inhibition [9]. To identify additional compounds that not only

improve SMC differentiation but also promote functional maturation and
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vasoactive responsiveness, we are developing a high-throughput high-content

screening assay to facilitate screening of drug libraries using WBS-SMCs.

Compounds that fully rescue the abnormal SMC phenotype in WBS may guide

the development of new drugs to relieve vascular stenoses in WBS and, by

extension, in other vascular disorders including atherosclerosis, stent restenosis,

and transplant graft vasculopathy.

45.4 Future Directions and Clinical Applications

These studies provide proof of principle that hESCs and iPSCs can generate in vitro

models to study CHD. However, the cardiac lineages generated using this approach

are relatively immature, i.e., fetal stage. While fetal stage cells may be well suited

to study developmental cardiac disorders [10], maturation protocols that generate

Fig. 45.2 Functional characterization of BJ-smooth muscle cells (SMCs) andWBS-SMCs. (a) BJ
and WBS-SMCs (line B shown) were treated with 10 mM carbachol, a muscarinic agonist, and

phase-contrast live-cell imaging was done every 30 s. Change in cell surface area (white arrows)
was calculated from 0 min (top panel) to 30 min (bottom panel). (b) BJ-SMCs showed a 25 %

reduction in cell surface area compared with 14 % reduction in WBS-SMCs (average of all four

lines). *, p< 0.05 BJ versus WBS. (c) Calcium flux [Ca2+]i was measured in response to

endothelin-1 treatment (arrow) in BJ and WBS-SMCs (five cells each). The fluorescence intensity

ratio (F340 nm/F380 nm) showed a transient rise in [Ca2+]i after activation by endothelin-1 in

BJ-SMCs but not in WBS-B SMCs. (d) Graph showing the changes in [Ca2+]i following

endothelin-1 treatment in BJ and all the WBS lines. Changes of [Ca2+]i ¼ peak [Ca2+]i � resting

[Ca2+]i. *, p< 0.01 BJ versus WBS. WBS Williams-Beuren syndrome (Reprinted from Kinnear

et al. [8], Copyright (2013), with permission from Alpha Med Press [8] (pending))
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more functionally mature lineages may be more useful to study late-onset disease

phenotypes and accurately evaluate drug responses [11–14]. Our study further

suggests that the technology can be expanded to study not just genetic influences,

particularly in the rapidly emerging era of genome editing [15], but also environ-

mental teratogens (toxins, chemicals, drugs, infections) to define the mechanisms

by which they impact fetal cardiac development or differentiation. This may

facilitate delineating the combined role of genetic and environmental factors in

CHD causation in the near future [16]. The ability to differentiate pluripotent stem

cells into many different organ or cell types may allow the study not only of cardiac

but also of extracardiac phenotypes particularly in syndromic disorders as recently

shown in a patient with Timothy syndrome [17, 18].

In summary, pluripotent stem cell-derived models are revolutionizing our under-

standing of disease pathogenesis and are positioned to expedite drug screening and

discovery particularly for rare cardiac disorders with a genetic basis for which no

therapies are available and where clinical studies are challenging. The technology

provides a renewable source of functional cardiomyocytes and other cardiac

lineages with genetic and epigenetic variation that are likely to be more human

relevant. While the use of these cells for in vivo therapies is several years away, this

platform is well positioned to study the molecular underpinnings of genetic cardiac

disorders and help identify new therapies for personalized care of the affected child.
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