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Abstract 

Low to moderate level of chronic arsenic exposure contributes to cardiovascular ailments 

including heart disease and aneurysms. Current research on the etiology and progression of 

cardiovascular disease focuses mainly on adult which fails to capture the developmental origins 

of cardiovascular disease. Thus, disruption in morphogenetic events during early development 

may initiate and pattern the molecular programming of cardiovascular ailments in adulthood. A 

major contributor to ischemic heart pathologies is coronary artery disease, however the influences 

by environmental arsenic in this disease process are not known. Similarly, the impact of toxicants 

on blood vessel formation and function during development has not been studied. Coronary 

vessel development is initiated by precursor cells that are derived from the epicardium. Epicardial 

derived cells undergo proliferate, migrate, and differentiate into several cardiac cell types which 

are the cellular components of the coronary vessels. The key cellular event occurs in this process 

is the epithelial to mesenchymal transition (EMT), which can also be utilized by endocardial 

cushion cells to form aortic and pulmonary valves. The TGFβ family of ligands and receptors are 

essential for developmental cardiac EMT and coronary smooth muscle cell differentiation. 

Whether arsenic has any impact on TGFβ mediated cardiovasculogenesis is not known. 

Monomethylarsonous acid [MMA(III)] is the most potent metabolite of inorganic arsenic and has 

been shown to partly account for arsenic induced toxicity. The fetus is exposed to relatively 

higher levels of MMA (III) as compared to adults probably due to deficiency in methylation of 

transferred inorganic arsenic from the placenta. However, the developmental toxicity of MMA 

(III) has not yet been studied.  

In this study, we exploit a novel cardiac progenitor cell line to recapitulate epicardial EMT in 

vitro and to study developmental toxicity caused by arsenicals. We show that chronic exposure to 

low level of arsenite and MMA (III) disrupts developmental EMT programming in epicardial 

cells causing deficits in cardiac mesenchyme production. The expression of EMT program genes 
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is also decreased in a dose-dependent manner following exposure to arsenite and MMA (III). 

Smad-dependent TGFβ2 canonical signaling and the non-canonical Erk signaling pathways are 

abrogated as detected by decreases in phosphorylated Smad2/3, Erk1/2 and Erk5 proteins. There 

is also loss of nuclear accumulation of p-Smad and p-Erk5 due to arsenical exposure. These 

observations coincide with a decrease in vimentin positive mesenchymal cells invading three-

dimensional collagen gels. However, arsenicals do not block TGFβ2 stimulated p38 activation. 

Additionally, smooth muscle cell differentiation, which is proven to be governed by p38 signaling 

in epicardial cells, also remains intact with arsenical exposure. Overall these results show that 

arsenite and MMA (III) are strong and selective cardiac silencers.  

The molecular mechanism of arsenical toxicity on TGFβ-Smad signaling in epicardial cells is 

further explored. A relatively high level of acute arsenical exposure rapidly depletes 

phosphorylated nuclear Smad2/3. Restoration of the nuclear accumulation of Smads can be 

achieved by inhibiting the expression or activation of Smad specific exportins suggesting that 

arsenicals augment Smad nuclear exportation. Abrogated Smad signaling caused by arsenicals is 

associated with severe deficits in EMT during mouse epicardium and chick endocardial cushion 

development. Thus progenitor cell outgrowth, migration, invasion and vimentin filament 

reorganization are significantly inhibited in response to arsenical exposure. Disrupted Smad 

nuclear shuffling is probably caused by zinc displacement on the MH-1 DNA binding domain of 

Smad2/3. Thus zinc supplementation restores both nuclear content and transcriptional activities of 

Smad2/3. Rescued TGFβ-Smad signaling by zinc also contributes to cellular transformation and 

mesenchyme production in embryonic heart explants. 

LINE1 (L1) retrotransposons are a group of mobile DNA elements that shape the genome via 

novel epigenetic controls. Although expression of L1 is required for early embryo implantation 

and development, abnormally elevated L1 is shown to inhibit embryonic cells from transforming 

and differentiating during organogenesis. Cellular redox signaling, which is regulated by 
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antioxidant responsive elements (AREs), has been shown to play a key role in L1 activation and 

retrotransposition. However, whether L1 can be induced by the cellular oxidative stress caused by 

arsenic is not known. We provide evidence showing that L1 ORF-1 and ORF-2 mRNA levels are 

both up-regulated by arsenic. Nuclear accumulation of L1 ORF-2 is observed in response to 30 

min arsenic exposure, which may lead to active retrotransposition events in the genome. 

Transcriptional activity of L1 is regulated by Nrf2 as mutations in ARE regions within the L1 

promoter and Nrf2 silencing using siRNA both significantly inhibit L1 transcriptional activity. 

Nrf2 overexpression together with arsenic exposure creates synergic induction in L1 promoter 

activity suggesting that arsenic mediated L1 activation is partially Nrf2 dependent.  

Taken together, these findings reveal a molecular mechanism responsible for arsenic cardiac 

toxicity and define a novel genetic toxic effect of arsenic during embryonic heart development.  
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Chapter 1: Introduction 

1.1 Embryonic Heart Development  

The heart is the first organ to differentiate and function during embryonic development. The 

mesodermal tissues that give rise to the heart first become evident when the embryo is 

undergoing the process known as gastrulation. In human, this occurs during the third week of 

development, while for mouse, at a comparable stage of development (around embryonic day 6) 

(Tam et al., 1997). All vertebrates share the same pattern of heart development. Heart 

development starts when bilateral troughs of myocardium and endocardium fuse to the ventral 

midline forming a heart tube during closure of the ventral foregut. During this process, the 

myocardium secretes extracellular matrix called cardiac jelly which separates the myocardium 

and the endocardium. The cardiac tube then grows rapidly in length and loops to the right of the 

mid-line. At the end of looping, the myocardium gives rise to all heart segments including sinus 

venosus, rudimentary atrium, atrioventricular canal, common ventricle chambers and outflow 

tract. At the same time, endocardium of the atrioventricular (AV) canal and outflow tract 

produces mesenchymal precursors invading into the cardiac jelly and forming endocardial 

cushions. The AV cushions constricting the AV canal at its waist extend from the opposite sides 

and ultimately fuse into a septum dividing the channel between the atrium and ventricle. As the 

development process continues the ventricular region swings back to the mid-line and expends 

and grows in length to cover the atrium and great veins. Extensive circulations projecting laterally 

will automatically become the right atrium and left atrium. The future left ventricle lies to the left 

of the interventricular groove. The right atrioventricular region expends to the right allowing 

blood coming in from the sinus venosus to flow from the presumptive right atrium to the right 

ventricle which communicates with the truncus arteriosus. A four chambered heart is formed 

from a convoluted tube by the development of three septae partitioning the atria, the ventricles 

and the truncus arteriosus (Anderson et al., 2003a, b; DeRuiter et al., 1992; Moorman et al., 2003).  
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Figure 1.1 Overview of cardiac development. (part a) Two bilateral regions of mesoderm that 

are specified shortly after gastrulation and contain the precursors of many cardiac lineages. These 

two heart fields then converge at the midline of the embryo to form the cardiac crescent (part b) 

and then the heart tube (part c). This tube then elongates and undergoes a rightward looping (part 

d), gaining additional cells from a second group of progenitor cells that originate adjacent to the 

pharynx, known as the secondary heart field. The formation of the atrioventricular (AV) canal 

forms a boundary between the presumptive atrial and ventricular regions of the heart tube (part e), 

the formation of endocardial cushions (the outflow tract and AV cushions), which will act as the 

precursors of the four major heart valves (part f), the development of trabeculae within the walls 

of each of the heart chambers (part g), the septation of the atria and ventricles, and remodelling of 

the outflow tract to form the aorta and the pulmonary artery (parts h–i). Adapted from (High and 

Epstein, 2008).  

1.2 Development of the Epicardium 

The epicardium starts delivering cells to the developing heart after the looping process is 

completed. The epicardium is derived from a group of mesothelial cells at the sinus venosus end 

of the heart tube called proepicardium (PE) (Fig 1.2 a-b). Thus, the PE protrudes from the 

pericardial mesothelium into the pericardial cavity of the developing heart tube and initiates the 

formation of the epicardium (Lie-Venema et al., 2007). Once attached to the naked heart tube, the 

epicardium then migrates over the surface of the two cell layer tube till completely covers it. 

Precursor cells that are derived from the epicardium which are called epicardium-derived cells 

(EPDCs) donate a great amount of cells to the heart tube promoting embryonic heart 

morphogenesis. Growth factors and extracellular matrix secreted by the myocardium in the sub-

epicardial space activate and attract EPDCs to invade into the myocardium. The migration and 

invasion of EPDCs are achieved by an essential cellular event called epithelial to mesenchymal 

transition (EMT) which will be discussed in detail later. EPDCs within the myocardium then 
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differentiate into various cell types includes endothelial cells, smooth muscle cells and fibroblasts 

which contribute to coronary vasculature, fibrous heart skeleton and cardiac valve remolding (Fig 

1.2 c-e) (Lie-Venema et al., 2005; Manasek, 1969). Initiation and regulation of epicardial EMT 

requires a complex network of extracellular factors and subsequent intracellular signaling. 

Growth factors and transcription factors that are activated in this process include:  transforming 

growth factor TGFβ, platelet-derived growth factor (PDGF), Wilms tumor suppressor protein 

WT-1, Snail1,2  and Ets transcription factors (Carmona et al., 2000; Compton LA et al., 2006; 

Lie-Venema et al., 2003; Moore et al., 1999; Sefton et al., 1998).  

 

Figure 1.2 
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Figure 1.2 Spreading and migration of EPDCs. (a) Whole-mount quail embryo (HH16) stained 

for CD57 (neural crest stem cell marker), showing a clearly demarcated proepicardial organ 

(PEO) at the venous pole of the heart, (b) Schematic representation indicating (arrows) the 

direction of growth of the epicardium over the myocardial tube. (c–e) Schematic drawing of 

increasing ages with the migration pattern of the EPDCs. OT, outflow tract; SV, sinus venosus; 

PEO, proepicardial organ; AVC, atrioventricular cushion; EPDC, epicardium-derived cell; Ep, 

epicardium; V, ventricle; A, atrium; AVS, atrioventricular sulcus; EC, endothelial cell; SMC, 

smooth muscle cell; Fb, fibroblast, CA, coronary artery; Ao, aorta. Adapted from (Winter and 

Gittenberger-de Groot, 2007). 

1.3 Epithelial to Mesenchymal Transition 

Epithelial cells are polarized adherent cells with established contacts between neighboring cells 

through intercellular adhesion complexes such as tight junctions, desmosomes and adherens 

junctions. Epithelial cells also have apico-basal polarity which contributes to their attachment to 

the basement membrane, a layer of extracellular matrix proteins that separates the epithelium 

from surrounding tissues. In contrast, mesenchymal cells lack cellular polarity and intercellular 

junctions and are motile. In addition, mesenchymal cells have high migratory and invasive 

capabilities and invade the surrounding extracellular matrix (Acloque et al., 2009).  Epithelial to 

Mesenchymal Transition (EMT) describes a cellular process where epithelial cells lose cellular 

polarity，detach from the basement membrane，migrate away from the epithelium and become 

invasive mesenchymal cells (Lamouille et al., 2014).  

EMT has been classified into two major subtypes (Kalluri and Weinberg, 2009), which is 

illustrated in Figure 1.3. Type I EMT, or developmental EMT, takes place during embryonic 

implantation, gastrulation and organogenesis. Developmental EMT during embryonic gastrulation 

leads to the generation of mesoderm and endoderm from the single layer stage (Pijnenborg et al., 
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1980). EMT also plays an essential role in nervous system development as it triggers epithelial 

cells in the neural tube to form migratory neural crest cells followed by differentiation into 

diverse derivatives (Duband et al., 1995). In heart development, EMT contributes to cardiac 

vasculogenesis and endocardial cushion development. Endocardial EMT, carried out by primitive 

cardiac endothelial cells lining the inlet and outlet cardiac cushions, proceeds mitral and tricuspid 

heart valve formation. Epicardial EMT promotes coronary artery development and valve 

remodeling by producing the progenitor cells required for coronary genesis (von Gise and Pu, 

2012). EMT inducers are suppressed in adult tissues, and reactivation of the EMT process during 

adulthood can be triggered by injury, inflammation or other disrupted homeostasis and is referred 

to as type-2 EMT. Type-2 EMT/Adult EMT is highly deleterious as it triggers secondary 

epithelial cells or endothelial cells to transform to fibroblasts or metastatic tumor cells. Therefore 

type-II EMT can cause tissue fibrosis and cancer metastasis in many organ systems (Carew RM 

et al., 2012). EMT triggered in the injured adult heart leads to fibrotic scarring complicating heart 

function (Kalluri and Neilson, 2003).  

 



23 
 

Figure 1.3 Classification of two types of EMT. Developmental EMT contributes to embryonic 

development and organogenesis. On the other hand, adult EMT is involved in wound healing, 

fibrosis and cancer. Modified from (Kantharidis et al, 2012).  

Endocardial EMT has been well-studied in chick endocardial cushions. Around developmental 

stage 14 in chicken, endocardial cells lining the inner layer of the heart tube are initiated by 

inductive stimuli released from the myocardium to start EMT (Runyan and Markwald, 1983). 

EMT in chick endocardial cushions is described as a step-wise process. The first step involves 

cell-cell separation and phenotypic change, which is achieved by inhibition of cell-cell adhesion 

molecules. The second step is cellular invasion where proteases digest the extracellular matrix to 

allow transformed cells to migrate and invade into the surrounding matrix and differentiate into 

spindle-shaped mesenchymal cells (Lencinas et al., 2011). Unlike the step-wise EMT in chicken, 

EMT inducers such as TGFβ2 fail to trigger an obvious cell-cell separation within the mouse 

epicardium during early development. Instead, TGFβ2 leads to immediate cellular invasion close 

Figure 1.3 



24 
 

to the mouse AV canal explant site in collagen gel invasion assays (Camenisch et al., 2002a). In 

addition, as compared to endocardial EMT, epicardial EMT is much less characterized, which we 

will discuss in Chapter 3.  

1.4 Collagen Gel Invasion Assay 

Type I collagen gel invasion assay, also known as EMT assay, is a well-established assay for 

investigating EMT in vitro. The utilization of a collagen substrata system in studying three-

dimensional cell behavioral was first introduced by Elsdale and Bard in 1972 (Elsdale and Bard, 

1972). This system allowed investigators in early 1980s to observe the form, motility, adhesion, 

and growth of malignant cell lines. The collagen-lattice culture system developed by Bernanke 

and Markwald in 1982 was first used in heart development studies. Their work focused on the 

regulation of glycosaminoglycans on cushion mesenchyme activation and migration. The premise 

was that cells in the embryo preferentially or easily migrated into areas rich in extracellular 

hyaluronan and avoided areas enriched in chondroitin sulfate (Bernanke and Markwald, 1982). 

As the collagen gel invasion assay recapitulates the steps of EMT in vivo, it has been used widely 

to study the cellular and molecular basis of EMT in multiple organ systems. Dr. Camenisch has 

optimized the ex-vivo assay for studying EMT in mammalian tissues (Camenisch et al., 2002a; 

Camenisch et al., 2002b).  

1.5 Canonical and Non-canonical TGFβ2 Signaling Pathway. 

The transforming growth factor-β (TGFβ) family of ligands includes TGFβ, activins and bone 

morphogenetic proteins (BMPs). These factors regulate a broad spectrum of cell behavior and 

fate during embryogenesis, wound repair, fibrosis and tumorigenesis. TGFβ is usually anti-

mitogenic in normal epithelial cells as its signaling suppresses gene expression of multiple 

growth factors related to cellular proliferation. However, in other contexts, TGFβ also contributes 

to tumor growth as it can promote epithelial cells to transform to highly migratory and invasive 
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mesenchymal cells (Jakowlew, 2006; Massague, 2012). Canonical TGF-β signaling is mediated 

by activation of Smads, which will be discussed in detail Chapters 2 and 3. Emerging evidence 

shows that the diverse functions of TGFβ family of ligands are achieved by activating multiple 

downstream effectors in addition to Smad proteins (Gui T et al., 2012; Hoffmann et al., 2005). 

Smad-independent pathways induced by TGFβs, include MAP kinase (MAPK) pathways, Rho-

like GTPase signaling pathways, and phosphatidylinositol-3-kinase (PI3K)/ AKT pathways. 

These are all non-canonical TGFβ signaling pathways. As shown in Fig 1.5, TGFβ can activate 

p21 (Ras) which recruits Raf, a MAPKKK to the cellular membrane. Raf will then activate Erk 

via MAPKK (MEK1). Abnormal elevation in Erk MAP kinase activity is detected in many cancer 

cells and fibroblasts. Another well-studied non-Smad TGFβ signaling pathway is the JNK and 

p38 (MAPK) pathway. Upon stimulation, activated TGFβ receptors recruit TRAF6 and TAK1 

which then activate JNK/p38. JNK/p38 signaling is essential for mediating TGFβ associated 

cellular apoptosis, and also plays an important role in the EMT process (Zhang YE, 2009). We 

and others have defined the role of TGFβ ligands in embryonic heart development in both chick 

and mouse models. TGFβ2, but not TGFβ1 or 3, has been established as the key inducer that 

regulates mouse embryonic coronary vasculogenesis and endocardial cushion morphogenesis 

(Azhar M et al., 2011; Azhar et al., 2003; Boyer and Runyan, 2001). However, both TGFβ2 and 

TGFβ3 are required to mediate proper endocardial EMT in chick (Camenisch et al., 2002a).  
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Fig 1.5 TGF-β signaling pathway. TGF-β ligand is secreted as a latent precursor protein, bound 

to LAP. The canonical signaling pathway involves phosphorylation of R-Smads (mainly Smad2 

and Smad3) by activated TβRI. Phosphorylated R-Smads form a complex with the Co-Smad 

(Smad4), which translocates into the nucleus to bind gene promoters and activate expression of 

target genes. There are several non-canonical (non-Smad) signaling pathways, whereby TGF-β 

signals through the TGF-β receptors to activate TGF-β activated kinase 1 (TAk1), Ras and PI3K 

as well as other pathways. Adapted from (Connolly et al., 2012). 

1.6 Smad Activation and De-activation. 

The core substrates and canonical transducers of TGFβ signaling are Smad transcription factors. 

There are eight Smad proteins encoded in mammalian cells. Smad1, Smad2, Smad3, Smad5, 

Figure 1.5 
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Smad8, which are referred to as receptor-regulatory Smad (R-Smad), all function as direct 

substrates for the TGFβ family of receptors. Specifically, Samd1, 5, 8 are primary effectors of 

BMP whereas Smad2 and 3 are the principle effectors of TGFβs. Cross-talk between TGFβ and 

BMP pathways has been reported recently, whereas Smad1, 5, 8 are also shown to be activated by 

TGFβs at certain conditions (Chen et al., 2012). Smad4, also named as common Smad (co-Smad), 

binds to R-Smads to form heteromeric complexes as they translocate into the nucleus and regulate 

target gene expression. Smad6 and 7 are inhibitor Smads (I-Smad) as they terminate TGFβ 

signaling via stable interaction with the activated TGFβ receptors thereby preventing them from 

phosphorylating R-Smads (Park, 2005). Both TGFβ type I and type II receptors act as 

serine/threonine kinases. Thus upon TGFβ ligand stimulation, the type II receptor dimer first 

auto-phosphorylates and subsequently recruits and phosphorylates serine residues on the type I 

receptor. The recruitment of R-Smads to the type I receptor is mediated by SARA (the Smad 

Anchor for Receptor Activation) which orients the SSXS motif within the C-terminal of Smads 

facing the catalytic region of the type I receptor. Phosphorylation of R-Smads causes 

conformational change of Smad proteins which facilitates their interaction with Smad4 and 

nuclear translocation. Termination of TGFβ-Smad signaling is mediated by deactivation of TGFβ 

receptors and dephosphorylation of R-Smads by a nuclear phosphatase, PPM1A (Lin et al., 2006). 

R-Smad dephosphorylation promotes disassembly of Smad complexes and subsequent nuclear 

exportation (Kurisaki et al., 2006). Thus Smad2 proteins released from the nucleus to the 

cytoplasm after prolonged stimulation are un-phosphorylated, suggesting that nuclear export of 

R-Smads is accompanied by dephosphorylation. 

1.7 Smad Subcellular Shuffling 

Nuclear pores are large protein complexes which form hydrophobic channels cross the nuclear 

envelope. Nuclear pore complexes (NPC) regulate nucleocytoplasmic transport of various 

molecules. Ions and small proteins (less than 20-30 kD) can pass through the NPC via diffusion 
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without binding to the nucleoporins. On the other hand, nuclear transport of most proteins 

requires interaction with transport receptors, known as karyopherins. Karyopherins that mediate 

nuclear import are called Importins, whereas the ones mediate nuclear export are called Exportins. 

Importins recognize and bind to the nuclear localization signal (NLS) in cargo proteins. The 

transporter-cargo protein complexes will then interact with nucleoporins to be imported into the 

nucleus. Once the complexes are in the nucleus, RanGTP will interact with Importins to displace 

their cargo proteins. RanGTP-Importin complex is then released into the cytoplasm where it 

dissociates, freeing Importins to pick up other cargo. In contrast, binding of Exportins on cargo 

proteins in the nucleus requires interaction with RanGTP in order to form RanGTP-exportin-

cargo complexes. Formation of the heterotrimeric complex enables it to be diffused across 

nuclear pores into the cytoplasm where the complex disassembles, releasing exportins back into 

the nucleus (Sorokin et al., 2007; Xu and Massague, 2004).  

Figure 1.7A Simplified model of translocation through the nuclear envelope. a) Schematic 

representation of the nuclear pore complex (NPC). Designations: NE, nuclear envelope; CF, 

cytoplasmic filament; NF, nuclear filament. The FG-surface is formed by FG nucleoporins which 

mediate active protein transport through the nuclear pore complex. b) Ions and small neutral 

proteins can pass via the selective filter by diffusion. c) Large molecules or complexes penetrate 

via NPC only within transport complexes. Adapted from (Sorokin et al., 2007). 

Figure 1.7A 
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Smad2 and Smad3 proteins consist of N-terminal Mad homology 1 (MH1) and C-terminal Mad 

homology 2 (MH2) domains, coupled by a linker region. Crystal structure analysis reveals that 

the MH1 domain contains a β-hairpin structure fitting into the major groove of DNA, which 

mediates Smad DNA-binding ability (Shi et al., 1998). The MH1 domain is highly conserved in 

R-Smads and Smad4, and DNA-binding activity is stabilized by a bound zinc atom. Sequence 

analysis of Smad proteins shows that Smads do not contain a classical NLS motif. Instead a NLS-

like basic motif (Lys40-Lys-Leu-Lys-Lys44) within the MH1 domain of Smad3 is the critical 

region mediating Smad nuclear importation in response to ligand stimulation. Specifically, the 

lysine residue in this motif is essential for Smad nuclear localization as mutation of lysine 

abolishes nuclear accumulation of R-Smads. The observation that Smad4 is not able to translocate 

into the nucleus without binding to R-Smads may also be due to a Glu is in place of the last Lys 

in this motif (Xiao et al., 2000a). Other studies suggest that monomeric Smad protein, at the basal 

state, interacts with nucleoporins containing FG repeats via its C-terminal to pass through the 

nuclear pore independent of Importins. Taken together, nuclear importation of Smad proteins can 

be mediated via two different domains: 1) Importin dependent NLS like domain; 2) Importin 

independent domain in the carboxyl terminus (Xu and Massague, 2004). On the other hand, the 

MH2 domain of Smad can bind to phospho-serine residues. This mediates the recruitment and 

binding of monomeric Smad to phosphorylated TGFβ Type I receptor, and also contributes to the 

association of R-Smads with Smad4. In addition, the Smad MH2 domain mediates interactions 

between Smad and cytosolic retention factors as well as DNA binding factors, which suggests 

that it also regulates Smad nuclear transportation (Moustakas et al., 2001).   
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Figure 1.7B Smad nucleocytoplasmic dynamics. Inactive Smads shuttle between the nucleus 

and cytoplasm. Receptor-activated Smads reside preferentially in the nucleus and accumulate 

there. Slow inactivation of active Smads in the nucleus, however, continuously releases 

inactivated Smads into the cytoplasm. In the presence of a signal, reactivation of cytoplasmic 

Smads dynamically maintains nuclear accumulation. As soon as receptor activity ceases, this 

mechanism restores the system back to the un-induced state. Adapted from (Schmierer et al., 

2008). 

1.8 Environmental Arsenic Contamination  

Arsenic is a naturally occurring metalloid that is widely distributed in the earth’s crust. 

Environmental arsenic is categorized as an organic or inorganic form depending on the elements 

it binds to. Arsenic that combines with oxygen, chlorine, and sulfur is defined as inorganic 

arsenic; whereas arsenic that binds to carbon and hydrogen is organic arsenic. Arsenic was used 

Figure 1.7B 
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as an alloy to strengthen copper and lead. Other industrial uses of arsenic include wood 

preservative treatments, pesticide formulation and pigment manufacturing (Hughes et al., 2011). 

Since arsenic naturally exists in soil and easily dissolves in water, it can enter aquifers by 

dissolving in rain and through industrial wastes. Arsenic contaminated aquifers are common 

sources for drinking water in many countries. Thus, high levels of arsenic detected in ground 

water have been reported globally in Bangladesh, China, India, Nepal and Chile (Gong et al., 

2011; Guha Mazumder and Dasgupta, 2011). Large oral doses of arsenic (above 60,000 ppb) can 

cause severe GI tract disturbances and cardiovascular diseases which may eventually lead to 

death. Low level and chronic exposure to arsenic leads to skin lesions such as hyperpigmentation, 

palmar and solar keratosis. In addition, arsenic is established as a class I human carcinogen as its 

exposure causes cancers in skin, lung, liver and bladder. Non-cancerous aliments such as 

cardiovascular disorders have also been reported to be associated with arsenic exposure. For 

example, a high incidence of hypertension and left ventricle hypertrophy is detected in people 

that are chronically exposed to arsenic in their drinking water. Clinical reports suggest that 

arsenic causes cardiomyopathy, cardiac arrhythmias, early onset of atherosclerosis and a unique 

peripheral vascular disease, also known as black foot disease. Other organ targets of arsenic 

include the gastrointestinal, neurological and respiratory systems (Ratnaike, 2003; Solenkova et 

al., 2014). Furthermore, a high incidence of spontaneous abortions, low birth weight, 

malformation and growth retardation due to arsenic exposure during gestation suggest that arsenic 

produces reproductive and developmental toxicity (Aschengrau et al., 1989; Mardirosian et al., 

2014). Since the heart is the first organ to form and function, the cardiovascular system has the 

earliest and longest exposure to arsenic during embryonic development. Thus, congenital heart 

defects (CHD) are the most common birth defects diagnosed in new born babies, and are the 

leading cause of fetal and childhood mortality. Therefore, investigating the mechanism of arsenic 

toxicity in cardiovascular development is crucial and will likely provide insights in preventing or 

curing congenital heart defects due to developmental exposure.  
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1.9 Arsenic Metabolism 

Both the pentavalent (arsenate) and trivalent forms of arsenic (arsenite) are absorbed by the 

gastrointestinal tract and metabolized primarily in the liver. Metabolism of arsenic is carried out 

by two main reactions: 1) reduction of pentavalent arsenic to trivalent arsenic, which occurs in the 

blood, and 2) sequential oxidative methylation which converts trivalent arsenic to methyl 

derivatives. Reduction of arsenate to arsenite can be either catalyzed by arsenate reductase or 

mediated by glutathione (GSH) acting as an electron donor. Arsenite methylation takes place in 

the liver and is mediated by arsenic(+3)-methyltransferase (AS3MT), using S-

adenosylmethionine, vitamin B12, coenzyme B12 and methyl B12 as methyl donors. Products 

produced by arsenic oxidative methylation include monomethylarsonous acids (MMAs), 

dimethylarsinic acids (DMAs), and trimethylarsine (TMAs) (Drobna et al., 2005; Tseng, 2007). 

The main factor that impairs arsenic oxidative methylation via inhibiting AS3MT is genetic 

polymorphism. Other factors that alter arsenic oxidative methylation also include gender, age, 

health-status and nutritional condition (Pierce et al., 2013). Arsenic methylation is historically 

considered to be a detoxification process as it facilitates the elimination of arsenic compounds in 

the urine. In addition, MMA (V) and DMA (V) are less toxic or mutagenic than the parent form 

of trivalent arsenic (Vahter, 2002). However, recent evidence indicates that MMA (III) and DMA 

(III), which are intermediates formed by reduction of MMA (V) and DMA (V), are more toxic 

than inorganic arsenite. Specifically, MMA (III) has been established as the most cytotoxic and 

carcinogenic form among all inorganic arsenicals (Kitchin, 2001; Thomas et al., 2001). Highly 

reactive intermediate MMA (III) has been reported to induce severe cytotoxicity in hepatocytes 

(Petrick JS et al., 2000). Thus, elevated MMA (III) levels in the urine and tissues also leads to a 

higher risk of arsenic associated skin lesions and cancer (Yu RC et al., 2000).  
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Figure 1.9 The metabolism pathway of inorganic arsenic showing arsenate reduction to 

arsenite and methylation to pentavalent and trivalent forms. Adapted from (Faita et al., 

2013). 

1.10 Arsenic Interaction with Proteins  

Arsenic has high affinity for sulfhydryl groups and can bind to cysteine residues in proteins, 

which is believed to be an important mechanism for trivalent arsenic toxicity. The chemical basis 

of arsenic species binding on cysteine residues is illustrated in Fig 1.10A. Arsenic binding to a 

protein can lead to conformational structure change of the target protein which may impair its 

function or interaction with other proteins or DNA (Shen et al., 2013). For example, pyruvate 

dehydrogenase (PDH) has been shown to be a target for all three trivalent arsenic species. Direct 

binding of trivalent arsenic on a PDH complex significantly inhibits its function. The PDH 

complex transforms pyruvate to acetyl-CoA which is an intermediate used by the citric acid cycle 

to support cellular respiration. Therefore, impaired PDH activity reduces ATP production and 

causes cellular stress. However, pentavalent arsenicals have no effects on PDH enzymatic activity 

(Bergquist et al., 2009; Petrick et al., 2001). This may also be one of the reasons that pentavalent 

arsenic is less toxic in many physiological processes as compared to the trivalent form of arsenic.  

Figure 1.9 
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Figure 1.10A. Binding of inorganic arsenite (iAsIII), monomethylarsonous acid (MMAIII), 

and dimethylarsinous acid (DMAIII) to cysteines in a protein. Adapted from (Shen et al., 

2013). 

In addition, arsenic also targets many DNA repair proteins and leads to accumulation of DNA 

damage, which is considered a main mechanism of arsenic associated carcinogenesis. Zinc finger 

DNA repair proteins such as PARP-1 (poly(ADP-ribose) polymerase-1, XPA (xeroderma 

pigmentosum group A), and bacterial formamidopyrimidine-DNA glycosylase are all affected by 

arsenic through direct binding (Asmuss et al., 2000; Ding et al., 2009; Hartwig et al., 2003). Zinc 

displacement on select cysteine residues of these zinc finger proteins by arsenic leads to 

functional loss as zinc supplementation restores PARP-1 activity. Specifically, arsenic binding on 

zinc finger peptides has preference on C3H1 or C4 configuration and peptides containing C2H2 

do not bind to arsenic (Zhou et al., 2011). MMA (III), however, exhibits different binding 

selectivity compared to the parent form of arsenite as methylated arsenic can also bind to C2H2 

zinc finger peptides in addition to C3H1 and C4 (Fig 1.10B). This ability of MMA (III) to also be 

associated with the C2H2 may be partly why it is more toxic compared to arsenic. Therefore 

Figure 1.10A 
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arsenic methylation may potentiate arsenic associated genetic toxicity and carcinogenesis (Zhou 

et al., 2014). Furthermore, zinc displacement caused by arsenic on some zinc finger proteins may 

be the mechanism of action by arsenic for the treatment of acute promyelocytic leukemia (APL) 

and chronic myelogenous leukemia (CML). Arsenic has been found to physically interact with 

the EVI1 protein and PML-RAR fusion proteins which displaces zinc from their cysteine residue 

and leads to their degradation (Chen et al., 2011; Zhang et al., 2010). PML-RARα proteins are 

essential for the growth of APL cells and degradation of PML-RAR leads to APL cell apoptosis. 

Therefore, arsenic trioxide has been used as a chemotherapeutic agent to treat several types of 

cancers (Zhu et al., 2002).  

 

Figure 1.10B. Schematic illustration of arsenite, ATO, and MMA(III) binding to zinc 

fingers. Arsenite and ATO bind to zinc fingers by coordinating with three Cys, which leads to 

selective binding with C3H1 and C4 zinc fingers. MMA(III) binds to zinc fingers together with 

the methyl group (-Me), using two Cys instead of three, which causes nonselective binding with 

all three configurations of zinc fingers. Adapted from (Zhou et al., 2014). 

 

 

Figure 1.10B 
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1.11 Retrotranposition and Embryonic Development 

Reverse transcription originally describes a process where viral particles use their own RNA as a 

template to synthesize single-stranded DNA (complementary DNA, or cDNA) in target cells 

(Ohan and Heikkila, 1993). In higher eukaryote cells, endogenous reverse transcription process is 

mediated by retroelements and contributes to a broad spectrum of physiological and pathological 

processes. Endogenous reverse transcriptase (RT) in mammalian cells is encoded by genomic 

elements named retrotransposons. Analysis by genome sequencing shows that retrotransposons 

occupy approximately 45% of the entire human genome; whereas the protein-encoding gene 

sequences only account for 1.2% of the genome (Deininger et al., 2003). Retrotransposons can 

self-amplify via reverse transcription using the RT encoded by themselves and integrate into the 

genome. The consequences of retrotransposon activation include gene silencing, gene induction 

and mutation, and are dependent on the integration site in the genome. Therefore, endogenous 

reverse transcription constantly shapes the genome through generating DNA diversity and 

genome evolution. Basic expression levels of retrotransposons are very low and hard to detect in 

terminally differentiated somatic cells, probably due to the hypermethylation in their promoter 

regions. In contrast, elevated expression of these RT encoding elements is detected in germ cells, 

and undifferentiated cells in embryonic tissues and tumors (Spadafora, 2004). Studies have 

suggested that reverse transcription is an essential process contributing to early embryonic 

development (Pittoggi et al., 2003). Inhibition of RT by exposing the pre-implantation embryos to 

nevirapine, a nonnucleoside RT inhibitor, or by microinjecting an anti-RT monoclonal antibody 

results in irreversible developmental arrest. The blockage in embryogenesis may be due to a 

substantial reprogramming of developmental gene expression (Pittoggi et al., 2003). On the other 

hand, resurrection of retrotransposons in differentiated adult cells leads to malignant cellular 

transformation and tumorigenesis. Thus, RT inhibition induces the expression of E-Cadherin, 

PSA and androgen receptor which promotes cellular differentiation in cancer cells and reduces 
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tumor progression (Sinibaldi-Vallebona et al., 2011). It is not clear why retrotransposons are 

reactivated in tumor cells, and some preliminary evidences have suggested that epigenetic 

regulation may play a key role in this process (Garcia-Perez et al., 2010; Hoshimoto et al., 2012).  

 

 

 

 

 

Figure 1.11 
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Figure 1.11 Replication of non-long terminal repeat (non-LTR) retrotransposons. (a) 

Replicative cycle of non-LTR retrotransposition. (i) Transcription of a full-length, active element. 

(ii) mRNA export from the nucleus. (iii) Translation of retrotransposon proteins and (iv) passage 

through cytoplasmic granule. (v) Ribonucleoprotein particle (RNP) import into the nucleus. (vi) 

Integration via target-primed reverse transcription (TPRT). (b) A model for TPRT. (i) Original 

unmodified target site. This sequence at this site will vary depending on the specificity of the 

retrotransposon endonuclease. (ii) Cleavage of one strand of the target site (bottom strand in the 

figure) by endonuclease. (iii) Minus strand synthesis using retrotransposon mRNA as a template. 

(iv) During or after minus strand synthesis, top strand cleavage occurs by the retrotransposon 

endonuclease or a cellular endonuclease. A downstream cleavage (left pathway) leads to a target 

site duplication (TSD). An upstream cleavage (right pathway) leads to a target site deletion. (v) 

Template jump from mRNA to top strand of target site. (vi) Plus strand synthesis using the 

cleaved top strand as primer. (vii) Left pathway: complete of synthesis and fill in of gaps (blue) 

leads to a target site duplication. Right pathway: completion of synthesis and degradation of non-

homologous flaps by unknown nucleases leads to a target site deletion (purple sequences). 

Adapted from (Tang et al., 2015). 

1.12 Line1 Retrotransposon 

Retrotranspons consist of two subtypes: the long terminal repeat (LTR) and the non-LTR 

retrotransposons. The most common LTR is endogenous retroviruses (ERV) which account for 8% 

of the human genome. Non-LTR retrotransposons contains two subtypes: long interspersed 

elements (LINEs) and short interspersed elements (SINEs). SINEs which comprise 8% of the 

genome are not capable of autonomous retrotransposition. On the other hand, LINE1 (L1) which 

makes up 17% of the human genome, encodes all functions required for endogenous 

retrotransposal mobility and integration into host genome. A full length human L1 element is 

about 6 kb long, and consists of a 5’ UTR, two open reading frames (ORF1 and ORF2), and a 3’ 

UTR containing a functional polyadenylation signal. L1 ORF1 encodes an RNA binding protein 

whereas ORF2 encodes an endonuclease and a reverse transcriptase. During retrotranposition, L1 
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RNA is first delivered into the cytoplasm to be translated. The RNA binding protein encoded by 

ORF1 binds to L1 its own RNA intermediate. This ribonucleoprotein particle is then transported 

back into the nucleus where the endonuclease cleaves genomic DNA generating a 3’ hydroxyl 

group as a primer for the subsequent reverse transcription. The reverse transcriptase converts L1 

RNA to DNA which then integrates into the genomic DNA. Expression of L1 is essential for 

mouse preimplantation development, as injection of L1-targeted antisense oligonucleotides leads 

to complete and irreversible arrest of the development (Rosanna Beraldi et al., 2005). The cellular 

and molecular mechanisms that regulate L1 activities are not yet known. Similarly the molecular 

basis of L1 re-activation in tumor cells is also poorly understood.  Some evidence suggests that 

L1 reactivation is associated with DNA damage. For example, benzo(a)pyrene (BaP) exposure 

induces gene transcription and retrotransposition of L1 which is fully dependent on the 

genotoxicity of BaP (Teneng et al., 2011). In addition, other studies show that aryl hydrocarbon 

receptor (AHR) transcription factor and cellular redox homeostasis also play a role in regulating 

L1 activity (Teneng et al., 2007). 

 Figure 1.12 
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Figure 1.12 L1 retrotransposition cycle. L1 mRNA (red) is exported into the cytoplasm, 

translated, and L1-encoded proteins (L1 ORF1p, L1 ORF2p) bind to their own mRNA (cis 

preference) and form ribonucleoprotein (RNP) complexes which are reimported into the nucleus. 

Subsequently, L1 RNA is reverse transcribed and the cDNA is inserted into the genome by a 

mechanism termed target-primed reverse transcription (TPRT). Frequently, reverse transcription 

fails to proceed to the 5’ end, resulting in truncated non-functional L1 de novo insertions. 

Adapted from (Ostertag et al., 2007).  

 

1.13 Hypothesis and specific aims 

In this study, we sought to determine the impact and molecular basis of arsenic exposure on 

epithelial to mesenchymal transition and differentiation of epicardial progenitor cells. Since 

TGFβ2 is a well-established inducer during early embryonic heart development, we hypothesize 

that TGFβ2 mediated downstream signaling transduction may be disrupted by arsenic leading to 

impaired cardiac progenitor cell migration, invasion and differentiation. We also postulate that 

arsenic may affect the expression of EMT program genes via novel genetic regulation, further 

contributing to its developmental toxicity. We tested the hypothesis in the following aims which 

are presented in the next three chapters. 

Specific Aim 1 (Chapter 2): Determine the impact of arsenic and MMA (III) exposure on the 

canonical Smad dependent and non-canonical MAPK dependent TGFβ2 signaling pathway.  

Specific Aim 2 (Chapter 3): Explore the effects of arsenic exposure on Smad2/3 subcellular 

shuffling which determines the cellular output of TGFβ2 signaling. Establish select ion 

supplementation to reverse arsenic cardiac toxicity.  
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Specific Aim 3 (Chapter 4): Determine the impact of arsenic on the activation and 

retrotransposition of endogenous LINE1 elements which is a novel genetic regulation during 

early embryonic heart development.  
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Chapter 2: Canonical and Non-canonical TGFβ-signaling in Coronary Progenitor 

Cells Are Disrupted by Arsenic and Monomethylarsonous Acid (III) 

This chapter is adapted from the following two publications: 

1. Tianfang Huang,* Patrick Allison,* Derrick Broka, Patti Parker, Joey V. Barnett, and Todd D. 

Camenisch. Disruption of Canonical TGFβ-signaling in Murine Coronary Progenitor Cells by 

Low Level Arsenic. Toxicol Appl Pharmacol. 2013 October 1; 272(1): 147–153. 

doi:10.1016/j.taap.2013.04.035. 

2. Tianfang Huang*, Joey V. Barnett and Todd D. Camenisch. Cardiac Epithelial-Mesenchymal 

Transition Is Blocked by Monomethylarsonous Acid (III). Toxicol Sci. 2014 Nov;142(1):225-38. 

doi: 10.1093/toxsci/kfu170. Epub 2014 Aug 21. 
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Abstract 

During early embryonic development, the epicardium undergoes proliferation, migration and 

differentiation into several cardiac cell types including smooth muscle cells that will contribute to 

the coronary vessels of the mature heart. These changes in cell behavior and phenotype require 

tightly regulated growth factor influences in the sub-epicardial space. The TGFβ family of 

ligands and receptors have been shown to be essential for developmental cardiac epithelial to 

mesenchymal transition (EMT) and differentiation into coronary smooth muscle cells. Arsenic is 

an environmental contaminant found in ground water that is poisoning a large population 

worldwide. Arsenic exposure during embryonic development can cause ischemic heart 

pathologies later in adulthood which may originate from impairment in proper blood vessel 

formation. The arsenic-associated detrimental effects are mediated by arsenite (AsIII) and its 

more toxic metabolite, monomethylarsonous acid MMA (III). In this study, we show that arsenic 

and MMA (III) disrupt developmental EMT programming causing a deficit in cardiac 

mesenchyme. Key EMT genes including TGFβ ligands, TβRIII, Has2, CD44, Snail1, TBX18, 

and MMP2 are down regulated by following exposure to arsenicals. Low dose arsenicals appear 

to attenuate TGFβ2 cell signaling, as cells exposed to arsenicals show a significant decrease in 

phosphorylated Smad2/3. Both arsenite and MMA (III) inhibit Erk1/2 and Erk5 phosphorylation. 

Nuclear translocation of Smad2/3 and Erk5 is also blocked by arsenical exposure. These 

observations coincide with decreased detection of vimentin-positive mesenchymal cells invading 

three-dimensional collagen gels. However, p38 activation, as well as smooth muscle 

differentiation, are refractory to the inhibition by the arsenicals.  

2.1 Introduction 

Arsenic is a naturally occurring toxic metalloid that is released from geological deposits and 

enters the ground water. Drinking water and food are the major sources of human exposure to 
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environmental arsenic (Jiang JQ et al., 2012). Established as a class 1 human carcinogen, 

inorganic arsenic has been reported to cause cancers in skin, lung, bladder and liver (Smith AH et 

al., 1992). Low to moderate levels of chronic arsenic exposure is also associated with non-

cancerous aliments, especially in the cardiovascular system (States JC et al., 2009). The Health 

Effects of Arsenic Longitudinal Study (HEALS) (Parvez et al., 2010) with over 20,000 

participants showed arsenic exposure through the drinking water and confirmed by urine arsenic 

levels (Chen et al., 2009) is substantially linked to heart disease and cardiovascular morbidities. A 

unique peripheral vascular disorder, Blackfoot disease, is also prevalent in areas with high levels 

of arsenic (>300 µg/L) (Smith AH et al., 1992). Emerging data suggest that adult diseases have 

developmental origins, and early life environmental exposures affect not only embryonic 

development, but also initiate and pattern the molecular programming of diseases in adulthood. 

The disruption in normal developmental physiology eventually leads to chronic conditions such 

as metabolic disease, hypertension, and cardiovascular disease later in life (Farzan SF et al., 

2013). A case study in Chile reported two children died from myocardial infarction and vascular 

lesions caused by early life arsenic poisoning (Rosenberg HG, 1973). Another study also reported 

that in utero exposure to arsenic induced early onset of atherosclerosis in ApoE-/- mice 

(Srivastava S et al., 2009). Together, these reports suggest a strong association between arsenic 

and developmental origins of cardiovascular disorders. A major contributor to ischemic heart 

pathologies and cardiovascular mortality is coronary artery disease; however the influences due to 

environmental arsenic in this disease process are unknown. Similarly, the impact of toxicants on 

blood vessel formation and function during development has not been well characterized. 

After absorption into the body, arsenate (AsV) is first reduced to arsenite (AsIII), then methylated 

by arsenic(+3)-methyltransferase (AS3MT) to form metabolites that include 

monomethylarsonous acid (MMA) and dimethylarsonous acid (DMA), which are excreted in the 

urine (Meza MM et al., 2004). Although methylation of inorganic arsenic facilitates excretion and 
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is considered to be a detoxification mechanism, highly reactive intermediate MMA (III) has been 

reported to induce severe cytotoxicity in hepatocytes (Petrick JS et al., 2000). Elevated MMA (III) 

levels in the urine and tissues also lead to a higher risk of arsenic associated skin lesions (Yu RC 

et al., 2000). During pregnancy, arsenic and its metabolites can easily pass through the placenta to 

the fetus. Compared to the later stages of life, the fetus is exposed to relatively higher level of 

arsenic and MMA (III) during early gestation as a result of the insufficient methylation of 

transferred inorganic arsenic (Vahter M, 2009). However, the potential adverse effects caused by 

MMA (III) on fetal growth, and especially on development of the cardiovascular system have not 

been studied. 

Since coronary artery disease is the leading cause for heart disease, infarctions and cardiovascular 

morbidity, we investigated the impact that arsenic has on coronary vessel development. Coronary 

artery development begins with a portion of cardiac progenitor cells derived from the epicardium 

undergoing an epithelial-mesenchymal transition (EMT).  These cells transform into fibroblast-

like mesenchyme, migrate and invade the myocardium, and differentiate into several cardiac cell 

types including smooth muscle cells and endothelial cells, which comprise cellular components of 

coronary vessels (Austin AF et al., 2008). Since coronary vessel cells are originally derived from 

the epicardial tissue, we used a mouse epicardial cell model to determine if arsenic disrupts 

epicardial cell EMT signaling and subsequent differentiation into cardiac mesenchyme. We have 

previously established that this cell model recapitulates the in vivo EMT events producing cardiac 

mesenchyme in the type I collagen gel invasion assay (Craig EA et al., 2010). We previously 

demonstrated that the TGFβ ligands, especially TGFβ2, are key inducers of developmental 

cardiac EMT in mice (Camenisch et al., 2002a). The canonical TGFβ2 pathway is mediated by 

phosphorylated Smad2/3 effectors which translocate to the nucleus and regulate the expression of 

genes that determine cell differentiation and extracellular matrix remodeling (Allison P et al., 

2013; Kurisaki A et al., 2001). Smads are not the only downstream effectors of TGFβ2; Smad-
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independent non-canonical pathways such as the mitogen-activated protein kinase (MAPK) 

pathway also participate in TGFβ signaling. Smad3 activation is required but not sufficient to 

induce TGFβ mediated EMT, indicating a co-regulation of non-canonical effectors (Itoh S et al., 

2003; Yu L et al., 2002). The MAPKs and Erk5 are also required for the disassembly of cell 

adherens junctions and induction of cell motility mediated by TGFβ, as its activation regulates a 

subset of target genes that regulate cell-matrix interactions, cell motility, and endocytosis (Gui T 

et al., 2012). In this study, we sought to determine whether exposure to arsenic disrupts cardiac 

specific EMT gene programming and TGFβ2 signaling necessary for cardiac mesenchyme 

production. In the first part of this study we have found that the expression of EMT genes 

including TGFβ2, TGFβ type III receptor, Snail, and Has-2 are decreased in a dose-dependent 

manner following exposure to arsenite. This coincides with a decrease in vimentin positive 

mesenchymal cells invading three-dimensional collagen gels. In the second part of the study we 

compared cardiac toxicity mediated by MMA (III) to arsenite during EMT. We also investigated 

the impact of arsenicals on non-canonical TGFβ signaling. Our observations suggest that low 

level arsenical exposure abrogates Smad dependent TGFβ2 cell signaling and selectively disrupts 

non-canonical MAPK causing severe deficits in epicardial cell transformation and invasion 

during cardiac EMT. However, differentiation into smooth muscle is refractory to the effects of 

MMA (III) exposure.  

2.2 Materials and Methods 

2.2.1 Cell Line and Cell Culture 

Conditionally immortalized epicardial cells were harvested and cultured as previously described 

(Austin AF et al., 2008). Briefly, epicardial progenitor cells were generated from transgenic mice 

that carried a temperature sensitive promoter driven SV40 large T antigen. For experiments, 

epicardial cells were moved to 37°C condition, where the thermolabile promoter of SV40 antigen 
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was silenced reverting cells to a primary cell state. Complete cell culture DMEM media 

(Dulbecco's modified Eagle's medium) containing 10% fetal bovine serum (FBS), antibiotics, 

insulin–transferrin–selenium (Invitrogen, Carlsbad, CA) and mouse gamma interferon (10 U/mL, 

R&D systems, Minneapolis, MN) was used to maintain cells.  

2.2.2 MTS Cell Viability Assay 

Cells at 80% confluence were serum starved for 6 hours followed by exposure to indicated doses 

of arsenite or MMA (III) for 24 or 48 hours. Cell viability was assessed based on relative 

mitochondrial activity which was measured by the tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; 

MTS] (Promega G5421). The absorbance of the bioreduced MTS was detected at 490 nm in an 

M2 Spretramax plate reader (Molecular Devices). Cell viability analysis and calculation of IC50 

values were described previously (Allison P et al., 2013). All assays were performed in triplicate 

at each concentration of arsenite or MMA (III) in a minimum of three independent determinations. 

Statistical significance was determined by two-tailed Student's t-test. 

2.2.3 Real Time PCR  

80% confluent cells were serum starved for 6 hours before exposure to arsenite or MMA (III) for 

24 hours. Total RNA was extracted using the RNA-STAT60 reagent following the manufacturer's 

instructions (Tel-test, Invitrogen). cDNA was synthesized using the Transcriptor First Strand 

cDNA Synthesis Kit (Roche Applied Science). Real-time PCR was performed using TaqMan 

Master primer-probe system (Roche). The housekeeping gene 40S Ribosomal Protein 7 (RPS7) 

was used as an internal calibrator control for gene expression analysis. Heme oxygenase 1 

(Hmox1) was used as a positive control as it responds to arsenite induced oxidative stress. The 

following TaqMan primers were designed to detect the indicated genes:  
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Table 2.2.1: Primers for EMT genes 

RPS7 (F) 5’-AGCACGTGGTCTTCATTGCT-3’  

(R) 5’-CTGTCAGGGTACGGCTTCTG-3’ 

Has2 (F) 5’-GGCGGAGGACGAGTCTATG-3’  

(R) 5’-ACACATAGAAACCTCTCACAATGC-3’ 

CD44 (F) 5’-TCCTTCTTTATCCGGAGCAC-3’ 

(R) 5’-ACGTCTCCTGCTGGGTAGC-3’ 

Snail1 

 

TGFβ1 

 

TGFβ2 

 

(F) 5’-ACCTGCTCCGGTCTCAGTC-3’  

(R) 5’-ATTGCAGTGAGGGCAAGAGA-3’ 

(F) 5’-TGGAGCAACATGTGGAACTC-3’ 

(R) 5’-GTCAGCAGCCGGTTACCA-3’ 

(F) 5’-TGGAGTTCAGACACTCAACACA-3 

(R) 5’-AAGCTTCGGGATTTATGGTGT-3’ 

TβRIII (F) 5’-TCCAAACATGAAGGAGTCCA-3’  

(R) 5’-GTCCAGGCCGTGGAAAAT-3’ 

TβRI (F) 5’-GCAGCTCCTCATCGTGTTG-3’ 

(R) 5’-AGAGGTGGCAGAAACACTGTAAT-3’ 

TβRII (F) 5’-AGAAGCCGCATGAAGTCTG-3’  

(R) 5’-GGCAAACCGTCTCCAGAGTA-3’ 

MMP2 (F) 5’-TAACCTGGATGCCGTCGT-3’ 

(R) 5’-TTCAGGTAATAAGCACCCTTGAA-3’ 

TBX18 (F) 5’-CCGAGACTCTGGGAGGAAC-3’ 

(R) 5’-TGATGGCCTCCAGAATGC-3’ 

VEGF (F) 5’-CTCGCCTGGGAAACTTTTG-3’ 

(R) 5’-CCTCGTCTTCTCACCCTCAA-3’ 

Hmox1 

 

SM22α 

(F) 5’-GTCAAGCACAGGGTGACAGA-3’ 

(R) 5’-ATCACCTGCAGCTCCTCAAA-3’ 

(F) 5’-CCTTCCAGTCCACAAACGAC-3’ 

(R) 5’-GTAGGATGGACCCTTGTTGG-3’ 

 

2.2.4 Western Blot Analysis 

Serum starved cells were exposed to arsenite or MMA (III) for 24 hours followed by TGFβ2 

stimulation for the indicated time periods. Whole cell protein lysates were prepared in RIPA 

buffer containing 10 mM sodium phosphate (pH 8.0), 150 mM sodium chloride, 1% Triton X-100, 

1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) (Lau A et al., 2010). Protease 

inhibitor and phosphatase inhibitors (phenylmethylsulfonyl fluoride (PMSF), sodium fluoride 

(NaF), and vanadate at 1 μM final concentration) were added into RIPA buffer. To detect nuclear 

expression of selected proteins, nuclear fractionation of protein lysates was performed as 

previously described (Haspel RL and Darnell JE Jr, 1999). Cell lysates or nuclear fractionations 
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were resolved by 10% SDS-PAGE and transferred to 0.45 μm nitrocellulose membrane. The 

membranes were blocked with 5% BSA/TBST and then incubated with different antibodies 

diluted in 3% BSA/TBST (1:000 dilution for all primary antibodies and 1:3000 dilution for all 

secondary antibodies). Immunoblotting detection was performed using chemiluminescence 

reagent (100 mM Tris pH 8.5, 250 mM luminol, 92 mM p-coumaric acid and 0.018% H2O2) as 

previously described (Sollome JJ et al., 2014). Images were detected with ChemiDoc™ 

XRS + (BIO-RAD) and image quantification was analyzed by Image Lab Software. Antibodies 

against p-Smad2/3 (sc-11769), Smad2/3 (sc-133098), p38 (sc-535), p-Erk5 (sc-135760), Erk1/2 

(sc-292838), LaminA (sc-20680), GAPDH (sc-365062) and β-Actin (sc-47778) were purchased 

from Santa Cruz Biotechnology. Antibodies detecting p-p38 (#9211), Erk5 (#3552), p-Erk1/2 

(#4370), and N-cadherin (#4061) were obtained from Cell Signaling Technology (Danvers, MA).  

2.2.5 Collagen Gel Invasion Assay 

In order to determine the detrimental effects of arsenicals on epicardial cell invasion, 

fluorescently labeled cells were placed onto collagen gels casted in the upper chamber of a 

transwell 96-well plate. Cells were then given 1.34 μM arsenite or 0.134 μM MMA (III) with 2 

ng/ml TGFβ2 for 48 hours. The extent of cellular invasion was quantified by detecting 

fluorescent signals in the lower chamber of the transwell system as previously reported (Craig EA 

et al., 2009). Detection of specific fluorescence was determined at 538 nm using a Spectramax 

Gemini plate reader (Molecular Devices, Sunnyvale, CA). 

2.2.6 Immunostaining 

An equal number of epicardial cells was seeded on Rat Tail Type I Collagen gels (BD 

Biosciences, Franklin Lakes, New Jersey) within a glass cylinder to set up culture for the EMT-

collagen gel assay. After epicardial cells formed a monolayer with a defined cell edge on the gel 

surface, they were subjected to the indicated conditions. Cells on collagen gels were fixed in 4% 
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PFA at room temperature for 15 min. Fixed cells were then permeabilized with 0. 5% Triton X-

100/PBS for 10 min followed by rinsing with 1X PBS for 5 min. Cells were blocked in 5% 

BSA/PBS for 2 hours at room temperature and incubated with β-catenin primary antibody (sc-

31001, Santa Cruz Biotechnology) in 1:100 dilution at 4°C overnight. Cells were subjected to six 

washes in 1X PBS, and primary antibody was detected with a 1:500 dilution of goat anti-rabbit 

secondary antibody (Jackson ImmunoResearch, West Grove, PA). Cells were then subjected to 6 

washes followed by nuclei staining, using 4,6-diamidino-2-phenylindole (DAPI; Sigma), for 30 

min at room temperature. Collagen gels were mounted on glass slides and the morphology of 

epicardial cells was detected by β-catenin staining and distribution. Fluorescence microscopy was 

performed using a Leica DMLB microscope and documented using a Retiga 200R camera and 

ImagePro Plus 5.1 software. 

2.2.7 SM22α Reporter Assay 

Epicardial cells isolated from SM22α-LacZ reporter transgenic mice were generated and isolated 

as described (Compton LA et al., 2007). This cell line has been established as a cellular model to 

determine epicardial cell differentiation into a smooth muscle cell lineage in vitro. SM22α-LacZ 

epicardial cells were pre-exposed with arsenite or MMA (III) for 18 hours and subsequently 

stimulated with 2 ng/ml TGFβ2 for 24 hours to allow transformation. X-GAL staining was 

performed using the β-galactosidase reporter gene staining kit (Sigma-Aldrich) to detect SM22α 

promoter activity. Relative expression of SM22α reporter gene was detected by real time PCR by 

standard methods and primers illustrated in in Table1.  

2.3 Result: 

2.3.1 Arsenite Disrupts Cardiac pro-EMT Genes. 

We and others have defined specific sets of genes which are expressed and required to drive EMT 

(Rosenthal et al, 2010). The TGFβ family of ligands receptors, related signaling effectors in the 
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TGFβ pathway, and Hyaluronan synthase-2 (Has2) and its product hyaluronic acid (HA) are all 

critical molecules in the EMT pathway. We selected TGFβ1, TGFβ2, the type three TGFβ 

receptor (TBRIII), the TGFβ signaling effectors include Snail, Slug, and Has2 as a representative 

set of defined EMT genes. TGFβ3 mRNA was not detected in epicardial cells. Epicardial cells 

were exposed for 18 hours to a small dose range of arsenite (0 – 6.7 µM) and mRNA levels for 

the indicated genes was assessed by real-time PCR (Fig. 2). In figure 2.3.1, we see that TGFβ 

pathway components TGFβ2, TBRIII and Snail were all dramatically attenuated in expression 

following arsenite exposure. TGFβ1 mRNA levels did not appear to follow this pattern. Snail was 

significantly down regulated by arsenite; this indicates the capacity for TGFβ-mediated EMT was 

disrupted at all doses examined. This is supported by observed down regulation of both TGFβ2 

and the type III TGFβ receptor. Similarly, the expression of Has2 was also significantly reduced 

due to arsenite pretreatment. These observations show that transcription of essential cardiac 

specific EMT genes is disrupted by arsenite.  

Figure 2.3.1 Arsenite decreases expression of key genes required for cardiac EMT. 

Epicardial cells were exposed to increasing concentrations of arsenite for 18 hours. RNA was 

isolated from each treatment condition and RT-PCR analysis of cardiac EMT genes was 

performed. Heme oxygenase (Hmox) was used as a positive control for gene expression induction 

by arsenite. 

Figure 2.3.1 
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2.3.2 TGFβ2 Induced Epicardial EMT Is Blocked by Arsenite. 

Vimentin is an intermediate filament whose expression serves as a marker for the mesenchymal 

cell phenotype (Franke et al., 1983) and was detected by immunostaining in epicardial cells 

cultured on collagen (Fig 2.3.2). TGFβ2 stimulated epicardial cells execute EMT as vimentin 

positive cells were detected which adopt an elongated morphology, migrate away from the 

epithelial sheet and invade into the three-dimensional collagen matrix (Fig 2.3.2B). In contrast, 

epicardial cells exposed to arsenite and subsequently dosed with TGFβ2 showed very little 

vimentin expression, retained the parental epithelial cell morphology, and did not invade into the 

collagen matrix (Fig 2.3.2C). This failure to execute TGFβ2 induced EMT coincides with arsenite 

exposed cells showing a down regulation of key effectors necessary for EMT (Fig 2.3.1). 

Collectively these data show that arsenite blocks TGFβ2-mediated epicardial EMT.  

A. B. 

C. D. 

Figure 2.3.2 
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Figure 2.3.2 Arsenite blocks TGFβ2 mediated epicardial cell invasion and mesenchymal 

transformation. Epicardial cells were cultured on rat type I collagen gels and exposed to 1.34µM 

As(III) for 18 hours, followed by 4ng/mL TGFβ2 stimulation for 48 hours. Epicardial cells were 

subject to immunostaining for vimentin to visualize epithelial to mesenchymal transition. A. 

Control , B. 4ng/mL TGFβ2 , C. 1.34µM As(III),  D. 1.34µM As(III) + 4ng/mL TGFβ2. 

2.3.3 MMA (III) Exhibits Higher Cytotoxicity on Epicardial Cells Compared to Arsenite. 

Monomethylarsonous acid MMA (III) is a toxic arsenic species that is generated during arsenite 

metabolism. The toxicity of arsenite and MMA (III) on epicardial progenitor cells is not known. 

We investigated epicardial cell viability exposed to arsenite or MMA (III) at 24 and 48 hr. The 

ranges of concentrations studied were from 0 to 20 µM for sodium arsenite and 0 to 1.2 µM for 

MMA (III).  Figure 2.3.3 shows arsenite impairing cell viability starting at 3 µM after exposure 

with an IC50 value of 11.8 µM at 24h, and an IC50 of 7.8 µM at 48 hr. We detected higher 

sensitivity to MMA (III) exposure by epicardial cells compared to the parent compound arsenite. 

We found the IC50 value for MMA (III) cytotoxicity at 24 h to be 0.6 µM, and the IC50 at 48 h to 

be 0.5 µM. These results show that epicardial cells are approximately 15 times more sensitive to 

MMA (III) induced cytotoxicity compared to arsenite.  
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Figure 2.3.3. Epicardial cells are more susceptible to MMA (III)-toxicity compared to 

sodium arsenite.  Epicardial cells were exposed to the indicated doses of either NaAsO2 or 

MMA (III) for 24 and 48 h. Increasing doses of NaAsO2 reveal cytotoxicity with IC50 values of 

11.8 µM at 24 h, and 7.8 µM at 48 h. The IC50 values of MMA (III) exposure is 0.6 µM at 24 h, 

and 0.5 µM at 48 hr. Samples were tested in triplicate with a minimum of three independent 

determinations. 

2.3.4 MMA (III) Blocks the Expression of Key Genes That Regulate Developmental EMT. 

We have previously shown that arsenite disrupts some of the key genes that regulate EMT in a 

dose dependent manner; however, the role of MMA (III) in regulating EMT gene expression is 

not known. We examined a representative panel of EMT-related genes. The TGFβ family of 

molecules, including the TGFβ ligands TGFβ1 and TGFβ2, and the key ligand presenting 

receptor TβRIII, are known to function in cell differentiation and invasion during organogenesis 

(Compton LA et al., 2007). Has2, which is the major enzyme that synthesizes hyaluronan, and its 

receptor CD44 have been previously reported to stimulate epicardial cell invasion (Craig EA et 

al., 2010). The TGFβ effector Snail1 is an essential transcription factor that induces EMT in both 

developmental and cancer models (Medici D et al., 2008; Tran DD et al., 2011). The T-Box 

Figure 2.3.3 
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factor, TBX18 and Matrix Metalloproteinases, MMP2, also function in developmental EMT 

(Duong TD and Erickson CA, 2004; Keichi M et al., 2013). Vascular endothelial growth factor 

(VEGF) has been identified as an inhibitor of developmental EMT as previously reported by our 

laboratory (Dor Y et al., 2003). Also, since increased expression of Hmox1 is associated with the 

response to arsenic exposure, Hmox1 was used as a positive control in the gene expression 

analysis.  The effects of MMA (III) exposure on the expression of the EMT programmed genes 

were observed 24 hr after exposure, and 1.34 µM arsenite was used as a control for comparison. 

These concentrations were used because they are below the IC50 concentrations, respectively. As 

shown in Figure 2.3.4, both arsenicals significantly inhibited the expression of TGFβ ligands, 

TβR III, Has2, CD44, as well as Snail1, TBX18, and MMP2. MMA (III) exhibited a similar 

inhibitory effect in a much lower dose compared to arsenite exposure. In contrast, we detect an 

induction in VEGF expression consistent with its role in down-regulating EMT. Collectively, we 

detected a dramatic reduction in the pro-EMT gene program following exposure to MMA (III) 

with a concurrent substantial increase in VEGF, a negative regulator of EMT.  
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Figure 2.3.4. Arsenicals inhibit the expression of genes that regulate EMT. Epicardial cells 

were treated with 1.34 µM NaAsO2 or 0.13 µM MMA (III) for 24 h. RPS7 was used as an 

internal control for normalizing all target mRNA expression levels. Relative mRNA expression of 

EMT programmed genes was compared to untreated samples through quantitative real time PCR. 

Hmox1 was used as a positive control for responsiveness to arsenite. Samples were evaluated in 

triplicate with a minimum of three independent experiments. *= p value <0.05. 

Figure 2.3.4 
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2.3.5 MMA (III) Inhibits TGFβ2 Induced N-cadherin Expression and Cellular Invasion. 

N-cadherin is a cell adhesion molecule known to increase with TGFβ stimulation. However, the 

expression of N-cadherin in response to TGFβ2 stimulation during epicardial EMT and the 

regulatory effect of arsenicals on it have not been elucidated. To address this question, we treated 

epicardial cells with 2 ng/ml TGFβ2 in the presence or absence of arsenite or MMA (III) for 48 hr. 

As shown in Figure 2.3.5A, TGFβ2 induced a dramatic increase in N-cadherin detection (Fig 

2.3.5A, lane 2) compared to control. In contrast, N-cadherin is substantially reduced following 

arsenite and MMA (III) exposure (Fig 2.3.5A, lanes 3, 4). MMA (III) decreased N-cadherin 

expression more profoundly than arsenite. Also, MMA (III) and arsenite decreased N-cadherin 

basal protein level compared to untreated group (Fig 2.3.5A, lanes 5, 6), indicating that arsenicals 

were able to block endogenous growth factors induced N-cadherin expression without affecting 

epicardial cellular viability. To determine if N-cadherin expression correlates with less 

mesenchymal cell production, invasive cell motility was detected in the presence or absence of 

MMA (III) (Fig 2.3.5B). TGFβ2 stimulates cellular invasion by 40% in the modified Boyden 

chamber assay, while arsenite and MMA (III) exposure during TGFβ2 stimulation ablated this 

invasive cell motility. Arsenite or MMA (III) alone had no effect on the basal level of cell 

motility. In order to visualize cell morphology of transforming epicardial cell under each 

condition, spot culture assays were performed. Epicardial cell monolayers with a defined cell 

boundary were exposed to arsenicals in the presence or absence of TGFβ2. As shown in Fig 

2.3.5C, epicardial cells were activated and transformed into fibroblast like mesenchymal cells 

following TGFβ2 stimulation. In contrast, arsenical exposure profoundly blocked cell 

transformation as less transformed cells were observed. The change in mesenchymal cell numbers 

between groups was quantified as shown in Fig 2.3.5D. TGFβ2 induced a 10 fold increase in 

mesenchymal cell production compared to control which was almost completely blocked by 



58 
 

arsenical exposure. Thus, MMA (III) is a highly potent arsenical species that silences 

developmental cardiac EMT.  

Figure 2.3.5 
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Figure 2.3.5 MMA (III) blocks mesenchymal cell differentiation and cell invasion in 

epicardial cells. Epicardial cells were untreated or stimulated with 2 ng/ml TGFβ2, TGFβ2 

combined with either 1.34 µM NaAsO2 or 0.13 µM MMA (III), NaAsO2 or MMA (III) alone for 

48 h. Immunoblot detects N-Cadherin and β-Actin for loading control (A). Epicardial cells 

labeled with calcinAM fluorescent dye were seeded in 96-well transwell plate and subject to the 

indicated conditions for 48 h. Relative fold change in cell invasion compared to control was 

detected (experiments were repeated 3 times in triplicate, #=p<0.001, indicates TGFβ2 stimulates 

significant increase in cell invasion compared to UTX group. *=p<0.005, indicates significant 

blockage in cell invasion with arsenicals co-exposure compared to TGFβ2 stimulation.) (B). 

Collagen gel spot culture assays were performed to visualize the morphology of transformed 

epicardial cells through the detection and expression pattern of β-catenin. Cells were exposed to 

1.34 µM NaAsO2 or 0.134 µM MMA (III) in the presence or absence of TGFβ2 for 48 h. 

Immuno-detection of β-catenin (shown in red) highlights the cobblestone sheet of 

undifferentiated epicardial cells compared to differentiated cells in panel 4 (white arrows). Nuclei 

were stained with DAPI (C).  Blind cell counting was performed in each condition. Bar graph 

shows the fold change in transformed mesenchymal cell numbers relative to control group. 

(#=p<0.00063, indicates TGFβ2 stimulates significant increase in mesenchymes formation 

compared to UTX group. *=p<0.0065, indicates significant disruption in mesenchymal cells 

transformation with arsenicals co-exposure compared to TGFβ2 stimulation (D).  

2.3.6 Smooth Muscle Differentiation Is Refractory to Arsenical Toxicity. 

We then performed experiments to determine the impact of arsenite and MMA (III) on smooth 

muscle cell differentiation. Smooth muscle actin 22α is a marker for differentiated vascular 

smooth muscle cells (Compton LA et al., 2006). SM22α-LacZ epicardial cells derived from 

transgenic mice were exposed to 1.34 µM arsenite or 0.134 µM MMA (III) for 18 h followed by 

TGFβ2 stimulation for 24 h. β-galactosidase staining was used to detect the expression of LacZ. 
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As shown in Figure 2.3.6A, TGFβ2 induced a dramatic expression of β-galactosidase which 

indicates activation of SM22α promoter and the smooth muscle cell phenotype. This induction 

was not abrogated by arsenical exposure. To further assess SM22α promoter activity, real time 

PCR analysis for SM22α reporter mRNA was performed. As shown in Figure 2.3.6B, TGFβ2 

induced SM22α gene mRNA and this expression was not blocked by arsenicals exposure 

indicating that smooth muscle differentiation is refractory to the effects of arsenicals.  

Figure 2.3.6 



61 
 

Figure 2.3.6 Smooth muscle differentiation is not blocked by arsenicals. Transgenic smooth 

muscle 22α-LacZ epicardial cells were left untreated or pretreated with 1.34 µM NaAsO2 or 0.13 

µM MMA (III) for 18 h followed by co-treatment with 2 ng/ml TGFβ2 for 48 h. X-gal staining 

was applied on fixed cells to detect the SM22α LacZ activity (A). mRNA gene expression of 

smooth muscle 22α (SM22α) was measured and normalized to RPS7, *=p<0.05, NS=p>0.05 (B).  

2.3.7 Arsenite and MMA (III) Block Smad2/3, Erk1/2, and Erk5 Phosphorylation, But Not p38 

Phosphorylation. 

The activation of the TGFβ pathway leads to phosphorylation of downstream canonical and non-

canonical effectors. Smad2/3 which are direct substrates of TGFβ type I receptor mediate 

canonical TGFβ signaling. On the other hand, Erk1/2, Erk5, and p38 MAPKs are also indicated to 

be involved in TGFβ2 induced EMT in tumor models (de la Cruz-Merino L et al., 2009; Dreesen 

O and Brivanlou AH, 2007). In order to investigate whether these canonical and non-canonical 

MAPK cascades respond to TGFβ2 stimulation in epicardial cells, a time course following 

TGFβ2 stimulation was performed to detect phosphorylation of Smad2/3., Erk5, Erk1/2, and p38. 

As shown in Figure 2.3.7A, Smad2/3, and Erk5 responded to TGFβ2 stimulation in a similar 

manner. Detection of phosphorylated Smad2/3, and Erk5 started at 10 min after TGFβ2 

stimulation, and the phosphorylation level persisted with the presence of TGFβ2. Duration of 

Erk1/2 activation was fast and short which only occurred within the first 5 min upon TGFβ2 

stimulation. In contrast, p38 responded to TGFβ2 in a biphasic manner. A quick induction was 

detected at 1 min after TGFβ2 stimulation, this phosphorylation disappeared and was detected 

again at 30 min and persisted out to 1h. The detection of the phosphorylation pattern of Smad2/3, 

Erk1/2, Erk5, and p38 following TGFβ2 stimulation allow for the determination of the effects of 

arsenicals on their activation. Epicardial cells were pre-exposed to 1.34 µM arsenite, 0.07 µM or 

0.13 µM MMA (III) for 24 hr. Each condition was then stimulated with TGFβ2 and compared to 

untreated controls. As shown in Figure 2.3.7B, both arsenite and MMA (III) decreased TGFβ2 
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induced activation of Smad2/3, Erk1/2 and Erk5. MMA (III) exhibited blockage in the 

phosphorylation levels at a 20-fold lower concentration compared to arsenite. However, the 

activation of p38 appeared to be refractory to this inhibition by MMA (III) and arsenite.  

Figure 2.3.7 
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Figure 2.3.7 Arsenicals block TGFβ2 induced phosphorylation of Smad2/3 and Erk1/2 and 

Erk5 but not p38. Epicardial cells were stimulated with 3 ng/ml TGFβ2 for 0-60 mins. Whole 

cell lysates were subjected to immunoblotting analysis (A). Epicardial cells were either left 

untreated or pre-treated with 1.34 µM NaAsO2, 0.067 µM MMA (III), or 0.13 µM MMA (III) for 

24 h and subsequently stimulated with 3 ng/ml TGFβ2 (15 min for Smad and Erk5 activation, 2 

min for Erk1/2 and p-p38 activation). Whole cell lysates were subjected to immunoblotting with 

antibodies against phosphorylated and total forms of Smad2/3, Erk1/2, Erk5, and p38 as well as 

β-actin (B). 

2.3.8 Arsenicals Selectively Block Smad2/3 and Erk5 Nuclear Translocation. 

Smad2/3 started accumulating in the nucleus at 5min after TGFβ2 stimulation and peaked at 15-

20 min upon stimulation (Fig 2.3.8A). Nuclear localization patterns of Erk5 and p38 in response 

to TGFβ2 were also determined in epicardial cells (data not shown). However, unlike Smad2/3, 

p38 and Erk5, Erk1/2 do not have subcellular preference upon stimulation with TGFβ2 (Fig 

2.3.8B).  

 

Figure 2.3.8A Smad2/3 nuclear localization. Epicardial cells were stimulated with 3 ng/mL 

TGFβ2 over indicated timecourse. Nuclear fractionation of cell lysates was performed and 

immunoblot detection of pSmad2/3, N-Smad2/3 and LaminA was performed. 

Figure 2.3.8A 
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Figure 2.3.8B Erk1/2 nuclear localization. Epicardial cells were stimulated with 3 ng/ml 

TGFβ2 for 0-60 min. Nuclear fractionations were subjected to immunoblotting with antibodies 

against p-Erk1/2, Erk1/2 and β-Actin. TGFβ2 triggered a fast phosphorylation of nucleus Erk1/2 

within the first 5 min; however, nuclear expression of total Erk1/2 was not affected upon 

stimulation indicating that Erk1/2 nuclear translocation is not dependent on phosphorylation. 

To investigate arsenical impact on the nuclear translocation of Smad2/3 Erk5 and p38, we 

performed parallel experiments as described in Figure 2.3.7, and prepared lysates from nuclear 

fractionations for the detection of Smad2/3, Erk5, and p38. As shown in Figure 2.3.8C, TGFβ2 

induced an increase in Smad2/3 and Erk5 nuclear localization (Fig 2.3.8C, lane2); however, 

arsenicals dramatically block this event (Fig 2.3.8C, lane 3, 4, 5). MMA (III) exhibited the same 

inhibitory effect as arsenite but at a much lower concentration, and in a dose dependent manner 

(Fig 2.3.8C, lane 4, 5). Both arsenite and MMA (III) showed no effect on p38 nuclear 

translocation.  

 

Figure 2.3.8B 
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Figure 2.3.8C 
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Figure 2.3.8C Arsenicals selectively block Smad2/3 and Erk5 nuclear translocation. 

Epicardial cells were exposed to the indicated doses of NaAsO2 or MMA (III) for 24 hours 

followed with or without 3 ng/ml TGFβ2 stimulation (20 min for Smad2/3 and Erk5 nuclear 

translocation, 45 min for p38 nuclear translocation). Nuclear fractionations were subjected to 

western blotting with antibodies against Smad2/3, Erk5, p38, and LaminA. Although whole 

cellular p-Erk5 is modestly reduced, detection of nuclear Erk5 is dramatically decreased in MMA 

(III) exposed samples (A). Densitometry analysis of Smad2/3/LaminA, Erk5/LaminA, and 

p38/LaminA were performed. Relative densities of targets bands in 1.34 µM As + TGFβ2, 0.067 

µM MMA (III) + TGFβ2, 0.13 µM MMA (III) + TGFβ2 groups were compared to the 3 ng/ml 

TGFβ2 group. Data were analyzed from 3 independent experiments using a two tail Student's t-

test. *=p<0.01, NS=p>0.36. (B). 

2.4 Discussion: 

Chronic arsenic exposure through contaminated water has been linked to ailments in adults 

(Abernathy CO et al., 1999; Naujokas MF et al., 2013).  Incidence of spontaneous abortion, low 

birth weight, and fetal malformations associated with arsenic exposure during pregnancy suggest 

that arsenic also has developmental toxicity (Aggarwal M et al., 2007; Farzan SF et al., 2013). 

Spontaneous miscarriages and low birth weights are usually associated with cardiovascular 

malformations as congenital heart defects is the most commonly seen birth defects. A multitude 

of developmental processes require EMT including formation of the neural tube, the coronary 

vessels, and heart valves. We previously reported in an avian heart development model that 

arsenic can disrupt EMT in endocardial cushions, the tissue which gives rise to heart valves 

(Lencinas A et al., 2010). Here we show the ability of arsenicals to disrupt murine coronary 

progenitor cell EMT. This suggests conservation of this cardio toxicity by arsenicals as global-

disruptors of developmental cardiac EMT. 
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The murine epicardial cell line used in this study serves as a mammalian model for cardiac EMT 

(Austin AF et al., 2008). We detect a cytotoxic IC50 of 11.8 µM at 24 hours in the coronary 

progenitor cells following exposure to arsenite. Human urothelial cells (UROtsa) have been used 

as a model for arsenite induced bladder carcinogenesis. The UROsta cell model has a cytotoxic 

IC50 of 100 µM at 24 hours of exposure to arsenite (Rossi et al., 2002). Thus, these cardiac 

progenitor cells are at minimum 5 to 10 times more sensitive to arsenic than UROsta cells. This 

highlights a previously unappreciated aspect of arsenical toxicity, in that progenitor cells in a 

developing embryo may be more sensitive than terminally differentiated cells in adult tissues. 

This underlines the fact that more investigation into arsenic as a developmental toxicant is 

necessary to fully understand life-long effects of arsenic exposure. 

Methylation of inorganic arsenic has been considered a major metabolic mechanism to convert 

arsenic into more readily excretable forms; however, it is not always a detoxification process. 

Studies have shown that mono-methylated arsenic, especially the trivalent form, MMA (III), 

elicits higher cytotoxicity, and is a more active carcinogen compared to the parent form of arsenic 

(Petrick JS et al., 2000; Steinmaus C et al., 2006; Yu RC et al., 2000). MMA (III) induces 

malignant transformation of urothelial cells (UROtsa), a well-established cell model for studying 

bladder cancer, at concentrations 20-fold less than arsenite (iAs
III

) (Medeiros M et al., 2012). 

Similarly, we detect the cytotoxic IC50 value of MMA (III) to be 20 times lower compared to the 

IC50 value of arsenite (at 24 hr). Although, an increase in cell cytotoxicity is seen with the longer 

arsenite exposure at 48 hours, MMA (III) elicits higher toxicity by 24 hours. This indicates that 

MMA (III) is a potent and cytotoxic agent (Fig 2.3.3). 

Arsenic related toxicity through MMA (III) has drawn increased interest in an effort to 

understand its detrimental effects (Ge Y et al., 2013; Rahman MA and Hassler C, 2014). Due to 

kidney filtration, the bladder is the primary exposure site for accumulated MMA (III). The 

mechanism of MMA (III) in triggering malignant urothelial transformation during bladder cancer 
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has been well studied (Medeiros M et al., 2012; Wang TC et al., 2007; Wnek SM et al., 2010). 

There is limited data showing how MMA (III) potentiates skin cancer (Chen Y et al., 2008; 

Delker DA et al., 2009), or the role of MMA (III) in other arsenic induced diseases. One report on 

nanomolar levels of MMA (III) impairing vascular smooth muscle contractility in mice suggests 

that MMA (III) contributes to arsenic associated cardiovascular diseases more potently than 

arsenite (Bae ON et al., 2008). Both inorganic arsenic and MMA pass through the placental 

membrane, and embryonic progenitor cells are much more sensitive than terminally differentiated 

adult cells (Jin Y et al., 2006). However, the developmental toxicity of arsenite and MMA (III) 

has not been extensively investigated. We show here that arsenite and MMA (III) inhibit coronary 

progenitor cell EMT, which may lead to altered coronary vasculature during fetal development. 

Exposure to MMA (III) at substantially lower levels than arsenite causes significant decrease in 

production of invasive mesenchyme by TGFβ stimulation. Canonical Smad activation triggered 

by TGFβ2 is blocked by arsenicals exposure. Erk1/2 as well as Erk5 MAP kinase activation, 

which compromise non-canonical TGFβ2 signaling, are also affected by both arsenite and MMA 

(III). However, arsenicals have no impact on cardiac smooth muscle differentiation, or p38 

signaling, as both remain intact despite arsenite or MMA (III) exposure. This suggests that 

arsenicals do not uniformly disrupt signaling cascades associated with developmental EMT. 

EMT is a cellular process where epithelial cells lose cell polarity and adhesion to basement 

membrane to gain migratory and invasive properties of mesenchymal cells which can 

differentiate into multiple cell types (Austin AF et al., 2008; Carew RM et al., 2012; Compton LA 

et al., 2006). EMT plays an essential role in embryogenesis, tissue repair and regeneration, 

fibrosis, and cancer metastasis (Galichon P and Hertig A, 2011; Janda E et al., 2002; Kalluri R 

and Weinberg RA, 2009). EMT is classified into three subtypes based on the stimuli and context 

(Carew RM et al., 2012). Type 1 EMT, also referred as developmental EMT, occurs during early 

embryogenesis. In heart development, endocardial EMT contributes to endocardial cushion 
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development and valve formation, while epicardial EMT contributes to coronary vessel 

development and valve remodeling (Allison P et al., 2013; Azhar M et al., 2011; Lencinas A et al., 

2013). Type II and type III EMT occur during adulthood contributing to tissue fibrosis and cancer 

(Carew RM et al., 2012).  Arsenicals can induce fibrosis and cancer in multiple cell lines and 

animal models, indicating a contribution to detrimental type II and type III EMT; however, the 

role of arsenicals in type I developmental EMT remains poorly understood (Ghatak S et al., 2011; 

Sarin SK et al., 1999; Wang Z et al., 2013; Xu Y et al., 2012). Several genes and their products 

are known to be essential for cardiac developmental EMT. Has2, TGFβ2, TβRIII, and Snail are 

key molecules needed for EMT. Thus, we used this panel of cardiac specific pro-EMT molecules 

to gauge the impact of arsenicals upon cardiac EMT. We detected a profound inhibition in the 

mRNA expression of TGFβ2 and TβRIII with arsenical exposure when compared to the changes 

in TGFβ1, TβRI and TβRII. TβRIII serves a distinct role in amplifying TGFβ2 downstream 

signaling by inducing high affinity binding between TGFβ2 and TβRI and TβRII (Compton LA et 

al., 2007). These results suggest that TGFβ2 is a sensitive target to arsenical toxicity, which is 

consistent with the previous report that TGFβ2, instead of TGFβ1 and TGFβ3, is the key inducer 

of developmental EMT during early embryogenesis (Camenisch et al., 2002a; Doetschman T et 

al., 2012).  

The expression of Snail1, a downstream effector of TGFβ signals, is also decreased with 

arsenicals exposure indicating an inhibitory effect on TGFβ signaling. This coincides with the 

significant down-regulation in the protein level of vimentin and N-cadherin (Fig 2.3.2 and Fig 

2.3.5A), which normally increases during cell differentiation and mesenchymal production 

(Avdal K et al., 2007; Nakajima S et al., 2004). Disruption in extracellular matrix signaling also 

occurs with arsenical exposure, shown by a decreased mRNA level of Has2 and MMP2. This 

coincides with less activated epicardial cells and a decrease in invasive mesenchyme as detected 

by the invasion assays (Fig 2.3.5B-D). Hmox1 is a transcriptional factor that can be activated by 
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cellular oxidative stress (Xin G et al., 2014; Yan X et al., 2014). The fact that Hmox1 is poorly 

induced by MMA (III) when compared to arsenite suggests that although MMA (III) is more 

cytotoxic, it may induce less ROS mediated cellular stress.  

Mesenchymal cells produced from activated epicardial cells can invade the myocardium and give 

rise to smooth muscle cells and form coronary vessels (Compton LA et al., 2006; Darland DC and 

D'Amore PA, 2001). Although smooth muscle differentiation occurs after EMT, it does not mean 

that it is regulated by EMT, or that it requires the same regulation as the EMT process. We 

showed that arsenicals have no inhibitory effects on TGFβ2 induced smooth muscle 

differentiation in epicardial progenitors; however it strongly inhibits EMT (Fig 2.3.6). These 

observations indicate that there is divergence in the signaling pathways involved in EMT and 

smooth muscle differentiation processes, and that EMT regulated pathways are selectively 

inhibited by arsenicals. Other studies have shown similar observation that activation of RhoA and 

p160 rho kinase is required to induce expression of smooth muscle markers SM22α and SMαA 

(Compton LA et al., 2006; Lu J et al., 2001; Mack CP et al., 2001). However, there are 

conflicting results on the role of p38 in the differentiation of smooth muscle. Stimulation of p38 

activity was shown to be associated with smooth muscle de-differentiation, and decreased 

expression of smooth muscle markers (Hayashi K et al., 1999; Hayashi K et al., 2001). However, 

other studies report that p38 activation increases SMαA expression (Compton LA et al., 2006). In 

the present study, we show p38 activation in response to TGFβ2 stimulation. This activation and 

nuclear translocation is not affected by arsenical exposure (Fig 2.3.7, 2.3.8). Together, we show 

that cellular events and signaling pathways that are related to smooth muscle differentiation 

remain intact despite arsenical exposure. 

The disruption of TGFβ2 signaling in cardiac EMT is caused by down-regulation of its 

intracellular effectors, Smad2/3. Here, we observe significant inhibition in Smad2/3 activation 

and nuclear translocation with arsenicals exposure, (Fig 2.3.7B and Fig 2.3.8). Smad2/3 are key 
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transcriptional factors that mediate TGFβ2 stimulation (Gaarenstroom T and Hill CS, 2014). 

Activation of Smad3 is detected in TGFβ mediated fibrosis in heart and kidney (Divakaran V et 

al., 2009; Qin W et al., 2011). Smad2 activity is required to modulate self-renewal and 

differentiation of mouse embryonic stem cells (Xu J et al., 2012). On the other hand, 

overexpression of Smad3 fails to fully induce TGFβ2 mediated EMT, indicating that other non-

canonical smad pathways are also required for diverse cellular events (Townsend TA et al., 2011).   

MAPK activation is part of the non-canonical signaling triggered by TGFβ (Craig EA et al., 2008; 

Zhang YE, 2009). Stimulated TβRI and TβRII recruit and activate the Shc/Grb2/Sos complex. 

This complex then activates Ras to consequently phosphorylate MAP3K (Raf) which then 

activates MAP2K (MEK), and eventually active MAPKs (Erk1/2) (Zhang YE, 2009). Previous 

work reported that the MAP3K, MEKK3, contributes to cardiac EMT via activation Erk1/2 and 

Erk5, in response to TGFβ2 (Craig EA et al., 2010). ERK5 null embryos have deficits in vessel 

development and heart looping (Regan CP et al., 2002), and overexpression of Erk1/2 promotes 

segregation during development of vasculogenesis (Kim SH et al., 2013). Both Erk1/2 and Erk5 

activity are required to mediate TGFβ2 induced HA production and cell differentiation during 

cardiac EMT (Craig EA et al., 2010). Erk5 and p38 kinases also translocate into the nucleus to 

modulate the activity of other related transcription factors and chromatin remodeling enzymes 

(Craig EA et al., 2008). In this study, phosphorylation of Erk1/2 and Erk5 MAPK is inhibited by 

arsenite and MMA (III) exposure (Fig 2.3.7B). Furthermore, Erk5 nuclear translocation is also 

dramatically blocked by arsenite and MMA (III) exposure (Fig 2.3.8). Although no clear evidence 

shows that nuclear expression of Erk5 is required for its signaling transduction, it is possible that 

nuclear localization may facilitate Erk5 kinase activity in activating other transcriptional factors 

to regulate gene expression during cardiac EMT.  

Collectively, our data demonstrate that cardiac EMT specific molecular mechanisms required for 

development of the coronary vasculature are abrogated in the presence of environmentally 
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relevant concentrations of arsenicals. Our observations also suggest increased sensitivity to 

arsenic toxicity during developmental processes, especially in formation of the coronary 

vasculature. Down-regulation of TGFβ2, TβRIII, Snail1, MMP2, as well as inhibition of Smad2/3, 

Erk1/2 and Erk5 suggests that these are sensitive targets to environmental insults during cardiac 

EMT. Activation of these pathways not only contributes to early embryonic development, but is 

also required to promote cardiac regeneration after injury during adulthood. In addition, we also 

show that both activation of p38 and smooth muscle differentiation are refractory to effects of 

arsenical exposure. In conclusion, disruptions in canonical Smad2/3 and non-canonical Erk1/2 

and Erk5 signaling are mechanisms for arsenite and MMA (III) inhibition of developmental 

cardiac EMT.   
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Chapter 3 Zinc Supplement Reverses Arsenical Mediated Alteration in Smad2/3 

Nuclear Shuffling Kinetics and Rescues TGFβ2 Induced Cardiac EMT 

This chapter is adapted from the following manuscript in submission: 

Tianfang Huang, Alejandro Lencinas, Derrick M. Broka, Raymond B. Runyan and Todd D. 

Camenisch. Zinc Rescues Disrupted TGFβ2-SMAD Signaling and Restores Cardiac EMT 
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Abstract 

TGFβ2 is a key growth factor regulating epithelial to mesenchymal transition (EMT). TGFβ2 

triggers cardiac progenitor cells to differentiate into mesenchymal cells and give rise to the 

cellular components of coronary vessels as well as cells of aortic and pulmonary valves. TGFβ 

signaling is dependent on a dynamic on and off switch in Smad activity. Chronic arsenic exposure 

has been reported to disrupt Smad phosphorylation leading to deficits in TGFβ2 mediated cardiac 

precursors differentiation and transformation. In this study, we investigate the molecular 

mechanism of arsenic toxicity on TGFβ2 induced Smad2/3 nuclear shuffling and TGFβ2 

mediated cardiac EMT. We identified that a short exposure to arsenic profoundly blocks nuclear 

accumulation of Smad2/3 in response to TGFβ2 without disrupting Smad phosphorylation or 

nuclear importation. The depletion of nuclear Smad is restored by knocking-down Smad specific 

exportins, suggesting that arsenic augments Smad2/3 nuclear exportation. The blockage in 

TGFβ2-Smad signaling is likely due to the loss of Zn
2+

 cofactor in Smad proteins as Zn
2+

 

supplementation reverses the disruption in Smad2/3 nuclear translocation and transcriptional 

activity by arsenic. This coincides with Zn
2+

 rescue of arsenic mediated deficits in cardiac EMT. 

Thus, differentiation and invasive cell motility of EMT derived mesenchyme are protected from 

arsenic toxicity by Zn
2+

 supplementation.  

3.1 Introduction 

The transforming growth factor-β (TGFβ) family of ligands are secretory peptides that tightly 

control a broad spectrum of cell behavior during embryogenesis, wound repair, fibrosis and 

tumorigenesis (Derynck et al., 2001; Massague, 2012). Previous work by us and others have 

established that TGFβ2 is a key growth factor regulating cardiac epithelial to mesenchymal 

transition (EMT) (Camenisch et al., 2002a). It triggers cardiac progenitor cells derived from the 

epicardium to differentiate into fibroblast-like mesenchymal cells which invade into the 
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myocardium and give rise to the cellular components of coronary vessels as well as cells of aortic 

and pulmonary valves (Austin AF et al., 2008; Schroeder et al., 2003). Disruption in this early 

vasculogenesis may progress to chronic cardiovascular disease such as aortic valve and coronary 

artery disease later in adulthood (Farzan SF et al., 2013). The core substrates and canonical 

transducers of TGFβ signaling are Smad transcription factors (Moustakas et al., 2001). Upon 

TGFβ stimulation, activated type I receptors recruit and phosphorylate receptor-activated Smad 

(R-Smad), Smad2 and Smad3. This leads to R-Smad oligomerisation with co-Smad, Smad4 and 

nuclear translocation of the Smad complex. Nuclear Smad complexes then cooperate with other 

transcription factors, DNA binding cofactors, and chromatin remodeling enzymes to regulate 

target gene expression (Massague, 1998). The dynamic Smad cytoplasmic-nuclear shuffling 

which determines Smad subcellular distribution and cellular output of TGFβ signaling has been 

partly defined in recent years (Chen and Xu, 2011; Hill, 2009). Smad factors constantly shuffle 

between the cytosol and nucleus with and without the presence of TGFβ ligands. Monomeric 

Smad proteins, at the basal state, interact with nucleoporins to pass through the nuclear pore; 

however, upon stimulation, nuclear import of heteromeric Smad complexes require the carrier 

protein Importin β1 which recognizes and interacts with Smad nuclear localization signal (NLS) 

motif within its N-terminal Mad homology (MH1) domain (Kurisaki et al., 2001; Xiao et al., 

2000a). Termination of TGFβ signaling after prolonged stimulation is mediated by deactivation 

of TGFβ receptors and dephosphorylation of R-Smads (Lin et al., 2006). R-Smad 

dephosphorylation promotes disassembly of Smad complexes allowing recognition of Smad 

nuclear export signal (NES) by exportin molecules and subsequent nuclear exportation (Kurisaki 

et al., 2006). 

Metal ions play essential roles in many biological processes (Supek et al., 1997). Select metal 

such as Zn
2+

 contributes to functional three dimensional structures of many proteins, and 

regulates cell proliferation and differentiation (Rutherford and Bird, 2004). Subcellular shuffling 
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of Zn
2+

 and metallothionein (MT) which controls intracellular Zn
2+

 homeostasis tightly controls 

the initiation and duration of myoblasts and preadipocytes differentiation (Beyersmann and Haase, 

2001). On the other hand, heavy metals such as arsenic, cadmium and chromium have been 

reported to trigger carcinogenic effects through inducing reactive oxygen species (ROS) (He et al., 

2014; Khojastehfar et al., 2014; Wang et al., 2012). Chronic exposure to arsenic through 

contaminated drinking water is associated with increased risk of cardiovascular disorders such as 

hypertension and left ventricle hypertrophy, cardiomyopathy, cardiac arrhythmias and early onset 

of atherosclerosis in children (Ratnaike, 2003; Rosenberg HG, 1973; Sanchez-Soria et al., 2012; 

Srivastava S et al., 2009). We have previously reported that low level of arsenic exposure 

abrogated TGFβ2 cell signaling causing severe deficits in cardiac mesenchyme production and 

disruptions in the expression EMT regulating genes (Huang et al., 2014). However, the molecular 

basis of arsenic toxicity in TGFβ-Smad mediated cardiac EMT was not answered. Direct binding 

on cysteine thiolates within zinc finger proteins is a recently identified mechanism for arsenic 

toxicity (Shen et al., 2013; Wang et al., 2013). Arsenic binding to cysteine residues in DNA 

repair proteins such as PARP-1 and XPA is associated with impaired function (Sun et al., 2014). 

Another study on the intracellular shuffling of the transcription factor, Id3, suggests that arsenic 

can attack the N-terminal cysteines of Id3 leading to its nuclear exportation (Kurooka et al., 2013). 

Whether arsenic elicits similar effects on Smad signaling effectors is unknown. 

In this study, we utilized a novel cardiac progenitor cell line to decipher TGFβ signaling in 

cellular transformation and differentiation during cardiac EMT. We performed experiments to 

determine if arsenic attenuates TGFβ signaling by affecting Smad nuclear translocation. We also 

asked if arsenic physically interacts with R-Smad or other effectors which regulate Smad 

subcellular shuffling. Arsenic was observed to profoundly deplete activated nuclear Smad2/3 

without inhibiting Smad phosphorylation or nuclear importation by Importin β1. Knocking down 

the expression of Smad specific exportins (Exportin 4 and CRM1) restored nuclear Smad 
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accumulation. This indicates that Smad2/3 distribution was altered by arsenic via enhancing the 

nuclear exportation of Smad effectors. The induction in nuclear exportation was likely due to the 

loss of the Zn
2+

 cofactor in Smad2/3 proteins as supplementing Zn
2+

 restored nuclear Smad2/3 

content and transcriptional activity. Disruption in Smad2/3 nuclear activity caused by arsenic 

coincides with reduced production of invasive mesenchymal cells derived from the epicardium as 

well as endocardial cushions of embryonic hearts. Attenuated epicardial and endocardial EMT are 

both effectively rescued by Zn
2+

 supplementation emphasizing the critical role of this cation 

cofactor plays in Smad2/3 mediated cellular differentiation.  

3.2 Materials and Methods 

3.2.1 Cell line and Cell Culture 

Conditionally immortalized epicardial cells were generated from transgenic mice that carried a 

temperature sensitive promoter driven SV40 large T antigen (Austin AF et al., 2008). For 

experiments, epicardial cells were moved to 37°C, where the thermolabile promoter of SV40 

antigen was silenced reverting cells to a primary cell state. Cells were maintained in DMEM 

media (Dulbecco's modified Eagle's medium) with 10% fetal bovine serum (FBS), antibiotics, 

insulin–transferrin–selenium (Invitrogen, Carlsbad, CA) and mouse gamma interferon (10 U/mL, 

R&D systems, Minneapolis, MN). All chemical treatments were performed in serum-free 

medium. Monomethylarsonous acid (III) (MMA (III)) is the most toxic metabolite of arsenite 

(As). Epicardial cells are 10-15 times more sensitive to MMA (III) cytotoxicity when compared 

with arsenite (Huang et al., 2014). Therefore the dosage of MMA (III) in this study is 10 times 

lower than the dosage of arsenite in all experiments.  

3.2.2 Western Blot Analysis 

Whole cell protein lysates were prepared in RIPA buffer (10 mM sodium phosphate (pH 8.0), 150 

mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate 
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(SDS)) (Lau A et al., 2010). To detect subcellular distribution of selected proteins, nuclear and 

cytosolic fractionations were prepared as previously described (Haspel RL and Darnell JE Jr, 

1999). Protein lysates were resolved by 10% SDS-PAGE and transblotted onto 0.45 μm 

nitrocellulose membrane. The membranes were blocked with 5% BSA/TBST and then incubated 

with different antibodies diluted in 3% BSA/TBST (1:000 dilution for all primary antibodies and 

1:3000 dilution for all secondary antibodies). Immunoblotting detection was performed using 

chemiluminescence reagent (100 mM Tris pH 8.5, 250 mM luminol, 92 mM p-coumaric acid and 

0.018% H2O2) as previously described (Sollome JJ et al., 2014). Images were detected with 

ChemiDoc™ XRS + (BIO-RAD). Quantification of the protein bands was performed by Image 

Lab Software. Primary antibodies against P-Smad2/3 (sc-11769), Smad2/3 (sc-133098), 

karyopherin β1/ Importin β1 (sc-1919), Exportin 4 (sc-13422), LaminA (sc-20680) and GAPDH 

(sc-365062) were purchased from Santa Cruz Biotechnology.  

3.2.3 Immunostaining 

Cells grown on glass coverslips were fixed in 4% PFA at room temperature for 5 min followed by 

permeabilization in 0. 5% Triton X-100/PBS for 10 min. Cells were then rinsed with 1XPBS and 

were blocked in 5% BSA/PBS for 1 hour at room temperature. Primary antibodies of Smad2/3 

and Importin β1 were dissolved into 3% BSA/PBST in 1:100 dilutions. Cells on coverslips were 

incubated with the primary antibodies overnight at 4 °C followed by three 1XPBST washes. 

Secondary antibodies of donkey anti-mouse (Alexa Fluor® 594 AffiniPure, 715-585-150) and 

bovine anti-goat (Alexa Fluor® 488 AffiniPure, 805-545-180) purchased from Jackson 

ImmunoResearch were prepared in 3% BSA/PBST in 1:200 dilation. Cells were incubated with 

secondary antibodies for 2 hr at room temperature and were then subjected to four 1XPBST 

washes. Nuclei staining was performed using 4,6-diamidino-2-phenylindole (DAPI; Sigma), for 

30 min at room temperature. Glass chambers were mounted and the subcellular distribution of 

Smad2/3 and Importin β1 were detected. Fluorescence microscopy was performed using a Leica 
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DMLB microscope and documented using a Retiga 200R camera and ImagePro Plus 5.1 software. 

100X objective was used to take the IF pictures in Fig 3.3.1B and Fig 3.3.3B, 60X objective was 

used for the IF pictures in Fig 3.3.5. 

3.2.4 Immunoprecipitation Assay. 

Epicardial cell lysates were collected in RIPA buffer. 10 µl of Importin β1 or Exportin 4 antibody 

was added into 1mg protein lysate from each condition. The protein and antibody mixtures were 

incubated at 4 °C overnight with rotation followed by incubation with protein A-agarose beads 

for additional 2 hr. Centrifugation (at 500 x g) of the protein-beads complexes were performed 

followed by three washes with RIPA buffer. Immunoprecipitated complexes were then eluted in 

6X sample buffer, boiled at 100 °C for ten minutes and subjected to immunoblotting analysis as 

described above. 

3.2.5 Dual-Luciferase Reporter Assay. 

HEK293T cells were transfected with PAI-1 luciferase plasmid (obtained from Dr. Joey V. 

Barnett, Vanderbilt Medical University) along with the Renilla luciferase expression plasmid 

pGL4.74 (hRluc/TK) (Promega). At 16 hr post-transfection, cells were treated with indicated 

conditions for 6 hr. Transfected cells were then digested in lysis buffer (Promega), and both 

firefly and Renilla luciferase activities were measured by dual-luciferase reporter assay system 

(Promega). Firefly luciferase activity was normalized to Renilla luciferase activity.  

3.2.6 Mice and Chick Embryonic Heart Isolation. 

Timed-pregnant Swiss Webster mice were purchased from Taconic (Hudson, NY). Pregnant 

female mice were euthanatized and their embryos were harvested at embryonic day 12.5. The 

whole hearts were dissected from the embryos as described previously (Rodgers et al., 2006). 

Fertilized white leghorn chicken eggs were obtained from MacIntire Eggs (San Diego, CA). 
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Atrioventricular canals (AV canal) were micro-dissected from the embryos at Hamburger and 

Hamilton stage 14 as previously reported (Camenisch et al., 2002a). Isolated mice heart explants 

and chick AV canal segments were explanted onto type I collagen gel for invasion assay.  

3.2.7 Collagen Gel Invasion Assay. 

Type I collagen gels were prepared as previously reported (Camenisch et al., 2002a). Dissected 

heart explants from mice or chick embryos were cultured on collagen gel overnight to allow an 

outgrowth of derived cells from the heart explants. Myocardial segments were then removed from 

the mouse primary heart explants, while the whole chick AV canals were kept on the gel. TGFβ2, 

arsenite, MMA (III) and zinc were introduced to the epicardial cell sheet or chick AV canal 

explants for 48hr. The cells and explants were then fixed in 4% paraformaldehyde (PFA) at room 

temperature for 30 min at the conclusion of the studies. Bright field epicardial and endocardial 

cellular migration and invasion were observed using an inverted microscope equipped with 

Hoffman Modulation Optics.  Double blind cell counting on invaded progenitor cells was 

performed to quantify cellular invasive capability in an EMT process.  

3.2.8 ROS Production Measurement  

Cells were exposed to the indicated conditions in serum free media followed by incubation with 

dichlorodihydrofluorescein diacetate (H2DCFDA-AM) (Life Technologies, Invitrogen
TM

) for 1hr. 

Cellular ROS generation was detected by the reduction of the non-fluorescent H2DCFDA-AM to 

the highly fluorescent 2',7'-dichlorofluorescein (DCF). Fluorescence intensity of H2DCFDA-AM 

was detected (at Ex/Em: 495/515 nm) in an M2 Spretramax plate reader (Molecular Devices). 

3.2.9 MTS Cell Viability Assay 

Cells at 80% confluence were exposure to indicated doses of As, zinc and H2O2 for 48 or 4 hours. 

Cell viability was measured by the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] (Promega G5421). 

The absorbance of the bioreduced MTS was detected at 490 nm in an M2 Spretramax plate reader 

(Molecular Devices). All assays were performed in triplicates in a minimum of three independent 

determinations.  

3.2.10 Statistical Analysis 

Results in bar graphs were presented as mean ± standard deviation from three independent 

experiments done in triplicates. Two-tail Student t-test was used to compare means between two 

groups. For making comparisons between three or more groups, one-way ANOVA was 

performed followed by a Tukeys’s multiple comparison test utilizing Prism6 (GraphPad, La Jolla, 

CA, USA): the reported p-value is the multiplicity adjusted p-value corrected for multiple 

comparisons. 

3.3 Result 

Figure 3.3.1. Arsenic Depletes Nuclear Smad Effectors Without Down-regulating Smad 

Phosphorylation. 

Epicardial cells are highly responsive to TGFβ2, and the majority of endogenous Smad2/3 is 

phosphorylated within 15 min following TGFβ2 stimulation concomitant with nuclear 

accumulation of Smad2/3. We have previously reported that low level arsenic exposure for 24 hr 

significantly inhibits TGFβ2 induced phosphorylation and nuclear accumulation of Smad2/3 in 

epicardial cells coinciding with attenuated cardiac cell differentiation and epithelial to 

mesenchymal transition (EMT) (Huang et al., 2014). However, whether this disruption in Smad 

nuclear translocation is a correlated event with the inhibition in Smad activation, or whether it is 

mediated by a different mechanism remains unknown. A pulse pre-exposure to relatively high 

dose of arsenic potentiated TGFβ2 induced Smad2/3 phosphorylation compared to TGFβ2 

stimulation alone; however, depletion of nuclear Smad2/3 was detected under these conditions 
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(Fig 3.3.1A). This observation indicates that nuclear accumulation of Smad2/3 is not always 

positively correlated with the phosphorylation state of Smad2/3. Both the dosages of arsenic and 

MMA (III) used in this and the following experiments do not attenuate epicardial cell viability as 

reported before (Huang et al., 2014). Immunostaining was then performed to detect the 

subcellular localizations of Smad2/3 (shown in red) and Importin β1 (shown in green, Fig 3.3.1B) 

in unstimulated and stimulated conditions. In unstimulated conditions (UTX, As, or MMA (III)) 

Smad2/3 are predominantly distributed to the cytoplasm, while TGFβ2 stimulation triggers a 

dramatic shift to nuclear localization. In contrast, TGFβ2 activated Smad2/3 is retained in the 

cytoplasm with perinuclear detection in arsenic pre-exposure conditions (Fig 3.3.1B). The 

localization of Importin β1, which is the carrier protein that mediates Smad3 nuclear import, 

(Xiao et al., 2000b) remained unchanged in its distribution. The inhibitory effect of arsenic on 

Smad2/3 nuclear localization requires either a relatively high dose acute exposure, or a protracted 

exposure with a lower dose of arsenic, since low level arsenicals (1µM As and 0.1 µM MMA 

(III)) only sufficiently block TGFβ2 induced Smad2/3 phosphorylation and nuclear accumulation 

at 12 hr to 24hr (Fig 3.3.1C).  
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Figure 3.3.1 
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Figure 3.3.1. Arsenical exposure blocked TGFβ2 mediated nuclear Smad2/3 accumulation 

without disrupting phosphorylation. (A and B) Epicardial cells were exposed to 5µM As or 

0.5µM MMA (III) for 4hr followed by 2ng/ml TGFβ2 stimulation for 15min (for inducing Smad 

phosphorylation) or 20min (for triggering Smad nuclear translocation). Whole cell lysates and 

subcellular fractionations were harvested and subjected to immunoblotting with antibodies 

against p-Smad2/3, Smad2/3, Importin β1, and Exportin 4. GAPDH and LaminA were used as 

loading controls for whole cell lysates and nuclear fractionation. Subcellular distributions of 

Smad2/3 and Importin β1 were further examined by immunostaining. Smad2/3 was shown in red, 

and Importin β1 was shown in green. Nuclei were stained with DAPI. (C) Epicardial cells were 

exposed to 1µM As or 0.1µM MMA (III) for indicated time periods and followed by TGFβ2 

stimulation for 15min or 20min. Whole cell lysates and subcellular fractionations were harvested. 

Detection of p-Smad2/3 and Smad2/3 were performed via immunoblotting. 

Figure 3.3.2. Arsenic Potentiates Nuclear Exportation of Smad2/3.  

Although we have shown in figure 3.3.1A that a short exposure to arsenic does not inhibit 

Smad2/3 phosphorylation, arsenic can enhance the enzymatic activities of several phosphatases 

(Benbijja et al., 2014; Muthumani and Prabu, 2014). In order to further eliminate the possibility 

that arsenic dephosphorylates TGFβ receptors or Smad effectors, epicardial cells were co-treated 

with 50 nM Okadaic acid (O.A.) which is a broad spectrum inhibitor of protein serine / threonine 

phosphatases (Garcia et al., 2003; Wagner et al., 1992). O.A. failed to restore nuclear Smad2/3 

suggesting that arsenic is not acting through phosphatases to diminish nuclear Smad2/3 

accumulation (Fig 3.3.2A). Importation of Smad2/3 into nucleus also requires interaction with 

Importin β1, which facilitates Smad effector nuclear translocation. Arsenite pre-exposure 

promotes the interaction between Smad2/3 and Importin β1, as significantly more Smad2/3 is 

detected co-immumoprecipitating with Importin β1 compared to controls (Fig 3.3.2B). The 

association between Importin β1 and Smad2/3 is also detected in MMA (III) exposure conditions, 
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although it did not reach statistical significance. Since arsenic shows no inhibitory effect on the 

interaction between Smad2/3 and Importin β1, this suggests that it does not block Smad2/3 

nuclear translocation. Conversely, Exportin 4 serves as a specific transporter for Smad2/3 nuclear 

exportation (Kurisaki et al., 2006). Specific siRNA was used to knock down Exportin 4. In the 

absence of Exportin 4, the depletion of nuclear Smad2/3 by arsenic is reversed as there was an 

increased detection in nuclear Smad2/3 localization. Strikingly, nuclear Smad2/3 is detected 

when Exportin 4 alone is knocked down in the absence of TGFβ2 stimulation (Fig 3.3.2C). 

Collectively, these data show arsenic depletion of activated Smad2/3 from the nucleus through 

enhanced nuclear exportation. 
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Figure 3.3.2 
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Figure 3.3.2. Arsenic depleted nuclear Smad2/3 via augmenting Smad nuclear exportation. 

(A) Epicardial cells were exposed to 5µM As with or without the co-treatment of 50 nM Okadaic 

acid (O.A.), followed by TGFβ2 stimulation for 20min. Nuclear and cytosolic fractionations were 

subjected to immunoblotting analysis for detecting Smad2/3 distribution. LaminA and GAPDH 

were used as nuclear and cytosol loading controls. (B) Epicardial cells were exposed to 5µM or 

0.5µM MMA (III) for 4hr, followed by TGFβ2 stimulation for 20min. Whole cell lysates were 

obtained and were immunoprecipitated for Smad2/3 using Importin β1 antibody, followed by 

immunoblotting analysis using anti-Smad2/3 and anti Importin β1 antibodies. Whole cell lysate in 

lane 7 was used as input. (C) Epicardial cells were transfected with 3ng or 6ng Exportin 4 siRNA. 

72hr after transfection, 4hr arsenic exposure and subsequent 20min TGFβ2 stimulation were 

introduced to the cells. Nuclear and cytosol fractionations of the cells were subjected to 

immunoblotting analysis.  Densitometry analysis of Smad2/3/Importin β1 was performed. 

Relative densities of targets bands in control, As + TGFβ2, and MMA (III) + TGFβ2 groups were 

compared to the TGFβ2 group. Data were analyzed from 3 independent experiments. 

Figure 3.3.3. Nuclear Retention of Smad4 by Leptomycin B Restores Nuclear Smad2/3 

Accumulation. 

Unlike Smad2/3 which typically localizes to the cytoplasm in the basal state, Smad4 constantly 

shuffles between the cytoplasm and the nucleus and has no predominant subcellular distribution. 

Oligomerisation with Smad4 masks the nuclear export signal (NES) on Smad2/3 which prevents 

the recognition by Exportin 4, and thereby stabilizes the Smad complex to the nucleus (Massague 

et al., 2005). We have shown that arsenic facilitates Smad2/3 nuclear exportation independently 

of dephosphorylation. Therefore, we tested whether stabilizing nuclear Smad4 will diminish the 

disassociation rate of the Smad complex and cause indirect nuclear retention of Smad2/3. Smad4 

nuclear export is mediated by chromosome region maintenance 1 (CRM1)/Exportin 1, which can 

be inhibited by Leptomycin B (LMB). LMB is able to effectively block Smad4 nuclear export 
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without affecting nuclear shuffling of Smad2/3 (Kurisaki et al., 2006; Yao et al., 2008). Here, we 

observed that LMB alone does not affect subcellular localization of Smad2/3 either at the basal 

state or during TGFβ2 stimulation as previously reported (Kurisaki et al., 2006). However, LMB 

co-treatment significantly blocked arsenic mediated disruption of Smad2/3 nuclear localization 

(Fig 3.3.3A). This observation was confirmed by immunostaining where LMB rescued TGFβ2 

induced Smad2/3 nuclear accumulation in arsenic co-exposure groups (Fig 3.3.3B). In order to 

study the mechanism of LMB rescuing effect, we used immuneprecipitation to detect Smad2/3 

and Exportin 4 interaction. As shown in Fig 3.3.3C, TGFβ2 stimulation slightly decreased the 

coprecipitation of Smad2/3 with Exportin 4. This is likely due to the fact that phosphorylation 

potentiates the stability of Smad complex binding on target DNAs, which blocks Exportin 4 

recognition. Arsenic mediated induction of Smad2/3 and Exportin 4 interaction was inhibited by 

LMB suggesting that restoration of nuclear Smad4 promotes Smad complex stability and blockes 

interaction with Exportin 4. 
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Figure 3.3.3 
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Figure 3.3.3. LMB restored nuclear Smad2/3 accumulation. (A) Epicardial cells were pre-

exposed to As or MMA (III) for 4hr and then co-treated with LMB for 2hr followed by TGFβ2 

stimulation for 20min. Nuclear and cytosolic fractionations of the cells were obtained and 

subjected to immunoblotting to detect Smad2/3. In the nuclear fractionation panels (N-Smad2/3, 

N-LaminA, and N-GAPDH), from lane 1 to 12 were the nuclear fractionations of each condition, 

and lane 13 was a cytosolic fractionation sample, which was used to indicate the clear separation 

of subcellular compartments. In the cytosolic panels (C-Smad2/3, C-GAPDH, and C-LaminA), 

from lane 1 to 12 were cytosolic fractionations of each condition, and lane 13 was a nuclear 

fractionation sample. (B) Epicardial cells under the same conditions as described in (A) were 

fixed and subjected to immunostaining. Smad2/3 were shown in Red, and Importin β1 was shown 

in green. Nuclei were stained with DAPI. (C) Whole cell extracts of the epicardial cells under 

indicated conditions were immunoprecipitated for Smad2/3 using Exportin 4 antibody, followed 

by immunoblotting analysis using anti-Smad2/3 and anti Exportin 4 antibodies. Whole cell lysate 

in lane 7 was used as input. 

Figure 3.3.4. Zinc Restores Nuclear Localization and Transcriptional Activity of Smad2/3.  

The cofactor Zn
2+

 stabilizes Smad2/3 binding on DNA. Zn
2
 binds the conserved MH-1 domain of 

R-Smad and depletion of Zn
2+

 attenuates Smad DNA binding activity (Massague et al., 2005). 

The tetrahedral binding of Zn
2+

 is associated with three cysteine and one histidine residues in 

Smad (Chai et al., 2003). Trivalent arsenicals have high binding affinity to sulfhydryl groups and 

their interaction with reduced cysteine groups in proteins leads to the loss of Zn
2+

 binding (Zhou 

et al., 2011). Here, we postulate that arsenic attacks the Zn
2+

 cofactor binding site within Smad 

causing a conformational change in Smad2/3 MH-1 domain which disrupts its DNA binding 

activity. To test this, several cations including Ca
2+

, Mg
2+

 and Zn
2+

 were supplemented to 

epicardial cells to test the impact on Smad nuclear localization. EDTA, a metal ion chelator, was 

used to sequester intracellular ions and prevent their cooperation with proteins. EDTA treatment 
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depleted Smad2/3 slightly more compared to arsenic alone probably due to a further displacement 

of Zn
2+

 from Smad2/3. Ca
2+

 and Mg
2+ 

supplementation did not affect Smad2/3 nuclear 

localization. In contrast, Zn
2+

 restored nuclear translocation of Smad2/3 (Fig 3.3.4A). Zn
2+

 rescue 

effects were further examined during MMA (III) exposure conditions. Zn
2+

 supplement 

successfully restored nuclear Smad2/3 loss caused by arsenite and MMA (III) (Figure 3.3.4B). 

The abnormal induction of Smad2/3 phosphorylation was also blocked by Zn
2+

 supplement 

suggesting normalized regulation of Smad2/3 activation (Fig 3.3.4C). Plasminogen activator 

inhibitor-1 (PAI-1) is one of the TGFβ2 downstream target genes and its expression is up-

regulated by Smad2/3 activity (Dong et al., 2002). A PAI-1 luciferase reporter was introduced 

into cells to serve as indicator for the transcriptional activity of Smad2/3. TGFβ2 induced PAI-1 

luciferase activity was blocked by arsenic co-exposure. This inhibition in PAI-1 promoter activity 

was partially rescued by Zn
2+

 supplementation (Fig 3.3.4D). Collectively, these observations 

indicate a protective effect by Zn
2+

 in TGFβ2-Smad signaling transduction during cellular 

differentiation. The mechanism of the potential displacement of Zn
2+ 

on Smad proteins by arsenic 

is not clear. Arsenic induced reactive oxygen species (ROS) production is associated with 

decreased Zn
2+ 

content on PARP-1, resulting in impaired PARP-1 enzymatic activity (Wang et al., 

2013). However the depletion of Zn
2+

 on Smad by arsenic may be mediated by ROS independent 

mechanism as 5µM arsenic exposure for 4hr does not contribute to increased ROS generation in 

epicardial cells (Fig 3.3.4E). 
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Figure 3.3.4 
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Figure 3.3.4. Zinc supplementation rescued Smad2/3 nuclear translocation and 

transcriptional activity. (A) Epicardial cells were exposed to 5µM As with the co-treatment of 

indicated ions (200µM Ca
2+

, 200µM Mg
2+

 and 20µM Zn
2+

) or 200µM EDTA for 4hr, followed by 

2ng/ml TGFβ2 stimulation for 20min. Distribution of Smad2/3 in nuclear and cytosol 

compartments were examined by immunoblotting analysis. LaminA and GAPDH were used as 

nuclear and cytosol fractionation controls. (B) Epicardial cells were exposed to 5µM As or 0.5µM 

MMA (III) with or without the supplementation of 20µM zinc, followed by TGFβ2 stimulation. 

Subcellular fractionations were subjected to immunoblotting with antibodies against Smad2/3, 

LaminA and GAPDH. Lane 13 in the nuclear panels (N-Smad2/3, N-LaminA and N-GAPDH) 

was a cytosol control. Lane 13 in the cytosol panels (C-Smad2/3, C-GAPDH, and C-LaminA) 

was a nuclear control. (C) Whole cell lysates of epicardial cells under the indicated conditions 

were subjected to immunoblotting with antibodies against p-Smad2/3, Smad2/3 and GAPDH. (D) 

HEK293 cells transfected with PAI-1 luciferase reporter were co-treated with 2ng/ml TGFβ2 and 

5µM arsenic for 6hr with or without 20µM zinc supplementation. Luciferase activity of PAI-1 

reporter in each group was measured and was normalized to the un-treated (UTX) group. Relative 

fold changes between groups were represented by bar graph. Data represent the results of three 

independent experiments performed in triplicates. (E) Epicardial cells were exposed to the 

indicated conditions for 4 hr. Hydrogen peroxide (H2O2) treatments were used to induce ROS 

generation as positive controls. Cellular production of ROS was measured and normalized to cell 

viability. Relative fold changes between groups were represented by bar graph. Data represent the 

results of three independent experiments performed in triplicates. For comparisons between 

groups, a one-way ANOVA was performed followed by a Tukeys’s multiple comparison test. 

Figure 3.3.5. Zinc Rescues Disrupted Epicardial EMT. 

We have previously reported an optimized collagen gel invasion assay to visualize cellular 

morphogenetic changes during mammalian cardiac EMT including the detection of differentiated 
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mesenchymal cells (Camenisch et al., 2002a). Arsenic exposure has been shown to significantly 

block TGFβ2 mediated mesenchymal cell production from isolated epicardial progenitor cells 

(Huang et al., 2014). The supplementation of Zn
2+

 to epicardial EMT assay was performed to test 

if this cation can reverse arsenic mediated disruption in EMT. Mouse embryonic heart explants 

from embryonic day 12.5 were cultured on type I collagen gels. After culturing the heart explants 

on gel for 24hr, a subset of epicardium derived cells were seen to migrate off the heart explant 

forming a tightly compressed epithelial cell layer around the explants on the collagen gel surface 

(Fig 3.3.5 BF A-D). Vimentin, an intermediate filament expressed by mesenchymal cells was 

used as a marker for extent of EMT (Kokkinos et al., 2007; Mendez et al., 2010). Induced 

vimentin expression was detected in the TGFβ2 stimulated groups as compared to controls (Fig 

3.3.5 S A-D). Although the expression of vimentin was not inhibited by arsenic co-exposure, 

distribution and organization of vimentin in arsenic exposed cells was not indicative of fully 

differentiated and invasive mesenchymal cells (Fig 3.3.5 S-C and I-C). Zn
2+

 supplementation 

significantly rescues the disruption in epicardial EMT from arsenic exposure as there was 

increased vimentin expression and organized vimentin filament structures (Fig 3.3.5 S-D and I-D, 

white arrows). Impaired mesenchyme production caused by arsenic exposure is not due to 

reduced cell proliferation or increased cellular stress as there was no attenuated cell viability or 

induced ROS production in cells exposed to low level arsenic and MMA (III) over this time 

frame. Similarly the rescue effects of Zn
2+

 in EMT were not achieved by potentiating epicardial 

cell proliferation or by reducing cellular stress (Fig 3.3.7C and Data not shown). 
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Figure 3.3.5. Zinc supplementation rescued mice epicardial EMT. Mice heart explants from 

embryonic day 12.5 were dissected and placed onto collagen gel for invasion assay. Epicardium 

derived cells were co-treated with 0.5µM As with and 2ng/ml TGFβ2 in the presence or absence 

of 2 µM zinc for 48hr. Epicardial cell outgrowth on the gel surface was observed in bright field. 

Immunostaining of vimentin (green) was performed to visualize the morphology of transformed 

mesenchymal cells. Re-organized vimentin in transformed cells were indicated by white arrows. 

Nuclei were stained with DAPI. Images are representative of n=5. 

Figure 3.3.5 
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Figure 3.3.6. Zinc Rescues Disrupted Endocardial EMT. 

In order to validate the essential role for Zn
2+ 

in early steps of heart differentiation and maturation, 

the EMT-collagen gel invasion assay was used to determine the effects of Zn
2+

 supplementation 

on cardiac mesenchyme formation. In the collagen gel invasion assay, endocardial EMT in avian 

atrioventricular (AV) canals was indicated by an outgrowth of activated endothelial cells derived 

from the heart explants and differentiate into invasive mesenchymal cells (Camenisch et al., 

2002a). Low level arsenic exposure significantly blocks mesenchyme production from chick AV 

endocardial cushion explants in the collagen gel assay (Lencinas A et al., 2010). In this study, 

chick AV endocardial cushions were explanted onto collagen gels under the indicated conditions. 

After 48 hr incubation, the activated endocardial cells spread over the surface of collagen gel (Fig 

3.3.6A Surface panel). Compared to the untreated group, TGFβ2 significantly induces the 

activation and differentiation of endocardial cells indicated by the detection of elongated 

mesenchymal cells and their extensive spreading on the gel surface (Fig 3.3.6A, S-A, S-B). Zn
2+

 

supplementation does not induce dramatically more cellular outgrowth on the gel surface as 

compared to TGFβ2 alone group (Fig 3.3.6A, S-C, S-B), however increased cellular invasion is 

detected under this condition (Fig 3.3.6B). This indicates that Zn
2+

 contributes to TGFβ2 

mediated cardiac EMT. In arsenic co-exposure group, cell outgrowth and separation on the gel 

surface was partially inhibited as compare to TGFβ2 alone. In addition, cells that were exposed to 

arsenic exhibited an endothelial cell phenotype indicating no differentiation or transition into 

mesenchyme (Fig 3.3.6A, S-D). TGFβ2 induced cellular invasion into the gel matrix is also 

profoundly inhibited by arsenic indicating arrest in endocardial EMT differentiation (Fig 3.3.6A, 

I-B, I-D). A more severe inhibition in EMT was seen by MMA (III) pre-exposure indicated by a 

substantial decrease in cell outgrowth and invasion (Fig 3.3.7B). In contrast, Zn
2+

 

supplementation rescued TGFβ2 mediated EMT from arsenic exposure with greater detection of 

mesenchymal cells on the gel surface as well as invaded within the collagen. However, the 
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invaded cells in Zn
2+

 supplement groups did not reach a fully elongated mesenchymal phenotype 

compared to those in the TGFβ2 group suggesting that Zn
2+

 only partially restores EMT (Fig 

3.3.6A, S-E, I-E and Fig 3.3.7B). Enumeration of mesenchymal cells highlights the ability of Zn
2+ 

to partially rescue EMT from arsenic (Fig 3.3.6B).  

Figure 3.3.6 
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Figure 3.3.6. Zinc supplementation rescued chick endocardial EMT. (A) Chick AV canals 

were dissected and placed onto type I collagen gel. Invasion assay was performed under indicated 

conditions (0.25µM As, 2ng/ml TGFβ2, 1µM Zn). Treatment was carried out for 48hr. 

Mesenchymal cells on the gel surface or in the gel matrix in each group were observed in bright 

field. (B)Double blind cell counting was performed in each condition (n=5). Bar graph showed 

the fold change in transformed mesenchymal cell numbers relative to control or TGFβ2 group. 

For comparisons between groups, a one-way ANOVA was performed followed by a Tukeys’s 

multiple comparison test. 

Figure 3.3.7 Zinc Rescues MMA (III) Mediated Disruption in Cardiac EMT. 

The impact of MMA (III) exposure on the mouse epicardial EMT and chick endocardial EMT 

was determined. More severe inhibitory effects on cardiac EMT were observed from MMA (III) 

exposure. In contrast, Zn
2+

 rescues cell differentiation from MMA (III) toxicity (Fig 3.3.7A and 

B). 
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Figure 3.3.7 
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Figure 3.3.7. Zinc rescues MMA (III) cardiac toxicity. (A) Epicardial cells derived from the 

mice heart explants were co-treated with 2ng/ml TGFβ2 and 0.05µM MMA (III) with or without 

zinc supplementation for 48hr. Cellular outgrowth on the gel surface was observed. 

Immunostaining of vimentin (green) was performed and re-organized vimentin in transformed 

cells were indicated by the white arrows. (B) Chick AV canals on collagen gels were co-treated 

with 2ng/ml TGFβ2 and 0.025µM MMA (III) with or without zinc supplementation. 

Mesenchymal cells on the gel surface or in the gel matrix were detected. (C) Epicardial cells were 

exposed to the indicated conditions for 48 hr. Cellular production of ROS was measured and 

normalized to cell viability. Relative fold changes between groups were represented by bar graph. 

Data represent the results of three independent experiments performed in triplicates. For 

comparisons between groups, a one-way ANOVA was performed followed by a Tukeys’s 

multiple comparison test. 

3.4 Discussion 

In this study, we explored the molecular mechanism of arsenic toxicity on TGFβ2-Smad2/3 

signaling. Detection of Smad2/3 effectors in cytosolic and nuclear compartments show that short 

exposure to arsenic leads to cytosolic retention of activated Smad2/3. Arsenic mediated 

disruption of TGFβ2 induced nuclear accumulation of Smad2/3 can be restored by blocking 

Exportin 4 and CRM1, suggesting that arsenic augments Smad2/3 nuclear exportation. Arsenic 

mediated blockage in TGFβ2 signaling leads to impairment in vimentin filament re-organization 

in differentiated epicardial cells blocking the mesenchymal cell phenotype.  Zn
2+

 supplementation 

reverses arsenic inhibitory effects on Smad2/3 nuclear translocation and transcriptional activities, 

which indicates potential Zn
2+

 displacement on Smad proteins by arsenic. This selective divalent 

cation also serves a vital function in protecting cardiac EMT and differentiation from arsenic 

mediated disruption.  



101 
 

Cellular regulation of TGFβ signaling is known to be dependent on a dynamic on and off switch 

in Smad activity. R-Smad activation is initiated by phosphorylation on its C-terminal serine 

residues. This phosphorylation promotes oligomerisation of R-Smad monomers distributed in the 

cytoplasm with Smad4, and is followed by nuclear translocation (Massague, 2012). Many studies 

have reported on the mechanism of how phosphorylation shifts the subcellular distribution of 

Smad effectors from the cytosol to the nucleus (Chen and Xu, 2011; Xiao et al., 2000b).  

Additional work suggests a cytosolic retention mechanism where unphosphorylated Smad 

effectors are tethered in the cytoplasm by retention factors (Xu et al., 2003; Xu and Massague, 

2004). Other studies have shown that TGFβ stimulation does not affect the rate of Smad mobility 

from the cytoplasm to the nucleus upon phosphorylation. Instead, phosphorylation of Smads 

significantly reduces their motility and export rate, resulting in a sequential nuclear accumulation 

(Nicolas et al., 2004; Schmierer and Hill, 2005). In this study, we found that in the absence of 

TGFβ2, blocking nuclear export from knockdown of Exportin 4 results in accumulation of 

Smad2/3 in the nucleus (Fig 3.3.2C). This indicates that unphosphorylated Smad2/3 effectors are 

able to constantly translocate into the nucleus, which supports Schmierer & Hill’s conclusion 

(Schmierer and Hill, 2005). Arsenic appears to promote the binding of Smad2/3 between both 

Importin β1 and Exportin 4 indicating an enhancement in both Smad nuclear import and export 

(Fig 3.3.2B, Fig 3.3.3C). Since phosphorylation is the rate-limiting step in Smad nuclear 

accumulation as it is considerably slower than Smad subcellular translocation, an increase in 

import rate will not affect Smad nuclear accumulation (Schmierer and Hill, 2005). Therefore, 

enhancement in Smad nuclear input via Importin β1 is not in conflict with the depletion of 

Smad2/3 in the nucleus. The loss of nuclear Smad2/3 caused by arsenic is likely due to increased 

nuclear export rate, as knocking down Exprotin 4 by siRNA restores Smad2/3 in the nuclear 

compartment.  
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Smad oligomer disassociation directly contributes to nuclear export for two reasons. First, 

Smad2/3-Smad4 complex structure is required for the cooperation of other nuclear co-factors, 

such as Fast-1/FoxH1, to generate gene specific transcriptional complexes, as individual Smad 

monomers fail to directly bind to their cognate DNA region (Massague et al., 2005). Second, 

oligomersation of R-Smads with Smad4 masks their NLS domain which prevents recognition by 

exportin molecules (Kurisaki et al., 2006). Disassociation of the Smad complex is mediated by 

de-phosphorylation of Smad2/3 by PPM1A, which is the R-Smad specific phosphatase localized 

in the nucleus (Lin et al., 2006). Therefore, the abnormal increase in Smad2/3 phosphorylation 

caused by arsenic exposure seems to be contradictory to increased nuclear export. We postulate 

that arsenic may lead to a conformational change in Smad2/3 proteins without causing de-

phosphorylation. This structural change impairs Smad oligomerisation and its association with 

other tethering transcription factors which leads to Smad nuclear export. Due to this rapid export, 

phosphorylated Smad monomers are able to escape from being de-phosphorylated, resulting in an 

elevation in cytosolic phosphorylated Smads content (Fig 3.3.1A and Fig 3.3.4C). Nuclear 

accumulation of Smad4 is a direct consequence of Smad2/3 nuclear translocation. Depletion of 

nuclear Smad2/3 is expected to be associated with loss of Smad4 in the nucleus, which in turn 

further accelerates the export rate of Smad2/3. The observation that LMB successfully restores 

nuclear content of Smad2/3 in the arsenic co-treatment groups supports our hypothesis that 

arsenic causes disassociation of the Smad complex (Fig 3.3.3A, B). Stabilization of nuclear Smad 

effectors via trapping Smad4 in the nucleus helps to reduce the export rate of Smads, resulting in 

Smad2/3 nuclear retention. However, whether this retention also helps Smad complex DNA 

binding affinity needs to be further explored. 

Smad proteins consist of two conserved domains, the N-terminal Mad homology 1 (MH1) and C-

terminal Mad homology 2 (MH2) domains, coupled by a linker region (Moustakas et al., 2001). 

Smad DNA-binding ability is mediated by its MH-1 domain which is stabilized by a bound Zn
2+
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atom coordinated by three cysteine and one histidine residues (Chai et al., 2003). Schnurri and 

Sp-1 are zinc finger proteins which have been reported to act as Smad partner transcription 

factors and stabilize Smad DNA-binding (Dai et al., 2000; Poncelet and Schnaper, 2001). The 

observation that Zn
2+

 supplement restores arsenic mediated nuclear loss of Smad2/3 while EDTA 

ion chelator treatment further depletes nuclear Smad2/3 gives two implications (Fig 3.3.4A). First, 

cellular Zn
2+

 concentration is essential for R-Smad nuclear localization. Second, arsenic exposure 

may cause Zn
2+

 deficiency in the nucleus which is responsible for increased Smad2/3 nuclear 

export. However, whether arsenic substitutes Zn
2+

 directly on Smad proteins or on Smad partner 

transcription factors needs to be further explored. Substitution of Zn
2+

 atom by arsenic has been 

seen in many zinc finger proteins including Smad partner protein Sp-1, and DNA repair protein 

such as XPA and PARP-1, which leads to reduction in their DNA binding affinities and causes 

problems (Thiesen and Bach, 1991; Zhou et al., 2014). However, current studies on arsenic 

interaction with zinc finger proteins are mostly carried out in synthetic peptide systems which 

lack the consideration of the control of the Zn
2+

 pool and intracellular Zn
2+

 homeostasis. Nuclear 

translocation of MT which leads to elevated nuclear Zn
2+

 content contributes to DNA synthesis 

and mitogenic gene induction (Apostolova and Cherian, 2000). Additionally, overexpression of 

MT is observed during early embryo development and differentiation. Cellular Zn
2+ 

deficiency 

arrests myoblasts differentiating into myotubes (Petrie et al., 1991). However, whether arsenic 

can cause disregulation in cellular Zn
2+

 pool homeostasis and lead to overall depletion in Zn
2+

 

content in epicardial cells is not known. Similarly arsenicals impact on Zn
2+

 transporter activities 

also remains undiscovered. Therefore, the understanding on arsenic and Zn
2+

 regulation in 

Smad2/3 nuclear shuffling is very limited at this point. Zn
2+

 is a very abundant cation in cells, and 

a sufficient depletion of Zn
2+

 from targeted proteins, such as Smads or their partners in this case, 

requires a relatively large amount of arsenic molecule. This might explain the inhibition in 

nuclear Smad2/3 accumulation only occurs with high level of arsenic in a short exposure time 

(Fig 3.3.1C). Longer exposure to low level arsenic impairs TGFβ2 signaling in epicardial cells 
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with a more complicated mechanism, which involves down-regulation in TGFβ2 receptor 

activation as previously reported (Allison P et al., 2013; Huang et al., 2014). Zn
2+

 supplement 

retains phosphorylated Smad2/3 in the nucleus and exposes them to nuclear PPM1A, therefore 

blocks the abnormal increase in Smad2/3 phosphorylation in response to arsenicals (Fig 3.3.4C).  

TGFβ2 is a key inducer that promotes the development of embryonic heart from a symmetrical 

cardiac tube to an asymmetrical four-chambered functioning organ (Azhar et al., 2003). 

Endocardial EMT, which contributes to valve development has been well-studied in chick 

endocardial cushions is described as a step-wise process (Camenisch et al., 2002a). The first step 

is activation indicated by endothelial cell separation. Step two is invasion, where activated 

endothelial cells differentiate into invasive mesenchymal cells. Arsenical exposure inhibits both 

activation and invasion steps of chick endocardial cells (Fig 3.3.6 and Fig 3.3.7). However, 

whether this inhibition is due to the specific disruption in Smad pathways or due to a broad 

perturbation in the activities of other EMT co-factors remains unknown. To date, studies of 

cardiac EMT process utilizing collagen gel invasion system only focuses on endocardial EMT, 

and are majorly performed in chick model. It is the first time to our knowledge that mouse 

developmental epicardial-EMT is studied utilizing in-vitro invasion assays. Unlike the activated 

chick endocardial cells, epicardial cells derived from mouse heart explants form a tightly 

compressed cell sheet on collagen gel surface. TGFβ2 stimulation does not trigger an obvious 

cell-cell separation. Instead, it leads to immediate cellular invasion close to the heart explant site 

indicated by re-organized vimentin proteins (Fig 3.3.5 S-B, I-B). Divalent cations including Zn
2+

 

are important cofactor of cell activation. The mechanism of Zn
2+

 beneficial effects in embryonic 

cardiac EMT is not clear. We postulate that Zn
2+

 protection effects in TGFβ2 mediated 

transformation and differentiation of cardiac precursors are achieved by rescue in both Smad2/3 

signaling and functionalities of other EMT co-factors. Zinc finger protein Klf4 has shown to be a 

key regulator in the terminal differentiation of goblet cells in the colon (Katz et al., 2002). In 
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addition, zinc finger transcription factor Sp-1 has shown to cooperate with Zeb-2 in inducing 

epithelial cell invasion during EMT process in a Smad independent manner (Nam et al., 2014). 

Physical interaction of arsenic with the zinc finger domain of Sp-1 has been reported to impair its 

DNA binding affinity and transcriptional activity (Chang and Hung, 2012; Thiesen and Bach, 

1991). Therefore, it is reasonable to speculate that zinc supplement may restore Sp-1 activity and 

its cooperation with Zeb-2 resulting in activated EMT.  

In summary, our work has established a novel mechanism for arsenic disruption in TGFβ-Smad 

signaling cardiac cell differentiation and that Zn
2+

 may prevent the progression of arsenic 

associated cardiovascular disorders. 
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Chapter 4. Impact of Arsenic Exposure on Line1 Retrotransposon Activity 

Abstract 

Exposure to environmental arsenic is associated with increased risk of cancer, cardiovascular 

disease and neurological diseases. Arsenic toxicity is mainly mediated by its strong genotoxic 

potential in causing DNA damage such as chromosomal aberrations and mutations. Line1 

retrotransposon is a group of mobile DNA elements that comprises 17% of the human genome. 

Activation of Line1 contributes to increased genetic instability by causing insertional mutagenesis. 

Whether arsenic genotoxicity is partially mediated by Line1 activation remains unknown. In this 

chapter, the data show that arsenic exposure leads to an induction in the expression of both Line1 

ORF-1 and ORF-2 mRNA, which starts at 2hr after exposure and peaks at 8hr. This induction is 

associated with increased expression of Hmox1 indicating that Line1 activation may associate 

with arsenic mediated ROS production. Prolonged arsenic exposure increases overall L1 protein 

levels in cells. Line1 luciferase reporter assays show that the transcriptional activity of Line1 is 

induced by arsenic exposure in a time and dose dependent manner. Nrf2 seems to play an 

important role in arsenic mediated Line1 activation as a Line1 element with a mutated ARE site 

shows an overall lower transcriptional activity as compared to the wild-type elements with intact 

ARE sites. Overexpression of Nrf2 shows a synergistic effect with arsenic exposure in inducing 

Line1 transcriptional activity, which is significantly blocked by Nrf2 siRNA. In addition, 

increased nuclear translocation of Line1 is detected following arsenic exposure in a dose 

dependent manner. Nuclear accumulation of truncated Line1-ORF2 is detected after 30 min of 

arsenic exposure, suggesting potential genomic insertion events. In summary, arsenic exposure 

leads to Nrf2 dependent induction in Line1 transcription, increased Line1 gene expression and 

Line1 ORF-2 protein nuclear accumulation. These observations demonstrate a novel mechanism 

of mobile element activation in arsenic associated genomic damage and instability. 



107 
 

4.1 Introduction 

Arsenic is a naturally occurring metalloid and has been widely used in wood preservative 

treatments, pesticide formulation and pigment manufacturing. Inorganic arsenic exposure through 

food and drinking water consumption has been reported to cause various types of cancer, and 

aliments in the cardiovascular and nervous systems (Schuhmacher-Wolz et al., 2009; Soucy et al., 

2003; Yu et al., 2006). In addition, arsenic is also found to be teratogenic as it can produce 

reproductive and developmental toxicities (Golub et al., 1998). Epidemiologic studies have 

shown that exposure to low to moderate levels of arsenic during gastrulation leads to high 

incidence of spontaneous abortions, low birth weight, malformation and growth retardation in 

several animal species (Tabocova et al., 1996). We previously reported that exposure to arsenite 

and its metabolite MMA (III) significantly attenuates cardiac epithelial to mesenchymal transition 

(EMT) which is a critical cellular event that contributes to the formation of coronary vessels and 

heart valves (Huang et al., 2014). However, the molecular basis of arsenic developmental toxicity 

is largely unknown. On the other hand, the mechanism of arsenic carcinogenicity has been better 

characterized. Arsenic exposure inhibits DNA repair resulting in accumulated DNA damage 

including point mutations, double strand breaks, adduct formation and chromosome aberrations 

as well as sister chromatid exchanges (Martinez et al., 2011). These alterations all contribute to 

whole genomic instability resulting in abnormal cell proliferation and malignant transformation 

and eventually tumorigenesis. However, whether the genotoxicity of arsenic also plays a role in 

inducing developmental deficits is not known.  

Long interspersed nuclear elements (LINE-1/L1) are highly active and abundant retrotransposons 

accounting for 17% of human genome. Mammalian L1 consists of a 5’ UTR containing an 

internal promoter, two open reading frames (ORF1 and ORF2), and a 3’ UTR containing a 

functional polyadenylation signal. L1 ORF1 encodes an RNA binding protein whereas ORF2 

encodes an endonuclease and a reverse transcriptase. Retrotransposition of L1 is mediated by 



108 
 

target site-primed reverse transcription (TPRT), where the endonuclease cleaves genomic DNA 

followed by reverse transcription using L1 RNA as template resulting in random insertion of 

reverse transcribed L1 DNA into the genome (Boissinot et al., 2000). Transcription of L1 

elements is largely silenced in terminally differentiated somatic cells. In contrast, high expression 

of L1 has been seen during embryonic development and cancer progression probably due to a 

global DNA hypomethylation environment in undifferentiated cells (Seisenberger et al., 2010). 

Although the molecular mechanisms that regulate L1 activities are poorly understood, evidence 

has suggested that L1 reactivation may be associated with DNA damage. A previous study 

reports that increased transcription and retrotransposition of L1 caused by benzo(a)pyrene (BaP) 

exposure are fully dependent on the genotoxicity of BaP (Lu et al., 2000). In addition, another 

report has shown that cellular redox homeostasis also plays a key role in regulating L1 activity. 

Thus mutations in the ARE/EpRE-like site in L1 promoter region lead to reduced induction of L1 

in response to BaP treatment (Lu and Ramos, 2003). Antioxidant responsive elements (AREs) are 

transcriptional enhancers that exist in the promoter region of many antioxidative genes. 

Activation of ARE in response to elevated cellular oxidative stress is largely mediated by nuclear 

factor E2-related factor 2 (Nrf2) (Nguyen et al., 2009). Although Nrf2 signaling pathway was 

originally considered to be protective in cells, constitutive activation of Nrf2 has been found in 

many tumor models. Arsenic has been shown to cause prolonged Nrf2 expression and activation 

which contributes to its carcinogenicity.  Therefore, given the clues that arsenic exposure causes 

multiple types of DNA damage and can lead to constitutive Nrf2 induction, we sought to 

determine whether arsenic is able to activate L1 via an Nrf2 dependent mechanism.   

Here we report that arsenic induces L1 mRNA expression in both mice and human embryonic 

cell lines in a dose and time dependent manner. Transcriptional activity of L1 is more responsive 

to arsenic in mice cells compared to human cells. Arsenic exposure induces both protein 

expression and nuclear translocation of L1-ORF2 in mice epicardial progenitor cells. Nuclear 
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accumulation of L1 seems to be Nrf2 independent. However, transcriptional activity of L1 is 

regulated by Nrf2 since mutation in the ARE site within L1 promoter region significantly reduces 

the induction of L1 in response to arsenic exposure. 

4.2 Result 

 

Figure 4.2.1. Arsenic Induces L1 Gene Expression and Transcription Activity in Mouse 

Epicardial Cells.  

To investigate whether arsenic exposure induces L1 expression, we used real time PCR analysis 

to determine the expression level of both L1 ORF-1 and ORF-2 mRNA in response to arsenic 

challenge. Oxidative stress has been shown to be one of the inducers of endogenous L1 activity 

(Lu and Ramos, 2003). Hmox1 which is the essential enzyme catalyzing heme metabolism can be 

induced as a cellular protection response to elevated reactive oxygen species (ROS) caused by 

environmental stress (Yoshida et al., 2001). Therefore we also detected the expression pattern of 

Hmox1 upon arsenic stimulation in order to determine whether the modulation in L1 expression 

caused by arsenic is a correlated event with the modulation in the cellular oxidative stress. Murine 

epicardial cells were exposed to 2 µM arsenic for different time periods from 2 hr to 24 hr. As 

shown in Fig 4.2.1, the mRNA level of L1 ORF-1 and ORF-2 were both induced at 2 hr after 

exposing to arsenic and peaked at 8 hr. The expression of ORF-1 started to decrease at 8 hr post 

exposure whereas the induction in ORF-2 remained at the same level until 24 hr post exposure. 

The expression of Hmox1 reached about 14 fold increase as compared to control at 8 hr followed 

by a slight decrease. Thus the expression pattern of Hmox1 is more closely to the one of L1 ORF-

1. We then picked 8hr as the exposure time, and stimulated epicardial cells with several doses of 

arsenic from 2 µM to 10 µM. Interestingly, the induction in L1 ORF-1 and ORF-2 did not follow 

a strict dose dependent manner as we detected a significant drop in expression of both with the 

exposure to higher dosages of arsenic (6, 8, 10 µM). On the other hand, the induction of Hmox1 

by arsenic showed a typical dose dependent response. These observations suggest that induction 
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of L1 mRNA by arsenic might be associated with elevated cellular oxidative stress, however, 

oxidative stress is not the only regulator of L1 expression, other signaling pathways may be 

activated by a fast elevation in L1 mRNA level which in turn inhibits the expression of L1 

mRNA.  

Figure 4.2.1 Arsenic exposure induces L1 ORF-1 and ORF-2 mRNA levels. Epicardial cells 

were exposed to 2 µM arsenic for the indicated time periods or exposed to the indicated doses of 

arsenic for 8 hr. mRNA from each condition was isolated and subjected to real time PCR 

analysis. RPS7 was used as an internal control for normalizing the target gene mRNA expression 

levels. The bar graphs showed the fold change in L1 ORF-1, ORF-2 and Hmox1 mRNA 

expression relative to the untreated group (*=p<0.05). All samples were performed in triplicate 

with a minimum of three independent experiments. 

 

Figure 4.2.2 Arsenic Mediated L1 ORF-2 Nuclear Translocation Is Nrf2 Independent.  

An active L1 retrotransposition requires nuclear translocation of L1 ORF-2 protein encodes an 

endonuclease and a reverse transcriptase. We then sought to determine whether arsenic affects the 

Figure 4.2.1 
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subcellular distribution of L1 ORF-2. Epicardial cells were exposed to 4 µM arsenic for the 

indicated time periods as shown in Fig 4.2.2A. L1 ORF-2 protein level was detected in the 

nuclear and cytosolic compartments. Arsenic is shown to induce a fast nuclear accumulation of 

L1 ORF-2 within 1 hr after exposure, which then decreased to the basal at 16 hr. This coincides 

with the observation that ORF-2 in the cytosol started to decrease shortly after arsenic exposure 

and then went up to the starting level at 16hr.  Since ARE elements, which are activated by Nrf2, 

have been shown to play a key role in benzo(a) pyrene (BaP) mediated induction of L1 promoter 

activity, we asked if the nuclear accumulation of L1 is regulated by Nrf2. Therefore we 

performed immunostaining analysis to detect the subcellular distribution of L1 ORF-2 and Nrf2. 

We picked 30 min, 4 hr and 16 hr as representative time points to show the expression and 

localizations of L1 ORF-2 and Nrf2. As shown in Fig 4.2.2B, a robust nuclear expression of L1 

ORF-2 was detected at 30 min after arsenic exposure, which decreased at 4 hr and disappeared at 

16 hr, coinciding with the immunoblotting analysis. Importantly, L1 ORF-2 proteins in the 

nucleus exhibit punctate structures indicating an active state which may be associated with 

retrotransposition events. On the other hand, the expression and subcellular distribution of Nrf2 

did not seem to respond to arsenic exposure within 4 hr. However, significant up-regulation in 

Nrf2 protein level was detected at 16hr post exposure. This suggests that the activation patterns in 

L1 ORF-2 and Nrf2 were different, as the activation in Nrf2 requires a longer exposure to arsenic. 

Therefore, we assume that the nuclear accumulation of L1 ORF-2 is not regulated by Nrf2.  
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A. 

B. 

Figure 4.2.2 
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Figure  4.2.2 Arsenic induces L1 ORF-2 nuclear accumulation. (A) Epicardial cells were 

exposed to 4 µM arsenic for the indicated time points. Nuclear and cytosolic fractions were 

collected and subjected to western blotting analysis with antibodies against mouse L1 ORF-2, 

LaminA and GAPDH. (B) Epicardial cells under the same conditions as described in (A) were 

fixed and subjected to immunostaining. L1 ORF-2 was shown in green, Nrf2 was shown in red, 

and nucleus was stained with DAPI. 

 

Figure 4.2.3. Long Term Arsenic Exposure Increases Cellular L1 ORF-2 Protein Level.  

In order to test whether a prolonged arsenic exposure increases L1 ORF-2 total protein level, we 

exposed epicardial cells to arsenic from 8 hr to 96 hr. We found that the protein level of L1 ORF-

2 started to increase at 24 hr post exposure, reached peak at 72 hr and then started to decrease at 

96 hr. On the other hand, Nrf2 protein level was significantly induced by arsenic at 24 hr which 

then slightly decreased to the basal level at 96 hr post exposure (Fig 4.2.3). The observation that 

L1 protein up-regulation was followed by Nrf2 induction suggests a possibility that although Nrf2 

is not responsible for L1 ORF-2 nuclear translocation, its activation may contribute to an overall 

L1 protein elevation in epicardial cells.  

Figure 4.2.3 
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Fig 4.2.3. Arsenic induces L1 ORF-2 protein expression. Epicardial cell were exposed to 1 µM 

arsenic for the indicated time periods. Whole cell lysates were collected and subjected to 

immunoblotting analysis with antibodies against mouse L1 ORF-2, Nrf2 and GAPDH.  

 

Figure 4.2.4. Nrf2 Is An Essential Regulator in Arsenic Mediated L1 Promoter Activation. 

L1Md-A2 is a recently reported endogenous L1 gene in mouse vascular smooth muscle cells (Lu 

and Ramos, 2003). In order to investigate whether arsenic exposure impacts the transcriptional 

activity of L1, we transfected cells with L1Md-A2 luciferase construct and exposed cells to 

arsenic. As shown in Fig 4.2.4A, L1 promoter activity was first inhibited by arsenic exposure and 

then started to increase after 8 hr and reached an approximately 4 fold induction at 24 hr. 

Therefore, we picked 24 hr as the exposure time and challenged the cells with increased dosages 

of arsenic. The induction of L1 promoter activity showed a dose dependent manner. Sequence 

analysis indicates that L1Md-A2 has two ARE-like elements (GTGACNNNAGC) in the 

promoter region which can be activated by Nrf2 binding. On the other hand, the promoter region 

of human L1 gene only contains a partially ARE-like element. We asked if ARE element is 

required for arsenic mediated L1 promoter activation. Luciferase constructs containing a L1Md-

A2 promoter or a human L1 promoter were introduced to cells followed by arsenic exposure. As 

shown in Fig 4.2.4B, human L1 promoter failed to be induced by arsenic as compared to the 

mouse L1 promoter, suggesting that ARE element plays an essential role in arsenic mediated L1 

transcriptional activity. Since Nrf2 is the key transcription factor that binds to and regulates ARE, 

we then further confirmed the role of ARE in L1 activation by modulating the introcellular Nrf2 

protein level. The Nrf2 overexpressing construct or Nrf2 siRNA were introduced into the cells 

with or without arsenic exposure. Surprisingly, we found that Nrf2 overexpression alone failed to 

induce L1 promoter activity.  However, Nrf2 overexpression together with arsenic exposure 

created a synergistic effect as compared to arsenic alone. siRNA inhibition of Nrf2 decreased the 
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basal activation level of L1 promoter compared to the un-treated group, and also attenuated 

arsenic mediated L1 induction. This suggests that Nrf2 may play a role in L1 transcriptional 

activity. We then introduced another luciferase construct with a mutated L1 promoter (one (out of 

two) ARE element deletion) into cells and exposed the cells to the same conditions as described 

above. The mutated L1 promoter showed an overall low activity compared to the wild type 

construct, suggesting that ARE element is essential in the basal level activity of L1 promoter (Fig 

4.2.4C).  

 

 

 

 

 

A. 

B. 

Figure 4.2.4 

C. 
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Figure 4.2.4 ARE is essential for the induction of L1 transcriptional activity by arsenic. (A) 

Epicardial cells were transfected with wild type L1Md-A2 luciferase reporter construct. 16 hr 

post transfection, cells were exposed to 4 µM As for indicated time periods or to indicated 

dosages of As for 24 hr. Luciferase activity of L1Md-A2 reporter in each group was measured 

and normalized to the un-treated (UTX) group. (B) L1Md-A2 reporter construct and human L1 

reporter construct were transfected into cells followed by 4 µM As exposure for 24 hr. Relative 

luciferase activities of the two L1 reporters were measured and normalized to controls. (C) Wild 

type and mutated L1Md-A2 luciferase reporter constructs were introduced into cells with or 

without the co-transfection with Nrf2 overexpressing construct or Nrf2 siRNA. 16 hr post co-

transfection, cells were exposed to 4 µM As for 24 hr. Luciferase activity of the L1 reporter in 

each condition was measured and normalized to controls. Relative fold changes between groups 

were represented by bar graph. Data represent the results of three independent experiments 

performed in triplicate. 
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Chapter 5 Summary and Future Directions 

5.1 Overview 

This dissertation focuses on deciphering the detrimental effects of arsenical exposure on cardiac 

progenitor cell activation and differentiation. Epithelial to mesenchymal transition (EMT) 

regulated by TGFβ2 signaling is a key cellular event that contributes to early embryogenesis and 

wound repair in mature tissues. The impact of environmental arsenic exposure on TGFβ2 

signaling and cardiac EMT was poorly understood at the start of this project. This work 

demonstrates that arsenic is a potent disruptor of EMT as it inhibits TGFβ2 signaling decreasing 

the expression of EMT genes. We established the molecular basis for this disruption in TGFβ2 

signaling and cardiac EMT caused by arsenic, which allowed us to explore nutritional 

supplements that could be used to reverse the cardiotoxicity of arsenic. In addition, we show that 

arsenic causes dysregulation of retrotransposon activities in embryonic cells revealing a novel 

mechanism of arsenic genetic toxicity during fetal development. Collectively, this work has broad 

implications for developmental disorders and the origins of coronary artery diseases. We also 

provide insights into therapeutic strategies for the prevention or treatment of congenital heart 

defects and adult cardiovascular disease.  
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5.2 Conclusions and Significance 

The conclusions and discussions presented in this section summarize the main findings and 

contributions of our work in the field of heart development and cardiac repair.  

5.2.1 Arsenic Disrupts TGFβ2 Signaling Causing Deficits in Cardiac EMT.   

We found that sodium arsenite (iAs
III

) and its most toxic intermediate metabolite MMA (III) 

disrupted both Smad2/3 dependent and MAPK mediated TGFβ2 signaling. Specifically, the 

phosphorylation of Smad2/3, Erk1/2 and Erk5 were inhibited by arsenical exposure. Nuclear 

translocations of Smad2/3 and Erk5 were also blocked by arsenicals. Attenuated Smad2/3 and 

Erk5 activation subsequently led to impaired EMT indicated by reduced mesenchyme production, 

down-regulation in EMT protein markers including N-Cadherin and Vimentin, blocked β-catenin 

nuclear translocation, inhibited EMT regulatory gene expression and increased expression of the 

EMT blocker, VEGF. However, smooth muscle differentiation which is partially regulated by 

p38 signaling, remained refractory to arsenical toxicity.  

How does this work contribute to the understanding of the development of coronary vessel 

disease, cardiac repair and regeneration? 

Coronary arteries are the main vessels that supply oxygenated blood to the cardiac muscle. 

Damage to the inner walls of coronary arteries and the subsequent cholesterol containing deposits 

as well as platelet clumps can lead to narrowing or closure of coronary arteries, reduced blood 

supply, and eventually left ventricle dysfunction and heart failure (Francis, 2001). Coronary 

artery disease accounts for one third of all deaths in the United States, and approximately 6 

million people worldwide experience new or recurrent instances every year (Writing Group et al., 

2010). The origin of coronary artery disease starts at fetal development and early childhood. For 

example, low birth weight has been associated with coronary heart disease and type II diabetes 

later in life (Barker et al., 2002). Environmental factors such as arsenic exposure contribute to 
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increased risk of cardiovascular morbidity and mortality. However, the molecular mechanism of 

arsenic associated developmental cardiac toxicity is unclear. In this study, we have demonstrated 

that TGFβ2 and its downstream effectors including Smad2/3, Erk1/2 and Erk5 are sensitive 

targets of arsenic in cardiac progenitor cells. Knowing the specific pathways that are affected by 

arsenic is important, as they can be used to explore clinical therapeutic strategies to prevent 

congenital heart defects and progression of early onset of coronary artery disease due to arsenic 

exposure.  

Coronary artery blockage can lead to ischemic myocardial infarction (MI) which triggers 

secretion of TGFβ1 and activates non-myocyte cells (Teekakirikul et al., 2010). The proliferation 

of non-myocytes causes expansion of the interstitium, and increases stress on the existing 

myocytes, which results in myocyte death and focal fibrosis. Cardiac fibrosis which leads to 

diastolic dysfunction and decreased systolic ejection is an essential contributor to sudden death in 

progressive heart failure. Adding to the severity of cardiac fibrosis is the reported irreversible 

remodeling in fibrotic cardiac lesions even when the disease progression is slowed (Babur Guler 

et al., 2011; Weber et al., 1992). Stem cell therapy using transplanted progenitor cells to replace 

infarcted tissue sheds light on the clinical treatment of progressive heart failure which has been 

long considered as irreparable (Boudoulas and Hatzopoulos, 2009). Exogenous mesenchymal 

stem cells (MSCs) and embryonic stem cells (ESCs) which can differentiate into cardiomyocytes 

and integrate to the heart tissues after transplantation to the infarction sites have shown beneficial 

effects on left ventricle cardiac function (Kehat et al., 2001; Kehat et al., 2004; Kudo et al., 2003; 

Tomita et al., 1999). On the other hand, although the adult heart has been previously considered 

as a terminally differentiated organ which lacks the ability to regenerate; recent evidence shows 

that the mature heart contains a stem cell population which can generate new cardiomyocytes and 

replace scared tissue after injury (Lepilina et al., 2006). This novel endogenous regeneration is 

achieved by cardiac progenitor cells undergoing EMT and EndMT processes. After introducing 
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MI to mouse, epicardial stem cells are observed to migrate to the infarct site and contribute to 

neovascularization and replacement of dead cardiomyocytes (Smart et al., 2007; Zhou and Pu, 

2011). In addition, epicardial derived cells are able to regenerate approximately 80% of the lost 

cardiomyocytes in zebrafish after excision of the heart muscle (Lepilina et al., 2006). Activated 

Wnt signaling, increased expression of Snail and Slug as well as nuclear translocation of β-

catenin are detected during cardiac repair and regeneration (Thiery and Sleeman, 2006). Our 

work suggests that TGFβ2 signaling may also be required during this repair process. Arsenic 

exposure which disrupts TGFβ2 signaling transduction not only blocks TGFβ2 mediated cardiac 

EMT, but may also attenuate the cross talk of TGFβ2 with Wnt signaling or other signaling 

pathways that govern the differentiation of cardiac stem cells. Reactivated EMT and EndMT in 

the injured heart contribute to both beneficial cardiac regeneration and detrimental proliferation 

of myofibroblasts (Zeisberg et al., 2007). The factors that control the balance of the reparative 

and regenerative processes of the cardiac stem cells are not unknown. Clinical research shows 

that proliferative and pro-fibrotic response associated with elevated secretion of tumor necrosis 

factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1) and interleukins can be induced 

by TGFβ1, indicating that different molecular regulators may be involved in cardiac repair and 

regeneration (Doetschman T et al., 2012; Frangogiannis, 2008). Additionally, aging has been 

shown to be a factor that drives skeletal muscle stem cells to give rise to fibroblasts instead of 

myocytes, suggesting that the physiological condition and intracellular environment may direct 

the fate of stem cells (Brack et al., 2007). Arsenic has been shown to induce the expression of 

TGFβ1 and inflammatory cytokines which leads to fibrosis in many tissues (Chu et al., 2012; Liu 

et al., 2014). It is reasonable to postulate that environmental insults such as arsenic exposure may 

affect cardiac homeostasis and the balance between fibrosis and regeneration induced by cardiac 

stem cells. Therefore, knowing the molecular basis of arsenic impact on cardiac EMT and 

EndMT is critical for improving the clinical outcome of stem cell therapy in patients with heart 

failure, especially for those exposed to relatively high levels of environmental arsenic.  
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5.2.2 Arsenicals Enhance Smad2/3 Nuclear Exportation Which Can Be Reversed by Zinc 

Supplement. 

We previously assumed that the down-regulation of Smad2/3 phosphorylation and nuclear 

translocation caused by prolonged arsenic exposure is due to the reduced secretion of TGFβ2 

ligands and expression of the receptors. However, the observation that a pulse exposure to high 

level arsenic actually induces Smad2/3 phosphorylation and at the same time depletes nuclear 

Smad suggests a novel regulation of arsenic on Smad signaling. Nuclear Smad2/3 was restored by 

inhibiting Smad specific exportins (Exportin 4 and CRM1) suggesting that arsenic enhances 

Smad nuclear exportation resulting in nuclear Smad depletion. The accumulation of nuclear Smad 

can be rescued by zinc supplementation. Thus indicates a potential interaction between arsenic 

and zinc on regulating Smad activity.  

5.2.3 Arsenic Blocks the Development of Mouse and Chick Embryonic Hearts Which Can Be 

Rescued by Zinc Supplementation.  

We have utilized collagen gel invasion assays to recapitulate in vivo EMT for cardiac 

mesenchyme production in both chick and mouse models. Low level arsenic exposure 

significantly inhibited the outgrowth and transformation of endothelial precursor cells in chick 

heart explants resulting in dramatic reduction of mesenchyme production. Mouse epicardial EMT 

was also blocked by arsenic as shown by reduced vimentin filament expression and 

reorganization. Zinc supplementation partially restored normal epithelial to mesenchymal 

transition and the production of mesenchyme in both chick and mouse heart explants. 

How can these novel insights be applied to improving human health?  

Environmental arsenic contamination has created global health issues. In areas like Bangladesh 

India, Chile and China where arsenic levels in drinking water are too high, removal of arsenic 

from drinking water is necessary in order to improve public health in the region. There are 
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currently three ways to remove arsenic and some other heavy metals from water: 1) reverse 

osmosis system, which filters water by a membrane containing microscopic pores that only allow 

water molecules to pass through while trapping ions such as arsenic, lead, iron, and chromium; 2) 

anionic exchange system, which uses a resin bed charged with chloride ions to displace arsenic 

molecule from the water; 3) iron oxide filter system, where the filter has a large surface area 

which absorbs arsenic. All three of these systems are typically at point of use such as installed in 

homes and are only used to remove arsenic from private drinking water, which fails to solve the 

broad health problems caused by arsenic contamination in certain areas. Other disadvantages 

include high cost, low efficiency, bad taste and acidification of the filtered water further limiting 

their use in developing countries. Our work shows that arsenic associated cardiac toxicity can be 

blocked by zinc supplementation by restoration of Smad2/3 nuclear activity. Although we only 

studied the rescue effect of zinc on Smad2/3, it is reasonable to assume that zinc may also protect 

the activities of other R-Smads (Smad1,5,8) which are regulated by BMP as protein structures of 

all R-Smads are highly conserved. Smad mediated TGFβ and BMP signaling pathways regulate 

the development of many organ systems (Chen et al., 2012; Garside et al., 2013; Guo and Wang, 

2009); therefore, zinc supplementation may have broad beneficial effects on fetal development 

and organogenesis. Zinc plays essential roles in many biological processes as it contributes to the 

three dimensional structures of many proteins, and is required for catalytic activities of numerous 

enzymes (Rutherford and Bird, 2004). Studies have shown that zinc is required for both innate 

and acquired immunity, and zinc deficiency is associated with increased susceptibility to 

infections (Shankar and Prasad, 1998). Taken together, sufficient zinc in diet (15–25 mg per day) 

is important for the health of general public as well as pregnant women and their offspring. 

Particularly, in areas that are heavily contaminated by arsenic or other heavy metals, zinc 

supplementation can be added to the daily diet or combined with some medications to improve 

the health conditions of the regional population. 
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5.2.4 Arsenic Activates Endogenous LINE1 Retroelements Partially Through Nrf2 Regulation. 

Here we show that arsenic induced murine endogenous L1 via up-regulating its gene expression 

and promoter activity. Nuclear accumulation and activation of L1-ORF2 was observed shortly 

after arsenic exposure which may contribute to insertional mutations in the genome. Prolonged 

arsenic exposure caused an overall increase in L1 protein level which may be regulated by Nrf2 

activation. The mechanism of arsenic regulation in L1 is not yet clear. We provide evidence 

showing that the induction of L1 promoter region by arsenic is partially through ARE as 

mutations in ARE significantly silenced L1 transcriptional activity. Nrf2 overexpression together 

with arsenic exposure generated a synergic induction in L1 promoter activity compared to arsenic 

alone, Nrf2 siRNA silencing reduced arsenic mediated L1 promoter induction, which suggests 

that Nrf2 plays a key role in L1 activation. This will have to be validated by future studies. 

5.3 Future Directions 

This work reveals a novel molecular mechanism of arsenic toxicity on the transformation and 

differentiation of cardiac progenitor cells. However, a deeper understanding of arsenic 

developmental toxicity that is required to prevent and slow the progression of birth defects 

requires further exploration. Following are severed questions that remain to be answered based on 

our research:   

5.3.1 What Is the Molecular Mechanism of the Disruptions in the Phosphorylation of TGFβ 

Downstream Effectors Caused by Arsenicals? 

We have shown that chronic arsenic exposure significantly inhibits the phosphorylation of 

TGFβ2 downstream effectors: Smad2/3, Erk1/2 and Erk5. We made the assumption in Chapter 2 

that the disrupted phosphorylation may due to an overall down-regulation in gene expression of 

TGFβ2, TGFβ1, and TβRIII. Although TβR III does not dimerize, auto-phosphorylate or directly 

interact with TβR I or R-Smads, it forms a high affinity ternary complex with TGFβ ligands and 
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presents the ligands to TGFβ type II receptor.  The activation and function of TβR III is critical in 

mediating TGFβ downstream signaling as the type II receptor (TβR II) only has limited binding 

affinity to its ligands. Down-regulation of membrane TβR III expression could contribute to the 

decrease in overall TGFβ signal transduction. Furthermore, embryo and mice lacking TβR III 

have defective coronary vessel formation emphasizing this pathway and receptor in 

cardiovascular development (Compton et al., 2007). Therefore, the impact of arsenic on TβR III 

protein expression and membrane localization needs to be explored using immunoblotting and 

immunostaining techniques to determine if it is a target of arsenic.  ELISA analysis on TGFβ 

ligand secretion in response to arsenic exposure is also needed to confirm our hypothesis.  

Unlike Smad2/3 which are direct substrates of the TGFβ type I receptor, the Erk and p38 MAP 

kinases are activated by MEK which are regulated by MEKKs. Specifically, phosphorylated 

receptor tyrosine kinase receptors (RTKs) recruit adaptor proteins such as Shc, Grb2 and Sos to 

form a complex and bind to the receptors close to the cell membrane. This complex then activates 

Ras via exchanging GDP to GTP. Activated Ras then stimulates the p21 (Ras)/Raf 

(MEKK)/MEK1/2/Erk1/2 or the Ras/Raf/MEK5/Erk5 signaling pathways which lead to the 

phosphorylation of Erk1/2 and Erk5. Whether arsenic affects these upstream regulators including 

Ras, Raf and MEKs and lead to their dysfunction in epicardial cells is not known. Protein 

expression and phosphorylation of Raf, MEK1, MEK2 and MEK5 in response to arsenic 

exposure need to be investigated by immunoblotting analysis. Ras activation and the intrinsic 

GTPase activity can be tested by measuring cellular GTP-bound Ras using a Ras Activation Kit 

as we have performed in our laboratory in separate work (Allison et al,. 2015).  

Inorganic arsenate (HAsO4
2-

) is an analogue of phosphate (HPO4
2-

) and can displace phosphate 

and inhibit oxidative phosphorylation during ATP generation (Hughes, 2002). However, whether 

trivalent arsenite can directly interact with phosphate in certain proteins remains unknown.  We 

showed that an acute and relatively high level of arsenic exposure potentiates TGFβ2 mediated 
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Smad2/3 phosphorylation which is probably a compensatory response to the fast nuclear 

depletion of Smads. This observation may rule out the possibility that arsenic attacks the 

phosphate on Smad2/3 and directly disrupts phosphorylation of Smad. Similar experiments on the 

MAP kinases are needed to further confirm whether this is a global mechanism of arsenic toxicity.  

5.3.2 Is the Zinc Rescue of EMT Achieved by Smad2/3 Signaling or by Other Signaling Pathways? 

In Chapter 3, both Smad2/3 nuclear activity and cardiac EMT were rescued from arsenic toxicity 

by zinc supplementation. Based on these observations, several questions need to be further 

explored: 1) does arsenic physically interact with Smad2/3 proteins? 2) does the interaction with 

arsenic result in displacement of zinc in the DNA binding domain (within the MH-1 domain) in 

Smad2/3? 3) does exposure to arsenic lead to impaired Smad2/3-DNA binding affinity and does 

zinc rescue it? 4) does exposure to arsenic cause an overall disruption in the cellular homeostasis 

of zinc impacting the function of zinc finger proteins in addition to Smad which could also 

regulate EMT?  

In order to measure the physical binding of arsenic and zinc on Smad2/3 protein, ICP-MS 

(Inductively Coupled Plasma Mass Spectrometry) analysis could be performed to quantify the 

amounts (µg/L) of arsenic and zinc in immunoprecipitated Smad2/3 proteins. Since zinc binding 

and potential arsenic binding on the cysteine residues of Smads are both covalent, 

immunoprecipitation procedures (as long as strong reducing agents are not present, such as DTT) 

would not expected to disrupt binding, potentially leading to inaccurate results. Mass 

Spectroscopic analysis of ion binding on synthetic peptides is more commonly used. However, 

the entire zinc binding motif in the MH-1 domain of Smad involves 62 amino acids (from 64 

(Cysteine), 109 (Cysteine), 121 (Cysteine) to 126 (Histidine)), which makes the peptide synthesis 

more difficult and costly. Therefore, cloning and recombinant expression of this 62 amino acid 

domain is not the feasible approach. Furthermore, direct analysis on intracellular Smads is more 
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biological relevant if the ICPMS is proven effective enough to detect arsenic displacing zinc in 

the target protein.  

The MH-1 DNA binding domain of R-Smads has been shown to bind to a consensus DNA 

sequence named the Smad binding element (SBE). The measurement of Smad DNA binding 

affinities under arsenic exposure and with zinc supplementation can be done using electrophoretic 

mobility shift assay as previously reported (Jones and Kern, 2000). Smad3 is required but not 

sufficient to induce a complete EMT, other zinc finger transcription factors such as Snails, Zeb1-

2, Sp-1 and Casz1also play essential roles in regulating mammalian cardiac morphogenesis and 

development. Zinc displacement on Sp-1 impairs its DNA binding affinity has been previously 

reported (Thiesen and Bach, 1991). Although arsenic toxicity on these other EMT regulatory 

proteins needs to be studied further, we assume that zinc displacement caused by arsenic impairs 

the function of a group zinc finger proteins resulting in attenuated EMT. 

Current studies on arsenic interaction with zinc finger proteins are mostly carried out in synthetic 

peptide systems which lack the intact complexity of cells including the zinc pool and zinc 

transporter activity which govern intracellular zinc homeostasis. Three resources contribute to the 

cellular pool of zinc: 1) tightly bound pool from zinc finger proteins; 2) metallothionein (MT) 

proteins, which release zinc upon stimulation; 3) chelatable pool of free zinc, which is composed 

of unbond zinc ions that are stored in vesicles. Whether arsenic can cause dysregulation in 

cellular zinc pool homeostasis and lead to overall depletion in the zinc content of epicardial cells 

is not known. Similarly arsenic’s impact on zinc transporter activity also remains undiscovered. 

Therefore, the understanding of arsenic and zinc regulation in Smad2/3 nuclear shuffling is very 

limited at this point. Zinc amount in subcellular compartments can be measured by ICP-MS 

analysis. This will tell us whether arsenic causes an overall depletion of intracellular zinc content. 

Inorganic trivalent arsenic has been reported to bind to the recombinant human metallothionein 

using ionization mass spectrometry (ESI-MS) analysis (Ngu and Stillman, 2006). However, 
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whether arsenic binding to MT causes possible dysfunction leading to disruptions in the 

intracellular zinc homeostasis needs to be further explored.  

5.3.3 Does the Reactivation in LINE1 Caused by Arsenic Contribute To the Disruption of 

Embryonic Development? If so, What Is the Mechanism? 

We demonstrate in chapter 4 that arsenic exposure activates L1 gene expression. L1 promoter 

activity as well as nuclear translocation of L1occurs following arsenic exposure. However, the 

biological consequences of L1 induction in embryonic heart development have not yet been 

studied. L1 activation may lead to gene mutations, activation and silencing depending on its 

retrotransposition sites. L1 activation is known to cause the maintenance of undifferentiated 

phenotypes of precursor cells during early embryogenesis, and epigenetic L1 silencing allows 

induction of cellular transformation and differentiation (Ramos et al., 2011). We therefore 

propose that increased L1 activity contributes to arsenic genetic toxicity during embryonic 

development. To test this hypothesis, we have generated full length human L1, which has a GFP-

tag and mKATE tag at the end of the ORF-1 and ORF-2 regions (Fig 5.3.3).   

Figure 5. 3.3. Cloned full length L1 DNA construct. 

Introduction of these constructs into epicardial cells will be performed using adenovirus delivery 

system. Transfected cells will then be subjected to the collagen gel invasion assays to determine 

Figure 5.3.3 
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the function of L1 during EMT. Expression of EMT regulatory genes and proteins will also be 

examined in these experiments. 

Genetic toxicity of L1 is mediated by its retrotransposition. However, whether arsenic activates 

L1 retrotransposition is not known. We have designed probes to detect truncated L1 sequences 

that are inserted into the genome. Southern blotting analysis (as previously reported (Lu et al., 

2000)) will be performed to investigate L1 insertional mutation in the isolated DNA from the 

cells that are exposed to arsenic. We postulate that chronic arsenic exposure will elevate L1 

retrotransposition which will provide novel genetic control over the expression of a set of EMT 

regulatory genes. Such regulation may result in silencing of EMT inducers and/or activate 

negative regulators of EMT. Whether L1 insertion occurs randomly in the genome or targets 

specific regions of select genes in different cells is not known. Given the evidence that L1 

induction inhibits cell differentiation in early development, whereas it induces malignant cell 

transformation in cancer progression, we hypothesize that L1 mediated regulation on the genome 

may be a precisely controlled event in cells which is regulated by novel mechanisms.  
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