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ABSTRACT 
 

 
This dissertation centers on the study of epithelial to mesenchymal cell transition 

(EMT) in the heart model of valve development.  EMT is a process used by specific cells 

to invade adjacent matrix in order to differentiate into a three-dimensional structure.  The 

first section of the project includes a study on the effects of inorganic arsenic on EMT 

and therefore the environmental concerns produced by deleterious effects on EMT.  The 

second section focuses on the discovery of an intrinsic regulator of EMT, olfactomedin-1 

(OLFM1).  The discovery of a novel regulator of EMT in the atrioventricular canal is 

interesting, by itself, as it allows us to better understand the intrinsic molecular regulation 

of EMT in valve formation of the heart.  The activity of this protein, as a regulator of cell 

invasion, identifies an important checkpoint in EMT.  Because OFLM1 is conserved 

across many species, including humans, it may be a common or shared regulator of all 

types of EMT including cancer. Therefore, OLFM1 represents a promising new target for 

an anti-cancer agent as well as a potential clinical inducer of EMT to repair congenital 

heart disease that include valve defects.    
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CHAPTER 1. INTRODUCTION 

  
1.1 Arsenic 
 

The word arsenic was formulated from the Syriac word zarniqa and the Persian 

word Zarnikh, meaning “yellow orpiment.”  The “yellow orpiment” label was then 

morphed into the Greek word arsenikos, which means “masculine and potent.” Arsenic is 

the 20th most abundant element in the earth crust (Tamaki and Frankenberger, 1992) and 

its metallic properties are used to strengthen copper and lead. This metalloid also has 

many other uses including pesticide formulation, wood preservation, taxidermy and 

pigment manufacturing. 

A historic use of arsenic during the Victorian Era was in the formulation of 

makeup. Arsenic was mixed with vinegar and chalk to be topically applied on cheeks in 

order to show a more pale or “improve complexion.”  Because arsenic was commonly 

placed in food to poison royal rivals in the 16-17th centuries, the search for a method to 

detect arsenic became important.  In 1775 Carl Wilhelm Scheele discovered that by 

adding nitric acid and zinc, arsenic changed into the garlic-smelling arsine gas (Holleman 

et al., 1985).  With the help of this test the use of arsenic as a poison dropped drastically, 

however its toxic effects remain an issue.  The malleable and diverse properties of arsenic 

as well as its natural presence in the earth crust encouraged the use of arsenic in many 

industrial products that make human exposure to this element almost inevitable.  Reports 

have described the ability of arsenic to induce skin cancer, as well as cancer of kidney, 

bladder, and liver (Bates et al., 1992; NRC, 1999; Smith et al., 1992). 
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  Interestingly, in the 18-20th century arsenic’s toxicity was used in the anti-

bacterial agent, Salvarsan, to treat syphilis and yaws (Sepkowitz, 2011).  Despite the long 

history of commercial and medial importance, the mechanism by which arsenic based 

compounds target obligate pathogens and not human hosts remains elusive.  Currently, 

arsenic trioxide is used as a chemotherapeutic agent to treat leukemia.  A combination of 

arsenic trioxide and all-trans retinoic acids (ATRA) has been approved by the U.S. Food 

and Drug Administration (FDA) for the treatment of a subset of leukemias (Zhu. J et al., 

2002). 

While the use of arsenic in the formulation of anti-bacterial and anti-cancer agents 

has proven useful, arsenic toxicity remains a problem as many reports have described the 

ability of arsenic to induce cancer (Chen et al., 1992; Smith et al., 1992; Yu et al., 2006).  

While knowledge that arsenic is a human carcinogen is important for the proper use and 

handling of this metalloid, it has not been enough to prevent arsenic poisoning. A 

common route of arsenic poisoning is via inorganic arsenic, naturally found in soil, 

washed into nearby rivers and water tables used for human consumption (A. Moyano, 

2009).  Arsenic contamination of water has been reported in China, India, Nepal, Chile 

and the U.S.A. (Focazio et al., 1999; Gong et al., 2011; Guha Mazumder and Dasgupta, 

2011; Maden et al., 2011; Smith et al., 2011; Zhang et al., 2011b).  As the most common 

arsenic poisoning is via drinking contaminated water, the problem of continuous arsenic 

poisoning is rooted in the socio-economic background of people in underdeveloped areas 

preventing them from having access to clean potable water.  
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Arsenic is a concern in the U.S. due to natural deposits found in the soil of the 

Midwest as well as the Southwest (Figure1).  With insight from scientific data, the 

Environmental Protection Agency (EPA) in 2004 changed the allowed arsenic level of 

drinking water from 50 ppb to 10 ppb (2004).  However, we are finding that low levels  

(< 10 ppb) of arsenic exposure, as well as chronic exposure, can also cause adverse 

effects (Gong et al., 2011).  With the potential for contamination of drinking water, the 

ability to recognize and deal with arsenic effects is crucial.  We currently know that 

arsenic causes cancer in many organs including: kidney, lung, liver and bladder (Chen et 

al., 1992; Hughes et al., 2011; Naranmandura et al., 2011; NRC, 1999; Petrick et al., 

2009), and the high incidence of spontaneous abortions in animals exposed to arsenic 

suggests a toxic effect on fetal development (Aschengrau et al., 1989; Hood, 1998). 

Because the heart is the first organ to form, and it functions to sustain the growth of the 

entire embryo, the cardiovascular system is an important system to study under arsenic 

exposure. 
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Figure 1.1. United States Geological Survey (USGS) of the United States drinking water 
levels of arsenic.  Arsenic concentrations are shown in µg/L and are color-coded in red, 
orange, yellow, lime green, dark green and white. On one end red shows 50 µg/L or 
higher, dark green shows 1 µg/L and white shows insufficient data to determine the 
concentration (Figure adapted from: http://water.usgs.gov/nawqa/trace/arseni).    
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Early in embryo development, the heart has to continually work to pump blood and carry 

nutrients to sustain the developing tissues.  In addition, the complex morphogenetic 

events and the hemodynamic impact required for cardiogenesis make the heart a 

vulnerable target for molecular disruption. This is illustrated by the observation that 

congenital heart defects (CHD) reported are the most common congenital abnormality 

contributing to fetal and childhood mortality (Allan, 1986).  Furthermore, reports have 

shown that 2 of 100 first trimester miscarriages are found to express heart malformations 

(Srivastava, 2001). 

Among the most common defects determined in heart malformation are heart 

valve defects. Therefore, investigation of effects of environmental contaminants, such as 

arsenic, on the developing heart valve will ultimately help us determine causes of CHD. 

 

1.2 Epithelial to Mesenchymal Cell Transition      
 

Epithelial-mesenchymal transition (EMT) is a cellular morphogenetic process 

required for formation of three-dimensional structure through breakdown or dissolution 

of epithelial sheets or tubes in the developing embryo (Hay, 1995). The principle sites of 

EMT in the embryo include gastrulation, neural crest cell formation, Mullerian duct, 

somite differentiation, palate formation and heart development (Duband et al., 1995; 

Markwald et al., 1984; McGuire and Alexander, 1992; Sanders and Prasad, 1991; 

Trelstad et al., 1982).  Additional, less well described, EMTs may take place in other 

organs including the nervous system, kidney and pancreas (Alcorn et al., 1999; Marin and 
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Nieto, 2004; Pinho et al., 2011).  In recent years, the process of EMT has attracted 

attention from a wide variety of investigators as studies of cancer metastasis and organ 

fibrosis show that major elements of embryonic EMT are recapitulated in these 

processes.  Thus, while common in the embryo, EMT is largely a pathological process in 

the adult. 

Though there are earlier EMTs in the embryo than the events in the heart 

described here, the analysis of the EMT that occurs during heart valve formation has 

proven to be particularly useful for a number of reasons.  These include an ability to 

isolate a tissue that will undergo EMT at a defined time and the presence of an adjacent 

endothelium that does not normally undergo EMT as a control.  Although some refer to 

EMT of endothelial tissues as an EndoMT, cardiac endothelial cells at this developmental 

stage, are not fully differentiated endothelial cells and there is little evidence of 

endothelial-specific mechanisms during EMT.  It can however, serve as a useful notation 

in the adult to refer to the origin of cells seen to arise from endothelial progenitors 

(Potenta et al., 2008; Zeisberg and Kalluri, 2010; Zeisberg et al., 2008).  EndoMT is also 

used to refer to an endothelial-myoblast transition as a specific type of EMT (Li and 

Bertram, 2010). 

 

1.2.1 EMT in the Heart 

In the context of development, the vertebrate heart is the first functional organ and 

its morphogenesis is critical for survival once the embryo becomes too large to meet its 

metabolic requirements by diffusion. The heart develops first as a tube composed of an 
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outer myocardial layer, an acellular extracellular matrix or cardiac jelly and an inner 

endocardial (endothelial) layer concurrently with the development of the circulatory 

system.  Myocardial contractions begin shortly after the tube is complete.  Though not a 

completely accurate description, the contractions of the myocardial tube appear to 

provide a peristaltic force that provides directional flow to the circulation (Maenner et al., 

2010).  Several morphogenetic events transform this primitive heart tube into the adult 

four-chambered heart.  Formation of the primitive valvular tissue or endocardial cushions 

is the result of one of these processes and is the focus of our studies on EMT (Person et 

al., 2005b).  

The mitral and tricuspid heart valves are formed by EMT in the atrioventricular 

(AV) canal, which is the section located between the future ventricle and atrium.  Around 

developmental stage 14 in chicken (Hamburger and Hamilton, 1951),  (day 21 of human) 

epithelial cells lining the heart tube are triggered to start EMT.  Through out the years of 

investigating EMT in the heart, we come to realize that this process is regulated in a 

stepwise manner.  This stepwise regulation of EMT was first illustrated by Boyer et. 

al.(1999a), and data identified in chapter 3 replicate this idea.  In EMT, epithelial cells 

receive signals from the extracellular matrix or surrounding tissue in order to initiate the 

first step of EMT (fig. 1.2). EMT begins with cell-cell separation and a phenotypic 

change to a fusiform morphology by endothelial cells.  This step is achieved by activation 

of inhibitory transcription factors that decrease cell adhesion molecule expression in 

order to allow cell-cell separation. Next, the second step is an invasion process and (Fig. 

1.2) is aided by proteases digesting matrix to allow cells to enter the underlying matrix to 



 18 

form cardiac cushions. The cardiac cushions then remodel into a three-dimensional 

structure that will form the heart valves and synchronize blood flow in the heart. 
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Figure 1.2. EMT is a 2 step process. Step 1, a stimulus triggers endothelial cells to down-
regulate adhesion molecules via activation of inhibitory transcription factors. During step 
1 cells also change shape by developing filopodia and actin-based projections. Step 2, 
separated or activated endothelial cells migrate and invaded the underlying collagen 
matrix. In step 2, mesenchymal cells also express inductive signals to further induce 
EMT.  Inductive signals produced by mesenchymal cells are often used as EMT markers. 
 

Stimulus (TGFß, FGF, Wnts, BMP)
Epithelia cell-cell adhesion

Transcripion Factors Inhibit cell-cell 
adhesion
- Runx2, Snai1-2

Phenotypic cell change (shape)
- Change in cell cytoskeleton molecules
- Change in some transcription factors 
         - Snai1, Twist, Sox9

Cell invasion
- Up-regulation of EMT Marker
         - Fibulin2, Periostin, ADAMTS1, MMP2

Step 1

Step 2

EMT is a 2 Step Process



 20 

 
Extensive investigation of the EMT process in heart valve formation has revealed 

that extracellular molecules including TGFß2-3 regulate EMT in the chicken embryos 

(Boyer et al., 1995; Potts and Runyan, 1989; Runyan et al., 1992).  Specifically, TGFß2 

initiates the first step of EMT by inducing transcription factors, including SNAI1 and 

Runx2, to inhibit cell adhesion molecules such as CDH5 and NCAM to allow cell-cell 

separation (Comijn et al., 2001; Covault et al., 1991).  The second step in EMT was 

initiated by TGFß3 to induce invasion of mesenchymal cells (Boyer et al., 1999a).  The 

invasion of mesenchymal cells is accompanied by expression of extracellular molecules 

including POST, FBLN2, ALDH1A1, and TGFß ligands themselves (Boyer et al., 1999a; 

Kruzynska-Frejtag et al., 2001; Nieto, 2011; Wunsch et al., 1994). 

 
1.3 The Collagen Gel Invasion Assay 
 

In vitro studies performed to investigate EMT in the AV canal of the heart have 

been largely utilized the collagen gel invasion assay, also known as EMT assay. 

Bernanke and Markwald (1982) first utilized collagen gels to study cardiac development. 

Their work was focused on the role of glycosaminoglycans in regulating mesenchymal 

cell migration by cardiac cushion cells.  The premise was that cells in the embryo (and 

the cardiac cushions) preferentially or easily migrated into areas rich in extracellular 

hyaluronan and avoided areas enriched in chondroitin sulfate.  The gel substrate was 

exploited as a substrate to examine glycosaminoglycan effects on migrating cardiac 

fibroblasts.  Subsequently, the question was asked whether EMT in the heart was a cell 

autonomous process during development or the result of a tissue interaction (Runyan and 
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Markwald, 1983b). These two studies were the basis for the EMT assay. While there 

have been some modifications of the original idea and the basic premise that endothelial 

cells are a source of mesenchyme in the heart remains the same (fig. 1.3). 
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Figure 1.3. Diagram of the collagen gel invasion assay. Atrioventricular (AV) canal are 
taken from embryos (chicken or mouse) to be explanted onto the collagen gel. After 24-
36 hours endothelial cells derived from the AV canal carry out EMT and form invasive 
mesenchymal cells.  Mesenchymal cells formation can be inhibited or induced by agents 
of interest to determine effects on EMT. Ventricle tissue explanted onto the collagen gel 
can be used as a negative control.  (*) The step process of EMT is further illustrated in 
figure 2.  
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Initial EMT experiments used staged embryonic heart segments placed on 

hydrated collagen gels for intervals ranging from 8 to 24 hours.  At specific times, the 

myocardial portion of each explant was removed.  Cultures were scored for cellular 

invasion, as defined by 5 or more mesenchymal cells within the collagen gel observed by 

Hoffman interference optics.  The data were then collated to show a progressive increase 

in EMT dependent on embryonic stage and the timing of co-incubation between 

myocardium and endothelium demonstrating the existence of a signal, from the 

myocardium, that induces EMT in the endothelia. 

Importantly, the assay showed that in vitro induction of EMT mimics the in situ 

timing of EMT. In vivo and prior to stage 14 (chicken), the endothelium of the 

atrioventricular (AV) canal is a polygonal cell type that is essentially indistinguishable 

from adjacent ventricular or atrial endothelium (Markwald et al., 1977).  By late stage 16 

or early stage 17 (Hamburger, 1992) endothelial cells show a loss of cell-cell adhesion, 

hypertrophy and extend filopodia into the underlying extracellular matrix.  By stage 17, 

mesenchymal cells are seen migrating within the underlying extracellular matrix known 

as the cardiac jelly (Kinsella and Fitzharris, 1980; Markwald, 1979). 

In vitro, endothelial cells from stage 14 AV explants placed on top of collagen 

lattices grow as a monolayer on the surface of gels.  An activation signal from the 

myocardium is received by the endothelial monolayer and produces an activated 

endothelium at various times depending on the age of the starting material (Krug et al., 

1987; Ramsdell and Markwald, 1997; Runyan and Markwald, 1983a; Runyan et al., 

1990a).  These cells show cell-cell separation, an intracellular flux of calcium (Runyan et 
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al., 1990a) and cellular hypertrophy (Krug et al., 1985).  After further incubation, 

mesenchymal cells (fibroblast-shaped cells) can be seen invading the collagen gel 

(Bernanke and Markwald, 1982; Runyan and Markwald, 1983a). The timing of cell 

invasion in vitro is consistent with both the staging of the starting material and an 

incubation time reaching the equivalent of stages 17 and 18 in the chicken. 

In the heart, EMT is observed almost exclusively in the AV canal and outflow 

tract (Markwald et al., 1984).  Mesenchymal cell formation does not occur in atrial or 

ventricular endothelia (Markwald et al., 1975).  While there are some indications of a few 

subendocardial mesenchymal cells in the ventricle, the source and timing of their 

appearance has never been resolved.  The original collagen gel assay duplicates the 

specificity for EMT restriction to the AV canal.  The assay typically shows that 

endothelial cells from ventricle explants are able to grow on the gel surface but fail to 

undergo activation and invasion (Mjaatvedt and Markwald, 1989; Runyan and Markwald, 

1983a). 

Because EMT is a conserved process across species and importantly in cancer 

metastasis (Yang and Weinberg, 2008), the collagen assay as a tool to study EMT is an 

important technique to understand and exploit. As increase and decrease number of 

mesenchymal cells can easily be seen with the collagen assay, chemicals agents as well 

as commercially available extracellular molecules can not only be used to study and 

discover novel regulators of EMT, but also help in the hunt for anti-cancer agents.  

 

1.4 Arsenic Impact on EMT of the AV Canal 
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A pilot set of experiments showed that low levels of arsenic exposure altered the 

EMT process in cardiac development. The present study reports on chicken embryo AV 

canal explants treated with sodium arsenite (As III) to determine the effects on EMT.  As 

the arsenite concentration was increased to 500 ppb (6.6 µM), the number of migratory 

mesenchymal cells, produced by EMT, decreased drastically, illustrating the ability of 

arsenic to block this process.  The loss of mesenchymal cells was neither due to increased 

apoptosis nor due to a change in mesenchymal cell proliferation.  

To explore potential mechanisms affected by arsenic, treated explants were 

collected for microarray analysis to obtain a profile of transcriptional response to arsenic 

treatment.  Bioinformatic analysis, Cytoscape 2.0 coupled to the chick-interactome, 

identified several gene clusters representing perturbed cellular functions.  The gene 

clusters identified cell cytoskeleton molecules, cell adhesion, and endothelial cell 

markers.  To explore the strength of the clustering approach, genes within a cluster, but 

not found in the microarray (Absent cluster genes), were investigated to determine their 

expression using real-time reverse transcriptase-PCR (RT-PCR).  The absent cluster 

genes showed to be perturbed under arsenic treatment. Over all, these studies identify a 

number of transcriptional changes associated with arsenic toxicity and point to EMT as a 

specific cell biological process affected by arsenic exposure. 

The reported relationship of arsenic to high rates of spontaneous abortion (He et 

al., 2007; Milton et al., 2005; Rahman et al., 2007) and elevated levels of congenital heart 

disease (Engel and Smith, 1994)  may be related to the effects of arsenic on EMT. 

Spontaneous abortions can be produced by failure of EMT at gastrulation, neural crest 
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formation, or heart development as each of these contributes to the production of a viable 

embryo. Therefore, an understanding of the cellular and molecular events in a model 

system of EMT may be relevant to understanding the pathology of arsenic exposure. 

 

1.5 Olfactomedin-1 

Olfactomedin-1 also known as OLFM1 (neuronal olfactomedin-related 

endoplasmic reticulum-localized 1) in the chicken model, Pancortin-1 in the mouse 

model and Tiarin in xenopus is a new molecule that includes a family of 13 extracellular 

proteins from different splicing variants (Noelin, Pancortin) as well as different genes 

(Olfactomedin 1-4) that contain an olfactomedin domain (Tomarev and Nakaya, 2009; 

Torrado et al., 2002).  The olfactodmein domain is 250 amino acids long and can serve as 

a recognition site for protein-protein interaction (Tomarev and Nakaya, 2009) . When 

glycosylated, it can facilitate cell adhesion via lectin and cadherin binding (Grover et al., 

2010).  Many of the olfactomedin family members include five cysteine residues at 

positions 83, 85, 226, 246 and 437 within the olfactomedin domain.  These cysteine 

residues form intramolecular disulfides bonds that are essential for the tertiary structure 

and cellular secretion (Liu et al., 2006).  

In an effort to understand the functional role of these molecules, a few family 

members have been explored in early embryogenesis. The first molecule was OLFM1, 

which was found expressed in the neural tube of chicken and frog embryos.  OLFM1 

induced neuronal differentiation by increasing the production of migratory neural crest 

cells (Barembaum et al., 2000). A second family member reported to play a role in 
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embryogenesis was Xenopus Tiarin, which was found expressed in the non-neural 

ectoderm adjacent to the anterior neural plate.  Upon RNA injection Tiarin was reported 

to strongly dorsalize the developing nervous system (Tsuda et al., 2002).  Another 

important olfactomedin family member is Myocilin (MYOC), as it is the first 

olfactomedin-related protein linked to human disease.  MYOC is known to play a 

significant role open angle glaucoma.  The role of MYOC and open angle glaucoma is 

specifically linked to mutations in the olfactomedin domain indicating the functional 

importance of this domain (Adam et al., 1997).       

Our exploration of olfactomedin molecules was initiated by analysis of a 

microarray data set obtained from heart AV canals at the time of EMT.  The microarray 

data set showed that expression of olfactomedin-1 (OLFM1) decreased upon inhibition of 

EMT.  Since the process by which OLFM1 induced increased production of neural crest 

cells is not clear (Barembaum et al., 2000), we speculated that it was regulating neural 

crest cell EMT.  This lead us to investigate the possible role of OLFM1 in the EMT in the 

AV canal of the heart.  OLFM1 expression was confirmed via real time RT-PCR in the 

AV canal at stage 15 (Hamburger and Hamilton, 1951) of the chicken embryo.  

Immunostaining of the chicken embryos showed the presence of OLFM1 in the AV canal 

of the heart at the time of EMT.  

To determine the effects of OLFM1 on EMT of the AV canal, exogenous OLFM1 

treatment was carried out on stage 15 chicken AV canals for 36 hours.  A phase contrast 

microscope equipped with Hoffman modulation filters, allowed the change in plane of 

focus to visualize invaded mesenchymal cells in the underlying matrix. OLFM1 treatment 
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showed no effect on the collagen surface as cell-cell separation was unchanged from 

untreated controls.  However an increase the number of invaded mesenchymal cells was 

seen in the underlying matrix.  To inhibit OLFM1, an antibody against OLFM1 was used 

to block extracellular OLFM1 preventing it from binding and inducing intracellular 

signaling.  Stage 15 AV canals were incubated in the presence of anti-OLFM1 antibody 

for 36 hours. Strikingly, the number of invaded mesenchymal cells in the matrix showed 

ao decrease.  Anti-OLFM1 treatment was then combined with the exogenous OLFM1.  

This resulted in a decrease of mesenchymal cells, indicating that the antibody was 

specific.  Together, the data show that OLFM1 regulates cell invasion during EMT in the 

AV canal of the heart.  

Because changes on EMT and number of mesenchymal cells can be a result of 

changes in proliferation, AV canals cultures exposed to OLFM1 were immunostained for 

Histone-H3 to determine the number of proliferating cells. OLFM1 treatment did not 

change the number of proliferating cells when compared to controls.  Another process 

reported to alter mesenchymal cell numbers is cell death. Therefore, AV canal cells 

treated with anti-OLFM1 antibody were labeled for apoptosis using the TUNEL Assay.  

Inhibition of OLFM1 did not change the number of apoptotic cells when compared to 

controls.  Another process that may change cell numbers in the EMT assay is the rate of 

migration of mesenchymal cells.  Therefore, time-lapse images were taken of migrating 

mesenchymal cells over a 3-hour period.  The migration rate of mesenchymal cells under 

OLFM1 treatment did change when compared to untreated controls.   
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To place the role of OLFM1 in context, we analyzed expression of markers 

associated with the EMT process.  Measurement of mRNA expression, after OLFM1 and 

anti-OLFM1 treatment, showed an inconsistent effect on the expression of cell–cell 

adhesion molecules and little effect on EMT transcription factors except Zeb1 and Zeb2.  

Markers of the mesenchymal cell phenotype were altered consistent with the formation of 

mesenchyme.  Extracellular proteases were also tested and showed consistent expression 

with the invasion of mesenchymal cells.  Together, EMT Marker expression and 

proteases indicate that OLFM1 plays a role in the invasion step of EMT.  OLFM1 also 

proved to be auto-regulatory as treatment with exogenous OLFM1 up-regulated OLFM1 

mRNA and treatment with anti-OLFM1 inhibited OLFM1 mRNA.  Loss of an 

olfactomedin-domain containing cell surface receptor, Latrophilin-2, associated with the 

invasion step of EMT (Doyle et al., 2006), blocked the auto-regulation of OLFM1. This 

suggests that it may be a receptor for OLFM1 or that its signal transduction intersects 

with OLFM1. However, siRNA inhibition of Latrophilin-2 did not decrease OLFM1 

expression when compared to OLFM1 alone treated samples, indicating that perhaps 

OLFM1 and Latrophilin-2 are indirectly co-regulators of EMT.   

EMT in the AV canal shows considerable conservation of mechanisms with other 

embryonic EMTs as well as cancer metastasis and organ fibrosis (López-Novoa and 

Nieto, 2009; Thiery et al., 2009).  We expect that OLFM1 may have a similar role in 

other EMTs.  A survey of the Oncomine database shows that Olfactomedin-1 is 

overexpressed in a number of cancers including glioblastoma and esophageal 

adenocarcinoma (Kim et al., 2010; Sun et al., 2006).  These findings are consistent with 
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the previously reported sequential regulation of EMT in the AV canal (Boyer et al., 

1999a), which suggests that cellular invasion includes a checkpoint where signals are 

required to complete the EMT process.  As the OLFM1 function can be recognize to 

regulate the invasion of mesenchymal cells, OLFM1 may be one extracellular signal 

needed in the EMT checkpoint to ensure the invasion of cells.  
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CHAPTER 2. ARSENIC EXPOSURE PERTURBS EPITHELIAL-
MESENCHYMAL CELL TRANSITION (EMT) AND GENE EXPRESSION IN A 

COLLAGEN GEL ASSAY 
 
Manuscript: Alejandro Lencinas, Derrick M. Broka, Jay H. Konieczka, Scott E. Klewer, 
Parker B. Antin, Todd D. Camenisch, Raymond B. Runyan. 2010. Arsenic Exposure 
Perturbs Epithelial-Mesenchymal Cell Transition (EMT) In A Collagen Gel Assay.  
Toxicological Science 116, 273-85. 

 
 

 Arsenic is a naturally occurring metalloid and environmental contaminant. Arsenic 

exposure in drinking water is reported to cause cancer of the liver, kidneys, lung, bladder 

and skin as well as birth defects including neural tube, facial and vasculogenic defects.  

The early embryonic period most sensitive to arsenic includes a variety of cellular 

processes.  One key cellular process is epithelial-mesenchymal transition (EMT) where 

epithelial sheets develop into three-dimensional structures.  An embryonic prototype of 

EMT is found in the atrioventricular (AV) canal of the developing heart, where 

endothelia differentiate to form heart valves.  Effects of arsenic on this cellular process 

were examined by collagen gel invasion assay (EMT assay) using explanted AV canals 

from chicken embryo hearts.  AV canals treated with 12.5-500 ppb arsenic, showed a loss 

of mesenchyme at 12.5 ppb and mesenchyme formation was completely inhibited at 500 

ppb. Altered gene expression in arsenic-treated explants was investigated by microarray 

analysis.  Genes whose expression was altered consistently at exposure levels of 10, 25, 

100 ppb were identified and results showed that 25 ppb in vitro was particularly effective. 

382 genes were significantly altered at this exposure level.  Cytoscape analysis of the 

microarray data using the chicken interactome identified 4 clusters of altered genes based 

upon published relationships and pathways.  This analysis identified cytoskeleton and cell 
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adhesion-related genes whose disruption is consistent with an altered ability to undergo 

EMT.   These studies show that EMT is sensitive to arsenic, and that an interactome-

based approach can be useful in identifying targets. 
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2.1. Introduction 
 

Arsenic is a naturally occurring metalloid and environmental contaminant.  

Exposure to arsenic in drinking water was shown to cause cancer of the liver, kidneys, 

lung, bladder and skin (Bates et al., 1992; Chen et al., 1992; Smith et al., 1992).  The 

detrimental effects of arsenic exposure also include birth defects.  Birth defects reported 

involve neural tube defects, coarction of the aorta, and mid-facial cleft (Aggarwal et al., 

2007; Hill et al., 2008).  At a cellular level, arsenic can disturb cellular differentiation and 

migration (Li and Loch-Caruso, 2007; Trouba et al., 2000; Yancy et al., 2005).    

One important cellular differentiation process that takes place early in 

development is epithelial to mesenchymal cell transformation (EMT).  EMT is a 

mechanism where a three-dimensional structure is formed from epithelial cell layers.  

The first EMT takes place at gastrulation in amniotes but the process is also important 

during other embryonic events including neural crest migration, valve formation of the 

heart and facial development.  As shown in the developing heart, EMT is regulated at the 

molecular level by factors found in the extracellular matrix including TGFß isoforms 

(Krug et al., 1985; Mjaatvedt and Markwald, 1989; Potts and Runyan, 1989). Hays et al., 

(2008) found that arsenic exposure affects the normal production of extracellular matrix 

by lung cells.   We considered the possibility that arsenic would disrupt a cellular process 

dependent on signaling through the extracellular matrix in the heart.  A pilot experiment 

showed that low levels of arsenic exposure altered the EMT process in an in vitro assay 

of cardiac development.   
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EMT in embryonic heart valve development is a fairly well described developmental 

process that has emerged from in vitro studies of mesenchymal cell formation and 

invasion of collagen gels (Person et al., 2005b; Potts and Runyan, 1989).   

Atrioventricular (AV) canal explants undergo a temporally and spatially defined 

EMT in response to a stimulus from the myocardium involving TGFß family members 

and other factors in the extracellular matrix (Brown et al., 1996; Potts and Runyan, 1989; 

Tavares, 2006).  The EMT assay recapitulates the EMT process seen in vivo where 

progenitors of mitral and tricuspid valves are formed from mesenchymal precursors 

derived from the AV canal endothelium.  This process only takes place in the AV canal 

while the adjacent ventricular endothelium remains endothelial (Markwald et al., 1977).  

Experiments in this study used chicken embryos, while the EMT assay can use AV canals 

dissected from chicken or mouse embryos, the principle advantage of chicken embryo is 

that explants can be isolated from the embryo prior to onset of EMT.  Through this the 

separation, activation and invasion steps of EMT can be observed in vitro.  The molecular 

mechanisms of TGFß signaling and utilization of zinc finger transcription factors as 

transcriptional regulators of the process suggests that this EMT is fairly representative of 

the mechanisms used for both normal and pathologic EMT (Yang and Weinberg, 2008). 

The present study reports on chicken embryo AV canal explants treated with 

12.5-500 ppb (0.16-6.6 µM) sodium arsenite (As III) and evaluated for EMT.  As the 

arsenite concentration was increased to 500 ppb (6.6 µM) the number of migratory cells, 

produced by EMT, decreased drastically illustrating the ability of arsenic to block this 

process.  This loss of mesenchymal cells was neither due to increased apoptosis nor to a 
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change in mesenchymal cell proliferation.  To explore potential mechanisms, treated 

explants were collected for microarray analysis to obtain a profile of transcriptional 

response to arsenic treatment.  Bioinformatic analysis identified several gene clusters 

representing perturbed cellular functions.  The gene clusters identified cell cytoskeleton 

molecules, cell adhesion, and xenobiotic metabolizing enzymes.  To explore the validity 

of the clustering approach, genes within a cluster, but not found in the microarray, were 

tested and shown to be perturbed using real time RT-PCR.  These studies identify a 

number of transcriptional changes associated with arsenic toxicity and point to EMT as a 

specific cell biological process affected by arsenic exposure. 

As EMT is a fundamental process in early development, the reported relationship 

of Arsenic to high rates of spontaneous abortion (He et al., 2007; Milton et al., 2005; 

Rahman et al., 2007) and elevated levels of congenital heart disease (Engel and Smith, 

1994) may be related to this mechanism.  Spontaneous abortions can be produced by 

failure of EMT at gastrulation, neural crest formation, or heart development as each of 

these contributes to the production of a viable embryo. Therefore, an understanding of the 

cellular and molecular events in a model system of EMT may be relevant to 

understanding the pathology of arsenic exposure. 

 

2.2. Experimental Procedures 

2.2.1 Chicken Embryo Isolation 
 

Fertilized White Leghorn chicken eggs were obtained from MacIntire Eggs (San 

Diego, CA).  Eggs were incubated at 37° C for 48-72 h to obtain embryos at Hamburger 
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and Hamilton stage 16.  Using a dissecting stereo microscope, embryos were dissected 

free of embryonic membranes in 4°C sterile 1X Tyrode’s salt buffer and after rinsing in 

fresh, sterile Tyrode’s buffer were once again dissected by pinching off the AV canal 

segment of the heart with #5 forceps.  A video showing the dissection and subsequent 

assay is available from the corresponding author on request. 

 
2.2.2 Collagen Gel Invasion Assay 
 

Collagen gels were prepared as previously reported (Potts et al., 1992) and 

pretreated with 12.5 ppb-500 ppb (0.16-6.6 µM) sodium arsenite (As III) (Fluka, Cat 

71287).  The low-dose arsenite concentrations of 12.5-100 ppb (0.16-1.3 µM) are 

consistent with arsenic exposures of chicken chorioallantonic membranes that alter 

angiogenesis (Mousa et al., 2007; Soucy et al., 2003).  The high arsenic concentration of 

500 ppb (6.6 µM) is comparable to exposure of both rat epithelial lung cells and rat 

embryos in an examination of lung development (Petrick et al., 2009).  The physiological 

relevance of the arsenic concentration range is noted by starting just above the MCL for 

drinking water in the U.S. (10 ppb) to levels observed in water associated with skin 

lesions and pathologies in other areas (Chen et al., 1985; Wu et al., 1989).   Embryonic 

AV canals were located, dissected and explanted onto the pretreated collagen.  AV canal 

explants were incubated on the collagen gel for 24-36 h.  One set of explants was 

collected after 36 hr and fixed in 4% paraformaldehyde (PFA) for 30 minutes.  These 

explants were observed on an inverted microscope equipped with Hoffman Modulation 

Optics to collect mesenchymal cell counts or prepared for TUNEL and cell proliferation 
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assays. A second set of explants was extracted at 24 hr to collect mRNA for microarray 

gene profiling and real time RT-PCR. Cell counts and pictures were obtained from 36 hr 

cultures in order to more clearly demonstrate morphological differences between 

cultures. RNA was collected after 24 hr of treatment and compared on whole-genome 

microarrays to represent a more acute treatment corresponding to the time of EMT.  

 
2.2.3 TUNEL Assay 
 

Damaged and fragmented DNA was detected by TdT (terminal deoxynucleotidyl 

transferase)-mediated dUTP nick-end labeling (TUNEL) assay using the DeadEnd 

Fluorometric TUNEL System kit (Promega, WI).  Explants on collagen gels were treated 

with 25 ppb sodium arsenite for 36 hours. The collagen and AV explants were fixed with 

4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The AV explants were 

labeled by incubation in 50µL TUNEL reaction mixture containing the mixture of 

terminal deoxynucleotidyl transferase at dUTP.  The labeling of AV explants was done in 

the dark at 37°C for 1 hour. Cellular nuclei were stained using DAPI 1:10000 (Sigma, 

MO) fluorescent stain.  Eight AV canal explants for control and treated including 

endothelial outgrowth were randomly selected for analysis.  Approximately 100 cells 

were counted from each explant.  Analysis was performed using a fluorescent microscope 

and cells were categorized as apoptotic (intense green nuclear fluorescence) or normal 

(no fluorescence). 

 
2.2.4 Proliferation/Immunostaining assay 
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Proliferating cells were detected by immunostaining for phospho-Histone H3 (ser 

10).  The collagen gels with cultured AV explants were treated with 25 ppb (0.33 µM) 

sodium arsenite (As III) for 36 hours. The AV explants were then fixed in 4% 

paraformaldehyde and permeabilized with 0.1% Triton X.  Polyclonal rabbit antibody for 

phospho-histone H3 was used as the primary antibody at a 1:300 dilution (Sigma, MO). 

After washing with 1X PBS, Alexa 546 goat anti-rabbit IgG in a 1:400 dilution was used 

as the secondary antibody (Molecular Probes, CA).  1X PBS was used to wash excess 

secondary antibody and DAPI 1:10000 (Sigma, MO) was used to counter stain cell 

nuclei.  Eight AV canal explants from control and treated including epithelial outgrow 

were randomly selected for analysis and approximately 100 cells were counted from each 

explant.  Analysis was performed using a fluorescent microscope and cells were 

categorized as either proliferating (red nuclear fluorescence) or normal (no red 

fluorescence).   

 
2.2.5 Avian Microarray 
 

The collagen gel invasion assay was performed at three arsenic (As III) 

concentrations (10, 25, 100 ppb or 0.13, 0.33, 1.3 µM respectively).  Avian cDNA arrays 

consisting of approximately 20,000 oligo DNA elements, were printed in duplicate by the 

by Genomic Research Laboratory in the Steele Children’s Research Center at the 

University of Arizona.  The arrays were utilized as described by Konieczka and 

colleagues (Konieczka et al., 2009).  Total RNA was extracted from treated AV canal 

cultures using the RNeasy mini kit (Qiagen, MD).  RNA was concentrated using RNeasy 

Mini Elute Clean-up kit (50) (Qiagen, MD).  Sense amplification was performed using 
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SenseAMP amplification kit (Genisphere, PA).  The cDNA was then labeled using the 

SuperScript indirect cDNA labeling System (Invitrogen, CA).  The labeled cDNA was 

hybridized to the array slides using the Slide Hyb hybridization buffer #1 (Applied 

Biosystems, CA).  The hybridization process was done at a 50:50 ratio at 42°C for 16 h.  

The slides were then scanned using the Applied Precisions Array Worxe (white light 

scanner).  Spot finding was then done with the Soft/Worxe Tracker 2.8.  

A standard wheel design was used for comparing four samples, in which each sample 

was compared with the others.  A dye swap was used for each comparison, making a total 

of eight microarray chips.  To normalize the results, within chip normalization was 

performed using the R package OLIN (Optimized Location- and Intensity-dependant 

Normalization) (Futschik and Crompton, 2005).  The False Discovery Rate was 

computed for each spot based on intensity-and location-dependant bias. Standard libraries 

in the R BioConductor package were used to normalize between array chips (Bolstad et 

al., 2003).  Finally, linear models were fit to the normalized gene expression using the 

limma library, which computes log2 fold-change, indicating the quantity and directional 

change of gene expression, T- and B-statistics, and adjusted p-value that takes into 

account the False Discovery Rate (Smyth et al., 2003).  Genes differentially expressed by 

a P<0.8 value were selected to carry out further analysis using 

Cytoscape/BioNetBuilder2.0/jActiveModules software.  While the p-value selected is 

higher than the often-used 0.05 value, it is important to note that the 0.08 is the adjusted 

p-value that includes False Discovery Rate calculations for a more stringent selection.  

Previous microarray work looking at known components of EMT signaling pathways 
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during chick gastrulation showed that 0.08 appeared to be a better fit than 0.05.  The 

better fit was conveyed by inclusion of known molecular networks under 0.08 p-value 

(Konieczka et al., 2009).    

        
2.2.6. Quantitative Real-Time RT-PCR    
 

Total RNA was extracted from AV canal explants cultured on the collagen gel by 

using TRIZOL reagent (Gibco BRL).  RNA was DNase treated with TURBO-DNA free 

kit (Ambion).  cDNA was transcribed using the iScript cDNA synthesis kit  (Bio-Rad, 

Richmond, CA).  Data normalization against the specific housekeeping genes (GAPDH, 

LDH, ß-actin, and mitochondrial DNA) was problematic due to either the substantial 

phenotypic change during EMT or to the effects of the treatment.  Therefore, total cDNA 

was used to normalize the quantitative PCR reactions.  To sensitively measure cDNA in 

each reaction, Quanti-iT Oligreen ssDNA reagent (Molecular Probes, CA) was used to 

measure and aliquot single-stranded cDNA in combination with a fluorometer (Turner 

Biosystems).  Each reaction was performed in triplicate.  Primer sequences for the 

selected genes are listed in table 1. 

 
2.2.7 Cytoscape Analysis  
 

To visualize and characterize data obtained with the avian microarray, we used 

the chicken interactome downloaded via BioNetBuilder 2.0 (Konieczka et al., 2009) and 

Cytoscape 2.6.6 (Killcoyne et al., 2009).  The chicken interactome is a genome-wide set 

of molecular interactions transferred and integrated from interaction data in diverse 

eukaryotic species.  As described by Konieczka et al. (2009), a variety of databases 
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showing both hierarchical regulation and molecular interactions were mined to develop 

the interactome.  Nodes (represented as circles) in the chicken interactome correspond to 

genes, and edges (connecting lines) represent documented interactions. The Cytoscape 

plug-in, jActiveModules was used with microarray data to identify clusters of genes in 

the network most representative of arsenic treatment (Campanaro et al., 2007; Cline et 

al., 2007; Yeung et al., 2008).  Cytoscape version 2.6.2 and the plug-ins were 

downloaded from www.cytoscape.org. 

 
2.2.8 GOminer Analysis 
 

GOminer uses gene ontology (GO) annotation of molecules to generate categories 

of cellular processes.  This is another free open-source software commonly used to 

categorize microarray data into cellular processes (Kestler et al., 2008; Lohrig et al., 

2009; Morandi et al., 2008). This software was obtained from 

http://discover.nci.nih.gov/gominer/.  In this study, the Cytoscape network, described 

above, was used to generate the gene list to be uploaded into the GOminer software.  The 

mechanistic categories assigned by GOminer were then used to identify biological 

responses seen with arsenic treatment.    
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2.3. RESULTS 
 
2.3.1 Arsenite Blocks EMT 
 

Initial experiments with the collagen gel invasion assay were performed with AV 

canal segments from stage 16 embryos.  The AV explants were placed onto collagen gels 

and treated with either 12.5 ppb (0.16 µM) sodium arsenite (As III) or buffer vehicle for 

36 hours.  Control explants (figure 2.1, panel A) show both endothelial cell outgrowth 

and elongated mesenchymal cells (arrows) on and within the collagen gel.  The normal 

response to the inductive signal by the myocardium is an activation and separation of the 

endothelial cells with invasion by up to 10% of cells after 48 hr.  After As (III) treatment 

(figure 2.1, panel B), endothelial cells growing from the AV canal explants were unable 

to separate and transform into invasive mesenchymal cells.  As (III) treated AV canals 

showed fewer mesenchymal cells (arrowhead), indicating an inhibition of EMT.  

With fewer mesenchymal cells in the As (III) treated AV canals, a dose response 

series was performed to investigate effects of As (III) in the range of 12.5-500 ppb (0.16-

6.6 µM) The number of mesenchymal cells produced by each explant was counted for 

each arsenic treatment  (figure 2.2).  As the concentration of As (III) increased, the 

number of mesenchymal cells decreased, to produce a complete EMT inhibition at 500 

ppb (6.6 µM) As (III) treatment.  The decrease of mesenchymal cells was considerable 

even at the lowest arsenite dose (12.5ppb or 0.16 µM) where it showed a substantial 

decrease from control cultures.  
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Figure 2.1. Arsenic inhibits EMT in the AV canal. Collagen gel invasion assay 
performed with arsenic exposure (12.5 ppb) and chicken AV canal explants. Treatment 
was carried out for 36 h. Arrows on the control panel (panel A) indicate mesenchymal 
cells. The arrowhead in the sodium arsenite (As III) panel (panel B) indicates a 
mesenchymal cell. Sodium arsenite (As III) treatment decreased the presence of 
mesenchymal cells. 
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Figure 2.2. Arsenic inhibits EMT in a dose dependent manner. Collagen gel invasion 
assays were performed at various concen- trations of sodium arsenite (0, 12.5, 62.5, 125, 
and 500 ppb). The sodium arsenite treatment was carried out for 36 h. Increasing 
concentrations of sodium arsenite produced a loss of mesenchymal cells. 
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Loss of mesenchymal cells in the collagen gel culture can reflect inhibition of 

EMT, a reduction in normal cell proliferation or increased apoptosis by either 

mesenchymal or progenitor endothelial cells (Person et al., 2005b).  To explore whether 

alternative explanations to EMT were viable, collagen gel cultures treated with 25 ppb 

(0.33 µM) As (III) were fixed after 36 hr and examined for evidence of altered cell 

proliferation or cell death in endothelial and mesenchymal cells compared to control 

cultures.  Cell proliferation, was evaluated by staining fixed gels for phospho-histone H3, 

as an index of cell replication.  Figure 2.3 panels A and B illustrate a low and comparable 

number of cells dividing under control and As (III) treatment.  The percentage of stained 

cells in the mixed mesenchymal and endothelial population was unchanged by treatment 

(Figure 2.3C).  Cell count percent reported was obtained from eight explants in each 

group.  To measure cell death in treated cultures, a TUNEL assay was performed.  No 

difference was observed between arsenic-exposed and control populations (figure 2.4A, 

B).  The percentage of apoptotic cells in the mixed mesenchymal ad endothelial 

population was unchanged by treatment (figure 2.4C). Cell count percent reported was 

obtained from eight explants in each group. 
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C.  

 

Figure 2.3. Proliferation and arsenic. Representative picture of epithelial cells from AV 
canal stained for proliferation using of phospho-Histone H3 (ser 10) and nuclear DAPI 
stain. Panel A illustrates phospho-Histone H3 stating of one cell indicating proliferation 
under control conditions. Panel B illustrates proliferation of one cell under 25-ppb arsenic 
treatment for 36 h. The pictures shown are a representation of the low number of 
proliferating cells compared to nonproliferating epithelial and mesenchymal cells. Figure 
3C illustrates the percentage of proliferating cells (proliferating cell/epithelial cells) in 
control samples versus 25 ppb arsenic treated (As). The percentage of proliferating cells 
and the SEM was calculated from n 1⁄4 8 (eight AV canals from different embryos). 
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C. 

 
 
 
Figure 2.4. Apoptosis and arsenic. Representative picture of epithelial cells from AV 
canal stained for apoptotic DNA fragmentation. The nuclei are counterstained with DAPI. 
Panel A illustrates control epithelial cells with a couple apoptotic cells. Panel B illustrates 
epithelial cells from AV canal treated with 25 ppb for 36 h. Apoptotic bodies seen under 
arsenic treatment are minor and comparable to control. Figure 4C illustrates the 
percentage of apoptotic cells (apoptotic cell/epithelial cells) in control samples versus 25 
ppb arsenic treated (As). The percentage of apoptotic cells and the SEM was calculated 
from n 1⁄4 8 (eight AV canals from different embryos). 
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Previous work in this laboratory has indicated a critical role of TGFß isoforms in the 

process of EMT (Boyer et al., 1999a; Mercado-Pimentel and Runyan, 2007; Potts et al., 

1991).  To evaluate whether loss of EMT was do to a loss of growth factor expression in 

the explants, we extracted RNA from 10 explants at each arsenite concentration and 

measured TGFß2 and TGFß3 RNAs by real time-PCR.  Data indicated that TGFß2 

expression was unchanged at any dose and TGFß3 expression was only marginally 

reduced by 20% at 25 ppb (data not shown).  

 

2.3.2 Microarray and Bioinformatics Analysis 

To examine how arsenite exposure might perturb EMT, microarray analysis was 

carried out.  Three As (III) concentrations (10 ppb, 25 ppb, and 100 ppb or 0.13, 0.33, 1.3 

µM respectively) were used to provide a dose response range that included the lowest 

critical dose of mesenchymal cell loss (figure 2.1).  Table 2.1 reports gene changes seen 

at each arsenic concentration.  At an adjusted p-value of 0.08, the 10 ppb dose showed 

413 genes with altered expression, while the 25 ppb (0.33 µM) treatment showed 382 

changed genes, and the 100 ppb treatment showed 263 changed genes (table 2.1).  An 

examination of both fold change and total affected gene numbers suggested that 10 ppb 

and 25 ppb (0.13, 0.33 µM) produced substantial effects.  The 25 ppb (0.33 µM) dose 

also appeared to be close to the half maximal effect on EMT (figure 2.1 and 2.2), 

therefore bioinformatics analysis focused on the 25 ppb and 10 ppb doses (0.33, 0.13 

µM).  The 100 ppb dose was not included into the bioinformatic analysis as it added little 
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new information and it seemed less physiologically relevant when compared to 10 and 25 

ppb. 

Cytoscape version 2.62 and the plug-in jActiveModules were used to identify 

relevant clusters of interacting molecules within the chicken interactome (Konieczka et 

al., 2009). As described, the chicken interactome is a cross-species integrated network of 

functional interactions among genes and proteins projected onto the chicken genome.  

This database is a compilation of 7 databases, including protein-protein interaction and 

gene regulatory networks.  Genes in the chicken interactome are represented by nodes 

(circles) and known interactions with other molecules are represented by edges (lines).  

The arsenic microarray data was applied to the entire chicken interactome and 

jActiveModules was used to identify network clusters germane to As (III) treatment 

(figure 2.5).  382 genes were identified as altered by arsenic exposure; however, only 142 

of these genes were present in the chicken interactome.  The 142 genes were organized 

and visualized into 4 clusters.  The genes in this network were color coded (red: up-

regulation, green: down-regulation) when significantly affected by As (III) at either 10 or 

25 ppb (0.13, 0.33 µM) or at both concentrations.   Genes within each cluster showed a 

mixture of up-regulated, down-regulated and unchanged RNA expression among the 

interacting molecules.  Cluster A showed the majority of genes up-regulated with some 

down-regulated genes.  A few number of interacting genes were unaffected by arsenic 

and are illustrated as gray nodes.  Cluster A included the cytoskeleton-related genes, 

cofilin 2, actin alpha 2, neurofilament 1, actin-related 2/3 and myozenin 2 (figure 2.6).  

There is a common element of up-regulation of these genes.  In contrast diaph1, an actin-
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regulating molecule is down-regulated along with actin 1.  This cluster also includes a 

number of GTPases and related exchange factors including NF1, N-Ras, GAS7, 

ARHGEF7, ARHGEF12, and ARHGEF6.  Interestingly, the homeotic gene, HoxB5 is 

up-regulated in this cluster and is associated with endothelial phenotype maintenance 

(Wu et al., 2003).  Another gene in this cluster, TSC1, is a tumor suppressor.  Together, 

the genes in cluster A appear to be consistent with the maintenance of endothelial 

phenotype in cultures and inhibition of change in the cytoskeleton associated with EMT.   

Additional clusters were labeled as B, C and D (cluster members are displayed in 

supplemental tables).  Cluster B is a group of 46 interacting genes but only 20 of these 

genes display changes due to arsenic exposure and a majority of these are up-regulated 

(15 up vs. 7 down).  Genes in cluster B showed no obvious relation to the mechanisms of 

EMT.  Cluster C comprises 26 genes with 10 significantly up-regulated and 5 down-

regulated.  Down-regulated genes in relation to EMT include tetraspanin 4, a molecule 

that can interact with integrins.  Tetraspanin 4 is also a member of a family of proteins 

associated with metastasis (Zhou et al., 2008) and ADAMTS1, a protease involved in cell 

invasion (Su et al., 2008).  Up-regulated genes in cluster C also include V-Cadherin and 

VCAM, molecules associated with retention of the endothelial phenotype.  The last 

cluster (D) displayed 24 genes of which 7 were down-regulated and 4 up-regulated.  The 

cluster appears to be fairly heterogeneous but includes a Notch ligand, DLL4, that is 

down-regulated and another DLL1 that is essentially unchanged.  Notch signaling has 

been correlated with EMT (Timmerman et al., 2003). 
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Arsenite Treatment 

(ppb) 
 

Down-regulated 
 

Up-regulated 
 

10 ppb  
(413 affected genes) 
 

214 
 

199 
 

25 ppb  
(382 affected genes) 
 

133 
 

249 
 

100 ppb  
(263 affected genes) 
 

108 
 

155 
 

  

Table 2.1.  Number of affected genes under 12.5, 25, 100 ppb arsenite. Microarray was 
performed on chicken AV canals exposed to arsenite for 24 hours using the collagen gel 
invasion assay. The change in gene expression was assessed by fold change of ± 0.58 and 
adjusted p value of 0.08 to indicate significance. 
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Figure 2.5. The chicken interactome and Cytoscape (version 
2.6.2)/BioNetBuilder2.0/jActiveModules were used to interpret microarray gene 
expression data. The network shown here represents gene expression from 10- and 25-
ppb sodium arsenite treatment for 24 h. Red, green, and gray colored nodes were used to 
illustrate the gene expression obtained by microarray. Red nodes represent upregulation, 
green represents downregulation, and gray represents no change in expression. The 
connections between molecules show molecular interactions identified in the chicken 
interactome. Gene expression illustrated in colored nodes was selected with a p < 0.8 
value. Four gene clusters were found and arbitrarily labeled as A, B, C and D. Tables 
identifying the genes in each cluster are provided in supplemental data. 
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Figure 2.6. Cluster A of the arsenic network. This figure illustrates a closer look at gene 
cluster A within the arsenic network. This gene cluster includes actin-related molecule 
2/3, neurofilament, neurofibromin, actin 2, and myozenin 2, which have common 
biological roles in the cell cytoskeleton. Red nodes are upregulated, green nodes are 
downregulated, and gray nodes show no change. Blank nodes are not present in the 
microarray but are included in the network, as they have known connections to molecules 
found in the array data. 
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To validate the clustering approach, we explored the regulation of genes that 

interacted with members of the cluster but were not found in the microarray (represented 

as blank or uncolored nodes in figure 2.6).  As the blank genes should interact with genes 

present in the clusters and may be also regulated by As (III) exposure, real-time RT-PCR 

analysis was performed to examine their expression.  The missing (blank) genes used for 

real-time RT-PCR were: actin α 2, Rho GEF 7, neuroblastoma Ras viral oncogene, 

forkhead box 2, myosin heavy chain 11, CD81, colony stimulating factor 2 receptor, 

growth arrest specific 7, tubulin ß3 and myosin heavy chain 1 (figure 2.7).  Real time RT-

PCR showed that all of these genes were affected by As (III) exposure and the data 

relevant to cluster A was added to figure 6 to generate a new figure with the same color 

code for up and down-regulation (figure 2.8).   Comparison of gene expression, by the 

missing genes showed that the genes are differentially expressed in As (III) treatment, as 

might be predicted by their presence in the significant cluster identified by 

jActiveModules.  The direction of regulation was largely predictable as it was similar to 

the regulation of the nearest neighbors in the cluster distribution.  This argues that the 

clustering process is relevant to the effects of arsenic on EMT.  
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Figure 2.7. Arsenic effects on blank genes. Blank (white) genes found in the arsenic 
network were selected for real-time RT-PCR analysis. Collagen gel cultures were 
prepared as before with 25 ppb sodium arsenite and compared to control cultures. Gene 
expression is normalized to total cDNA and treated samples expression was determined 
as relative amplification in relation to untreated control. The Quanti-iT Oligreen ssDNA 
reagent was used to measure cDNA. 
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Figure 2.8. Complete cluster A of the arsenic network. This figure incorporates the 
previously blank genes (shown in Fig. 2.6) using expression changes obtained with real-
time RT-PCR (shown in Fig. 2.7), red upregulated and green downregulated. Inserted 
data are shown with hatched patterns. Expression patterns correlate with neighboring 
molecules and validate the clustering process. 
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2.3.3 GOminer 

To further explore the microarray data, GOminer software was used to categorize 

genes found in the clusters generated by Cytoscape and plug-in software.  The GOminer 

software identified biological processes related to genes in each cluster.  Among the most 

interesting categories found were: cell cytoskeleton (supplemental table A), cell adhesion 

(supplemental table C), and heterogeneous and undefined cluster B and D  (supplemental 

table B, D).  GOminer also facilitated the search of signaling pathways that included 

molecules with changed expression under arsenic treatment.  Important signaling 

pathways that help explain the arsenic inhibition of EMT were appear to include cell 

adhesion and matrix molecules, cytoskeletal components, small GTPases and their 

regulators (gene lists under each cluster are found in the supplemental tables for this 

paper).  
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Supplemental Table 2.2. Genes in Cluster A-D    

Table A. supplemental Material - Arsenic Network 

Gene 
Name 

Entrez 
gene 
Uid 

10 ppb 
As FC 

25 ppb 
As FC 
 Biological Process Category - GOminer  

ACTN1 373918 -0.42 -0.08 Actin filament bundle/Negative regulation of cell motility 
DIAPH1 374040 -0.49 -0.51 Actin cytoskeleton organization/Rho GTPase binding 

MYH7 395350 
0.77 

0.42 
Muscle contraction/Regulation of heart rate/Response to 
reactive oxigen species 

CCT4 395414 -0.09 -0.17 Chaperon subunit 4 

FOXA2 395539 
 

Blank 
Transcriptional regulation of glucose, cholesterol and fatty 
acid 

CTNNA2 396035 0.06 -0.07 Cell-cell adherens junction 
NF1 396085 1.1 1.04 Liver development/Negative regulation of angiogenesis 
CSRP1 396176 0.47 0.63 Zinc ion binding/Cell migraion in gastrulation 
MYH11 396211  Blank Actin cytoskeleton 
ACTN2 396263  Blank Actin cytoskeleton 
MYH9 396469 -0.15 0.01 Cortical actin cytoskeleton 
ACTA1 396526 -0.19 0.19 Actin cytoskeleton 
GRIN1 404296 -0.05 0.02 Cell junction/synaptic vesicle 
TSC1 417166 0.51 0.09 Cell cytoskeleton  
GAS7 417305  Blank Regulation of cell shape/Neurite morphogenesis 
MYH1 417309  Blank Actin cytoskeleton/Calmodulin binding/DNA binding 
GBAS 417539 -0.05 -0.16 Glioblastoma amplified sequence 

HMG2L1 418059 
0.11 

0.14 
Regulationof transcription DNA-dependent/Endosome to 
lysosome transport 

KRAS 418207 
-0.15 

-0.02 
Actin cytoskeleton organization/Positive regulation of 
proliferation 

ARHGEF7 418761  Blank GTPase regulator activity 
NEFL 419528 0.51 0.83 Microtubule cytoskeleton organization/Axon cargo transport 
ARHGEF12 419752 -0.46 -0.46 GTPase regulator activity 
NRAS 419885  Blank Golgi membrane/Positive regulation of cell proliferation 
PHB 419980 0.13 0.24 Determination of bilateral symetry, adaxial:abaxial axis 
SQLE 420335 -0.16 -0.26 Squaline Oxidation/Sterol biosynthesis 
XPO1 421192 -0.59 -0.79 Protein import into nucleus/mRNA transport 
ARHGEF6 422247 -0.02 -0.04 GTPase regulator activity 
PKD2 422585 0.44 0.29 Transmembrane cell-cell: matrix interaction 
MYOZ2 422682 0.38 1.08 Sarcomere Z disc/Actin cytoskeleton 
CSRP3 422979 0.69 1.71 Zinc ion binding/Cytoskeleton 
RRAS2 423062 -0.08 -0.11 Endoplasmic reticulum/GTPase activity 
ACTA2 423787 0.37 1.22 Nucleotide binding 
SHOC2 423894 -0.19 -0.25 Soc-2 suppressor of clear homolog 

HOXB5 425096 
0.14 

0.68 
Transcription regulation/Organ morphogenesis/Endothelial 
cell differentiation 

ARPC5 429075 0.78 0.91 Cortical actin cytoskeleton 
TUBB3 431043  Blank GTP binding/Cytoskeleton microtubule 
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 Supplemental Table B.  
 

Table B supplemental Material - Arsenic Network 

Gene 
Name 

Entrez 
gene 
Uid 

10 ppb 
As FC 

25 ppb  
As FC  

 Biological Process Category - GOminer  

MCM5 418058 
0.12 

0.04 
Chromatin silencing at telomere/S phase of mitotic cell 
cycle  

EXOSC10 419454 0.15 0.01 Nuclear exosome/nucleolus 

TIAL1 374274 
-0.41 

-0.01 
RNA polymerase II transcription factor activity/AU-rich 
element binding 

EIF6 419140 0.02 0.25 Translational initiation factor 6/Integrin B4 binding 
RAB7A 416016 0.12 0.28 GTP-binding/Vesicular transport  
RPL36 373936 1.56 0.89 Protein binding/Cytosolic large ribosomal subunit 

ACP1 421909 0.56 0.87 Actin cytoskeleton 
RPL35 374133 -0.33 0.13 Mitotic spindle elongation/Negative regulation of cell cycle 
TOB1 395225 -0.54 -0.54 Negative regulation of osteoblast differentiation 
RPS7 421919 -0.06 0.18 Cytosolic small ribosomal subunit/RNA binding 

HMGCS1 396379 
-0.21 

0.15 
cholesterol biosynthetic process/Acetyl CoA metabolic 
process 

PRKAB1 416986 
-0.08 

-0.07 
AMP-activated protein kinase activity/Protein 
heterooligomerization 

ANAPC2 417258 
-0.47 

0.15 
Promoter of anaphase and metaphase/Ubiquitin-mediated 
degradation 

IMPDH2 416058 0.18 0.14 Dehydrogenase activity 

CBR1 418512 0.23 0.49 Mitochondrial outer membrane 

VHL 416117 
-0.08 

-0.05 
Negative regulation of transcription from RNA polymerase 
II promoter 

HMGCR 395145 
0.32 

0.59 
Negative regulation of MAPK activity/Heart tube 
development 

STRAP 418175 
0.22 

0.39 
Negative regulation of transcription from RNA polymerase 
II promoter 

PABPC1 430997 0.08 0.26 Poly-A binding/Regulation of translation 
LYAR 422846 -0.29 0.21 Zinc ion binding/Nucleolus 

PSMB2 419630 
0.25 

0.31 
Proteosome core complex/Ubiquitin-dependent protein 
catabolic process  

SMAD5 395679 -0.05 -0.06 Dorsal, ventral patter formation/Angiogenesis 

PDCD11 423874 
-0.42 

-.22 
Ribosome/Positive regulation of I-kappaB Kinase, NF-kappa 
B cascade 

SMN 374025 0.11 0.09 Splicesome assembly/Cajar body 

NPEPPS 426231 -0.79 -0.59 Zing ion binding/Aminopeptidase activity 

GNA12 769924 
-0.63 

-0.85 
Embryonic digit morphogenesis/Cell migration in 
gastrulation 

GTF2A2 770910 0.35 0.61 Regulation of transcription DNA-dependent 
LIMK1 373922 0.28 0.05 Cysteine-rich structure/Nucleotide binding 
CFL2 423320 0.21 0.47 Actin modulating activity 
DDEF2 768599 -0.65 -0.94 Regulation of Ras GTPase activity 
PXN 395832 0.11 0.003 Somitogenesis/Ion transport 
VCL 396422 -0.51 -0.21 Cell junction/Cell projection biogenesis 
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GNB2L1 417044 -0.19 0.25 GTPase and Kinase activity 
Similar 
RPL9 H 771147 

0.44 
0.74 Protein synthesis 

OSTF1 427258 0.39 -0.02 Osteoclast stimulating activity 
YIPF5 416344 0.31 0.53 Endoplasmic reticulum/Protein transport  
RPS24 423726 0.06 0.39 Cytosolic small ribosomal subunit/Mitochondrion 
PCBP3 420965 0.29 0.67 Nucleic acid binding/Ribonucleoprotein complex 
SIP1 423336 -0.13 -0.11 Motor neuron binding 

PSMA2 420772 
0.32 

0.63 
Proteosome core complex/Ubiquitin-dependent protein 
catabolic process  

ERH 423262 0.43 0.53 Nucleoside metabolic process/Protein binding 
DDX18 424278 -0.13 -0.019 ATP dependent RNA helicase activity 

PPIH 419507 
0.68 

0.87 
snRNP protein import into the nucleus/Spliceosome/Nuclear 
speck 

CSF2RB 771315  Blank Interleukin receptor activity 
SCB5R 418220 0.37 0.66 FAD-dependent oxidation  
TNIK 424987 0.15 0.23 Protein serine threonine kinase activity 

RPS11 419049 0.54 0.71 Mitotic spindle elongation/Plasmid small ribosomal subunit 
SOCS5 428570 -0.34 -0.55 Negative regulation of Jak/Stat signaling 

BTF3 426154 
0.24 

0.61 
Transcriptional initiation activity/RNA polymerase IIB 
binding 

VPS35 415750 0.01 0.09 Intracelular protein transport/Vacuolar protein processing 

SOX7 422028 
0.22 

0.35 
Regulation of transcription from RNA polymerase II 
promoter 

PAN3 418926 -0.38 -0.09 DNA repair/Golgi apparatus/Secretory granule 
SNRPB2 421261 0.51 0.64 U2-dependent splicesome, snRNP U2 

 
 
 
 
 

  Supplemental Table C.  
 

Table C. supplemental Material - Arsenic Network 

Gene 
Name 

Entrez 
gene Uid 

10 ppb 
As FC 

25 ppb As 
FC 
 Biological Process Category - GOminer  

CAV3 378796 -0.18 -0.24 Golgi membrane 
GAD2 395395 -0.41 -0.47 Golgi membrane/Synaptic vesicle membrane 
ITGA1 395951 0.01 -0.064 Neutrophil chemotaxis/Cell matrix adhesion 
HADHA 395929 0.07 0.19 Fatty acid beta oxidation/Acyl CoA biding 
LAMA1 374016 -0.17 -0.06 Positive regulation of epithelial cell proliferation 
GGT1 416945 -0.02 0.02 Glutathione metabolic process 
LAMA3 428524 0.24 0.56 Cell-cell adherens junction/Laminin-3 complex 

PRELP 419933 
-0.46 

-0.42 
Proteinaceous extracellular matrix/Heparin 
binding/Skeletal development 

VCAM1 424467 0.38 1.01 Integrin binding/Leukocyte adhesion 

ITGA8 396225 
0.17 

0.29 
Metanephros development/Memory/Inner ear 
morphogenesis  

TSPAN4 423104 
-0.58 

-0.58 
Inegral to plasma membrane/Protein assembly 
complex 
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MGST1 418178 
0.44 

0.76 
Mitochondrial inner membrane/Endoplasmic 
reticulum 

CRP 429786 -0.21 -0.21 Inflamation response 

LYPLA3 768530 
0.44 

0.81 
Fatty acid catabolic process/Acetyl transferase 
activity 

FN1 396133 -0.07 -0.13 Heart tube development/Ossification 
VCAN 395565 0.71 1.63 Cell adhesion/Axon regeneration  
GSTK1 418302 0.31 0.88 Mitochondria inner membrane/Peroxisome 
ADAMTS1 418479 -0.45 -0.23 Desintegrin and metalloproteinase activity 
CAV2 417772 0.17 0.07 Cell membrane/Adherens junction 
CD81 374256  Blank Positive regulation of B cell proliferation  
MYST3 426789 -0.63 -0.49 Histone acetylation/Nucleosome assembly 
UGDH 422792 0.04 0.19 Glycosaminoglycan biosynthetic process 

ITGB1 374058 
0.08 

0.31 
Membrane raft/Neuromuscular junction/Focal 
adhesion 

FBXO2 419495 
0.42 

0.12 
Ubiquitin-protein ligase activity/Disregulaiton of 
proliferation 

TMCO1 427100  0.42 Endoplasmic reticulum membrane 

ITGB1BP3 415448 
-0.31 

0.08 
Negative regulation of myoblast 
differentiation/ATPase and Kinase activity 

ARHGDIB 417941 
-0.14 

0.13 
Cytoskeletal rearrangement and activation of T and 
B cell 

EZR 395701 
-0.32 

-0.27 
Regulation of cell shape, involved in migration 
during gastrulation 

FASLG 429064 
-0.19 

-0.28 
Positive regulation of I-kappa B Kinase and NF 
kappa cascade  

 
 
 
  Supplemental Table D.  
   

 Table D supplemental Material - Arsenic Network  

Gene 
Name 

Entrez 
gene 
Uid 

10 ppb 
As FC 

25 ppb 
As FC  

 Biological Process Category - GOminer  
EXOC7 417361 -0.19 -0.18 Exocyst complex component 7 
TBCD 417334 -0.39 -0.16 Microtubule/Chaperon binding 
KIF13A 420832 0.08 0.16 Microtubule associated complex/Kinesen complex 
VPS39 423230 0.13 -0.33 Fusion of lysosome and endosome 
NDRG1 420321 0.13 0.11 Response to metal ion/Mast cell invasion 
MED4 418859 0.19 0.09 DNA-directed RNA polymerase II, holoenzyme 
WRNIP1 395089 0.07 -0.08 ATP binding/Regulation of DNA replication 
AQP4 421088 -0.63 -1.01 Water transport 
DUT 769338 -0.31 -0.21 dUTP metabolic process 
RALA 420765 0.15 0.31 Nucleotide binding/Innate immune response 
EXOC5 423549 0.54 -0.29 Golgi vesicle mediated transport/Protein transport 
EIF4G2 395905 -0.52 -0.14 Regulation of translational initiation/Cell death 
MED21 418216 0.49 0.63 DNA-directed RNA polymerase II core complex 
DLL4 423208 -0.71 -0.86 Notch binding/Calcium ion binding/Angiogenesis 
GAK 427291 0.01 0.03 Protein phosphorylation/Synaptic vesicle uncoating 
EXOC2 420889 0.26 0.19 Positive regulation of exocytosis/Protein transport 
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DYNLT1 421660 0.48 0.71 Microtubule-based motile activity/ATPase activity 
DLL1 395820 0.05 0.06 Notch binding/Calcium ion binding 
RFC3 418907 -0.11 -0.14 Nuclear chromatin/DNA replication factor C complex 

PPARG 373928 
-0.53 

-0.68 
Regulation of transcription from RNA Polymerase II 
promoter 

RPS6 396148 
-0.08 

0.36 
Cytosolic small ribosomal subunit/Perinuclear region of 
cytoplasm 

AP2M1 770246 -0.61 -0.41 Intracellular protein transport 
ADD1 422882 -0.16 -0.28 Cytoskeleton protein/Calmodulin binding 
PDCD4 374191 0.00 -0.07 Negative regulation of cell cycle 

 
Table A-D list of gene members in the arsenic network (Figure 2.5). The Gene Name and 
the Entrez Uid corresponds to the data available in the Kyoto Encylopedia of Genes and 
Genome (KEGG). The fold change (FC) was obtained from the microarray 
experimentation under 10 and 25 ppb sodium arsenite exposure for 24 hours.  Shaded 
(gray) numbers represent significant change under 0.08 p-value. The Biological Porcess 
Category was obtained through the GOminer software.    
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2.4. Discussion  

In the present study we found that sodium arsenite (As III) inhibited cardiac 

endothelial EMT, even at doses as low as 12.5 ppb (0.16 µM).  EMT is a central cellular 

process used in embryo development.  Among the most widely studied embryonic EMTs 

are gastrulation, neural crest cells formation, and heart valve formation (McKeown et al., 

2005; Nakaya and Sheng, 2008; Runyan and Markwald, 1983a).  The conservation of 

embryonic transcription factors and common utilization of proteases and cytoskeletal 

elements in metastatic cancer and tissue fibrosis argues that EMT is reiterated in adult 

pathologies (Klymkowsky and Savagner, 2009; Yang and Weinberg, 2008).  In this study 

we used the collagen gel invasion assay, a well-described model of EMT.  Chicken AV 

canal explants at stage 16 were placed on a collagen gel to explore the effects of As (III) 

in vitro.  Explants were grown on collagen gels and exposed to As (III) at different 

concentrations (0, 12.5, 62.5, 100, 500 ppb or 0, 0.16, 0.83, 1.3, 6.6 µM respectively). 

Treatment time was kept as an acute exposure of 36 hours (24 hours for microarray data).  

The data show that mesenchymal cell numbers are profoundly inhibited at low doses of 

arsenic and that the normal endothelial separation that accompanies EMT was inhibited.   

Though comparison of environmental exposure and the direct, acute exposure 

examined here in a tissue culture system is difficult, the concentrations tested here appear 

to be relevant to environmental exposure.  Arsenic is readily transferred across the 

placenta as shown by observations that cord blood concentrations of arsenic can reach 

80% of the maternal blood concentration (Rudge et al., 2009).    Data from (Valentine et 

al., 1979) suggest that blood concentrations of arsenic average 4-5% of local water levels.   
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Extrapolation of these numbers suggests that this tissue culture exposure is roughly 

equivalent to a drinking water range of 200-500 ppb of sodium arsenite, a range that can 

be found in drinking water supplies in several parts of the world (Chen et al., 1985; Wu et 

al., 1989).  Though there are clearly differences in acute and chronic exposure to arsenic 

(Olsen et al., 2008), EMT events in the early embryo are temporally defined and could be 

considered acute events even in the background of chronic exposures in the mother. 

The finding that low doses of arsenite inhibit EMT by cardiac endothelia is 

striking.  Similar doses of arsenite were used with the chicken chorioallantoic membrane 

(CAM) assay and it is clear that concentrations lower than 1 µM stimulate angiogenesis 

by avian endothelia (Mousa et al., 2007; Soucy et al., 2003).  This effect appears 

contradictory as angiogenesis by endothelial cells involves a similar process of 

endothelial cell invasion into the extracellular matrix.  Molecules associated with EMT in 

the heart such as Sphingosine-1-P (Wendler and Rivkees, 2006) and matrix 

metalloproteinases (Alexander et al., 1997b) are similarly involved in angiogenesis 

(Iwasaka et al., 1996; Straub et al., 2009).  One notable difference between the CAM and 

cardiac EMT assay described here appears to be one the effects of VEGF. VEGF is 

quickly up-regulated by As (III) in endothelial cells such as HUVECs and corresponds to 

angiogenesis in the CAM assay (Kao et al., 2003; Soucy et al., 2003).  While the 

literature on VEGF in valve development is confusing (Chang et al., 2004; Dor et al., 

2003; Enciso et al., 2003) the data are most consistent with an inhibitory role of VEGF on 

cardiac EMT.  Although differential VEGF responses might explain the present data, 

VEGF was not detected in the microarray data at this stage of development and this is 
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consistent with the literature.  We note that similar doses of sodium arsenite (10-50 ppb 

or 0.13-0.66 µM) prevent normal wound repair by lung epithelial cells in a scrape assay 

(Olsen et al., 2008).  While this assay does not measure cell invasion, the change in 

epithelial phenotype associated with wound repair is an EMT (Arnoux et al., 2005). 

The invasion assay is based upon the quantitation of mesenchymal cells found 

within the matrix of the collagen gel.  Explants are composed of myocardial cells, 

endothelial cells and mesenchymal cells emerging by EMT from the endothelia (Person 

et al., 2005b).  Mesenchymal cell numbers largely reflect the process of EMT but can be 

altered by proliferation or cell death of mesenchyme within the gel.  Another way 

mesenchymal cell number changes is by changing endothelial progenitors.  The cell 

proliferation and cell death assays performed here argue against these alternative 

explanations and point to the perturbation of the EMT process.  There is the possibility 

that EMT in the system might be altered if As (III) alters normal differentiation of 

endothelial cells.   The up-regulation of HoxB5 seen in our data is consistent with 

enhanced differentiation of the endothelia.  However, the differentiation status of 

endothelial cells and EMT does not appear to be an issue as fully differentiated 

endothelial cells in the adult mouse heart remain susceptible to TGFß-induced EMT 

(Zeisberg et al., 2007).    

The most widely recognized outcome of As (III) exposure in drinking water is 

skin cancer (Fumal et al., 2005; Graham-Evans et al., 2004; Yu et al., 2006).  Metastatic 

lesions require fairly high levels of chronic arsenic exposure (Wang and Rossman, 1996) 

but it is reported that many mild to moderate arsenic induced skin lesions revert upon 
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cessation of arsenic exposure (Smith et al., 2000).  The non-invasive nature of skin 

lesions produced under arsenic exposure suggests that they are slow to convert to a 

metastatic phenotype.  Arsenic trioxide, a form of As (III) has been tested as an anti-

tumor agent (Murgo et al., 2000).  As metastasis is mediated by the cellular process of 

EMT (Yang and Weinberg, 2008), we suggest that a negative role of arsenic on EMT 

may be related to the reversion of skin lesions and effectiveness against tumors (Mani et 

al., 2008; Sarkar et al., 2009).  As EMT requires an element of cell migration, the ability 

of arsenic to inhibit cell migration in HeLa cells and lung tissue in concentrations lower 

than 1 µM may also be related to the gene expression changes reported here (Olsen et al., 

2008; Wei et al., 2005).  This role is not unique as other reports suggest that arsenic (4-10 

µM) inhibits tumor formation and metastasis by increasing stress proteins, thermo 

tolerance, and inducing apoptosis, mechanisms that do not necessarily relate to EMT 

(Ivanova and Heia, 2006; Namgung and Xia, 2000; Tomasavic and Welch, 1986).  In this 

light, the ability of As(III) to induce angiogenesis under low-dose (< 1 µM) exposure  

does not appear consistent (Mousa et al., 2007; Soucy et al., 2003).  The conflicting 

results indicate that arsenic induces a dose-, cell-, and context-specific effect as also 

noted by (Soucy et al., 2003). 

The collagen gel assay has been widely used to demonstrate the inductive effects 

of TGFß isoforms as part of the myocardial stimulus for EMT (Potts and Runyan, 1989; 

Tavares, 2006).  We first examined the effect of arsenic on TGFß expression but found 

no evidence that either isoform present in the chicken heart was sufficiently altered to 

prevent normal EMT.  To explore the basis for this inhibition of EMT in the assay, we 
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turned to a microarray survey of altered gene transcription with the expectation that 

missing or altered expression of molecules would identify the likely basis for the 

inhibition of EMT 

The effects of As (III) on the explanted tissue were remarkably limited.  

Microarray analysis of this acute assay showed that less than 2% of the elements of the 

array were perturbed.  The low number of affected genes is consistent with previous 

microarray studies performed on human keratinocytes under arsenic exposure (Rea et al., 

2003).   In contrast, direct perturbations of TGFß, Notch pathways, or treatment with a 

known cardiac teratogen (trichloroethylene) in this tissue perturbs expression of more 

than 1500 genes on the array (unpublished).  We found similar effects As (III) at 10, 25 

and 100 ppb (0.13, 0.33, 1.3 µM) but the 10 and 25 ppb exposures overlapped to a greater 

extent and we concentrated on results from these exposures.  As the process of EMT has 

become more widely investigated in normal and pathological tissues, it is clear that EMT 

is a transcriptionally regulated process utilizing an overlapping set of transcription factors 

including gene families of snail, zeb, twist and several other transcription factors (Yang 

and Weinberg, 2008).  Surprisingly, we found few changes in transcription factor 

expression.  One transcription factor change observed was the up-regulation of HoxB5, a 

gene is associated with maintenance of endothelial cell phenotype and consistent with the 

lack of EMT (Wu et al., 2003).   

We approached the bioinformatic analysis of the data by organizing the results in 

the context of the chicken interactome.  While optimized for the chicken, the interactome 

is a compendium of data obtained from all vertebrate species and is based on data 
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collected from seven molecular interaction databases designed to describe the biological 

interactions that regulate complex development (Konieczka et al., 2009).  The software 

for this analysis is freely available and is based on the Cytoscape imaging platform using 

the BionetBuilder2.0 plug-in to incorporate the chicken interactome and the 

jActiveModules plug-in to evaluate and select microarray data.  The results of our 

analysis showed that the molecules identified by the software fell into 4 clusters.  The 

clusters appeared to be heterogeneous and included microarray elements that were both 

up and down-regulated (red and green colored respectively).  The clusters also included 

known interactions that were unaffected by As (III) exposure.  The functional 

relationship between members of a cluster was not always obvious but we found the 

following affected genes in cluster A: actin related 2/3 subunit 5, myozenin 2, actin 2, 

neurofilament, and cofilin 2.  We also found several GTPases and GTP exchange factors 

in this cluster.  A common cellular function these molecules share is a role in the 

organization and maintenance of the cell cytoskeleton.  Arsenic exposure (Figure 1B) 

blocks the ability of the endothelial cells to separate and invade.  The increased 

expression of these molecules under As (III) is consistent with the lack of change in cell 

shape and the maintenance of the endothelial phenotype.  The molecules, Diaph1 and 

associated actins, which play a role in reorganization of the cytoskeleton were down-

regulated under As (III).  

The other three clusters do not show obvious correlations that we understand 

either in relation to EMT or to the clusters themselves.  Individual molecules can be 

selected from each group.  For example cluster C includes a cell adhesion molecule that 
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is up-regulated (VCAM1) and is consistent with retained cell adhesion.  Secreted 

extracellular matrix molecules such as laminin 3 and versican, also found in cluster C, are 

consistent with endothelial differentiation and retention of phenotype.  A protease 

associated with EMT (ADAMTS1) is down-regulated.  Cluster C also includes 

microsomal glutathione-s-transferase and a detoxification/stress response subset. Genes 

in Cluster D also form a diverse group of cellular processes.  Among the themes in this 

cluster are array elements related to microtubules assembly and cell secretion.  

The heterogeneous nature of the clusters raises the question as to whether this 

analysis is useful in relation to the As (III) inhibition of EMT.  The relationships within 

the clusters are derived from a variety of data and cell types and may or may not be 

relevant to the present treatment.  However, the predictive aspects of the clustering 

support the utility of the analysis.  The data analysis identified a number of genes that 

were not found in our microarray dataset but were identified by the interactome as 

directly connecting two or more members of the cluster.  We obtained primers for ten of 

these molecules and performed real time RT-PCR on arsenic-treated and control tissue.  

As seen in Figures 7 and 8, all ten molecules showed a significant change in expression 

(albeit changes by NRAS and ACTN2 were modest) with 25 ppb (0.33 µM) As (III) 

exposure.  The changes seen were consistent with direction of regulation of their 

interacting neighbors in the cell cytoskeleton cluster.  This test of clustering suggests that 

this approach to bioinformatic analysis of microarray data can identify relevant target 

areas for analysis. As the interactome is further developed, the quality of the analysis 
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should improve and additional genes identified in the microarray can be included in sub-

network analysis.  

In summary, our findings suggest that the basic cellular process of epithelial-

mesenchymal transition is sensitive to low levels of As (III) exposure.  Low exposure 

levels are consistent with high spontaneous abortions, where early embryonic processes 

such as gastrulation, vasculogenesis, neural crest formation, and heart development are 

strongly inhibited.  The observation is also relevant to the pathology of skin lesions 

produced by As (III) in exposed human populations.  This suggests that low levels of As 

(III) may be inhibitory to metastatic forms of cancer and impair normal wound healing 

and angiogenic processes that use part of the EMT program.  Microarray analysis of 

altered gene expression suggest that this inhibition is produced, for the most part, by 

acute effects on a discrete set of cytoskeletal and cell adhesion genes and not by 

inhibition of known transcriptional regulators of EMT.   
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CHAPTER 3. OLFACTOMEDIN-1 MEDIATES CELL INVASION DURING 
EPITHELIAL-MESENCHYMLA TRANSITION IN THE EMBRYONIC HEART 

 
Manuscript: Alejandro Lencinas, Danny C. Chhun, Kelvin K. Dan, Kristin D. Ross, 
Raymond B. Runyan. 2012. Olfactomedin-1 mediates cell invasion during Epithelial-
Mesenchymal Transition in the embryonic heart. In preparation. 
 
 

Epithelial-mesenchymal cell transition (EMT) is a process used by cells to form 

3-dimensional structure.  Endothelia in the atrioventricular (AV) canal of the developing 

heart undergo EMT to form valves. We show that olfactomedin-1 (OLFM1) is expressed 

in the embryonic heart and mediates cell invasion into collagen gels.  Exogenous OLFM1 

added to explant cultures increases numbers of mesenchymal cells within the gel.  Anti-

OLFM1 antibody inhibits mesenchyme formation in collagen gels.  OLFM1 does not 

alter cell proliferation, migration or apoptosis.  Dispersion, but lack of invasion, by 

endothelia on the collagen gel, after blocking antibody, identifies anti-OLFM1 as an 

inhibitor of invasion. OLFM1 induces transcription of late markers of EMT but has little 

effect on cell-cell adhesion markers and mixed effects on EMT transcription factors.   

Thus, OLFM1 is present and necessary for EMT in the developing heart.  Its role in cell 

invasion and mesenchymal cell gene expression defines a checkpoint in EMT that 

requires additional signals to complete the process of cell invasion. 
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3.1. Introduction 

Epithelial Mesenchymal Transition (EMT) is a cellular process that mediates 

transition from cell sheets to three-dimensional structures (Hay, 1995). EMT is utilized 

during gastrulation, neural crest cell formation, heart valve formation and other 

developmental processes (Hay, 1995; Yang and Weinberg, 2008).  In the adult, EMTs 

occur in both metastasis and organ fibrosis (Thiery et al., 2009). EMT is initiated through 

a variety of signals including growth factors, inflammatory signals and extracellular 

proteases (Nieto, 2011; Thiery et al., 2009).  A common view is that induction or 

stabilization of one or more transcriptional repressors such as SNAI1 or ZEB1 leads to 

loss of cell-cell adhesion and initiates a cascade of processes leading to EMT (Nieto, 

2011).  The details of this cascade are still being explored but its interruption may lead to 

epithelial plasticity or a metastable state rather than a complete transition (Klymkowsky 

and Savagner, 2009).  In avian heart valve formation, EMT is mediated by sequential 

activities of TGF-β2 as an early initiator of cell separation and TGFβ-3 as a regulator of 

cell invasion (Boyer et al., 1999a).  Though the avian heart utilizes sequential activity of 

TGF-β isoforms, the mouse heart appears to utilize TGF-β2 and BMP (Camenisch et al., 

2002).  Sequential aspects of EMT have not been explored in the mouse heart, largely 

because the speed of EMT in this system (Lencinas et al., 2011).  We identify here, an 

additional, novel, regulator of cell invasion during EMT in the avian heart, olfactomedin-

1 (OLFM1). These findings extend the observation that EMT is mediated by sequential 

signals and that the ability of a cell to invade a matrix is a regulated element of EMT.  
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OLFM1, variant 1, also known as OLFM1 or Pancortin-1 is a 57 kD extracellular matrix 

protein containing a conserved olfactomedin domain (Tomarev and Nakaya, 2009). 

OLFM1 was found to induce additional neural crest cells in the embryo (Barembaum et 

al., 2000) , a process that includes EMT as well as cell differentiation and migration.  As 

its role in neural crest formation is undefined, we examined OLFM1 during formation of 

valves in the embryonic chick heart.  EMT in the heart is a well-described temporal 

process based on an in vitro analysis by a collagen gel assay (Boyer et al., 1999a; Brown 

et al., 1996; Potts and Runyan, 1989; Tavares, 2006).  The EMT assay recapitulates the 

formation of AV valve progenitors from endothelial precursors (Boyer and Runyan, 

1998; Markwald et al., 1977; Potts and Runyan, 1989; Yang and Weinberg, 2008).   

As OLFM1 is secreted into the extracellular matrix, it may be a component of 

tissue interaction in the heart between the myocardium and the endothelium (Lee et al., 

2008a; Sakuragi et al., 2006). Immunostaining confirmed synthesis of OLFM1 protein by 

the myocardium.   Mesenchymal cells are derived from cardiac endothelium by EMT 

(Markwald et al., 1984). Exogenous OLFM1 increased mesenchymal cell numbers and 

anti-OLFM1 inhibited mesenchyme formation from cardiac explants in the collagen gel 

assay. Anti-OLFM1 had no effect on the endothelial cell separation that accompanies 

EMT, but inhibited invasion of activated endothelial cells.   

To identify where OLFM1 acts during EMT, analysis of EMT markers was 

undertaken. OLFM1 and anti-OLFM1 showed effects on cell–cell adhesion molecules 

that are inconsistent with initiation of EMT.  Mesenchymal cell marker expression 

patterns were consistent with changes in invaded mesenchyme. EMT transcription factors 
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are variously affected.  OLFM1 had little effect on markers of cytoskeletal reorganization 

but did regulate extracellular proteases.  Together, this pattern is consistent with a role for 

OLFM1 at the point of cell invasion during EMT.  

These findings argue that cellular invasion is a discrete step in EMT.  The ability 

of cells to invade the ECM appears to require additional signals after the initiation of 

EMT.  In the avian system, both TGF-β3 and OLFM1 are required.  We suggest that the 

capability for cell invasion is a conserved checkpoint in the EMT process. The concept of 

cellular plasticity may derive from inadequate or partial receipt of these additional signals 

to enable completion of EMT. As OLFM1 is conserved across species and it is expressed 

in some tumors, its role in invasion may extend beyond the embryo and into a role in 

cancer metastasis. 

 

3.2. Experimental Procedures 

3.2.1 Chicken Embryo Isolation 

Fertilized White Leghorn chicken eggs were obtained from MacIntire Eggs (San 

Diego, CA).  Eggs were incubated at 37° C for 48-54 hours to obtain embryos at 

Hamburger and Hamilton stage 15.  Using a dissecting stereo microscope, embryos were 

dissected free of embryonic membranes in 4°C sterile 1X Tyrode’s salt buffer.  The 

embryos were then rinsed in fresh sterile Tyrode’s buffer to dissect out the AV canal 

segment of the heart with #5 forceps.  A video showing the dissection and subsequent 

assay is available from the corresponding author upon request. 
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3.2.2 Collagen Gel Invasion Assay 

Collagen gels were prepared as previously reported (Potts et al., 1992). OLFM1 

(#4636-NL) and anti-OLFM1 (#AF4636) were obtained from R&D systems 

(Minneapolis, MN). AV canal explants were treated with OLFM1 (100-400 ng/µL) or 

antibody (10 µg/ml) to determine the effects on EMT and molecular regulators of EMT.  

After treatment, AV canal explants were incubated on the collagen gel for 36 hours. One 

set of explants was collected and fixed in 4% paraformaldehyde (PFA) for 30 minutes. 

Cell counts and micrographs were taken to identify morphological differences between 

treated and untreated cultures. Explants were observed on an inverted microscope 

equipped with Hoffman Modulation Optics to collect mesenchymal cell counts or 

prepared for cell proliferation assays. Additional explants were extracted to collect 

mRNA for real time RT-PCR.  Some explants were prepared for TUNEL assay (below) 

or 75hosphor-H3 histone staining (Sigma-Aldrich, St. Louis, MO # H0412). 

 

3.2.3 Immunofluorescent Microscopy 

Embryos were collected and rinsed in Tyrode’s solution.  Embryos were 

cryofixed by protocol after (Kitten et al.)(1987).  Briefly, embryos were flash frozen by 

dropping them into N-butanol in vials suspended in liquid nitrogen. The N-butanol was 

kept above freezing by inserting a metal rod at intervals.  Frozen embryos were removed 

with forceps (at liquid nitrogen temperature) and placed in a scintillation vial containing 

Molecular Sieve beads and frozen 100% ethanol with an overlying layer of liquid 

nitrogen.  The vials were capped loosely and placed in a -80°C freezer for 3-5 days.  
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Subsequently the embryos were rinsed in 100% ethanol at -20°C and shifted into 100% 

Xylene and embedded in paraffin.  Paraffin blocks were sectioned and the sections 

affixed to glass slides.   Slides were de-paraffinized in Xylene, hydrated in an ethanol 

series from 100% ethanol to 100% phosphate buffered saline (PBS).  Sections were 

rinsed in PBS for 10 minutes, and blocked for 1 hour at room temperature. Blocking 

solution contained 1% BSA and 0.1 % Tween 20 suspended in PBS. Sections containing 

AV canal and heart tissue were incubated overnight with primary antibody at 4 °C in a 

humid chamber. Slides were rinsed with 1X PBS, three times, and Cy5 TM5 rabbit anti-

sheep IgG was used as a secondary antibody (KPL, Gaithersburg MD, # 072-02-23-06) in 

a humid chamber for 2 hours at room temperature. The slides were then exposed to DAPI  

(Sigma-Aldrich, St. Louis, MO #. D8417) as a counter stain to detect the nuclei. 

Vectashield was used as a mounting media (Vector Laboratories, Burlingame, CA, # H-

1000) to prevent loss of fluorescent signal.  Samples were then examined using a Delta-

Vision-Olympus IX 70 microscope.            

 

3.2.4 Collagen Gel Migration Assay 

Stage 15 AV canal explants were placed on collagen gels and incubated overnight 

with 5% CO2 at 37 °C (18 hours). Explants were then treated with OLFM1 (200 ng/mL) 

for 4 hours.  The 4-hour treatment was selected as auto-regulatory expression of OLFM1 

can be seen at this time. The interval is consistent with migration assays investigating the 

effects of HGF on cell migration (Takeuchi et al., 1996). After a 4-hour exposure, explant 

images were obtained for 3 hr using time lapse capture on an Olympus (IMT-2) 
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microscope equipped with Hoffman Modulation Optics. Time-lapse images were 

captured every three minutes.  To measure mesenchymal cell migration tracks, a centroid 

was assigned to each cell image and Simple PCI software was used to accumulate the 

movement over 3 hr.  A total of twenty cells were measured for each control and OLFM1 

treatment. 

 

3.2.5 TUNEL Assay 

Damaged and fragmented DNA was detected by TdT (terminal deoxynucleotidyl 

transferase)-mediated dUTP nick-end labeling (TUNEL) assay using the DeadEnd 

Fluorometric TUNEL System kit (Promega, Madison, WI, #G3250).  Explants on 

collagen gels were treated with 10 µg/ml anti-OLFM1 antibody for 36 hours. The 

explants were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-

100. Tissues were labeled by incubation in 50µL TUNEL reaction mixture containing the 

mixture of terminal deoxynucleotidyl transferase at dUTP. The labeling of AV explants 

was done in the dark at 37°C for 1 hour. Cellular nuclei were stained using DAPI 

1:10000 (Sigma, MO) fluorescent stain. AV canal explants (n=20) for control and treated 

including endothelial outgrowth were randomly selected for analysis. Approximately 100 

cells were counted from each explant.  Analysis was performed using a fluorescent 

microscope and cells were categorized as apoptotic (green nuclear fluorescence) or 

normal (no fluorescence).  Samples were analyzed using a Delta-Vision Deconvolution-

Olympus IX 70 microscope. 
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3.2.6 Proliferation/Immunostaining Assay 

Proliferating cells were detected by immunostaining for phospho-Histone H3 (ser 

10).  The collagen gels with cultured AV explants were treated with OLFM1 (200 

ng/mL) for 36 hours. The AV explants were then fixed in 4% paraformaldehyde and 

permeabilized with 0.1% Triton X.  Polyclonal rabbit antibody for phospho-histone H3 

was used as the primary antibody at a 1:300 dilution (Sigma-Aldrich, St. Louis, MO, # 

H0412). After washing with 1X PBS, Alexa 546 goat anti-rabbit IgG in a 1:400 dilution 

was used as the secondary antibody (Molecular Probes, CA).  1X PBS was used to wash 

excess secondary antibody and DAPI 1:10000 (Sigma, St. Louis, MO) was used to 

counter stain cell nuclei.  AV canal explants (n=20) from control and treated including 

epithelial outgrow were randomly selected for analysis and approximately 100 cells were 

counted from each explant.  Analysis was performed using a fluorescent microscope and 

cells were categorized as either proliferating (red nuclear fluorescence) or normal (no red 

fluorescence).  Samples were then analyzed using a Delta-Vision Deconvolution-

Olympus IX 70 microscope.  

 

3.2.7 Quantitative Real-Time RT-PCR    

Total RNA was extracted from AV canal explants cultured on the collagen gel by 

using TRIZOL reagent (Gibco BRL). RNA was DNase treated with TURBO-DNA free 

kit (Ambion). cDNA was transcribed using the iScript cDNA synthesis kit  (Bio-Rad, 

Richmond, CA). Data normalization against the specific housekeeping genes (GAPDH, 

LDH, ß-actin, and mitochondrial DNA) was problematic due to either the substantial 
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phenotypic change during EMT or to the effects of the treatment. Therefore, total cDNA 

was used to normalize the quantitative PCR reactions. To sensitively measure cDNA in 

each reaction, Quanti-iT Oligreen ssDNA reagent (Molecular Probes, CA) was used to 

measure and aliquot single-stranded cDNA in combination with a fluorometer (Turner 

Biosystems). All real time RT-PCR data was obtained from 50-60 pooled AV canals and 

measured 6 times.  Names, UID, numerical data and significance are shown in 

Supplemental Table 1. Primer sequences for the selected genes are listed in supplemental 

table 2. 

 

3.2.8 Statistics 

All comparisons employed Student’s T-test (paired, 2 tailed) with a p≤0.05 with a control 

group.  The mesenchymal cell numbers counted in figure 3.3 included an n of 20 explants 

in each group.  Proliferating and apoptotic cells (fig. 4a-b) also include an n of 20 

explants for each treatment. Track length measurements (fig. 3.4c) were performed with 

tracks of 20 cells for treated and control samples. All real time RT-PCR data was 

obtained from 50-60 pooled AV canal explants and measured 6 times.  Names, UID, 

numerical data and significance are shown in Supplemental Table 3.1. 

 

3.2.9. Picture Processing 

Adobe Photoshop CS4 Version 11.0.2 software was used to handle and process pictures. 

The picture processing included changes in: Brightness/contras and re-sizing in order to 
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clearly evaluate samples and easily determine differences form control.  Picture 

processing was equally done in all samples.   

 

3.3. RESULTS 

3.3.1 OLFM1 is produced by the myocardium in the embryonic heart 

To identify the source of OLFM1 in the heart, embryo sections (stage 15 HH) 

were stained for OLFM1 and counterstained with a cardiac myosin marker, MF-20, and a 

nuclear marker, DAPI.  OLFM1 staining was observed in the myocardium while the 

endothelium was unstained (fig. 3.1). This figure shows the heart in cross-section through 

the outflow tract and through a portion of the heart that includes the AV canal and 

common ventricle.  The most intense staining was observed in the AV canal portion of 

the myocardium.  OLFM1 was not present in the mesenchyme of the head or in adjacent 

thoracic tissue.  At higher magnification (fig. 3.1C), staining was more intense on the 

endocardial side of the myocardium, the portion of the myocardium that is the site of 

secretion of cardiac extracellular matrix (ECM) (Kitten et al., 1987; Krug et al., 1987). 

As the inductive stimulus for EMT is derived from the myocardium20-22, this distribution 

is consistent with OLFM1 as a component of the tissue interaction. 
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Figure 3.1. OLFM1 is present in myocardium of the heart before EMT. Panel A, Stage 
15 chicken AV canal immunostained for OLFM1 shows expression in the ventricle (V), 
atrioventricular canal (AV) and outflow tract (OT).  Neighboring head (H) cells of the 
embryo show no protein expression of OLFM1. Panel B, shows the same section as panel 
A immunostained for the myocardial cell marker, MF20. The lumen (*) and the 
extracellular matrix compartment (CC=cardiac cushion) intervening between the 
myocardium and endothelium are identified.  Endothelia of the cardiac cushions in the 
AV canal region will undergo EMT at stage 17 by stimulus from the myocardium.  Panel 
C, is a magnified view of an AV canal with OLFM1 expressed in the inner layers of 
myocardium (M) and not the endothelium (E).  The cardiac cushions show no staining 
since water-soluble matrix is not retained during tissue processing.   
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3.3.2 OLFM1 regulates mesenchymal cell formation in the heart 

OLFM1 was examined in an established assay for embryonic EMT (Runyan and 

Markwald, 1983a).  We first performed a dose-response assay on cardiac AV canal 

explants and surveyed two markers of mesenchymal cell formation, Fibulin2 (FBLN2) 

and aldehyde dehydrogenase 1a1 (ALDH1A1).  FBLN2 is a well-established marker of 

EMT in the heart (Wunsch et al., 1994), while ALDH1A1 is a stem cell marker (Ginestier 

et al., 2007) that provides a useful linear measure of mesenchymal cell formation in 

culture (unpublished).  Stage 15 AV canal explants were treated with 0, 100, 200, 300 

and 400 ng/ml of mouse recombinant OLFM1 for 36 hours. Murine OLFM1 shares a 

96% identity with avian OLFM1 (Moreno and Bronner-Fraser, 2002).  The dose response 

curve was narrow with the largest response seen at the 200 ng/ml (Figure 3.2).  A 200 

ng/ml exposure was selected for subsequent experiments from these data. 

Stage 15 (Hamburger and Hamilton, 1951) AV canal explants were cultured on a 

collagen gels with either exogenous OLFM1 (200 ng/mL) or anti-OFLM1 (10 µg/mL) 

antibody for 36 hr. Cultures were fixed and photographed to examine morphology.  As 

shown in Figure 3.3, control cultures displayed activated endothelial cells dispersed on 

the gel surface (Fig. 3.3a). Mesenchymal cells, formed by EMT from endothelia, were 

observed within the gel matrix using Hoffman Contrast Optics (Fig. 3.3c).  Cultures 

treated with OLFM1 displayed a similar endothelial outgrowth and a greater number of 

mesenchymal cells (Fig. 3.3d, e).  Averaged counts of mesenchymal cells (20 explants/ 

treatment) showed a 79% increase (Fig. 3.3e).   
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Figure 3.2. OLFM1 dose-response. Fibulin-2 (FBLN2) and Aldehyde Dehydrogenase 
1A1 (ALDH1A1) were used as markers of EMT to measure response to exogenous 
OLFM1. Chicken AV canals, stage 15 were treated with OLFM1 at indicated 
concentrations (100-400 ng/ml) for 36 hours. To show both increases and decreases, 
graphs are displayed with a logarithmic scale on the y-axis indicating the relative 
amplification compared to untreated controls.  Real time RT-PCR data was obtained from 
50-60 pooled AV canals measured six times (p≤0.05). Corresponding numerical data is 
displayed in Table 3.1. 
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Figure 3.3. OLFM1 regulates EMT in the AV canal of the heart. Using the collagen 
assay, chicken AV canals were treated with OLFM1 protein (OLFM1 P - 200 ng/ml – 
Panel b) for 36 hours. Panels a-b show images of AV canals on the collagen surface, 
while c-d show corresponding images of underlying matrix with invaded mesenchymal 
cells. OLFM1 P (protein) increased mesenchymal cells (arrows in d) in the matrix when 
compared to untreated control (arrows in c). The number of migratory mesenchymal cells 
was counted to show a significant increase (p≤0.05, n=20) under OLFM1 P when 
compared to untreated control (e).  
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e.  

 
 

Figure 3.4. OLFM1 is required in EMT in the AV canal of the heart. Using the collagen 
assay, chicken AV canals were treated with antibody (OLFM1 Ab - 10 µg/ml – Panel b) 
for 36 hours. Panels a-b show images of AV canals on the collagen surface, while c-d 
show corresponding images of underlying matrix with invaded mesenchymal cells. 
OLFM1 Ab decreased mesenchymal cells (arrowheads in d) in the matrix when 
compared to untreated control (arrows in c). The number of migratory mesenchymal cells 
was counted for each explant and showed a significant decrease (p≤0.05, n=20) with 
OLFM1 Ab (e).  
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In contrast, OFLM1 antibody inhibited mesenchymal cell formation in AV canal 

cultures (Figure 3.4).  Unlike reagents that block initial steps of EMT (Boyer et al., 

1999a; Mercado-Pimentel et al., 2005), antibody treatment showed normal endothelial 

cell separation on the cell surface (Fig. 3.4).  Quantification of invaded mesenchymal 

cells found a decrease of 40% (Fig. 3.4e).  This data is consistent with an inhibition of the 

second step of cell invasion during EMT (Fig. 1.2). 

To confirm that OLFM1 antibody inhibition of EMT was specific to OLFM1, 

exogenous OLFM1 and anti-OLFM1 were added, together, to AV explant cultures.  

Because exogenous OLFM1 increase the number of mesenchymal cells, the treatment of 

OLFM1 antibody to explants also treated with exogenous OLFM1 should prevent the 

previously seen increase in mesenchymal cell numbers.  After performing the collagen 

assay, the OLFM1 antibody inhibited mesenchymal cell formation in the presence of both 

endogenous and exogenous OLFM-1 (Fig. 3.5d) as expected.  Cell counts showed a level 

of inhibition similar to antibody alone (Fig. 3.5). 
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e.  

 
 

Figure 3.5. OLFM1 antibody block OLFM1. Using the collagen assay, chicken AV 
canals were treated with OLFM1 protein (OLFM1 P - 200 ng/ml) and OLFM1 antibody 
(OLFM1 Ab - 10 µg/ml) for 36 hours. Panels a-b show images of AV canals on the 
collagen surface, while c-d show corresponding images of underlying matrix with 
invaded mesenchymal cells. The combined treatment, OLFM1 P and OLFM1 Ab (b), 
decreased mesenchymal cells (arrowheads in d) within the matrix when compared to 
control (arrows in e). Cell counts confirmed a significant decrease (p≤0.05, n=20) (e).   
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3.3.3 OLFM1 Does Not Alter Cell Proliferation, Death or Rate of Migration 

Changes in mesenchymal cell numbers within the gel can result from perturbation 

of EMT or by loss or gain of cells within the gel by cell proliferation or death. For 

example, effects of canonical Wnts in this EMT assay were attributed to proliferation or 

apoptosis of mesenchyme produced by Wnt-specific reagents (Person et al., 2005a).   

We examined whether OLFM1 induces cell proliferation. Histone H3 staining 

was utilized to count proliferating cells during EMT.  Stained endothelial and 

mesenchymal cells were counted in 20 AV canal explants to produce an index of 

proliferation. OLFM1 did not change this index of proliferation when compared to 

untreated controls (Fig. 3.6a).  

A decreased number of mesenchymal cells with anti-OLFM1 antibody treatment 

may be a result of cell death.  AV canals were treated with anti-OLFM1 antibody and 

apoptotic cells were detected using TUNEL assay.  An index of apoptotic cells with or 

without antibody treatment was obtained from 20 AV canal explants.  Apoptosis was not 

significantly different between untreated controls and treated cultures (Fig. 3.6b).   

An increase in mesenchymal cells might be observed if mesenchymal cells 

migrated at a faster rate and entered the gel matrix sooner than controls.  We measured 

average rates of cell migration of cells within the gel matrix.  AV explants were cultured 

for 18 hours to produce mesenchyme within the gel.  These cultures were then treated 

with OLFM1 or left untreated.  Four hours after treatment (a time interval selected for 

detectable changes in OLFM1 mRNA expression), time-lapse images were captured 

every three minutes using an inverted microscope with an incubator stage.  Twenty 
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individual cells were tracked for 3 hours each for treated and control cultures.  Image 

analysis (Simple PCI software) was used to produce track lengths for each cell. No 

significant difference in average track length between control and OLFM1 treated cells 

was observed (Fig. 3.6c). 

As no differences in proliferation, cell death or migration are seen with OLFM1 

or anti-OLFM1, we conclude that OLFM1 acts as a regulator of EMT.  As there was no 

difference in the initial separation (activation) of the endothelium, OLFM1 can be placed 

as a regulator of cell invasion from the surface of the gel into the gel matrix.  As the 

major alternatives to EMT show no significant differences with OLFM1 or anti-OLFM1 

treatment, the explanation that OLFM1 acts on the invasion step of EMT is simple. 
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b. 

 
c.  

  
 
Figure 3.6. OLFM1 does not affect cell proliferation, cell death or cell migration. AV 
canals at stage 15 were treated OLFM1 P and stained for phospho-Histone-H3.  The 
number of proliferating cells did not change significantly (n=20 explants) when 
compared to controls (a). Cell death after OLFM1 Ab treatment was examined using the 
TUNEL assay. No significant difference (n=20 explants) in cell death was observed (b).  
Migration rate was determined by measuring track length of 20 individual cells every 3 
minutes for 3 hr after 4 hr of OLFM1 treatment.  No significant difference in track length 
was observed in OLFM1 treated samples when compared to untreated controls. 
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3.3.4 OLFM1 Affects a Subset of EMT Markers 

EMT is an active process, involving extracellular ligands, transcription factors, 

adhesion molecules, and secreted mesenchymal cell products. To characterize effects of 

OLFM1 on EMT, AV canals were treated with OLFM1 or anti-OLFM1 antibody for 36 

hours. RNA was then extracted and used to define marker gene expression using real 

time RT-PCR.  

Adhesion molecules transcripts are usually reduced to permit cell separation 

(Nieto, 2011; Nieto et al., 1994; Peinado et al., 2007).  We examined several cell-cell 

adhesion molecules expressed in the heart.  As shown in Fig. 3.7, neural cell adhesion 

molecule 1 (NCAM1) was unchanged with exogenous OLFM1 while platelet endothelial 

adhesion molecule 1 (PECAM1), and cadherin-5 (CDH5) were up-regulated. All three 

markers were reduced by the blocking antibody.  These results show that OLFM1 activity 

is inconsistent with initial regulation of EMT.  Data were graphed on a log scale to show 

both up- and down-regulation. Table 3.1 shows the numerical value of all real time PCR 

measurements seen in Fig. 3.7-3.10.  

Latrophilin-2 (LPHN2) is an orphan G-protein coupled receptor containing an 

extracellular olfactomedin domain and is associated with breast cancer (White et al., 

1998).  We previously showed LPHN2 to be required for EMT in the heart (Doyle et al., 

2006).  OLFM1 produced a 6-fold increase in expression while anti-OLFM1 produced a 

51% decrease from untreated controls (Fig. 3.7). 
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Figure 3.7.  OLFM1 and cell adhesion. AV canals (stage 15) were treated with OLFM1 P 
or OLFM1 Ab for 36 hours on the collagen gels. Using real time RT-PCR, the expression 
of adhesion molecules were investigated.  Graphs use a logarithmic scale on the y-axis to 
show both increase and reduction from controls (1.0).  All real time RT-PCR data was 
obtained from 50-60 pooled AV canals and measured 6 times.  Names, UID, numerical 
data and significance are shown in Table 3.1.  
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EMT is a transcriptionally regulated event characterized by transcription factors 

that are up-regulated as a part of EMT.  While a hierarchy and specific roles are not 

completely described, zinc finger transcription factors, SNAI1, or SNAI2 are thought to 

initiate EMT through inhibition of cell-cell adhesion molecule transcripts (Comijn et al., 

2001; Lincoln J, 2007; Romano and Runyan, 1999).  SNAI2 up-regulation is required for 

avian valvular EMT (Romano and Runyan, 1999). Exogenous OLFM1 increased 

expression of SNAI1, ZEB1 ZEB2 and SOX9 and down-regulated expression of SNAI2 

(Fig. 3.6).  Anti-OLFM1 also increased SNAI1 and decreased SNAI2 expression but 

produced the expected opposing response to OLFM1 with ZEB1 and ZEB2.  TWIST1 is 

also discordantly regulated in relation to EMT as it is only slightly reduced by OLFM1 

and up-regulated by blocking antibody. The inconsistency of these data suggest that some 

EMT transcription factors are regulated by OLFM1, but this regulation is inconsistent 

with early steps in EMT and may be a later response to activated endothelial phenotypes. 

EMT is accompanied by reorganization of the cytoskeleton, secretion of 

extracellular proteins and changes in membrane receptors (Person et al., 2005b).  

Although TGF-β isoforms are reported as EMT regulators of valve formation of heart 

(Boyer et al., 1999a; Runyan, 1996; Runyan et al., 1992), TGF-β2 and TGF-β3 are 

expressed by migratory mesenchyme (Barnett and Desgrosellier, 2003; Boyer et al., 

1999b). OLFM1 produced an increase in expression of TGFB3 compared to untreated 

controls.  Anti-OLFM1 decreased expression of both TGFB2 and TGFB3 (Fig. 3.9).  

Fibulin-2 (FBLN2), and Periostin (POSTN), are markers of cardiac mesenchymal cells 

and showed both an increase in expression with exogenous OLFM1 and a corresponding 
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decrease with anti-OLFM1. These markers reflect either a change in mesenchymal cell 

numbers or a change in mesenchymal cell differentiation.  

VEGF receptors shift expression patterns concomitant with EMT (Stankunas et 

al., 2010). Vascular endothelial growth factor receptor-2 (VEGFR2 or FLK1) was 

strongly induced with exogenous OLFM1 while VEGFR-1 (or FLT1) decreased.  

Similarly, ALDH1A1 expression was increased with OLFM1 addition (Fig. 3.9).  

However, these markers were unchanged by anti-OLFM1.  As the corresponding loss of 

mesenchyme with anti-OLFM1 (Fig. 3.4d) does not change baseline expression, it is 

likely that OLFM1 acts on activated endothelial cells (gel surface) to increase these 

markers as well as mesenchymal cell invasion. 
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Figure 3.8.  OLFM1 and transcription factors. AV canals (stage 15) were treated with 
OLFM1 P or OLFM1 Ab for 36 hours on the collagen gels. Using real time RT-PCR, the 
expression of transcription factors was investigated.  Graphs use a logarithmic scale on 
the y-axis to show both increase and reduction from controls (1.0).  All real time RT-PCR 
data was obtained from 50-60 pooled AV canals and measured 6 times.  Names, UID, 
numerical data and significance are shown in Table 3.1. 
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Figure 3.9.  OLFM1 and late markers of EMT. AV canals (stage 15) were treated with 
OLFM1 P or OLFM1 Ab for 36 hours on the collagen gels. Using real time RT-PCR, the 
expression of mesenchymal markers of EMT was investigated.  Graphs use a logarithmic 
scale on the y-axis to show both increase and reduction from controls (1.0).  All real time 
RT-PCR data was obtained from 50-60 pooled AV canals and measured 6 times.  Names, 
UID, numerical data and significance are shown in Table 3.1. 
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As OLFM1 appears to mediate cell invasion, we examined markers of both 

cytoskeletal reorganization (RhoA, RhoB, cofilin2 (CFL2) and profilin2 (PFN2)) and 

proteolytic degradation of the extracellular matrix (PLAU, MMP2, and ADAMTS1) (Fig. 

3.10). Small changes in PFN2 were potentially consistent with shape change but 

expression of CFL2, RHOA and RHOB were unaffected by OLFM1 and increased with 

anti-OLFM1.  All three extracellular proteases tested, PLAU, MMP2 and ADAMTS1, 

were strongly regulated consistent with potential roles in cell invasion.  

In our examination of markers, it was noted that OLFM1 is auto-regulatory. 

OLFM1 produced an up-regulation of OLFM1 mRNA and anti-OLFM1 reduced OLFM1 

expression in the explants (Fig. 3.11). This regulation suggests an amplification process 

of signaling during EMT. 
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Figure 3.10.  OLFM1 and proteases. AV canals (stage 15) were treated with OLFM1 P 
or OLFM1 Ab for 36 hours on the collagen gels. Using real time RT-PCR, the expression 
of proteases was investigated.  Graphs use a logarithmic scale on the y-axis to show both 
increase and reduction from controls (1.0).  All real time RT-PCR data was obtained from 
50-60 pooled AV canals and measured 6 times.  Names, UID, numerical data and 
significance are shown in Table 3.1.  
 



 99 

 
Gene Name Uid Expression 

after OLFM-1 
P Treatment 

Expression 
after 

OLFM-1 Ab 
Treatment 

Olfactomedin 1 (OLFM1) 395535 + 409% - 56% 

Snail homolog 2 (SNAI2) 432368 - 36% - 50% 

Transforming growth factor, beta 
3 (TGFB3) 

396438 + 201% - 40% 

Transforming growth factor, beta 
2 (TGFB2) 

421352 + 88% - 42% 

Zinc finger E-box binding 
homeobox 1 (ZEB1) 

396029 + 36% - 54% 

Snail homolog 1 (SNAI1) 396047 + 320% + 223% 

Latrophilin 2 (LPHN2) 424545 + 611% - 51% 

Zinc finger E-box binding 
homeobox 2 (ZEB2) 

424306 + 775% - 21% 

Cadherin 5, type 2 (vascular 
endothelium) (CDH5)  

374068 + 296% - 56% 

Fibulin 2 (FBLN2) 427583 + 752% - 56% 

Periostin, osteoblast specific 
factor (POSTN) 

395429 + 205% - 66% 

Twist homolog 1 (TWIST1) 395491 - 14% + 89% 

SRY (sex determining region 
Y)-box 9 (SOX9) 

374148 + 28% + 248 

KDR kinase insert domain 
receptor (a type III receptor 

tyrosine kinase) (FLK1) 

395323 + 831% 
 

+ 21% 

Fms-related tyrosine kinase 1 
(vascular endothelial growth 
factor/vascular permeability 

factor receptor) (FLT1) 

374100 - 67% + 34% 

Ras homolog gene family, 
member A (RHOA) 

395442 + 3% + 57% 

Ras homolog gene family, 
member B (RHOB) 

395734 - 3% + 53% 

Platelet/endothelial cell adhesion 
molecule (CD31 antigen) 

(PECAM1) 

771243 + 288% - 46% 
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Matrix metallopeptidase 2 
(MMP2) 

386583 + 295% - 41% 

Neural cell adhesion molecule 1 
(NCAM1) 

770798 + 18% - 61% 

Aldehyde dehydrogenase 1 
family, member A1 (ALDH1A1) 

395264 + 305% + 5% 

Profilin 2 (PFN2) 771904 + 17% - 31% 

Cofilin 2 (muscle) (CFL2) 423320 - 3% + 16% 

Plasminogen activator, urokinase 
(PLAU) 

396424 + 525% - 47% 

ADAM metallopeptidase with 
thrombospondin type 1 motif, 1 

(ADAMTS1) 

418479 + 286% - 47% 

 
Table 3.1. Numerical values for all RT-PCR data presented in figure 3.7-3.10. The Uid is 
given to according supplemental table 2. Gray boxes under Up or Down regulation 
indicates an statistical significance with p ≤ 0.05. All data was obtained from 50-60 AV 
canals cultures separated into 6 independent real time RT-PCR reactions. 
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Figure 3.11.  OLFM1 is auto-regulatory. AV canals (stage 15) were treated with various 
concentrations of OLFM1 Protein for 36 hours on collagen gels. Real time RT-PCR 
measurement of OLFM1 mRNA showed an upregulation of expression at the standard 
200 ng/ml dose.  OLFM1 expression decreased below controls at the highest 
concentration (400 ng/ml).  Data was obtained from 50-60 pooled AV canals and 6 
independent measurements. Numerical data are shown in Table 1. 
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3.4. Discussion 

We report here that OLFM1 (variant 1), regulates EMT in the avian heart.  

OLFM1 is a 485 amino acid extracellular matrix protein expressed by the developing 

myocardium.  It is a member of the olfactomedin family of proteins and contains a 

conserved 250 amino acid olfactomedin domain.  Olfactomedin domains are binding sites 

for protein-protein interaction between olfactomedin family members such as Myocilin 

and Olfactomedin-3 (Tomarev and Nakaya, 2009). There are four numbered variants of 

OLFM 1 with variant 1 as the longest isoform (Barembaum et al., 2000). Though named 

OLFM1 in the avian, we use OLFM1 here as the conserved gene name in mouse and 

human literature.  Avian OLFM1 is conserved across species with 92% amino acid 

sequence similarity with Xenopus OLFM1 and 85% similarity to murine OLFM1.  

Mouse and chick have numbered isoforms generated through alternative splicing.  The 

nomenclature in the human is different as OLFM1 is a homolog of OLFM1 and 

Pancortin-1 but human Olfactomedins 2-4 are unique gene products.  Alternately spliced 

forms of OLFM1 in humans are referred to as variants 1-4. 

Barembaum et. al. (2000) reported that asymmetrical overexpression of OLFM1 

in the neural tube of avian embryos produced extra neural crest cells.  Extra neural crest 

may be produced by increased differentiation of neurectoderm, altered migration, 

increased proliferation or induced EMT.  We chose to examine OLFM1 as a mediator of 

EMT using a well-described in vitro system with heart tissue (Lencinas et al., 2010; 

Person et al., 2005b).  
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Regulation of the EMT program tends to be conserved during development, organ 

fibrosis and cancer metastasis (Yang and Weinberg, 2008).  Different inducing stimuli 

including TGFβ superfamily members, FGFs, Wnts, EGFs and HGF have all been 

implicated in regulation of EMT through a small set of transcription factors (Nieto, 2011; 

Thiery, 2003).  Avian neural crest and cardiac cushion epithelia specifically appear to use 

many of the same components including SNAI2 and TGFβ (Duband et al., 1995; Nieto et 

al., 1994; Person et al., 2005b; Romano and Runyan, 1999).  A microarray dataset from 

chicken AV canals showed decreased expression of OLFM1 with arsenic exposure 

(Lencinas et al., 2010).  As this was of interest from the work of Barembaum et al. (2000) 

we confirmed expression of OLFM1 in the heart via RT-PCR and immunostaining.  As 

shown here, OLFM1 is widely expressed in the myocardium and strongest expression is 

in the AV canal.  This distribution is consistent with the secretion of the cardiac ECM 

from the myocardium (Kitten et al., 1987; Krug et al., 1987).  

Addition of exogenous OLFM1 increased the number of invaded mesenchymal 

cells from cardiac explants. Conversely, an inhibitory antibody reduced mesenchymal 

cell numbers.  These data suggest that OLFM1 is a mediator of EMT in the heart. 

Changes in mesenchymal cell numbers may also occur through altered EMT, cell 

proliferation, cell death or rate of migration (Person et al., 2005b).  Measures of phospho-

histone H3 expression and TUNEL-positive cells suggest that these alternative 

mechanisms are unlikely. An increase in mesenchymal cell numbers might also be 

observed if cells migrated more rapidly and entered the gel matrix faster.  We found no 

significant difference in migration rate within the matrix with exogenous OLFM1. 
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Together, the data argue that OLFM1 regulates mesenchymal cell numbers by altering 

EMT.  The morphological appearance of activated endothelial cells with anti-OLFM1 

suggests that OLFM1 acts later in EMT. 

EMT is a transcriptionally regulated event.  To identify where OLFM1 acts 

during EMT, we examined expression of several classes of EMT markers.  An initial 

element of EMT is a loss of cell-cell adhesion.  OLFM1 does not mediate changes in 

adhesion molecule transcription consistent with the initiation or activation of EMT.  Most 

endothelial cells in the AV canal are initially activated but approximately 90% will return 

to an endothelial state (Icardo, 1984; Runyan et al., 1990b).  The observed regulation of 

adhesion molecules by OLFM1 reagents may reflect a reversion or re-epithelialization of 

endothelial cells.  

EMT is characterized by several zinc-finger transcription factors known to inhibit 

transcription of cell-cell adhesion molecules and begin EMT (Cano et al., 2000; Nieto, 

2011).   We examined several EMT-associated transcription factors after perturbation of 

OLFM1 levels.  Snail1 expression increased with both addition and inhibition while 

SNAI2 mRNA expression was inhibited by both OLFM1 addition or inhibition.  SNAI2  

mRNA is up-regulated by TGFβ2 and required for EMT in the heart (Romano and 

Runyan, 1999; Romano and Runyan, 2000).  Reduced expression of SNAI2 mRNA with 

exogenous OLFM1 is inconsistent with the observed EMT.  Identical regulation of SNAI1 

and SNAI2 by both exogenous protein and blocking antibody is puzzling but also 

consistent with the idea that OLFM1 is not an early mediator of EMT.   ZEB1 and ZEB2 

mRNAs showed a more consistent up and down-regulation with treatment but the roles of 
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these transcription factors in EMT are unclear (Peinado et al., 2007).  ZEB transcription 

factors have a feed-forward activity for EMT involving microRNAs (Burk et al., 2008) 

and this activity may be mediated or assisted by OLFM1. Overall, the effects on 

transcription factor expression by OLFM1 are more consistent with an invasion step 

rather than initiation of EMT.  

An effect of OLFM1, or its inhibition, on markers of EMT is seen with 

mesenchyme formation.  Mesenchymal cells in the heart express ECM proteins, FBLN2 

and POSTN (Kruzynska-Frejtag et al., 2001; Rongish et al., 1998).  Exogenous OLFM1 

produces an up-regulation of mRNA for both markers while the antibody inhibits 

expression. Similarly, the markers FLT1, FLK1 and ALDH1A1 changed in a manner 

consistent with mesenchymal cell differentiation or invasion.  Unlike the secretory 

molecules POSTN and FBLN2, FLK1 and ALDH1A1 were unaffected by the blocking 

antibody.  We suggest that loss of expression of secreted markers is specific to 

mesenchymal cells while markers that remain unaffected by anti-OLFM1 are in an 

activated endothelial population, unchanged by loss of OLFM1.   

TGFβ isoforms are expressed in activated endothelia and newly formed 

mesenchymal cells as well as being expressed by the myocardium as an inductive signal 

(Barnett et al., 1994; Boyer et al., 1999a; Potts and Runyan, 1989).  Altered expression of 

TGFβ isoforms by both OLFM1 and anti-OLFM1 is consistent with formation of 

invasive mesenchyme.  Expression of TGFβ3 by activated endothelia is auto-regulatory 

and provides a mechanism of amplification of EMT (Ramsdell and Markwald, 1997).  

We found here that OLFM1 is also auto-regulatory.  This auto-regulation of OLFM1 was 
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also observed in a mouse cardiac mesenchymal cell line and in human glioblastoma cells 

(unpublished data). Auto-regulation by both TGFβ3 and OLFM1 may be a useful 

mechanism to ensure that EMT proceeds in the developing heart.   The most convincing 

markers related to mesenchymal cell invasion were the ECM degrading proteases.  These 

markers were significantly up-regulated by OLFM1 and reduced by treatment with anti-

OLFM1. 

The results here show that OLFM1 is a novel mediator or enhancer of invasion 

during EMT.  It is co-expressed with TGF-β3, a mediator of cell invasion (Boyer et al., 

1999a), and appears to regulate a subset of EMT markers, especially proteases.  Addition 

of OLFM1 to AV canal cultures produces an increase in mesenchyme that is not 

explained by alternative mechanisms.  Addition of a blocking antibody inhibits the 

formation of invasive mesenchyme.  The morphology of the cultures and the expression 

of EMT markers points most directly to a role in the conversion of activated endothelia to 

invasive mesenchyme.  We suggest that the conversion of the activated epithelial cells 

into invasive mesenchyme is a specific regulated step or checkpoint and that in the 

absence of this signaling, cells undergoing EMT with either revert to an epithelial 

phenotype or remain in a metastable state (Klymkowsky and Savagner, 2009).  In terms 

of development, both neural crest and valve progenitors appear to use TGF-β and 

OLFM1 (Boyer et al., 1999a; Duband et al., 1995; Barembaum et al., 2000).  As OLFM1 

is a conserved molecule across species, the concept of an invasion checkpoint has 

implications in adult pathology.  Cancer metastasis and organ fibrosis both utilize EMT 

programs to invade surrounding tissue (Kallergi et al., 2011; Zhang et al., 2011a; Zhao et 
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al., 2011).  We expect OLFM1 to have a similar role in these EMTs.  A survey of the 

Oncomine database shows that OLFM1 is miss-expressed in a number of cancers (Kim et 

al., 2010; Sun et al., 2006).  Preliminary data suggests that OLFM1 increases expression 

of the Snai1 marker in glioblastoma and breast cell carcinoma cell lines (unpublished).   

Thus, the role of this molecule in human EMT pathology may be as important as in 

development. 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 

 

4.1. Arsenic  

In this project, we found that sodium arsenite (As III), the inorganic salt form, 

inhibited EMT in the AV canal using the collagen assay in vitro model. EMT inhibition 

was seen at doses as low as 12.5 ppb (0.16 µM).  This has great implications since EMT 

is a central cellular process used in embryo development in different locations and at 

different times.  Given that congenital heart defects (CHD) are the most common 

congenital abnormality (Allan, 1986), and that arsenic is commonly found in soil to 

contaminate water sources, the effects of arsenic on EMT of the heart are striking. These 

findings can help explain the high incidence of CHD and can help determine if the 

current allowable arsenic level in drinking water is accurate.       

The current EPA allowed arsenic level in drinking water is 10 ppb. Therefore 

arsenic affects via drinking water makes a low and chronic exposure important when 

studying arsenic toxicity on humans.  Although a comparison between environmental 

exposure and acute exposure examined in this project is difficult, the concentrations 

tested appear to be relevant to environmental exposure.  Arsenic is readily transferred 

across the placenta as cord blood concentrations of arsenic can reach 80% of the maternal 

blood concentration (Rudge et al., 2009).  Data from Valentine et. al. (1979) indicate that 

arsenic blood concentrations average 4-5% of the arsenic concentration found in drinking 

water.   Extrapolation of these numbers indicate that tissue culture exposure used in our 

system, is roughly equivalent to a drinking water range of 200-500 ppb of sodium 
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arsenite, a range that can be found in drinking water supplies in several parts of the world 

including Taiwan, India and China and the USA (Chen et al., 1985; Wu et al., 1989).  

While there are differences in acute and chronic exposure to arsenic (Olsen et al., 2008), 

EMT in the AV canal of the heart proceeds in 24-36 hour window, which can be 

considered an acute event even in the background of chronic exposure in the mother.      

Interestingly, similar doses of arsenite were used in the chicken chorioallantoic 

membrane (CAM) assay and showed that concentrations lower than 1 µM stimulated 

angiogenesis in avian endothelia (Mousa et al., 2007; Soucy et al., 2003).  As 

angiogenesis starts with an EMT process, this effect appears to be contradictory.  

However, we note that similar doses of sodium arsenite (10-50 ppb or 0.13-0.66 µM) 

prevent normal wound repair by lung epithelial cells in a scrape assay (Olsen et al., 

2008).  While this assay does not measure cell invasion, the change in epithelial 

phenotype associated with wound repair is an EMT (Arnoux et al., 2005). The conflicting 

results indicate that arsenic induces a dose-, cell-, and context-specific effect as also 

noted by Soucy et al. (2003). 

To explore the basis for EMT inhibition in the collagen gel, we turned to a 

microarray survey of altered gene expression.  The effects of As (III) on the explanted 

tissue were remarkably limited.  As discussed in chapter 2, microarray analysis of acute 

exposure showed that less than 2% of the elements of the array were perturbed.  The low 

number of affected genes is consistent with previous microarray studies performed on 

human keratinocytes under arsenic exposure (Rea et al., 2003). EMT is a widely 

investigated process in normal and pathological tissues.  EMT is a regulated process 
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utilizing a small set of transcription factors including Snail, Zeb, and Twist (Yang and 

Weinberg, 2008).  Specifically, these transcription factors are believed to initiate EMT by 

allowing cell separation and other cascade of events to allow cell invasion.  Surprisingly, 

we found few changes in transcription factor expression, arguing that arsenic inhibition 

of EMT is not by targeting these transcription factors. 

In order to make sense of the gene expression changes seen in the microarray we 

applied a bioinformatic analysis and organized the results in context of the chicken 

interactome (Konieczka et al., 2009).  The results of our analysis showed that the 

interacting molecules identified fell into 4 clusters (A-D Fig. 2.5).  The relationship 

between interacting genes in the interactome database is derived from a compilation of 

seven databases and includes both protein-protein interaction data and gene expression 

data (Konieczka et al., 2009).  While changes in gene expression were discussed in 

Chapter 2, additional experience in EMT, after finalizing the manuscript for publication,  

has brought up additional points to explain the data.  We found the following affected 

genes included in cluster A: actin related 2/3 subunit 5, myozenin 2, actin 2, and 

neurofilament.  We also found several GTPases and GTP exchange factors in this cluster 

(Fig. 2.5).  A common cellular function shared by these molecules is a role in the 

organization and maintenance of the cell cytoskeleton.  Because arsenic exposure blocks 

the ability of the endothelial cells to separate and invade, the increased expression of 

these molecules is consistent with the lack of change in cell shape and the maintenance of 

the endothelial phenotype.  Another response to As (III) was an up-regulation of HoxB5, 
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a gene associated with maintenance of endothelial cell phenotype and consistent with the 

lack of EMT (Wu et al., 2003).  

The other three clusters obtained from the bioinformatics analysis did not show 

obvious correlations in relation to EMT or to the clusters themselves.  However, 

individual molecules from each group can be correlated with EMT.  A good example of 

this is VCAM1 and CD81 in cluster C (Fig. 2.5), these are cell adhesion molecules that 

are both up-regulated.  This is particularly interesting as examination of endothelial cells 

from AV canals, treated with As (III) (Fig. 2.1), shows endothelial cells in close contact 

with each other.  This suggests an active function of adhesion molecules that may resist 

the normal separation of EMT.   

Another interesting molecule affected by As (III) is TSPAN4, which was down 

regulated. Even though the function of TSPAN4 is not completely characterized (Hirano 

et al., 2009), it appears to have an active role in oncogenic EMT, which makes the down-

regulation of the gene consistent with the inhibition of EMT on the collagen assay.  

Secreted extracellular matrix molecules such as laminin 3 and versican, found in cluster 

C, were also affected and are consistent with endothelial differentiation and/or retention 

of endothelial cell phenotype.  Also in cluster C (Fig. 2.5) a protease associated with 

EMT (ADAMTS1) was down-regulated.  This is relevant as proteases are commonly 

used during EMT to digest extracellular matrix and allow cells to invade.  Genes in 

Cluster D (Fig. 2.5) form a diverse group of cellular processes that did not show an 

obvious direct relation to EMT.  
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The heterogeneous nature of the clusters raises the question as to whether this 

analysis is useful in relation to the As (III) inhibition of EMT.  Relationships within 

clusters are derived from a variety of data and cell types and may or may not be relevant 

to the present treatment.  However, the predictive aspects of the clustering support the 

utility of the analysis.  The data analysis identified a number of genes that were not found 

in our microarray dataset but were identified by the interactome as directly connecting 

two or more members of the cluster. To test and validate the clustering approach, real 

time RT-PCR was performed on ten molecules in cluster A to determine the expression 

under arsenic treated and control tissue.  As seen in Figures 2.7 and 2.8, all ten molecules 

showed a significant change in expression (although changes in NRAS and ACTN2 were 

modest) under 25 ppb (0.33 µM) As (III) exposure.  The changes seen were consistent 

with direction of regulation of their interacting neighbors.  The co-expression of 

neighboring molecules within the cluster A indicates that the approach of bioinformatic 

analysis of microarray data can identify relevant target areas and mechanisms for 

analysis.  As the interactome is further developed, the quality of the analysis should 

improve and additional genes identified in the microarray can be included in sub-network 

analysis.  

In summary, our findings suggest that the basic cellular process of cardiac 

epithelial-mesenchymal transition is sensitive to low levels of As (III) exposure.  Low 

exposure levels are consistent with high spontaneous abortions and this observation is 

relevant as it may indicate the need to re-evaluate the allowable arsenic levels in drinking 

water. Microarray analysis of gene expression suggest that this inhibition is produced, for 
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the most part, by effects on cytoskeletal and cell adhesion molecules.  By further 

surveying our micro array data we noted that arsenic did not affect transcription factors 

known to regulate EMT.  This observation has important implications as it indicates that 

inhibiting molecules, other than transcription factors, found later in the EMT program can 

also prevent EMT.  

 

4.2. Olfactomedin-1  

Here we report that OLFM1 regulates EMT in the AV canal of the heart. OLFM1 

is a predicted 485 amino acid protein that includes a 250 amino acid olfactomedin 

domain. The entire OLFM1 amino acid sequence seems to be conserved as it shows 92% 

similarity with a Xenopus homolog and 96% similarity to pancortin, the mouse homolog.  

In 2000, Barembaum et al. showed that OLFM1 induced the formation of neural crest 

cells (Barembaum et al., 2000).  Because formation of neural crest cells includes the 

process of EMT, it is possible that OLFM1 induced EMT. A similar and well-

characterized EMT process in development takes place in the AV canal of the heart 

(Pearson et al., 2005; Runyan et al., 2002; Runyan et al., 1992).  This EMT process 

enables formation of endocardial cushions, which ultimately develop into the mitral and 

tricuspid heart valves.  

Because the EMT program, is reutilized in different tissues including organ 

fibrosis and cancer metastasis (Klymkowsky and Savagner, 2009; Yang and Weinberg, 

2008), OLFM1 regulation of cardiac EMT in the AV canal was possible.  OLFM1 

mRNA was detected in the AV canal, via real time RT-PCR, verifying the presence of 
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OLFM1 in the AV canal at the time of EMT.  Immunological detection of OLFM1 in 

chicken AV canals also confirmed the presence of OLFM1 in myocardial cells and 

further argued for OLFM1 regulation of EMT in the AV canal.  The presence of OLFM1 

in the myocardium correlates with the observation that most of the signaling factors 

regulating EMT, including extracellular matrix components, are produced by the 

myocardium (Krug et al., 1985).  Because OLFM1 is an extracellular glycoprotein, its 

presence in the extracellular matrix was expected, however tissue processing during 

immunostaining may have washed away the matrix in its entirety.  

In a set of gain of function experiments, exogenous OLFM1 increased the number 

of invaded mesenchymal cells of AV canals.  On the other hand, inhibition and loss of 

function of OLFM1 by a blocking antibody perturbed the normal invasion of 

mesenchymal cells.  Thus, indicating that OLFM1 is necessary for EMT in the AV canal.  

This is remarkable, as the data identify OLFM1 as a novel regulator of EMT in the valve 

formation of the heart.  This OLFM1 function has also implications in the cancer field as 

it has been widely reported that cancer metastasis uses an EMT process to invade 

surrounding tissue (Kallergi et al., 2011; Zhang et al., 2011a; Zhao et al., 2011). Because 

of the ability of the cell to reutilize molecular signals, OLFM1 might also regulate 

metastasis in cancer cells. Therefore, identification of the role of OLFM1 in invasion in 

developmental EMT might point to a target for an anticancer agent.    

To determine a molecular mechanism by which OLFM1 regulates EMT in the AV 

canal, we tested the expression of many EMT markers in the absence and presence of 

OLFM1.  TGFß isoforms are widely recognized as an important regulators of EMT (Potts 
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and Runyan, 1989; Romano and Runyan, 2000; Runyan et al., 1992).  OLFM1 increased 

the expression of TGFß3 and OLFM1 itself (figure 3.4).  This indicates that OLFM1 

auto-regulates itself and induces the expression TGFß3, a TGFß ligand involved in the 

late EMT phase of cell invasion (Boyer et al., 1999a).  Loss of function of OLFM1 by 

inhibition via anti-OLFM1 antibody decreased expression of both TGFß2 and TGFß3, 

reiterating the auto- and negative regulation of EMT.  Although the regulation of TGFß 

isoforms under OLFM1 treatment and inhibition is interesting, it may not reflect an effect 

on secreted TGFβs from the myocardium as mesenchymal cells respond to the original 

TGFß signal and further produce TGFß.  Therefore, the increase or decrease in 

expression of  TGFß may be result of an increase or decrease in the number of 

mesenchymal cells expressing TGFß and not necessarily an effect of the OLFM1 on 

induction of the myocardium. Therefore, we investigated the effects of OLFM1 on other 

EMT markers.  

 

4.2.1. OLFM1 Regulation of EMT Markers 

Because adhesion molecules are thought to decrease during the first step of EMT 

to allow separation of cells, the adhesion molecules N-CAM, PE-CAM, and VE-cad were 

investigated under the addition or inhibition of OLFM1.  N-CAM did not change under 

the addition of OLFM1, while PE-CAM and VE-Cad increased in expression.  On the 

other hand, the inhibition of OLFM1 decreased the expression of N-CAM, PE-CAM, and 

VE-cad. Cell adhesion molecule transcript expression under addition or inhibition of 

OLFM1 seems to contradict the expression pattern expected in EMT.  However, change 
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of adhesion molecule expression occurs early in the EMT process and OLFM1 may not 

necessarily affect the early and first step of EMT.  Therefore, adhesion molecule 

expression does not appear to be an important response to OLFM1 signaling.  Potentially, 

expression of adhesion molecules can be a response by endothelial cells that do not carry 

out EMT and return to an adhesive state.  This phenomenon fits with observations that 

only 10% of endothelia complete EMT, while the other 90% of activated endothelial cells 

do not become invasive mesenchymal cells.  

Transcription factors with a known role in EMT were also investigated under the 

addition and inhibition of OLFM1.  SNAI1 expression increased with the treatment of 

exogenous OLFM1 as well as antibody treatment, while SNAI2 decreased under 

exogenous OLFM1 as well as antibody treatment. This coincident increase and decrease 

in expression in response to OLFM1 is puzzling as opposite responses would be expected 

in relation to EMT. However, from close inspection of AV cultures, anti-OLFM1 seems 

to have no effect on endothelial activation (Fig. 3.4), which indicates that OLFM1 

regulates the later step of invasion in EMT.  Because anti-OLFM1 treatment did not 

completely inhibit EMT, OLFM1 may not be the only regulator of EMT and expression 

of transcription factors may be affected by other signals that remain to be characterized.  

ZEB1 and ZEB2 increased under OLFM1 induction while decreasing under OLFM1 

inhibition. Although the increase in ZEB1 and the decrease in ZEB2 was minor, the 

expression response would indicate that OLFM1 induces ZEB1 and ZEB2 during EMT.   

ZEB1 and 2 appear to have roles in cell-cell adhesion but other roles during EMT may be 

significant as adhesion molecule regulation is inconsistent with ZEB1 and 2 expression 
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(Comijn et al., 2001).  Overall, the inconsistent effect of OLFM1 on EMT transcription 

factors is not all that surprising considering that OLFM1 seems to regulate invasion, a 

late step in EMT.  

Other EMT markers that were investigated under OLFM1 induction and 

inhibition were FLK1 and FLT1.  FLK1 and FLT1 are known to mark EMT, by 

switching expression from FLT1 to FLK1 during mesenchymal cell formation in the AV 

canal (Stankunas et al., 2010).  Interestingly, OLFM1 treatment triggered the switch from 

FLT1 to FLK1, supporting once again, a role for OLFM1 in the invasion of mesenchymal 

cells during EMT. The inhibition of OLFM1 via antibody treatment did not change 

expression of FLT1 or FLK1, which suggests that these transcripts are only altered when 

mesenchymal cell numbers are increased and that endothelial expression patterns are 

retained.  FBLN2 and POST are also known as late EMT markers (Conway and 

Molkentin, 2008; Lee et al., 2008b), and they increased expression under OLFM1 

treatment.  Consistent with inhibition of EMT, FBLN2 and POST also decreased 

expression when OLFM1 was inhibited.  The correlated expression of OLFM1 and 

FBLN2 strongly indicates that OLFM1 is a regulator of mesenchymal cell invasion or 

differentiation in the AV canal.  

Aldehyde dehydrogenase 1A1 (ALDH1A1) was also used as a marker of EMT to 

investigate the effects of OLFM1. ALDH1A1 is a detoxifying enzyme with important 

developmental function as it metabolizes retinol to retinoic acid and it is used as a stem 

cell marker (Chute JP, 2006; Ginestier et al., 2007).  Because mesenchymal cells may 

have stem cell-like properties, we examined the effects of OLFM1 on ALDH1A1.  
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OLFM1 treatment induced expression of ALDH, while the OLFM1 inhibition did not 

change ALDH expression when compared to untreated controls. Induction of ALDH 

under OLFM1 treatment supports the ability of OLFM1 to induce differentiation of 

mesenchymal cells during EMT.  Inhibition of OLFM1 did not change the expression of 

ALDH.  This suggests that blocking mesenchyme production, with OLFM1 inhibition, 

left an expression level consistent with normal levels of this marker in the heart.  ALDH 

may mark a subset of stem-like mesenchymal cells that is induced by OLFM1.  As 

RHOA and RHOB are small GTPases known to induce epithelial cell activation and cell 

separation and cell shape change, we examined their expression under OLFM1 treatment.  

RHOA and RHOB did not change in expression under OLFM1 treatment (Fig. 3.7) 

indicating that OLFM1 does not effect on activation or separation.  In contrast, OLFM1 

protein and antibody produced dramatic changes on extracellular proteases including 

MMP2, ADAMTS1 and PLAU.  These changes are consistent with identified roles in the 

destruction of the extracellular matrix during cell invasion (Alexander et al., 1997a; 

Henderson and Copp, 1997).   

 
Collectively, our data argue that OLFM1 affects cardiac EMT by mediating 

mesenchymal cell invasion.  Because EMT is a process reutilized during cancer 

metastasis, OLFM1 may have a similar role in cancer development and progression.  

Therefore, our findings not only show OLFM1 as a novel regulator of EMT in the AV 

canal, but also suggest it may be a novel target for the next generation of anticancer 

agents.  Additionally, our data provide a remarkable insight into the intrinsic regulation 

of cardiac EMT. Because OLFM1 did not impact cell separation, and notably affected the 
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cell invasion, it is likely that EMT involves a regulatory checkpoint (Fig 4.1), after cell 

separation and before cell invasion. We know that specific molecular signals are required 

to induce cell-cell separation and we argue that a second set of signals are required to 

induce subsequent cell invasion.  While signals including TGBβ2, HGF, EGF and FGF 

are described in various systems as initiators of EMT (Person et al, 2005; Nieto, 2011), 

the requirement for an additional signal for invasion has only been previously seen with 

TGFß3 in the chicken heart (Boyer et al., 1999a).  This study adds OLFM1 and 

introduces the idea of an invasion checkpoint (Fig. 4.1) to the discussion of 

developmental EMT.  
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Figure 4.1 EMT proceeds in steps that include an invasion checkpoint.  A stimulus 
triggers endothelial cells to down-regulate adhesion molecules via activation of inhibitory 
transcription factors. During step 1 cells also change shape by developing filopodia and 
actin projections. Step 2, separated or activated endothelial cells migrate and invaded the 
underlying collagen matrix. In step 2, mesenchymal cells require inductive signals (i.e. 
OLFM1) to pass through the invasion checkpoint and further complete EMT.   
 

Stimulus (TGFß, FGF, Wnts, BMP)
Epithelia cell-cell adhesion

Inhibition of cell-cell adhesion

Phenotipic cell change (shape)

Cell invasion

Step 1

Step 2

EMT Checkpoint

EMT Activation

Arsenic 
Induces Cell Adhesion

OLFM1
Induces cell Invasion Invasion Checkpoint
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CHAPTER 5: FUTURE DIRECTIONS 

 

5.1. Latrophilin-2  

OLFM1 did not affect EMT adhesion molecules or transcription factor while 

consistently affecting mesenchymal cell markers and proteases to allow cell invasion 

during EMT.  While the expression of late markers of EMT including proteases under 

exogenous OLFM1 and inhibitory antibody are interesting, the exact mechanism by 

which OLFM1 regulates EMT remains to be elucidated.  Therefore, the characterization 

of the OLFM1 receptor and further mechanism of action is needed.  Because the 

olfactomedin domain serves as a recognition site for protein-protein interaction between 

myocilin and olfactomedin-3 in human cells (Tomarev and Nakaya, 2009), the idea that 

OLFM1 can bind another olfactomedin containing molecule in the AV canal to regulate 

EMT is a likely possibility.  The conserved cysteine residue at position 410 of the 

olfactomedin domain forms a disulfide bond to aid in the formation of a three-

dimensional binding pocket (Grover et al., 2010).  This binding pocket emphasizes the 

importance of the olfactomedin domain for binding partners as well as biding to 

membrane receptors.  

Latrophilin-2 (LPHN2) is an orphan G-protein coupled receptor and EMT 

regulator that contains an extracellular olfactomedin domain.  Importantly, LPHN2 

regulates the invasion step of mesenchymal cells (Doyle et al., 2006).  Suggesting 

positive regulation, exogenous OLFM1 and OFLM1 antibody treatment increased and 

decreased the expression of LPHN2 respectively (Fig 3.5).  Together, the olfactomedin 
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domain as a site for protein-protein interaction (Tomarev and Nakaya, 2009), and the co-

operative expression of OLFM1 and LPHN2 argue for a ligand-receptor link between 

OLFM1 and LPHN2.  
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Figure 5.1 LPHN2 siRNA decreased expression of OLFM1. Atrioventricular 
mesenchymal cells were treated with LPHN2 siRNA for 24 hours to measure the 
expression of OLFM1 using real time RT-PCR. OLMF1 expression decreased by 61 % 
while LPHN2 decreased by 58 % when compared to untreated control.  
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In a set of preliminary experiments, LPHN2 expression was targeted via siRNA to 

test the expression of OLFM1.  OLFM1 expression decreased as the LPHN2 message 

decreased via siRNA (Fig. 5.1). The decreased expression of OLFM1 under LPHN2 

siRNA further suggests the ligand-receptor relation between these molecules that contain 

the olfactomedin domain.  In order to directly address the question of OLFM1-LPHN2 

binding together, a co-immunoprecipitation study followed by western blot analysis 

would be required.  By immuprecipitating OLFM1, we can perform a western blot 

analysis and detect if LPHN2 was precipitated and bound OLFM1.  Likewise the 

opposite experiment can be done where LPHN2 immunoprecipitation is followed by 

western blot analysis to detect if OLFM1 bound LPHN2.  While these experiments are 

interesting, they only allow the detection of OLFM1 binding LPHN2 and not other 

binding partners.  Consequently, an immunoprecipitation study followed by a mass 

spectrometry analysis would be optimal.  This work would not only answer the question 

if LPHN2 binds to OLFM1, but it would also identify other binding partners involved in 

the function of OLFM1.  Finally, because OLFM1 is a conserved molecule across species 

and EMT plays an active role in cancer metastasis (Thiery et al., 2009), the discovery of a 

receptor to OLFM1 is exiting as it can help determine the molecular mechanism by which 

OLFM1 regulates EMT in development as well as in adult pathologies.  
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