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ABSTRACT 

Embryonic trichloroethylene (TCE) exposure was previously shown to be 

associated with an increased incidence of cardiac birth defects. Although embryo data 

are lacking exposure studies on adult animals show an association between halogenated 

hydrocarbon exposure and modifications in gene expression. The present study was 

undertaken to identify embryonic mRNA transcripts differentially expressed following 

TCE or metabolite exposure. This study identified numerous differentially regulated 

transcripts following halogenated hydrocarbon exposure. Examples of upregulated 

transcripts include stress responsive genes (Hsp 70, Hsp 70 cognate), a Ca^^-ATPase, 

calreticulin and serum response factor while downregulated transcripts include Midkine 

(RARP), numerous ribosomal proteins ( 8s, 18s, 24s), pl37 and vimentin. pl37 was a 

candidate sequence marked for further study to determine whether this sequence could be 

utilized as a molecular marker of TCE exposure. pl37 showed a correlation between 

increased levels of maternal TCE exposure and decreased levels of transcript expressed in 

El 1 fetal tissue. Immunohistochemical staining using an afBnity purified antibody to 

pl37 demonstrates widespread expression in rat El I and chicken St. 17 embryos. pl37 

protein is broadly expressed in chicken St. 13 through St. 22 heart, but by St. 29 becomes 

more restricted in the ventricular myocardium with continued endocardial expression. At 

stages between St. 13 and St. 17 in chick embryos the ectodermal epithelium, yolk sac 

epithelium, dermatome, developing optic vesicle and neural tube express pi37 protein. 

To explore potential function of pl37, atrioventricular explants were exposed to affinity 
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purified pl37 antibody. Results show that pl37 antibody treatment blocks epithelial-

mesenchymal transformation of endothelial cells in-vitro. This study shows that pi 37 is 

expressed during rat and chicken mid-gestation in heart and other epithelial tissue 

derivatives and appears to play a role in the epithelial-mesenchymal transformation of the 

cardiac atrioventricular cushions, pi 37 is identified as a useful marker of developmental 

exposure to halogenated hydrocarbons and its altered expression may contribute to the 

phenotype of the affected heart. 
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CHAPTER I 

INTRODUCTION 
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Toxicology of haloeenated hydrocarbons 

Ramos and colleagues (1996) separate cardiovascular toxicants into three classes: 

(1) pharmaceuticals including anesthetics and antibiotics, (2) industrial chemicals 

including heavy metals, solvents and alcohols, (3) natural products such as peptides and 

hormones. Of the three classes it is clear that industrial chemicals appear most often in 

the environment as a toxicant source capable of producing developmental defects. 

Halogenated hydrocarbons form one of the most prevalent groups of environmental 

contaminants worldwide (World Health Organization, 1995). 

Hydrocarbons found as conmion environmental contaminants includes cyclic 

compounds like benzene, toluene (methylbenzine), various xylenes (1,2-, 1,3-, and 1,4-

dimethylbenzine), and alkanes such as carbon tetrachloride, chloroform and 

trichloroethylene (TCE), The subset of halogenated hydrocarbons including chloroform, 

carbon tetrachloride and trichloroethylene are of particular concern since their reactive 

halogen groups are extremely destructive to biological tissue (Snyder et al., 1995). 

Halogenated hydrocarbons are also extremely lipophilic and are therefore highly 

concentrated in the nervous system and liver (Gist and Burg; 1995). 

TCE exposure is connected to various pathological outcomes with liver and 

kidney disease (Goldstein et al., 1995), peripheral neuropathy (Spencer et al., 1980) and 

immune dysflmction (Kilbum and Warshaw, 1993) being most often reported. While a 

large body of work has identified TCE as a carcinogen in humans and animal models, a 

small number of researchers are convinced that the current allowable limits for TCE 



15 

exposure can be safely increased (Steinberg et al., 1993). Based on other findings, long 

term TCE exposure is correlated with a large number of tissue and organ level effects 

often resulting in organ failure and death (reviewed in Gist and Burg, 1995). 

Dees and Travis (1993) reported that liver cell DNA synthesis and mitosis are 

stimulated by TCE. In contrast. Van Duuren and Beneijee (1976) show that chloral 

hydrate, which is a metabolite of TCE, possesses a dose dependent and reversible effect 

similar to colchicine. Certain tissues are known to concentrate TCE after exposure; fat, 

adrenals and ovaries (Manson et al., 1984), spermatocytes (Land et al., 1979) and liver 

(Channel et al., 1998). Trichloroaceticacid (TCAA), a final metabolite of TCE, has been 

observed to accumulate in amniotic fluid and thus appears able to cross the placenta 

(Ghantous et al., 1986). Although TCE and its metabolites are concentrated in 

reproductive organs, few studies link TCE exposure with reproductive harm. 

Cardiovascular Toxicoloev 

Cardiotoxicants are derived firom two main sources, natural products and 

industrial agents. Examples of toxicants that have cardiac specific effects are numerous, 

however it is difficult to identify any generalities about exposure as toxicants range in 

their specific area of activity. Dose of toxicant and route of delivery are factors necessary 

to determine level of toxicity. 

Naturally occurring cardiotoxicants include antibiotics and biological anesthetics. 

Aminoglycoside antibiotics, namely streptomycin, gentamycin and kanamycine, are 
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known to act as cardio-depressants (Keller et al., 1992). Anesthetics like cocaine act to 

block myocardial conduction and in high doses can cause cardiac ischemia, arrythmias 

and congestive heart failure. Although biological agents can be potent cardiac toxicants, 

it is industrial compounds that are most often associated with cardiotoxicity. 

Industrial cardiotoxicants include heavy metals and organic compounds. Heavy 

metals like nickel and manganese are thought to block Ca^^ channels, thus antagonizing 

the Ca^^ based contractility of heart. Organic compounds are known to have a variety of 

effects on the heart. Ethanol and higher carbon chain alcohols act after being broken 

down into aldehydes by biotransforming enzymes. The aldehydes release 

catecholimines, which have cardio-depressant activity that can result in myocardial 

necrosis. Possibly the largest group of prospective cardiotoxicants includes halogenated 

hydrocarbons including carbon tetrachloride, numerous fluorocarbons and 

trichloroethylene (TCE) (Ramos et al, 1996). Cardiotoxic effects in adults associated 

with TCE exposure include arrhythmias, cardiac conduction abnormalities, pericarditis, 

myocardial injury and increased risk of arteriosclerotic disease (Reviewed in Gist and 

Burg, 1995). 

Toxicants are known in some cases to cause problems in certain tissues and to be 

metabolized appropriately or completely in others. Ethanol is one example of a toxicant 

that is cardio-specific. Cardiac myocytes do not utilize alcohol dehydrogenase, the 

enzyme that changes ethanol into acetaldehyde. The heart is acutely sensitive to ethanol 

toxicity as a result, with acute ethanol toxicity associated with myocardial injury, 

cardiovascular failure and death. (Ahmed et al., 1992). 
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Although generalities about toxicants are difficult to derive, it is clear diat 

organics form the largest group of possible cardiotoxicants in the environment. Many 

biological cardiotoxicants must be presented directly to the heart as is the case with 

cocaine, while industrial toxicants are consumed or inhaled passively. 

Heart development 

Multiple developmental decisions are necessary to form the adult vertebrate heart. 

These include cell-cell, cell-matrix and tissue level interactions responsible for molding 

the final form of the cardiac region (Fig. 1.1). The developing heart is derived from four 

major ceil lineages; (1). myocardial. (2). endocardial. (3). neural crest (contributing to 

outflow tract) and (4). epicardial cells derived from the pro-epicardial organ. A defect in 

developmental decisions at any level may be capable of producing cardiac 

malformations. 

Mesoderm associated with two bilateral heart fields located on either side of the 

regressing primitive streak during stage 9 (St. 9) in the chick and rat embryonic day 7.5 

(E7.5) will form the bulk of tissue generating the mature heart. This precardiac 

mesoderm will migrate toward the midline of the embryo and fuse to form the primary 

heart tube during chick St. 12 and rat E 8-9. It is at this time that the heart begins beating 

spontaneously (Nascone et al., 1996). 

During rat E9-10, the primary heart tube completes looping events that will orient 

the heart into a caudal ventricular and a cephalic atrial region. The early heart is 
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Figure 1.1; Overview of chick heart development during mid-gestation. (A) Chicken 

embryo stage 14, corresponds to rat embryonic day 8. (B) Chicken embryo stage 17, 

corresponds to rat embryonic day 10.5. (C). Chicken stage 23, corresponds to rat 

embryonic day 13-14. Figure identifies the atrioventricular (AV) cushion area of heart as 

well as ventricular myocardium (V). Taken, in part, from Markwald et al., 1984. 
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composed of only two tissue layers, the inner endocardium and outer myocardium. The 

endocardium is composed of specialized epithelial cells that form the iimer wall of the 

heart and will, in part, contribute to development of the valves and septa of the cardiac 

chambers. The myocardium principally forms the contractile elements and outer wall. 

Between E 10 and El 1, the formation of specialized ridges called endocardial 

cushions takes place between opposing walls of the heart. Cushions form at the junction 

of the auium and ventricle and between the ventricle and outflow tract. The cushions at 

the juncture of the ventricles and outflow tract will ultimately form the puhnonary and 

aortic valves and with neural crest contributions, divide the outflow into an aortic and 

pulmonary Uiink. The cushions positioned between the atrium and ventricles will form 

the mitral and tricuspid valves. The cushions are filled with extracellular matrix (ECM) 

rich in type I collagen, chondroitin sulfates, numerous glycoproteins and hyaluronic acid. 

Deep within the cushion near the myocardial surface laminin and Type IV collagen are 

concentrated (Kitten, et al, 1987, Krug et al., 1985, Markwald et al., 1984). The interior 

border of the cushion in contact with the heart lumen is formed from endocardium. 

The endocardium is composed of a single layer of epithelial cells and forms the 

inner wall of the heart. This endocardial layer will, in part, differentiate into 

mesenchymal derivatives via a process termed the "epithelial-mesenchymal" 

transformation (EMT). Endocardial cells that are destined to transform first detach from 

surrounding cells and invade into the underlying ECM. Transformed mesenchymal cells 

will continue to migrate toward the myocardium and begin to proliferate, ultimately 
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filling the matrix area between the endocardium and myocardium (Markwald et al., 

1984). 

Opposing cushions fuse at the midline to form the septum intermedium, with 

mesenchymal cells forming the cellular component of the septum intermedium and the 

valvular leaflets of the mitral and tricuspid valves. The septum intermedium contributes 

to the inferior portion of the atrial septum and the superior part of the membranous area 

of the ventricular septimi (Markwald et al., 1984). The atrial and ventricular septa will 

fuse with the septum intermedium in the midline, dividing the heart into a left and right 

half. Heart valve leaflets are thought to originate from both myocardial precursors and 

growth of cushion tissue. The AV cushion has been shown to contribute to the 

development of the valve leaflets by first extending into the heart lumen, then thickening 

to form the leaflet backbone. Similarly, the insulating mechanism allowing for 

conductive discontinuity between the atrial and ventricular myocardium is partly derived 

from the cushion tissue and the AV sulcus (Wessels et al., 1996). 

Abnormal formation of either the atrial or ventricular septa can lead to incomplete 

partitioning of the left and right halves of the heart resulting in blood mixing between the 

two circulation routes (pulmonary and systemic). Blood can then overcirculate the 

pulmonary vessels resulting in pulmonary edema and ruduced heart function as well as 

reduced oxygenation efficiency. 

The epicardium and portions of the outflow tract are derived from two extra-

cardiac areas, the proepicardial organ and neural crest, respectively. The epicardium will 

give rise to epicardial coronary vascular smooth muscle, perivascular and inter-
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myocardial fibroblasts (Dettman et al., 1998). The neural crest forms derivatives of the 

outflow valves and smooth muscle of the great vessels connecting the heart to the 

systemic and pulmonary circulation. Epicardial defects are not well understood, however 

neural crest derivatives are shown to be partially absent in DiGeorges syndrome (a 22ql 1 

deletion), where conotruncal and aortic arch defects are associated with mixing of 

systemic and pulmonary blood and varieties of obstructive lesions (Fibison et al., 1990; 

Payne etal., 1995). 

The development of the heart is a multistep process dependent on two major 

derivatives, the endocardium and myocardium with later contributions from the neural 

crest and epicardium. Gross developmental abnormalities will result from absence of any 

of the four derivatives. The extent of cardiac malformations will determine the relative 

impact to the circulation with severe malformations often resulting in fetal death. 

In vitro and in vivo analvsis of cardiac defects 

A large number of factors are now known to govern the development of the 

valves and septa of the heart. A number of these novel cardiac developmental regulators 

were identified with the use of a three dimensional collagen gel culture system. The 

collagen gel assay has also produced new insight into the relationship between particular 

gene defects and associated cardiac malformations. The gel assay in conjunction with 

gene disruption studies show that single gene mutations are capable of inducing lethal 

cardiac defects. 
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Runyan and Markwald (1983) used collagen gel cultures as in vitro bioassays for 

the extent of epitheiial-mesenchymal transformation that would normally take place in 

vivo after various stimuli. The collagen gel assay initially identified the instructive role 

of the myocardium in the epitheiial-mesenchymal transformation (Runyan and 

Markwald, 1983). Later work identified the role of TGF-P's (Runyan et al., 1992), 

activin and FGF (Sugi et al., 1995) in EMT. 

In addition to growth factors such as TGF-pl-3 there are other types of biological 

molecules that are known to govern the development of the valves and septa. 

Transcription factors can act on the promoter sequences of genes expressed in the cardiac 

region that will ultimately control the expression of other proteins necessary for cardiac 

development. NF-ATc (Nuclear Factor of Activated T-cells) is a transcription factor 

necessary for development of the aortic and pulmonary valves. NF-ATc null mice do not 

develop the outflow valves normally leading to fetal death at £14 (de la Pompa et al., 

1998; Ranger et al., 1998). NF-1 (neurofibromatosis-1) family members are linked to 

elastin expression in aortic smooth muscle cell and puhnonary fibroblasts. A 305 bp 

section of the elastin promoter was shown to increase marker gene transcription in viuro 

with NF-I expression (Degterev et al., 1999). Since elastin appears to be required for the 

mechanical integrity of the aorta (Payne et al., 1995; Wells et al., 1999), regulation of 

NF-1 levels may be correlated with control of cardiovascular integrity. 

An extension of the in vitro assays are knockout experiments where the gene of 

interest is removed via molecular methods leaving the embryo to develop as an in vivo 

experimental system assaying for gene fimction. Numerous cardiac genes expressed 



24 

during heart development have been identified such as Nuclear Factor of Acitvated T-

cells (NF-Atc) (Ranger et al„ 1998) and Vascular Endothelial Growth factor (VEGF) 

(Carmellet et al., 1996; Ferrara et al., 1996), where absence of these gene products is 

associated with abnormal heart development. 

Defects in formation of the cushion derivatives, namely the AV valves and septa 

are responsible for a large portion of the cardiac defects observed at birth. Research has 

identified numerous genes that could be responsible for the formation of specific areas of 

the developing heart. It is clear that molecular approaches will be necessary to further 

our understanding of cardiac development. 

Cardiac defects associated with TCE exposure 

Humans in the epidemiological TCE exposure studies and rat embryos exposed to 

TCE or it's metabolites have a spectrum of cardiac defects (Goldberg et al., 1990; 

Dawson et al., 1993). These include atrial and ventricular septal as well as mitral, 

tricuspid, aortic and pulmonary valve defects. The variety of defects does not point to a 

single cell type or process, but does suggest that normal heart development requires a 

variety of cellular processes that must function normally to produce an intact heart. 

Agents that alter gene regulation as it relates to cell migration, cell shape change and 

other developmentally related processes may produce defects dependent on the degree 

and timing of toxicant exposure (Reviewed in snyder and Andrews, 1995). 
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CHAPTER 2 

Trichloroethylene Effects on Gene Expression During Cardiac Development 
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INTRODUCTION 

Trichloroethylene (TCE) is a halogenated hydrocarbon that has been commonly 

used in industry since the early 1940's. TCE was used as a fat solvent and degreaser as 

well as for limited medicinal use as an inhalation anesthetic (Waters et al., 1977). TCE is 

the most conmion contaminant at the 217 superfund sites nationwide where it 

contaminates both private and public groundwater supplies. Current U.S. EPA 

acceptable levels for groundwater contamination are S parts per billion (ppb) (U.S. EPA, 

1985, 1987). 

Although interest in TCE contamination of ground water supplies relates largely 

to acute toxic effects and cancer risks such as TCE induced liver cancer (Fisher et al., 

1993; Bogen et al., 1997), some research has correlated TCE exposure with teratological 

outcomes. Bross et al. (1983) reported that chickens exposed to low levels of TCE in ovo 

between embryonic days 1-2 (E1-E2) and examined on E14 had a 2.5 fold increase in 

their mortality rate as compared with control chickens. Surviving chickens had one or 

more developmental defects including evisceration, subcutaneous edema and beak 

malformation. Exposure to 230 parts per million (ppm) TCE increased the incidence of 

death in postnatal mongolian hamsters with a correlation between an earlier initial age of 

exposure, up to postnatal day 10, and an increase in levels of postnatal death (Kjellstrand 

etal., 1982). 

Epidemiological and animal model studies showed that fetal exposure to 

halogenated hydrocarbons such as TCE and DCE is associated with cardiac 
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malfonnation. TCE exposure to Spraugue-Dawley rat fetuses via intrauterine pump 

delivery (Dawson et al., 1990) and via maternal drinking water (Dawson et al., 1993) was 

associated with an increased incidence of certain types of fetal heart defects as compared 

to control animals. Both studies correlated TCE exposure with particular types of cardiac 

defects including atrial and ventricular septal defects as well as pulmonary, mitral, aortic 

and pulmonary valve malformations. 

A small number of studies have associated TCE exposure with changes in protein 

expression. Metabolism of Cytochrome P450 isoform CYP2E1 is inhibited by exposure 

to TCE, while DCE has an even greater inhibitory effect on CYP2E1 metabolism (Lilly 

et al., 1998). Exposure of mouse liver peroxisomes to both TCE and TCAA generated 

free radicals and induced lipid peroxidation. Metabolism of TCE by CYP2E1 may also 

generate intermediates more reactive than TCE that may be responsible for hepatic tumor 

formation (Ni et al., 1996). Some research previously reported that TCE does not bond to 

macromolecules in vivo (VanDuuren et al., 1976). In contrast, others have shown using 

yeast systems (Lochmann et al., 1984) and direct analysis of DNA (Perocco et al., 1981) 

that TCE binds to DNA may therefore play a role in inducing cancers. 

TCE exposure is linked with developmental malformations in numerous animal 

systems, however little work has been undertaken to clarify the molecular basis for 

malformations reported even though links between TCE exposure and cellular injury are 

evident. The aims of the present study are to identify differentially expressed mRNA 

transcripts that may be utilized as markers of TCE or metabolite exposure in the 
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developing rat heart. These genes may be used to explain the gross cardiac defects linked 

to TCE exposure. 
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MATERIALS AND METHODS 

Exposure of pregnant rat dams to TCE. DCE or TCAA 

Daily vaginal smears were obtained from all females to determine estrous cycle 

stages. Males were placed with proestrous females overnight and the presence of a 

vaginal plug and/or spermatozoa in the vaginal smear the following morning was 

considered indicative of day 1 of pregnancy. Pregnant Sprague-Dawley rat dams were 

given either pure distilled water (control group) or water containing TCE, DCE or 

TCAA (treatment groups). Experiments incorporated two different exposure levels of 

TCE (1100 and 110 ppm), two for DCE (110 ppm and 10 ppm) and one dose level of 

TCAA (2.75 mg/ml). Total water intake was measured daily to estimate the daily intake 

of TCE, DCE or TCAA. Control animals received distilled water throughout pregnancy. 

Solutions for the TCE, DCE or TCAA exposure groups were titrated as necessary to pH 

7.0 with NaOH. Water bottles were enclosed to reduce the levels of light exposure to 

solutions. The total water consumption was monitored and recorded for each pen (4 rats 

maximum) with new bottles and solutions prepared daily. All rats were kept on a 

standard light regime of 12 hour days. 

Collection of whole heart RNA 

Pregnant rat dams from all treatment groups were sacrificed with carbon dioxide 

and the uterus was removed to dissect free the embryos from the placental sac. Each 



30 

embryo was individually freed of the yolk sac and whole hearts were then removed by 

blunt dissection. Tissue was homogenized and RNA collected using standard protocols 

(Chomzynski et al., 1987). 

Subtractive hybridization technique 

A subtractive hybridization protocol (PCR-select™, Clontech) was used to 

amplify differentially expressed messages in either the control or treated groups. Poly A^ 

mRNA was collected from the control and TCE, DCE or TCAA treated rat hearts and 

converted into cDNA with reverse transcriptase. A second subtraction of embryo from 

heart cDNA was constructed to selectively amplify expressed by TCE, in the heart vs. the 

rest of the embryo. The cDNA was initially separated into two groups, the first contained 

the treated cDNA (tester) and a second group which was the reference (driver) cDNA. 

The treated cDNA and the reference cDNA were hybridized using a PCR based selective 

amplification protocol resulting in the removal of those sequences common to both the 

tester and driver groups. The unhybridized sequences were amplified by PCR and ligated 

into a pCR expression vector. Clones derived from the subtractive hybridization were 

subjected to an alkaline lysis-PEG^ miniprep protocol (Tartof and Hobbs, 1987). 

Clones were then restriction digested to assist in detection of inserts of significant (over 

50 bp) size. Positive clones were sequenced utilizing an Applied Biosystems 

AmpliTaq® fluorescent sequencer. Analysis of each sequence was initially undertaken 

using both a search of Genbank and human, mouse and rat Expressed Sequence Tag 
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(EST) databases at The Institute of Genomic Research (TIGR). Secondary comparison of 

all clones was undertaken utilizing sequence comparing software (AssemblyLign, Kodak) 

to identify redundant sequences that may be represented more than once in either the 

control or treated groups. 

Screening assays 

Colonies containing PCR-amplified cDNA derived from the subtractive 

hybridization were picked at random from LB-ampicillin plates and grown in 5ml LB 

broth overnight at 37°C. 50-60 colonies were picked from each transformation. Plasmid 

DNA was then isolated and quantified by densiometry. Labeled probes were prepared for 

blotting using a digoxigenin random labeling protocol (Boheringer-Manheim). hi the 

first screening assay, lOug of DNA from each clone were spotted on a nylon membrane 

and probed against a digoxigenin -labeled aliquot of the same PCR-amplified cDNA 

library from which the clones were derived. A duplicate of the nylon membrane 

containing the same clones was probed against a digoxigenin-labeled aliquot of the 

reverse cDNA library. The library was obtained according to the protocol provided with 

the Clonetech PCR-Select Subtractive Hybridization Kit. Clones giving a positive signal 

with the first probe were selected for further characterization while clones giving a signal 

with both probes were discarded as false positives. Positive cDNA clones selected from 

the first screening assay were digoxigenin-labeled and hybridized to 1 or 2 ug of cONA 

obtained from TCE, DCE or TCAA exposed embryos. The cDNA used for this 
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additional dot blot assay was not subjected to subtractive hybridization or PGR 

amplification and therefore represents the original relative stock concentrations of the 

mRNA population. Development of digoxigenin color was done using NBT/BCIP 

reagents (Boehringer Maimheim, Germany). Clones giving a positive signal with both 

control and TCE exposed probes were discarded. Dot blot analysis for both screening 

assays was carried out by overnight hybridization between 42° and 68° C (depending on 

the probe size), stringent washes and autoradiography. Films were exposed with Kodak 

X-OMAT [AR] film and developed in a Konika SRX-lOl A developer. 

Dose response quantitation 

Dose response curves were constructed by collection of heart specific mRNA 

from groups which had been exposed to 0,0.l, 0.25,0.5,1,10,50 and 100 ppm TCE in 

maternal drinldng water. Standard methods were used to construct a cDNA library 

(Clonetech, Palo Alto, CA). Spots from each library were blotted in triplicate onto a 

nylon membrane. The blot was probed with randomly labeled Digoxigenin cDNA probes 

to either the Serca-2 related Ca^"*'-ATPase or pi37 with stringent hybridization 

techniques. The hybridization intensity of each triplicate series, representing each 

treatment group, were quantitated using a digital scanner (One scanner, Apple Computer) 

and photometric techniques (NIH image). Mean values were calculated and plotted 

against the TCE exposure concentrations. 
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RESULTS 

We used a PGR based subtraction scheme to identify genes that were 

differentially regulated with TCE or metabolite exposure. Gene sequences isolated in the 

subtraction were subjected to sequence analysis to identify genes potentially related to 

developmental processes or stress responses. Such genes may be appropriate to explain 

cardiac defects previously identified with TCE exposure. In excess of200 clones were 

analyzed for all treatment groups (TCE, DCE and TCAA). Only clones positive for 

inserts over SO base pairs were sequenced and analyzed for similarity to Genbank listed 

sequences or Expressed Sequence Tags (EST's). The 1 lOOppm TCE exposure level 

group resulted in 102 clones, with 64 sequenced clones from control and 33 sequenced 

clones from the TCE exposure group. Exposure to 110 ppm TCE resulted in 63 

sequenced clones with 35 from the control group and 28 firom the TCE exposure group. 

The 10 ppm DCE exposure group resulted in 8 sequenced clones with 3 clones from the 

control and 5 clones firom the DCE exposure group. Ten sequenced clones were analyzed 

from the 2.75 mg/ml TCAA exposure group with 5 clones each firom the control and 

TCAA exposure group. 

To examine the relevance of the sequences identified in the subtraction, we first 

analyzed clones to identify sequences that were found in more than one exposure group 

and that could be correlated to a general response to halogenated hydrocarbon exposure. 

We then identified any sequences that were associated with cardiac malformations and 

therefore might provide a molecular basis for heart defects previously observed with 
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solvent exposure. After initial analysis to identify clone sequences that matched either 

sequences listed in Genbank or those listed in the human, mouse or rat EST databases 

(NCBI), 102 clones were found to be positive for inserts of significant size (> 50 base 

pairs). Sequencing and analysis of these clones resulted in identification of 28 different 

sequences from control and TCE exposed hearts. Some candidate sequences (such as 

Hsp 70) were represented more than once in the sequence pool. 

Identified sequences were arbitrarily separated into four groups based on 

mechanistic considerations. The first group identified genes important for basic cell 

physiology (cellular housekeeping functions: Table 2.1), the second were related to 

toxicology (stress response: Table 2.2), the third described cardiac matrix and adhesion 

components (cytoskeletal: Table 2.3) and the fourth identified genes expressed during the 

fetal period (early development: Table 2.4). 

Sequences identified from control group cDNA's and thus downregulated with 

TCE or metabolite exposure include: a Serca-2 Ca^^-ATPase, Human Initiation Factor 4D 

9eIF and lOs Ribosomal protein (Table 2.1); Chaperonin 10 and Xeroderma 

Pigmentosum (group E) (Table 2.2); Proteosome subunit RCX, Vimentin and P-catenin 

(Table 2.3); £-globm, pi37 and Retanoic acid responsive protein (Table 2.4). Sequences 

from the halogenated hydrocarbon exposed groups, and therefore upregulated with 

exposure include: elongation factor EF-1 delta, hnRNP H, a mitochondrial tT ATP 

synthase, Trisephosphate Isomerase, U2 snRNP, hnRNP H and Ribosomal proteins L5, 

8s, 24s 
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Table 2.1: Sequence clones identified with the use of the single round subtractive 

hybridization in which sequences match genes expressed as cellular housekeeping 

components. Results from over 200 clones derived from the subtractive hybridization 

protocol that have been sequenced and analyzed and were shown to have a strong match 

(>85% homology) to sequences listed in Genbank or TIGR databases. 



Tabic 2.1; Housekeeping genes 

Cienhank match Toxicant 

ICE IC£ DCfi TCAA 
llOOppm llOppm lOppm 2.7Smg/ml 

Rat ribosomal protein L3 

Rat ribosomal protein LS 

Rat ribosomal protein 8s 

Rat ribosomal protein lOs 

Rat ribosomal protein 24s 

Human elongation factor EF-1 5 

Human Initiation Factor 4D 9elF 

Human hnRNI* H protein 

Rat mitochomlrial H* ATP synthase 

Rat trisephosphate isomerase 

U2 snRNP 

Rat Ca'^ -ATPase 

^•(l) 

• (» 

i»(l) 

t ( l )  

•  (I )  

t ( l )  

t ( l )  

• (2) 

^(1) 

t(2) 

*(1) 

*(\) 

Total number of clones per group: 102 51 10 

u> 
ON 
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Table 2.2: Sequence clones identified with the use of the single round subtractive 

hybridization in which sequences match genes expressed during stress response. Results 

from over 200 clones derived from the subtractive hybridization protocol that have been 

sequenced and analyzed and were shown to have a strong match (>85% homology) to 

sequences listed in Genbank or TIGR databases. 



Table 2.2: Slress response genes 

Gcnbank mntgh 

ICE 
1 lOOppm 

Ral chaperonin 10 

Rat UDP-glucuronosyl- transferase ^ ( I )  

Rat 70kD heat shock protein ^ (2) 

Rat 70kD heat shock cognate protein ^ (2) 

Succinate flavoprotein dehydrogenase 

Xeroderma pigmentosum (group E) 

Total number of clones per group: 102 

Toxicant 

ICE DCE ICAA 
lOppm lOppm 2.75mg/ml 

t (2) 

^(1) 

51 10 



Table 2.3: Sequence clones identified with the use of the single round subtractive 

hybridization in which sequences match genes expressed as cytoskeietai components. 

Results from over 200 clones derived from the subtractive hybridization protocol that 

have been sequenced and analyzed and were shown to have a strong match (>85% 

homology) to sequences listed in Genbank or TIGR databases. 



Table 2.3; Cyioskeleion associaled genes 

Gcnhank malch 

ICE 
IlOOppm 

Rat Vimenlin ^(1) 

Ral p-calenin ^ (1) 

Rat proleosome subunil RCX 

Rat gClqBP 

Total number of clones per group; 102 

ICE DCE TCAA 
lOppm lOppm 2.75mg/ml 

' l ' ( l )  

t ( 5 )  t ( l )  

51 5 10 
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Table 2.4: Sequence clones identified with the use of the single round subtractive 

hybridization in which sequences match genes expressed during early development. 

Results from over 200 clones derived from the subtractive hybridization protocol that 

have been sequenced and analyzed and were shown to have a strong match (>8S% 

homology) to sequences listed in Genbank or TIGR databases. 



Table 2.4: Early development genes 

Genhank match 

ICE 
11 OOppm 

Human ^-globin *1^(1) 

Human GPI-anchored protein pi37 ^ (1) 

Rat plasminogen 

Rat rablO 

Mouse retanoic acid responsive protein ^ (1) 

Human serum response factor ^ (1) 

Mouse Y-glohulin 

Total number of clones per group: 102 

Toxicant 

ICE DCE TCAA 
lOppm lOppm 2.7Smg/ml 

• d) 

t  ( I )  

t  ( I )  

51 5 10 

•U 
to 
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(Table 2.1); UDP-glucuronosyl-transferase, 70kD Heat Shock Protein and 70kD Heat 

Shock Protein cognate. Succinate fiavoprotein dehydrogenase (Table 2.2); Rat qClqBP 

(Table 2.3), Plasminogen, rab 10, Serum response factor, y-globulin (Table 2.4). 

We next identified differentially expressed transcripts that were cardiac specific, 

since the basis for the subtraction was identification of cardiac gene sequences 

misregulated with exposure. A second round of subtractions were undertaken to select 

for those transcripts that were not only differentially regulated by TCE exposure but were 

expressed specifically in the developing heart. Although numerous clones in Table 2.5 

were previously identified with TCE or metabolite exposure, only the Ca^^-ATPase was 

chosen as a candidate for further analysis. Some clones such as gC IqBP and Succinate 

fiavoprotein hydrogenase (Tables 2.1-4) appear both up and down-regulated with TCE or 

DCE exposure and so are likely examples of transcripts that are roughly equally 

represented in exposed and non-exposed heart tissue. 

Two gene sequences were identified firom the first subtraction pool that had either 

reported cardiac expression (Serca-2 Ca^^-ATPase) or suggestive evidence for cardiac 

expression (pl37). Further characterization was undertaken to identify if either sequence 

could be utilized as a marker of fetal exposure to TCE, DCE or TCAA. Random labeled 

digoxogenin cDNA probes was constructed for the Ca^^-ATPase and GPI-linked protein 

pi37. The probes were used to screen blots representing subtracted and unsubtracted 

libraries of control and TCE, DCE or TCAA exposed fetal heart tissue. Figure 2.1 
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Table 2.5: Differentially regulated cardiac specific clones are identifed using a 

comparative dot blot assay after an initial subtraction. An initial subtraction of control 

heart minus control embryo cDNA and TCE exposed heart minus TCE exposed embryo 

results in clones from each subtraction group. The clones were separated into a control 

and TCE group. Each group (control and TCE) were subsequently spotted and 

hybridized with digoxigenin probes produced from both control and TCE exposed cDNA 

pools. 



r.ihli: 2.x L'iiriliac specific candidate clones 

(jenhiink match 

MP ICR 
lOOppm 

Rat Ca*' -A'lPase ^ (2) 

I iiiman elongation factor EF-18 ^ (1) 

MIO-I t(2) 

Km j;CI.|HI» 

Histone II2A (Z) 

hnRNP i)l 

snRNP U2 (s|Kciric A) 

MUSnil' t (2) 

p58 NK receptor 

Succinate llavoprolcin dehydrogenase 

.Sr-inps 

a-tuhulin 

(^-tubulin 

Xeroderma pigntentosum (group H) • (I) 

iQiifiaiU 

down TCR up DCF. down DCF. 
lOOppm lOppm lOppm 

1»(l) 

t(2) 

1»(2) 

'I' (4) 

^'(l) 

t (1) 

( 1 )  

( I )  

4a. Ut 
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shows that the Ca^^-ATPase and pi37 mRNA levels are downregulated with TCE, DCE 

and TCAA exposure as compared to the control mRNA levels. 

To examine the relationship between TCE exposure and reduction of Serca-2 and 

pi 37 transcripts we utilized a dot blot assay (Fig. 2.1). Average intensity of spots in 

triplicate was used to assay the level of transcripts present in heart tissue under increasing 

levels of TCE exposure. A dose response curve representing the expression levels of the 

Serca-2 Ca'^-ATPase and pi 37 with increasing levels of TCE exposure are shown in 

figure 2. The levels of mRNA for pi 37 and the Ca^^-ATPase decrease with increasing 

levels of TCE exposure, pi 37 expression levels significantly decreased with only 100 

ppb TCE exposure and with exposure to levels in excess of in excess of 500 ppb 

transcript levels are reduced to insignificant levels. The dose response curve for the 

Ca'^-ATPase is similar to that of pi 37, but reaches a minimum expression level near 1 

ppm. However at maximum exposure some basal Ca^^-ATPase expression is still 

evident. 
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Figure 2.1: mRNA transcripts to both a Serca-2 like Ca^'^-ATPase and pi37 are 

significantly reduced with embryonic TCE exposure. Dot blot assay shows a dose related 

decrease in the level of Ca^^-ATPase and pi37 mRNA detected in whole heart. 

Digoxigenin labeled probes were hybridized to control and TCE or DCE exposed cDNA 

pools. Rat dams were exposed to appropriate levels of TCE in drinking water until Day 

10.5 of gestation where pregnant rat dams were sacrificed and embryos were collected. 

Total mRNA was prepared firom embryonic hearts using standard methods. Equal 

amounts of mRNA were spotted in duplicate for the two exposure groups. 



Ilppm D.S. cDNA 

Control D.S. cDNA 

110ppm D.S. cDNA 

Control D.S. cDNA 

llOppm D.S. cDNA 

Control D.S. cDNA 

llOOppm D.S. cDNA 

Control D.S. cDNA 
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Figure 2.2: Dose response curve sliowing a dose dependent decrease in mRNA 

expression levels for both the Serca-2 Ca'^-ATPase and the GPI-linked protein pl37. Rat 

dams were exposed to appropriate levels of TCE in drinking water until Day 10.5 of 

gestation where pregnant rat dams were sacrificed and embryos were collected. Total 

mRNA was prepared from embryos using standard methods, Equal amounts of mRNA 

were spotted in triplicate for all exposure groups. Digoxigenin labeled cDNA probes for 

the Ca"'^-ATPase and pi37 sequences were then used to probe the blots. The density of 

all spots was analyzed after hybridization by densiometry and an absolute value of 100% 

expression was given the control expression level for the Serca-2 Ca'^-ATPase. All other 

values were plotted against this expression level. 



pi37 and Ca2+-ATPase Expression after TCE Exposure 

a> 
C/i 

g-

> a> 
J 
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u 
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DISCUSSION 

This study identifies numerous candidate gene sequences associated with 

differential regulation after TCE, DCE or TCAA exposure to rat embryos in vivo. 

Differentially regulated candidate sequences are split into four groupings related to 

functional standing. Two candidate sequences were identified from the subtraction pool 

that appear downregulated with TCE exposure and may be associated with previously 

reported TCE induced cardiac defects. Several transcripts are identified which do not 

appear to be differentially regulated with chlorinated hydrocarbon exposure, however 

numerous transcripts that have a changed pattern of expression are identified with the use 

of the subrtactive hybridization technique and therefore are significant points for further 

study. 

Numerous gene related transcripts are upregulated with TCE or metabolite 

exposure, with an increased expression of genes associated with stress response (Hsp 70 

and Hsp70 cognate) transcription (initiation factor and hnRNP H), translation (Ribosomal 

proteins sIO, s24 and L5), cell-cell or cell-matrix interactions (P-catinin and vimentin) 

and developmental decisions (retanoic acid response protein and serum response factor). 

A large number of sequences identified during this study have only marginal similarity to 

known sequences. In some cases these sequences match expressed sequence tags (EST) 

in various databases (rat, mouse and human EST via TIGR and Genbank) and are 

therefore likely candidates for novel cardiac developmental genes differentially regulated 

with hydrocarbon exposure. There are a few cases where sequences appeared up and 
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down-regulated with halogenated hydrocarbon exposure. These transcripts were rejected 

as reliable indicators of differential expression aAer hydrocarbon exposure and probably 

represent transcripts equally represented in both control and exposed cDNA pools. 

(Tables 2.1-4). Since many of the identified sequences were not of obvious cardiac 

specificity, an additional subtraction was undertaken to identify sequences specifically 

expressed in the heart and differentially regulated with TCE exposure. Table 2.5 shows 

the results of this second subtraction. The data show that some sequences already 

identified in the initial subtraction are differentially regulated cardiac transcripts. 

After initial screening of ail clones two candidate sequences downregulated with 

TCE exposure were identified for further analysis. The first candidate sequence is a 

Ca"^-ATPase with homology to Serca-2 family members. As shown in Figure 2.2, the 

expression levels of the Ca^*-ATPase are decreased by two-fold at 100-250 ppb TCE 

exposure. A change in regulation of some essential Ca^^ regulatory proteins has been 

previously shown to cause impaired function of the developing heart. These defects 

include contraction related problems stemming from impaired excitation-conuraction 

coupling (Creazzo, et al., 1997), impaired Ca'"^ channel regulation (Valenzuela et al., 

1997) and death in mice missing ryanodine type-2 receptor, which is responsible for Ca^^ 

mediated release of Ca^^ from intracellular stores in cardiac myocytes (Takashima et al., 

1988). The second candidate is pl37, a GPI-linked protein of unknown fimction that was 

named solely on its apparent molecular weight. The large decrease in pl37 expression is 

particularly significant since more than two-fold decrease in expression of this sequence 

occurs at 100 ppb, a concentration that approximates the 5 ppb minimum safe level for 
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ICE exposure in drinking water. Although the function of pi 37 is not known, numerous 

GPl anchored proteins are shown to be intimately associated with Ca^^ regulatory 

pathways (Low et al., 1988). pi37 may therefore play a particularly important role in the 

developing heart and in conjunction with the Ca^^-ATPase point to a calcium related 

cause of TCE induced cardiac defects. 

One question that remains is the correlation between timing of TCE exposure and 

the level of defects reported in previous research. An important aspect of TCE exposure 

during early to mid-gestation is the possibility that TCE induced cardiac defects may be 

masked as a result have decreased cardiovascular function. Cardiac looping and 

septation events take place during early to mid gestation (Icardo, 1984; Fishman et al., 

1997). The heart has begun to beat spontaneously at rat El 1-12 and it is at this time that 

cardiovascular throughput is necessary for sustained embryonic survival (Fishman et al., 

1997). Cardiac insufficiency is a plausible explanation to the reduced incidence of 

malformations related to TCE exposure in utero. There is a lack of exposure studies in 

rats and mice before El 8-21, which would exclude findings of gross cardiac defects 

inconsistent with life that could only be identified early in gestation. We associate the 

limited reports of cardiac defects associated with TCE exposure with the timing of 

exposure, not the absence of a cardiac related effect from exposure. 

Future research will continue to focus on those sequence clones that are promising 

candidates to explain TCE mediated cardiac defects. Specifically, we will focus on gene 

sequences that are significantly expressed during early cardiac development. 
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CHAPTERS 

Identification and Characterization of pi 37 as a Cardiac Marker Differentially Regulated 

with Embryonic Trichloroethylene Exposure. 
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INTRODUCTION 

Trichloroethylene (TCE) is a chlorinated hydrocarbon commonly used in United 

States industry since the early 1940's. TCE was used as a solvent and degreaser as well 

as for limited medicinal use as an inhalation anesthetic (Waters et al., 1977). TCE is a 

major contaminant of groundwater at the 217 superfund sites with the current U.S. EPA 

acceptable levels for groundwater contamination are 5 parts per billion (U.S. EPA, 

1985, 1987). 

Epidemiological (Goldberg et al., 1990) and animal studies (Dawson et al., 

1993) show that fetal exposure to halogenated hydrocarbons such as TCE is associated 

with cardiac malformations. Exposure of Spraugue-Dawley pregnant dams to TCE, via 

an inUrauterine pump (Dawson et al., 1990) or oral presentation of TCE via drinking 

water as a model of fetal TCE exposure (Dawson et al., 1993) showed that TCE is 

associated with an increased incidence of certain types of fetal heart defects. Chickens 

exposed to low levels of TCE in ovo at El to E2 and examined on E14 show an increase 

in mortality rate. The surviving chickens had one or more developmental defects 

including subcutaneous edema and beak malformations that could be linked to 

purtabations in development of epithelial derivatives (Bross et al, 1983). 

In a previous study, we identified a number of gene sequences that were altered 

as a result of TCE exposure in utero. One of these sequences was pi 37, is a GPI-linked 

protein initially identified in membrane fractions from Caco-2 cells (Ellis et al., 1992). 
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Subsequent research (Ellis et al., 1995) showed that pl37 mRNA is expressed in a wide 

variety of adult tissues and is shed into the media of cultured Caco-2 cells. 

GPI-linked proteins are known to have diverse functions including second 

messengers (Glen, et al., 1994), hydrolytic enzymes, cell adhesion molecules and coat 

proteins (Reviewed in Thomas, et al., 1990 and Udenfriend et al., 1995). Most 

identified GPI-linked proteins reside at the surface of cell membranes. Many GPl-

linked proteins are sorted and transported to the apical surfaces of epithelial cells and 

some are apparently capable of acting as signaling molecules by vesicular transport into 

the target cell (reviewed in Anderson, 1994, Solomon et al., 1996). GPI-linked proteins 

are transported into the cell via caveolae, are concentrated in vesicles and diffuse across 

the vesicular membrane into the intracellular space where they are thought to act as 

second messengers (Anderson, 1994). Abnormalities in the synthesis of GPI-proteins 

are typically severe because they are involved in basic physiological processes such as 

insulin signaling (Romero et al., 1988), IL-2 signaling (Eardley et al, 1991) and nerve 

growth via nerve growth factor (Ohmichi et al., 1992). 

The purpose of the present study is to identify and delineate the temporal and 

spatial pattern of expression of pl37 in developing rat and chicken embryos and to 

identify changes in expression with TCE exposure. 
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MATERIALS AND METHODS 

Exposure of pregnant rat dams to TCE. DCE or TCAA 

Pregnant Sprague-Dawley rat dams were given either pure distilled water (control 

group) or water containing TCE (treatment group). Two different exposure levels of 

TCE (1100 and 110 ppm) were used for all experiments. Exposure of pregnant dams 

began af^er a positive swab test for insemination (day 1). Total water intake was 

measured daily to estimate the daily intake of TCE. Solutions for the TCE exposure 

group were titrated as necessary to pH 7.0 with NaOH. Water bottles were enclosed to 

reduce the level of light exposure to TCE containing solutions. The total amount of water 

consumption was monitored and recorded for each pen (4 rats maximum). All rats were 

kept on a standard light regime of 12 h days. 

Collection of whole heart RNA 

Pregnant rat dams from all treatment groups were sacrificed with carbon dioxide 

and the uterus was removed. Each embryo was dissected free of the yolk sac except 

when immunostaim'ng. Whole hearts were then removed by blimt dissection and the 

tissue homogenized and RNA collected using previously reported protocols (Chom^nski 

etal., 1987). 
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Cloning and sequencing of pi 37 cDNA 

Total RNA &om Rat El 1 embryonic hearts was collected using standard 

protocols (Chomzynski et al., 1987). Rat heart cDNA was synthesized using M-MLV 

reverse transcriptase (RT) from 5 \ig total RNA using random primers. The original 

clone representing the 3' UTR for pl37 was identified and sequenced previously 

(Chapter 2). Clone 211-206-B representing the first 700 bp of the 5' translated region of 

pl37 was amplified from lOOng of the RT product using primer sequences conserved 

between the published Mouse and Human sequence (Fig. 3.1a, Rat position 6-27, GCA 

GAT TCT COG SGT RAT CGA C; Rat position 697-670, GCT CTG TGTATT CTT 

CCG TTG GTT CAG G). Clone 211-206-C representing 1.4 Kb of the Rat pl37 

sequence was amplified from lOOng of the RT product using primer sequences nested in 

clone 211-206-B and the original pl37 clone (211-206-A) (Fig. 3.1a, Rat position 649-

927, GAC CAG GTA GCT GAA GCT GA; Rat position 2148-2123, GAT GAC GCT 

TAG GAC AGA ACA TGC). A two step PCR amplification was used: 94°C 

denaturation, 30 sec; 72°C annealing, 4 min; repeated 7 times; 94°C denaturation, 30 

sec; 67°C annealing, 4 min; repeated 30 times; 4 min final extension. Products were run 

on 1% low temperature agarose gels, bands were imaged (NIH image), cut and purified 

using standard gel extiraction techniques (Quiagen, Valencia, CA) and sequenced. PCR 

products were inserted into a TA vector (pBluescript II SK(-)) using previously published 

methods (Marchuk, et al., 1990) and sequenced in both directions to confirm clone 

identity. 
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Sequence analysis and antibody synthesis 

Automated DNA sequencing was analyzed using two sequence analysis and 

alignment programs (Mac Vector, and AssemblyLign, Oxford Molecular, Campbell, CA). 

Translation analysis was done by plotting antigenicity, hydrophobicity and secondary 

structure for the deduced pl37 protein sequence (MacVector). A 16 amino acid stretch 

of the 3' portion of the pl37 protein (CGFPRSSQPYYNSRGV) was identified as an 

optimal antigenic site for antibody synthesis. A custom peptide and polyclonal antibody 

to pi37 were produced (Genemed Synthesis, San Francisco, CA). The polyclonal 

antibody had a titer of 1:10,000. Affinity purification of the p 137 antisera using the p 137 

peptide bound to a CN-Br activated sepharose column (Pharmacia, Piscataway, NJ) was 

undertaken to further purify the antibody for western blots, staining and treatment of 

chicken atrio-ventricular (AV) canal explant cultures and staining of histological 

sections. 

Whole mount in-situ hybridization 

Rat El 1 embryos were collected and fixed with 4% Paraformaldehyde (PFA), 

rinsed with PBS-EDTA, dehydrated in a methanol series at -20°C and cleared with 10% 

H2O2 overnight at -20°C. Embryos were re-hydrated to PBS-Tween (PBS-T), digested 

with Proteinase-K, rinsed in 0.1 M glycine-PBS and post-fixed in PFA. Embryos were 

then rinsed in PBS-T, 0.1 M Triethanolamine, pH 8.0, rinsed in PBS-T and rinsed in 1:1 
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PBS with Hybridization bufTer (Hybridization buffer: 50% Formamide, 1.3x SSC, 5mM 

EDTA pH 8.0, 50 jig /ml yeast tRNA, 0.2% tween-20; 1% SDS, 100 /ml heparin 

made up to 50 ml with DEPC water). Embryos were incubated with digoxigenin-labeled 

sense or anti-sense probes for pi37 in hybridization buffer for 2 hours at 65°C and 

washed in a decreasing series of hybridization buffer: 2x SSC (3:1; 1:1; 1:3) followed by 

2x SSC then rinsed in RNase buffer (0.5M NaCl, 10 mM Tris pH 8.0, 5 mM EDTA, 

0.5% Tween-20) and treated with RNase A (20 |ig/ml) and RNaseTl (10 U/ml). 

Embryos were rinsed in RNase buffer then washed in 2x SSC, washed in 0.2x SSC and 

rinsed in decreasing series of SSC: PBS-T (3:1; 1:1; 1:3). Embryos were finally 

incubated with 1:2000 anti-digoxigenin antibody at 4°C for 12 hours, rinsed in PBS-T 

then rinsed in color Reaction buffer (Boehringer-Manheim) and color developed with 4-

nitro blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP). 

Color enhancement for sections was done with 10% polyvinyl alcohol used according to 

Barth and Ivarie (1994). Photographs were taken of hearts and embryos in 70% glycerol 

in PBS-T. All solutions were either DEPC treated or filter sterilized. 

Northern Blotting 

Suigle stranded digoxigenin-labeled RNA probes were prepared for blotting using 

commercially available components (Boehringer-Manheim, Germany) and stored at 

-80''C. A 700 bp clone to the 3' UTR of the Rat pl37 sequence was used as template for 

probe production. T7 and T3 RNA polymerases were used to produce single stranded 
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digoxigenin labeled probes of either the sense or antisense strand. Total RNA was run on 

a denaturing agarose gel and blotted to a nylon membrane using lOx SSC overnight. The 

membrane was rinsed in 5x SSC, placed in prehybridization buffer (Pre-hyb buffer: 50% 

formamide, Sx SSPE, 2x Block solution (Boehringer-Manheim), 0.1% SDS) and pre-

warmed to 50°C. 200ng sense and antisense probes were denatured at 100°C in 200 |il 

hybridization solution and stored on ice. Nylon Membrane was incubated with probe 

solution for 3 hours at 50°C, washed with (in series) 2xSSC, 0.1% SDS at 50''C, O.lx 

SSC, 0.1% SDS at 50°C, Ix maleic acid buffer (MABT), Ix block solution in MABT, 

and incubated with digoxigenin anti-AP antibody (1:10,000) in block solution. The 

membrane was finally rinsed with detection buffer (Boehringer-Manheim) and exposed. 

All solutions where possible were either made up in DEPC water or were filter sterilized. 

Western Blotting 

Embryos were dissected firee of ovaries in PBS, flash frozen in liquid N2 and 

stored at -80°C until extracted with 9M Urea after maceration at -80°C. Total protein 

was quantitated using a BCA protein assay kit (Pierce, Rockford, IL). 200 ^1 working 

solution was added to 10 )il sample in a 96 well microtiter plate. Color development 

reaction was carried out at 37°C for 30 minutes. Optical density (absorbance) was read at 

560nm on a microtiter plate reader (BioRad, Hercules, CA). Total protein was run on 

either 7.5% or 12% polyacrylamide geis and blotted to a PDVF membrane. A polyclonal 

antibody to pI37 was generated against a 16 amino acid stretch (CGFPRSSQPYYNS 
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RGV) of the rat pi 37 protein. Anti-pl37 antibody was used initially as rabbit sera (Fig. 

3.4) but later used as an affinity purified antibody (Fig. 3.5-7). Standard loading 

parameters onto gels were 20|ig and 50^g total protein loaded for either embryonic heart 

and organ tissue, or whole embryo tissue, respectively. 

Immunohistochemistrv 

Rat and chicken embryos were staged and collected in tyrodes buffer and fixed in 

4% PFA in PBS pH 7.4, rinsed with PBS, dehydrated in an ethanol series, cleared in 

toluene and embedded in paraffin for sectioning. Sections were cleared in toluene then 

dehydrated in a ethanol series, rinsed in PBS and blocked in 2% BSA with 2% donkey 

serum in PBS at 37''C. Sections were then stained with pi37 affinity purified antibody or 

rabbit IgG overnight at 4''C, rinsed in PBS-Tween 20, stained with donkey anti-rabbit 

Cy3 (1:100) (Jackson Immuno Research Labs, Inc., West Grove, PA) and final rinsed in 

PBS. Sections were mounted with vectashield mounting media (Vector labs, 

Burlingame, CA). 

Atrioventricular explant culture 

Atrioventricular explants were removed firom stage 14-15 chicken hearts and 

placed onto fireshly prepared collagen gels as previously reported (Boyer et al., 1999). 

All chick stage 15 AV explants were cultured in complete media 199 containing 5 ̂ g/ml 



insulin, 5 ^g/ml transferrin, 5 ng/ml selenium and heat inactivated chick serum. AV 

explants were exposed to equal concentrations of pi 37 antibody 6185 or Rabbit IgG. 

TCE exposed AV explants were grown with freshly prepared solutions of complete 

media 199 having a final concentration of either 100 or 500 ppm TCE. 
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RESULTS 

Cloning of rat pi 37 

A full length cDNA of 1951 bp (Fig. 3.1a) was isolated using a previous 700 bp 

cDNA clone (211-206-A) identified in a subtractive screening procedure after embryonic 

TCE exposure (Chapter 2). Using the mouse and human consensus sequences to pl37, 

primers were constructed that would enable cloning of the remainder of the rat pi 37 

coding region. A proximal 700 bp product (211-206-B) and a 1.4 Kb span product (211-

206-C) were amplified using a long distance PCR technique (Advantage PCR, Clontech, 

Palo Alto) and subsequently cloned using a genemaker kit for RACE-PCR with a rat 

genomic library (Clontech). All three sequences were aligned to identify the full length 

pl37 sequence using computer assisted analysis. A 16 amino acid stretch of the rat pl37 

translation product sequence (Fig. 3.1b) was chosen utilizing hydrophobicity, and 

antigenicity plots to produce a polyclonal antibody (Genemed Synthesis, Inc, South San 

Francisco). 

In situ localization of rat pi 37 

A digoxigenin-labeled RNA probe corresponding to about 700 bp of the 3' UTR 

of the rat pl37 sequence was prepared to explore the localization of pl37 transcripts in 

the developing heart and embryo. Figure 3.2a and b shows pl37 message in El 1 

embryonic 
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Figure 3.1: Summary of Cloning and deduced amino acid consensus sequence for rat 

pi37. (A). The initial clone for pi37 (211-206-A) was obtained through a subtractive 

hybridization scheme. The 5' clone (211-206-B) and spanning clone (211-206-C) were 

obtained as described in materials and methods. Fragments were clones into pBluescript 

II SK(-). The hatched bar at bottom indicates the open reading frame for pi37. The 

closed bars at left and right indicate the 3' UTR. The open bar indicates the proximal ~ 

2.3 Kb of the pi 37 promoter. (B). Deduced amino acid sequence of rat pi 37. Bold 

letters indicate sequence changes from human and mouse consensus. Bold underscore 

indicates the location of the sequence utilized for antibody synthesis. Double underscore 

represents previously identified GPI-anchor site for human pi37. 
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Figure 3.2: Northern blot showing 3.7 Kb pl37 transcripts expressed in control, 1100 

ppm and 110 ppm TCE exposed embryos and heart tissue. (A and B) Northern blots 

hybridized with anti-pl37 digoxigenin labeled riboprobes are shown at top and the 

original gels stained with ethidium bromide are shown below as loading controls. (A) 

Total embryonic mRNA from control, 1100 ppm and 110 ppm TCE exposed embryos. 

(B) Total heart mRNA from control and 110 ppm TCE exposed embryonic hearts. Total 

RNA was prepared from embryos using standard methods. 10 ^g total RNA was loaded 

in the embryo lanes and S ^g total mRNA was loaded in the heart lanes. DIG-Labeled 

anti-sense RNA probes were produced using a clone to the 3' UTR region of the rat pi 37 

cDNA sequence. 
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Figure 3.3: In situ hybridization showing pl37 mRNA expression in EIO.5 rat embryonic 

heart, yolk sac and epithelium. (A) Control embryo hybridized with pi37 sense probe. (B 

and C) Untreated embryo hybridized with pi37 anti-sense probe showing yolk sac (*) 

and epithelial hybridization pattern. (D) Magnified view of panel B showing 

hybridization of pi 37 anti-sense probe to the endocardial portion of the heart (arrows). 

All embryos hybridized with 500 ng DIG-Labeled sense and antisense RNA probes 

produced using a clone to the 3' UTR region of the rat pi 37 cDNA sequence. Scale bar 

is O.I mm. 
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heart and embryo (without heart) total RNA. In-situ hybridization to digoxigenin-labeled 

probe was used to detect pl37 message in various tissues. Figure 3.3 shows the extent of 

expression for pi37 in El 1 rat embryos using in-situ hybridization. Hybridization was 

observed in the yolk sac (Fig 3.3 c), ectoderm (3.3 b, c , d) endothelial lining of heart (Fig 

3.3 b, d) and myocardium (Fig 3.3 b, d). 

pi37 protein expression is sensitive to TCE exposure 

Anti-sera for the selected pi37 peptide sera were screened to determine the initial 

specificity and titer of the antibody. Figure 3.4 shows that the anti-pl37 antisera detects 

a protein of approximately the same size in urea extracted St. 17 chicken and El 1 rat 

whole embryo preparations. The chicken protein is slightly larger in molecular weight 

compared to the rat 137 Kd protein. We previously reported that pl37 transcript levels 

are very sensitive to TCE exposure (Chapter 2). Tissues from E12 rat embryos were run 

on SDS PAGE gels and stained with the afGnity purified pi37 antibody to detect changes 

in the level of protein expression with TCE exposure. Starting with equal amounts of 

total protein, a significant change in the levels of heart and embryonic pl37 protein is 

detected after exposure of E12 embryos to 1 lOppm TCE during gestation (Fig. 3.6 a and 

b). 
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Figure 3.4: Western blot of pi37 protein expression in chicken St. 22 whole embryo and 

rat E14 embryo and heart tissue. A single band of about 140 kD represents the expected 

size of the rat pi 37 protein while the chicken band is approximately 160 kD. Protein was 

UREA extracted, run on a 7.5% PAGE gel and blotted to a PVDF membrane. Polyclonal 

antisera to pi 37 peptide was used to detect the single pi37 band. The embryo lane 

represents 100 ^g total protein while SO |ig total protein was loaded for the heart lane. 
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Immunolocalization in rat and chicken embryos 

An affinity purified antibody for pl37 was used for western blotting and staining 

of chicken and rat embryonic tissue to identify the temporal and spatial expression 

pattern of pl37 expression in heart and embryo tissue during mid-gestation. Figure 3.5 

shows the expression of pi 37 protein in different E-14 rat embryonic heart, lung and 

gastrointestinal tract tissue, pi37 was expressed at detectable levels in all tissues 

examined containing epithelial derivatives. El 1 and E14 rat embryos as well as St. 13 

through St. 29 chicken embryos were stained with the affinity purified pi37 antibody to 

determine the extent of pi 37 expression. Rat E14 embryos sectioned and stained with 

the affinity purified antibody show pi37 expression in endocardium and myocardium of 

the heart as well as the neural tube and ectodermal epithelium (Fig. 3.7). St. 13 through 

St. 22 chicken embryos stained with pi37 antibody showed expression in the ectodermal 

epithelium, somites, neural tube and yolk sac at all stages (Fig. 3.8 b-d, f). Staining at St. 

22 was observed within the optic cup and lens with some transverse sections of neural 

tube showed very intense staining (Fig. 3.8 e, g, h). St. 29 chicken hearts express pi37 

in the atria and ventricular myocardium but not the mesenchymal components of the 

ventricles and outflow tract (Fig. 3.9). 
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Figure 3.5: Western blot of pl37 protein expression in E14 embryonic heart, lung and 

gastrointestinal tract (stomach and intestine). A single band of appropriate size for pi 37 

is observed in all three embryonic tissues. Protein was UREA extracted, run on a 7.5% 

PAGE gel and blotted to a PVDF membrane. Affinity purified antibody to pi37 was 

used to detect the single pi37 band in each lane. All lanes are loaded with 50 |ig total 

protein. 
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Figure 3.6: Western blot showing decreased pi37 protein expression in El 1 whole 

embryo (except heart) and heart tissue exposed to 110 ppm TCE during gestation. 

Protein was UREA extracted, run on a 7.5% PAGE gel and blotted to a PVDF membrane. 

Affinity purified antibody to pl37 was used to detect the single pl37 band in each lane. 

The embryo lane represents 100 ^g total protein while 50 ^g total protein was loaded for 

the heart lane. Total protein was quantitated for loading using a BCA total protein assay 

(Pierce). 
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Figure 3.7. pl37 is expressed in ectodermal epithelium and heart of El I rat embryos. 

(A and C) El 1 embryo stained with a 1:1000 dilution of pl37 pre-immune sera. (B and 

D) El 1 embryo stained with a 1:1000 dilution of pl37 anti-pl37 sera shows intense 

staining within the ectodermal epithelium (B) and cardiac region (D). Embryos were 

dissected free of embryo, fixed in buffered PFA, rinsed and embedded in paraflln 

(Paraplast). 10 ^m sections were cut, prepared and then stained with a 1:1000 dilution of 

anti-pl37 sera or a 1:1000 dilution of pl37 preimmune sera followed by a dilution of 

1:100 secondary (anti-rabbit IgG Cy3 antibody). Scale bar is 10 ^im. 
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Figure 3.8. pi37 is expressed within the neural tube, ectodermal epithelium and heart of 

stage 16 and 17 chicken embryos. (A) Stage 16 chicken embryo stained with a 1:100 

dilution of anti-rabbit IgG antibody. (B-H). Stage 16-17 chicken embryos stained with a 

1:1000 dilution of anti-pl37 affinity purified antibody. Areas positive for pl37 staining 

include: (B) Cardiac myocardium and endocardium, (C) specific staining of the cardiac 

endocardium (arrowheads), (D) Blood islands of yolk sac, (E) Ectodermal epithelium and 

apex of neural tube, (F) Dermatome of somite, (G) Neural tube (Arrowheads) and 

ectoderm overlying optic vesicle (Arrows), (H) Optic cup and vesicle epithelium. 

Lumen of heart tube (*). Embryos were dissected free of embryo, fixed in buffered PFA, 

rinsed and embedded in parafiHn (Paraplast). 9 ^m sections were cut, prepared and then 

stained with a 1:1000 dilution of anti-pl37 affinity purified antibody or anti-rabbit IgG 

antibody followed by 1:100 secondary (anti-rabbit IgG Cy3 antibody). Scale bar is 10 

^m. 
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Figure 3.9. Montage of stage 29 chicken heart section stained with a 1:1000 dilution of 

an anti-pl37 affinity purified antibody showing pi37 expression in ventricular septum 

and myocardium (arrows) and walls of atria and auricles (arrowheads). Embryonic hearts 

were dissected free of embryo, fixed in buffered PFA, rinsed and embedded in paraffm. 

9 |im sections were cut, prepared and then stained with a 1; 1000 dilution of anti-pl37 

affinity purified antibody or anti-rabbit IgG antibody followed by 1:100 secondary (anti-

rabbit IgG Cy3 antibody). Scale bar is 10 |xm. 
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pi37 antibody blocks mesenchymal transformation and migratioti 

As shown previously, numerous defects are associated with TCE exposure during 

gestation including valve and septal defects. The atrio-ventricular cushion is a precursor 

region for both of these areas with inhibition in epithelial cell transformation correlated 

with perturbations in valve and septal formation (Lakkis and Epstein, 1998). Boyer and 

collegues (1999) specifically showed that TCE blocks mesenchymal cell formation in 

atrioventricular (AV) explant cultures. In order to identify a putative fimctional role for 

pl37 in epithelial cells during AV cushion development, chick embryonic stage 14-15 

AV cushion cultures were treated with 0.5 ^g/ml of pl37 affmity purified antibody or 

rabbit IgG. This level of pi 37 antibody exposure to AV cultures gives a significant 

inhibition of the total number of mesenchymal cells that invade into collagen gels (Fig. 

3.10). Incubation with the antibody also decreases the spreading and migration of 

epithelial cells away from the AV explant (Fig. 3.11). Epithelial cells that migrate away 

from the AV explant in affinity purified antibody treated cultures are atypical in 

morphology, showing clumping that is not characteristic of the untreated or IgG treated 

epithelial cell cultures. A ten fold decrease in exposure levels of purified antibody (.05 

^g/ml) does not decrease the numbers of mesenchymal cells or the level of epithelial 

migration/spreading away from the AV explant (data not shown). 
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Figure 3.10. Treatment of stage 14 atrioventricular (AV) expiants with anti-pl37 affinity 

purified antibody reduces epithelial outgrowth. (A) Untreated control AV explant. (B) 

Explant exposed to 0.5 ̂ g/ml of anti-rabbit IgG antibody. (C) Explant exposed to O.S 

^g/ml of anti-pl37 affinity purified antibody. Expiants were removed from staged hearts 

and grow grown on collagen, exposed to either anti-rabbit IgG antibody or anti-pl37 

affinity purified antibody for 12 hours and epithelial outgrowth assessed. Phase contrast 

photomicrographs were taken of control and affinity purified antibody treated Stage 14 

atrio-ventricular (AV) expiants after 12 hours of treatment to show extent of epithelial 

growth out from explant edge. Scale bar is 20 |im. 
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Figure 3.11. Treatment of stage 14 atrioventricular explants with anti-pl37 affinity 

purified antibody reduces the total number of mesenchymal cells that invade into 

collagen gels. (A) Control explants treated with complete media only. (B) Control 

explant exposed to O.S ^g/ml anti-rabbit IgG antibody. (C) Explants exposed to O.S 

|ig/ml anti-pl37 affinity purified antibody. Graph represents the total number of 

mesenchymal cells that invaded into the collagen gels also shown in figure 10. Bars for 

each treatment group represent average number of mesenchymal cells that invaded into 

the collagen gels +/- standard error of measure (SEM). Explants were removed from 

staged hearts and grow grown on collagen, exposed to anti-rabbit IgO antibody or anti-

pi 37 affinity purified antibody for 12 hours and epithelial outgrowth assessed. Scale bar 

is 10 ^m. 
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DISCUSSION 

pi37, initially identified using a subtraction screen for transcripts differentially 

regulated with TCE exposure, is expressed in both chicken and rat embryos during mid-

gestation. pI37 is expressed in the endocardium and myocardium of El 1 and E14 rat 

heart (Fig. 3.7) as well as St. 16 through St. 29 chicken heart (Fig. 3.8-9). Expression is 

also evident in El 1 rat and St. 16 through St. 22 chicken ectodermal epithelium, neural 

tube and yolk sac. Analysis of the rat pi 37 coding region (Fig. 2.1) and the proximal 

portion of the putative rat pi 37 promoter (data not shown) identifies a region containing 

various sequence motifs associated with stress responsive genes consistent with a stress 

mediated response to TCE exposure. 

Previous observations relating TCE exposure to valve and septal defects are 

consistent with the pi37 localization presented in this paper. Previously, researchers 

identified the septal and valve elements of the heart as sites commonly malformed after 

embryonic or fetal halogenated hydrocarbon exposure (Goldberg et al., 1990; Dawson et 

al., 1993; Goldberg et al., 1997). These areas are also identified as those expressing pl37 

mRNA (Fig. 3.2-3) as well as pi37 protein (Fig. 3.4-9). With the evidence for decreased 

expression of pi 37 following TCE exposure and the decreased epithelial extent and 

mesenchymal invasion into collagen gels, it would be feasible to speculate that a 

decrease in pl37 expression or function in the atrioventricular cushion area of the 

developing heart could lead to valvular or septal malformations since the AV cushion is, 

in part, responsible for formation of both the cardiac valves and septa. 
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pl37 protein expression was confirmed in the gastrointestinal tract as would be 

expected based on the previous identification of the pi 37 transcripts in Caco-2 cells (Ellis 

et al., 199S). The other tissues in which protein was identified included heart, lung, 

ectodermal epithelium, optic cup, and yolk sac (Fig. 3.8), all of which are known to 

contain epithelial cells in the process of molding the future form of these organs. In all 

cases the observation of tissue elements containing epithelial cells correlated with the 

identification of pi 37 expression. It is thus very likely that pi 37 is expressed in 

epithelial cells throughout the embryo and during extended periods of gestation. The 

expectation is that pi37 is expressed in most epithelial derivatives and therefore may play 

a critical role in the development of epithelial derived organs. 

What role does pi37 play in epithelial development and can any correlations be 

made between pl37 and any other epithelial or stress responsive genes? The pl37 open 

reading frame has sequence similarity to Hal3p, which is a yeast stress responsive 

protein. Hal3p is thought to act as a stress responsive regulatory element, antagonizing 

the activity of Ppzlp, a Ser/Thr protein phosphatase. Ppzip acts to increase the 

expression of a cation extrusion pump to deal with osmotic stress (Nadal et al., 1988). 

Overexpression of Hal3p also suppresses the reduced growth rate of yeast exposed to salt 

stress (Ferrando et al., 1995). Although the similarity between the pl37 and Hal3p 

coding regions are intriguing, few correlations can be made between pi37 expression and 

cellular stress response. 

As has previously been shown, antibody-binding experiments can be used to 

significantly block the function of GPI proteins. Mab binding to Ly-6A/E is capable of 
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inhibiting IL-2 production in T-cells (Codias et al., 1992) while anti-IPG antibodies can 

inhibit second messenger stimulation by insulin (Romero et al., 1990). Results from the 

pi37 antibody blocking experiment correlate nicely with the expectation that pi37 is 

expressed at the cell surface similar to other GPI-linked proteins. GPI-proteins, by their 

very nature, are highly mobile in the outer leaflet of cell membranes (Edward et al., 1994, 

Thomas et al., 1990). It has been reported that GPI-protein mobility may be important 

for various cell-cell interactions and apical vs. basal membrane protein segregation (Low 

et al., 1988). The pi37 antibody binding experiment shows that adding purified antibody 

to AV cultures is sufficient to block the normal invasion of mesenchymal cells into 

collagen gels. This corresponds to a similar loss of mesenchyme in culture after TCE 

exposure, though there are some differences such as a reduction in the epithelial cells that 

normally migrate out form the AV explant with antibody exposure. 

The pl37 antibody may act directly on the pl37 protein to inhibit signal 

transduction pathways resulting in a block of EMT. Previous research by this lab has 

shown that EMT efficiency is partly dependent on a G-protein mediated signal 

U'ansduction pathway (Runyan et al, 1990; Boyer et al., 1999). Since GPI-linked proteins 

are thought to participate in signal transduction via calveaolae recycling, pi37 antibody 

may sequester extracellular pl37 protein or may inhibit protein-protein interactions 

precluding the recycling dependent activity. 

The pl37 gene resides on the short arm of chromosome 11 in humans (1 lpl3) 

near the area associated with deletions resulting in cardiomyopathy (Gilgenkrantz et al., 

1982) and abnormalities associated with WAGR syndrome (Mannens et al., 1991; Gawin 
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et al., 1995). Utilizing phage and cosmid clones of 1 lpl3 Gessler and colleagues (1995) 

showed that the pi37 gene is positioned approximately half way between the CAT and 

LM02 genes on chromosome 11. Although no pi37 knockout exists, it is intriguing to 

speculate that some of the epithelial related phenotypes observed in WAGR syndrome 

patients with 1 lpl3-15 deletions may be due to loss of pl37 function. 

There is evidence that alternatively spliced transcripts of pi 37 are expressed in 

some tissues. The northern blot of TCE exposed heart tissue did show a second transcript 

of about 4.8-5.0 Kb. Previous work by Ellis and Luzio (1995) showed two transcripts for 

pi37 in various adult tissues including prostate, ovary, ilium and colon with testis 

showing four transcripts from 2.2 to 4.8 Kb. The difference in their results could be a 

result of the two differing probe types, with this study utilizing a 700 pb RNA probe 

positioned at the 3' UTR of the rat pi 37 sequence while Ellis and Luzio (1995) used a 

full length cDNA probe to pl37. The coding region for the human pl37 gene is split into 

2 exons with an intervening intron of over 30Kb (Gessler et al., 1995). Exon 1 in humans 

is 57 bases long followed by an intron and the remaining bases of exon 2. The size and 

base composition of exon 1 is the same in human, mouse and rat. Although the 

placement of the 5' end of exon 1 was confirmed in the rat using a genomic library (data 

not shown), no information was obtained identifying the intron length. These studies 

raise the question that the short 5' conserved sequence of exon 1 is necessary for Action 

of the pi 37 gene product and whether exon 1 is associated with alternative splicing. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 
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Experimental results 

These studies identify numerous candidate gene sequences that are differentially 

regulated with TCE, DCE or TCAA exposure. Altered gene sequences can be separated 

into four gene groups; (I) Stress responsive; (2) Transcriptional and translational 

machinery; (3) Cytoskeletal; (4) Developmentally related. Two candidate sequences, 

pi37 and a Serca-2 like Ca^^-ATPase, were identified &om the initial subtraction and 

appear downregulated with embryonic TCE exposure. The Serca-2 Ca^^-ATPase was 

previously shown to be expressed in the heart and is thought to be involved in cardiac 

Ca~^ regulation, pi 37 is a GPI-linked protein of unknown function previously identified 

in intestinal carcinoma cells (Caco-2). pi37 is expressed in both chicken and rat embryos 

during mid-gestation. Localized staining is observed in cardiac endocardial and 

myocardial layers during rat El 1-14 and chicken St. 13 -29. Embryonic expression for 

pi37 is not ubiquitous but is expressed in non-cardiac tissue including ectodermal 

epithelium, neural tube and yolk sac derivatives in chick and rat embryos. The pi37 

localization and sensitivity data presented herein are consistent with previous 

observations relating cardiac valve and septal defects with TCE exposure during 

gestation. Sequence analysis of the rat pi 37 coding region and putative promoter identify 

apparent stress responsive motifs consistent with stress responsive changes for pi37 

during development (Appendix II). Antibody blocking experiments show an association 
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between pi37 activity and epithelial-mesenchymal transformation (EMT) efficiency. 

The results presented herein associate differential regulation of pl37 with a potential 

TCE mediated role in inducing cardiac defects. 

TCE exposure issues 

Effects of TCE exposure on organ systems 

Organic solvents, although of obvious benefit to mankind, are increasingly 

identified as environmental contaminants. Chlorinated solvents such as TCE have 

inherent liophilicity and are highly reactive and thus may disrupt the fine balance of cell 

membrane dynamics as a result of their qualities as solvents. The effect of TCE exposure 

on adult organ systems is unclear, with both inter-species and intra-species differences 

fogging any clear correlation between exposure and effects. 

Mouse, rat and gerbil models are conmionly used to investigate toxicant exposure 

effects. It appears that TCE toxicity may be species specific. Kjellstrand and collegues 

(1981) showed that mice have a two fold larger increase in liver weight after ISOppm 

TCE exposure as compared to rats and gerbils, however only gerbils had a significant 

kidney weight increase. The effects of exposure to halogenated hydrocarbons such as 

TCE are complicated even further by apparent differences in susceptibility based on 

strain and sex differences within a single species. Rat studies show that different strains 

are not equally susceptible to liver cancers caused by TCE exposure (Green et al., 1990). 
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A single study utilizing 7 different strains of mice showed that male and female 

differences within a single strain could explain susceptibiliQ^ to TCE exposure in 

different organ systems (Kjellstrand et al., 1983). 

Atkinson (et al., 1993) reports that TCE exposure to mouse livers is capable of 

inducing oxidative stress in liver microsomal preparations and that this oxidative stress 

may explain TCE-associated hepatotoxicity. Other research correlates TCE effects to 

reduction of membrane associated elements such as decreased lipid content of brain 
# 

tissue and demyelination of peripheral nerves, which is thought to explain the neuropathy 

observed with long term TCE exposure (Kyrklund et al., 1984). 

TCE exposure effects are therefore complicated organ specific targeting of TCE 

exposure as well as intraspecies effects which may manifest in humans as societal or 

racial differences to TCE susceptibility. Safe exposure limits must first take into account 

human vs rodent metabolic differences since rodent models are typically used to establish 

human susceptibility to gestational TCE exposure. Secondly, racial differences can 

further cloud human susceptibility with differences in certain isozymes leading to 

differences in biotransformation efHciencies. 

TCE acts to cause different organ pathologies in adult organs (such as 

hepatotoxicity) based on the level and duration of exposure. The same association would 

likely hold true during development, with the time of exposure being as crucial to a 

particular teratological outcome as level of exposure. In some cases the area of effect is 

not clearly defined. The blood system is an example of an organ system that does not 

allow simple hydrocarbon exposure and effect correlation 
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TCE effects on blood and immune system 

Blood may be separated into immune and hematopoetic halves for analysis of 

TCE bom effects. TCE has been implicated in various immune disorders including 

leukemia (Kilbum and Washaw, 1992; Byers et al., 1988). TCE exposure is directly 

associated with inhibiting natural lymphocytotoxic activity (Schlichting, et al., 1992). 

Mice exposed to between 17 and 387 mg/kg DCE in drinking water for 90 days had 

significantly reduced levels of anti-SRBC (sheep red blood cell) antibody, an assay for 

immunological integrity. In the same study, female mice exposed to similar exposure 

levels for 90 days had reduced monocytes and macrophages (Shopp, et al., 1995). 

Exposure to TCE in drinking water for 6 months at levels that approximate the previous 

study reduced both humoral and cell mediated immunity and bone marrow colony 

forming ability in vitro (Sanders, et al., 1982). In these experiments, females in exposure 

groups appeared more susceptible to the TCE exposure than males. It is thus interesting 

to speculate that females are more susceptible to halogenated hydrocarbon exposure to 

males leading to embryonic effects clouded by an apparent non-effect in males. 

Associations between TCE exposure and changes in blood dynamics are still 

being worked out, however it is clear that TCE exposure is capable of impacting on the 

blood significantly. Associations between embryonic cardiac defects and blood system 

health, whether the embryos or mothers, are a plausible connection between TCE 

exposure and developmentally related defects 
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TCE effects on development 

Associated organ related effects 

It is possible to point to a particular set of developmental defects that are more 

prevalent with physiologically relevant levels of TCE or metabolite exposure. These 

defects include cranio-facial abnormalities, clubbing of appendages, and heart 

malformations reported in both chick and rat models with embryonic exposure (Loeber, 

et al, 1988; Goldberg et al, 1992; Johnson et al., 1998). 

Halogenated solvents are known to change the dynamics of membranes by acting 

on the individual proteins residing within the lipid bilayer or on the membrane directly 

(reviewed in Gist and Berg, 1995). TCE has been linked with reduction of fatty acid 

phospholipid in discrete areas of the brain, namely the grey matter of the cerebral cortex 

and the hippocampus (Kyrklund et al., 1985). 

The way TCE acts to produce cardiac abnormalities is unknown, but it is unlikely 

to be a single factor or target. Halogenated hydrocarbons are known to decrease cardiac 

contractility, conduction and heart rate (Ramos et al., 1995), thus these solvents appear 

able to act directly on the heart conduction system. Although the cardiac conduction 

system forms rather late in relation to TCE exposure effects previously reported, channel 

regulation and membrane depolarization events could be impacted much earlier. 
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TCE exposure and pi37 expression 

What role does pi 37 play in the development of the epithelium and the cardiac 

endocardium and myocardium in particular? It is clear that pl37 is expressed in many 

epithelial derivatives during mid-gestation in the rat and chicicen embryo. The sequence 

data currently in hand suggests that the pi37 gene product is highly conserved and 

apparently unduplicated in the genome of higher manunals. It is therefore likely that 

perturbation of pi 37 is capable of impairing the development of epithelial derivatives that 

appear to highly express pi37 protein. 

Research has shown that deletions of large portions of the P arm of chromosome 

11, where pi37 is located, are associated with cardiomyopathies (Gilgenkrantz et al., 

1982), but no direct linkage exists between the loss of the pi 37 locus and these cardiac 

defects. The identification of a GPI-anchor at the 3' end of the open reading frame for 

pi37 would not preclude a role in second messenger signaling since other proteins are 

shown to be presented to the cell interior via a GPI-protein shuttling mechanism 

(reviewed in Gaulton et al., 1994). The punctate antibody staining pattern observed in 

the myocardium and yolk sac conforms to that expected of a vesicle localized GPI-

protein. It is possible that TCE acts on the pathway for pi37 localization in such a way 

as to reduce the normal levels of pi 37 protein exposed at the cell surface. Changes in 

membrane cholesterol alone are capable of reducing the clustering of membrane bound 

GPI-proteins via caveolae (Rothberg, et al., 1990). Thus TCE, acting only as a solvent on 
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membrane components, may act on the normal feedback regulating pl37 protein 

expression. 

Epithelial specific markers, located in the surface membrane, are likely to act as 

determinants in epithelial tissues. A number of tyrosine kinase receptors, such as c-Ros, 

c-Met, c-Neu, and c-Ret, are found almost exclusively on epithelial cells. These 

receptors are associated with epithelial cell proliferation, differentiation, motility and cell 

shape (Birchmeier, et al., 1997). The sequence data for pi37 suggests a site for tyrosine 

kinase phosphorylation exists at position 94-101 (appendix I), it is therefore possible that 

phosphorylation events are associated with pl37 function. 

Models for TCE mediated teratogenicity 

Two models are presented here as plausible mechanisms for pl37 activity. In 

both models pi 37 could act as a target of TCE exposure ultimately leading to cardiac 

malformations. The first model assumes pi37 is present at the cell surface while the 

second takes into account evidence for pl37 release from the cell surface. 

The sequence similarity to Hal-3 suggests a stress responsive role for pl37. Hal-3 

acts as a repressor of PPZl, a Ser/Thr phosphatase, that in tum acts to regulate cation 

(Na^/K^ chaimel activity (Ferrando et al., 1995). Hal-3 overexpression suppresses the 

positive regulation of cell proliferation mediated by PPZl (de Nadal et al., 1998). Thus 

yeast cells lacking Hai-3 are more sensitive to salt stress. pl37 may act, similar to Hal-3, 

by controlling cell proliferation. Since the pl37 protein is situated at the cell surface 
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(Ellis et al., 1995) it would be in a position to have activity based on its membrane 

presence. The antibody inhibition experiment reported herein shows that affinity purified 

antibody to pi 37 is able to block the extension of epithelial cells onto the surface of 

collagen gels. One can conclude fi'om these results and previous research (Ellis et al, 

1995) that pi37 is expressed at the cell surface, and its activity is necessary for the 

formation of the epithelial sheet that gives rise to transforming mesenchymal cells in 

culture. Any functional similarity to Hal-3 would obligate a cell-surface to cell-interior 

link for pl37 to play a role in cell proliferation. Thus the binding of the anti-pl37 

affinity purified antibody may block a binding interaction between the pi37 protein and 

some matrix component or an associated cell surface protein. In either case the reduced 

pi37 activity may explain the previously observed epithelial migration in the AV 

collagen gel experiments (Figs. 3.10-11). 

The second model for pi37 activity is dependent on pi37 being cleaved and 

released firom the cell surface, thereby acting as a mitogen. Caco-2 cells grown in vitro 

release pi37 protein into the culture media (Ellis et al., 1995). There are examples of 

GPI-linked protein activity being dependent on a soluble protein motif that is different 

from a non-soluble protein derived from the same sequence (Reviewed in Pratt et al., 

1993). pl37 activity may be dependent on a soluble pl37 protein that is different form a 

'pro-protein' of pl37. In this example, the anti-pl37 afGnity purified antibody would 

block the ability of release pi 37 protein from binding to a protein necessary for activity. 
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The sequence data (Fig 2.1) and northern blot (Fig 2.2) shown here identify a possible 

alternatively spliced transcript for pi37 with TCE exposure that approximates the largest 

transcript seen in adult human testis (Ellis et al., 1995). The pl37 protein could have 

both a GPl-linked and non-GPI-linked isoform, the GPI-product being released from the 

cell surface or exchanged with another cell en-block with other proteins (Censullo, et al., 

1994). Exchange with other cells may not necessarily be by cleavage and release, but 

may also include transfer from one cell to another as can occur with GPI-linked proteins 

(Reviewed in Ilangumaran et al., 1996). The close nature of epithelial cells would make 

this transfer a plausible alternative to the cleavage and release method of releasing 

proteins. Decreased epithelial spreading and resultant mesenchymal transformation 

would be inhibited with antibody binding to a released pi37 protein that must 

activate/bind to a target to mediate proliferation. 

Future Directions 

Relatively recent advances have allowed numerous insights into the 

understanding of transcriptional regulation and gene expression. With the rat pi37 

coding region and putative promoter sequence in hand, questions related to the nominal 

expression of pi 37 as well as TCE mediated effects can now be asked. Transient 

transgenic models can identify both promoter regulation and functional relevance of 

particular areas within the coding region while developmental roles for pi37 may be 

identified from knockout experiments. 
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Transient transgenic studies, using promoter constructs linked to reporter genes, 

allow for transient manipulation of genomic expression driven by the promoter sequence 

of interest. Transfection with a DNA construct is normally accomplished with the use of 

a variety of cellular manipulations including electroporation, calcium phosphate 

precipitation and liposomal transfer (Pear et al., 1994). Studies like these allow 

researchers to understand promoter structure and identify cis-acting elements such as 

transcriptional binding sites and regulatory domains. The relationship between TCE 

exposure and pi37 expression is directly applicable to this transient expression method. 

The putative pi37 promoter sequence could be attached to a reporter construct. Varying 

lengths of the promoter would be linked to a reporter with parts of the promoter added or 

subU'acted to assay for relative expression indicative of particular sections of promoter 

sequence. The minimal promoter sequence necessary for reporter expression is first 

identified. Regulatory sites previously shown to be general transcriptional enhancers of 

gene regulation, such as Spl (Mummaneni et al., 1998) and AP-2 (Wu et al., 1998) are 

then identified. Stress responsive elements (Schuller et al., 1994) and heat shock 

elements (Murata et al., 1999) are likely candidates for toxicant induced transcriptional 

regulation related to TCE exposure. Each site could be assayed individually by removal 

to assess relative stimulation or repression of the reporter construct. The reporter is 

simply indicative of pi 37 expression patterns under various signaling events. TCE is 

expected to mediate pi37 expression by transcriptional control similar to other stress 

responsive genes. One example of this kind of transcriptional control is found in the 

metallothionine-I gene where zinc, cadmium and oxidative stress are able to increase 
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expression. Thus, the stress dependent mediators of metallothionine-I expression could 

act synergistically or individually on the promoter elements. Overall complexity of gene 

regulation is also compounded by the basal activity of the promoter (Qingwen et al., 

1998). After initial identification of effectors one can work upstream to understand the 

hierarchy of regulation and which upstream effectors initiate the cascade leading to 

changes in pi37 expression. 

A second method of analysis is site directed mutagenesis. Genes have regions 

associated with particular functional roles of the final protein. Partial removal of 

elements may result in an understanding of protein structure and the functional relevance 

of the removed sequence. The pl37 coding region is cloned into a expression vector 

driven by an overexpressive promoter like SV40 (Morgenstem et al., 1990) and inserted 

into cells using a method similar to that described above for promoter analysis. 

Individual areas, such as the Hal3p domain, are removed completely or in part to observe 

expression results. Recombinant pi37 protein can be collected from expressing cells. 

The activity of the recombinant protein is assayed against cell types known to express the 

protein, such as cardiac endothelial cells. The previously described in vitro collagen gel 

assay can be used to determine activity of the purified protein. In this way perturbations 

in the amino acid sequence, including loss of the GPI-linkage, could clarify the role that 

specific motifs have in regulating pi37 activity. 

Knockout schemes are the most powerful method used to understand gene 

function. Knockouts are simply experiments constructed to remove the gene of interest 

firom the genome. Removal of the gene can be either transient or permanent. One can 
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then observe the functional significance of the gene in the grand scheme of development. 

This method has been used to full advantage to identify VEGF family members as 

necessary factors for vascular development (Carmellet et al., 1996; Ferrara et al., 1996). 

Although numerous methods have been used, the knockin/knockout method appears most 

productive. The gene would be replaced (knockout) by a reporter construct (knockin) 

containing a tag sequence to identify areas expressing the null allele. A construct similar 

to the one used to disrupt NF-ATc expression in mice could be used (Ranger et al., 1998). 

A pl37 homologous construct containing a neomycin resistance "cassette" would be 

inserted into ES cells (embryonic stem cells). An assay for incorporation into the 

genome would be done on the ES cells (via the neo resistance). The ES clones with 

homologous Incorporation would be inserted into the mouse germline to produce pi37 

deficient offspring. Analysis of the offspring could identify developmental abnormalities 

linked to loss of the pi 37 gene. The results of a knockout experiment range from 

embryonic lethality to non-phenotypic. However, one must also be wary of heterozygotic 

effects. Inactivation of a single pi 37 allele (pi 37 +/-) may cause haplo-insufflciency. 

Insufficiency has previously been shown to be severe for certain genes, such as VEGF, 

where dose dependent effects are though to be very important (Carmeliet, et al., 1996), 

Conclusions 

Further research will have to be done to understand the role TCE plays in 

inducing cardiac related defects. It is interesting to think the developing heart may be 
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acutely affected by toxicants such as TCE and that this effect is cardiac specific. The role 

pl37 plays in embryonic development may prove difficult to decipher since pl37 

knockouts are expected to result in embryonic lethality. Other experimental systems such 

as cell culture may be more conducive to explaining pl37 function. As previously 

discussed, pi37 may be involved in signal transduction pathways determining either 

proliferative fate or responsiveness to cellular stress. In either case, numerous 

biochemical and molecular tools are available to determine which signaling pathways 

may be involved in pi37 flmction. Significant weight should be placed on understanding 

the pi 37 putative promoter sequence activity,(partly described herein). Dissection of the 

pi 37 promoter will ultimately lead to a better understanding of pi 37 activity and 

upstream effectors regulating activity of this gene. 
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APPENDIX I 

TCE is typically presented to the body via inhalation or consumption. TCE may 

be exhaled or metabolites produced in the liver via cytochrome P4S0 pathways. The 

major metabolites excreted in the urine are trichloroethanol (90%) and trichloroacetic 

acid (8%) (Green et al., 1985). In some circumstances bile excretion of TCE metabolites 

can produce up to 30% of excretion products of TCE consumption (Flanagan et al., 1990) 

with the half-life of renal excretion as trichloroethanol and trichloroacetic acid 

approximately 10 hours (Sato et al, 1977). 
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Figure 5.1: Metabolism of TCE showing reactive intermediates and terminal excretory 

products (in part from: Steinberg et al., 1993, Gist et al., 1995). 
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APPENDIX II 

Successful cloning of the rat full length pi 37 cDNA was accomplished by 

identifying 3 overlapping clones that span from the 5' UTR to the 3' UTR. (Appendix 

Figure II). The rat sequence shares 91% homology with human (Genbank Accn. No.: 

NM_005898) and 94% with mouse (Genbank Accn. No.: U27838) pi37 sequences 

previously identified. Regional homology to the yeast Hal3 gene is identified as a short 

stretch of bases near the central portion of the sequence (bold and underlined). 

The proximal 450 bases of the putative pi 37 promoter sequence were identified 

from a 2.4 Kb rat clone obtained with the use of 5' RACE (clonetech). The promoter 

sequence contains numerous regulatory motifs including two TATA boxes (double 

underline), one stress responsive element (dotted underline), one C AAT box (underline) 

and one heat shock element (wave underline) that may play a role in TCE mediated 

regulation of pi 37 expression. 
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A.TTTGAGrTT CGACCCTG.-" GTCCTTCATC ATGGACTCCG TAAGATGAAA 
TTCAAAGAAA CACI.-.-.ARGT GGATAGATAT GGZ^^^G TCAGGATTTA 

I:: GGATCTGA7A ATATACACCT GCTATGAGAG AAACAAC-GGT GGCACATTTT CCTGAGG~A 
151 GTAAGC^^AA TCAATGTATA ATTTCTTAAG CaTAGGTCTC tCCCCGtCCG TCTCCTGACT 

2i'. TGCTTGCTGC TCTTGTCCTT CCCTCCCGCT CTTTTCTCCT CTCTTCTCGG TCT.^^GATG 
3:1 CCCTCC-GCCA CCAGCCACAG CGGAAGCGGC AGCAAATCGT CGGGACCACC GCCGCCGTCC 
2 = 1 GGTTCCTCCG C-GAGTAAGGC GGCGGCCGGG GCAGCTGCGC CGGC7TCTCA GCATCCGGCA 
iZl ACCGGCACCG GCGCGGTCGA GACCGAGGCC TTCTCGGCGT AATCGACL-.G 
431 AAACTTCGGA ACCTTGAGAA GAAAAAGGGT AAACTTGATG ATTACCAGGA ACGAATGP.AT 
541 AAAGGGGAAA GGCTCAATCA AGACCAGCTG GATGCCGTAT CTAAGTACCA GGAAGTCACA 
C:I AATAATTTGO AG7TTGCAAA GGAATTACAG AGAAGTTTC=L TGGCATTAAG TCAGGATATT 
6=1 CAGAAAACAA TAAAGAAGAC AGCACGTCGG GAGCAGCTTA TGAGAGAAGA AGCAGAACAG 
•721 A.5GCGCTTAA AAACTGTACT TGAGTTACAG TATGTATTGG ATAAGCTC-GG AGATGATGAT 
Tel GTGAGAACGG ATCTGAAGCA GGGGCTGAGT GGAGTGCCAA TATTGTCTGA AGAGGAGTTG 
841 TCATTGTTC-G ATGAATCCTA CAAGCTAGTA GATCCCGAGC GGGACATGAG TTTAAGGTTA 
9 :1 AATGAGCAGT ATGAACATGC CTCCATTCAC TTGTGGGATT TGCTGGAAGG GAAAGAAAAG 
9=1 CCTGTATGTG GAACAACCTA TAAAGCTCTA AAGGAAATTG TCGAGCGTGT TTTTCAGTCA 

12:1 AACTACTTTG AC.GCACTCA TAATCATCAA AATGGATTGT GTGAGGAGGA AGAGGCAGCT 
1081 TCAGCACCTA TAGTGGAAGA CCAGGTAGCT GAAGCTGAAC CTGAACCVAC GGAAGAATAC 
1141 ACAGAGCAAA GTGAGGTTGA GTCAACAGAG TATGTCAATA GGCAGTTCAT GGCGGAAACA 
12CI CAGTTC^GCA GTGGTGAGAA GGAGCAAGTG GATGAGTGGG C«TTGAAAC AGTTGAGGTG 
I; = L GTAAACTCAC TCCAGCAGCA ACCTCAGGCT GCATCTCCT7 CVGTACCAGA GCCCCACTCT 
1321 CTGACTCCAG TGGCTCAGTC AGATCCACTT GTGAGAAGAC AGCGAGTAC^ AGATCTTATG 
1331 GCACAAATGC AAGGGCCCTA TAATTTC\TA TAGGATTCAA TGTTGGATTT TGAAAATCAG 
1441 ACGCTTGATC CTGCCATTGT ATCAGCACAA CCTATGAACC CTGCCCAAAA CATGGATATG 
1=C1 CCTCAGCTGG TTTGCCCTCA GGTTCATTCT GAATCCAGAC TTGCCCVITC TAATCAAGTT 
1561 CCTGTACAAC CAGAAGCCAC ACAGGTTCCT TTGGTCTCAT CCACAAGCGA GGGGTACACT 
1521 GCGTCTCAGC CCCTGTACCA GCCGTCTCAT GCTGCAGAGC AGCGGCCACA AAAGGAGCCC 
1531 ATTGATCAGA TTCAGGC^C AATATCTTTA AATACAGAGC AGACTACAGC ATCATCATCC 
1741 CTTCCTGCTG CTTCTCAGCC TCAAGTGTTC C^GGCTGGGG CAAGTAAACC TTTGCATAGC 
IS CI AGTGGAATCA ATGTAAATGC AGCTCCATTC CAATCCATGC AAACGGTGTT CAATATGAA7 
13el GCCCCAGTTC CTCCTGTTAA TGAACCAGAA ACTTTAAAAC AACAGAATCA GTACCAGGCC 
IS21 AGTTATAACC AGAGCTTTTC CAGTCAGCCT CACCAAGTGG AACAACAAGA GCTTCAACAA 
1931 GACCAGTTGC AAACTGTGGT TGGCACTTTC CATGGATCCC AGGACCAGCC TCATCAAGTG 
2041 CTTGGTAACC ACCAAGCAGC CCCCCAGCAG AGCACTGGCT TTCCACGTAG CAGTCAGCCT 
2101 TATTACAACA GTCGCGGTGT ATCTCGAGGA GGGTCTCGTG GTGCCAGAGG CTTGATGAAT 
21S1 GGATACAGGG GCCCTGCCAA TGGATTTAGA GGAGGATATG ATGGTTACCG CTCTTCATTC 
2221 TCCVICACTC CAAACAGTGG CTATACACAG TCTCAGTTCA ATGCTCCCCG GGACTACTCT 
2231 GGCTACCAGC GC-GATGGATA TCAGCAGAAT TTCAAGC3AG GCTCTGC-GCA GAGTGGACCA 
23 41 CGGGGAGCC2 C.\CGAC-GTCA TGGAGGGCCC CCAAGACCCA ACAGAGGGAT GCCGCAAAXS 
2401 ^CACTCAGC AAGTGA.^TTA ATGTGATACA CAGGATTATG TTTAATCGCC AAAAACACAC 
24=1 TGGCCAGTGT ACCATAATAT GTTACCAGAA GAGTTATTAT CTARTTGTTC TCCCTTTCAG 
2S21 AAAACTTATT GTAAAGGGAC TGTTTTCATC CCATAAAGAC GGGACTGCAA TTGTCAGCTT 
2231 CATATTACCT GGAAATGGAA GGAACTATTC TTACTCTGCA TCrrCTGTCC TAAGCGTC^iT 
2C41 CTTGAGCCTT G 

Figure 6.1: Summary of partial promoter and cDNA sequence for Rat p 13 7. Sequence 

begins at minus (-) 450 bases from start (ATG) of pi 37 ORF and extends 250 bases 

downstream of stop codon (TGA). Putative promoter regulatory elements are shown: 

two TATA boxes (double underline), one stress responsive element (dotted underline), 

one CAAT box (underline) and one heat shock element (wave underline). 
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