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ABSTRACT 

 

Diethylstilbestrol (DES), a synthetic estrogen, was widely administered to pregnant 

women between 1947 and 1971 on account of a misconception that it could prevent 

miscarriages.  Due to the wide use of this estrogen-mimicking drug, at least four million women 

and their fetuses were exposed to DES.  The offspring of these women developed various 

reproductive tract abnormalities, including cancer.  We primarily focus on neonatal DES-induced 

abnormalities in the uterus and this study analyzed altered DNA methylation patterns.   

DNA methylation is a major component of the emerging topic of epigenetics and 

epigenetic modifications may be just as important to the development of cancer as are the 

classic genetic phenomena of DNA mutations.  We use Syrian golden hamsters to study the 

consequences of early developmental DES exposure.  The methodology of Methylation 

Sensitive Restriction Fingerprinting (MSRF) was tested as a means to screen for the presence 

of altered DNA methylation patterns in uteri from control vs. neonatally DES-treated hamsters.  

As a result of this screening process, we found 9 DNA fragments containing abnormal 

methylation or demethylation events.  Of these 9 fragments, 5 showed enhanced 

hypermethylation, 2 showed complete hypermethylation, and 2 showed incomplete 

hypomethylation.  Sequence analyses yielded results and alignment matches for 5 of the 9 

fragments of interest, 4 of which showed significant homologies to regions of the mouse and rat 

genomes. 
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CHAPTER 1 

 
INTRODUCTION 

 
 

1.1 Cellular Differentiation 

After fusion of the egg and sperm nuclei during fertilization, the diploid chromosome 

number in mammals is restored.  Early in development, the cell replicates its genetic material 

and rapidly divides.  Very early in embryonic development, all cells are genetically identical 

(embryonic stem cells) and each has the ability to become any tissue-specific type of cell later 

found in the body [1].  As these cells continue to proliferate and encounter changing patterns of 

soluble and contact-dependent signals, they begin to exhibit phenotypic differences [2] despite 

the fact that the DNA sequence (genotype) will normally remain unchanged in all the resulting 

nucleated somatic cells.  This process is known as cellular differentiation [1].  

The basis of cellular differentiation is differential gene regulation and expression. The 

differentiation fate and therefore the form/function of a given cell type is governed by the 

different patterns of gene regulation/expression.  In other words, the fate of a somatic cell 

ultimately depends upon the combination of genes that remain transcriptionally active, or those 

that are allowed to become activated as they are needed [3].  Gene expression and suppression 

depends upon regulatory processes that are discussed later. 

1.2 Gene Regulation and Epigenetics 

It is estimated that 30,000 to 40,000 protein-coding sequences are present within the 

roughly 3 billion base pairs that make up the human genome [4-6].  Some of the coding genes 

are expressed in all cells.  The functional products of these “house-keeping” genes are 

responsible for performing normal metabolic functions required in all viable cells, such as 

cellular respiration.  Other genes are regulated and only expressed within certain cells that 

complete particular differential pathways.  Regulation of gene expression is important to ensure 

that cells do not undergo unnecessary energy expensive reactions and perform only the tasks 
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responsible for a specific tissue or organ form and function.  Transcriptional regulation is also 

important to avoid potentially dangerous uncontrolled cell division.  Examples of gene regulatory 

elements that are present within the neighboring sequences of the gene they regulate (cis-

acting elements) are the promoter, enhancer, and insulator regions.  Promoter sequences are 

located directly upstream of the transcriptional start site and provide binding sites for proteins 

involved in transcription [7].  Enhancer sequences bind proteins that increase the rate of 

transcription from cognate promoters.  Enhancers can be located a great distance from the 

gene on which they act.  They can also be found downstream from the regulated gene [7].  

Insulator sequences organize genetic material into functional groups to help protect the area 

from cross-regulation.  Also important in gene regulation are regions rich in the dinucleotide CG, 

or CpG, islands, which will be discussed later in more detail. 

Molecules known as transcription factors function by binding to DNA.  Most of these 

factors are proteins, such as RNA polymerase II, TATA-binding protein, Enhancer binding 

protein, and several other protein factors that aid in the DNA-binding functionality of their partner 

proteins.  These and other trans-acting elements not only function to aid transcription regulation, 

but also to facilitate organization and maintain the structural integrity of chromosomes.  [8, 9] 

The organization of genetic information is vital to gene expression.  In addition to the 

transcriptional factors stated above, there are other proteins and factors that indirectly regulate 

transcription.  For instance, in eukaryotic organisms, DNA is tightly bound to histones in a highly 

organized manner.  Genes that are more actively transcribed, such as housekeeping genes, are 

bound to histones less tightly than are those genes that are less actively transcribed [9].  Such 

loose binding allows transcription factors better access to the gene promoter sequences that 

drive gene expression.  Furthermore, histones can be modified to affect their binding affinity to 

DNA.  For example, histone tails rich in the amino acid lysine can be acetylated which thereby 

reduces the overall positive charge of the histone protein [9].  DNA has an overall negative 

charge due to the phosphate groups present in the backbone of the molecule.  A decrease in 
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the positive charge of histones will thus decrease their affinity for DNA.  This decreased affinity 

creates a more accessible segment of DNA to those proteins involved in transcription [10]. 

Other factors can also play a role in gene regulation.  For instance, some non-coding 

RNAs can function to degrade mRNA, an example of post-transcriptional regulation [8].  Also, X 

chromosome inactivation utilizes non-coding RNAs to render most genes on the second X 

chromosome silent in females and thus ensure dosage compensation [11]. 

These processes can alter expression of a gene without altering the underlying DNA 

sequence.  This level of transcriptional regulation is also heritable as the factors that aid in its 

control are replicated along with DNA replication.  The study of heritable changes in gene 

expression that are not accompanied by changes in DNA sequence is called epigenetics [10].  

Due to the ability of such phenomena to control the transcriptional activity of genetic information, 

they are very important in gene silencing and genomic imprinting, which is essential for such 

events as cellular differentiation during development [10].  Histone modification and non-coding 

RNAs play a role in epigenetics, including the phenomenon of DNA methylation, which is 

explained below and is the key epigenetic mechanism studied in my project. 

1.3 DNA Methylation 

Selective silencing of specific genes is one way for genetically identical cells to 

differentiate into functionally diverse cells.  Most eukaryotic organisms rely on modifications of 

histones and other chromatin components to silence genes, which are necessary for 

differentiation.  Vertebrates, however, attain a greater control of silencing by taking advantage of 

the heritability of DNA cytosine methylation patterns [12]. 

Methylation of cytosine within the dinucleotide CpG is the epigenetic modification most 

commonly studied in humans.  In normal human DNA, approximately 3-6% of cytosines are 

methylated to form 5-methylcytosine [13].  Approximately 70-80% of 5-methylcytosines are 

located in CpG islands.  CpG islands (regions rich in CpG dinucleotides) are commonly found 

upstream of coding regions [14].  Transcription factors can bind unmethylated promoter regions 
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to allow expression of downstream genes.  Extensive methylation, however, is associated with 

silenced or lowly-expressed genes.  For example, inactivated X chromosomes in female 

mammalian cells are heavily methylated [11].  This inactivity can result from DNA transcription 

factor binding interference due to the methyl groups covalently added to DNAs.  Also, 

methylated DNA can recruit certain repressor proteins that facilitate the tighter binding of that 

portion of DNA to acetylated histones [10].  Such phenomena are important for biological 

processes such as cellular differentiation.   

CpG islands associated with most genes in adult mammals are normally heavily 

methylated in somatic cells [15].  Alternatively, the CpG islands found upstream of 

housekeeping genes are unmethylated.  This helps minimize the accidental expression of 

inactive genes [15].  Although heavily methylated CpG islands are associated with 

transcriptional silencing, the mechanism by which this occurs is not completely understood.  The 

increase in methylation events could result from a previous epigenetic signal that marks the 

gene for transcriptional inactivity [16].  Therefore, methylation can be a result of gene silencing 

and also be the mechanism by which the gene was rendered inactive.   

Another important biological role of DNA methylation is genomic imprinting.  This 

process does not affect the entire genome, but rather only a few hundred genes in the germ line 

and the methylation patterns vary between males and females.  The DNA found in mammalian 

gametes is heavily methylated.  Shortly after fertilization occurs, most of the DNA, with the 

exception of imprinted genes, is demethylated [17].  The imprinted genes are rendered inactive 

and remain that way throughout the life of the organism in the somatic cells.  Any gene that is 

imprinted will have only one active copy during development.  The DNA in somatic cells will then 

gradually continue to become methylated as the organism matures, until most genes (apart from 

the housekeeping genes of the cell) are rendered inactive.  As the germ line develops, there is a 

global demethylation event followed by sex-specific remethylation of imprinted genes to 

reestablish the differential patterns [17]. 
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A prime example of sex-specific gene silencing associated with genomic imprinting can 

be seen in Prader-Willi and Angelman syndromes.  These syndromes are manifestations of the 

rare deletion of a chromosomal region that contains 3 genes:  SNRPN, necdin and UBE3A [18].  

These genes are differentially methylated in the egg and sperm. The methylation patterns are 

removed and then reset according to sex prior to gamete formation.  In the egg, SNRPN and 

necdin are methylated and UBE3A in the maternal chromosome is transcriptionally active.  In 

the sperm, UBE3A is methylated and the other two genes are active in the paternal 

chromosome.  If this chromosomal region is deleted in the sperm, the resulting embryo will lack 

the activated copies of the SNRPN and necdin genes, because these genes are methylated in 

the maternal chromosomes and therefore inactive [19].  The individual will develop Prader-Willi 

syndrome.  If the rare deletion occurs in the egg, the embryo will lack the activated copy of the 

UBE3A gene and develops Angelman syndrome [19].  These syndromes illustrate sex-specific 

gene silencing as well as the ability of gene expression to be controlled epigenetically. 

Normal methylation events are enzymatic reactions catalyzed by a group of enzymes 

known as DNA methyltransferases (DNMTs).  These enzymes are responsible for covalently 

adding a methyl group to the C5 position of a cytosine residue.  The methyl group that is 

transferred is derived from S-adenosyl-L-methionine, (SAM) [10].  There are 2 major types of 

DNMTs.  One group catalyzes de novo methylation and the other is responsible for preserving 

normal methylation patterns.  During development, DNMT3L, DNMT3A, and DNMT3B apply the 

original methylation events [20].  This pattern is maintained by DNMT1, as this enzyme 

recognizes hemimethylated sequences of CpG sites after replication occurs [21].  DNA 

replication is semi-conservative in that each daughter molecule consists of one newly replicated 

strand and one template strand of DNA.  The template strand retains its methylation pattern as 

the complimentary sequence is being synthesized.  After replication occurs, the strands are 

considered to be hemimethylated, as one strand is methylated while the other is not.  The 
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enzyme DNMT1 then replicates the methylation pattern upon the newly synthesized strand 

using the methylation pattern present on the parental strand as a template [22]. 

Because DNA methylation is a vital component of normal gene regulation, any aberrant 

methylation event can be detrimental.  For instance, hypermethylation events taking place in the 

CpG islands of tumor-suppressor genes may cause their inactivation; a critical component of the 

tumorigenic process, as the silencing of tumor-suppressors can facilitate anomalous survival of 

cells [23].  Tumor-suppressors play many vital roles, one of which is maintaining control of the 

cell cycle to ensure that no unwanted division occurs.  For example, p53 is a tumor-suppressor 

responsible for stopping cell division at cycle checkpoints that monitor DNA damage [24].  If the 

DNA is damaged, for instance, active p53 protein prevents cell progression down the path of 

division by blocking cell entry into the synthesis phase of the cell cycle.  If the p53 gene is 

inactivated, say by hypermethylation of its promoter region, these checkpoints will essentially 

become non-existent and the cell will continue to divide even if the DNA is damaged [24].  

Additionally, DNA methylation is an epigenetic event and can be inherited transgenerationally.   

A number of environmental factors can cause anomalous methylation events.  Eating 

certain foods (foods rich in folate [25], such as leafy green vegetables) and being exposed to 

certain drugs, metals and chemicals (such as DES, lead, and bisphenol-A [26], respectively) are 

some examples.  Prolonged exposure to these factors can not only affect the methylation 

patterns of a mature organism, but can also have serious consequences if exposure occurs very 

early in development, especially during organogenesis.  Nutrient deficiencies can also cause 

abnormal methylation events, such as consuming inadequate amounts of zinc or selenium [27].  

Altering methylation patterns at this time could essentially reprogram cells and render them 

incapable of functioning normally as the affected individual matures [10].   

A prime example of the influence of diet on gene expression can be seen in Agouti mice.  

These mice are named as such because they have a mutation in the Agouti gene, which in 

mice, is responsible coat color [28].  Heterozygous mice have a yellow agouti coat color, 
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whereas homozygous non-agouti mice have a dark coat.  Heterozygotes are more likely to 

become obese and have a higher risk of diabetes and tumors.  In one study, homozygous non-

agouti mice were mated with heterozygous agouti mice and the gestating animals were then fed 

a diet high in genistein, the major phytoestrogen in soy [29].  The result was a shift in coat color 

of the heterozygous agouti offspring from agouti yellow to a darker “pseudoagouti” or brown 

color.  Not only did coat color of the offspring change, but the effects of altered gene expression 

extended well into adulthood as shown by a decreased incidence of obesity and related 

diseases [29].  The Agouti gene is considered a metastable epiallele that can be expressed 

differentially in genetically identical individuals due to altered methylation status.  The normal 

methylation patterns are set early in development and environmental factors such as diet and 

exposure to certain chemicals can alter these patterns resulting in differential gene expression.  

The genistein that the maternal mice were fed caused an increase in methylation of the Agouti 

gene in the offspring, thereby suppressing expression of the gene and its undesired effects such 

as obesity.  The fact that methyl supplements were able to alter the phenotype of these 

offspring indicates that supplementation can have a robust effect on DNA methylation events 

and potentially affect long-term health [30]. 

Such phenomena demonstrate that external factors introduced during early development 

can affect the individual later in life.  This is the basis for the idea of an early origin of adult 

human diseases.  Basically, this refers to events occurring early in development that essentially 

reprogram organ systems resulting in later failure of these systems to function properly [10].  

There are many classic examples of this.  For instance, smoking while pregnant can cause low 

birth weight which can lead to a greater risk of many diseases such as heart disease, 

hypertension, and stroke as the prenatally exposed individual ages.  As previously mentioned, 

organogenesis begins early in development.  However, many organ systems are not completely 

developed until perhaps weeks, months, or years after birth.  Due to a lengthy gestation period 

followed by periods of postnatal and prepubertal maturation, the individual is susceptible to 
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environmental influences during sensitive developmental periods that are prolonged [10].  

Exposure to certain factors during these times can permanently alter the organ system’s 

structure and/or its ability to function properly [10]. 

1.4 Endocrine Disruption 

Bisphenol-A (BPA) is a compound used in the production of polycarbonate plastics and 

therefore found in a variety of household items.  Baby bottles, plastic food containers, and 

internal linings in food cans are just a few examples.  BPA is a non-steroidal estrogen and is 

considered to be an endocrine disrupting chemical (EDC) because it has the ability to mimic the 

role of estrogen in the body.  Also, studies showed that if exposure to BPA occurs during 

embryonic development, it can result in abnormal development and altered gene expression 

due to disruption of normal hormonal signaling [26].  This disruption alters the normal 

methylation patterns of the genome.  In one study, when Agouti mice are exposed to BPA 

during gestation, there is a higher incidence of yellow agouti mice, due to altered methylation of 

the metastable epiallele, the Agouti gene.  When these mice were fed a diet high in genistein (a 

methyl donor), the effects of the BPA exposure are eliminated. Therefore, exposure to BPA 

causes demethylation of the gene, whereas genistein helps to reinstate the normal methylation 

status of the gene [29].   

Another example of an EDC is diethylstilbestrol (DES).  DES was the chemical used in 

this study to disrupt development of the reproductive tract. 

1.5 DES Exposure 

Diethylstilbestrol (DES) was synthesized in 1938 and is capable of imitating the action of 

estradiol-17β (E2), the primary ovarian estrogen.  It was once thought that increasing estrogen 

levels would prevent miscarriages.  For this reason, beginning in 1947, DES was often 

administered to pregnant women [31].  The notion of DES as a protector against miscarriages 

was quickly overturned in 1971 with reports of reproductive tract abnormalities in the offspring of 

DES-treated mothers [32].  Included in these defects was reproductive tract cancer.  During the 
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many years of its use, estimates are that at least four million women and their fetuses were 

exposed to DES [33].  This unfortunate phenomenon gained vast attention and became known 

as the “DES Syndrome”.  Numerous studies confirmed the existence of the syndrome and DES 

was recognized more generally as the prototypical “endocrine disruptor agent” [34, 35].   

 Dramatic effects of neonatal DES exposure are seen in the reproductive tract of Syrian 

golden hamsters (Mesocricetus auratus).  We use these animals to investigate the phenomenon 

of neonatal DES-induced uterine cancer because they have a very predictable and short 

gestation period (16 days).  Also, the reproductive tract in newborn hamsters represents the 

same developmental stage as in humans that were exposed to DES in utero.  More importantly, 

hamsters proved very sensitive to the neonatal DES exposure regimen.  After only a single dose 

of DES within 6 hours of birth, all treated hamsters developed reproductive tract abnormalities 

[36-38].  Observations in the females included abnormalities in the cervix, uterus, oviducts, and 

ovaries.  In males, effects of this exposure were seen in the seminal vesicles, epididymides, and 

testes [36-38].  However, the irregularities seen in the uterus are particularly relevant to this 

study. Within 5 days of treatment, the DES-exposed uterus was 3 times heavier than that in 

control animals [39].  Even in ovariectomized animals, DES-exposed uteri remained heavier 

than those in controls.  This was the first indication that neonatal DES exposure could induce a 

direct and permanent alteration in the hamster uterus that was independent of ovarian function 

[39].  Weights of the uteri were still three-fold greater in DES-exposed animals compared to the 

control animals after stimulation with estrogen.  This was an early indication that neonatal DES-

exposure caused the adult uterus to respond abnormally to estrogen [39].  Due to this abnormal 

response, there was a high incidence of endometrial adenocarcinoma, a form of estrogen 

dependent uterine cancer, in hamsters exposed neonatally to DES.  Hamsters exposed 

neonatally to DES developed benign uterine lesions at a young age and uterine 

adenocarcinoma as an adult [40].  Though the presence or absence of the ovaries had no effect 

on the development of the DES-induced uterine lesions in the immature hamster, the 
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development of the uterine adenocarcinoma observed in the mature hamster was completely 

dependent upon post-pubertal estrogen exposure [40]. 

 The findings described above and in other related studies on the effects of neonatal DES 

exposure [39-41] established that early and permanent changes occur in the developing uterus 

(initiation stage).  Consequently, the adult uterus responds abnormally to the natural hormone 

(estrogen) that is released from the adult ovary (promotion stage).  The final result was a high 

incidence of endometrial adenocarcinoma.  We have the ability to study this clinically important 

form of cancer because it can reliably be induced in our experimental system. 

1.6 DNA Methylation and DES 

Many studies confirmed that neonatal exposure to DES causes a number of 

reproductive tract abnormalities, including cancer, in both males and females.  How DNA 

methylation is involved in the progression of these abnormalities is not known.  However, there 

is evidence that it does play an important role in endocrine disruption.  Expression levels of DNA 

methyltransferases (Dnmt1, Dnmt3a and Dnmt3b) were altered in mice that were exposed post-

natally (days 1-5 of life) to DES [42].  Additionally, that study detected 7 demethylation events 

and 1 methylation event in genomic DNA from the epididymis of DES-treated compared to 

control mice.  Further analysis of 4 loci that were demethylated in the DES-treated mice showed 

them to be located within CpG islands near coding genes [42].  In a different study, Tang et al. 

showed that hypomethylation of the CpG island of Nucleosomal Binding Protein 1 (Nsbp 1) in 

mice occurs in response to neonatal treatment of DES.  This resulted in a continual 

overexpression of the gene throughout life [43].  Such observations support the possibility that 

alterations in DNA methylation could be part of the mechanisms by which DES exposure 

induces reproductive tract abnormalities. 

1.7 Research Plan 

This project tested the Hypothesis that epigenetic alterations during early development 

are part of the process by which neonatal DES exposure disrupts prepubertal uterine 
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morphogenesis and then estrogen responsiveness in adulthood.  Our Specific Aim is to use 

the Methylation Sensitive Restriction Fingerprinting (MSRF) method to screen for evidence of 

differences in DNA methylation that occur during the initiation stage of neonatal DES-induced 

uterine disruption/cancer. 

 Methylation Sensitive Restriction Fingerprinting (MSRF) was first used to identify altered 

DNA methylation patterns in breast carcinoma, a type of hormone-dependent cancer [44].  

Another form of hormone-dependent cancer, prostate cancer, was studied more recently using 

the MSRF method to identify genes whose altered methylation status was linked to the 

development of the disease [45].  In that study, prostate cancer was induced by neonatal 

exposure to a suspected endocrine disruptor agent, bisphenol A.  This exposure was followed 

by prolonged adult stimulation with estrogen.  These studies confirmed that the role of DNA 

methylation in development of endocrine disruption and hormone-dependent cancer can be 

explored using the MSRF method. 

 MSRF can be used to globally screen for alterations in DNA methylation patterns.  A 

double digestion of DNA is performed using first an enzyme (MseI) that cuts the DNA into many 

small pieces, followed by an enzyme (BstUI) that cuts in CpG islands, but only if the site is 

unmethylated.  Only half of the initial digestion mixture undergoes the second digestion.  All 

samples then undergo PCR.  An illustration of the procedure can be seen in Figure 1.  Then, 

single and double digestion products of the experimental sample (DNA from neonatally DES-

exposed uteri) can be compared to single and double digestion products of the control sample 

(DNA from control uteri).  Different banding patterns among those digests then indicate four 

possible outcomes:  no methylation, normal methylation, hypermethylation, or hypomethylation 

(Table 1).  We chose the MSRF approach because it was useful in exploring the role of DNA 

methylation in endocrine disruption and hormone-dependent cancers [44, 45]. 
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Figure 1.  Diagram displaying MSRF procedure. 
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CHAPTER 2 
 
 

MATERIALS AND METHODS 
 
 

2.1 Animal Model and Experimental Design 

 Pregnant adult female Syrian golden hamsters were purchased from Harlan Sprague 

Dawley Inc, IN.  The animals were maintained in a climate-controlled room at 23-25°C.  They 

were exposed to a 14 hour light and 10 hour dark cycle.  The animals were allowed access to 

food and water according to the Wichita State University Institutional Animal Care and Use 

Committee (IACUC) guidelines. 

 Within 6 hours of birth, neonates were sexed and litter size was adjusted to 8 offspring 

per litter by eliminating extra males.  The adjusted litter received a single inter-scapular 

subcutaneous injection of 50 µl of vehicle corn oil alone (control hamsters) or vehicle containing 

100 µg DES (~33 mg/kg body weight).  The uteri for DNA isolation were harvested from 5-day 

old intact animals.  The tissues were immediately frozen on dry ice and stored at -80°C until 

DNA could be extracted. 

2.2 DNA Extraction 

 Uteri from DES-treated animals exhibit, on average, a 3-fold increase in weight 

compared to uteri from control animals.  Therefore, to ensure equivalent yields of DNA from 

both sources, 3 control uteri versus 1 DES-treated uterus were used as input samples for DNA 

extraction.  The tissues were homogenized and DNA was then extracted using the Wizard 

Genomic DNA Purification kit (Promega Corporation, Madison, WI).  Samples were quantified 

using the Eppendorf BioPhotometer and ran on a 0.8% agarose gel to confirm isolation of high-

molecular weight genomic DNA. 

2.3 MSRF 

2.3.1 Digestion of Genomic DNA 
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 Genomic DNA (2.4 µg from both control and DES-exposed uteri) was digested by the 

MseI restriction enzyme overnight at 37°C at a concentration of 1 unit per 1 µg DNA.  The 

recognition site of MseI is 5’…T/TAA…3’.  This sequence is common in bulk DNA but rare in 

CpG islands.  Thus this enzyme cuts genomic DNA into smaller fragments while leaving CpG 

islands intact.  The initial digestion product was then split in half and one portion from each 

treatment group underwent another round of digestion using the restriction enzyme BstUI (60°C 

for 3 hours) at a concentration of 1 unit per 1 µg DNA.  The recognition site of BstUI is 

5’…CG/CG…3’.  This sequence is common in CpG islands but rare in bulk DNA.  Also, the 

activity of BstUI is blocked by methylation of the cytosine contained within the recognition site.  

This allows for differentially methylated pieces of DNA to be cut into different sized fragments.  

Samples were quantified using the Eppendorf BioPhotometer and run on a 0.8% agarose gel. A 

smear indicated that genomic DNA was digested.  The final digestion products (control single 

and double digestions, and DES single and double digestions) were used for PCR. 

2.3.2 PCR 

Ten different combinations of paired arbitrary primers were used for PCR.  All possible 

combinations were chosen from the following primers:  Bs7, 5’-GAGGTGCGCG; Bs11, 5’-

GAGAGGCGCG; Bs17, 5’-GGGGACGCGA; PCG1, 5’-AAGGAAGACG; and PCG4, 5’-

TCCTTCCTCG.  Fragments of interest are most likely located within CpG islands, containing 

large amounts of the dinucleotide CpG.  The CpG content of these primers made them ideal to 

ensure affinity during the annealing step of PCR.  A master mix consisting of 1 unit Platinum 

Taq DNA polymerase (Invitrogen, Carlsbad, CA), 0.2 mM dNTP mixture, 1X PCR buffer minus 

Mg, 1.5 mM MgCl2, and 0.2 mM of each primer was first prepared and then divided into 5 

aliquots.  Then 100 ng of single- and double-digested control DNA and single- and double-

digested DES-treated DNA was added to each respective PCR tube.  Water was added to the 

fifth reaction tube to serve as a negative PCR control.  The samples were run in an Eppendorf 

Mastercycle Gradient thermocycler under the following program:  94°C for 2 minutes (to activate 
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the Taq polymerase), 40 cycles of [94°C for 2 minutes (denaturation), 40°C for 1 minute 

(annealing), 72°C for 2 minutes (elongation)], 72°C for 10 minutes, and the reaction tubes were 

held at 4°C. 

2.3.3 Gel Electrophoresis 

 A 6% polyacrylamide sequencing gel was prepared using freshly made 10X TBE buffer 

and a polyacrylamide solution (19% acrylamide/1% bis-acrylamide w/w) that was no older than 

one month.  The gel was affixed with the flat side of a shark’s tooth comb and was allowed to 

set overnight to ensure polymerization.  Before use, the empty gel was pre-run for 30 minutes at 

1,200 V using freshly made 1X TBE buffer.   Reaction tubes received 4 µl of 6X loading dye and 

12 µl of each sample was loaded on the gel after it was equipped with a shark’s tooth comb.  

After 200 ng of the 100 bp molecular weight standards were loaded on each side of the gel, it 

was run at 1,600 V for 30-35 minutes, at which point the Orange G dye front migrated to a few 

centimeters from the end of the gel. 

2.3.4 Staining and Excising Bands of Interest 

 The gel was post-stained with a freshly prepared 1X solution of Sybr Green I (Invitrogen, 

Eugene, OR) for 25 minutes.  The bands were visualized using the Versa Doc system and a 

digital image was captured.  The gel was then transferred to a UV trans-illuminator where the 

fluorescent bands of interest (see below) were excised using a clean razor blade.  The excised 

gel pieces were placed in clean, labeled 1.5 mL microcentrifuge tubes containing 50 µl of 

DNase free H2O. 

2.3.5 Determining Bands of Interest 

 Once the samples were separated by gel electrophoresis, we evaluated banding 

patterns for evidence of altered DNA methylation events in uteri of DES-treated animals versus 

uteri of control animals (Table 1).  Fragments seen in the single digestion columns of both the 

control and DES-treated DNA served as reference fragments.  Any discrepancy seen in the 
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appearance of fragments in the double digestion products suggested potential altered 

methylation event(s) and thus fragments of interest. 

TABLE 1 

POTENTIAL METHYLATION EVENTS FOLLOWING MSRF 

Table 1 Control DES 

Methylation condition 

in DES-treated relative 

to Control DNA 

Mse I 

1 

Mse I/BstU I 

2 

Mse I 

3 

Mse I/BstU I 

4 

1.  No Methylation I  I  

2.  Normal Methylation I I I I 

3.  Hypermethylation     

     3a.  Complete I  I I 

     3b.  Enhanced I I I I 

4.  Hypomethylation     

     4a.  Complete I I I  

     4b.  Incomplete I I I I 
 

2.3.6 Eluting and Reamplifying DNA from Bands of Interest 

 Gel slices containing bands of interest were incubated at room temperature overnight in 

50 l of DNase free H2O.  Samples were spun at maximum speed for 30 minutes and 

supernatant was removed and placed into clean, labeled 1.5mL microcentrifuge tubes.  

Reamplification by PCR was performed with the same experimental conditions as before using 

10 l of supernatant as template.  The same primers were used as in the initial PCR mix.  These 

reactions were done in triplicate to ensure ample PCR product for cloning.  Confirmation of 

reamplifaction was achieved by running PCR products on a 1.2% agarose gel.  If the samples 

contained ample product, the samples were used as they were for the cloning reaction.  
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However, those samples that appeared to be dilute, as indicated by a weak band signal, were 

first concentrated by speed-vac and then utilized in the cloning reactions. 

2.4 Cloning 

2.4.1 Transformation 

 Cloning was performed using the TOPO-TA pCR-4 vector and One shot TOP10 cells 

(Invitrogen, Carlsbad, CA).  A 750 bp control template insert was included in the kit.  The PCR 

was performed according to kit instructions.  A negative PCR control consisting of all 

components of the master mix and the respective primers, but lacking DNA was also performed. 

To confirm amplification of the positive control insert, 10 l of PCR product was run on a 2% 

agarose gel.  The cloning reaction was set up according to kit instructions to insert positive 

control and unknown PCR fragments into the TOPO vector.  Transformation of One shot TOP10 

competent cells was performed and cells were spread on freshly prepared LB/Kanamycin plates 

at two different concentrations to ensure the colonies would be sufficiently spread out.  Plates 

were incubated at 37C for 16 hours.  Three colonies from each set of plates were selected and 

placed in 5 ml of freshly prepared LB/Kanamycin broth for cloning.  The cultures were allowed to 

incubate at 37C overnight. 

2.4.2 Plasmid Preparation 

 Cloned cells were spun down at 4,400 rpm for 10 minutes and the supernatant was 

removed.  Plasmid preparation was performed using the Wizard Plus Miniprep DNA purification 

kit (Promega corporation, Madison, WI).  The column-purified product was then quantified and 1 

µg of each sample was digested with the restriction enzyme EcoRI for 1 hour at 37C.  The 

vector used for the cloning reaction contains EcoRI cut sites that flank the region of fragment 

insertion.  The digested samples were then run on a 1.8% agarose gel to confirm insertion of 

target fragment.   

2.5 Sequencing 
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2.5.1 Sample Preparation 

Samples confirmed to have the fragment size of interest (plus the flanking regions of the 

vector) were prepared for sequencing by adding 3.2 pmol of T7 promoter primer supplied by the 

cloning kit to 500ng of DNA as per UC Berkeley DNA Sequencing Facility requirements. 

2.5.2 BLAST Analysis 

 All samples were sent to UC Berkeley DNA Sequencing Facility (Berkeley, CA) for 

sequencing.  Sequences of actual inserts were determined by identifying and omitting the 

known sequence of the plasmid.  If flanking regions of the sequences matched those of the 

primers utilized in that specific amplifications, the inserts were confirmed as the fragments of 

interest and cloning was deemed successful.  A BLAST search was performed on all confirmed 

fragments of interest and sequences were compared to mouse and rat genomes to determine 

homology/significance. 
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CHAPTER 3 
 
 

RESULTS 
 
 

3.1 Fragments of Interest 

 Following PAGE separation of the initial PCR reaction products, 9 fragments were 

determined to be of interest.  Of those initial fragments, 5 were successfully reamplified, cloned, 

sequenced and analyzed using BLAST.  The PAGE analyses and banding patterns of 

fragments A12, A35, B15, C24 and D24 can be seen in Figure 1.  The fragments are identified 

(ID) by a letter followed by 2 digits, referring to the primers used during initial and subsequent 

amplification of those fragments.  The primers were numbered as follows: Bs7 – 1; Bs11 – 2; 

Bs17 – 3; PCG1 – 4; PCG4 – 5.  For example, fragment A12 was a result of amplification 

utilizing primers Bs7 and Bs11.  The columns numbered 1-4 refer to the digestion process as 

seen in Table 1.  Columns 1 and 3 refer to the single digestions of the CON and DES samples 

respectively; and columns 2 and 4 refer to the double digestions of the CON and DES samples 

respectively. 

 
 

Figure 2.  PAGE separation showing banding patterns of fragments of interest. 
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3.2 Sequences of Inserts 

 Sequence analyses yielded clean sequences for the above fragments.  The traces and 

sequences were trimmed to exclude vector sequences. 

 Sequences of the inserts can be found below in Table 2.  The sequences are listed by 

their identification number followed by the methylation event (ME) that was determined by 

comparing banding patterns to Table 1. 

3.3 Blast Analyses 

 Nucleotide BLAST analyses were performed on each successfully sequenced fragment.  

Sequence homologies were searched in the nucleotide nr/nt database.  Search results were 

selected if they had a greater than 75% homology with rat, mouse or hamster sequences.  The 

percent identities, percent gaps, and e-values were recorded. 

 Fragment A12 had a length of 106 bp.  The MSRF banding pattern suggested an 

enhanced hypermethylation event for this fragment.  It showed 80% homology to the Mus 

musculus BAC clone RP23-472G10, with an E-value of 3e-9 and 3% gaps.  There is no known 

product for this clone. 

 Fragment A35 had a length of 482 bp.  The MSRF banding pattern suggested an 

enhanced hypermethylation event for this fragment.  It showed 87% and 86% homology to the 

RIKEN cDNA 1700008P20 gene found in Rattus norvegicus and Mus musculus, respectively.  

The E-values were 6e-166 with 0% gaps for rat and 4e-155 with 1% gaps for mouse.  The 

products for these genes are hypothetical proteins that are tescalcin-like and calcium-binding.  

Fragment A35 also showed 76% homology with 0% gaps to rat and mouse tescalcin mRNA.  

The E-values of these alignments were 5e-72 for rat and 2e-71 for mouse. 

 Fragment B15 had a length of 511 bp.  The MSRF banding pattern suggested an 

enhanced hypermethylation event for this fragment.  B15 showed 74% homology with 6% gaps 

and an E-value of 3e-74 to clone RP23-161K8.  This fragment is found within a repeat region on 

chromosome 5 in Mus musculus.  Fragment B15 also showed 74% homology with 6% gaps to 
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clone F830012H14 in mouse, which has an unclassifiable product.  The E-value was 2e-70.  

B15 also showed 82% homology with 2% gaps and an E-value of 1e-54 to the CYP3A1 gene in 

Rattus norvegicus.  The product of this gene is Cytochrome P450/6 beta B.  This fragment also 

showed 74% homology with 9% gaps and an E-value of 4e-42 to testosterone 6-beta 

hydroxylase, CYP3A2 gene in rat.  Fragment B15 also showed 100% homology with 0% gaps to 

CYP3A31 mRNA in Mesocricetus auratus with an E-value of 8e-19. 

 Fragment C24 was 183 bp.  This MSRF banding pattern of this fragment suggested 

hypermethylation.  It showed 79% homology with 1% gaps to clone RP 23-472A8 on 

chromosome 4 in Mus musculus, with an E-value of 2e-33.  This clone contains part of the 

Csmd2 gene for CUB and Sushi multiple domains 2.  Fragment C24 also showed 93% 

homology with 0% gaps to arnt mRNA whose product is the aryl hydrocarbon receptor nuclear 

translocator in Mesocricetus auratus.  The E-value was 0.72. 

 Fragment D24 did not provide any significant homologies during the BLAST analysis, 

therefore no BLAST results were reported. 
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Figure 3.  Sequence trace for fragment A12.  
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Figure 4.  Sequence trace for fragment A35.  
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Figure 4 (continued).  Sequence trace for fragment A35.  
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Figure 5.  Sequence trace for fragment B15.  
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Figure 5 (continued).  Sequence trace for fragment B15.  
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Figure 6.  Sequence trace for fragment C24.  
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Figure 7.  Sequence trace for fragment D24.  
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TABLE 2 

SEQUENCES OF FRAGMENTS OF INTEREST 

  

Table 2 Sequence of Insert 

B15 Fragment (530bp) 
Enhanced Hypermethylation 
(ME 3b) 

AGGTGCGCGTGTGTATGTCTATGACTGTGCATGCAGAGGTCACAGGAAGGTGTCACATG

TCCTCCTCGAACACTCTGCCTTTACCCACTGAGTCATCATGCTGGTGCCACTAAAGTTA

CTGGAGAACTTTTCTCTGTCAGAAACAGTAGCCCTCAATTCATGGGATTGAGGGTTTGG

TTCCCTGGCTACAAAAGGGCTGGTACATACAGGACAATAATTGATTCTATGCTATTTCT

CTTTGTAGGGTATATGGACATTTGATATCGAGTGCCATAAAAAGTATGGAAAAATATGG

GGGTGAGTATTCTGGAGAATTCCATGGAGTTGACTTTTTAGGAGGATATGATCCACTTG

TGGAAGGACAATGCCTGCCCAGAATTGTAGTAATGCACCTCTCTGTCGTAACGGTGATG

ACAGGTGTCATTGGTGCCATGGTTCACAGGCCTACTTATCTGGAGAACATTGCATACTG

AGGCTTTCAACAGGCTTTGAGATGCTCTATGGAGCCGGGCGGTGATGGCGCGCACCTC 

C24 Fragment (203bp) 
Enhanced Hypermethylation 
(ME 3b) 

GAGAGGCGCGCATCTGTGGGTTGGTGGAGATACATTGTGGTTATGGCCAGCTCTGGTGT

CCAGTGATGCTGGTTGGTGCCCTGGGAAACCAGAGCAACAGCTACTACATGCCAGATGC

TGTCCACTGCTAAGAATGGTTCTCAGGGCTCAACTGCATGAGCTGAAACCCAGAACTTC

TGTTTGCATCTTACTTCGTCTTCCTT 

A12 Fragment (126bp) 
Enhanced Hypermethylation 
(ME 3b) 

GAGAGGCGCGGAGGAGCAAGAAAAATAAAAAAAAATATAAAATAGTATGAGAAACTGGT

GTCAGTGGAAAAGCATGGCTGCTTTCTAGGGGAAAAATATTTGTGCGTTTGTGTGTGCG

CGCACCTC 

 

A35 Fragment (502bp) 
Enhanced Hypermethylation 
(ME 3b) 

GGGGACGCGAGAGCAGGAGCGACTTCTGGTGGACGCAGATCCAGGAGGGGTTCCGGAGC

CAGAGCGACTTCAACTGGGACCAGATCAAGCAGCTGCACCAGAGGTTCCGGCTGCTGAG

CGGAGACCAGCCCACCATCCGGCCCGAGAACTTCGACTACGTCCTGGACCTGGAGTTCA

ACCCGATCCGCTCCAGGATCGTCCGCGCCTTCTTCGACAACCGGAACCTGGGCAAGGGG

ACCAGCGGCCTGGCGGAGGAGATTGGCTTCGAGGACCTCCTGACCATCATCTCCTACTT

CAAGCCGCTGCGCTCGCACTTCAGCAAGGAGGAGGCGGAGCTGTACCGTCGGGAGAAGC

TGCGCTTCCTCTTCCACATGTACGACGAGGACGGCGACGGGGTCATCACGCTGCAGGAG

TACCGCAGGGTGGTGGAGGACCTGCTGTCGGCGAACCCGCAGGTGGAGCGCGCCTGGGT

GCGCTCCATCGCCAACTCCATCGCGTCCCC 

D24 Fragment (158bp) 
Enhanced Hypermethylation 
(ME 3b) 

GAGAGGCGCGTGCTCNAGGTGCAAGAACGGGCTATAAATAGCAGGGGTGCAGCAGTCAT

GAGTGTGGTTTTCTGTTGGTAGGGCGAGCTCGTGTGCAGATGCTTTCCACCCACCGTAT

ATGCCTGCACGTCAAGTCCCTCTTCGGCGGCGTCTTCCTT 
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TABLE 3 

BLAST SEARCH RESULTS

Fragment ID 
(bp) 

Methylatio
n Event 

Description Product E value Identities (%) Gaps (%) GenBank Organism 

A12 (106bp) 3b BAC clone RP23-
472G10 

N/A 3e-09 70/87 (80%) 3/87 (3%) AC122376.4 Mus musculus 

A35 (482bp) 3b Similar to RIKEN 
cDNA 1700008P20 

Hypothetical 
protein 
LOC292706 

6e-166 420/481 (87%) 0/481 (0%) NM_001106233.1 Rattus norvegicus 

A35 (482bp) 3b RIKEN cDNA 
1700008P20 gene 

Hypothetical 
protein 
LOC69301 

4e-155 412/478 (86%) 5/478 (1%) NM_001163810.1 Mus musculus 

A35 (482bp) 3b Tescalcin (Tesc), 
mRNA 

Tescalcin 5e-72 293/385 (76%) 0/385 (0%) XM_213790.6 Rattus norvegicus 

A35 (482bp) 3b Tescalcin (Tesc), 
mRNA 

Tescalcin 2e-71 300/397 (76%) 0/397 (0%) NM_021344.3 Mus musculus 

B15 (511bp) 3b Clone RP23-161K8, 
chromosome 5 

No product – 
Repeat region 

3e-74 378/511 (74%) 31/511 (6%) AC111090.20 Mus musculus 

B15 (511bp) 3b Activated spleen 
cDNA, RIKEN full-
length enriched 
library, clone 
F830012H14 

Unclassifiable 2e-70 378/513 (74%) 33/513 (6%) AK156222.1 Mus musculus 

B15 (511bp) 3b CYP3A1 gene Cytochrome 
P450/6 beta B 

1e-54 194/236 (82%) 5/236 (2%) AB008388.2 Rattus norvegicus 

B15 (511bp) 3b Testosterone 6-
beta-hydroxylase, 
CYP3A2 gene, exon 
3 

Testosterone 6-
beta-hydroxylase 

4e-42 239/324 (74%) 28/324 (9%) U09726.1 Rattus norvegicus 

B15 (511bp) 3b mRNA for CYP3A31 CYP3A31 8e-19 57/57 (100%) 0/57 (0%) D86951.1 Mesocricetus 
auratus 

C24 (183bp) 3b Clone RP23-472A8 
on chromosome 4 

Contains part of 
the Csmd2 gene 
for CUB and Sushi 
multiple domains 
2 

2e-33 143/180 (79%) 2/180 (1%) AL611934.18 Mus musculus 

C24 (183bp) 3b arnt mRNA Aryl hydrocarbon 
receptor nuclear 
translocator 

0.72 26/28 (93%) 0/28 (0%) AB263099.1 Mesocricetus 
auratus 
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CHAPTER 4 
 
 

DISCUSSION 
 
 

4.1 Protocol Assessment 

 As acknowledged above, the effects of DES exposure, especially during critical 

developmental stages of the reproductive tract, result in severe morphological and functional 

abnormalities in the uterus.  The dependence of these abnormalities on subsequent estrogen 

exposure suggests an underlying epigenetic cause.  To restate according to that hypothesis, 

when the hamster uterus is exposed to DES (an estrogen mimicking compound) during early 

neonatal development, it is essentially “reprogrammed” so it will respond abnormally to the 

normal ovarian estrogen released starting at puberty.  Supporting this is our observation that 

prepubertal ovariectomy blocked uterine tumorigenesis while estrogen replacement restored 

uterine tumorigenesis in neonatally DES-treated hamsters [46].  In the present study, we 

focused on DNA methylation, the most commonly studied epigenetic event, as part of the 

mechanism involved in the disruption phenomenon.  More specifically, our hypothesis was that 

epigenetic alterations during early development are part of the process by which neonatal DES 

exposure disrupts prepubertal uterine morphogenesis and then estrogen responsiveness in 

adulthood.   

Our analytical approach involved a modified version of the MSRF protocol.  The 

enzymes used to cut genomic DNA and the primers plus cycle parameters used for PCR in this 

study were based on established methods [44] and they did generate several DNA element 

targets.  Regarding the PAGE analyses, the ratio of acrylamide to bisacrylamide was not clearly 

defined in previous studies.  We initially used a 29% acrylamide/0.8% bisacrylamide stock 

solution to generate 6% polyacrylamide gels.  However, we could not elute DNA from such gels.  

We ultimately found that a 19% acrylamide/1% bisacrylamide starting stock solution allowed us 

to generate final separating gels (6% polyacrylamide) from which we could effectively elute DNA 
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bands of interest.  Also, a shark’s tooth comb was used to divide the wells for loading the 

samples.  The comb had to be handled with great care in order to avoid well-to-well 

contamination during loading.  Later, it was realized that using a standard flat well comb was 

more useful and provided sturdier wells for loading samples, however with this comb, the tops of 

the wells on the sides of the gels would not polymerize completely.  As a result, the flanking 

lanes of the gels were not used.  The method for DNA detection in gels was also optimized.  

Rather than using autoradiography to detect radioactively labeled DNA, we used Sybr Green I 

to stain our gels.  While the manufacturer's protocol called for pre-staining the samples or 

adding staining solution to the gel, we were only able to visualize crisp bands in post-stained 

gels.  Due to fragility of the gels, they were kept on the glass plate from the electrophoresis 

apparatus during the staining process.  Next, we encountered difficulties with the established for 

eluting stained DNA bands of interest from dried gels.  Instead we visualized the gel 

immediately after staining on a UV trans-illuminator and excised fragments of interest from the 

wet gel.  Although challenging because the wet gel is difficult to maneuver, it provided adequate 

elution yield.  When excising the bands of interest, we initially cut out only the single fragment in 

each lane.  However, we later cut across all four lanes (C1, C2, D1, and D2) to increase total 

DNA elution yield.  This strategy was provided by our consultants, Dr. Shuk-mei Ho and Dr. 

Wan-yee Tang.  Dr. Tang also provided clarification regarding the elution by advising us to 

conduct it at room temperature overnight, as the literature did not specify expected elution time.  

To provide adequate final yield, reamplification was done in triplicate and the products were 

concentrated by speed-vac.  DNA fragment insertion into the cloning vector, transformation, 

cloning, and plasmid preparation followed the commercial kit instructions and did not require 

any modifications.  Overall, the MSRF protocol, with minor variations, proved to be a successful 

screening tool for altered DNA methylation elements in neonatally DES-exposed uteri compared 

to control uteri.  However, one concern was our inability to recover larger (mostly >500 bp) 

fragments of interest.   
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We utilized the BLAST database search to retrieve sequences homologous to our DNA 

fragments of interest.  An important impediment to such an analysis is the current lack of a fully 

sequenced hamster genome.  Thus we were limited to consideration of homologous sequences 

primarily from the rat and mouse.  However, two of our fragments of interest were found 

homologous to known hamster sequences, showing that there are some hamster genes 

included in the database.  Still, a complete hamster genome is needed for a more accurate and 

comprehensive homology analysis. 

4.2 Implications of Results 

 Previous studies showed that aberrant methylation events can play a role in 

carcinogenesis and that normal methylation patterns can be altered by xenobiotics, such as 

DES.  The results of this study suggest that neonatal exposure to DES can alter normal 

methylation patterns and that these alterations may contribute to disruption of prepubertal 

uterine morphogenesis and then to abnormal estrogen responsiveness in adulthood.  The DNA 

elements we found to be abnormally methylated did align to genes with interesting implications 

for the epigenetic mechanisms by which DES exposure disrupts uterine morphogenesis and 

function. 

Fragment A12 aligned with an area of the mouse genome that is surrounded by repeat 

regions.  Up-stream from the fragment is an L1 repeat region and down-stream is an Alu repeat 

region.  Although such repeat regions are not translated into protein products, they may 

possess structural and functional significance.  For example, repeat elements can become 

mobile and translocate into different regions of the genome.  If they translocate within a vital 

gene and therefore disrupt the functional product of that gene, the result could be serious [47].  

Alternatively, their translocation could promote genetic diversity and aid in the course of 

evolution.  In any case, altered methylation status within or around these repeat regions could 

affect their translocation capabilities.  In repeat regions such as the Alu type, altered methylation 

events could promote mutations [47].  The reasoning for this is that the Alu repeat region has a 
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relatively high CG content.  The 5-methylcytosines are prone to deamination to thymine 

residues.  These mutations can render the regions unable to translocate. 

Fragment A35 aligned with genes from rat and mouse whose protein products are 

tescalcin-like.  Tescalcin is a single calcium ion-binding protein that is involved in early gonadal 

differentiation, megakaryocytic differentiation, and can provide control over expression of the 

Ets (E twenty-six) family of transcription factors [48].  Members of the Ets family have been 

implicated in the development of different tissues as well as cancer progression.  

Downregulation of tescalcin was associated with increased cell proliferation and inhibition of cell 

adherence to the extracellular matrix [48]. 

Fragment B15 aligned with sequences that corresponded to members of the cytochrome 

P450 enzyme family; especially those within the 3a subfamily.  The alignments were partially 

homologuous to this subfamily in rat and were identical to a partial sequence in hamster.  The 

cytochrome P450 enzymes are partly responsible for activation and detoxification of certain 

chemicals, including estradiol [49].  Hypermethylation of genes involved in the production of 

these enzymes could ultimately hinder the body’s ability to metabolize and detoxify chemicals, 

which could lead to damaging effects in cells and tissues. 

Fragment C24 aligned with a sequence that contains part of the CSMD2 gene (for CUB 

and Sushi multiple domains 2).  The function of the protein product of this gene is not well-

known.  However, it does share some structural similarities to the CSMD1 protein.  These 

proteins both contain CUB and sushi domains.  CSMD1 can function as a suppressor of 

squamous cell carcinomas [50].  The CSMD2 protein product may also contain sites of protein-

protein or protein-ligand interactions, suggesting that it can have transmembrane receptor or 

adhesion function [50]. 

Fragment C24 also aligned with the mRNA transcript from the aryl hydrocarbon receptor 

nuclear translocator (ARNT) gene in the hamster, although with less statistical significance (as 

determined by the e-value score) than the formerly mentioned CSMD2 gene alignment.  The 
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ARNT protein forms a complex with the aryl hydrocarbon receptor (AhR) and is required for AhR 

function [51].  This receptor is responsible for the induction of many enzymes involved in 

xenobiotic metabolism, including those in the cytochrome P450 enzyme family discussed in 

relation to fragment B15.  Hypermethylation of the ARNT renders the translocator and, therefore 

the receptor itself, inactive. 

The BLAST search yielded no significant alignments for fragment D24.  Perhaps it 

represents part of a genomic element that is unique to the hamster and so is not represented in 

the rat and/or mouse-related BLAST catalog. 

In all successfully cloned and sequenced fragments, the gel banding patterns indicated 

only enhanced hypermethylation trends and thus probable down-regulation of the associated 

genes.  Some fragments were aligned with other regions of the genome such as repeat regions 

or did not align to anything significantly.  This does not necessarily mean these fragments are of 

no interest and do not contribute to disease, as a global hyper/hypomethylation of non-coding 

DNA could compromise the structural integrity of the chromosomes. 

Although only 4 fragments provided significant sequencing alignment results, future 

studies will most likely discover many more altered DNA methylation events located globally 

across the genome in neonatally DES-exposed hamster uteri.  Once some of the limitations are 

overcome, other doors will open to provide insight to such phenomena.  Much is not understood 

regarding the mechanisms by which chemicals such as DES can alter genomic DNA 

methylation patterns.  In some cases, addition and/or removal of methyl groups can seem 

random and thus hinder our understanding of the process.  Hopefully, continued research will 

resolve such uncertainties regarding anomalous DNA methylation and disease processes. 

DNA methylation dynamics, unlike traditional DNA mutation, are reversible.  

Understanding the process by which drugs, chemicals, foods, and other substances alter 

methylation status will provide possibilities to utilize methyl donors or acceptors as a therapeutic 

strategy.  As seen in the yellow Agouti mice, methylation status that governs gene expression is 
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something that can fluctuate, depending upon the environmental conditions.  In other words, 

greater understanding of the mechanisms and consequences of both normal and aberrant DNA 

methylation may lead to development of effective means to prevent AND reverse disease 

states. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 
 

5.1 Conclusions 

 A slightly modified version of the MSRF protocol was utilized as a global screening 

method to search for evidence of altered methylation in neonatally DES-exposed hamster uteri 

compared to control uteri.  In this study, we observed 9 altered methylation events, of which 5 

were successfully eluted, cloned, and sequenced.  Out of those 5 fragments, 4 yielded 

statistically significant sequence alignments during our rat and mouse genome-based BLAST 

search.  Although we did not successfully elute, clone, and sequence all fragments of interest, 

our MSRF results do suggest that the normal DNA methylation pattern in the hamster uterus 

was disrupted by exposure to DES during critical developmental stages of the reproductive 

tract.   

5.2 Future Directions 

We still need determine if and how such altered DNA methylation elements disrupt 

uterine function and morphogenesis.  In the first place, our initial profiling findings need 

confirmation via bisulfite sequencing and/or Southern hybridization analysis.  Those analyses 

would determine which cytosine residues were in fact aberrantly methylated and confirm the 

presence of that altered methylation event within the gene of interest.  Also, utilizing different 

primers for MSRF profiling could produce another collection of aberrantly methylated or 

demethylated fragments of interest.  Of course, more statistically significant homologous 

sequences could be identified if and the sequencing of the hamster genome is completed.  

Furthermore, more specific insight may be gained by assessing methylation patterns in DNA 

isolated from separate epithelial vs. stromal tissue compartments of the uterus.  That could 

identify epigenetic modifications that are specific to each tissue compartment which, in turn, 

could enhance our understanding of the mechanisms by which neonatal DES exposure disrupts 
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function and morphogenesis of a complex organ such as the uterus.  Considering we are well 

into the stage when DES daughters are reproducing, it is important to investigate the topic of 

perinatal DES-induced transgenerational endocrine disruption.  Probing this in our experimental 

system will require some revisions since the current treatment protocol results in profound and 

complete infertility in both males and females. 
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