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Abstract

The incidence of cancer is expected to be 1 in every 3 individuals. Onset
of the disease in the population has been attributed to multiple genetic and
environmental factors. Pathways leading to the development and progression of
carcinomas, including head and neck squamous cell carcinomas (HNSCC) and
non-small cell lung cancer (NSCLC), remain largely unknown. Common genetic
alterations have been identified for many neoplasias, but many of the important
genes of activation (oncogenes) or inactivation (tumor suppressor genes) have
not yet been identified or characterized. This lack of identified cancer targets is in
part due to limitations in detection techniques, as well as limited by the type of
aberrations screened for. For example, researchers often search for mutations
within a chromosomal region that is lost in order to identify candidate tumor
suppressor genes. Epigenetic mechanisms, such as histone modifications and
DNA methylation, have also become accepted modes of transcriptional
inactivation in human malignancies, but are still in their beginning stages of
evaluation in HNSCC, and have not been widely applied as an approach to
identify tumor suppressor genes. The majority of DNA methylation studies in
HNSCC have focused on genes previously identified as being inactivated in other

cancer types. Efforts using genome-wide methylation scanning techniques, such



as Restriction Landmark Genomic Scanning (RLGS) have identified novel
methylation targets in HNSCC. Better understanding of the role of DNA
methylation in human malignancies, as well as the targets of this epigenetic
inactivation, may allow for more efficient and earlier detection screenings, as well
as providing an additional mechanism for identifying important cancer-related
genes.

In the introductory chapter one, limited information from the literature
regarding DNA methylation and HNSCC is reviewed, demonstrating the void that
remains in the molecular etiology of the disease. Chapter two describes the
difficulty and limitations of traditional experiments used to identify tumor
suppressor genes from within regions of loss of heterozygosity (LOH). Often
neglected in these studies that look for genetic mutations, DNA methylation has
proven to be as important for gene silencing in cancer. In this chapter, a novel
application of the genome-wide methylation technique Restriction Landmark
Genomic Scanning (RLGS) is used to identify genes frequently hypermethylated
in a localized region of the genome frequently lost in the progression of human
neoplasia for which no tumor suppressor gene has been elucidated. TCF21 is
shown to be targeted for hypermethylation in the majority of HNSCC and NSCLC
samples. Chapter three describes further characterization of DNA methylation
of TCF21, and determines the effect of such methylation on transcription. DNA
methylation along the CpG island of TCF21 is tumor specific, and removal of

methylation results in transcriptional upregulation. Chapters four and five



summarize the antagonistic cancer properties elicited by TCF21 expression in
cancer cell lines and how they translate in vivo. In chapter four the tumor
suppressive function of TCF21 is investigated. The role of TCF21 in
mesenchymal to epithelial transitions (EMT) had been described previously as
important in embryogenesis and organ differentiation. The function of TCF21 in
cancer had not been investigated. TCF21 expression results in a reduced tumor
growth rate in vivo. In cell culture, TCF21 reduces the growth rate and ability of
cancer cells to aggregate into colonies, oblivious to contact inhibition by
neighboring cells. Epithelial expression patterns are restored to TCF21 positive
cells. Chapter five experimentally determines a link to KiSS-1, a known
metastasis suppressor gene from chromosome 1932. TCF21 expression further
results in a reduced ability to invade a collagen matrix, a protein found in the
extracellular matrix that is degraded in cancer to allow for migration to distant
sites. Together, these experiments substantiate the conclusions that TCF21
silencing is advantageous in cancer progression and that the dual function of
TCF21 as a tumor and metastasis suppressor gene is important for human

malignancies.
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CHAPTER 1:

DNA METHYLATION LEAVES ITS MARK IN HEAD AND NECK SQUAMOUS

CELL CARCINOMAS (HNSCC)

Published in: Current Genomics, 5(6), 2004 by Smith LT and C Plass.

1.1 Head and Neck Cancer — Detection Of The Disease

Ninety percent of all head and neck cancers are classified as squamous
cell carcinomas (HNSCC)'. Annually, HNSCC accounts for approximately
500,000 new cases worldwide, making it the 6™ most common cancer type'. In
the United States, 30,000 new cases and 8,000 deaths as a result of HNSCC
were estimated to occur 20022. Carcinomas located predominantly in the
squamous epithelium lining the larynx, pharynx, esophagus, and oral epithelium
collectively form HNSCC®. The overall 5-year survival rate for HNSCC is a mere
50%*. Tobacco usage and alcohol consumption have been directly linked to
approximately 85-90% of these tumors, implying that the majority of these tumors
are highly preventable® ©. Other factors, such as those associated with dietary
and occupational exposures, including the use of mouthwash, have been

implicated in HNSCC’.



Early signs of the disease include a sore that will not heal, difficulty in
swallowing, or a change in voice for longer than 2 weeks®. Additional symptoms
are white (leukoplakia) or red patches (erythroplakia) that line the oral cavity,
along with chronic sinus blockage that does not resolve upon treatment with
antibiotics, frequent headaches, and persistent pain®. Clinical examination by a
physician is often recommended with these symptoms for further diagnosis.

Available screening tools for HNSCC include tumor markers expressed by
the cancer that are released into the serum such as TA-4, CYFRA 21-1 and

CEA, along with visual inspection of the area'® "

. Visual inspections, either by
eye or laboratory equipment, are limited to lesions that are large enough to
detect. Even with these screening approaches, thus far no efficient detection
markers for HNSCC have been identified"'. Molecular tests, including the
previously mentioned tumor markers, have limited sensitivity, especially in early
diagnosis due to the low expression levels of each''. Earlier detection can only
guarantee earlier diagnosis, and, as of yet, cannot be linked to better mortality
rates'?.

Diagnosis of HNSCC is devastating in and of itself, but in addition, the
standard treatment, including radical removal of the tumor-bearing area, offers
little to the patient. Surgery provides its own set of complications, including
physical and emotional scarring, often accompanied by difficulties in speech,

hearing, and swallowing. In addition, radiation treatment often follows surgery

for Stage | and Il tumors. More advanced Stage Ill and IV tumors are frequently



resistant to standard therapies, and patients succumb to second primary tumors
in 10-30% of the cases as a result of microscopically undetectable tumor cells at
the margins of the primary site'. Secondary primary tumors (SPT) are believed
to arise, not as a result of therapy, but instead from continued carcinogen
exposure prior to and following diagnosis'®. Smoking cessation and the use of
certain chemopreventive agents, such as retinoids, have demonstrated anti-
neoplastic properties against the disease'®. Because of a lack of fundamental
understanding of the disease and its stages, the necessity for identifying genes
essential for disease progression, which may also function as prognostic

biomarkers, is evident.

1.2 Genetics of Head and Neck Cancer

To approach the identification of novel tumor markers, a basic molecular
perception of the disease at various stages is vital. Like other tumors, HNSCC is
believed to develop from a multi-step accumulation of changes in gene
expression, allowing a cell (or cells) to outgrow and outlast surrounding
neighbors. Because of the exposure of the entire region to the carcinogens in
tobacco smoke and other contributors (field cancerization), aberrations such as
chromosomal alterations, are often observed in surrounding normal epithelium as
well as in the tumor itself. For example, Loss of Heterozygosity (LOH) studies
identified high rates of LOH at 9p21, the location of p16, in histologically normal

adjacent tissue and premalignant squamous dysplasia, as well as in advanced



invasive carcinomas'” & 19,

This suggests that aberrations occurring in
premalignant lesions can be used to predict those patients likely to progress to
squamous carcinomas. Other genetic abnormalities have been described for
HNSCC including deletions on chromosomes: 3p, 5q, 17p, 8p, 13q, 18q, 22q, 6q,
and 2q, as well as DNA amplifications of 11913, 3q, 10q, 5p, 3q, 8q, 159, and
22q°% 21122232425 Gains of 11913 have been linked to the overexpressoin of
the cell cycle gene Cyclin D1, which has clearly been associated with tumor

progression and poor survival®® %’

. The order in which the gains and/or losses
occur does not appear to be as important as the overall accumulation of events?®.
In contrast, many of the candidate genes responsible have yet to be identified

from the regions of chromosomal gains or losses in HNSCC.

1.3 DNA Methylation Regulates Gene Transcription

In addition to genetic events that directly alter the DNA sequence,
epigenetic events that occur without changing the DNA code have also been
described in HNSCC?% 30 31: 32:33: 34 " pNA methylation, both hypo- and hyper-,
and histone modifications are examples of epigenetic alterations described in

neoplastic diseases®® 36: 37

. Hypomethylation refers to a reduction in the overall
amount of 5-methyl cytosine compared to normal tissues, while hypermethylation
refers to the localized, CpG island- specific accumulation of 5-methyl cytosine.

Cytosine methylation functions in long-term silencing of genetic material. DNA

methylation is catalyzed by at least 3 mammalian DNA methyltransferases



(DNMTs): DNMT1, 3a, and 3b. DNMTs 3a and 3b have been shown to have de
novo methyltransferase activity, having affinity for unmethylated DNA®. The
maintenance methyltransferase, DNMT1, demonstrates a preference for hemi-
methylated DNA molecules. All mammalian methyltransferases methylate
cytosine 5’ to guanine in CpG dinucleotides, following replication®. Enzymatic
transfer of a methyl group from the methyl-donor, S-adenosylmethionine (SAM),
to the carbon in position 5 of cytosine has been shown to be important in non-
neoplastic, as well as neoplastic pathways35.

It is apparent that DNA methylation is a normal process in mammals that
is essential to life**. In mammalian development, a wave of genome-wide
demethylation occurs following fertilization, followed by epigenetic
reprogramming during normal embryonic development®* *'. This reprogramming
allows for normal maternal and paternal imprints to be set** *2.  Further
methylation occurs in female offspring during X-inactivation, allowing for proper
dosing to occur by silencing genetic material in the selected X chromosome in

every cell*> 44 45,

Repeat sequences, including rDNA and satellite sequences,
as well as primitive transposable elements, including LINE1 and Alu repeats, are
prevented from relocating in the genome by methylating CpG dinucleotides,

which contributes to chromosomal stability*® 4’

. DNA methylation is also seen in
aging tissues in mammals likely due to environmental factors, chronic infections,
as well as other genetic susceptibilities*®. Because of the accumulation of these

epigenetic changes, this may contribute to the heightened incidence of cancers



in older populations*®. A link between changes in the methylation status of DNA

and chromosomal changes is evident®® °'.

Typically, actively transcribed,
euchromatic regions are less densely compact, and unmethylated, while inactive,
heterochromatic regions are condensed and largely methylated. The question
that remains is which came first, the chicken (DNA methylation) or the egg
(histone modifications) phenomenon®2. On the one hand, the direct binding of
methyl-binding proteins to methylated cytosines supports the hypothesis that

DNA methylation induces histone modifications®® % >,

These proteins have
been shown to recruit histone-modifying enzymes, including Histone
Deacetylases (HDACs), and other chromatin remodeling enzymes that then
condense the methylated DNA, resulting in gene silencing. Opponents to this
school of thought would argue that transcriptional silencing through DNA
methylation is secondary to transcriptional silencing and modifications of the
chromosomal architecture®™. Recent studies have shown a direct association
between chromatin remodeling proteins, such as SUV39H1, and the DNA
methyltransferases®. It's believed that histone modifications at lysine tails on
histone H3 are responsible for causing the DNA methylation mark, and this, in
turn, induces further histone modifications through the interactions of the afore-
mentioned methyl-binding proteins®’. Other instances have deciphered a steric
hindrance of transcription factor binding to regions of methylated DNA®®. No

matter the stance, it is agreed that these important epigenetic processes

collaborate to silence genes in a reversible manner.



Neoplastic lesions are often accompanied by regions of

hypomethylation®® 39,

This occurs in regions that are normally heavily
methylated, but become under-methylated in cancer, and are often sites of
chromosomal breaks and rearrangements®. Loss of methylation in cancer,
including HNSCC, is believed to result in activation of transposable elements, as
well as loss of imprinting (LOI) of specific genes. Hypomethylation has also been
implicated, in part, as a mechanism of oncogene activation®® °% °.

In addition to a loss of methylation in repetitive elements, an increase in
gene-specific methylation, as well as heightened methyltransferase activity, are
also commonly associated with cancer®. Cytosine residues located 5’ to
guanine in CpG dinucleotides are not evenly distributed at the expected
frequency of 1/16 in the human genome®'. In fact, methylated cytosine
spontaneously deaminates to thymine, causing a reduction in the frequency of
CpG dinucleotides, except in normally unmethylated clusters called CpG islands.
Approximately 50% of the estimated 29,000 human genes have CpG islands
located within their 5" regulatory regions®. In human neoplasias, including
HNSCC, aberrant hypermethylation of CpG dinucleotides within particular CpG
islands is observed. Ten percent of the total CpG islands are estimated to be
targets of aberrant DNA methylation in some cancers®. Current research has
identified genes crucial to cell cycle regulation, DNA repair, apoptosis and

angiogenesis as becoming inactivated by DNA methylation in a variety of

cancers®'. Cytosine methylation has also been linked directly to inducing genetic



mutations in vital tumor suppressor genes. Mutations within the p53 tumor
suppressor have been correlated with deamination of 5-methylcytosine to
thymine®.

Like genetic events that accumulate throughout the development of
HNSCC, hypermethylation is also observed at specific loci and can be found
more frequently at advanced stages of disease progression, as well as in

7183 Greater than 90% of malignancies of the head and neck

recurrent tumors
demonstrated methylation in at least one gene evaluated. In fact, tumors that
contained a higher degree of methylated genes were correlated with earlier

tumor recurrence and poor overall survival® ®.

1.4 Gene-Specific Methylation And Tumor Staging In HNSCC

Another important clinical aspect is the ability to detect aberrant

methylation in HNSCC early, and by non-invasive mechanisms® .

The vast
majority of research in the methylation and cancer field has been based upon a
candidate gene approach by searching for methylation in genes that have been
previously reported to be involved in other cancers. Studies using DNA collected
from patient saliva have successfully identified promoter methylation in p16 (30-
40%), MGMT (24-56%), RASSF1A (10-15%), DAPK1 (36%), and hMLH1 (31%)

22:87: 68 Transcriptional loss of these genes has been

in head and neck cancers
highly associated with the disease at varying stages. The well-known tumor

suppressor gene and cell cycle regulator, p16, is often methylated and repressed



early in tumorigenesis, while loss of DAP-K function through hypermethylation is
frequently associated with advanced tumor stage and metastasis®®. Loss of the
DNA mismatch repair gene, hMLH1, has been reported frequently in sporadic
cancers via multiple mechanisms, but in HNSCC, promoter hypermethylation is
dominant®’. The ability to stage tumors based on the methylation of specific
genes provides a novel approach for classifying HNSCC.

Interestingly, studies of HNSCC from smokers versus nonsmokers
demonstrate a significant increase in p16, DAPK, E-cadherin or RASSFIA
methylation®'. Methylation of p16 alone was associated with an earlier age of
smoking initiation, while E-cadherin methylation was associated with increased
pack years for individuals who smoke>'. Studies such as these, that distinguish
environmental exposure differences, may be able to stratify patients for
treatment, diagnosis, tumor staging, or outcome (Table 1.1).

In addition, patients that had secondary primary tumors had higher
degrees of CpG island methylation®®. On the other hand, controls did not contain
methylation of these genes. Patient survival and poor prognosis have also been
linked to promoter hypermethylation. For example, those patients that have
increased incidences of methylated genes were less likely to survive than
patients with fewer methylated targets®®. Disease recurrence has also been
significantly associated with DNA methylation analysis of several markers
combined. Alone, methylation of individual genes has not been strongly

predictive of disease stage, survival, or recurrence, although, taken together,



there is a significant association that can be used to classify patients with more

aggressive disease.

1.5 Epigenetics And Genetics Collaborate To Silence Tumor

Suppressor Genes

While it has been demonstrated that the majority of methylated targets occur
independent of genetic inactivation, a subset of genes are subject to silencing
through additional routes’. Interestingly, but not surprisingly, many of the
methylated genes are located within previously identified regions of genomic
loss. Studies that focused only on genetic mechanisms, such as somatic
mutations, to identify candidate genes within the regions of deletion have not
always been successful. For example, regions along 3p21.3 are lost in 66% of
HNSCC?#. Mutation studies of candidate genes have revealed very few
inactivating mutations in this region. Studies based on DNA methylation were
able to detect frequent RASSF1A methylation in primary HNSCC tumors?®.
RASSF1A has been shown in multiple cancers to be silenced through
methylation, contributing to the disease phenotype. Because aberrant
methylation of promoter regions of genes is as frequently utilized as an
inactivating mechanism in cancer cells as genetic means (if not more so),
consideration of methylation changes should also be addressed when searching

for candidate tumor suppressor genes.
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1.6 Global Methylation Profiling Of HNSCC

While candidate gene methylation on previously studied genes has been
useful for demonstrating aberrant DNA methylation in cancer, this type of limited
analysis prevents the identification of novel targets of inactivation through
methylation. It is likely that genes not already acknowledged are also involved in
the progression of cancer. With the advent of Restriction Landmark Genomic
Scanning for screening methylated sites (RLGS-M), methylation profiles for
virtually any tumor can be examined without a need for sequence information or

candidate genes®® 7" 7% 73,

In brief, RLGS-M utilizes rare-cutting, methylation-
sensitive enzymes (Notl or Ascl) (Figure 1.1A). Approximately 2000 Notl and
Ascl sites each can be assessed by a single RLGS profile (Figure 1.1B). Notl
and Ascl recognize a GC rich, 8bp sequence found in 86% and 83% of human

CpG islands, respectively’ " 76

This global approach has the ability to
distinguish unmethylated sites from methylated sites through enzymatic digestion
and radioactive end labeling of the enzyme half-site of only unmethylated
restriction sites’®. Methylated restriction sites are inhibited from digestion and
therefore cannot become radioactively end labeled, resulting in a spot loss in the
profile. Because of the reproducibility of the profiles, normal and tumor tissues

from individual patients are then compared to identify aberrantly methylated

fragments from the tumor samples (Figure 1.1C).
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In a comparison of 7 tumor types, RLGS profiles demonstrated that head
and neck cancers have a lower degree of global hypermethylation compared to
other tumor types examined’®. Many of the identified methylation targets are
methylated in only one to two tumor-derived HNSCC patient profiles. Several
possible explanations may account for these observations. First, head and neck
cancers are a collective group of tumors, located in different physical locations of
the aerodigestive tract. There is evidence that the global methylation patterns
are non-random, and may be tumor-type specific’*. Other cancer-types are not
grouped, representing an individual tumor location for direct comparison.
Second, head and neck cancers are often a heterogeneous mixture of cells that
have been exposed to the same carcinogens, but are not necessarily pure tumor
DNA from a clonal population due to the field cancerization effect. In fact, tissue
that is deemed uninvolved normal adjacent tissue, displaying no tumorigenic
characteristics, often has similar alterations as the subsequent tumor(s)* .
Therefore, when compared to “normal” adjacent tissue, a number of methylation
events may not be detected in the cancer because they are already present in
the adjacent tissue. Third, because of this cellular permeation, including
inflammatory cells and stromal cells, present at the time of tumor collection, it is
also possible that the overall degree of methylation detected is under-

represented. DNA isolated from these infiltrating cells, which are presumed to be

unmethylated at CpG islands, would camouflage the methylation present in the
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tumor cell populations. Fourth, if less than 30% of the cells in the given tumor
sample do not contain the same hypermethylation pattern, the RLGS spot loss
may be too subtle to visualize in the RLGS profile. Finally, methylation that is
assessed by RLGS is dependent upon the methylation status of the “landmark”
enzymes. Thus methylation that resides outside of these restriction sites would
not be detected.

Regardless, methylation of HNSCC, as detected by RLGS, has
demonstrated that the there is tumor-specific methylation, and likely contributes
to the disease®. In addition, stage specific methylation patterns can be identified
using metastatic DNA samples for RLGS analysis. Based on the RLGS analysis,
3 classifications of spot loss due to methylation were detectable: those lost only
in primary tumors, losses only in metastasis, or losses that are shared by both
primary and metastatic tumors®. Because of the presumed accumulation of
abnormalities in cancer cells, it is not surprising that RLGS profiles from
metastatic samples had a higher overall degree in the frequency of global
hypermethylation than in the primary tumor®. Aside from the overall methylation
levels detected in primary and metastatic tumors, analysis of the individual RLGS
fragments resulted in different patterns. Only a small portion of the RLGS
fragments methylated in the primary tumor remain methylated in the metastatic
tumors®®. This change in the methylation patterns may demonstrate the flexibility
in the methylation phenomenon, allowing for gene expression to be regulated as

needed in the tumor development® (Figure 1.2B). Differences in methylation
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patterns may also reflect that many of the patients that are initially diagnosed

with HNSCC have microscopically undetected primary carcinomas, and have
already demonstrated cervical lymph node metastasis, or may reflect the
abundance of secondary neoplastic lesions often seen in a patient. This clinical
note would argue against the stepwise accumulation of alterations, and instead
propose an additional mechanism utilized by cancer cells to obtain metastatic
potential. Altered cells, deemed neoplastic, prior to the development of the initial
invasive tumor, may acquire the ability to disseminate at a time point different
than that of the primary tumor, representing a different population of genomic
alterations, both genetic and epigenetic (Figure 1.2A). Whether the metastatic
lesions disseminated from the primary tumor in the canonical step-wise
accumulation of genetic events favorable for metastasis, or if the metastatic
lesions arose independently from another tumor, differences in methylation would
then be depicted in the RLGS profiles. Regardless of where these cells
originated, methylation events in metastatic samples still provide insight into

genes that might be essential for this aggressive behavior.

1.7 DNA Methylation And Its Application In The Clinic

A crucial clinical aspect is the relevance of DNA methylation to disease
detection. Because of the early establishment of the methylation mark at certain
genes, and the ability to identify this methylation in circulating cells of the blood,

serum, oral rinses, urine, and stool, methylation screening as a means of cancer
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detection remains an attractive idea’®. An additional advantage is the sensitivity
of tools used to assess methylation. DNA obtained from oral rinses is sufficient
for use in PCR-based methylation screens, such as Methylation-Specific PCR
(MSP). Arguably, potentially more important than assay sensitivity is assay
specificity. Tumors, where methylation was not detected in the analyzed genes,
had no false positive methylation results in DNA from their corresponding oral
rinses®®. Because of this, gene-specific methylation arrays can be designed
using nanogram quantities of DNA, while eliminating false positive results.
Because of the reversibility of DNA methylation observed in cancer, the
use of demethylating agents in cancer therapy is under extensive investigation.
In vitro treatment of cell lines with these agents has been shown to restore
expression of many of the genes silenced in cancer. In fact, treatment of cells in
culture significantly prolonged the doubling time of neoplastic cells but not normal
fibroblast cells’”®.  Also of clinical importance is the finding that active
concentrations of the demethylating agents used in vitro can be translated in
vivo®. These demethylating drugs antagonize cancer cells primarily through two
mechanisms: hypomethylation and cellular toxicity. Scrutiny of the application of
these drugs, such as 5-aza- 2’-deoxycytidine (Decitabine) and 5’azacytidine,
originates from the observation that treatment of cells results in a non-specific
cytosine demethylation. In other words, the cytosine analog incorporates
randomly into the genome of dividing cell populations, covalently links the

catalytic domain of the DNA methyltransferases, thus inactivating the enzyme,
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resulting in global (and undirected) demethylation. Demethylation of the entire
genome directly causes cytotoxic effects on rapidly dividing cells in S phase of
cell division, targeting neoplastic cells predominantly®®. This genome-wide
demethylation may result in the activation of many silenced genes, or
chromosomal breaks and translocations of genetic material that may further
enhance tumorigenic properties. But, because extensive CpG island methylation
is presumed not to occur in normal cells, demethylation in tumor cells remains an
attractive therapeutic approach™®.

Application of Decitabine to patients with solid and hematological tumors
has resulted in varying degrees of response. In general, and for unknown
reasons, hematological tumors, including leukemias and lymphomas, have
demonstrated higher response rates than solid tumors, including breast,
colorectal and lung cancers®. It is possible that because liquid tumors are
known to contain higher overall frequencies of methylation than solid tumors, that
the effects of the drugs are more pronounced as a result®*. The addition of
demethylating agents alone is not sufficient to reactivate all epigenetically
silenced alleles. As mentioned previously, histone modifications are linked to
DNA methylation. To ensure a silent chromatin structure, histone tails are
deacetylated. Because of this synergy, the combination of demethylating drugs
with histone deacetylase inhibitors (HDACI), such as trichostatin A (TSA) and
sodium butyrate, has demonstrated gene reactivation properties for certain loci’.

It is possible that lower dosages of both drugs, in combination with other
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chemotherapeutic agents, may have less toxic effects, while having greater anti-
cancer effects, in vivo.

In HNSCC, less information regarding efficacy using demethylating agents
is available from human studies than from animal models. In vivo engraftment of
HNSCC cell lines into nude mouse models, followed by 5-aza- 2’-deoxycytidine
treatment demonstrated a reduction in tumor cell growth in approximately 40% of
the cell lines investigated®" . These findings indicate that demethylating agents
had equally efficient effects on engrafted HNSCC tumors as conventional

chemotherapeutic agents®.

Future Directions

The prevalent role of DNA hypermethylation in HNSCC in diagnosis,
staging, and possible treatment should prompt interest in further studies to
identify how methylation can be manipulated and restricted. Along with
understanding targets of de novo methylation, the process of methylation
selection is just as important. Why do certain sequences frequently become
hypermethylated and others do not? Is there a sequence susceptibility that the
DNMTs recognize preferentially? Or is it that methylation occurs randomly
throughout the genome at frequencies higher than we are able to currently
detect, and through selection, only specific sequences are carried on through
tumorigenesis? In other words, does methylation occur at any site in the cancer

genome, but genes that become silenced through methylation that result in
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lethality for the cells are not identified? Is it likely that only those silenced genes
that convey a growth advantage for the cell are selected and enriched for?

Additionally, what are the factors that direct aberrant methylation at
regions in the genome, while other repetitive elements are shed of methylation in
the same cancer cells? Which DNMTs are responsible for the overall
methylation in these systems? Do they have overlapping functions, or is the
defect instead in the timing? Could the defect instead reside in the metabolism
and production of the methyl donor, S-adenosylmethionine? In order for
methylation in neoplastic lesions to become understood by researchers and
clinicians, we must be able to answer these questions, in addition to identifying
the ensuing methylation profiles of cancer.

It is evident that methylation contributes early in the formation of HNSCC,
as well as persisting into even the latest stages of metastasis and dissemination.
It is possible that cancers utilize methylation because of the flexible commitment
it allows the cells to undertake®. Gene silencing at specific times, while
expression at others, is important in tumorigenesis, requiring the ability to alter
the silencing patterns. Genetic alterations that modify the sequence directly are
more constricting to the gene expression patterns, while epigenetic marks that do

not alter the DNA sequence allow for this flexibility in cancer.
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Table 1.1: Hypermethylated genes and their association with squamous
cell carcinomas located in the oral cavity, pharynx, larynx, and esophageal

regions.
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Function

Tumor subtype

Association in HNSCC

Reference

Cisplatin Shorter tobacco usage duration;

sensitivity Younger smoking initiation age;
Greater number of years of
alcohol consumption.

RASSF1A Ras HNSCC Inversely related to HPV
associated infection; =
protein High methylation detected in

poorly differentiated HNSCC.

CDKN2A  Cell cycle HNSCC Highly methylated in plasma %%
from patients compared with 31
normal individuals younger age 85

Esophageal of smoking initiation;
Association  with  dysplastic
lesion development;
May be an initiating event of
cancer.

p14™°" Cell cycle HNSCC Lost in a higher percentage of 93
recurring primary tumors

E- Cell HNSCC Increased number of cigarette 31

cadherin differentiation pack years; 86
and Laryngeal
migration Metastasis.

DAPK1 Apoptosis HNSCC Lymph node metastasis. S

TSLC1 Cell motility Nasopharyngeal Depth of tumor invasion and *°
and invasion  Esophageal metastasis.

MGMT DNA repair  Esophageal Methylation occurs early and °°
may allow for damage by
alkylating agents to accumulate;
Accumulating p53 mutations.

FHIT Spans Esophageal Tumor invasion and lymphatic **°

common spread;

fragile site Methylation detected in early
cancer, as well as in
premalignant lesions.

p15 Cell cycle Esophageal Lost early in tumor development. °*

HMLH1 DNA repair Esophageal Increased microsatellite  °’
instability.

RIZ1 Chromatin- Nasopharyngeal Methylation marker detectable in >

mediated bodily fluids.
gene
expression

RAR-B Retinoic acid Esophageal Methylation detected in early
signalling cancer, as well as in

premalignant lesions.

CHFR Checkpoint  Esophageal >
control

Cullin 3 E3 ubiquitin  HNSCC RLGS methylation detected only 3
ligase in primary HNSCC
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Figure 1.1: Restriction Landmark Genomic Scanning (RLGS) identifies
global changes in DNA methylation. A. Genomic DNA, isolated from normal
adjacent tissue, primary tumor tissue, and metastatic tumor tissue, are
independently digested with methylation-sensitive enzymes, Notl or Ascl. The
DNA sequence recognized by Notl and Ascl are GCGGCCGC and
GGCGCGCC, respectively, and are located predominantly within CpG islands.
In normal cells, where CpG islands are usually unmethylated, the DNA is
digested, resulting in restriction enzyme overhangs. End labeling reactions,
using radioactive guanine and cytosine result in a “spot” that migrates in the
RLGS profile based on size. In the tumor, where certain CpG islands become
aberrantly methylated, Notl and Ascl enzymes are prevented from digesting at
these sites, and the corresponding “spot” is absent in the profile. Comparison of
patient sets allows for the global DNA methylation patterns to be distinguished in
tumor and metastatic HNSCC. (Abbreviations: D, dimension) B. A Notl RLGS
profile derived from normal adjacent tissue from a head and neck cancer patient.
Each of the ~2000 fragments visible in the profile corresponds with a Notl site
that was unmethylated in the original DNA sample. C. A section of the RLGS
analysis of normal, primary and metastatic tumors from an individual patient,
along with the corresponding Master Profile section, which identifies the unique
RLGS address. The arrow distinguishes a Notl site that is unmethylated in the
normal profile, completely methylated in the tumor profile (complete loss), and

partially methylated in the metastatic profile (partial loss).
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Figure 1.2: Possible mechanisms to explain differential methylation
patterns in RLGS profiles in HNSCC primary and metastatic tissues. A.
Squamous epithelium located in areas of the oral cavity, pharynx, larynx or
trachea becomes exposed to carcinogens (indicated by the lightning bolts) that
initiate epigenetic and genetic alterations. Because of the field cancerization
effect, where all cells in the area are exposed to the same agents, multiple
pockets of altered cells often exist in HNSCC, resulting in secondary primary
tumors. Classically, it is believed that additional accumulation of abnormalities
progresses the disease to primary carcinoma in situ (CIS) followed, ultimately, by
metastatic disease to cervical lymph nodes (2). Because of the knowledge that
pockets of altered cells exist throughout HNSCC, it is also possible that
metastatic disease may arise from a different cell, with different epigenetic and

genetic abnormalities (1). B. Head and neck squamous cell carcinomas

progress through various stages of the disease by the accumulation of genetic
alterations. DNA methylation, however, is believed to be a plastic alteration that
changes based on gene expression patterns necessary at that time point.
Therefore, in the metastatic disease, the levels of genetic alterations reach a
higher level than in the preneoplastic and primary lesions, while DNA methylation

patterns seen may vary.
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CHAPTER 2:

ABERRANT DNA HYPERMETHYLATION WITHIN COMMON REGIONS OF

LOH IN HNSCC AND NSCLC

2.1 Introduction

Cancer is a disease that arises from loss or untimely activation of genes in
a multistep accumulation of alterations that create chaos in a normally highly

regulated system®> %.

The search for novel tumor suppressor genes has
motivated a large proportion of cancer research, providing a basic understanding
for the disease process. Identification of genes somatically altered in cancer has
largely been driven by Knudson's “two-hit” hypothesis of biallelic gene
inactivation by mapping tumor suppressor genes within genetic regions of allelic
loss followed by loss of the remaining allele via genetic mutation®”. Comparative
genomic hybridization (CGH) studies have been able to identify relatively large
regions of the genome which become either over-represented or under-
represented in tumors, indicating clonal expansion from a cell that possesses a

selective advantage suggesting that the chromosomal irregularity is important in

tumorigenesis. Higher resolution studies based on using markers with either
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varying repeat lengths as determined by Southern blot analysis or PCR,
restriction enzyme digestion methods, or BAC clones to map a genomic region
allows for the measurement of allelic dosaging in tumor samples compared with
normal tissue®. Differences in allelic dosaging between the two samples, where
in the normal sample the paternal and maternal alleles appear to be repeats of
different lengths that have lost this distinguishing characteristic in the tumor,
indicates Loss of Heterozygosity (LOH) within the tumor genome®. LOH studies
have largely defined minimally lost regions (MLR) that are used to pinpoint the
position of a tumor suppressor gene®. It is widely accepted that aberrations
occurring reproducibly at commonly lost regions serve as genetic maps,
implicating the area in the genome as harboring one or more tumor-associated
genes. Boundaries clearly demarking the regions, however, are difficult to define
due to the use of various polymorphic markers applied in coordinating studies,
making direct comparisons arduous across studies. Given that, it is interesting,
however, to find recurrent losses within diverse tumor types, further supporting
the importance of that region in clonal expansion.

Several regions of LOH have been identified across the tumor genomes,
and as shown in chapter 1, these allelic imbalances often synchronize with
specific stages in the disease progression. The goal for many of these studies is
to define a shortest region of overlap (SRO) that is lost across tumor samples,
minimizing the distance that must be examined to localize the tumor suppressor

gene in the midst of many®®. The loss of the remaining allele is necessary under
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Knudson’s definition of a true tumor suppressor gene®’. Frequently, investigators
undertake the laborious task of identifying candidate tumor suppressor genes
through positional cloning and their accompanying inactivating mutations. If and
when a mutation is found in the genomic sequence, functional analysis must be
used to prove that the mutation renders the gene non-functional.

Over recent decades, an additional mechanism to inhibit gene function
has been explored as a tool used in cancer. DNA methylation in the promoter
region has been established as an alternative mechanism to heritably silence
gene transcription'®. An increasing amount of research has found that previously
identified tumor suppressor genes that were found by genetic approaches are
often silenced in cancer via DNA methylation. This evidence provides credence
to the notion that DNA methylation is as important in cancer as mutation.

Based on the premise that retrospective analysis of known tumor
suppressor genes are frequently methylated, our lab has established that novel
tumor suppressor genes can be instead prospectively identified based on the
genome-wide DNA methylation approach, Restriction Landmark Genomic
Scanning (RLGS)3¥ 101 102 103; 104; 105 106; 107 R GS js based on digestion of
gDNA with methylation-sensitive enzymes, Notl and Ascl, which recognize GC
rich sequences. These restriction sites are primarily localized within CpG islands
associated with promoter regions of genes’®. Unmethylated sites are cleaved
while methylated cytosines in the restriction sites prevent enzymatic digestion.

Half-sites that remain following digestion are radioactively end-labeled and
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reproducibly migrate in the 2-dimension gels, appearing as RLGS fragments on
the subsequent profiles, genome-wide. As a twist, these experiments aim
towards identifying tumor suppressor genes from specific chromosomal locations
that have not previously been identified through sequence altering mutations as
“second hits”.

For example, an important loss in multiple malignancies is chromosome

6q'%% 109 1% 11 Many researchers have identified loss of portions or the entire

6q arm in human malignancies by both CGH and LOH scanning techniques®® '

13 114 115,116 17 118, 119:120: 121, 122:123  Thjs region is frequently lost in tumors with
metastatic disease, which is expounded upon in chapter 5.  Analysis of cell lines
derived from small cell and non-small cell lung cancer determined not only that
6922-923 loss occurred >50% of the time, but this region was lost more
commonly in NSCLC than SCLC''. In fact, recent studies have provided a link
with cancer predisposition with a human susceptibility locus along chromosome
6g23'%*. No candidate tumor suppressor genes have been confirmed from this
region; however, studies based on DNA methylation have not, until now, been
involved in the search. The purpose of this set of experiments was to identify
genes that become aberrantly hypermethylated within the minimally deleted

region along chromosome 6q923-g24 using RLGS as a way of identifying

candidate tumor suppressor genes.
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2.2 Materials and Methods

Tissue collection:

Frozen normal adjacent tissue, tumor tissues and metastatic lymph nodes
from Head and Neck Squamous Cell Carcinoma as well as normal adjacent and
tumor tissues from non-small cell lung cancer patients were obtained from the
Ohio State University through the Cooperative Human Tissue Network. All
sample collection was performed in accordance with NIH guidelines and
performed under a protocol approved by The Ohio State University’s Institutional
Review Board. Histopathological evaluation was performed on all samples to

confirm the predominance of neoplastic cells.

Identification of Notl and Ascl clones:

Sequences spanning the regions of LOH were downloaded from the June
2002 BLAT resource webpage (http://genome.ucsc.edu). RLGS is based on
enzymatic digestion using first methylation sensitive enzymes (Notl or Ascl),
followed by EcoRV digestion to limit the size of the DNA fragments in the first
dimension. In order to separate the Notl and Ascl sites farther, an enzyme which
frequently digests, Hinfl, is then used prior to second dimension separation.
Because of mandated size restrictions for separation in the two dimension gel
electrophoresis, an in silico digestion of the DNA sequence from 6q23-q24

identified potential RLGS fragments and their corresponding first dimension
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sequences (Notl-Notl, Notl-EcoRV, Ascl-Ascl, or Ascl-EcoRV), as well as their
second dimension sequences from the Notl-Hinfl or Ascl-Hinfl fragments. Due to
size separation constraints, Notl-EcoRV or Ascl-EcoRV fragments greater than
700 bp and less than 5000 bp as well as containing a Notl-Hinfl or Ascl-Hinfl
fragment size greater than 120 bp were used for our analysis. Based on RLGS
fragments that have previously been cloned in our lab, and their migration
patterns within an RLGS gel are reproducible, we were able to use these known
sequences, with their defined first and second dimesions, as “anchor-points” for
virtual migration in RLGS. From these data points, the equation -LN (size in
base pairs/7340.3)/0.058 was used to determine the migration of fragments in
RLGS in the first dimension, and -LN (size in base pairs/1411.5)/0.0835 for the
second dimension migrations. Using these equations, 1% and 2™ dimension
coordinates for Notl and Ascl fragments from 6q23-g24 were then calculated.
Predicted migrations were then plotted using Microsoft Excel to determine which

quadrant the fragments should lie in the RLGS profiles.

Isolation of Bacterial Artificial Chromosome (BAC) DNA'’s:

Bacterial artificial chromosome (BAC) stabs were ordered through the
BACPAC Resource Center at Children's Hospital Oakland Research Institute in
Oakland, California, from the RPCI-11 human BAC library. Vector pBACe3.6
contains a chloramphenicol resistance domain, which allowed for the selection of

isolated clones from a streak-out plate containing 20ug/ml chloramphenicol.
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Maxi preps (Qiagen) were performed on 250ml cultures according to standard
protocols. BAC clones were confirmed by end-sequencing the plasmid using the

Sp6 primer (5).

Restriction Trapper RLGS:

In order to isolate uncontaminated RLGS clones, free of background
EcoRV fragments, purified Notl-EcoRV fragments were isolated using a Notl
restriction trapper. Normal genomic DNA was fractionated by Notl and EcoRV
digestion and passed over latex beads that were conjugated to Notl half sites.
The cohesive ends of the fragmented genomic DNA and the latex beads allows
for background EcoRV fragments to be washed free, leaving behind Notl-EcoRV
fragments that were then eluted from the beads through a series of washes. This
purified population was then used for RLGS as described above. Specific RLGS
fragments can be isolated from the dried acrylamide gel, and used as the

template in a PCR reaction.

RLGS fragment identification:

We used a previously published strategy to amplify the RLGS fragment
directly from DNA eluted from RLGS gels with slight modifications. Briefly,
candidate fragments from the predicted RLGS region were excised from the
dried restriction trapper RLGS gels. DNA was eluted overnight in a 37°C

incubator/shaker in 150ul of elution buffer (0.5M ammonium acetate, pH 8; 1mM
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EDTA). The supernatant containing the DNA was isolated by centrifugation at
14,000 rpm for 10 minutes to pellet the remaining debris from the original gel
excision. Two micrograms of glycogen was added to the supernatant, followed
by 2.5 volumes of cold 100% ethanol. The mixture was precipitated at -80°C
overnight. The precipitate was pelleted by centrifugation at 14,000 rpm for 25
minutes. A 70% ethanol wash was used to remove impurities, followed by a 10-
minute centrifugation at 14,000 rpm. Isolated DNA pellets were partially dried in

a 30°C speedvac, and resuspended in 10ul of TE buffer.

Restriction Landmark Genomic Scanning:

Restriction Landmark Genomic Scanning (RLGS) was performed on
normal adjacent (NAT) and primary HNSCC and NSCLC tissue samples. DNA’s
were digested with 20U of the methylation-sensitive, rare-cutting enzyme, Notl or

Ascl at 37°C for 2 hours. GC restriction overhangs remaining following
enzymatic digestion were filled in using Sequenase 2.0 (USB) with (32P) dGTP

and (32P) dCTP (Amersham) for 30 minutes at 37°C. Labeled DNA fragments
were further digested with 20U of EcoRV (Promega) at 37°C for 2 hours.
Labeled DNA’s were then separated overnight on a 0.8% agarose gel in the first
dimension. Following equilibration, the first dimension gels containing separated
DNA were digested in 700U of Hinfl (Promega) at 37°C for 2 hours. The agarose
gels were inverted horizontally and sealed to the second dimension 5% non-

denaturing polyacrylamide gel using agarose. The second dimension gels were
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separated overnight at room temperature. Acrylamide gels were then dried on

Whatman paper and exposed to film for 7-10 days.

RLGS BAC mixing gels

RLGS was performed as described previously with slight modifications in
the initial input DNA. In brief, 3ug of genomic DNA, 50ng of BAC DNA and 5ng
of clone DNA were digested with 20U of Notl or Ascl (Promega) at 37°C for 2
hours. Five hundred picograms of radiolabeled BAC DNAs and 250pg of
radiolabeled clone DNAs were mixed with the labeled genomic DNA, and were
separated in the first dimension on a 0.8% agarose gel overnight. Enhanced
fragments corresponding to the Notl or Ascl site from 6923-924 were assigned

unique addresses from the Master profile.

RLGS patient analysis:

RLGS profiles from our collection of HNSCC and NSCLC were analyzed
for the methylation differences between a patient’s normal and tumor profiles for
the loci identified within our region of LOH. Methylation was classified by either a
partial or complete loss of RLGS spot intensity. The overall percentage of RLGS
fragment methylation was scored by taking the (number of patients with the spot

loss /the total number of patient samples analyzed) x 100.
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2.3 Results

Localization of Ascl and Notl RLGS fragments within chromosomal region
6023-q24.

In order to investigate our hypothesis that aberrant promoter methylation
may help pinpoint the location of a candidate tumor suppressor in regions of
LOH, we chose a chromosomal region for which frequent LOH has been
described not only in HNSCC and NSCLC, but also in other tumor types, but for
which no tumor suppressor has been definitively identified'®. The 9.6Mb region
of LOH from 6g23-924 has been described in >20% of HNSCC and ~50% of
NSCLC, while complete loss of the long arm of chromosome 6 is even more
common (Figure 2.1).

The complete 6923-q24 sequence was obtained from the June 2002
BLAT database. In silico digestion using methylation-sensitive landmark
restriction enzymes combinations utilized in RLGS (Notl-EcoRV-Hinfl or Ascl-
EcoRV-Hinfl) identified sequences potentially migrating in RLGS gels, which
reproducibly separate fragments based on size (Figure 2.2A). The RLGS first
dimension gels separate Notl-EcoRV or Ascl-EcoRV fragments of 700-5000bp,
while the second dimension of RLGS separates Notl-Hinfl or Ascl-Hinfl
fragments >120bp.

We selected bacterial artificial chromosomes (BACs) that contain Notl or

Ascl restriction fragments that met these size requirements for resolution via
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RLGS along 6g23-g24. This region contains 49 genes or ESTs that may
potentially be important for the phenotype of LOH observed. Based on our size
restrictions, we identified 10 BAC clones located within the region of LOH from
69 that are used as “markers” to scan the region for patterns of methylation. First
and second migration patterns were determined in centimeters for each of the
fragments based on separation in the first and second dimension gels in the
actual RLGS procedure, and in silico migration patterns were predicted (Figure
2.3A). This virtual migration aided in determining which quadrant an
enhancement should be predicted and how to cluster the BAC clones for
separation on RLGS. DNA isolated from the BAC clones was added into RLGS
BAC mixing gels to identify the corresponding Notl or Ascl fragments in the
resultant RLGS profiles (Figure 2.3B). Individual clones are assigned a unique
address from the universal master RLGS profile and are listed in Table 2.1.
Using this approach, it was possible to identify the complete set of 10 size-
matched Notl and Ascl sites, representing 37% of these restriction sites residing

within this chromosome 6 region (Figure 2.4A).

RLGS analysis of patient profiles

Together, Notl and Ascl RLGS profiles from both normal and tumor
tissues were compared to determine the frequency of methylation along this
chromosomal region. The methylation status in each of the sequences from 15

HNSCC and 24 NSCLC paired normal and tumor RLGS profiles were scored for
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methylation. Methylated restriction sites are represented by a partial or complete
RLGS fragment loss, while no change in RLGS fragment intensity indicates that
the status of the landmark enzyme site is maintained between normal and tumor
tissues. Methylation frequencies varied from sample to sample, and appear to
have a mosaic methylation pattern along the chromosomal fragment (Table 2.2).
Methylation assessed by RLGS along this 6q region ranged from 0-86% in
NSCLC samples (n=24 pairs) and 0-67% in HNSCC (n=15 pairs) (Figure 2.4B).
Hypermethylation events occurred frequently at the same RLGS loci, indicating
that these sequences may be “hot spots” for aberrant DNA methylation, or that
epigenetic targeting of the gene residing at the corresponding RLGS locus
confers a survival advantage for the tumor, serving as a foundation for clonal
expansion. This methylation “hot spot” was then used as a marker to seek out
genes within 5Kbp of the restriction site for their potential involvement in

tumorigenesis.

Identification of a commonly methylated sequence, TCF21

BAC clone RP11-465P13, containing Ascl fragment 6E12, was lost in 86%
of NSCLC (n=19/22), 100% (n=4/4) of NSCLC cell lines, and 67% (n=10/15) of
HNSCC patient profiles (Figure2.4B), making it the single most frequent
methylation event identified in this sample set. BLAT search of the Ascl-EcoRV
sequence revealed that a6E12 corresponds with a CpG island within the %’

region of TCF21 (transcription control factor 21; Accession Number AF047419).
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The position of the Ascl site is within a CpG island that spans exon 1 and
extends into the first intron from base pair +193 after the transcriptional start site
to 493 base pairs into intron 1 (Figure 2.5). The promoter region was predicted

using the FirstEF program (http://rulai.cshl.org/tools/FirstEF/), and overlaps this

CpG island from —121 to +449 base pairs into exon 1 relative to the transcription

start site.

2.4 Discussion

The quest for identifying tumor suppressor genes has historically focused
on genetic mutations that alter the DNA sequence in a way that the gene is no
longer able to perform its normal cellular function. However, only a few of the
identified tumor suppressor genes have exhibited somatic mutations within the
regions of LOH'®. In recent years, the unveiling of DNA methylation as an
additional and prominent tool provides the cancer cell with an alternative
mechanism for transcriptional silencing of select genes. Although recognized,
examination of DNA methylation has not been prospectively applied within
regions of LOH to identify tumor suppressor genes, and as a result, searches for
such genes have been unsuccessful. However, retrospective examination of
hypermethylated genes found that they often reside within regions of LOH™. For
example, p16, a gene that regulates cell cycle progression, resides within a
region of LOH on 9q, but the “second-hit” is more often promoter methylation

than mutation in many cancers'?’. Methylation studies based on RLGS have also
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determined that targets of methylation occur in a non-random fashion, possibly
indicating a targeting mechanism’® ' In addition, RLGS is a vital tool that has
been applied to simultaneously identify methylation for as many as 1300 Notl and
Ascl sites each, with only a 4% overlap in CpG islands containing both Notl and
Ascl™. This allows for as many as 2200 unique sites to be assessed for
methylation genome-wide.

Loss of heterozygosity along chromosome 6923-q24 has been reported in
human cancers, but the localization of the tumor suppressor gene within the
region has not been described through genetic or epigenetic investigation. A
slight modifications of the RLGS tool changed the focus of methylation from a
genome-wide scan and instead provided methylation analysis of 10 landmark
sites a specific region of LOH. These data thus translate into a methylation map
that provides information regarding genes within the region from a single
combination of restriction enzyme digestion within a DNA sample from individual
patients. This provides a more comprehensive look into the epigenetic
modifications within a specific chromosomal region, whereas the hunt for somatic
mutations is largely done gene by gene.

We found that CpG island methylation along the chromosome 6q23-q24
segment was not uniformly distributed. This implies that there may be sequence
specificity by the methyltransferases and that DNA methylation occurs at specific
loci, while adjacent DNA remains unmethylated, or that methylation at certain loci

creates a growth advantage, thus promoting clonal outgrowth of cells containing
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that methylation signature. By combining chromosomal regions known to be
frequently altered genetically in cancer with RLGS, we have successfully
identified a gene that is hypermethylated in the majority of HNSCC and NSCLC
examined. In fact, our results demonstrate TCF21 promoter hypermethylation
occurs at greater rates than reported LOH for the region. It is possible that other
genes also localized within this region could possess tumor suppressor function,
and their epigenetic inactivation is not included based on size restrictions of the
assay, or that they harbor somatic mutations, also not assessed by RLGS.
However, this assay allows for direct correlations to be made with TCF21,
providing a novel gene target for cancer-specific methylation. Recurrent
hypermethylation of TCF21 in not only the bulk of the tumor itself, but also across
tumor tissues of different anatomical locations and patients, supports our
hypothesis that TCF21 is frequently targeted by hypermethylation in cancer.
Based on its tumor-specific methylation, we propose that TCF21 is a tumor

suppressor gene in NSCLC and HNSCC.
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Figure 2.1: Loss of heterozygosity along chromosome 6q in cancer.
Literature review of LOH along chromosome 6q determined that a crucial region
commonly lost in cancers resides along 6923-g24 as displayed in the gray
vertical area, demarked by D6S262-D6S308. This 9.6 megabase pair region

was used for determination of aberrant hypermethylation by RLGS.
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Figure 2.2: Location of Notl and Ascl sites within 6q23-q24 region.

In silico digestion of the DNA obtained from the June 2002 freeze of the Human
BLAT sequence from 6q23-q24 resulted in the identification of 5 Notl ( m ) and 5
Ascl ( ¥ ) sites that will migrate on an RLGS profile based on size. Other Noitl
(n=15) and Ascl (n=2) sites (o and A, respectively) are either too large or small
for separation via RLGS. The bacterial artificial chromosomes that contain the

RLGS fragments are denoted with “RP11”.
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RLGS address Chromosomal BAC Gene Accession
Location (RP11-) Number

N2D61 6g23.2 3604 ENPP1 D12485
A5G27 6g23.2 973D19 BC018756
AGE12 6g23.2 465P13 TCF21 AF047419
N2E20 6923.3 737N18 MAP7 BC025777
A3F23 6923.3 891D24 ENST00000275206
A5E34 6923.3 135D2
N4F51 6g23.3 1023E5
A5F58 6924.1 795M22 LOC51696 AB033492
NG6E7 6924.1 795M22 LOC51696 AB033492
N3G47 6g24.1 100113 CITED2 BC004377

Table 2.1: RLGS fragments from 6q23-gq24.1 (D6S262-D6S308)
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Figure 2.3: RLGS BAC mixing gel.
A. In silico digestion of BAC DNA using the landmark enzymes identified 5 Notl
(A.) and 5 Ascl (B.) clones that will migrate within an RLGS profile. Virtual RLGS
patterns were determined and plotted in Microsoft Excel. C. Notl BAC mixing
gel (right) results in increased intensity of RLGS fragments in the RLGS profile
compared with the intensity of diploid fragments from normal tissue (left). Arrows
indicate the fragments from the normal profile that match the DNA from the

bacterial artificial chromosomes that was added in excess to identify clones from

chromosome 6q.

43



Table 2.2: Methylation profiling along 6923-924 by RLGS.

RLGS fragment addresses (n=Notl, and a=Ascl) from 6923-924 are depicted in
columns. Analyses of tumor profiles from NSCLC and HNSCC patients are
displayed in rows. Black boxes indicate a complete loss of the RLGS fragment,
gray boxes indicate a partial fragment loss, and white boxes indicate no
difference in fragment intensity between normal and tumor profiles. “N/A”
denotes those RLGS fragments within the profile that were not analyzable due to

the location or quality of the gel.
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Figure 2.4: Summary of RLGS fragments identified along 6q23-q24, and the
frequency of methylation.

A. RLGS fragments are denoted a RLGS master address, with “n” or “a” for Notl
and Ascl, respectively, along with a quadrant number on the top of the line.
Corresponding known genes and their transcriptional orientations are denoted
below the BAC clones. B. Summary of methylation percentages for each clone
is denoted for NSCLC (black bars), Lung cancer cell lines (gray bars) and

HNSCC (white bars).
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Figure 2.5: Genomic structure of TCF21.

TCF21 contains a CpG island beginning 193 base pairs 3 of the
transcriptional start site in exon 1, reaching 493 base pairs into intron 1,
containing the Ascl (A) site responsible for the RLGS landmark, a6E12. The
predicted promoter region begins 121 bases upstream of the transcription start

site and continues into the coding region.
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CHAPTER 3:

TCF21 HYPERMETHYLATION IN CANCER CONFERS GENE SILENCING

3.1 Introduction

In chapter two, we describe the identification of TCF21 as a gene that
becomes frequently hypermethylated in HNSCC and NSCLC. The location of
TCF21 within a region of loss of heterozygosity and its tumor-specific methylation
lends credence that it is a candidate tumor suppressor gene. Epigenetic addition
of side groups to histones or cytosine in the context of cytosine 5 to guanine
(CpG dinucleotides) have been shown to alter transcription without causing

changes in the DNA sequence' '%°.

The covalent addition of a methyl group
from the donor, S-adenosylmethionine, to cytosine via DNA methyltransferases
(DNMT1, 3a, and 3b, predominantly) results in gene silencing’®. The addition of
the methyl-group to cytosine along the DNA helix has been suggested to cause a
protrusion that inhibits vital transcription factors from binding to the promoter,
preventing transactivation of the corresponding gene'®® '?°.  Additional
mechanisms involving methyl-binding proteins that recognize the modified
cytosine bind, then recruit histone deacetylase and co-repressor complexes that

convert the area into compact chromatin, also creating a silent-state®% 2.
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In normal tissue, DNA methylation is limited to imprinting centers, repetitive
elements, and the inactive X chromosome in female cells in part because of the
spontaneous deamination of methyl-cytosine into thymine, creating point

mutations'3% 131,

Tissue-specific DNA methylation of CpG islands has also been
shown to occur in normal cells. Also, during aging, the process of DNA
hypermethylation has also been noted at certain loci, possibly providing a
correlation with increased cancer incidence with age. In cancer,
hypermethylation occurs in select CpG islands that are associated with about
60% of our genes. CpG islands were first identified as Hpall tiny fragments
(HTF) that were found to be largely unmethylated stretches of GC-rich
sequences '%°. Largely unmethylated in normal tissues, except for tissue specific
methylation, CpG island methylation (CIM) is readily recognized as a mechanism
frequently applied to silence genes in cancer.

Although useful as an indicator for methylation, the extent of methylation
as determined by RLGS is limited to the two CpG’s in the methylation-sensitive
restriction sites, Notl or Ascl, and does not determine the overall amount of
methylation within the rest of the CpG island. The purpose of these experiments
is to provide a higher resolution map of methylation-sensitive sites in order to

validate that TCF21 hypermethylation extends along the CpG island into the

promoter region and results in transcriptional silencing.
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3.2 Materials and Methods
Bisulfite sequencing:

DNA samples from HNSCC patients and cell lines, and NSCLC patients
and cell lines were modified with sodium bisulfite treatment. Two micrograms of
genomic DNA from patient samples were sheared into smaller fragments by
repeated rounds of freeze/thaw in a dry ice:ethanol container. In order to allow
for more efficient disassociation of the DNA strands, the samples were incubated
in the presence of freshly prepared 3M NaOH at 37°C for 20 minutes. Denatured
samples were incubated at 60°C overnight with sodium bisulfite and
hydroquinone in the dark. Bisulfite modified samples were purified using the Gel
Extraction Kit from Qiagen, and eluted in 50ul. The reactions were desulfonated
using fresh 3M NaOH at 37°C. The Gel Extraction Kit was used for the final
purification, eluting in 30ul, and the samples were stored at —20°C. Two
microliters of the DNA was used for PCR reactions following bisulfite conversion.
TCF21 bisulfite sequencing primers were designed to span the 5’ end of the CpG
island present in the & region. Bis1  primers (forward 5
AGGTGGAGATGTTGGAATGTG and reverse 5
AAAAACACCCAAAACAAAATAATC) amplify a 292bp product. Bis2 primers
(forwmard 5  AAGATTATTTTGTTTTGGGTGTTTTT and reverse 5
cacacccccactcccaac) amplify a 239bp product. Bis3 primers (forward &’
gttgggagtgggggtgtg and reverse 5’ tcctctataccaactcaacacactt) amplify a 204bp

product. The PCR products are checked on an 8% polyacrylamide gel and
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purified using the Qiagen Gel Extraction Kit. Purified PCR products were cloned
into the TOPO-TA (Invitrogen) vector using the manufacturer’s standard protocol.
Approximately 5-10 clones were sequenced from each sample. Complete
conversion through the bisulfite reaction was confirmed by the presence of
thymine where cytosine was not 5’ to guanine in the original sequence. For each
of the individual CpG dinucleotides, the overall methylation was scored as a

percentage of (#C/(#T+#C)) x 100%.

Combined Bisulfite Restriction Analysis (CoBRA)

Sheared peripheral blood lymphocytes (PBL) DNA isolated from non-
cancerous individuals was treated with 20U Sssl methyltransferase in the
presence of the methyl donor, SAM, for 4 hours at 37 °C to obtain 100%
methylated standard DNA. The DNA was purified using phenol: chloroform
isolation and eluted in 100ul of water. Optical densities were determined at
260nm, and concentrations were determined by the equation: ODagonm *50 *
Dilution factor=ng/ul. In vitro methylated DNA and unmodified PBL from the same
individual, representing 0% methylated DNA, were mixed in ratios to create 0%,
15%, 30%, 45%, 60%, 75%, and 90% methylated molecules. Two micrograms
of these methylation standards and patient DNA’s were bisulfite treated overnight
as described. Bisulfite DNA’s from both Sssl in vitro methylated standards and
patient samples were amplified using the TCF21 bis1 primers. The bis1 PCR

fragments were purified by the Qiagen Gel Extraction Kit using the following
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protocol modifications: A five-minute spin following the addition of QG buffer and
PE buffer were used to remove residual salt and ethanol from the membrane.
The samples were ultimately eluted in 30ul. Fifteen microliters of the samples
were digested in a total volume of 30ul containing 5U of BstUl (NEB), 1X BSA,
and 1X buffer 2 at 60°C for 3 hours. Fifteen microliters of each digest were then
separated on an 8% polyacrylamide gel, stained with ethidium bromide, and
visualized. The bis1 product contains 3 potentially methylated BstUI restriction
sites (CGCG). Complete conversion of unmethylated cytosine to thymine
abolishes the BstUI sites, leaving the entire PCR product intact. Tumor samples
were scored as methylated upon comparison to the matching normal adjacent
tissue. Specifically, methylation was determined using the following criteria as
compared to the matched normal: tumors having bands corresponding to the
expected 118bp, 98bp and 73bp methylated fragment, or the 216/218bp and
173bp partially methylated fragment, and/or displayed an increased banding

intensity relative to the amount of product loaded on the gel.

In vitro treatment of HNSCC and NSCLC cell lines using 5-aza-
2'deoxycytidine

A549, a NSCLC cell line, was plated in 10cm? culture dishes in triplicate.
Cell cultures were treated with 1-5uM 5-aza-2’deoxycytidine for 48 hours.
Media-containing drug was replaced every 24 hours to avoid drug hydrolysis and

inactivation.  Control plates were treated with equal amounts of dimethyl
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sulfoxide, DMSO. After 48 hours of drug treatment, the cells were grown in
regular culture media (10% fetal bovine serum (FBS), plus penicillin and
streptomycin) for an additional 24 hours to allow transcription to occur.

RNA and DNA were isolated using Trizol reagent (Invitrogen) following
the manufacturer’s protocols. cDNA was synthesized using 1ug of total RNA as
template by the Superscript first strand synthesis kit (Invitrogen) according to
manufacturer’'s suggestions. Oligo dT primed and random hexamer primed
cDNA'’s were added together for each sample following synthesis.

Semi-quantitative RT-PCR reactions using SYBR green were carried out
using the 1Q SYBR green Supermix (BioRad) using the icycler (BioRad). 25ul
reactions containing the cDNA template and 12.5ul (2X) Master Mix, 10pmol
TCF21-RT -F (5 AGCTACATCGCCCACTTGAG), 10pmol TCF21-RT-R (5
CGGTCACCACTTCTTTCAGG), and ddH20, were amplified using the following
reaction conditions: 95°C (3 minutes); (40x) 95°C (20s), 58°C(20s), 72°C(20s);

a melt curve of (40x) 55-95°C (increasing 0.5°C increments, 10 seconds each);
72°C (5 minutes); 4°C hold. SYBR green fluorescence was monitored in real-
time, and pipetting accuracy and cDNA amounts were measured by GAPDH
amplification under the same reaction conditions using GAPDH-F
(5TGGAAGGACTCATGACCACA) and GAPDH-R
(9TTACTCCTTGGAGGCCATGT). Normalization of individual samples was
calculated by threshold cycle (TCF21)-threshold cycle (GAPDH). 5azadc treated

cell lines were compared to untreated cell lines by taking the normalized
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threshold (untreated)- normalized threshold (treated). This difference is then
used as the exponential power to determine the relative expression (2*n), where
“n” equals the difference between untreated and treated samples. Expression of

TCF21 in the untreated samples is given the value 1.

Construction of the TCF21 promoter luciferase constructs in pGL3:

The TCF21 sequence from 1,320 base pairs upstream of the transcription
start site through 688 base pairs into exon 1 was PCR amplified using primers
tagged with Kpnl and Xhol restriction sites (forward primer 5’
ggtacccatagggggaaagcaaacaa and reverse primer
5'ctcgagCCCGTTCTCGTATTTGTCGT).

The underlined portion of the primer sequences corresponds with the Kpnl and
Xhol sequences, respectively. To ensure that these restriction sites would be
properly cleaved from the ends of the product, the entact PCR products,
containing a taq polymerase “A” overhang, were ligated to the TOPO-TA vector
(Invitrogen) and was named TOPO- tcf21.

The RNA-tcf21 construct was designed by insertion of a ECoRV-Notl-Ascl
linker into the multiple cloning site of pGL3 using Xhol and Hindlll cohesive ends.
Once the linker was inserted, the plasmid clone from our RLGS bacterial library
was directionally ligated into pGL3 using the EcoRV-Ascl restriction sites.

Other deletion constructs along the upstream portion of TCF21 were

derived from the TOPO-tcf21 plasmid. The tcf21-Abglll construct was made by
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digestion of the pGL3-tcf21 plasmid with Bglll. The tcf21-ARV-Smal construct
was created by digestion of the pGL3-tcf21 plasmid with EcoRV and Smal.
Because EcoRV and Smal cleave DNA sequences leaving no half-sites, the 5’
and 3’ ends can be directly ligated to one another, abolishing both restriction
sites for future use. The tcf21-Asmal construct was created by digestion with
Smal alone. The pGL3 plasmid contains a Smal site upstream of the multiple
cloning site, and an internal Smal site within the tcf21 sequence allows for the
removal of the sequence between. The tcf21-Asacl construct was created
similar to the tcf21-Asmal construct, instead by digestion using Sacl. These
plasmids containing the portions of the 5’ region of TCF21 were extracted from a
1% agarose gel and directly ligated overnight at 16°C, and assayed as described
above.

Five micrograms of pGL3, TOPO-tcf21, and TOPO-predicted promoter
plasmids were digested with 15 units of Kpnl and 20 units of Xhol at 37°C for 2
hours. Digestions were separated on a 1% agarose gel containing ethidium
bromide for visualization. Digested DNA from the TCF21 inserts and the pGL3
vector were extracted from the gel and isolated according to the Qiagen Gel
Extraction kit. For each ligation, 50ng of pGL3 vector and 20-30ng of insert DNA
was incubated in the presence of buffer and 0.5 units of T4 DNA ligase
(Invitrogen) in a 16°C water bath overnight. One fifth of the ligations were
transformed into chemically competent TOP10 cells (Invitrogen) and plated on

LB/ampicillin plates overnight at 37°C.
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To determine if a resultant colony has the correct insert, universal primers
against the pGL3 vector background were designed. The forward primer
sequence is 5° AGTGCAGGTGCCAGAACATT and the reverse is
5'GCCTTATGCAGTTGCTCTCC. PCR reactions were set up in the presence of
10pmol of each primer, 1X PCR buffer, 1unit of platinum taq polymerase
(Invitrogen), 0.2mM dNTP’s, 1.5mM MgCl, and DNA in the form of bacterial
colonies. The PCR conditions were 95°C for 10 minutes, and 35 cycles of
denaturing at 95°C for 30 seconds, annealing of the primers at 60°C for 30
seconds, and extension at 72°C for 30 seconds. A final extension of 72°C for 10
minutes and a 4°C hold completes the amplification. PCR products were then
visualized on an 8% polyacrylamide gel and visualized by ethidium bromide
staining. If a colony resulted that had self-ligated pGL3 without insert, the PCR
product was 205 base pairs. Colonies with inserts were the expectant size of the

insert plus 205 base pairs.

Methylated TCF21 promoter luciferase constructs:

Twenty micrograms of the pGL3-tcf21 construct were digested with 40
units of Xhol (NEB) in the presence of BSA in buffer 2, in a final volume of 40ul at
37°C for 2 hours. Twenty units of Kpnl was then added in NEB buffer 1, the
volume adjusted to 50ul, and returned to 37°C for an additional hour. Digested
plasmids were separated on a 1% agarose gel, and the pGL3 vector and “tcf21”

insert were extracted from the gel separately and purified using the Qiagen Gel
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Extraction kit. Insert DNA was eluted in 50ul of buffer elution buffer and
separated into two fractions, while the pGL3 vector remained free of additional
modifications. In a final volume of 300ul, 20ul of insert only was incubated for 2
hours at 37°C with methyl-donor, SAM, and plus/minus Sssl (30 Units).
Methylated and unmethylated insert DNA were treated identically to account for
experimental artifacts; however the fraction that is unmethylated was incubated
in the presence of SAM without Sssl methyltransferase. Immediately following
this incubation, the DNA was again purified using the Qiagen Gel Extraction kit
and eluted in 30ul of elution buffer.

Completeness of the in vitro methylation reactions was determined
through methylation-sensitive and insensitive restriction enzyme digestion using
Hpall and Mspl, respectively. Hpall and Mspl both recognize the 5° CCGG
sequence. Hpall, however, does not digest if the cytosine immediately 5’ to
guanine is methylated, whereas Mspl will digest, regardless of methylation. Two
hundred nanograms of both methylated and unmethylated insert DNA was
subject to restriction digest with either 10 units of Hpall or Mspl at 37 °C for |
hour. Digested samples were separated on a 1% agarose gel and visualized.
Complete methylation was determined by a loss of the 2kb band that
corresponds with the expected intact “tcf21” insert length. The “tcf21” insert
contains 6 Hpall/Mspl sites and complete methylation is seen as fragments that

are 99, 169, 327, 249, 427, and 839bp long.
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3.3 Results

Bisulfite Sequencing of TCF21

Analysis of the RLGS profiles demonstrated that the Ascl site located
within a CpG island within exon 1 of TCF21 is hypermethylated in 67% and 84%
of HNSCC and NSCLC primary tumor samples, respectively. In order to
determine the extent of methylation in patient samples, bisulfite sequencing of a
total of 6 pairs of normal and tumor (3 HNSCC sets and 3 NSCLC sets) as well
as from a cell line derived from either HNSCC and NSCLC, was performed using
bis1, 2, and 3 primer pairs that encompass the entire CpG island (Figure 3.1A).
Primers were designed in sequences that are present in both methylated and
unmethylated templates to allow for equal amplification upon bisulfite
modification of unmethylated cytosine, present as thymine following PCR, and
methylated cytosine, which remains cytosine. Bis1 PCR primers were designed
at the 5’ end of the CpG island from +300 to +590bp and the product contains 19
potentially methylated CpG’s. Bis2 primers and bis3 primers are located at +563
to +804 and +787 to +990, respectively. Bisulfite sequencing of HNSCC patient
8, 54, and 56 normal and tumor, HNSCC cell line Scc11B, NSCLC patient 6,11,
and 16 normal and tumor, and NSCLC H2086 revealed clear differences
between TCF21 methylation in neoplastic and non-neoplastic samples (Figure
3.1B and C). While there is a widely mosaic distribution of methylation in the
normal adjacent tissues from each of the patients, the frequency and density of

methylation increases in the tumor samples, supporting our observations by
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RLGS. As expected, methylation more distal to the transcriptional start site of
TCF21 in bisulfite sequencing from bis2 and bis3 products were more mosaic,
and differences become less obvious between normal and tumor methylation

(Figure 3.1B).

Combined Bisulfite Restriction Analysis (CoBRA) on primary samples

While methylation of TCF21 was commonly noted in the patient tumor
RLGS profiles analyzed as well as enriched in tumor samples that were bisulfite
sequenced, methylation analysis in a larger patient population was performed to
measure the extent of epigenetic regulation in TCF21. A collection of bisulfite
treated DNAs from HNSCC tumor and normal pairs (n=22), normal and
metastatic pairs (n=1), normal, tumor and metastatic sets (n=6) and 5 tumor and
metastatic pairs from individuals (Figure 3.2B) was subject to CoBRA using BstUI
digestion. The 292bp PCR product of TCF21 bis1 contains 3 BstUI sites (Figure
3.2A), whose recognition sequence is CGCG. While BstUl is methylation-
sensitive itself, in the context of CoBRA, conversion of the unmethylated
samples, or partially methylated samples results in the abolishment of the sites
following bisulfite treatment to either TGTG, TGCG, or CGTG. Because of this
modification following PCR, unmethylated samples remain resistant to digestion
by BstUI, resulting in a single 292bp fragment. Conversely, complete TCF21
bis1 methylation results in 118bp, 98bp, and 73bp fragments upon BstUI

digestion. Partial methylation of a sample appears as the combination of
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methylated and unmethylated bands, as well as the addition of 216/218bp
fragment and a 173bp fragment (Figure 3.2A). When available, all tumor and
metastatic samples were compared with the methylation patterns seen in the
corresponding normal. NSCLC samples from normal and tumor tissues (n=12)
were also analyzed for methylation using this technique (Figure 3.2C). As
summarized in Figure 3.2D, 82.1% of HNSCC primary tumors, 57.1% of
metastatic HNSCC samples, and 84.6% of NSCLC primary tumors with matched
normal adjacent tissue had observably greater amounts of DNA methylation
within the TCF21 bis1 region.

CoBRA analysis confirmed a higher degree of methylation in the tumor
samples than in their normal tissue controls, overall. The tumor samples had a
high propensity towards TCF21 hypermethylation, displaying a mosaic pattern,
where many of the bands present corresponded with complete methylation of
some sequences, while others had banding patterns consistent with partial
methylation (Figure 3.2B and C). Normal adjacent tissues were largely
unmethylated overall, but some partial methylation represented by the 216/218bp
fragment was frequently observed, indicating that this BstUI site is normally
partially methylated. Methylation in tumor samples, where there were also
metastatic lesions, also demonstrated a higher propensity towards complete
methylation, indicating that there may be tumor stage-specific methylation

patterns for TCF21.
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Demethylation reactivates TCF21 expression

It is important to correlate methylation of TCF21 and repression of
transcription. An indirect method of testing the link between methylation and
TCF21 gene expression was achieved in vitro using a demethylating agent,
Decitabine, in NSCLC cancer cell line A549, where TCF21 is methylated and
silenced.  Decitabine is randomly incorporated into dividing cells during
replication at cytosine positions in DNA'™2. Once incorporated, the nitrogen that
replaces carbon in the cytosine ring structure results in a covalent link with DNA
methyltransferases as they attempt to methylate a particular sequence’?. This
linkage impedes the enzymatic activity, hence preventing additional post-
replication methylation from occurring elsewhere in the genome, resulting in a
release of epigenetically inhibited transcription. In this experiment, two dosages
of Decitabine were selected in order to achieve optimal TCF21 re-expression
through demethylation. A549 was treated for 24 and 48 hours with Decitabine
(Sigma), while untreated controls were plated with equal amounts of DMSO for
48 hours. TCF21 gene reactivation was achieved in the presence of both 1uM
and 3uM Decitabine for 24 and 48 hours (Figure 3.3A and B). Reactivation of
TCF21 through demethylating agents indicates that TCF21 expression is
regulated by DNA methylation, whether directly through demethylation of its

regulatory region or through re-expression of an upstream activator of TCF21.
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Promoter hypermethylation silences TCF21 activity

The promoter region of TCF21 has not previously been characterized
experimentally. Promoter prediction programs have identified a ~600bp region
from 121 base pairs upstream of the transcriptional start site stretching 448 base
pairs into exon 1. To determine if this region, and surrounding fragments contain
promoter activity, portions upstream of the transcriptional start site, as well as the
CpG island portion of TCF21 were examined for promoter activity in vitro using
luciferase reporter assays (Figure 3.4A). The constructs that contain the
predicted promoter region demonstrate the highest levels of induced luciferase
activity. The Bglll construct, lacking the predicted promoter portion of TCF21, as
expected, lacks transcriptional activity (Figure 3.4B).

Based on these studies, an additional experiment to determine a direct
consequence of methylating the 5’ regulatory region of TCF21 was done using
the “tcf21” construct, as it contains not only the predicted promoter region, but
also the CpG island portion of TCF21 where we have identified aberrant
methylation in tumors. In vitro methylation of this portion of TCF21 by the Sssl
methyltransferase resulted in complete methylation as determined by
methylation-sensitive, Hpall, and methylation-insensitive, Mspl, digestions
(Figure 3.4C). The methylated fragment was ligated to an unmethylated pGL3
plasmid backbone. Luciferase activity was normalized by co-transfection using
Renilla-TK expression. Methylating this portion of TCF21 results in more than a

75% reduction in promoter activity (Figure 3.4D). This supports the effect of DNA
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methylation on regulating TCF21 expression.

3.4 Discussion

With increasing experiments demonstrating that tumor suppressor genes
are often hypermethylated in cancer, leading to transcriptional silencing, it is
clear that epigenetic mechanisms are very common in cancer'®. Our data
demonstrate a significant inactivation of TCF21 through epigenetic silencing in
primary neoplasia, as well as cancer cell lines in vitro, while the normal tissue
tested expresses TCF21 and remains unmethylated. Methylation found within
the 5’ end of exon 1 can distinguish normal tissue from neoplastic tissue in more
than 80% of all HNSCC and NSCLC samples investigated. TCF21 repression is
reversed upon removal of DNA methylation resulting in increased expression of
TCF21.

TCF21 was identified as a basic helix loop helix (bHLH) transcription
factor that is expressed in the mesenchyme that encapsulates the epithelia of
internal organs during embryogenesis'**. TCF21 expression in adult tissues was
highest in lung tissue, but also found in spleen, heart, liver, kidneys and testes'>.
It is the first transcription factor identified as being essential for differentiation of
epithelial cells adjacent to mesenchyme, but joins the list of transcription factors
to be identified as aberrantly hypermethylated in cancer'*. bHLH proteins are

134; 135

transcriptional regulators that mandate cell fate differentiation . Despite its

mesenchymal cell-specific expression in development, eliminating the expression
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of TCF21 results in major phenotypic defects in the kidney, lung, spleen, facial

134; 136; 137; 138

muscles and gonad development in murine models This is likely

because cross talk between the supporting mesenchyme and the organ
epithelium is essential for proper lung branching and differentiation™* *%°.
Maintaining proper expression is critical for organ development’™®.  TCF21
knockout mice have been compared phenotypically with WT-1 knockouts, the
Wilm’s tumor suppressor gene. Further, loss of WT-1 and TCF21 transcription
factors result in a loss of mesenchymal epithelialization, a process that is critical
in tumorigenesis ',

In chapters two and three, validation of epigenetic regulation of TCF21
and subsequent silencing were identified. The regulation of TCF21 is tissue-
specific, but the modulators responsible for activating TCF21 have not been
identified. Although DNA hypermethylation of the TCF21 CpG island correlates
with a lack of gene expression, the mechanism of silencing, whether by inhibition
of transcription factor binding in the upstream region of TCF21, or by structural
changes in the chromatin, is not known. Using the methylated luciferase
reporter assay, we were able to demonstrate that hypermethylation of the TCF21
promoter region as the initiating event is able to confer a reduction in promoter
activity from the plasmid. This is likely due to the binding of methyl-binding
proteins to their targets, methylated cytosine, which recruit chromatin-remodeling
complexes that shut down transcription of the TCF21 promoter-luciferase

product. However, there is evidence in the literature that indicates that any
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methylated sequence will recruit identical protein complexes, and is not specific
to methylation in CpG islands of gene promoters'®.  Methylated sequences
downstream of the promoter along episomal DNA are able to prevent
transcriptional elongation, but not in endogenous genes °. Additional studies
based on methylating the endogenous locus using methylated oligos at various
locations along the CpG island and promoter regions of TCF21 would provide
extra validation that methylation leads to transcriptional silencing *'.

We conclude that TCF21 is targeted for epigenetic silencing rather than
genetic because of its involvement in mesenchymal to epithelial transition (MET).
Epithelial sheets can be dynamically converted into mesenchymal cells and back
in normal developmental processes'*2. MET, and the reverse process of
dedifferentiation from epithelial to mesenchymal transition (EMT), are also
proposed as fluctuating during tumorigenesis'*®. The primary carcinoma in situ
occurs in epithelial cells anchored by the extracellular matrix. These epithelial
cells obtain genetic and epigenetic modifications through EMT that permit
invasion along the basement membrane, establishing an opportunity for
metastasis. Once in the blood or lymphatic circulation, cells reach the target
organs and are able to reestablish themselves as new lesions. Propagation of
these lesions at secondary sites is maintained by restructuring their gene
expression patterns from migratory (mesenchymal) to stationary (epithelial)
through MET™,

Although limited in size, our data support this notion of epithelial and
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mesenchymal plasticity in primary and metastatic lesions. Methylation of TCF21
is higher in HNSCC primary tumors than in metastatic lesions from patients 6,8,
and 12. This may reflect that TCF21 hypermethylation allows for the
dedifferentiation at the primary tumor, permitting the initial stages of the
metastatic cascade. Reduction in the amount of TCF21 methylation in
metastases may indicate the requirement for cells to survive in secondary sites.
Reestablishing the epithelial characteristics associated with TCF21 expression,
such as increased E-cadherin expression, may allow for neoplastic cells to
become anchored at these distant sites. Commitment to inactivation by means
of permanent genetic mutations does not allow flexibility in gene expression, nor
the flexibility in differentiation states. DNA methylation, although a covalent
modification, can be reversed, and expression of the silenced target restored.
This elasticity in gene profiling provides plasticity in gene expression profiles at

different stages in tumorigenesis.
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Figure 3.1: Bisulfite sequencing of TCF21

A. Location of the three bisulfite sequencing primers and their association along
the CpG island of TCF21. Normal and tumor PCR products from NSCLC (B.) 6,
16, 11, H2086 and HNSCC (C.) 8, 56, 54, and Scc11B, were ligated into the
TOPO-TA plasmid, transformed into bacteria and grown on Lurea Broth plates
containing ampicillin. Individual clones were bisulfite sequenced using the M!3
forward and reverse primer sequence adjacent to the PCR product in the
plasmid. Each clone is represented by a row, and the CG being investigated is
arranged in the columns. White circles represent unmethylated cytosine, and

black circles are methylated.
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Figure 3.2: Combined Bisulfite Restriction Analysis (CoBRA)

A. A schematic diagram of BstUI (b) sites along the TCF21 bis1 PCR product,
and the expectant banding patterns following digestion. B. CoBRA results for
HNSCC normal, tumor and metastatic samples. C. CoBRA results in NSCLC
normal and tumor pairs. Samples in B. and C. with more methylation in the
tumor than in normal are denoted with (>). Primary tumor samples with
methylation equal to normal are denoted with (=), and samples with more
methylation in the normal are denoted with (<). D. Summary of the methylation

patterns seen across the patient samples analyzed by CoBRA.
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Figure 3.2: (continued)
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Figure 3.3: TCF21 expression following in vitro demethylation.

A. SYBR green RT-PCR determination of TCF21 expression in A549. Untreated
A549 lung cancer cell line, containing hypermethylated TCF21, lacks
endogenous expression (control). Following 24 and 48 hours in the presence of
1uM or 3uM 5’aza-2-deoxyctidine treatment, TCF21 expression is restored. B.
Quantitation of the SYBR green RT-PCR reactions, normalized to GAPDH

internal control in treated and untreated A549 cell lines.
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Figure 3.4: Determining the promoter of TCF21

A. Constructs along the 5 region and exon 1 of TCF21 cloned in front of the
luciferase reporter gene in the pGL3 basic plasmid. B. Experimentally
determined reporter gene activity driven by each construct. C. Enzymatic
digestion by Hpall or Mspl to determine if the in vitro methylation reactions were
complete for the “tcf21” labeled construct from (A.). D. Luciferase activity of the
“tcf21” construct upon in vitro methylation (black bar) or no methylation (white

bar).
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CHAPTER 4:

TCF21 EXPRESSION PROVIDES ANTI-TUMOR ACTIVITY

4.1 Introduction

Epithelial to mesenchymal transition (EMT) is a normal process by which a

differentiated epithelial cell acquires characteristics that allow for dedifferentiation

|144

into a mobile mesenchymal cel EMT occurs during gastrulation, organ

development (such as in the formation of the lungs and heart), and in the process

of wound healing™" .

Although clear morphological and gene expression
profiles can be seen, interactions between mesenchymal and epithelial cells
have been demonstrated to be important for maintaining the epithelium™®.
Alterations in signals originating from the mesenchymal component have
profound effects on the adjacent epithelium and the reverse is also true'> ¢
Normally, epithelial cells are highly organized along the basement
membrane, which maintains the tissue architecture and separates the epithelial
components from the stromal, as well as allowing for the exchange of extra- and

146; 147

intra-cellular substances Epithelial cells are necessary for proper organ

structure and for physiologic function, while mesenchymal cells form all migrating
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cells and support for the epithelium™®.  During embryogenesis, through the
process of EMT, epithelial cells lose certain defining characteristics such as E-
cadherin and keratin expression, in addition to loss of the organization afforded
by the polarity and inter-cellular adhesions, and instead acquire a more
fibroblastic appearance’. Epithelial cells contain keratin filaments, and
desmosomal and adherin junctions that are vital for cell-cell interactions™’. In
addition, loss of cadherin interaction between adjacent cells is essential for cells
to dissociate from one another and from the extracellular matrix, which typically
prevents motility.

The majority of human malignancies are derived from cells of epithelial

origin and are termed carcinomas'*’.

Tumor formation occurs through multiple
steps that convert epithelial cells into cells that can divide indefinitely, invade
surrounding tissue and migrate to target sites and eventually sustain metastatic
growth™”.  To invade surrounding tissue and spread to additional sites, tumor
cells adopt migration mechanisms found in normal processes'’ '*°. EMT has
been described in many cancers including breast and oral squamous cell
carcinomas'°. Malignant lesions are often defined by their differentiation status,
where benign tumors retain their epithelial phenotype and malignant cells acquire
a more fibroblastic mesenchymal phenotype'’. In general, less differentiated
tumors are more aggressive'>" 2. Epithelial cell plasticity obtained through EMT

allows for a highly organized epithelial cell, that has polarity and multiple inter-

cellular adhesion contacts, to revert to a cell that has the ability to disassociate
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from neighbor cells, invade and migrate, achieving a more aggressive

malignancy 4 147 149,

In fact, along the invasive front of a carcinoma, epithelial
cells often gain mesenchymal cell characteristics and gene expression
profiles'®®. Conversion into a mesenchymal cell has been demonstrated to occur
through changes in gene expression within the cell, often triggered by an outside
stimulus that results in induction or inactivation of important transcription
factors™’.

Overexpressoin of a single transcription factor involved in the interactions
between mesenchymal and epithelial cells results in a shift in the differentiation

patterns'4 147,

Because transcription factors are key to allowing the cellular
plasticity of EMT and MET to occur, the understanding of these transactivating
factors and their targets are important for understanding their part in human
malignancies.

TCF21 was identified as a transcription factor involved in mesenchymal to
epithelial transitions (MET) that occurs in embryogenesis during the development
of vital organs including the heart, lungs, kidneys, spleen, and craniofacial
muscles during embryogenesis'* %137 TCF21 is a class B transcription factor.
Expression of this class of transcription factors is tissue-specific, while the
binding partners of class B transcription factors, known as class A, are
ubiquitously expressed'** '**. TCF21 has been shown to heterodimerize with the

class A binding partners E12 and E47.

During MET, mesenchymal cells differentiate into epithelial cells through
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signaling from within the epithelium to trigger the morphological changes'®.
TCF21 expression has been shown to be mesenchyme-specific, but loss results

134 n fact,

in a loss of differentiation and branching in the surrounding epithelium
lack of TCF21 based on knockout studies in mice where exon 1 is replaced by a
neomycin cassette, abolishing the bHLH domain, results in live-born mice that
have difficulties in respiration and die within minutes after birth'**. This perinatal
lethality is a classic feature of tumor suppressor activity'*. The cause for the
perinatal lethality has been associated with poor lung differentiation by means of
down regulation of BMP4™% 37 Lung branching, for example, is a highly
regulated process that is required to allow for increased surface area for gas
exchange. The surrounding mesenchyme is essential for inducing branching,
partially through TCF21 signaling.

Because of its function in inducing differentiation of mesenchymal cells
into epithelial cells, and the knowledge that carcinomas often lose this epithelial

state, the role of TCF21 as a tumor suppressor gene is investigated in these

experiments.

4.2 Materials and Methods

Mutation screen:
Each exon of human TCF21 was amplified using two primer sets that
amplify genomic DNA. The primer sets are as follows: TCF21ex1 (1a) forward,

5" CAGGAAACAGCTATGACCtgcagttgagttgatttacattacaa and reverse, &'
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tgtaaaacgacggccagtAACCCGTCACATTCCAACAT,;

TCF21 ex1 (1b) forward, 5' caggaaacagctatgaccACCCTCTTCCTCGCTTTCTC
and reverse, 5' TGTAAAACGACGGCCAGTcggtggtcgagatgtgtaag;

TCF21ex1 (2a) forward, 5' CAGGAAACAGCTATGACCtttacattacaagttgcaaatcagg
and reverse %' tgtaaaacgacggccagtAACCCGTCACATTCCAACAT;

TCF21ex2 (1b) forward, 5' caggaaacagctatgaccCTCGCAATGCTCCTCTCTCT
and reverse 5' TGTAAAACGACGGCCAGTtccccatagtttcccactttc. Lower case
letters in the mutation primer sequences denote the M13 forward and reverse
primers used for the sequencing reactions of the PCR products. Fifty microliter
PCR reactions were established using 10pmol of forward and reverse primers,
1X PCR Buffer (Invitrogen), Platinum Taq (Invitrogen), 0.2mM dNTPs and ~50ng
genomic DNA from each patient for 35 cycles. Ten microliters from each
amplification was visualized for product using ethidium bromide staining on an
8% polyacrylamide gel. Samples were then purified using the Qiagen Gel
Extraction kit according to the manufacturer's suggested protocol, and eluted
from the column in 30ul of elution buffer. Approximately 200ng/ul were sent for
individual sequencing using the M13F and M13R tags linked to each of the 5’
ends of the primers used in the initial PCR amplification reactions.

Sequencing chromatograms were analyzed using the DNA Star “Chromas”
software. To confirm mutations, genomic DNA from the tumor sample as well as
from its matched normal adjacent tissue were re-amplified to confirm the

mutation in the tumor specifically, and not in the normal.
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TCF21 ORF cloning:

Primers were designed to amplify an inframe TCF21 open reading frame
when ligated to myc-tag sequence, which creates a unique peptide sequence for
antibody detection. The myc tag sequence is as follows: &
GTACCACCATGGAACAGAAGCTAATCTCTGAGGAAGTTTTGCTGGGGATCT
TGGAGCAGAAATTGATAAGCGAGGAAGACCTTGGAGAACAAAAGCTGATTT
CGGAAGAGGATCTGGGGATCTTGGAGCAGAAATTGATAAGCGAGGAAGAC
CTTGGAGAACAAAAGCTGATTTCGGAAGAGGATCTGGGGATA.  Antibodies
against the myc-tag (Cell Signaling Technology) were used to measure the
protein following transfection with TCF21. The TCF21 ORF and myc tag were
first cloned into the Topo TA (Invitrogen) vector, utilizing the “T” overhangs on the
vector and the 3’ “A” overhangs incorporated onto the PCR products by the Taq
polymerase. The 200bp myc-tag product was PCR amplified using primers
containing a Kpnl restriction site at the end of the forward primer, and a Spel
restriction site at the end of the reverse primer. Upon restriction enzyme
digestion of the Topo-myc tag plasmid, using 15 units of Kpnl and 10 units of
Spel in the multicore buffer at 37°C, the myc tag portion was purified using the
Qiagen Gel extraction kit. This digestion pattern allows for an in-frame and
directional ligation into the topo-TCF21 plasmid upstream of TCF21 because the
Topo-TA plasmid has both a Kpnl and Spel site upstream of the multiple cloning

site where TCF21 insert is located. The mycTCF21 insert was PCR amplified
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from the Topo plasmids using primers that recognize the 5’ portion of the myc-
tag, and contain a BamHI site, and a TCF21 reverse primer containing a 3’ Sall
site (5' CAGGGATCCAGCTTGGTACCACCATG and 5'
GGAGTCGACTGGGACAGAGAGAGGAGCAT, respectively). PCR products
were gel extracted using Qiagen’s Gel Extraction Kit, and digested using BamHlI
and Sall, resulting in restriction half sites on the ends of the insert. In addition,
the retroviral vector, pBABE, was also digested by BamHI and Sall, allowing for
directional ligation of mycTCF21 ORF. Ligated pBABE-mycTCF21 plasmids
were transformed using the chemically competent Top10 cells (Invitrogen) and
plated on LB/Agar plates containing ampicillin. Colony PCR was performed on
resultant clones to identify which colonies had the expected mycTCF21 insert
using the forward primer specific to myc and the reverse primer specific for
TCF21. Positive clones were isolated using Qiagen’s Miniprep kit. Plasmid
DNAs were sequenced to confirm the presence of the correctly orientated insert

using SP6 and T7 primer binding sites located along the pBABE plasmid.

Transfection of pPBABE mycTCF21 construct into cell lines:

Ten micrograms of pBABEmycTCF21 plasmid or pBABE vector alone
were transfected into the amphotropic Pheonix packaging cell line (60%
confluent) using the Superfect reagent following Qiagen’s protocol at
experimentally determined 1:6 ratio of DNA:Superfect, and returned to the 37°C

incubator. Three hours following the initial transfection, the cells were washed
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once with 5ml PBS, and then 8ml of DMEM-15%FBS-Penicillin/Streptomycin was
added gently to the side of the culture dish to prevent dislodging the cells.
Twenty-four hours later, virus-containing medium was collected from the Pheonix
cells, and cell debris was removed by centrifugation at 1000rpm for 5 minutes in
the presence of 2X polybrene. Four milliliters of infectious medium, containing
either pBABE mycTCF21 or pBABE vector alone, was added to the surface of
40% confluent A549 cells, and incubated at 37°C. To the surface of the Pheonix
cells, 8ml DMEM-15%FBS-Penicillin/Streptomycin was added. After 12 hours,
the infectious medium from A549 was removed and replaced with 4ml of new
infectious medium. After twenty-four hours the viral-medium was removed, the
infected cells were washed with PBS, and normal RPMI-
1640/10%FBS/Penicillin/Streptomycin was added to the cultures. The following
day, infected cells were washed, trypsinized, and split 1:2. Selection medium
was added to the cell cultures (RPMI-1640/10%FBS/Penicillin/Streptomycin +
5ug/ml Puromycin (Sigma) to select only for cells that have been infected by the
viral constructs. As a control, wild type A549 cell lines were also treated with
Puromycin to establish when wild type cells should be completely eliminated by
the drug in the transduced cultures. Four days of selection resulted in a total loss
of wild type A549 cells under puromycin drug selection.

Transfected cell lines (A549 mycTCF21 or A549 pBABE) were grown in
150mm culture dishes to allow for ample cell growth for DNA, RNA and protein

isolations. RNA isolation was performed using the RNA-stabilizing agent, Trizol
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according to standard protocols. Isolated RNAs were treated with DNAse to
eliminate any contaminating genomic DNA that would amplify in the RT-PCR
reactions. cDNA’s were amplified from the Superscript RT-PCR cDNA synthesis
kit (Invitrogen) by random hexamers and oligo dT primers from a total of 2ug of
purified RNA. Expression levels of transfected TCF21 were analyzed using
semi-quantitative SYBR green RT-PCR (forward primer
5 AGCTACATCGCCCACTTGAG; reverse, 5 CGGTCACCACTTCTTTCAGG)
and normalized using primers specific for GPl (forward, 5
GACCCCCAGTTCCAGAAGCTGC; reverse, 5 GCATCACGTCCTCCGTCACC)
Expression of vimentin (forward, 5'tggcacgtcttgaccttgaa; reverse,
5'ggtcatcgtgatgctgagaa), Wnt4 (forward, 5’ ctgaaggagaagtttgatggtgcc; reverse, &'
gtggaatttgcagctgcagcegttc), Snail (forward, 5’ acccacactggcgagaag; reverse, &'
attccatggcagtgagaagg), and E-cadherin (forward, 5 agccatgggcccttggag;
reverse, 5 ccagaggctctgtgcaccttc) were examined by SYBR green RT-PCR as
described above. Normalized expression of A549 pBABE was always labeled as
“1” for each gene, and the relative expression in A549 mycTCF21 is in
relationship to this value.
Protein was isolated from whole cell lysate in lysis buffer (50mM Tris-
HCL, pH 7.6, 250mM NaCl, 5mM EDTA, 50mM NaF, 1.5mM PMSF, 0.2% NP-
40) on ice for 30 minutes. Cellular debris was removed by centrifugation at
14,000rpm (4°C) for 15 minutes. Protein concentrations were determined using

the Bradford Assay kit (BioRad) according to manufacturer’s instructions.
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Translation efficiencies of the plasmid constructs were determined by
Western blot analysis using a primary antibody to detect the myc-tag of the
mycTCF21 fusion protein. Briefly, 150ug of protein from whole cell lysate was
separated on a 12% PAGE-SDS minigel. Semi-dry transfer of the proteins was
performed at room temperature at constant amperage of 13mA for 45 minutes
onto Hybond™ ECL™ Nitrocellulose membrane (Amersham). The resultant blots
were incubated for 2 hours at room temperature using blocking buffer (1xTBS-
Tween, 1% milk). Following a washing regimen that consisted of 1xTBS-Tween
wash for 5 minutes, 10 minutes block, then (4x’s) wash with 1xTBS-Tween (5
minutes each), the membrane was incubated with the anti-myc antibody (1:500)
at 4°C overnight with shaking. The membrane was washed as above, and the
secondary anti-mouse antibody conjugated with HRP (1:2000) was added at
room temperature for 2 hours. Following a final wash, chemiluminescence was
detected using the ECL detection kit (Amersham Pharmacia). To normalize for
loading differences, the blots were also incubated with anti-tubulin (1:500, Santa

Cruz) antibodies and visualized.

Growth Curves and colony formation:

Cell-cycle synchronization of sub-confluent A549 pBABE and myctcf21
cells was performed by removing exogenous growth factors in culture for 12
hours in a 37°C/5% CO, incubator. Synchronized cells were then counted in

duplicate and averaged. Two hundred thousand A549 pBABE and A549
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myctcf21 cells were plated in triplicate p100 for each time point of day 2, 4, and
6. Cells were incubated in the presence of RPMI-1640 containing 10% FBS,
antibiotics, and 5ug/ml Puromycin for the indicated times. At each time point, the
cells were washed once in PBS, trypsinized and counted, in duplicate, using the
Coulter Counter.

To determine the colony-forming potential for these cells, cells were
trypsinized and counted using the Coulter Counter, as before. For each line,
1000 cells were plated in triplicate 60mm dishes containing 5ml of RPMI-1640
containing FBS, antibiotics, and 5ug/ml Puromycin. Cells were incubated in a
37°C/5% CO, incubator for 14 days. At the culmination of the experiment, cells
were washed once with PBS and fixed in methanol:acetic acid (3:1) twice for 5
minutes and once for 15 minutes. Fixed colonies were stained with 0.1% crystal
violet in PBS for 30 minutes at room temperature, then washed with water.

Colonies consisting of ~20 cells or more were counted.

Nude mouse injection of transfected cell lines:

Two hundred microliters of PBS containing 1.5 x10"® A549 cells infected
with mycTCF21 plasmid were injected subcutaneously into the right rear flanks of
8 athymic nude mice (Jackson Laboratories), while A549 pBABE cells were
injected into the left rear flanks of the same mice as a control. Tumor volumes
were determined twice weekly by caliper measurement. The radii of the tumors
are calculated using the equation: volume=((width+height+length)/3)/2. The

calculated radius was then used to determine the tumor volume using the
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equation volume=(4/3) ar>.

Five weeks post injection, mice were sacrificed using a carbon
monoxide chamber. Resultant tumors from each mouse were extracted from the
injection area, and measured for weight (grams) and volume (mm?®) differences.
Average weight and volume were determined for each of the tumors isolated

from the 8 mice injected, and the standard deviation was calculated for each

group.

4.3 Results

TCF21 mutation screen

Classic determination of bona fide tumor suppressor genes has included
the identification of mutations in the DNA sequence in addition to LOH. Although
TCF21 hypermethylation is identified frequently in HNSCC and NSCLC, a
mutation screen using genomic DNA and primers that amplify both exon-intron
(Figure 4.1A) boundaries for TCF21 was performed on a set of samples whose
methylation was determined previously by CoBRA. A total of 52 primary patient
samples from 16 NSCLC, and 34 HNSCC primary tumor and 2 metastatic DNAs,
were amplified, purified, and sequenced with both M13F and M13R primers to
search for mutations that are present at the level of genomic DNA. Known
polymorphic sequences were detected, as expected, but limited mutations were

identified.
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Initially, a base change was found from HNSCC patient 11-tumor tissue
that was located within the third codon of amino acid 65 of TCF21, which is
normally a lysine with the expected DNA sequence of AAG. The single base
change identified is a transition from guanine to adenine, resulting in AAA (Figure
4.1B). However, computational translation of the sequence into protein revealed
that the base substitution did not affect the amino acid code and amino acid 65
remains lysine.

An interesting mutation was noted in the non-coding 5’UTR that is part
of the predicted promoter portion of TCF21 from NSCLC patient 10-tumor tissue
in two independent PCR and sequencing reactions using both the forward and
reverse primers. The expected sequence is cytosine located 43 base pairs 5’ to
the translational start site of TCF21. In the tumor DNA, there is a transversion to
adenine in 50% of the product (Figure 4.2A). Because of its location in the
5'UTR, and not in the translated portion of the gene, the mutation does not cause
a change in the amino acid sequence. It does, however, reside within the
promoter region of the 5 UTR of TCF21, which may affect transcription. To
investigate this possibility, luciferase reporter assays were applied to distinguish
differences in promoter activity between the two alleles. Activity using the two
isoforms revealed a reduction in promoter activity by >50% when the mutated
promoter containing the adenine (Figure 4.2B) is utilized instead of the wild type
allele containing cytosine. Computational analysis using

http://www.cbrc.jp/research/db/TFSEARCH.html to determine changes in
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transcription factor binding sites suggests that the sequence change from
guanine to adenine creates a binding site for GATA-1 only on the mutant allele,
possibly creating differences in the transcription potential.

Evidence in the literature suggests transcriptional repression in the cell
then recruits the methyltransferases as a secondary event. The recruitment of
methyltransferase then ensures transcriptional silencing through DNA
methylation “marks” in subsequent daughter cells. Therefore, it is plausible that
DNA methylation differences can be seen in the two alleles of TCF21, and the
mutated “A” promoter, which has demonstrably reduced promoter activity is
methylated to a greater extent in NSCLC patient 10T. To determine if there is a
difference in DNA methylation of these alleles, bisulfite-sequencing primers
designed to amplify a product containing the mutation and 9 potentially
methylated CpG sites. In the product, the cytosine on the wild type allele is not
located 5 to guanine and should therefore be converted to thymine following
PCR amplification, while the adenine mutation remains. Bisulfite sequencing on
NSCLC-10T revealed that the mutated allele has 82% methylation over all CpG’s
investigated compared to only 61% on the wild type allele (Figure 4.2C), further
implying that there are differences inherent to these two promoter sequences in

this patient.
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TCF21 overexpressoin results in decreased cell growth

Lung cancer cell line A549 was shown by RLGS to have a
hypermethylated Ascl site in the CpG island of TCF21, as well as extensive
hypermethylation in the CpG island determined by bisulfite sequencing,
correlating with a lack of gene expression. Because of the lack of endogenous
TCF21 expression, transfection studies were performed using this cell line
through a retroviral construct of pBABE-mycTCF21 in order to understand
TCF21’s role in cellular control.

In vitro comparison of individual growth rates in TCF21 expressing
(mycTCF21) versus non-expressing cells (b BABE) was performed in triplicate by
plating equal numbers of serum-depleted, synchronized cells in p100 dishes,
followed by counting the populations every other day for a total of six days.
Overexpressoin of TCF21 in A549 resulted in a significant (p<0.001) reduction in
the growth rate of the cells, without resulting in visible cell death. Cells infected
with the empty vector were able to grow more than twice as rapidly as TCF21
expressing lines (Figure 4.3A).

Another hallmark of a cancer cell is the ability to grow into larger groups of
cells, uninhibited by contact with neighboring cells. TCF21 expressing and non-
expressing A549 cells were further analyzed for growth differences through
colony formation assays. Following 14 days of growth, resultant colonies were
washed, and stained with crystal violet solution. Visible colonies consisting of 20

cells or more were counted. Cells that express TCF21 were reduced in their
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ability to aggregate into large populations of cells, whereas non-expressing cells
were able to establish more than seven times the number of colonies as
expressing lines (p<0.004) (Figure 4.3B). Together, these results indicate a
significantly stunted ability for TCF21 over-expressing cells to maintain their

tumorigenic properties of uncontrolled cell growth and aggregation.

TCF21 induces cellular differentiation

An additional hallmark of neoplastic cells is that they often lose their
differentiated epithelial cell status, and express markers of an undifferentiated
mesenchymal cell, which indicates their increased ability for migration and
independence from surrounding cell structures. Markers such as vimentin and
snail are expressed in mesenchymal cells, while E-cadherin and Wnt4 are
expressed in epithelial cells. TCF21 functions to induce mesenchymal to
epithelial transitions during embryogenesis, so it is possible that its exogenous
expression in vitro induces differentiation as well. To investigate this, expression,
as assessed through semi-quantitative RT-PCR from A549 cells that are stably
expressing TCF21, was compared to that of A549 cells lacking TCF21
expression for the pattern of gene expression for vimentin, snail, E-cadherin, and
Wnt4. As expected, A549 cells that do not express TCF21 express five times the
amount of vimentin and seven fold more snail than the cell lines expressing
TCF21. Expression of both E-cadherin and Wnt4 were 3 fold higher in TCF21

positive cells (Figure 4.3C).
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In vivo tumor growth

Based on in vitro results obtained through colony formation and growth
curve studies, we decided to pursue the relationship of TCF21 expression and
tumor growth in vivo. Tumor models in murine systems allow for the evaluation
of tumor formation in the presence of microenvironments. The use of athymic
mice allows for the growth of allografted cells, in this situation, human cancer
cells, without an immune response to irradicate the body of “non-self’. Briefly,
1.5 million cells were injected subcutaneously into the rear flanks of athymic
nude mice. On the left dorsal side, A549 cells not expressing TCF21 (pBABE)
were injected, while the right sides of individual animals were injected with
TCF21 expressing cells (mycTCF21). Following a 5-week period for tumor
growth, obvious differences in the two populations were visibly and measurably
observed. Tumors that developed on the pBABE side were much larger than
those that formed from the TCF21 (+) population, as well as a 10-day earlier
onset than the TCF21 (+) tumors (Figure 4.4A).

At the conclusion of the experiment, the mice were sacrificed and the
tumors were surgically removed (Figure 4.4B). Upon tumor removal, the tumors
weights (Figure 4.4C) and volumes (Figure 4.4D) were determined for each. The
tumors lacking TCF21 expression were 2-3 times larger as determined by both

weight and volume, than TCF21 positive tumors, obtaining statistically significant
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differences (p value<0.01 and <0.0003, respectively). Of note, the tumors that
lack TCF21 were also more vascular; possibly indicating that angiogenesis is

affected by TCF21 expression.

4.4 Discussion

Classical studies to prove tumor suppressor gene function have gone
hand-in-hand with the identification of somatic mutations in the tumor tissue that
are not found in normal tissue'®. Our data suggest that the predominant
mechanism of TCF21 inactivation is epigenetic rather than genetic. However,
tumor-specific changes were identified from 2 patients. The sole base change
identified within the coding sequence of TCF21 does not result in a change in the
protein sequence, and therefore has not been classified as a mutation. The
adenine mutation in the promoter portion of TCF21 in tumor tissue from lung
cancer patient number 11, however, reduced the amount of transcript made from
that allele in vitro. The transversion from cytosine to adenine seen in the
promoter region of TCF21 correlated with increased methylation in the primary
tumor sample. In silico prediction of transcription factor binding sites reveals that
the change to adenine creates a unique GATA-1 binding site not present in the
wild type sequence. GATA-1 has been demonstrated to act as a repressor of
expression via chromosomal confirmation changes through histone deacetylase

156

activity We hypothesize that GATA-1 binds to the mutant allele, bringing

histone deacetylase activity along to actively condense the chromosome,
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preventing transcription from occurring. DNA methylation machinery is then
postulated as being recruited to methylate the DNA sequence, maintaining the
transcriptionally silent state long term (Figure 4.5).

Neoplastic cells have often been recognized as undifferentiated cells
that no longer require recognition of neighboring cells or organization along a
basement membrane. Expression of snail has been inversely correlated with
differentiation, and these experiments demonstrate that overexpressoin of TCF21
results in a reduction of snail transcript. Reduced snail and vimentin expression,
as well as upregulation of E-cadherin, a marker of organized epithelial cells,
indicate that TCF21 has induced differentiation in vitro'**. Additionally, there
were notable differences in the amount of blood vessels surrounding the tumors
derived from A549 cells that lack TCF21 expression compared with those that do
express TCF21. This increased vasculature may indicate that TCF21 expression
prevents angiogenesis to support the metabolic requirements of large tumors.
This is interesting because mesenchymal cells are involved in blood vessel

formation in normal placental development'’.

TCF21 also reduces expression
of mesenchymal markers and results in expression patterns analogous to
epithelial cells, which may further reduce the ability of tumors to create a
supporting vasculature. Together, data from in vivo nude mice and in vitro cell
culture experiments support the observations that targeting TCF21 for

inactivation in the minimally deleted region along chromosome 6q is

advantageous for neoplastic progression. Tumor cells acquire the potential to
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replicate indefinitely, while karyotypically normal cells have limited growth
potential in culture. Transformed cells also obtain the ability to divide without
density dependence, or contact inhibition, once confluent, and they require less
growth factors, such as serum, for growth in vitro. = TCF21 expression in the
A549 lung cancer cell line significantly reduced the growth rates of these cells as
compared with equal numbers of A549 cells lacking TCF21. Further, when
TCF21 is expressed, the potential to form larger populations of cell-aggregates
was reduced significantly, indicating that the cells have a restored contact
inhibition. In order for a transformed cell to be classified as tumorigenic, it must
also produce tumors in animal models, and TCF21 tumors were diminished of
this property. Together, these reduced growth rates and tumorigenic potential
suggest that TCF21 is a disadvantage for cancer survival, supporting its role as a

novel tumor suppressor gene from 6923-q24.

93



A. +1 GJ’A
i =

Exon 1 (1a) Exon 2 (2a)
Exon 1 {1b) Exon 2 (1b)

Expected sequence 4 A c A A G

HNSCC 11T_F }.A/\\ /W_l
& &
HNSCC 1MT_R Muff\ W

A A N A A G

Figure 4.1: TCF21 mutation screen.

A. Primers were designed to include the exon-intron boundaries of both TCF21
exons. The primers were tagged with M13 reverse and M13 forward sequences,
and were designed to overlap one another within the exon. PCR products are
depicted as horizontal lines followed by “Exon...” B. A transitional base change
was observed in HNSCC patient 11 tumor DNA that results in a guanine to
adenine change in the third codon of amino acid 65 of the TCF21 protein

product.
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Figure 4.2: Cytosine to adenine transversion in the promoter of TCF21.

A. Genomic sequencing of DNA isolated from NSCLC tumor patient 10 revealed
a cytosine to adenine mutation in half of the sequencing product. Sequencing of
DNA from the normal adjacent tissue from the same patient revealed that the
expectant homozygous cytosine is present. B. Luciferase activity of the
promoter containing the mutated “A” construct results in a 50% reduction in
promoter activity as compared to the wild type “C” construct. C. Bisulfite
sequencing of the wild type and mutant allele demonstrate methylation
differences. Each row represents a single colony that was sequenced. The
columns of circles represent a single CG dinucleotide. White circles are
unmethylated and black circles are methylated cytosines. The mutation is
demarked with an “x”, and resides between CG six and seven. Overall
methylation along both the wild type and mutated allele was determined by

adding up the (total number of methylated cytosines observed/the total of

potentially methylated cytosines) x100.
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Figure 4.3: TCF21 reduces properties associated with cancer in vitro.

A. A549 cells lacking or transduced to express TCF21 were synchronized using
serum starvation for 12 hours. Growth curves were then determined by plating
200,000 cells in triplicate for 2, 4 and 6 days. Cellular expansion was counted on
days 2, 4, and 6 using the Coulter Counter, and the averages of all 6 counts for
each time point are plotted. B. Colony formation was determined by crystal
violet staining following a 14-day expansion from 1000 original cells in triplicate.
Visible colonies, or those containing ~20 cells, were counted and the average of
all plates is plotted in the bar graph. C. TCF21 induces differentiation as
determined by semi-quantitative RT-PCR on mesenchymal markers (vimentin
and snail) and epithelial markers (E-cadherin and Wnt4a) in A549 TCF21 null

(pPBABE) and A549 TCF21 positive (myctcf21) cells.
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Figure 4.4: TCF21 expression results in reduced tumor potential in vivo.

A. In vivo determination of tumor volumes injected subcutaneously. Caliper
measurement of tumor volumes from opposing flanks of nude mice demonstrates
that TCF21 expressing tumors are delayed and markedly smaller. B. EX vivo
imaging of tumors isolated 40 days post injection (dpi). Tumors derived from
TCF21 null cells are in the top row, while TCF21 positive tumors are on the
bottom row. Ex vivo determination of the average tumor weights and volumes

are depicted in C and D.
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Figure 4.5: Possible model for specific regulation of the mutant TCF21
allele. Along the wild type “C” allele, transcriptional machinery, including RNA
polymerase Il (polll) binds the promoter portion of TCF21 and transcription of the
MRNA ensues. On the mutant allele “A”, GATA-1 binds to the newly created
binding site, recruiting histone deacetylase proteins (HDAC) to remodel the
surrounding chromatin, rendering the allele transcriptionally silent. Maintenance
of the silenced allele is established by epigenetic DNA methylation of cytosine by

DNA methyltransferases (DNMT).
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CHAPTER 5:

TCF21 MODULATES METASTASIS

5.1 Introduction

Metastasis is the process in which tumor cells, originating from the primary

tumor site, have obtained the ability to spread to distant sites via circulation in the

8

bloodstream or the lymphatics '*®. Metastasis is the leading cause of cancer-

related deaths, as these cells are often resistant to conventional anti-cancer

1

therapies'®'. Each metastatic growth at a secondary site is from clonal growth of

| '8 As previously stated, loss or translocations of chromosome 6q

a single cel
have been described in many human malignancies. Many of these studies
correlate with advanced metastatic disease, indicating the importance of a gene
or genes located along the chromosome for this process?® 1% 116: 117159160

In addition to the identification of tumor suppressor genes, metastasis
suppressor genes have similarly been identified through these low-resolution
genome scans. However, to date, only 17 metastasis suppressor genes have

been identified'®". Generally, metastasis suppressor genes have been identified

by reduced expression in cell lines that are metastatic compared with cell lines
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that are no longer metastatic'®.

In addition, to specify a gene as a metastasis
suppressor and not a tumor suppressor gene, the expression of the gene
typically inhibits only the process of metastasis, without altering the
tumorigenecity'®" 162,

The importance of localizing target genes essential to the metastatic
cascade is evident in HNSCC and NSCLC, where approximately 50% of the
patients succumb to disseminated disease within 5 years of diagnosis'®® %,
Fifty to sixty percent of patients already have positive lymph nodes at the time of
tumor diagnosis'®. Micro-metastatic patches, not detected at the time of surgical
resection, but instead manifesting at the time of histological analysis and/or onset
of secondary primary tumors in as many as 30% of the patients, account for
many of the complications associated with treating and managing these
malignancies'®. This is largely because of the “field cancerization” phenomenon
observed in these tumor types; presumably due to widespread tissue exposure to
carcinogens from tobacco smoke®. Identification of markers of metastatic spread
could potentially aid in diagnosis, prognosis, or serve as potential therapeutic
targets. Providing a “molecular block” at one of the necessary components of the
metastatic cascade is believed to block metastatic spreading®®.

Loss of heterozygosity at 6q22 and 6923-q24 has been associated with
malignant, but not benign, endocrine pancreatic tumors, tumors larger than 2cm,

and more frequently lost in tumors with metastatic disease'®®. Microcell-

mediated chromosome transfer of chromosome 6q, specifically a 45Mbp region
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along 6016.3-g23, was able to suppress metastasis of the highly invasive C8161
melanoma cell line, indicating an important location harboring a metastasis

118; 167

suppressor gene Expression differences between metastatic and non-

metastatic C8161 clones identified KiSS-1 as expressed exclusively in the non-
metastatic cells'"”.  Surprisingly, KiSS-1 was subsequently localized to
chromosome 1q32, leaving the KiSS-1 transactivating factor from chromosome
6q unidentified’” 162,

Full length KiSS-1 mRNA is comprised of 797 base pairs from 4 exons'®.
The first two exons are untranslated, while exon 3 and 4 contain 103 and 335
translated bases, respectively, resulting in a 145 amino acid protein'®®. KiSS-1
contains an amino-terminal 19 amino acid secretion signal peptide, indicating
that the protein product is secreted extracellularly’®®'°. The remaining 126
amino acid protein has no homologies to other known proteins'’®. Within the full
length KiSS-1 protein there is a cleavage site that results in the 54 amino acid

t169.

metastin produc Metastin has been shown to be the natural ligand to the

GPR54 receptor'®. Metastin has autocrine and endocrine effects on cell motility
and metastasis'’’.
Correlative studies have provided credence to the suppressive function of

170; 171

KiSS-1 in metastasis in patient samples, as well as in vitro . The processed

KiSS-1 protein, encoding 54 amino acids, termed metastin, is the portion that
acts as the natural ligand for the GPR54 receptor'’>. Metastin was able to

173

suppress metastatic melanoma cells The function of KiSS-1 is to cause an
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increase in intracellular calcium that results in increased focal adhesions,
preventing metastasis'’?>. The ability of a cancer cell to migrate to distant sites
depends, in part, on the breakdown of the basement membrane surrounding the

173

organ containing the tumor cells Enzymes that assist in this process are

)173

matrix metalloproteases (MMP’s Metastin is bound by MMP and becomes

cleaved, inactivating its metastasis suppressive abilitym.
Further studies aimed towards identifying genes involved in metastasis
are essential because the most lethal feature of cancer is the ability to

151152174 Modifications of the restriction landmark

metastasize to distant sites
genomic scanning (RLGS) procedure described in Chapter 2 allowed for the
identification of a novel tumor suppressor gene, TCF21, located within region
also associated with metastasis. TCF21, a basic helix loop helix transcription
factor has been demonstrated to be involved in mesenchymal to epithelial

transitions (MET) in normal embryogenesis'* '"°,

Its silencing and function in
human malignancies have not been investigated previously, although the
transition to mesenchymal cells has proven vital for dissemination of carcinomas.
Once tumor cells have achieved a dedifferentiated status, the rate of single-cell
metastasis increases, which relates with poor survival outcome'®. Based on its
physical location and its function in development, we investigate the function of

TCF21 as a metastasis-suppressing gene, and its function as the much sought

after KiSS-1 transactivating factor from chromosome 6q.
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5.2 Materials and Methods

SYBR green RT-PCR:

Ten picomols of KiSS-1 PCR primers (forward, 5’ cactttggggagccattaga
and reverse, 5’ ccagttgtagttcggcaggt) were used in a semi-quantitative RT-PCR
reaction using SYBR green to quantitate differences in expression in C8161 in
the absence or presence of TCF21. Threshold crossing values were normalized
using GPI primers (forward, 5 GACCCCCAGTTCCAGAAGCTGC; reverse, 5
GCATCACGTCCTCCGTCACC). KiSS-1 expression in C8161 myctcf21 was

normalized relative to C8161 pBABE levels.

Chromatin Immunoprecipitation:

Ten centimeter culture plates of C8161 pBABE and C8161 myctcf21
were grown to confluency and proteins were crosslinked to DNA using 10ml of
RPMI-1640/10% FBS containing 270ul of 37% formaldehyde for 10 minutes at
room temperature on a rotating platform. Five hundred microliters of 2.5M
glycine was added to the crosslinking medium and rotation continued for an
additional 5 minutes. The medium was removed and the plates were washed
with 10ml of ice-cold PBS plus protease inhibitor complex, PIC, (P8340, Sigma)
for 5 minutes. Cells were scraped into 3ml PBS+PIC and counted using the
Coulter Counter. Two hundred thousand cells of each cell line were used for the
remainder of the ChlIP assay using the Upstate ChlIP kit with slight modifications.

The cells were resuspended in 200ul of SDS lysis buffer plus PIC and placed on
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ice for 10 minutes. DNA was sonicated at 4°C to 0.2kb to 1kb using the Misonix
XL-2020 sonicator. The samples were pelleted at 14,000rpm for 10 minutes at

4°C. The supernatant containing the fragmented DNA was transferred to a new
2ml screw-cap microcentrifuge tube. 1.8ml of Dilution buffer (Upstate) containing
PIC was added to the supernatant fractions. Twenty microliters was removed
from each sample to serve as the input DNA control in each PCR reaction
(Tul/reaction). The supernatant fraction was pre-cleared using 80ul of Salmon
Sperm/Protein A agarose slurry (Upstate) and rotated at 4 °C for 1 hour. The
supernatant and slurry was spun down at 10,000rpm for 30 seconds at 4°C. The
supernatant was transferred to a new 2ml centrifuge tube. One microgram of
anti-myc antibody was added to both C8161 pBABE that contains no
corresponding protein and to C8161 myctcf21 supernatants and then rotated
overnight at 4 °C. Sixty microliters of the salmon sperm/protein A agarose slurry
was added to the mixture and the tubes were rotated for 1 hour at 4 °C.
Following a 1-minute centrifugation at 1000rpm at 4 °C, the supernatant was
discarded, leaving the slurry/protein A/antibody/DNA pellet. Each sample was
washed with 1 ml of each of the following Upstate buffers, individually, for 5
minutes one time at 4 °C with rotation: low salt (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris-HCL, pH 8.1, and 150mM NacCl), high salt buffer (0.1%
SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCL, pH 8.1, and 500mM NaCl)
and LiCl buffer (0.25M LiCl, 1% NP40, 1% deoxycholate, 1mM EDTA, and 10mM

Tris-HCL, pH 8.1). Between each wash, the slurries were recovered through a 1-
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minute centrifugation step at 1000rpm. The final two wash steps were in TE
buffer (10mM Tris-HCL, 1mM EDTA, pH 8) for 5 minutes each at 4 °C. After the
final centrifugation, the wash was discarded, and the pellets were suspended in
250ul of elution buffer (1% SDS, 0.1M NaHCO0s3). Twenty microliters of 5M NaCl
was added to the eluate and protein/DNA cross-linking was reversed at 65 °C for
4 hours. Rnase (0.5ug/ul), 10ul 0.5M EDTA, 20ul 1M Tris (pH 6.5), and 20ug of
Proteinase K was added and the samples were incubated at 45 °C for 1 hour.
DNA was purified using PCI extraction, followed by ethanol precipitation in the
presence of glycogen. The DNA pellet was resuspended in 200ul of H»0. Two
microliters of the final DNA suspension was used in each PCR reaction.
ChIP-PCR reactions against KiSS-1 DNA were performed in the
presence of several primer pairs designed in the 5’ region of KiSS-1: KiSS-ChIP-
1 (forward, 5  CTCTGCTCCTAGGGGCTTTT and reverse, 5
GGCAGCAGTTTTACCAGCTC), KiSS-ChIP-4 (forward, 5
TGAGATTTCTGGGGATCTGG and reverse, 5 CCAGGTGCTTCAGAGAAAGG),
KiSS-ChIP-6 (forward, 5 CTCTCAAGGCCAGCTCTGTAA and reverse, &
CCTTGAAGTCTCCGGAACAQG), KiSS-ChIP-7 (forward, 5
CAAGGCACTAGCTCGATGGT and reverse, 5 GAGTCGACTTGGGGATTTGA),
and KiSS-ChlIP-10 (forward, 5 TTGCAGGCTCAAGAAAGAGA and reverse, 5
TGCTCAGGTACAGCACTTTGA) and an intronic KISS-1 primer pair: KiSS-ChlP-
intron (forward, 5’ caaccatgcctggaatttct and reverse, 5 ccatcggggcacttaacata).

The PCR reactions contained 50 pmol of each primer, were carried out
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at 95 °C for 10 minutes, followed by 30 cycles of 95 °C for 30 seconds, 60 °C for
30 seconds, and 72 °C for 30 seconds, with one 10 minute extension step at 72
°C. Twenty microliters of each PCR reaction were loaded onto 8% PAGE gels,

stained with ethidium bromide wash, and visualized.

TCF21 retroviral infection of C8161 cell lines:

Ten micrograms of pBABEmycTCF21 plasmid or pBABE vector alone
were transfected into the amphotropic Pheonix packaging cell line (60%
confluent) using the Superfect reagent following Qiagen’s protocol at
experimentally determined 1:6 ratio of DNA:Superfect, and returned to the 37°C
incubator. Three hours following the initial transfection, the cells were washed
once with 5ml PBS, and then 8ml of DMEM-15%FBS-Penicillin/Streptomycin was
added gently to the side of the culture dish to prevent dislodging the cells.
Twenty-four hours later, virus-containing medium was collected from the Pheonix
cells, and cell debris was removed by centrifugation at 1000rpm for 5 minutes in
the presence of 2X polybrene. Four milliliters of infectious medium, containing
either pPBABEmycTCF21 or pBABE vector alone, was added to the surface of
40% confluent C8161 cells, and incubated at 37°C. To surface of the Pheonix
cells, 8ml DMEM-15%FBS-Penicillin/Streptomycin was added. After 12 hours,
the infectious medium from C8161 was removed and replaced with 4ml of new
infectious medium. Twenty-four hours following, the viral-medium was removed,

the infected cells were washed with PBS, and normal RPMI-
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1640/10%FBS/Penicillin/Streptomycin was added to the cultures. The following
day, infected cells were washed, trypsinized, and split 1:5. Selection medium
was added to the cell cultures (RPMI-1640/10%FBS/Penicillin/Streptomycin +
5ug/ml Puromycin (Sigma) to select for only cells that have been infected by the
viral constructs. As a control, wild type C8161 cell lines were also treated with
Puromycin to establish when wild type cells should be completely eliminated by
the drug in the transduced cultures. Seven days of selection resulted in a total

loss of wild type C8161 cells under puromycin drug selection.

In vitro metastasis Assay:

Wild type C8161 (kindly donated for these experiments from Dr. Bernard
Weissman (University of North Carolina)), C8161pBABE, and C8161mycTCF21
cell lines were serum starved in RPMI-1640 medium, lacking FBS, for 18 hours.
Following starvation, cells were counted using the Coulter Counter, and 200,000
cells were plated in duplicates onto the 96-well Collagen Invasion Assay
(Chemicon). Twenty-four hours post cell plating, cells that had migrated to the
underside of the matrix were lysed according to the manufacturer’s instructions,
and nuclei were fluorescently stained. Migration was determined by measuring
the amount of fluorescence from each sample using at 480/520nm. Average
fluorescence was plotted for each cell line, along with the corresponding

standard deviation.
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5.3 Results

C8161 lacks endogenous TCF21

C8161 is a highly metastatic melanoma cell line derived from an
abdominal wall metastasis. Work performed in the early 1990’s using the C8161
cell line demonstrated that the addition of a functional copy of 6q into the wild
type cell line, which contains deletions along 6q, was able to suppress the
metastatic capacity of these cells in vivo in athymic mice. To determine if TCF21
may abrogate metastasis, it was first important to establish if TCF21 was
expressed in untreated C8161 cells. RT-PCR performed on cDNA generated
from C8161 demonstrated a complete lack of TCF21 expression (Figure 5.1A).
Since chromosome 6q deletions have been reported for C8161, we initially
hypothesized that loss of TCF21 expression might result because of
homozygous deletions along the TCF21 locus. Surprisingly, fluorescent in situ
hybridization using a bacterial artificial chromosome that contains the TCF21
sequence, determined that in over 100 metaphase spreads, dual signal was
detected, indicating that both chromosomal regions, at least in the context of the
BAC clone, were present (Figure 5.1B). However, small intragenic deletions
along TCF21 were not investigated. Bisulfite treatment followed by CoBRA
digestion using BstUI revealed that the bis1 region of the CpG island is largely
hypermethylated (Figure 5.1.C) as seen in primary patient samples and cell lines
from HNSCC and NSCLC. In vitro demethylation allowed for TCF21 expression

to be restored following 48 hours in the presence of 3uM or 5uM 5-aza-2-
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deoxycytidine (Figure 5.1D). Somatic mutations at the level of genomic DNA
were also not found within the TCF21 locus (not shown). Taken together, TCF21
silencing in this cell line was due to hypermethylation and not genetic alterations

such as deletion or mutation.

TCF21 overexpression upregulates KiSS-1.:

Microcell-mediated chromosome transfer of 6q16-q23 results in
suppression of metastasis in C8161. Interestingly, the suppression was via
upregulation of the metastasis suppressor gene, KiSS-1, which is located on
1932, and not chromosome 6. From this important study, the authors concluded
that a transactivating factor for KiSS-1 must reside in 6q16-q23. Because of
TCF21’s role as a transcription factor within this particular chromosomal region,
we sought to investigate a possible relationship between TCF21 and KiSS-1.

C8161 clones that have a portion of 6 containing TCF21 and surrounding
sequences through microcell-mediated chromosome transfer experiments,
express not only TCF21, but have increased KiSS-1 expression as well (Figure
5.2A). However, these clones also have additional expressed genes that could
increase KiSS-1 expression. Because of this possibility, we determined the
effect that TCF21 confers on KiSS-1 by transducing C8161 to express TCF21.
Expression of KiSS-1 was determined by RT-PCR and a 5-fold increase in KiSS-
1 message was detected in the presence of TCF21 (Figure 5.2A) in C8161

neob6q clones 1, 2, and 3, as well as in C8161 cells transduced with viral TCF21.
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However, this expression analysis did not determine if TCF21 is physically bound
to the KiSS-1 gene or if the upregulation is a result of an intermediate player
between the two genes.

Chromatin Immunoprecipitation assays using the anti-myc-tag antibody
that specifically recognizes the exogenously expressed TCF21-myc fusion
protein were performed to isolate DNA bound with TCF21 protein. Primers were
designed within 3kbp upstream of the KiSS-1 transcription start site surrounding
E box sequences (5 CANNTG), which are potentially bound by TCF21’s binding
partner, E2A (Figure 5.2B). Immunoprecipitation of KiSS-1 DNA using an
antibody that specifically recognizes the myc-tag portion of stably integrated
mycTCF21 demonstrates that TCF21 is able to bind to KiSS-1 (Figure 5.2C). The
control cell line, C8161 pBABE, however, did not precipitate KiSS-1 DNA with the
antibody, indicating that the protein-DNA interactions were not due to non-
specific antibody artifacts. An additional primer located 461 to 606 base pairs
from the 3" end of exon 1 into intron 1 of KiSS-1 that does not contain
TCF21/E2A potential binding sites was negative for DNA pull-down by the
antibody against the myc-tag in both cell lines (Figure 5.2C). This indicates that
binding in the & region of KiSS-1 by TCF21 is not an artifact but a direct
interaction between the protein and the KiSS-1 DNA. Hence, increased KiSS-1
expression in the presence of TCF21 is directly mediated by this protein-DNA

interaction.
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TCF21 involvement in metastasis:

Because of the role of TCF21 as a transcription factor involved in
differentiation through mesenchymal to epithelial transitions, and the involvement
of this pathway in metastatic progression, we performed in vitro analysis of
TCF21’s ability to suppress invasive properties of metastatic cells using a
collagen-covered matrix system (Chemicon). All cell lines were serum starved in
order to enhance the invasive migration towards the lower chamber which
contains the sought after growth factors. Overexpressoin of TCF21 in the wild
type C8161 cell line, which lacks endogenous TCF21 expression, resulted in a
reduced capacity for the cells to invade collagen, a component of the extra-
cellular matrix (Figure 5.3). These data indicate that while tumor cells expressing
TCF21 remain tumorigenic in nude mice, their ability to metastasize is may be

stunted.

5.4 Discussion

In this chapter, we have uncovered anti-metastatic properties of TCF21 in
a melanoma cell line, C8161. TCF21, a gene encoding a basic helix loop helix
transcription factor, is localized within a recognized region of LOH along
chromosome 6. Previous reports have correlated losses along this region are
associated with poor prognosis, tobacco smoking, and metastatic potential in
several human cancers. TCF21 functions as a zinc finger, DNA binding

transcription control factor involved in maintenance of the epithelial phenotype of
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a cell through differentiation via MET. TCF21 is involved in crucial mesenchymal
to epithelial transitions during organogenesis of the lungs, heart, kidneys, spleen,
and facial structures during normal embryogenesis. Mesenchymal to epithelial
transitions (MET) occur normally during endodermal lung branching, kidney and
mammary gland developments'**. Mesenchymal cells migrate and settle in areas
of organ formation through MET. In fact, mesenchymal cells form all migrating
cells, as well as providing structural support from the epithelium. The
mesenchymal layer found in vital organs has reorganized cytoskeleton and

144

degradation of the basal lamina Mesenchymal cells are more mobile and

have lost the cell-to-cell contact that epithelial cells retain through cadherin

molecules '#4.

However, differentiated epithelial cells can be induced to migrate
from their origin to distant locations, requiring epithelial to mesenchymal
transitions (EMT).

Carcinomas, tumors derived from the epithelium, lose most of their
epithelial characteristics during tumorigenesis'?®. As well as involvement in
normal developmental migration, loss of differentiation from epithelial to
mesenchymal cell type is often observed in metastatic carcinomas in a process
known as epithelial to mesenchymal transitions (EMT)"® '°.  EMT-induced
cellular plasticity is a landmark of carcinoma progression and metastasis. In
order for tumor cells to spread within primary or secondary tissues, tumor cells

utilize migratory mechanisms highly similar to normal cellular processes involved

in embryogenesis and wound healing. During EMT, loss of cell junctions, loss of
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d'"*. In

extracellular matrix attachment, and induced mobility have been note
addition to enhanced metastatic characteristics, mesenchymal cells have been
associated with a reduction in apoptotic-sensitivity'**. Markers for EMT can be
detected in premalignant lesions, indicating that the process begins early in
tumorigenesis'**.

The timing of events, including the expression of bHLH transcription
factors, is central to ensure proper embryologic development. Previous studies
have reported a complete shift in differentiation by overexpressoin of a single
transcription factor. Our results obtained from overexpressing TCF21 support
the notion that differentiation of cancer cells ensues. Wnt4 and E-cadherin
expression are restored, while vimentin and snail expression are diminished,
indicating a shift in cellular phenotype from mesenchymal towards epithelial.

Our studies further demonstrate that TCF21 is a direct activator of the
known metastasis suppressor along 1932, KiSS-1. C8161 cells transduced to
express TCF21 have similar levels of KiSS-1 activation as the microcell-mediated
chromosome transfer C8161 clones containing DNA from the TCF21 locus and
surrounding sequences (neo6q1,2,3), while the pBABE C8161 cells express
minimal amounts of KiSS-1. The presence of TCF21 physically bound to KiSS-1
indicates that the upregulation is directly mediated by this protein-DNA
interaction in this system. Recently, CRSP3 was identified from the chromosome
6q region in the non-metastatic C8161 clones where KiSS-1 was upregulated’®.

CRSP3 is involved in the vitamin D pathway, which regulates transcription of
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another candidate metastasis suppressor gene, TXNIP'®.  CRSP3 is located
2.3Mbp centromeric to TCF21 within this core metastasis suppression region.
Like KiSS-1, TXNIP localizes along chromosome 1q that is upregulated by
transactivating factors from chromosome 6q'"°. Because of CRSP3 upregulation
in these clones, it was concluded to be the transactivator from 6q23'"°.
However, in vivo suppression of metastases was not complete in cell lines
overexpressing CRSP3". |t is plausible that CRSP3 and TCF21 both function
to upregulate KiSS-1, as no direct binding of CRSP3 to KiSS-1 was described,
only increased transcript'®.

The ability of cells to migrate from the primary tumor requires the
enzymatic degradation of the extracellular matrix through  matrix
metalloproteases (MMPs). MMPs are frequently targeted for increased activity in
cancer, facilitating migration15°; 72 Full length KiSS-1 protein is bound by MMP9
at the amino terminus of KiSS-1'"2. This interaction with MMP9 results in the
cleavage of KiSS-1 between glycine at position 118 and leucine 119'"2. This
cleavage MMP9 inactivates KiSS-1’s ability to suppress metastasis’’. As a
feedback regulatory loop, KiSS-1 signaling has also been shown to downregulate
MMP9 activity through decreased nuclear accumulation of p65 and p50 proteins
of NFKB'"". These NFKp protein subunits bind to and activate the promoter of
MMP9, specifically’””. Loss of TCF21, therefore, contributes to enhancing MMP
activity through downregulation of KiSS-1, allowing for degradation of the

extracellular matrix to facilitate tumor cell invasion and migration'””.
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Contributing to the mesenchymal phenotypes, we propose that the loss of
TCF21 function is advantageous for epithelial-derived tumors, enhancing their
metastatic properties. By definition, metastasis suppressor genes only function
to inhibit a step in the metastatic cascade, but allow for the tumor cells to remain
tumorigenic'®®. Of the metastasis suppressor genes identified, only E-cadherin
has been described as inhibiting tumorigenecity as well'’®. Akin to E-cadherin,
we demonstrate anti-tumor properties of TCF21 in a lung cancer cell line in
Chapter 4. While A549 cells expressing TCF21 remain able to form tumors in
vivo, the size of the tumor growth is significantly reduced.

TCF21 is recognized as a transcription factor whose target genes and
their pathways remain largely undiscovered. It is plausible that TCF21, through
downstream targets, can inhibit both tumorigenesis and metastasis (i.e. through
KiSS-1) in different cell types. Interestingly, metastasis suppressor genes are
rarely found to contain somatic mutations’®. Instead, metastasis suppressor
genes are frequently altered epigenetically or posttranscriptionally, both
mechanisms do not alter the genetic sequence’®. Given that, the finding that
TCF21 is hypermethylated frequently in the human malignancies tested, but has
only one identified mutation, fits with this model.

|dentification of TCF21-regulated pathways will provide insight into human
malignancies. Metastasis is a highly inefficient process by which only 0.1% of
cells deposited into circulation from the primary site actually lead to proliferating

lesions at secondary sites''. Inhibition of any contributing steps in metastasis
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has proven sufficient to eliminate dissemination’'.  Understanding genes
involved in the cascade, including TCF21, provide potential molecular

mechanisms for anti-metastatic therapies.
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Figure 5.1: TCF21 silencing in C8161.

A. C8161 lacks TCF21 expression as determined by RT-PCR. A549 pBABE (-)
cells and A549 myctcf21 (+) expression were used as controls. B. Bacterial
artificial chromosomal-fluorescent in situ hybridization (BAC-FISH) using the BAC
containing TCF21 genomic DNA, RP11-465P13 (red probe) and the centromeric
probe for chromosome 6, CEP 6 (green probe). Hybridization results in dual
signals indicating that both chromatids are present in the nuclei. C. CoBRA
using the TCF21-bis1 primers, demonstrates that this portion of TCF21 is
completely methylated in C8161. D. 5-aza- 2’-deoxycytidine treatment (3 or 5

uM) for 48 hours results in TCF21 re-expression.
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Figure 5.2: KiSS-1 expression is regulated by TCF21 binding.

A. Expression of KiSS-1 in C8161 melanoma cell lines that express TCF21
(myctcf21, neo6q.1, 2, 3) and in TCF21 negative C8161 cell lines
(C8161pBABE). Reference cDNA was made from a compilation of RNA from 10
different cell lines from human cancers (Stratagene). B. Physical location of
KiSS-1 chromatin immunoprecipitation (ChIP) primers. E-box sequences
(CANNTG) are denoted with (¢). C. ChIP-PCR results precipitated with the anti-
myc-tag along the upstream and intronic regions of KiSS-1 in C8161 pBABE (-
TCF21) and C8161 myctcf21 (+TCF21) cell

lines.

120



Ca161

&
cC i — - "
= & % % o o o
ot} - [m ) (i) i'm]
= = S % £ [=] o o
o @ ]
= = (nal = £ = = =
KigEs-1
GPI

- ke -

-2 -0 S0 =212 45— G0G
S 320 —- 5
-2083 — - 1992
200 —-1521

C816E1 CE161
pBABE  myctcf2

g £ 5 = 5 F

=z T o = £ = E

= = o = = cE 5
S2TES o (2623
S22 o <2151
S2092 fo -1992
2004 fo -1821
70 to 813
A5 to BOG

121



120 4
Serum-Starve cells e

* 140

Piate 200,000 .

& o

Fef2d- Tef21+ 0

40 4

0l o 20 4
o T T T

HT-1080 Ca161-mt Ca161 Ca161
nEABE rrwetofa

-}
—1
24Hf)urs
N LI
H ==

Stain nuclei with fluorescent label

*

Measure flinorescence

Figure 5.3: TCF21 expression reduces the metastatic potential of C8161.

A. Schematic diagram of the in vitro invasion assay by Chemicon. B.
Fluorescent calculations of metastatic capabilities of HT-1080, a highly invasive
fibrosarcoma cell line; the parental C8161-wt cell line and C8161 transfected with
the empty pBABE plasmid, which lack TCF21, and C8161 mycTCF21 that

expresses TCF21.
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CHAPTER 6:

FUTURE DIRECTIONS

6.1 In vivo Metastasis Assay

The surrounding microenvironment is critical to proper tumor
development'*. Currently, experiments in athymic nude mice are underway to
determine if TCF21 prevents metastasis in vivo are underway. C8161 cell lines
(PBABE and mycTCF21) were infected with a HIV plasmid containing
constitutively expressed YFP/Luciferase. The minimum number of detectable
cells using the In vivo Imaging System (IVIS, Xenogen) was determined through
a serial dilution of cells. For both C8161 pBABE/YFP/Luciferase and C8161
myctcf21/YFP/Luciferase, the least number of detectable luciferase activity was
from approximately 240 cells (not shown).

One million C8161 pBABE/YFP/Luciferase or C8161
myctcf21/YFP/Luciferase cells were subcutaneously injected into the dorsal
lateral flanks of 10 athymic mice per group (Jackson Lab, Maine). Biweekly
caliper measurements determined the in vivo growth rates of the tumor cells.

Once per week, mice were injected i.p. with 110ul (15ug/ul) D-Luciferin substrate,
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anesthetized using an isofluorane chamber, and given 5 minutes for optimal
luciferase activity prior to IVIS imaging. Metastatic lesions will be detected in
vivo once a week for 8 weeks. Following the 8 weeks, the mice will be sacrificed
and metastatic lesions will be investigated using immunohistochemistry with
human-specific antibodies to distinguish the cells originating from the primary
tumor that disseminated to secondary sites. Organs that will be sectioned for
histology have previously been determined as targets for C8161 metastatic
spread and include the lungs and spleen. In addition, upon sacrificing the
animals, individual organs will be analyzed for luminescent signal, and if
detected, these organs will also be sent for histological sectioning. Based on our
data that TCF21 up-regulates KiSS-1 expression in C8161, a known metastasis
suppressor gene, and the ability of TCF21 to inhibit invasion of the collagen
matrix in vitro, we speculate that mice harboring tumors that express TCF21 will

have less metastatic lesions than the mice that have TCF21- tumors.

6.2 Determination of TCF21 pathways and binding partners

Cells that contain or lack TCF21 expression will be screened for pathways
that are deregulated, either positively or negatively, using microarrays. Although
the observed data may be indirect, inferences regarding potential pathways can
be discerned. Triplicate hybridizations from independent experiments will
provide confidence in the identified results, thus tightening the potential list of

TCF21 target genes.
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The function of TCF21 has been described in embryogenesis and
development without detailed description of the involved pathways, binding
partners, or target genes. Because of the dual role of TCF21 as a tumor
suppressor gene and a potential metastasis suppressor, it is likely that TCF21
controls several independent pathways not yet reported.

Key to understanding the function of TCF21 is identification of the binding
partners that are required for the gene regulation function. Classical approaches
using the yeast two-hybrid system have successfully identified interacting
proteins that were confirmed by electromobility shift assay (EMSA)

experiments% 3%,

EMSA establishes binding of proteins to specific DNA
sequences in the form of ~30bp radioactively labeled oligos. Once a protein(s) is
bound to the labeled oligo, the migration of the oligo is retarded and migrates
higher in a polyacrylamide gel. The addition of a specific antibody against a
protein of interest results in a higher shift in the migration pattern of the oligo,
confirming that the protein is bound to the oligo.

Because TCF21 is not expressed ubiquitously, it is possible that there are
tissue specific partners; therefore libraries of protein partners from different
tissues will be screened. Immunoprecipitation assays will be applied to confirm

the interactions. Mutation and deletion constructs will be applied to confirm and

identify how these partners cooperate with TCF21 in vitro.
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6.3 Lung Carcinogenesis Model In TCF21 Heterozygous Mice

In vivo tumor experiments in athymic mice derived from cell lines that
express TCF21 as opposed to those that don’t express TCF21 significantly
demonstrate stunted growth (Chapter 4). Chemically-induced tumorigenesis in
mouse models have been applied to substantiate a candidate tumor suppressor
gene'*. These models closely mimic the stages of human tumor progression
and allow correlations to be made with human disease. While homozygous
TCF21 null mice are neonatally lethal and therefore cannot be investigated for
cancer susceptibility, the heterozygous mice are phenotypically similar to wild
type TCF21 mice. However, this reduction of TCF21 protein by half may confer
increased tumor susceptibility in vivo. We want to examine this system using
chemical carcinogens that will be administered to provide additional pressure for
tumorigenesis. If both alleles of TCF21 are necessary for blockade, this
haploinsufficient environment in the presence of carcinogens should facilitate an
increase in tumors in the TCF21+/- background. If, however, the presence of any
functional TCF21 is protective, or if a lack of TCF21 is, in fact, not necessary for
tumors to develop, there should not be a difference between drug and vehicle
administered mice. The current heterozygous mice are in a 129 background,
which are less susceptible for developing lung carcinomas than an A/J mouse'’®
180 Because of this, we plan on backcrossing the 129 mice into the A/J strain for

this set of experiments.
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6.4 Clinical Correlation With Patient Status

The identification of biomarkers that correlate with lymph node
involvement, survival, or even therapeutic regimens is crucial in clinical practice.
Because TCF21 hypermethylation is exclusively found in tumor tissue,
identification of this event in patient samples may serve as a diagnostic marker.
To better evaluate in which stage, early or advanced disease, TCF21 methylation
occurs, a cohort of hyperplastic, dysplastic, carcinoma in situ, locally invasive
tumor tissue and lymph node tissue should be examined. As stated in chapter 1,
diagnostic and predictive markers remain elusive for HNSCC. TCF21
hypermethylation is found in the vast majority of patient samples analyzed.
Further, the ability to test patient samples is benefited by increasing data that
have demonstrated the utility of isolating DNA from oral swabs or sputum
samples, providing a non-invasive means for detecting epigenetic alterations of
TCF21.

Because of the function of TCF21 in reducing the tumor growth, and
possibly inhibiting metastasis, it is likely that patients with hypermethylated
TCF21 would have a poor disease outcome. Retrospective survival curves on
larger patient samples based on TCF21 methylation would assist in determining
a correlation with patient outcome. If patients containing unmethylated TCF21 in
their tumors have significantly better outcomes than those with hypermethylation,
a prospective study should then be done. The correlation with outcome often

translates clinically as to what type of therapy to utilize, whether more or less
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aggressive. Therapeutically, demethylating agents are included in a number of
anti-cancer regimens for leukemias with positive results. In solid tumors,
however, data remains limited as to their effectiveness. Trepidation using these
drugs arises in part because the cause and effect has not yet been fully
understood. It remains uncertain whether administering these drugs will further
substantiate cancer by demethylating DNA damaging retrotransposable elements

or repetitive sequences enhancing chromosomal breaks.

6.5 Closing Remarks

These experiments were driven by the premise that regions of
chromosomal aberrations contain genes whose function are crucial for
maintaining the tight regulation of cells in vivo. Discord in this regulation
facilitates neoplastic progression. The redundancy in chromosomal disarray,
observed as homozygous deletion, translocations, or loss of heterozygosity, lend
credence that the chromosome harbors important elements for maintaining
cellular balance that can be rendered inactive both genetically and epigenetically.
In addition to 6923-q24, this technique can be applied to other commonly altered
chromosomal locations for the presence of epigenetically silenced genes. This
approach is high-throughput in that it establishes methylation patterns
simultaneously for CpG islands distributed along chromosomal regions, allowing

for methylation to be assessed concurrently within a patient sample.
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Although molecular by nature, techniques aimed at identifying novel
targets increase the level of information about extremely complex cancer.
Cancer cells have the ability to emancipate themselves from the host’s defenses
in ways that remain copiously intangible. The overall expectation for these
studies was to provide a better understanding to the molecular foundation of
cancer. Eventually, my hope is that elucidation of pathways central to cancer will

translate clinically to improve in the treatment of cancer.
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