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University of Washington
Abstract
Methylation of the p16 CpG Island During Neoplastic Progression
David J. S. Wong
Chairperson of the Supervisory Committee:

Professor Brian J. Reid
Departments of Genetics and Medicine

Genetic errors that alter the primary nucleotide sequence of the genome, such as
mutations and deletions, are a common, but not the only, etiologic cause for the
development of neoplasia. Epigenetic alterations, in particular the methylation of CpG
islands, have been increasingly found to play a major role in the pathogenesis of
neoplasia by transcriptionally silencing tumor suppressor genes.

pl6™ is a tumor suppressor gene located on 9p21 whose protein product
regulates the cell cycle and replicative senescence. Loss of heterozygosity (LOH) at
9p21 is one of the most prevalent genetic alterations in esophageal adenocarcinoma, but
pl6 mutations were detected in only a minority of the patients with 9p21 LOH. The
majority of patients with 9p21 LOH but no p16 mutation were found to have pl6 CpG
island methylation, demonstrating that pl6 is highly selected for inactivation in
esophageal adenocarcinoma. In addition, by following the clonal evolution of neoplastic
cell lineages in the premalignant Barrett’s esophageal epithelium, early progenitor clones
were found to have pl6 inactivation (LOH and either methylation or mutation), and p16
nullizygous clones that also acquire p53 inactivation (LOH and mutation) can progress to

develop ploidy abnormalities, other non-random LOH events, and cancer.



To investigate the dynamic process of de novo methylation, senescence at
mortality stage 0 (MO) in primary human mammary epithelial cells (HMECs) was
analyzed. The subpopulation of cells that escaped MO were found to have methylation of
the pl6 CpG island and a dramatic decrease in p16 mRNA and protein levels. Analysis
of the temporal development of the methylation demonstrated that the de novo
methylation process is region specific and progressive. Methylation initially appeared at
a subset of sites in three discrete regions of the pl6 CpG island and gradually increased in
density and expanded across the CpG island.

pl6 lesions (methylation, mutation, and LOH) were found to be the earliest
known somatic genetic/epigenetic abnormalities in the neoplastic progression of Barrett’s
esophagus. Barrett’s epithelium was composed of pl6 hemizygous cell populations that
gave rise to pl6 nullizygous cell populations. Both cell populations clonally expanded to

occupy extensive regions of the esophagus.
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INTRODUCTION

DNA methylation is a heritable and reversible epigenetic process that typically
affects the cytosine base of CpG dinucleotides in the genome. Whereas most of the
genome is free of methylation in invertebrates, almost all regions of the genome are
methylated in vertebrates. The majority of the vertebrate genome (98%) is methylated at
a low density because CpG dinucleotides are found at a lower than the statistically
expected frequency, which is believed to be a result of the hypermutability of
methylcytosines to form thymines (Bird, 1993). The remaining 2% of the vertebrate
genome consists of dispersed regions of DNA typically between 200 and 1400 base pairs
that are rich in CpG dinucleotides, called CpG islands. CpG islands have a G + C content
greater than 50% and have the statistically expected CpG content which is more than 10
times that of the bulk DNA (Bird, 1986; Larsen et al., 1992). Approximately 45,000 CpG
islands have been estimated per haploid genome in humans (Antequera and Bird, 1993).
CpG islands are found associated with all housekeeping genes and about 40% of tissue-
specific genes. They span at least a part of one exon, and in housekeeping genes, are
biased toward the 5’ end of the gene usually covering the promoter region. Unlike the
rest of the genome, CpG islands are typically not methylated which is believed to
contribute to the maintenance of CpG dinucleotides in these parts of the genome (Bird,
1986; Larsen et al., 1992).

De novo methylation and maintenance methylation are required for the
establishment and mitotic inheritance of methylation patterns (Lei et al., 1996; Stein et

al., 1982; Wigler et al., 1981). A family of DNA methytransferase enzymes is
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responsible for these processes. Dnmtl, the primary maintenance methyltransferase, is
specific for hemimethylated DNA, is sequestered to the DNA replication fork, and
maintains methylation after each round of DNA replication by copying the methylation
on the parent strands to the daughter strands (Bestor, 1992; Leonhardt et al., 1992; Li et
al., 1992). On the other hand, Dnmt3a and Dnmt3b, which were recently discovered by
screening EST databases for sequences containing the catalytic domain of Dnmtl, are de
novo methyltransferases (Okano et al., 1998). In addition, a DNA demethylase has been
recently identified that directly removes methyl groups from methylcytosines in the
genome (Bhattacharya et al., 1999). The signals that recruit de novo methyltransferases
or demethylases to particular regions of the genome are still unknown.

The ancestral function of DNA methylation has been hypothesized to be the
neutralization of potentially damaging sequences. Over 90% of methylcytosines are
found within transposons that occupy more than one third of the human genome (Yoder
et al.,, 1997). However, the vertebrate lineage is postulated to have adapted the DNA
methylation process to additionally serve as a repressor of endogenous promoters (Bird,
1993). DNA methylation of either exogenous or endogenous promoters results in stable
transcriptional silencing, which is mediated by a family of methyl-CpG binding proteins
that recruit histone deacetylases and the resulting change in chromatin structure (Bird
and Wolffe, 1999; Knoepfler and Eisenman, 1999). Methylation of bulk DNA in the
large vertebrate genomes is believed to suppress the background transcriptional noise. In
addition, methylation of CpG islands can repress individual genes. Although CpG
islands are typically not methylated, there are two important exceptions: imprinting,

which results in expression of only alleles inherited from parents of one sex, and X-
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inactivation, which is essential for dosage compensation in female mammals (Ferguson-
Smith et al., 1993; Riggs and Pfeifer, 1992; Stoger et al., 1993).

DNA methylation is critical for mammalian embryonic development. Both
demethylation and de novo methylation occur during gametogenesis to re-establish the
parental-specific methylation tags in the CpG islands of imprinted genes, which are
maintained in developing embryos and into adulthood (Chaillet et al., 1991; Stoger et al.,
1993; Tremblay et al., 1995). X-inactivation is reinforced by de novo methylation of the
CpG island of the Xist gene on the active X chromosome as well as the CpG islands of
the genes on the inactive X chromosome during early embryonic development (Riggs and
Pfeifer, 1992). In addition, a wave of global demethylation initially occurs after
fertilization, followed by a wave of de novo methylation after implantation that
establishes a new embryonic methylation pattern (Howlett and Reik, 1991; Kafri et al.,,
1992; Monk et al., 1987; Sanford et al., 1987). The significance of this reprogramming
of DNA methylation in early development is unknown, but the process is essential.
Mouse embryos deficient in both Dnmt3a and Dnmt3b, the de novo methyltransferases,
are unable to remethylate the genome after the wave of global demethylation and die at
postimplantation stages (Okano et al., 1999). Moreover, mouse embryos deficient in
Dnmtl, the maintenance methyltransferase, have a reduced methylation content and die
at a similar stage because of their inability to maintain the global remethylation or the
parental methylation imprints (Li et al., 1992).

Aberrant DNA methylation plays a central role in a number of disease processes,
including neoplasia. A decrease in the overall level of methylation in the genome, called

global hypomethylation, was found to occur early in neoplastic progression (Goelz et al.,
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1985). The global hypomethylation in mouse embryonic stem cells deficient in Dnmtl
results in transcription of endogenous transposons and a mutator phenotype (Chen et al.,
1998; Walsh et al., 1998). However, the consequences of this epigenetic change during
neoplastic progression are still poorly understood. In addition to global hypomethylation,
neoplastic cells acquire hypermethylation of the normally not methylated CpG islands.
The mechanism of aberrant CpG island methylation remains unclear, but may be due to
dysregulation of the methylation enzymatic machinery or a loss of protective factors
against de novo methylation in CpG islands. As mentioned above, CpG island
hypermethylation in the promoter regions of genes directs a change in chromatin
structure that results in the transcriptionally silencing of the affected gene. Through this
mechanism, CpG island hypermethylation acts as an alternative to genetic abnormalities
to inactivate tumor suppressor genes during neoplastic progression. The reported tumor
suppressor genes that are transcriptionally silenced by aberrant CpG island
hypermethylation in primary tumors continues to rise in number (Baylin et al., 1998;
Jones and Laird, 1999).

plﬁmm, a cyclin-dependent kinase inhibitor, has been found to be transcriptional
silenced by aberrant CpG island methylation in a variety of primary tumors, which has
provided further evidence of its role as a critical tumor suppressor gene (Gonzalez-
Zulueta et al., 1995; Herman et al., 1995; Merlo et al., 1995). pl6 was originally
demonstrated to be a tumor suppressor gene by deletion mapping in human tumor cell
lines and primary tumors which have a high frequency of deletions of the 9p2l

chromosomal region. The common minimal region of 9p21 chromosomal loss included
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pl6, but not its related family member, plSmm’, that lies adjacent to pl6 at the 9p21
locus (Cairns et al., 1995; Kamb et al., 1994; Nobori et al., 1994). In addition, although
pl6 mutations are rare in most varieties of primary tumors, somatic mutations of pl6, in
addition to homozygous deletions, were found at a high frequency in pancreatic
adenocarcinoma and germline mutations of pl6 were detected in 9p21-linked familial
melanoma kindreds (Cairns et al., 1994; Caldas et al., 1994; Hussussian et al., 1994).
Methylation-mediated transcriptional silencing of the pl6 gene has subsequently been
shown to be an important alternative mechanism during neoplastic progression in a
variety of human cancers. pl6 CpG island methylation correlates with loss of expression
in cell lines and primary tumors, and pl6 expression can be reactivated with the DNA
methyltransferase inhibitor, S-azacytidine (Gonzalez-Zulueta et al., 1995; Herman et al.,
1995; Merlo et al., 1995). Thus, multiple mechanisms for pl6 inactivation in primary
tumors have been reported including homozygous deletion, hemizygous deletion,
mutation, and methylation, although the frequency of each mechanism varies among
tumor types. The incidence of pl6 inactivation appears to be second only to p53
inactivation in human neoplasia (Sherr, 1996).

The tumor suppressor function of the pl6 protein is dependent on its regulation of
cellular progression through the G1 phase of the cell cycle. pl6 was first identified as a
protein associating with cyclin dependent kinase 4, CDK4, in transformed human
fibroblasts and was subsequently isolated by a yeast two hybrid screen for proteins that
interact with CDK4 (Serrano et al., 1993; Xiong et al., 1993). pl6 binds specifically to
cyclin D-dependent kinases, CDK4 and CDKS6, and inhibits their association with D-type

cyclins and their ability to phosphorylate the retinoblastoma protein (pRb), thereby
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leading to an accumulation of hypophosphorylated pRb and arrest in G1 (Figure 0.1)

(Koh et al., 1995; Lukas et al., 1995). Overexpression of p16 results in G1 arrest only in
cells that have functional pRb, demonstrating that pRb mediates pl6-triggered growth
arrest (Koh et al., 1995; Lukas et al., 1995; Medema et al., 1995). The pRb gene is a
tumor suppressor gene like the pl6 gene, as evidenced by germline mutations in familial
retinoblastoma and somatic deletions, mutations, and methylation in sporadic primary
tumors (Wang et al., 1994). pRb negatively controls progression from GI1 to S phase by
forming a complex with E2F that actively represses the transcription of cell cycle genes
required for this transition (Bremner et al., 1995; Weintraub et al., 1995; Zhang et al.,
1999). The ability of pRb to bind to E2F and act as a transcriptional repressor is blocked
by phosphorylation, enabling cells to proceed from G1 to S phase (Harbour et al., 1999;
Ludlow et al., 1990; Lundberg and Weinberg, 1998; Mihara et al., 1989; Zhang et al.,
2000). Thus, pl6 inactivation, which occurs in neoplasia, results in higher CDK4 and
CDKG6 activity, functional inactivation of pRb, and an inability to control cell
proliferation through the p16-pRb pathway.

At least two additional cell cycle regulators besides pl6 are located at human
chromosomal region 9p21: pl5 and pl4ARF (Figure 0.2). Approximately 15 to 20
kilobases centromeric of pl6 lies one of its homologs, pl5, which is a member of the
INK4 family of cyclin-dependent kinase inhibitors that specifically bind and inhibit
CDK4 and CDKG6 (Figure 0.1). Through the inhibition of CDK4 and CDKS6, pl5 has the
unique function of the INK4 cyclin-dependent kinase inhibitors of mediating

transforming growth factor-f-induced arrest at G1 (Hannon and Beach, 1994;
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Reynisdottir et al., 1995). pl5 is commonly deleted along with pl6 in tumor cell lines
and primary human tumors, but pl5-specific deletions or point mutations have not been
reported (Jen et al., 1994; Kamb et al., 1994; Stone et al., 1995; Washimi et al., 1995).
However, pl5 has been shown to be inactivated by CpG island methylation in the
absence of pl6 methylation in gliomas and leukemias but not epithelial-derived tumors,
suggesting that pl5 may be a tumor suppressor gene in certain cancer types (Herman et
al., 1996).

The third cell cycle gene at the 9p21 chromosomal region is p14'\RF (known as
p19ARF in mouse), which has its own unique promoter as well as a unique first exon (exon
1B) that is spliced to exon 2 of pl6 in an alternative reading frame (Figure 0.2) (Duro et
al., 1995; Mao et al.,, i995; Quelle et al., 1995; Stone et al., 1995). Exon 1B is
approximately 15 to 20 kilobases centromeric to the first exon of pl6 (exon 1) and thus
lies directly adjacent to pl5 (Figure 0.2). Thus, although their genes are overlapping,
because the shared exon 2 is spliced in different reading frames, the p14ARF and pl6
proteins share no homology. In contrast to the pl6 and pl5 proteins, p14ARF protein does
not bind to or inhibit cyclin-dependent kinases but can arrest cells at both G1 and G2
(Quelle et al., 1995). p14ARF protein regulates p53 protein levels by binding to and

sequestering MDM?2 to the nucleolus, thereby inhibiting MDM?2-mediated degradation of

p53 and inducing p53-mediated cell cycle arrest (Figure 0.3) (Pomerantz et al., 1998; Tao
and Levine, 1999; Weber et al., 1999; Zhang et al., 1998). In addition, pl4ARF can induce
a p53-independent cell cycle arrest (Camero et al., 2000). However, neither mutations in

exon 1B nor mutations in the shared exon 2 that specifically disrupts p14ARF, have been
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reported in primary human tumors. Although mutations in the shared exon 2 that affect
both pl6 and pl4ARF have been found, such mutations do not appear to disrupt pl4ARF
function. Moreover, exon 1f3 alone has been shown to be sufficient to induce cell cycle
arrest, suggesting that exon 2 may not be critical to p14'\RF function (Quelle et al., 1997).
However, p14ARF has its own unique promoter and CpG island that has recently been

shown to be aberrantly methylated in colorectal cancer cell lines and primary colorectal
carcinomas (Esteller et al., 2000; Robertson and Jones, 1998). In addition, mice with a
disruption of exon If3, similar to mice lacking the shared exon 2, are viable but develop
spontaneous tumors (Kamijo et al., 1997; Serrano et al., 1996). Thus, it remains unclear

whether pl4ARF is a tumor suppressor gene. Nevertheless, pl6 appears to be the only

known major tumor suppressor gene at the 9p21 locus.

pl6 is thought to be involved in cellular senescence because its levels are induced
in senescent cells but are either low or undetectable in immortalized cells (Alcorta et al.,
1996; Hara et al., 1996; Loughran et al., 1996; Noble et al., 1996; Reznikoff et al., 1996).
Primary mammalian cells exhibit a finite proliferative potential in culture, and senescence
is the growth arrest that terminates cellular proliferation of these cells (Hayflick, 1965).
Senescent cells become larger and flattened and arrest growth with 2N DNA content in
G1 or GO but remain viable and metabolically active. Thus, senescence is a barrier to
immortalization in culture (Dimri and Campisi, 1994). The following observations
suggest that senescence may also occur in vivo. The number of population doublings that
normal cells undergo in culture is inversely related to the donor’s age, and the

proliferative capacity of fibroblasts in culture is related to the longevity of the donor
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species (Hayflick, 1976; Martin et al., 1970; Rohme, 1981; Schneider and Mitsui, 1976).

In addition, the progression of cells to immortalization in culture shares many common
features with the development of cancer in vivo, including acquiring similar genetic
abnormalities (Dimri and Campisi, 1994). Thus, senescence, which limits the
proliferative capacity of cells, has been hypothesized to serve as a natural barrier to
neoplastic progression in vivo.

This dissertation describes a study to understand CpG island methylation of the
pl6 gene and its role in neoplastic progression. Two model systems were used in this
study, one of which was primary human mammary epithelial cells in culture. Primary
human mammary epithelial cells, derived from normal breast tissue, proliferate in culture
until they undergo senescence at a stage called mortality stage 0 (MO) (Foster and
Galloway, 1996). The second model system used in this study was Barrett’s esophagus, a
human premalignant condition in which a hyperproliferative metaplastic columnar
epithelium has replaced the normal stratified squamous epithelium of the esophagus
(Phillips and Wong, 1991). This condition develops in 10-12% of patients with chronic
gastroesophageal reflux and predisposes to the development of esophageal
adenocarcinoma (Hamilton et al., 1988; Phillips and Wong, 1991). Barrett’s esophagus
provides a unique model system for investigation of events during human neoplastic
progression. Patients with Barrett’s esophagus frequently present at an early stage due to
symptoms of gastroesophageal reflux, such as heartburn (Phillips and Wong, 1991). In
addition, because endoscopic biopsy surveillance is recommended for early detection of
esophageal adenocarcinoma, events in the progression to cancer can be examined in

serial biopsies. Furthermore, esophagectomy specimens from patients with
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adenocarcinoma often contain surrounding premalignant epithelium from which the
cancer evolved (Neshat et al., 1994). Thus, tissue samples at various stages of neoplastic
progression from Barrett’s esophagus to esophageal adenocarcinoma are available for
analysis. Neoplastic progression of Barrett’s esophagus to cancer involves cell cycle and
DNA content abnormalities including increases in Gl fractions, the appearance of
tetraploid (4N) populations, and the development of aneuploidy, as well as somatic
genetic abnormalities, including pS53 inactivation (Barrett et al., 1996; Galipeau et al.,
1996; Neshat et al., 1994).

This dissertation demonstrates that de novo CpG island methylation of the pl6
gene is a progressive, region-specific, and highly dynamic process. In addition, this
study shows that p16 CpG island methylation and the associated escape from senescence
at MO is the earliest detected event in the progression of primary human mammary
epithelial cells to an immortalized cell line. Similarly, pl6 inactivation by methylation,
mutation, and/or loss of heterozygosity (LOH) is the earliest detected abnormality in the
progression of Barrett’s esophageal epithelium to adenocarcinoma. Moreover, Barrett’s
epithelium is composed of a mosaic of pl6 hemizygous and/or pl6 nullizygous
populations. Both pl6 hemizygous and pl6 nullizygous populations clonally expand,

which lengthens the Barrett’s segment in individual patients.
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CHAPTER 1: p16™* CpG ISLAND IS HYPERMETHYLATED AT A

HIGH FREQUENCY IN ESOPHAGEAL ADENOCARCINOMAS

ABSTRACT

Loss of heterozygosity (LOH) of 9p2l, which contains the p16[nga tumor
suppressor gene locus, is one of the most frequent genetic abnormalities in human
neoplasia, including esophageal adenocarcinomas. Only a minority of Barrett’s
adenocarcinomas with 9p21 LOH have a somatic mutation in the remaining pl16 allele,
and none have been found to have homozygous deletions. To determine whether pl6
promoter region hypermethylation may be an alternative mechanism for pl6 inactivation
in esophageal adenocarcinomas, we examined the methylation status of the pl6 CpG
island in flow-sorted aneuploid cell populations from 21 patients with premalignant
Barrett’s epithelium or esophageal adenocarcinoma. Using bisulfite modification, primer-
extension preamplification and methylation-specific PCR, we demonstrate that the
methylation assay can be performed on 2 ng of DNA (~275 cells). Eight of 21 patients
(38%) had p16 promoter region hypermethylation and 9p21 LOH, including three patients
who had only premalignant Barrett’s epithelium. Our data suggest that promoter region
hypermethylation with LOH is a common mechanism for inactivation of pl6é in the

pathogenesis of esophageal adenocarcinomas.
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INTRODUCTION

9p21 LOH is a highly selected abnormality in Barrett’s esophagus, previously
reported in 24 of 32 patients (75%) with premalignant Barrett’s epithelium or esophageal
adenocarcinoma (Barrett et al., 1996). Furthermore, 9p21 LOH is an early lesion in the
progression from Barrett’s esophagus to adenocarcinoma, occurring before the evolution
of aneuploid cell populations and cancer (Barrett et al., 1996). However, mutations in the
remaining pl6 allele were detected in only five of 22 patients (23%) (Barrett et al., 1996).
Homozygous deletions of pl6 have been reported in several types of primary tumors but
were not detected in esophageal adenocarcinomas (Barrett et al., 1996; Caimns et al.,
1995; Caldas et al., 1994). These results suggested that either a second tumor suppressor
exists at this locus or pl6 is inactivated by an alternative mechanism in esophageal
adenocarcinomas. pl5 mutations are rare in a variety of human tumor cell lines and
primary tumors, including esophageal adenocarcinomas (Barrett et al., 1996; Jen et al.,
1994; Stone et al., 1995). Thus, we tested the hypothesis that the promoter region of the
remaining wild-type p16 allele is hypermethylated.

Highly purified aneuploid cell populations from Barrett’s premalignant epithelium
and adenocarcinomas were isolated with DNA content flow cytometric cell sorting (Reid
et al., 1987). Small quantities of DNA are a major limitation for assaying highly purified
flow-sorted cells from human biopsy specimens. Previous approaches for assessing
methylation status, using methylation-sensitive restriction enzymes with Southern
hybridization or PCR, required large amounts of DNA and were prone to false-positive

results due to incomplete digestion. Bisulfite treatment of DNA, which converts all
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unmethylated, but not methylated, cytosines to uracil, has provided an effective
alternative to restriction enzymes, but genomic sequencing of bisulfite-modified DNA is
relatively labor-intensive and time-consuming (Frommer et al., 1992). Recently, Herman
et al. developed an efficient PCR-based assay, methylation-specific PCR, that takes
advantage of DNA sequence differences between methylated and unmethylated alleles
after bisulfite modification by using primers that distinguish between the two types of
alleles (Herman et al., 1996).

However, the amount of DNA required for methylation-specific PCR still
precludes routine analysis of flow-sorted endoscopic biopsy samples from patients with
Barrett’s esophagus. We now report the ability to reduce the amount of DNA necessary
for the assay at least 60-fold with primer-extension preamplification (PEP), a PCR-based
method for whole genome amplification using a mixture of degenerate 15-base
oligonucleotide primers (Barrett et al., 1995; Zhang et al., 1992). DNA extracted from
flow-sorted biopsy samples was modified with bisulfite, amplified by PEP and then
amplified with the methylation-specific primers, and finally, visualized on an agarose gel.

We assessed the p16 methylation status of flow-sorted aneuploid populations from
21 patients who had Barretts esophagus with premalignant epithelium or
adenocarcinoma. Fourteen of the 21 patients had 9p21 LOH without pl6 mutation, five
patients had both 9p21 LOH and pl6 mutation, and two patients retained both alleles at
9p21. Our results demonstrate that hypermethylation of the pl6 promoter is a frequent

abnormality in esophageal adenocarcinomas and that 9p21 LOH with de novo plé
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promoter region hypermethylation is a common mechanism for the two-hit inactivation of

plé.

MATERIALS AND METHODS

Patient Tissue Samples, Flow Cytometic Sorting, and DNA Extraction. The Barrett’s
esophagus study was approved by the Human Subjects Division of the University of
Washington in 1982 and renewed annually thereafter. Endoscopic and/or surgical tissue
from 21 patients who had Barrett’s esophagus with premalignant epithelium or
adenocarcinoma was collected using mapping protocols that have been described
previously (Reid et al.,, 1987). Aneuploid populations were isolated by DNA content
flow cytometric cell sorting using a Coulter Elite Flow Sorter as described previously
(Reid et al., 1987). Gastric tissue was obtained from each patient and used as a
constitutive control. DNA from the flow-sorted aneuploid samples and the gastric
samples was extracted by standard SDS-proteinase K treatment. All aneuploid
populations were previously screened for 9p21 LOH and pl6 mutation (Barrett et al.,

1996; Barrett et al., 1999).

Bisulfite Modification. Bisulfite modification protocols (Frommer et al., 1992; Herman
et al., 1996) were adapted for use with small quantities of DNA (Stoger et al., 1997).

Briefly, 6 ng (~800 cells) of each DNA sample were denatured, in a final volume of 20

ul, in freshly prepared NaOH at a final concentration of 0.3 M for 20 min at 42°C.
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Freshly prepared 3.8 M sodium bisulfite (Sigma)/1.0 mM hydroquinone (Sigma) mixture

(pH 5.0) was added to each denatured DNA sample to a final volume of 100 ul and
incubated under mineral oil at 55°C for 6 to 8 h. DNA samples were then purified with
the Wizard PCR Preps DNA purification resin (Promega), as specified by the
manufacturer, and eluted in 50 ul of water, followed by treatment with NaOH at a final
concentration of 0.3 M for 20 min at 370C. Each DNA sample was purified by ethanol

precipitation and resuspended in 20 pl of water.

PEP. Each PEP reaction contained the 20-ul bisulfite-modified DNA sample in a final
volume of 60 ul. Reaction conditions used were described previously (Zhang et al.,

1992). All PCR reactions were performed using a MJ DNA Engine Tetrad Thermal

Cycler (MJ Research, Inc.).

Methylation-specific PCR. Primer pairs for pl6 (pl6-W, p16-M, pl6-U) and for pl5
(p15-W, p15-M, p15-U) were used for methylation-specific PCR, as described previously
(Herman et al., 1996). The PCR mixture included GeneAmp PCR buffer (Perkin Elmer
Corp.), MgCl; (1.5 mM), dNTPs (200 uM), primer pair (10 pmol each/reaction), 10 ul of
the PEP sample, and 1.25 units of AmpliTaq Gold (Perkin Elmer Corp.) in a final volume
of 25 ul. PCR reaction conditions used were as described previously (Herman et al.,
1996), except for use of touchdown PCR for primer pairs pl6-W and p15-W. Ten-ul

aliquots of each allele-specific PCR sample were loaded onto a 2.5% agarose gel, stained
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with ethidium bromide, and visualized with the Gel Documentation System 1000

(BioRad).

Statistical Analysis. The prevalence of hypermethylation in different groups was

compared using Fisher’s exact test.

RESULTS

We investigated whether PEP of bisulfite-modified DNA would be an accurate
and efficient method by which we could reduce the starting amounts of DNA required for
detection by methylation-specific PCR. To test the accuracy of methylation status results
with the introduction of PEP into the protocol, we used the lung cancer cell lines H249,
which is unmethylated at the pl6 and p15 promoters, and H1618, which is methylated at
both promoters (Herman et al., 1996). The methylation status results were identical with
and without the use of PEP on the same bisulfite-treated samples of H249 and H1618
(data not shown). Without PEP, the methylation-specific PCR assay required bisulfite
treatment of 120 ng of DNA (~16,000 cells) to investigate the methylation status of a
single promoter region. We found that with PEP, 6 ng (~800 cells) of each DNA sample
provided sufficient DNA to investigate the methylation status of three different loci.
Thus, PEP enabled us to use 60-fold less DNA, without the need to design methylation-

specific nested primers for each promoter region (McDonald and Kay, 1997).
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We examined the methylation status of the pl6 promoter in aneuploid populations
from 21 patients with Barrett’s esophagus that had been screened for 9p21 LOH.
Nineteen of 21 patients had 9p21 LOH, and five of the 19 had pl6 mutations in the
remaining allele (Table 1.1). The H249 and H1618 cell lines were used as positive
controls for unmethylated and methylated alleles, respectively (Figure 1.1 A and B). To
test whether promoter region hypermethylation may be an alternative mechanism for
inactivation of the remaining pl6 allele, we initially investigated the prevalence of pl6
promoter region hypermethylation in the 14 patients who had 9p21 LOH without pl16
mutation (Table 1.1, patients 1-14). pl6 CpG island methylation of the remaining allele
was found in eight of the 14 patients (57%) (Table 1.1, patients 1-8; Figure 1.1 C and D).
Three patients had pl6 promoter region hypermethylation in premalignant Barrett’s
epithelium without cancer (Table 1.1, patients 1-3). The remaining six of the 14 patients
who had 9p21 LOH without pl6 mutation, were not hypermethylated at the pl6 CpG
island (Table 1.1, patients 9-14; Figure 1.1 E). None of the corresponding gastric
samples had pl6é promoter hypermethylation (Figure 1.1 C-F). The difference in
prevalence of hypermethylation between Barrett’s aneuploid cell populations and normal
gastric tissues for these 14 patients is highly significant (p = 0.002). Thus, our data
suggest that pl6 promoter region hypermethylation is a de novo event that occurs at a
high frequency in the pathogenesis of esophageal adenocarcinomas.

The five patients who had both 9p21 LOH and pl6 mutation were found to be
unmethylated at the promoter of the remaining mutant p16 allele (Table 1.1, patients 15-

19; Figure 1.1 F), resulting in a significant difference in the prevalence of
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hypermethylation in cases with and without p16 mutation (p = 0.04). Neither of the two
patients without 9p21 LOH was hypermethylated at the p16 promoter (Table 1.1, patients
20 and 21). Thus, our results support the hypothesis that pl6 promoter region
hypermethylation is an alternative mechanism to pl6 mutation for inactivation of the
remaining p16 allele in cases with 9p21 LOH.

We also investigated whether pl5, in addition to p16, may be a target for de novo
hypermethylation in esophageal adenocarcinomas. In contrast to the pl6 promoter, the
pl5 promoter was not hypermethylated in any of the 21 patients (data not shown). In the
patients who had 9p21 LOH without p16 mutation, the difference between the prevalence
of pl6 hypermethylation (8 of 14) and pl5 hypermethylation (0 of 14) is highly
significant (p = 0.002), suggesting that pl5 is not a selected target of 9p21 LOH in

esophageal adenocarcinomas.

DISCUSSION

Our study has provided evidence that pl6 may be inactivated in esophageal
adenocarcinomas with 9p21 LOH by at least two different mechanisms: mutation or
promoter region hypermethylation. Nineteen of the 21 patients with Barrett’s esophagus
(90%) had 9p21 LOH, and only five of these 19 patients (26%) had pl6 mutations in the
remaining allele (Table 1.1). However, hypermethylation of the p16 CpG island, which
previously has been correlated with transcriptional silencing and decreased promoter

accessibility (Costello et al., 1996; Gonzalez-Zulueta et al., 1995; Herman et al., 1995;
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Merlo et al., 1995), was found in eight of the 14 patients who had 9p21 LOH without p16

mutation (57%) (Table 1.1, patients 1-8). Overall, eight of 21 (38%) patients had pl6
promoter region hypermethylation, suggesting that p16 promoter region hypermethylation
and 9p21 LOH is a common mechanism for inactivation of the p16 gene in esophageal
adenocarcinomas. Six patients had 9p21 LOH without pl6 mutation or promoter region
hypermethylation of the remaining allele (Table 1.1, patients 9-14), which may indicate a
second tumor suppressor gene on 9p21 or an undetected p16 mutation or deletion (Wiest
et al., 1997). Nevertheless, pl6 was selectively mutated or hypermethylated in 13 of 19
patients with 9p21 LOH (68%), suggesting that it is a primary target for inactivation
during neoplastic progression in Barrett’s esophagus.

Because the pl5 gene is linked to the pl6 gene at 9p2l, the absence of pl5
promoter region hypermethylation suggests that de novo hypermethylation is a selective
abnormality at the p16 CpG island in Barrett’s adenocarcinomas. pl5 previously has been
shown to be selectively inactivated in gliomas and leukemias (Herman et al., 1996; Jen et
al., 1994). However, consistent with our previous mutational analysis of pl5 (Barrett et
al., 1996) and data from other primary tumors (Herman et al., 1996; Kamb et al., 1994,
Stone et al., 1995), the lack of pl5 CpG island hypermethylation in esophageal
adenocarcinomas suggests that, unlike p16, pl5 does not act as a tumor suppressor in
Barrett’s esophagus.

We have previously shown that both 9p21 LOH and pl6 mutation are early
genetic abnormalities in the pathogenesis of esophageal adenocarcinomas, occurring in

premalignant tissue before the evolution of aneuploidy and cancer (Barrett et al., 1996;
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Reid et al., 1996). The present study included 10 patients who had premalignant Barrett’s
epithelium without cancer. Nine of the 10 premalignant aneuploid samples had 9p21
LOH, and three of these nine had pl16 promoter region hypermethylation (Table 1.1). The
presence of pl6 hypermethylation and 9p21 LOH in premalignant aneuploid cell
populations suggests that pl6 inactivation is an early event in the progression from
Barrett's esophagus to adenocarcinoma. However, additional studies need to be
performed to determine whether pl6 hypermethylation occurs in premalignant diploid
populations similar to 9p21 LOH and p16 mutation.

Human neoplastic tissue samples are characterized by cellular heterogeneity,
which often limits the ability to assay for somatic genetic lesions. Therefore, we use flow
cytometric cell sorting, which permits the enrichment of highly purified cell populations.
We have previously shown that DNA content flow cytometry purifies aneuploid cell
populations to 99% or greater homogeneity, which allows unambiguous detection of LOH
and mutations (Barrett et al., 1996; Reid et al., 1987). The absence of residual normal
unmethylated alleles in aneuploid cell populations with promoter region
hypermethylation is consistent with the homogeneity of our flow-sorted biopsies (Figure
1.1 C and D).

PEP of bisulfite-modified DNA is an accurate and efficient method to reduce the
starting amounts of DNA required for methylation-specific PCR. Only 2 ng of DNA
(~275 cells) are needed to determine the methylation status at one locus with primer pairs
specific for the unmethylated and methylated alleles. The combination of PEP and

methylation-specific PCR will be valuable in a variety of applications in which quantities
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of DNA are limited, such as in premalignant biopsies or in embryonic tissue. In addition,
the use of PEP avoids the necessity of designing a set of nested primers for each locus in
the genome, which will increase the efficiency of assessing methylation status at multiple
loci.

In summary, we have demonstrated that pl6 promoter region hypermethylation
occurs at a high frequency in esophageal adenocarcinomas and that hypermethylation and
LOH is a common mechanism for the inactivation of pl6 in this cancer. We have also
shown that pl6 promoter region hypermethylation can occur in premalignant epithelium,
analogous to 9p21 LOH and pl6 mutation. An important question will be to determine
the stage of progression to Barrett’s adenocarcinomas at which pl6é promoter region

hypermethylation occurs.
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Table 1.1. p16 promoter region methylation in aneuploid cell populations
from premalignant Barrett’s epithelium and adenocarcinoma

DNA Neoplastic p16
Patient content stage hypermethylation
9p21 LOH/p16 wt®
1.2 17421° 3.1N¢ pre® +
2. 95931 3.2N pre +
3. 21631 4.3N pre +
4. 17031 3.5N ca' +
5. 13010 2.8N ca +
6. 00010 3.7N ca +
7. 92041 3.7N ca +
8. 73010 3.3N ca +
9. 43251 3.1N pre -
10. 50051 3.2N pre -
11. 02010 2.7N ca
12. 02911 3.0N ca -
13. 87711 3.1N ca -
14. 71010 3.2N ca -
9p21 LOH/p16 mut?
15. 18431" 2.9N pre -
16. 69421 3.0N pre -
17. 99041’ 3.5N pre -
18. 92461 3.3N pre -
19. 10010’ 3.9N ca -
gp21 het*
20. 51061 3.2N pre -
21. 46421 3.7N ca -
2 wt, wild-type

® patient number

¢ patient code

4N, ploidy

® pre, premalignant

fca, cancer

9 mut, mutation

" Codon 102, del 1

" Codon 58, R->stop

I Codon 80, R->stop

% het, retention of both alleles
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CHAPTER 2: EVOLUTION OF NEOPLASTIC CELL LINEAGES IN

BARRETT’S ESOPHAGUS

ABSTRACT

It has been hypothesized that neoplastic progression develops as a consequence of
an acquired genetic instability and the subsequent evolution of clonal populations with
accumulated genetic errors (Nowell, 1976). The evolution of neoplastic cell lineages has
been difficult to study in individual patients because most premalignant lesions are
removed when detected, precluding prospective evaluation. Barrett’s esophagus is a
premalignant condition which predisposes to esophageal adenocarcinoma, that can be
biopsied prospectively over time because endoscopic surveillance is recommended for
early detection of cancer (Levine et al., 1993; Spechler, 1987). In addition,
esophagectomy specimens frequently contain the premalignant epithelium from which the
cancer arose (Rabinovitch et al., 1989). Here, we determine the evolutionary
relationships of non-random losses of heterozygosity (LOH), TP53 (also known as p53)
and CDKNZ2A (also known as p16mK4a) mutations, CDKN2A CpG island methylation and
ploidy during neoplastic progression. Diploid cell progenitors with somatic genetic or
epigenetic abnormalities involving TP53 and CDKNZ2A were capable of clonal expansion,
spreading to large regions of esophageal mucosa. The subsequent evolution of neoplastic

progeny frequently involved bifurcations and LOH at 5q, 13q, and 18q that occurred in no
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obligate order relative to each other, DNA content aneuploidy or cancer. OQur results

indicate that clonal evolution is more complex than predicted by linear models.

INTRODUCTION

Human cancers and some premalignant lesions contain multiple genetic
abnormalities not present in the normal tissues from which the neoplasms arose,
consistent with the predictions of Nowell’s model (Boland et al., 1995; Fearon and
Vogelstein, 1990; Nowell, 1976). In Barrett’s esophagus, neoplastic progression is
associated with alterations in T7P53 (17p13 LOH and mutation) and CDKN2A (9p21 LOH
and mutation or CpG island methylation), and non-random LOH involving chromosomes
5q, 13q, and 18q (Barrett et al., 1996; Barrett et al., 1996; Galipeau et al., 1996; Neshat et
al., 1994; Wong et al., 1997). Aneuploid and/or increased 4N populations occur in greater
than 90-95% of esophageal adenocarcinomas, arise in premalignant epithelium and
predict progression (Galipeau et al., 1996; Reid et al., 1992; Reid et al., 1987). We have
shown previously in small numbers of patients that disruption of 7P53 and CDKNZ2A
typically occurs before aneuploidy and cancer (Barrett et al., 1996; Blount et al., 1994;
Blount et al., 1993; Galipeau et al., 1996). In this study, we comprehensively evaluate the

evolution of cell lineages with diverse abnormalities during neoplastic progression.



MATERIALS AND METHODS

Patients and tissues. We evaluated flow-sorted samples (n=266) from multiple
premalignant and/or cancer biopsies (n=189) from 49 patients who had specialized
columnar epithelium in esophageal biopsies, aneuploidy and a maximum diagnosis of
high-grade dysplasia or cancer. None received radiation or chemotherapy prior to tissue
acquisition. The Barrett’s Esophagus Study was approved by the Human Subjects Review
Boards at the University of Washington and the Fred Hutchinson Cancer Research
Center. Patients were counseled concerning risks and benefits of endoscopic surveillance
for Barrett’s esophagus and informed of potential alternatives, including surgery for high-
grade dysplasia. Premalignant biopsies were available from 31 patients, 25 of whom had
progressed to cancer. Cancer biopsies were available from 32 patients, including 14
patients who had both premalignant and cancer biopsies available. Normal gastric tissue
served as a constitutive control for each patient. This study included 10, 15 and 3 patients
for whom the orders of 17p, 9p, and 18q LOH, respectively, with cancer or aneuploidy
were previously reported (Barrett et al., 1996; Barrett et al., 1996; Blount et al., 1994;

Blount et al., 1993).

Flow cytometric sorting. DNA content and multiparameter Ki67/DNA content flow
sorting were performed as described previously (Galipeau et al., 1996; Reid et al., 1992).
DNA content flow cytometry for 2N, 4N and aneuploid sorting was performed as follows.
Biopsies were minced with scalpel blades in a petri dish (35x100 mm) in NST buffer

(146 mM NaCl, 10 mM Tris-HCI, pH 7.5, 1 mM CaCl,, 0.5 mM MgSO, 21 mM MgCl,,
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0.05% bovine serum albumin, 0.2% Nonidet P40 (Sigma, St. Louis, MO)) with 4,6-

diamindino-2-phenylindole (DAPI; 10 ug/ml ;Boehringer Mannheim, Indianapolis, IN).
To disaggregate and enucleate the cells, the suspension was forced through a 1-cc syringe
with a 25-gauge needle typically 7-10 times. After mincing, samples were always kept on
ice. Ki67/DNA content multiparameter flow-cytometric cell sorting was used to purify
populations of proliferating diploid epithelial cells. Ki67-R-phycoerythrin is a directly
conjugated proliferation-associated monoclonal antibody that identifies cells in late Gy, S,
G, and mitosis, but not Gg. Biopsies were minced and sheared in NST buffer. Nuclei for
Ki67/DNA content sorting were centrifuged at 2,000 r.p.m for 10 min at 4°C,
resuspended in NST buffer with 10% normal goat serum (Caltag, Burlingame, CA),
divided and incubated with Ki67-RPE (3.75 pg/ml) and IgG1-RPE isotype antibodies
(DAKO, Carpinteria, CA), respectively. After incubation, samples were centrifuged as
above and resuspended in NST buffer with 10% NGS and DAPI (10 pg/ml). To
disaggregate the nuclei immediately before analysis, the suspension was forced through a
1-cc syringe with 25-gauge needle 7 times and then filtered through a 40-pum mesh filter.

All samples were sorted using a Coulter Elite ESP cell sorter.

Microsatellite analysis. LOH was assessed with the following polymorphic markers:
D58107, D5S299, D5S5346, D95942, D9S43, BRCA2, DI13S314, TP53, DI175786,
D175261, D185474, DI18534, DI18S46, DI18S53. Retention of heterozygosity was
assessed with D9S55, D9S162, IFNA, and D9S156 in patients heterozygous for 9p21.

Data were reviewed in a coded fashion.
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DNA sequence analysis. Aneuploid populations from 21 of 48 patients with 17p LOH

and from all patients with 9p LOH were screened for T7P53 and CDKN2A mutations,
respectively, by dye terminator fluorescent sequencing (Barrett et al., 1996; Galipeau et

al., 1996; Neshat et al., 1994).

Methylation analysis. DNA samples were treated with bisulfite as described previously
(Wong et al., 1997). Briefly, 6 ng (~800 cells) of each DNA sample were denatured in
freshly prepared 0.3M NaOH (20 min at 42°C), treated with 3.8M sodium
bisulfite/1.0mM hydroquinone (pH 5.0) (6-8 hrs at 55°C) and desulfonated with 0.3M
NaOH (20 min at 37°C). Bisulfite-treated samples were subsequently whole-genome
amplified by primer extension preamplification (PEP) as described previously (Barrett et
al., 1996; Wong et al., 1997). Aliquots of PEP reactions were used for methylation-
specific PCR (MSP) analysis using primer pairs pl6-M and pl6-U as described

previously (Wong et al., 1997).

RESULTS

LOH at 5q, 9p, 13q, 17p and 18q was detected in 54%, 91%, 48%, 100%, and
41%, respectively, of patients with aneuploid populations in premalignant epithelium, and
66%, 75%, 66%, 100% and 57%, respectively, of patients with cancer. Mutations in
exons 5-9 of TP53 were detected in 20 of 21 patients (95%) with 17p LOH, and CDKN2A

mutations were present in 11 of 43 patients (26%) with 9p LOH. Twenty-four patients
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with 9p LOH were evaluated for both CDKN2A mutations by direct sequencing and for
CDKN2A CpG island methylation by methylation-specific PCR. Seventeen of the 24
patients (71%) had either a mutation (5/24; 21%) or CpG island methylation (12/24;
50%). CpG island methylation was not detected in patients (5/5) who retained
heterozygosity at 9p21. In addition, we found no evidence for homozygous CDKN2A
deletions in our highly purified flow-sorted samples by microsatellite or sequencing
analysis.

Premalignant diploid clones with somatic genetic abnormalities involving TP53,
or both TP53 and CDKN2A, were frequently found in multiple biopsies extending over
large areas (2-11 cm) of Barrett’s epithelium as early as six years before detection of
cancer (Figure 2.1). Identical 7P53 and CDKN2A mutations were present at many levels
of the Barrett’s segment, indicating early clonal expansion (Figure 2.1 A and B). The
progenitor in patient 391 was a 2N (TP53 R306X, CDKN2A R58X) clone whose
evolution included bifurcations, multiple aneuploidies and a neoplastic cell lineage that
accumulated 13q and 18q LOH before culminating in cancer after six years (Figure 2.1
B). The 2.0N (TP53 R306X, CDKN2A R58X, 13g-), 3.0N (TP53 R306X, CDKN2A
R58X, 13g-), and 3.6N (TP53 R306X, CDKN2A R58X, 13q-, 18q-) clones were all
potential precursors of the cancer. The 3.0N clone, however, had no evidence of 18q
LOH, was not detected prior to cancer and arose in a region spatially separated from the
cancer, suggesting that it was not the precursor. We investigated all premalignant 2.0N
clones detected from 1990 to 1996, and none showed 18q LOH. The 3.6N premalignant

and 2.0N cancer clones, however, shared the same interstitial deletion of proximal 18q
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with retention of 18p and distal 18q, based on evaluation by 14 chromosome 18 STRs
(data not shown). Thus, the 3.6N clone was the precursor to the cancer. The progenitor
in patient 772 was a 2N (TP53 R248E) clone whose evolution was characterized by
bifurcations, loss of alternate 5q alleles, multiple aneuploid populations, and a neoplastic
cell lineage that accumulated 9p and 5q LOH before developing 4N and aneuploid
populations (Figure 2.1 C). An intermediate in the neoplastic lineages leading to the
3.6N and 3.4N clones was not detected due to failure of the intermediate to persist or
sampling limitations. This case also had a non-progressing 2N clone with loss of an
alternate 9p allele not detected after 1991. In patient 779, the progenitor was a 2N (TP53
R306X, CDKN2A E88X) clone present in an endoscopic biopsy taken three years before
detection of a cancer containing three aneuploid populations and a 13q LOH that evolved
after cancer (Figure 2.1 D).

We used clonal ordering to further investigate relationships among genetic events
in these neoplastic cell lineages (Table 2.1). LOH at 17p and 9p typically preceded
aneuploidy (p<0.0001 and p<0.001, respectively) and cancer (p<0.0001 and p<0.001,
respectively). However, there was no obligate order of 17p and 9p LOH during
neoplastic progression (p=1.000). Mutations in 7P53 and CDKN2A were also detected
before aneuploidy (7/7 and 7/7 patients, respectively) and cancer (4/4 and 3/3 patients,
respectively). Furthermore, patients (7/7) had CDKN2A CpG island methylation in
premalignant diploid as well as aneuploid populations. LOH at 17p was typically
detected before and not after Sq (p<0.0001), 13q (p=0.002), and 18q LOH (p=0.004).

Although 9p LOH was also typically detected before 5q (p=0.006) and 13q (p=0.004), it
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showed no obligate order relative to 18q LOH. LOH at 5q, 13q and 18q showed no

obligate order relative to each other, although the number of cases in which these were

evaluated was small.

DISCUSSION

Our observations of the evolution of neoplastic cell lineages in vivo confirm a
pattern of events probably shared by most human neoplasms (Bedi et al., 1996; Califano
et al., 1996; Franklin et al., 1997; Gazdar et al., 1994; Kuukasjarvi et al., 1997; Sidransky
et al., 1992). A progenitor clone undergoes expansion and, with the development of
genetic instability, enters a phase of clonal evolution that begins in premalignant cells,
proceeds over a period of years and continues after the emergence of cancer (Figure 2.2).
There have been reports that some cancers do not contain genetic abnormalities
detectable in the premalignant epithelium from which the cancer arose (Wu et al., 1998).
Although some such cases may result from inadequate purification of neoplastic cells,
others probably represent bifurcations leading to mosaics that include clonal populations
not represented on the lineage that progesses to cancer. In addition, most human
premalignant tissues do not appear to progress to cancer, even when highly prevalent
somatic lesions are present (Correa et al., 1990; Mao et al., 1997; Rozen et al., 1995; van
der Burgh et al., 1996). For example, it is estimated that only 2.5 adenomatous polyps
per 1,000 per year progress to colon cancer (Eide, 1986). Flow cytometry has detected

clonal heterogeneity in many neoplasias, and flow purification may be required to detect
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minority subclones with different LOHs developing before and after cancer (Figure 2.1 C)
(Petersen et al., 1980). Our approach of flow sorting and clonal ordering to relate
objective abnormalities (for example aneuploidy, LOH, TP53 and CDKNZA mutations) to
each other, rather than histologic abnormalities, can be used to study the evolution of cell

lineages in other human neoplasms.
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Table 2.1. Clonal orders in Barrett’s esophagus. Patients with Ki67-positive-2N, 4N,

or aneuploid flow-sorted samples (range 2-24 per patient; total 266) from multiple
biopsies (range 2-13 per patient; total 189) were evaluated. In each case, two events, A
and B, were compared to each other to determine whether A preceded B, A and B were
detected together, or A was detected after B. For each non-random LOH (17p, 9p, 18q,
5q, 13q), three types of orders were determined: i) LOH and aneuploidy; ii) LOH and
LOH; iii) LOH and cancer. In all tests, the null hypothesis is the probability that A
precedes B 50% of the time among cases in which order could be determined. The level
of significance (p) versus the null hypothesis for each test was determined as previously
described but without adjustment for multiple comparisons (Barrett et al., 1996). The

observation of a statistically significant order does not necessarily indicate causality.



Events A before B A,B together A after B p
A B patients (%) patients (%) patients (%)
17p LOH  Aneuploidy 19 (79) 5 2D 0 O <0.0001
9p 7 (24) 16 (55) 6 (1) 1.000
5q 19 (86) 3 (14) 0 O <0.0001
13q 10 (63) 6 (37) 0o O 0.002
18q 9 (56) 7 44 0 (O 0.004
Cancer 23 (96) 1 @ 0 (O <0.0001
9p LOH Aneuploidy 20 (80) 3 (12) 2 (8 <0.001
5q 11 (73) 3 (20) 1 0.006
13q 9 (60) 6 (40) 0 (@© 0.004
18q 7 (50) 3 @D 4 (29) 0.549
Cancer 20 (87) 0 (© 3 (13) <0.001
18q LOH Aneuploidy 7 (64) 0 O 4 (36) 0.549
5q 7 (8) L (1D 1 (1D 0.070
13q 4 (44) 3 (33) 2 (23) 0.688
Cancer 9 (82) 0 (O 2 (18) 0.065
5q LOH Aneuploidy 4 (20) 5 (25 11 (55 0.118
13q 2 (25) 3 (37.5) 3 (37.5) 1.000
Cancer 10 (53) 3 (15 6 (32 0.454
13q LOH Aneuploidy 5 (36) 3 @D 6 (43) 1.000
Cancer 8 (57) 1 5 (36) 0.581
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CHAPTER 3: INACTIVATION OF p16™%* IN HUMAN MAMMARY

EPITHELIAL CELLS BY CpG ISLAND METHYLATION

ABSTRACT

Proliferation of human mammary epithelial cells (HMEC) is limited to a few
passages in culture due to an arrest in Gl termed selection or mortality stage 0, MO. A
small number of cells spontaneously escape MO, continue to proliferate in culture, and
then enter a second mortality stage, M1, at which they senesce. Evidence that MO
involves the Rb pathway comes from the observation that expression of human
papillomavirus type 16 E7 alleviates the MO proliferation block, and we further show that
the Rb-binding region of E7 is required to allow cells to bypass MO. In contrast, E6 does

not prevent HMEC from entering MO but, rather, is involved in M1 bypass. Here we

show that inactivation of the D-type cyclin-dependent kinase inhibitor ple™& s
associated with escape from the MO proliferation block. Early-passage HMEC express
readily detectable amounts of pl6 protein, whereas normal or E6-expressing HMEC that
escaped MO expressed markedly reduced amounts of p16 mRNA and protein. This initial
reduction of pl6 expression was associated with limited methylation of the pl16 promoter
region CpG island. At later passages a further reduction in pl6 expression occurred,
accompanied by increased CpG island methylation. In contrast, reduction of pl6

expression did not occur in E7-expressing HMEC that bypassed MO due to inactivation of

Rb. These observations in the E6-expressing HMEC correlate well with the finding that
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CpG island methylation is a mechanism of p16 inactivation in the development of human

tumors, including breast cancer.

INTRODUCTION

The progression of cells in culture to an immortalized state, although not
identical, has many features in common with the development of cancer in vivo. For
example, high-risk human papillomaviruses (HPVs) that are associated with anogenital
cancer readily immortalize human cells in culture while low-risk HPVs that are
associated with benign lesions do not (Halbert et al., 1991; Hawley-Nelson et al., 1989;
Munger et al., 1989). The E6 and E7 genes of the high-risk HPVs inactivate p53 and Rb,
respectively, two of the most commonly inactivated tumor suppressors in human cancer
(Dyson et al., 1989; Scheffner et al., 1990; Wemess et al., 1990). HPV-immortalized
cells can progress to tumorigenicity by continued passaging or by treatment with
carcinogens (Garrett et al., 1993; Hurlin et al., 1991). These tumorigenic derivatives have
additional alterations, such as deletions on 18q, in common with cancers (Klingelhutz et
al., 1993).

For human mammary epithelial cells (HMEC) to become immortalized, they must
overcome several distinct proliferation blocks (Foster and Galloway, 1996; Shay et al.,
1993). Initially, the proliferation of HMEC is limited to a few passages in culture due to
a proliferation block termed selection or MO (mortality stage 0), a period when cells

become larger and flattened and accumulate in G1 or GO (Foster and Galloway, 1996;
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Stampfer, 1985). Expression of E7 in early-passage HMEC allows the cells to bypass MO

(Foster and Galloway, 1996), suggesting that Rb-related proteins play an important role in
the MO arrest (Foster and Galloway, 1996). Although E7 is efficient at allowing cells to
bypass MO, most of the cells arrest at a later stage and do not become immortalized
(Foster and Galloway, 1996; Wazer et al., 1995). A subpopulation of normal cells (not
expressing HPV oncogenes) can occasionally escape MO and continue to proliferate until
they senesce at M1 (mortality stage 1) (Shay et al., 1993; Stampfer, 1985). Expression of
E6 allows these cells to bypass M1 and exhibit an extended life span. The E6-expressing
cells eventually enter a crisis period (M2, mortality stage 2) from which immortalized
cells emerge (Band et al., 1991; Shay et al., 1993). Thus, E7 allows HMEC to bypass
MO, E6 allows them to bypass M1, and additional changes are thought to allow escape
from M2 and to yield immortalized cells (Band et al., 1991; Foster and Galloway, 1996;
Shay et al., 1993). In this study, we examined the expression patterns of various cell
cycle regulatory proteins to begin to elucidate the mechanisms involved in the MO arrest.
The results suggest a role for the pl6 cyclin-dependent kinase inhibitor protein in the
arrest of cells at MO, and indicate that escape from MO is associated with methylation of

the p16 promoter region CpG island and inactivation of p16 expression.

MATERIALS AND METHODS

Cell Culture. Human mammary epithelial cells were isolated from tissue specimens

from reduction mammoplasties as described by Stampfer (Stampfer, 1985). HMECI and
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HMEC3 were grown in MEGM (Clonetics) and were described previously (Foster and

Galloway, 1996) while HMEC4, HMEC6, and HMEC9 were grown in DFCI-1 (Band and
Sager, 1989). HMECS cells were isolated from normal breast tissue from a patient
undergoing a mastectomy and grown in DFCI-1. LXSN-based retroviruses expressing
HPV oncogenes were used to infect HMEC as soon as possible after establishment of the
cultures (Demers et al., 1996; Halbert et al., 1991; Miller and Rosman, 1989), followed

by selection with 100 ug/ml of G418 to eliminate uninfected cells. The cultures were

maintained by feeding fresh medium every other day and passaging at a ratio of 1:5
before the cultures were confluent. Population doublings were estimated based on 2.25
doublings per 1:5 split. For the purposes of this study, cells were deemed to be
immortalized if they achieved 50 passages (>100 population doublings). Cells that were
not expressing HPV oncogenes achieved fewer than 25 passages. Cell lines H249 and
H1618 (both donated by J. Herman and S. Baylin) were used as negative and positive

controls, respectively, for p15 and p16 promoter region methylation analysis.

Immunoprecipitation of E7. Cells were labeled with [BSS]cysteine and [*’S]methionine
and equivalent counts per minute (cpm) were immunoprecipitated with rabbit antisera to

HPV-16 E7 or HPV-6 E7 (Halbert et al., 1991).

Western blots. Whole-cell extracts were prepared in WE buffer and protein
concentrations were determined by the BioRad DC protein assay (Foster and Galloway,

1996). Protein samples (20 pug)were separated by sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE), and blots were prepared on nitrocellulose or
Immobilon-P membranes (Millipore). The following antibodies were used as probes: p53
and p21 (Oncogene Science, clones DO-1 and EA10); Rb, cyclin A, cyclin E, cyclin D1,
and pl6 (PharMingen, clones G3-245, BF683, HE12, G124-326, and G175-405); and
CDK?2, CDK4, and p27 (Transduction Laboratories, no. C18520, C18720, and K25020).
The original films were scanned on a Sharp JX-325 scanner with Adobe Photoshop
software and, where noted, quantitation was done on the scanned image with ImageQuant

software (Molecular Dynamics).

Northern analysis. Total RNA was isolated by pelleting through CsCl cushions (Glisin
et al., 1974). Poly(A)" RNA was isolated from total RNA by using oligo(dT) cellulose
(New England Biolabs). RNA samples were separated on formaldehyde-agarose gels and
blotted to Hybond N membranes (Amersham) in 20X SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate). After UV cross-linking, the membranes were hybridized in 0.5
M sodium phosphate (pH 7.2) and 5% SDS at 68°C and washed in 50 mM sodium
phosphate and 0.1% SDS at 68°C (Glisin et al., 1974). PEl probe, containing pl6 exon
1, was generated by PCR as described previously (Merlo et al., 1995) and labeled with
[*>P]dCTP by the random-primer method (Boerhinger Mannheim). No cross-
hybridization between the PE1 probe and pl5 RNA was detected when using in vitro-
transcribed p16 and pl15 test RNAs. The blots were stripped and reprobed with 36B4 as a
loading control (Laborda, 1991). Quantitation was done on a Molecular Dynamics

Phosporlmager with ImageQuant software.
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Southern analysis. Genomic DNA was prepared, digested with EcoRI or BamHI and
separated on 0.8% agarose gels. After transferring to Hybond N* (Amersham), the blots

were probed for HPV-16 E6 under the conditions described above.

pl6 deletion analysis. To screen the pl6 locus (9p21) for possible homozygous
deletions or allelic loss, DNA from clonal cell populations was amplified by the primer-
extension preamplification (PEP) (Barrett et al., 1995; Zhang et al., 1992). Aliquots from
each sample were evaluated for STS marker c5.1, located within the pl6 gene (Kamb et
al., 1994), or polymorphic markers D95942 or D9S161 in locus-specific PCR reactions as

described previously (Barrett et al., 1996).

pl6 promoter region methylation analysis. The PCR-based assay for CpG island
methylation of the pl6 and pl5 promoter regions was carried out as described previously
(Herman et al., 1996; Wong et al., 1997). Briefly, this assay consists of sodium bisulfite
modification, followed by a PEP reaction and methylation-specific PCR. For some
samples, DNA sequencing of the sodium bisulfite-modified genomic DNA was used to
screen for methylation not detected by the PCR assay. Briefly, after sodium bisulfite
treatment and PEP, the pl6 promoter region from -159 to +135 (according to the
numbering system of Hara er al. (Hara et al., 1996)) was amplified using primers 5’-TTT
TTA GAG GAT TTG AGG GAT AGG-3’ and 5’-CTA CCT AAT TCC AAT TCC CCT
ACA-3’ under the conditions described by Herman er al. (Herman et al., 1996). The

resulting PCR products were gel purified and cloned (Invitrogen TA cloning kit) and
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individual clones were sequenced on an ABI sequencer with dye terminators. Based upon
non-CpG cytosines, which are expected to be rarely methylated, the bisulfite conversion

efficiency was estimated to be at least 99.7%.

RESULTS
Growth characteristics of HMEC in culture — effects of E6 and E7 expression.
LXSN-based retroviruses expressing HPV-16 E6, E7, or E6/E7 were used to infect early-
passage HMEC, and the resulting cells were serially passaged. Uninfected, vector-
infected, and E6-infected cells all entered MO, as evidenced by reduced proliferation and
the appearance of large, flat cells. This usually occurred by passage 7, but the timing was
variable depending on the particular HMEC strain. In one uninfected cell strain,
HMEC4, a subpopulation of cells spontaneously escaped MO and then senesced at M1
(approximately passage 20). In all E6-expressing strains, a subpopulation of HMEC
escaped from MO and readily became immortalized. Cells infected with E7 or E6/E7
consistently bypassed MO, failing to show large, flat cells or reduced proliferation.
However, HMEC expressing E7 alone did not readily become immortalized; they
eventually grew in tight clumps and failed to proliferate beyond passage 25. The E6/E7-
expressing HMEC continued to proliferate after bypassing MO and were immortalized,
with little evidence of crisis. Table 3.1 summarizes these results for six HMEC strains.
By using the retrovirus integration site(s) as tags to monitor the fate of individual

infected cells, it was possible to estimate the frequency of MO escape in the E6-
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expressing HMEC. Genomic DNA was prepared at various stages of culture and
Southern blots were probed for E6 (data not shown). In E6-expressing HMEC®6, only two
virus integration sites (representing two initially infected cells) were evident after MO
escape (data not shown). Therefore, based on an estimate of between 5,000 and 10,000
cells initially transduced, fewer than 0.1% of the E6-expressing cells proliferated beyond
MO. Only one of the two clones was detected in the immortalized culture. In E6-
expressing HMECS, three or four integration sites were detected after MO escape, again
less than 0.1% of the initial population. The pattern of integration sites changed over
time and two sites were detected in the immortalized population, representing either two
clones or one clone containing two viral integrations. We also monitored the fate of E6-
expressing HMECS6 cells individually cloned after MO escape. Of 23 clones selected at
passage 18, only 4 proliferated to passage 25. These results argue that 99.9% of E6-
expressing cells fail to proliferate beyond MO and that continued selection of clones (and

subclones) occurs even among the few cells that do escape MO.

The Rb-binding region of HPV-16 E7 is required to allow HMEC to bypass MO.
The best-characterized activity of HPV-16 E7 is its ability to bind to Rb and related
proteins, releasing transcription factor E2F. To determine whether the Rb-binding region
of E7 is important for its ability to allow cells to bypass MO0, several mutated forms of E7

were tested. HPV-16 E7A21-24 has a deletion of 4 amino acids within the LXCXE motif

(amino acids 22 to 26 of HPV-16 E7) which have previously been shown to be required

for binding of Rb and related proteins (Munger et al., 1989). HPV-16 E7C24G carries a
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point mutation within this region and similarly disrupts binding of Rb and related proteins
(Banks et al., 1990; Davies et al., 1993). The HPV-16 E7E26G mutation disrupts Rb-
binding but leaves intact the ability of E7 to interact with the Rb-related protein pl07
(Banks et al., 1990; Davies et al., 1993). HPV-16 E7D21S contains a mutation just
outside the LXCXE motif and leaves intact Rb and p107 binding as well as the ability to
release E2F from Rb in a gel shift assay (4,11,14). HPV-16 E7H2P retains the ability to
bind to Rb but is at least partially defective in its ability to dissociate E2F in a gel shift
assay (Davies et al., 1993) (unpublished data) and is transformation defective (Banks et

al., 1990). HPV-16 E7A6-10 and HPV-16 E7C58G/C91G are able to bind Rb but are

transformation defective. In addition, HPV-6 E7 was tested; HPV-6 E7 does bind to Rb
but with a greatly reduced efficiency compared to HPV-16 E7 (Munger et al., 1989).

To compare the abilities of the HPV E7 proteins to allow MO bypass, early-
passage HMECS6 cells were infected with the retroviruses and selected with G418 to
eliminate uninfected cells. Initial observation of the cultures indicated that wild-type
HPV-16 E7 was active; i.e., few large, flat cells emerged, and the population remained
proliferative. HPV-16 E7D21S was only partially active; i.e., the cells did not proliferate
as well as those expressing HPV-16 E7, and some large cells emerged. Cells infected
with other E7 proteins were similar to vector-infected control cells (Figure 3.1 A and data
not shown).

Cyclin A expression is greatly reduced concomitant with a reduction in the S-
phase fraction as early-passage HMEC accumulate in MO (Foster and Galloway, 1996)

(see below). Therefore, cyclin A expression was used as a marker for MO, independent of
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cell morphology, to evaluate the mutated E7 proteins. As expected, the uninfected
control cells and the LXSN vector-infected cells showed very low cyclin A expression
whereas cells expressing 16 E7 continued to express abundant cyclin A (Figure 3.1 B).
Cells expressing HPV-16 E7D21S expressed cyclin A at a higher level than that of the
control cells, although only about one-fourth as high as the level observed in the wild-
type HPV-16 E7-expressing cells. Cells expressing the other E7 proteins expressed
cyclin A at low levels, similar to the vector-infected control cells. These results indicate
that the Rb-binding region of HPV-16 E7 is required to allow HMEC to bypass MO but
do not exclude the possibility that other regions of E7 are also required.

To confirm the expression of the various E7 proteins, extracts of HMEC4 cells
expressing the E7 proteins were immunoprecipitated with polyclonal E7 antibody.
HMECH4 cells that had escaped from MO were chosen for this analysis because they had a
sufficiently long life span to be infected, selected with G418, and have their proteins
labeled. All of the E7 proteins were detected at comparable levels (Figure 3.1 C and D).

Two proteins, HPV-16 E7A6-10 and HPV-16 E7C58G/C91G, were detected at lower

levels and were not included in the above analysis (data not shown).

Cell cycle-related proteins in early-passage HMEC. To begin to dissect possible
mechanisms involved in arrest of HMEC at MO, protein extracts were prepared
sequentially from passage 3 (early-proliferating cells) to passage 7 (cells mostly arrested
at M0). Figure 3.2 shows the results for HMECO cells. Early-passage cells (passage 3)

expressed abundant Rb which was predominantly in the hyperphosphorylated form. As
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the cells accumulated in MO, the hypophosphorylated form predominated and the overall
level of Rb was greatly reduced. Among the cyclins and CDKs involved in Rb
phosphorylation, cyclin A expression was dramatically reduced while the levels of cyclins
E and DI remained unchanged. CDK2 and CDK4 were reduced but only at the later
passages. Consistent with our previous report (Foster and Galloway, 1996), neither p53
nor p21 was induced at M0O. Similarly, p27 was not induced. In contrast, the level of pl16
increased by about 60% during this period. Similar trends were observed for HMEC6
and HMECS. Although the increase in the p16 level was not dramatic, it was consistent
with a possible role in the MO arrest given its known ability to inhibit CDK4 and CDKG®6,

two cyclin-dependent kinases that play a central role in Rb phosphorylation.

p16 levels in early passage and post-M0 HMEC. Given the above results implicating
the Rb pathway in the arrest of cells at MO and the fact that pl6 is commonly deleted in
human cancers and cancer cell lines, we compared the levels of pl16 in the early-passage
HMEDC to the levels in post-M0 HMEC. Early-passage, uninfected HMECI and HMEC3
expressed pl6 that was detectable by Western blotting; however, major differences in p16
expression were detected among the post-MO cells (Figure 3.3). Cells that expressed E7
or E6/E7 and had bypassed M0 showed levels of pl16 as high as or higher than the early-
passage cells. However, cells that expressed E6 and had escaped from MO showed very
low levels of pl16. A similar pattern of pl6 expression was seen in HMEC6 and HMEC9
(see below). The low level of pl6 expression in the post-MO E6-expressing cells was not

a direct result of E6 expression because the E6/E7 expressing cells had abundant pl6.
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Furthermore, expression of E6 in the early-passage HMECS cells did not reduce pl6
expression (Figure 3.4 A). HMEC4 spontaneously escaped MO, and this was associated
with a five-fold reduction in pl6é protein levels (Figure 3.4 A). pl6 levels further
decreased 2.5-fold with continued passage in culture. As HMEC4 aged and approached
MI, the level of pl6 remained low. In contrast, the levels of p53, p21, and p27 were
increased after MO and remained high at late passage (Figure 3.4 A and data not shown).
Overall, these results are consistent with a model in which the Rb pathway limits
proliferation at M0O. In cells that express E7, inactivation of Rb would allow continued
proliferation of cells with high levels of pl6. In contrast, cells with intact Rb function
would arrest at MO, followed by selection for cells having low levels of pl6 during MO
escape.

The patterns of p16 expression in HMEC6, HMEC8 and HMEC9 expressing E6
were examined at various passages after MO escape. In E6-expressing HMECS, the p16
level was reduced after MO escape (passage 12), in contrast to uninfected cells prior to
MO (passage 3) (Figure 3.4 A). This low level of pl6 was maintained through passage
18, was further reduced by passage 25, and reached an undetectable level by passage 59 (a
trace of p16 was detected in the passage 29 cells on a longer exposure (data not shown)).
E6-expressing HMEC9 showed a pattern of pl6 expression very similar to that of the E6-
expressing HMECG6 (data not shown). E6-expressing HMECS at passage 8 had not
escaped MO and expressed abundant pl6 (Figure 3.4 A). At passage 14, these cells had
escaped MO and showed a reduced level of pl6 compared to the passage 8 cells.

Surprisingly, the level of pl6 was increased again at passages 21 to 32 and then was
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dramatically reduced to undetectable levels by passage 41. In culture, a mild crisis with
noticeable cell death was noted in the E6-expressing HMECS at passages 29 through 32;
thereafter, the cells formed a more stable population. In contrast, pl6 was expressed at
high levels in all the late passage cells expressing E6/E7 (Figure 3.4 A, HMEC6-E6/E7
passage 66, and data not shown). Note that p27 expression was not decreased during the
course of these experiments (Figure 3.4 A). These results are consistent with the idea that
selection against the Rb/pl6 pathway beginning around MO results in the emergence of
cells with low levels of pl6. In the E6-expressing HMECS, the emergence of cells with
low levels of pl6 was delayed. It is interesting that HMECS cells were derived from
normal breast tissue from a patient undergoing a mastectomy while all other cells in this

study were derived from breast reduction tissue.

p16 gene inactivation occurs at the mRNA level. To begin to address the mechanism
underlying the loss of pl6 expression, pl6 mRNA levels were analyzed by Northern
blotting. In early-passage HMEC4 (passage 5), pl6 mRINA was detected as a major band
of about 0.8 kb and a minor band at about 1.1 kb (Figure 3.4 B). The low levels of p16
protein detected in the population that escaped MO (passages 12 and 18) correlated with
reduced levels of pl6 mRNA expression.

In HMECS6, pl6 mRNA was detected at early passage (passage 3), but it was not
detected in the E6-expressing cells at passage 59 (Figure 3.4 B). EG6/E7-expressing
HMECS6 expressed an elevated level of p16 mRNA at passage 66 (Figure 3.4 B). This

result was somewhat surprising since the E6/E7-expressing HMECG6 expressed no more
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pl6 protein than the early-passage HMEC6 did. The results with HMEC9 were very

similar to those with HMEC6 (data not shown). In E6-expressing HMECS, pl6 mRNA
was detected at passage 29, when abundant pl6 protein was detected, but was not
detected at passage 41, when pl6 protein became undetectable (Figure 3.4 B). These
results suggest that the reduction in pl6 protein after MO escape can be explained, at least

in part, by alterations at the RNA level.

Deletions in p16 do not explain the loss of p16 expression. Since p16 gene deletion is
known to occur readily in cell lines, various HMEC were cloned and DNA was extracted
to check for possible deletions affecting the 9p21 region. Three markers were used for
this analysis. The c5.1 STS marker is located within the pl6 gene (Kamb et al., 1994).
The D9S942 and D9S161 STR markers are located within 9p21 and allow identification
of loss of heterozygosity (LOH). Analysis of the early passage cells showed that all were
informative for LOH analysis (data not shown). In HMEC4 that had escaped from MO, 3
of 10 clones contained apparent homozygous deletions affecting the pl6 gene at 9p21
while the remaining 7 clones had no deletions (data not shown). In E6-expressing
HMECI that had escaped MO, no deletions were detected in 10 clones (data not shown).
As expected, no deletions were observed among 10 clones of E6/E7-expressing HMEC1
which retained pl6 expression (data not shown). To determine whether frequent pl6
deletions occurred at later passages, we also tested 10 clones each of HMEC6 and
HMECS8 immortalized by E6 (> 100 population doublings). Again, no homozygous

deletions or LOH were detected (data not shown). Based on these results, deletion of pl6
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did not appear to play a major role in the emergence of cells expressing low levels of pl6

during MO escape.

The p16 gene is methylated in E6-expressing HMEC. Methylation of the CpG island
within the promoter region of pl6 has been reported as a mechanism of pl6 gene
inactivation in tumors and cancer cell lines (Herman et al., 1995; Merlo et al., 1995;
Wong et al., 1997). Therefore, a methylation-sensitive PCR assay was used to compare
the methylation status of this region between cells which expressed high levels of p16 and
those which expressed low levels of pl6.

HMEC4 that escaped from MO exhibited dramatically less p16 than did the early-
passage cells. However, no pl6 gene methylation was detected by the PCR assay in these
cells up to passage 18, which is near the end of their proliferative lifespan (Figure 3.4 C).
Similarly, no pl6 gene methylation was detected in the E6-expressing cells that escaped
MO (HMEC3, HMEC6, and HMECY), even though these cells expressed dramatically
less p16 than did the corresponding early-passage cells (Figure 3.4 and data not shown).
At later stages of culture, however, cells with pl6 CpG island methylation were detected.
In E6-expressing HMECG6, methylation was first readily detected by the PCR assay at
passage 25, and by passage 59, the pl6 gene was predominantly methylated, although a

low level (=10% based on mixing experiments) of unmethylated pl6 gene was still

detected (Figure 3.4 C). E6-expressing HMECY exhibited a similar pattern; after MO
escape (passage 16), no methylation was detected, but subsequently (passage 44) the cells

displayed a mixture of methylated and unmethylated p16 alleles (data not shown). E6-
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expressing HMECS exhibited no evidence of pl6 gene methylation up to passage 32, but
only methylated alleles were detected by passage 41 (Figure 3.4 C). Therefore, the
change in methylation status coincided with the elimination of pl6 protein expression
between passages 32 and 41. No pl6 gene methylation was detected by the PCR assay in
any of the cells expressing E7 alone (Figure 3.5 A), the three clones of late passage
E6/E7-expressing HMECS8 (Figure 3.5 B), or the late-passage E6/E7-expressing HMEC9
(data not shown).

Because the PCR-based methylation assay is inherently limited to the detection of
methylation within the short regions recognized by the methylation-specific primers, a
sequencing approach was used to determine whether methylation was present in regions
missed by the PCR assay. After sodium bisulfite modification, individual PCR products
of the region from -159 to +135 (according to the numbering system of Hara et al. (Hara
et al., 1996)), which contains 35 potential CpG methylation sites, were cloned, and four
clones of each sample were sequenced. The results are summarized in Table 3.2. In
HMECS6, methylation was detected on 0 or 1 CpG site at passage 3, 6 to 14 sites after MO
escape (passage 12), and 19 to 25 sites by passage 25. In E6-expressing HMECY, 7 to 10
sites were methylated after MO escape (passage 16) and 9 to 28 of the sites were
methylated later (passage 42). In contrast, E6/E7-expressing HMEC9 (passage 32)
contained no methylation in the four clones examined. The immortalized cell line
H1618, which was used as a positive control for pl6 methylation, contained methylation

at all 35 CpG sites of all four clones (data not shown).
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Surprisingly, a low level of p16 gene methylation was detected by the PCR assay
in immortalized E6/E7-expressing HMEC6 (Figure 3.5 C). To further investigate this
methylation, late-passage E6/E7-expressing HMEC6 were cloned and assayed
individually for their pl6 methylation status. Of 10 clones, six (C3, C6, C7, C8, C9 and
C10) contained predominantly unmethylated pl6, two (Cl and C2) contained
predominantly methylated pl6, and the other two (C4 and CS5) contained mixtures of
methylated and unmethylated alleles (Figure 3.5 C). Analysis of the viral integration sites
of these clones by Southern blotting revealed that clones containing methylated or mixed
pl6 alleles (C1, C2, C4, and C5) originated from a single parent containing one viral
integration. Clones containing unmethylated alleles originated from a single parent
containing three viral integrations (C3, C6, C7, C8, and C10) or as many as five or six
viral integrations (C9) (data not shown).

To assess whether the methylation was specific for pl6, the methylation status of
plSINK“b was determined. pl5, like pl6, is a member of the INK4 family of cyclin-
dependent kinase inhibitors and is very similar to pl6 both in terms of amino acid
sequence and ability to specifically inhibit CDK4 and CDK®6. It is located next to the pl16
gene at chromosomal position 9p21. None of the cells tested showed evidence for pl5
methylation, including all of those in which pl6 methylation was detected (data not

shown). Therefore, the methylation was specifically selected for in the p16 CpG island.
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DISCUSSION

The results presented here show that the Rb-binding region of E7 is required to
allow cells to bypass MO, consistent with a role for Rb or related proteins in mediating
the MO proliferation block. Three distinct mutations within the LXCXE Rb-binding
motif of HPV-16 E7 (A21-24, C24G, and E26G) each resulted in failure to allow MO
bypass. One mutation, HPV-16 E7TH2P, which does not disrupt Rb-binding, also failed to
allow MO bypass. However, HPV-16 E7TH2P is defective in its ability to dissociate E2F
from Rb in vitro (unpublished data). The reason why HPV-16 E7D21S was less effective
than wild-type HPV-16 E7 in allowing MO bypass, despite its having the ability to bind
Rb and pl107 and dissociate Rb/E2F complexes, could be subtle defects in its interaction
with Rb-related proteins that are not apparent in the in vitro assays. Alternatively, D21S
may be defective in some other activity that is needed for full wild-type HPV-16 E7
function. It is worth noting that the ability of E7 to bind Rb is not sufficient for its ability
to transform rodent cells (Banks et al., 1990) or abrogate growth arrest signals induced by
DNA damage, transforming growth factor-f3, or suprabasal quiescence (Demers et al.,
1996). Conversely, the ability of HPV-16 E7 to bind Rb is not essential for its ability to
immortalize human keratinocytes in the context of the full HPV-16 genome (Jewers et al.,
1992). Recently, HPV-16 E7 has been shown to inactivate the ability of p27 and p21 to
inhibit cyclin-dependent kinases (Funk et al., 1997; Zerfass-Thome et al.,, 1996).
Therefore, activities other than binding to Rb are likely to contribute to full wild-type

HPV-16 E7 function.
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What mechanisms are involved in arrest at M0O? Analysis of cell cycle-related
proteins revealed that Rb accumulated in the hypophosphorylated form and its level of
expression decreased as the early-passage HMEC aged in culture, consistent with its
playing a role in blocking proliferation at MO. The level of cyclin A was dramatically
reduced as cells arrested at MO, presumably as a consequence of arrest in G1 (Foster and
Galloway, 1996). The levels of CDK?2 and CDK4 also decreased, but only as a late event.
Expression of CDK inhibitors p21 and p27 declined, while the level of pl6 increased. An
increase in the level of pl6 in aging cells is consistent with the results of other studies
with human keratinocytes, uroepithelial cells, and fibroblasts, which show increases in
pl6 levels as the cells enter senescence (Alcorta et al., 1996; Hara et al., 1996; Loughran
et al., 1996; Reznikoff et al., 1996). Whether the observed increase in the pl6 level
would be sufficient to arrest the cells or whether additional factors, such as the decrease
in the CDK4 level, are important is not clear. Nevertheless, this increase in the p16 level,
the emergence of cells having low levels of pl6 expression, and the observation that the
Rb-binding region of E7 was important to allow cells to bypass MO, point to p16 as being
a proliferation-limiting factor at MO.

Other studies have reported loss of pl6 expression in cultured cells. Reznikoff ez
al. (Reznikoff et al., 1996) reported loss of pl6 expression in human uroepithelial cells
immortalized by E6 but not those immortalized by E7. In that study, hemizygous pl16
deletions appeared to be involved in pl6 inactivation. Noble et al. (Noble et al., 1996)
also reported loss of pl6 expression at or prior to immortalization in fibroblasts derived

from a patient with Li-Fraumeni syndrome and human mesothelial cells that had been
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transfected with HPV-16 E6/E7, although not all cells that lost pl6 expression became

immortalized. Where examined, homozygous pl6 deletion appeared to account for the
lack of pl6 expression (Noble et al., 1996). Loughran et al. (Loughran et al., 1996),
reported the loss of pl6 expression in immortalized cancer-derived keratinocytes,
although two cultures lost pl6 expression but did not become immortalized. pl6
expression was reactivated by S-azacytidine treatment, suggesting inactivation by
methylation (Loughran et al., 1996). Brenner and Aldaz (Brenner and Aldaz, 1995)
reported homozygous deletion of pl6 in two immortalized human mammary epithelial
cell lines and LOH at the pl6 locus (9p21) coupled with a nonsense mutation in the
remaining allele in another line.

Our study is consistent with the above reports, but is unique in several respects.
Loss of pl6 expression was observed in normal, non-cancer-derived HMEC that had not
been immortalized or exposed to viral oncogenes, i.e., HMEC4. Loss of pl6 expression
was correlated with escape from MO and was evident at the p16 mRNA level. As in the
above studies, loss of pl6 expression was not sufficient for immortalization, and these
cells underwent senescence. Importantly, senescence of the HMEC4 culture was not
associated with re-expression of pl6; instead, high levels of p53, p21, and p27 were
present. Therefore, two different mechanisms appear to limit the life span of HMEC in
culture, the first involving the Rb/pl6 pathway and the second involving p53, p21, and
possibly p27. This would be consistent with the observation that E7 alleviates MO by

inactivating Rb but does not readily immortalize HMEC, whereas E6, by inactivating
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p53, readily immortalizes HMEC that have previously escaped MO (Band et al., 1991;

Shay et al., 1993).

In contrast to published reports of experiments with other cell culture systems, we
found that methylation, rather than deletion, was associated with pl6 inactivation in the
HMEC that escaped M0O. We had expected to find deletions, especially in the E6-
expressing cells, because of the dramatic shutoff of pl6 expression and the fact that E6
effectively renders the cells negative for p53, thus creating an environment in which
genetic changes would be tolerated. However, no 9p21 LOH was detected among 30
clones of E6-expressing cells, 20 of which had been in culture for over 100 population
doublings. Studies of primary breast tumors indicate that homozygous deletions in pl6
are not common (0 of 37 and 0 of 5) (Herman et al., 1995; Xu et ‘al., 1994). In one study,
14 of 24 primary breast tumors revealed LOH or allelic imbalance at the pl6 locus
(Brenner and Aldaz, 1995). However, mutations were not detected in the remaining
alleles (Brenner and Aldaz, 1995), suggesting that p16 is not the target of these deletions
or that another mechanism exists to inactivate the remaining pl6 allele. Importantly,
Herman et al. (Herman et al., 1995) found p16 CpG island methylation in 5 of 16 primary
breast cancers, suggesting that methylation is a common mechanism of p16 inactivation
in vivo. This finding may well explain why 9p21 LOH is not always coupled to mutation
of the remaining pl16 allele and why some tumors show no apparent alterations in pl6
(Wong et al., 1997). Our finding that E6-expressing HMEC contained pl6 CpG island
methylation is consistent with the observations of pl6 methylation in primary breast

tumors (Herman et al., 1995). The finding that the p15 CpG island was not methylated in
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any HMEC suggests that pl5 methylation was not selected for during culture, similar to
results from many primary tumors (Herman et al., 1996; Wong et al., 1997).

The cell culture system allowed a more detailed examination of pl6 expression
and methylation over time than would be possible in studies of human tumors. Upon
escape from MO, pl6 expression was reduced at the protein and mRNA levels in E6-
expressing HMEC6 and HMEC9 but no pl6 deletions were detected. Analysis of the pl6
promoter region CpG island for methylation by the PCR-based assay revealed
methylation only in the later-passage cells and thus did not explain the initial
downregulation of pl6. However, a more detailed methylation analysis based on DNA
sequencing of all 35 CpG sites in the pl6 promoter region from -159 to +135 revealed
partial methylation among the cells that escaped MO. At later stages, the E6-expressing
cells showed a further decrease in pl6 levels and increased CpG island methylation.
Sequencing confirmed that at later passages, methylation had extended to sequences
recognized by the methylation-specific primers. Evidence that CpG methylation can
spread from an initial methylated seed patch comes from studies of methylation spreading
within the adenovirus E2A promoter (Toth et al., 1989). Thus, the increased methylation
observed over time could be explained by a spreading mechanism.

It was apparent from the expression data that the majority of the p16 inactivation
occurred early after MO escape when relatively few CpG sites were methylated,
suggesting the possibility that initially, specific methylation sites are more important than
the total number of methylated sites in pl6 inactivation. Only at later passages was

methylation readily detected in the PCR assay. How does the initial methylation event(s)
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occur? The leading hypothesis is that initial methylation occurs by chance followed by
clonal selection of cells with progressively inactivated growth-inhibitory genes (Jones,
1996). The initial methylation event(s) could have occurred in vivo, during culture, or
both. Our results that E6-expressing cells are more likely to escape MO than are
uninfected cells raises the question of whether E6 expression increases the frequency of
unrepaired random methylation events. Currently, there is insufficient data to make an
argument either way. However, a recently published report suggests that proliferating cell
nuclear antigen (PCNA) interacts with and possibly regulates the activity of DNA
(cytosine-5)-methyltransferase (Chuang et al., 1997). p2l regulates the PCNA/DNA
(cytosine-5)-methyltransferase interaction by competing for binding to PCNA (Chuang et
al., 1997). Thus, it is possible that E6, by disrupting the ability of p53 to transactivate
p21 expression, causes disregulated methylation. E7 has been shown recently to disrupt
the interaction between p21 and PCNA (Funk et al., 1997) and thus could also potentially
cause disregulated methylation. Clearly, further work is needed to sort out these
possibilities.

The finding that p16 continued to be expressed after MO in cells that express E7
or E6/E7 suggests that E7 can obviate the selection pressure against pl6. No pl6
methylation was detected in any of the E7-expressing cells or in the majority of E6/E7-
expressing cells by the PCR assay. Strikingly, E6/E7-expressing HMECY did not contain
a single methylated site in our sequencing analysis. However, some clones of E6/E7-

expressing HMEC6 did contain methylation. These clones contained a single copy of
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E6/E7 (whereas others contained multiple copies), suggesting that lower levels of E7 may
be insufficient to completely inactivate Rb.

Thus, we suggest the following model to explain inactivation of the Rb/pl6
pathway in HMEC. Expression of E7 inactivates Rb directly, allowing cells to bypass
MO. In cells not expressing E7, a selection pressure against the Rb/pl6 pathway results in
the selection of cells expressing low levels of pl6 during MO escape. pl6é gene
inactivation is associated with limited methylation within the pl6 CpG island. This
region of methylation may spread over time to result in more complete gene inactivation.
A more extensive analysis would be needed to determine whether methylation of specific
regions of the CpG island is associated with the initial downregulation of pl6 and to
conclusively document the spreading of methylation.

The finding of p16 methylation in the E6-expressing cells correlates well with the
finding that CpG island methylation is a mechanism of pl6 inactivation in the
development of human tumors, including breast cancer (Herman et al., 1995; Merlo et al.,
1995). Thus, the in vitro culture system recapitulates this aspect of breast tumor biology

and provides a useful model for further understanding events in neoplastic progression.



66
Figure 3.1. Analysis of different E7 proteins for their abilities to allow MO0 bypass in

HMEC. (A) Abilities of HMEC expressing different E7 proteins to bypass M0O. -, the
cells behaved very similarly to uninfected or LXSN-infected controls; +, some activity,
but less than that of HPV-16 E7; +++, wild-type HPV-16 E7 activity. Results are shown
for uninfected HMEC6 (UN), HMECS6 infected with LXSN retroviral vector (LXSN), or
LXSN containing HPV-16 E7, HPV-6 E7, HPV-16 E7TD21S, HPV-16 E7A21-24, HPV-
16 E7C24G, HPV-16 E7E26G, or HPV-16 ETH2P. (B) Western blot for cyclin A in
HMECS6 expressing different E7 proteins. (C) Immunoprecipitation with HPV-16 E7
polyclonal antibody of 33S-labeled HMEC4 expressing the indicated E7 proteins to
demonstrate expression. PRE denotes use of nonimmunized rabbit serum. (D)

Immunoprecipitation as in panel C but with HPV-6 E7 polyclonal antibody.
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Figure 3.2. Western blots for cell cycle-related proteins in HMECY. Cells were

harvested early after establishment of the culture (passage 3) and at subsequent passages
through passage 7, when the cells were predominantly in MO. The blots were probed

with the indicated antibodies.
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Table 3.1. Effects of E6 and E7 on proliferation of HMEC in culture.

71

Cell strain® Vector” M0° Immortalization®
HMECI1® UN/LXSN - .
E6 + (escape) ND
E7 + (bypass) ND
E6/E7 + (bypass) +
HMEC3 UN/LXSN - -
E6 + (escape) ND
E7 + (bypass) ND
E6/E7 + (bypass) +
HMEC4 UN + (escape) -
HMEC6 UN/LXSN - -
E6 + (escape) +
E7 + (bypass) -
E6/E7 + (bypass) +
HMECS UN/LXSN - -
E6 + (escape) +
E7 + (bypass) -
E6/E7 + (bypass) +
HMEC9 UN/LXSN - -
E6 + (escape) +
E6/E7 + (bypass) +

? HMEC strains were infected with the indicated retroviruses or not infected (UN).

® The ability of the cells to escape (or bypass) MO and to yield immortalized cells is
indicated. ND, not done. See reference (Foster and Galloway, 1996) for a description of
MO escape versus MO bypass.

¢ Results for HMEC1 and HMEC3 are from ref. (Foster and Galloway, 1996).



Table 3.2. p16 CpG methylation sequencing analysis of HMECs®.

HMEC6 HMEC9
Clone® Methylation® Clone’ Methylation®
Early passage Passage 3 ND*
Without E6 Clone A 0
Clone B 1
Clone C 1
Clone D 0
After MO escape Passage 12 Passage 16
With E6 Clone A 6 Clone A 8
Clone B 6 Clone B 9
Clone C 14 Clone C 10
Clone D 10 Clone D 7
Later passage Passage 25 Passage 42
With E6 Clone A 19 Clone A 17
Clone B 20 Clone B 28
Clone C 25 Clone C 9
Clone D 19 Clone D 18
Later passage ND Passage 32
With E6/E7 Clone A 0
Clone B 0
Clone C 0
Clone D 0

* Methylation in the p16 CpG island region from -159 to +135 (according to the
numbering system of Hara et al. (Hara et al., 1996)), with +1 being the translational start
site) which contains 35 CpG dinucleotides.

® Each clone represents an individual PCR product.
© Each value is the number of methylated sites out of the 35 CpG sites.

¢ ND, not done.
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CHAPTER 4: PROGRESSIVE REGION-SPECIFIC DE NOVO

METHYLATION OF THE p16™* CpG ISLAND IN

PRIMARY HUMAN MAMMARY EPITHELIAL CELLS

ABSTRACT

CpG island methylation plays an important role in normal cellular processes, such
as genomic imprinting and X-inactivation, as well as in abnormal processes, such as
neoplasia. However, the dynamics of de novo CpG island methylation, during which a
CpG island is converted from an unmethylated, active state to a densely methylated,
inactive state, are largely unknown. It is unclear whether the development of de novo
CpG island methylation is a progressive process, in which a subset of CpG sites are
initially methylated with a subsequent increase in methylation density, or a single event,
in which the initial methylation event encompasses the entire CpG island. The turmor
suppressor gene, plémK“‘"‘, is inactivated by CpG island methylation during neoplastic
progression in a variety of human cancers. We investigated the development of
methylation in the pl6 CpG island in primary human mammary epithelial cell strains
during escape from mortality stage 0 (MO) growth arrest. The methylation status of 47
CpG sites in the pl6 CpG island on individual DNA molecules was determined by
sequencing PCR clones of bisulfite-treated genomic DNA. The pl6 CpG island was
initially methylated at a subset of sites in three discrete regions in association with pl6

transcriptional repression and escape from MO growth arrest. With continued passage,
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methylation gradually increased in density and expanded to sites in adjacent regions.
Thus, de novo methylation in the p16 CpG island is a progressive process that is neither
site-specific nor completely random but instead is region-specific. Our results suggest
that early detection of methylation in the CpG island of the pl6 gene will require
methylation analysis of the three regions and that the identification of region-specific
methylation patterns in other genes may be essential for an accurate assessment of

methylation-mediated transcriptional silencing.

INTRODUCTION

The methylation of CpG islands plays a critical role in heritable states of gene
expression. De novo CpG island methylation is established during gametogenesis at
imprinted loci as well as during early development in X inactivation, resulting in the
stable maintenance of monoallelic expression in somatic cells (Riggs and Pfeifer, 1992;
Surani, 1998). In addition, de novo methylation occurs aberrantly during neoplastic
progression as well as in fragile X syndrome, resulting in stable transcriptional silencing
of the methylated genes (Baylin et al., 1998; Oberle et al.,, 1991). The differential
methylation patterns of the active and inactive states have been extensively studied by
comparing the alleles on active and inactive X chromosomes, maternal and paternal
alleles of imprinted genes, genes in normal and cancer tissue, and the FMRI1 gene in
males with normal X chromosomes and males with fragile X syndrome (Homnstra and

Yang, 1994; Pfeifer et al., 1990; Stirzaker et al., 1997; Stoger et al., 1997; Tremblay et
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al., 1997). Typically, the CpG island of a transcriptionally active allele is completely

unmethylated, whereas the CpG island of a transcriptionally inactive allele is densely
methylated. Although differential CpG island methylation has been extensively studied,
the dynamics of de novo methylation in endogenous CpG islands that mediate the
transition from the unmethylated, active state to the densely methylated, inactive state
remain largely unknown. However, based on the differential CpG island methylation
states, two models have been proposed for the de novo methylation process (Stirzaker et
al., 1997). The first model proposes that de novo CpG island methylation is a progressive
process in which a subset of sites are initially methylated, followed by an increase in
methylation density. The alternative model proposes that de novo CpG island
methylation is a single event that encompasses the entire CpG island and is stably
maintained. In addition, it remains unclear whether the addition of methyl groups to
specific sites or regions in the CpG island plays an important role in the de novo
methylation process (Iguchi-Ariga and Schaffner, 1989; Riggs et al., 1998; Watt and
Molloy, 1988).

In this study, we investigated the temporal development of methylation in the
CpG island of the pl6 gene, one of the most commonly inactivated tumor suppressor
genes in human cancer (Sherr, 1996). The 5’ CpG island of the pl6 gene spans the

putative transcription start sites and exon lo, and has been found to be methylated at a

high frequency in a variety of human cancers (Reed et al., 1996; Schutte et al., 1997;
Wong et al., 1997). Thus, methylation-mediated silencing of the pl6 gene is an important

epigenetic event during neoplastic progression.
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To investigate the temporal development of methylation in the pl6 CpG island,
we used primary human mammary epithelial cell strains (HMECs), which have
previously been shown to undergo spontaneous selection for p16 transcriptional silencing
by pl6 CpG island methylation (Brenner et al., 1998; Foster et al., 1998; Huschtscha et
al., 1998). HMEGCs, derived from normal breast tissue, undergo a proliferative block
termed mortality stage O (MO), which is the first mortality stage of this cell type (Foster
and Galloway, 1996; Foster et al., 1998). At MO, the cells enlarge and flatten, accumulate

in G1 or GO, express senescence-associated [-galactosidase, and have increased pl6

expression (Brenner et al., 1998; Foster and Galloway, 1996; Huschtscha et al., 1998;
Stampfer, 1985). A small subpopulation of cells that can escape MO is characterized by
the methylation of the pl6 CpG island and a marked decrease in p16 mRNA and protein
levels. Human papillomavirus 16 (HPV16) E7, through its ability to disrupt Rb function,
allows HMECs to bypass MO arrest in the presence of abundant pl6 (Foster and
Galloway, 1996; Foster et al., 1998). In contrast, HMECs expressing HPV 16 E6 arrest at
MO in the presence of abundant pl6 and undergo a selection for pl6 methylation similar
that of normal cells, but unlike normal cells, the subpopulation that escapes MO has an
extended life span (Foster et al., 1998; Kiyono et al., 1998). Thus, inactivation of the
Rb/pl6 pathway by either pl6 methylation or E7 expression allows the continued
proliferation of HMECs past MO.

Using bisulfite genomic sequencing, we investigated the changes in methylation
profiles of the pl6 CpG island over time as normal and E6-expressing HMECs escaped

MO arrest and lost pl6 expression. In contrast to methylation-sensitive restriction
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enzymes that are limited to a subset of CpG cytosines, bisulfite genomic sequencing
allows the analysis of the methylation status at each cytosine in a CpG island (Frommer et
al.,, 1992). In addition, sequencing individual PCR clones of bisulfite-treated DNA
allows the determination of the methylation profiles of individual DNA molecules
(epigenotypes). In this study, we demonstrated that the subpopulation of HMECs
escaping MO arrest underwent methylation preferentially in three distinct regions of the
pl6 CpG island with associated loss of pl6 mRINA and protein expression. With
continued passage, this methylation in the HMECs expressing E6 increased in density and
expanded to sites in adjacent regions of the pl6 CpG island, demonstrating that de novo

CpG island methylation is progressive and region-specific.

MATERIALS AND METHODS

Cell culture. HMEC cultures were derived from reduction mammoplasty specimens, as
described previously (Foster et al., 1998). HMEC strains 4, 6, and 9 (HMEC4, HMECS6,
and HMECY, respectively) were derived from tissues of three patients. Cells were
cultured in DFCI-1 medium (Band and Sager, 1989). LXSN-based retroviruses
expressing HPV16 oncogenes (E6 and/or E7) (Halbert et al., 1991) were used to infect
HMECs after the establishment of the cultures, followed by selection with 100 ug of
G418 per ml. E6-expressing HMEC6, E6-expressing HMECY, and E6/E7-expressing
HMEC9 were used in this study, and each achieved greater than 50 passages. HMEC4

was not infected with E6 or E7 and achieved 20 passages. H249 and H1618, lung cancer
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cell lines provided by J. Herman and S. Baylin, were used as controls for unmethylated

and methylated p16 CpG islands, respectively (Herman et al., 1996).

Western analysis. Whole-cell protein extracts were used to prepare Western blots as
described previously (Foster et al., 1998). Antibodies against pl6 (PharMingen clone
G175-405) and p27 (Transduction Laboratories no. K25020) were used as probes.
Proteins were visualized with horseradish peroxidase-conjugated anti-mouse
immunoglobulin G (Jackson Immunoresearch Labs) and chemiluminescence (kit from
Dupont NEN). Quantification was done on a scanned image with ImageQuant software

(Molecular Dynamics).

Northern analysis. Poly(A)" RNA was isolated from 100 pug of total RNA and used to
prepare Northern blots as described previously (Foster et al., 1998). Blots were probed
with a pl6 exon 1 probe generated by PCR as described previously (Merlo et al., 1995)
and labeled with [32P]dCTP by using the random-primed DNA labeling kit (Boehringer
Mannheim). The Northern blots were stripped and reprobed with 36B4 as an RNA-
loading control (Laborda, 1991). Quantification was done on a phosphorimager with

ImageQuant software (Molecular Dynamics).

Bisulfite conversion reactions. Bisulfite converts unmethylated cytosines to uracils
whereas methylated cytosines are resistant to conversion. Bisulfite sequence analysis of

the 200 CpG cytosines from the H249 cell line (unmethylated control) and the >14,000
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non-CpG cytosines from all the samples in the study indicated that bisulfite conversion of
unmethylated cytosines was at least 99.8% efficient. Analysis of the 185 CpG cytosines
from the H1618 cell line (methylated control) indicated that methylation conferred at
least 99.5% resistance to bisulfite conversion.

Total genomic DNA was extracted either with the QIAamp Blood Kit (Qiagen) or
as described previously (Erlich, 1992). Bisulfite reactions were performed as described
previously (Wong et al., 1997). Each DNA sample (75 to 150 ng) was denatured in
freshly prepared NaOH at a final concentration of 0.3 M for 20 min at 42°C. A freshly
prepared 3.8 M sodium bisulfite (Sigma) and 1.0 mM hydroquinone (Sigma) mixture (pH
5.0) was added to each sample, which was then incubated at 55°C for 6 to 8 h. The DNA
samples were purified using QIAquick columns (Qiagen), desulfonated with NaOH at a

final concentration of 0.3 M for 20 min at 37°C, and ethanol precipitated.

PCR amplification of bisulfite-treated DNA. Each bisulfite-treated DNA sample was
whole genome-amplified using a degenerate 15-mer and the primer-extension
preamplification (PEP) protocol in a final volume of 60 ul, as described previously
(Zhang et al., 1992). pl6-specific PCR amplifications were performed in a mixture
containing 2 to 5 ul of PEP DNA, 200 uM dNTPs, 1.5 to 1.75 mM MgCl,, 20 pmol of
each primer, GeneAmp PCR buffer (Perkin-Elmer Corp.), and 1.25 units of AmpliTaqg
Gold (Perkin Elmer Corp.) in a final volume of 25 ul. Primer set A was described
previously: 5" GTA GGT GGG GAG GAG TTT AGT T 3’ (-355 to -334) and 5° TCT

AAT AAC CAA CCA ACC CCT CC 3’ (-95 to -73) (Gonzalgo and Jones, 1997). The
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nucleotide positions are numbered relative to the translation start site (+1). Reaction
conditions were as described previously, except with a 64°C annealing temperature. PCR
product A starts just upstream of the transcription start sites and extends into the
untranslated 5’ sequence, and it contained 15 CpG and 61 non-CpG cytosines internal to
the primers. Primer set B was described previously: 5° TTT TTA GAG GAT TTG AGG
GAT AGG 3’ (-159 to -136) and 5 CTA CCT AAT TCC AAT TCC CCT ACA 3’ (+209
to +233) (Herman et al., 1996). PCR product B overlapped with the 3’ end of PCR
product A and extended to within a few bases of the 3' end of exon 1, and it contained 35
CpG and 48 non-CpG cytosines internal to the primers. Reaction conditions were as
described previously, except with a 59°C annealing temperature. The overlapping regions
share three CpG and five non-CpG cytosines. Both primer sets A and B allow
determination of methylation on the coding strand of the pl6 gene. All PCR reactions

were performed using an MJ DNA Engine Tetrad Thermal Cycler (MJ Research, Inc.).

Cloning and sequencing PCR fragments amplified from bisulfite-treated DNA. PCR
products A and B were purified from a 2% agarose gel using the QIAquick gel extraction
kit (Qiagen). The gel purified PCR fragments were TA cloned with the pCR2.1 plasmid
vector and INVaF’-competent cells (Invitrogen). Individual clones were sequenced with
M13 forward and/or reverse primers on a PRISM 377 DNA Sequencer (Applied
Biosystems), using PRISM dye primer or dye terminator cycle sequencing kit with

AmpliTaq DNA polymerase (Applied Biosystems).
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RESULTS

We used bisulfite sequencing to investigate the development of CpG island
methylation in three independent HMEC strains: HMEC4, HMEC6, and HMECS.
Genomic DNA was treated with bisulfite and then the core region of the p16 CpG island,

spanning the putative transcription start sites and exon 1o, was amplified with primer sets

A and B (Figure 4.1). Cloned PCR products were sequenced, each clone representing an
individual epigenotype of the cell population (Table 4.1). The H249 and H1618 cell
lines, which were previously shown to have unmethylated and methylated p16 CpG
islands, respectively, were used as controls for the bisulfite conversion reaction (Herman
et al., 1996). Analysis of the H249 and H1618 cell lines and non-CpG cytosines, showed
that the bisulfite conversion was at least 99.8% efficient and at least 99.5% specific.

(Table 4.1; also see Materials and Methods).

Preferential methylation in three discrete regions of the pl16 CpG island. We
investigated the development of methylation in the pl6 CpG island as HMECs were
selected for pl6 transcriptional silencing and escape from proliferation arrest at MO. The
pl6 CpG island in HMECY was almost completely unmethylated at passages 3 and 8
(Table 4.1 and Figure 4.2 A). At passage 16, the subpopulation of E6-expressing
HMECSY that escaped MO arrest underwent methylation (Figure 4.2 B). The pl6 CpG
island was partially methylated with a mean of 11.8 methylated sites out of 47 CpGs
(~25%) per DNA strand (Table 4.1). Strikingly, methyl groups were not distributed

uniformly across the 47 CpG sites but instead were clustered in three different regions of
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the pl6 CpG island: CpGs 8 to 12 (-206 to -164) (region I), CpGs 23-29 (-18 to +35)

(region II), and CpGs 37-45 (+101 to +186) (region III) (Figure 4.2 B). This region-
specific methylation correlated with 80 and 90% decreases in mRNA and protein
expression, respectively (Figure 4.3). In contrast, HMEC9 expressing E6 and E7, which
bypassed MO arrest with abundant pl6 mRNA and protein expression, remained
unmethylated, similar to HMECY9 before MO escape (Table 4.1 and Figure 4.3).
Therefore, the subpopulation of E6-expressing HMECY cells that escaped MO arrest
acquired a region-specific methylation pattern in the pl6 CpG island with associated pl16
transcriptional repression.

In HMECS, a similar progression was observed. The pl6 CpG island of pre-MO
HMECG6 was almost completely unmethylated at passage 3 (Figure 4.4 A), while post-MO
E6-expressing HMEC6 underwent pl6 CpG island methylation at passage 12 (Figure 4.4
B), correlating with the loss of p16 expression (Foster et al., 1998). The p16 CpG island
was again methylated in the region-specific pattern, with methyl groups clustered in three
regions similar to those of HMEC9 (Figures 4.2 B and 4.4 B).

We also examined the development of pl6 CpG island methylaticn in HMEC4,
which, unlike the other two cell strains, did not express E6. Similar to those in HMEC6
and HMECSY, the pl6 CpG island of pre-M0 HMEC4 was primarily unmethylated at
passage 5 (Figure 4.4 D). Post-MO uninfected HMEC4 acquired p16 CpG island methyl
groups at passage 12 that also clustered in three regions similar to those of HMEC6 and
HMECY (Figure 4.4 E) and correlated with the loss of pl6 expression (Foster et al.,

1998). Therefore, the region-specific pattern of pl6 CpG island methylation and
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associated transcriptional silencing were similar among all three cell strains and

independent of E6 expression.

Progressive increase in methylation density in the pl6 CpG island with continued
passages. With increasing passage after MO escape, the density of methylation in the p16
CpG island progressively increased. In HMECSY, the methylation density increased from
a mean of 11.8 methylated sites (~25%) at passage 16 to means of 16.2 (~34%) at passage
29 and 23.0 (~49%) at passage 42 (Figure 4.2 C and D and Table 4.1). The frequency of
methylation increased at CpG sites across the pl6 CpG island, but the region-specific
pattern was maintained. pl6 protein levels continued to decrease between passages 16
and 42, but p16 mRNA levels were barely detectable by passage 16, probably, in part, due
to the limited sensitivity of the Northern blot (Figure 4.3). A similar progression was
observed in HMEC6. The methylation density increased across the p16 CpG island from
a mean of 10.9 sites (~23%) at passage 12 to 20.6 (~44%) at passage 25 (Table 4.1 and
Figure 44B and C). Thus, with continued passages, the methylation in the pl6 CpG
island increased in density. A statistically significant change in methylation density was
not observed with continued passages of HMEC4, this was probably because of the short
lifespan of this culture and the small sample of PCR clones (Table 4.1).

Despite an increase in methylation density, some CpG sites remained infrequently
methylated in all three HMECs. CpG sites 1 to 5, which are upstream of region I and
encompass the putative transcription start sites of the pl6 gene, were rarely methylated in

all three cell strains (Figures 4.2 B to D, 4.4 B to C, and 4.4 E). In addition, CpG site 20
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(between regions I and II), as well as CpG sites 33 and 34 (between regions II and II),

were methylated infrequently. Interestingly, although CpG site 44, within region III, was
often methylated, this occurred at a notably lower frequency than methylation at the
surrounding CpG sites in region III at each passage examined in all three HMECs. Thus,
the region-specific methylation pattern in the pl6 CpG island of the post-M0 HMECs
was characterized not only by the three preferentially methylated regions but also by the

sites at which methylation seldom occurred even at later passages.

Methylation in the p16 CpG island is region specific, but not site specific. Each
individual pl6 CpG island epigenotype in post-M0 HMEC6 and HMECY had methyl
groups clustered in three regions (Figure 4.5 B and data not shown). In contrast, post-MO
HMEC4 had two distinct populations of pl6é CpG island epigenotypes, one that
underwent methylation (Figure 4.5 A, clones Bl to B9) and one that was almost
completely unmethylated (Figure 4.5 A, clones B10 to B12). Each methylated
epigenotype from post-MO HMEC4 had a methylation pattern and density similar to those
of the epigenotypes from post-M0 HMEC6 and HMEC9 (Figure 4.5 A and B and data not
shown). Therefore, the methylated p16 CpG island epigenotypes had a consistent region-
specific methylation pattern and density within a single HMEC strain as well as among all
three cell strains.

Although methyl groups in each epigenotype were clustered in three regions, the
plé CpG island epigenotypes were rarely identical, having a variable subset of

methylated sites in each of the regions (Figure 4.5). The specific CpG sites that were
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methylated within each region, as well as the number of methylated sites in the pl6 CpG
island, varied among the individual epigenotypes in each of the three post-M0 HMECs.
Each HMEC strain had a few particular CpG sites that were methylated in almost every
clone, but these sites differed among the three cell strains. For example, for HMEC6 at
passage 12, CpG site 46 was methylated in 11 of 12 clones, whereas for HMEC9 at
passage 16, the same site was methylated in only one of 11 clones (Figures 4.2 B and 4.4
B). Thus, each post-MO cell strain consisted of a heterogenous population of pl6 CpG
island epigenotypes, suggesting that although methylation in the pl6 CpG island is region

specific, it is not site specific.

Progressive expansion of methylation in the p16 CpG island. Analysis of individual
pl6 epigenotypes over time demonstrated that methylation expanded to encompass CpG
sites outside of regions I, II, and III upon continued passage of both HMEC6 and
HMECS9. For example, in E6-expressing HMECSY, all epigenotypes were methylated
within CpG sites 26 to 28 in region II at passages 16 and 42 (Figures 4.2 B and D and 4.5
B and C). However, by passage 42, the majority of clones underwent methylation at
adjacent sites, such as CpG sites 16 to 22, located 5’ of region II. Our data suggest that
methylation in the pl6 CpG island progressively expanded to sites outside the three

regions during continued passages.

Non-CpG methylation in the pl6 CpG island. Although methylation is found

primarily at CpG cytosines, a previous study using plasmid DNA transfected into mouse
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cell lines demonstrated that methylation at CpNpG cytosines can be heritable (Clark et
al., 1995). We found that CpNpG methylation was rare in the p16 CpG island (only 19 of
the >5,000 sites, not including CGG sites), consistent with previous studies of other CpG
islands (Stirzaker et al., 1997; Stoger et al., 1997). However, these CpNpG cytosines
comprised the majority of non-converted non-CpG cytosines, specifically 19 of 25, 12 of
which were CCG cytosines. Methylation of the outer cytosine in a CCG trinucleotide
located in region II (CpG site 26) was detected in all three post-MO0 passages of HMEC9
(one clone at passage 16, three clones at passage 29, and three clones at passage 42),

suggesting that methylation at a CpNpG site in an endogenous gene can be maintained.

DISCUSSION

Our results clearly distinguish between existing models of de novo methylation of
CpG islands. We have demonstrated that de novo methylation of the pl6 CpG island
developed initially at a small subset of sites and gradually increased in density, rather than
occurring at once throughout the entire CpG island. This initial methylation at a subset of
sites was associated with transcriptional silencing of the pl6 gene and escape from
growth arrest at MO. Moreover, the de novo methylation was neither site specific nor
completely random but instead developed preferentially in three discrete regions of the
pl6 CpG island and progressively expanded to sites in the adjacent regions.

In this study, we performed a detailed investigation of the evolution of CpG island
methylation at the resolution of individual DNA molecules in three independent primary

HMECs as the pl6 CpG island was converted from an unmethylated active state to a
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densely methylated, inactive state during escape from proliferative arrest at MO over a
time course of 40 passages. Previous studies have extensively investigated end stages of
the de novo methylation process by comparing alleles on active and inactive X
chromosomes, maternal and paternal alleles of imprinted genes, genes in normal and
cancer tissue, and the FMR1 gene in males with normal X chromosomes and males with
fragile X syndrome (Homstra and Yang, 1994; Pfeifer et al., 1990; Stirzaker et al., 1997;
Stoger et al., 1997; Tremblay et al., 1997). Demonstrations of the unmethylated, active
and the densely methylated, inactive states by these studies have suggested two models
for the development of CpG island methylation: initial methylation at a subset of sites
followed by an increase in methylation density (progressive model) or a single
methylation event encompassing the entire CpG island (single-event model) (Stirzaker et
al., 1997). We have demonstrated that the development of methylation in the CpG island
of the pl6 gene was initiated at a small subset of CpG sites clustered in three distinct
regions, followed by an increase in methylation density and the expansion of methylation
to neighboring regions. Thus, we have shown that de novo CpG island methylation is a
progressive process, not a single event.

Previous studies using exogenously methylated genes, including p16, have shown
that the methylation of only a subset of sites is sufficient for transcriptional repression of
the transfected genes (Boyes and Bird, 1992; Gonzalgo et al., 1998; Hsieh, 1994; Kass et
al., 1993). Consistent with these in vitro experiments, we have demonstrated in an
endogenous system that the initial methylation of a subset of sites is associated with

transcriptional downregulation and escape from proliferation arrest. Thus, our results
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suggest a progressive model for pl6 CpG island methylation in which a cell undergoes
methylation at a subset of sites in a region-specific pattern and consequently gains a
selective proliferative advantage because of decreased p16 gene activity.

pl6 CpG island methylation was preferentially clustered in three discrete regions
in each of the individual epigenotypes. Previous studies demonstrated that the
methylation of specific sites can directly disrupt transcription factor binding and that the
resulting transcriptional repression is highly site-specific, suggesting that site-specific
methylation may be important in the regulation of gene expression (Iguchi-Ariga and
Schaffner, 1989; Watt and Molloy, 1988). However, the specific CpG sites that were
methylated within the three regions varied among the epigenotypes in the three HMEC

strains, suggesting that methylation in the p16 CpG island was region specific rather than

site specific. Previous studies of the CpG islands of the O°-methylguanine-DNA
methyltransferase gene in human tumor cell lines and the inactive-X-chromosome
hypoxanthine phosphoribosyltransferase gene in mouse tumor cell lines similarly found
regions of preferential methylation, suggesting that region-specific patterns may be a
common feature of methylation in CpG island-containing genes (Park and Chapman,
1994; Qian and Brent, 1997; Watts et al., 1997). The basis for the regional differences in
methylation that we have discovered is unclear and will require further investigation.
They may be a result of regions having differential susceptibilities to the DNA
methylase(s) or DNA demethylase(s) due to differences in primary DNA sequence,
secondary structures, local chromatin structure, and DNA-binding proteins (Bestor, 1987;

Bolden et al., 1986; Carotti et al., 1989; Yoder et al., 1997). For example, the three
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preferentially methylated regions in the p16 CpG island may be more favorable substrates
for the DNA methylase(s) or less favorable substrates for the DNA demethylase(s).
Alternatively, the extent of transcriptional repression may differ depending on the
regional location of methylation within the p16 CpG island. For example, methylation at
CpG sites within the three regions may result in a greater degree of transcriptional
downregulation than methylation at sites outside those regions. Clonal selection of cells
with lower p16 expression and higher proliferation rates would result in a population with
preferentially methylated regions. Thus, region-specific pl6 CpG island methylation
suggests that the de novo methylation process is influenced by differences in the
susceptibilities to DNA methylase(s) or DNA demethylase(s) and/or in the degree of
methylation-mediated silencing.

Although methyl groups were preferentially clustered in the three regions, the
methylation patterns of p16 CpG island epigenotypes were highly variable throughout the
de novo methylation process. Molecule-to-molecule variation in methylation patterns
have been similarly observed for densely methylated CpG islands in other tissue culture
systems, in tumor tissue, and in leukocytes from males with fragile X syndrome,
suggesting that the variability of methylation patterns is characteristic of methylated
alleles (Pfeifer et al., 1990; Silva et al., 1993; Stoger et al., 1997). This complex
heterogeneity of the pl6 CpG island epigenotypes is consistent with a dynamic, stochastic
methylation model proposed by Pfeifer et al., which predicts that the de novo methylation
process is an interplay of methyl group gain by a de novo methylase and a maintenance

methylase and of methyl group loss by a demethylase and errors of the maintenance
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methylase (Pfeifer et al., 1990; Riggs et al., 1998). According to this model, the different

frequencies of methylation at each CpG site in a cell population are the result of
differential probabilities of methylation gain and loss at each site.

The HMECs expressing E6 (HMEC6 and HMEC9) had a longer life span after
MO escape, enabling investigation of methylation at later passages. As the E6-expressing
cells continued to divide after MO escape, the methylation density in the pl6 CpG island
increased, expanding from sites in the three preferentially methylated regions to sites in
adjacent regions. The progressive increase in the methylation density in the pl6 CpG
island correlated with further reduction in pl6 protein levels and with p16 mRNA levels,
which were barely detectable due to the limited sensitivity of the Northern blot analysis
(Figure 4.3) (Foster et al., 1998). Expansion of methylation may be important for the
further reduction in gene expression or for increasing the stability of methylation-
mediated transcriptional repression (Boyes and Bird, 1992; Gonzalgo et al., 1998; Hsieh,
1994).

The basis for the progressive nature of the de novo methylation process that we
have discovered remains unknown. This progressive process may be a result of increases
in the levels of a DNA methylase or decreases in the levels of a DNA demethylase, both
of which may increase the de novo methylation rate (Vertino et al., 1996). Previous
studies have demonstrated that cis-acting Spl elements protect CpG islands from de novo
methylation, suggesting that the progressive methylation may be due to decreases in the
levels of the trans-acting factors that interact with these Spl elements (Brandeis et al.,

1994; Macleod et al., 1994). Alternatively, the methylation could be purely a result of a
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progressive accumulation of stochastic errors by a DNA methylase or a DNA
demethylase combined with clonal selection (Jones, 1996). In addition, the progressive
methylation process may be due to an initial methylation rendering other sites in the CpG
island more susceptible to methylation (Carotti et al., 1998; Toth et al., 1989).

We and others have demonstrated that pl6 expression is generally silenced by
biallelic methylation in HMEC subpopulations that escape M0 (Foster et al., 1998;
Huschtscha et al., 1998). Each pl6 CpG island epigenotype in post-M0O HMEC6 and
HMECY9 underwent methylation in the region-specific pattern, and these post-MO
populations remained heterozygous at the 9p2l locus (data not shown) (Foster et al.,
1998). In contrast, post-M0 HMEC4 had two subpopulations of epigenotypes: a major
one with a methylation pattern and density similar to those of post-M0 HMEC6 and
HMECY9 and a minor one that was essentially unmethylated. The subpopulation of the
HMEC4 cells with unmethylated epigenotypes may have been inactivated by an
alternative mechanism. We previously reported that three of 10 clones of post-MO
HMEC4 had homozygous deletions at the ¢5.1 STS marker located just 3’ of pl6 exon 2
which have also been frequently observed in cell lines and primary tumors (An et al.,
1996; Cairns et al., 1995; Caldas et al., 1994; Foster et al., 1998). Thus, pl6 expression
in HMECs is usually transcriptionally silenced by biallelic methylation and possibly
inactivated at a lower frequency by homozygous deletion.

An important implication of our results lies in screening for pl6 inactivation in
cancer. Our data suggest that CpG sites within the three preferentially methylated regions

may serve as better markers for methylation-mediated transcriptional silencing of the p16
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gene. pl6 CpG island methylation is currently screened for by methylation-specific PCR
or methylation-sensitive restriction enzymes. We previously demonstrated that the
original p16 methylation-specific PCR primers did not detect pl6 methylation in the
HMECs until many passages after pl6 transcriptional repression (Foster et al., 1998).
These methylation-specific PCR primers assay CpG sites 16 to 18 and 30 to 33 (Herman
et al., 1996), which we show here are outside of the three preferentially methylated
regions in the pl6 CpG island. Similarly, almost all methylation-sensitive restriction
enzymes, which have been used in other studies to screen for pl6é methylation, are
specific for sites outside of the three regions (Gonzalez-Zulueta et al., 1995; Herman et
al., 1995; Merlo et al., 1995). Thus, our results suggest that screening by these methods
may be subject to false negatives that would underestimate the frequency of pl6
methylation in cancerous or precancerous conditions. Further investigation of primary
tumor tissue will be necessary to determine if the region-specific methylation pattern and
the subsequent expansion of methylation are characteristic of neoplastic progression in
vivo. Characterization of the methylation patterns in tumor suppressor genes may be
essential for the early detection of epigenetic lesions during premalignant stages of
cancer.

In summary, our results demonstrate that de novo methylation of the pl6 CpG
island initially develops at a subset of sites within discrete regions and then gradually
increases in density and expands to sites in adjacent regions. Thus, de novo methylation
is a progressive process rather than a single event and is neither site specific nor

completely random but instead is region specific.
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Figure 4.2. Development of methylation in the p16 CpG island of HMECY9. The 47

CpG sites are in numerical order according to their 5-to-3” order in the pl6 genomic
sequence (-355 to +233). CpG sites are not spaced out on the x-axis according to their
relative positions in the pl6 genomic sequence. Percent methylation at each CpG site
was calculated as the percentage of clones with a methylated cytosine at that site. Percent
methylation for CpGs 13, 14 and 15 was calculated from data from clones of both PCR

products A and B.
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Figure 4.3. Expression of p16 in HMEC9. (A) Western analysis of pl16 and p27. (B)

Northern analysis of pl6 with 36B4 loading control. Passage numbers are indicated
above each lane. Cells were predominantly arrested at MO by passage 8. A stable
population of proliferating cells emerged by passage 14. UN, uninfected. E6 or E6/E7,

infected with E6- or E6/E7-expressing retrovirus.
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Figure 4.4. Development of methylation in the p16 CpG island of HMEC4 and

HMEC6. The 47 CpG sites are in numerical order according to their 5’-to-3’ order in the
pl6 genomic sequence (-355 to +233). CpG sites are not spaced out on the x-axis
according to their relative positions in the p16 genomic sequence. Percent methylation at
each CpG site was calculated as the percentage of clones with a methylated cytosine at
that site. Percent methylation for CpGs 13, 14 and 15 was calculated from data from

clones of both PCR products A and B.



Percent methylation

Percent methylation

Percent methylation

HMECS Passage 3

100%

75%

50%

25%

0%

1357 9 111315171921232527 29 31333537 39 41 43 45 47
CpG cytosines

HMECS E6 Passage 12

100%

75%

50%

25%

il o1l |""|. ‘

13 5 7 9 11131517 19 2123 25 27 29 31 33 35 37 39 41 43 45 47
CpG cytosines

HMECS6 E6 Passage 25

100%

75%

S50%

25%

0%

il

13 57 911131517 192123252729313335373941434547
CpG cytosines

Percenl methylation

Parcent methylation

HMEC4 Passage 5

100%

5%

50%

25%

13 57 91113151719 2123 2527 29 31 33 35 37 39 41 434547
CpG cytosines

HMEC4 Passage 12

100%

75%

50%

25%

0%

"l o od WGl od0RLSERE

13 57 911131517 1921232527 29 3133 35 37 39 41 434547
CpG cytosines



97
Figure 4.5. Individual epigenotypes at the p16 CpG island. The gray bar at the top of

each panel represents the 588-bp region from -355 to +233 analyzed in this study.
Individual epigenotypes are each represented by a gray bar with letters (A and B) and
number (I to 10, 11, and 12) on the left that represent the PCR product and clone,
respectively. CpG sites on the top gray bar are numbered from 1 to 47 according to their
5’-to-3’ order in the p16 genomic sequence and are spaced out according to their relative
positions in the pl6é genomic sequence. The methylation status of each CpG site is
indicated at its relative position in the pl6 genomic sequence by either a white
(unmethylated) or black (methylated) box on the gray bar; an ellipse indicates ambiguous
sequence information. The three preferentially methylated regions (I, II, and II) in each
HMEC are based on the epigenotypes from the earliest passage after MO (Figures 4.2B

and 4.4E). The lengths of the regions were slightly different among the different

HMEC:s.
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CHAPTER 5: p16™%4 HEMIZYGOUS CELL POPULATIONS

ARISE EARLY AND EXPAND CLONALLY IN PREMALIGNANT

METAPLASTIC ESOPHAGEAL (BARRETT’S) EPITHELIUM

ABSTRACT

The p16[NKJ';l tumor suppressor is one of the most commonly inactivated genes in

human cancer. However, it has not been possible to establish the stage at which pl6
lesions occur in premalignant epithelium or their cellular phenotypic consequences in
human neoplastic progression in vivo. We investigated pl6 lesions in “mapped”
endoscopic biopsy specimens of premalignant Barrett’s epithelium from 276 patients who
had not developed esophageal adenocarcinoma. We found 9p21 LOH in 161 of the 276
patients (58%), p16 mutation in 49 of the 276 patients (18%), and p16 methylation in 14
of the 29 evaluated patients (48%). pl6 lesions were found in 22 of the 29 (76%) patients
evaluated for pl6 methylation, p16 mutation, and 9p21 LOH, and this prevalence did not
change with increasing histologic grade of Barrett’s epithelium, suggesting that pl6
abnormalities are the earliest known somatic genetic/epigenetic lesions in the neoplastic
progression of Barrett’s esophagus. We found a high prevalence of p16 hemizygous cell
populations in Barrett’s epithelium. These cell populations evolved second lesions,
giving rise to pl6 nullizygous cell populations in many patients. Both pl6 hemizygous

and pl6 nullizygous cell populations were strongly associated with long segments of
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Barrett’s epithelium and expanded clonally over extensive regions up to 12 cm in length,

suggesting that p16 haplo-insufficiency is permissive for clonal expansion.

INTRODUCTION

pl6 genetic lesions are one of the most common abnormalities in human cancer.
In addition, pl6 abnormalities have been detected in the premalignant epithelium
surrounding a variety of malignancies, suggesting that they arise before the development
of cancer (Barrett et al., 1996; Belinsky et al., 1998; Muto et al., 2000; Tsutsumi et al.,
1998). We previously demonstrated in a retrospective study that the progenitor of
neoplastic cell lineages in premalignant Barrett’s epithelium had pl6 lesions (Barrett et
al., 1999). However, the stage at which pl6 lesions arise in premalignant epithelium
prior to the development of cancer has not yet been determined.

pl6 is a cyclin-dependent kinase inhibitor that binds specifically to the cyclin D-
dependent kinases, CDK4 and CDKS6, and inhibits the ability of these CDKs to
phosphorylate the retinoblastoma protein (pRb), leading to an accumulation of
hypophosphorylated pRb and replicative arrest in the G1 phase of the cell cycle (Koh et
al., 1995; Lukas et al., 1995). pl6 transcriptional expression is induced as primary
mammalian cells reach the end of their proliferative lifespan, known as senescence, or as
a result of an oncogenic stimulus, such as ras or ElA, that triggers a premature
senescence (Alcorta et al., 1996; Foster et al., 1998; Hara et al., 1996; Reznikoff et al.,
1996; Serrano et al., 1997). pl6 inactivation in primary human and mouse cells in culture

results in an extension of their lifespan and in combination with telomerase activity,
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cause cell immortalization (Carnero et al., 2000; Dickson et al., 2000; Foster et al., 1998;
Kiyono et al., 1998). However, the phenotypic consequences of pl6 lesions in neoplastic
progression in vivo remains unknown.

pl6, like most of the identified tumor suppressor genes, has been found to have
two inactivated alleles in human malignancy (Cairns et al., 1995; Caldas et al., 1994;
Knudson, 1971). We previously found that most (24/32; 75%) patients with esophageal
adenocarcinoma had 9p21 LOH and that most of these patients with 9p21 LOH (17/24;
71%) had either CpG island methylation (12/24; 50%) or mutation (5/24; 21%) of the
remaining pl6 allele (Barrett et al., 1996; Barrett et al., 1999; Wong et al., 1997).
However, 29% (7/24) of patients had 9p21 LOH without pl6 methylation or mutation,
suggesting that another tumor suppressor gene in the 9p21 region was targeted for
inactivation or that pl6 or another gene on 9p21 was haplo-insufficient for tumor
suppression.

The premalignant epithelium that gives rise to esophageal adenocarcinoma is a
metaplastic columnar epithelium called Barrett’s esophagus that replaces the normal
stratified squamous epithelium of the esophagus and develops in approximately 10% of
patients with chronic gastroesophageal reflux disease (Lagergren et al., 1999; Phillips and
Wong, 1991; Winters et al., 1987). Because patients with Barrett’s esophagus frequently
present at an early stage due to symptoms of gastroesophageal reflux, such as heartburn,
and endoscopic biopsy surveillance is recommended for early detection of esophageal
adenocarcinoma, tissue samples at various premalignant stages are available for analysis
and the somatic events that occur during the progression to cancer can be investigated

(Levine et al., 1993; Neshat et al., 1994). The following three-tier histological grading
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has been used to stage the premalignant Barrett’s epithelium, in order of increasing
severity: metaplasia negative for dysplasia, indefinite for dysplasia/low-grade dysplasia,
and high-grade dysplasia (Reid et al., 1988; Sampliner, 1998).

In this study, we investigated pl6 inactivation in “mapped” endoscopic biopsy
specimens of Barrett’s epithelium from the baseline endoscopy of 276 patients who had
not developed cancer. We demonstrate that pl6 methylation, p16 mutation, and 9p21
LOH were highly prevalent at all of the histological stages including metaplasia negative
for dysplasia and are the earliest known somatic genetic/epigenetic lesions in the
neoplastic progression of Barrett’s esophagus. Both pl6é nullizygous and pl6
hemizygous cell populations were found at a high prevalence, were strongly associated
with long segments of Barrett’s epithelium, and had the ability to clonally expand over

extensive regions of Barrett’s epithelium.

MATERIALS AND METHODS

Patient Tissue Samples. We evaluated flow-sorted samples from multiple biopsies of
Barrett’s epithelium from 276 patients who had Barrett’s esophagus but did not have
cancer. Biopsies were acquired at 2-cm intervals of the entire Barrett’s segment in each
patient during endoscopic surveillance using mapping protocols as described previously
(Levine et al., 1993; Reid et al., 2000; Reid et al., 1988). Normal gastric tissue served as
a constitutive control for each patient. Patients were counseled regarding the risks and
benefits of endoscopic surveillance and informed of potential alternatives, including

surgery for high-grade dysplasia. The Barrett’s Esophagus Study was approved by the
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Human Subjects Review Boards at the University of Washington and the Fred

Hutchinson Cancer Research Center.

Flow Cytometric Sorting and DNA Extraction. Barrett’s epithelial cell populations
were purified from biopsies acquired at 2-cm intervals of the Barrett’s segment by sorting
diploid G1, 4N, and aneuploid cell populations using multiparameter Ki67/DNA-content
flow sorting by a Coulter Elite ESP cell sorter as described previously (Paulson et al.,
1999). Ki67 is an antibody that identifies a proliferation-associated nuclear antigen
expressed in late G1, S, and mitosis, but not GO (Gerdes et al., 1984; Gerdes et al., 1983).
Biopsies were minced and sheared in NST buffer (146 mM NaCl, 10 mM Tris-HCI, pH
7.5, 1 mM CaCl,, 0.5 mM MgSO,, 21 mM MgCl,, 0.05% bovine serum albumin, 0.2%
Nonidet P40 (Sigma)). The suspension was centrifuged at 2000 r.p.m. for 10 min. at 4°C
to isolate nuclei, resuspended in NST buffer with 10% normal goat serum (Caltag), then
divided and incubated with Ki67-RPE (3.75 pg/ml) and IgGl-RPE isotype antibodies
(Dako), respectively. Samples were centrifuged again as above and resuspended in NST
buffer with 10% normal goat serum and 4,6-diamindino-2-phenylindole (DAPI; 10
ug/ml; Boehringer). With the use of multiparameter Ki67/DNA-content flow sorting, a
minimum of two of the following flow-purified fractions were generated per biopsy
specimen: Ki67-negative cells with a 2N DNA content (GO), Ki67-positive cells with a
2N DNA content (G1), cells with a 4N DNA content, and aneuploid cells. DNA from the
flow-sorted Barrett’s samples and the gastric samples were extracted as described

previously (Paulson et al., 1999).
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DNA Methylation Analysis. Extracted genomic DNA from flow-purified samples

obtained at 2-cm intervals in the Barrett’s segment were evaluated for methylation of the
pl6, pl5, and p14ARF CpG islands using bisulfite treatment as described previously
(Wong et al., 1997; Wong et al., 1999). Bisulfite converts unmethylated cytosines to
uracils but does not alter methylated cytosines. Human genomic DNA treated in vitro
with Sss I methyltransferase (New England Biolabs, Beverly, MA) was used as the
methylated control for all three CpG islands. Each extracted genomic DNA sample (~15

ng; 2000 cells) was first denatured in 0.3 M NaOH for 20 min at 42°C, and then treated

with a 3.8 M sodium bisulfite, 1.0 mM hydroquinone solution (pH 5.0) for 8 h at 55°C.
The bisulfite-treated DNA was purified by reverse phase extraction using Empore SDB-
XC disk cartridges (3M, St. Paul, MN), then desulfonated in 0.3 M NaOH for 20 min at
37°C, and purified by ethanol precipitation. Each purified bisulfite-treated DNA sample
was divided into two PCR reactions: 1) primer-extension preamplification (PEP), which
amplifies the entire genome at least 60 fold using a degenerate 15-mer, and 2) plé6-
specific PCR. The primer sequences for the pl6-specific PCR were 5’-GTA GGT GGG
GAG GAG TTT AG-3’ (sense) and 5'-TCC AAT TCC CCT ACA AAC TTC-3’
(antisense). The pl6-specific PCR reaction used 1.75 mM MgCl,, 200 uM dNTPs, 10
pmol of each primer, GeneAmp PCR buffer (Applied Biosystems, Foster City, CA), and
2.5 units of AmpliTaq Gold enzyme (Applied Biosystems).

Methylation of the p16, p15 and p14ARF CpG islands was assessed by methylation-
specific PCR, which distinguishes unmethylated and methylated alleles based on the

sequence changes after bisulfite treatment of DNA (Herman et al., 1996). Methylation-
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specific PCR of the pl6 CpG island was performed from either the PEP products or the

pl6-specific PCR products. The primer sequences designed for the pl6 CpG island
spanned seven CpG cytosines (bold and italicized). The primer sequences of p16 for the
unmethylated reaction were 5'-TAG AGT AGG TAG TGG GTG GT-3’ (sense) and 5’-
CTC CAA CCA TAA CTA TTC AAT ACA-3’ (antisense), and the primer sequences of
pl6 for the methylated reaction were 5’-TAG AGT AGG TAG CGG GCG GC-3’ (sense)

and 5-TCC GAC CGT AAC TAT TCG ATA CG 3’ (antisense). The annealing
temperature for both reactions was 59.5°C. Methylation-specific PCR of the pl5 and
p14ARF CpG islands were performed off of the PEP products. The primer sequences for
plS and pl4ARF and the reaction conditions were as described previously (Esteller et al.,
2000). All reactions used 1.5 mM MgCl,, 200 uM dNTPs, 10 pmol of each primer,
GeneAmp PCR buffer (Applied Biosystems), and 2.5 units of AmpliTaq Gold enzyme
(Applied Biosystems). Methylation-specific PCR products were loaded onto 2.5%
agarose gels, stained with ethidium bromide, and visualized under UV illumination.
Methylation of each individual CpG cytosine in the pl6 CpG island was assessed
by directly sequencing PCR products of bisulfite-treated DNA. Two nested PCR

reactions were performed from each pl6-specific PCR product. The primer sequences

for the 5’ end of the pl6 CpG island were 5’-CAG GAA ACA GCT ATG ACC GTA

GGT GGG GAG GAG TTT AGT T-3’ and 5’-TGT AAA ACG ACG GCC AGT TCT

AAT AAC CAA CCA ACC CCT CC-3’, which were tailed with the M13 reverse and

forward primer sequences, respectively (underlined). The primer sequences for the 3’

end of the p16 CpG island were 5°-CAG GAA ACA GCT ATG ACC GAG GGG TTG
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GTT GGT TAT TAG-3’ and 5’-TGT AAA ACG ACG GCC AGT TCC AAT TCC CCT

ACA AAC TTC-3’, which were also tailed with the M13 sequences (underlined). The
annealing temperatures were 64 C and 60°C, respectively. Both nested PCR reactions
used 1.5 mM MgCl,, 200 uM dNTPs, 10 pmol of each primer, GeneAmp PCR buffer
(Applied Biosystems), and 1.25 units of AmpliTaq Gold DNA polymerase (Applied
Biosystems). The nested PCR products were purified using Microcon 100 (Amicon), and
then sequenced with M13 forward primers using BigDye Terminator cycle sequencing
(Applied Biosystems). The sequencing reactions were run on an Applied Biosystems

Incorporated 377 DNA sequencer.

DNA Sequencing Analysis. Extracted genomic DNA from flow-purified samples
obtained at 2-cm intervals in the Barrett’s segment were evaluated for pl6 mutations by
DNA sequencing. Wild-type sequences were confirmed using normal gastric tissue from
each patient. Genomic DNA extracted from approximately 1000 cells was whole-
genome-amplified by PEP, as described previously (Paulson et al., 1999). Exon 2 of the
pl6 gene was amplified by PCR from an aliquot of the PEP product using the following
primer sequences: 5’-GGA AAT TGG AAA CTG GAA GC-3’ and 5’-TCT GAG CTT

TGG AAG CTC T-3’. The reaction conditions were 2.0 mM MgCl,, 200 uM dNTPs, 14

pmol of each primer, 5% DMSO, GeneAmp PCR buffer (Applied Biosystems), 1.25 units
of AmpliTaq Gold DNA polymerase (Applied Biosystems), and an annealing

temperature of 66°C. The pl6 exon 2 PCR products were sequenced using BigDye
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Terminator cycle sequencing (Applied Biosystems). The sequencing reactions were run

on an ABI 377 DNA sequencer.

Microsatellite Analysis. Extracted genomic DNA from flow-purified samples obtained
at 2-cm intervals in the Barrett’s segment were evaluated for 9p21 and 17p LOH using
polymorphic microsatellite markers as described previously (Paulson et al., 1999).
Locus-specific primers were labeled with FAM, TET, or HEX phosphoramidite dyes
from Research Genetics (Huntsville, AL), and included GATAG62F03 (9p23), D9S935
(9p23), D9S925 (9p22.3), D9S932 (9p21.3-22.1), D9S1121 (9p21.3), D9S1118 (9p21),
D17S1298 (17pl13.3), D17S1537 (17pl3.2), TP53 (17pl13.1) pentanucleotide repeat,
TP53 (17pl3.1) dinucleotide, D17S786 (17p13.1), D178974 (17pl2), D17S1303
(17p12), and D17S1288 (17pll). PCR products were run on an ABI 373 or an ABI 377
DNA sequencer and analyzed by Genescan and Genotyper software (Applied

Biosystems), as described previously (Paulson et al., 1999).

Statistical Analysis. The Wilcoxon ranksum test was used to compare the mean segment
lengths of Barrett’s epithelium in patients with pl6 lesions and patients without pl6
lesions. The same test was also used to compare the mean segment lengths of patients
that only had cell populations with a single p16 abnormality and patients that had samples

with two pl6 lesions.
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RESULTS

We determined the prevalence of pl6 methylation, pl6 mutation, and 9p21 LOH
at baseline endoscopy in 276 patients who had Barrett’s esophagus but had not developed
cancer. Biopsies from each 2 cm interval of the Barrett’s segment of individual patients
were evaluated for 9p21 LOH by microsatellite analysis (n = 276), for pl6 mutation by
genomic sequencing (n = 276), and for pl6é methylation by bisulfite treatment and
sequencing (n = 29). We found 9p21 LOH in 161 of the 276 patients (58%), pl6
mutation in 49 of the 276 patients (18%), and pl6 methylation in 14 of the 29 patients
(48%). In total, pl6 abnormalities were found in 22 of the 29 patients (76%) evaluated
for all three abnormalities (9p21 LOH, pl6 mutation, and pl6 methylation). Thus, pl6
abnormalities are highly selected lesions in premalignant Barrett’s epithelium.

The 276 patients were composed of a spectrum of histologic stages of neoplastic
progression: 78 had a maximum histologic stage of metaplasia negative for dysplasia,
144 had indefinite for dysplasia/low-grade dysplasia, and 54 had high-grade dysplasia.
The prevalence of pl6 abnormalities did not change with increasing histologic stage of
neoplastic progression (Figure 5.1). We found pl6 abnormalities in 70%, 86%, and 75%
of patients with a maximum diagnosis of metaplasia, indefinite for dysplasia/low-grade
dysplasia, and high-grade dysplasia, respectively. In addition, the prevalence of each of
the pl6 abnormalities (pl6é methylation, pl6é mutation, and 9p21 LOH, was
approximately the same regardless of the histologic grade (Figure 5.1). Thus, pl6
abnormalities are characteristic of Barrett’s metaplasia and are the earliest known somatic

lesions in the neoplastic progression of Barrett’s esophagus.
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In a previous study with a different set of patients who had a maximum diagnosis
of high grade dysplasia or cancer, we found p16 methylation in eight of 21 patients (38%)
and pl6 mutation in 11 of 43 patients (26%), but did not detect pl5 methylation or pl5
mutation in any of 21 or 12 patients evaluated, respectively (Wong et al. and Barrett et
al.). In addition, we did not detect p14ARF methylation in any of 16 patients evaluated
(unpublished data). However, because methylation is potentially reversible (i.e.
methylation could be acquired at early stages and then lost at later stages), we determined
the prevalence of methylation at the p15 and pl4ARF CpG islands by methylation-specific
PCR in biopsies at 2 cm intervals from 43 of the 276 patients who had not developed
cancer. Only three of the 43 patients (7%) had p15 methylation and only two (5%) had
p14ARF methylation, whereas 21 (49%) had p16 methylation by methylation-specific PCR
(Table 5.1). Thus, in contrast to pl6-specific abnormalities (methylation and mutation)
which are present at all histologic stages, p15- and p14ARF-speciﬁc abnormalities do not
appear to be strongly selected at any stage of neoplastic progression in Barrett’s
esophagus.

To determine the extent to which cells with pl6 abnormalities are associated with
expansion of the Barrett’s epithelium in vivo, we investigated the relationship between
pl6 lesions and the length of the Barrett’s segment in individual patients. Of the 29
patients evaluated for pl6 methylation, pl6 mutation, and 9p21 LOH, 22 (76%) had at
least one pl6 abnormality. These 22 patients had a mean segment length of Bairett’s
epithelium of 9.3 cm, whereas the 7 patients without pl6 abnormalities had a mean

segment length of only 2.9 cm (p = 0.003) (Figure 5.2). Only 1 of the 22 patients with
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pl6 abnormalities had a Barrett’s segment length of less than 3 cm, whereas 5 of the 7
patients without pl6 abnormalities had a segment length less than 3 cm. These data
suggest that disruption of pl6 function enables proliferative expansion of Barrett’s
epithelium within the esophagus.

pl6 is considered a classic tumor suppressor gene that has both alleles inactivated
in human malignancy. Consistent with this hypothesis, we found examples of clonal
expansion of cell populations with lesions in both p16 alleles. For example, we found a
clonal cell population with the same 9p21 LOH pattern and the identical pl6 mutation
that had expanded to occupy 12 cm of a patient’s Barrett’s segment (Figure 5.3a). In
another patient, a clonal cell population with the same 9p21 LOH pattern and the same
pl6 methylation pattern occupied the entire 8 cm segment (Figure 5.3a). Thus, pl6
nullizygous cell populations appear to have a growth advantage to clonally expand within
Barrett’s epithelium.

However, we found that pl6 hemizygous cell populations were more prevalent
than p16 nullizygous populations and like the nullizygous cell populations, had the ability
to clonally expand within the Barrett’s epithelium. Of the 67 biopsy samples from the 29
patients evaluated for all three pl6 lesions, only 17 (25%) had two lesions, whereas 35
(52%) had only one (Table 5.2). Because of the lack of a polymorphism in the p16 CpG
island in the cases that only had p16 methylation, we were unable to determine whether
they had monoallelic or biallelic methylation. Nevertheless, there were not only patients
with only pl6 methylation but also patients that only had 9p21 LOH and patients that
only had a single p16 mutation. For example, a patient had a clonal pl16 hemizygous cell

population with only 9p21 LOH that occupied a Barrett’s segment of 7 cm, while a
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second patient had a clonal hemizygous cell population with the identical pl16 mutation
that expanded to 10 cm (Figure 5.3b). Similarly, we found another patient with a cell
population with only pl6 methylation that had expanded to 12 cm (Figure 5.3b). The
mean segment length of patients that only had cell populations with a single pl6
abnormality was 8.4 cm, which was slightly less than that of patients that had samples
with two p16 lesions (9.9 cm), but the difference was not significant (p = 0.38). We also
found patients with two distinct p16 hemizygous populations occupying different regions
of their esophagus. For example, we found a patient with a cell population with 9p21
LOH adjacent to a cell population with pl6 mutation that together occupied a 12 cm
Barrett’s segment; a patient with a methylated pl6 cell population next to a cell
population with 9p21 LOH that together occupied an 11 cm segment; as well as patients
with mutant p16 cells adjacent to methylated p16 cells that can occupy a 9 cm segment
(Figure 5.3c). Thus, pl6 hemizygous cell populations are prevalent and have the ability
to expand to occupy extensive regions of the esophagus.

Some patients (8/29; 28%) had both pl6é hemizygous and pl6 nullizygous cell
populations, and in all of these cases, the pl6 lesion in the hemizygous population was
shared by the nullizygous population, suggesting that the hemizygous population gave
rise to the adjacent nullizygous population (Table 5.2). For example, we found a patient
that had a clonal pl6 hemizygous population with 9p21 LOH adjacent to a nullizygous
population with the same 9p21 LOH pattern and a mutation of the remaining pl6 allele
(Figure 5.3d). In another patient, a clonal pl6 hemizygous population with 9p21 LOH
was adjacent to a nullizygous population with the same 9p21 LOH pattern and

methylation of the remaining pl6é allele (Figure 5.3d). In a third patient, a plé
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hemizygous population with pl6é methylation was adjacent to a pl6 nullizygous
population with methylation and 9p21 LOH (Figure 5.3d). Thus, pl6 hemizygous cell
populations often give rise to pl6 nullizygous cell populations and the premalignant
Barrett’s epithelium are frequently composed of a mosaic of pl6 hemizygous and pl6
nullizygous clones.

We previously found that cell populations with both pl6 and p53 abnormalities
are the common progenitors of the different lineages that can give rise to cancer in
Barrett’s esophagus. Thus, we investigated how these progenitor cells arise amidst pl16
hemizygous and pl6 nullizygous clonal populations in Barrett’s epithelium. We
evaluated the same Barrett’s biopsy samples at the 2 cm intervals in 272 of the 276
patients for 17p LOH using microsatellite analysis. 17p LOH was found in 49 (18%) of
the 272 patients that were informative for the microsatellite markers. We found a patient
that had a cell population with only pl6 methylation adjacent to a population that had the
pl6 methylation and 17p LOH (Figure 5.3e, left), as well as a patient that had a pl6
hemizygous cell population with 9p21 LOH and 17p LOH adjacent to a cell population
that developed methylation on the remaining pl6 allele (Figure 5.3e, middle). In
addition, we found a patient who had a p16 nullizygous cell population with 9p21 LOH
and pl6 methylation adjacent to a population that also acquired 17p LOH (Figure 5.3e,
right). Thus, pl6 hemizygous and pl6 nullizygous cell populations can give rise to

neoplastic progenitor cells by acquiring p53 lesions.
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DISCUSSION

We have shown here that abnormalities of the pl6 gene, including methylation,
mutation, and LOH, are the earliest known somatic events in Barrett’s epithelium. We
demonstrated that p16 abnormalities are highly prevalent in patients without cancer. pl6
lesions were found in approximately 75% of patients with Barrett’s esophagus at all
histologic grades, including the earliest grade, metaplasia negative for dysplasia. A
previous study also found pl6 methylation in patients that had dysplasia but not cancer
(Klump et al., 1998). These results are consistent with other studies that found pl6
abnormalities in premalignant epithelium surrounding esophageal, bladder, and lung
cancers (Belinsky et al., 1998; Muto et al., 2000; Tsutsumi et al., 1998). Thus, early
acquisition of pl6 lesions may be a common step in the development of many human
epithelial tumors.

pl5- and p14ARF—speciﬁc methylation, in contrast, were rare regardless of
histologic grade, suggesting that p15 and p14ARF are not strongly selected for inactivation

during the progression of this cancer. Both pl5 and p14ARF are located in the frequently

deleted 9p21 region along with p16 and have been considered candidate tumor suppressor
genes based on their ability to inhibit cell proliferation (Hannon and Beach, 1994; Quelle

et al., 1995). pl5 has been shown to be inactivated by CpG island methylation in the
absence of pl6 methylation in gliomas and leukemias, and p14ARF was specifically

methylated in a subset of primary colorectal carcinomas (Esteller et al., 2000; Herman et

al., 1996; Robertson and Jones, 1998). However, unlike pl6, neither deletions nor point

mutations specific for p15 or p14ARF have been reported in primary human tumors (Jen et
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al., 1994; Kamb et al., 1994; Stone et al., 1995; Washimi et al., 1995). Although

mutations in the shared exon 2 that affect both p16 and pl4ARF have been found, such
mutations do not appear to disrupt p14ARF function (Quelle et al., 1997). Thus, the low
frequency of pl5- and p14ARF-speciﬁc lesions in Barrett’s esophagus and esophageal
adenocarcinoma suggests that p16 is specifically targeted by lesions in the 9p21 region in
Barrett’s epithelium.

Previous studies in primary human and mouse cell cultures have demonstrated
that p16 inactivation lengthens the cell replicative life span (Carnero et al., 2000; Dickson
et al., 2000; Foster et al., 1998; Kiyono et al., 1998). However, the cellular phenotype of
pl6 inactivation during human neoplastic progression in vivo had not been previously
investigated. Normal esophageal epithelium was previously found to be polyclonal using
X-inactivation as a clonal marker (Thomas et al., 1988). In contrast, we previously found
that cell populations with 9p21 LOH tended to spread to large regions of esophageal
mucosa (Galipeau et al.,, 1999). In this study, using pl6 mutations and 9p21 LOH
patterns as clonal markers, we found that pl6 hemizygous and pl6 nullizygous cell
populations expanded clonally to occupy large areas of Barrett’s mucosa, typically the
entire Barrett’s segment. Thus, consistent with having an extended cellular replicative
lifespan, pl6 abnormal cell clones appeared to have a growth advantage that allowed
them to expand laterally within the esophageal epithelium.

In addition, patients with pl6 lesions had longer Barrett’s segments than those
without any p16 abnormalities, suggesting that the clonal expansion of pl6 hemizygous

and pl6 nullizygous cells lengthens the Barrett’s epithelium. Although many patients
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had a Barrett’s epithelium that was composed of a mosaic of pl6 hemizygous and/or p16
nullizygous clones, this mosaic was composed of only one or at most three clonal
lineages of pl6 abnormal clones in each of these patients. Our results suggest that the
expansion of the Barrett’s epithelium is a result of clonal proliferation rather than the
polyclonal regeneration of acid reflux-damaged mucosa, and are consistent with a clonal
neoplastic evolution.

Clonal hemizygous pl6 cell populations were capable of extensive expansion
within the Barrett’s segment, suggesting that inactivation of a single pl6 allele is
sufficient to provide a selective proliferative advantage (i.e. pl6 is haplo-insufficient).
Consistent with these results, a previous study in primary human cell culture found that
partial down-regulation of pl6 expression is sufficient for lifespan extension (Foster et
al., 1998; Wong et al., 1999). Cells that acquire a single pl6 lesion may have a decrease
in the senescence-induced pl6 expression levels that is sufficient for continued
proliferation. Another cyclin-dependent kinase inhibitor, p27mpl, has previously been
shown to be haplo-insufficient for tumor suppression (Fero et al., 1998). However,
unlike p27, loss of both copies of pl6 is common in primary human tumors (Cairns et al.,
1995; Caldas et al., 1994; Wong et al., 1997). We previously found that the majority of
patients with esophageal adenocarcinoma that had 9p21 LOH also had either methylation
or mutation of the remaining pl6 allele (Barrett et al., 1999; Wong et al., 1997). In this
study, pl6 hemizygous cell populations were found to give rise to pl6 nullizygous cell
populations in several patients. These results suggest that pl6 has selected phenotypes
for the loss of a single allele as well as for the loss of both alleles. We did not observe a

significant phenotypic difference in clonal expansion between pl16 hemizygous and pl6
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nullizygous cell populations. Further studies will be needed to determine the selective
advantage of losing both copies of pl6 and whether some cancers develop without the
loss of the second p16 copy.

A previous retrospective study in patients who had developed esophageal
carcinoma found that cancer can evolve along many different cell lineages, acquiring
many different genetic and ploidy abnormalities (Barrett et al., 1999). However, these
cancers shared a common diploid progenitor cell population that had acquired both pl16
and p53 abnormalities in the premalignant epithelium surrounding the cancer, suggesting
that p16 and p53 lesions in combination are critical events that set the stage for the
complex neoplastic evolution (Barrett et al., 1999). Consistent with our previous finding
that 9p21 LOH was typically acquired before 17p LOH, we demonstrated here that the
clonally expanded pl16 hemizygous and p16 nullizygous cell clones acquired 17p LOH in
several patients, suggesting that neoplastic cell lineages are evolving in these patients
(Galipeau et al., 1999). Prospective analysis of follow-up endoscopies will be needed to
determine how these pl6 hemizygous and pl6 nullizygous clones evolve over time, in
some cases, to give rise to cancer.

In summary, we demonstrated that pl6 lesions (pl6 methylation, pl6 mutation,
and 9p21 LOH) are the earliest known somatic genetic/epigenetic abnormalities in the

neoplastic progression of Barrett’s esophagus. In contrast, p15 and pl4ARF lesions are not

strongly selected events at any stage of this disease. Premalignant Barrett’s epithelium
was composed of pl6 hemizygous and pl6 nullizygous cell populations, both of which
were strongly associated with extensive Barrett’s segments and had the ability to clonally

expand over large regions of Barrett’s epithelium.
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Figure 5.2. pl16 Abnormalities and Barrett’s Segment Length in Patients Without

Cancer. Each “X” indicates an individual patient. The mean segment length for patients

with no pl6 abnormalities and patients with at least one pl6 abnormality is indicated

below the graph as well as within the graph by bars.
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