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Abstract

Epigenetic gene silencing, and associated promoter CpG island DNA hypermethylation, is an
alternative mechanism to mutations by which tumor suppressor genes may be inactivated within a
cancer cell 1457 These epigenetic changes are prevalent in all types of cancer, and their appearance
may precede genetic changes in pre-malignant cells and foster the accumulation of additional genetic
and epigenetic hits8. These epigenetically modified genes constitute important categories of tumor
suppressor genes including cell cycle regulators, pro-differentiation factors, and anti-apoptotic
genes®, and many of these genes are known to play a role in normal development 9-11 While the
silencing of these genes may play an essential role in tumor initiation or progression, the mechanisms
underlying the specific targeting of these genes for DNA hypermethylation remains to be determined.
The large numbers of epigenetically silenced genes that may be present in any given tumor, and the
clustering of silenced genes within single cell pathways (ref), begs the question of whether gene
silencing is a series of random events resulting in an enhanced survival of a pre-malignant clone, or
whether silencing is the result of a directed, instructive program for silencing initiation reflective of
the cells of origin for tumors. In this regard, the current review stresses the latter hypothesis and the
important possibility that the program is linked, at least for silencing of some cancer genes, to the
epigenetic control of stem/precursor cell gene expression patterns.

Many groups have suggested that stem cells or early progenitor cells may be the precursors
from which cancer cells are derived12-15. All of these studies cite the fact that tumors harbor
stem/precursor cell population markers, have heterogeneous cell populations among which
only cell subsets have tumor regeneration capacity, and are driven by the up-regulation of many
pathways important to maintenance of stem/precursor cells12-15, Our studies have focused on
cancer genes with abnormal gene silencing associated with aberrant DNA CpG island
hypermethylation, changes which often manifest early in tumor progression and are present in
pre-malignant lesions. We have hypothesized that epigenetic silencing of tumor suppressor
genes may facilitate abnormal survival of cells under chronic stress conditions, such as chronic
wound healing and inflammation8:16. In turn, three groups, including our own17'19, have
recently compiled evidence that transcriptionally repressive chromatin modifications
associated with the promoters of these silenced genes in cancer cells resemble the chromatin
modifications inherent to those same genes in normal embryonic stem cells which may
normally help prevent stem/precursor cells from conversion to committed cells until
programmed to do so. The three groups have hypothesized that the above chromatin patterns
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may render groups of genes vulnerable to errors which result in recruitment of aberrant
promoter DNA methylation during early progression of adult cancers which abnormally locks
in the silencing of the genes and helps foster selective clonal expansion of cells harboring these
epigenetic abnormalities. This, in turn, helps set the stage for tumor progression driven by the
additional epigenetic and genetic hits observed in cancer cells. The evidence for this hypothesis
potentially linking cancer epigenetics to the epigenetics of normal and neoplastic stem/
precursor cells cells is the focus of the following discussions.

In a recent study17, we compiled a panel of 29 tumor suppressor, and candidate tumor
suppressor, genes identified by our group and others to be frequently DNA hypermethylated
and silenced in adult cancers. Genes were identified from a mix of cancer cell lines and primary
tumor samples, and they encompassed a wide range of tissue types including brain, breast,
colon, esophageal, gastric, head and neck, hematopoetic, kidney/renal, liver, lung, ovarian,
pancreatic, prostate, and uterine cancer. All of the genes were found to be hypermethylated in
multiple tumor types, and hypermethylation of several of these genes (CDH1, CDKN2A, and
RASSF1) has been observed in all of these tumor types. An immediate initial observation upon
compilation of this list was the high frequency of targeting of genes involved in normal
development, including genes such as p16 which can regulate stem cell number and cell cycle
functions20, GATA transcription factors which regulate differentiation?L, morphogenesis
control genes such as CDH1, and anti-apoptotic genes such as DAP-kinase3. The nature of
some of the genes raised for us the question of whether a stem or precursor cell origin for
cancer, and specifically the underlying epigenetic controls responsible for controlling
expression of these genes in normal stem and progenitor cells, provide an explanation for the
targeting of at least some genes for DNA hypermethylation and gene silencing during tumor
initiation and progression.

Other recent work in our lab, focused on understanding the chromatin modifications present
when genes are DNA hypermethylated in adult cancers, has also suggested links to stem cells.
Studies in colon and breast cancer cells indicated that enrichment of multiple components of
transcriptionally repressive chromatin is characteristic of cancer gene promoters silenced in
association with aberrant DNA methylationg. Perhaps, most interesting, have been findings
that these silenced cancer gene promoters, when reactivated by DNA demethylation do not
return to a fully euchromatic chromatin state8. Rather, while active marks are restored, most
repressive histone modification marks remain, including H3K27me3. This histone
modification is catalyzed by EZH2, a key component of the Polycomb group (PcG) complexes
which maintain long-term gene silencing from lower organisms to man and are essential for
the normal state of stem/progenitor cells and their commitment to various tissue types 22-25,
Recent studies have linked EZH2 to promoter recruitment of the enzymes that catalyze DNA
methylation, the DNA methyltransferases (DNMT's), and have suggested a role for this protein
during the induction and targeting of DNA methylation 26 High steady state levels of PcG
complexes are especialli/ present in stem and progenitor cells, as well as in tumor cells that
have similar properties 4,27,28 Fyrthermore, a critical link between our genes under study,
and ES/precursor cells has emerged from several recently published seminal studies of the
epigenetic profiles of genes in ES and embryonic fibroblasts (EF). These genome tiling array
approaches have identified that promoter regions for a group of genes important to
development, morphogenesis, organogenesis, etc, comprising ~ 1,000 genes and between ~8%
(ES cells) 29 and ~14% (EF cells) 30 of the annotated genome to be PcG regulated in these
cell types as marked by PcG components and/or the H3K27methylation mark.

Given the above information, we matched our list of genes frequently DNA hypermethylated
in adult cancers to the full list of genes associated with PcG targeting in the above studies of
ES and EF. Remarkably, we found 68% of our genes were associated with PcG in either cell
type 17_ similar results were seen using 23 genes newly identified as hypermethylated in
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HCT-116 cells (manuscript submitted) for which 56.5% were identified as PcG targets in either
ES or EF cells. These data were striking, particularly considering, as noted previously above,
that for each of the candidate genes we have studied in depth in adult cancer cells, DNA
hypermethylation is accompanied by an H3K27 repressive mark8. This is in agreement with
data published simultaneously by two additional groups. Widschwendter et.al. show that PRC
targets are up to 12-fold more likely to have cancer-specific DNA hypermethylation than non-
targets when comparing 177 genes identified as hypermethylated in primary human colorectal
tumors 19, Additionally, Schlesinger et.al. demonstrate that of 24 genes identified as
specifically DNA hypermethylated in the colon cancer line Caco-2, all also demonstrate
concurrent enrichment of the H3K27me3 modification, which is generally lacking in
unmethylated controls, and >60% of these genes are PRC regulated in the above studies of ES
and EF cells 18.

All of the preceding associations led us to compare the epigenetic status for the group of our
?enes under study in normal embryonic stem (ES) cells versus embryonal carcinomas (EC)

7 ECare malignant counterparts of normal embryonic stem (ES) cells, but in contrast to adult
cancers, retain a marked ability to manifest spontaneous differentiation and multi-lineage
commitment in vitro and in vivo31-34, though not to the degree of their normal ES cell
counterparts. Our studies reveal that genes frequently DNA hypermethylated and deeply
transcriptionally silenced in adult cancers usually lack such DNA methylation in normal (ES)
and neoplastic (EC) embryonic cells. However, in both cell types, there is localization of key
PcG proteins including SUZ12, EZH2, and SirT1, plus the H3K27me3 mark to their promoters
17, Interestingly, concurrent with enrichment of this repressive chromatin modification at the
promoters of these genes, the active mark, H3K4me2, was simultaneously enriched. This dual
marking bears another key relationship to findings for genes in ES cells. A “bivalent”
combination of active (H3K4me2) and repressive (H3K27me3) histone modifications has
recently been described in normal murine ES cells for a subset of developmental genes which
are maintained in a low expression state 35,36, This bivalent state is resolved to a primarily
active or repressive chromatin conformation with differentiation depending on which direction
the transcription of the involved genes changes with differentiation cues )

As noted in the above study by Bernstein et. al. defining the concept of bivalent
chromatin3, among embryonic cells, the degree of lineage commitment may determine the
balance of this chromatin modification at gene promoters and the basal expression levels of
involved genes. Similarly, this may be true for compartments of precursor cells in adult
renewing cell systems from which adult cancers derive. Interestingly, for the genes from our
original list that are identified as PcG targets, approximately 50% were listed as PcG targets
in both ES and EF cells. However, the remaining 50% were listed as unique PcG targets in
either ES or EF cells. Those that were PcG targets in ES cells were generally expressed at low
levels in EC and up-regulated with differentiation, and those for EF cells were %enerally
expressed at higher levels in EC cells and down-regulated with differentiation 7 This could
explain how different patterns of hypermethylated genes in adult cancers might, then, be
reflective of their chromatin status in a cell of origin. While the H3K27me3 mark appears to
be ubiquitous at the small subset of DNA hypermethylated cancer gene promoters studied to
date, direct global comparisons of PRC regulation between cancer cells and their proposed
stem or progenitor cell of origin should help clarify and measure the full extent of the link
between PcG regulation and DNA hypermethylation.

Our work in EC cells provides us with at least one additional clue necessary in order to
understand the transition of a gene promoter from a transient “transcription ready” state to one
of heritable, permanent gene silencing via DNA hypermethylation in a pre-malignant cell.
While EC cells retain the bivalent marks found in ES cells, they show additional enrichment
of two key repressive marks: H3K9me3, which is characteristic of silenced transcription in
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pericentromeric regions 37 and to a lower and more variable extent, H3K9me2 17. Both of
these H3K9 marks are characteristic of DNA hypermethylated genes in adult cancers 8,
38-43 In both Neurospora and Arabidopsis, mutations in histone methyltransferases which
catalyze H3K9 methylation cause significant loss of genomic DNA methylation 15,44-47,
Interestingly, in the EC cells, global levels of both of the H3K9 repressive marks are increased
considerably as compared to ES cells1?, suggesting a permissive background for the promoter
changes in the neoplastic cells.

In adult cancers, the repressive chromatin present for DNA hypermethylated genes is initially
more enriched for H3K9me2 8:40 than is seen in the EC cells, and this mark is the only
repressive mark uniformly reduced when DNA hypermethylated genes are de-methylated in
adult cancer cells8. In EC cells the fully methylated RASSF1a gene and the minimally
methylated SFRP5 gene both demonstrate an increased presence of the H3K9me2 mark at their
promoters as compared to unmethylated genes, and overexpression of the PcG protein Bmil
can cause progressive promoter DNA methylation of the SFRP5 gene in EC cells and an
increase in H3K9me2 17, Additional studies will be required to gain an understanding of the
exact relationships between H3K9me2 and DNA hypermethylation and the factors responsible
for the recruitment of each.

One additional finding in our recent study is key to understanding the pivotal role of the
abnormal promoter DNA methylation seen in adult cancers for stable loss of key gene function.
Even with the addition of the H3K9 silencing marks to the genes studied in the EC, the genes
remain responsive to differentiation cues for availability to increase transcription. Thus, with
retinoic acid induced neural differentiation of the cells, or with increased epithelial
differentiation seen when EC cells are grown as explants in immune deficient mice, many of
the genes had distinctly increased transcription17. This plasticity of expression in EC cells is
not seen for these same genes when they are DNA methylated and deeply, heritably repressed
in adult cancers and difficult to reactivate unless the DNA methylation is removed®.

In terms of human cancer biology, our findings and those of others, suggest that a stem cell
like promoter “ground state” for these genes may be indicative of the contribution of stem cell
and/or progenitor cells to the derivation of adult cancers. We and others have suggested that
stem/progenitor cells are especially at risk for cancer initiation due to their continued expansion
during states such as chronic wound healing and inflammation8:16. The stem cell chromatin
state that we now show may provide a program for making key tumor suppressor genes
vulnerable for imposition of promoter CpG island DNA methylation. This renders a transient
“transcription ready” state to one of heritable, permanent gene silencing and may foster the
abnormal cell expansion (Fig. 1.), and enhance the likelihood, in such cell clones, of subsequent
tumor initiation and progression.
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Figure 1. Model for how abnormal DNA methylation may be recruited to most tumor suppressor
genes in adult cancer cells, reflecting a stem/progenitor cell of origin

The promoter chromatin state for many genes that are frequently DNA hypermethylated in
cancer is virtually identical between embryonic and adult stem and precursor cells and adult
cancer cells. This “bivalent” chromatin state is characterized by simultaneous presence of both
key active (green) and repressive (red) histone modifications and gene silencing polycomb
group (PcG) proteins, and is also similar to that of CpG island promoters of multiple,
developmentally related, genes which have low expression in ES cells3%:36 and is resolved be
either primarily active or repressive chromatin via normal epigenetic remodeling during
differentiation. During states of abnormal cell renewal, such as cell stress, chronic injury repair,
and inflammation, there is expansion of adult stem or precursor cells with the above bivalent
chromatin states at the genes we have studied. The presence of PcG proteins and H3K27me3,
plus addition of H3K9me2, may be responsible for recruitment of abnormal DNA methylation
(black circles) to CpG islands at the gene promoters and this leads to cells with heritable, deep
silencing of these genes. The loss of function of these genes, in turn, locks stem/precursor cells
into abnormal clonal expansion which begins a process of neoplastic initiation and progression.
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