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Abstract. The concept of cancer stem cells was proposed
in the late 1990s. Although initially the idea seemed
controversial, the existence of cancer stem cells is now well
established. However, the process leading to the formation
of cancer stem cells is still not clear and thus requires
further research. This article discusses epigenetic events that
possibly produce cancer progenitor cells from predisposed
cells by the influence of their environment. Every somatic
cell possesses an epigenetic signature in terms of histone
modifications and DNA methylation, which are obtained
during lineage-specific differentiation of pluripotent stem
cells, which is specific to that particular tissue. We call this
signature an epigenetic switch. The epigenetic switch is not
fixed. Our epigenome alters with aging. However, depending
on the predisposition of the cells of a particular tissue and
their microenvironment, the balance of the switch (histone
modifications and the DNA methylation) may be tilted to
immortality in a few cells, which generates cancer
progenitor cells.

Stem cells are pluripotent cells that are formed during
embryogenesis after generation of blastocysts (1-6). These
pluripotent stem cells are capable of growing and
differentiating into specialized cells. The management of
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stem cell generation and the lineage-specific specialized cell
and tissue formation are tightly regulated. This process is
repeated with fidelity during embryogenesis and includes
many reversible processes, which we term as ‘on and off
switches’ (Sarkar et al., unpublished; 1-6). From the start of
fertilization until the generation of specific tissues, each step
is governed by conserved histone modifications and
differential DNA methylation. Any particular grouping of
histone modifications in combination with a set of DNA
methylation is what we have defined as an ‘epigenetic
switch’ (7-9). The generation of pluripotent stem cells occurs
in the later stages of embryogenesis, and involves well-
orchestrated hormonal regulation, effects of stromal cells
(such as their micro-environment), and intracellular signaling
(1-6). The generation of cancer stem cells and their role in
formation and development of cancer have drawn huge
attention since their discovery around the late 1990s.

A significant amount of literature is available on almost
every type of cancer stem cell, covering their isolation,
characteristics, culture, growth, ability to form tumors in
animal models and their possible utilization in therapy. In
this review, we confine ourselves to the role of epigenetics
in the formation of cancer stem cells/cancer progenitor cells.
We also compare the current paradigm with our hypothesis,
which states that alteration in epigenetic balance
(combination of histone modifications and 5’-C-phosphate-
G-3 (CpG) DNA methylation) provides the necessary switch
for the formation of cancer progenitor cells.

Cancer Progenitor Cells: Epigenetic Regulation

Pluripotent stem cells are special in that they can both grow
and differentiate at the same time. This quality is not present
in somatic cells. Usually when somatic cells grow they do not
differentiate much. Somehow cancer stem cells resemble adult
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stem cells. Depletion of histone 1 (H1, all three variants)
impairs the differentiation of pluripotent stem cells. It also
impairs DNA methylation and changes histone marks at the
promoter region of octamer-binding transcription factor (OCT).
These results suggest that epigenetic mechanisms repress
pluripotent genes to allow differentiation, a feature that is
caused by a depletion of methylation of DNA (10). Thus these
findings support our hypothesis that epigenetic alterations
regulate growth and differentiation of pluripotent stem cells.

The classic example of the generation of induced
pluripotent stem cells (iPS) was shown in skin cells by
introduction of three transcription factors: OCT4, sex-
determining region Y-box 2 (SOX2) and homeoboxprotein
NANOG (NANOG), which showed for the first time that the
terminal differentiation of tissues at the end of embryogenesis
is not irreversible (11). As we discussed before,
embryogenesis is a tightly regulated epigenetic event, and
thus it makes sense that for a particular tissue, such as skin,
all the genes necessary for the structure and function of these
cells are active and others, although intact, have been silenced
by epigenetic mechanisms in these cells. Indeed, it his been
observed that these master transcription factors, which can
revert terminally differentiated skin cells to their pluripotent
state, are tightly regulated by epigenetic mechanisms (12-14).
This reversibility raises the possibility that adverse alteration
in histone modifications and CpG DNA methylation could tilt
the balance of these cells towards uncontrolled growth but
lacking pluripotency and differentiation. Such a scenario will
produce cancer stem cells/cancer progenitor cells. iPS cells
are pluripotent, although not exactly identical to embryonic
stem cells. Similarly, cancer stem cells (as titled in literature)
are not precisely the same as normal stem cells. Thus, we
prefer to distinguish them by the name cancer progenitor cells
(15). If the cells are predisposed to other genetic alterations
and imbalances, the possibility of cancer progenitor cell
formation will increase.

Similarly to the generation of pluripotent stem cells, cancer
progenitor cells also need signaling mechanisms to help
produce them. These signaling mechanisms involve stromal
cells around the tissues, cell surface receptors, hormones,
growth factors, and alterations in intracellular signaling. Three
of the major signaling pathways that are implicated in cancer
progenitor cell formation are wingless family of genes (WNT),
notch, and hedgehog (16). All three pathways are
epigenetically regulated. We previously elaborated on the role
of signaling in carcinogenesis (12, 17-20), which we will not
include here and instead provide the link between epigenetic
modulators and signaling molecules. For example,
extracellular signal-regulated kinases (ERK) and v-ask murine
thymoma viral oncogene homolog 1 (AKT) signaling
pathways are two major regulators of cell growth and
inhibition of apoptosis. Recent studies have shown that both
of these pathways regulate DNA methylation (12, 17-20). It is

interesting to mention here that this regulation is a reversible
process, similar to a feedback loop. It has been observed that
signaling processes regulate methylation and conversely
epigenetic changes, such as methylation, also regulate
signaling mechanisms. One of the major examples of this is
the regulation of insulin-like growth factor 2 (IGF2), which
plays a significant role in embryogenesis (21). Additionally,
ERK signaling regulates DNA methyltransferase 1 (DNMT1)
enzymes and thus regulates methylation (19). In a systems
biology study, we further observed that DNMTT1 is selectively
and allosterically activated around the genes that are highly
methylated in cancer cells (22).

As we mentioned before, tissue-specific gene expression,
which we believe is regulated by a specific epigenetic switch,
produces specific cell types where an epigenetic mark should
be maintained within the adult cells of the tissues. This
particular switch should be different between tissue types
(Figure 1). Figure 1la is a simplistic portrayal of part of the
epigenetic signature of various tissue types. A chromosome
from any tissue, designated as Chromosome A’ in Figure la,
possesses CpG methylation on DNA at different locations.
The examples of kidney, lung, and liver are provided here,
although the same is true for other tissues. If we believe that
the epigenetic switch is different but conserved in every tissue
type, alteration of a particular switch will cause an imbalance
in the gene expression in the cells of one type of tissue, which
is distinct for these cells. Another parameter of the epigenetic
switch is due to histone modifications that vary in different
tissues. These histone modifications occur depending on
where and when methylation, phosphorylation, ubiquitination,
and somulation occur. For example, the levels of H3K27me3
and H3K9me3 (inhibitors of gene expression), and H3K4me3
(activator of gene expression) may not be similar in lung and
liver. When methylation patterns on chromosomes change in
the cells of a particular tissue, as shown in Figure 1b (see
difference in methylation pattern in the chromosome marked
‘Normal’ and in the chromosome marked ‘Cancer’), the
binding of these histone marks will change at the particular
DNA location (see Figure 2). In the chromosome marked
‘Cancer’, the pattern of gene expression will therefore be
altered from that in the chromosome marked ‘Normal’.
However, this alteration will remain confined to this
particular tissue and will result in differential gene expression
in these particular tissue cells, which will produce cancer
progenitor cells specific to this type of tissue. These
imbalances could simultaneously suppress tumor-suppressor
genes and express growth-promoting genes. As these changes
are dependent on the intracellular and extracellular milieu,
they cannot be as rapid as those caused by mutations. We
previously hypothesized that mutations occurring in
predisposed cells regulate how fast cancer or tumor will
progress (7-9, 12, 17-19, 22, 23). Thus indeed, cancer
progenitor cell formation is a slow process.
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Figure 1. Differential methylation patterns of 5’-C-phosphate-G-3 (CpG) residues in a hypothetical chromosome A’ in the kidney, lung and liver (a)
and in normal and cancer cells of the same tissue (b). The black/gray line denotes the chromosome. Green balls are unmethylated CpG residues;
red balls are methylated CpG residues. It can be seen that methylation patterns of the same chromosome in the cells of different tissues are different
(a). The total amount of methylation is lower in cancer cells compared to normal cells (b). This differential behavior possibly favors growth,

promoting gene expression and suppression of tumor-suppressor genes.

Promoter methylation is known to silence tumor-
suppressor genes. Studies from several laboratories have
shown that interaction of enhancers with promoters is
essential for gene transcription (24, 25). Some of these
enhancers, which regulate tissue-specific gene expression,
are called super-enhancers (24, 26). The methylation of
super-enhancers regulates their function. These functions are
dependent on the binding of H3K27me3 to unmethylated
sites, creating a zone of inhibition involving CCCTC-
binding factor (CTCF). Methylation disrupts the association
of CTCF with DNA, which allows gene transcription.
Alternatively, H3K9me3 recruits DNMT1 at the site of
DNA methylation. In addition, H3K4me3 interacts at
hypomethylated promoter sites to increase gene
transcription. Surprisingly, it was recently observed that
methylation in the coding region in these genes can also
involve binding of the modified histones. To add final
control to these mechanisms, short RNAs and IncRNAs
produced from noncoding regions also interact with the
promoter region to control transcription, which is evident in
imprinting. The best example of this is the regulation of
IGF2 and IGF2 receptor (21, 27).

A classic work further determined that the generation of
super-enhancers on oncogenes and other types of genes is
important in tumor pathogenesis (24). H3K27ac ChIP-Seq
analysis identified super-enhancers and their associated
genes in 18 human cancer cells. These results suggested that
genes associated with super-enhancers could be selective
markers for specific types of cancer of specific tissue types.
Myelocytomatosis oncogene (MYC) is one of these
oncogenes. These super-enhancers are not present around
such genes in normal cells. The authors suggested that one
of the mechanisms by which super-enhancers are formed is
tandem repeats of DNA segments (24, 26). We previously
postulated that tandem repeats of DNA or gene segment are
also possibly regulated by epigenetic mechanisms (23).
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Figure 2. Differential binding of H3K27me3 and H3K4me3 at different
locations in two hypothetical genes A and B in the kidney: The
black/gray line denotes the chromosome. The green balls are
unmethylated 5’-C-phosphate-G-3 (CpG) residues; red balls are
methylated CpG residues. The stop sign on transcription start site (TSS)
signifies inhibition of transcription. The stop sign on CpG residues
signifies inhibition of binding. Differential binding of these histone
markers at methylated (red) or unmethylated (green) sites on DNA
regulates the outcome of collective gene expression in some selected
predisposed cells of a tissue, which will determine whether they will
become cancer progenitor cells. It is a slow, time-consuming process.

There are two clonal hypotheses of formation of cancer
progenitor cells. The first is that one type of cancer
progenitor cell further differentiates into diverse types of
cells. The second hypothesis mentions that cancer progenitor
cells simultaneously grow and differentiate. Current research
shows that contrary to embryonic stem cells, which can grow
and differentiate at the same time, cancer progenitor cells
grow but do not differentiate until they enter the state of
metastasis (17, 18). This is a very interesting point. This
observation suggests that cancer progenitor cells under the
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control of a fixed epigenetic switch are altered for rapid
uncontrolled growth, but do not revert to the pluripotent
stage and thus cannot differentiate into other lineages. When
a few cells are directed to form pluripotent stem cells of a
particular lineage, they are allowed to grow, although they
do not differentiate any more. Recent studies have shown
that super-enhancers epigenetically regulate this process (24,
26). It makes sense to rationalize that epigenetic alterations
of these tissue specific cancer progenitor cells allow
uncontrolled growth, keeping the differentiation markers
silenced. Although we observed that differentiation does
occur at the later stages of tumor development during
metastasis, this differentiation does not cause reversion to
pluripotency. Conversely, this differentiation is conditional
and only allows the process of epithelial to mesenchymal
transition (EMT) and, after distant traveling and during
localization to another site, mesenchymal to epithelial
transition (MET) (17, 18). As these processes are reversible,
we argue that they are epigenetically regulated and cannot
possibly be mutagenic changes, which are unidirectional.

An interesting scenario in the case of solid tumors is that
they are extremely heterogeneous, containing different types of
mutations within the same type of tumor. This finding further
puzzles researchers since isolated cancer progenitor cells from
different tumor samples of similar tissue origin have
differential cell-surface markers. Cancer progenitor cells of
different tissue origins are usually characterized by specific
cell-surface markers, which are used to isolate them (28, 29).
The presence of CD44%, CD133*, CD24", and other markers
are usually common. In leukemia progenitor cells, expression
of CD47 helps them escape killing by macrophages. In
addition, several other specific markers are present, according
to the origin of tumors (28, 29). It was believed that the
generation of cancer progenitor cells was dependent on a series
of mutations (30). The problem with this theory is that the
incorporation of isolated cancer progenitor cells in an animal
model does not always produce tumors. Furthermore, a niche,
such as an interactive microenvironment (stromal cells), is
necessary to induce this process (17, 18). Other investigators
implicated a role of feeder cells in the maintenance and growth
of human embryonic stem cells (31). These results suggest that
the generation of cancer progenitor cells is dependent more on
epigenetic alterations. For example, it is known that mutation
in ten-eleven translocation methylcytosine dioxygenase (TET)
causes leukemia, although TET regulates methylation processes
and can change the balance of its epigenetic switch (30).

As mutations can occur randomly, some authors believed that
formation of cancer progenitor cells, cancer progression, and
metastasis are random processes (32). We do not agree with this
conclusion. As we described before, differential signaling
processes are involved in cancer progenitor cell formation, it is
possible that a few of the pathways could be activated
epigenetically in a subset of cells of similar tissues, while other

pathways will be activated in other subsets, resulting in
differential expression of cell-surface markers. This event may
result in cancer progenitor cells of same tissue origin with
slightly different surface markers because the microenvironment
of each cancer progenitor cell may differ. Even in this scenario,
the epigenetic alterations of DNA methylation and differential
binding of histone markers to DNA could make cells immortal
(Figure 2). Figure 2 is a simplistic description of this process.
In the hypothetically portrayed genes (Gene A and Gene B) of
the kidney, enhancer, promoter, exons, introns, and intergenic
regions are differentially methylated. Gene A favors binding of
H3K27me3 at the enhancer location (hypomethylated CpG
residues), but does not bind H3K4me3 at the promotor region
(hypermethylated CpG residues) and inhibits transcription.
Gene B does not bind to H3K27me3 since its enhancer region
is methylated, but allows binding of H3K4me3 to its
hypomethylated promoter region and thus transcription is
activated. Figure 2 depicts that gene expression will be altered
depending on where methylation occurs in and around the gene.
We may imagine a wide variety of methylation patterns are to
be expected in the same genes in different tissues. Depending
on the predisposed genetic conditions and their surrounding, the
methylation pattern will change further. This is usually a slow
process as these modifications accumulate over time. This
hypothesis is supported by the fact that a few of the cells around
a tumor turn into cancer progenitor cells and are not killed by
traditional therapies (33, 37, 40).

Cancer progenitor cells are immortal. Like growing
embryonic cells, cancer progenitor cells also evade killing
by the normal immune system. In addition, these cancer
progenitor cells also need to reduce their apoptotic
mechanisms, an after-event of DNA damage. One study has
shown that in human embryonic stem (hES) cells,
proapoptotic BCL2-associated X protein (BAX) is present in
the Golgi apparatus. During DNA damage or in the presence
of chromosomal abnormalities, when these defects cannot be
rectified BAX is translocated to the mitochondria by a p53-
dependent mechanism to induce apoptosis of the cells to
prevent formation of faulty pluripotent stem cells (34).
Cancer progenitor cells evade apoptosis by unique
mechanisms. In some of the cancer progenitor cells, p53 is
either mutated or is not present. In addition to these
alterations, methylation and other epigenetic changes silence
many cell-cycle inhibitors and tumor-suppressor genes to
prevent apoptosis (7-9, 12, 17-19, 22, 23).

Cancer Progenitor Cells and Therapy

Elucidation of the process of formation of cancer progenitor
cells will produce an outstanding framework for treating
cancer, reducing relapse, and killing drug-resistant cancer
cells. Current therapies, which target specific molecules, as
well as therapies that are not targeted, do reduce the tumor
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cell population and, depending on the cancer type, can
achieve remission. However, in most cases the cancer
relapses. It has been well studied in the case of leukemia,
where acute lymphocytic leukemia (produced by a mutation
in DNMT3A) can be treated to remission (35), although
patients usually experience relapse after a few years. One
study showed that higher methylation levels were observed
in the cells of such patients and were maintained indefinitely,
even after the remission (36). We believe that even after
cancer is in remission, the presence of high methylation levels
continues to lead to the generation of more cancer progenitor
cells and helps produce drug-resistant cancer cells (7-9, 12,
17-19, 22, 23, 37-39). Therefore, we hypothesize that the best
chemotherapy will be a combination of an epigenetic drug
with standard therapies (7-9, 12, 17-19, 22, 23, 37-40).
Current studies support this notion as combinations using
epigenetic drugs kill cancer stem cells and sensitize drug-
resistant and other types of cancer cells (20, 37-42).

Conclusion

In short, although complex and seemingly diverse, the
production and maintenance of cancer progenitor cells
should be an organized process, like epigenetically regulated
embryogenesis. Further acquisition of mutations or inherited
mutations makes this process faster or slower and provides
diversity as observed in heterogeneous tumor populations. It
remains to be discovered how differential epigenetic
modifications are often confined to one particular tissue type
to generate cancer progenitor cells of that particular type. We
believe that this epigenetic process will depend on the status
of pre-disposed cells, which includes their genetic and
various chromosomal abnormalities in the particular tissue,
as well as their microenvironment.
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