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Polycomb group proteins: navigators of lineage pathways led astray in
cancer
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Abstract
The Polycomb group (PcG) proteins are transcriptional repressors that regulate
lineage choices during development and differentiation. Recent studies have
advanced our understanding of how the PcG proteins regulate cell fate decisions
and how their deregulation potentially contributes to cancer. In this Review we
discuss the emerging roles of long non-coding RNAs (ncRNAs) and a subset of
transcription factors, which we call cell fate transcription factors, in the
regulation of PcG association with target genes. We also speculate about how
their deregulation contributes to tumorigenesis.

Considerable attention is currently focused on identifyingthe events that lead to
the development of so-called 'tumour-initiating cells', as understanding this
might facilitate the design of more effective cancer therapies1, 2, 3. It is
becoming increasingly evident that, in addition to genetic alterations, tumour
development involves the alteration of gene expression patterns owing to
epigenetic changes4. Recent studies have implicated the Polycomb group
proteins (PcG proteins) as key contributors to these changes5, 6, 7, 8, 9. The PcG
proteins form multiprotein repressive complexes, called Polycomb repressive
complexes (PRCs), which repress transcription by a mechanism that probably
involves the modification of chromatin (Fig. 1).

Two major Polycomb repressive complexes (PRCs) have been described. The PRC2 complex
contains the histone methyltransferase enhancer of zeste homologue 2 (EZH2), which together
with embryonic ectoderm development (EED) and suppressor of zeste 12 homolog (SUZ12)
catalyses the trimethylation of histone H3 at lysine K27 (H3K27me3). The EZH2 SET domain
confers this activity. Multiple forms of the PRC1 complex exist and these contain combinations of
at least four PC proteins (CBX2, CBX4, CBX7 and CBX8), six PSC proteins (BMI1, MEL18, MBLR,
NSPC1, RNF159 and RNF3), two RING proteins (RNF1 and RNF2), three PH proteins (HPH1,
HPH2 and HPH3) and two SCML proteins (SCML1 1 and SCML2). Some results have suggested
that PRC1 complexes are recruited by the affinity of chromodomains in chromobox (Cbx)
proteins to the H3K27me3 mark. PRC1 recruitment results in the RNF1 and RNF2-mediated
ubiquitylation of histone H2A on lysine 119, which is thought to be important for transcriptional
repression. PC, Polycomb; PSC, Posterior sex combs ; SCML, Sex combs on midleg .

Figure 1 | Coordinated action of Polycomb repressive complexes.

Several genetic studies in different organisms have firmly established the vital
and conserved roles for PcG proteins in embryonic development and adult
somatic cell differentiation10. Moreover, recent studies have demonstrated that
the PcG proteins are required for maintaining the correct identities of stem,
progenitor and differentiated cells11. The genome-wide mapping of PcG target

genes in mammalian cells has offered scientists the opportunity to start to
unravel the molecular mechanisms of PcG protein action12, 13, 14. The PcG
proteins have been found to bind and repress the promoters of genes that
encode proteins with key roles in cell fate determination in many different
cellular lineages. Although these data support the large body of evidence that
points to crucial roles for the PcG proteins in both development and adult
homeostasis, we are only beginning to understand how the PcG proteins actually
regulate their target genes.

Initial studies have established that the PcG proteins are displaced from certain
target genes, for example the homeobox (Hox) genes, on their transcriptional
activation during differentiation13, 14, 15. However, subsequent studies
demonstrated that the binding of PcG proteins is much more dynamic than
anticipated, showing that the PcG proteins are also recruited to the promoters of
certain genes in response to differentiation signals and, importantly, that this
recruitment is required for their silencing during differentiation15, 16, 17, 18,
19. On the basis of these results, we and others have proposed a model in which
the PcG proteins function dynamically during development and differentiation to
lock off the expression of alternative cell fate regulators in any particular lineage
(Fig. 2). In this Review we propose that the deregulation of these mechanisms is
central to tumour initiation.
Figure 2 | Dynamic recruitment and displacement of Polycomb group proteins
during lineage specification.

The Polycomb group (PcG) proteins are displaced from the promoters of one set of target genes, while
being recruited to the promoters of another set of target genes during lineage specification. This model
depicts a progenitor or stem cell that has the potential to differentiate into three different lineages: A, B or
C. As an undifferentiated cell it expresses 'stem cell genes' that are required to maintain its proliferative
undifferentiated state. Before the signal to differentiate, the PcG proteins repress the transcription of
lineage-specific differentiation genes. On stimulation to differentiate, the PcG proteins are recruited to the
stem cell-specific genes, independently of the type of lineage specification signal. The PcG proteins are
then displaced from lineage-specific gene promoters during differentiation depending on the lineage
specification signal. The mechanisms by which the PcG proteins are displaced and recruited to target
genes are not well understood. In differentiated cells, PcG proteins silence not only the expression of stem
cell genes but also the expression of genes that encode regulators of alternative lineages. This mechanism
of 'locking' cell fate is thought to be central to how cells maintain their identity through subsequent cell
divisions. Importantly, these mechanisms are more dynamic and plastic than previously anticipated, and
they are reversed during cellular reprogramming and are deregulated in cancer.

PcG proteins and cancer

The PcG proteins are essential for the maintenance of both normal and cancer
stem cell populations20, 21, 22. This is partly attributed to their ability to bind to
and repress the CDKN2B and CDKN2A loci, which encode the tumour
suppressors INK4B (encoded by CDKN2B), INK4A and ARF (both encoded by
CDKN2A)21, 23, 24, 25, 26, 27, 28, 29, 30, 31. INK4A and INK4B function
upstream in the RB pathway, and ARF functions upstream in the p53 pathway25,
32. In addition to frequent genetic alterations, this locus is often epigenetically
silenced by DNA methylation in cancer, and the PcG proteins have been proposed
to contribute to this26. Many additional PcG target genes accumulate DNA
methylation on their promoters in cancer, such as Wilm's tumour 1 (WT1),
retinoic acid receptor-beta (RARB), kruppel-like factor 4(KLF4), inhibitor of DNA
binding 4 (ID4), GATA binding protein 3 (GATA3) chromodomain helicase DNA

binding protein 5 (CHD5) and PU.1 (also known as SPI1)13. The reports that
enhancer of zeste homologue 2 (EZH2)33 and chromobox homologue 7
(CBX7)34 can physically associate with DNA methyltransferases (DNMTs)
suggest a mechanism whereby the PcG proteins directly contribute to the altered
DNA methylation profiles that are observed in multiple cancer types. In fact, PcG
target genes are as much as 12 times as likely to be aberrantly silenced by DNA
methylation in cancer as non-PcG target genes7, 8, 9 and poorly differentiated
and aggressive human tumours show preferential repression of PcG target
genes6. Taken together, these results suggest a possible scenario in which PcG
proteins and DNA methylating enzymes (such as DNMTs) cooperate to
aberrantly silence pro-differentiation and anti-proliferative genes, which leads to
the accumulation of a population of cells unable to respond to differentiation
signals. It is thought that the consequent block of differentiation may allow these
tumour-initiating cells to linger and accumulate the additional epigenetic and/or
genetic alterations necessary to develop into a tumour.

However, a key question remains unanswered: what triggers the aberrant
silencing of PcG target genes that is observed in many cancer types? One
potential scenario is that PcG proteins, such as EZH2 and BMI1, become
aberrantly upregulated, leading to the progressive recruitment of DNMTs to PcG
target genes, a switch to a more permanent transcriptional silencing and the
generation of tumour-initiating cells. Supporting evidence for this hypothesis
includes the fact that several PcG proteins are highly expressed in cancer10. For
example, BMI1 is amplified and overexpressed in B cell lymphoma and functions
as an oncogene that cooperates with Myc in a mouse model of lymphoma35, 36,
37, 38. Similarly, suppressor of zeste 12 homologue (SUZ12) is translocated in
endometrial cancer39, and EZH2 is amplified and highly expressed in many
tumour types40, 41, 42, 43, 44, 45, 46, 47. Potentially contributing to these
increased EZH2 levels, the microRNA miR-101 has recently been reported to
directly target EZH2 and is itself deleted in some cancers48, 49. However,
despite the functional evidence for a role of PcG proteins, particularly BMI1, in
the development of cancer, the higher levels of these proteins frequently
observed in tumours could partly be a consequence of the high proportion of
proliferating and/or 'stem-like' cells in tumours. For example, BMI1 has been
reported to be highly expressed in normal stem cells50 and EZH2 expression
correlates with proliferation rate as it is controlled by the RB–E2F pathway41.
Therefore, in this Review we discuss an alternative and complementary
hypothesis in which PcG proteins are led astray in cancer by the deregulation of
factors that are required for their association to target genes. We propose that
the deregulation of these factors directly contributes to the aberrant modulation
of transcriptional programmes observed in many cancers.
PcG recruitment to target genes

PcG proteins do not have the ability to bind specific DNA motifs. Therefore, a key
mechanistic question concerns how they are recruited to and displaced from
their target genes during lineage specification. The answer to this question not

only has implications for our fundamental understanding of lineage choice
during development and differentiation, but may also considerably contribute to
our understanding of the initiating events in cancer.

Transcription factors recruit PcG proteins. In Drosophila melanogaster, several
transcription factors are required to recruit PcG proteins to polycomb repressive
elements (PREs) during development51. One such transcription factor, encoded
by Yy1 (also known as Pho), has recently been shown to co-occupy most PREs
with PRC1 and PRC2 components in D. melanogaster embryos and larvae19, 52.
The PRE in D. melanogaster is not an easily recognizable DNA sequence motif as
it is not a single transcription factor binding site. Instead, it is a collection of
binding sites, defined as an 'element' of several hundred base pairs. To date,
PREs have not been defined in mammalian cells, despite the mapping of several
thousand binding sites for the PcG proteins12, 13, 14. This suggests that many
different mammalian transcription factors contribute to the recruitment of the
PcG proteins. In fact, if one looks at the target genes regulated by the PcG
proteins in mammalian cells and considers how they are expressed in different
cell types, it becomes difficult to imagine that only a few transcription factors are
involved in PcG recruitment and displacement. It is likely that the requirement of
multiple transcription factors confers a much greater flexibility of target gene
regulation. On this basis, it will be essential to define these transcription factors,
because their deregulation could be key to inducing cancer — that is, they could
work as oncogenes or tumour suppressors.

So which transcription factors control the association of PcG proteins with their
target genes? It has been estimated that the human genome encodes
approximately 2,600 transcription factors53, 54. We propose that 'cell fate'
transcription factors (CFTFs) are strong candidates for the regulation of PcG
protein recruitment to and dissociation from their target genes. We define CFTFs
as all transcription factors that function to regulate cell fate decisions during
either embryogenesis or adult cell differentiation. Interestingly, most — if not all
— CFTFs are themselves PcG target genes12, 13, 14. Some examples include the
Hox, Sox, Runx, Fox, Pax and Gata transcription factor families. Functionally, they
are known to regulate many key cell fate decisions, both in stem cells and during
differentiation, by activating the target genes of specific fates and also by
repressing alternative-fate genes55, 56, 57, 58. Emerging data suggest that
several well-characterized CFTFs exercise their roles in cell fate decisions
through recruitment of PcG proteins to their target genes (Fig. 3a). Analogous to
YY1 in D. melanogaster, the three embryonic stem cell (ES cell) 'core'
transcription factors OCT4, SOX2 and NANOG co-occupy a subset of PcG target
genes in human ES cells14. Several mammalian transcription factors physically
associate with PcG proteins, such as YY1 (Ref. 59), RING1 and YY1-binding
protein (RYBP)60, PLZF61, 62, GATA3 (Ref. 63) and E2F6 (Ref. 64).
Furthermore, YY1, IKAROS and PLZF have been shown to be required for PcG
association with target genes during mammalian development and
differentiation59, 61, 65. It is likely that other CFTFs displace PcG proteins from

their target genes during mammalian cellular differentiation (Fig. 3b).
Supporting this possibility is the finding that tissue-specific TATA box-binding
protein (TBP)-associated factors (TAFs) can displace PcG proteins from the
promoters of key differentiation genes during terminal differentiation of D.
melanogaster germ stem cells66. Taken together, these data suggest that a large
number of different CFTFs could function in many different tissue types to
regulate PcG function and therefore lineage choices.
Figure 3 | Potential mechanisms by which cell fate transcription factors and long
non-coding RNAs function to regulate Polycomb group protein association with
target genes during lineage choices and specification.

a | Cell fate transcription factors (CFTFs) recruit Polycomb group (PcG) proteins to target genes during
lineage decisions. b | CFTFs induce the dissociation of PcG proteins from target genes during lineage
decisions. c | Long non-coding RNAs (ncRNAs) recruit PcG proteins to target genes during lineage
decisions. d | Coordinated action of CFTFs and long ncRNAs is necessary to recruit PcG proteins to or
dissociate them from target genes during lineage determination. The long ncRNAs can function either in
cis or in trans.

Long non-coding RNAs (ncRNAs) recruit PcG proteins. Long ncRNAs are a subset
of ncRNAs that are longer than 200 nucleotides and have diverse cellular
functions (Box 1). Interestingly, they are also emerging as recruiters of PcG
proteins to target genes67. Recently, the long ncRNAs HOTAIR, KCNQ1OT1 and
REPA have been shown to recruit PcG proteins to chromatin through interaction
with the PRC2 complex68, 69, 70, 71. For example, Rinn et al. identified HOTAIR,
which is expressed from within the HOXC locus, and demonstrated that it is
required to repress transcription in trans across 40 kb of the HOXD locus69. This
repression is mediated through a direct interaction between HOTAIR and the
PRC2 complex. The loss of the PRC2-mediated trimethylation of lysine 27 of
histone H3 (H3K27me3) on the HOXD locus in HOTAIR-depleted cells led the
authors to speculate that HOTAIR recruits the PRC2 complex to this genomic
region. Recently, several thousand additional long ncRNAs have been identified
in both mouse and human cells, but little is known about their function69, 72, 73.
The fact that many have differential expression patterns during lineage
specification suggests that they may have important roles during development
and differentiation69, 72, 73. Interestingly, one-fifth of all human long ncRNAs
identified to date have been reported to physically associate with the PRC2
complex, suggesting that they may have a general role in recruiting PcG proteins
to their target genes73. Intriguingly, Khalil et al. carried out RNA fluorescence in
situ hybridization on HOTAIR and four additional PcG-associated long ncRNAs
and reported multiple 'speckles' in the cell nuclei, suggesting that they might
function to recruit PcG proteins to many different target genes. The finding that
RNA interference-mediated knockdown of long ncRNAs did not affect the
expression levels of genes located in cis further supports the idea that long
ncRNAs function in trans.

So, how do long ncRNAs recruit PcG proteins to their target genes? Current
models (Fig. 3c) are based on the proposed abilities of long ncRNAs to bind
genomic DNA in a sequence-specific manner at the promoters of target genes
and to recruit PcG proteins through interaction with the SET domains and/or
chromodomains that are present in several PcG proteins67, 74. SET domains are
characteristic of histone methyltransferases, such as EZH2 and the trithorax
proteins MLL and Ash1, and have been shown to be general protein–nucleic acid
interaction modules75. Beyond a role in the recruitment of the PRC2 complex,
long ncRNAs may also have a role in recruiting the PRC1 complex (which
contains the chromodomain-containing Cbx proteins). This idea is supported by
the observation that, similar to SET domains, chromodomains are protein–
nucleic acid interaction modules76. In fact, the mouse Cbx proteins have been
shown to bind RNA77 and the association of these and other chromodomaincontaining proteins with chromatin seems to be RNA dependent76, 77, 78. For
example, Bernstein et al. demonstrated that the association of mouse CBX7 with
the H3K27me3 mark was attenuated following RNase treatment77. This
observation, coupled with the fact that the affinity of the Cbx protein
chromodomains for H3K27me3 is low, indicates that long ncRNAs may be
required together with the trimethylation mark to stabilize the binding of PRC1
at target loci.

An additional potential mechanism for PcG recruitment may involve
transcriptional control of long ncRNAs by CFTFs (Fig. 3d). This hypothetical
mechanism could represent a regulatory layer, which has received little
attention so far, and would be consistent with the genetic evidence that CFTFs
have vital roles in lineage specification (Table 1). Evidence supporting this model
was first provided by the groundbreaking chromatin immunoprecipitation
(ChIP)-chip (Box 2) mapping of the binding sites of three transcription factors,
p53, MYC and SP1, on the entire length of chromosomes 21 and 22 (Ref. 79). The
key finding was that most transcription factor binding sites were in fact distal to
the known transcription start sites of coding genes. The authors provided
evidence that some of the binding sites were instead at the promoters of noncoding genes. Consistent with this, Guttman et al. recently reported that a subset
of long ncRNAs is directly regulated by p53, nuclear factor-kappaB (NF-kappaB),
SOX2, OCT4 and NANOG80. Using either whole-genome ChIP-chip or ChIP–
sequencing approaches, four additional studies have substantiated these
observations by demonstrating that the CFTFs FOXA2, peroxisome proliferatoractivated receptor-gamma (PPARgamma), CCAAT/enhancer-binding proteinalpha (C/EBPalpha) and FOXP3 also primarily bind away from the promoters of
coding genes81, 82, 83, 84. The proportion of these distal binding sites that
represent the promoters of long ncRNAs remains to be determined.
Table 1 | Cell fate transcription factors that are deregulated in human cancer

The potential role of CFTFs and ncRNAs in cancer

What is known about the role of CFTFs and long ncRNAs in cancer? The genetic
evidence supporting a role for transcription factors in cancer is probably
stronger than for any other functional group of proteins. For example, MYC is
one of the best characterized human oncogenes, and TP53 (which encodes p53
in humans) and RB1 are the two most studied human tumour-suppressor genes.
There is also strong evidence that at least 30 CFTFs are genetically altered and
contribute to cancer in a tissue-specific manner (Table 1). The precise
mechanisms of action are still poorly understood in many cases. However, the
evidence suggests that their normal roles in the regulation of lineage-specific cell
fate decisions become perturbed on their mutation, amplification, translocation
and deletion in cancer. Some specific examples include the oncogenes MYB85,
SOX2 (Ref. 180), MITF86 and GATA2 (Ref. 87), and the tumour suppressors
GATA3 (Ref. 88), CEBP &Agr;89, IKAROS and PAX5 (Ref. 90). Importantly, in

addition to being genetically altered in human cancers, mouse models have
established the significance of CFTFs as cancer-relevant genes (Table 1).

The model emerging is that CFTFs can be subdivided into two classes on the
basis of their normal function, and that the deregulation of both classes can
potentially contribute to the formation of non-differentiated or tumour-initiating
cells (Fig. 4). Oncogenes belong to the first class, as they are normally expressed
in stem or progenitor cells, and the tumour suppressors are in the second class,
as they are normally expressed during differentiation and are required for
lineage specification. We propose that the deregulation of either class of CFTFs
leads to the accumulation of cells incapable of undergoing differentiation (Fig. 4).
These pre-tumorigenic cells then have the potential to further progress to
become tumours after the accumulation of additional genetic and/or epigenetic
alterations. To illustrate this hypothesis we describe some examples of these two
classes of CFTFs and pay particular attention to those CFTFs for which there is
evidence of a functional interaction with PcG proteins.
Figure 4 | Gain and loss of cell fate transcription factors may lead to the
formation of tumour-initiating cells.

This model illustrates how the loss or gain of function of two putative cell fate transcription
factors(CFTFs) may lead to the formation of a tumour-initiating cell. a | Normal differentiation of a
stem or progenitor cell. The levels of CFTF1 decrease during differentiation and the levels of CFTF2
and CFTF3 increase. The decrease of CFTF1 and the increase of CFTF2 lead to displacement of
Polycomb group(PcG) proteins from the promoter of the differentiation gene. The increase in CFTF3
levels leads to the recruitment of PcG proteins to the promoter of the stem cell gene. b | Conversion of
normal stem cells to tumour-initiating cells. In this case, the levels of CFTF1 become aberrantly high
in the stem cells and as a consequence the differentiation gene remains repressed, rendering the cell
insensitive to differentiation signals. c | The conversion of differentiated cells to tumour-initiating
cells. In this scenario, CFTF2 function is lost in a differentiated cell (for example, by mutation or
deletion of the gene) and therefore the cell reverts or de-differentiates to a more stem cell-like state
or to a tumour-initiating cell in which the differentiation gene is aberrantly silenced. Notably, it is
also possible that CFTF1 could be activated in a differentiated cell or that CFTF2 could be deleted or
mutated in a stem cell or progenitor. In addition, the loss of CFTF3 activity could lead to an inability
to repress the stem cell gene.

OCT4 is normally expressed in pluripotent cells of the early embryo and in ES
cells, and it is required for maintaining these cells in an undifferentiated state91.
A potential oncogenic activity of OCT4 was revealed when it was shown to be
highly expressed in human germ cell tumours and was required for their
continued growth92. In addition, the ectopic expression of OCT4 blocks
progenitor cell differentiation and causes dysplasia in epithelial tissues93.
Importantly, OCT4 occupies several hundred PcG target genes in human ES cells
and is thought to contribute to the sustained recruitment of PcG proteins to the
promoters of differentiation genes14. Therefore, the upregulation of OCT4 in
cancer might lead to the persistent or sustained PcG-mediated repression of
differentiation genes and a consequent block of the ability of cells to respond to

differentiation cues (Fig. 4). Several other CFTFs, such as MYB85, PLZF94,
HOXA9 (Refs 95–97), PAX3 (Ref. 98) and PAX7 (Ref. 99), are known to function
in tissue-specific stem and progenitor cells and have been found to have gain of
function in cancer. PLZF recruits BMI1 and the associated PRC1 complex to
repress the HOXD locus during mouse development61. PLZF is expressed in
haematopoietic stem and progenitor cells and is an essential regulator of
spermatogonial stem cell maintenance94, 100. Importantly, the PLZF–retinoic
acid receptor-alpha (RARalpha) fusion protein, like the promyelocytic leukaemia
(PML)–RARalpha fusion protein, can aberrantly recruit PcG proteins to target
genes during cancer development62, 101. This raises the possibility that other
CFTFs form fusion proteins with this ability. For example, HOXA9 is expressed in
haematopoietic stem cells and progenitors and is translocated in myeloid
leukaemia102. Similarly, the PAX3 and PAX7 CFTFs function during embryonic
myogenesis (muscle development) and are translocated in alveolar
rhabdomyosarcoma — a childhood cancer of skeletal muscle cells58. Several
other CFTFs that are normally expressed in undifferentiated cells are
deregulated in cancer without being expressed as fusion proteins (Table 1). For
example, MYB is expressed in colon stem cells and progenitor cells; it is
genetically disrupted in colon cancer by a mutation in an intron, leading to
higher expression levels85. SOX2, like OCT4, occupies a subset of PcG target
genes in ES cells and is also expressed in tissue-specific stem and progenitor
cells, including neural, lung and oesophageal cells103, 104, 105. Interestingly,
SOX2 is amplified in both lung and oesophageal squamous cell carcinomas,
suggesting that its role in cancer is to maintain cells in a pre-terminally
differentiated state180. It will be interesting to discover whether MYB, PAX3,
PAX7 and other CFTFs are involved in regulating PcG target genes and/or
whether they regulate PcG function.

We propose that the second group of CFTFs promotes differentiation by
recruiting PcG proteins to stem cell genes and/or by displacing PcG proteins
from differentiation target genes (Fig. 4). When inactivated in cancer (for
example by deletion or mutation) this would lead to cells being unable to repress
stem cell genes and/or activate a programme of differentiation genes. Two
potential examples, PAX5 and IKAROS, are required for B lymphocyte
differentiation58, 106 and are frequently deleted in acute lymphoblastic
leukaemias90, 107. Interestingly, mice with loss of function of Ikaros or deletion
of Pax5 have reduced H3K27me3 at certain loci, suggesting that these CFTFs
functionally interact with PcG proteins65, 108. Another example is GATA3,
which is known to be required for luminal cell differentiation in breast
epithelia88 and is mutated in breast cancers109. C/EBPalpha, however, is
required for granulocytic differentiation of bipotent granulocyte-macrophage
progenitor cells and is mutated in acute myeloid leukaemia89. Most of these
lineage-specific CFTFs remain to be characterized in terms of their interactions
with PcG proteins and epigenetic modifiers per se (Table 1).

The idea that the deregulation of CFTFs can change cell fate and lead to tumour
development has been highlighted by the recent interest in cellular
reprogramming110, 111, 112 (Box 3). Adult somatic cells can be induced to
trans-differentiate into cell types of other lineages or de-differentiate into
embryonic stem-like cells called induced pluripotent stem cells. It is now clear
that the controlled gain or loss of expression of specific sets of CFTFs in different
contexts has the power to reprogramme cell identity. This has been shown to
lead to a resetting of the epigenetic landscape in these cells113, 114, further
supporting the hypothesis that the deregulation of even one CFTF could
potentially induce epigenetic reprogramming and contribute to tumour
initiation. Importantly, it is also likely that oncogenic CFTFs (such as OCT4 and
SOX2) when activated or tumour suppressive CFTFs (such as PAX5 and IKAROS)
when inactivated lead to a block of the differentiation of immature cells or a dedifferentiation of more mature cells (Fig. 4).

Do CFTFs always have to be genetically altered as outlined in Table 1? The most
likely answer is no. It is well established that cellular signalling pathways are
commonly deregulated in human cancer115. Most — if not all — of these
pathways regulate cell fate decisions by controlling the abundance and/or
activity of downstream effector CFTFs. So, for example, although OCT4 has not
been shown to be genetically altered in germ cell cancers, it responds to
signalling from fibroblast growth factors, the leukaemia inhibitory factor–signal
transducer and activator of transcription 3 pathway, the transforming growth
factor-beta–bone morphogenic protein pathway and the nodal and Wnt
pathways, any of which could be deregulated116. It is therefore logical to
assume that many additional CFTFs are deregulated in cancer as a consequence
of altered signalling pathways. Consistent with this, several CFTFs are
epigenetically, rather than genetically, deregulated in cancer. For example, PAX2
is upregulated in endometrial cancer117 and HOXA5 is downregulated in breast
cancer109.

The potential of long ncRNAs as drivers of tumour formation is also apparent.
There is emerging, if so far limited, evidence that long ncRNA genes are indeed
cancer relevant. The expression of HOTAIR is higher in metastatic breast cancer
than in primary breast epithelial cells (R. Guptha and H.Y. Chang, personal
communication). Moreover, these observations provide evidence that HOTAIR
contributes to the metastatic phenotype, and that this correlated with the
aberrant recruitment of PcG proteins to multiple target genes. In another recent
study, Yu et al. searched for antisense transcripts associated with 21 well-known
tumour suppressor genes118. They identified a 34.8 kb transcript (which they
called p15AS) that was associated with the cyclin-dependent kinase inhibitor
and PcG target gene CDKN2B, which is frequently silenced in leukaemia. The
authors examined the expression of both CDKN2B and p15AS in leukaemic
leukocytes and found that in most cases p15AS expression was increased with a
concomitant decrease in INK4B expression. Ectopic expression of p15AS was
shown to increase DNA methylation levels at the CDKN2B promoter. An

interesting and so far unexplored possibility is that the aberrantly high levels of
this long ncRNA that are observed in cancer could lead to the permanent
repression of the CDKN2B locus through PcG recruitment and subsequent
accumulation of DNA methylation. Another study identified a 7 kb long ncRNA,
named hcn, as a marker for mouse hepatocellular carcinoma (HCC)119.
Expression of this long ncRNA was found to be eightfold higher in a mouse model
of HCC compared with matched normal liver tissue. This high expression was
observed in all stages of HCC, implicating it as a potential initiating lesion in the
development in cancer. Furthermore, the authors identified a human orthologue
of hcn, metastasis associated lung adenocarcinoma transcript 1(MALAT1), which
is highly expressed in human cancers. It will be interesting to determine the
biological function of these long ncRNAs and in particular whether they function
to recruit PcG proteins to target genes during lineage choices and whether their
deregulation contributes to cancer. It is clear that long ncRNAs represent a
promising candidate set of potential oncogenes and tumour suppressor genes.
Perspectives

Current research efforts are directed at understanding the mechanisms by which
PcG proteins are recruited to and displaced from their target genes during
lineage specification. Both CFTFs and long ncRNAs are emerging as key
regulators of these events. In the next few years, we will see a number of papers
in which the target genes of cancer-relevant CFTFs will be delineated. Analogous
to the unravelling of the transcriptional networks controlling ES cells, we expect
that similar efforts will establish the transcriptional networks of adult stem cells,
progenitors and differentiated cells. Studies will also address the hypothesis that
PcG recruitment is regulated by CFTFs and long ncRNAs during lineage choice. It
will be important to determine whether specific subsets of PcG target genes are
activated or repressed by specific CFTFs or long ncRNAs during lineage choices.
Moreover, it will be interesting to determine to what extent CFTFs regulate the
expression of long ncRNAs, and whether long ncRNAs dictate the recruitment of
the PcG proteins. These studies will provide important information regarding the
molecular mechanisms that control normal cell fate decisions and also how the
deregulation of key players (that is, CFTFs and long ncRNAs) might lead to
cancer. For instance, do the many alterations in CFTFs that have been
documented in various tumours (Table 1) contribute to the altered epigenetic
profiles observed in these tumours? Currently, remarkably little is known about
these specific transcriptional alterations and how they are influenced by the
deregulation of the CFTFs and/or long ncRNAs.

Over the next 5 years many functionally important long ncRNAs will probably be
uncovered. It will be fascinating to learn how many of the long ncRNAs will
emerge as bona fide oncogenes and tumour suppressor genes. Anticancer
therapies targeting lineage-specific CFTFs or long ncRNAs may have advantages
over drugs directed at PcG proteins or DNA methylation enzymes, as they are
more likely to be cell type specific. In conclusion, it is clear that a better
understanding of the role of CFTFs and long ncRNAs in modulating the

epigenetic activity of the PcG proteins will provide more targets for anticancer
therapy, and therefore is promising for the tailor-made individualized treatment
of cancer patients.
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