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Abstract

Developmental genetic studies in Drosophila unraveled the importance of Polycomb group (PcG)
and Trithorax group (TrxG) genes in controlling cellular identity. PcG and TrxG proteins form
histone modifying complexes that catalyze repressive or activating histone modifications,
respectively, and thus maintaining the expression status of homeotic genes. Human orthologs of
PcG and TrxG genes are implicated in tumorigenesis as well as in determining the prognosis of
individual cancers. Recent whole genome analyses of cancers also highlighted the importance of
histone modifying proteins in controlling tumorigenesis. Comprehensive understanding of the
mechanistic relationship between histone regulation and tumorigenesis holds the promise of
significantly advancing our understanding and management of cancer. It is anticipated that
Drosophila melanogaster, the model organism that contributed significantly to our understanding
of the functional role of histone regulation in development, could also provide unique insight for
our understanding of how histone dysregulation can lead to cancer. In this review, we will discuss
several recent advances in this regard.
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1. Introduction

1.1. Identification of PcG and TrxG proteins as chromatin regulators

The accurate placement of segmental structures along the anterior-posterior axis of animal
body is defined by the highly conserved homeotic (Hox) gene family. Dysregulation of Hox
gene leads to homeotic transformation—transformation of one body segment into the
identity of another (Pearson et al., 2005). Therefore, in order to maintain cellular identity,
the establishment and maintenance of Hox gene expression pattern has to be tightly
controlled. In Drosophila, the Hox gene expression is initiated by transient transcriptional
factors encoded by gap genes and pair-rule genes in early embryogenesis. However, the
transient transcription factors disappear soon after turning on the Hox genes. Development
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of an organism requires a cellular system to “remember” the appropriate Hox gene
expression status ascribed to individual cell.

Genetic analysis unraveled two groups of genes affecting cellular identity: Polycomb group
(PcG) and Trithorax group (TrxG). The first two PcG genes—Extra sex combs (£5c) and
Polycomb (Pc), were described in Drosophila by Lewis and colleagues in the 1940s. They
were named after the mutation phenotype: male flies grew extra sex combs on the second
and third legs, which were usually restricted to the first legs (Lewis, 1947, 1978). Following
mechanistic studies revealed that the PcG mutant cells inappropriately reactivate specific
Hox genes which should have been repressed in those cells, transforming one body segment
into another (Struhl, 1983; Jurgens, 1985). This failure in the cellular memory system leads
to the idea that PcG functions to maintain the repressed state of Hox gene (Pirrotta, 1997).
Although originally identified in Drosophila, PcG function has been fairly well conserved
along evolution: several Polycomb mutants in mice exhibit anterior-posterior
transformations and other abnormalities of the axial skeleton (Akasaka et al., 1996; Core et
al., 1997; del Mar Lorente et al., 2000).

TrxG proteins have been characterized as an antagonistic system of PcG proteins, which set
up an active state for the Hox gene. In the absence of Trithorax (TRX), the best
characterized member in TrxG, multiple homeotic genes become repressed in a PcG-
dependent fashion from cells where they are expressed in early stage embryos.
Consequently, flies show segmental transformations, similar to the phenotypes of Hox gene
mutants (Breen and Harte, 1991; Orlando and Paro, 1995). Therefore, PcG and TrxG work
together, through catalyzing either repressive or activating histone modifications, to achieve
the appropriate temporal and spatial pattern of Hox gene expression. Although PcG and
TrxG proteins were firstly discovered to regulate Hox genes, further studies have identified a
variety of target genes involved in stem cell maintenance, cell cycle control, apoptosis, etc.
Genetic lesions inducing inappropriate PcG and TrxG activity may perturb these
fundamental biological processes, leading to pathogenesis such as tumor (Mills, 2010).

1.2. Chromatin structures and epigenetic regulations

The term “epigenetics” is used to define changes in gene expression that do not result from
alternating primary DNA sequence and are mitotically heritable. Epigenetic inheritance can
be produced by distinct mechanisms, such as DNA methylation, chromatin modifications,
and non-coding RNA. Here we are focusing on the epigenetic regulation through the
modification of chromatin structures.

In eukaryotic cells, DNA is wrapping around core histone octamers to form the basic
chromosome structured—nucleosomes, which are further folded into higher order
chromatin. Different chromatin conformations are usually associated with diverse DNA
accessibilities and transcriptional potentials. In general, an open chromatin or “euchromatin
facilitates transcription whereas a compact chromatin or “heterochromatin” makes the
underlying genes highly resistant to transcriptional activity. The impact of heterochromatin
configuration on gene silencing was noticed decades ago through the study of position effect
variegation (PEV), which reveals that gene activity is dependent on its position relative to a
heterochromatin region on chromosome. When a Drosophila gene required for red eye
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pigmentation was placed in juxtapotition with the pericentric heterochromatin, it became
silenced in a subset of cells and resulted in a mosaic eye color (Muller, 1932).

Changes in chromatin structures are effectively conducted through enzymatic modifications
of the histone proteins. The N-terminal tails of core histones that protrude from nucleosomes
are subject to a variety of post-translational covalent modifications. The histone
modifications provide a scaffold for the recruitment of regulatory proteins or chromatin
remodeling factors, which in turn define distinct chromatin states (Jenuwein and Allis,
2001). For example, trimethylation at lysine 9 or lysine 27 on histone H3 serves as
repressive histone mark for the transcriptionally silent heterochromatin, whereas
trimethylation at lysine 4 on histone H3 as well as acetylation on histone H3 have been
closely linked to the transcriptionally active chromatin.

1.3. PcG/TrxG mediated chromatin modifications

In flies, there are at least two types of multi-protein complexes working together to conduct
PcG-mediated silencing. They are referred to as the Polycomb Repressive Complex 1 and 2
(PRC1 and PRC2), which function to maintain and establish the silenced chromatin states,
respectively. The later on characterized PhoRC mainly contains PHO/PHOL and SFMBT
(Scmrelated gene containing four MBT domains), which may provide DNA-binding
property (Schwartz and Pirrotta, 2007).

The biochemically purified Drosophila PRC2 core complex consists of Enhancer of zeste
(E(2)), Suppressor of zeste 12 (SU(2)12), Extra sex comb (ESC) and NURF55. The SET
domain in E(Z) has histone methyltransferase activity and is able to catalyze trimethylation
at lysine27 of histone H3 (H3K27me3), a repressive histone mark associated with gene
silencing (Cao et al., 2002; Czermin et al., 2002; Miller et al., 2002). The DrosophilaPRC1
complex is more diverse and mainly contains Polycomb (PC), Posterior sex combs (PSC),
Polyhomeotic (PH) and RING (Shao et al., 1999; Saurin et al., 2001). The chomodomain in
PC specifically recognizes the H3K27me3 established by PRC2, to stabilize the repressive
status of chromatin. The core components of mammalian PRC1 and PRC2 are very similar
to those in Drosophila but containing more paralogs (Table 1), which may function as
alternatives to target different genes or different tissues (Levine et al., 2002).

How PRCs modulate transcriptional silencing remains to be fully understood. The potential
mechanisms include facilitating chromatin compaction, impeding RNA Pol Il initiation and
elongation, recruiting DNMTs (DNA methyltransferases) to target genes, as well as blocking
the modulation of SWI/SNF chromatin remodeling complex (Sparmann and van Lohuizen,
2006). In addition, the RING finger domain of RING protein possesses E3 ubiquitin ligase
activity and induces monoubiquitination of H2AK119, which is also associated with gene
silencing (de Napoles et al., 2004; Wang et al., 2004; Cao et al., 2005).

Similar to PcGs, TrxG proteins also form multi-components complexes. They maintain an
active chromatin state through either direct histone modification or ATP-dependent
nucleosome remodeling (Strahl and Allis, 2000; Vignali et al., 2000). The founding member
of Drosophila TrxG family, TRX, is a histone methyltransferase which catalyzes H3K4
trimethylation to favor transcriptional activation (Santos-Rosa et al., 2002). TrxG proteins
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also regulate chromatin dynamics through nucleosome remodeling: the SWI-SNF complex
contains ATP-dependent chromatin remodeling proteins, which are able to alter the
nucleosome structures to facilitate basal transcription machinery (Smith and Peterson,
2005).

In addition to direct methylation, both PcG and TrxG complexes can recruit other histone
modifiers to ensure transcriptional repression or activation. For example, they both can
recruit histone demethylases (HDM): whereas TrxG proteins recruit HDMs (e.g., UTX) that
specifically remove methyl groups from repressive histone mark of H3K27me3; a human
HDM JARID1, which demethylates H3K4me3, has been found to associate with PcG
proteins (Agger et al., 2007; Hong et al., 2007; Lee et al., 2007; Shi, 2007). Other histone
modifiers such as histone acetyltransferase (HAT) and histone deacetylase (HDAC) are also
recruited either directly or indirectly to modulate transcription (Sparmann and van Lohuizen,
2006; Mills, 2010) (Fig. 1). It is believed that the coordinated removal of repressive marks
and deposition of positive marks (and vice versa) are important for chromatin dynamics and
transcription.

For additional detailed information about the mechanism of PcG/TxG -mediated chromatin
regulation, readers can refer to recent reviews (Muller and Verrijzer, 2009; Schuettengruber
and Cavalli, 2009).

2. Chromatin regulation and cancer

Traditionally, cancer has been considered as a genetic disease, which can be dated back to
the observation of aneuploidy associated with cancer cells. Over the last decade, it became
increasingly clear that epigenetic regulation plays an important role in tumorigenesis (Jones
and Baylin, 2002). Both abnormal DNA methylation and chromatin modifications are
associated with cancer. Recent mechanistic studies have led to the hypothesis that DNA
methylation functions to stabilize and maintain the silencing state initiated by histone
methylation (Reik, 2007). The dysregualtion of chromatin modifications associated with
tumorigenesis could manifest as global changes of particular modifications, such as the
global reduction of H4K16 acetylation and H4K20 trimethylation observed in a skin
carcinogenesis model (Fraga et al., 2005). However, the most common case is that
epigenetic silencing is restrained to specific groups of genes, while the overall levels of
suppressive histone modification are not significantly changed.

Several key PcG components were found dysregulated in cancers. For instance, EZH2 was
found to be consistently upregulated in metastatic prostate cancer as compared to localized
prostate cancer or normal tissues (Varambally et al., 2002). Subsequently, overexpression of
EZH2 has been observed in a broad range of hematopoietic and solid human malignancies,
such as multiple types of lymphoma, breast cancer, colon cancer etc. (van Kemenade et al.,
2001; Visser et al., 2001; Varambally et al., 2002; Kleer et al., 2003; Mimori et al., 2005).
The overloaded EZH2 activity results in ectopic repression of targeted genes, many of which
are tumor-suppressor genes. In prostate cancer, the elevated EZH2 is responsible for
silencing several important tumor-suppressor genes, including DAB2IF, MSMB (Chen et al.,
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2005; Beke et al., 2007). Thus, the oncogenic potential of PcG family members could
potentially be exerted through transcriptional repression of tumor-suppressor genes.

In addition, PcG members might also contribute to tumorigenesis by “mis-specification” of
cells to a stem cell fate. Recent studies demonstrate that PcG proteins paly important role in
defining and maintaining pluripotency of stem cells, mainly through repressing
developmental genes implicated in differentiation and lineage specification (Caretti et al.,
2004; Bernstein et al., 2006; Lee et al., 2006; Ezhkova et al., 2009). It is well known that
tumor cells share some common features with stem cells, such as extensive proliferation
capacity and differentiation potential, which leads to the development of “cancer stem cell”
hypothesis (Pardal et al., 2003; Sparmann and van Lohuizen, 2006). Although the existence
of “cancer stem cells” or “tumor initiating cells” is still a subject of debate, the role of PcG
in specifying stem cell fate likely contribute to their tumorigenic activity.

Recently, several large scale transcriptome/exome studies aimed at genomic analysis of
tumor genetic abnormalities have again revealed the importance of chromatin regulation in
tumorigenesis (van Haaften et al., 2009; Dalgliesh et al., 2010; Gui et al., 2011). Histone
modifiers, such as the histone H3K27 demethylase UTX, were repeatedly identified to be
mutated in a variety of cancers. Besides protein complexes that directly modify histones,
other protein complexes, such as chromatin barrier, also play a role in affecting chromatin
status and oncogenesis. It has been reported that the loss of CTCF (CCCTC-binding factor)
binding, which is an insulator protein, will lead to the spreading of facultative
heterochromatin into the promoters and/or transcribed regions of tumor-suppressor genes
p16 (Witcher and Emerson, 2009) and p53 (Soto-Reyes and Recillas-Targa, 2010), thus
resulting in the ectopic silencing of these tumor suppressors.

3. Unraveling epigenetic regulation and tumorigenesis in Drosophila

3.1. Tumor-like phenotype of PcG mutant clones

It has been noticed for some time that clones of cells mutated for PRC-1 components Psc-
Su(z)2 or Polyhomeotic (Ph) in the developing wing disc display tumor-like hyperplasia
phenotype (Beuchle et al., 2001). In addition to Hox genes de-repressed in these clones,
CycB also appears up-regulated in cells lacking Psc-Su(z)2 or Ph (Oktaba et al., 2008). The
proportion of cells stalled in G2/M was significantly increased for these mutant cells, which
overall have larger nuclei compared to their wild-type sister cells. Notably, clones of cells
mutated for Psc-Su(z)2and/or Phin the eye discs also display dramatic hyperplasia
phenotype, accompanied by abnormal activation of the JAK-STAT pathway (Classen et al.,
2009), or the Notch pathway (Martinez et al., 2009). A recent study demonstrated that
Drosophila ovary follicle stem cells (FSCs) carrying the same Psc-Su(z)2 mutation exhibit
sustained activation of Wnt signaling, and develop into neoplastic tumors (Li et al., 2010).
The severity of the phenotype observed for mutant clones lacking various PcG genes appears
to correlate with the timing and extend of the de-repression of silenced/repressed genes in
the mutant cells. Suppression of the ectopically activated genes or signal transduction
pathways can often alleviate the tumor-like phenotype.

J Genet Genomics. Author manuscript; available in PMC 2017 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

At the superficial level these findings seem to contradict to the “simplified” notion that in
mammalian systems PcG gain-of-function, instead of lose-of-function, is associated with
cancer development. However, these studies pointed to the complexity and diversity of
cellular consequences following dysregulation of key PcG proteins. First of all, losing the
function of different PcG components has different impact on tissue homeostasis. Unlike
Psc-Su(Z)2and Ph, clones mutated for other PRC-1 components such as Pcand Scm in the
wing disc did not display hyperplasia phenotype (Beuchle et al., 2001). Furthermore, the
same study found that clones mutated for E(Z) were eliminated by cellular competition,
indicating that similar to what was observed with EZH2 in prostate and breast cancer cells,
E(Z) functions to increase the resistance to environmental stress induced cell death.

Secondly, the impact of compromised PcG function depends on the tissue/cell type and
developmental stage. For instance, clones of cells mutated for Pcfailed to show any tumor-
like phenotype in the wing disc (Beuchle et al., 2001), yet, clones mutated for Pc (albeit a
different allele) generated in the eye disc display massive hyperplasia phenotype (Classen et
al., 2009). For individual PcG-repressed genes, the consequence of losing key PcG function
varies significantly. In embryos lacking Phor Psc-Su(Z)2, while some target genes are
globally de-repressed, others are only de-repressed in a particular tissue or even a specific
cell lineage (Oktaba et al., 2008). While there is some correspondence between PcG binding
and de-repression of genes in mutants, only a small portion of targeted genes (i.e., bound by
Ph) are de-repressed in cells mutated for P# (Oktaba et al., 2008).

3.2. H3K27 demethylase dUTX and the Notch-dependent oncogenic pathway

The evidence that enhancement of PcG-mediated silencing may lead to tumor-like
hyperplasia in Drosophila was revealed indirectly by experiments with dUTX. Clones of
cells mutated for dUTX has increased level of H3K27me3, confirming its role as H3K27
demethylase (Herz et al., 2010). These clones significantly overgrow as compared to their
sister clones (twin spots). This hyperplasia phenotype is significantly reduced or blocked in
animals heterozygous to either Pcor £(Z) mutation, indicating that it is, at least partially,
due to increased silencing of PcG-target genes (Herz et al., 2010). Interestingly, in addition
to homeotic genes, several Notch pathway genes had increased H3K27me3 modifications
and reduced mRNA levels in dUTX heterozygous animals. The interaction between dUTX
and the Notch signaling pathway was also genetically verified. Intriguingly, several other
histone demethylases, such as dL.SD1 and L/d (litter imaginal discs), also interact with the
Notch signaling pathway (Di Stefano et al., 2011; Mulligan et al., 2011), suggesting histone
regulations play an important role in defining the pleiotropic Notch pathway.

The importance of U7X as a tumor-suppressor gene has been revealed by several
independent large scale transcriptome/exome analyses (van Haaften et al., 2009; Dalgliesh et
al., 2010; Gui et al., 2011). Loss-of-function U7X mutations (including mis/non- sense
mutations, deletions, frame shift, etc) were found frequently in a variety of cancers, such as
59% of transitional cell carcinoma (Gui et al., 2011). These findings indicate that U7.X has
general tumor-suppression function and is a gate keeper for preventing hyperplasia in a
variety of tissues.
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3.3. Dysregulation of PcG targeting and epigenetic silencing of pro-apoptotic genes

Epigenetic regulation could be disturbed to promote tumorigenesis without significant
changes of the global level of suppressive histone modifications. For instance, the long non-
coding RNA HOTAIR can promote tumorigenesis through genome-wide re-targeting of
PRC-2 to a pattern that resembles those typical of undifferentiated/lowly differentiated cells
(Gupta et al., 2010). Such aberrant targeting of PcG proteins is known to promote the
silencing of tumor-suppressor genes, which were in transcription-ready (bivalent) state in
normal stem cells (Ohm et al., 2007).

Altered PcG targeting can be induced by oncogenic proteins. For instance, oncogenic Ras
can lead to repression of Fas expression. Although at the end stage the silencing of Fas (and
several other tumor-suppressor genes) is manifested as both DNA hypermethylation and
increased suppressive histone modifications, a mechanistic analysis indicated that PcG
proteins such as Bmil and EzH2 are required for Rasinduced silencing of Fas (Gazin et al.,
2007). Interestingly, a small adenoviral protein, E4-ORF6, can activate a unknown
mechanism that leads to the formation of facultative hetero-chromatins in P53-targeted
stress-responsive genes (Soria et al., 2010). Since E4-ORF6 lacks any enzymatic domain
that can modify histone tails, it must be acting through a cellular pathway that can
specifically silence P53-targeted stress-responsive genes. Revealing this mechanism would
certainly advance our understanding of how PcG-mediated epigenetic silencing can be
targeted to specific groups of genes.

Epigenetic regulation of P53-targeted stress-responsive genes is also observed during
Drosophila development. An about 30 kb intergenic region located in the pro-apoptotic gene
cluster is responsible for mediating P53-dependent induction of reaper, hid, and sickle. This
region, irradiation-responsive enhancer region (IRER), is open in early embryonic stages
when most cells are proliferating, conveying high sensitivity to DNA damage and other
stresses. However, at embryonic stage 12, when most cells enter post-mitotic differentiation,
this region forms heterochromatin-like structure enriched for both H3K9me3 and
H3K27me3. Consequently, the three pro-apoptotic genes can no longer be induced following
irradiation (Zhang et al., 2008). This open-to-closed transition of IRER requires the function
of PcG proteins such as Pc and Su(z)12, as well as HDAC and Su(var)3-9. Interestingly, the
epigenetic suppression is strictly limited to the IRER without affecting the transcribed
regions of the pro-apoptotic genes. This limitation is important since those pro-apoptotic
genes are expressed in a cell lineage-specific pattern in late stage embryos, and are required
for lineage specific cell death (Tan et al., 2011). The demarcation of epigenetic blocking is
achieved by a chromatin barrier separating IRER from the promoter and transcribed regions
of reaper. This barrier, located within a 294 bp DNA fragment, appears to be highly
conserved as it can block heterochromatin spreading when tested in a vertebrate system (Lin
etal., 2011).

The epigenetic blocking of IRER provided a nice system for elucidating the cellular
mechanism that regulates targeted suppressive histone modification at tumor-suppressor/
stress-responsive genes. Additional evidence indicated that an open IRER not only convey
sensitivity to irradiation and DNA damage, but also increase the cellular sensitivity to
competition-induced cell death. Clones of cells with IRER deletion (mimicking closed
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IRER) overgrow their sister clones that have wild-type IRER (Zhang et al., in preparation).
When an ubi-DsRed reporter was inserted into IRER v7a homologous recombination to
monitor the epigenetic status of this region, it appears that the accessibility of IRER varies in
different tissues and cell types. Interestingly, even for the same cell type, there is significant
variation of IRER accessibility, which likely reflects the stochastic nature of epigenetic
regulation of stress-responsive genes in a given cell type.

4. Conclusion and perspectives

The utility of Drosophilaas a model for unraveling the role of epigenetic regulation in
tumorigenesis is emerging. There is no doubt that mechanistic studies in fruit fly will
continually provide insights into the fundamental mechanisms of chromatin regulation. In
addition, the fruit fly could also serve as valuable systems for addressing key questions
related to tumorigenesis, such as how PcG-mediated suppression is targeted to specific genes
and what pathway(s) controls epigenetic regulation of P53-targeted tumor-suppressor genes.
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Fig. 1.
PcG and TrxG proteins regulate gene expression by modulating chromatin structures. PcG

and TrxG proteins directly methylate specific histone residues to establish repressive
(H3K27me3) and active (H3K4me3) histone marks, respectively. In addition, they are able
to recruit enzymes that modulate other histone modifications such as acetylation and
demethylation as well as DNA methylation. PcG complexes can associate with HDACs,
H3K4me3-specific HDMs and DNMTSs to suppress gene expression, whereas TrxG
complexes recruit HATs and H3K27me3-specific HDMs to activate gene expression.
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Table 1

Many histone modifiers are evolutionary conserved and implicated in tumorigenesis.

Page 14

Complex

Drosophila protein

Human homologues

Functional domains

Biochemical activity

PcG proteins
PRC1

PRC2

PhoRC

TrxG proteins
TAC1

SWI-SNF nucleosome
remodeling complex

Other related histone
modifiers

Polycomb (PC)

Posterior sex comb (PSC)

Polyhomeotic (PH)

Sex combs extra (SCE or
RING)

Sex comb on midleg
(SCMm)

Enhancer of zeste (E(Z))

Extra sex combs (ESC)

Extra sex combs-like
(ESCL)

Suppressor of zeste 12
(SU(2)12)

Polycomb-like (PCL)

NURF 55

Pleiohomeotic (PHO)
Pleiohomeotic-like (PHOL)
SFMBT

Trithorax (TRX)

dcBP
duTXx

ASH1
ASH2
OSA
BRM

SNR1
SIR2

LID

SU(VAR)3-3

CBX2, CBX4, CBX6, CBX7,

CBX8

PCGF1(NSPc1), PCGF2(MEL18),

PCGF4(BMI1)
PHC1, PHC2, PHC3
RING1A, RING1B, RNF2

SCMH1, SCML2

EZH1 and EZH2

EED
EED

Suzi12

PCL1(PHF1), PCL2(MTF2),

PCL3(PHF19)
Nurf55

YY1, YY2
YY1,YY2
L3MBTL2, MBTD1

MLL, MLL2, MLL3, MLL5

CBP
uUTx

ASH1L

ASH2L, WDR5
ARID1A, ARID1B
BRM, BRG1

SNF5, ARID4A, ARID4B
SIRT1

JARID1

LSD1

Chromodomain

Zinc finger

Zinc finger and SAM
RING zinc finger
SAM, MBT, Zinc
finger

SET

WDA40 repeats
WDA40 repeats

Zinc finger

PHD

WDA40 repeats

Zinc finger
Zinc finger

MBT, SAM

SET

KIX, IBiD, zinc finger
JmjC

SET
WDA40 repeats

SWI-SNF-like helicase,
Bromodomain

Zinc finger

JmjC

SWIRM, amine oxidase
domain

Binding to H3K27me3
Cofactor for Ring

Required for silencing

H2AK119 ubiquitin ligase

recruitment of the
PcG protein

Histone methyltransferase,
establish H3K27me3

Co-factor for E(Z)
Co-factor for E(2)

Co-factor for E(Z)

Facilitating the
nucleosome binding

DNA binding
DNA binding

Binding to mono- and
dimethyl H3K9, H4K20

Histone methyltransferase,
establishes H3K4me3

Histone acetyltransferase

Di- and trimethylated
H3K27 demethylase

H3K4/H3K36 methylase
Essential for H3K4me3

ATPase activity, binds
acetylated histones

Non-catalytic core subunit

NAD*-dependent class 111
histone deacetylase

Di- and trimethylated
H3K4 demethylase

Mono- and dimethylated
H3K4 demethylase

PcG = polycomb group; TrxG = trithorax group; TAC = trithorax acetylation complex; NURF55 = nucleosome remodeling factor of 55 kDa;
SFMBT = Scmrelated gene containing four MBT domains; CBP = CREB-binding protein; ASH = absent, small, or homeotic discs; SIR = silent
information regulator; UTX = ubiquitously transcribed tetratricopeptide repeat, X chromosome; LID = little imaginal discs; CBX = chromobox
homolog; PHC = polyhomeotic homologue; EZH = enhancer of zeste homologue; EED = embryonic ectoderm development; YY = Yin-Yang
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transcription factor; MLL = mixed lineage leukemia; LSD = lysine specific demethylase; PHD = plant homeodomain; WDR5 = WD repeat domain
5.
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