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Abstract Histone-modifying enzymes have recently been
shown to play a central role in the regulation of both
normal and malignant hematopoiesis. Post-translational
modifications of histones and non-histone proteins under-
lies a regulatory complexity affecting numerous processes
including transcriptional regulation, RNA processing and
DNA damage response. Insights into the functions of these
enzymes as well as their role in the epigenetic alterations
found in leukemia will guide the development of novel
therapeutic approaches. This review discusses examples of
the proteins that have been implicated in the pathogene-
sis of leukemia, that may serve as potential therapeutic
targets.
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Histone-modifying enzymes catalyze the addition or
removal of covalent, post-translational modifications
(PTMs) in histone and non-histone proteins. These modi-
fications include methylation, acetylation, phosphorylation,
ubiquitination and sumoylation, and can regulate protein
function by altering the protein’s enzymatic activity,
localization within the cell, and protein—protein interac-
tions. Histone-modifying enzymes can be classified as
“writers” which add PTMs or “erasers”, proteins that can
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remove or alter the presence of specific PTM on histones.
Another level of regulation is provided by “readers” of
chromatin structure, those proteins whose domains recog-
nize specific histone residues, generally based on the
presence or absence of specific PTMs. In addition to his-
tones, these enzymes have a broader range of substrates
and as such, can regulate numerous cellular processes,
including gene expression, RNA processing and the DNA
damage response (DDR).

Accumulating evidence has shown that these histone-
modifying enzymes play an important role in regulating
virtually all aspects of hematopoiesis. Furthermore, many
of these “writers, readers, or erasers” have been shown to
be abnormally regulated in cancer. The epigenetic land-
scape is clearly altered in acute leukemia, due to a variety
of acquired lesions in chromatin modifier genes, or changes
in their level of expression. This provides the rationale for
exploring how these abnormalities can be targeted by new
therapeutic approaches. In this review, we will provide
several examples of how these proteins have been impli-
cated in the aberrant biology that characterizes malignant
hematopoiesis and some suggestions as to which proteins
could potentially be targeted.

Protein methylation

There are two families of histone methyltransferases, the
lysine methyltransferases (PKMTs) and the protein argi-
nine methyltransferases (PRMTs). The side chain of lysine
residues can be mono-, di- or tri- methylated, while the
nitrogens in arginine residues can be monomethylated
or symmetrically or asymmetrically dimethylated. Unlike
acetylation or phosphorylation, methylation does not
change the overall charge of the molecule; however, the
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bulkiness of the methyl group can either promote or inhibit
protein—protein interactions. These methyl marks are rec-
ognized by specific binding motifs, which include the
Tudor domains, chromo domains, malignant brain tumor
(MBT) domains and PHD fingers; proteins containing these
motifs can distinguish the target residue (lysine vs. argi-
nine) as well as the state of methylation. Crystal structures
now exist for many of these interactions, which highlight
their specificity. Recognition of combinations of PTMs
dictates their output in terms of gene expression and cell
behavior. Histone lysine methylation can be reversed by
demethylases, which are grouped into 2 classes: (1) the
amine-oxidase type lysine-specific demethylases (LSDI1
and LSD2), and (2) the Jumonji C (JmJC)-domain con-
taining histone demethylases. Not all histone lysine methyl
marks appear to be susceptible to rapid reversibility, and
for arginine methylation, the reversibility has not been
clearly established. Rather, arginine methylation can be
further chemically converted into citrulline (by the protein
arginine demethylase PAD4). Such additional modifica-
tions can add further complexity to this dynamic process.
The regulation of histone methylation has been shown to
be important in numerous hematopoietic processes. Alter-
ation of a number of proteins involved in the methylation
of histone and non-histone substrates has now been
reported in leukemia and many other cancers [18, 81].

Protein lysine methyltransferases

The two families of protein lysine methyltransferases are
characterized by the presence or absence of a SET domain:
The SET domain-containing PKMTs include MLL, EZH2,
NSD1 and SET7/9 (G9a) that methylate numerous sub-
strates including histone H3 (K4, K9, K27 and K36) and
H4 (K20), as well as a number of non-histone proteins,
such as p53, TAF10, E2F, STAT3 and NFkB. The PKMTs
that lack a SET domain include hDOTI1L, a PKMT that
methylates histone H3K79. Histone lysine methylation is
intimately involved in gene regulation, influencing chro-
matin structure, a key element of the transcriptional status
of a gene. Thus, H3K9me3 and H3K27me3 are typically
associated with heterochromatin and gene repression, while
H3K4me, H3K36me and H3K79me are associated with
transcriptionally active regions, which are primarily loca-
ted in the regions of euchromatin.

Histone methyltransferases are also components of
large, multi-protein nuclear complexes that contain other
histone-modifying enzymes and other regulatory proteins
including histone acetyltransferases (HATs), histone
deacetylases (HDACs), DNA methyltransferases (DNMTs)
and SWI/SNF complex components. The complex nature

of these interactions ensures the appropriate regulation of
transcription during the execution of multiple differentia-
tion programs that are required for normal hematopoiesis.
Furthermore, methylation of key transcription factors can
alter their function, and profoundly influence the expres-
sion of their target genes. Impairment at any step can
promote the process of malignant transformation.

MLL

The mixed lineage leukemia (MLL) gene encodes a PKMT
that is the mammalian homolog of the Drosophila trithorax
(Trx) gene. The methyltransferase (SET) domain of MLL
is involved in methylating H3K4, a mark usually associated
with gene activation. Chromosomal rearrangements
involving the MLL gene, which is located at 11q23, are
seen in both AML and ALL. MLL is fused to more than 50
different partner genes. These distinct fusions are associ-
ated with unique clinical characteristics and often a poor
outcome [34]. Many of these MLL fusions result in loss of
the SET domain, although the fusion proteins often retain
their DNA-binding domain and can positively regulate
MLL target genes, including the Hox genes, a class of
proteins critical for the regulation of differentiation and
self-renewal. In many cases, the MLL fusion partner brings
gain-of-functions, for example, the MLL-AF10 fusion,
where AF10 recruits hDOT1L, a H3K79 PKMT. H3K79
methylation is generally associated with high level
expression of MLL target genes such as HoxA9, which
promote leukemic cell transformation [52]. Other MLL
fusion partners also interact with hDOTI1L including AF9
[82], AF4 [7], and ENL [34, 79], among others. In the
Okuda study, the expression of an enzymatically dead form
of DOTIL, or knock down of DOTIL using siRNA,
abrogated the leukemia promoting activity of MLL fusions.

Several therapeutic approaches have been taken to target
MLL-induced leukemia [35], and given the role of DOT1L
in MLL driven leukemia, efforts to target hDOTIL have
been prioritized [6, 16]. Bernt et al. [6] provided
direct evidence for the essential function of DOTIL in
MLL-driven leukemia, as they found a significant reduc-
tion in the in vivo transformation of dotlL. —/— cells by
MLL-AF9. In the study by Daigle et al., the authors
identified a highly potent and selective inhibitor of DOT1L,
EPZ004777 that selectively killed MLL-driven leukemic
cells with minimum effect on non-MLL-rearranged cells.
EPZ004777 also significantly reduced the growth of sub-
cutaneously injected MV4-11 (MLL-AF4+) cells in tumor
bearing mice, suggesting that small molecule inhibitors of
DOTIL may be useful in the treatment of MLL-induced
acute leukemia.
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EZH?

The maintenance of gene activation promoted by the TrxG
proteins is counteracted by the activity of the polycomb
(PcG) proteins, which maintain gene repression. EZH2 is a
catalytic component of the PcG repressive complex
(PRC2), which mediates the trimethylation of H3K27
(H3K27me3) [43]. The H3K27me3 mark serves as the
docking site for the Polycomb proteins, such as PC3, that
are contained within PRCI, promoting the silencing of
repressed target genes. EZH2 mutations are found in sev-
eral hematologic malignancies, with loss-of-function
mutations identified in patients with myelodysplastic syn-
dromes (MDSs), myeloproliferative neoplasms (MPNs)
[20, 49] and T-acute lymphoblastic leukemia [51, 80].
Patients with these mutations appear to have a poorer than
average prognosis, and these events identify EZH2 as a
tumor suppressor protein. In contrast, gain-of-function
mutations in EZH2, at a single tyrosine residue (Tyr 641)
in the SET domain, are found in large B-cell lymphoma
patients [46], supporting the notion that EZH2 can also
function as an oncogene, consistent with prior reports that
EZH?2 is overexpressed in breast cancer and prostate cancer
[13]. Furthermore, two recent studies demonstrated a role
for EZH2 in promoting MLL-AF9 driven leukemia [48,
66]. Given the potential opposing roles for EZH2 in these
disorders, it will be important to assess which malignancies
are dependent on EZH2 function for their maintenance.

NSDI1

Another PKMT involved in AML is NSDI (nuclear
receptor-binding SET domain protein 1), which is fused to
NUP9S8 by the cryptic t(5;11) translocation, which is seen
in childhood AML [9] and adult AML [31, 67], and gen-
erally confers a poor prognosis. NSD1 methylates H3K36,
which is generally an activation mark, and the NUP9§-
NSD1 fusion protein retains the PHD fingers and the SET
domain from NSDI1. Target genes of NUP98-NSDI1
include the HOX and MEISI genes, which are normally
repressed by H3K27 methylation. De-regulation of the
target genes of NSD1 presumably leads to the transfor-
mation of myeloid progenitor cells and the development of
AML [73].

Readers of methylation: PHD fingers

An example of a methyl lysine “reader” that is altered in
cancer is the NUP98-JARID1A chimeric protein [74]. This
fusion protein contains the PHD-containing domain of
JARID1A, and Wang et al. demonstrated that the PHD
domains of either the NUP98—-JARID1A or NUP98-PHF23
chimeric proteins were essential for their ability to induce
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leukemia in several model systems. This effect seems to be
induced by the sustained expression of several Hox genes,
and also Meisl, Gata3 and PbxI. The PHD domain in these
fusion proteins recognizes the H3K4me3 mark, and when
mutated there is no activation of these target genes, nor a
leukemia phenotype. As these two translocations were
identified in patients with AML [59, 71], this work impli-
cates both the writers and the readers of activating histone
marks in cellular transformation. These studies also support
attempts to target these interactions in novel therapies for
acute leukemia.

Protein lysine demethylases

Until the discovery of LSDI1 (lysine-specific histone
demethylase-1) and the JmJC-domain-containing histone
demethylases, histone methyl marks were regarded as part
of the permanent “epigenetic” signature [63]. However,
the ability of demethylases to remove methyl groups from
multiple histone substrates converts this mark from a stable
form to a dynamic one. Recently, defining the role of these
demethylases in normal and malignant hematopoiesis has
triggered great scientific interest.

LSDI1 (KDMIA)

LSD1/KDMI1A was the first demethylase to be identified
[62]. Tt was shown to specifically demethylate mono- and
di-methyl lysine in an amine oxidation reaction that uses
flavin adenine dinucleotide (FAD) as a cofactor. Targets of
LSD1 include H3K4 and H3K9, and its effects on these
two critical substrates give it a central role in transcrip-
tional regulation. LSDI1 is highly expressed in AML
[5, 39], suggesting that it could function as an oncogene,
thereby representing a potential therapeutic target. Several
recent studies identified a role for LSD1 in acute leukemia,
as well as suggesting that LSD1 inhibitors could be useful
in its treatment [29, 39, 61]. Using two different LSDI1
inhibitors (tranylcypromine—TCP and a biguanide poly-
amine analog), Shenk et al. showed that inhibiting LSD1
activity promoted ATRA-driven differentiation of non-
APL leukemic cells. Treatment of primary AML samples
with ATRA and an LSDI1 inhibitor (but not ATRA or the
LSD1 inhibitor alone) ex vivo diminished the potential of
these cells to cause leukemia in a NOD-SCID mouse
model. Harris et al. analyzed 23 MLL rearranged leuke-
mias and found a strong correlation between LSDI
expression and clonogenic or leukemia stem cell like
features. Knock down of LSDI1 expression in MLL-
AF9 + AML reduced the expression of MLL-AF9 target
genes, which was coupled to an increase in the H3K4me?2/
H3K4me3 ratio and a loss of leukemic potential. The
effectiveness of two TCP analog inhibitors of LSD1 was
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shown using both murine leukemia models, and primary
human AML patient samples.

UTX (KDM6A)

UTX (Ubiquitously transcribed tetratricopeptide repeat, X
chromosome) belongs to the Jumonji family of demethy-
lases, which demethylate mono-, di- and tri-methyl lysine
via a Fe’™ and o-ketoglutarate-dependent oxidative and
radical attacking reaction [63]. Both UTX and Jumonji D3
(JMJD3) function as H3K27 demethylases, and both can
regulate the expression of Hox genes [2]. Inactivating
mutations in the UTX gene were identified in AML, CML,
multiple myeloma and ALL [41, 70], implicating it in
(normal and) malignant hematopoiesis. A function of UTX
in leukemia was recently reported [37], as knock down of
UTX expression in human and murine leukemic cells
impaired their clonogenic potential and decreased their
proliferation. Despite this insight, further work is needed to
explore the normal functions of UTX, and determine how its
demethylase activity contributes to the malignant phenotype.

IDH

While not itself a chromatin reader, writer or eraser, the
recent link between metabolic processes and epigenetics has
been cemented by the discovery of mutations in the isoci-
trate dehydrogenase (IDH) 1 and 2 enzymes in brain tumors
[54] and subsequently in AML [3, 42]. These mutations
generate a neomorphic enzymatic activity, which converts
a-ketoglutarate (aKG) to 2-hydroxyglutarate (2-HG), the
first identified oncometabolite. Reduction of aKG levels
impairs the function of enzymes that require it as cofactor;
these include the TET family of methylcytosine hydroxy-
methylases, and the JmJc-demethylases. Moreover, high
levels of 2-HG competitively inhibit the catalytic activity of
these dioxygenases [76]. IDH1/2 mutations were first con-
nected to aberrant TET2 regulation in AML [22], but
recently an effect of these mutations on demethylases was
shown [40]. This work suggests that inhibitors of the mutant
IDH1/2 enzymes could be useful in treating cancer and that
blocking the effects of or production of 2-HG could simi-
larly have a positive therapeutic effect.

Protein arginine methyltransferases

Protein arginine methyltransferases (PRMTs) catalyze the
addition of one or two methyl groups from S-adenosylme-
thionine to the guanidino nitrogen atom of arginine (R),
resulting in either mono or di-methylation, and based on
their activity the PRMTs are classified into two groups: type
I PRMTs, which include PRMT 1, 3, 4, 6 and 8 and catalyze
the formation of asymmetric dimethylarginine, and type II

PRMTs, which include PRMT 5, 7 and 11 and catalyze the
formation of symmetric dimethylarginine. To date, ten
mammalian PRMTs have been identified, but only eight of
them have been shown to be enzymatically active. PRMTs
are widely expressed and they often methylate within
glycine and arginine-rich (GAR) motifs in substrates (except
for CARM1/PRMT4). The cellular substrates of PRMTs
include histones, and non-histone proteins such as tran-
scription factors, heterogeneous nuclear ribonucleoproteins
(hnRNP), proteins involved in DNA damage repair (Mrel1),
and signal transducers (e.g. growth factor receptors and their
downstream effector molecules). Similarly, arginine meth-
ylation is implicated in regulation of many cellular processes
including signal transduction, DNA repair, RNA processing,
transcription regulation, translation and apoptosis [4].
Arginine methylation can potentially be modified or
removed by protein arginine demethylating enzymes, which
include peptidylarginine deiminase 4 (PAD4) and possibly
Jumonji D6 (JMJD6) [12, 68].

Several studies suggest a role for PRMTs in leukemia.
PRMT1 has been shown to be a critical component of the
MLL-oncogenic transcriptional complex [14]. Direct
fusion of MLL with PRMT1 enhanced the self-renewal
capacity of primary hematopoietic cells, while knockdown
of PRMTI1 suppresses MLL-mediated transformation.
Furthermore, during myeloid differentiation, PRMT1
methylates RUNX1 (aka AML1) within an RTAMR motif,
which abrogates SIN3A binding, promoting the expression
of two RUNXI1 target genes, CD4] and PU.I, in primary
human hematopoietic CD34+ cells [83]. This site of
methylation is lost when RUNX1 is fused to ETO in t(8;21)
AML. However, PRMT1 also interacts with and methylates
the RUNX1/AMLI1-ETO fusion protein, which promotes
its effects as an activator of transcription and promoter of
cell proliferation [64].

PRMTSs may also play a role in cancer development by
regulating p53 function, and the expression or function of
other tumor suppressor genes as well. p53 can be arginine
methylated by PRMTS, and this may trigger p5S3-dependent
Gl arrest, rather than apoptosis, in response to DNA
damage due to specific changes in the expression of p53
target genes that are specifically required for each
process[32]. A role for PRMT5 in the hematological
malignancies was recently highlighted by two research
groups: We showed that PRMTS5 (aka JAK binding protein
1, JBP1) is a substrate of the mutant, constitutively active
JAK?2 kinases, such as JAK2V617F, the most common
JAK?2 mutation found in MPN. Phosphorylation of PRMT5
by JAK?2 inhibits its enzymatic activity toward histone
H4R3, and knockdown of PRMTS promoted the erythroid
differentiation of the human primary CD34+ cells [36].
This suggests that PRMTS may block differentiation and
serve as an oncogene.
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In B cell lymphomas, Aggarwal et al. [1] showed that a
constitutively active cyclin D kinase can phosphorylate
MEP50—a regulatory factor of PRMTS5 and enhance the
PRMTS/MEP50 complex activity. Thus, several epigenetic
enzymes appear to be oppositely affected by mutations in
leukemia versus lymphoma. This likely reflects differences
in their pathogenesis.

PRMT6 has been shown to antagonize the ability of
MLL to methylate H3K4 [27], suggesting a potential
involvement of PRMT®6 in regulating hematopoietic pro-
cesses. Few studies have examined the involvement of
PRMTs in normal and malignant hematopoiesis; however,
these histone-modifying enzymes may also contribute to
the pathogenesis of human leukemia in additional ways.

Histone acetyltransferases: the writers

Lysine acetylation involves the transfer of an acetyl group
from acetyl-CoA to lysine residues, to form e-N-acetyl
lysine. The lysine acetyltransferases (KAT), or histone
acetyltransferases (HAT), are called writers, while the
histone deacetylases (HDAC) are the erasers; the “readers”
of e-N-acetyl lysine containing motifs are the bromodo-
mains, an evolutionary conserved, protein-interaction
module. Histone acetylation is associated with a more
accessible chromatin state; acetylation of lysine neutralizes
its positive charge, thereby diminishing its interaction with
(negatively charged) DNA. Less compact chromatin state,
i.e. euchromatin, is more accessible to transcription factor
binding and is generally associated with gene transcrip-
tional activation.

Seventeen histone acetyltransferases have been identi-
fied in humans thus far; they are members of five different
families of proteins: the GenS-related N-acetyltransferases
(GNATS), the MYST acetyltransferases (MOZ, Ybf2/Sas3,
Sas2, Tip60), p300 and CBP, the transcription factor
TAF250, and the nuclear hormones SRC1 and SRC3.
Mutations in the HATs have been identified in B-cell
lymphoma and relapsed acute lymphoblastic leukemia and
aberrant acetylation of cancer-related genes observed in
hematological malignancies [47, 55]. Bromodomain
proteins have recently been described as new therapeutic
targets in acute myeloid leukemia [85]. We will focus on
the MYST and p300/CBP proteins, in this review, for the
role they play in hematological malignancies.

p300/CBP
The p300/CBP (CREB Binding Protein) family of HATSs
generally contains three cysteine-histidine rich regions, a

bromodomain, HAT domain and PHD motif. p300 and
CBP are distinct proteins that are usually associated with
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gene activation [78] and are referred to as co-activators.
They interact with aspects of the basal transcriptional
machinery to induce a more open chromatin conformation
as a result of the acetylation of lysines within the histone
tails (K12 and K15 in H2B, K14 and K18 in histone H3,
and K5 and K8 in histone H4). Regulation of transcription
can also be achieved through the acetylation of non-histone
proteins.

Presumably inactivating mutations in the human
CREBBP and EP300 genes have been identified in non-
Hodgkin lymphoma, both in follicular lymphoma (FL;
~41 % of cases) and diffuse large B-cell lymphoma
(DLBCL; in ~39 % of cases); these mutations primarily
affect the histone acetyltransferase (HAT) domain. These
missense mutations prevent p300 or CBP from acetylating
the BCL6 transcriptional repressor, a PTM that diminishes
its function, and from acetylating pro-apoptotic p53 mol-
ecule, a PTM that promotes its function. As a consequence,
BCL6 becomes constitutively active, repressing p53 func-
tion in the germinal centers [57]; pS3 activity is further
reduced by the lack of its acetylation. Restoring the acet-
ylation of BCL6 and p53, using HDAC inhibitors, may
represent a promising therapy for p300/CBP mutant B-cell
non-Hodgkin lymphoma [55].

In another study, mutations in the CBP gene were found
in 18 % of relapsed acute lymphoblastic leukemia (ALL)
patients. These mutations generally affect the HAT
domain, reducing CBP’s acetyltransferase activity, which
leads to impaired histone acetylation (H3K18) and dimin-
ished expression of CREB target genes, such as the
glucocorticoid receptor responsive genes. Current ALL
therapy includes administration of the glucocorticoid
dexamethasone, and ALL cell lines harboring CBP muta-
tions were resistant to treatment with dexamethasone. The
class I/II HDAC inhibitor vorinostat was able to increase
the sensitivity of these cells to dexamethasone, suggesting
that HDAC inhibitor treatment may be useful for some
patients with ALL [47].

Among the non-histone substrates of p300, we recently
showed that acetylation of the AML1-ETO oncogene plays
a crucial role in its ability to trigger the development of
AML. AMLI-ETO and p300 physically and functionally
interact, leading to the acetylation of AML1-ETO on K24
and K43, an event that helps activate the expression of the
AMLI1-ETO target genes involved in self-renewal. Muta-
tion of lysine 43, but not K24, abrogates the ability of
AMLI-ETO to induce leukemia in vivo. Promising results
were achieved after the ex vivo treatment of AMLI-
ETO9a, a AMLI-ETO spliced variant, but not MLL-AF9,
driven leukemia cells with the p300 inhibitor Lys-CoA-Tat
before the cells were injected into recipient mice. It appears
that the acetylation of K43 provides a docking platform for
bromodomain containing proteins, which can help promote
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gene activation by AMLI1-ETO [75]. These data suggest
that targeting p300 or the docking of proteins to K43
acetylated AML1-ETO could be a promising mechanism
for developing novel therapeutics for some patients with
AML.

MYST

The MYST family of proteins may account for as much as
30 % of all histone acetylation, making them critical for
the appropriate remodeling of chromatin. The monocytic
leukemia zinc finger (MOZ) protein contains two PHD
domains and a HAT domain. MOZ can bind AML1 and
leukemia mouse models demonstrate that Moz plays a
critical role in hematopoiesis, with lack of Moz down-
regulating the level of c-Mpl (a target of AML1), HoxA9
and c-Kit. Moz null mice die on embryonic day 15 from
pancytopenia [33], suggesting a role for Moz in hemato-
poietic stem cell (HSC) maintenance. The HAT activity of
Moz is required for the maintenance of HSC integrity, as
mice lacking the HAT function of Moz have fewer HSCs
and progenitor cells [56]. Additionally, the MOZ gene is
involved in several chromosomal translocations in leuke-
mia. The first identified translocation fused the MOZ PHD
motifs and HAT domain with the entire CBP protein,
leading to aberrant histone acetylation, and cell transfor-
mation [8, 15]. Another fusion protein, MOZ-TIF2, con-
tains the zinc finger motif of MOZ, which allows it to bind
nucleosomes at regulatory loci, and the CID domain of
TIF2, which allow it to recruit CBP. It is this recruitment,
and the HAT activity of CBP, that is thought to be at the
heart of the aberrant activation of cancer-related genes seen
in these cells [19]. The same mechanism of transforming
activity of the MOZ-p300 fusion protein, found in two
patients with AML, M5 (acute monocytic leukemia) has
been postulated. These fusion proteins may have double the
normal level of acetyltransferase activity [11].

TIP60

The TIP60 (Tat interacting protein 60 kDa) HAT also
contains a chromodomain that is able to recognize
H3K9me3. TIP60 represents the catalytic subunit of the
mammalian homolog of the yeast NuA4 acetyltransferase
complex. Recent evidence supports a role of TIP60 in
normal hematopoiesis and in myeloproliferative neoplasms
[30]. TIP60 levels are reduced in AML and lymphoma
patient samples, supporting its role as a tumor suppressor
[25]. TIP60 has been found to interact with c-Myb and to
repress its ability to activate its target genes, such as c-Myc
in murine models. The leukemogenic role of both c-Myb
and c-Myc has been assessed by many investigators over
the years [69]. Tip60 can induce the DDR; lack of TIP60

impairs the DDR induced by c-Myc likely affecting tumor
progression. TIP60 also interacts with TEL (ETV6), a
frequent fusion partner in leukemia patients, leading to
repression of TEL transcriptional target genes. Further
studies are needed to understand the role of TIP60 in
benign hematopoiesis and in the myeloproliferative neo-
plasms [50, 58] (Table 1).

The bromodomains: the readers

The bromodomain (BRD) is the only protein module that
can recognize and bind e-N-acetyl lysines within histones.
It is widely conserved among species, taking its name from
the Drosophila Brahma protein structural domain [65]. So
far 61 bromodomain containing proteins have been iden-
tified, which either have HAT activity or are factors
involved in chromatin remodeling. Bromodomains are
composed of 110 amino acids that are folded in a left-
handed bundle of four alpha helices, with an external
hydrophobic pocket that reads the acetylation mark.
Flanking marks, such as acetylation or phosphorylation,
can modulate the binding of bromodomains to combina-
tions of PTMs present on &-N-acetyl lysines and other
histone marks [72].

Targeting of the epigenetic machinery has recently
gained favor [23] and the bromodomains are undoubtedly
attractive targets. They have a “druggable” functional
pocket and they powerfully translate the histone marks they
recognize by recruiting transcriptional coactivators.

Thus far, the best example of targeting a bromodomain
in cancer has come from studies of BRD4, a member of the
bromodomain and extra-terminal (BET) family of proteins,
that is involved in a translocation in the rare NUT midline
carcinoma tumor [85]. BRD4 has also been implicated in
promoting the growth of MLL-AF9 driven AML [85],
based on a shRNA library screen. A crucial role for Brd4
in the survival and proliferation of MLL-AF9+,
NrasG12D + murine leukemic cells was demonstrated. In
an important advance, recipient mice transplanted with
these cells were found to have a survival advantage if
treated with the BET protein inhibitor JQ1 [23]. Interest-
ingly, leukemia cells are more sensitive to JQ1 than are the
normal cells, suggesting some specificity of the drug for
proliferating or malignant cells. JQ1 represents the first
drug therapy to target a chromatin reader; it is a membrane
soluble molecule that binds the hydrophobic pocket that
recognizes acetylated lysines. Inhibition of Brd4 rapidly
reduces the expression of c-Myc, and its target genes,
inducing differentiation and slowing cell proliferation.

Additional studies have also demonstrated efficacy of
JQI1 in the treatment of hematological malignancies. JQ1
induces the death of B-ALL cell lines, downregulating
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Fig. 1 Histone modifications
and the interplay between
“writers”, “erasers” and
“readers”. a Post-translational
modifications (PTMs) of histone
tails. Core histone is constituted
of two of each H2A (histone
2A), H2B (histone 2B), H3
(histone 3) and H4 (histone 4).
The histone tails are targeted by
various PTMs including:
acetylation (ac), methylation
(momomethylation: mel,
dimethylation: me2 and
trimethylation: me3),
phosphorylation (P) and
ubiquitination (Ubi) at specific
amino acids. b Examples of the
interplay between “writers”,
“erasers” and “readers”. Lysine
4 in histone 3—H3K4 is mono-,
di-, and tri- methylated by
“writer” MLL
methyltransferases. The PHD
domain in “reader” proteins
recognizes the trimethyl-lysine
mark. The marks can also be
removed sequentially by
“erasers” JARID1d (from tri- to
di-methyl) and by LSD1
(removing di- and mono-methyl
marks). Various lysine residues
in both H3 and H4 are
acetylated by p300. The
bromodomain in “reader”
proteins recognizes the lysine
acetylation mark. The removal
of the acetyl mark is mediated
by “eraser” HDACs

Table 2 Histone-modifying “erasers”; their function and reported alterations in leukemia

Erasers Type Aberration Substrate Target Ref.

LSD1 K demethylation Over expression H3K4, H3K9 Hox genes [5, 29, 39]
(KDMIA)

IDH K methylation level Point Mutations, neomorphic activity KG H3K9, TET2 [3, 40, 42]

HDACI K deacetylation Gene repression of tumor suppressor genes miR-29b KIT [38]

UTX K demethylation Loss-of-function mutations; deletions and H3K27 HOX genes [26, 28, 41,
(KDMO6A) nonsense mutations in Kabuki Syndrome, 45, 60, 70]

mutations in medulloblastoma, prostate cancer

and bladder cancer

c-Myc and its target genes and the expression of IL-7R.
IL-7R and CRLF2 form heterodimers, which promote
cell survival via triggering of JAK/STATS signaling.
Given the reduction in IL-7R expression, it is interesting

that the most sensitive leukemia cell lines were those
carrying CRLF2 rearrangements; this suggests that JQ1
could be efficacious in IL-7R-dependent diseases [53]
(Table 2).
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Table 3 Histone-modifying “readers”; their function and reported alterations in leukemia

Readers Type Aberration Substrate Target Ref.

NUP98- K methylation binding Translocation H3K4me3 HOX genes, MEIS, GATA3, [59, 71, 74]
JARIDIA (PHD domain) PBX1

NUP98-PHF23

BRD4 K acetylation binding Gene activation, translocation H3Kac2, MYC, IL7R [77, 85]

(BRD) (NUT midline carcinoma) H4Kme?2/3

Histone deacetylases: the erasers

Histone deacetylases (HDAC) are grouped into three distinct
families of proteins. Class I HDACs are widely expressed
and they include HDACI, 2, 3 and 8. Class II HDACs
include HDAC 4, 5, 6, 7, 9a, 9b, and 10; they are expressed
in a cell-specific manner. Class III HDACs are Sir2/Hst
homologs; they are called Sirtuins (1, 2, 3, 4, 5, 6, 7) and
their structure and enzymatic mechanism is totally different
from class I and class I HDACs. They are NAD+ depen-
dent and they are not inhibited by class I or class II inhib-
itors. HDAC proteins counteract HAT activity; they are
associated with transcriptional repression, forming macro-
molecular complexes with corepressor molecules, such as
N-COR, but also transcription factors and nuclear receptors
that sit on gene regulatory elements [24]. Histone acetylation
is deregulated in transformed cells, resulting in downregu-
lation of tumor suppressor gene expression (due to promoter
hypoacetylation) and oncogene over-expression (due to
histone hyperacetylation at similar regulatory regions) [44].
HDACI has been implicated in the overexpression of
the mutant c¢-KIT found in a subset of acute myeloid leu-
kemias. HDAC inhibitors, particularly of HDAC class 1
and II, are currently under study for the treatment of AML
thanks of their powerful ability to negatively affect cell
proliferation and induce apoptosis [38] (Table 3; Fig. 1).

Histone phosphorylation

Phosphorylation of serine/threonine residues in histones
has been studied for all histones, especially H3S10. More
recently, histone tyrosine phosphorylation has been found,
for the mutant JAK2 kinase [17]. Mutant and wild type
JAK?2 is found not only in the cytoplasm of hematopoietic
cells, but also in the nucleus, where it phosphorylates
histone H3 at tyrosine 41 (H3Y41). Phosphorylation of
H3Y41 prevents the binding of HPlo, thus reduces the
recruitment of this repressive mark to regulatory regions of
target genes, which include the LMO?2 gene, resulting in an
abnormal upregulation of LMO2 expression. This link
between JAK2 and LMO2 expression and between sig-
naling pathways and chromatin represents another instance
of how aberrant signaling pathways can affect chromatin
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structure and further reinforce aberrant patterns of gene
regulation. How to take advantage of this knowledge
therapeutically is the challenge for the coming years.

Summary

Recent studies have found overexpression of or mutations
in a number of epigenetic modifying enzymes, including
those impacting histones, and those that impact on DNA
itself. Learning how these abnormalities contribute to the
malignant process will help guide our strategies to target
the epigenetic abnormalities that characterize cancer, as
these may be much more amenable to changes than the
fixed genetic abnormalities. Properly designed clinical tri-
als will help advance our knowledge of how to introduce
and then combine these types of therapies.
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