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DOT1L: a key target in normal chromatin remodelling and in mixed-lineage
leukaemia treatment
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ABSTRACT
Methylation of histone 3 at lysine 79 (H3K79) is one of the principal mechanisms involved in gene
expression. The histone methyltransferase DOT1L, which mono-, di- and trimethylates H3K79
using S-adenosyl-L-methionine as a co-factor, is involved in cell development, cell cycle progres-
sion, and DNA damage repair. However, changes in normal expression levels of this enzyme are
found in prostate, breast, and ovarian cancer. High levels of H3K79me are also detected in acute
myeloid leukaemia patients bearing MLL rearrangements (MLL-r). MLL translocations are found in
approximately 80% of paediatric patients, leading to poor prognosis. DOT1L is recruited on DNA
and induces hyperexpression of HOXA9 and MEIS1. Based on these findings, selective drugs have
been developed to induce apoptosis in MLL-r leukaemia cells by specifically inhibiting DOT1L. The
most potent DOT1L inhibitor pinometostat has been investigated in Phase I clinical trials for
treatment of paediatric and adult patients with MLL-driven leukaemia, showing promising results.
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Introduction

Histone modifications are the principal ‘actors’ in
chromatin remodelling, opening and closing chroma-
tin to establish an euchromatin or heterochromatin
state. This mechanism induces a continuous modula-
tion of gene expression. The principal histone mod-
ifications described to date are divided into five
groups: methylation, acetylation, ubiquitination,
SUMOylation and phosphorylation. These modifica-
tions are reversible and are in fact dynamically added
or removed by epigenetic enzymes. Writers add
a substrate to specific targets, readers read the sub-
strate, and finally, erasers eliminate it [1]. Histone
methylation by histone methyltransferases (HMTs)
is one of the most studied epigenetic changes [2]. As
well as modulating gene expression, this modification
is involved in X-chromosome inactivation [3,4], DNA
damage repair [5], and in the determination and
differentiation of embryonic stem cells [6,7].
However, it is widely reported that dysregulation of
HMT expression and activity is frequently observed in
cancer [8–11]. Two main histone residues, arginine
and lysine groups, are methylated by HMTs. While
arginine undergoes mono- and dimethylation by pro-
tein arginine methyltransferases (PRMTs) [12,13],

lysine is present in all three methylated states [14].
Depending onmethylation state and position, protein
methyltransferases (PMTs) induce variations in chro-
matin rearrangement in the histone core, causing
either gene inhibition or activation [15]. For example,
H3K4me, H3K4me2, H3K4me3, H3K36me3,
H3K79me, H3K79me2, H3K9me, and H3K27me are
known to be associated with gene transcription.
Differential levels of methylation in the same histone
position have different effects, with H3K9me2,
H3K9me3, H3K27me2, H3K27me3, and H4K20me
linked to gene repression [16].

Lysine methyltransferases and lysine
demethylases

Histone methylation is a reversible modification.
A methyl group is dynamically added by lysine
methyltransferases (KMTs), such as enhancer of
zeste homolog 2 (EZH2) and disruptor of telo-
meric silencing 1-like (DOT1L), and removed by
lysine demethylases (KDMs).

KMTs are divided into two main groups
depending on their catalytic site. The first group
includes EZH2, the most studied epigenetic
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enzyme, which contains the evolutionarily con-
served catalytic Su(var)3–9 Enhancer-of-Zeste
and Trithorax (SET) domain [17,18]. This enzyme
regulates differentiation and modulates mono-, di-
and trimethylation of H3K27, a histone mark asso-
ciated with transcriptional repression. Mutations
of Y641, A677, and A687 residues in the catalytic
site of the enzyme induce a variation in substrate
specificity with an increase in methylation at
H3K27. Increased expression levels of EZH2 are
associated with tumour development in prostate
and breast cancer, as well as in follicular lym-
phoma [19–21]. EZH2 inhibitors reducing
H3K27me3 levels kill mutant lymphoma cells and
were found to be effective in a rhabdoid tumour
mouse xenograft model [22–24]. The second KMT
group is made up of enzymes that do not contain
the SET domain. These enzymes have a catalytic
site for methylation homologous to DNA methyl-
transferases (DNMTs) and PRMT1, using
S-adenosyl-L-methionine (SAM) as a cofactor.
The enzymes catalyse methylation of histone
lysines and non-histone proteins using the SAM
methyl group, generating S-adenosyl-
L-homocysteine (SAH) as a by-product and
methylated lysine residue [25]. One of the most
studied enzymes in this group is DOT1L (also
known as KMT4) [26]. DOT1L and its homologs
are involved in numerous processes, including
transcriptional regulation, cell cycle progression,
and DNA damage repair, and are implicated in
several cancers. High levels of DOT1L were
observed in prostate [27], breast [28,29], and ovar-
ian cancer [30], and in acute myeloid leukaemia
(AML) with mixed-lineage leukaemia (MLL)
translocations (MLL-AF9 and MLL-ENL) [31,32].
To date, 94 MLL fusions have been identified in
different leukaemia types, the most frequent trans-
locations being MLL-AF9, MLL-ENL, MLL-AF4,
MLL-AF10, MLL-ELL, MLL-AF1Q, MLL-CT45A2,
MLL-EPS15, MLL-PTD, and MLL-RABGAP1 [33].

KDMs are also divided into two main groups
depending on their mechanism of action. The first
demethylase enzyme to be discovered was KDM1
(also known as LSD1). This enzyme is a member
of the monoamine oxidase family, which catalyzes
mono- or di-demethylation of H3K4 and H4K9
through a redox reaction. Specifically, oxidation
of flavin adenine dinucleotide by means of an

oxygen molecule allows conversion of H3K4me
and H3K4me2 into unmethylated H3K4 [34,35].
The second group of KDM enzymes, which con-
tain the Jumonji C (JmjC) domain, has a different
mechanism of action. In this reaction, Fe(II) and
α-ketoglutarate are used as cofactors and are indis-
pensable for a redox reaction. Fe(II) is oxidized to
Fe(III), producing an unstable hydroxy-amine
intermediate, which spontaneously develops
a demethylated lysine substrate and produces for-
maldehyde as a by-product of reaction [36].
Unlike KDM1, KDMs with the JmjC domain are
able to act on all three methylated states of lysine.

DOT1L mechanism of action

DOT1 was found for the first time in 1998 by
Singer M. et al. in Saccharomyces cerevisiae [37]. By
genetic screening, the authors determined which
enzymes overexpressed in cells induced disruption
of telomeric silencing. These studies led to the isola-
tion of several genes, some of which had not yet been
identified, including DOT1, DOT4, DOT5, DOT6,
and TLC1 [38]. Homolog genes of DOT1 (DOT1-
like orDOT1L) showed 88% similarity at amino acid
level [39,40] and were subsequently found in mam-
mals [41], Drosophila [42], and protozoa [43]. As
previously mentioned, unlike KMTs such as EZH2,
DOT1L does not contain a SET domain, but an
AdoMet-binding motif similar to PRMT1 and
DNMTs, using SAM as a cofactor. Specifically,
DOT1L transfers the S-methyl group of SAM to
the amino group of lysine, producing a methylated
substrate and S-adenosyl-L-homocysteine (SAH;
Figure 1). Crystallographic studies investigating the
structure of DOT1L showed that the SAM binding
site, at position 186, is located close to the lysine
substrate binding site, while the catalytic domain is
in the C-terminal [39,44–46].

DOT1L is not active on free histones and to date is
the only KMT known tomono-, di- and trimethylate
H3K79. Although highly conserved and distributed
in the eukaryotic genome, this histone target is not
found in telomeric loci or in ribosomal DNA. Unlike
all amino-terminal tails on which other epigenetic
enzymes act, H3K79me is located on the globular
domain of H3 [40,47], making H3K79 methylation
more influenced by other epigenetic modifications,
such as ubiquitination of H2BK120 [48] and
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acetylation of H4K14 by the histone deacetylase
(HDAC) Rpd3 [49], and by silent information reg-
ulator (SIR) complex.

DOT1L and ubiquitination

Mono- and dimethylation of H3K79 are directly
related to ubiquitination of H2BK120 [50], which is
determined by Bre1 and Rad6 (a ubiquitin-
conjugating E2 enzyme). Bre1 is a ubiquitin E3 ligase
of H2B, which acts on H2BK120 in association with
Rad6/UBC2. H2BK120ub is a tag for epigenetic tran-
scriptional activation, elongation by RNA polymerase
II, and telomeric silencing [51–53]. Ubiquitination is
a fundamental modification for both H3K79 and
H3K4me formation. Deletion of these two enzymes
blocks methylation of H3K4 and H3K79 [48,54].
Remarkably, mutagenesis of H2BK120 results in the
loss of bothmethylations. These findings indicate that
H2BK120 ubiquitination is a prerequisite for H3K4
and H3K79 methylation.

H2BK120 and H3K79 are found on the same
nucleosome surface [55]. Several mechanisms were
initially proposed to explain the crosstalk between
these two modifications, based on hypotheses of
either an indirect or direct association between
DOT1L and H2BK120ub [56]. Very recently,
in vitro experiments confirmed the existence of
a direct link [56]. The structure of DOT1L was
observed by cryo-electron microscopy, and the
enzyme was shown to bind directly H2BK120 on
an acid patch of the nucleosome, exploiting the
binding of an arginine. In this conformation, ubiqui-
tin interacts with DOT1L inducing a conformational

change that makes DOT1L more favourable to
H3K79 methylation in normal and leukaemic cells.

DOT1L and SIR complex

In S. cerevisiae, DOT1L was found to compete
with Sir3 for the same binding site, creating
a dynamic telomeric modulation. Sir1–Sir4 are
proteins responsible for transcriptional repression,
modulating chromatin structure at silent mating-
type loci (HML and HMR) [57–59]. Methylation
of H3K79 by DOT1L prevents binding of Sir3,
while binding of Sir3 to the unmethylated DNA
region prevents association of DOT1L to acety-
lated H4 and therefore H3K79 methylation, indu-
cing telomeric silencing [60]. Both ubiquitination
of H2BK120 and acetylation of H4K14 are thus
indispensable for DOT1L activity.

DOT1L and Rpd3

In thymic lymphoma, crosstalk occurs between
histone deacetylation and H3K79 methylation,
specifically between DOT1L and the HDAC
Rpd3, which is associated with transcriptional
repression. Increased levels of Rpd3 cause
a decrease in methylation levels of H3K79 induced
by DOT1L. Rpd3 decreases acetyl levels, inducing
transcriptional repression and therefore absence of
ubiquitination in H2BK120, fundamental for
DOT1L activity. These findings clearly demon-
strate the opposite correlation between deacetyla-
tion and DOT1L methylation. Indeed, in thymic
lymphoma cells with HDAC1 depletion, DOT1L

Figure 1. DOT1L mechanism of action. DOT1L transfers the S-methyl group of S-adenosyl-L-methionine to the amino group of
H3K79, producing a methylated substrate and S-adenosyl-L-homocysteine.
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inhibitors induce apoptosis [49]. DOT1L inhibi-
tors are therefore promising candidates for treat-
ments of this cancer subtype.

Role of DOT1L in normal cells

DOT1L is one of themost studied PMT enzymes due
to its involvement in normal cellular processes and
in tumour development. Through methylation of its
target, DOT1L is responsible for telomeric silencing,
cell cycle regulation, and DNA repair (Figure 2).

Telomeric silencing

As previously mentioned, DOT1L was identified
for the first time in 1998 by telomeric screening
performed to identify all enzymes whose overex-
pression determined a block of telomeric silencing
[37]. Regulation of telomeric silencing is mediated
by SIR protein complex, responsible for H4K14
deacetylation. In S. cerevisiae, telomeres recruit
the HDAC Sir2 and the adapter proteins Sir3 and
Sir4 from the SIR complex [61,62]. This mechan-
ism promotes a closed chromatin configuration,
limiting access to RNA polymerase II and silencing
genes in sub-telomeric regions. DOT1L methyla-
tion acts on telomeric sequences against H4K14-
Sir3 deacetylation, creating a dynamic balance
between gene activation and repression [63,64].

The silencing effect on telomeric sequences of
DOT1L and POL30, a protein involved in eukar-
yotic DNA replication, was demonstrated in 2011
using URA3 reporter assay with 5-fluoroorotic
acid [65]. Defects in DOT1L expression induced

an alteration in ribonucleotide reductase and
a promoter of URA3 at telomere VII-L [65,66].
In addition, in normal cells, the role of DOT1L
in chromatin formation was only found at telo-
meric level [66]. Nevertheless, it is clear that
methylation of H3K79 is responsible for recruit-
ment of SIR proteins and euchromatin formation.

Cell cycle regulation

Various enzymes such as cyclins and cyclin-
dependent kinases are responsible for regulating
cell cycle and inducing a block of proliferation.
However, in recent years the importance of the
methylation status of H2K79 in various phases of
cell cycle progression has emerged. Specifically,
H3K79 methylation is involved in progression of
G1 phase, S phase, mitosis, and meiosis. It is
known that different methylation states are pre-
sent in different phases of the cell cycle, and
above all that methylation levels change in
tumour compared to normal cells. In normal
cells, high levels of H3K79me2 are detected in
mitosis phase, with lower levels in G1 phase
increasing only in G2/M. H3K79me3 levels are
the same in all phases except for M, in which
trimethylation is not present. In cancer cells,
methylation levels are substantially different. For
example, in A549 lung cancer and HeLa cervical
cancer cells, overall methylation levels in G1/S
transition are high, suggesting that inhibition of
DOT1L in tumour cells may lead to an arrest in
G1 phase [43,67].

Figure 2. DOT1L involvement in normal and tumour cells.
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DNA damage repair

Rupture of the double helix of DNA and its sub-
sequent repair is one of the fundamental mechan-
isms of normal cell growth. All mechanisms used
to repair DNA damage prevent the onset of muta-
tions and the formation of tumour cells. When
mechanisms are not sufficient for repair, the cell
undergoes apoptosis. Major factors responsible for
DNA damage include intrinsic factors such as the
presence of free oxygen radicals and ultraviolet
(UV) radiation. The two main mechanisms that
generate breaks in DNA are:

(1) single strand breakage. In this case, the second
filament is used as a mould to repair the
damage.

(2) rupture of the double helix, also called dou-
ble-strand break, which is much more com-
plex to repair [5]. In eukaryotes, repair of the
double stand requires chromatin remodelling
by post-translational modifications [68].

To repair damage induced by radiation, histone mod-
ifications recruit tumour suppressor p53 binding pro-
tein 1 (53BP1) to sites of DNA damage. 53BP1 is then
hyperphosphorylated and produces nuclear foci colo-
calizing with phosphorylated H2AX (gamma-H2AX)
[69]. Methylation of H3K79 or H4K4 is fundamental
histone modifications for recruitment of 53BP1 and
CAMP response element-binding protein 2 (CREB2,
also known as ATF2) on DNA sites. Specifically, an
abundance of H3K79 methylation by DOT1L is
observed during the repair process, and DOT1L dele-
tion reduces DNA repair. DOT1L and CREB2 there-
fore play an essential role in DNA damage repair in
late G2 phase [70,71].

DNA repair by loci formation of 53BP1 is also
promoted by HLA-B-associated transcript 3 (Bat3).
Bat3 is involved in dimethylation of H3K4, indu-
cing transcriptional gene regulation and DNA
damage-induced apoptosis. Like DOT1L, Bat3 also
has a role in embryonic development and cell divi-
sion [72]. Colocalization of Bat3 and DOT1L was
shown to be indispensable for DNA repair. The
absence of Bat3 decreases DOT1L interaction with
H3 and consequently methylation of K79.

Another mechanism involved in DNA damage
repair is DOT1L methylation and H2AX

phosphorylation at serine 139. Depletion or inhi-
bition of DOT1L reduces repair of DNA damage
with decreased H2AX phosphorylation at serine
139, usually associated with PI3K family mem-
bers, early markers of DNA damage. In addition,
DOT1L inhibition does not increase levels of the
phosphorylated protein KAP1, which is linked to
DNA repair in heterochromatin regions, sup-
porting the hypothesis that DOT1L induces
DNA repair in these regions [73].

Lastly, DOT1L was shown to have a protective
effect against UV radiation due to the ability of
DNA to protect itself. This mechanism was trig-
gered by methylation of H3K79 and recruitment of
xeroderma pigmentosum, complementation group
C, a component of the nucleotide excision repair
pathway. A decrease in H3K79 methylation levels
led to greater sensitivity to UV radiation [74].

DOT1L as a target in MLL-r leukaemia

Leukaemia is characterized by a neoplastic prolifera-
tion of haematopoietic stem cells, which induce the
growth of a high number of abnormal white blood
cells. Different types of leukaemia are grouped
according to the speed of development – acute (fast
growth) and chronic (slow growth) – and whether
the disease starts from myeloid or lymphoid cells.
Based on this classification, leukaemia is divided into
four main groups: AML, chronic myeloid leukaemia
(CML), acute lymphoblastic leukaemia (ALL), and
chronic lymphocytic leukaemia [75,76].

AML and CML are cancers of the myeloid cells,
which normally develop intomature blood cells such
as red blood cells, white blood cells, and platelets.
AML is characterized by an increase in the number
of myeloid cells in the bone marrow and an arrest in
their maturation, frequently resulting in haemato-
poietic insufficiency (granulocytopenia, thrombocy-
topenia, or anaemia) with or without leukocytosis
[77]. Instead, ALL arises from the malignant trans-
formation and proliferation of lymphoid progenitor
cells in the bone marrow and blood.

The American Cancer Society reported that
6,590 new cases of leukaemia were diagnosed in
2016, with over 1,400 deaths, and 80% of ALL
occur in children (SEER Cancer Statistics Review
[CSR] 1975-–2016). Despite early diagnosis and
numerous chemotherapy regimens available, only
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30–40% of adult patients with ALL currently
achieve long-term remission [78].

In patients diagnosed during infancy and before
the ages of 14, the percentage of survival is even
lower [79].

ALL is characterized by genetic alterations that
induce mutation in the differentiation and prolifera-
tion of lymphocytes. In 75% of cases, the mainmuta-
tion comes from a change in B cells and the
remaining percentage from T cells. As in AML,
ALL is also caused by the chromosomal transloca-
tions [ETV6-RUNX1], [TCF3-PBXI], [BCR-ABL],
and MLL rearrangements (MLL-r). The MLL chro-
mosomal translocation (11q23) is found in adult
AML and ALL (5–10% [80] and 5% [81], respec-
tively). Incidence is higher in paediatric patients
(70% for AML [82] and 35–50% for ALL [83]),
determining an aggressive clinical course with inter-
mediate prognosis [83]. The greater percentage of
MLL translocation in paediatric patients (<2 years of
age) compared to adults is caused by low latency and
prenatal origin [84]. However, age and cytogenic
effects are independent prognostic parameters [85].

MLL translocation

The MLL1 gene, today named histone-lysine
N-methyltransferase 2A (KMT2A), encodes for the
HMT MLL1 protein, a positive regulator of gene
transcription. Located at chromosome 11q23,
MLL1 is often found rearranged with different
genes [86,87]. These gene fusions induce the forma-
tion of chimeric proteins characterized by interac-
tion of the amino-terminal portion of MLL with the
C-terminal portion of more than 90 different pro-
teins. Ten of these proteins, -AF9, -ENL, -AF4, -
AF10, -ELL, -AF1Q, -CT45A2, -EPS15, -PTD, and -
RABGAP1, were shown to be involved in tumori-
genesis [33,88,89]. Some of these proteins are
nuclear proteins that, by interacting with pTEFb
complex and phosphorylating Pol II, regulate tran-
scription and recruit DOT1L [90,91].

ALF family proteins and ENL are the most com-
mon protein partners of MLL. The AF4 gene (ALL1-
fused gene from chromosome 4), t(4,11)(q21,q23)
translocation, found predominantly in ALLs [86,92],
is responsible for infant ALL with MLL1 rearrange-
ment in 50% of cases in children and 75% in adults
[93]. t(9;11)(p22;q23) translocation is instead

principally associated withAML, resulting in chimeric
MLL-AF9 protein [94]. Like AF4, AF9 (ALL1-fused
gene from chromosome 9), which is associated with
myeloid leukaemia, and ENL, associated with lym-
phoid and myeloid leukaemia [93]. AF9 and ENL
belong to the family of YEATS domain proteins,
identified as a super elongation complex comprising
AF4, ENL, pTEFb, and DotCom complex. These pro-
teins exhibit homology with the hydrophobic
C-terminal ANC1 homology domain, responsible
for recruitment of numerous proteins. AF9 and ENL
interact with AF4, which contains complexes for
pTEFb and DOT1L binding. In AML, this protein
cooperation (MLL-AF10, MLL-AF4, MLL-AF9, and
MLL-ENL) binds DNA and recruits DOT1L to pro-
moters of MLL target genes. DOT1L recruitment
leads to an increase in levels of H3K79 methylation
in promoter genes and subsequent hyperexpression of
proteins, such as HOXA9 and its cofactorMEIS1 [95–
98]. HOXA is the most overexpressed gene cluster
(HOXA7, HOXA9, and HOXA10) in MLL-r leukae-
mia, and is responsible for segmentation and haema-
topoiesis [80]. MEIS1 is necessary for leukaemia
growth and is associated with oncogenic factors [99].
Dysregulated expression of HOXA and MEIS1 is
therefore a critical event in leukaemia development,
contributing to growth and survival factors that pro-
mote their oncogenic potential.

Preferentially, DOT1L directly interacts with ENL
[100], AF10 (also known as MLLT10), and AF17
(also known as MLLT6). The interaction is mediated
by an octapeptide motif and a leucine zipper region
of AF10 required for leukaemic transformation by
MLL-AF10. This association increases recruitment
of DOT1L on DNA and therefore HMT activity.
These complexes have different functions in leukae-
mogenesis. MLL-AF10 transforms haematopoietic
progenitors via the DOT1L interaction domain,
while MLL-ENL/AF9 does so through the ANC1
homology domain, which is responsible for its asso-
ciation with both AF4 and DOT1L [101].

DOT1L and epigenetic therapy in
MLL-r Patients

Most chimeric proteins involved in MLL-r are
reported as being responsible for DOT1L recruit-
ment [102]. This mechanism induces an increase in
the expression of genes involved in leukaemogenesis.
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DOT1L is therefore one of the most effective phar-
macological targets used to treat AML harbouring an
MLL translocation.

Preclinical studies in a mouse xenograft model
showed that the use of DOT1L inhibitors, such as
EPZ004777 and EPZ5676 (also known as pinometo-
stat), reduces HOXA9 gene expression with subse-
quent differentiation and death of AML cells
[103,104]. Pinometostat is the most potent DOT1L
inhibitor and was investigated in Phase I clinical trials
in patients withMLL-r leukaemia [105]. Pinometostat
shows good anticancer activity in vitro and in mice
models, reducing leukaemia cell growth [104].
However, in adult [106] and paediatric patients
[107], pinometostat administration as monotherapy
is not effective while combination with other drugs
results active in both younger and older patients.

In the following subsections, we will provide an
overview of known DOT1L inhibitors and their
mechanisms of action. Given the close correlation
between DOT1L activity and some epigenetic
modifications, we will also discuss the possibility
of using combination therapy to improve the antil-
eukemic effect of these inhibitors.

DOT1L inhibitors

DOT1L is a KMT with an AdoMet binding motif
that catalyzes H3K79 methylation using SAM as

a cofactor. Based on this mechanism of action,
efforts of the scientific community have focused
on synthetizing new molecules able to occupy the
enzymatic pocket of SAM, displacing it from its
binding site and thus inhibiting the methyltransfer-
ase mechanism of DOT1L. Most DOT1L inhibitors
are therefore mimetics of the SAM molecule. Some
of these compounds (EPZ004777 [3], EPZ5676 [5],
and SGC0946 [4]; Figure 3) down-regulate MLL
fusion target genes, such as HOXA9 and MEIS1,
inhibiting proliferation of MLL-r leukaemia cells.
However, DOT1L is also involved in maintenance
of adult haematopoiesis [108,109]. Therefore,
although these molecules displayed high potency
against leukaemia, total DOT1L inhibition induced
numerous side effects. For example, in mice treated
for 14 days with EPZ004777, an increase in white
blood cells, with high levels of neutrophils, mono-
cytes and lymphocytes, was observed [103].

In recent years, new compounds with different
mechanisms of action have been developed. Unlike
the first class of DOT1L inhibitors, mimetic pep-
tide molecules such as compound (8), shown in
Figure 3, do not determine total inhibition of
DOT1L activity, but bind AF9/ENL, thus blocking
recruitment of DOT1L to MLL target genes and
reducing levels of HOAX9 [110].

Based on SAH structure, several compounds were
synthetized in whichmore hydrophobic groups were

Figure 3. Structure of S-adenosyl-L-methionine (SAM) and DOT1L inhibitors.
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added. Specific inhibitors of DOT1L, direct SAH
analogs, were identified by alkylating the primary
amine at the adenine ring of SAH (methyl-SAH
[1]) and through substitution at the homocysteine
[111]. Another molecule was synthetized with
a similar SAH structure but with bromide on the
adenosine ring (BrSAH [3]), which dramatically
decreased DOT1L activity and selectivity compared
to other KMTs [112]. A high-throughput screening
approach identified a new inhibitor (6) with an IC50

of 14 μM [113], and from this structure a new com-
pound (7) with nM activity (IC50 = 20 nM) was
developed (Figure 3). However, all these molecules
were very hydrophilic and did not display any cellu-
lar activity. The SAM competitor EPZ004777,
belonging to the first class of DOT1L inhibitors,
was the first molecule able to strongly inhibit
DOT1L, displaying antiproliferative activity in
MLL-r leukaemic cells both in vitro and in vivo.
Characterized for the first time in 2011 [103], this
compound has an IC50 of 0.4 nM with very high
DOT1L selectivity compared to other PMTs. In vitro
studies showed that the compound inhibits PRMT5
with IC50 >500 nM and other PMTs with IC50

>50 µM. EPZ004777 decreases expression of
HOXA9 and MES1 by acting on MLL-AF9/AF10/
AF6 complexes. This compound also exerts an apop-
totic effect not only in MLL-r, as in RS4;11 (MLL-
AF4; IC50 = 6.47 µM), SEM (MLL-AF4; IC50 = 1.72
µM), MV4-11 (MLL-AF4; IC50 = 0.17 µM), MOLM-
13 (MLL-AF9; IC50 = 0.72 µM), but also non-MLL-r
leukaemic cell lines, inducing cell death in Kasumi-1
cells (IC50 = 32.99 µM) [103]. In in vivo studies,
EPZ004777 dramatically reduced cancer cell prolif-
eration, with an apoptotic effect, activating the cas-
pase cascade, and led to an increase in the percentage
of survival of MLL-r leukaemia xenograft mice.
Experimental procedures performed for 12 days
also demonstrated the ability of EPZ004777 to
induce cell differentiation before the apoptotic
event [103]. Further, these in vivo studies showed
that EPZ004777 is well tolerated at 50, 100 and
150mg/ml concentrations. However, this compound
is a mimetic SAM inhibitor and, as previously men-
tioned, completely blocks the activity of DOT1L,
inducing some side effects [103].

Despite its strong inhibitory activity in vitro
(400 pM) and moderate activity in cellula (<3 µM),
EPZ004777 has very low pharmacological properties,

whichprecluded the use of normal oral administration
and prevented its adoption in therapy.

EPZ004777 requires subcutaneous administration
with a continuous infusion pump for 7 days at
50 mg/ml. The low half-life of the drug, resulting
from the introduction of a ribose group [114], leads
to the lowering of plasma levels necessary for a good
pharmacological effect; However, the continuous
administration of the drug for 14 days to maintain
high plasma levels causes a significant increase in
neutrophils, monocytes, and lymphocytes [103].
Mice treated with EPZ004777 show a significant
increase in survival, but with a modest duration.

In a cell-free assay, SGC0946, an analog of
EPZ004777 with a bromide on the adenosine
ring, showed an IC50 of 0.3 nM, and an IC50 of
2.6 nM and 8.8 nM in A431 and MCF10a cells,
respectively [115]. SGC0946 results more active
than its precursor.

In 2013, Daigle S.R. et al. characterized the mole-
cule EPZ5676 [(2R,3R,4S,5R)-2-(6-amino-9H-purin
-9-yl)-5-((((1r,3S)-3-(2-(5-(tert-butyl)-1H-benzo[d]
imidazol-2-yl)ethyl)cyclobutyl)(isopropyl) amino)
methyl)tetrahydrofuran-3,4-diol], a derivative of
EPZ004777. This compound, also known as pinome-
tostat, showed a Ki ≤80 pM with 37,000-fold selectiv-
ity compared to other PMTs. Crystallographic studies
demonstrated that the compound occupies the SAM
site on DOT1L, inducing a conformational change by
opening the hydrophobic pocket [104]. This change is
able to increase affinity between DOT1L and the
molecule. In in vitro and in vivo preclinical studies,
the compound inhibited H3K79 methylation and
HOXA9 and MEIS1 MLL fusion target gene expres-
sion. Pinometostat selectively induces cell death in cell
lines with MLL-AF9, MLL-AF4, and MLL-ENL
fusions. Its substrate specificity and high potency led
to the drug being tested in animal models.

Although pinometostat strongly inhibits DOT1L
in enzymatic assays (Ki ≤80 pM) and in cells with
nanomolar concentration activity, the molecule has
low oral and high intraperitoneal bioavailability
[116], necessitating intraperitoneal administration.

Pinometostat also has some pharmacokinetic
limitations. The half-life of the drug ranges from
one to 5 hours (with a greater t ½ found in rats
compared to mice and dogs), and administering
a single dose at 20 mg/ml reach the plasma con-
centration equal to 5 µM, which, however decreases
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after 2 hours, reaching concentrations lower than
the dose necessary to block tumour proliferation. In
addition, intermittent administration of the drug
for eight consecutive hours was less effective than
continuous administration, again due to the
decrease in plasma drug levels.

It was also shown that the effects are visible only
after more than 7 days of treatment. Mice sub-
jected to administration for only 7 days showed no
significant improvement as a result of therapy. The
administration protocol used in xenograft models
therefore provides for continuous intraperitoneal
administration by osmotic pump, from 21 to 28
days at a concentration of 70 mg/ml [104].

However, administration of the compound in
MV4-11 xenografts for 21 days induced tumour
regression and was tolerated up to 70 mg/kg/day.
In addition, little or no tumour regrowth was
observed for over 30 days beyond cessation of treat-
ment with the compound. In some cases, resistance
developed after 14 days of treatment. AML resis-
tance is usually caused by N676, F691, D839, and
Y843 mutations in the FMS-like tyrosine kinase 3
site [117,118]. However, resistance to pinometostat
occurs in both MLL-ENL and MLL-AF9 due to an
increase in efflux of the drug by activation of PI3K/
AKT and RAS/RAF/MEK/ERK pathways, without
any mutation in DOT1L. ABCB1 and ABCG2, pro-
teins belonging to ABC-superfamily xenobiotic
transporters, were reported to induce drug resis-
tance in MLL-ENL cells. Treatment with ABCB1
inhibitors restores pinometostat sensitivity [119].

Pinometostat was also investigated in Phase
I clinical trials against relapsed/refractory acute
MLL-r in children (NCT02141828) and adults
(NCT01684150). The final report, from 2016, of
the Phase I study in children shows that contin-
uous intravenous administration has an acceptable
safety profile up to 70 mg/m2/day for 23 days of
treatment [120]. In adults, the safe dose is 90 mg/
m2/day after 21 or 28 days of treatment, with
>15% of patients experiencing mild adverse effects,
such as nausea, constipation, vomiting, diarrhoea,
hypocalcaemia, hypokalemia, hypomagnesaemia,
leukocytosis, and anaemia [107]. However,
a clinical trial performed in 2017 (NCT01684150)
showed that out of 51 patients treated with pino-
metostat, only two achieved total remission at
25 mg/ml of drug administration [106].

These data suggest that the effect of pinometostat
in mice and humans is completely different. In the
clinic, the drug is not sufficient when administered
as monotherapy to exert a strong therapeutic effect.
Combination with other chemotherapeutic agents
such as Ara-C or azacitidine has shown an improve-
ment in cell killing in vitro and better tolerability
in vivo. Two different clinical trials are now recruit-
ing to evaluate the combination of pinometostat with
cytarabine, daunorubicin, daunorubicin hydrochlor-
ide, and azacitidine (NCT03724084; NCT03701295).

Cooperation between DOT1L and epigenetic
enzymes in MLL-r treatment

Due to its location on the globular domain of H3
[40,47], H3K79me modification is tightly associated
with other epigenetic modifications, such as
H2BK120 ubiquitination [48], Rpd3 acetylation [49],
and with SIR complex (Figure 4). DOT1L activity is
also closely linked to the expression and activity of
epigenetic enzymes, such as BRD4 and DNMT3A.
These mechanisms suggested the use of DOT1L inhi-
bitors in combination with small molecules selective
for a different target in order to increase their antic-
ancer activity in MLL-r leukaemia [121].

Althoughpart of twodistinct complexes, BRD4 and
DOT1L cooperate in MLL-r leukaemia. DOT1L acts
by methylating H3K79 and recruits p300, which reg-
ulates the binding of BRD4 to chromatin. Specifically,
the increase in H3K79me2 levels leads to chromatin
opening by inhibiting localization of the transcrip-
tional repressors SIRT1 and SUV39H1, and facilitat-
ing binding of CREB1with p300. The increase in p300
on chromatin increases acetylation levels and there-
fore localization of BRD4. Co-administration of the
BRD4 inhibitor I-BET and SGC0946 had a synergistic
effect inMLL-r mouse and human leukaemia at lower
doses than those used in monotherapy. However,
further studies showed that the dual inhibition of
these enzymes also decreases proliferation in other
leukaemia types [122].

The DNMT3A mutation occurs in 20% of adult
AML patients, determining poor prognosis, and
DOT1L and DNMT3A are associated with MLL-r
leukaemia. In haematopoietic cell systems in which
DNMT3A was deleted, an increase in H3K79
methylation was observed. Specifically, the decrease
in DNMT3A led to an increase in DNA
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methylation, including in regions responsible for
transcription of genes deregulated in leukaemia.
These findings suggest the use of DOT1L inhibitors
in the treatment of AML patients with mutated
DNMT3A [121].

Several studies were also performed to evaluate
the use of pinometostat in combination with stan-
dard-of-care agents in acute leukaemias. MOLM-
13 (MLL-AF9), MVA-11 (MLL-AF4), and non-
MLL-r cell lines were challenged with EPZ5676
in combination with cytarabine and daunorubicin,
standard-of-care agents used in the clinic for MLL-
r treatment, and showed a high percentage of cell
death. These findings suggest the ability of these
compounds to block MLL-r leukaemia growth
both alone and above all in combination with
other chemotherapeutics [123].

Conclusions

MLL rearrangements in acute leukaemias induce
complex biological changes that are still not fully
explained. The MLL-r translocation, associated with
the most aggressive leukaemic subtypes, is present
in nearly 80% of paediatric leukaemias, leading to
poor prognosis. Many clinical trials in Europe,
America, and Japan are investigating chemothera-
peutic agents for the treatment of MLL-r leukaemia.
However, relapse rates are high and effective treat-
ment times are very long. In recent years, several
research groups have focused on studying the
mechanisms responsible for leukaemogenesis, high-
lighting the involvement of the epigenetic target
DOT1L. Epigenetic modifications are fundamental
processes in chromatin remodelling, and HMTs

play a key role in gene activation and silencing.
The HMT DOT1L, known to be involved in cell
development, cell cycle progression, and DNA
damage repair, methylates H3K79. Studies show
that an increase in levels of H3K79me is a major
cause of leukaemogenesis in AML patients bearing
MLL-r. MLL-AF10 and MLL-ENL recruit DOT1L
on DNA, inducing hypermethylation of H3K79 in
MLL-r target genes such as HOXA and MEIS1.

To overcome the drawbacks of conventional che-
motherapeutic drugs, novel compounds have
recently been developed to inhibit DOT1L and thus
counteract leukaemic growth. Pinometostat is cur-
rently being investigated in Phase I clinical trials for
paediatric and adult patients with acute leukaemia
harbouring MLL-r and appears to yield good results
in inhibiting MLL-r leukaemia progression with
good tolerability. Other clinical trials are starting to
evaluate the tolerability and percentage of remission
in co-administration of pinometostat with daunoru-
bicin hydrochloride and cytarabine (NCT03724084),
and with 5-azacitidine (NCT03701295).
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