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Abstract

Epigenetic regulators are the largest group of genes mutated in MDS patients. Most mutated genes
belong to one of three groups of genes with normal functions in DNA methylation, in H3K27
methylation/acetylation or in H3K4 methylation. Mutations in the majority of epigenetic
regulators disrupt their normal function and induce a loss-of-function phenotype. The
transcriptional consequences are often failure to repress differentiation programs and upregulation
of self-renewal pathways. However, the mechanisms how different epigenetic regulators result in
similar transcriptional consequences are not well understood. Hypomethylating agents are active
in higher risk MDS patients, but their efficacy does not correlate with mutations in epigenetic
regulators and the median duration of hematologic response is limited to 10-13 months. Inhibitors
of histone deacetylases (HDAC) yielded disappointing results so far, questioning this approach in
MDS patients. We review the clinical relevance of epigenetic mutations in MDS, discuss their
functional consequences and highlight the role of epigenetic therapies in this difficult to treat
disease.
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Incidence and prognostic impact of mutations in epigenetic regulators

Our knowledge about the mutational landscape of MDS has markedly increased over the last
5-10 years due to advancement of sequencing technologies and comprehensive sequencing
approaches by cooperative groups.12 Currently, while more than 100 recurrently mutated
genes are known to occur in MDS, only about 5 are known to be mutated in more than 10%

Correspondence to: Michael Heuser.

Corresponding author: Michael Heuser, MD, Department of Hematology, Hemostasis, Oncology, and Stem Cell Transplantation,
Hannover Medical School, Carl-Neuberg Str. 1, 30625 Hannover, Germany. Tel. +49-511-532-3720, Fax +49-511-532-3611,
heuser.michael @mh-hannover.de.

Conflict of interest

The authors have no conflicts of interest.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Heuser et al.

Page 2

and only about 10-15 in more than 5% of patients.2:2 In this review we refer to MDS based
on the WHO 2008 and 2016 classifications thus excluding patients with chronic
myelomonocytic leukemia (CMML). Gene mutations in MDS can be classified according to
their function. The following functional groups have been described in MDS:

- DNA methylation and Chromatin modification = Epigenetic modifiers (DNA
methylation: e.g. TETZ2, DNMT3A, IDH1/2, Chromatin modification: e.g.
ASXL1, EZH2)

- Splicing (e.g. SF3B1, SRSF2, UZAFI)

- Transcription (e.g. RUNX, BCOR, BCORL1, ETV®6)
- Cohesin (e.9. STAG2, RAD21, SMC1A, SMC?3)

- Receptor/Kinases (e.g. JAK, MPL)

- Ras Pathways (e.g. CBL, PTPN11)

- DNA repair (e.g. BRCC3, ATM)

Gene mutations belonging to the group of epigenetic modifiers represent the largest group of
mutated genes in MDS along with genes in the splicing machinery. The most frequently
mutated genes in this group are 7en-eleven-translocation 2( TET2)3, DNA (cytosine-5)-
methyltransferase 3A (DNMT3A)?, Isocitrate dehydrogenase 1 and 2 (IDH1 and 2)°,
Additional sex combs like 1 (ASXL1)8 and Enhancer of zeste homolog 2 (EZH2).”8 These
genes play a distinct role in epigenetic regulation.® Thus, we can propose that mutations in
epigenetic modifier genes have also a direct epigenetic impact. The exact functional impact
of these different mutations on the epigenetic fingerprint of hematopoetic stem cells (HSC)
is of key interest for understanding the pathogenesis of MDS.

TET2 is an important epigenetic regulator that may lead to DNA demethylation. It encodes a
protein that is known to convert methylcytosine, a modified DNA basg, to 5-
hydroxymethylcytosine (methylcytosine dioxygenase). We know that DNA methylation and
hence also demethylation are key epigenetic mechanisms that impact cell differentiation and
proliferation. Mutations in 7E£722occur in 22-35% of patients with MDS12 and are more
frequent in low-risk WHO categories compared to high-risk WHO-categories of MDS
(Figure 1).2 Unlike mutations in SF3B1 they are not specifically associated with one
morphologic subgroup, but can occur in all subgroups of MDS, which is also true for other
gene mutations involving epigenetic modifiers.}:2 TET2mutations in hematologic
malignancies can be single nucleotide variants (SNV) as well as frameshift mutations in
MDS. While TET2 mutations in the C-terminal catalytic region are mostly missense
mutations, nonsense and frameshift mutations mostly occur in the N-terminal region. Thus,
all of these mutations can lead to a premature truncation of the catalytic part of the enzymes,
which disrupts the catalytic activity of TET2.10

Interestingly, while 7E72 mutations are more frequent in MDS compared to AML, the
reverse is true for /DHI and /DH2 mutations.2:2:11 While both /DHI and /DHZ2 mutations
occur in nearly 10% of AML patients and thus affect nearly 20% of AML patients
combined, /DH1 and /DH2 mutations occur in only 2-5% of MDS patients.1212 |n AML,
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there is a strong association between /DH mutations and normal karyotype, and NPM1
mutations and functional synergisms have been described for these two gene mutations.11:13
NPM1 mutations affect less than 2% of MDS patients and it is not surprising this association
has not been described in MDS.12 /DH mutations are always a heterozygous point mutation
affecting an arginine in codon R132 in /DHI and codon R140 or R172 in /DHZ2. IDH1 and
IDH2 are both enzymes in the citric acid cycle that catalyze the conversion of isocitrate to a.-
ketoglutarate. However, the mutated enzymes produce instead of a-ketoglutarate R-2-
hydroxyglutarate (R-2HG).14 a-ketoglutarate is a cofactor for more than 80 enzymes like
TET2, several histone demethylases, and prolyl hydroxylases.1® Several studies showed that
R-2HG is a competitive inhibitor of a-ketoglutarate-dependent enzymes and thus /DH1/2
mutations have broad epigenetic consequences.16

DNMTS3A is another important epigenetic regulator by encoding an enzyme that catalyzes
the transfer of methyl groups to specific CpG structures in DNA.1" DNMT3A mutations
were first described in AML where they present one of the most frequent mutations
occurring in over 20% of AML patients.1819 [n MDS however, DNMT3A mutations are
rarer occurring in not more than 10% of patients.1:24 About two thirds of mutations are
missense mutations affecting arginine R882. HSCs with mutated DNMT3A appear to have a
proliferative advantage comparted to wild-type HSCs and predispose HSCs to malignant
transformaiton.20-21 DNMT3A is also the most commonly mutated gene identified in clonal
hematopoiesis of indeterminate potential (CHIP).22 Additionally, there appears to be a direct
link between DNMT3A and TET2 in hematopoietic cells. Both genes were shown to
compete as well as cooperate in repressing lineage-specific transcription factors in HSCs.23

ASXL1encodes for a chromatin-binding protein. The protein is thought to disrupt chromatin
in localized areas which leads to enhanced transcription of some genes, while repressing the
transcription of others.24 Importantly it belongs to the enhancer of trithorax and polycomb
(ETP) genes that can both activate and repress HOX genes.2* Mutations in ASXL 1 are after
TETZand SF3B1 mutations the most frequent mutations occurring in MDS with a frequency
of 15-20%.1.26 ASX/ 1 mutations are more frequent in high-risk than in low-risk MDS
patients (Figure 1).2 The mutations are associated with intermediate risk karyotype but not
with other clinical parameters.® Missense, nonsense and frameshift mutations have been
described and all mutations affect exon 12, leading to truncation or changes in the plant
homeodomain (PHD) of the gene, which is the main functional domain of the protein.® It
was shown that truncation of the C-Terminus involving the PHD domain induces MDS in
vivo via inhibition of PRC2.2% In mice, the changes seen with C-terminal truncation of
ASXL1include multi-lineage myelodysplasia, pancytopenia, and occasional progression to
overt leukemia.?526 This functional finding is in line with the finding that frameshift and
nonsense, but not missense mutations are responsible for the adverse prognostic impact of
ASXL1, as frameshift and nonsense mutations have the strongest impact on C-terminal
truncation.®

EZH2 mutations only affect 5-6% of patients with MDS and are rare in AML.12 Together
with other proteins (EED, SUZ12 and RBBP4) EZH2 forms the polycomb repressive
complex 2 (PRC2). Within the PRC2 complex EZH2 is of key functional significance as it
forms the catalytic region of the complex. The PRC2 complex is a highly conserved histone
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H3 lysine 27 (H3K27) methyltransferase that contributes to epigenetic silencing of many
genes.2” The functional activity of EZH2 can be disrupted by mutations as well as loss of
chromosome 7q, where £ZHZ2is located. The latter is more frequently seen in MDS
compared to AML patients. It was shown that premature chain termination of EZH2, as seen
with £ZHZ2 mutations and 7q loss found in MDS, causes direct abrogation of histone
methyltransferase activity which again changes the epigenetic structure of cells.” Another
mechanism of EZH2 inhibition in MDS was found in SRSF2 mutated CMML and AML
patients. Mutations in SRSF2are frequent in MDS patients?® and disrupt regular splicing of
many target genes.2? Interestingly, mutated SRSF2also aberrantly splices £ZH2, which was
associated with lower EZH2 protein levels as well as lower global levels of histone H3K27
trimethylation.30 Frequent loss of EZH2 protein expression was found in chemotherapy
resistant AML patients.3! Loss of EZH2 expression was dependent on phosphorylation by
CDK1, stabilization by HSP90 and proteasomal degradation. However, whether this
mechanism is relevant to MDS is yet unknown.

In the genomic study of MDS by Papaemmanuil et al. a significant proportion of patients
displayed mutations in EP300, KMTZA/C/D/E (MLL family) genes, KDM6A/UTX,
KDM5A and KDMZ2B (Figure 1).2 For many mutations it was unclear at the time whether
these mutations are oncogenic or not. Nevertheless, a similar frequency of these mutations
was found in AML patients in a more recent study and many of them were classified as
oncogenic.1r KMT2A/C/D/E genes encode histone 3 lysine 4 (H3K4) methyltransferases,
while KDM5A and KDM2B are demethylases at H3K4, and KDMG6A is a demethylase at
H3K27. KMT2A/C/D/E gene mutations were found in 17.6% of MDS patients (excluding
del5q and CMML) and mutations in the demethylases were found in 5.6% of the patients.?
Thus, mutations in KMT2A/C/D/E genes and lysine demethylases may be more common
than previously appreciated, but their prognostic and functional impact in MDS has not been
defined.

The detection of mutations in MDS can not only help us to unravel the pathogenesis of the
disease and find novel treatments, but it can also help us with prognostication of individual
patients. While 7E£72mutations appear to have no prognostic impact in MDS, ASXL 1,
EZHZ and DNMT3A mutations were shown to have an independently adverse prognostic
impact in MDS patients.#6-8:32 /DH1 mutations were initially found associated with poor
prognosis,® but a large study did not find a prognostic impact of /DH1/2 mutations on OS or
AML progression in MDS patients.12 In patients undergoing allogeneic hematopoietic stem
cell transplantation (alloHSCT) most epigenetic regulators lose their prognostic impact. In
the largest study to date epigenetic regulators did not affect prognosis after alloHSCT, while
a smaller study found an adverse prognostic effect for patients with ASXLZ mutations after
alloHSCT.3334 In our own study of 304 MDS and secondary AML patients we did not find a
prognostic impact of epigenetic regulators after alloHSCT.3®

Causes and consequences of epigenetic dysregulation in MDS

Modifiers of DNA methylation

DNA hypermethylation has been recognized as a common feature of MDS and has been
associated with poor prognosis in MDS patients.3¢ The efficacy of DNMT inhibitors like
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azacitidine and decitabine in MDS patients strongly suggested the pathophysiologic
relevance of DNA methylation. However, the origin of DNA hypermethylation is currently
being unraveled and causes and consequences have to be carefully distinguished. Besides
mutated epigenetic regulators discussed in detail below, mutations in splicing factors may
also dysregulate epigenetics through splicing of epigenetic enzymes or direct binding to
nucleosomes in exonic DNA as shown for SF381.37 Figure 2 provides an overview on the
physiologic function of epigenetic regulators that are mutated in MDS and Table 1
summarizes mutation frequency, molecular function, epigenetic target and target genes/
pathways of these genes.

DNMT3A modifies DNA enzymatically by methylation of cytosines. The most common
mutation of DANMT3A at amino acid 882 is a loss of function mutation, which also inhibits
the wildtype allele in patients with heterozygous mutations and reduces the enzymatic
activity of DNMT3A by approximately 80%.38 Functional loss of Dnmt3a in murine
hematopoiesis resulted in an increase of hematopoietic stem cells upon serial
transplantation.39 Transcriptional profiling confirmed that Drnmt3a null HSCs are
characterized by increased HSC signature genes and concomitant decreased lineage
specification genes.3° Earlier work had already suggested that DNMT1 acts as a tumor
suppressor by restricting lineage fates of hematopoietic progenitor cells and more recent
work confirmed a tumor suppressive role of DNMT3A.4044 More recently it was shown that
mutant DNMT3A causes focal DNA hypomethylation and restricts the degree of
hypermethylation in AML cells.#142 They showed that DNA hypermethylation is a
consequence of cell proliferation that is independent of oncogenic signaling and can be also
found in non-malignant cells upon cytokine stimulation.*> One might assume that DNMT3A
mutant-associated hypomethylation results in failed repression of self-renewal pathways and
lineage programs. However, hypomethylation had minimal effects on gene transcription, and
additional mechanisms have to be evaluated to understand the mechanism of stem cell
expansion in DNMT3A mutated cells. Translational studies evaluated genetic mutations as
predictors of response to hypomethylating agents, but did not find mutated DNMT3A to
correlate with response, which is expected for a loss-of-function mutation in DNMT3A and
its associated DNA hypomethylation.

TET2 modifies DNA enzymatically by hydroxylation of methylcytosines.#3 During
replication the hydroxyl-methylcytosines become demethylated representing an important
mechanism of DNA demethylation. 7£72mutations in MDS are loss-of-function mutations,
which are associated with DNA hypermethylation.*3 Specifically, a progressive and
widespread DNA hypermethylation of active enhancer elements was shown in preleukemic
hematopoietic cells, while CpG island and promoter methylation did not change upon 7et?
deletion.** Tet2-dependent hypermethylation resulted in down regulation of putative tumor
suppressor genes (e.g. Miss1, Las2, Lxn, Ctdspl, Grap2) and upregulation of putative
oncogenes (e.g. Aff3, Pim2, Nepn, Notch3, lgf1n.** Functionally, it was shown that loss of
TetZleads to increased stem cell self-renewal leading to enlargement of the hematopoietic
stem cell compartment and repopulating activity.*> Concomitantly, upregulation of the self-
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renewal regulators (MeJs1, Evil) and downregulation of myeloid lineage transcription
factors (Cebpa, Cebps, Mpo, Csfl) were observed upon 7et2 deletion.*> A modest
differentiation block was noted in the myeloid, erythroid and lymphoid lineages upon 7et?
deletion and some mice developed a disease reminiscent of chronic myelomonocytic
leukemia.*6

IDH1 and IDH2

IDH1 and /DHZ2 mutations have been functionally linked to TET?2 as the oncometabolite
R-2-hydroxyglutatarate, which is produced by mutant /DH1/2, inhibits the enzymatic
function of TET2.4” However, two observations suggest that TET2 is not the primary target
of R-2HG: First, R-2HG is a much weaker inhibitor of TET2 than S-2HG, yet R-2HG but
not S-2HG s leukemogenic (see below).*8 Second, DNA hypermethylation occurs at much
later passage than histone H3K9 methylation in cells overexpressing mutant IDH1,49
suggesting that DNA hypermethylation is rather a consequence than a cause of mutant
IDH1/2. The H3K9 demethylases KDM4A and KDM4C are inhibited by R-2HG and S-2HG
with equal potency and H3K9 hypermethylation is one of the first epigenetic changes to
occur upon expression of mutant IDH1,49 suggesting that KDM4A/C are primary targets of
mutant IDH1.

Expression of mutant IDH1 from the endogenous locus in hematopoietic cells induced an
expansion of hematopoietic progenitor cells, splenomegaly and anemia, while the mice did
not develop leukocytosis or leukemia.®? It was shown that mutant IDH1 and IDH2 need a
collaborating oncogene to induce leukemia in vivo.>152 Coexpression of mutant /DHZ and
HOXA9 accelerated the onset of monocytic leukemia in mice.>! When the potential
oncogenic effects of R-2HG, S-2HG and a KG were evaluated in vivo, it became evident that
only R-2HG is oncogenic in hematopoietic cells, but not S-2HG or a KG. Cytochrome ¢
oxidase (COX), which represents complex IV of the mitochondrial electron transport chain,
has been identified as a target of 2HG, which is specifically inhibited by R-2HG but not
S-2HG.53 This inhibition was specific for complex IV of the mitochondrial electron
transport chain, as complex I, 11, 11l and V were not affected. Inhibition of COX lowered the
apoptotic threshold and rendered the cells dependent on the activity of apoptosis inhibitor
BCL2. Interestingly, /DHZ mutant AML patients were especially sensitive to the BCL2
inhibitor venetoclax underscoring the functional importance of COX inhibition by R-2HG.>*
In addition, mutant IDH1 inhibits ATM expression and the DNA damage response pathway
independently of TET2 through R-2HG-mediated inhibition of histone demethylases.>®

Taken together, TET2and DNMT3A mutations seem to result in opposite epigenetic
changes at DNA level, but result in similar biologic effects like a gradual expansion of
hematopoietic stem and progenitor cells. Double knockout of 7E72and DNMT3A revealed
competitive and cooperative effects on gene expression with reduced expression of erythroid
regulators K/f1 and Eporand upregulation of myeloid transcription factors Cebpa and
Cebpe.23 TET2and /DH1/2 mutations have been described as functionally redundant
mutations, but recent observations suggest also TET2-independent mechanisms of these
mutations.
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Modifiers of H3K27 methylation and acetylation

Histone 3 lysine 27 (H3K27) is modified by several enzymes that are mutated in MDS
patients. It is trimethylated by EZH2 as the catalytically active part of the PRC2 complex.
ASXL1 interacts with and recruits the PRC2 complex to its target genes and therefore is also
indirectly involved in H3K27 methylation. KDM6A/UTX demethylates H3K27 and thus is a
functional opponent of EZH2 and ASXL1.56-58 EP300 acetylates the H3K27 residue
besides other non-histone substrates.?® This acetylation mark is considered as an active
enhancer mark and thus possibly also opposes the repressive function of EZH2 and ASXL1.

EZH2 and ASXL1

It is now well established that ASXL1and EZHZ mutations are loss of function mutations in
MDS.60.61 This loss of function prevents repression of PRC2 target genes like HOX genes,
which are well known to promote self-renewal and leukemic progression.52 Loss of £zh2
was sufficient to induce a MDS/MPN-like disease in mice,%3 to promote myelofibrosis in
mice expressing a constitutively active JAK2 (V617F),64 to collaborate with mutant RUNX1
thereby accelerating MDS in mice,%! and to induce chemoresistance and relapse in AML
patients.3!

ASXL1 interacts with BAP1 to form a polycomb deubiquitinase complex that removes
monoubiquitin from histone H2AK119.%° Through interaction with the PRC2 complex loss
of AsxI1 results in a genome-wide reduction in H3K27 trimethylation.28 AsxI1 deletion
excludes Ezh2 and consequently diminishes H3K27me3 at the HoxA cluster and thereby
activates HoxA gene expression.28 Constitutive loss of Asxl1 had no major impact on
hematopoiesis and did not induce MDS in mice.24 However, conditional knockout of AsxI1
caused progressive multilineage cytopenias and dysplasia with increased numbers of
hematopoietic stem and progenitor cells reminiscent of MDS22:66 |ikely mediated by
HOXA9 and miR-125a activation and reduction of the miR-125atarget gene CLEC5a.2>

KDMGBA/UTX

KDMGBA/UTX demethylates H3K27me3 and thus is a functional antagonist to EZH2.
Through H3K27 demethylation it suppresses PRC1-mediated repression of HOX genes, thus
activating HOX gene expression.>” As £ZH2mutations are loss of function mutations in
MDS, one may assume that KDM6A mutations should be gain of function mutations in
MDS patients. However, it is not clear whether KDMG6A acts as a tumor suppressor or
oncogene and it is likely that these functions depend on cellular context.5” Conditional
knockout of Kdmé6ainduced myelodysplasia and suppressed erythro- and megakaryopoiesis
in the bone marrow,58 suggesting a tumor suppressor function of wildtype Kdméa. Loss of
Kdméa is accompanied by significant down-regulation of GATAZ, LYL1, SCL, and KLF1 as
well as upregulation of Au.1.%8 However, in a model of T cell acute lymphoblastic leukemia
KDMG6A was required for maintaining a TAL1-positive leukemia, suggesting an oncogenic
function.%? Analysis of MDS-specific mutations of KDM6A are required to clarify its
pathophysiologic function.
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EP300

The mutations in £P300are not well characterized and it is not clear whether they are gain
or loss of function mutations. Knockout of £P300is embryonic lethal’® and £P300
deficiency impairs self-renewal and differentiation of hematopoietic stem cells in mice.”?
Loss of EP300 positively contributed to myeloid leukemogenesis in cooperation with other
oncogenes (NUP98-HOXD13, NUP98-HOXA9 and MOZ-TIF2).7273 In RUNX1-
RUNX1T1-driven AML cells it was shown that acetylation of RUNX1-RUNX1T1 by p300
was required for leukemogenesis.”* These studies suggest a gain-of-function mechanism for
EP300 mutations, but additional proof is required.

From these data it is evident that modifying enzymes of H3K27 are critical for normal
hematopoiesis and that their dysregulation may induce myelodysplasia. One of the best
studied target genes affected by H3K27 dysregulation are HOX genes and failed repression
of the HOX cluster is a powerful driver of leukemogenesis and is observed in many patients
with MDS and AML.

Modifiers of H3K4 methylation

Enzymes of the KMT2/MLL family methylate H3K4 to either mark distal regulatory
enhancers (H3K4mel, e.g. by KMT2C/MLLZ3) or initiate transcription through recruitment
of coactivators (H3K4me3, e.g. by KMT2A/MLL, KMT2D/MLL2, KMT2B/MLL4).7
While KMTZ2A is frequently involved in translocations or in partial tandem duplications in
AML, these genetic aberrations are hardly found in MDS patients.2 KMT2 family members
are frequently mutated in solid tumors and lymphoma,’® and it may not be surprising to find
a high frequency of mutations also in MDS. Many KMT72 family gene mutations truncate
the protein and are likely loss-of-function mutations.’”® For KMT2C and KMT2D an
inhibitory effect on cell growth has been described, and KMT2C was implicated as a tumor
suppressor.”8.77 Mice carrying the inactive form of Kmt2c showed a skewed hematopoiesis
towards the myeloid lineage.”® Interestingly, knockdown of Kmt2cand neurofibrominl
(NFI) in Tp53-null bone marrow cells induced AML in mice.”” In addition, suppression of
Kmt2c significantly upregulated a differentiation-associated transcriptional signature.’’
KMT2D also likely acts as a tumor suppressor, as its deletion in B lymphocytes promoted
lymphoma development in mice.’®

KMT2E/MLLS5 does not exhibit methyltransferase activity and is therefore the most distant
family member, which is more related to the SE7.3 gene family. However, its loss resulted in
impaired neutrophil differentiation and increased infection susceptibility, mild impairment of
erythropoiesis and reduced stem cell self-renewal, reminiscent of MDS.80 Loss of KMT2E
resulted in accumulation of reactive oxygen species and DNA damage in hematopoietic stem
and progenitor cells, which is mediated by type 1 interferon signaling and mitochondrial
accumulation of Bid.81 As KMT2Cand KMTZE are located on chromosome 7 and deletions
of chromosome 7 are frequently observed in MDS patients, their reduced activity has been
implicated in MDS pathogenesis.

KDMZ2B (also called JHDM1B or FBXL10) is a demethylase of H3K4me3 and of
H3K36me2.82:83 Functional studies mostly implicated KDM2B as an oncogene. Its ectopic
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expression was sufficient to transform hematopoietic progenitor cells and induce leukemia
through activation of Nsg2.8485 Knockdown of KDM2B reduced cell proliferation in vitro
and abrogated leukemogenesis in vivo in a humanized xenograft model.8 Loss of Kdm2b
has been found to suppress Hoxa9/Meisl-induced leukemic transformation, supporting a
potential oncogenic function.84

KDMS5A (also called JARID1A and RBP2) is a demethylase of H3K4me2 and H3K4me3
and is recruited by PRC2 to repress its target genes in embryonic cells.87 Fusion of its c-
terminal PHD-finger with NUP98 enforces the activation of lineage-specific transcription
factors (Hox, Gata3, Meis1, Eyal and PbxI) by preventing loss of H3K4me3 at these loci in
murine HSPC, leading to differentiation arrest and leukemia induction.88

In summary, missense and truncating mutations in modifiers of H3K4 methylation are
frequently found in MDS patients and patients with solid tumors, but their contribution to
disease pathogenesis is not well understood in stark contrast to KMT2A fusion genes, which
are among the strongest oncogenes in hematopoiesis through activation of HOX genes and
MEI51.89 Gain- and loss of function studies and a detailed description of epigenetic
consequences will help to define the role of these genes in MDS.

Epigenetic therapy in MDS

Hypomethylating agents

The therapy of MDS is risk adapted. The IPSS (International Prognostic Scoring System)
and IPSS-R (revised-1PSS) are being used for the risk classification.90:91 The therapeutic
recommendations by the European Leukemia Net (ELN) are based on the IPSS which
considers blast percentage, karyotype and cytopenias and categorizes patients into low,
intermediate-1 (int-1), intermediate-2 (int-2) and high risk.%2 The two later groups, int-2 and
high, are considered as high risk MDS while patients in the low and int-1 are considered to
have low risk MDS. For patients with high risk MDS the recommended therapy is treatment
with DNA hypomethylating agents (HMAs).%2 Currently, HMAs are the only approved
agents for higher risk MDS both by the FDA (decitabine®3 and azacitidine%4) and the EMA
(azacitidine®%) (Figure 3). Other therapeutic approaches are allogeneic stem cell
transplantation for the relatively small percentage of younger and fit patients as well as
solely supportive care for the very frail. The therapeutic benefit of HMA in high risk MDS
can be understood when considering that recurrent methylation of tumor suppressor genes
present a hallmark of high risk MDS. The hypermethylation of tumor suppressor genes leads
to a reduction of their activity. Thus, the major therapeutic effect of HMA is believed to be
due to a reactivation of tumor suppressor genes. The efficacy of HMA in high risk MDS is
supported by the results of several studies showing that hypermethylation of the tumor
suppressor gene p51INK4B is more pronounced in high risk MDS compared to lower risk
MDS. Decitabine is the deoxynucleotide analog of azacitidine. Azacitidine is a pyrimidine
nucleoside analogue of cytidine. It is mostly incorporated to RNA, and in part converted to
deoxyazacitidine by ribonucleotide reductase, and thereafter incorporated in DNA. At low
doses, azacitidine inhibits DNA methyltransferases (DNMTSs) causing hypomethylation, and
at high doses it induces a cytotoxic effect via effects on DNA and RNA.%°

Semin Cancer Biol. Author manuscript; available in PMC 2021 February 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Heuser et al.

Page 10

One of the first randomized trials with azacitidine was the CALGB trial which compared
azacitidine with best supportive care. In this trial, 60 % of patients achieved a response to
azacitidine. While only 7 % of patients achieved a complete remission, 16 % of patients
obtained a partial remission and improvements in blood counts were seen in 37 % of
patients.9¢ Although the observed complete remission rates were relatively low with
azacitidine, these agents have been shown to lead to an overall survival benefit,
improvements in hemoglobin, platelets and neutrophils and a better quality of life in later
studies.94 Another important clinical point is that the response to these agents is generally
not seen before the fourth or fifth cycle of treatment, which is different to many
chemotherapy agents. As epigenetic changes take a longer time to evolve compared to
cytotoxic therapy this timeline seems to be understandable. The median duration of response
in patients with complete remission, partial remission or any hematological improvement
was 13.6 months with azacitidine®* and 10.3 months with decitabine.9 Azacitidine is now
standard of care for patients with intermediate-2 and high risk MDS. The typical regimen
consists of a fix dose of 75 mg/m2/day subcutaneously for 7 days every 28 days. Treatment
should be continued until patients loose clinical benefit.

As some patients respond to demethylating therapy very well while others don’t, response
prediction is an intriguing question. Is there a molecular signature that predicts response?
Several trials have studied retrospectively the mutational profile of patients that responded in
comparison to patients that did not. Specifically, the question was raised whether mutations
in epigenetic modifiers correlate with response to hypomethylating agents. Response to
HMAs was similar for patients with and without mutations in DNMT3A, IDHI, IDHZ,
ASXL1and EZH21297 When 213 MDS patients treated with HMA were analysed for
commonly mutated genes in MDS, higher abundance of 7E£72 mutations were associated
with increased response to hypomethylating agents, particularly when ASXL 1 is not
mutated.?8 Similar results were shown in the study by Itzykson et al. looking at AML
patients that were treated with demethylating agents. Here, mutations of 7£72 detected by
Sanger sequencing were found to predict a nearly twofold greater response rate with
azacitidine.%? The mutations can remain detectable even if a good response has been
observed.190 |n the AZA-001 trial of azacitidine in AML patients > 65 years of age an
exploratory analysis of molecular predictors of response identified 7P53and NRAS
mutations associated with improved overall survival.101 Patients with 7253 mutation and or
an unfavourable cytogenetic risk profile were identified to show a clear clinical benefit with
a 10-day course of decitabine in a study that looked at 116 patients with AML and MDS.
The promising result in the 7253 mutated group is especially important as other therapies
including stem cell transplantation usually fail in this high risk patient group.9” However, the
current data does not allow tailoring hypomethylating agents to specific genetic subgroups
withholding it in other patients, especially with the few alternatives currently available.

HDAC Inhibitors

Histone deacetylases (HDAC) remove acetyl groups from lysine in histones and thereby
repress DNA transcription. HDAC inhibitors like the antiepileptic agent valproic acid can
prevent DNA compaction to maintain active transcription and induce differentiation in
leukemic cells.192 Preclinical and clinical data showed synergistic activity of HDAC
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inhibitors with hypomethylating agents.193 It was postulated that demethylation by HMAs
and de-compaction of histones by HDAC inhibitors would synergistically activate repressed
genes and thereby induce differentiation, apoptosis and cell cycle arrest. This led to the
clinical evaluation of several HDAC inhibitors like valproic acid, vorinostat, panobinostat,
pracinostat, belinostat, abexinostat, and others as single agents or in combination with
HMAs (Figure 3).104-109 Single agent activity of HDAC inhibitors was very limited.
Combination treatment with HMAs also has been disappointing so far. In a randomized
phase 11 study with decitabine (20 mg/m? days 1-5 with or without valproic acid 50 mg/m?
days 1-7) in 149 MDS and AML patients the median survival was 11.9 months with no
difference between the treatment groups.110. The E1905 study treated 47 patients with
therapy-related myeloid neoplasms with azacitidine (50 mg/m? days 1-7) with or without
entinostat (4 mg/m? days 3-10). Median overall survival was 13 months in the azacitidine
arm and 6 months in the combination arm.199 Pracinostat was evaluated in a randomized,
placebo-controlled, double blind study of azacitidine (75 mg/m? for 7days) with or without
pracinostat (60 mg every other day for 3 days a week for the first 3 weeks of each cycle) in
patients with higher-risk MDS (n=102). After 6 cycles the CR rate was 33% in the placebo
compared to 18% in the pracinostat arms. Median overall survival was 19 and 16 months in
the placebo and pracinostat arms (no significant difference). Adverse events and treatment
discontinuation were more frequent in the pracinostat group.111 Thus, the addition of HDAC
inhibitors to HMASs in the best case appears non-effective, but may add toxicity to the
treatment with negative effects on survival probability of MDS and AML patients.

How can these clinical observations be explained? Two preclinical studies evaluated the
effects of valproic acid on leukemic progenitor cells from AML patients. Valproic acid
induced differentiation and partial leukemic regression, but spared leukemic progenitor cells
and enhanced the colony-forming potential of primary AML cells.112113 Thys, inhibition of
HDACs may have opposing effects in bulk leukemic cells compared to leukemic stem and
progenitor cells. The lack of clinical efficacy may be due to limited on-target activity of the
inhibitors, or the most relevant HDAC enzymes may have not been targeted effectively yet.
Alternatively, histone deacetylation and repression of associated target genes may be less
relevant in the pathophysiology of MDS.

Novel treatment approaches

Various molecules targeting epigenetic regulators including IDH1, IDH2, EZH2, DOT1L
(H3K79 methyltransferase, required by MLL fusion leukemias), and bromodomain proteins
(epigenetic readers of lysine acetylation, e.g. BRD4) were developed for the treatment of
specific hematological malignancies and their efficacy is currently under investigation
(Figure 3). The results may provide promising treatment options and increase the pool of
effective epigenetically targeted therapies in MDS patients. Development of new
hypomethylating agents is ongoing with guadecitabine/SGI-110 being the most advanced
drug. SGI-110 is a second-generation hypomethylating agent and a prodrug of decitabine
and might even show benefit in patients that were heavily pretreated with hypomethylating
agents.114 For the latter, combination of epigenetic therapy with immunotherapy is the focus
of currently conducted trials. Treatment with azacitidine has been shown to increase the
programmed death ligand-1 (PD-L1) expression of myeloblasts.}1> The increase of PD-L1 is
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supposed to lead to higher response rates to immunotherapy. Thus, synergism between
demethylating agents and immunotherapy is being postulated. Trials evaluating the
combination of these two agents are ongoing.

It remains a challenge to restore the activity of mutated inactive epigenetic regulators. Two
strategies are highlighted here for ASXL1 and EZH2. Although ASXL1 interacts with
BAP1, loss of BAP1 had opposite effects than loss of ASXL1, as it resulted in increased
H3K27 trimethylation, elevated expression of EZH2 and repression of PRC2 target genes.116
Thus, inhibition of BAP1 may be an interesting target in patients with mutated ASXL1 or
repressed EZH2. Protein ubiquitination marks proteins for proteasomal degradation. In
contrast, deubiquitination (e.g. by BAP1) or inhibition of the proteasome may increase the
half-life of proteins. Along these lines the proteasome inhibitor bortezomib was used in
chemotherapy-resistant AML cells, which had lost EZH2 expression during treatment.
Bortezomib could restore EZH2 expression and resensitize the cells to chemotherapy,
representing an interesting treatment approach for patients with low EZH2 expression.3!
However, clinical trials with proteasome inhibitors in MDS as single agent or in combination
with lenalidomide or low dose cytarabine showed only modest activity so far.117:118

In summary, epigenetic therapy is the standard treatment for high risk MDS patients leading
to improved survival as well as improvements in blood counts. The effect is thought to be
due reducing DNA hypermethylation and thus activation of tumor suppressor genes. The
search for molecular response signatures, combination therapies and advancements of novel
epigenetic drugs is ongoing.

Perspective

It has been a long-standing question whether epigenetic patterns are stably engraved in the
genome to induce and maintain cell transformation and leukemogenesis. If this would be
true, a treatment that reverses this epigenetic pattern would be sufficient to inhibit and cure
leukemia. Alternatively, if aberrant epigenetic patterns are consequences of mutated and
dysfunctional proteins that constantly maintain this epigenetic pattern, a treatment directed
against the epigenetic changes would result only in temporary inhibition of leukemia.

A recent study eloquently addressed this question using AML cells: Leukemic cells were
reprogrammed to induced pluripotent stem cells (iPSC) and were differentiated back to
hematopoietic cells. While undifferentiated iPSCs did not induce leukemia in vivo,
differentiated iPSCs induced AML with the same phenotype as the primary AML cells.119
When assessing absolute methylation differences, undifferentiated iPSC populations were
globally hypermethylated compared to primary AML and differentiated AML-iPSCs.
Differentiated AML-iPSCs, similar to primary AML cells, demonstrated relative
hypermethylation of pluripotency gene sets, but showed hypomethylation of hematopoietic
and leukemic gene sets. Interestingly, no residual epigenetic memory was found in
differentiated AML-iPSCs that could contribute to re-acquisition of the leukemic phenotype.
It was concluded that genetic mutations in AML-iPSCs reactivated leukemia target genes
upon hematopoietic differentiation thus inducing the leukemic phenotype.119 This study
suggests that efficient epigenetic targeting should be directed against the dysregulated
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epigenetic enzyme and not merely against the epigenetic pattern associated with this
enzyme. The difficulty is that most of the mutations in epigenetic regulators are loss-of-

fu
lo

nction mutations and that no successful treatment strategies have been developed yet for
ss-of-function mutations as exemplified for mutated p53.

Hypomethylating agents are undoubtedly helpful in the treatment of MDS patients.
However, none of the patients treated with HMAs is cured with HMAs alone (median
response duration is 10.3-13.6 months) and there is an urgent need to move beyond
hypomethylating agents in MDS. A better understanding of the molecular mechanisms of

m

utated epigenetic regulators and their epigenetic consequences will eventually lead us to

better treatments of our MDS patients.
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Figure 1.
Mutation frequency in epigenetic regulators in low-risk (refractory anemia (RA), refractory

anemia with multilineage dysplasia (RCMD), and RCMD with ringsideroblasts (RCMD-RS)
and high-risk (refractory anemia with excess of blasts (RAEB-1 and RAEB2)) WHO
categories of MDS patients including mutations of oncogenic, possibly oncogenic as well as
of unknown oncogenic potential. The data is based on a publication by Papaemmanuil et al.
using mutation information in Supplementary Table S2.2 * indicates P<0.01.
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Mutated epigenetic regulators and their physiologic function
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Figure 2.
Molecular function of epigenetic regulators that are frequently mutated in MDS. A

nucleosome is shown with histone tails. Enzymes regulating H3K4 and H3K27 are shown
on the right side of the graph. Yellow circles represent CpG dinucleotides and their
methylation is described on the left side of the graph; Me: methylation mark; green arrows:
positive regulation, red arrows: negative regulation.
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Inhibitors directed against epigenetic

regulators or epigenetic modifications
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Figure 3.
Inhibitors in clinical development for MDS patients directed against epigenetic regulators or
epigenetic modifications.
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Table 1
Molecular function and transcriptional consequences of mutated epigenetic regulatorsin
MDS.
Mutated gene | Mutation Molecular function Epigenetic targets Regulated genes/pathways
frequency in
MDS
ASXL1 15-20%126 Accessory protein of Targets of the PRC2 HOX (mainly HOXA5-9)26
PRC2 complex complex
DNMT1 <1%?2 Maintenance of DNA CpG methylation Upregulation of Ezh2 targets, KIf4, Dusp6,
methylation Ccend2, Tgfbil?0
DNMT3A <10%1:24 De novo DNA Cytocine methylation, is | Upregulation of HSC genes (Gata3, Runx1,
methylation recruited to H3K36me3, Pbx1, Cdknla, Vasni), downregulation of
can recruit HDAC differentiation genes (FIk2, Ikaros, Sfpil
(PU.1), Mef2c)*
EP300 ~7%2 Histone acetyltransferas H3K122ac, H3K27ac SIRT2, HDAC1, ALX112t
e (writer)
EZH2/KM ~6% 12 Histone methyltransfera H3K27me3 Myc targets, cell cycle genes, PRC2 targets
T6A se (writer) (Hox), Adhesion molecules ICAM, NCAM, E-
cadherin and VE-cadherin, inflammatory
cytokine response genes (116 and Tnfa
pathways)5!
KDM2B ~202 Histone demethylase H3K4me3 and Binds ribosomal RNA and inhibits its
(FBXL10) (eraser) H3K36me2 transcription, maybe also part of E3 ubiquitin
ligase complex84.85
KDM5A ~192 Histone demethylase H3K4me2 and HOX, RB, CXCL12, nuclear receptors8®
(JARID1A) (eraser) H3K4me3
KDM6A ~202 Histone demethylase H3K27me2 and Loss of UTX induces down-regulation of
(UTX) (eraser) H3K27me3 GATA-1, LYL-1, SCL, KLF1, and IKAROS, as
well as significant up-regulation of PU.1
MLL/KMT2A | ~50%?2 Lysine methyltransferase | H3K4me HOX (HOXA9)88
(writer)
MLL2/ ~4%2 Lysine methyltransferase | H3K4me Estrogen receptor, beta globin’®
KMT2D (writer)
MLL3/ ~69%2 Lysine methyltransferase | H3K4me Loss of MLL3 leads to inhibition of the
KMT2C (writer) following pathways: Antigen processing and
presentation, Immune response, lineage
differentiation””
MLL5/KMT2E | ~3%?2 unknown unknown Cell cycle genes'??
TET1 ~4%?2 Methylcytosine 5 methylcytosine Indirectly represses B lymphoid transcription
dioxygenase (hydroxylation), H4R3 factors EBF1, Pax5 and IRF4123
TET2 22-35%"2 Methylcytosine 5 methylcytosine Activates HSC specific genes (Meis1, Evil),
dioxygenase (hydroxylation) represses RBC signature genes (KIf1, Epor),
myeloid transcription factors (Cebpa, Cebps,
Mpo, and Csf1) and the IL-6 pathway
(independent of DNA hydroxymethylation but
through PRC2)124
WT1 ~192 Transcription factor Interaction parter of TBL1X, BTRC, DACT1, LEF1, NLK%
TET2
IDH1 ~20p12.12 No direct epigenetic indirect inhibitor of HOXA cluster, MAPK signaling, DNA damage
activity TET2, KDM2A, response and DNA repair pathways through
KDMJ4A/C, and activating ATM expression (independent of
KDM5B Tet2) 5155
IDH2 ~49p1.212 No direct epigenetic indirect inhibitor of TGFB, WNT and HOX pathways'®

activity

TET2, KDM2A,
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