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ABSTRACT

The azanucleotides azacitidine and decitabine have been shown to induce hematologic response and prolong sur-
vival in higher-risk myelodysplastic syndromes. They are inhibitors of DNA methyltransferase-1 and induce DNA-
hypomethylation. Induction of apoptosis is also clinically relevant, in particular during the first treatment cycles,
when cytopenia is a frequent side-effect. Since the hypomethylating effect is reversible, and the malignant clone has
been shown to persist in most responding patients, several cycles are necessary to achieve and maintain responses,
while treatment interruption is associated with rapid relapse. Methylation studies have shown global and gene-spe-
cific hypermethylation in myelodysplastic syndromes, but there seems to be little relation between the degree of
demethylation following hypomethylating treatment and hematologic response. The presence of concurrent genom-
ic hypermethylation and hypomethylation may impair the predictive power of current detection techniques. This
scenario has been complicated by the identification of epigenetic enzyme mutations, including TET2, IDH1/2,
DNMT3A and EZH2, which are important for response to hypomethylating treatment. Changes in azanucleotide
metabolism genes may also play a role. In the future, methylation analysis concentrating not only on promoters, but
also on gene bodies and intergenic regions, may identify key genes in patients with the highest probability of

response to azanucleotides and allow a patient-tailored approach.

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous
group of myeloid disorders, characterized by deeply variable
clinical behavior due to disease-specific characteristics, such
as aberrant karyotype, depth of peripheral blood cytopenias
and of bone marrow infiltration, but also recurrent mutations,
and DNA hypermethylation. Furthermore, patients’ charac-
teristics such as age, performance status and comorbidities
have been shown to significantly impact prognosis.”® The nat-
ural history of higher risk MDS has been recently modified
by the use of hypomethylating (HMT) drugs, including azac-
itidine (AZA, Vidaza®, Celgene) and decitabine (DAC,
Dacogen®, Janssen). Azacitidine used at the standard dose of
75 mg/m*/7 days/month has been shown to prolong survival
and delay leukemic transformation compared to supportive
treatment in higher risk MDS.® Decitabine has been shown to
induce responses and prolong progression-free survival when
compared to best supportive care.”

Despite 20-30% probability of complete and partial remis-
sion, achievement of hematologic improvement in 20-50% of
patients and perhaps also stable disease, lead to improved sur-
vival. Also poor prognostic patient groups, including therapy-
related myeloid neoplasms,” respond to HMT, but median
duration of response is 12-18 months and disease relapse
appears almost inevitable.*’

Treatment initiation is then a commitment for patients
and physicians, since the subcutaneous or intravenous
administration of the drugs requires patient admission to
outpatient clinics 5-7 days per month for several years. AZA

and DAC have been shown to actively demethylate DNA,
but to date none of the methylation markers indicated as
predictor of response has been validated in large prospective
studies. In this review, we will try to discuss possible causes
of this failure.

DNA methylation

Methylation of cytosines is due to the enzymes DNA-
methyl transferase (DNMT3A and 3B), which add CH3
methyl-groups mainly in the context of CpG residues to
newly synthesized DNA molecules. The enzyme DNMT1 is
a maintenance methyl-transferase, assigned to methylation of
the replicated DNA. The drugs AZA and DAC are known to
induce gene expression through DNA hypomethylation, fol-
lowing DNMT1 sequestration. This action is reversible since
the drug does not influence de novo DNMT synthesis. This
has been shown in vitro and in vivo and is seemingly the ration-
ale for the necessity of repeated cycles to maximize the num-
ber of responses."”"

The reversibility of methylation also explains the necessity
for a maintenance treatment as long as response persists,
since treatment interruption is associated to rapid relapse.'”"
The molecular basis for disease persistence during HMT and
eventual relapse have been recently postulated by Itzykson et
al. who used next generation sequencing to study the preva-
lence of several gene mutations in single-cell-derived colonies
from chronic myelomonocytic leukemia patients.”® This
study showed early clonal dominance and expansion of the
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more mutated clones during the course of the disease,
which were not influenced by the type of treatment. Loss
of response after stopping treatment is further favored by
the fact that leukemic stem cells included in the Lin-CD34*
compartment seem to be spared from the activity of the
drugs, probably also due to their non-proliferating status.
In 15 MDS and AML patients achieving complete remis-
sion following AZA and valproic acid treatment,
Craddock et al. showed that leukemic stem cells were sub-
stantially reduced, but were never eradicated, and expan-
sion of this population took place before morphological
relapse." Leukemic stem cells have been shown to over-
express multidrug resistance (MDR) transporters, includ-
ing P-glycoprotein (P-gp).” Hypomethylating drugs have
been shown to down-regulate P-gp expression in myeloid
cell lines, with decitabine demethylating the repressor
binding site of the MDR-1 gene.'*"

Higher-risk MDS are characterized by a high degree of
global methylation compared to normal CD34" cells and
de novo acute myeloid leukemia (AML).**"” In MDS, differ-
ent methods have been used to study global methylation.
Some of them, including liquid chromatography-mass
spectroscopy/mass spectroscopy (LC-MS/MS), capture of
methylated DNA by methyl-binding protein (MBD2), and
the LINE-1 and the LUMA assays, evaluate genomic
methylation without distinguishing regulatory from struc-
tural regions. After the seminal studies in which specific
gene promoters were evaluated for methylation by MSE,
global methylation at promoter regions has been mainly
studied by methyl-CpG island enrichment using immune-
precipitation (MeDIP) by an anti-5-methylcytidine anti-
body, coupled to a microarray platform, and more recently
by next generation bisulfite sequencing approaches."”'

Normal cells are characterized by an open chromatin
structure at promoter regions, which are transcriptionally
active, and by hypermethylation and histone deacetyla-
tion at repetitive regions, with the goal of maintaining
chromosome structure and genomic integrity. Conversely,
hypermethylation is a general feature of cancer and of
aging.” Tumor cells are frequently hypermethylated at
promoter regions, leading to downregulation of expres-
sion tumor suppressor genes and hypomethylated at
repetitive DNA regions, leading to chromosomal instabili-
ty and to malignant transformation. Given this, ‘global’
methylation, assessed by current techniques, may depict
the sum of hyper and hypomethylation at different
regions. Actually, there were no differences in global
methylation in MDS patients achieving complete and par-
tial remission versus those resistant to hypomethylating
treatment.”®”* Similarly, in acute myeloid leukemia (AML),
the reduction in marrow blasts did not correlate with the
decrease in global methylation levels, suggesting that
hypomethylation was related to the activity of decitabine
rather than cytoreduction leading to a decrease in
leukemia burden (Figure 1) The lack of correlation
between hypermethylation and HMT activity is con-
firmed by data on chronic myelomonocytic leukemia
(CMML) patients. Comparing the DNA methylation pro-
files of CMML at diagnosis, we have shown that patients
responding to decitabine presented both gains and losses
of methylation compared to non-responders.”” Only 10%
of differentially methylated regions were located at pro-
moter regions, underscoring the importance of using plat-
forms with extended, extra-promoter, genomic coverage.”
This is consistent with the recent knowledge that long

non-coding DNA regions and the corresponding RNAs
may have a critical role in gene expression regulation at
the histone level.*® Analysis of the methylation status of
these long non-coding regions may in the future help to
predict response to HMT.

‘Gene-specific’ hypermethylation has been shown to be
a negative prognostic factor for the natural history of
MDS, also in the context of epigenetic treatment.”®****

Several putative tumor suppressor genes have been
shown to be hypermethylated in MDS, including cell
cycle, signal transduction, lineage commitment, apoptosis,
immune response and cytoskeletal remodeling genes,
which may be then induced by AZA or DAC treatment.”
In addition to ‘absolute’ methylation, also methylation
density seems to play a significant role. We have shown
that high (over 50%) methylation levels of the apoptosis
regulator BCL2L10 are associated to reduced survival in
patients with MDS treated with azacitidine.” These data
may indicate that critical methylation levels may counter-
act demethylation by azanucleotides and reduce treat-
ment efficacy. The role of the BCL2L10 gene as response
predictor has been confirmed by Cluzeau ez al., although
results are in part conceptually conflicting.* These authors
actually showed that “low" BCL2L10 expression quanti-
fied by flow cytometry is predictive of azacitidine
response.” The reasons for this discrepancy are not clear
but may rely on mechanisms regulating BCL2L10 expres-
sion, in addition to methylation.

A methylation panel of ten promoter regions studied by
bisulfite-pyrosequencing, including E- and N-cadherin,
estrogen receptor, NOR1, nucleoplasmin 2, oligodendro-
cyte OLIG2, p15INK4B, progesterone receptor A and B,
PDZ and LIM domain 4 (RIL) has been indicated as nega-
tive prognostic factor for MDS.” This was a very large
study including over 300 patients from three independent
protocols, and defined a methylation score based on all
genes for each patient. Although there was no significant
association between methylation at baseline and clinical
response to decitabine or azacitidine, reduced methylation
over time correlated with clinical response. The methyla-
tion score was an independent prognosticator for survival
and AML progression in the multivariable analysis, includ-
ing also age and IPSS.* Another proposed marker for
HMT response is the enzyme phosphoinositide-phospho-
lipase Cbetal(PLCbetal), which is known to regulate pro-
liferation and motility.” PLCbetal mRNA has been shown
to increase in responder patients, along with PLCbetal
promoter demethylation. This correlated to and anticipat-
ed the clinical outcome, suggesting that PI-PLCbetal gene
reactivation may be used as predictor of azacitidine
response.

Unlike minimal residual disease markers in other hema-
tologic malignancies, it is not clear whether these ‘dynam-
ic’ markers analyzed before and after HMT reflect
hypomethylation of the MDS clone or if they are an
expression of normal bone marrow recovery at the time of
disease remission (Figure 1).

Epigenetic regulation of gene expression relies also on
microRNAs (miR), which are known to cooperate with
known genetic lesions. In particular, the microRNA miR-
22 has been shown to be over-expressed and to play a role
in myelodysplastic syndromes.* Mouse models condition-
ally expressing miR-22 in the hematopoietic compart-
ment, show reduced global 5-hydroxymethylcytosine (5-
hmC) levels through TET2 downregulation, increased



hematopoietic stem cell self-renewal and defective differ-
entiation, mimicking an MDS-like disorder.** There are no
data concerning whether hypomethylating treatment can
induce changes in miR expression. However, overexpres-
sion of the microRNA miR-29b has been associated to
DNA hypomethylation in AML cell lines, due to reduced
DNMT3a and 3b, and, indirectly, DNMT1 expression.”
Blum et al. studied elderly, previously untreated, AML
patients treated with intravenous (IV) low-dose decitabine
at 20 mg/m’ for ten days, which induced 64% overall
responses, including 47 % CR. Clinical response was asso-
ciated to higher miR-29b pre-treatment levels, which
probably lead to increased sensitivity of the leukemic cells
to HMT in the presence of reduced DNMT1 expression.”

Mutations of epigenetic regulators

Recently, mutations of epigenetic modifiers, including
DNMT3A, TET methylcytosine dioxygenase 2 (TET2),
isocitrate dehydrogenase 1 (IDH1) and 2, additional sex

hypomethylating treatment

combs-like 1 (ASXL1), enhancer of zeste homolog 2
(EZH2), have been shown to play a significant role in the
pathogenesis of myeloid disorders (reviewed by Shih ez
al?).

DNMTS3A and B are de novo methyltransferase (Figure
2). DNMT3A mutations at exons 18, 19, 21, 22 and 24-26
have been identified in approximately 20% of AML and
8-10% MDS patients. They are predicted to be associated
with DNA hypomethylation at certain CpG sites and have
been shown to confer unfavorable prognosis in AML
treated with conventional chemotherapy.®® On the other
hand, AML carriers of DNMT3A mutations treated with
decitabine had significantly higher complete remission
rates, when compared to wild-type DNMT3A.* This indi-
cates that inactivation may potentiate the hypomethylat-
ing activity of the drug in AML.

TET2 is the first discovered active demethylating
enzyme (Figure 2). TET2 loss-of-function mutations are
recurrent in MDS, myeloproliferative neoplasms (MPN),
CMML, and AML.** TET2 mutations have been shown
to impair the catalytic activity of TET2 and diminish

Figure 1. Limits of global methylation
studies during hypomethylating treat-
ment. Following HMT there is a decrease
in global methylation. At least three sce-
narios can be hypothesized. (A) The hum-
ber of MDS-progenitor cells does not
change, changes in methylation reflect
the sum of hyper- and hypomethylation at
different regions. Critical genes in MDS
cells may maintain their methylation sta-
tus and there is no clinical response.
Nuclei in dark blue indicate methylated
DNA, light blue indicates demethylation.
(B) MDS progenitor cells are demethylat-
ed, but critical genes maintain their
methylation status (illustrated by violet
nuclei), lineage commitment and apopto-
sis are induced, leading to hematologic
improvement, but the abnormal clone
persists and there is no cytogenetic
response. (C) There is global demethyla-
tion, associated to reduction of MDS-prog-
enitor cells and the patient achieves com-
plete remission (ideal situation).
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* hydroxylation of 5-methylcytosine (5mC), probably lead-

ing to accumulation of 5mC at various genomic loca-
tions.”" In this line, Figueroa et al. reported a correlation
between TET2 mutations and DNA hypermethylation at
Hpall sites in de novo AML.” In contrast, Ko et al. found
that TET2 mutations and low ShmC levels were associat-
ed with DNA hypomethylation at most differentially
methylated CpG sites in myeloid malignancies.” This dis-
crepancy may reflect differences in the genomic CpG sites
examined, or in the techniques used for 5mC quantifica-
tion. Despite this, TET2 mutations have often been asso-
ciated to HMT response in MDS, AML and CMML.*##
These data have been confirmed in a very recent report on
92 MDS patients treated with HMT, where TET2 and/or
DNMTSA mutations were independent predictors of bet-
ter response and prolonged progression-free survival.”

ASXL1 and EZH2 are polycomb group protein (PcG)
complexes and influence chromatin configuration by
‘directing’ methylation at specific chromatin marks, induc-
ing activation or repression. Decitabine treatment has
been shown to significantly reduce EZH2 expression in
vivo.” These data show that epigenetic modifications
induced by HMT are complex and influence expression of
key enzymes, whose mutations in turn may impact HMT
activity.

Apoptosis induction

Direct effects of azacitidine and decitabine, such as
apoptosis, may not be of secondary importance in terms
of drug efficacy, especially in AML (Figure 3). Several
groups, including ours, have shown significant induction
of apoptosis in vitro early after treatment start, before the
hypomethylating effect becomes evident.”*¥ The rate of
cell death is dose-dependent, as also shown by the inhibi-
tion of erythroid and granulocytic-monocytic colony-for-
mation capacity of bone-marrow CD34* progenitor cells
(E Fabiani et al., unpublished observations, 2010). Activation
of the extrinsic apoptotic pathway seems to be important,
as shown by the induction of TNF-related apoptosis-
inducing ligand (TRAIL).* Upregulation of TRAIL follow-
ing DAC treatment was associated with DNA demethyla-
tion, increased DNasel sensitivity, and histone acetylation
of a non-CpG island, CpG-rich, region located 2kb
upstream to the transcription start site.

Immunoregulatory effects are also induced, in particular
T-cell responses. Azacitidine treatment has been shown to
induce a cytotoxic CD8" T-cell response to several tumor
antigens, and to induce at the same time expansion of reg-
ulatory T cells (Treg).” On the other hand, it has been
recently reported that Treg numbers decrease following
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_ ./ DNMT3a/b
B T DNA
— - K c . - ___.51”0 isocitrate
H3 histones A
uhp ———-.H')
U.KG
demethylation iTETz
5hmC
mut IDH1/2 increased production of 2-hydroxyglutarate and inhibition of TET2 function
mut DNMT3A DNA hypomethylation (to be definitely proven)
mut TET2 unclear (hypo- or hypermethylation)
mut EZH2 global loss of H3K27 methylation

while IDH1/2 are gain-of-function mutations.

Figure 2. General overview of the epigenetic enzyme network. Epigenetic regulation of gene expression involves several enzymatic systems
acting on DNA and on histones.*” De novo methylation of DNA is due to DNMT3A and 3B, which catalyze the formation of 5-methyl-cytosine
(5mC) in the context of CpG islands, blocking access to transcription factors. The TET2 family of enzymes converts 5mC in 5-hydroxymethyl-
cytosine (5hmC) in the presence of a-ketoglutarate (aKG), which is produced by hydroxylation of isocytrate due to IDH1/2 enzymes. This
results in DNA hypomethylation. Histone modifications, in particular tri-methylation of Histone H3 lysine 27 by EZH2, a key component of the
polycomb repressive complex 2 (PRC2), takes active part in the network. ASXL1 has been shown to be important for recruitment and/or sta-
bilization of the PRC2 complex at key locations in the genome. DNMT3A, TET2 and EZH2 mutations induce loss of function of the enzymes,
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continued azacitidine treatment, despite a brief increase
during the first month.” Indeed Treg expansion at MDS
diagnosis was associated with a lack of response to azaci-
tidine in 68 patients with higher-risk MDS. To date, the
final effect of azacitidine in the immunomodulatory set-
ting remains unclear.

HMT induces significant cytopenia, especially during
the first 2-3 cycles, probably due to the abovementioned
apoptotic effect.””' This may be due to toxicity of HMT on
the neoplastic clone and on residual hematopoietic cells,
which have been shown to carry similar epigenetic and
genetic alterations.” Later on, despite the rarity of cytoge-
netic responses, the incidence of cytopenia tends to
decrease, pointing also to a differentiating role of HMT on
MDS progenitor cells.

Azanucleoside metabolism

AZA and DAC are pro-drugs; following uptake into the
cell by nucleoside-specific transport mechanisms, they are
phosphorylated to monophosphate derivative by uridine-
cytidine kinase (UCK) and deoxycytidine-kinase (DCK),
respectively, and then to diphosphate and triphosphate
derivatives by pyrimidine monophosphate and diphos-
phate kinases. Decitabine exerts its action through direct
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incorporation into DNA, while only 10-20% of azacitidine
is incorporated into DNA after reduction due to the
ribonucleotide-reductase (RR) enzyme, which is a ‘limit-
ing’ reaction. Most of the AZA is indeed incorporated into
RNA, causing inhibition of RNA and protein synthesis.”
Excess azanucleotides are rapidly deaminated to uracil by
cytidine deaminase (CDA), and after opening of the ring
structure, are excreted by the kidneys (Figure 3). Many of
the enzymes involved in azanucleotide metabolism dis-
play single nucleotide polymorphisms (SNP). The first
ATP-dependent phosphorylation, catalyzed by the
enzyme UCK for AZA and DCK for DAC is a limiting step
for drug activation. Accordingly, we demonstrated that
UCK1 expression was significantly decreased in azaciti-
dine-resistant patients, independent of UCK1 promoter
methylation. In addition, lower UCK1 levels were associ-
ated to shorter overall survival.”

Concerning drug catabolism, the CDA SNP A79C has
been shown to reduce plasma CDA activity, especially in
females, corresponding to higher decitabine plasma
levels.” In this study, survival was significantly worse in
male versus female patients with MDS treated with 5-aza-
cytidine/decitabine. We have shown that CDA SNP,
including A92G, C451T and -897C>A, do not play a role
as predictors of toxicity, response or survival in patients
treated with azacitidine combined to valproic acid.”
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Figure 3. Candidate pathways for azanucleotide activity. Following uptake into the cell by nucleoside-specific transport, AZA and DAC enter
the cell and after phosphorylation and reduction, are incorporated into DNA. Excess azanucleotides are rapidly deaminated to uracil by cyti-
dine deaminase and excreted by the kidneys. DNMT1 is then trapped by 5-Aza-deoxinucleotides, resulting in DNA hypomethylation following
replication. Mutations of epigenetic enzymes alter chromatin configuration (i.e. EZH2), methylation (DNMT1, 3A and 3B) and the production
of 5hmC (IDH1/2, TET2). Azacitidine and decitabine treatment reactivate expression of most oncogenic pathways, including among others
lineage commitment, cell adhesion and cycle, signal transduction, immune responses and apoptosis. Upregulation of cancer antigens has
also been shown, together with induction of T-cell responses. Changes in any of these stages may influence patients’ response to hypomethy-

lating treatment.
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Another enzyme essential for the methyl cycle and
folate cell metabolism is methylenetetrahydrofolate
reductase (MTHFR), which acts as a co-substrate of
methionine synthetase for the production of S-adenosyl-
methionine, a methyl group donor for CpG island and
global methylation. We found that the neither MTHFR
677TT or 1298CC SNP, which have been shown to reduce
DNA methylation, play a role as marker of response to
azacitidine.”

hampered by the heterogeneity of bone marrow samples,
including neoplastic and normal bone marrow progenitor
cells, new methods, able to probe DNA-methylation at the
single cell level,” may better define MDS-specific methyla-
tion markers predictive of azanucleotide response. In the
near future, the identification of combinations of HMT to
other drugs, targeting other epigenetic mechanisms, such as
histone-deacetylase inhibitors, immunomodulatory agents
or new compounds targeting frequently mutated genes in
MDS, may improve azacitidine response and hopefully
Conclusions achieve a cure of the disease.

Azanucleotides impact expression of genes belonging to
most oncogenic pathways, including, among others, lineage
commitment, cell cycle and adhesion, signal transduction,
immune responses and apoptosis. A very recent paper by
Di Ruscio et al. identifies a new class of RNA capable of
controlling genomic methylation and influence transcrip-
tion of specific genes by interacting with DNMT1 in a
locus-specific way.” Interaction of azanucleotides with this
new mechanism of epigenetic regulation of gene expression
may further impact drug efficacy, but may also lead the
way to the identification of new vehicles for targeted ther-
apy. Furthermore, since present methylation analysis is
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