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RESUMEN -

ABSTRACT *

En el 2003 las neoplasias hematolégicas condicionaron
106,200 casos nuevos en los Estados Unidos. En México,
constituyeron aproximadamente el 5.6% de las 56,213
muertes relacionadas a cdncer en el 200!, Adn cuando
han surgido nuevos fdrmacos en las dltimas décadas y se
han disefiado nuevos esquemas para el tratamiento de
estas neoplasias, ajustados de acuerdo con factores pro-
nésticos, los resultados obtenidos hasta ahora distan de
ser los 6ptimos. Por lo anterior, era indispensable redirigir
la investigacién de esta drea. En la actualidad se conoce
que los cambios epigenéticos, principalmente la metila-
cién y desacetilacion de histonas, son pasos definitivos in-
volucrados en la carcinogénesis. Esto se demuestra por el
desequilibrio presente en la metilacién de citosinas en di-
ferentes tumores humanos; se sabe que hasta el 90% de
las neoplasias hematolégicas tienen por lo menos un gen
metilado. Se ha descrito un patrén de metilacién similar
en leucemias/linfomas diferente del sefialado para el mie-
loma multiple. En esta revision analizamos los cambios
epigenéticos conocidos durante la génesis y transforma-
cién de padecimientos hematolégicos, asi como también
el tratamiento epigenético estdndar actual, particular-
mente en sindromes mielodispldsicos.
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EMATOLOGICAL MALIGNANCIES

conditioned nearly 106,200 new cas-

es in the United States of America

in 2003. In Mexico, they constituted
approximately 5.6 % out of 56,23 cancer re-
lated deaths in 200I. Although new drugs have
emerged in the last decades, and combined
schedules were developed in an effort to treat
such malignancies, even after being adjusted by
prognostic factors, the results of the chemother-
apy regimens are not optimal. Therefore, a dif-
ferent research approach was mandatory. Up to
date, it is known that epigenetic changes, mainly
DNA methylation and histone deacetylation, are
definitive steps in carcinogenesis. This is demon-
strated by the finding of an imbalance on cytosine
methylation in human neoplasms, in fact 90% of
hematologic neoplasms show at least one gene
methylated. A similar DNA methylation pattern
has been described in lymphomas/leukemias, but
it is different in multiple myeloma. In this review
we analyzed the epigenetic changes known to
occur during the genesis and transformation of
hematological diseases, as well as, the current
standard of care with epigenetic therapy, particu-
larly in myelodisplastic syndromes.

Key words: Hematological Neoplasms, Epigenetic,
Methylation.
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HEMATOLOGICAL MALIGNANCIES *

Hematological malignancies conditioned 106,200
new cases in the United States of America, and were
diagnosed as lymphoma (61,000), leukemia (30,600)
or multiple myeloma (14,600) in 2003. These neo-
plasms were in such country the second most com-
mon cause of cancer deaths, affecting approximately
57,000 people in the same year (1). In Mexico, hema-
tological neoplasms constituted approximately 5.6%
from 56,213 cancer related deaths, and the acute lym-
phoblastic leukemia was the most frequent neoplasm
in pre-scholar and < 14 years patients (2).

Lymphoid/ hematopoietic disorders are divided
primarily into lymphomas, leukemias and plasma
cell dyscrasias. Lymphomas are further classified
into two major subtypes, Hodgkin’s lymphoma
and non-Hodgkin lymphoma, whereas plasma cell
dyscrasias are classified into two major subtypes: a)
multiple myeloma and related malignancies, and b)
monoclonal gammopathy of undetermined signifi-
cance (MGUS); finally, leukemias are also divided
into two major subtypes, acute and chronic leuke-
mia, and the first group is subclassified as primary or
secondary /treatment-related, when it is developed
either after alkylating treatment or it is the transfor-
mating result from a myelodisplastic syndrome (3)

EPIGENETICS *

Epigenetic changes have been a focus for research
in all medical areas. They are defined as alterations
taking place during development and cell prolifera-
tion, without any change in gene sequence, but do
modify gene expression. They play a major role in
a diversity of biological processes such as embry-
onic development, cancer biology, and immune
system response, among many others. The two
most widely studied epigenetic changes are DNA
methylation and histone acetylation. (4,5).

DNA METHYLATION

Genomic methylation is essential for healthy cells
and organs. If methylation patterns are not prop-

erly established or maintained, disorders as di-
verse as mental retardation, immune deficiency,
and sporadic or inherited cancers may follow.
(6). Therefore, DNA methylation constitutes
one of the most commonly occurring epigenetic
events taking place in mammalian genome. This
change, although hereditable is reversible (5).

DNA methylation is a covalent chemical modifica-
tion that occurs at the cytosine ring, resulting in the
addition of a methyl (CH3) group at the carbon
5 position. The human genome is not methylated
uniformly and contains regions of unmethylated
segments interspersed with the methylated region.

In contrast to the remainder of the genome,
smaller regions of DNA, called CpG islands have
distinctive properties. These regions are unmeth-
ylated, and GC-rich. Approximately one half of all
genes in humans have CpG islands, and these are
present in both housekeeping genes and genes
with tissue-specific patterns of expression (4).

DNA methylation is brought by a group of enzymes
known as DNA methyltransferases (DNMT). The
DNMTs known to date are DNMT1, DNMT1b,
DNMT10, DNMT1p, DNMT2, DNMT3A, DN-
MT3b. Additionally, the other machinery of
methylation includes demethylases, methylation
centers, triggering DNA methylation, and meth-
ylation protection centers (6,7).

Gene silencing by DNA methylation has been con-
sidered to be permanent in non-embryonic cells,
only reversible pharmacologically during cell divi-
sion. Interestingly, new findings in lymphocytes
may challenge this paradigm of irreversibility (8).

ACETYLATION ¢

Chromatin is made up of nucleosomes, which are
particles consisting of DNA associated with an
octamer of two molecules each of the core his-
tone proteins (H2A, H2B, H4 and H4), around
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which 146 base pairs of DNA are wound. Chro-
matin structure is plastic, and chromatin remod-
eling can lead to activation or repression of tran-
scription. In vivo, histone acetylation depends on
the balance between the enzymes with histone
acetylase activity and enzymes that deacetylate
histones, histone deacetylase (HDAC). Acety-
lated histones associate preferentially with tran-
scriptionally activated chromatin; such histone
acetylation may decrease the affinity of histone
binding to DNA through partial neutralization.
Histone acetylation may also facilitate binding of
transcription factors to the promoters and dis-
rupt higher order chromosome structure, pro-
moting transcription. Agents that inhibit HDACs
lead to maintenance of histones in the hyperacet-
ylated state and promote transcription of a vari-
ety of genes. In the resting cell, DNA is wound
tightly around these basic core histones, exclud-
ing the binding of the enzyme RNA polymerase
[, which activates the formation of messenger
RNA. This conformation of the chromatin struc-
ture is described as closed, and is associated with
the suppression of gene expression (9). Gene
transcription only occurs when the chromatin
structure is opened up, with unwinding of DNA
so that RNA polymerase Il and basal transcrip-
tion complexes can now bind to the naked DNA
to initiate transcription (10).

Histone acetylation regulates many chromosome
functions, such as gene expression and chromo-
some segregation. Addition of charge-neutraliz-
ing acetyl groups to lysine residues on histones
disrupts interactions with DNA, resulting in chro-
matin decompactation, greater access of DNA
to transcription factors, and the presence of a
transcriptionally active genomic locus. In general,
increased levels of histone acetylation (hyper-
acetylation) are found in more decondensed eu-
chromatin, whereas decreased levels of acetyla-
tion (hypoacetylation) are characteristic of more
condensed heterochromatin (4).

HDAC:S play a critical role in the suppression of
gene expression by reversing the hyperacetylation

of core histones. Eleven HDACs that deacetylate
histones are now recognized in mammalian cells
and are classified into two major classes. Class
| includes HDAC1, 2, 3, 8 and 11, which bear
significant homology to the yeast protein RPD3
and are mainly localized to the nucleus. Class Il
includes HDAC4, 5, 6, 7, 9 and 10, which are
homologous to yeast HAD-1-like enzymes and
shuttle between nucleus and cytoplasm. Class |
HDACs are widely expressed and are found in
most cell types, whereas class || HDACs appear
to have a more restricted distribution and may be
involved in cellular differentiation. Some HDACs
also deacetylate non-histone proteins such as -
tubulin, p53, p65 and MyoD. There is evidence
that these different HDACs target different pat-
terns of acetylation and regulate different genes.
The different HDACs are also likely to be regulat-
ed differently. HDACs interact with corepressor
molecules, such as nuclear receptor corepressor,
ligand-dependent corepressor, NuRD and mSin3,
all of which aid HDACs in gene repression and
may provide specificity by selecting which genes
are switched off by HDAC (10).

As well as histones, other transcription factors,
such as GATA3 and the p65 component of NF-
B, are targets for acetylation and deacetylation,
which thereby modulate their transcriptional
activity. Thus, HDACs are also associated with
inactive p65 and play a role in the regulation of
NF- B-mediated gene transcription without alter-
ing DNA binding. CBP acetylates specific lysine
residues on p65, increasing its binding to DNA
and causing transcriptional activation. HDACs re-
verse this process; HDAC1 and HDAC2 are able
to deacetylate acetylated NF- B and promote its
association with the inhibitor | B- within the nu-
cleus, in order to promote export into the cyto-
plasm and, thus, terminate the activity of NF- B.

A third class of deacetylases are the atypical
nicotinamide adenosine dinucleotide-dependent
sirtuins. These proteins deacetylate nonhistone
proteins and are thought to play a role in pro-
grammed cell death in mononuclear cells (10).
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EPIGENETICS AND MALIGNANCIES *

The underlying basis of cancer is a cumulative
series of genetic and epigenetic alterations lead-
ing to deregulated cell growth. Particular altera-
tions may provide a selective growth advantage to
the tumor cell, whether by conferring resistance
to therapies, increasing positive growth signals
through the activation of oncogenes, or eliminat-
ing growth limiting signals through the inactivation
of tumor suppressor genes (5). “Mutations” out-
side the nucleotide sequence occur frequently in
human cancer and may contribute to the initiation
and malignant progression of tumors. Although
genetic mutations involving cytosine methylation
were first observed in primary cancers nearly two
decades ago, like most controversial ideas in sci-
ence, it has taken a while to catch on. (6). The
fact that changes in the epigenome are potentially
reversible makes them important targets for ther-
apeutic intervention, and an exciting goal will be
to identify those key steps at which it is possible to
reprogram a cancer cell to terminally differentiate
or apoptosis rather than proliferate.(11).

DNA METHYLATION AND CANCER*

Abnormalities in DNA methylation have long been
associated with cancer. Both hypo- and hypermeth-
ylation play a prominent role in carcinogenesis, and
their contribution shows scarcely defined bound-
aries. In cancer cells, both alterations coexist: ma-
lignant tumors show global hypomethylation and
regional hypermethylation. Whether one must
precede the other or whether both should start at
the same time remains to be elucidated (4).

Methylation pattern defects include genome wide
hypomethylation and localized aberrant hyper-
methylation of CpG islands. These imbalances can
be present together in a single tumor, though the
net effect is usually a decrease in total methylation
levels. Whether genome hypomethylation and CpG
island hypermethylation are linked by a common
underlying mechanism or result from distinct ab-
normalities in the cancer cell is currently unknown.

However, we do know that hypomethylation and
hypermethylation occur at specific but distinct
sites within the cancer cell genome, suggesting
different etiologies. Both defects can precede
malignancy, indicating that they are not simply a
consequence of the malignant state (6).

"Tumor suppressor genes have been described to ac-
quire loss of function mutations or deletions leading
to their inability to impede malignant transforma-
tion. Alternatively, epigenetic events, such as meth-
ylation, represent a distinct mechanism of tumor
suppressor gene inactivation. Aberrant gene pro-
moter methylation is associated with gene silencing
and is functionally equivalent to a deleted gene.

Through inappropriate silencing of growth regu-
lating genes and simultaneous instability of whole
chromosomes, methylation defects help create a
chaotic state from which cancer cells evolve. Meth-
ylation defects are present in cells before the onset
of obvious malignancy and therefore cannot be ex-
plained simply as a consequence of a deregulated
cancer cell. Researchers are now able to detect
with exquisite sensitivity the cells harboring meth-
ylation defects, sometimes months or years before
the time when cancer is clinically detectable (12).

Furthermore, aberrant methylation of specific
genes has been directly linked with the tumor re-
sponse to chemotherapy and patient survival. Ad-
vances in our ability to observe the methylation
status of the entire cancer cell genome have let us
to the unmistakable conclusion that methylation
abnormalities are far more prevalent than expect-
ed. This methylomics approach permits the inte-
gration of an ever growing repertoire of methyla-
tion defects with the genetic alterations catalogued
from tumors over the past two decades. (6).

An imbalance in cytosine methylation is prevalent
in human sporadic cancers. Methylation may in-
activate one or both alleles of the proven tumor
suppressor genes in sporadic cancers and can po-
tentially act as a second hit during the develop-
ment of hereditary cancer. If methylation imbal-
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ances contribute directly to tumor initiation, the
alterations should occur in early stages of cancer
or in premalignant cells. If the imbalance contrib-
utes directly to tumor progression, methylation
defects should increase in frequency and/or se-
verity coordinately with increasing malignancy
grades. One might also expect that cells harbor-
ing functionally important methylation abnormali-
ties could be selected in a manner consistent with
the clonal evolution of cancer cells. Finally, there
should be a mechanistic explanation linking the
methylation change to malignant behavior. Avail-
able evidence from premalignant tissues, primary
human tumors, and in vitro and in vivo models of
cancer support these suppositions (6)

ACETYLATION AND CANCER

Histone deacetylase inhibitors (HDACIs) are a new
class of promising anti-cancer agents which inhibit
tumor growth both in vitro and in vivo with very
low toxicity toward normal cells. Recently, several
HDAC inhibitors have entered Phase | and Phase ||
clinical trials and demonstrate encouraging anti-tu-
mor activity in a variety of cancer types. The anti-tu-
mor effect of HDAClIs was proposed to result from
accumulation of acetylated histones leading to acti-
vation of genes involved in inhibition of tumor cell
growth. Altered activities of histone deacetylases
or histone acetyl transferases are indeed involved
in different human cancer. HDACIs mechanism of
action appears to involve cell cycle arrest, induction
of apoptosis and differentiation both in vitro and in
vivo. The mechanisms of induction of apoptosis by
HDACIs are cell type specific and involve the activa-
tion of the intrinsic apoptotic pathways (13).

EPIGENETICS AND
HEMATOLOGICAL NEOPLASMS *

Histone acetylation status plays a key role in the
regulation of gene transcription and is closely linked
to DNA methylation. Decreased histone acetyla-
tion, i.e., by increased histone deacetylase activ-
ity (HDACs), may also lead to epigenetic silencing
of tumor suppressor genes. Inhibition of histone

deacetylation constitutes a new interesting concept
in the treatment of hematological malignancies.

It has been demonstrated that hematopoietic
malignancies show a methylation profile, where
90 % of malignancies had at least one gene
methylated, if compared with non malignant tis-
sues samples. In particular five genes (CDH1,
CDH13, CAPK, CRB1 and RARB) are frequent-
ly methylated in all tumor types. In general, the
methylation patterns of lymphomas and leuke-
mias are similar and have in > 20 % of cases the
following methylated genes: CDH1, CDH13,
DAPK, CRB1, p15, DcR1, RARB and TIMP3;
whereas in multiple myeloma (MM), DcR1 and
p16 are methylated at greater frequency, but
TIMP3 is infrequently methylated (14).

Aberrant DNA hypermethylation is relevant for
leukemogenesis and multiple genes have been eval-
uated in malignant hematological neoplasms (see
Table 1). For instance, during the progression of
chronic myelogenous leukemia (CML), the ABL1
promoter of the BCR-ABL fusion gene becomes
significantly hypermethylated. An association be-

TABLE 1-
Genes Hypermethylated in Acute Leukemia

Gene Chromosome Function AML ALL
ER-a 6925 Estrogen receptor 70-90 90
E-Cadherin 16922 Ca dependent 32-78 53
intracellular adhesion
CALC1 1p15 Ca bone resorbtion 50-90 45-90
HIC 1 17p13 Putative tumor 10 50-100
suppressor gene
GPR 37 7q31 G-protein-coupled 47
receptor
MDR 7q21 Drug efflux 31
MINT 1 5q13 CpG island 16
hypermetilated in cancer
MINT 2 2p22 CpG island 8
hypermetilated in cancer
MyoD 1p15 Muscle specific 61
transcription factor
p15 9p21 Cyclin dependent 30-90
kinase inhibitor
p16 9p21 Cyclin dependent 0
kinase inhibitor
PITX2 4q25 Homeotic gene 64
PTC-A 9q22 WNT signaling 7
PTC-B 9q22 WNT signaling 1
SDC4 20q12 Surface heparin sulfate 56
proteoglycan
kI'HBS1 15q15 Angiogenesis inhibitor 25 )

AML= Acute Myeloid Leukemia; ALL= Acute Lymphoblastic Leukemia
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tween methylation of the p15ink4b gene promoter
and risk for AML transformation has been docu-
mented in MDS; hence, DNA hypermethylation
has been suggested as one of the more important
therapeutic targets in this disorder (15).

Hypermethylation of the calcitonin gene has
been found in 65% of myelodysplastic syndromes
(MDS), 43 in 95% of acute leukemias, and is as-
sociated with an unfavorable clinical outcome in
acute lymphoblastic leukemia (ALL) (16).

Estrogen receptor methylation (ERM) is frequentin
adult AML: In a series, (17) 61% of 261 patients had
ERM values over 15% and were considered ERM+.
ERM decreased with increasing age (p=0.0001)
and its levels were significantly lower in patients
with French-American-British subtypes M4 or M5
AML (p=0.0019). Whereas ERM was not associ-
ated with a reduced complete remission rate after
induction therapy, ERM+ patients had significantly
better overall and relapse-free survival.

When the methylation pattern of the CpG islands
of the calcitonin, estrogen receptor, E-cadherin,
p15, p16, Rb, GST-Pi, and HIC1 genes was investi-
gated in the bone marrow from 9 controls and 20
AML patients, all the control samples were essen-
tially unmethylated for all the eight tumor-related
genes studied. In contrast, 19 of 20 (95%) AML
samples had an abnormal methylation pattern in
at least one gene, and 15 of 20 (75%) had ab-
normal methylation patterns in two or more of
the target genes (15,18). In the same direction,
mutations in PASG, a member of the DDM1 sub-
family that facilitates DNA methylation, have been
identified in 40- 60 % cases of acute myelogenous
leukemia and acute lymphoblastic leukemia (19).

Thus, in a subset of AML cases, a methylator
phenotype could be hypothesized. Methylation
depends on several functional DNA methyltrans-
ferases, including DNMT1, DNMT3A, and DN-
MT3B (20). Mizuno described a 5.3-, 4.4, and
1.7-fold increase in DNMT1, 3A, and 3B, re-
spectively, in AML when compared with normal

bone marrow (Mizuno, 2001). Although CML
cells in chronic phase did not show significant
changes, cells in blastic transformation showed
3.2-, 4.5, and 3.4- fold increases in the lev-
els of DNMT1, 3A and 3B, respectively. Using
methylation-specific PCR, it was observed that
the p15INK4B gene was methylated in 24 of 33
(72%) AML cases. Furthermore, AML cells with
methylated p15INK4B tended to express higher
levels of DNMT1 and 3B. Thus, DNMTs were
substantially overexpressed in leukemia cells in
a leukemia type- and stage-specific manner and
may contribute to the pathogenesis of leukemia
by inducing aberrant regional hypermethylation.

An elegant study by Di Croce established a link
between genetic and epigenetic changes in leuke-
mogenesis (21). The author demonstrated that
in acute promyelocytic leukemia (APL) the leu-
kemia-promoting PML-RARA fusion protein in-
duces gene hypermethylation and silencing by re-
cruiting DNMT1 and DNMT3A to the promoter
of its target gene RARP2. A previous study
showed that an additional oncogenic transcrip-
tion factor induces aberrant hypermethylation of
target gene promoters.

The mechanism of transcription repression ex-
erted by PML-RARA was the recruitment of
HDAC complex (22). Consistent with this find-
ing, Di Croce showed that PML-RARA-induced
repression of RARP2 was only partially relieved
by either 5-aza-2’-deoxycytidine or TSA treat-
ment of APL cells (21). Notably, only simultane-
ous treatment with 5-aza-2’-deoxycytidine and
TSA completely restored RARP2 gene expres-
sion. Thus, all these observations, taken togeth-
er, suggest the intriguing scenario in which the
newly methylated CpGs become docking sites
for methyl-binding proteins, which in turn inter-
act with both HDAC complexes and DNMTs,
finally leading to the spreading of hypermethyl-
ation to the neighboring DNA regions (23).

Myelodysplastic syndromes include a heteroge-
neous group of clonal myeloid stem cell disor-

e T Gt e s



ders characterized by peripheral cytopenias and
dysplasia of bone marrow progenitor cells. This
genetic disorder is characterized by cytoge-
netic abnormalities in approximately 50- 60 %
of patients. A clonal evolution associated with
progressive bone marrow failure and transfor-
mation to AML occurs in 10- 60 % of cases,
depending of the MDS subtype and cytogenetic
pattern, evolution that may be conditioned by
p15 gene methylation (24). Recently, somatic
loss of function-mutations in ATRX, and RAD 54-
like protein, have been identified in a rare form
of myelodysplasia, which is a preleukemic blood
disorder. Alpha thalassaemia myelodysplastic
syndrome (ATMDS) is a clonal myeloid disor-
der associated with dramatic down regulation
of alpha globin gene expression (25).

CLL is characterized by numerous genetic alter-
ations including frequent deletions of chromo-
somal segments 13q14, 11q22-q23, 6q21, 17p13,
and trisomy of chromosome 12. It is intriguing
to speculate that hypermethylation and chro-
mosomal instability are somehow correlated;
however evidence from the literature linking
these two events is rare. More convincing at this
time is the finding of hypomethylation of centro-
meric and satellite repeat sequences, a phenom-
enon leading to chromatin decondensation and
chromosomal fragility (6, 26). The methylation
events that we have identified occur throughout
the genome without preferential clustering and
in line with a previous report on brain tumors
demonstrating that aberrant methylation and
genetic alterations do not coincide (27).

THERAPEUTICS *

Since, the reversible nature of the epigenetic ab-
errations constitutes a very attractive therapeu-
tic target and as such, a number of inhibitors of
DNA methylation and histone deacetylase are
currently being evaluated in cancer therapy, ei-
ther alone or in combination, as it is clear that
these drugs have a synergistic effect upon gene
expression and tumor growth (Table 2).

Histone Deacetylase Inhibitors

6. Hybrid molecules:
* CHAP 31, CHAP 50
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EFFECTS OF HDAC INHIBITORS
ON LEUKEMIA CELLS*

HDACs are seen as a potential target for cancer
treatment. The anticancer mechanism of HDAC
inhibitor is dependent on the regulation of gene ex-
pression, large experiments in vivo and in vitro have
confirmed that there different kinds of anticancer
mechanisms: 1) block cell cycle and promote cell
differentiation, 2) induce cell apoptosis, 3) inhibit
angiogenesis (28) and to sensitize cells to chemo-
therapy or radiation therapy (4). However, the
HDAC-dependent mechanisms accounting for the
observed and rather selective modulation of gene.

Extensive research of the effect in vitro of many
HDAC inhibitor for different tumor cell lines
showed that HDAC inhibitor can lead many leu-
kemia cell lines to different grade of differentia-
tion, apoptosis and block cell circle at GO~G1
period or G2~M period. The effect depends on
the type of cell lines, different drugs and action
time, which maintain local HDAC in a variety of
hematologic lineage-specific gene promoters.
This HDAC dependent transcriptional repression
appears as a common pathway in the develop-

TABLE 2
Genes Hypermethylated in Acute Leukemia

DNA Hypomethylation Agents
I. Deoxycytidine analogs:
* 5-azacytidine, 5-aza-2-deoxycytidine, 1-B-D-arabinosil 5-
azacytosine, dihydro-5-azacytidine.
2. Nucleic acid-based:
* MG98 antisense oligonucleotide
3. Cytidine deaminase analogs:
* zebularine
4. Non-nucleoside analogs:
* (-) epigallocatechin-3gallate, procaine, procainamide, hydralazine.

I. Small molecular weight carboxilates:
* sodium butyrate, valproic acid, sodium phenylbutyrate and
pivaloyloxymethyl butyrate.
2. Hydroxamic acids:
* SAHA, trichostatin A,
3. benzamides:
* Cl-994, MS-275
4. Epoxyketones:
* Trapoxin B, 2-amino-8-oxo-9,10 epoxydecanoid acid.
5. Cyclic peptides:
* Apicidin, depsipeptide.




ment of leukemia and could constitute an impor-
tant target for new therapeutic agents.

HDAC inhibitors enhance the apoptosis-inducing
potential of TRAIL in leukemia cells (HL60, Jur-
kat, K562, and U937) through multiple mecha-
nisms, which can up-regulate DR4, DR5, Bak,
Bax, Bim, Noxa and PUMA, down-regulate |APs,
Mcl-1, Bcl-2, Bcl-XL and cFLIP, release mitochon-
drial proteins (cytochrome ¢, Smac/DIABLO and
Omi/Htr2) to the cytosol, induct p21WAF1/
CIP1 and p2/KIP1, activate caspase-3 and cleave
poly (ADP-ribose) polymerase (PARP).

In chronic myelocytic leukemia (CML) the ac-
tivity of the Bcr-Abl tyrosine kinase is known
to activate a number of molecular mechanisms,
which inhibit apoptosis. SAHA induced apop-
tosis in BV-173 cells, which involves decreased
protein expression levels of Bcr-Abl, c-Myc and
HDAC3. Depsipeptide can up-regulate [L-3
gene expression of AML1/ETO positive leu-
kemia cell, and IL-3 is essential signal transduc-
tion regulating gene for normal haematopoiesis.
Apicidin might induce apoptosis of HL-60 cell
through selective induction of Fas/Fas ligand,
resulting in the release of cytochrome c¢ from
the mitochondria to the cytosol and subsequent
activation of caspase-9 and caspase-3(29).

Low dose of sodium butyrate and Trichostatin
can induce K562 cell line differentiation. They
can block K562 cell cycle in different stage,
but the differentiation both through inducing
P21 and cyclin D3 expression. The up regula-
tion of death receptors and inhibition of cFLIP
by HDAC inhibitors will increase the ability of
TRAIL to induce apoptosis, due to enhance ac-
tivation of caspase-8, cleavage of Bid, release
of mitochondrial proteins to the cytosol, and
subsequent activation of caspase-9 and caspase-
3. The link between altered HDAC activity and
tumorigenesis is probably best demonstrated in
acute promyelocytic leukemia (APL). HDAC in-
hibitor can induce many lymphocytic leukemia
differentiation and apoptosis (30,31).

Chronic lymphocytic leukemia cell and myelo-
ma cell are sensitive to HDAC inhibitors, either
SAHA can induce diffuse large cell lymphoma
and Hodgkin disease cell lines apoptosis.

In general, HDAC inhibitors are at most at the
early stages of clinical development. Among them,
SAHA has shown in a recently reported phase |
study of 73 patients with advanced cancer a com-
plete response in a patient with transformed diffuse
large B-cell ymphoma for 17 months, three partial
responses in B-cell lymphoma, laryngeal cancer,
and papillary thyroid cancer, and prolonged stabi-
lization in patients with renal carcinoma.

The strong interplay between DNA hypermeth-
ylation and histone deacetylation for silencing
and modulating the expression of a number of
cancer-related genes predicts not only a synergy
in gene expression at global and individual gene
levels, but also an antitumoral activity. For in-
stance, combinations of decitabine with tricho-
statin A or depsipeptide synergistically reacti-
vate silenced tumor suppressor genes including
MLH1, TIMP3, CDKN2B, CDKN2A, ARHI, gel-
solin, and maspin and increased the level of tu-
mor cell apoptosis. Thus, a logical step forward
is to combine a demethylating with a histone
deacetylase inhibitor for cancer treatment.

HYPOMETHYLATING AGENTS *

Inhibitors of DNA methylation have demon-
strated the ability to inhibit hypermethylation,
restore suppressor gene expression, and exert
antitumoral effects in in vitro and in vivo labora-
tory models. Several demethylating agents are
being evaluated in preclinical and clinical studies
(table 2). The classical demethylating agents com-
prise the analogs of deoxycytidine: 5- azacytidine,
5-aza-2-deoxycytidine, 1-B-D-arabinofuranosil- 5-
azacytosine, and dihydro-5-azacytidine. 5-azacyti-
dine and its analog are the most studied and were
developed over 30 years ago as classical cytotoxic
agents, but were subsequently discovered to be
effective DNA methylation inhibitors; these were
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tested as such in several phase Il studies against
solid tumors demonstrating very modest activ-
ity. To the contrary, their antileukemic activity
was very promising and both are being revived
as a consequence of their demonstrated inhibi-
tory activity upon DNA methylation and gene-
reactivating function. Currently, 5-azacytidine is
Federal Drug Administration (FDA)-approved to
be used against myelodysplastic syndrome, and
the hydrosoluble analog 5-aza-2-deoxycytidine
is being tested in a variety of solid tumors, as
DNA demethylating agent. As a second category
of demethylating agents, we note the antisense
oligonucleotide MG98 against the 3’ untranslated
region of DNMT1 mRNA, which codes for the
enzyme DNA methyltransferase 1 that is respon-
sible for maintenance of DNA methylation (32).

The fact that deoxycytidine analogs such as cur-
rent cytotoxic agents are not only carcinogenic
but also exhibit neutropenia as their dose-limit-
ing toxicity even when used at doses required
for demethylation has renewed interest in
finding effective and less toxic demethylating
agents. Zebularine is a new oral cytidine analog
originally synthesized as a cytidine deaminase
inhibitor that has been shown to cause de-
methylation and reactivation of a silenced and
hypermethylated p16 gene in human bladder
tumor cells grown in nude mice.

There is another class of so-called “old drugs”
whose demethylating activity upon gene promot-
ers of tumor suppressor genes was recently high-
lighted. Procainamide, a non-nucleoside inhibitor of
DNA methyltransferases approved for treatment
of cardiac arrhythmias, can demethylate the GSTP1
promoter, a common somatic genome change in
human prostate cancer and reactivates in vitro and
in nude mice the expression of the gene.

A related drug, procaine, has also the ability of
demethylating and reactivating tumor suppres-
sor gene expression, such as the RARPB2 gene
in a breast cancer cell line effect that is accom-
panied by growth-inhibitory actions.

Our group has shown in vitro and in vivo pro-
moter demethylation and tumor suppressor
gene transcriptional reactivation mediated by the
antihypertensive compound hydralazine, a well-
tolerated drug devoid of the common side ef-
fects of cytotoxic chemotherapy agents (33).

Decitabine has also employed in combination
with other anticancer agents, such as anthracy-
clines or, more recently, histone deacetylation in-
hibitors, e.g. phenylbutyrate. The initial phase Il
studies were performed in patients with relapsed
and resistant leukemia, in combination with ei-
ther amsacrine (120 mg/twice daily for 3-6 days)
or idarubicin (12 mg/m? for 3 days).

The most important study was conducted by the Eu-
ropean Organization for Research and Treatment of
Cancer (EORTC). 5-aza-2’-deoxycytidine, combined
with either amsacrine or idarubicin (34) was admin-
istered to patients with acute myeloid or lymphocyt-
ic leukemia in relapse. Sixty-three patients received
5-aza-2’-deoxycytidine 125 mg/m? (decitabine) as a
6 h infusion every 12 h for 6 days (total dose 1500
mg/m?), in combination with either amsacrine 120
mg/m? as a 1-h infusion on days 6 and 7 (n=30) or
idarubicin 12 mg/m? as a 15-min infusion on days
5, 6 and 7 (n=33). Twenty-three patients (36.5%)
achieved complete remission (8 of 30 patients treat-
ed with amsacrine and 15 of 33 treated with idaru-
bicin). Complete remission was achieved by 51% of
patients with more than a 1-year interval between
initial diagnosis and start of therapy and in only 15.4%
of patients with an interval shorter than 1 year.

Patients with normal cytogenetics had a higher
complete remission rate (61%) than those with ab-
normal cytogenetics (15.8%). With this high-dose
decitabine schedule, digestive tract and hemato-
logic toxicity was prolonged compared to that
produced by standard induction schedules. The
median disease-free survival was approximately 8
months, with only 20% of patients in remission for
longer than 1 year. At this dose decitabine may be
considered a good antileukemic agent, similar to
cytarabine, but with considerable toxicity.
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Preliminary results of a small phase Il trial also
combining an intensive schedule of decitabine
with daunorubicin (35) given as first-line induc-
tion therapy to patients with acute myeloid leu-
kemia (except FAB M3), have been reported.
Decitabine was given as a 4-h intravenous infu-
sion at the dose of 90 mg/m2 daily, days 1-
5, while daunorubicin was administered at the
dose of 50 mg/m? on days 1-3.

A maximum of two courses were given with an
interval of 4-6 weeks. Eight patients were enrolled
and six of them were evaluable for toxicity and re-
sponse. The main toxic effects were bone marrow
suppression, mucositis, nausea and vomiting, and
alopecia. All six patients achieved complete remis-
sion after one (5 cases) or two (1 case) courses.

Decitabine has recently been employed in pa-
tients with advanced MDS in combination with
phenylbutyrate. Sodium phenylbutyrate (PB) is
an aromatic fatty acid with cytostatic and dif-
ferentiating activity against malignant myeloid
cells (ID50, 1-2mM). A number of mecha-
nisms have been proposed for the antitumoral
effect of PB, including glutamine depletion and
inhibition of cholesterol synthesis. The clinical
activity of PB at low concentrations (0.25-0.5
mM) may be explained by its effect on histone
acetylation. At these doses, like butyric acid,
PB has an inhibitory activity on histonedeacety-
lase, inducing histone H3 and H4 acetylation.
Like other histone deacetylase (HDAC) inhibi-
tors, PB synergizes in vitro with retinoids in the
induction of differentiation and cell cycle arrest
of myeloid leukemia cells. Furthermore PB,
again like other HDAC inhibitors, synergizes
with demethylating agents (36). Patients with
myelodysplasia (n=11) and AML (n=16) were
treated with PB as a 7-day continuous infusion,
repeated every 28 days, in a phase | dose-esca-
lation study (37). The maximum tolerated dose
was 375 mg/kg/day; higher doses led to dose-
limiting reversible neurocortical toxicity. At the
maximum tolerated dose, PB was extremely
well tolerated, with no significant toxicities.

Recent demonstrations of the important role of
histone acetylation in the regulation of gene ex-
pression and the recruitment of histone deacety-
lase enzymes by several fusion genes involved in
acute leukemias have led to the speculation that
agents that inhibit histone deacetylase may be
useful in the treatment of neoplasms. Inhibition
of histone deacetylase may explain the changes
in bone marrow CFU, hemograms, and cells
seen in patients treated with PB, despite submil-
limolar plasma concentrations (38).

Both studies demonstrate that the sequential admin-
istration of a first generation demethylating agent and
HDAC inhibitors is feasible, and give preliminary evi-
dence of an effect on the methylated targeted gene
promoter, as also described with decitabine (23).

The DNA hypomethylating pyrimidine ana-
logues 5- azacytidine and 5-aza-2-deoxycytidine
(decitabine) may reduce hypermethylation and
induce re-expression of key tumor suppressor
genes in MDS. The effect of azacytidine was
evaluated in a randomized phase Il trial (39).
Azacytidine treated patients showed a better
overall response compared to those treated
with supportive care only (60% vs 5%) and a
longer time to progression to AML or death,
but none overall survival advantage. These re-
sults led to the licensing of azacytidine in the US
in 2004, while the decision from the European
authorities is still pending. The effect of azacyti-
dine on survival and AML evolution is currently
being evaluated in an international randomized
phase lll trial of patients with Int-2 and high-risk
MDS. Patients in the control arm are treated
with “doctor’s choice”; supportive care, low-
dose cytosine arabinoside (ara-C) or induction
chemotherapy. The Nordic MDS Group is in-
vestigating the effect of azacytidine given as
long-term maintenance treatment in CR after
induction chemotherapy in patients with high-
risk MDS and AML following MDS (40).

One clinically available oral HDAC inhibitor, val-
proic acid given in combination with all-trans
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retinoic acid, was recently reported to have an
effect in a limited number of high-risk MDS and
leukemia patients Several HDAC inhibitors, such
as MS 275, SAHA, and depsipeptide, are being
evaluated in clinical trials for MDS and other he-
matological malignancies (41).

According to the recent preliminary report of a
US trial of 170 patients, AML-free survival, but
not overall survival, was longer in the decitabine
group, which also showed improved quality of life
(42). The median number of courses to response
has been noted to 3-4 with both azacytidine
and decitabine. Accordingly, comparison of stud-
ies involving these drugs may be compromised if
patients are taken off study at varying times. The
ability to give multiple courses of decitabine may
be increased by the development of low-dose
schedules and is being investigated.

Recently, 54 patients were treated in a phase | /I
study with decitabine (fixed dose of decitabine (15
mg/m?2) and escalating orally doses of valproic
acid (VPA) for 10 days. Twelve (22%) patients had
objective response, including 10 (19%) complete
remissions (CRs) and 2 (3%) CRs with incom-
plete platelet recovery (CRp). Among 10 elderly
patients with acute myelogenous leukemia or my-
elodysplastic syndrome, 5 (50%) had a response
(4CRs, 1CRp’s). Major cytogenetic response
was documented in 6 of 8 responders. Remis-
sion duration was 7.2 months (range, 1.3-12.6+
months). Overall survival was 15.3 months (range,
4.6-20.2+ months) in responders. Transient DNA
hypomethylation and global histone H3 and H4
acetylation were induced, and were associated
with p15 reactivation. These results suggest that
this combination of epigenetic therapy in leukemia
was safe and active, and was associated with tran-
sient reversal of aberrant epigenetic marks (43).

Although the epigenetic treatment with hypo-
methylating agents is the standard of care in my-
elodisplastic syndromes, response rates remain
low. Therefore a new approach was evaluated
in a randomized trial, where 95 adults with ad-

vanced MDS or chronic myelomonocytic leuke-
mia were included: 1) decytabine 20 mg/m?2, IV,
for 5 days, 2) 20 mg/m?2 daily for 5 days, given
in 2 subcutaneous doses daily for 5 days; or 3)
10 mg/m2, 1V, for 10 days. All received 100 mg/
m2, per course. Fifty three (60%) achieved an im-
provement, including a 34% complete response
rate. Response of thrombocytopenia was partic-
ularly relevant. Among 68 patients with pretreat-
ment platelets counts less than 100 x 109 /L, 333
(49%) achieved platelets counts of at least 100 x
109 /L. The degree of hypomethylation did not
correlate with responses, suggesting that down-
stream effects are also key for decitabine activity.
The fact that responses tend to occur slowly sug-
gests that these early changes in DNA methyla-
tion and gene expression cannot be explained by
clonal changes in cell composition (44).

Weather additional therapy or new schedules
will be developed to improve the response rate
in myelodisplastic syndromes, as well as, the ad-
dition of this kind of treatment to target drugs,
either to improve the response rate or to rein-
troduce a drug after secondary resistance, will
be the focus of research in the following years.
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