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Changes in DNA Methylation in Neoplasia: Pathophysiology and

Therapeutic Implications
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Methylation of DNA is a biochemical modification that can influ-
ence gene expression and is involved in inactivating one of the
two X chromosomes in women. Evidence that has accumulated in
the past 10 years suggests that cancer cells usurp this physiologic
mechanism and use it to their benefit by inactivating tumor sup-
pressor genes and related proteins. However, the primary structure
of the affected proteins remains intact; reversal of abnormalities in
DNA methylation may therefore restore the tumor-suppressive
function of these genes and provide a novel approach to cancer
therapy. Two demethylating drugs, 5-azacytidine and 5-aza-

deoxycytidine, are currently being tested in clinical trials, and
several others are in preclinical development. In this article, the
biological rationale for targeting aberrant methylation in cancer
therapy is reviewed and completed phase | and Il trials of this
approach, some of which show promise for treatment of hemato-
logic malignancies, are summarized.
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Our increasing knowledge of the molecular patho-
physiology of cancer is beginning to find applica-
tions in the diagnosis and treatment of various neoplastic
diseases. In particular, new therapeutic approaches such
as targeted agents, differentiation therapy, and immuno-
therapy promise to yield substantial clinical benefits
with relatively few side effects. Recently, aberrant meth-
ylation of the cytosine base within the regulatory area of
selected genes was shown to be a very common event in
neoplasia; it is thought to contribute to the molecular
pathogenesis of the disease through inactivation of tu-
mor suppressor genes (1, 2). This finding has increased
interest in use of drugs that can inhibit the process of
DNA methylation and restore tumor suppressor gene
function as a potential strategy to treat various malig-
nant diseases. Hematopoietic neoplasms in particular
have a high degree of aberrant methylation (3), and
clinical trials have demonstrated significant activity for
hypomethylating drugs in this setting.

We discuss the importance and prevalence of DNA
hypermethylation in cancer and review the potential
value of hypomethylating agents in the treatment of
human neoplasms.

DNA METHYLATION

The presence of 5-methylcytosine in human DNA
(4) has genetic and epigenetic effects on cellular devel-
opment, differentiation, and neoplastic transformation.
5-Methylcytosine differs from cytosine by the presence

of a methyl group at the 5 position of the pyrimidine
ring (Figure 1). Methylcytosine is formed after replica-
tion by addition of a methyl group to a cytosine already
present in the DNA strand. Dramatic changes in overall
methylation of DNA occur at different periods of em-
bryogenesis, development, and differentiation to adult
cells (5). A wave of demethylation initially erases preset
methylation patterns in the first days of embryogenesis.
This is followed by several waves of de novo methylation
that eventually establish adult patterns of gene methyl-
ation. In differentiated cells, methylation patterns change
relatively little and are perpetuated after DNA replica-
tion through the high affinity of DNA methyltransferase
for hemimethylated DNA (6) (Figure 2). Unlike cyto-
sine, 5-methylcytosine is a relatively unstable base
because its spontaneous deamination leads to uracil.
Through evolution, such mutations have resulted in a
relative depletion of 5-methylcytosine in human DNA,
and they are a major cause of germ-line mutations
in inherited disease and of somatic mutations in neo-
plasia (7).

The functions of DNA methylation in mammalian
cells remain poorly defined. Early speculation that at-
tributed a global transcriptional regulation role to cyto-
sine methylation (8) has not yet been confirmed exper-
imentally. In bacteria, methylation plays a role in
defense against genomic invasion by foreign DNA se-
quences (9). In mammalian cells, most normal methyl-
ation takes place within highly repeated transposable el-
ements, and it has been proposed that such methylation
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Figure 1. Structure of cytosine, 5-methylcytosine, and
hypomethylating 5-methylcytidine analogues.
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also plays a role in genome defense by suppressing the
potentially harmful effects of expression at these sites
(10). This hypothesis was questioned recently (11). Re-
gardless of its global functions, one unequivocal role for
DNA methylation is in irreversible gene inactivation in
selected cases, such as imprinted genes (12) and genes
on the inactivated X chromosome (13).

CpG ISLAND METHYLATION AND GENE SILENCING

In mammalian DNA, normal methylation is re-
stricted to cytosine followed by guanosine (the CpG
dinucleotide). These CpG sites are rarer in the human
genome than their predicted frequency, presumably be-
cause they are eliminated during evolution through C to
T mutations of methylcytosine (14). The human ge-
nome, however, also contains small regions of DNA
called “CpG islands,” in which the frequency of CpG is
normal or higher than expected (14). About half of all
human genes (including most housekeeping genes) have
CpG islands in their 5'-promoter regions. Of note, the
promoter regions containing CpG islands are in fact
usually unmethylated in normal tissues, regardless of the
transcriptional status of the gene.

CpG island methylation is associated with changes
in chromatin organization and consequent repression of
gene transcription (1). In normal tissues, CpG island
methylation is limited to exceptional situations, such as
imprinted alleles (12) and genes on the inactive X chro-
mosome (13). These well-studied exceptions to the rule
of absent methylation at CpG islands suggest that, once
established, gene silencing by CpG island methylation is
physiologically irreversible during the lifetime of af-
fected cells. A direct correlation between CpG island
methylation and inhibited gene transcription is sup-
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ported by the facts that 1) cells in which silencing occurs
are usually transcriptionally competent for the affected
genes (as demonstrated by normal expression of the un-
methylated alleles and exogenously inserted unmethyl-
ated promoters), 2) demethylation by pharmacologic
(15) or genetic (16) manipulation results in reactivation
of gene expression, and 3) in vitro methylation substan-
tially reduces gene expression in reporter experiments
(1). The mechanism of CpG island—associated gene si-
lencing appears to involve binding of specific methylated
DNA binding proteins, followed by recruitment of a
silencing complex that includes histone deacetylases

(Figure 3) (17, 18).

ABERRANT CPG ISLAND METHYLATION IN CANCER

Neoplastic cells often have simultaneous global
DNA hypomethylation, localized hypermethylation that
involves CpG islands, and increased levels of DNA
methyltransferase activity (1). Hypomethylation was ini-
tially postulated to play a role in carcinogenesis through
activation of oncogenes (19), but this hypothesis has not
been experimentally confirmed. Hypomethylation has
been linked to chromosomal instability in vitro (20),
and it may play such a role in neoplasia. Aberrant CpG
island hypermethylation in cancer, in contrast, is clearly
associated with transcriptional silencing of gene expres-
sion, and increasing experimental data suggest that it
plays an important role as an alternate mechanism by
which tumor suppressor genes are inactivated in cancer
(1, 2).

Aberrant CpG island methylation in cancer was ini-
tially described for the calcitonin (21) and MyoD (22)
genes. These two genes are not thought to play a tumor
suppressive role in cancer, but these findings prompted
additional investigations into the process. The first tu-
mor suppressor gene shown to be inactivated by hyper-
methylation was the RBI gene, in which methylation
appeared to be a clear alternate to mutations and dele-
tions for eliminating expression of functional protein
(23). Several additional tumor suppressor genes have
since been shown to be similarly inactivated in some
cancers, including VAL (24), P16 (25), E-cadherin (26),
and AMLH1 (27). For most of these genes, hypermeth-
ylation appears to provide a similar selective advantage
as genetic inactivation and is usually associated with
absence of coding region or promoter mutations of
involved alleles.
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The list of genes that display hypermethylation-
associated inactivation in some sporadic cancers has
grown long (Table 1). Multiple cellular systems can be
affected by this process, including cell growth and dif-
ferentiation, cell cycle control, and DNA repair, as well
as angiogenesis and invasion. However, hypermethyl-
ation in cancer is not invariably associated with re-
pressed transcription. In some cases, the involved CpG
island is not in the promoter of the genes (28). In other
cases, methylation involves genes that are not normally

Figure 2. The maintenance methylation process.
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expressed in the diseased tissues (29). In still others,
methylation is relatively sparse, and although it can eas-
ily be detected experimentally, it does not lead to sub-
stantial decreases in gene expression. Aberrant methyl-
ation in cancer therefore functions as a mechanism of
generating molecular diversity in neoplasia. In a manner
analogous to mismatch repair defects in cancer, methyl-
ation defects affect many different loci, only some of
which are pathophysiologically relevant to the neoplastic
process (30).
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Top. Some (but not all) cytosine-followed-by-guanosine (CpG) sites carry a methyl (CH;) group at the 5’ position of cytosine. Both strands of DNA
are methylated (“fully methylated”). Middle. Immediately after DNA replication, the newly formed strand is unmethylated (no CH; groups), resulting
in hemimethylated double-stranded DNA, which rapidly attracts one of several methyltransferase (Mzase) enzymes. Bottom. Through the action of
methyltransferase enzymes, methyl groups are added symmetrically to hemimethylated CpG sites (/eff), resulting in fully methylated DNA. In the
presence of cytidine analogues (5-Azz), methyltransferases are depleted, and the process of remethylation after replication is inhibited, leading to DNA
that remains hemimethylated (right). With subsequent rounds of replication in the absence of methyltransferases, DNA becomes progressively more
demethylated, until most DNA molecules are completely unmethylated.
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Figure 3. Effects of methylation and histone
deacetylation on gene expression and silencing.
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Inidially (z0p), genes (black boxes) are unmethylated, and the promoter
region is occupied by transcription factors (ovals) that direct production
of messenger RNA (arrows). De novo methylation, by itself, has a min-
imal effect on gene expression (leff). However, methylated DNA ()
attracts methyl-binding proteins (MBP), such as MeCp2 (bortom). These
methyl-binding proteins in turn attract a protein complex that contains
histone deacetylases (HDAC). At this point, synthesis of messenger RNA
synthesis is inhibited and no functional protein can be made from the
gene. Through the action of methyl-binding proteins and histone
deacetylases, the DNA structure changes to a compact, “condensed chro-
matin” configuration (right), which results in permanent inhibition of
messenger RNA and protein production (silencing). Hypomethylating
agents can reverse this silenced state and restore messenger RNA and
protein expression (zop). Histone deacetylase inhibitors act synergistically
with hypomethylating agents to restore functional gene expression.

The causes of aberrant methylation in cancer
remain poorly defined. Both hypomethylation and
methyltransferase activation can occur in cells that are
induced to proliferate (31), and it is not clear whether
the observed changes in malignant cells simply reflect
cell cycle deregulation. De novo CpG island methyl-
ation, however, is not a feature of proliferating cells, and
it appears to represent a true pathologic event in neo-
plasia. For many genes, hypermethylation begins in nor-
mal tissues during the process of aging (32), which may
partially explain the dramatic increase in cancer inci-
dence associated with aging. Other genes are methylated
exclusively in malignant cells and are presumed to arise
from rare chance events that lead to gene inactivation
and a selective advantage for affected cells (1, 2). Recent
data in multiple neoplasms suggest that some cancers
have a high degree of de novo methylation compared
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with others (33), and specific genetic defects or exposure
events may explain these differences. In particular, acute
and chronic leukemias have a high degree of aberrant
CpG island methylation; genes involved include the
cell-cycle regulator p15 (34), the p53 homologue p/3
(35), the drug-resistance gene MDRI (36), ER (37), and
HICI (38). Therefore, hematologic malignant conditions
present unique opportunities for studying the clinical
implications of aberrant methylation.

RATIONALE FOR USE OF METHYLATION INHIBITORS IN
NEOPLASIA

Cytosine methylation is a biochemical modification
of DNA that does not result in a nucleotide (or genetic)
change. Methylation silencing of gene expression is
therefore an epigenetic process that may be modulated
by biochemical or biological manipulation. Indeed,
pharmacologic inhibition of methyltransferase in vitro
has been shown to result in reactivation of gene expres-
sion for genes silenced either physiologically or patho-
logically (39). The concentrations of hypomethylating
agents required for this effect can readily be achieved in
vivo (40). Because CpG island methylation is not a
common finding in normal cells, cytosine methylation
provides a highly specific target for pharmacologic ther-
apy. Little evidence indicates that demethylation causes
substantial changes in gene expression in normal cells,
where the major targets would be imprinted genes and
X-chromosome genes (in women). In theory, demethyl-
ation of imprinted genes would not be a major issue in
most adult cells because imprinted genes tend to be ex-
pressed primarily during embryogenesis and include
both growth promoters and growth suppressors (12).
Reactivation of silenced X-chromosome genes could be
a drawback for this approach in women; however, X-
chromosome inactivation may be most important dur-
ing embryogenesis. In fact, treatment with the methyl-
ation inhibitor 5-deoxyazacytidine has been shown to
significantly prolong the doubling time of neoplastic cell
lines but not normal fibroblast cell lines (41). Inhibition
of cytosine methylation by pharmacologic or biological
strategies has been shown to prevent or reverse the onset
of neoplasia in various animal models (42, 43); these
studies prompted renewed interest in the clinical uses of
hypomethylating agents in humans.
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Table 1. Genes That Are Hypermethylated in Sporadic Cancers*

Gene

Familial cancer

Function

APC Signal transduction
BRCA1 DNA repair
E-cadherin Adhesion and metastasis
hMLH1 DNA mismatch repair
P16/CDKN2A Cell cycle regulation
RB1 Cell cycle regulation
VHL Unknown

Other
Androgen receptor Growth and differentiation
c-ABL Tyrosine kinase

Endothelin receptor B
Estrogen receptor a

Growth and differentiation
Growth and differentiation

FHIT Unknown

GST-pi Detoxification
MDR1 Drug transport
O6-MGMT DNA repair
P14/ARF Cell cycle regulation
P15/CDKN2B Cell cycle regulation

Progesterone receptor
Retinoic acid receptor
THBS1

TIMP3

Growth and differentiation
Growth and differentiation
Angiogenesis inhibition
Metastasis

Type of Tumor

Colon cancer

Breast cancer

Common cancers

Colon, gastric, and endometrial cancer
Common cancers

Retinoblastoma

Renal-cell cancer

Prostate cancer

Chronic myelogenous leukemia
Prostate cancer

Common cancers

Esophageal cancer

Prostate cancer

Acute leukemias

Common cancers

Colon cancer

Malignant hematologic disease
Breast cancer

Colon and breast cancer

Colon cancer, glioblastoma multiforme
Common cancers

* Based on data from references 1-3 and 21-30.

CHEMICAL STRUCTURE AND MECHANISMS OF ACTION
OF HYPOMETHYLATING AGENTS

To overcome cytosine arabinoside (ara-C) resis-
tance, a series of cytidine analogues resistant to deami-
nation were synthesized that did not require activation
by deoxycytidine kinase (44). Cytidine analogues mod-
ified in position 5 of the pyrimidine ring (Figure 1)—
5-azacytidine, 5-aza-2'-deoxycytidine (decitabine), pseudo-
isocytidine, and 5'-fluoro-2'-deoxycytidine—are potent
inhibitors of DNA methylation. Of these substances,
decitabine has the most potent hypomethylating effect
(45); it can demethylate 55% of DNA at concentrations
10-fold lower than those of 5-azacytidine. Dihydro-5-
azacytidine (46) has been introduced into clinical trials.
Arabinofuranosyl-5-azacytosine (fazarabine) showed po-
tent antitumor activity in preclinical models but not in
clinical trials (47). The hypomethylating effect of cyti-
dine analogues appears to depend primarily on the pres-
ence of an altered C5 position; other cytidine analogues,
such as ara-C, 6-azacytidine, and gemcitabine, do not
possess this property.

The efficacy of 5-azacytidine and decitabine as anti-
neoplastic agents has been attributed to two distinct
mechanisms: cytotoxicity and induction of hypomethyl-
ation. Both compounds are activated to a triphosphate
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and are degraded by cytidine deaminase. 5-Azacytidine
incorporates into RNA and, to a lesser extent, DNA.
Decitabine incorporates primarily into DNA. Incorpo-
ration into RNA produces disassembly of polyribo-
somes, defective methylation and acceptor function of
transfer RNA, and marked inhibition of protein produc-
tion. Insertion into DNA results in covalent linking
with methyltransferase and blocking of DNA synthesis
(48) that ultimately results in direct cytotoxicity (49).
5-Azacytidine is highly cytotoxic to cells in S phase and
exerts its action mainly on rapidly dividing cells. Unlike
ara-C and 5-azacytidine, decitabine does not block cell
progression into S phase, suggesting that its cytotoxic
activity may not be self-limiting. This indicates that decit-
abine would have more powerful cytotoxic in vivo effi-
cacy than ara-C or 5-azacytidine (48, 50).

Both 5-azacytidine and decitabine may also exert an
antitumor effect through induction of DNA hypometh-
ylation. By covalently trapping methyltransferase, both
agents effectively deplete the cells of functional DNA
methylating activity, which results in profound hypo-
methylation after several rounds of DNA replication
(Figure 2). Since DNA methylation is associated with
suppression of gene expression, 5-azacytidine and de-
citabine may exert their effects through re-expression of

3 April 2001 | Annals of Internal Medicine
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Table 2. Hypermethylated CpG Islands in Malignant
Hematopoietic Disease*

Gene Methylation Frequency, %
Acute myelogenous leukemia
P15/CDKN2B 30-70
Calcitonin >70
MYOD1 50->80
ER 60
WIT1 50
THBS1 20
CACNA1G 10-20
MDR1 10
P16/CDKN2A <10
06-MGMT <10
LRP6 <10
HIC1 <10
Myelodysplastic syndromest
P15/CDKN2B 10-80
Calcitonin 40-80
Chronic myelogenous leukemiat
c-ABL 25->90
Calcitonin 20-80
ER 20-50
HIC1 20-50
Acute lymphocytic leukemia
P15/CDKN2B 40-60
Calcitonin >70
ER 60-70
MYOD1 50->80
HIC1 50
P73 20-30
P16/CDKN2A <10
LRP6 <10
06-MGMT <10
Chronic lymphocytic leukemia
P15/CDKN2B <10
P16/CDKN2A <10
Multiple myeloma
P15/CDKN2B 60
P16/CDKN2A 10-70
Lymphomat
Calcitonin 50-80
06-MGMT 25
P16/CDKN2A 10-30
ER 25
P15/CDKN2B 10

* Based on data from references 1-3 and 21-30. CpG = cytosine-followed-by-
guanosine site.
T Frequency increases with disease progression.

silenced genes (39). Both decitabine and 5-azacytidine
can induce cellular differentiation, expression of several
proteins (globins and hepatic enzymes), re-expression of
Dr antigens, and erythroid and granulocytic differentia-
tion (51-58). Exposure of murine 10T1/2 embryonic
fibroblasts to decitabine induced formation of mature
muscle cells or adipocytes (51). Cellular differentiation
was observed at concentrations of decitabine that did
not inhibit synthesis of protein, RNA, or DNA. Decit-
abine was 30-fold more potent than 5-azacytidine as an
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inducer of differentiation, which occurred at concentra-
tions that inhibited DNA methylation (55). This find-
ing suggests the importance of a modification in the 5
position of the pyrimidine ring for the induction of
cellular differentiation.

In vitro, inhibition of DNA methylation by decit-
abine suppressed growth of human tumor cell lines but
not of normal fibroblasts (41). The effect of decitabine
on proliferation of L1210 leukemia cells was related to
dose and duration of exposure (50). Decitabine showed
in vivo antitumor activity against murine leukemias;
survival time was up to four times that seen in controls
(59). Brown Norway rats carrying acute myelogenous
leukemia showed increased survival after treatment with
three doses of decitabine (each 5 mg/kg of body weight)
compared with animals that received high-dose ara-C.
However, rats carrying leukemia cells resistant to ara-C
did not have longer survival after decitabine treatment
(60). Treatment of rats with tumors resulted in in vivo
demethylation and reactivation of tumor suppressor
gene expression (41). Finally, decitabine reduced forma-
tion of lung tumors induced by carcinogen treatment
(42) and intestinal adenomas in a mouse model of
familial adenomatous polyposis (43).

ResuLTs OF THERAPY WITH HYPOMETHYLATING
AGENTS

Induction of Fetal Hemoglobin

Hypomethylating agents have been investigated as a
means to reactivate the methylated and silenced fetal
hemoglobin gene in patients with thalassemia and sickle-
cell anemia. Given as a continuous infusion of 2 mg/kg
daily for 7 days every month, 5-azacytidine induced re-
ticulocytosis with fetal hemoglobin—containing cells and
little marrow suppression (61). Koshy and colleagues
(62) treated eight patients who had sickle-cell anemia
with decitabine in a dose-escalation trial, in which ther-
apy was started at 0.15 mg/kg per day, 5 days per week
for 2 weeks. All patients responded, and the mean fetal
hemoglobin level increased from 3.55% to 13.45%.
Maximal fetal hemoglobin levels were attained within 4
weeks from the start of treatment compared with 3 to
12 months in patients receiving hydroxyurea. Although
the efficacy of both 5-azacytidine and decitabine in in-
creasing production of fetal hemoglobin is well docu-
mented, the potential carcinogenesis and toxicity associ-
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Table 3. Treatment of Solid Tumors with 5-Azacytidine and Decitabine*

Location or Type Agent Patients Total Dose Duration and Patients Reference
of Tumor Route of with
Administration Response
n d %
Breast 5-Azacytidine 11 300-700 mg/m? 81V 63 65
5-Azacytidine 31 600 mg/m? 10 IV 6.4 65
5-Azacytidine 4 275-850 mg/m? 10 SC 25 66
5-Azacytidine NA 1.6 mg/kg 10 IV 17 67
Ovary 5-Azacytidine 4 275-850 mg/m? 10 SC 25 66
Decitabine 24 225 mg/m? 10 IV 8 69
Colon 5-Azacytidine 27 NA 4 63
5-Azacytidine 6 300-700 mg/m? 10 IV 33 64
5-Azacytidine 4 275-850 mg/m? 10 SC 0 66
Decitabine 42 225 mg/m? 11V 0 68
Lung Decitabine 15 200-600 mg/m? 1Iv 20 70
Prostate Decitabine 14 225 mg/m? 1V 16 71
Melanoma 5-Azacytidine 5 300-700 mg/m? 81V 40 64
Decitabine 18 225 mg/m? 11V 0 68
DHAC 40 5 g/m? per 24 h 1Cl 20 75
Mesothelioma DHAC 41 1500 mg/m? per d 5Cl 17 76
DHAC 29 1500 mg/m? per d 5Cl 17 73

* CI = continuous infusion; DHAC = dihydroxyazacytidine; IV = intravenously; NA = not available; SC = subcutaneously.

ated with long-term administration has delayed broader
applications.

Solid Tumors

Despite ample literature on the in vitro anti-tumor
activity of 5-azacytidine and decitabine in epithelial tu-
mors, few clinical trials have been performed in solid
tumors. In general, response rates have been low (63—
76) (Table 3). Common side effects were nausea, vom-
iting, diarrhea, and myelosuppression. In a trial involv-
ing 30 patients with solid tumors, 5-azacytidine (1 to 24
mg/kg given as an intravenous bolus daily for at least 8
days) induced remission in 7 of 11 patients with breast
cancer, 2 of 5 patients with melanoma, and 2 of 6 pa-
tients with colon cancer (64). In another trial, of 58
patients with metastatic breast cancer, 2 of 27 (7%)
patients receiving 5-azacytidine and 3 of 27 patients
(11%) receiving lomustine responded to treatment (65).
Among 170 patients treated with 5-azacytidine, 1.6
mg/kg per day for 10 days, antitumor activity was re-
ported in 17% of patients with breast carcinoma, and
21% of patients with lymphoma had “clinical improve-
ment” (67).

Momparler and colleagues (70) treated 15 patients
with stage IV non—small-cell lung carcinoma with decit-
abine, 200 to 600 mg/m’given over 8 hours. Nine of
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these patients were evaluable; median survival was 6.7
months, and 3 patients were still alive at 15 months.
Plasma concentrations of the drug were in the range
needed to induce in vitro tumor suppression and gene
expression in lung cell lines (70).

Dihydro-5-azacytidine (DHAC) has shown activity
in mesothelioma. Samuels and associates (74) treated 36
patients with untreated mesothelioma with DHAC,
1500 mg/m” per day for 5 days by continuous infusion,
and cisplatin, 15 mg/m?® per day for 5 days. The rate of
response to DHAC was 17% (5 of 29 evaluable pa-
tients), including 1 patient who experienced complete
remission. Addition of cisplatin to the DHAC regimen
did not increase the response rate. In another study (75),
40 patients with disseminated malignant melanoma re-
ceived DHAGC, 5 mg/m2 as a continuous infusion over
24 hours. Three of 26 “good-risk” patients and 0 of 14
“poor-risk” patients showed a response. The absence of
myelosuppression has raised possibilities for DHAC
combination regimens in malignant melanoma and
mesothelioma (76).

Malignant Hematologic Disease
Acute Leukemia
Salvage Therapy: Studies of 5-azacytidine in salvage

therapy for acute myelogenous leukemia are summarized
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Table 4. Salvage Therapy for Acute Myelogenous Leukemia with 5-Azacytidine and Decitabine*

Study (Reference) Patients, n Total Dose Duration and Patients with
Route of Response, %
Administration
5-Azacytidine
McCredie et al. (77) 28 400 mg/m? 5dIV 28
Karon et al. (78) 37 150-200 mg/m? 5dIvV 36
Von Hoff et al. (79) 200 150-400 mg/m? 5d IV 36
Vogler et al. (80) 45 100-300 mg/m? 5d IV 33
Saiki et al. (81) 120 300-750 mg/m? 5d IV 9
Winton et al. (82) 128 112-200 mg/m? (+ amsacrine) 2dcl 16
Goldberg et al. (83) 53 200 mg/m? (+ mitoxantrone) 3ddl 15
Steuber et al. (84) 81 250 mg/m? (+ amsacrine and etoposide) 2dcl 0(35)
Decitabine
Salvage therapy
Rivard et al. (85) 9 36-80 mg/kg 36-44 h Cl 33
Momparler et al. (88) 6 45-100 mg/kg 40-90 h CI 89
Richel et al. (89) 16 250-1000 mg/m? (+ amsacrine) 6d/6 hIV 62
Willemze et al. (86) 22 250 mg/m? (+ amsacrine or idarubicin) 6d/6hIV 68
Willemze et al. (87) 63 250 mg/m? (+ amsacrine or idarubicin) 6d/6 h IV 39
First-line therapy
Petti et al. (90) 12 90-120 mg/m? 3d/4hiIv 33
Schwartsmann et al. (91) 8 90 mg/m? (+ daunorubicin) 5d/4h IV 75

* CI = continuous infusion; IV = intravenously; SC = subcutaneously.

in Table 4 (77-89). In a review of 200 patients with
acute myelogenous leukemia treated with 5-azacytidine
in different studies, the cumulative rates of complete
and partial remission were 20% and 16%, respectively
(79). Of note, the total dose of 5-azacytidine adminis-
tered was not as important as the infusion schedule:
Longer or continuous infusions were more effective than
shorter ones (Table 4).

Studies of decitabine as a single agent in refractory
or relapsed acute leukemia showed response rates of
33% to 89% (Table 4). Combination of decitabine with
conventional therapy yielded higher response rates.
Willemze and colleagues (87) conducted a randomized
phase II study of decitabine plus either amsacrine (30
patients) or idarubicin (33 patients) in patients with re-
lapse of acute myelogenous leukemia or acute lympho-
cytic leukemia (87). Twenty-three of 63 patients (36%)
achieved complete remission, including 18 of 49 (37%)
patients with a first relapse of acute myelogenous leuke-
mia, 2 of 6 (33%) patients with a second relapse of acute
myelogenous leukemia, and 1 of 3 (33%) patients with
a first relapse of acute lymphocytic leukemia. Eleven
patients died during induction of therapy. The most
frequent side effects of decitabine were myelosuppres-
sion, nausea, vomiting, and diarrhea. When the dose of
decitabine was 1250 mg/m” or more per course, neuro-
toxicities occurred. Rates of complete remission were
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27% with decitabine plus amsacrine and 45% with de-
citabine plus idarubicin. The rate of complete remission
was 61% among patients with acute myelogenous leu-
kemia and normal karyotypes. Overall, these data sug-
gest encouraging activity of decitabine in leukemia.
First-Line Therapy: 5-Azacytidine has been studied
in combination with amsacrine and etoposide as consol-
idation therapy for acute myelogenous leukemia after
remission (92, 93) or as maintenance therapy (94). Its
use did not significantly influence clinical outcome. A
small number of patients with acute leukemias were
treated with decitabine as part of their first-line therapy.
In one study, 12 patients with newly diagnosed acute
myelogenous leukemia who were not eligible for inten-
sive chemotherapy (because of old age or myocardial
diseases) received decitabine, 90 to 120 mg/m2 as
4-hour intravenous infusions daily for 3 consecutive
days every 4 to 6 weeks (90) (Table 4). Seven of the
patients presented with acute myelogenous leukemia
after progression of myelodyplastic syndromes. Of 10
evaluable patients, 3 had complete remission and 1 had
partial remission. The kinetics of response and the im-
munophenotypic patterns suggested differentiation as
the basis for clinical response; progressive acquisition
of mature myelomonocytic markers before complete
clearance of bone marrow blasts was observed (90).
Schwartsmann and colleagues (91) treated 8 patients
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with newly diagnosed acute myelogenous leukemia with
decitabine, 90 mg/m? intravenously over 4 hours daily
for 5 days, and daunorubicin, 50 mg/m?® for 3 days. Six
patients had complete remission (75%) after one or two
courses of therapy.

Myelodysplastic Syndromes

5-Azacytidine and decitabine have substantial activ-
ity in the treatment of myelodysplastic syndromes
(Table 5). Silverman and associates (95) treated 43 pa-
tients with myelodysplastic syndromes with 5-azacyti-
dine, 75 mg/m” given by continuous infusion daily for 7
days. Responses were observed in 21 of the 43 patients
(49%); 5 (12%) had complete remission, 11 (25%) had
partial remission, and 5 (12%) had hematologic im-
provement (95). Thirty-seven percent of patients had
trilineage response, and 33% experienced myelosuppres-
sion. The same investigators later used subcutaneous
5-azacytidine, 75 mg/m” daily for 7 days, in 36 patients
with myelodysplastic syndromes (96). No bone marrow
hypoplasia was induced by this regimen, and the tri-
lineage response rate was 40% (12 of 36 patients, of
whom 4 had complete remission and 8 had partial
remission); 6 had hematologic improvement. These
findings led to a large randomized trial of subcutaneous
5-azacytidine, 75 mg/m” seven times daily every 4 weeks
(99 patients), versus observation (92 patients) in 191
patients with high-risk myelodysplastic syndromes.
Responses occurred in 63% of patients who received
5-azacytidine (6% had complete remission, 10% had
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partial remission, and 47% had hematologic improve-
ment). These results differed significantly from those in
the observation group, in which 7% of patients experi-
enced improvement. Median time to leukemia transfor-
mation (22 vs. 12 months; P < 0.01) and median sur-
vival (18 vs. 14 months) were longer in patients who
received 5-azacytidine. The absence of significant differ-
ences in survival may have been due to the crossover
design, which allowed patients whose disease progressed
while receiving supportive care to receive 5-azacytidine.
The persistent hematologic improvement in a high per-
centage of patients was accompanied by improved qual-
ity of life (97, 98). This study showed that treatment
with 5-azacytidine effectively modified the natural his-
tory of myelodysplastic syndromes.

Wijermans and colleagues treated elderly patients
with high-risk myelodysplastic syndromes with decita-
bine, 40 to 50 mg/ m? given over 24 hours for three days
every 6 weeks and later with 15 mg/m?® given over 4
hours every 8 hours for 3 days every 6 weeks (in both
cases, the total dose was 120 to 150 mg/m2 per course)
(99, 100). An update on the first 125 patients in three
studies was reported recently (101). The median patient
age was 70 years; risk according to the International
Prognostic Scoring System was intermediate-1 in 35 pa-
tients, intermediate-2 in 38 patients, and high in 52
patients. Of 121 evaluable patients, 59 (49%) responded
to therapy: 24 (20%) had complete remission, 12 (10%)
had partial remission, and 23 (19%) had hematologic
improvement. Response rates were 58% in the high-risk

Table 5. Treatment of Myelodysplastic Syndrome and Chronic Myelogenous Leukemia in Blastic Phase with

5-Azacytidine and Decitabine*

Disease Study (Reference)

Myelodysplastic syndrome

5-Azacytidine Silverman et al. (95) 43
Silverman et al. (96) 36
Silverman et al. (97) 929
Decitabine Wijermans et al. (99) 29
Wijermans et al. (100) 66
Chronic myelogenous leukemia in blastic phase

5-Azacytidine Schiffer et al. (103) 27
Dutcher et al. (104) 40
Decitabine Kantarjian et al. (105) 47

Sacchi et al. (106) 31

Patients  Total Dose Duration and Route of  Patients with
Administration Response
n mg/m? %
75-150 7dcCl 49
75 7 dScC 40
75 7 dSC 63
40-55 3dcCl 54
45 4 h IV daily x 3 48
150 (+ etoposide) 51V 58
150 (+ mitoxantrone) 5 IV 23
100-200 51V Blastic phase: 25
Accelerated phase: 53
100-200 51V 26

* CI = continuous infusion; IV = intravenously; SC = subcutaneously.
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group, 39% in the intermediate-1 risk group, and 45%
in the intermediate-2 risk group. Ten patients (8%) died
during therapy. Cytogenetic abnormalities disappeared
in 15 patients with chromosomal abnormalities who had
complete remission. Median duration of response was 9
months; median survival was 15 months (19 months in
the intermediate-1 risk group, 13 months in the inter-
mediate-2 risk group, and 14 months in the high-risk
group).

The methylation status of pI5 before and after de-
citabine therapy was recently analyzed in a subset of
these patients. Hypermethylation at three cytosine resi-
dues in the 5’ region of the p15 gene was detected in 13
patients (59%), and efficient reduction of methylation
accompanied or preceded suppression of bone marrow
blasts and improvement of cytopenias. However, re-
sponses to decitabine also occurred in the absence of p15
hypermethylation. This suggests that p15 is one but not
the only molecular target of pharmacologic demethyl-
ation in myelodysplastic syndromes or that decitabine
induces antimyelodysplastic activity through other mecha-
nisms in addition to hypomethylation induction (102).

Chronic Myelogenous Leukemia

Twenty-seven patients with chronic myelogenous
leukemia in the myeloid blastic phase were treated with
5-azacytidine (150 mg/m? per day intravenously in three
divided doses for 5 days) and etoposide (75 mg/m* per
day for 5 days). One patient had a complete response
and 15 had a partial response (58% overall response
rate) (Table 5). Median survival was 231 days among
responders and 73 days among nonresponders (103).
Dutcher and associates (104) administered mitoxantrone,
12 mg/m?® per day for 3 days, and S-azacytidine, 150
mg/m? per day for 5 days, to 40 patients with chronic
myelogenous leukemia in accelerated or blastic phase.
The overall response rate was 23% (5 patients had
complete response, 2 had partial response, and 2 had
hematologic improvement).

In a phase II trial of decitabine, 500 to 1000 mg/m2
per course, for treatment of chronic myelogenous leuke-
mia in accelerated and blastic phase, 2 of 20 (10%)
patients with blastic phase disease achieved complete
hematologic response (1 of whom had disappearance
of Ph-positive cells) and 3 (15%) had hematologic im-
provement (overall response rate, 25%). Of 17 patients
with accelerated-phase disease, 6 reverted to second
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chronic phase (of whom 2 had suppression of Ph-posi-
tive cells); the overall objective hematologic response
was 53% (105). In 162 adults with nonlymphoid
chronic myelogenous leukemia in the blastic phase who
received first salvage therapy, the response rate was sim-
ilar among decitabine-treated patients (26%) and those
treated with conventional high-dose chemotherapy
(28%) (106), which consisted of high-dose cytarabine
with or without anthracyclines. Median survival with
decitabine therapy was 29 weeks compared with 21
weeks with intensive chemotherapy and 22 weeks with
other single agents. Among patients 50 years of age or
older, survival was significantly longer with decitabine
therapy compared with intensive chemotherapy (P <
0.01). The positive effect of decitabine therapy was con-
firmed as an independent treatment variable by multi-
variate analysis (106).

CONCLUSIONS AND FUTURE PERSPECTIVES

The widespread DNA hypermethylation observed
in neoplasia has prompted renewed interest in hypometh-
ylating agents in the treatment of cancer, particularly as
a novel method of inducing differentiation and stopping
growth. Of the hypomethylating agents currently being
tested in clinical trials, decitabine appears promising,
not as “another ara-C,” but as an effective drug (perhaps
complementary to ara-C) with a unique mechanism of
action and an acceptable toxicity profile. Reports of the
efficacy of decitabine, both as salvage and first-line ther-
apy for acute myelogenous leukemia, myelodysplastic
syndromes, and chronic myelogenous leukemia in the
blastic phase, are encouraging and are the beginning
steps to a broad area of research.

An important issue that must be carefully evaluated
is the in vivo mechanism of action and ideal dose of
decitabine. The demonstrated efficacy of the drug in
chronic myelogenous leukemia and myelodysplastic syn-
dromes could be related to cytotoxicity or induction of
hypomethylation (or both); studies are needed to clarify
this issue. This knowledge is especially important be-
cause in vitro, decitabine exerts maximal demethylation
at low doses but causes cytotoxicity at higher doses.
Thus, low-dose regimens may take advantage of the
hypomethylating effects of the drug, allowing more
frequent or long-term administration while avoiding
cytotoxic side effects.
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Other promising areas of research include 1) com-
bination of hypomethylating agents with other drugs
that could potentiate the differentiation response, such
as histone deacetylase inhibitors (107) and retinoic acid
analogues (108); 2) regimens combining decitabine with
disease-specific active agents, such as topotecan in myelo-
dysplastic syndromes (109) and interferon-a in chronic
myelogenous leukemia (110); and 3) development of
alternate strategies for inhibition of DNA methyltrans-
ferase, such as use of antisense compounds (111). In
addition, the crystalline structure of several methyltrans-
ferases has been reported (112), and computer modeling
may help identify novel potent inhibitors of this en-
zyme. Finally, recent data from methylation profiling of
human neoplasms has identified patients whose tumors
have particularly high levels of CpG island methylation
(30, 33). Patients whose neoplasms evolve along “hyper-
methylator” phenotypes may respond more favorably to
hypomethylating agents, leading to use of such agents to
treat only neoplasms in which hypermethylation has
silenced tumor suppressor genes. Ultimately, develop-
ment of strategies for achieving gene-specific demethyl-
ation may result in tailored therapy based on the unique
methylation fingerprint of an individual patient’s neo-
plasms.

GLOSSARY

Acetylation: Addition of an acetyl coenzyme A group to a
protein.

Chromatin: DNA packaged with associated proteins (his-
tones). The degree of packaging affects gene activity.

Epigeneric: Changes in gene expression that are clonal but
not associated with changes in the nucleotide sequence of in-
volved genes.

Histones: Proteins that participate in the packaging of DNA
into chromatin fibers.

Imprinting: A process in which only one of the two normal
copies of a gene is expressed (functional). Usually, the expressed
copy is determined on the basis of which parent it was derived
from.

Methylation: The addition of a methyl (CH;) group to a
molecule (DNA, RNA, or protein).

Methyltransferase: An enzyme that can catalyze the methyl-
ation reaction.

Promoter: A region of DNA that is responsible for regulation
of gene expression. A given promoter is typically located at the
beginning of the gene it regulates.
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Silencing: Irreversible inactivation of a gene by suppression
of gene transcription.

Transposable elements: DNA sequences that are capable of
moving from one site to another (so-called “jumping genes”) and
that are present in numerous copies throughout the human ge-
nome. These elements resemble viral DNA and are commonly
referred to as “parasitic DNA.”
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