
Abstract. Background: In this study, the effect of clofarabine, a
new generation 2’-deoxyadenosine analogue, on promoter
methylation and transcriptional activity of selected genes (PTEN,
APC, RARB2, ZAP70) in K562 cells was assessed. Materials
and Methods: Promoter methylation was estimated using
methylation-sensitive restriction analysis. The mRNA level of the
genes was measured with real-time PCR. Results: The inhibitory
cytostatic index (IG50) for clofarabine in K562 cells cultured for
72 (or 96) h was 8 nM. The drug (20 nM) caused: (i) potent
diminution in methylation of PTEN promoter, moderate
methylation reduction of APC and RARB2 promoters, and
complete methylation of ZAP70 promoter; (ii) significant
stimulation of PTEN, APC, RARB, and p21 mRNA expression
and (iii) decline in mRNA level of ZAP70 and DNMT1 genes.
Conclusion: The results indicated that clofarabine is involved in
epigenetic regulation of transcriptional activity of the tested
tumour suppressor genes and genes encoding proteins involved
in DNA methylation process.

Clofarabine (2-chloro-2’-fluoro-arabinosyladenine, Cl-F-ara-
A manufactured as Clolar™ or Evoltra®) is a second-
generation purine nucleoside analogue, which combines the
most favourable biochemical properties of its congeners:
cladribine (2-chloro-2’-deoxyadenosine, 2CdA) and
fludarabine (2-fluoro-arabinosyladenine, F-ara-A) (Figure
1). The nucleoside demonstrates antitumour activity in
relatively low doses, significantly lower than its mentioned
prototypes, in both in vitro and in vivo experiments with
tumour models (1, 2). 

Clofarabine was synthesized in the late 1980s (3), and was
approved by the U.S. Food and Drug Administration in 2004
and by the European Commission in 2006 for treatment of
paediatric patients (1 to 21 years old) with refractory or
relapsed acute lymphoblastic leukaemia. Currently, the drug
is used in clinical trials against other types of haematological
malignancies and solid tumours (4, 5). Additionally, the
experimental clinical treatment with clofarabine is introduced
in combination with ara-C or cyclophosphamide to usually
unresponsive elderly patients with leukaemia (6-8).

Hitherto, existing results of studies concerning clofarabine
cytotoxicity in cancer cells indicated that the molecular
mechanism action of clofarabine is similar to that of
cladribine. Clofarabine triphosphate nucleotide (Cl-F-ara-
ATP) leads to cell apoptosis due to the inhibition of
ribonucleotide reductase and DNA polymerase activities (9,
10) and to direct induction of apoptosis via mitochondria
damage (11). Clofarabine triphosphate also inhibits RNA
synthesis, but the effect is much smaller and is mainly
directed towards poly(A)polymerase (12). 

Recent data concerning epigenetic DNA modification
(mainly DNA methylation) showed that clofarabine action
results in hypomethylation of genomic DNA and hyper-
methylation of CT antigen genes that is associated with
up-regulation of mRNA and protein expression of the
antigens (13). This is consistent with previous studies
devoted to cladribine and fludarabine in which it was noted
that the drugs not only led to a reduction of genomic DNA
methylation (mainly CpG islands) (2), but also to a strong
decline in methylation of PTEN and APC promoters in
K562 cells (14).

According to these findings for clofarabine and its prototypes,
the present study aimed to estimate the effects clofarabine on
methylation and expression (at the mRNA level) of PTEN, APC,
RARB2, and ZAP70 genes as well as expression of DNMT1 and
p21 genes. These genes encode proteins important for regulation
of intracellular signalling pathways (PTEN, APC, ZAP70) and
for regulation of cell cycle (RARB2). The PTEN, APC and
RARB2 genes are often epigenetically silenced in cancer cell

4601

Correspondence to: Katarzyna Majda, Department of Biomedical
Chemistry, Medical University of Lodz, 6/8 Mazowiecka Street, 92-
215 Lodz, Poland. Tel: +48 6790450, Fax: +48 6784277, e-mail:
katarzyna.majda@e.umed.lodz.pl

Key Words: Adenosine analogue, epigenetic, promoter methylation,
clofarabine, PTEN, APC, RARB2, ZAP70.

ANTICANCER RESEARCH 30: 4601-4606 (2010)

Influence of Clofarabine on Transcriptional Activity of PTEN,
APC, RARB2, ZAP70 Genes in K562 Cells

KATARZYNA MAJDA1, AGNIESZKA KAUFMAN-SZYMCZYK1, KATARZYNA LUBECKA-PIETRUSZEWSKA1,
ANDRZEJ BEDNAREK2 and KRYSTYNA FABIANOWSKA-MAJEWSKA1

Departments of 1Biomedical Chemistry and 2Molecular Carcinogenesis, 
Medical University of Lodz, Poland

0250-7005/2010 $2.00+.40



ANTICANCER RESEARCH 30: 4601-4606 (2010)

4602

lines and cancer tissue (14-19). The ZAP70 gene, encoding
cytosolic zeta-chain associated tyrosine kinase, is normally
expressed in T- and NK (natural killers) cells, but also in some
chronic lymphocytic leukaemias (CLL) in B-cells. ZAP70
expression in B-cells caused by hypomethylation of its promoter
has been correlated with poor prognosis (20, 21). The DNMT1
and p21 genes encode proteins that are pivotal for the DNA
methylation process and for this reason they are involved in
regulation of gene transcriptional activity (22).

Materials and Methods

Compounds and chemicals. Clofarabine was obtained by Genzyme
Co. (San Antonio, TX, USA). Basal reagents (for RNA and DNA
isolation and purification) were obtained from Sigma-Aldrich Sp.
z.o.o. (Poznan, Poland) and endonucleases (HpaII and Eco72I) from
Fermentas UAB (Vilnius, Lithuania).

Cell culture, proliferation and viability assay. Human erythroleukemic
K562 cell line (American Type Culture Collection, LGC Standards
Sp. z.o.o., Lomianki, Poland) was cultured in RPMI medium con-
taining: L-glutamine and HEPES (CytoGen Sp. z.o.o., Lodz, Poland),

supplemented with 10% foetal bovine serum (FBS), 1 U/ml penicillin,
1 μg/ml streptomycin (Gibco - Europe, Paisley, Scotland, UK). Cells
were grown at 37˚C in a humidified atmosphere of 5% CO2. Tested
cell lines were treated for 72 and 96 h with clofarabine at 5 to 20 nM
concentrations. Cell proliferation and viability were determined using
the Trypan blue (Sigma-Aldrich Sp. z.o.o., Poznan, Poland) exclusion
test to estimate IG50 values, which represent the drug concentration
resulting in a 50% inhibition of cell growth. The number of viable
cells in culture treated with clofarabine was expressed as a percentage
of viable cells in untreated control culture. In the viability assay, the
number of necrotic cells that took up Trypan blue dye was expressed
as a percentage of the total cell number. All other experiments were
performed at the 20 nM concentration for which cell viability was
higher than 90% after 96 h-culture.

RNA and DNA extraction. Total RNA from a human erythroleukemic
cell line was isolated using Trizol Reagent (Invitrogen Life
Technologies Sp. z.o.o., Warsaw, Poland) according to the manu-
facturer’s protocol. Isolated RNA was diluted in water containing 1%
DEPC (ribonuclease inhibitor) and stored at –70˚C.

Cellular DNA, after incubation with proteinase K, was extracted
using a phenol:chloroform: isoamyl alcohol (25:24:1) mixture. Then
DNA was precipitated using ammonium acetate and ethanol. Pure
DNA was dissolved in TE buffer and stored at –20˚C.

Figure 2. Cytostatic index (IG50) and lethality of K562 cells for clofarabine.  Full line, cells incubated for 96 hours; dashed line, cells incubated for
72 hours.

Figure 1. Structural formulae of antileukemic adenosine analogues: (a) clofarabine, (b) fludarabine  and (c) cladribine.
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Methylation assay. The methylation status of promoter of selected
genes (i.e. PTEN, RARB2, APC and ZAP70) was estimated using
according to Iwase’s method (23). The promoter methylation level
was evaluated in DNA from cells incubated alone or in the presence
of clofarabine used at 20 nM concentration. Methylation-sensitive
restriction analysis includes the following experimental steps: (i)
digestion of cellular DNA with methylation-sensitive restriction
endonucleases (HpaII, Eco72I recognizing non-methylated
sequences C↓CGG and CAC↓GTG, respectively); (ii) PCR
amplification of digested DNA; (iii) electrophoretic analysis of
amplified promoter fragments in 6% polyacrylamide gel and (iv)
densitometric analysis of gels using Quantity One computer
program (BioRad Sp. z.o.o., Warsaw, Poland). 

PCR was carried out at 95˚C for 5 min, cycled for 1 min at 94˚C,
1 min at annealing temperature (annealing temperatures and primer
sequences used for selected fragments of tested gene promoters are
presented in Table I), and 2 min at 72˚C (30 cycles), followed by a
10 min extension at 72˚C. PCR products were visualized in 6%
polyacrylamide gel stained with ethidium bromide. Undigested DNA
and DNA digested with appropriate endonucleases after amplification
were used as controls. The methylation level in each sample was
calculated on the basis of densitometric analysis and expressed as a
percentage of undigested DNA after the comparison of band
intensities for digested and undigested DNA. The percentage of

methylation inhibition was calculated by comparison of methylation
level in cells treated with clofarabine and in control cells.

Quantitative analysis on mRNA level. In order to obtain cDNA, to 2
μg of total RNA there were added: 6 μl of random hexamers and 5
μl of oligo(dT)15 (Promega GmbH, Mannheim, Germany). The
mixture was incubated at 70˚C for 10 min and then cooled to 4˚C.
Reaction with ImProm-II reverse transcriptase (Promega GmbH,
Mannheim, Germany) was carried out according to the
manufacturer’s protocol. The samples were incubated under the
following conditions: 5 min at 25˚C, 60 min at 42˚C, and 15 min at
70˚C. The solution with cDNA was stored at –20˚C.

Real-time PCR was performed in a Rotor-Gene TG-3000
machine (Corbet Research, Mortlake, New South Wales, Australia).
The reaction mixture (20 μl) was prepared according to the
manufacturer’s protocol. Amplification consisted of 50 cycles
performed under the following conditions: denaturation at 94˚C for
30 s, annealing for 15 s at temperatures characteristic for every pair
of primers (Table II), and elongation at 72˚C for 30 s. Four
housekeeping genes, RPS17, RPLP0, H3F3A, and BMG, were used
as reference genes. Analysis of the results was performed according
to Pfaffl’s method (24), in which so-called relative level of
expression (relative to geometric mean of expression level of
reference genes) was calculated.

Table II. Primers of tested gene fragments used in real-time PCR. 

Genes Fragment length (bp) Sequence of primers (5’ � 3’) Annealing temperature (˚C)

PTEN 330 F:CGAACTGGTGTAATGATATGT 50.0
R:CATGAACTTGTCTTCCCGT

APC 101 F:TGCGAGAAGTTGGAAGTGTGAAAGCATTG 60.0
R:TGACAAATTCCATAAGGCACTCAATACGC

RARB2 92 F:TTCAAGCAAGCCTCACATGTTTCCA 56.0
R:AGGTAATTACACGCTCTGCACCTTTAG

ZAP70 2092 F:CGCTGCACAAGTTCCTGGT 53.0
R:AGCTGCTGCACCAGGTGTC

p21 103 F:GCTCAGGGGAGCAGGCTGAAG 60.0
R:CGGCGTTTGGAGTGGTAGAAATCTGT

DNMT1 100 F:ACCGCCCCTGGCCAAAGCCATTG 60.0
R:AGCAGCTTCCTCCTCCTTTATTTTAGCTGAG

Table I. Primers of tested gene promoter fragments used in PCR. 

Genes Fragment Sequence of primers (5’ � 3’) Annealing Accession no.
length (bp) F-forward; R-reverse temperature (˚C) (amplified fragments)

PTEN 286 F:GCGGAAGCAGCCGTTCGGAG 60.9 GenBankno. AF143312 
R:GTCATGTCTGGGAGCCTGTG [–281 +5]

APC 317 F:CTAGGCAGGCTGTGCGGTTG 61.1 GenBankno. U02509
R:CGGTTTAAGACAGTGCGAGG [–88+230]

RARB2 295 F:CTCGCTGCCTGCCTCTCTGG 58.4 GenBankno. X56849 
R:GCGTTCTCGGCATCCCAGTC [–23+187]

ZAP70 285 F:CTTCTGACGGTTCCTGCTG 58.1 NCBI RefSeq No. 
R:CGGAAGGCCTGGTCTC NG_007727.1 [–175+58]



Statistical analysis. Statistical calculation was performed with usage
of Microsoft Office Excel 2007 spreadsheet. Each value is given as
the mean ± standard deviation of four independent experiments. The
Student’s t-test was used to determine the significance of results,
p<0.05 was regarded as statistically significant. 

Results

Cell proliferation. IG50 (the inhibitory cytostatic index) value
for clofarabine and K562 cells cultured for both 72 and 96
hours in the presence of the drug is approximately eight nM.
Trypan blue exclusion properties allowed the estimation of
cell viability (Figure 2a) and percentage of necrotic cells in
cultures (Figure 2b). Incubation of K562 cells with
clofarabine for 96 hours at concentration equal to 20 nM did
not lead to cell death greater than 10%. 

Methylation level. The influence of clofarabine on the
methylation status of the tested gene promoters is shown in
Table III, (A). In control K562 cells (cultured without
clofarabine) PTEN, APC, RARB2 and ZAP70 promoters were
methylated in the following percentages: 61, 57, 45 and 87,
respectively. The exposure of the cells to clofarabine (20 nM
concentration) led to a strong decrease in PTEN promoter
methylation (approximately by 57%), and a lesser  reduction
of APC and RARB2 promoter methylation (16% and 29%,
respectively). A tested fragment of ZAP70 promoter after
incubation with the drug was completely methylated. 

mRNA level estimation. Changes of mRNA level of tested
genes in K562 cells exposed to clofarabine used at 20 nM
concentration are shown in Table III, (B). The increase in
expression of PTEN, APC and RARB2 genes was 76%, 33%
and 150%, respectively, whereas full methylation of tested
ZAP70 promoter fragment led to decline in mRNA level by

over 25%. The effect of clofarabine on expression of two
other genes, p21 and DNMT1, encoding proteins pivotal for
DNA methylation was also estimated. A greater than 3.3-fold
increase in mRNA level of p21 gene and almost 30%
reduction of DNMT1 gene expression, compared to
expression of the genes in control K562 cells was noted.

It should be noted that there was a reverse correlation
between demethylation of PTEN and APC promoters and
mRNA level elevation of the genes in the K562 cells exposed
to clofarabine. In the case of RARB2, demethylation of the
gene promoter was associated with an inadequately high
increase in mRNA level of the gene, whereas the increase in
ZAP70 promoter methylation was associated with decline in
the gene mRNA level. 

Discussion

This study presents experimental evidence that clofarabine
demonstrates antitumour activity in relatively low doses.
Clofarabine, a potent cytostatic agent, inhibits K562 cell
proliferation with a low IG50 value (approximately 8 nM),
which is lower than for its congeners, cladribine and
fludarabine (15-fold and over 400-fold lower, respectively) (2). 

Furthermore, this study demonstrated that clofarabine
action leads to altered expression of genes (i.e. PTEN, APC,
and ZAP70) that participate in key intracellular signalling
pathways, such as: Wnt/β-catenin/TCF (negatively regulated
by APC), phosphoinositide 3-kinase (PI3K)/Akt, and
Shc/Ras/Raf/MAPK (modulated by PTEN, a dual specificity
phosphatase for lipid and protein substrates). In K562 cells,
the drug action (similarly to cladribine and fludarabine in
MCF-7 cells) (16) provokes promoter demethylation of
PTEN and APC genes to a lesser extent. This epigenetic
effect is associated with a significant increase in mRNA level
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Table III. Clofarabine effects on methylation of gene promoters (A) and mRNA levels (B) in K562 cells. The methylation level in control cells was
estimated densitometrically as a percentage of band intensities of digested relatively to undigested DNA. Inhibition or stimulation of the gene
promoter methylation by clofarabine is expressed as a percentage of the gene methylation level in cells cultured with clofarabine and in control
cells (cultured without the drug). Data represent the mean±standard deviation of four independent experiments.

Gene (A) Methylation status (B) Gene expression

Control cells Cells with clofarabine Change of methylation Control Relative mRNA Change of gene 
(%) (%) (%) level in cells with expression

clofarabine (%)

PTEN 61.1±3.2 26.0±4.0 ↓ 57.4 1 1.76±0.16 ↑ 76.03
APC 57.0±1.9 47.9±2.5 ↓ 15.9 1 1.33±0.14 ↑ 32.74
RARB2 45.3±1.5 32.1±3.6 ↓ 29.1 1 2.51±0.30 ↑ 150.66
ZAP70 86.9±1.5 100.0±3.4 ↑ 13.1 1 0.74±0.11 ↓ 26.16
p21 - - - 1 4.31±0.28 ↑ 331.50
DNMT1 - - - 1 0.72±0.09 ↓ 28.14



of the genes (data not shown). The reverse correlation
between changes in methylation status and increased gene
expression suggests that the epigenetic modification (i.e.
methylation) of the promoters is probably one of the major
mechanisms responsible for transcriptional activity of PTEN
as well as APC. The present results are in accordance with
data of other studies on many cancer tissue and cancer cell
lines and indicating that a decrease in the biological activity
of PTEN may result from hypermethylation of the promoter
region of the gene (17-19). 

Additionally, it was noted that effect of clofarabine,
leading to demethylation of promoters of the tested genes,
was associated with a decline in DNMT1 mRNA level. It can
be suggested that reduction of DNA methylation by
clofarabine (analogical to cladribine and fludarabine)
probably results from indirect inhibition of DNMT1 through
irreversible inhibition of S-adenosylhomo-cysteine hydrolase
activity and perturbation of the ‘active methyl’ cycle as well
as from inhibition of DNA synthesis. It is possible that
clofarabine (like its congeners) ’switches‘ cellular signals
regulating expression of DNMT1 as a consequence of a
moderate increase in PTEN expression, resulting in
impairment of Ras/MAPK oncogenic pathway, and strong
stimulation of p21 expression which was revealed in the
current study (Table III). The p21 protein competes with
DNMT1 for the same binding site on proliferating cell
nuclear antigen (PCNA) which contributes to an-tagonising
DNMT1 activity by blocking the DNMT1-PCNA interaction
(25). It is should be noted that APC, a regulatory protein of
the Wnt1/beta-catenin/TCF signalling pathways, is indirectly
dependent on PTEN phosphatase activity. Negative
regulation Akt kinase by PTEN activates GSK3beta serine-
threonine kinase that phosphorylates two cooperating
proteins, beta-catenin and APC. The binding of the two
phosphorylated proteins diminishes the effect of beta-
catenin, inducing expression of oncogenes (26).

Mechanism of clofarabine action also include the elevation
of ZAP70 promoter methylation and suppression of gene
expression. ZAP70 is a member of the SYK tyrosine kinase
family, mainly involved in T-cell receptor signalling initiation,
but in chronic lymphocytic leukaemia the kinase may be
involved in B-cell receptor signalling (27). In transformed T-
cells, activity of ZAP70 gene may be modulated by
methylation in the presence of DNMT1 after its activation by
STAT3 and kinase NPM-ALK (28). Functional ZAP70,
through activation of intermediates (i.e. B- or T-cell linker
proteins), stimulates downstream signalling pathways which
include the MAPK and PI3 kinase (27). This is the evidence
that two proteins, ZAP70 and PTEN, play opposing roles in
regulation of two intracellular signalling pathways.

In K562 cells exposed to clofarabine, demethylation of
RARB2 gene promoter was associated with a high mRNA
level of the gene. A similar increased expression has been

observed in the case of cladribine in MCF-7 cells (29).
According to Lefebvre et al., PTEN phosphatase, through
negative regulation of PI3 kinase/Akt signalling pathways,
may affect RARB2 expression via SMRT co-repressor
recruitment to the promoter (30). Loss of Akt activity, due to
protein dephosphorylation by PTEN, blocks the tethering of
SMRT to the RARB2 promoter, which promotes an increase
in histone acetylation and stimulates gene expression (30).
These facts support the hypothesis that RARB2 is mainly
regulated by histone deacetylation.

In summary, this study clearly demonstrated that
clofarabine affects promoter methylation and expression (at
the mRNA level) of the genes that encode the proteins which
participate in regulation of intracellular signalling pathways
(e.g. PTEN, APC, and ZAP70). This is significant for therapy
of cancer associated with gene silencing due to
hypermethylation of the gene regulatory regions. This effect
of clofarabine action on promoter methylation and expression
of selected genes participating in important intracellular
signalling pathways is a new, unreported element of the
clofarabine cytotoxic mechanism and is very important for a
full understanding of the anti-leukemia action of the drug. 

Acknowledgements

The research was supported by the Medical University of Lodz -
Grant no. 503-16-813 and Grant no. 503-6099-1.

References

1 Beesley AH, Palmer M-L, Ford J, Weller RE, Cummings AJ,
Freitas JR, Firth MJ, Perera KU, de Klerk NH and Kees U: In vitro
cytotoxicity of nelarabine, clofarabine and flavopiridol in paediatric
acute lymphoblastic leukaemia. Br J Haematol 137: 109-116, 2007.

2 Wyczechowska D and Fabianowska-Majewska K: The effects of
cladribine and fludarabine on DNA methylation in K562 cells.
Biochem Pharmacol 65: 219-225, 2003.

3 Montgomery JA, Shortnacy-Fowler AT, Clayton SD, Riordan JM
and Secrist III JA: Synthesis and biologic activity of 2'-fluoro-
2-halo derivatives of 9-beta-D-arabinofuranosyladenine. J Med
Chem 35: 397-401, 1992.

4 Kantarjian HM, Gandhi V, Kozuch P, Faderl S, Giles F, Cortes
J, O’Brien S, Ibrahim N, Khuri F, Du M, Rios MB, Jeha S,
McLaughlin P, Plunkett W and Keating M: Phase I clinical and
pharmacology study of clofarabine in patients with solid and
hematologic cancers. J Clin Oncol 21: 1167-1173, 2003.

5 Kantarjian HM, Erba HP, Claxton D, Arellano M, Lyons RM,
Kovascovics T, Gabrilove J, Craig M, Douer D, Maris M,
Petersdorf S and Shami PJ: Phase II study of clofarabine
monotherapy in previously untreated older adults with acute
myeloid leukemia and unfavorable prognostic factors. J Clin
Oncol 28: 549-555, 2010.

6 Faderl S, Ferrajoli A, Wierda W, Huang X, Verstovsek S,
Ravandi F, Estrov Z, Borthakur G, Kwari M and Kantarjian HM:
Clofarabine combinations as acute myeloid leukemia salvage
therapy. Cancer 113: 2090-2096, 2008.

Majda et al: Clofarabine and Gene Activity

4605



7 Burnett AK and Mohite U: Treatment of older patients with acute
myeloid leukemia – new agents. Semin Hematol 43: 96-106, 2006.

8 Karp JE, Ricklis RM, Balakrishnan K, Briel J, Greer J, Gore SD,
Smith BD, McDevitt MA, Carraway H, Levis MJ and Gandhi V:
A phase 1 clinical-laboratory study of clofarabine followed by
cyclophosphamide for adults with refractory acute leukemias.
Blood 110: 1762-1769, 2007.

9 Xie C and Plunkett W: Metabolism and actions of 2-chloro-9-(2-
deoxy-2-fluoro-beta-D-arabinofuranosyl)-adenine in human
lymphoblastoid cells. Cancer Res 55: 2847-2852, 1995.

10 Xie KC and Plunkett W: Deoxynucleotide pool depletion and
sustained inhibition of ribonucleotide reductase and DNA
synthesis after treatment of human lymphoblastoid cells with 2-
chloro-9-(2-deoxy-2-fluoro-beta-D-arabinofuranosyl) adenine.
Cancer Res 56: 3030-3037, 1996.

11 Genini D, Adachi S, Chao Q, Rose DW, Carrera CJ, Cottam HB,
Carson DA and Leoni LM: Deoxyadenosine analogs induce
programmed cell death in chronic lymphocytic leukemia cells by
damaging the DNA and by directly affecting the mitochondria.
Blood 96: 3537-3543, 2000.

12 Chen LS, Plunkett W and Gandhi V: Polyadenylation inhibition
by the triphosphates of deoxyadenosine analogues. Leuk Res 32:
1573-1581, 2008.

13 Zhang Y, Shahriar M, Zhang J, Ahmed SU and Lim SH:
Clofarabine induces hypomethylation of DNA and expression of
cancer-testis antigens. Leuk Res 33: 1678-1683, 2009.

14 Krawczyk B and Fabianowska-Majewska K: Alteration of DNA
methylation status in K562 and MCF-7 cancer cell lines by
nucleoside analogues. Nucleos Nucleot Nucleic Acids 25: 1029-
1032, 2006.

15 Virmani AK, Muller C, Rathi A, Zoechbauer-Mueller S, Mathis
M and Gazdar AF: Aberrant methylation during cervical
carcinogenesis. Clin Cancer Res 7: 584-589, 2001.

16 Krawczyk B, Rudnicka K and Fabianowska-Majewska K: The
effects of nucleoside analogues on promoter methylation of
selected tumor suppressor genes in MCF-7 and MDA-MB-231
breast cancer cell lines. Nucleos Nucleot Nucleic Acids 26: 1043-
1046, 2007. 

17 Zysman MA, Chapman WB and Bapat B: Consideration when
analysing the methylation status of PTEN tumor suppressor gene.
Am J Pathol 160: 795-800, 2002.

18 Buckingham L, Penfield Faber L, Kim A, Liptay M, Barger C,
Basu S, Fidler M, Walters K, Bonomi P and Coon J: PTEN,
RASSF1 and DAPK site-specific hypermethylation and outcome
in surgically trated stage I and II non-small cell lung cancer
patients. Int J Cancer 126: 1630-1639, 2010.

19 Muggerud AA, Rønneberg JA, Wärberg F, Botling J, Busato F,
Jovanovic J, Solvang H, Bukholm I, Børresen-Dale AL,
Kristensen VN, Sørlie T and Tost J: Frequent aberrant DNA
methylation of ABCB1, FOXC1, PPP2R2B and PTEN in ductal
carcinoma in situ and early invasive breast cancer. Breast Cancer
Res 12: R3, 2010.

20 Orchard JA, Ibbotson RE, Davis Z, Wiestner A, Rosenwald A,
Thomas PW, Hamblin TJ, Staudt LM and Oscier DG: ZAP-70
expression and prognosis in chronic lymphocytic leukaemia.
Lancet 363: 105-111, 2004.

21 Corcoran M, Parker A, Orchard J, Davis Z, Wirtz M, Schmitz OJ
and Oscier D: ZAP-70 methylation status is associated with
ZAP-70 expression status in chronic lymphocytic leukemia.
Haematologica 90: 1078-1088, 2005.

22 Tan HH and Porter AG: p21WAF1 negatively regulates DNMT1
expression in mammalian cells. Biochem Biophys Res Commun.
382: 171-176, 2009.

23 Iwase H, Omoto Y, Iwata H, Toyama T, Hara Y, Ando Y, Ito Y,
Fujii Y and Kobayashi S: DNA methylation analysis at distal and
proximal promoter regions of the oestrogen receptor gene in
breast cancers. Br J Cancer 80: 1982-1986, 1999.

24 Pfaffl MW, Horgan GW and Dempfle L: Relative expression
software tool (REST©) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR. Nucleic
Acids Res 30: 1-10, 2002.

25 Chuang LS, Ian HI, Koh TW, Ng HH, Xu G and Li BF: Human
DNA-(cytosine-5)methyl-transferase-PCNA complex as a target
for p21WAF1. Science 277: 1996-2000, 1997.

26 Thorstensen L, Lind GE, Lovig T, Diep CB, Meling GI, Rognum
TO and Lothe RA: Genetic and epigenetic changes of
components affecting the WNT pathway in colorectal
carcinomas stratified by microsatellite instability. Neoplasia 7:
99-108, 2005.

27 Amin S, Parker A and Mann J: ZAP70 in chronic lymphocytic
leukaemia. Int J Biochem Cell Biol  40: 1654-1658, 2008.

28 Ambrogio C, Martinengo C, Voena C, Tondat F, Riera L, di Celle
PF, Inghirami G and Chiarle R: NPM-ALK oncogenic tyrosine
kinase controls T-cell identity by transcriptional regulation and
epigenetic silencing in lymphoma cells. Cancer Res 69: 8611-
8619, 2009.

29 Stefanska B, Rudnicka K, Bednarek A and Fabianowska-
Majewska K: Hypomethylation and induction of retinoic acid
receptor beta 2 by concurrent action of adenosine analogues and
natural compounds in breast cancer cells. Eur J Pharmacol 638:
47-53, 2010.

30 Lefebvre B, Brand C, Flajollet S and Lefebvre P: Down-
regulation of the tumour suppressor gene retinoic acid receptor
beta2 through the phosphoinisitide 3-kinase/Akt signaling
pathway. Mol Endocrinol 20: 2109-2121, 2006.

Received July 21, 2010
Revised September 27, 2010

Accepted September 28, 2010

ANTICANCER RESEARCH 30: 4601-4606 (2010)

4606


