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Abstract. Clofarabine (2‑chloro‑2'‑fluoro‑2'‑deoxyarabino-
syladenine, CIF), a second‑generation 2'‑deoxyadenosine 
analog, possesses a variety of anti‑cancer activities, including 
the capacity to modulate DNA methylation marks. Bioactive 
nutrients, including resveratrol (RSV) and all‑trans retinoic 
acid (ATRA) have been indicated to regulate epigenetic 
machinery in malignant cells. The purpose of the current 
study was to evaluate whether the tested phytochemicals, RSV 
or ATRA, can improve the therapeutic epigenetic effects of 
CIF in chronic myeloid leukemia (CML) cells. The present 
study investigates, to the best of our knowledge, for the first 
time, the influence of CIF in combination with RSV or ATRA 
on the expression of relevant modifiers of DNA methylation 
machinery, including DNA Methyltransferase 1 (DNMT1) 
and Cyclin dependent kinase inhibitor 1A (CDKN1A) in CML 
cells. Subsequently, the combinatorial effects on promoter 
methylation and transcript levels of methylation‑silenced 
tumor suppressor genes (TSGs), including phosphatase and 
tensin homologue (PTEN) and retinoic acid receptor beta 
(RARB), were estimated using MSRA and qPCR, respectively. 
The tested TSGs were chosen according to bioinformatical 
analysis of publicly available clinical data of human DNA 
methylation and gene expression arrays in leukemia patients. 
The K562 cell line was used as an experimental CML in vitro 
model. Following a period of 72 h exposure of K562 cells, the 
tested combinations led to significant cell growth inhibition 
and induction of caspase‑3‑dependent apoptosis. These obser-
vations were accompanied by DNMT1 downregulation and 
CDKN1A upregulation, with a concomitant enhanced decrease 

in DNMT1 protein level, especially after ATRA treatment 
with CIF. Concurrent methylation‑mediated RARB and PTEN 
reactivation was detected. The results of the current study 
demonstrated that CIF that was used in combination with the 
tested phytochemicals, RSV or ATRA, exhibited a greater 
ability to remodel DNA methylation marks and promote cell 
death in CML cells. These results may support the applica-
tion of CIF combinations with natural bioactive agents in 
anti‑leukemic epigenetic therapy.

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative 
disorder characterized, in the vast majority of cases, by the 
presence of Philadelphia chromosome (Ph) formed by translo-
cation of sections between chromosomes 9 and 22. Abnormally 
short chromosome 22 encodes the chimeric p210 BCR‑ABL 
tyrosine kinase protein, a product of the oncogene BCR‑ABL, 
constitutively active enzyme that drives uncontrolled cellular 
growth and differentiation of CML cells. The Ph chromosome 
with the BCR‑ABL fusion gene is also present in 25‑50% of 
adult patients with acute lymphoblastic leukemia (ALL) and 
rare cases of acute myeloid leukemia (AML) (1,2).

BCR‑ABL is the target of tyrosine kinase inhibitors (TKIs) 
introduced, with great success, for the treatment of CML 
patients at the end of the last century. Despite the high thera-
peutic efficacy of TKIs, around 25% of CML patients develop 
resistance to 1st (Imatinib) and 2nd (Desatinib, Nilotinib) line 
of TKIs. This resistance may result from mutations within the 
kinase domain of BCL‑ABL, although other mechanisms of 
primary or acquired resistance to TKIs have been investigated 
as well  (2‑5). Apart from these genetic abnormalities also 
epigenetic alterations may contribute to CML pathogenesis 
and drug resistance (6,7). TKIs effectively inhibit BCR‑ABL 
kinase, although CML stem cell survival has been observed (5). 
Thus, it is reasonable to seek a novel epigenetic approach to 
improve CML treatment.

Epigenetic alterations regulate gene expression via DNA 
methylation, histone modifications and activity of non‑coding 
RNAs (8,9). Interference between these epigenetic processes 
affects chromatin accessibility for transcription (8). Although, 
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it is still DNA methylation that is the most stable epigenetic 
reaction modulating gene expression. It consists of the attach-
ment of methyl group to cytosine mainly in CpG islands within 
gene promoters. Dysregulated epigenetic code, including aber-
rant methylation patterns, is often observed and considered to 
be one of the causes, in addition to genetic changes, of the 
development and progression of neoplastic diseases (10,11). In 
cancer cells, a certain pool of genes (mainly tumor suppressor 
genes) is silenced by methylation of their promoter regions 
while other genes are activated (oncogenes and prometastatic 
genes) through the hypomethylation of their regulatory regions. 
Methylation patterns of DNA are controlled by enzymes 
named DNA methyltransferases (DNMTs). DNMTs family 
include methyltransferases DNMT3a and DNMT3b respon-
sible for the de novo methylation and the major DNMT1 which 
maintains and ensures the fidelity of replication of inherited 
epigenetic marks and shows a preference for hemi‑methylated 
DNA (12).

As we have shown in our previous studies deoxyadenosine 
analog‑clofarabine (2‑chloro‑2'‑fluoro‑2'‑deoxyarabinosylad-
enine, CIF), apart from its anticancer activity resulting from 
inhibition of ribonucleotide reductase and DNA polymerases, 
and apoptosis induction by altering mitochondrial activity, 
can also modulate gene expression via redesigning DNA 
methylation patterns within gene regulatory regions in cancer 
cells (13,14). All these molecular mechanisms of CIF anti-
cancer action contributed to the FDA‑approved therapeutic 
usage of this drug in ALL and some AML cases (15,16).

Natural phytochemicals have raised considerable interest not 
only as chemopreventive agents but also as chemotherapeutic 
adjuvants because of their anticancer properties demonstrated 
in a large number of studies (17). Resveratrol (3,4',5‑trihydroxys-
tilbene, RSV), the polyphenol from red grapes and peanuts, 
has been shown to modulate cell cycle, survival and apoptosis 
also through altering gene methylation patterns (18‑22). Other 
possible molecular targets of RSV are AMPK and SIRT1, 
mTOR, NF‑kB, PI3K/AKT, MAPK signaling pathways (23).

ATRA (all‑trans retinoic acid) is a natural, physiologically 
active, predominant metabolite of vitamin A. ATRA acts as a 
hormone and impacts many physiological processes. ATRA 
through its binding to specific nuclear retinoic acid receptors 
RARs (RARA, RARB and RARG) that form heterodimers 
with retinoid X receptors RXRs can regulate transcription 
of some genes  (24). Within promoters of these genes, the 
retinoic acid response elements (RAREs) have been found. 
According to present knowledge, the transcriptional activity 
of RAR/RXR complex results from the incorporation of 
ATRA to RAR receptors. This model of interaction is known 
as a classical or genomic pathway that regulates cell differ-
entiation, cell cycle, and apoptosis  (25). RARs and RXRs 
are able to create heterodimers with other receptors, such as 
vitamin D receptor (VDR), steroid receptors or peroxisome 
proliferator‑activated receptor (PPAR). There is evidence that 
ATRA can also regulate the gene expression independently of 
the presence of RAREs. Furthermore, ATRA and its receptors 
may affect other critical signaling pathways, including NF‑κB, 
IFN‑G, TGFB, VEGF, and MAPK pathways, as well as cause 
chromatin remodeling (24,26). Because of ATRA importance 
in cell physiology, the antitumor activity of retinoids has been 
broadly studied. Consequently, ATRA heretofore has gained 

FDA approval for treatment of APL (acute promyelocytic 
leukemia) and cutaneous T‑cell lymphoma. There are some 
suggestions that the cause of the lack of ATRA anticancer 
activity in other types of leukemia and solid tumors might 
be associated with aberrant epigenetic marks, for example, 
frequent DNA methylation‑mediated silencing of retinoic acid 
receptor beta (RARB) (26,27).

Interestingly, the growing body of literature demonstrates 
that some natural bioactive compounds, including ATRA and 
RSV, might be indirectly involved in the regulation of DNMT1 
expression and/or DNMT1 activity. DNMT1 has been shown to 
be overexpressed in many types of cancer (28). The following 
mechanisms responsible for ATRA or RSV‑mediated DNMT1 
downregulation in cancer cells have been detected, i.e., 
cyclin‑dependent kinase inhibitor 1A (CDKN1A) transcrip-
tional reactivation  (18,29) followed by decreased activity 
of E2F (elongation factor 2) transcription factor, as well as 
re‑expression of DNA methylation‑silenced tumor suppressor 
genes, phosphatase and tensin homologue (PTEN) and RARB, 
encoding proteins that may inhibit activity of AP‑1 (activator 
protein‑1) transcriptional complex  (29,30). E2F and AP‑1 
transcription factors activate DNMT1 expression due to the 
presence of binding sites in DNMT1 regulatory region (31,32).

Moreover, CDKN1A (p21) belongs to tumor suppressor 
genes and encodes a protein that competes with DNMT1 for 
the same binding site on proliferating cell nuclear antigen 
(PCNA, the homotrimeric ring surrounding DNA) during 
DNA replication. It disrupts the forming of DNMT1/PCNA 
complex and subsequently may lead to inhibition of DNA 
methylation reaction (33,34). PTEN was shown to be mutated 
or DNA methylation‑silenced in a large number of malignan-
cies. PTEN protein as a phosphatase negatively regulates 
intracellular levels of phosphatidylinositol‑3,4,5‑trisphosphate 
in cells which is crucial for its tumor suppressive activity. 
The dephosphorylated phosphoinositide through negative 
regulation of PI3K/AKT and MAPK/AP‑1 signaling pathways 
modulates cell cycle progression and cell survival (35).

The promising results of combining nucleoside analogues, 
such as cladribine and fludarabine (CIF precursors), with ATRA 
or RSV in breast cancer cells, including methylation‑mediated 
PTEN and RARB transcriptional reactivation (18,30), indicate 
that the combination of CIF with these phytochemicals (ATRA 
or RSV) may exhibit a new effective approach in anticancer 
epigenetic therapy.

As mentioned above, alterations in DNA methylation marks 
are common in cancer cells, including different leukemia cells. 
Thus, the present study aimed to evaluate anticancer potential 
of CIF combined with natural bioactive compounds, RSV or 
ATRA, in K562 cells representing an experimental in vitro 
model of CML cells. This is the first study to investigate the 
influence of CIF‑phytochemical combination exposures on the 
regulation of DNA methylation machinery in CML cells. We 
focused on determining any changes in DNMT1 and CDKN1A 
expression, as well as in promoter methylation and expression 
of tumor suppressor genes PTEN and RARB.

Materials and methods

Compounds and chemicals. All tested compounds CIF, 
ATRA, and RSV were purchased from Sigma‑Aldrich. CIF 
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was dissolved in sterile water (1 mM) and stored in ‑20˚C. 
Solutions of ATRA (10 mM) and RSV (5 mM) were prepared 
in 96% ethanol and stored in the dark in ‑20˚C. Subsequent 
dilutions were made in growth fresh medium with a final 
ethanol concentration of 0.1% (v/v), and this ethanol concen-
tration was used as vehicle control in all experiments.

Cell culture, growth and viability assay. Human erythroleu-
kemic cell line K562 (American Type Culture Collection, 
ATCC) was cultured in RPMI 1640 medium with HEPES 
(Lonza) supplemented with 2 mM L‑glutamine, 10% foetal 
bovine serum (FBS), 1 U/ml penicillin and 1 µg/ml strepto-
mycin (Sigma‑Aldrich), at 37˚C and a humidified atmosphere of 
5% CO2. K562 cell line was routinely verified by morphology, 
invasion and growth rate. The tested cell line was authenti-
cated by DNA profiling using the short tandem repeat (ATCC), 
in 2018. In all experiments the cells were seeded at the amount 
of 40x103 cells per ml, and were cultured for 72 h with three 
different compounds, CIF, ATRA and RSV, used separately, at 
concentrations equal to GI50 concentrations (i.e., doses leading 
to 50% inhibition of cell growth), respectively: 8 nM (CIF), 
30 µM (ATRA) and 11.5 µM (RSV). Additionally, the cells 
were treated for 72 h with the compounds administered in two 
combinations: CIF + ATRA (both at GI50 concentrations, i.e., 
8 nM for CIF and 30 µM for ATRA) and CIF + RSV (both at 
GI50 concentrations, i.e., 8 nM for CIF and 11.5 µM for RSV).

Cell growth and viability were determined using the trypan 
blue (Sigma‑Aldrich) exclusion test, to estimate GI50 values. 
The number of viable cells in culture treated with the tested 
compounds was expressed as a percentage of viable cells in 
control untreated culture (without the compounds, vehicle 
control). The following calculation has been used: (viable 
exposed/viable vehicle control)*100%. The number of dead 
cells that took up trypan blue was specified as the percentage 
of the total cell number.

The number of viable, necrotic, early and late apoptotic 
cells were determined after 72 h compound exposure by flow 
cytometry analysis using annexin V/propidium iodide (PI) 
(FITC Annexin V Apoptosis Detection Kit II, BD Pharmingen) 
staining, according to the manufacturer's protocol (13). The 
following excitation/emission wavelengths have been used: 
FITC 488/519 nm and PI 488/617. Caspase‑3 assay (PE Active 
Caspase‑3 Apoptosis Kit, BD Pharmingen) was performed 
to estimate its activity as a marker of the early stage of the 
caspase‑dependent apoptotic pathway. The excitation/emis-
sion wavelengths of 488/578 nm have been applied. The flow 
cytometry analysis was carried out using BD FACSuite™ 
version 1.2.1 software.

Methylation‑sensitive restriction analysis (MSRA). The meth-
ylation level of the proximal promoter of PTEN and RARB in 
K562 cells was estimated using methylation‑sensitive restric-
tion analysis according to the method of Iwase et al (36). The 
MSRA included four steps: i) digestion of cellular DNA with 
endonuclease that recognizes only non‑methylated sequence, 
ii) PCR amplification of digested DNA with PCR primers 
shown in Table I, iii) electrophoretic analysis of amplified 
promoter fragments, and iv) densitometric quantitative analysis 
of the band intensity. The analysis was performed as described 
previously (13).

Reverse transcription quantitative (RT‑q) PCR. Total RNA 
was isolated using TRIZOL® (Invitrogen, USA). cDNA was 
synthesized using 2 µg of total RNA, 6 µl of random hexamers, 
5  µl of oligo(dT)15, and ImProm‑II reverse transcriptase 
(Promega, USA). All RT‑qPCR reactions were carried out in 
a Rotor‑Gene TG‑3000 machine (Corbett Research, Australia) 
as we previously described (13,14). RPS17 (40S ribosomal 
protein S17), RPLP0 (60S acidic ribosomal protein P0), H3F3A 
(H3 histone family 3A), and BMG (β2‑microglobulin) were 
used as housekeeping control genes. The relative expression of 
each tested gene (DNMT1, CDKN1A, PTEN, and RARB) was 
normalized to the geometric mean of these four housekeeping 
genes, according to the method of Pfaffl et al (37). Primers 
sequences for RT‑qPCR are shown in Table II.

Measuring the amount of DNMT1 protein. Protein nuclear 
extracts were isolated using the EpiQuik Nuclear Extraction 
Kit (Epigentek), according to manufacturer's protocol. The 
ELISA‑like EpiQuik DNMT1 Assay Kit (Epigentek) was 
used for quantification of DNMT1 (DNA methyltransferase) 
in 10 µg of the total protein content. Each measurement was 
performed in triplicates according to the instructions in the 
manual. The absorbance at 450 nm was measured on a micro-
plate reader (GloMax‑Multi+ Microplate Multimode Reader, 
Promega) within 2‑10 min.

Statistical analysis. Results from three independent experi-
ments are presented as the mean ± standard deviation (SD). 
Statistical analysis of cell viability, apoptosis, MSRA, qPCR 
and ELISA‑like EpiQuik DNMT1 assays was performed 
using two‑way analysis of variance (ANOVA) followed by 
Bonferroni post hoc test. The results were considered statisti-
cally significant when P<0.05.

results and Discussion

Effects of RSV and ATRA combined with CIF on inhibition 
of CML cell growth and apoptosis induction. Following 72 
h‑exposure, all the tested compounds used alone, CIF, RSV, 
and ATRA, inhibited K562 cell growth in a dose‑dependent 
manner with low cytotoxicity (Fig. 1A‑C and F). The trypan 
blue exclusion test was carried out to determine concentrations 
leading to 50% inhibition of cell growth (GI50) (Fig. 1A‑C). 
The GI50 concentration for CIF was determined as equal to 
8 nM in K562 cells (Fig. 1A), as we showed previously (13). 
GI50 values for RSV and ATRA were determined as equal to 
11.5 and 30 µM, respectively (Fig. 1B and C). The number 
of dead cells upon exposure to the tested compounds at GI50 
concentrations did not exceed 10% (Fig. 1A‑C), which support 
the use of all the compounds at GI50 concentrations in the 
combinatorial administrations, CIF and RSV, or CIF and 
ATRA (Fig. 1D‑F).

Next, the cytotoxicity of all the compounds adminis-
tered individually and in combinations was determined by 
employing flow cytometric assay (Fig. 2). The number of 
necrotic (Ann‑/PI+) cells did not exceed 10% of all the cells 
upon any of the exposures, supporting low cytotoxicity of the 
tested concentrations (Fig. 2B, top and bottom panels). The use 
of CIF+RSV combination resulted in the most severe induc-
tion of apoptosis in K562 cells (Fig. 2C, upper panel). The 
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number of apoptotic cells increases from nearly 4% after CIF 
alone and 10% after RSV alone to 15% after combined admin-
istration CIF+RSV (Fig. 2C, upper panel). This enhanced 
pro‑apoptotic effect of combinatorial CIF and RSV was 
associated with caspase‑3 activation (Fig. 2D, upper panel). 
Upon 72 h‑incubation with this combination over 9% of all 
K562 cells showed active caspase 3, whereas after CIF or RSV 
alone approximately 2% or 5.5% of all K562 bound antibodies 
against caspase 3, respectively (Fig. 2D, upper panel). The 
extent of the effects of ATRA alone and CIF+ATRA on cell 
viability and caspase‑dependent apoptosis was not as robust 
as for RSV used alone or in combination with CIF (Fig. 2C, 
bottom panel). The number of apoptotic cells increases from 
4‑5% after CIF or ATRA used alone to slightly more than 6% 
after combined administration, CIF+ATRA (Fig. 2C, bottom 
panel). The percentage of K562 cells with active caspase‑3 
was similar after the individual (2‑3%, CIF or ATRA) and 
combinatorial (3.5%, CIF+ATRA) exposures (Fig. 2D, bottom 
panel).

Hitherto, only Lee and colleagues demonstrated that RSV 
in combination with CIF induces relevant anti‑proliferative 
effects in malignant mesothelioma MSTO‑211H and H‑2452 
cells. This observation was linked to multi‑targeted anticancer 
effects, including inhibition of AKT activity (20,21).

Sui et al (38) showed that RSV indicates significant cyto-
toxic effect and induces apoptosis in K562 cells in a dose and 
time‑dependent manner. The authors suggested that downreg-
ulation of the PI3K/AKT/mTOR signaling cascades (through 
the attenuated phosphorylation) may be a crucial mediator in 
the inhibition of proliferation and induction of apoptosis by 
resveratrol in K562 cells.

Results of Wang et al (39) also indicated that resveratrol 
significantly decreases cell viability and triggers cell apoptosis 
in K562 cells. They observed up‑regulation of Bax/Bcl‑2 ratio, 
the activation of caspase‑3 and increased PARP cleavage in 
K562 cells treated with resveratrol (39).

Interdependence between DNMT1 and CDKN1A expression 
upon combinatorial exposures in K562 cells. Aberrant 
methylation pattern is a common feature of cancer cells. The 

purpose of the study was to investigate the interdependence 
between DNA methylation and expression of selected tumor 
suppressor genes and the expression of the main DNA meth-
yltransferase, DNMT1, after treatment of model CML cells 
with a chemotherapeutic agent, CIF, combined with natural 
bioactive compounds, RSV and ATRA.

First of all, we analyzed the publicly available data from 
Oncomine for DNMT1 expression in different types of 
leukemia, as DNMT1 overexpression has been observed in 
many types of cancer (28). As depicted in Fig. 3A, in almost 
all types of leukemia DNMT1 expression is significantly 
higher compared to healthy individuals. Only in CML, the 
level of DNMT1 expression is lower than in normal blood 
cells, although the only available microarray data of CML, 
presented in Fig. 3A, are not statistically significant, so it is 
difficult to draw clear conclusions about the level of DNMT1 
in CML cells. However, Mizuno et al (40) reported relevant 
DNMT1 up‑regulation in AML and CML cells as compared 
to normal blood cells.

In our study, in K562 cells treated with CIF at GI50 
concentration (8 nM) for 72 h, slight almost 10% reduction in 
DNMT1 gene expression, in comparison to control unexposed 
cells, was estimated using RT‑qPCR and Pfaffl's method (37) 
(Fig. 3D). The effects of exposure to RSV or ATRA admin-
istered alone, also at GI50 concentrations, caused an even 
greater diminution in DNMT1 mRNA levels by 15 and 35%, 
respectively. However, the most robust, over 40% decrease 
in DNMT1 expression was noticed as the effect of combined 
exposure to CIF and ATRA (Fig. 3D, bottom panel). These 
changes in the expression of DNMT1 at the mRNA level 
correspond to changes in gene expression at the protein level, 
determined using ELISA‑like commercial immunoassays 
(Fig. 3C). The combination CIF+ATRA caused almost 50% 
reduction in DNMT1 protein level as compared to control 
K562 cells (Fig. 3C, bottom panel). CIF and ATRA used alone 
led only to 11 and 29% decrease in DNMT1 protein levels, 
respectively (Fig. 3C). It has been shown that manifestation 
of the catalytic function of DNMT1 enzyme requires its 
binding to PCNA during DNA replication (33,34). Moreover, 
CDKN1A, as an antagonist of DNMT1, binds to the same 

Table I. PCR primer sequences.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')	 Product (bp)

PTEN	 gcggaagcagccgttcggag	 gtcatgtctgggagcctgtg	 286
RARB	 ctcgctgcctgcctctctgg	 gcgttctcggcatcccagtc	 295

Table II. SYBR‑Green‑based reverse transcription‑quantitative PCR primer sequences.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')	 Product (bp)

DNMT1	 accgcccctggccaaagccattg	 agcagcttcctcctcctttattttagctgag	 100
CDKN1A	 gctcaggggagcaggctgaag	 cggcgtttggagtggtagaaatctgt	 103
PTEN	 cgaactggtgtaatgatatgt	 catgaacttgtcttcccgt	 330
RARB	 ttcaagcaagcctcacatgtttcca	 aggtaattacacgctctgcacctttag	 292
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domain of PCNA. Thus, CDKN1A polypeptide may disturb 
the formation of PCNA‑DNMT1 complex, and then leads to 
repression of DNA methylation processes (41). The estima-
tion of CDKN1A expression on mRNA level (in connection 
and comparison with DNMT1 expression) allows defining the 
potential interrelations between DNA methylation processes 
and expression of DNMT1 and CDKN1A genes in cells exposed 
to natural bioactive compounds and CIF, also in combined 
therapy. So we found that changes in DNMT1 expression are 
associated with concomitant changes in CDKN1A mRNA 
level (Fig. 3D and E). Upon 72 h‑incubation of K562 cells 
with ATRA at GI50 concentration, CDKN1A transcript level 
increased almost three times, and almost two times in cells 
exposed to GI50 concentration of RSV (Fig. 3E), in comparison 
to control unexposed cells. Since ATRA binds to nuclear 
RARs that heterodimerize with RXRs, it may further modu-
late transcription through cognate response elements in the 
promoters of the target genes including CDKN1A (42,43). Due 
to structural similarity of RSV to estradiol and its binding 
to estrogen receptors (ERs) it may elicit similar responses as 
upon endogenous estrogens and modulate the expression of 
estrogen‑responsive genes, such as CDKN1A (44).

Combination of ATRA and CIF resulted in a 3.3‑fold 
increase in CDKN1A mRNA level. CIF used alone did not 
influence the CDKN1A expression, and the combination 
of CIF+RSV did not increase the level of CDKN1A above 
that achieved with RSV used alone (Fig. 3E, upper panel). 
Our findings suggest that especially CIF+ATRA‑mediated 
concomitant CDKN1A induction and DNMT1 downregulation 

in K562 cells may decrease DNA methylation efficiency of 
TSGs.

According to Oncomine publicly available data in all types 
of leukemia, CDKN1A expression is significantly decreased as 
compared to normal blood cells (Fig. 3B). Thus, reactivation of 
CDKN1A gene encoding protein capable of cell cycle arrest is 
one of the goals of anti‑leukemic therapy (45).

DNA methylation‑mediated PTEN reactivation in K562 
cells exposed to CIF combined with RSV or ATRA. PTEN is 
a multifunctional tumor suppressor gene, encoding a phos-
phatase with dual specificity for lipid and protein substrates, 
has been shown to be silenced in multiple cancers, including 
different types of leukemia (Fig. 4A). The PTEN downregula-
tion in cancer cells may be related to genetic changes, but also 
it may result from hypermethylation of its promoter region, 
which partly implies epigenetic regulation of PTEN transcrip-
tion (46‑48). DNA methylation‑mediated regulation of PTEN 
expression was observed for example in ALL  (46), breast 
cancer (47) and colorectal cancer (48).

Oncomine data indicate that PTEN is transcriptionally 
silenced in three types of leukemia, including ALL, CLL and 
AML (Fig. 4A). According to the results of one available study 
with CML patients, no significant difference in PTEN expres-
sion has been noticed between cancer and normal blood cells 
(Fig. 4A). The proximal promoter region including CpG island 
of PTEN has been depicted in Fig. 4C. According to publicly 
available Illumina 450K data (GSE106600), currently the only 
available study for CML patients, any significant changes 

Figure 1. Effects of (A) CIF, (B) RSV and (C) ATRA on K562 cell growth and viability. Data represent the mean ± standard deviation of three independent 
experiments. The number of viable cells after 3 days exposure to CIF, RSV and ATRA at GI50 concentrations was expressed as a percentage of viable cells in 
the vehicle control [(viable exposed/viable vehicle control)*100%]. GI50 values were determined as equal to: 8 nM for CIF, 11.5 µM for RSV, and 30 µM for 
ATRA. The number of dead cells in either vehicle control or exposed group was calculated as a percentage of the total cell number [(dead cells/all cells)*100%].
Effects of (D) CIF, RSV and CIF+RSV, as well as (E) CIF, ATRA and CIF+ATRA at GI50 concentrations on K‑562 cell viability [(viable exposed/viable vehicle 
control) x 100%]. (F) The number of dead cells in either vehicle control or exposed groups was calculated as a percentage of the total cell number. Exposure 
(CIF alone, RSV alone, ATRA alone, CIF+RSV or CIF+ATRA) versus vehicle control, *P<0.05 and ***P<0.001 vs. vehicle control. ##P<0.01 and ###P<0.001 vs. 
CIF alone. ^^P<0.01 vs. RSV or ATRA alone. CIF, clofarabine; RSV, resveratrol; ATRA, all‑trans retinoic acid.
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have not been observed in PTEN promoter methylation within 
CpGs covered on Illumina 450K microarray in CML cells as 
compared to normal blood cells (Fig. 4B). The detailed map in 
Fig. 4C shows the exact position of the tested CpG site, that is 
the CpG site within PTEN proximal promoter CpG island, i.e., 
5'UTR and/or first exon (+973 bp from transcription start site, 
TSS), not covered on Illumina 450K array (marked in black), 
located between two CpGs from this microarray platform, 
i.e., cg03588460 (+337 bp from TSS, marked in gray) and 
cg08859916 (+997 bp from TSS, marked in gray) (Fig. 4C). 
In our previous studies, this CpG (chr10: 89624078, according 
to Human GRCh37/hg19 Assembly) has been shown to be 
differentially methylated between breast cancer cell lines 
with different level of invasiveness, suggesting its regulatory 
role in PTEN transcription (14,18,30). Putative transcription 
factor binding sites are demonstrated on the PTEN gene map 
(Fig. 4C), as predicted using TransFac. The multiple binding 
sites for DNA methylation‑sensitive transcription factors 
within the tested PTEN promoter fragment support its poten-
tial regulatory role in PTEN transcription (Fig. 4C) (18,47,48).

Previously, we identified the role of CIF in the regulation of 
promoter methylation and expression of PTEN in K562 (CML) 
cells (13). In the present study, we checked if RSV and ATRA 
used alone can also affect the transcriptional activity of these 
genes through the remodeling of their promoter methylation.

72‑hour exposure of K562 cells to RSV used alone at 
GI50=11.5 µM, and ATRA used alone at GI50=30 µM concentra-
tion led to significant decreases in PTEN promoter methylation 
by 51 and 24%, respectively (Fig. 4D), comparing to control 
unexposed cells (63%). CIF administrated alone mediated 7% 
diminution in PTEN promoter methylation level, although 
no significant changes in DNMT1 expression have been 

observed. Our initial unpublished studies in K562 cells indi-
cate that CIF exposure leads to inhibition of the activity of two 
enzymes important for 2'‑deoxyadenosine metabolism, deoxy-
adenosine deaminase (ADA) and S‑adenosyl‑L‑homocysteine 
(SAH) hydrolase. CIF used at 5 nM concentration caused 
decreases in ADA and SAH‑hydrolase activities by 30 and 
15%, respectively. The CIF‑mediated repression of ADA 
activity may lead to 2'‑deoxyadenosine accumulation up to 
the level of toxic concentration in exposed cells. The raised 
levels of 2'‑deoxyadenosine in cells can indirectly disrupt 
DNA methylation reaction via SAH‑hydrolase inhibition 
leading to SAM pool depletion. A similar effect was shown 
by Wyczechowska and Fabianowska‑Majewska (49) in K562 
cells exposed to cladribine (49).

Upon exposure of K562 cells to CIF combined with 
ATRA, we observed almost complete demethylation of PTEN 
promoter compared to control K562 cells (Fig. 4D, bottom 
panel), whereas the extent of PTEN hypomethylation followed 
by CIF+RSV administration was similar to that caused by 
RSV alone (by approximately 50%) (Fig. 4D, upper panel). 
These alterations in the PTEN methylation pattern in K562 
cells were accompanied by enforced expression of this gene 
(Fig. 4E). The robust PTEN upregulation was detected after 
both combinatorial administrations, CIF+RSV or CIF+ATRA, 
that caused increases in PTEN transcript level by 59 and 44%, 
when compared to control K562 cells, respectively (Fig. 4E). 
Surprisingly, although CIF and RSV used alone did not lead 
to any significant changes in PTEN expression in K562 cells 
upon 72 h of exposure, those compounds together exerted 
significant 59% PTEN upregulation (Fig. 4E, bottom panel).

Possibly, different concentration of CIF and RSV used alone 
as well as other exposure time could benefit in stronger PTEN 

Figure 2. Effects of CIF, RSV and ATRA, as well as CIF in combination with RSV (upper panels) or ATRA (bottom panels), on the number of: (A) viable 
(Ann‑/PI‑), (b) necrotic (Ann‑/PI+) cells, (c) early apoptotic (Ann+/PI‑) and late apoptotic (Ann+/PI+) cells as well as on (d) caspase‑3 activity in K562 cells. 
All the compounds were used at GI50 concentrations in all experiments. Data represent the mean ± SD of three independent experiments. *P<0.05, **P<0.01 
and ***P<0.001 vs. vehicle control; ##P<0.01 and ###P<0.001 vs. CIF alone; ^P<0.05 and ^^^P<0.001 vs. RSV or ATRA alone. CIF, clofarabine; RSV, resveratrol; 
ATRA, all‑trans retinoic acid.
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re‑expression (13). It may also suggest that these compounds 
may cooperate in other unknown mechanisms driving changes 
in PTEN expression.

Our findings suggest partial involvement of DNA methyla-
tion in the regulation of PTEN transcriptional activity, although 
other mechanisms can play an additional role as well (46‑48).

Figure 3. Expression of DNMT1 and CDKN1A genes in different types of leukemia and in K562 cells. (A) Gene expression microarray data for DNMT1 
in different types of leukemia. The normal vs. cancer gene expression data were obtained from Oncomine and are presented as log2‑transformed median 
centered per array, and SD‑normalized to 1 per array. The presented changes are statistically significant (P<0.05) apart from the one for CML leukemia (lack 
of statistically significant data). (B) Gene expression microarray data for CDKN1A in different types of leukemia. The normal vs. cancer gene expression data 
were obtained from Oncomine and are presented as log2‑transformed median centered per array, and SD‑normalized to 1 per array. The presented changes 
are statistically significant (P<0.05). Effects of CIF, RSV and ATRA, as well as CIF in combination with RSV (upper panels) or ATRA (bottom panels) on: 
(C) DNMT1 protein level, (D) mRNA level of DNMT1 and (E) mRNA level of CDKN1A in K562 cells. All compounds used at GI50 concentrations in all 
experiments. Data represent the mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. vehicle control; #P<0.05, ##P<0.01 and 
###P<0.001 vs. CIF alone; ^^P<0.01 vs. RSV or ATRA alone. DNMT1, DNA methyltransferase 1; CDKN1A, Cyclin dependent kinase inhibitor 1A; CIF, 
clofarabine; RSV, resveratrol; ATRA, all‑trans retinoic acid; SD, standard deviation.
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RARB transcriptional reactivation followed by combinatorial 
exposures in K562 cells partly related to its promoter hypo‑
methylation. Expression of some tumor suppressor genes 
might be indirectly regulated by PTEN, one of them is 

RARB. Lefebvre et al (50) reported that PTEN via negative 
regulation of PI3K/AKT signaling pathway could affect RARB 
expression by blocking of SMRT co‑repressor recruitment to 
RARB promoter region, which enhances histone acetylation 

Figure 4. Relevance of DNA methylation‑mediated silencing of PTEN in human leukemia in vivo. (A) Gene expression microarray data for PTEN in different 
types of leukemia. The normal vs. cancer gene expression data were obtained from Oncomine and are presented as log2‑transformed median centered per 
array, and SD‑normalized to 1 per array. The presented changes are statistically significant (P<0.05) apart from the one for CML leukemia (lack of statistically 
significant data). (B) Methylation status of the CpG sites located in the neighborhood of CpG site tested by MSRA (marked with gray arrow) within PTEN 
CpG island, covered on Illumina 450K array and expressed as beta value in CML and normal blood cells, based on NCBI's Gene Expression Omnibus GEO 
(publicly available datasets, no. GSE106600). Beta value, the methylation score for a specific CpG site according to the fluorescent intensity ratio with any 
values between 0 (unmethylated) and 1 (completely methylated). (C) A map of the PTEN CpG island within gene first exon (Human GRCh37/hg19 Assembly). 
The CpG site [+973 bp from transcription start site (TSS)], which methylation state was tested by MSRA, is indicated by a black oval shape. The CpG sites 
located nearby, covered on Illumina 450K microarray platform, are depicted by gray ovals. Putative transcription factor binding sites are marked as predicted 
using TransFac. Effects of CIF, RSV and ATRA, as well as CIF in combination with RSV (upper panels) or ATRA (bottom panels) on (D) methylation of 
PTEN proximal promoter, and (E) expression on mRNA level of PTEN gene in K562 cells (72 h exposure). All compounds used at GI50 concentrations in all 
experiments. Data represent the mean ± SD of three independent experiments. ***P<0.001 vs. vehicle control; ###P<0.001 vs. CIF alone; ^P<0.05 and ^^^P<0.001 
vs. RSV or ATRA alone. PTEN, phosphatase and tensin homologue; SD, standard deviation. 
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and promotes RARB transcription (50). Moreover, according 
to publicly available data (Oncomine), tumor suppressor gene 
RARB is downregulated in all types of leukemia (Fig. 5A). 
In Fig. 5B, the methylation status of CpG sites at TSS200 
promoter region of RARB enhancer in CML and healthy indi-
viduals has been depicted (analyzed by Illumina 450K Human 
Methylation Array, publicly available datasets from NCBI's 
Gene Expression Omnibus GEO no. GSE106600). Among the 

5 CpG sites within the demonstrated fragment of the RARB 
promoter, the CpG site located ‑139 bp from TSS, cg06720425 
(chr3:25469694, Human GRCh37/hg19 Assembly) was exam-
ined by MSRA (Fig. 5C). Similarly to PTEN, the methylation 
state of the tested RARB CpG site has been shown to distin-
guish between non‑invasive and highly invasive breast cancer 
cell lines, implying its potential regulatory role in RARB 
transcription (14).

Figure 5. Relevance of DNA methylation‑mediated silencing of RARB in human leukemia in vivo. (A) Gene expression microarray data for RARB in different 
types of leukemia. The normal vs. cancer gene expression data were obtained from Oncomine and are presented as log2‑transformed median centered 
per array, and SD‑normalized to 1 per array. The presented changes are statistically significant (P<0.05) apart from the one for CML leukemia (P=0.068). 
(B) Methylation status of the CpG sites located in the neighborhood of CpG site tested by MSRA (marked with gray arrow) covered on Illumina 450K array 
and expressed as beta value in CML and normal blood cells, based on NCBI's Gene Expression Omnibus GEO (publicly available datasets, no. GSE106600). 
Beta value, the methylation score for a specific CpG site according to the fluorescent intensity ratio with any values between 0 (unmethylated) and 1 (completely 
methylated). (C) A map of the RARB enhancer within TSS200 promoter region (Human GRCh37/hg19 Assembly). The CpG site [‑139 bp from transcription 
start site (TSS)], which methylation state was tested by MSRA, is indicated by a black oval shape. The CpG sites located nearby, covered on Illumina 450K 
microarray platform, are depicted by gray ovals. Putative transcription factor binding sites are marked as predicted using TransFac. The effects of CIF, RSV 
and ATRA used alone, as well as CIF in combination with RSV or ATRA on (D) methylation of RARB promoter, and (E) expression on mRNA level of RARB 
gene in K562 cells. All compounds used at GI50 concentrations in all experiments. Data represent the mean ± SD of three independent experiments. *P<0.05 
and ***P<0.001 vs. vehicle control; ###P<0.001 vs. CIF alone; ^P<0.05 and ^^^P<0.001 vs. RSV or ATRA alone. RARB, retinoic acid receptor beta; SD, standard 
deviation; CIF, clofarabine; RSV, resveratrol; ATRA, all‑trans retinoic acid.
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In K562 cells exposed to CIF, RSV or ATRA, used alone, 
as well as to CIF+RSV and CIF+ATRA, statistically signifi-
cant demethylation of RARB gene promoter was observed. 
CIF reduced the RARB promoter methylation level by 
approximately 10% in comparison to control cells, RSV by 
41% and ATRA by 26% (Fig. 5D). Combinational treatment 
with CIF+ATRA caused almost total demethylation of RARB 
promoter with concomitant over 3‑fold increase in gene expres-
sion (Fig. 5D and E, bottom panels). Interestingly, the exposure 
to RSV and CIF+RSV, despite robust alteration in promoter 
methylation led to less pronounced RARB up‑regulation, by 
60‑70% (Fig 5D and E, upper panels).

It is worth pointing out, that the higher extent of changes 
mediated by CIF+ATRA combination in exposed K562 cells, 
i.e., CDKN1A transcriptional reactivation that may result in 
decreased E2F activity, as well as re‑expression of PTEN and 
RARB encoding proteins that inhibit AP‑1 activity, strongly 
support enhanced DNMT1 downregulation (Fig. 6) observed 
upon this combined exposure as compared to the compounds 
used alone and CIF+RSV combination (Figs. 3,  4 and 5). 
Mechanisms underlying the observed effects are interesting 
and remain to be elucidated in future experiments.

As some authors suggest, CML is the ‘poster child’ for 
targeted cancer therapy. The identified target, a product of 
abnormal gene BCR‑ABL became the aim of drug development 
and as mentioned above the TKIs inhibitors were introduced 
to CML therapy. Nowadays the first‑ or second‑generation 
TKIs are the first‑line treatment of patients with newly diag-
nosed CML. Although initial responses are high, in more 
than 25% of patients the therapy fails and/or they develop 
resistance to the treatment. For several years, intensive work 
has been underway to explain treatment failure and to identify 
different mechanisms of the drug resistance. The resistance to 
TKIs based on clinical outcomes can be explained by genomic 
mechanisms (mutations in the BCR‑ABL domain), but also by 

BCR‑ABL‑independent mechanisms (poor compliance, drug 
influx and efflux, activation of alternative signaling pathways, 
plasma TKI concentration, insensitivity of quiescent stem 
cells) (51). However, epigenetic dysregulation of the expression 
of the CML‑associated genes has been reported as well (7). 
Thus, in order to improve the effectiveness of CML therapies, 
there is a strong need to develop new treatment strategies.

Nishioka et al reported that hypermethylation of PTEN 
promoter is associated with this gene downregulation and 
activation of pro‑survival signaling mediated by AKT in 
leukemia cells. According to the other authors' findings, the 
PTEN silencing induced by DNA methylation requires EZH2 
and DNA methylation enzymes. Moreover, the authors claim 
that the epigenetic silencing of PTEN is one of the mechanisms 
that cause drug resistance in individuals with leukemia after 
exposure to Imatinib (52,53). In this context demethylation and 
re‑expression of PTEN seem to be a promising way to achieve 
long term therapeutic response. Our initial results show that 
natural bioactive compounds, mainly ATRA but also RSV, 
especially in combination with CIF, might positively modulate 
PTEN expression. Additionally, a combination of RSV with 
CIF indicates high pro‑apoptotic activity in K562 CML cells. 
In work of Can et al (54) RSV (used alone in high dose) has 
also effectively induced apoptosis of K562/IMA‑3 cells (resis-
tant CML cells). These results may suggest the potential use of 
ATRA and/or RSV in CML therapy not only in patients with 
primary but also with acquired resistance to TKIs.

In summary, our study is the first to demonstrate the 
epigenetic anticancer capacity of the combinatorial exposures 
of CIF and ATRA or RSV in CML cells. Upon 72 h‑treatment, 
the tested combinations led to significant cell growth inhibi-
tion and greater induction of caspase‑3‑dependent apoptosis. 
These observations may be related to accompanied relevant 
DNMT1 downregulation and robust CDKN1A upregulation, 
with a concomitant, enhanced decrease in DNMT1 protein 

Figure 6. The potential repressive effects of the tested combinatorial exposures of CIF with RSV or ATRA on modulation of DNMT1 transcription 
and/or DNMT1 activity in K562 leukemia cells. Implications of PTEN‑mediated negative regulation of intracellular oncogenic signaling pathways, including 
PI3K/AKT and MAPK/AP‑1. RARB and p21 (CDKN1A) proteins are negative regulators of AP‑1 and E2F. These transcription factors (AP‑1 and E2F) activate 
DNMT1 expression due to the presence of binding sites in DNMT1 regulatory region. A competition of CDKN1A (p21) with DNMT1 for the same binding site 
on proliferating cell nuclear antigen. Shc, SH2‑containing collagen‑related proteins; PIP2, phosphatidylinositol (4,5)‑bisphosphate; PIP3, phosphatidylinositol 
(3,4,5)‑trisphosphate; SMRT, thyroid‑, retinoic‑acid‑receptor‑associated corepressor. CIF, clofarabine; DNMT1, DNA methyltransferase 1; RSV, resveratrol; 
ATRA, all‑trans retinoic acid; PTEN, phosphatase and tensin homologue; CDKN1A, Cyclin dependent kinase inhibitor 1A.
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level, especially after CIF with ATRA. Concurrent meth-
ylation‑mediated RARB and PTEN reactivation have been 
detected. The proteins encoded by these genes are crucial for 
the regulation of important intracellular oncogenic signaling 
pathways, including PI3K/AKT and MAPK/AP‑1 pathways. 
Taken together, our results reveal that CIF used in combination 
with the tested phytochemicals, RSV or ATRA, has the higher 
ability to remodel DNA methylation marks and promote cell 
death in CML cells.

Future studies will focus on assessing the efficacy of 
clofarabine‑phytochemical combination exposures in other 
CML in vitro and in vivo models. We believe that further 
extensive studies of this new combinatorial strategy, the CIF 
combinations with ATRA or RSV, may support its translational 
application as a therapeutic epigenetic approach against CML.
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