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This study found that long-term exposure of chronic myelogenous leukemia

(CML) K562 cells to BCR ⁄ABL thyrosine kinase inhibitors (TKI) caused drug-resis-

tance in association with an increase in levels of DNA methyltransferases (DNMT)

and a decrease in levels of microRNA miR-217. These observations are clinically

relevant; an increase in levels of DNMT3A in association with downregulation of

miR-217 were noted in leukemia cells isolated from individuals with BCR ⁄ABL
TKI-resistant Philadelphia chromosome positive acute lymphoblastic leukemia

(Ph+ ALL) and CML. Further studies with TKI-resistant K562 cells found that forced

expression of miR-217 inhibited expression of DNMT3A through a miR-217-bind-

ing site within the 3′-untranslated region of DNMT3A and sensitized these cells

to growth inhibition mediated by the TKI. Of note, long-term exposure of K562

cells to dasatinib (10 nM) together with 5-Aza-2′-deoxycytidine (5-AzadC)

(0.1 lM) potently inhibited proliferation of these cells in association with upregu-

lation of miR-217 and downregulation of DNMT3A in vitro. In addition, a

decrease in levels of DNMT3A and an increase in levels of miR-217 were noted in

K562 tumors growing in immune-deficient mice that were treated with the com-

bination of 5-AzadC and dasatinib. Taken together, Ph+ leukemia cells acquire TKI

resistance via downregulation of miR-217 and upregulation of DNMT3A. Inhibi-

tion of DNMT3A by forced expression of miR-217 or 5-AzadC may be useful to

prevent drug resistance in individuals who receive TKI.

M ore potent second-line BCR ⁄ABL tyrosine kinase
inhibitors (TKI) such as nilotinib and dasatinib are

approved as the first line chemotherapeutic agent for individu-
als with chronic myelogenous leukemia (CML) and Philadel-
phia chromosome positive acute lymphoblastic leukemia (Ph+

ALL).(1–3) However, patients treated with the second-line TKI
also experience resistance to TKI.(4,5) Thus, the elucidation of
the molecular mechanism of TKI resistance and novel treat-
ment strategies to prevent and overcome TKI resistance are
urgently needed.
Our previous studies showed that long-term exposure of

chronic eosinophilic leukemia (CEL) cells to imatinib signifi-
cantly increased levels of DNA methyltransferases (DNMT)
and polycomb group (PcG) proteins in parallel with induction
of hypermethylation of the promoter region of the phosphatase
and tensin homolog deleted on chromosome 10 (PTEN), and
these cells became resistant to imatinib-mediated growth inhi-
bition.(6) Expression of PTEN recovered when these cells were
cultured in the presence of DNMT inhibitor 5-Aza-2′-deoxy-
cytidine (decitabine, 5-AzadC), suggesting that anti-epigenetic
agents could be useful for individuals who receive tyrosine
kinase inhibitors in overcoming drug resistance.(7) 5-AzadC
acts as a hypometylating agent in low concentrations; in
contrast, higher concentrations of 5-AzadC can cause

DNA-damage and apoptosis in cancer cells.(8,9) 5-AzadC and
azacytidine are approved for the treatment of myelodysplastic
syndromes.(10) Epigenetic mechanisms are attributed to herita-
ble changes in gene expression that occur in a cell without
changes in their genomic sequence.(11) Epigenetic mechanisms
regulating gene expression include DNA methylation and his-
tone modification. DNMT such as DNMT1, DNMT3A and
DNMT3B are key epigenetic regulators involved in transcrip-
tional repression.(12–14)

Recent studies show that microRNA (miRNA) negatively
regulate epigenetic regulators such as DNMT and histone dea-
cetylase (HDAC) in leukemia cells.(15–18) miRNA are noncod-
ing RNA of 19–25 nucleotides in length that regulate gene
expression by inducing translational inhibition or cleavage of
their target mRNA through base pairing at partially or fully
complementary sites.(19) The mature miRNA are processed,
after a complex but well-established biogenesis, from a larger
stem loop precursor (pri-miRNA) and negatively regulate gene
expression at the post-transcriptional level. When mature miR-
NA bind to the 3′-untranslated region (3′-UTR) of the target
mRNA with entire complementarity, the miRNA can lead to
degradation of its target mRNA with partial complementarity,
in this case inducing a translational repression of its target
gene.(20–22) For example, enforced expression of miR-29b in
acute myeloid leukemia cells resulted in marked reduction of
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the expression of DNA methyltransferases DNMT1, DNMT3A
and DNMT3B at both RNA and protein levels. This, in turn,
led to a decrease in global DNA methylation and re-expression
of p15 (INK4b) via promoter DNA hypomethylation. miRNA
are also involved in the control of DNA methylation by target-
ing the DNA methylation machinery. The miR-29 family
directly targets DNMT3A and 3B in lung cancer,(16) thereby
leading to downregulation of these genes, reduction of global
DNA methylation, and re-expression of the hypermethylated
DNA, and silenced tumor suppressor genes FHIT and WWOX.
In this study, we examined the relationship between TKI

resistance and miRNA and found that long-term exposure of
CML K562 cells to ABL TKI such as dasatinib and nilotinib
decreased the levels of miR-217 and increased the levels of
DNMT1 and DNMT3A, as well as resulting in acquisition of
TKI resistance. Low concentration of 5-Aza-2′-deoxycytidine
in combination with dasatinib potently inhibited the prolifera-
tion of ph+ leukemia cells in vitro and in vivo.

Materials and Methods

Cells. Bcr ⁄Abl-expressing K562 cells were obtained from the
American Type Culture Collection (Manassas, VA, USA).
Dasatinib-resistant K562 (designated as K562DR) and niloti-
nib-resistant K562 (designated as K562NR) cell lines were
established by culturing with increasing concentrations of da-
satinib (10 nM) or nilotinib (100 nM) for 12 months. Leuke-
mic bone marrow-mononuclear cells (BM-MNC) were isolated
from individuals with Ph+ ALL (case # 1, n = 1) and CML
(case # 2–7, n = 7) after obtaining informed consent with
Kochi University Institutional Review Board approval. The
characteristics of the patients are listed in Table 1.

Chemical. Nilotinib was provided by Novartis (Basel, Swit-
zerland). Dasatinib was provided by Bristol-Myers Squibb
(NY, USA). DNMT inhibitor 5-AzadC was purchased from
Sigma (St. Louis, MO, USA). These reagents were dissolved
in 100% DMSO to a stock concentration 10 mM and stored at
�80°C.

MTT assay. Cells (3 9 105 ⁄mL) were cultured with various
concentrations of the indicated agents. After 24–96 h, cell via-
bility was measured by MTT assay as previously described.(7)

All experiments were performed in triplicate and repeated at
least three times.

RNA isolation and reverse transcription-polymerase chain reac-

tion. RNA isolation and cDNA preparation were performed as
described previously.(7) We measured expression of 18S for
normalization as previously described.(7) Real-time PCR was

carried out by using a Power SYBR Green PCR Master Mix
(Applied Biosystems, Warrington, UK) as described previ-
ously.(7) Primers for PCR are shown in Table 2.

Mice. Female immune deficient BALB ⁄ c nude mice of
4 weeks of age were purchased from JAPAN SLC (Shizuoka,
Japan), and were maintained in pathogen-free conditions with
irradiated chow. Animals were bilaterally injected s.c. with
1 9 107 K562 cells ⁄ tumor in 0.1 mL Matrigel (Collaborative
Biomedical Products, Bedford, MA, USA) and 0.1 mL RPMI-
1640 (Sigma). When K562 cells formed palpable tumors, mice
were divided randomly into four groups receiving control
(n = 9), or either dasatinib (n = 9) or 5-AzadC (n = 9), or a
combination of both dasatinib and 5-AzadC (n = 9). Dasatinib
(10 mg ⁄kg) was given to mice i.p. three times over 2 weeks.
The dose of these agents was determined by our preliminary
studies (data not shown). 5-AzadC (0.1 mg ⁄kg) was given to
mice i.p. from Monday to Friday for 2 weeks.(23) Treatment
with 0.1 mg ⁄kg ⁄d 5-AzadC was well-tolerated and caused a
moderate, reversible leukocytopenia.(23) PBS was given to the
untreated control mice. After 2 weeks, tumor tissue was
removed from mice assigned to each group and washed to
make a single cell. Collected 5 9 106 cells were implanted
s.c. into the second recipient mice. When cells formed palpa-
ble tumors, each drug was given to mice i.p. over 2 weeks.
These experiments were repeated five times. Body weight and
tumors were measured twice a week. Tumor sizes were calcu-
lated using the formula a 9 b 9 c, where “a” is the length, “b”
is the width and “c” is the height in millimeters. At the end of
the experiment, animals were killed by CO2 asphyxiation and
tumor weights were measured after their careful resection.
Tumor tissue was collected for analysis. The experiments were
approved by the Review Board of Kochi University.

Methylation analysis by methylation-specific PCR. DNA
(300 ng) extracted from K562 tumors established in nude mice
was used for bisulfite treatment done using the EZ DNA Meth-
ylation Kit (Zymo Research, Orange, CA, USA) according to
the supplier’s protocol. The primer sets used to amplify the
promoter region of the p53, p16, p21waf1 and Bax genes are
shown in Table 3. Amplification was carried out in a Mycycler
thermal cycler (Bio-Rad, Tokyo, Japan) at 94°C for 1 min,
cycled at 98°C for 10 s, 60°C for 15 s and 68°C for 30 s
(30 cycles).

Western blot analysis. Western blot analysis was performed
as described previously.(7) Protein concentrations were quanti-
tated using a Bio-Rad assay (Bio-Rad Laboratories, Hercules,
CA, USA). Proteins were resolved on a 10% SDS polyacryl-

Table 1. Characteristics of patients

Patient # Disease Treatment Drug response
Time to

relapse

1 Ph+ ALL Dasatinib 100 mg Relapse 3 months

2 CML Dasatinib 50 mg Loss of CHR 4 months

3 CML Dasatinib 75 mg MMR –

4 CML Dasatinib 100 mg MMR –

5 CML Nilotinib 600 mg MMR –

6 CML Imatinib 100 mg MMR –

7 CML Dasatinib 100 mg MMR –

8 CML Dasatinib 100 mg MMR –

CHR, complete hematologic response; CML, chronic myeloid leukemia;
MMR, major molecular response; Ph+ ALL, Philadelphiachromosome-
positive acute lymphoblastic leukemia.

Table 2. PCR primers

Gene Direction Primer

DNMT1 Forward 5′-ACCGCTTCTACTTCCTCGAGGCCTA-3′

Reverse 5′-GTTGCAGTCCTCTGTGAACACTGTGG-3′

DNMT3A Forward 5′-CACACAGAAGCATATCCAGGAGTG-3′

Reverse 5′-AGTGGACTGGGAAACCAAATACCC-3′

DNMT3B Forward 5′-AATGTGAATCCAGCCAGGAAAGGC-3′

Reverse 5′-ACTGGATTACACTCCAGGAACCGT-3′

p21 Forward 5′-CGTGGTGGTGGTGAGCTAGA-3′

Reverse 5′-CTGTCTGCACCTTCGCTCCT-3′

BAX Forward 5′-AATCCCCGATTCATCTACCC-3′

Reverse 5′-AGGGCAGAAGGCACTAATCA-3′

18S Forward 5′-AAACGGCTACCACATCCAAG-3′

Reverse 5′-CCTCCAATGGATCCTCGTTA-3′
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amide gel, and transferred to an immobilon polyvinylidene di-
fluoride membrane (Amersham, Arlington Heights, IL, USA).
The membrane was probed sequentially with the antibodies.
Anti-p21waf1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), Anti-Bax (Santa Cruz Biotechnology) and Anti-GAPDH
(Abcam, Cambridge, UK, USA) antibodies were used.

Expression of miRNA. Expression of miRNA was analyzed
using Mir-X miRNA qRT-PCR SYBR Kit (638314; Clontech
Laboratories, Mountain View, CA, USA) according to the sup-
plier’s protocol. Levels of miRNA gene were normalized using
the U6 (638314; Clontech Laboratories) and relative quantities
were determined using the delta CT method. Primers for PCR
are shown in Table 2.

miR-217 vector. Lntiviral miR-217 expression vector and
control vector were purchased from Biosettia (San Diego, CA,
USA). These plasmids were transfected into K562DR cells by
using FuGENE HD (Promega KK, Tokyo, Japan). After 48 h,
medium containing puromycin (10 lg ⁄mL) was replaced to
select for stably transduced cells.

Small interfering RNA and transfections. Control small inter-
fering (si)RNA and two siRNA against DNMT3A were pur-
chased from Santa Cruz Biotechnology and Sigma
(Deisenhofen, Germany), respectively. K562DR cells were
transiently transfected with either control or DNMT3A siRNA
(300 nM) by Amaxa electroporator Nucleofector II (Wako
Pure Chemical Industries, Osaka, Japan), using the Nucleofec-
tor Kit V (program T-016) as previously described.(7)

Luciferase reporter assay for targeting DNMT3A 3′-UTR. For
luciferase reporter experiments, a DNMT3A 3′-UTR segment
of 898 bp were amplified by PCR from human genomic DNA
(636401, Clontech, Heidelberg, Germany). Primers comple-
mentary to the published human DNMT3A 3′-UTR sequence
containing NheI and XhoI restriction sites for the forward
(GCGGCTAGCAGTCAGGGACTTGGCTCTCC) and reverse
(GCGCTCGAGCCTGCATGAACATTAGGTTGG) primers,
respectively, were synthesized. The PCR product and pGL4.10
[Luc2] vector (E6651, Promega, Madison, WI, USA) were
digested with NheI (1241A, Takara Bio) and XhoI (1094A,
Takara Bio) restriction endonucleases. The PCR product was
ligated into the pGL4.10 [Luc2] vector using T4 DNA ligase
(2011A, Takara Bio).We also generated the DNMT3A 3′-UTR
mutant vector with 4 bp deletions (CAUG) in the binding site

of miR-217 by using the PrimeSTAR Mutagenesis Basal Kit
(Takara, Osaka, Japan). These plasmids were transfected into
K562DR cells by using FuGENE HD (Promega KK). After
48 h, cell lysate luciferase activity was measured using the
Dual-Luciferase assay system (Promega). Lysate luciferase
activity was normalized to that of Renilla luciferase, which
was used as a control.

Statistical analysis. When comparing two groups, Student’s
t-test was used. All statistical analyses were carried out using
SPSS software (Version 11.03; SPSS Inc., Tokyo, Japan) and
the results were considered to be significant when the
P-value was <0.05, and highly significant when the P-value
was <0.01.

Results

Long-term exposure of dasatinib and nilotinib increased levels

of DNMT3A in K562 cells. Exposure of CEL cells to low con-
centration of nilotinib (10 nM, 96 h) or dasatinib (1 nM, 96 h)
increased the levels of DNMT proteins.(6) Similarly, exposure
of K562 cells to low concentration of dasatinib (1 nM, 48–
96 h) or nilotinib (10 nM, 48–96 h) increased the levels of
DNMT (DNMT1, DNMT3A and DNMT3B) (data not shown).
This dose of dasatinib (1 nM, 96 h) or nilotinib (10 nM, 96 h)
was not able to inhibit the proliferation of these cells (data not
shown). However, exposure of K562 cells to 10-fold higher
concentration of dasatinib (10 nM, 96 h) or nilotinib (100 nM,
96 h) inhibited the proliferation of K562 cells and decreased
levels of DNMT1 and DNMT3A (Fig. 1a,b), but not DNMT3B
(data not shown). Intriguingly, when K562 cells were cultured
in the presence of this dose of TKI (dasatinib 10 nM, nilotinib
100 nM) for a long period, up to 12 months, these cells lost
sensitivity to TKI. In parallel, levels of DNMT1 and DNMT3A
were elevated (Fig. 1c,d). We next compared the DNA methyl-
ation status on the promoter regions of cell cycle regulator and
proapoptotic genes between K562 and dasatinib-resistant K562
(K562DR) cells by using methylation-specific PCR. It was
found that DNA methylaton on the promoter region of p21waf1

and BAX was increased in K562DR cells as compared with
that in K562 cells (Fig. S1).

Long-term exposure of dasatinib and nilotinib decreased levels

of miRNA in leukemia cells. We next measured levels of miR-
NA in K562 cells after exposure to TKI, as previous studies
showed that miRNA regulated expression of DNMT.(15–18)

Interestingly, exposure of K562 cells to a cytotoxic dose of
dasatinib (10 nM) or nilotinib (100 nM) for a short period
(72 h) increased levels of miRNA, including miR-29b-1, miR-
29b-2, miR-140 and miR-217 (Fig. 1e). In contrast, long-term
exposure of K562 cells to dasatnib (10 nM, 12 months) or
nilotinib (100 nM, 12 months) decreased the levels of these
miRNA (Fig. 1e). Furthermore, we compared the levels of
DNMT and miRNA in leukemia cells isolated from individuals
with dasatinib-resistant Ph+ ALL and CML who were not able
to take dasatinib every day because of thrombocytopenia,
resulting in loss of complete hematologic response (CHR),
with those in cells obtained at initial diagnosis (case #1 and 2
[Fig. 1f]). Notably, the levels of DNMT1 and DNMT3A
increased and the levels of miRNA decreased in BM-MNC
isolated from case #1 at the time of relapse and case #2 at the
time when the patient lost CHR (Fig. 1f). In contrast, the lev-
els of DNMT3A were not elevated in BM-MNC isolated from
individuals with CML who remained on major molecular
response by treatment with TKI, except for one case, case #6
(case #3–8 [Fig. 1f]).(24) These observations suggested the

Table 3. Methylation analysis by methylation-specific PCR primers

Gene Direction Primer

p21 M Forward 5′-TACGCGAGGTTTCGGGATC-3′

Reverse 5′-CCCTAATATACAACCGCCCCG-3′

p21 U Forward 5′-GACCCCGAACCGCGACCGTAA-3′

Reverse 5′-ACAACCCTAATATACAACCACCCCA-3′

BAX M Forward 5′-ATTAAATTTTTCGAGGGAGC-3′

Reverse 5′-GCTAAACGTACGTCCTTCAC-3′

BAX U Forward 5′-GGGATTAAATTTTTTGAGGGAGT-3′

Reverse 5′-CACTAAACATACATCCTTCACAT-3′

p53 M Forward 5′-TTCGGTAGGCGGATTATTTG-3′

Reverse 5′-AAATATCCCCGAAACCCAAC-3′

p53 U Forward 5′-TTGGTAGGTGGATTATTTGTTT-3′

Reverse 5′-CCAATCCAAAAAAACATATCAC-3′

p16 M Forward 5′-TTATTAGAGGGTGGGGCGGATCGC-3′

Reverse 5′-GACCCCGAACCGCGACCGTAA-3′

p16 U Forward 5′-TTATTAGAGGGTGGGGTGGATTGT-3′

Reverse 5′-CAACCCCAAACCACAACCATAA-3′

M, methylation; U, unmethylation.
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association of dysregulation of DNMT3A by miRNA and TKI
resistance.

Forced expression of miR-217 in K562DR cells sensitized these

cells to thyrosine kinase inhibitors via downregulation of

DNMT3A. Recent studies show that miR-29b and miR-140 reg-
ulate expression of DNMT, including DNMT1 and
DNMT3A.(15–18) However, the role of miR-217 in the regula-
tion of DNMT remains unknown. Computational miRNA tar-
get analysis from miRNA databases identified homology
between miR-217 and the 3′-UTR of the human DNMT3A
gene, but not DNMT1 genes, prompting us to elucidate the link
between miR-217 and DNMT3A (Fig. 2a). We explored the
effect of miR-217 on transcriptional activity of DNMT3A by
using DNMT3A 3′-UTR luciferase reporter vector (Fig. 2b).
The luciferase activity in miR-217 stably expressing K562DR
cells were less than that in control miRNA transfected cells
(Fig. 2b, Fig. S2). We further deleted four nucleotides
(CAUG) from the miR-217 binding site of DNMT3A 3′-UTR
and transfected this mutant construct in miR-217 stably
expressing K562DR cells (Fig. 2b). This mutant abrogated the
miR-217 ⁄DNMT3A interaction, as evidenced by unchanged
luciferase activity (Fig. 2b). These results suggest that miR-
217 negatively regulates expression of DNMT3A in leukemia
cells. In fact, downregulated levels of DNMT3A mRNA and
protein were noted in miR-217 stably expressing K562DR
cells (Fig. 2c,d). Intriguingly, forced expression of miR-217 in
K562DR cells sensitized these cells to dasatinib (5 or 10 nM,
96 h), as measured by the MTT assay (Fig. 2e). To explore
the involvement of the elevated levels of DNMT3A in the
acquisition of drug resistance of K562DR cells, we suppressed
DNMT3A by siRNA and tested the sensitivity of these cells to
dasatinib. Both DNMT3A siRNA1 and DNMT3A siRNA2
effectively downregulated the levels of DNMT3A in K562DR
cells (Fig. 2f). As expected, DNMT3A-depleted K562DR cells
regained sensitivity to dasatinib (Fig. 2g).

5-AzadC decreased levels of DNA methyltransferase and pre-

vented dasatinib resistance in K562 cells. We next examined
whether DNMT inhibitor 5-AzadC prevented resistance to
dasatinib in K562 cells. K562 cells were cultured with either
dasatinib (10 nM, 96 h – 2 months) and ⁄or 5-AzadC (0.1 lM,
96 h – 2 months). The culture media were replaced and drugs
were added every 5 days. 5-AzadC only slightly inhibited the
proliferation of K562 cells. K562 cells lost their sensitivity to
dasatinib after 2 months culture in the presence of dasatinib
(Fig. 3a). Notably, when K562 cells were cultured with a com-
bination of dasatinib (10 nM) and 5-AzadC (0.1 lM), their
proliferation was potently inhibited even after 2 months in par-
allel with upregulation of miR-29b-1, miR-29b-2 and miR-217
and downregulation of DNMT (Fig. 3b,c).

The combination of dasatinib and 5-AzadC inhibited leukemic

growth in vivo. To explore the therapeutic potential of the
combination of dasatinib and 5-AzadC on proliferation of
CML cells, BALB ⁄ c nude mice bearing CML tumors were

treated with dasatinib (10 mg ⁄kg, 1 time per day of on days
1–3) and ⁄ or 5-AzadC (0.1 mg ⁄kg, 1 time per day of on days
1�5, 8�12). Dasatinib (10 mg ⁄kg, 1 time per day of on days
1�3) alone inhibited the proliferation of K562 xenografts for
8 days (103 � 80 mm3 [Fig. 3d]); however, tumors started to
regrow after 9 days (192 � 178 mm3, Fig. 3d). 5-AazadC
(0.1 mg ⁄ kg) alone was not able to inhibit the proliferation of
K562 xenografts over the 9 days compared with the control
tumors (488 � 259 vs 471 � 112 mm3 [Fig. 3d]). When mice
were treated with both compounds at the same concentration,
tumor growth was significantly inhibited even after 9 days
(Fig. 3d), resulting in a decrease in the size of K562 tumors
at autopsy (Fig. 3e). None of the treated mice showed signs
of illness or significant weight loss (data not shown). Real-
time PCR revealed that a combination of dasatinib and 5-Aza-
dC decreased levels of DNMT1 and DNMT3A and increased
levels of miR-217 in K562 tumor cells as compared with
those in cells removed from mice treated by either dasatinib
or 5-AzadC alone (Fig. 3f,g). Moreover, we examined the
DNA methylation status on the promoter region of cell cycle
regulator genes p21waf1, p53 and p16, and proapoptotic gene
BAX in K562 tumor cells removed from mice (Fig. 3h) (data
not shown). Notably, DNA methylation of the promoter region
of p21waf1 and BAX, but not p53 and p16, was significantly
reduced in parallel with upregulation of p21waf1 and BAX
both at mRNA and protein levels after treatment with both da-
satinib and 5-AzadC (Fig. 3i and Fig. S3) (data not shown).

Discussion

We previously reported that long-term exposure of leukemia
cells to imatinib induced activation of AKT, ERK and STAT5
signaling via epigenetic silencing of the PTEN gene.(7) Simi-
larly, long-term exposure of the K562 cells to TKI such as
dasatinib and nilotinib failed to inactivate AKT and ERK
signaling, although BCR ⁄ABL was effectively dephosphoryl-
ated in these cells (Fig. S4), suggesting BCR ⁄ABL-independent
activation of these signal pathways in the TKI-resistant cells.
The present study shows that long-term exposure of K562 cells
to TKI increases the levels of DNMT1 and DNMT3A in paral-
lel with a decrease in the levels of miRNA, including miR-217
and miR-29b, and these cells became resistant to growth inhibi-
tion mediated by TKI (Fig. 1a–e). Notably, the levels of
DNMT1 and DNMT3A were elevated in leukemia cells iso-
lated from a dasatinib-resistant Ph+ ALL patient (case #1) and
a CML patient who lost CHR (case #2) in association with a
decrease in levels of miR-217, miR-29b-1, miR-29b-2 and
miR-140 as compared with those in cells isolated at initial
diagnosis (Fig. 1f). In contrast, reverse correlation of levels of
DNMT3A and these miRNA were not noted in remission cases,
except for one case. These observations suggest that downregu-
lation of miRNA and upregulation of DNMT3A may contribute
to TKI resistance in Ph+ leukemia cells.

Fig. 1. (Next page) Thyrosine kinase inhibitors (TKI) increases levels of DNA methyltransferases (DNMT). (a) MTT assay. K562 cells were plated in
96-well plates and cultured with dasatinib (10 nM) or nilitinib (100 nM). At the indicated time point, their proliferation was measured by MTT
assay. Results represent the mean � SD of three experiments performed in triplicate. (b, c) Real-time RT-PCR. RNA was extracted from K562 cells.
cDNA were synthesized and subjected to real-time RT-PCR to measure the levels of the indicated gene. Results represent the mean � SD of three
experiments performed in triplicate. The statistical significance was assessed using a paired t-test. **P < 0.01; *P < 0.05. (d) Western blot analysis.
These cells were harvested, and subjected to western blot analysis to monitor the levels of the indicated proteins. Each lane was loaded with
30 lg of whole protein lysate. Band intensities were quantified using ImageJ software (Wayne Rasband, NIH). (e) Expression of miRNA. Expres-
sion of miRNA of K562 cells treated with dasatinib or nilotinib (0–12 months) was analyzed using an Mir-X miRNA qRT-PCR SYBR Kit to measure
the levels of the indicated gene. Results represent mean � SD of duplicate cultures. (f) Real-time RT-PCR. RNA was extracted from bone marrow
mononuclear cells isolated from Ph+ ALL (n = 1) and CML (n = 7) patients before and after treatment with TKI. cDNA were synthesized and sub-
jected to real-time RT-PCR to measure the levels of the indicated genes. Results represent mean � SD of duplicate cultures. **P < 0.01; *P < 0.05.
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(f2)

Fig. 1. (Continued)
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Fig. 1. (Continued)
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Further study using the lentiviral gene expression system
demonstrated the link between miR-217 and expression of
DNMT3A in K562DR cells; miR-217 inhibited expression of

DNMT3A through a miR-217-binding site within the 3′-UTR
of DNMT3A (Fig. 2a,b). In addition, forced expression of
miR-217 by lentiviral transduction restored the sensitivity of

(a)

(b)

(c) (d) (f)

(g)

(e)

Fig. 2. Forced expression of miR-217 sensitizes dasatinib-resistant K562 (K562DR) cells to dasatinib. (a) The sequence of miR-217 and its poten-
tial matching site in the DNMT3A 3′-UTR. DNMT3A 3′-UTR mutant vector with deletion of 4 bp (CAUG) in the binding site of miR-217 was gener-
ated by using the PrimeSTAR Mutagenesis Basal Kit. (b) Reporter gene assay. miR-217 overexpressed K562DR cells were transfected with either
DNMT3A 3′-UTR WT or mutant luciferase reporter vector. The pRL-SV40-Luciferase (Renilla luciferase) vector was co-transfected for normaliza-
tion. After 48 h, cells were harvested and subjected to the reporter assay. (c) Real-time RT-PCR. cDNA were synthesized and subjected to real-
time RT-PCR to measure the levels of the indicated gene. Results represent the mean � SD of three experiments performed in triplicate. The sta-
tistical significance was assessed using a paired t-test. **P < 0.01; *P < 0.05. (d) Western blot analysis. K562DR cells were transfected with control
or miR-217 expression vector. These cells were subjected to western blot analysis to monitor the levels of the indicated proteins. Each lane was
loaded with 30 lg of whole protein lysate. Band intensities were quantified using ImageJ software (Wayne Rasband, NIH). (e) MTT assay.
K562DR cells were transfected with control or miR-217 expression vector. These cells were plated in 96-well plates and cultured with dasatinib
(1, 5 or 10 nM). After 96, their proliferation was measured by MTT assay. Results represent the mean � SD of three experiments performed in
triplicate. Downregulation of DNMT3A in K562DR cells sensitizes these cells to dasatinib. (f) Real-time RT-PCR. K562DR cells were transiently
transfected with either scrambled control or DNMT3A siRNA. RNA was extracted from these cells. cDNA were synthesized and subjected to real-
time RT-PCR to measure the levels of the indicated gene. Results represent the mean � SD of three experiments performed in triplicate. The sta-
tistical significance was assessed using a paired t-test. **P < 0.01; *P < 0.05. (g) MTT assay. K562DR cells were transiently transfected with either
scrambled control or DNMT3A siRNA. These cells were plated in 96-well plates and cultured with dasatinib (10 nM). At the indicated time point,
their proliferation was measured by MTT assay. Results represent the mean � SD of three experiments performed in triplicate. Mut, mutation;
WT, wild type.
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(d) (e)

(f) (g) (h)

(i)

Fig. 3. The effect of DNA methyltransferases (DNMT) inhibitor 5-AzadC on BCR ⁄ABL tyrosine kinase inhibitors-resistance. (a) MTT assay. K562 cells
were plated in 96-well plates and cultured with either dasatinib (10 nM) and ⁄ or 5-AzadC (0.1 lM). At the indicated time point, their proliferation was
measured by MTT assay. Results represent the mean � SD of three experiments performed in triplicate. (b, c) Real-time RT-PCR. RNA was extracted
from K562 cells. cDNA were synthesized and subjected to real-time RT-PCR to measure the levels of the indicated gene. Results represent the
mean � SD of three experiments performed in triplicate. The statistical significance was assessed using a paired t-test. **P < 0.01; *P < 0.05. The com-
bination of dasatinib and 5-AzadC blocks leukemic growth in the murine xenograft model. (d) When K562 tumors were palpable, mice were random-
ized into four groups (n = 9) and treatment was initiated. Dasatinib (10 mg ⁄ kg) was given to mice i.p. three times a week during a 2-week
experimental period. 5-AzadC (0.1 mg ⁄ kg) was given to mice i.p. fromMonday to Friday for 2 weeks. Each point represents the mean of nine tumors.
(e) Tumor size at autopsy. After 2 weeks of treatment, tumors were removed. This experiment was repeated three times. (f, g) Real-time RT-PCR. RNA
was extracted from K562 tumors. cDNAwere synthesized and subjected to real-time RT-PCR tomeasure the levels of the indicated gene. Results repre-
sent the mean � SD of three experiments performed in triplicate. The statistical significance was assessed using a paired t-test. **P < 0.01; *P < 0.05.
The effects of dasatinib and 5-AzadC in K562 tumors. Methylation-specific PCR. (h) DNA was extracted from K562 tumor cells. DNA with methylated
CpG was processed using the EZ DNA Methylatiohn Kit. The recovered DNA was amplified by PCR on methylation of the p21waf1, and BAX promoter.
Band intensities were quantified using ImageJ software (Wayne Rasband, NIH). Real time RT-PCR. (i) RNA was extracted from tumor cells. cDNA were
synthesized and subjected to real-time RT-PCR to measure the levels of p21waf1 and BAX. Results represent the mean � SD of the three experiments
performed. **P < 0.01; *P < 0.05.
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K562DR cells to dasatinib in association with the downregula-
tion of DNMT3A (Fig. 2c–e). These observations indicate the
crucial role of miR-217 in prevention of drug resistance in
CML cells via downregulation of DNMT3A. In fact, downre-
gulation of DNMT3A by an siRNA in K562DR cells sensi-
tized these cells to dasatinib (Fig. 2f,g).
The drug resistance against TKI was counteracted by treat-

ment with an anti-epigenetic agent HDACI, highlighting a
potential therapeutic strategy.(7) We also previously showed
that HDACI successfully overcame imatinib resistance in CEL
cells in association with restoration of PTEN expression.(7)

The present study found that combination of dasatinib
(10 nM) and 5-AzadC (0.1 lM) potently inhibited proliferation
of K562 cells in association with upregulation of miR-217 and
downregulation of DNMT3A in vitro and in vivo (Fig. 3a–g).
In addition, DNA methylation on promoter regions of p21waf1

and BAX was significantly reduced in association with a
decrease in levels of DNMT1 and DNTM3A mRNA in K562
cells after exposure to 5-AzadC (Fig. 3f–i). Consequently, the
expression of p21waf1 and BAX increased both at mRNA and
protein levels (Fig. 3h,i). The p21waf1 is a cyclin-dependent
kinase inhibitor that is frequently epigenetically silenced in
various types of human cancer. Others have shown that the
levels of DNMT protein are inversely correlated with the lev-
els of p21waf1 in breast cancer cells.(25) BAX protein regulates
apoptosis in a cellular pathway that involves both Bcl-2 and
p53. BAX functions as a tumor suppressor gene in glioma

cells.(26) K562 cells carry a monoallelic insertion mutation in
exon 5 of p53, resulting in a frameshift mutation and conse-
quent expression of a truncated nonfunctional p53 protein of
148 amino acids.(27) Exposure of K562 cells to 5-AzadC did
not increase levels of p53 proteins. Thus, the anti-leukemia
effect of the combination of dasatinib and 5-AzadC is not
dependent on p53 in K562 cells. Upregulation of p21waf1 and
BAX by treatment with 5-AzadC might sensitize K562 cells to
dasatinib-mediated growth inhibition. Low concentration of 5-
AzadC may be useful for maintaining the anti-leukemia effect
of dasatinib long term.
Taken together, long-term exposure of K562 cells to TKI

decreased levels of miR-217, resulting in upregulation of
DNMT3A, which likely plays a role in the acquisition of drug
resistance. Inhibition of DNMT3A by forced expression of
miR-217 or 5-AzadC may be useful to prevent drug resistance
in individuals who receive TKI.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. DNA methylation of the p21waf1, and BAX promoter in K562 and dasatinib-resistnt K562 (K562DR) cells.

Fig. S2. The expression of miR-217.

Fig. S3. The effects of dasatinib and 5-AzadC in K562 tumors.

Fig. S4. Long-term exposure of the K562 cells to tyrosine kinase inhibitors failed to inactivate AKT and ERK signaling.
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