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Imatinib resistance remains the big hurdle for CML therapy. Previous study reveals that c-myc is impor-
tant for bcr–abl CML cell proliferation, while its role in imatinib resistance is largely unknown. In this
study, we first found that c-myc expression is upregulated in imatinib resistant K562R cells, which in turn
enhances the expression of miR-144/451. Knockdown of c-myc or restoration of miR-144/451 in the
K562R cells sensitizes K562R cells to imatinib therapy. Our study here reveals an regulatory pathway
between myc and miR-144/451 and highlights that targeting either myc or miR-144/451 might be valu-
able for eliminating the imatinib resistant CML cells.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Chronic myelogenous leukemia (CML) is one of the most com-
mon leukemias worldwide and more than 90% of CML cases [1]
are associated with the presence of the Philadelphia chromosome
(Ph+), which is the result of a reciprocal translocation between 9
and 22 chromosomes that fuses Bcr-encoded sequences to a trun-
cated c-Abl. The fusion protein produced has increased protein
tyrosine kinase (TK) activity of Abl that is responsible for the
malignancy [2]. Imatinib mesylate (Gleevec-2-phenyl amino
pyrimidine compound), a specific inhibitor of several TKs, could in-
duce a nearly complete hematologic and cytogenetic remissions in
most patients with CML [3]. However, there remains some primary
refractory disease and secondary resistance cases in clinical set-
tings. Previous studies have revealed that resistance to imatinib
could originate from increased bcr–abl activity due to enhanced
bcr–abl gene expression or bcr–abl point mutations [4,5] and acti-
vation of other survival pathways, such as lyn activation [6], ERK
activation [7], PI3 K activation [8], MDR1 and COX2 induction
[9,10].

Previous study revealed that bcr-abl could induce the expres-
sion of myc both at mRNA and protein level, and the increased
myc in turn promotes the cell proliferation and CML progression
by transcribing cyclinD1 [11]. However, whether Myc expression
is further upregulated in the imatinib resistant CML cells and
ll rights reserved.
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whether myc expression is involved in the imatinib resistance is
largely unknown.

microRNAs (miRNAs) are found to be an abundant class of
endogenous, 19–22 nucleotides long, non-coding, single-stranded
RNAs, which bind to the 30-untranslated region (UTR) of targeted
mRNAs and in turn trigger the degradation or translational repres-
sion [12]. Multiple studies on the miRNAs and their target messen-
ger RNAs in cancer have demonstrated that some miRNAs act as
oncogenes and some others as tumor suppressor genes [13–17].
Among these miRNAs, miR-451 is found to play an important role
in CML. Very recently, miR-451 is found to be lowly expressed in
CML [18], which are at least partially dependent on BCR-ABL activ-
ity [19]. More strikingly, Iraci et al. identified miR-451 as a miRNA
with potential to target BCR-ABL kinase [19]. In addition, low miR-
451 expression has been associated with higher risk of disease-re-
lapse in gastric cancer patients and is involved in radiation re-
sponse [20]. Aberrant miR-451 could also confer the drug
resistance by promoting the self-renewal ability of colon cancer
cells [21]. All of these data suggest that miR451 could play an
important role in CML imatinib resistance.

In this study, we first identified that c-myc expression was
upregulated in the imatinib resistant K562R cells, which in turn in-
creased the expression of miR-144/451. Furthermore, we demon-
strated that restoration of miR-144/451 or knockdown of Myc
could sensitize the imatinib resistant cells to apoptosis. Our find-
ings show that myc, miR-144/451 form a regulatory pathway and
contribute to the imatinib resistance, and targeting this pathway
should be valuable in the development of novel therapies against
imatinib resistance in CML.
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Table 1
Primers or sequences used in this study.

Gene or primer name Sequence

pGL3-1000 CCGGTACCCAGTGCTAGGCTCTCACTGGAGGT

GGAAGCTTCTGGGGGCACAGGAAGCATGGCTT
ChIP Primer 1 GAAATTTAGGCTGACGGGTA

GCAGTGGTGGTAGGCAATG
ChIP Primer 2 GAGATCTTAACAGACCCTAG

CAGCTTCCTGCTCCCTGCTC
ChIP Primer 3 AAAGGCCTTCTAGGGAAAGG

CATACCGGTCCCTCCCCTGG
P mutant 1 CAGATTCTGGAGATCCAGTTGCCAGGACCCTTCCTGCCCT
P mutant 2 CTCCAGTCCCCTTCCCATAACCCACCTGGGCTGTGCCTGACCACAGAATC
Myc CATCCACGAAACTTTGCCCAT

CGTCCTTGCTCGGGTGTTGTA
GAPDH GACCTGACCTGCCGTCTA

AGGAGTGGGTGTCGCTGT
miR-451 forward primer AAACCGTTACCATTACTGAGTT
miR-144 forward primer TACAGTATAGATGATGTACT
NC UUCUCCGAACGUGUCACGUTT

ACGUGACACGUUCGGAGAATT
miR-451 mimetic AAACCGUUACCAUUACUGAGTT

CUCAGUAAUGGUAACGGUUUTT
miR-144 mimetic UACAGUAUAGAUGAUGUATT

UACAUCAUCUAUACUGUATT
CUCAGUAAUGGUAACGGUUUTT

The Restriction sites are indicated with italic letters and underlined, and the mutated sites are indicated with bold letter and underlined.
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2. Materials and methods

2.1. Reagents

RPMI medium and fetal bovine serum were purchased from
Gibco. Imatinib, MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide), and propidium iodide were from Sigma–Al-
drich. FITC Annexin V was from BD Pharmingen™. Nitrocellulose
membrane was from Millipore (Bangalore, India). Antibodies
Fig. 1. Increased expression of Myc in imatinib resistant CML cells (A) MTT results of th
index of K562R and K562 parent cells to 10 lM imatinib for 24 h. Apoptotic cells were d
cells at mRNA by qRT-PCR. GAPDH served as an internal control and relative expression o
in K562R and parent K562 cells was analyzed by Western blot.
against BCR-ABL, pSTAT5, c-Myc and b-actin were from Santa Cruz.
All the other chemicals and reagents were purchased from domes-
tic companies and are of molecular biology grade.

2.2. Cell culture and establishment of imatinib resistant K562 cells

Cells were grown in RPMI-1640 supplemented with 10% heat
inactivated fetal bovine serum (FBS), 100 IU/ml penicillin,
100 mg/ml streptomycin and 2 mM L-glutamine. K562R cells
e K562R cells and the parent K562 cells to different dose of imatinib. (B) Apoptotic
etected by the FITC-AnnexinVFACS. (C) c-myc expression in K562R and parent K562
f c-myc was expressed as the 2�DDCt relative to the K562 cells (D) c-myc expression



Fig. 2. Increased Myc contributes to imatinib resistance (A)Knockdown efficiency of
c-myc in K562R cells examined by Western Blot. K562R cells were transfected with
NC or c-myc specific RNAi duplexes and c-myc expression was then analyzed 48 h
after transfection by Western Blot. b-actin served as an internal control to insure
equal loading. (B) MTT results of the K562R cells with or without Myc knockdown
under different doses of imatinib. (C) Apoptotic index of K562R with or without
Myc knockdown upon 10 lM imatinib for 24 h. Apoptotic cells were detected by
the FITC-AnnexinVFACS.
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were established by serial prolonged exposures of K562 cells to
increasing concentrations of imatinib starting from 1 nM to
10 nM, 100 nM, to 1 lM as described before [10]. Briefly, cells
were cultured at each concentration of imatinib for 1 week.
Resistant cells were maintained in RPMI-1640 medium supple-
mented with 10% FBS and 1 lM imatinib. HEK293 cells were cul-
tured in RPMI-1640 medium supplemented with 10% FBS.
Cultures were maintained in a humidified atmosphere with 5%
CO2 at 37 �C.

2.3. Facs

Immunofluorescence analysis was performed on a FACSCalibur
FACS using CELLQuest software (Becton Dickinson, Mountain View,
CA). To determine whether cell death was attributable to apopto-
sis, whole cells were stained with FITC-conjugated Annexin V
and PI (in PBS) according to the manufacturer’s protocol. All anal-
yses of whole cells were performed using appropriate scatter gates
to exclude cellular debris and aggregated cells.
2.4. MTT assay

Cell viability was determined by MTT assay. 24 h before the as-
say, K562 and K562R cells (2 � 103 cells/well) were seeded to 96-
well culture plate in a final volume of 200 ll and treated as indi-
cated. After treatment, 20 ll of MTT (5 mg/ml of PBS) was added
to the medium. After 4 h incubation at 37 �C, plates were centri-
fuged at 1000 g for 5 min before removing the medium and
100 ll of DMSO was added to each well and plates were agitated
for 1 min. Absorbance was read at 570 nm on a multi-well plate
reader. Percent inhibition of proliferation was calculated as a frac-
tion of control.

2.5. Real-time quantitative PCR for miRNAs and mRNAs

Total RNA was isolated from cultured cells using the TRizol
(Invitrogen), according to the manufacturer’s protocol. RT reactions
were done using the Qiagen Kit under the instruction of the proto-
col. Quantitative PCR for target miRNAs was performed using indi-
cated primers (Table 1) and the Sybr green system (Takara). For
analysis of the mRNA level of c-myc and GAPDH, mRNA was re-
verse transcribed by M-MLV and PCR was run using indicated
primers (Table 1) and also the SYBR green system (Takara). All
reactions were run in triplicate using the ABI7500 system. Mean
cycle threshold (Ct) values for all miRNAs/mRNAs were quantified
by the use of sequence detection system software (SDS, Applied
Biosystems). The miRNA/mRNA expression was normalized to
U6/GAPDH RNA expression respectively, yielding a DCt value.
The DDCt value was then calculated by subtracting the D Ct value
of the control group. Relative mRNA/miRNA levels were calculated
using the 2�DDCt method.

2.6. Reporter assay

miR-144/451 is encoded by the miR-144/451 cluster. To explore
the transcriptional regulation of miR-144/451, a fragment of the
miR-144/451 gene promoter (�1000 to + 1 relative to the tran-
scription start site of primiR-144/451) was amplified by PCR using
the indicated primers. The amplified fragment was inserted into
the pGL3-basic vector (Promega, Madison, WI). This pGL3-1000
vector was used as a template for the cloning of c-myc binding
sites mutant reporters using the Multipoint mutagenesis Kit (Taka-
ra), with the mutated primer sequence listed in Table 1. These plas-
mids were then sequenced for confirmation.

Two hundred nanogram of reporter vector and 50 ng internal
control pRL-TK vectors were cotransfected with indicated expres-
sion vectors in HEK293 cells using Lipofectamine 2000 (Invitro-
gen). Forty-eight hours after transfection, the luciferase activity
was measured by using the dual luciferase reporter assay system
(Promega). Fold change of the relative luciferase activity was calcu-
lated and expressed as mean ± SE in each group and differences
were analyzed.

2.7. Quantitative chromatin immunoprecipitation

K562R cells were used for the chromatin immunoprecipitation
(ChIP) assays. Briefly, 5 � 107 cells were cross-linked by 1% formal-
dehyde, lysed in 400 ll lysis buffer and sonicated to 100–1000 bp
fragments. ChIP was conducted with antibodies against c-myc
and IgG. Input control DNA or immunoprecipitated DNA was
amplified in a 20 ll reaction volume containing 2 ll of the eluted
DNA template. We designed three sets of primers targeting differ-
ent regions in the miR-144/451 promoter (Table 1). Immunopre-
cipitated fragments and the inputs were amplified by real-time
PCR. The results for the immunoprecipitated fragments were calcu-
lated and compared with the Ct values obtained for the input sam-
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ples in each case. The results are expressed as a percentage of the
input.

2.8. Transfection of siMyc, miR-144/451 mimics and antagomir-144/
451

siRNA duplexes against control (negative control), c-myc and
the miR-144/451 mimics and antagomiR-144/451 were synthe-
sized as described before, with the sequences indicated in Table 1.
Transfection of these RNAi duplexes was done as described before
[22]. Briefly, cells (1 � 106) were electroporated (330 V, 10 ms) in
100 ll RPMI 1640/10% fetal calf serum (FCS) containing 0.5 lg siR-
NA duplex in a 4 mm electroporation cuvette using an EPI 2500
gene pulser (Fischer, Heidelberg, Germany). After recovery of
12 h, cells were undergoing further treatment, such as imatinib
therapy.

2.9. Statistical analysis

Data were reported as the mean ± S.E. of at least three indepen-
dent experiments. Statistical analysis of differences was carried out
by Student t analysis or one-way analysis of variance (ANOVA). A
p-value of less than 0.05 was considered as significant.
Fig. 3. Increased c-Myc decreases the miR-144/451 expression in K562R cells (A) miRNA
internal control and relative expression of miR-144/451 was expressed as the 2�DDCt rela
NC or c-myc RNAi duplexes. Cells were treated same as above and harvested for RNA ana
locus in the chromosome. About 1,500 bp DNA sequence encoding the miRNAs and 5’ flan
above the line, with the amplicons for ChIP assay also noted. (D) Quantitative ChIP analys
myc on the three loci are indicated as vertical bars. As a negative control, ChIP experim
averages of three independent ChIP experiments. Error bars represent standard deviatio
activation of the miR-144/451 promoter in HEK293 cells. Mutation of either of the bindin
the responsiveness. ⁄p < 0.05 (n = 5).
3. Results

3.1. Increased c-Myc expression in imatinib resistant CML cells

To define the essential molecular events involved in the imati-
nib resistance, we first constructed an imatinib resistant pool
K562R from K562 cells. Compared with the parent K562 cells,
K562R cells were resistant to imatinib induced cell growth inhibi-
tion and apoptosis (Fig 1A and B). Compared with the parental
K562 cells, K562R cells displayed an increased c-myc expression
both at mRNA and protein level (Fig 1C and D), suggesting that in-
creased c-Myc might contribute to the imatinib resistance. As ex-
pected, knockdown of c-Myc (Fig 2A) in K562R cells significantly
reduced both the cell proliferation (Fig 2B) and resistance to imati-
nib (Fig 2C).

3.2. c-Myc reduces the expression of miR-144/451 in K562R cells

To define how the increased c-Myc contributes to the prolifera-
tion and imatinib resistance, we focused on the miRNAs. Previous
studies suggest that there are many myc repressed miRNAs are po-
tential tumor suppressors [23], among which miR-144 and miR-
451 are encoded by the same cluster, suggesting a potent role of
specific qRT-PCR analysis of miR-144/451 in K562 and K562R cells. U6 served as an
tive to the K562 cells. (B) Expression of miR-144/451in K562R cells transfected with
lysis 48 h after transfection. (C) Schematic representation of the miR-144/451 gene
king region was annonated and the consensus sequence for Myc were also indicated
is of the three loci (amplicon1, 2 and 3) in K562R cells. The relative occupancies of c-
ents were performed with isotype-matched preimmune IgG. The bar graphs show
n. (E) Both the proximal and distal c-myc sites were responsible for c-myc induced
g sites reduced the responsiveness, while mutation of both the sites nearly blocked
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this cluster in cancer development. Currently, there is rare re-
ported study about miR-144/451 in CML study. As expected, miR-
NA specific qRT-PCR analysis revealed that both miR-144 and miR-
451 expression in K562R cells were significantly lower than that in
the parent K562 cells (Fig 3A). Knockdown of Myc rescued the
expression of miR-144/451 in K562R cells (Fig 3B). In silico study
further reveals that there are two c-myc binding sites located in
the �1000 bp promoter region (relative to the start site of the
pre-miR-144) (Fig 3C). ChIP analysis found that there were signif-
icant enrichment of the fragment covering the either the distal
(�745 � �739) or proximal (�158 � �152) c-myc responsive ele-
ments (amplicon 1 and amplicon 2, Fig 3D). In contrast, there
was no significant enrichment of the fragment covering no c-myc
responsive element (amplicon 3, Fig 3D). Next, we cloned the
�1000 bp promoter region of miR-144/451 and mutated either or
both the c-myc binding sites (Fig 3E). Mutation of the c-myc bind-
ing sites increased the basal promoter activity mildly in HEK293
cells. Overexpression of c-myc significantly repressed the pro-
moter activity of wildtype reporter and reporters with only one
myc binding site mutated (Fig 3E), while the reporter with both
the myc binding sites mutated respond weakly to c-myc expres-
sion (Fig 3E). All of these suggested that c-myc could interact with
both of the putative c-myc responsive elements.
Fig. 4. Restoration of miR-144/451 reverses the resistance of K562R cells to
imatinib (A) Cell proliferation rate detected by MTT assay. K562R cells with NC,
miR-144, miR-451 transfection were cultured either with or without 5 lM imatinib
for additional 12, 24, 36 h before harvest for MTT assay. Relative cell number was
compared with the first time point. (B) Percentage of apoptotic cell. K562R cells
with NC, miR-144, miR-451 transfection were cultured with or without 5 and
10 lM imatinib for 24 h and apoptotic cells were detected by FACS.
3.3. Restoration of miR-144/451 reverses the resistance of K562R cells
to imatinib

From the above data, we tested whether restoration of miR-
144/451 might reverse the resistance of K562R cells to imatinib
therapy. As expected, transfection of miR-144 and miR-451 either
or both could significantly induce the cell growth inhibition, while
apoptosis was only moderately induced (Fig 4A and B). Imatinib
treatment significantly decreased the cell survival number (Fig
4A) and increased the apoptosis (Fig 4B), which is similar to the
parent cell at the concentration of 5 lM imatinib (Fig 1B).
4. Discussion

In this study, by using the imatinib resistant K562 cell K562R,
we for the first time identified that miR-144/451 cluster expression
was significantly repressed in imatinib resistant cells, which is due
to the increased c-myc. Restoration of miR-144/ 451 could sensi-
tize the imatinib resistant cells to apoptosis. Our findings should
be valuable in the development of novel therapies that target the
imatinib resistance in CML.

Previous studies mainly focus on the role of c-myc on cell pro-
liferation and differentiation, while its role in drug resistance is
being realized recently. It has been found that c-myc could sup-
press BIN1 and thus confer the cancer cells resistance to cisplatin
induced cell death [24]. More recently, Porro A et al. demonstrated
that c-myc could transcriptionally upregulate the ATP-binding cas-
sette transporter genes in CML CD34+ progenitors cells [25],which
is consistent with the idea that leukemia stem cell is resistant to
the therapy [26]. Here we show the experimental evidence that
c-myc was upregulated in the imatinib resistant CML cells, with
the underlying mechanism largely unknown. Wnt signal activation
is essential for the survival of CML stem cells [27,28], while c-myc
is one of the key targets of Wnt. It is thus highly possible that Wnt
could increase the c-myc expression in the imatinib resistant cells.

It is well established that when Myc forming a heterodimer
with Max, another basic helix-loop-helix protein [29], this complex
can recognize the E-box sequence on the target gene promoter and
function as a transcriptional activator. However, accumulating evi-
dence showed that c-myc could interact with Myc-interacting zinc
finger protein 1 (Miz-1) and repress the expression of p15Ink4b and
p21Cip1 [30–32]. Recently, Myc was found to repress wide range of
miRNAs by directly binding the promoter of these miRNAs [23].
Here we found that c-myc could directly bind the promoter of
miR-144/451. Further study of clarifying whether Miz-1 is in-
cluded in the complex would shed light on how c-myc represses
the expression of miR-144/451.

As to how miR-144/451confer the imatinib resistance, Nerea
Bitarte et al. have also demonstrated that miR-451 could nega-
tively regulate the self-renewal, tumorigenicity and chemoresis-
tance of colorectal cancer stem cells, through regulating the
ABCB1, COX2 and Wnt pathway [21]. It is thus interesting to test
whether restoration of miR-144/451 could also target these mole-
cules in the imatinib resistant cells.

It is important to note that this study was conducted in the
K562R cell line, a large scale of clinical study collecting the bone
marrow samples from both imatinib responsive and resistant
CML patients is needed to further confirm the implication of
Myc-miR144/451 pathway in the imatinib resistance at clinical
settings.

Taken together, we here define that Myc-miR144/451 pathway
might confer the imatinib resistance, and therapeutic targeting this
pathway is of great value in combating the CML drug resistance.
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