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Abstract: The relapse and resistance to cytarabine (Ara-C) therapy is still a dominating obstacle
to the successful clinical treatment of acute myeloid leukemia (AML). Recent studies have shown
that dysregulation of miRNAs might modulate the resistance of cancer cells to anticancer drugs;
yet, the mechanism is not fully understood. In this study, we showed a significant downregu-
lation of miR-134 in human multidrug-resistant leukemia cells and relapsed/refractory AML
patient samples. Overexpression of miR-134 sensitized K562/A02 and HL-60/ADM cells to
Ara-C, inhibited cell colony formation, and enhanced the ability of Ara-C to induce apoptosis.
Mechanistic analyses revealed that Mnks was a putative target of miR-134, which was inversely
correlated with miR-134 expression in human multidrug-resistant leukemia cells and relapsed/
refractory AML patient samples. Further investigation showed that miR-134 increased the anti-
tumor effects of Ara-C through inhibiting phosphorylation of eukaryotic initiation factor 4E and
downregulating Mcl-1 and bcl2, which was independent of p38 and Erk1/2 activation. Taken
together, our results demonstrate that miR-134 plays a pivotal role in AML Ara-C resistance
through increasing cell sensitivity to Ara-C and promoting apoptosis by targeting Mnks.
Keywords: miR-134, acute myeloid leukemia, Mnks, eIF4E, apoptosis

Introduction

Acute myeloid leukemia (AML) is a genetically heterogeneous clonal disorder
leading to proliferation and accumulation of leukemic blasts in blood, marrow, and
other organs.! Despite significant remission rates of chemotherapy, about 70% of AML
patients will relapse and are associated with resistance and toxicity, resulting in dismal
long-term survival rates and poor quality of life.>* The need for novel therapeutic
approaches is urgent and of high clinical importance.

Multiple signaling pathways that promote leukemic cell survival and proliferation
are constitutively activated in AML cells, providing potential therapeutic targets.
Among them, the Ras/Raf/MAPK and the PI3K/Akt/mTOR signaling pathways are two
vital cascades involved in the poor prognosis of AML and its development of resistance
to cytarabine (Ara-C) treatment.*” Activation of these pathways has been associated
with most AML cases. The oncogenic activity of the eukaryotic initiation factor 4E
(eIF4E) driven by the Mnk kinases is a node of convergence of the two cascades.®®

Mnks belong to a serine/threonine kinases family and two Mnk human genes,
Mnk1 and Mnk2, have been identified. eIF4E is phosphorylated usually at Ser209
by Mnk kinases in response to mitogens and stress signals, and it subsequently
promotes the synthesis of tumorigenic proteins.”!° e[F4E is essential for cap-dependent
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mRNA translation and represents a key regulator in the
control of mRNA translation and protein expression.!'"2
Even moderate overexpression of e[F4E could cause dys-
regulated proliferation and tumorigenic transformation in
immortalized cell lines including AML.">!3 Induction of
antiapoptotic proteins was believed to play an important role
for the relapse and resistance to Ara-C therapy. Those studies
support a critical role for Mnk/eIF4E axis in the develop-
ment of AML and indicate that targeting the Mnk/eIF4E axis
may be a promising therapeutic strategy for the treatment
of AML. However, efforts have been limited by the lack
of Mnk inhibitor compounds with the potential for clinical
development.

miRNAs are a class of short, noncoding RNA molecules
with a significant regulatory capacity on gene expression and
play an important role in various physiologic and pathologic
processes, such as apoptosis, cell proliferation and differen-
tiation.'* miR-134 has recently been shown to be downregu-
lated in a variety of diseases including cancers. For example,
Sun et al found that miR-134 suppresses non-small cell lung
cancer development through downregulation of oncogenic
CCND1." In addition, miR-134 is frequently downregulated
in renal cell carcinoma cells and inhibits cell proliferation and
epithelial-to-mesenchymal transition by targeting KRAS. !¢
However, the role of miR-134 in AML has not been reported
to the best of our knowledge. The aim of this study is to
explore the biologic functions of miR-134 in AML and the
underlying mechanisms. Here, we reported that miR-134 is
downregulated in relapsed/refractory AML patient samples
and human leukemia AML multidrug-resistant cell lines, and
found that miR-134 sensitized K562/A02 and HL-60/ADM
cells to Ara-C and promoted cell apoptosis by targeting the
3’ untranslated region (3’UTR) of Mnks.

Materials and methods

Patients and bone marrow samples
Forty-one newly diagnosed AML patients, 25 relapsed/
refractory AML patients, and 27 healthy controls were
included in this study. Diagnosis of AML was established
according to clinical presentation and morphologic criteria
of the French—American—British Classification. Leukemic
mononuclear cells were isolated from the bone marrow by
density-gradient centrifugation. Among these AML patients,
six matched-pair bone marrow samples were available both
at the diagnosis time prior to treatment and the relapsed/
refractory state. An informed written consent in compli-
ance with the Helsinki declaration was obtained from all the
patients. The study was approved by the Ethics Committee
of Huai’an First People’s Hospital.

Cell culture and transfection

The human leukemia cell lines, K562 and HL-60, and their
multidrug-resistant counterparts, K562/A02 and HL-60/
ADM, were purchased from the Department of Pharmacology,
the Institute of Hematology of Chinese Academy of Medical
Sciences (Tianjin, China). The cells were maintained in
DMEM at 37°C/5% CO,. The cells were cultured for 2 weeks
in drug-free medium prior to their use in the experiments.
miRNA mimics for miR-134, as well as the negative control,
were chemically synthesized from GE Dharmacon. Trans-
fections were performed with Lipofectamine 2000 Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions.

RNA isolation and quantitative real-time
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from cell lines and tissues using
the Trizol reagent (Thermo Fisher Scientific). To detect
miR-134 expression, cDNA was reverse transcribed using
TagMan miRNA RT Kit (Life Technologies) and U6 was
used as endogenous control. To detect Mnks expression,
cDNA was reverse transcribed using a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific) and
GAPDH was used as endogenous control. The qRT-PCR
assays were analyzed by the Step One Plus RT-PCR system
(Thermo Fisher Scientific) using SYBR PrimeScript RT-PCR
Kit (Takara Bio, Shiga, Japan).

CCK-8 assay

After 24 h transfection, 5x10° K562/A02 and HL-60/ADM
cells were seeded into 96-well plates. Ara-C was prepared
freshly at various concentrations and then added. After 48 h
incubation, cell viability was assessed by CCK-8 assay.
Absorbance value at 490 nm was then measured. The con-
centration at which each drug produced 50% inhibition of
growth (IC, ) was estimated by the relative survival curve.
At least three independent experiments were performed in
quadruplicate.

Colony formation assay

Cells were seeded for the colony forming assay on six-well
culture plates at 200 cells per well, in triplicate. After 14 days
of incubation at 37°C with 5% CO,, colonies were fixed with
acetic acid—methanol (1:4) and stained with dilute crystal
violet (1:30) prior to being manually counted. Colonies
containing 50 cells or more were counted as survivors.

Luciferase reporter assay
A fragment of the wild or mutated 3’"UTR of Mnk1/2 that
contained the putative miR-134 binding sites was cloned into
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downstream of the luciferase gene in the pGL3-REPORT
luciferase vector (Thermo Fisher Scientific) at the HindlIII
and Spell sites. For the luciferase assay, 293T cells were
seeded in 24-well plates 24 h before transfection. The cells
were co-transfected with pGL3-3"UTR and the control
reporter plasmid, and miR-134 mimics or miRNA negative
control. After 48 h, the luciferase activity was measured with
a dual luciferase reporter assay system (Promega, Madison,
WI, USA). Luciferase activity was normalized to Renilla
luciferase activity for each transfected well.

Cell apoptosis analysis

K562/A02 and HL-60/ADM were plated in six-well plates
(6x10° cells/well). After 24 h transfection, K562/A02 and
HL-60/ADM cells were treated with Ara-C at a final con-
centration of 5 UM. After 48 h of treatment with Ara-C, the
cells were stained with Annexin V and propidium iodide
(BD Biosciences, San Jose, CA, USA) and then analyzed
through flow cytometry (BD FACSAria™ Fusion).

Western blot
Antibodies directed against bel2, Mcl-1 (Mcl-1L), Mnkl,
Mnk2, elF4E, and phosphorylated eIF4E at Ser209 (p-elF4E),
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obtained from Abcam, were used to determine protein level by
Western blot. B-actin (Abcam) was used as a loading control.

Statistical analysis

All data from three independent experiments were expressed
as mean + SD. Statistical analysis was performed using the
GraphPad Prism Software. Statistical comparisons were
performed using Student’s #-test, and p-values <0.05 were
considered significant.

Results

Downregulation of miR-134 expression

in bone marrow blasts from relapsed/
refractory patients and human leukemia
AML multidrug-resistant cell lines

To investigate whether miRNA participated in drug resis-
tance in AML, the expression of miR-134 was first assessed
in bone marrow blasts from AML patients using qRT-PCR.
Results revealed that miR-134 expression was significantly
(»<<0.05) reduced in relapsed/refractory patients in com-
parison to newly diagnosed AML patients (Figure 1A).
However, no difference in miR-134 was observed between
newly diagnosed AML patients and healthy controls. In six
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Figure |1 qRT-PCR analysis of miR-134 expression in relapsed/refractory AML patients and human leukemia AML multidrug-resistant cell lines.

Notes: (A) Relative expression of miR-134 in 4| newly diagnosed AML patients, 25 relapsed/refractory AML patients, and 27 healthy controls. (B) Relative expression of
miR-134 in six matched-pair bone marrow samples of AML patients at the diagnosis time prior to treatment and the relapsed/refractory state. (C) Relative expression of
miR-134 in K562 cells and multidrug-resistant K562/A02 cells. (D) Relative expression of miR-134 in HL-60 cells and multidrug-resistant HL-60/ADM. *p<<0.05, **p<<0.01.

Abbreviations: AML, acute myeloid leukemia; gqRT-PCR, quantitative real-time PCR.
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patients, matched-pair bone marrow samples were available
both at diagnosis time prior to treatment and the relapsed/
refractory state. We found a high level of miR-134 at diagno-
sis, whereas an obvious decrease of miR-134 expression was
observed in the relapsed/refractory state (Figure 1B). Next,
we examined miR-134 expression in human leukemia AML
multidrug-resistant cell lines, and results demonstrated a
lower expression of miR-134 in K562/A02 and HL-60/ADM
cell lines, in comparison to that of their matched controls
(K562 and HL-60), as shown in Figure 1C and D.

miR-134 enhances Ara-C sensitivity
and induces apoptosis in K562/A02
and HL-60/ADM cells

To further confirm the correlation between miR-134 and
Ara-C drug resistance in AML, K562/A02 and HL-60/ADM

cells were transiently transfected with miR-134 mimics or
negative control. qRT-PCR assays demonstrated that miR-134
was successfully upregulated 210.72+7.02 and 179.8115.65
fold in K562/A02 and HL-60/ADM cells transfected with
miR-134 mimics, respectively (p<<0.01; Figure 2A). In both
K562/A02 and HL-60/ADM cells, CCK-8 assay verified that
those transfected with miR-134 mimics exhibited greatly
enhanced sensitivity to Ara-C compared with the miRNA
mimics control-transfected cells, respectively (Figure 2B).
Colony formation assay also showed that overexpression
of miR-134 inhibited the K562/A02 and HL-60/ADM cell
colony formation (Figure 2C). To test whether miR-134 could
mediate cell apoptosis in regulation of Ara-C resistance,
we analyzed Ara-C-induced apoptosis after transfection of
K562/A02 and HL-60/ADM cells with the miR-134 mimics
by flow cytometry. In both K562/A02 and HL-60/ADM cells,
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Figure 2 Overexpression of miR-134 enhances Ara-C sensitivity and induces apoptosis in K562/A02 and HL-60/ADM cells.

Notes: (A) Relative expression of miR-134 in K562/A02 and HL-60/ADM cells transfected with miR-134 mimics and negative control. (B) Effect of miR-134 on cell
proliferation in K562/A02 and HL-60/ADM cells transfected with miR-134 mimics and negative control. (C) Representative images of colony formation assay of K562/A02
and HL-60/ADM cells transfected with miR-134 mimics and negative control and treated with Ara-C. (D) Effect of miR-134 on cell apoptosis in K562/A02 and HL-60/ADM
cells transfected with miR-134 mimics and negative control and treated with Ara-C. ¥p<<0.05, *p<<0.01.

Abbreviations: Ara-C, cytarabine; IC,,

half maximal inhibitory concentration; NC, normal control.
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overexpression of miR-134 resulted in a notable increase
in cell apoptosis after Ara-C treatment compared with the
negative control, respectively (Figure 2D).

miR-134 negatively regulates Mnk|/2

To explore the potential molecular mechanism of chemore-
sistance and apoptosis regulated by miR-134 in AML cells,
we searched different databases (TargetScan and microRNA.
org) for its potential targets involved in chemoresistance
and apoptosis, and results demonstrated that Mnks was a
predicted target of miR-134 (Figure 3A). Luciferase reporter
assay results showed that miR-134 dramatically inhibited
luciferase activity in 293T cells when the reporter plasmid
carried the wild-type Mnks 3'UTR, but no significant inhi-
bition was observed when the reporter plasmid carried a
mutation (Figure 3B). Western blot results demonstrated
that an obvious decrease of Mnk1/2 protein level was

observed in transfected miR-134 mimics cells compared
with the negative control cells in both K562/A02 and HL-60/
ADM cells, respectively (Figure 3C). The expression of
Mnks in bone marrow blasts from relapsed/refractory AML
patients and human leukemia AML multidrug-resistant cell
lines was also determined by qRT-PCR and Western blot
(Figure 3D and E).

miR-134 inhibits phosphorylation of

elF4E and downregulates Mcl-1 and bcl2
To investigate the effect of miR-134 on MAPK-mediated
elF4E pathways, Western blot analysis was performed after
transfection with miR-134 mimics or miRNA mimic negative
control in K562/A02 and HL-60/ADM cells. As expected,
restoration of miR-134 in both K562/A02 and HL-60/ADM
cells reduced the levels of respective Mnk1/2 mRNA expres-
sion by ~70%—-85% (Figure 4A and B). Phosphorylation of
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Figure 3 miR-134 negatively regulates Mnk|/2.

Notes: (A) Predicted binding sequences of miR-134 in the 3’'UTR of Mnkl/2. (B) Relative luciferase activity of 293T cells after co-transfection with WT or MUT Mnks
3’UTR or the control reporter plasmid, and miR-134 mimics or negative control. (C) Quantification of Mnk1/2 protein expression in K562/A02 and HL-60/ADM cells.
(D) Quantification of Mnk1/2 mRNA expression in 41 newly diagnosed AML patients, 25 relapsed/refractory AML patients, and protein expression in three matched-pair
bone marrow samples of AML patients at the diagnosis time prior to treatment and the relapsed/refractory state. (E) Quantification of Mnk1/2 mRNA and protein expression

in K562/A02 and HL-60/ADM cells. ¥p<<0.05, **p<<0.01.

Abbreviations: 3’UTR, 3’ untranslated region; AML, acute myeloid leukemia; elF4E, eukaryotic initiation factor 4E; MUT, mutant type; NC, normal control; WT, wild type.
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the expression of the phosphorylation of Erk|/2, p38, elF4E, Mcl-1, and bcl2 in K562/A02 cells. (D) Effect of miR-134 on the expression of the phosphorylation of Erkl/2,

p38, elF4E, Mcl-1, and bcl2 in HL-60/ADM cells. *p<<0.01.

Abbreviations: elF4E, eukaryotic initiation factor 4E; NC, normal control; p-elF4E, phosphorylation-elF4E; p-Erk|/2, phosphorylation-Erk1/2; p-p38, phosphorylation-p38.

Erk1/2 and p38 was not affected, while phosphorylation of
elF4E, Mcl-1, and bcl2 in miR-134-transfected cells was
significantly reduced compared to miRNA mimic negative
control transfected cells (Figure 4C and D).

Discussion

Ara-C has been one of the cornerstone drugs in the treatment
of AML for more than three decades.!” Both intrinsic and
acquired chemotherapeutic resistance develops in patients
after prolonged treatment with Ara-C, which is a major
limitation in the successful treatment of AML.!® Evidence
suggests that drug resistance mechanisms are involved in
downregulated expression of hENT1, reduced intracellular
concentrations of Ara-CTP and the active triphosphorylated
form of Ara-C."*% In this work, we studied the functional
role of miR-134 and the mechanism underlying its control
of Ara-C-induced resistance in AML.

This study revealed that miR-134 expression was down-
regulated in bone marrow blasts from relapsed/refractory
AML patients and human leukemia AML multidrug-resistant
cell lines compared with newly diagnosed AML patients and
parallel drug-sensitive cell lines, respectively. Meanwhile,
Ara-C is a primary drug for AML treatment in clinical prac-
tice. These results indicate that miR-134 might be involved
in Ara-C-induced resistance. To check this hypothesis,
CCK-8 assay and flow cytometry analysis were employed

in K562/A02 and HL-60/ADM cell lines, and we found
that miR-134 enhances Ara-C sensitivity and promotes cell
apoptosis. This finding compliments previous observations
that miR-134 was associated with gefitinib resistance in lung
adenocarcinoma cells by targeting MAGI2, paclitaxel resis-
tance in human ovarian cancer cells by regulating Pak2, and
cisplatin resistance in triple-negative breast cancer through
controlling STAT5B.21-%

Recent studies have found that the activated PI3K/Akt/
mTOR and MAPK signaling pathways are involved in Ara-C
resistance.?*2* Mnk/eIF4E axis is a specific and critical
regulator of these two pathways. In this study, Mnks was
confirmed to be a direct target of miR-134 by Western blot
and luciferase reporter assay, and there was a negative cor-
relation between the expression of miR-134 and Mnks in
both relapsed/refractory AML patients and AML multidrug-
resistant cell lines (Figure 3). Further investigations of the
effects of miR-134 on Mnk/elF4E axis showed that miR-134
inhibits phosphorylation of eIF4E and downregulates Mcl-1
and bcl2, independent of p38 and Erk1/2 (Figure 4). Taken
together, these findings suggest that miR-134 sensitizes
Ara-C-resistant AML cells and promotes cell apoptosis
through targeting Mnk/eIF4E axis, and subsequently reduces
Mcl-1 and bcl2 expression.

To summarize, we have shown that miR-134 can promote
cell apoptosis and increase sensitivity to Ara-C by targeting
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Mnks. The miR-134-Mnk—eIF4E axis may provide new
insights into the mechanisms of AML chemoresistance,
and the restoration of miR-134 expression may offer a new
strategy for the treatment of AML in the future.
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