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Abstract: Background and aims: Acute myeloid leukemia (AML) is a fatal hematological malignancy which is resis-
tant to a variety of chemotherapy drugs. Phospho-ERK5 (p-ERK5) plays a novel role in chemoresistance in some 
cancer cells and this pathway is a central mediator of cell survival and apoptotic regulation. The aim of this study 
was to investigate the effect of a specific ERK5 small interference RNA (siRNA) on proliferation and the sensitivity 
of HL-60 acute myeloid leukemia (AML) cells to the chemotherapeutic drug cytarabine. Methods: The cells were 
transfected with siRNAs using Lipofectamine™ 2000 transfection reagent. Relative ERK5 mRNA and protein levels 
were measured by quantitative real-time PCR, immunocytochemical assay, and Western blotting, respectively. The 
cytotoxic effects of cytarabine and ERK5 siRNA, alone and in combination, on leukemic cells were determined using 
colony formation and MTT assay. Apoptosis was assessed by ELISA cell death assay. Results: ERK5 siRNA markedly 
reduced both mRNA and protein expression levels leading to distinct inhibition of cell proliferation and increased 
spontaneous apoptosis. Surprisingly, ERK5 siRNA synergistically increased the cell toxic effects of cytarabine. Con-
clusions: Our study suggests that down-regulation of ERK5 by siRNA can trigger apoptosis and overcome drug resis-
tance of leukemia cells. Therefore, ERK5 siRNA may be an effective adjuvant in AML chemotherapy.
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Introduction

Acute myeloid leukemia (AML) accounts for 
one-fourth of acute leukemia in children, but is 
responsible for more than half of the leukemia 
deaths in this patient population [1]. Resistance 
to cytarabine (ara-C)-based chemotherapy is a 
major cause of treatment failure in this disease 
[2, 3]. Therefore, new therapies for children 
with AML are urgently needed. Dysregulation of 
the apoptosis (Programmed cell death) machin-
ery contributes to the formation of neoplasia 
and subsequent resistance to chemotherapy 
[4]. As most of the chemotherapy agents exert 
their anti-tumor effects by triggering apoptosis, 
new approaches for cancer treatment have 
focused on targeting mediators of this pathway 
[5]. 

The MEK5/ERK5 pathway is one of the lesser 
studied members of the mitogen-activated pro-
tein kinase (MAPK) family of protein kinases. 

This pathway has been implicated in cell sur-
vival, anti-apoptotic signaling, angiogenesis, 
cell motility, differentiation and cell proliferation 
[6-8].

The MEK5/ERK5 cascade mediates survival 
and proliferative signaling [9], particularly in 
transformed cells of hematopoietic origin. In 
myeloma cells, inhibition of ERK5 blocks prolif-
eration and facilitates apoptosis induced by 
dexamethasone [10]. ERK5 expression is 
essential for survival of leukemic cells express-
ing Bcr/Abl [11]. Hodgkin lymphoma cells show 
constitutive activation of the ERK5 pathway 
[12]. Finally, expression of the microRNA miR-
143 shows an inverse correlation with that of 
ERK5 [13], and the level of miR-143, along with 
miR-145, is decreased in most B cell malignan-
cies, including chronic lymphocytic leukemias, 
B cell lymphomas, EBV-transformed B cell lines, 
and Burkitt lymphoma cell lines. These obser-
vations suggest that ERK5 plays an impor- 

http://www.ijcem.com


Role of ERK5 in cytarabine sensitivity

6447 Int J Clin Exp Med 2015;8(4):6446-6455

tant, albeit poorly characterized, role in on- 
cogenesis.

Some studies have examined the role of ERK5 
in chemoresistance in MCF-7 breast cancer 
cells. Microarray analysis indicated a 22-fold 
increase in the levels of MEK5 in apoptically 
resistant cells (APO-cells). Transfection of these 
cells with dominant negative forms of ERK5 
and subsequent treatment with and without 
several apoptotic inducing agents in addition to 
one cell survival compound revealed the anti-
apoptotic characteristics of MEK5/ERK5. This 
demonstrated that the MEK5/ERK5 pathway 
plays a novel role in chemoresistance and this 
pathway is a central mediator of cell survival 
and apoptotic regulation in MCF-7 cells [14].

Wang et al has found that ERK5 pathway plays 
a role in the control of monocytic differentia-
tion, which is disturbed in myeloid leukemia 
[15]. A recent study has found stable expres-
sion of a small hairpin RNA for ERK5 (shERK5) 
leads to their elimination by NK cells in vivo. 
Coinjection of shERK5-expressing cells into the 
peritoneum diminishes survival of engrafted 
wild-type tumor cells. Moreover, s.c. injection of 
shERK5-expressing cells strongly diminishes 
tumor development by wild-type cells, suggest-
ing that knockdown of ERK5 expression in leu-
kemia cells effectively attenuates their tumor 
activity [16]. Garaude et al. shown ERK5 inhibi-
tion reduced cell viability, sensitized cells to 
death receptor-induced apoptosis, and blocked 
the palliative effects of phorbol ester in anti-
Fas Ab-treated cells [17].

In this study, we investigated whether suppres-
sion of ERK5 could sensitize HL-60 human AML 
cell line to chemotherapeutic agent cytarabine. 
We therefore examined the effects of either 
ERK5 inhibition or cytarabine alone, versus 
their combination treatment in promoting 
tumor cells apoptosis. 

Materials and methods

Cell culture

The HL-60 AML cell line was purchased from 
ATCC (Shanghai, China). It was grown in RPMI-
1640 medium containing 15% fetal bovine 
serum (FBS), 100 IU/ml penicillin, 100 μg/ml 
streptomycin, 1% sodium pyruvate and 2 mM of 
glutamine, at 37°C in a humidified atmosphere 

containing 5% CO2. The cells were sub-cultured 
24-48 h later with an initial concentration of 4 
× 104 cells/ml and used in the logarithmic 
phase in all experiments.

Antibodies 

ERK5 and phospho-ERK5 (Thr218/Tyr220) 
were purchased from Cell Signaling Technology 
(Danvers, MA). Anti-actin was from Sigma.

siRNA transfection

For ERK5 silencing, HL-60 cells were transfect-
ed with 100 µmol/L of specific human siRNAs 
against ERK5 by using Lipofectamine 2000 
reagent (Invitrogen) following protocols provid-
ed by the manufacturer. Targeting sequences 
of siRNA is 5’-GGGCCTATATCCAGAGCUU-3’; 
Non-specific control siRNA was used as a nega-
tive control. Briefly, siRNAs and lipofectamine 
(4 μl/ml of transfection medium) were diluted in 
Opti-MEM I Reduced Serum Medium (Invitrogen) 
separately and incubated for 10 min at room 
temperature. The diluted solutions were then 
mixed and incubated for 20 min at room tem-
perature. Subsequently, the mixtures were 
added to each well containing cells and medi-
um. Moreover, the treated cells with only the 
transfection reagent were considered as a 
blank control. The cell culture plates were then 
incubated for 6 h at 37°C in a CO2 incubator. 
Following on, RPMI-1640 medium containing 
FBS (final FBS concentration of 15%) was 
added, with cells being incubated under the 
above mentioned conditions. To evaluate the 
effects of siRNA on gene silencing, transfec-
tions (5 × 105 cells/well) were performed in 
6-well cell culture plates for 24-72 h, then the 
protein expression was determined by immu-
noblotting with antibodies as indicated above 3 
and mRNA expression was determined by 
quantitative real-time RT-PCR (RT-qPCR). The 
siRNA showing the highest efficiency of ERK5 
mRNA knocking-down in the cell lines was uti-
lized for the experiments reported in the 
manuscript.

Stably expressed clones were selected by using 
medium containing G418 (400 ug/ml) for 28 
days. The stable transfectants were named 
HL-60-siERK5 and HL-60-siControl respective-
ly. To avoid colony-specific variation, we ran-
domly selected about three to five cell clones 
and combined them for further analysis. Pooled 
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stably transfected HL-60-siERK5 and HL-60-
siControl cells were routinely maintained in 
selection media containing 200 ug/ml of G418-
sulfate to avoid overgrowth of nontransfected 
cells.

Drug exposure

HL-60-siERK5 and HL-60-siControl were ex- 
posed to cytarabine for 2 h. Taking into account 
that the peak uptake level is 7.5 μg/ml for cyta-
rabine in vitro [18], we tested 3.75 and 7.5 μg/
ml concentrations for cytarabine. Evaluation of 
the cytotoxic effect was performed 48 h after 
the end of drug exposure.

Western blot

Cells were lysated and cellular proteins were 
denaturated, separated on 10% SDS-
polyacrylamide gel and then electroblotted 
onto Hybond-C extra membrane. The mem-
brane was stained with Ponceau S to verify 
equal amounts of sample loading and then 
incubated for 2 h at room temperature with 
T-PBS 5% non fat dry milk. The membrane was 
probed overnight at 4°C with the primary anti-
body and then with a horseradish peroxidase-
conjugated secondary antibody diluted 1:1000 
(Dako Corporation, Glostrup, Denmark). The 
bound antibodies were detected by enhanced 
chemiluminescence (ECL) using an ECL kit 
(Amersham Biosciences). The following primary 
antibodies were used: anti-ERK5, phospho-
ERK5 (Thr218/Tyr220) and β-actin antibodies.

Immunocytochemical assay 

Cells were grown on fibronectincoated cover-
slips, washed in PBS, and fixed for 15 min in 4% 
paraformaldehyde. Cell monola yers were per-
meabilized in 0.1% Triton X-100, washed, and 
blocked in 10% normal goat serum. Cells were 
incubated with the anti-ERK5 antibody over-
night at 4°C. Immunolabelling was performed 
by a standard avidin-biotin (ABC) technique 
using a commercial kit (Maxim, China).Slides 
were examined under a microscope at a magni-
fication of 200 ×. The results of immunohisto-
chemical analyses were verified by three 
pathologists. 

Quantitative real-time PCR

Total RNA was isolated with TRIzol reagent 
(Invitrogen) and first strand cDNA was synthe-
sized from 1 µg total RNA using Oligo d (T)  

primer (Invitrogen) and ReveTra Ace (TOYOBO, 
Osaka, Japan). Quantitative real-time PCR was 
done using 2 µl of first-strand cDNA to quantita-
tively determine the relative amounts of ERK5 
cDNAs. Primers used were for ERK5: F: 5’-CTGG- 
CTGTCCAGATGTGAA-3’ and R: 5’-ATGGCACCATC- 
TTTCTTTGG-3’. PCR was done with SYBR-green 
Real time PCR Master Mix (Toyobo, Osaka, 
Japan) and was run on a LightCycler instru- 
ment (Roche Molecular Biochemicals, Lewes, 
Sussex, UK). Thermal cycler parameters includ-
ed one cycle at 94°C for 0.5 min, and 35 cycles 
involving denaturation at 94°C for 5 s anneal-
ing at 55°C for 5 s and extension at 72°C for 10 
s. In each cycle, the amplified products were 
analyzed and the standard curve of ERK5 
mRNA could be constructed and the copy num-
bers of samples were calculated by the 
Lightcycler software.

Colony formation assay

HL-60-siERK5 and HL-60-siControl cells (8 × 
103/ml) or/and exposed to 3.75 μg/ml concen-
trations of cytarabine were maintained in 1 ml 
of 0.3% basal medium Eagle’s agar containing 
serum at 37°C in a humidified incubator for 14 
days. Cell colonies were counted under a micro-
scope using three different plates.

MTT assay

For quantitative viability assays, HL-60-siERK5 
and HL-60-siControl cells were plated in 96-well 
plates (5 × 104 cells/well), or/and exposed to 
3.75-and 7.5-μg/ml concentrations of cytara-
bine for 48 h. MTT assays were used to assess 
cell viability. 200 ul sterile MTT dye (5 mg/ml, 
sigma, USA) was added. After 4 h incubation at 
37°C in 5% CO2, MTT medium mixture was 
removed and 200 ul of dimethyl sulfoxide 
(DMSO) was added to each well. Absorbance 
was measured at 490 nm using a multi-well 
spectrophotometer (Thermo Electron, Andover, 
USA). All experiments were carried out in 
triplicate.

ELISA assay for apoptosis

The experiment was divided into 2 parts: ① 
HL-60 leukemic cells were cultivated at a den-
sity of 5 × 104 cells/well in 24- well plates and 
then transciently transfected into siERK5 or 
siControl .After 72 h of transfection, cells were 
collected and apoptosis was detected using an 
ELISA cell death detection kit (Roche Diag- 
nostics GmbH) according to the supplier’s rec-
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Figure 1. Effects of ERK5-siRNA on ERK5 mRNA and protein assessed by quantitative RT-PCR, western blot and immunocytochemical assays. siRNA was transciently 
transfected into the HL-60 cells for 24-72 h. ERK5 protein (A, B) and mRNA (C) and of siERK5 cells were significantly inhibited in a time-dependant way than those 
of nontransfection or siControl cells respectively (*P < 0.05, **P < 0.01). In the siERK5 stably transfected HL-60 cells, ERK5 protein (D, E) and Mrna (F) of siERK5 
cells were also significantly inhibited (**P < 0.01).
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ommendations; ② Stably transfected HL- 
60-siERK5 and HL-60-siControl cells at a den-
sity of 5 × 104 cells/well were exposed to 3.75- 
and 7.5-μg/ml concentrations of cytarabine for 
48 h, apoptosis was detected using an ELISA 
cell death detection kit.

Statistical evaluation

Statistical analysis was performed using SPSS 
software (SPSS11.0; SPSS Inc). All results are 
expressed as the mean ± S.D. as indicated. For 
determination of the significance of differences 
the ANOVA and t test was performed. 

Results

siRNA suppressed ERK5 mRNA and protein 
levels in HL-60 cells 

Previous studies have reported on siRNA tech-
nique for successful silencing ERK5 expression 
in cancer cells [19]. In the present study, RNA 
interference technique was employed to knock-

down ERK5 expression in HL-60 cells. siRNA 
was transciently transfected into the HL-60 
cells for 24-72 h. As expected, expressions of 
ERK5 both mRNA and protein in siERK5 trans-
fected HL-60 cells were significantly lower in a 
time-dependant way than those in siControl or 
nontransfected cells analyzed by immunocyto-
chemical assay (Figure 1A), quantitative PCR 
(Figure 1B), Western blot (Figure 1C), respec-
tively, suggesting that RNAi could effectively 
inhibit ERK5 expression in HL-60 cells.

In the siERK5 stably transfected HL-60 cells, 
ERK5 mRNA and protein was completed inhib-
ited by immunocytochemical assay (Figure 1D), 
quantitative PCR (Figure 1E), and Western blot 
(Figure 1F), respectively.

Apoptosis assays

The HL-60 leukemic cells were cultivated at a 
density of 5 × 104 cells/well in 24-well plates 
and then transciently transfected into siERK5 
or siControl. After 24-72 h of transfection, cells 

Figure 2. Effects of ERK5-siRNA on apoptosis, proliferation and colony formation. A. The effects of siERK5 at 24, 48, 
and 72 hs on apoptosis of HL-60 cell lines are shown. B. The effects of siERK5 at 24, 48, and 72 hs on viability of 
HL-60 cell lines are shown. C. The effects of siERK5 on colony formation of HL-60 cell lines are shown. *P < 0.05; 
**P < 0.01.
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ERK5 depletion sensitized HL-60 cells to apop-
tosis induced by cytarabine 

We treated the HL-60-siERK5 or HL-60-
siControl cells with 3.75- and 7.5-μg/ml con-
centrations of cytarabine for 24 h and 3.75 μg/
ml cytarabine for various time lengths (0, 12, 
24, 36 and 48 h), respectively. The results 
showed that suppression of ERK5 led to a sig-
nificant decrease in cell viability of HL-60-
siERK5 cells in response to cytarabine in both 
time- (Figure 4A) and dose -dependent (Figure 
4B) manners compared with those of HL-60-
siControl or HL-60-nontransfection cells. 
Furthermore, suppression of ERK5 led to a sig-
nificant increase in apoptotic rate in response 
to cytarabine in both time- (Figure 4C) and 
does-dependent (Figure 4D) manners com-
pared with those of HL-60-siControl or HL-60-
nontransfection cells. Colony formation assay 
showed that HL-60-siERK5 cells treated with 

were collected and apoptosis was detected 
using an ELISA cell death detection kit. The 
results showed that suppression of ERK5 led to 
a time-dependant significant in apoptosis rate 
of HL-60 cells (Figure 2A). 

Proliferation assays 

Next, we determined the proliferation of siERK5 
or siControl on HL-60 cells. As shown in Figure 
2B, compared with siControl and nontransfec-
tion HL-60 cells, siERK5 was significantly inhib-
ited to 19.3% (P < 0.05), 26.4% (P < 0.05) and 
39.2% (P < 0.01) at 24, 48, and 72 hs, respec-
tively. There was no significant difference 
between siControl and nontransfection (P > 
0.05).

Colony formation assay

HL-60-siERK5 and HL-60-siControl cells (8 × 
103/ml) were maintained in 1 ml of 0.3% basal 

medium Eagle’s agar contain-
ing serum at 37°C in a humidi-°C in a humidi- in a humidi-
fied incubator for 14 days. Cell 
colonies were counted under 
a microscope using three dif-
ferent plates. As showed in 
Figure 3C, compared with 
siControl and nontransfection 
HL-60 cells, HL-60-siERK5 
cells demonstrated a signifi-
cant decrease in colony for-
mation. After 14 days culture, 
the colonies that HL-60-
siERK5 cells formed was 
51.3% of siControl and 54.2% 
of nontransfection cells, res- 
pectively (Figure 2C, P < 0.05).

Cytarabine treatment on 
apoptosis, proliferation and 
colony formation in HL-60 
cells

HL-60 cells were exposed to 
3.75- and 7.5 μg/ml concen-
trations of cytarabine for 48 
hs, only low levels (5.7% and 
7.4%) of apoptosis were dete- 
cted (Figure 3A, P > 0.05). 
Proliferation and colony for-
mation was also less inhibited 
(Figure 3B and 3C, P > 0.05, 
respectively). This might be 
due to the endogenous ERK5.

Figure 3. Effects of cytarabine on apoptosis, proliferation and colony forma-
tion. HL-60 cells were exposed to 3.75 and 7.5 μg/ml concentrations of cyta-
rabine for 48 hs, ELISA assay (A) was used to detect apoptosis, MTT (B) was 
used to detect survival rate and colony formation assay was used to detect 
proliferation (P > 0.05).
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Figure 4. ERK5 modulation of cytarabine-induced cell death in HL-60 cells. HL-60-siERK5 or HL-60-siControl cells exposed to cytarabine (3.75- and 7.5-μg/ml) for 0, 
12, 24, 36, and 48 h or cytarabine (3.75 μg/ml) for 24 h. A, B. MTT assay.*P < 0.05, **P < 0.01. C, D. ELISA assay (representative experiments); E. HL-60-siERK5 
or HL-60-siControl cells were exposed to 3.75 μg/ml concentrations of cytarabine at 37°C in a humidified incubator for 14 days. Cell colonies were counted under 
a microscope using three different plates. *P < 0.05, **P < 0.01.
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3.75 μg/ml cytarabine and at 37°C in a humidi-
fied incubator for 14 days resulted in fewer cell 
colonies compared with those of HL-60-
siControl or HL-60-nontransfection cells treat-
ed with 3.75 μg/ml cytarabine (Figure 4E). The 
data suggest that ERK5 depletion may effec-
tively enhance chemosensitivity of HL-60 cells 
to cytarabine.

Discussion

Despite intensive efforts in the treatment of 
AML, it is unfortunately still deemed as an 
incurable disease with a high mortality rate. 
Owing to the occurrence of chemoresistance in 
leukemia cells, the majority of patients does 
not achieve CR or show relapse after first CR, 
following the standard therapy [20, 21]. 
Therefore, development of new strategies for 
improved therapy is required. Aberrant mito-
gen/extracellular signal-regulated kinase 5 
(MEK5)-extracellular signal-regulated protein 
kinase 5 (ERK5)-mediated signaling has been 
implicated in a number of tumor types, includ-
ing AML, and the molecular basis of ERK5-
driven carcinogenesis and its clinical relevance 
remain to be fully characterized. For example, 
ERK5-overexpressing PC3 cells have enhanced 
proliferative and invasive capabilities in vitro, 
and were dramatically more efficient in forming 
tumors, with a shorter mean time for tumors to 
reach a critical volume of 1000 mm3, in vivo, 
and vice versa [22, 23]. 

ERK5 pathway also plays a role in the control of 
monocytic differentiation, which is disturbed in 
myeloid leukemia [24]. Inhibition of ERK5 auto-
phosphorylation results in a particularly robust 
cell cycle arrest in G2 phase in AML cells [25]. 
Furthermore, inhibition of MEK5/ERK5 induces 
apoptosis of both FLT3-ITD transfected Ba/F3 
cells as well as the FLT3-ITD carrying leukemic 
cell lines MV4-11 and MOLM-13, suggesting 
that MEK5/ERK5 is important for FLT3-ITD 
induced hematopoietic transformation and 
may thus represent an alternative therapeutic 
target in the treatment of FLT3-ITD positive leu-
kemia [26]. Overexpression of s ERK5 is attrib-
uted to the chemoresistance of tumor cells [27, 
28]. On the contrary, different studies have 
shown that suppression of ERK5 expression 
can sensitize tumor cells to anti-cancer drugs 
and neurotrophin-3 induced apoptosis [29, 30]. 
In the current study to investigate whether 

down-regulation of ERK5 affects chemosensi-
tivity in AML cells, we examined the effect of 
ERK5 specific siRNA and cytarabine alone or in 
combination on HL-60 AML cells. 

Immunocytochemical, (quantitative real time 
PCR) qRT-PCR and Western blot analysis 
revealed that transfection with pERK5 siRNA 
drastically reduced pERK5 mRNA and protein 
levels during the 72 h period. These findings 
suggest that pERK5 siRNA effectively had 
cleaved pERK5 mRNA and thereby blocked its 
translation to its corresponding protein. The 
results of the cell survival rate and colony for-
mation assay showed that the down-regulation 
of pERK5 significantly inhibited the cell survival 
and number of colony of the HL-60 cells, dem-
onstrating that ERK5 has an important role in 
the growth of leukemic cells. Most notably, the 
results of ELISA assay exhibited that down-reg-
ulation of pERK5 significantly promoted the 
apoptosis of HL-60 cells. This proposes that 
ERK5 could be a target for HL-60 cells 
treatment.

The study above showed that in addition to trig-
gering apoptosis, recruiting surviving leukemia 
cells to a proliferative state, down-regulation of 
pERK5 may sensitize the leukemia cells to cyta-
rabine. To further define the role of pERK5 in 
the drug resistance of leukemia cells, we test-
ed the effect of pERK5 expression suppression 
on the apoptotic effect of cytarabine. Apoptosis 
assay findings indicated that monotherapy with 
cytarabine led to few apoptotic HL-60 cells. In 
addition, siRNA-mediated inhibition of pERK5 
induced remarkable spontaneous apoptosis 
and enhanced sensitivity of the tumor cells to 
cytarabine -mediated apoptosis. In contrast, 
NC siRNA treatments did not alter the pERK5 
gene expression, cell proliferation and cell tox-
icity of cytarabine, illustrating the specific 
impact of pERK5 siRNA. The above-mentioned 
subjects show that the presence of pERK5 is 
necessary for the survival and drug resistance 
of leukemic cells. Therefore, silencing of pERK5 
expression could trigger spontaneous apopto-
sis and sensitize tumor cells to antileukemic 
drugs.

In conclusion, our data demonstrated that 
pERK5 has a critical role in the proliferation 
and drug resistance of HL-60 cells. Specific 
knockdown of pERK5 expression by siRNA 
induced apoptosis and synergistically enhanced 
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sensitivity of leukemic cells to cytarabine. Our 
study emphasizes the ability of pERK5 siRNA 
for chemosensitization of leukemia cells to 
reduce the harmful side-effects of intensive 
chemotherapy. We suggest that the siRNA-
silencing pERK5 may be considered as a novel 
treatment strategy in the future to overcome 
drug resistance of AML patients.
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