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Abstract. – OBJECTIVE: To study the mech-
anism of early chemosensitivity and later
chemoresistance of Cytarabine (Cyt) to HL-60
cells to regulate ERK/Slug signal pathway.

MATERIALS AND METHODS: HL-60 cells
were stably transfected with NF-κκBp65 siR-
NA�P53 up-regulated modulator of apoptosis
(PUMA) siRNA (PUMA siRNA) and Slug siRNA
respectively or exposed to 25 nM U0126 for
24h, then the cells were exposed to Cyt (250
nM) respectively. In different time point after
Cyt treatment, the activity of NF-κκB and the ex-
pression of Erk1/2, NF-κκBp65, Slug and PUMA
protein were detected. The cells survival rate
and apoptotic index were detected by MTT and
TUNEL methods.

RESULTS: After the HL-60 cells were exposed
to Cyt (250 nM) for 24 h, the activity of NF-κκB
reached maximum value, and reached minimum
value for 48 h. The expressions of NF-κκBp65 and
PUMA reached maximum value after exporser to
Cyt (250 nM) for 24 h, and reached minimum val-
ue after 48 h. Erk1/2 phosphorylation and Slug
expression began to increase after exporser to
Cyt (250 nM) for 24 h, and reached maximum val-
ue for 48 h. The cells survival rate was de-
creased, and arrived to minimum value (29.5 ±
4.6, F = 12.74,,  p < 0.01). The cells apotosis rate
was increased, and arrived to maximum value
(14.2 ± 2.8, F = 15.02, p < 0.01). By inhibiting
NF-κκBp65 or PUMA by siRNA transfection, the
cells survival rate was enhanced and the apoto-
sis rate was significantly declined after exporsed
to Cyt (250 nM). When NF-κκBp65 was inhibited,
the expression of PUMA was decreased. By in-
hibiting Erk1/2 phosphorylation and Slug ex-
pression, the cells survival rate began to de-
crease for 24 h, and reached the fewest at 48 h
after exporsed to Cyt (250 nM) (19.8 ± 2.7, F =
11.4, p < 0.01 and 17.4 ± 0.6, F = 15.3,,  p < 0.01).
The cells apotosis rate began to increase from
24 h, and reach a head at 48 h after exporser to
Cyt (250 nM) (28.6 ± 4.7,,  F = 9.84, p < 0.01 and
27.6 ± 6.4, F = 10.31, p < 0.01. After Erk1/2 phos-
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phorylation inhibited, Slug expression was low-
ered and PUMA expression was significantly in-
creased. The changes are most distinct after the
cells were exporser to Cyt (250 nM) for 48 h. By
Slug inhibition had no effect on Erk1/2 phospho-
rylation, but increase the expression of PUMA.

CONCLUSIONS: The chemosensitiveness of
HL-60 cells to Cyt were relation to the up-regula-
tion of PUMA induced by NF-κκB. The chemore-
sistance to Cyt was related to the up-regulation
of Slug induced by Erk1/2, which inhibited the
expression of PUMA..
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Introduction

Acute myeloid leukemia (AML) accounts for
one-fourth of acute leukemia in children, but is re-
sponsible for more than half of the leukemia deaths
in this patient population1. Standard treatment op-
tions for AML are chemotherapy and hematopoiet-
ic stem cell transplantation2. The majority of pa-
tients with AML does not achieve complete remis-
sion (CR) or are expected to relapse even with in-
tensive chemotherapy. This is mainly due to the de-
velopment of drug resistance in tumor cells3. Resis-
tance to cytarabine (Cyt)-based chemotherapy is a
major cause of treatment failure in this disease4,5.
Therefore, new therapies for children with AML
are urgently needed. 
Apoptosis, or programmed cell death, is a bio-

logical process essential for the regular develop-
ment and maintenance of tissue homeostasis6.
Disturbance in the regulation of apoptosis ma-
chinery contributes to the development of tumor
and subsequent multi-drug resistance7. As the
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tion28. Many studies have proved29-33 that Slug sig-
nificantly inhibits PUMA-induced apoptosis. We,
therefore, suggested that ERK1/2/Slug signal acti-
vation inhibits its downstream target PUMA, only
to inhibit cell apoptosis.
NF-κB is a ubiquitous transcription factor that

is regulated by a vast array of stimuli, including
growth factors, inflammatory mediators, cytotox-
ic agents like chemotherapeutic drugs, oxidative
stress, UV light, and many others. NF-κB is a
dimer composed of various combinations of the
five mammalian Rel proteins, namely, p65/RelA,
c-Rel, RelB, NF-κB1/p50, and NF-κB2/p5234.
The most common form of NF-κB is a dimer of
p65/relA and p50,and this dimer is often referred
to simply as NF-κB.
A large body of evidence has demonstrated a

protective role of NF-κB in most tissues and cell
types35. For example, targeted deletion of p65 in
mice leads to increased apoptosis in several tis-
sues. The protection by NF-κB is due to tran-
scriptional activation of a number of antiapoptot-
ic proteins, such as c-FLIP, Bcl-2, Bcl-XL,
cIAP2, and A1/Bfl-235. Recently, NF-κB has
been found to promote apoptosis under certain
conditions. However, the mechanisms and physi-
ological significance of NF-κB in apoptosis regu-
lation remain controversial and poorly under-
stood. Recently, it has found28,37-40 that NF-κB
promote apoptosis by activating the expression of
proapoptotic proteins, such as PUMA.
The objective of this study was to investigate

the mechanism of early chemosensitivity (activa-
tion of NF-κB/PUMA signal pathway) and later
chemoresistance (activation of ERK/Slug signal
pathway) of Cytarabine (Cyt) to HL-60 cells. To
investigate whether the down-regulation of
ERK/Slug signal pathway by siRNA could sensi-
tize AML cells to Cyt. 

Materials and Methods 

Cell Culture Conditions 
The HL-60 leukemic cells were maintained in

Roswell Park Memorial Institute (RPMI)-1640
culture medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Sigma- Aldrich), 1%
antibiotics (100 IU/ml penicillin, 100 µg/ ml
streptomycin) (Sigma-Aldrich), 2 mM of gluta-
mine, and 1% sodium pyruvate at 37°C in 95%
humidified atmosphere containing 5% CO2. The
cells were sub-cultured with an initial concentra-
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majority of cytotoxic drugs mainly kill malignant
cells by the activation of apoptosis, recent anti-
cancer approaches are focusing their efforts on
specifically targeting the mediators involved
within the respective apoptotic pathways.
Mitogen-activated protein kinase/extracellular

signal regulated kinase (ERK) pathway plays an
essential role in the development and progression
of various tumors. ERK1/2 is a key component
of this pathway. The hyperactivation of ERK1/2
also has been shown to promote resistance to
chemotherapy drugs in many cancer cells8-10. In-
hibiting the action of ERK1/2 prevents tumor cell
proliferation, promote apoptosis and reverse re-
sistance to therapy11,12. Previous reports have
demonstrated that the primary effect of ERK
downmodulation was a cell cycle arrest followed
by the apoptosis of a significant percentage of
the leukemic blasts13. And blocking the ERK
pathway sensitizes AML cells to lovastatin-in-
duced apoptosis14. Nishioka et al15 has reported
concomitant administration of cytarabine and the
inhibitor of MEK/ERK signaling may be useful
for treatment of individuals with AML. However,
how ERK signaling functions is not clear.
Recent evidence has suggested that processes

of the epithelial to mesenchymal transition
(EMT) may play a role in the development of
chemoresistance16. EMT is a critical process in
embryogenesis and has been well studied in that
context. It is characterized by up-regulation of ex-
tracellular matrix components, a loss of intercel-
lular cohesion, increased rate of cellular migra-
tion and invasion, as well as increased resistance
to apoptosis, and is modulated by a number of
transcription factors, namely Snail and Slug17-20.
Mancini et al21 has found that Slug has a central
role in a complex network involved in prolonged
survival and IM resistance of CML progenitors.
Many studies have reported22-25 that Slug was reg-
ulated by ERK signals, and Slug is the down-
stream of ERK signal. We therefore suggested
that positive relation might exit between ERK1/2-
Slug signal and chemoresistance. The molecular
mechanisms underlying the effect of ERK1/2 si-
lencing on HL-60 cell chemosensitivity might via
its downstream signaling targets Slug.
p53 upregulated modulator of apoptosis

(PUMA) is a downstream target of p53 and a BH3-
only Bcl-2 family member26-27. It is induced by p53
following exposure to DNA-damaging agents, such
as γ-irradiation and commonly used chemothera-
peutic drugs26-27. Hydrogen peroxide-induced apop-
tosis is also associated with the PUMA upregula-



After SDS-PAGE, the proteins were electrotrans-
ferred onto nitrocellulose membranes, blotted
with each antibody (Anti-NF-κBp65, PUMA,
Slug, ERK1/2 and pERK1/2, 1:200), and detect-
ed with enhanced chemiluminescence reagent
(Amersham Biosciences, Piscataway, NJ, USA).
Some of the membranes were stripped using Re-
store stripping buffer (Pierce, Rockford, IL,
USA) for reprobing with another antibody. The
protein bands obtained were quantified using Al-
phaEase FC (Fluor Chem 8900) software from
Alpha Innotech (San Leandro, CA, USA).

Terminal Deoxynucleotidyl 
Transferase-Mediated Nick 
end Labeling (TUNEL) Assay 
Analysis of apoptosis by the terminal deoxynu-

cleotidyl transferase-mediated nick end labeling
(TUNEL) assay was performed as described pre-
viously41. Briefly, the cells were exposed for the
indicated times, harvested, and fixed by incubation
in 4% formaldehyde for 15 minutes on ice. Subse-
quently, the cells were centrifuged, washed, resus-
pended in 70% ethanol (EtOH), and stored at
−20°C for up to 1 week. For analysis, 106 cells
were incubated with 0.02 mmol/L biotin-dUTP
and 12.5 units of terminal deoxynucleotidyltrans-
ferase enzyme in a reaction buffer [200 mmol/L
potassium cacodylate, 25 mmol/L Tris-HCl, and
25 µg/mL bovine serum albumin: BSA (pH 6.6)],
2.5 mmol/L CoCl2, and 0.01 mmol/L dTTP
(Roche Applied Science, Laval, Quebec, Canada)
for 45 minutes at 37°C. The cells were then
washed twice with PBS, labeled with avidin-FITC
for 60 minutes at room temperature, washed
again, and analyzed using a FACScalibur cytome-
ter (Becton Dickinson, Hercules, CA, USA). 

MTT Assays
In different group at different time point, the

number of viable cells in each well was quanti-
fied using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as
previously described41. The absorbance was read
at 570 nm and experiments conducted at least
thrice. The results were expressed as a percent-
age of the control where the absorbance value of
the untreated cells was normalized to 100%. 

Statistical Analysis
Each assay was performed in triplicate. Data

are expressed as the mean ± standard deviation
(SD). Statistical significance of all data was eval-
uated using the Student’s t-test, p < 0.05.
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tion of 5×104 cells/ ml and used in the logarith-
mic growth phase in whole.

SiRNA Transfection (HL-60/siRNA)
The NF-κBp65 siRNA, PUMA siRNA and

Slug siRNA specific and negative control (NC)
were purchased from Dharmacon (Lafayette, CO,
USA). Just before transfection, the cells were
cultivated in RPMI-1640 medium free of serum
and antibiotics. siRNA transfection (at a final
concentration of 80 nM in all experiments) was
performed using Lipofectamine™2000 transfec-
tion reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s recommendations.
Briefly, siRNAs and lipofectamine (4 µl/ml of
transfection medium) were diluted in Opti-MEM
I Reduced Serum Medium (Invitrogen) separate-
ly and incubated for 10 min at room temperature.
The diluted solutions were then mixed and incu-
bated for 20 min at room temperature. Subse-
quently, the mixtures were added to each well
containing cells and medium. Moreover, the
treated cells with only the transfection reagent
were considered as a blank control. The cell cul-
ture plates were then incubated for 6 h at 37˚C in
a CO2 incubator. Following on, RPMI-1640
medium containing FBS (final FBS concentra-
tion of 15%) was added, with cells being incubat-
ed under the above mentioned conditions. To
evaluate the effects of siRNAs on gene silencing,
transfections (5×105 cells/well) were performed
in 6-well cell culture plates for 24-48h. The sup-
pression of NF-κBp65, PUMA and Slug expres-
sion was then assessed by Western blotting.G418
(400 ng/ml) (Life Technologies, Carlsbad, CA,
USA) was added to the medium after 48h of
transfection, and the cells were cultured for two
weeks to permit selection.

Drug Treatments 
The HL-60, NF-κBp65 siRNA/HL-60, PUMA

siRNA/HL-60 and Slug siRNA/ HL-60 and its
control cells were treated with Cyt (250 nM) or
for 2, 4, 6, 8, 24, 36, 48 and 72 hs, or treated with
25 nM U0126 for 24 hs followed by Cyt (250
nM) treatment for 2, 4, 6, 8, 24, 36, 48 and 72 hs.

Western Blotting
Cells were serum starved for 12 to 16 hours

before the experiment. The whole-cell lysate (60
ug) or fractions thereof (prepared using the Bio-
vision cell fractionation kit (Milpitas, CA, USA)
according to the manufacturer’s protocol) were
fractionated by 4% to 15% gradient SDS-PAGE.
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Figure 1. The effect of Cyt treatment on NF-κBp65,
ERK1/2, PUMA and Slug expression in HL-60 cells.

Results

The Effect of Cyt Treatment on 
NF-κBp65, ERK1/2, PUMA and Slug 
Expression in HL-60 Cells
The HL-60 cells were treated with Cyt (250

nM) for 2, 4, 6, 8, 24, 36, 48 and 72 hs, NF-
κBp65, ERK1/2, PUMA and slug expression was
detected by western blot assay. The results
showed that NF-κBp65 and PUMA  expression
was increased in a time-dependent way, and
reached the highest value at 24 hs, then de-
creased gradually, and reached the lowest value
at 48 hs (Figure 1). However,p-ERK1/2 and Slug
began to increase at 24 hs after Cyt treatment,
and reached the highest value at 48 hs, then de-
creased gradually (Figure 1).

The Effect of Cyt Treatment on Apoptosis
and Proliferation in HL-60 cells
The HL-60 cells were treated with Cyt (250

nM) for 2, 4, 6, 8, 24, 36, 48 and 72 hs, the sur-
vival rate began to decline at 2 hs. At 24 hs, the
survival rate was (29.5 ± 4.6) % (F = 15.02, p <
0.01). After 24 hs, the survival rate was gradually
increased (Table I). TUNEL assay showed that
cell apoptotic rate was increased in a time-depen-
dant way, and reached the highest value at 24 hs
[14.2% 2.8%, F = 12.74, p < 0.01)], then de-
creased gradually (Table I).

PUMA is Required for Cyt -induced 
Apoptosis in HL-60 cells
Although Cyt (250 nM) treatment significantly

induced apoptosis and inhibited proliferation in
HL-60 cells (Table I), the cell apoptitic rate was sig-
nificantly decreased and the cell proliferation rate
was significantly increased after the HL-60 cells
was transfected into NF-κBp65 siRNA or PUMA

siRNA to block NF-κBp65 or PUMA expression
(Table II-III). There was no significant increase or
decrease of NF-κBp65 siRNA or PUMA siRNA
transfection on apoptosis and proliferation in HL-
60 cells (data not shown). Western blot assay
showed that PUMA expression was significantly
increased after NF-κBp65 was knockdown. No sig-
nificant activation or in activation of pErk1/2 and
Slug following NF-κBp65 silencing (Figure 2).

Cyt Upregulates pERK1/2-Slug Signal and
Inhibits PUMA Expression in HL-60 Cells
After the HL-60 cells were treated with Cyt

(250nM) for 24 hs, p-ERK1/2 and Slug began
to increase ,and reached the highest value at 48
hs, then reached the lowest value at 72 hs (Fig-
ure 3a). On the contrary, PUMA expression
was significantly increased at 24 hs, and unde-
tectable at 48 hs (Figure 3a). When the HL-60
cells were exposed to 25 nM U0126 for 24h to
inhibit the p-ERK1/2 activity, Slug was signifi-
cantly inhibited and PUMA was significantly
upregulated (Figure 3b).When Slug was
blocked via siRNA transfection, PUMA was al-
so upregulated (Figure 3b), however, no signifi-
cant activation or in activation of pErk1/2 fol-
lowing Slug silencing (data not shown). The re-
sults showed PUMA was negatively regulated
by pERK1/2-Slug signal.

Knockdown of pErk1/2-Slug Signal 
Promotes Cyt-Induced Apoptosis
Treatment with 25nM U0126 or transfection

with slug siRNA increased Cyt-induced apopto-
sis, and inhibited proliferation in HL-60 cells
(Table IV, p < 0.01, respectively). After PUMA
was inhibited by siRNA transfection, Cyt-in-
duced apoptosis in 25nM U0126 or Slug siRNA
transfected HL-60 cells was inhibited (Table IV).
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Figure 2. Western blot assay of different protein after NF-
κBp65 was knockdown by siRNA transfection in HL-60
cells. PUMA expression was significantly increased after NF-
κBp65 was knockdown. No significant activation or in activa-
tion of pErk1/2 and Slug following NF-κBp65 silencing.

Group 0 h 2h 4h 6h 8h 24h 36h 48h 72h

Survival rate (%) 100 95.2 ± 2.8 80 ± 5.3 71.4 ± 5.8 47 ± 3.6 29.5 ± 4.6a 41.5 ± 5.7 59.4 ± 7.5 63.4 ± 4.8
Apoptosis rate (%) 0.7 ± 0.1 2.1 ± 0.16 4.0 ± 0.8 7.6 ±1.2 10.3 ± 2.6 14.2 ± 2.8b 10.4 ± 2.3 7.3 ± 1.6 3.5 ± 0.48

Table I. The effect of Cyt treatment on apoptosis and proliferation in HL-60 cells (%, x ± s).

Ps: Vs 0 h, F = 12.74, ap < 0.01; Vs 0 h, F = 15.02, bp < 0.01.

Group 0 h 2h 4h 6h 8h 24h

Cyt 0.76 ± 0.12 2.1 ± 0.16 4.0 ± 0.8 7.6 ± 1.2 10.3 ± 2.6 14.2 ± 2.8
aNF-kBp65 siRNA/Cyt 0.74 ± 0.11 0.78 ± 0.12 0.80 ± 0.12 0.92 ± 0.16 1.80 ± 0.36 3.28 ± 0.78
bPUMA siRNA/Cyt 0.78 ± 0.12 0.80 ± 0.11 0.87 ± 0.13 1.03 ± 0.18 1.89 ± 0.47 3.46 ± 0.84

Table II. TUNEL assay Cyt-induced apoptosis in HL-60 cells (%, x ± s).

Ps: Vs Cyt, F = 10.83, ap < 0.01, Vs Cyt, F = 9.92, bp < 0.01.

Group 0 h 2h 4h 6h 8h 24h

Cyt 100 95.2 ± 2.8 80.2 ± 5.3 71.4 ± 5.8 47 ± 3.6 29.5 ± 4.6
aNF-kBp65siRNA/Cyt 100 93.6 ± 13.3 92.3 ± 12.8 91.6 ± 13.4 90.3 ± 11.2 85.7 ± 9.6
bPUMAsiRNA/Cyt 100 94.6 ± 13.2 93.6 ± 13.8 92.9 ± 12.4 92.3 ± 12 87.5 ± 11.5

Table III.MTT assay Cyt-induced proliferation in HL-60 cells (%, x ± s).

Ps: Vs Cyt, F = 12.3, ap < 0.01; PS: Vs Cyt, F = 13.7, bp < 0.01.

Discussion

Leukemia is the most common form of child-
hood cancer , and cancer is the leading cause of
death from disease of Chinese children. Hence,
improving leukemia therapy is of utmost impor-
tance in pediatric health. This is particularly rele-
vant to AML in which progress has lagged sig-
nificantly in comparison to childhood acute lym-
phoblastic leukemia. Owing to the resistance to
cytarabine-based chemotherapy in leukemia
cells, the majority of patients does not achieve
CR or show relapse after first CR, following the
standard therapy3,42-44. Therefore, new therapies
for children with AML must be developed.
In this study, we identified PUMA as a target

of NF-κB and a critical mediator of Cyt-induced
apoptosis in vitro in early time of Cyt treatment.
PUMA protein were consistently activated in
cells treated with Cyt at 24 hs. The induction of
PUMA by Cyt required the p65 subunit of NF-
κB. These results established the first case of di-
rect regulation of PUMA by NF-κB in the Cyt
response. Our study revealed a new PUMA in-
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duction mechanism, which may be important in
apoptosis triggered by Cyt. PUMA is required
for Cyt-induced apoptosis in HL-60 cells in early
time. PUMA is necessary for Cyt-induced apop-
tosis as it functions as a novel link between the
extrinsic and intrinsic apoptotic pathways.
Studies of Cyt-induced apoptosis often rely on

using transcription or translation inhibitors, which
nonspeci-fically inhibit gene expression and often
complicate data interpretation. We found that Cyt
simultaneously induced PUMA and pERK1/2-de-
pendent Slug upregulation in HL-60 cells. The
apoptotic effect of NF-κB-mediated PUMA induc-
tion could be unmasked by inhibition of pERK1/2-
Slug signal. Cyt-induced pERK1/2-Slug overex-
pression can neutralize the pro-apoptotic activity of
PUMA, which may allow preneoplastic cells to
evade the killing effects of Cyt. This is why HL-60
cells is resistant to Cyt in the latter time.

Conclusions

We demonstrated that PUMA is a direct target
of NF-κB and a critical mediator of Cyt-induced

Figure 3. The effect of Cyt treatment on ERK1/2, Slug and PUMA expression in HL-60 cells. A, HL-60 cells were treated with
Cyt (250 nM) for 24-72 hs, ERK1/2, Slug and PUMA were detected by western blot assay. B, HL-60 cells were treated with 25 nM
U0126 for 24 hs followed by Cyt (250 nM) treatment for 24- 72 hs, ERK1/2, Slug and PUMA were detected by western blot assay.

0 h 24 h 48 h 72 h

Apoptotic Survival Apoptotic Survival Apoptotic Survival Apoptotic Survival
Group rate (%) rate (%) rate (%) rate (%) rate (%) rate (%) rate (%) rate (%)

Cyt 0.76 ± 0.12 100 14.2 ± 2.8 42.5 ± 6.6 15.3 ± 2.76 53.3 ± 10.4 13.2 ± 1.9 60.2 ± 11.3
U0126 0.82 ± 0.13 100 0.88 ± 0.16 98.7 ± 3.8 0.93 ± 0.12 97.3 ± 4.2 0.98 ± 0.14 96.6 ± 5.2
Cyt + U0126 0.76 ± 0.12 100 24.6 ± 3.8 42.5 ± 7.3 28.6 ± 4.7a 19.8 ± 2.7b 25.4 ± 5.3 23.7 ± 1.8b

Slug siRNA 0.76 ± 0.12 100 0.81 ± 0.12 97.6 ± 3.5 0.93 ± 0.15 96.4 ± 4.2 1.02 ± 0.17 94.4 ± 3.9
Cyt + Slug siRNA 0.76 ± 0.12 100 25.4 ± 3.4 43.5 ± 3.3 27.6 ± 6.4c 17.4 ± 4.6d 24.3 ± 5.6 19.7 ± 2.1

Table IV. The effect of Cyt treatment on apoptosis and proliferation in HL-60 cells (%, x ± s).

Ps: Vs Cyt; F = 9.84; ap < 0.01; F = 11.4; bp < 0.01; F = p 10.31; cp < 0.01; F = 15.3, dp < 0.01.

apoptosis in vitro in early time. The chemosensi-
tiveness of HL-60 cells to Cyt were relation to
the up-regulation of PUMA induced by NF-κB.
The chemoresistance to Cyt was related to the
up-regulation of Slug induced by Erk1/2, which
inhibited the expression of PUMA.

–––––––––––––––––––––
Conflict of Interest
The Authors declare that there are no conflicts of interest.

References

1) MESHINCHI S, ARCECI RJ. Prognostic factors and risk-
based therapy in pediatr ic acute myeloid
leukemia. Oncologist 2007; 12: 341-355.

2) ROBAK T, WIERZBOWSKAI A. Current and emerging
therapies for acute myeloid leukemia. Clin Ther
2009; 31: 2349-2370.

3) SZER J. The prevalent predicament of relapsed
acute myeloid leukemia. Hematology Am Soc
Hematol Educ Program 2012; 2012: 43-48.

4) KASPERS GJ, ZWAAN CM. Pediatric acute myeloid
leukemia: towards highquality cure of all patients.
Haematologica 2007; 92: 1519-1532.



3808

5) ZWAAN CM, KASPERS GJ. Possibilities for tailored
and targeted therapy in paediatric acute myeloid
leukaemia. Br J Haematol 2004;127: 264-279.

6) GAUTREY HL, TYSON-CAPPER AJ. Regulation of Mcl-1
by SRSF1 and SRSF5 in cancer cells. PLoS One
2012; 7: 51497.

7) KANG MH, REYNOLDS CP. Bcl-2 inhibitors: targeting
mitochondrial apoptotic pathways in cancer thera-
py. Clin Cancer Res.2009; 15, 1126-1132.

8) MCCUBREY JA, STEELMAN LS, ABRAMS SL. Roles of the
RAF/MEK/ERK and PI3K/PTEN/AKT pathways in
malignant transformation and drug resistance.
Adv Enzyme Regul 2006; 46: 249-279. 

9) MCCUBREY JA, STEELMAN LS, CHAPPELL WH. Roles of
the Raf/MEK/ERK pathway in cell growth, malig-
nant transformation and drug resistance. Biochim
Biophys Acta 2007; 1773: 1263-1284. 

10) SRIDHAR SS, HEDLEY D, SIU LL. Raf kinase as a target
for anticancer therapeutics. Mol Cancer Ther
2005; 4: 677-685.

11) TANG Y, LIU F, ZHENG C, SUN S, JIANG Y. Knockdown
of clusterin sensitizes pancreatic cancer cells to
gemcitabine chemotherapy by ERK1/2 inactiva-
tion. J Exp Clin Cancer Res 2012; 31: 73. 

12) SI H, PENG C, LI J, WANG X, ZHAI L, LI X, LI J. RNAi-
mediated knockdown of ERK1/2 inhibits cell pro-
liferation and invasion and increases chemosensi-
tivity to cisplatin in human osteosarcoma U2-OS
cells in vitro. Int J Oncol 2012; 40: 1291-1297. 

13) LUNGHI P, TABILIO A, DALL'AGLIO PP, RIDOLO E, CAR-
LO-STELLA C, PELICCI PG, BONATI A. Downmodula-
tion of ERK activity inhibits the proliferation and
induces the apoptosis of primary acute myel-
ogenous leukemia blasts. Leukemia 2003; 17:
1783-1793.

14) WU J, WONG WW, KHOSRAVI F, MINDEN MD, PENN
LZ. Blocking the Raf/MEK/ERK pathway sensi-
tizes acute myelogenous leukemia cells to lovas-
tatin-induced apoptosis.Cancer Res 2004; 64:
6461-6468.

15) NISHIOKA C, IKEZOE T, YANG J, YOKOYAMA A. Inhibition
of MEK signaling enhances the ability of cytara-
bine to induce growth arrest and apoptosis of
acute myelogenous leukemia cells. Apoptosis
2009; 14: 1108-1120.

16) HAY E. The mesenchymal cell, its role in the em-
bryo, and the remarkable signaling mechanisms
that create it. Dev Dyn 2005; 233: 706-720. 

17) KALLURI R, WEINBERG R. The basics of Epithelial-
Mesechymal transition. J Clin Invest 2009; 119:
1420-1428. 

18) MICALIZZI D, FARABOUGH FM, FORD H. Epithelial-
Mesenchymal transition in cancer: parallels be-
tween normal development and tumour progres-
sion. J Mam mary Gland Biol Neoplasia 2010; 15:
117-134.

19) WANG P, CHEN J, MU LH, DU QH, NIU XH, ZHANG
MY. Propofol inhibits invasion and enhances pacli-
taxel- induced apoptosis in ovarian cancer cells
through the suppression of the transcription factor
slug. Eur Rev Med Pharmacol Sci 2013; 17: 1722-
1729.

20) YUE B, REN QX, SU T, WANG LN, ZHANG silencing
inhibits invasion of human osteosarcoma cell via
modulating the Slug/MMP-9 pathway.Eur Rev
Med Pharmacol Sci 2014; 18: 2640-2467.

21) MANCINI M, PETTA S, IACOBUCCI I, SALVESTRINI V, BARBI-
ERI E, SANTUCCI MA. Zinc-finger transcription factor
slug contributes to the survival advantage of
chronic myeloid leukemia cells. Cell Signal 2010;
22: 1247-1258. 

22) CHEN H, ZHU G, LI Y, PADIA RN, DONG Z, PAN ZK, LIU
K, HUANG S. Extracellular signal-regulated kinase
signaling pathway regulates breast cancer cell mi-
gration by maintaining slug expression. Cancer
Res 2009; 69: 9228-9235.

23) CHOU TY, CHEN WC, LEE AC, HUNG SM, SHIH NY,
CHEN MY. Clusterin silencing in human lung ade-
nocarcinoma cells induces a mesenchymal-to-
epithelial transition through modulating the
ERK/Slug pathway. Cell Signal 2009; 21: 704-
711.

24) ZHAO L, CHEN W, TAYLOR KM, CAI B, LI X. LIV-1 sup-
pression inhibits HeLa cell invasion by targeting
ERK1/2-Snail/Slug pathway.Biochem Biophys
Res Commun 2007; 363: 82-88.

25) LIU LC, TSAO TC, HSU SR, WANG HC, TSAI TC, KAO JY,
WAY TD. EGCG inhibits transforming growth fac-
tor-β-mediated epithelial-to-mesenchymal transi-
tion via the inhibition of Smad2 and Erk1/2 signal-
ing pathways in nonsmall cell lung cancer cells. J
Agric Food Chem 2012; 60: 9863-9873. 

26) YU J, ZHANG L, HWANG PM, KINZLER KW, VOGELSTEIN
B. PUMA induces the rapid apoptosis of colorec-
tal cancer cells. Mol Cell 2001; 7: 673-682.

27) NAKANO K, VOUSDEN KH. PUMA, a novel proapop-
totic gene, is induced by p53. Mol Cell 2001; 7:
683-694.

28) LI D, LI J, AN Y, YANG Y, ZHANG SQ. Doxorubicin-in-
duced apoptosis in H9c2 cardiomyocytes by NF-
κB dependent PUMA upregulation. Eur Rev Med
Pharmacol Sci 2013; 17: 2323-2329.

29) WU WS, HEINRICHS S, XU D, GARRISON SP, ZAMBETTI

GP, ADAMS JM, LOOK AT. Slug antagonizes p53-me-
diated apoptosis of hematopoietic progenitors by
repressing puma. Cell 2005; 123: 641-653.

30) KIM S, YAO J, SUYAMA K, QIAN X, QIAN BZ, BANDY-
OPADHYAY S, LOUDIG O, DE LEON-RODRIGUEZ C, ZHOU
ZN, SEGALL J, MACIAN F, NORTON L, HAZAN RB. Slug
promotes survival during metastasis through sup-
pression of Puma-mediated apoptosis. Cancer
Res 2014; 74: 3695-3706.

31) ZHANG K, CHEN D, WANG X, ZHANG S, WANG J, GAO

Y, YAN B. RNA interference targeting slug increas-
es cholangiocarcinoma cell sensitivity to cisplatin
via upregulating PUMA. Int J Mol Sci 2011; 12:
385-400. 

32) ZHANG K, ZHANG B, LU Y, SUN C, ZHAO W, JIAO X, HU

J, MU P, LU H, ZHOU C. Slug inhibition upregulates
radiation-induced PUMA activity leading to apop-
tosis in cholangiocarcinomas. Med Oncol 2011;
28 Suppl 1: S301-309.

33) CHA HS, BAE EK, AHN JK, LEE J, AHN KS, KOH EM.
Slug suppression induces apoptosis via Puma

G.-J. Liu, G.-J. Pan, J. Wang, L.-N. Wang, Y. Xu, Y. Tang



Knockdown of ERK/Slug signals sensitizes HL-60 Leukemia cells to Cytarabine via upregulation of PUMA 

3809

39) DUDGEON C, PENG R, WANG P, SEBASTIANI A, YU J,
ZHANG L. Inhibiting oncogenic signaling by so-
rafenib activates PUMA via GSK3β and NF-κB to
suppress tumor cell growth. Oncogene. 2012; 31:
4848-4858. 

40) WONG WW, TAN MM, XIA Z. Cerivastatin triggers
tumor-specific apoptosis with higher efficacy than
lovastatin. Clin Cancer Res 2001; 7: 2067-2075.

41) AKADA M, CRNOGOROAC-JURCEVIC T, LATTIMORE S. In-
trinsic chemoresistance to gemcitabine is associ-
ated with decreased expression of BNIP3 in pan-
creatic cancer. Clin Cancer Res 2005; 11: 3094-
3101.

42) SMITS EL, BERNEMAN ZN, VAN TENDELOO VF. Im-
munotherapy of acute myeloid leukemia: current
approaches. Oncologist 2009; 14: 240-252.

43) KASPERS GJ, ZWAAN CM. Pediatric acute myeloid
leukemia: towards highquality cure of all patients.
Haematologica 2007; 92: 1519-1532.

44) ZWAAN CM, KASPERS GJ. Possibilities for tailored
and targeted therapy in paediatric acute myeloid
leukaemia. Br J Haematol 2004; 127: 264-279.

transactivation in rheumatoid arthritis fibroblast-
like synoviocytes treated with hydrogen peroxide.
Exp Mol Med 2010; 42: 428-436.

34) NEUMANN M, NAUMANN M. Beyond IκBs: alternative
regulation of NF-κB activity. FASEB J 2007; 21:
2642-2654.

35) BEG AA, SHA WC, BRONSON RT, GHOSH S, BALTIMORE
D. Embryonic lethality and liver degeneration in
mice lacking the RelA component of NF-kappa B.
Nature 1995; 376: 167-170.

36) KARIN M, LIN A. NF-kappaB at the crossroads of
life and death. Nat Immunol 2002; 3: 221-227.

37) CUI DR, WANG L, JIANG W, QI AH, ZHOU QH, ZHANG
XL. Propofol prevents cerebral ischemia-triggered
autophagy activation and cell death in the rat hip-
pocampus through the NF-κB/p53 signaling path-
way. Neuroscience 2013; 246: 117-132.

38) WANG Y, YUE B, YU X, WANG Z, WANG M. SLUG is
activated by nuclear factor kappa B and confers
human alveolar epithelial A549 cells resistance to
tumor necrosis factor-alpha-induced apoptosis.
World J Surg Oncol 2013; 11: 12. 


