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stream kinase called MAPK/ERK kinase (MEK) in 
response to growth stimuli. The ERK pathway me-
diates a number of cellular fates including growth, 
proliferation, and survival2. ERK1/2, which is one 
of the members of the RAS/MEK/ERK pathway, is 
known to contribute to tumorigenesis in many can-
cers3-8, including leukemia cells 9-12.

The active phosphorylated form of ERK1/2 
(p-ERK) translocates to the nucleus and phosphor-
ylates transcription factors that control cell prolifer-
ation and differentiation13. Past studies have shown 
that constitutive activation of MEK/ERK path-
way is a common cause for the resistance of cells 
to death receptor-mediated or mitochondria-me-
diated apoptosis7. Recently, blocking MAPK via 
small-molecule MEK inhibitors has come to be the 
exciting approach in cancer therapeutics.

The importance of ERK1/2 in survival signaling 
in cancer will be determined by the remodelling of 
survival signaling in cancer cells. ERK1/2 signal-
ing can also promote cell survival by other mecha-
nisms. For example, ERK1/2 activation can inhibit 
apoptotic signaling by Fas, TNF, and TRAIL re-
ceptors14, suggesting that ERK1/2 inhibition might 
be effective in combination with recombinant li-
gands or agonistic mAbs for these receptors in tu-
mours with de-regulated ERK1/2 signaling14. 

In this study we examined the effect of CI-1040 
on apoptosis of AML U-937 cells and investigat-
ed its mechanisms. It was demonstrated that phar-
macologic MEK inhibitor CI-1040 promoted PU-
MA expression, playing a central role in apopto-
sis induced by CI-1040.

Materials and Methods

Cell Culturel
The U-937 leukemic cells were maintained in 

Roswell Park Memorial Institute (RPMI)-1640 
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Introduction 

The mitogen-activated protein kinases (MAPKs) 
are serine/threonine kinases involved in the regula-
tion of various cellular responses, such as cell pro-
liferation, differentiation, and apoptosis1. The extra-
cellular signal-regulated kinase (ERK) is a subfam-
ily member of MAPKs, which is activated by an up-
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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 strep-
tomycin) (Sigma-Aldrich), 2 mM of glutamine, 
and 1% sodium pyruvate at 37°C in 95% humid-
ified atmosphere containing 5% CO2. The cells 
were sub-cultured with an initial concentration of 
5×104 cells/ml and used in the logarithmic growth 
phase in whole.

Reagents
CI-1040 was purchased from Selleckchem (Hous-

ton, TX, USA). Mouse monoclonal antibodies 
against pERK1/2, wt-p53, PUMA and rabbit poly-
clonal antibodies against ERK1/2 were all from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Inhibitor Treatments
The MEK inhibitor CI-1040 was dissolved in di-

methyl sulfoxide (DMSO) as 10 mM stock solutions 
and used in cell culture at final concentration 50 mg/
ml. U-937 cells were treated with 0, 1, 5 and 20 mm, 
CI-1040 for 24 hrs. Cells were lysed and whole ex-
tracts were analyzed by Western blot.

siRNA Transfection
Small interfering RNA (siRNA) targeting the 

wt-p53 and PUMA were purchased from San-
ta Cruz Biotechnology (Shanghai, China). U-937 
cells were plated into 35-mm 6-well trays and al-
lowed to adhere for 24 hours. In all, 8 mL siPORT 
Amine transfection reagent (Ambion, Inc., Austin, 
TX, USA) per well were added to the serum-free 
medium for a final complexing volume of 200 mL, 
vortexed, and incubated at room temperature for 
15 minutes. The transfection reagent/siRNA com-
plexes were added to the wells containing 800 mL 
media with 10% fetal bovine serum and incubated 
in normal cell culture conditions for 6 hours, after 
which 1 mL Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% FBS was added.

Western Blotting
Cell lysates were prepared by homogenization 

in radioimmunoprecipitation assay buffer [50 
mmol/L Tris-HCl (pH8.0), 150 mmol/L NaCl, 
0.5% sodium deoxycholate, 1% NP40 and 0.1% 
SDS, supplemented with 1 mmol/L phenylmeth-
ylsulfonyl fluoride]. The homogenates were in-
cubated on ice for 30 min, and were then centri-
fuged at 15,000 x g for 15 min at 4oC, and the 
pellets were discarded. The protein concentration 
of the supernatants was measured using the deter-

gent-compatible protein assay kit (Bio-Rad, Her-
cules, CA, USA). Aliquots of lysates equivalent 
to 20 mg of protein were subjected to SDS-PAGE, 
followed by transfer to Hybond-P polyvinylidene 
difluoride membranes (Amersham Bioscienc-
es, Piscataway, NJ, USA). The membranes were 
blocked with 5% nonfat powdered milk before 
incubation with the primary antibody. Then, the 
blots were washed and incubated with the appro-
priate secondary antibody coupled to horserad-
ish peroxidase. The antigen-antibody complexes 
were detected using the enhanced chemilumi-
nescence plus reagent (Amersham Biosciences). 
The following primary antibodies were used: an-
ti-pERK1/2, p-ERK1/2, wt-p53, PUMA antibody 
and anti-actin antibody.

Quantification of Apoptosis by ELISA
The Cell Apoptosis ELISA Detection Kit 

(Roche, Beijing, China) was used to detect apop-
tosis in U-937 cells with different treatments ac-
cording to the manufacturer’s protocol. Briefly, 
U-937 cells were treated with 5 and 20 mM CI-1040 
for 24-72 hours. U-937 cells were pretreated for 
24 h with 5 and 20 mM CI-1040, then transfected 
with wt-p53 siRNA or PUMA siRNA for 48 hrs. 
After treatment, the cytoplasmic histone-DNA 
fragments from U-937 cells with different treat-
ments were extracted and bound to immobilized 
anti-histone antibody. Subsequently, the peroxi-
dase-conjugated anti-DNA antibody was used for 
the detection of immobilized histone-DNA frag-
ments. After addition of substrate for peroxidase, 
the spectrophotometric absorbance of the samples 
was determined using

ULTRA Multifunctional Microplate Reader 
(TECAN, Mannedorf, Switzerland) at 405 nm.

Cell Growth Inhibition by 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium 
Bromide Assay

U-937 cells were seeded at a density of 3 ×103 
cells per well in 96-well microtiter culture plates. 
After overnight incubation, the medium was re-
moved and replaced with fresh medium contain-
ing different concentrations of CI-1040 (5 and 20 
mM) for 24-72 hours of incubation. U-937 cells 
were pretreated for 24 hrs with 5 and 20 uM CI-
1040, then transfected with wt-p53 siRNA or PU-
MA siRNA for 48 hrs. Then 20 mL of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (5 mg/mL in PBS) were add-
ed to each well and incubated further for 2 hours. 
Upon termination, the supernatant was aspirated 
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and the MTT formazan formed by metabolical-
ly viable cells was dissolved in 100 mL of isopro-
panol. The plates were mixed for 30 minutes on a 
gyratory shaker, and absorbance was measured at 
595 nm using a plate reader.

Statistical Analysis
Statistics were conducted by SPSS 17.0 soft-

ware (SPSS Inc., Chicago, IL, USA). All data 
were expressed as mean±SD. One-way ANOVA 
was used for comparisons between groups; the 
t-test was used to compare the mean values of the 
samples from different groups. p<0.05 value was 
considered statistically significant.

Results

CI-1040 Inhibits ERK1/2 Phosphorylation 
of U-937 Cells 

To assess the effect of CI-1040 on ERK1/2 ac-
tivity in U-937 cells, we examined the phosphor-
ylation status of ERK1/2 or ERK1/2 substrates 
which are used to assess the activation status of 
ERK1/2. After 24 h of in vitro incubation of the 
U-937 cells with CI-1040 at concentrations of 0, 
1,5 and 20 mM, we observed a dose-dependent 
down regulation of pERK1/2 (Figure1A). When 
the U-937 cells were treated with 100 mM for 
6,12,18 and 24 h we observed a time-dependent 
down regulation of pERK1/2 (Figure1B).

CI-1040 I upregulates PUMA, but not 
wt-p53 in U-937 leukemic cells 

U-937 cells were treated with CI-1040 at con-
centrations of 0, 1,5 and 20 mM for 24 hrs. We 

observed a dose-dependent PUMA upregulation 
in the U-937 cells (Figure 2A). When the U-937 
cells were treated with 100 mM for 6, 12, 18 and 24 
hrs, we observed a time-dependent PUMA upreg-
ulation in the U-937 cells (Figure 2B). No matter 
U-937 cells were treated with CI-1040 at concen-
trations of 0, 1, 5 and 20 mM for 24 hrs or treat-
ed with100 mM for 6, 12, 18 and 24 h, wt-p53 was 
without affecting in the U-937 cells (Figure 2A-B).

CI-1040 Inhibits Proliferation in U-937 
Leukemic Cells

U-937 cells were treated with CI-1040 at con-
centrations of 5 and 20 mM for 24 hs-72 hs. After 
24 h incubation, we detected 7.6±4.5 and 16.3±6.4 
inhibition of U-937 cell proliferation at concentra-
tions of 5 and 20 mM. After 48 h incubation, we 
detected 27±8.3 and 43.5±11.4 inhibition at con-
centrations of 5 and 20 mM. After 72 h incubation, 
we detected 36.2±10.4 and 72.5±14.1 inhibition at 
concentrations of 5 and 20 mM (Figure 3).

CI-1040 Induces Apoptosis in U-937 
Leukemic Cells

U-937 cells were treated with CI-1040 at concen-
trations of 5 and 20 mM for 24 hs-72 hrs. Treatment 
of U-937 cells with 5 mM and 20 mM CI-1040 for 
24 h induced few apoptotic cells (Figure 4). Apop-
tosis appeared later with significant detection at 48 
h with 5 mM and 20 mM CI-1040. At this point, 5 
mM showed 15.4% apoptosis with respect to the total 
cell count, and 20 mM showed 37.5% apoptosis with 
respect to the total cell count (Figure 4). After 72 h 
incubation, 5 mM showed 28.6% of apoptotic cells, 
and 20 mM showed 61.7% of apoptotic cells respec-
tively (Figure 4).

Figure 1. CI-1040 treatment decreased phosphorylated 
ERK1/2 in U-937 cells. A, Cells were exposed to CI-1040 
(1-20 mM) for 24 h. After treatment, the cell extracts were 
subjected to Western blot analysis. B, Cells were exposed 
to CI-1040 (20 mM) for 6, 12, 18 and 24 h. After treatment, 
the cell extracts were subjected to Western blot analysis. 
Dose-dependent and time-dependent downmodulation 
of the phosphorylation status of ERK1/2 was showed in 
U-937 cells.
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CI-1040 Inhibits Proliferation and 
Induces Apoptosis by PUMA 
Upregulation in U-937 Leukemic Cells

Pretreatment with 20 mM CI-1040, followed 
by PUMA siRNA transfection effectively at-
tenuated the phosphorylation of ERK1/2 and 
PUMA expression in U-937 cells (Figure 5A). 
Knockdown of PUMA by PUMA siRNA trans-
fection inhibited CI-1040-induced proliferation 
inhibition (Figure 5B). Furthermore, CI-1040-in-
duced apoptosis was also decreased with PUMA 
siRNA transfection (Figure 5C). Knockdown of 
wt-p53 by wt-p53 siRNA did not affect CI-1040-
induced proliferation and apoptosis (data not 

shown). These results suggested that activation 
of ERK1/2 pathway may represent a major intra-
cellular mechanism involved in resistance to PU-
MA-induced apoptosis of U-937cells. ERK1/2 
signal inhibition could be free of PUMA, which 
induces cell apoptosis.

Discussion

AML is a complex disease with a diverse ge-
netic landscape. The field is rapidly expanding 
with increased understanding of the biology as 
well as potential gene targets. PRAME (Prefer-

Figure 2. CI-1040 treatment induced 
PUMA expression in U-937 cells. A, 
Cells were exposed to CI-1040 (1-20 μM) 
for 24 h. After treatment, the cell extracts 
were subjected to Western blot analysis. B, 
Cells were exposed to CI-1040 (20 mM) 
for 6, 12, 18 and 24 h. After treatment, the 
cell extracts were subjected to Western 
blot analysis. Dose-dependent and time-
dependent upregulation of PUMA was 
showed in U-937 cells. wt-p53 was without 
affecting in the U-937 cells by CI-1040 
treatment.

Figure 3. CI-1040 treatment induced apoptosis in U-937 cells. Cells were exposed to CI-1040 (1,5 20 mM) for 24 h or 
exposed to CI-1040 (20 mM) for 6, 12, 18 and 24 h. After treatment, the cell survival was detected by MTT assay. Vs. control, 
*p<0.05, #p<0.05, **p<0.01.
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entially Expressed Antigen in Melanoma) is a 
tumor-associated antigen recognized by immuno-
cytes, and it induces cytotoxic T cell-mediated re-
sponses in melanoma. In leukemia cells, PRAME 

could be a target for promoting in vitro leukemia 
cells death34, as well as sensitizing K562 cells to 
chemotherapy35. In addition, targeting livin gene 
was also an effective method to induce apopto-

Figure 4. CI-1040 treatment induced apoptosis in U-937 cells. Cells were exposed to CI-1040 (1, 5 20 μM) for 24 h or exposed 
to CI-1040 (20 μM) for 6, 12, 18 and 24 h. After treatment, the cell apoptosis was detected by ELISA assay. Vs. control, *p<0.05, 
#p<0.01, **p<0.001.

Figure 5. CI-1040 treatment induced apoptosis and inhibited proliferation by PUMA upregulation in U-937 leukemic 
cells. Cells were Pretreated with 20 mM CI-1040 for 24 hrs, followed by PUMA siRNA or control siRNA transfection for 48 hrs. 
After treatment, the cell extracts were subjected to Western blot analysis (A), the cell survival was detected by MTT assay and 
the cell apoptosis was detected by ELISA assay.
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sis and enhance the sensitivity of leukemia cells 
to VP-1636. Targeted therapy with small molecule 
inhibitors (SMIs) represents a new therapeutic in-
tervention that has been successful for the treat-
ment of multiple tumors, such as gastrointestinal 
stromal tumors, chronic myelogenous leukemia 
(CML)37. However, unlike in CML and APL, the 
identification of potential targets in AML has 
been limited by the heterogeneous clonal archi-
tecture of non-M3 AML and by the contribution 
of numerous driver mutations in its onset and pro-
gression.

In this study, we investigated the effect of 
MEK inhibitor CI-1040 on the viability and 
apoptosis of U-937 cells. CI-1040 induced 
apoptosis in U-937 cells. These results are in 
agreement with a previous report describing 
that introduction of MEK1/2/ERK1/2 activity 
increases the viability of AML cells38. It was 
also in agreement with a previous report de-
scribing that the primary effect of ERK down-
modulation was a cell cycle arrest followed 
by the apoptosis of a significant percentage 
of the leukemic blasts39. Time-course experi-
ments also shown that CI-1040 induces a low 
decrease of U-937 cell proliferation and low 
levels of apoptotic death during the first 24 h 
of in vitro incubation. After 48 and 72 h of 
incubation, a strong decrease of blast cell sur-
vival and increase of apoptosis is detectable.

Recently, it has found that inhibition of 
RAF/MEK/ERK signaling could only induce 
BH-3 only protein PUMA expression, but not 
other BH-3 only protein Bim, and induce in-
trinsic apoptosis in melanoma cells40. Rambal 
et al41 have found that PUMA upregulation by 
CI-1040 may not be essential for apoptosis in-
duced by CI-1040 in acute lymphoblastic leu-
kemia cells, however, Bim was essential for 
apoptosis induced by CI-1040. Pellicano et al42 
have reported that CI-1040 increased Annex-
in-V levels, caspase-3, -8 and -9 activation and 
potentiated mitochondrial damage, which is 
associated with decreased levels of anti-apop-
totic BCL-2 family protein MCL-1. It is clear 
that activation of PUMA proteins by apoptotic 
stimuli initiates mitochondria-dependent cell 
death pathway. It cause cytochrome c release 
by activating BAX and/or BAK, and the an-
ti-apoptotic BCL-2 family of proteins prevents 
this process.

In the present study, we found that MEK in-
hibitor CI-1040 inhibits ERK1/2 and induce PU-
MA upregulation in a time and dose-dependant 

way. Upregulation of PUMA is correlated with 
apoptosis induction and proliferation inhibition 
in U-937 cells. However, induction of PUMA by 
CI-1040 was blocked in U-937 cells by target-
ing PUMA. Furthermore, apoptosis induction 
and proliferation inhibition by CI-1040 was de-
creased with PUMA downregulation, suggest-
ing PUMA is necessary for CI-1040-induced 
apoptosis in U-937 cells. 

Chen et al43 have reported that regorafenib, 
a multikinase inhibitor targeting the Ras/Raf/
MEK/ERK pathway, induces PUMA in colorec-
tal cancer cells irrespective of p53 status through 
the NF-κB pathway following ERK inhibition 
and glycogen synthase kinase 3β activation. 
Jou et al44 have found that γ-bisabolene-induced 
apoptosis in oral squamous cell carcinoma cells 
by ERK1/2-p53-PUMA pathway. In the present 
study, we found that CI-1040 induced PUMA 
upregulation without affecting p53. Knockdown 
of p53 did not affect CI-1040-induced apoptosis, 
suggesting CI-1040-induced apoptosis was irre-
spective of p53 status.

Conclusions

Our studies showed the MEK inhibitor CI-
1040 inhibits ERK1/2 activity and promotes PU-
MA- mediated apoptosis. The PUMA-induced 
proapoptotic function was independent of wt-p53. 
The study encourages the use of MEK inhibitor 
in clinical trials for the treatment of leukemia, ei-
ther as single agents or in association with other 
compounds.

Conflicts of interest
The authors declare no conflicts of interest.

References

 1) Crose TG, sCheel-Toellner D, henriquez nV, DeaCon 
e, salmon m, lorD Jm. Serine/threonine protein 
kinases and apoptosis. Exp Cell Res 2010; 256: 
34-41.

 2) Cobb mh. MAP kinase pathways. Prog Biophys 
Mol Biol 1999; 71: 479-500.

 3) mayes Pa, DeGenharDT yy, WooD a, ToPoroVskya y, 
Diskin sJ, haGlunD e, moy C, WoosTer r, maris Jm. 
Mitogen-activated protein kinase (MEK/ERK) in-
hibition sensitizes cancer cells to centromere-as-
sociated protein E inhibition. Int J Cancer 2013; 
132: E149-157.



MEK inhibitor CI-1040 induces apoptosis in acute myeloid leukemia cells in vitro

1967

 4) lin z, zhanG C, zhanG m, Xu D, FanG y, zhou z, 
Chen X, qin n, zhanG X. Targeting cadherin-17 in-
activates Ras/Raf/MEK/ERK signaling and inhib-
its cell proliferation in gastric cancer. PLoS One 
2014; 9:e85296.

 5) imaDa k, shioTa m, kohashi k, kuroiWa k, sonG y, 
suGimoTo m, naiTo s, oDa y. Mutual regulation be-
tween Raf/MEK/ERK signaling and Y-box-binding 
protein-1 promotes prostate cancer progression. 
Clin Cancer Res 2013; 19: 4638-4650.

 6) WanG m, lu X, DonG X, hao F, liu z, ni G, Chen D. 
pERK1/2 silencing sensitizes pancreatic cancer 
BXPC-3 cell to gemcitabine-induced apoptosis 
via regulating Bax and Bcl-2 expression. World J 
Surg Oncol 2015; 13: 66.

 7) you b, yanG yl, Xu z, Dai y, liu s, mao Jh, TeTsu 
o, li h, Jablons Dm, you l. Inhibition of ERK1/2 
down-regulates the Hippo/YAP signaling pathway 
in human NSCLC cells. Oncotarget 2015; 6: 4357-
4368.

 8) Choi C, helFman Dm. The Ras-ERK pathway mod-
ulates cytoskeleton organization, cell motility and 
lung metastasis signature genes in MDA-MB-231 
LM2. Oncogene 2014; 33: 3668-3676.

 9) nishioka C, ikezoe T, yanG J, yokoyama a. Inhibition 
of MEK/ERK signaling induces apoptosis of acute 
myelogenous leukemia cells via inhibition of eu-
karyotic initiation factor 4E-binding protein 1 and 
down-regulation of Mcl-1. Apoptosis 2010; 15: 
795-804.

10) niu CC, zhao C, yanG z, zhanG Xl, Pan J, zhao C, 
si Wk. Inhibiting CCN1 blocks AML cell growth by 
disrupting the MEK/ERK pathway. Cancer Cell Int 
2014; 14: 74.

11) WanG X, zhanG X, li bs, zhai X, yanG z, DinG lX, 
WanG h, lianG C, zhu W, DinG J, menG lh. Simulta-
neous targeting of PI3Kδ and a PI3Kδ-dependent 
MEK1/2-Erk1/2 pathway for therapy in pediatric 
B-cell acute lymphoblastic leukemia. Oncotarget 
2014; 5: 10732-10744.

12) su X, WanG P, WanG X, Guo l, li s, liu q. Involve-
ment of MAPK activation and ROS generation in 
human leukemia U937 cells undergoing apopto-
sis in response to sonodynamic therapy. Int J Ra-
diat Biol 2013; 89: 915-927.

13) roskoski r Jr. ERK1/2 MAP kinases: structure, 
function, and regulation. Pharmacol Res 2012; 66: 
105-143.

14) Tran se, holmsTrom Th, ahonen m, kahari Vm, 
eriksson Je. MAPK/ERK overrides the apoptotic 
signaling from Fas, TNF, and TRAIL receptors. J 
Biol Chem 2001; 276: 16484-16490.

15) yu J, zhanG l. No PUMA, no death: implications 
for p53-dependent apoptosis. Cancer Cell 2003; 
4: 248-249.

16) yu J, zhanG l, hWanG Pm, kinzler kW, VoGelsTein b. 
PUMA induces the rapid apoptosis of colorectal 
cancer cells. Mol Cell 2001; 7: 673-682.

17) nakano k, VousDen kh. PUMA, anovel proapop-
totic gene, is induced by p53. Mol Cell 2001; 7: 
683-694.

18) yu J, WanG z, kinzler kW, VoGelsTein b, zhanG l. 
PUMA mediates the apoptotic response to p53 in 
colorectal cancer cells. Proc Natl Acad Sci U S A 
2003; 100: 1931-1936.

19) VillunGera, miChalak em, CoulTas l. p 53- and 
drug-induced apoptotic responses mediated 
by BH3-only proteins Puma and Noxa. Science 
2003; 302: 1036-1038.

20) JeFFers Jr, ParGanas e, lee y. Puma is an essen-
tial mediator of p53-dependent and -independent 
apoptotic pathways. Cancer Cell 2003; 4: 321-
328.

21) zhu hJ, liu l, Fan l, zhanG ln, FanG C, zou zJ, li 
Jy, Xu W. The BH3-only protein Puma plays an es-
sential role in p53-mediated apoptosis of chron-
ic lymphocytic leukemia cells. Leuk Lymphoma 
2013; 54: 2712-2719.

22) WanG y, zhanG J, WanG q, zhanG T, yanG y, yi y, 
Gao G, DonG h, zhu h, li y, lin h, TanG h, Chen X. 
Bryostatin 5 induces apoptosis in acute monocytic 
leukemia cells by activating PUMA and caspases. 
Eur J Pharmacol 2013; 718: 340-349.

23) Chen D, Wei l, yu J, zhanG l. Regorafenib inhibits 
colorectal tumor growth through PUMA-mediated 
apoptosis. Clin Cancer Res 2014; 20: 3472-3484.

24) shinDerman-maman e, Cohen k, WeinGarTen C, 
nabriski D, TWiTo o, baraF l, herCberGs a, DaVis PJ, 
Werner h, ellis m, ashur-Fabian o. The thyroid hor-
mone-αvβ3 integrin axis in ovarian cancer: regu-
lation of gene transcription and MAPK-dependent 
proliferation. Oncogene 2015; 13: 562-571.

25) liu GJ, Pan GJ, WanG J, WanG ln, Xu y, TanG y. 
Knockdown of ERK/Slug signals sensitizes HL-
60 Leukemia cells to cytarabine via upregulation 
of PUMA. Eur Rev Med Pharmacol Sci 2014; 18: 
3802-3809.

26) balliF ba, blenis J. Molecular mechanisms mediat-
ing mammalian mitogen-activated protein kinase 
(MAPK) kinase (MEK)-MAPK cell survival sig-
nals. Cell Growth Diff 2001; 12: 397-408.

27) kamakura s, moriGuChi T, nishiDa e. Activation of the 
protein kinase ERK5/BMK1 by receptor tyrosine 
kinases. Identification and characterization of a 
signaling pathway to the nucleus. J Biol Chem 
1999; 274: 26563-26571.

28) allen lF, sebolT-leoPolD J, meyer mb. CI-1040 
(PD184352), a targeted signal transduction inhibi-
tor of MEK (MAPKK). Semin Oncol 2003; 30: 105-
116.

29) lorusso Pm, aDJei aa, VarTerasian m, GaDGeel s, re-
iD J, miTChell Dy, hanson l, DeluCa P, bruzek l, Piens 
J, asbury P, Van beCelaere k, herrera r, sebolT-leoP-
olD J, meyer mb. Phase I and pharmacodynamic 
study of the oral MEK inhibitor CI-1040 in patients 
with advanced malignancies. J Clin Oncol 2005; 
23: 5281-5293.

30) WanG s, JianG J, Guan q, WanG h, nGuan Cy, Je-
Vnikar am, Du C. Reduction of chronic allograft 
nephropathy by inhibition of extracellular sig-
nal-regulated kinase 1 and 2 signaling. Am J 
Physiol Renal Physiol 2008; 295: F672-679.



C.-R. Wei, X.-F. Ge, Y. Wang, X.-R. Li

1968

31) DinG G, FenG C, JianG h, DinG q, zhanG l, na r, 
Xu h, liu J. Combination of rapamycin, CI-1040, 
and 17-AAG inhibits metastatic capacity of pros-
tate cancer via Slug inhibition. PLoS One 2013; 8: 
e77400.

32) menG XW, ChanDra J, loeGerinG D, Van beCelaere 
k, koTTke TJ, Gore sD, karP Je, sebolT-leoPolD J, 
kauFmann sh. Central role of Fas-associated 
death domain protein in apoptosis induction by 
the mitogen-activated protein kinase kinase inhib-
itor CI-1040 in acute lymphocytic leukemia cells in 
vitro. J Biol Chem 2003; 278: 47326-47339. 

33) lunGhi P, CosTanzo a, salVaTore l, noGuera n, 
mazzera l, Tabilio a, lo-CoCo F, leVrero m, bonaTi 
a. MEK1 inhibition sensitizes primary acute my-
elogenous leukemia to arsenic trioxide-induced 
apoptosis. Blood 2006; 107: 4549-4553. 

34) Xu y, ronG l-J, menG s-l, hou F-l, zhanG J-h, Pan 
G. PRAME promotes in vitro leukemia cells death 
by regulating S100A4/p53 signaling. Eur Rev Med 
Pharmacol Sci 2016; 20: 1057-1063.

35) yan h, zhao r-m, WanG z-J, zhao F-r, WanG s-l. 
Knockdown of PRAME enhances adriamycin-
induced apoptosis in chronic myeloid leukemia 
cells. Eur Rev Med Pharmacol Sci 2015; 19: 4827-
4834.

36) lV J, qin z-P, zhenG m-F, Chen z-C, WanG z. In vitro 
application of RNA interference to silence livin 
gene expression to induce apoptosis in leukemia 
cells. Eur Rev Med Pharmacol Sci 2015; 19: 4390-
4396.

37) al-hussaini m, DiPersio JF. Small molecule inhibitors 
in acute myeloid leukemia: from the bench to 
theclinic. Expert Rev Hematol. 2014; 7: 439-464.

38) 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.

39) lunGhi P, Tabilio a, Dall’aGlio PP, riDolo e, Car-
lo-sTella C, PeliCCi PG, bonaTi a. Downmodulation 
of ERK activity inhibits the proliferation and induc-
es the apoptosis of primary acute myelogenous 
leukemia blasts. Leukemia 2003; 17: 1783-1793.

40) hayDn Jm, huFnaGel a, Grimm J, maurus k, sCharTl 
m, meierJohann s. The MAPK pathway as an apop-
tosis enhancer in melanoma. Oncotarget 2014; 5: 
5040-5053.

41) rambal aa, PanaGuiTon zl, kramer l, GranT s, haraDa 
h. MEK inhibitors potentiate dexamethasone 
lethality in acute lymphoblastic leukemia cells 
through the pro-apoptotic molecule BIM. Leukemia 
2009; 23: 1744-1754.

42) PelliCano F, simara P, sinClair a, helGason GV, 
CoPlanD m, GranT s, holyoake Tl. The MEK inhibitor 
PD184352 enhances BMS-214662-induced 
apoptosis in CD34+ CML stem/progenitor cells. 
Leukemia 2011: 25: 1159-1167. 

43) Chen D, Wei l, yu J, zhanG l. Regorafenib inhibits 
colorectal tumor growth through PUMA-mediated 
apoptosis. Clin Cancer Res 2014; 20: 3472-3484.

44) Jou yJ, Chen CJ, liu yC, Way TD, lai Ch, hua Ch, 
WanG Cy, huanG sh, kao Jy, lin CW. Quantitative 
phosphoproteomic analysis reveals γ-bisabolene 
inducing p53-mediated apoptosis of human oral 
squamous cell carcinoma via HDAC2 inhibition 
and ERK1/2 activation. Proteomics 2015; 15: 
3296-3309.


