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Sorafenib downregulates ERK/Akt and STAT3 survival
pathways and induces apoptosis in a human
neuroblastoma cell line
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Abstract: Neuroblastoma is a common solid tumor in children and its tumorigenicity is enhanced by the expression of
survival pathways such as Akt and signal transducer and activator of transcription 3 (STAT3). Sorafenib is a multi-
kinase inhibitor that also inhibits STAT3 signaling and induces apoptosis. In this study, we will examine the efficacy
of sorafenib on a human neuroblastoma cell line (SK-N-AS) and also investigate its possible mechanisms. After cells
reached 50-60% confluence, they were treated with various concentrations of sorafenib (0, 0.1, 1, 5, 10 and 20 yM)
for different periods of time. The cell viability and apoptosis were determined by MTS colorimetric assay and TUNEL,
respectively. Phosphorylation of Akt1/2/3 (p-Akt1/2/3), extracellular signal-regulated kinase 1/2 (p-ERK1/2), STAT3
(p-STAT3), and AMP-activated protein kinase alpha subunit (p-AMPKa) were determined with Western blot. The re-
sults indicate that as early as 2 hours post-treatment, cell viability was significantly decreased at 10 uM concentra-
tion. In 24 hours or longer treatment groups, sorafenib at 5 yM and above significantly decreased cell viability. TUNEL
assay showed a significant increased of apoptosis in 5 and 20 uM treatment groups 24 hours after treatment. West-
ern blots showed a decrease of p-ERK1/2, p-Akt1/2/3, p-STAT3, and p-AMPKa expression levels in various sorafenib
treatment groups. Our results indicate that sorafenib significantly decreased cell viability and increased apoptosis in
human neuroblastoma cell line in association with down-regulation of p-ERK1/2, p-Akt, p-STAT3 survival pathways.
These data suggested potential clinical application of sorafenib in the treatment of neuroblastoma.
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Introduction neuroblastoma cell lines and may related to the
cancer development as well as the prognosis [5-
Neuroblastoma ranks second among extracra- 7].

nial solid cancers in childhood and affects chil-

dren at very young age. It is reported with about
650 new cases each year in the Unites States
[1], accounting for about 15% of cancer mortal-
ity in children [2]. The five-year relative survival
rate has increased from 54% for patient diag-
nosed in 1975-1984 to 68.5% for those diag-
nosed in 1996-2006 [3, 4]. However, the clini-
cal course is variable and depends on substan-
tial variation in age of onset/diagnosis, extend
of disease, histology, and most importantly, spe-
cific genetic abnormalities [1, 4]. In particular,
various levels of the phosphorylation of AMP-
activated protein kinase (AMPK) and Akt
(protein kinases B) have been reported in

Sorafenib is the first oral multikinase inhibitor
that targets cancer-specific pathways and af-
fects tumor signaling and the tumor vasculature
[8]. It has been approved by the U.S. Food and
Drug Administration for the treatment of primary
kidney cancer (advanced renal cell carcinoma,
2005) and advanced primary liver cancer
(hepatocellular carcinoma, 2007). Recent stud-
ies have showed its effects on those non-
receptor tyrosine kinases that relay signals
through the mitogen-activated protein kinase
(MAPK) intracellular signal transduction path-
way, which is comprised of Raf, extracellular
signal-regulated kinase (ERK) as well as others



Sorafenib induces neuroblastoma cell death

[8-11]. Due to its highly evolutionary conserved
nature, MAPK signaling pathway has been
linked with the regulation of cell survival, differ-
entiation, proliferation and other critical func-
tions, through relaying extracellular growth-
factor signals to multiple downstream nuclear
effectors.

In this study, we investigated the anti-
proliferative potential of sorafenib on the SK-N-
AS neuroblastoma cell line. The effects of soraf-
enib on phosphorylation of various growth and
apoptosis-related proteins were also studied.
We discuss our findings as a rationale for the
potential application of sorafenib in the treat-
ment of neuroblastoma.

Materials and methods
Chemicals and reagents

Sorafenib was purchased from LC laboratories
(Woburn, MA). CellTiter Aqueous One Solution
Cell Proliferation Assay kit and DeadEnd Fluoro-
metric TUNEL System were purchased from
Promega (Madison, WI). Antibodies against
phospho-STAT3 (Ser 727, p-STAT3), phospho-
AMP-activated kinase alpha (p-AMPKa) and Ra-
diolmmuno Precipitation Assay (RIPA) buffer
were purchased from Cell Signaling (Danvers,
MA). Antibodies against phospho-Aktl/2/3
(Thr308, p-Akt) and secondary antibodies were
purchased from Santa Cruz (Santa Cruz, CA).
Antibodies against phospho-ERK1/2 (p-ERK),
beta-actin (B-actin) and other chemicals and
culture supplies were purchased from Sigma
(St. Louis, MO) unless specified.

Cell culture

Human neuroblastoma cell line SK-N-AS was
purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA). Cells were cultured
in Dulbecco's modified eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) at 37
°C in a humidified incubator containing 5% COo.
They were maintained as a monolayer and sub-
cultured when reached 80-90% confluence. For
viability assay, cells were grown in 96-well
plates (5,000 cells per well). For TUNEL assays,
cells were grown in 4-well chamber slides. For
Western blot assay, cells were grown in 10 cm
culture plates. Experiments were done in dupli-
cate, with 3 to 5 plates used for each condition.
Sorafenib was dissolved in 100% dimethyl sul-
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foxide (DMSO) and further diluted in DMEM to
the desired concentration with final DMSO con-
centrations ranging between 0.001- 0.2% (v/v).
Our preliminary study showed that DMSO at
concentrations less than 0.5% has no effect on
cell viability and survival after 72 hours (data
not shown). Throughout this project, DMEM with
0.2% (v/v) DMSO was used as solvent controls
(control).

Cell viability

Cells were plated at 5,000 per well in 96-well
plates and incubate in DMEM with 10% FBS.
When they reached 50-60% confluence, DMEM
with various concentrations of sorafenib (0, 0.1,
1, 5, 10 and 20 uM) was added. Plates were
incubated for various periods of time (2, 6, 24,
48 and 72 hours). Cell viability was assessed by
CellTiter AQueous One Solution Cell Proliferation
Assay kit according to the manufacturer’s in-
structions. In brief, 20 ul of MTS reagent was
added into each well of the 96-well assay plate
containing the samples in 100yl of culture me-
dium. Plates were incubated at 37 °C in a hu-
midified, 5% CO2 atmosphere for another 1-2
hours. Absorbance at 490 nm was read by
means of an ELISA plate reader. Each experi-
ment was repeated at least three times. Final
data were normalized and presented as per-
centage of controls.

TUNEL assay

Cells were plated on 4-well chamber slides
(Sigma, St. Louis, MO). After reaching 50-60%
confluence, cells were exposed to sorafenib (O,
1, 10, 20 uM) for 24 hours. Apoptosis was
quantitated by a fluorometric TUNEL system
(Promega) according to the manufacturer’s in-
structions. Slides were fixed by 4% formalde-
hyde in ice-cold phosphate buffered saline
(PBS) and permeabilized with 0.2% Triton X-100
solution. After equilibration, slides were im-
mersed in incubation buffer at 37 °C for 60 min-
utes inside the humidified chamber to allow the
tailing reaction to occur. Reaction was stopped
by 2X saline sodium citrate (SSC) and slides
were mounted in VECTASHIELD with DAPI
(Vector Lab) for nuclei counterstaining. Slides
were analyzed with a Nikon microscope and
images were obtained with a CCD camera (Orca
I, Hamamatsu) and processed using the pro-
gram Meta View (Universal Images). Ten (10)
high-power fields from each slide were randomly
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selected and numbers of TUNEL-positive cells
were counted. Each experiment was repeated at
least two times.

Western blot analysis

After treatment, total protein was isolated from
cells using RIPA buffer following manufacturer’s
instruction. Protein concentration was deter-
mined using the Bradford protein assay with
bovine serum albumin as standard. The same
amount of proteins (24 ug) was resolved elec-
trophoretically by one-dimensional SDS-PAGE
(10% polyacrylamide) for approximately 1 hour
at 120 V. Subsequently, the gel was equili-
brated in transfer buffer (48 mM Tris, 39 mM
glycine, 0.03% SDS, and 20% methanol) and
the proteins were electrophoretically transferred
at 30 V overnight to the Polyvinylidene Fluoride
(PVDF) filter. Filter was blocked using 3% bovine
serum albumin in Tris buffer saline (TBS) with
0.1% Tween 20 (TBS-T) for 1 hour at room tem-
perature. Phosphorylation of ERK1/2,
Akt1/2/3, AMPKa, and STAT3 was detected
using antibodies listed above. B-actin was used
as loading control. Primary antibodies were de-
tected with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Blots were
developed using SuperSignal West Pico
Chemiluminescent Substrate (Thermo, Rock-
ford, IL) and analyzed with NIH ImageJ software.

Statistical analysis

Data from the cell viability assay, TUNEL assay,
Western blot assay between the treated and
control groups were compared using the paired
Student’s t test (two-tails) using statistic soft-
ware MiniTab (State College, PA). Significance
was considered if p<0.05.

Results

Sorafenib induces decreases of neuroblastoma
cell viability through increasing apoptosis

Neuroblastoma cell line SK-N-AS was cultured
with various concentrations of sorafenib for dif-
ferent periods of time. Numbers of viable cells
were assessed by CellTiter AQueous One Solu-
tion Cell Proliferation Assay kit. We observed a
significant decrease in viable cell treated with 5,
10 or 20 uM of sorafenib for 24 or 48 hours
(Figure 1A, p<0.01), as compared with control
groups. The time course study showed that a
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Figure 1. Effects of sorafenib on cell viability in SK-N-
AS. SK-N-AS cells were cultured with different con-
centrations of sorafenib for different periods of time.
Cell viability was assessed by CellTiter AQueous One
Solution Cell Proliferation Assay kit according to the
manufacturer’s instructions. A, Sorafenib (5, 10 or
20 uM) significantly decreased cell viability after 24
or 48 hours treatment, as compared with controls
(**P<0.01). B, When cultured with 5 or 10 yM of
sorafenib for 6, 24, 48 or 72 hours, cells viability
decreased significantly as compared with controls
(*P<0.05, **P<0.01).

single dose of sorafenib caused decrease in
number of viable cells started as early as 2 hrs
(10 uM concentration) or 6 hrs (5 uM concen-
tration) after treatment and lasted for at least
72 hours (Figure 1B, p<0.01), as compared with
control groups.

There are two types of programmed cell death,
apoptosis and autophagy [12]. In this study, we
focused on the role of apoptosis in sorafenib-
induced SK-N-AS cell death. TUNEL assay
showed a significant increase of apoptosis
(159% and 282%, respectively) in cell treated
with 10 or 20 uM of sorafenib for 24 hrs (Figure
2A, 2B, p<0.01), as compared with control
groups.

Sorafenib induces decreases of Akt1/2/3
phosphorylation

The Akt signaling pathway is one of the most
critical pathways in regulating cell survival [13].
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Figure 2. Effects of sorafenib on apoptosis in SK-N-
AS. SK-N-AS cells were cultured with various concen-
trations of sorafenib for 24 hours. Apoptosis was
studied using TUNEL assay. A, Representative images
of TUNEL staining (100X). Scare bar = 50 uM. B, Av-
erage of numbers of TUNEL positive cells per each
high power field (100X). Significantly increased num-
bers of TUNEL positive cells were seen in 10 or 20
UM treatment groups (**P<0.01).

Phosphorylation of Akt provides cells with a sur-
vival signal that allows them to withstand apop-
totic stimuli [14]. Our data showed that soraf-
enib significantly decreased phosphorylation of
Akt1/2/3 by 45% and 63% at 10 or 20 uM con-
centrations, respectively, after 24 hour treat-
ment (Figure 3A, p<0.01), as compared with
controls. Time course study showed that this
inhibitory effect started as 6 hours post treat-
ment (10 uM, Figure 3B, p<0.05).

Sorafenib induces decreases of ERK1/2
phosphorylation

The ERK1/2 signaling pathway regulates cell

proliferation and cell differentiation [10]. Inhibi-
tion of ERK1/2 pathway could lead to the induc-
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Figure 3. Effects of sorafenib on Aktl/2/3 phos-
phorylation in SK-N-AS. A, Representative bands of p-
Akt1/2/3 and B-actin Western blot staining. Quanti-
tative band density ratios showed that 24 hours
treatment of sorafenib at 10 or 20 uM significantly
reduced the phosphorylated Akt1/2/3 protein levels,
as compared with controls (**P<0.01). B, Represen-
tative bands of p-Akt1/2/3 and B-actin Western blot
staining. Quantitative band density ratios showed
that 6 or 24 hours treatment of sorafenib at 10 yM
significantly reduced the phosphorylated Akt1/2/3
protein levels, as compared with controls (*P<0.05).

tion of apoptosis [15]. Again, our data showed
that sorafenib significantly decreased phos-
phorylation of ERK1/2 by 45% and 72% at 10
or 20 uM concentrations, respectively, after 24
hours treatment (Figure 4A, p<0.05), as com-
pared with controls. Time course study showed
similar inhibitory effect 24 hours post treatment
(10 uM, Figure 4B, p<0.05).

Sorafenib induces decreases of STAT3
phosphorylation

STAT3 has been shown to have anti-apoptotic
as well as proliferative effects [16]. Yang, et al.

Int J Clin Exp Pathol 2010;3(4):408-415
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Figure 4. Effects of sorafenib on ERK1/2 phosphory-
lation in SK-N-AS. A, Representative bands of p-
ERK1/2 and B-actin Western blot staining. Quantita-
tive band density ratios showed that 24 hours treat-
ment of sorafenib at 10 or 20 uM significantly re-
duced the phosphorylated ERK1/2 protein levels, as
compared with controls (*P<0.05). B, Representative
bands of p-ERK1/2 and B-actin Western blot staining.
Quantitative band density ratios showed that 24
hours treatment of sorafenib at 10 uM significantly
reduced the phosphorylated Akt1/2/3 protein levels,
as compared with controls (*P<0.05).

reported that sorafenib inhibits STAT3 with
growth arrest and apoptosis of medulloblas-
toma [17]. Our data showed that in neuroblas-
toma cell line, sorafenib also significantly de-
creased the p-STAT3 level by 39% and 54% in
10 or 20 uM treatment groups, respectively, as
compared with controls (Figure 5A, p<0.05).
Time course study showed significant inhibitory
effect 2 or 24 hours post treatment (10 uM,
Figure 5B, p<0.05), while not at 6 hours
(p=0.43, as compared with controls).

Sorafenib induces decreases of AMP-activated
protein kinase phosphorylation
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Figure 5. Effects of sorafenib on STAT3 phosphoryla-
tion in SK-N-AS. A, Representative bands of p-STAT3
and B-actin Western blot staining. Quantitative band
density ratios showed that 24 hours treatment of
sorafenib at 10 or 20 uM significantly reduced the
phosphorylated STAT3 protein levels, as compared
with controls (**P<0.01, *P<0.05). B, Representa-
tive bands of p-STAT3 and B-actin Western blot stain-
ing. Quantitative band density ratios showed that 2
or 24 hours treatment of sorafenib at 10 uM signifi-
cantly reduced the phosphorylated STAT3 protein
levels, as compared with controls (**P<0.01,
*P<0.05). It is interesting that there is no significant
change at 6 hours time point. The exact mechanism
of this phenomenon is still under investigation.

AMPK is a sensor of cellular energy status, thus
is the primary regulator of the cellular response
to lowered ATP levels in eukaryotic cells [18].
We investigated the effects of sorafenib on
phosphorylation of AMPK alpha in neuroblas-
toma cells. Our data indicated that sorafenib
can significantly decrease the p-AMPK« level by
41% and 45% in 10 or 20 pM treatment groups,
respectively, as compared with controls (Figure
6A, p<0.05). Time course study showed similar
inhibitory effect 24 hours post treatment (10
UM, Figure 6B, p<0.01).

Int J Clin Exp Pathol 2010;3(4):408-415
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Figure 6. Effects of sorafenib on AMPKa phosphoryla-
tion in SK-N-AS. A, Representative bands of p-AMPKa
and B-actin Western blot staining. Quantitative band
density ratios showed that 24 hours treatment of
sorafenib at 10 or 20 uM significantly reduced the
phosphorylated AMPKa protein levels, as compared
with controls (**P<0.01, *P<0.05). B, Representa-
tive bands of p- AMPKa and B-actin Western blot
staining. Quantitative band density ratios showed
that 24 hours treatment of sorafenib at 10 uM signifi-
cantly reduced the phosphorylated AMPKao protein
levels, as compared with controls (**P<0.01).

Discussions

In this study, we present evidences to prove
that sorafenib is able to dose-dependently in-
duce growth suppression in a human neuroblas-
toma cell line. This effect is associated with in-
duction of apoptosis and suppression of the
phosphorylation of several key signaling mole-
cules including Akt, ERK1/2, STAT3 and AMPK.
Our data suggested a potential clinical applica-
tion of sorafenib in the treatment of neuroblas-
toma.

Sorafenib is a multikinase inhibitor recently ap-
proved by FDA for the treatment of advanced
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renal cancer and hepatocellular carcinoma.
Data showed that it inhibits cell proliferation by
targeting the Raf/MEK/ERK signaling pathways
and exerts an anti-angiogenic effect by inhibi-
tion of tumor angiogenesis through VEGFR and
PDGFR [15]. Due to its wide array of molecular
targets, sorafenib has shown efficacy against a
broad-spectrum activity against several preclini-
cal models of human cancer. Publications sug-
gested that sorafenib can inhibit cell prolifera-
tion or induce apoptosis in hepatocellular carci-
noma [15], melanoma and breast cancer [19],
malignant glioma [20], leukemia [21] and me-
dulloblastoma [17]. Our cell viability assay con-
firmed similar effect of sorafenib on SK-N-AS, a
widely used neuroblastoma cell line, in a dose-
dependent manner. Preliminary data showed
that this effect is not induced by solvent (data
not shown). To the best of our knowledge, there
has been only one report of sorafenib on two
slightly different neuroblastoma cell lines [5].
The authors reported a significant decrease in
cell viability when the cells were treated with
sorafenib for 24 hours at 2.5 or 5 uyM concen-
trations. They also reported an increase of
apoptosis using morphological features, flow
cytometry and electron microscopy analysis.

The Ras/Raf/MEK/ERK pathways are con-
served signaling pathways which enable cells to
respond to external stresses and stimuli [22].
Changes of the ERK pathway can promote ef-
fects ranging from apoptosis to malignancy in
different cell types. In this study, we observed a
decreased p-ERK1/2 in response to sorafenib
treatment. This inhibition may inhibit cell growth
through effects on cell cycle regulation, which
has been described in various cancers including
hepatocellular carcinoma [23], pancreatic can-
cer [24], as well as neuroblastoma [25]. In addi-
tion, our data demonstrated that sorafenib ef-
fectively down-regulated the phosphorylation of
Akt, a known survival factor. Akt has been
shown to play important roles in the prolifera-
tion and survival of tumor cells [25, 26]. The
down-regulation of both p-ERK and p-Akt may
lead to the changes in other survival factors
including NF-kB [27], which eventually lead to
cell apoptosis seen in neuroblastoma cells
treated with sorafenib. Further investigations
including MAPK blocking assay and other
mechanistic experiments are warranted.

The activity of STAT3 is constitutively elevated in
many human solid tumors as well as hema-
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tologic malignancies. And STAT3 has been
shown to actively participate in cell growth and
survival [28]. Studies showed that the STAT3
signaling contributes to malignancy at least in
part by preventing apoptosis in multiple mye-
loma cells [29]. Our data suggested that soraf-
enib treatment may inhibit the phosphorylation
of STAT3 at Ser727 site, which is an important
site related to cell apoptosis. An interesting find-
ing is that we saw a bi-phasic change in time
course study that has not been reported in
neuroblastoma cells. The underlying mecha-
nism is still unclear and further investigations
are warranted.

Another interesting target is AMPK, which is a
serine/threonine protein kinase that serves as
an energy sensor in all eukaryotic cell types.
Studies indicate that AMPK activation strongly
suppresses cell proliferation in non-malignant
cells as well as in tumor cells [30]. The AMPK
signaling network contains a number of tumor
suppressor genes and overcomes growth factor
signaling from a variety of stimuli (via growth
factors and by abnormal regulation of cellular
proto-oncogenes including Akt and ERK). In this
study, we reported, for the first time, that soraf-
enib treatment inhibited the activation of APMK
alpha. However, the molecular basis of the rela-
tionship between AMPK and apoptosis, if any, is
presently unclear.

Taken together, we are showing that sorafenib
effectively induced cell death through apoptosis
in neuroblastoma cell line. Our results sug-
gested that various signaling pathways involving
ERK, Akt, STAT3 and AMPK might be involved.
These data suggest the potential clinical appli-
cation of sorafenib in the treatment of human
neuroblastoma.

Acknowledgement

This work is partially supported by the Harvey S.
Rosenberg, MD, endowed chair in Pathology
and Laboratory Medicine at the University of
Texas Health Science Center at Houston. We
would like to thank Drs. Jeffrey K. Actor and
Shen-An Hwang for their excellent technique
support.

Please address correspondence to: Robert E. Brown,
MD, Department of Pathology and Laboratory Medi-
cine, University of Texas Health Science Center-
Medical School at Houston, 6431 Fannin Street, MSB
2.286, Houston, TX 77030, USA, Tel: (713) 500-

414

5332, Fax: (713) 500-0695, E-mail:
robert.brown@uth.tmc.edu

References

[1] Mueller S and Matthay K. Neuroblastoma: Biol-
ogy and staging. Current Oncology Reports
2009; 11: 431-438.

[2] Bernstein ML, Leclerc JM, Bunin G, Brisson L,
Robison L, Shuster J, Byrne T, Gregory D, Hill G,
Dougherty G and et al. A population-based study
of neuroblastoma incidence, survival, and mor-
tality in North America. J Clin Oncol 1992; 10:
323-329.

[3] Horner MJ R.L., Krapcho M, Neyman N, Aminou
R, Howlader N, Altekruse SF, Feuer EJ, Huang L,
Mariotto A, Miller BA, Lewis DR, Eisner MP,
Stinchcomb DG, Edwards BK (eds). (2003) SEER
Cancer Statistics Review, 1975-2006, National
Cancer Institute. Bethesda, MD, http://
seer.cancer.gov/csr/1975_2006/, based on
November 2008 SEER data submission, posted
to the SEER web site, 2009.

[4] Laverdiere C, Liu Q, Yasui Y, Nathan PC, Gurney
JG, Stovall M, Diller LR, Cheung NK, Wolden S,
Robison LL and Sklar CA. Long-term outcomes in
survivors of neuroblastoma: a report from the
Childhood Cancer Survivor Study. J Natl Cancer
Inst 2009; 101: 1131-1140.

[5] Roy Choudhury S, Karmakar S, Banik NL and
Ray SK. Synergistic efficacy of sorafenib and
genistein in growth inhibition by down regulating
angiogenic and survival factors and increasing
apoptosis through upregulation of p53 and p21
in malignant neuroblastoma cells having N-Myc
amplification or non-amplification. Invest New
Drugs 2009;

[6] Garcia-Gil M, Bertini F, Pesi R, Voccoli V, Tozzi
MG and Camici M. 5 '-Amino-4-
imidazolecarboxamide riboside induces apop-
tosis in human neuroblastoma cells via the mito-
chondrial pathway. Nucleosides Nucleotides
Nucleic Acids 2006; 25: 1265-1270.

[7]1 Garcia-Gil M, Pesi R, Perna S, Allegrini S, Gian-
necchini M, Camici M and Tozzi MG. 5-
aminoimidazole-4-carboxamide riboside induces
apoptosis in human neuroblastoma cells. Neuro-
science 2003; 117: 811-820.

[8] Wilhelm S, Carter C, Lynch M, Lowinger T, Du-
mas J, Smith RA, Schwartz B, Simantov R and
Kelley S. Discovery and development of soraf-
enib: a multikinase inhibitor for treating cancer.
Nat Rev Drug Discov 2006; 5: 835-844.

[9] Ulivi P, Arienti C, Amadori D, Fabbri F, Carloni S,
Tesei A, Vannini |, Silvestrini R and Zoli W. Role
of RAF/MEK/ERK pathway, p-STAT-3 and Mcl-1
in sorafenib activity in human pancreatic cancer
cell lines. J Cell Physiol 2009; 220: 214-221.

[10] Murphy DA, Makonnen S, Lassoued W, Feldman
MD, Carter C and Lee WM. Inhibition of tumor
endothelial ERK activation, angiogenesis, and

Int J Clin Exp Pathol 2010;3(4):408-415



Sorafenib induces neuroblastoma cell death

tumor growth by sorafenib (BAY43-9006). Am J
Pathol 2006; 169: 1875-1885.

[11] Keswani RN, Chumsangsri A, Mustafi R, Delgado
J, Cohen EE and Bissonnette M. Sorafenib inhib-
its MAPK-mediated proliferation in a Barrett's
esophageal adenocarcinoma cell line. Dis
Esophagus 2008; 21: 514-521.

[12] Bursch W, Ellinger A, Gerner C, Frohwein U and
Schulte-Hermann R. Programmed cell death
(PCD). Apoptosis, autophagic PCD, or others?
Ann N'Y Acad Sci 2000; 926: 1-12.

[13] Song G, Ouyang G and Bao S. The activation of
Akt/PKB signaling pathway and cell survival. J
Cell Mol Med 2005; 9: 59-71.

[14] Minshall C, Arkins S, Freund GG and Kelley KW.
Requirement for phosphatidylinositol 3'-kinase
to protect hemopoietic progenitors against apop-
tosis depends upon the extracellular survival
factor. J Immunol 1996; 156: 939-947.

[15] Liu L, Cao Y, Chen C, Zhang X, McNabola A,
Wilkie D, Wilhelm S, Lynch M and Carter C.
Sorafenib blocks the RAF/MEK/ERK pathway,
inhibits tumor angiogenesis, and induces tumor
cell apoptosis in hepatocellular carcinoma
model PLC/PRF/5. Cancer Res 2006; 66:
11851-11858.

[16] Klampfer L. Signal transducers and activators of
transcription (STATs): Novel targets of chemopre-
ventive and chemotherapeutic drugs. Curr Can-
cer Drug Targets 2006; 6: 107-121.

[17]Yang F, Van Meter TE, Buettner R, Hedvat M,
Liang W, Kowolik CM, Mepani N, Mirosevich J,
Nam S, Chen MY, Tye G, Kirschbaum M and Jove
R. Sorafenib inhibits signal transducer and acti-
vator of transcription 3 signaling associated with
growth arrest and apoptosis of medulloblas-
tomas. Mol Cancer Ther 2008; 7: 3519-3526.

[18] Hardie DG, Scott JW, Pan DA and Hudson ER.
Management of cellular energy by the AMP-
activated protein kinase system. FEBS Lett
2003; 546: 113-120.

[19] Tran MA, Smith CD, Kester M and Robertson GP.
Combining nanoliposomal ceramide with soraf-
enib synergistically inhibits melanoma and
breast cancer cell survival to decrease tumor
development. Clin Cancer Res 2008; 14: 3571-
3581.

[20] Jane EP, Premkumar DR and Pollack IF. Coad-
ministration of sorafenib with rottlerin potently
inhibits cell proliferation and migration in human
malignant glioma cells. J Pharmacol Exp Ther
2006; 319: 1070-1080.

[21] Zhang W, Konopleva M, Ruvolo VR, McQueen T,

415

Evans RL, Bornmann WG, McCubrey J, Cortes J
and Andreeff M. Sorafenib induces apoptosis of
AML cells via Bim-mediated activation of the
intrinsic apoptotic pathway. Leukemia 2008; 22:
808-818.

[22] Kolch W. Meaningful relationships: the regula-
tion of the Ras/Raf/MEK/ERK pathway by pro-
tein interactions. Biochem J 2000; 351 Pt 2:
289-305.

[23] Schmidt CM, Wang Y and Wiesenauer C. Novel
combination of cyclooxygenase-2 and MEK in-
hibitors in human hepatocellular carcinoma pro-
vides a synergistic increase in apoptosis. J Gas-
trointest Surg 2003; 7: 1024-1033.

[24]Yip-Schneider MT and Schmidt CM. MEK inhibi-
tion of pancreatic carcinoma cells by U0126 and
its effect in combination with sulindac. Pancreas
2003; 27: 337-344.

[25] Eppstein AC, Sandoval JA, Klein PJ, Woodruff HA,
Grosfeld JL, Hickey RJ, Malkas LH and Schmidt
CM. Differential sensitivity of chemoresistant
neuroblastoma subtypes to MAPK-targeted treat-
ment correlates with ERK, p53 expression, and
signaling response to U0126. J Pediatr Surg
2006; 41: 252-259.

[26] Wlodarski P, Grajkowska W, Lojek M, Rainko K
and Jozwiak J. Activation of Akt and Erk path-
ways in medulloblastoma. Folia Neuropathol
2006; 44: 214-220.

[27] Porta C, Larghi P, Rimoldi M, Totaro MG, Al-
lavena P, Mantovani A and Sica A. Cellular and
molecular pathways linking inflammation and
cancer. Immunobiology 2009; 214: 761-777.

[28] Yu H and Jove R. The STATs of cancer-new mo-
lecular targets come of age. Nat Rev Cancer
2004; 4: 97-105.

[29] Catlett-Falcone R, Landowski TH, Oshiro MM,
Turkson J, Levitzki A, Savino R, Ciliberto G,
Moscinski L, Fernandez-Luna JL, Nunez G, Dal-
ton WS and Jove R. Constitutive activation of
Stat3 signaling confers resistance to apoptosis
in human U266 myeloma cells. Immunity 1999;
10: 105-115.

[30] Motoshima H, Goldstein BJ, Igata M and Araki E.
AMPK and cell proliferation-AMPK as a thera-
peutic target for atherosclerosis and cancer. J
Physiol 2006; 574: 63-71.

Int J Clin Exp Pathol 2010;3(4):408-415




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


