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Abstract
Apoptosis has been shown to be induced by many agents, including the clinically useful Sorafenib
and K vitamins (VKs). Since few agents have activity against pancreas cancer cell growth, we
evaluated the role of naturally-occurring K vitamins and Sorafenib both independently and
together on the growth in culture of pancreas adenocarcinoma cell lines, including PL-5, PANC-1
and MIA PaCa-2. We found that when a K vitamin was combined with Sorafenib, the dose of
Sorafenib required for growth inhibition was substantially reduced. Furthermore, growth could be
inhibited at doses of each VK plus Sorafenib in combination that were ineffective when used
alone. This effect was seen using vitamins K1, K2 and K5. The combination of VK1 plus
Sorafenib induced apoptosis, as determined by both FACS and TUNEL staining. Phospho-ERK
and Bcl-2 levels were decreased, but not levels of other bcl-2 family members. Cleavage of
caspases 3 and 8, PARP and Bid were all induced by this combination. Vitamin K1 plus Sorafenib
combination also resulted in elevated levels of activated c-Jun N-terminal kinase (JNK) and its
substrates c-Jun and FasL. JNK inhibition partly antagonized the induction of apoptosis. Thus,
combination VK1 plus Sorafenib strongly induced growth inhibition and apoptosis in pancreas
cancer cells, involving both inhibition of the RAF/MEK/ERK pathway as well as activation of the
JNK, c-Jun and FasL apoptotic pathway. Since both agents are available for human use, the
combination is attractive for evaluation against pancreas cancer growth in vivo.
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Introduction
Human pancreas cancer is one of the deadliest of malignancies, with a death: incidence ratio
of approximately 0.85 (1). Diagnosis is usually made at a stage in the disease process that is
not amenable to curative surgery. Moreover, chemotherapy, radiation therapy and
immunotherapy only marginally affect the progression of the tumor or patient survival.
Clearly, new treatments, based on a better understanding of pancreas cancer biology are
needed.
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Our research proposes a novel combination therapy involving vitamin K and Sorafenib for pancreas cancer that has the potential for
immediate testing in patients, since each component is already approved for human use.
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Pancreas cancer displays the highest frequency (70–90%) of somatic activating mutations in
RAS genes (mainly KRAS) (2–4) amongst human cancers. Ras has been shown to mediate
activation of various downstream targets, including the family of the mitogen-activated
protein kinase (MAPKs). The RAF/mitogen-activated protein kinase (MAPK) kinase 1/2
(MEK1/2)/extracellular signal-regulated kinase 1/2 (ERK1/2) or RAF/MEK/ERK pathway
is frequently deregulated in neoplastic transformation (5–7). Because of the probable
importance of the RAF→MEK→ERK pathway in the aberrant behavior of cancer cells, it
has been the subject of intense study, in order both to understand its fundamental role in
cancer cell biology and as a potential target for therapeutic intervention (8–10).

Sorafenib is a multi-kinase inhibitor that was originally developed as an inhibitor of Raf-1,
but it was subsequently shown to inhibit multiple other kinases, including platelet-derived
growth factor, vascular endothelial growth factor receptors 1 and 2, c-Kit, and FLT3 (11).
Sorafenib shows broad activity against various tumor cell lines in vitro and in xenograft
models (12). Anti-tumor effects of Sorafenib in renal cell carcinoma and in hepatoma have
been ascribed to anti-angiogenic actions of this agent through inhibition of multiple growth
factor receptors (13–15). Preliminary evidence of single agent activity has also been
observed in malignant melanoma and hematological malignancies as well as against
experimental pancreas cancer (16) and human trials in pancreas cancer have begun (17). As
the clinical application of Sorafenib evolves, there is increasing interest in defining the
mechanisms underlying its anti-proliferative activity as well as the effects of the agent in
combination with other drugs.

Vitamins K (VK) are fat-soluble vitamins that are involved in blood coagulation and bone
metabolism. In recent years, their anti-tumor effects have also been examined (18–19). They
have been shown to suppress cancer growth and induce apoptosis and differentiation in
various cancer cells, including leukemia and hepatocellular carcinoma (HCC) cells. There
are several forms of VK: VK1 (phytonadione), which is produced by plants and is used to
treat human coagulation disorders; VK2 (menaquinone), which is produced by certain
bacteria and also occurs naturally and in the human gut and is used to treat osteoporosis and
HCC (20–21); synthetic VK3 (menadione), which is a short chain chemically synthesized
form that induces redox cycling and is toxic in humans; and VK5, another short chain
synthetic analog with inhibitory actions on both cells and bacteria. The natural VK1 and
VK2 are thought to be without toxicity in adult humans. It has been shown that synthetic
VK3 can inhibit pancreas cancer cell line growth (22), but there was recent evidence that
natural VKs can also do this (19). We reasoned that since both Sorafenib and VKs are
available for human use, and since they each independently have been shown to both to
induce apoptosis in tumor cells, then the combination might be expected to be better than
either agent alone. In the current study, we show that combining Sorafenib with natural K
vitamins more effectively inhibits pancreas cancer cell line growth than either agent alone.
By therapeutically targeting the MAPK and caspase dependent pathways, these combined
agents dramatically induce apoptosis. Furthermore, we show that combined Sorafenib plus
vitamin K induces pancreas cancer cell death via activation of the extrinsic apoptotic
pathway, involving activation of JNK, c-Jun and FasL, as well as via phospho-ERK
inhibition. These results lay the ground work for possible future clinical trials, testing this
combination for the treatment of pancreas cancer patients.

Materials and Methods
Cell lines

Human pancreas tumor cell lines (PL5 or CRL-2555, MIA PaCa-2 or CRL-1420 and
PANC-1 or CRL-1469) were obtained from American Type Culture Collection (Rockville,
MD, ATCC) and cultured in DMEM containing 10% fetal bovine serum (FBS) in 5% CO2
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at 37°C. Unless otherwise indicated, cell culture reagents were obtained from Life
Technologies, Inc. (Gaithersburg, MD).

Compounds
Sorafenib [N-(3-trifluoromethyl-4-chlorophenyl)-N'-(4-(2-methylcarbamoyl pyridin-4-yl)
oxyphenyl) urea] was synthesized at Bayer Corporation (West Haven, CT). Sorafenib was
dissolved in 100% DMSO (Sigma, St. Louis, MO) and diluted with MEM to the desired
concentration with a final DMSO concentration of 0.1% for in vitro studies. Vitamin K1 was
purchased from (Sigma-Aldrich Chemical Co.) and dissolved in 99.9% ethanol at a stock
concentration of 50 mM and then diluted to appropriate concentrations with medium in
using. U0126 and JNK inhibitor (SP600125) were purchased from Calbiochem (San Diego,
CA). Compounds were diluted with DMEM to the desired concentration with final DMSO
or ethanol concentration of 0.1% for in vitro studies. DMSO and ethanol were added to
cultures at 0.1% (V/V) as a solvent control.

Cell viability
Cells were plated at a concentration of approximately 2 × 104 cells per well in 24-well
plates. Twenty-four hours after plating, the medium was replaced with fresh Dulbecco’s
Modification of Eagle’s Medium (DMEM) containing vitamin K, Sorafenib or a
combination of the two agents at the indicated concentrations. Three days after the
treatment, the medium was removed, and the plates were stored at −80 °C until the day of
the assay. The cell number was estimated by a DNA fluorometric assay using the
fluorochrome Hoechst 33258.

In situ end labeling of fragmented DNA (TUNEL)
Cells were cultured on chamber slides and treated with compounds as described above.
After 48 h of treatment, cells were fixed with 10% buffered formalin at room temperature,
washed with PBS and air-dried. Fragmented DNA was detected by an in situ end labeling kit
(ApopTag kit, Oncor, Gaithersburg, MD) according to the manufacturer's protocol. Briefly,
digoxigenin-labeled dUTP was incorporated at the 3’-OH ends of the fragmented DNA by
terminal deoxynucleotidyl transferase, the anti-digoxigenin antibody conjugated with
peroxidase was then applied, and the peroxidase activity was revealed by 3-amino-9-
ethylcarbazol. Nuclei were then counterstained lightly with hematoxylin.

Immunoblot analysis
Pancreas cancer cells were plated in 100 mm tissue culture dish with a density of 5 × 106/
dish overnight. The cells were treated in the next morning and harvested in different time.
After harvest, the cells were washed twice with cold phosphate-buffered saline (PBS), then
lysed in 100 µl lysis buffer (150 mM NaCl; 50 mM Tris-HCl, pH 8.0; 0.1% SDS; 1% Triton
X-100; 1 mM orthovanadate; 1 mM phenylmethylsulfonyl fluoride; 10 mg/ml leupeptin; 10
mg/ml aprotinin). Whole cell extracts (20 µg) were resolved on a 10% SDS-PAGE and
transferred onto Hybond-PVDF membranes (Amersham, Arlington Heights, IL).
Membranes were blocked using Tris-buffered saline with Tween-20 (150 mM NaCl, 10 mM
Tris-HCl, pH 8.0, and 0.05% Tween-20) containing 1% BSA for 1 h, then probed with
primary antibody for 2 h. After washing four times with Tris-buffered saline with Tween-20
(TBST buffer), the membranes were probed with horseradish peroxidase-conjugated
secondary antibody to allow detection of the appropriate bands using enhanced
chemiluminescence (Amersham). The antibodies used in these experiments (PARP,
Caspase-3, 8, 9, ERK1/2, c-Jun, JNK, FasL, FADD and Actin) from Santa Cruz
Biotechnology, Santa Cruz, CA or Cell Signaling, Waltham, MA.
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Apoptosis determination
Annexin V-FITC kit (Jingmei Biotech) was used to measure the percentage of apoptosis
induced by vitamin k1 and Sorafenib. After treatment for 36h, cells were harvested and
washed with PBS at 4 °C and then re-suspended in 100 µL binding buffer (1 × 106 cells/ml)
containing 5 µl of Annexin V-FITC and 10 µl of PI. After incubation away from light for
10–15 min at room temperature, stained cells were then analyzed by flow cytometry.

Results
Inhibition of pancreas cancer cell growth by Sorafenib plus vitamin K1

To assess the effect of combining Sorafenib with vitamin K1, 3 pancreas cancer cell lines
(PL5, MIA PaCa-2 and PANC-1) were treated with the study agents either individually or in
combination, and were then examined by DNA fluorometric assay. Cell viability was
measured at 24, 48 and 72 hr after treatment (Fig. 1A). At the concentrations tested, neither
Sorafenib nor vitamin K1 caused growth inhibition as a single agents, compared with
vehicle control (DMSO or Ethanol), but the combination significantly inhibited cell
proliferation compared with the single agent treatments (p<0.01, Two-way ANOVA when
compared with vitamin K1 or Sorafenib alone). We also tested whether other K vitamins
plus Sorafenib could also inhibit pancreas cancer cell line growth (Fig.1B). Vitamins K2 and
K5 were similarly able to add to Sorafenib-mediated cell growth inhibition (p<0.01, with
respect to control cells treated with either k or Sorafenib alone).

Induction of caspase-mediated apoptosis by Sorafenib plus vitamin K1
Since combination Sorafenib plus vitamin K1 caused a significant reduction in cell
proliferation, the underlying mechanisms were investigated. First, TUNEL staining of
treated cells showed the presence of apoptosis following this combination treatment,
compared with either agent alone (Fig.2A). Pre-treatment with ZVAD, a pan-caspase
inhibitor, significantly blocked the induced apoptosis, as measured by TUNEL staining. To
confirm the induction of apoptosis by this combination, PL5 cells were treated with the
agents individually or in combination and examined by Annexin V/propidium iodide
staining (Fig.2B). At the concentrations tested, neither Sorafenib nor vitamin K1 elicited
significant apoptosis as single agents, but the combination induced apoptosis in 50% of the
cells. Pan-inhibition of caspase activity using ZVAD significantly reduced the cell death
ratio. These results show that combination Sorafenib plus vitamin K1 caused apoptosis,
which was inhibited by a caspase antagonist.

Inhibition of RAF/MEK/ERK signaling and caspase-8 activation by combination Sorafenib
plus vitamin K1

RAF kinases are key regulators of the MEK/ERK cascade, and up-regulated signaling
through this pathway has an important role in pancreas cancer cell growth (16). Since
Sorafenib was synthesized as a RAF inhibitor, we examined the phosphorylation levels of
key proteins in the pathway by Western blot in cells treated with various doses of Sorafenib
and vitamin K1. Sorafenib or vitamin K1 alone could inhibit ERK phosphorylation, but only
at high concentrations (Fig. 3A, B). Neither Sorafenib (2.5 µM) nor vitamin K1 (50µM)
alone inhibited MEK or ERK phosphorylation at the lower concentrations that were used in
the combination, but the combination of these two agents at these lower doses dramatically
reduced both MEK and ERK phosphorylation (Fig. 3C). Total MEK and ERK levels were
unchanged. To examine whether the decrease in phospho-MEK and phospho-ERK levels
could result in apoptosis, we employed UO126, a specific inhibitor of MEK. We found
UO126 alone inhibited p-ERK levels, as expected, and also induced apoptosis, which was
associated with caspase-8 cleavage (Fig.3D).
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Involvement of the extrinsic pathway in Sorafenib plus vitamin K1 mediated apoptosis
To further examine the processes of cell death induced by this combination, we analyzed
cell extracts for expression of biological markers of apoptosis. The combination drug
treatment resulted in marked cleavage of pro-caspase-3 and poly (ADP-ribose) polymerase
(PARP) induction, whereas the individual agents did not (Fig.4A). In order to distinguish the
extrinsic from the intrinsic apoptosis pathways, the upstream caspases of caspase-3 were
examined. Treatment with the combination of Sorafenib plus vitamin K1 activated caspase-8
activity and subsequently cleaved BID, but neither pro-caspase-9 activity, nor cytochrome C
release could be detected in the same treated samples (Fig.4 B, C). These findings suggest
that caspase-8 signaling and the extrinsic pathway were involved in the combination-
induced apoptosis. Since Bcl-2 molecule appears to be a possible likely target of the MEK/
ERK pathway and the Bcl-2 expression level is known to be up-regulated by ERK (23), we
next examined how combined exposure to Sorafenib plus vitamin K1 might affect the
expression of Bcl-2 family members. Decreased levels of anti-apoptotic Bcl-2 was observed
after exposure to the combined agents, but not after exposure to either Sorafenib or vitamin
K1 alone. There was also no discernible change in the expression of other Bcl-2 family
members, Bcl-xL, or Bax (Fig. 5A).

Combination Sorafenib plus vitamin K1 activation of the death receptor (extrinsic)
apoptosis pathway

The extrinsic apoptosis pathway involves binding of a ligand (FasL) to one of the tumor
necrosis factor family of death receptors, and then activation procaspase-8 to induce
apoptosis. To investigate if Fas signaling was involved in combination Sorafenib plus
vitamin K1 induced apoptosis, PL5 cells were treated with Sorafenib, vitamin K1 or the
combination of the two agents. Following 36 hours of treatment, cells were harvested and
the lysates were analyzed in 10% SDS-PAGE gel. As shown in figure in Fig 5B,
combination Sorafenib plus vitamin K1 enhanced expression of FasL, but there was little
change in FADD levels.

Contribution of JNK to apoptosis induction by Sorafenib plus vitamin K1
Activated JNK can cause cancer cells to undergo apoptosis through phosphorylation and
activation of c-Jun, an important member of the AP-1 family of transcription factors (24).
We assessed the role of this signal by exposing cells to the Sorafenib plus vitamin K1
combination. Levels of cell phospho-JNK, but not total JNK were found to be elevated
following this exposure (Fig.6A). Levels of phospho-c-Jun, a key substrate for phospho-
JNK, were also increased in parallel with the elevated phospho-JNK levels, but total JNK
and total c-Jun levels were not changed. In order to further to assess the involvement of JNK
in the apoptosis induction, PL5 cells were pre-treated with the JNK inhibitor SB600125 and
then subjected to Sorafenib plus vitamin K1 treatment. The JNK inhibitor decreased the
elevated levels of induced phospho-JNK, as well as the levels of phospho-c-Jun and FasL,
evidence of blocked JNK activity (Fig. 6B). Furthermore, the JNK inhibitor also partially
antagonized the apoptosis induced by combination Sorafenib plus vitamin K1 (Fig.6C).

DISCUSSION
Pancreas cancer is often a systemic disease by virtue of its metastases, which respond poorly
to conventional cytotoxic chemotherapy. This has led to a search for novel approaches to
therapy, including the targeting of the EGF receptor (Erlotinib) and the RAF/MEK/ERK
pathways by new therapeutic agents. The RAF/MEK/ERK cascade, one of the principal
RAS-regulated pathways, is hyper-stimulated in pancreas cancers with activating K-ras
mutations. Sorafenib, with its molecular targeting on RAF in this vital pathway, has been
shown to have antitumor activity against renal cell cancer (25–26) and HCC (27–28).
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However, Sorafenib is less effective for treating other types of cancer, although preliminary
data have shown some activity for Sorafenib in pancreas cancer also (16). This was the
stimulus to our search for agents that could be combined with Sorafenib to enhance its
pancreas cancer growth-inhibitory actions.

We previously showed that combination of vitamin K1 with Sorafenib could sensitize HCC
cell lines to Sorafenib actions and enhance Sorafenib-mediated apoptosis in vitro and in vivo
(29). The present studies attempted to determine whether Sorafenib plus vitamin K1 could
also result in enhanced cell growth inhibition in pancreas cancer cell lines and, if so, to
elucidate the mechanism(s) responsible for this phenomenon. We show here for the first
time, that combination of vitamin K1 with low and clinically relevant concentrations of
Sorafenib inhibited growth and induced apoptosis in pancreas cancer cells in vitro. This
finding has clinical implications, as it suggests that the combination might be a candidate for
therapy in pancreas cancer patients, especially since each component is currently used in
patients in other settings.

Prior studies have shown that Sorafenib in the 10 µmol/L range, which is at
pharmacologically achievable concentrations, induced cell death in human leukemic cells
(30–31), HCC cells (28) and pancreatic cancer cells (32). The results of the present study
show that low concentrations of Sorafenib (2.5 µM) or vitamin K1 (50 µM) when used as a
single agent, did not induce growth inhibition or apoptosis or inhibit phosphorylation of
MEK/ERK, although high doses of either can inhibit phospho-ERK levels and increase
phospho-c-Jun levels (Fig. 3A and B). However, treatment of pancreas cancer cells with low
concentrations of both Sorafenib (2.5 µM) plus vitamin K1 (50 µM) resulted in cell growth
inhibition and apoptosis (Fig. 1 and 2), as well as significantly inhibiting the
phosphorylation of MEK and ERK (Fig 3C). Therefore, vitamin K1 seems to add to
Sorafenib in inhibiting the MEK/ERK pathway. The apoptosis induced by Sorafenib plus
vitamin K1 was caspase-dependent, since pre-treatment with pan-caspase inhibitor could
dramatically block the apoptosis induced by Sorafenib plus vitamin K1. The apoptotic
signaling pathways are generally divided into two types: the extrinsic, or death receptor
pathway and the intrinsic or mitochondrial pathway (33). The extrinsic pathway involves
cell surface death receptors, such as tumor necrosis factor or Fas, which upon binding of
their ligands, initiate signaling to activate caspase-8, which cleaves caspase-3 directly to
induce apoptosis. The intrinsic pathway involves mitochondrial changes and triggers the
release of cytochrome C, which in turn activates caspase-9 and then caspase-3 (34). Our
findings suggest that one central mechanism of Sorafenib plus vitamin K1 mediated
apoptosis in pancreas cancer cells, involves activation of the extrinsic apoptosis pathway.

Fas signaling plays a fundamental role in induction of extrinsic apoptosis in a wide variety
of different types of cancer cell (35–36). Increased expression of FasL signal transduction
activates caspase-8 and triggers apoptosis. Fas ligand has been shown to be a target gene for
c-Jun, primarily in lymphoid and neuronal cell types (37) and there are recent reports on c-
Jun transcriptional regulation of Fas gene expression (38–39). Another interesting aspect of
our studies is that we show the importance of JNK, c-Jun and Fas signaling in Sorafenib plus
vitamin K induced apoptosis. C-Jun NH2-terminal kinase (JNK) belongs to the superfamily
of MAP kinases that are involved in the regulation of cell proliferation, differentiation and
apoptosis. The activation of JNK leads to apoptosis, which is dependent on the stimuli and
cell type involved in such activation (40–41). Prolonged activation of JNK has been
observed in human breast, gastric, prostate and ovarian cancer cells with apoptosis-inducing
compounds. JNK has also been recognized as a key mediator of a variety of cell fates (42)
and was initially identified as a protein kinase involved in the transactivation of c-Jun by
phosphorylation (43) and activated apoptotic signaling through the up-regulation of pro-
apoptotic genes through the transactivation of specific transcription factors such as c-Jun.
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FasL has been shown to be a target gene for c-Jun primarily in lymphoid neuronal cell type
(36). Similarly, we found that Sorafenib plus vitamin K1 activated JNK and increased
phosphorylation of c-Jun and increased FasL levels. Transcriptional regulation of Fas ligand
has also been observed in ovarian cancer cells undergoing apoptosis following cisplatin
treatment (44). Furthermore, our data showed that a JNK inhibitor reduced the
phosphorylation levels of JNK and c-Jun and decreased the levels of FasL that were induced
by Sorafenib plus vitamin K1 (Fig 6B). The apoptosis induced by Sorafenib plus vitamin K1
was also partially antagonized by the JNK inhibitor, supporting the idea that the increase in
the JNK levels that were induced by our combination, were involved in their growth-
inhibitory mechanisms. On the other hand, other signaling pathways also might contribute to
the cell growth inhibition and apoptosis which were induced Sorafenib plus vitamin K1.

Recently, it has been found that FasL mediated death signal is abrogated by the mitogen-
activated protein kinase (MAPK/ERK)-mediated signals (45). In the FasL-mediated
apoptosis process, ERK activity inhibits the caspase-8 cleavage (46). This strongly suggests
that MEK/ERK-mediated signals can suppress apoptosis and the source of this anti-
apoptotic activity may exist at the level of caspase-8 activation. Here, we demonstrated that
Sorafenib or vitamin K1 alone can inhibit phospho-MEK and phosphor-ERK levels, when
used at high concentrations, but vitamin K1 at low concentrations significantly added to
Sorafenib-mediated inhibition of the MEK/ERK pathway and induction of apoptosis via the
extrinsic pathway. After treatment with the MEK inhibitor U0126 alone, we found the
expected inhibition of phospho-ERK levels, but also found augmented activity of caspase-8
(Fig. 3D). Thus, the combination of Sorafenib plus vitamin K1 resulted in the simultaneous
decrease in levels of phospho-MEK and phospho-ERK MAPKs, while increasing the levels
of phospho-JNK MAPK and its downstream targets, phospho-c-Jun and FasL. Simultaneous
and opposite effects on different MAPKs have been previously reported with different
agents (47–48). The mechanisms underlying that selectivity were not elucidated. These
opposite effects, which both result in enhanced apoptosis, are summarized in Fig 7.

In conclusion, our data indicates that: 1) combination Sorafenib plus vitamin K1 can
decrease the concentrations of Sorafenib that were needed to inhibit pancreas cancer cell
growth and induce apoptosis; 2) vitamin K1 seems to be additive with Sorafenib in
inhibiting the MEK/ERK pathway and activating caspase activity; 3) the possible
mechanisms involved in Sorafenib plus vitamin K1 induced apoptosis of pancreas cancer
cells involve both caspase-dependent extrinsic, as well as JNK/c-Jun-dependent
upregulation of FasL-mediated apoptosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sorafenib plus vitamin K inhibits pancreas cancer cell growth
A, PL5, MIA PaCa-2 and PANC-1 cells were treated with K1 50 µM, Sorafenib 2.5 µM or
K1 plus Sorafenib and the cell number was estimated by a DNA fluorometric assay. B. PL5
cells were treated separately with 50 µM K1, 25 µM K2, 10 µM K5, 2.5 µM Sorafenib or
combination Sorafenib with Ks. Cell number was counted on day 3. Each experiment was
run in triplet, repeated three times and expressed mean SD. P value is determined by
student’s t test.
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Figure 2. Combination Sorafenib and vitamin K1 induces apoptosis in pancreas cancer cell
A: TUNEL staining. PL5 cells were treated with vitamin k1 (50 µM), Sorafenib (2.5 µM),
combination vitamin k1 (50 µM) and Sorafenib (2.5 µM), or pretreated with casepases
inhibitor 2 hours then incubated with vitamin k1 plus Sorafenib. TUNEL staining cells were
observed at 40X magnification. B. PL5 cells were treated as the same condition in Fig. A.
Floating and adherent cells were harvested at 36 hours and analyzed by flow cytometry. C:
Quantitative of death cells in B.
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Figure 3. Inhibition of p-ERK increases caspase-8 activation
Sorafenib or vitamin k1 inhibits p-ERK in does dependent in PL5 cells (A, B). C. Lower
concentration of Vitamin k1 (50 µM) plus Sorafenib (2.5 µM) inhibits RAF/MEK/ERK
pathway in PL5 cells. D. PL5 cells were treated with various does of U0126 for 36 hours.
Cells were lysed and 20 µg of soluble protein was separated by electrophoresis on a SDS-
PAGE gel. Protein phosphorylation was detected by Western blot analysis.
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Figure 4. Combination vitamin k1 and Sorafenib activates the extrinsic caspase death pathway
A: Cleaved PARP and caspase-3 can be detected after treatment 36 hours with vitamin
k1(50 µM) plus Sorafenib (2.5 µM) in PL5 cells; B: Combination treatment with Sorafenib
and vitamin k1 does not affect the cytochrome C release from the mitochondria in PL5 cells.
C: Procaspase-8 was activated and its substrate Bid was cleaved after treatment with vitamin
k1 and Sorafenib in PL5 cells, but no caspase-9 activity was detected in the same lysates.
Cells were lysed and 20 µg of soluble protein was separated by electrophoresis on a SDS-
PAGE gel. Protein levels were detected by Western blot analysis. Actin was used as loading
control.
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Figure 5. Sorafenib plus vitamin k1 modulates the expression of Bcl-2 family and FasL in PL5
cells
PL5 cells were plated and treated for 36 hours with vehicle, vitamin k1 (50 µM), Sorafenib
(2.5 µM), and both vitamin k1 and Sorafenib. Cells were isolated and subjected to SDS-
PAGE followed by immunobloting to determine the expression of Bcl-2, Mcl-1, Survivin,
Bcl-xL and Bax (A); FasL, FADD (B).
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Figure 6. JNK and c-Jun activation are involved in vitamin k1 plus Sorafenib induced apoptosis
in PL5 cells
A. PL5 cells were treated with 50 µM vitamin k1 and 2.5 µM Sorafenib for 36 hours and
levels of phospho-JNK and its key substrate phospho-c-Jun were analyzed by Western blot
from whole-cell lysates. B. PL5 cells were treated with 50 µM vitamin k1 and 2.5 µM
Sorafenib for 36 hours in the presence or absence of JNK inhibitor. After treatment, cells
were lysed and 20 µg proteins were separated on SDS-PAGE gel or the percentage of
apoptotic cells were determined by flow cytometry (C).
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Figure 7.
The mechanism of combination Sorafenib and vitamin k1 seems to involve inhibition of
MEK/ERK activity and activation of JNK/c-Jun. Modulation of both of these pathways
results in activation of caspase-8, ultimately leading to apoptotic cell death.
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