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Abstract
The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway is one of the
key signaling cascades in cholangiocarcinoma (CCA) cells, mediating their resistance to apoptosis.
Our aim was to ascertain if sorafenib, a multikinase inhibitor, may also inhibit JAK/STAT signaling
and, therefore, be efficacious for CCA. Sorafenib treatment of three human CCA cell lines resulted
in Tyr705 phospho-STAT3 dephosphorylation. Similar results were obtained with the Raf-kinase
inhibitor ZM336372, suggesting sorafenib promotes Tyr705 phospho-STAT3 dephosphorylation by
inhibiting Raf-kinase activity. Sorafenib treatment enhanced an activating phosphorylation of the
phosphatase SHP2. Consistent with this observation, small interfering RNA–mediated knockdown
of phosphatase shatterproof 2 (SHP2) inhibited sorafenib-induced Tyr705 phospho-STAT3
dephosphorylation. Sorafenib treatment also decreased the expression of Mcl-1 messenger RNA and
protein, a STAT3 transcriptional target, as well as sensitizing CCA cells to tumor necrosis factor–
related apoptosis-inducing ligand (TRAIL)-mediated apoptosis. In an orthotopic, syngeneic CCA
model in rats, sorafenib displayed significant tumor suppression resulting in a survival benefit for
treated animals. In this in vivo model, sorafenib also decreased tumor Tyr705 STAT3 phosphorylation
and increased tumor cell apoptosis.

Conclusion—Sorafenib accelerates STAT3 dephosphorylation by stimulating phosphatase SHP2
activity, sensitizes CCA cells to TRAIL-mediated apoptosis, and is therapeutic in a syngeneic rat,
orthotopic CCA model that mimics human disease.

Cholangiocarcinoma (CCA) is the most common biliary malignancy. Unfortunately, its
incidence is increasing in several Western countries.1 Therapeutic options for CCA are limited,
and the overall prognosis for patients with CCA is dismal, with median survival being less than
24 months. New insights into the biology of this cancer may provide a framework for targeted
therapeutic approaches. CCA, similar to hepatocellular carcinoma and colorectal cancer, often
arises in an inflammatory environment.2,3 Inflammation-associated carcinogenesis is, in part,
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mediated by dysregulated cytokine signaling pathways,4 which potentially can be
therapeutically targeted for treatment of this cancer.

Members of the signal transducers and activators of transcription (STAT) family are key signal
transducers in cytokine and growth factor signaling. Especially STAT3 has been shown to be
an essential signaling molecule in carcinogenesis through its transcriptional activity on genes
regulating apoptosis, proliferation, differentiation, and angiogenesis.5,6 One of the main
activators of STAT3 in CCA cells is interleukin-6 (IL-6) via Janus kinases (JAK).7 IL-6 is a
cytokine secreted by inflammatory cells (i.e., macrophages) but also by CCA cells where it
activates STAT3 by autocrine and paracrine mechanisms.2,3,8,9 Under physiologic
conditions, the JAK/STAT3 signaling pathway is tightly regulated through negative feedback
mechanisms including protein phosphatases.7 In CCA, IL-6–mediated JAK/STAT3 signaling
was found to be dysregulated due to epigenetic silencing of suppressor of cytokine
signaling-3.10 Interestingly, interruption of JAK/STAT3 signaling either through JAK
inhibitors or STAT3 small interfering RNA (siRNA) resulted in sensitization to tumor necrosis
factor–related apoptosis-inducing ligand (TRAIL)-mediated apoptosis through down-
regulation of the STAT3 transcriptional target Mcl-1, an antiapoptotic Bcl-2 family protein.8

Sorafenib was developed as a c-Raf kinase inhibitor, although it also targets several other Raf-
kinases (wild-type b-Raf, b-Raf V600) as well as other receptor tyrosine kinases.11 Sorafenib
prolongs survival of patients with hepatocellular carcinoma.12 Recently, inhibition of STAT3
phosphorylation by sorafenib was observed in medulloblastoma and esophageal carcinoma.
13,14 These studies were predominantly observational, and the mechanisms by which
sorafenib inhibits STAT3 phosphorylation were not elucidated. Given this information, the
effect of sorafenib on STAT3 regulation in CCA warrants exploration as a potential therapeutic
agent.

The objective of this study was to examine the effect of sorafenib on the JAK/STAT3 signaling
cascade in CCA cells. The results of this study suggest that sorafenib inhibits the JAK/STAT3
signaling axis at the level of STAT3 phosphorylation, resulting in down-regulation of Mcl-1,
thereby sensitizing human CCA cells to TRAIL-mediated apoptosis. The inactivation of
phospho-STAT3 occurs by a phosphatase shatterproof 2 (SHP2)-dependent mechanism which
appears to be stimulated by Raf-kinase inhibition. Furthermore, in an orthotopic, syngeneic
rodent CCA model, sorafenib achieves significant tumor suppression.

Materials and Methods
Cell Lines and Culture

The human CCA cell lines HuCCT-1,15 KMCH-1,16 Mz-ChA-1,17 and TFK-118 were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum, penicillin G (100 U/mL), streptomycin (100 µg/mL), and gentamicin (100 µg/mL) as
described.9 The erythroblastic leukemia viral oncogene homolog (ErbB2)-transformed
malignant rat cholangiocyte cell line BDEneu was cultured in DMEM supplemented with 10%
fetal bovine serum, insulin (0.1 µmol/L), transferrin (5 µg/mL), penicillin G (100 U/mL),
streptomycin (100 µg/mL), and G418 (500 µg/mL) under standard conditions as described.
19,20

Quantitation of Apoptosis
Apoptosis in cell culture was quantified by assessing the characteristic nuclear changes of
apoptosis after staining with 4′,6-diamidino2-phenylindole dihydrochloride (DAPI; Sigma
Chemicals, St. Louis, MO) using fluorescence microscopy.21 Caspase-3/7 activity was
quantitated using the ApoONE Homogenous Caspase-3/7 Assay (Promega, Madison, WI)
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according to manufacturer’s recommendations.21 Apoptosis in paraffin-embedded tissue
sections was quantified using a fluorescent terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay (Roche, Mannheim, Germany) as previously
described.22

Real-Time Polymerase Chain Reaction for Mcl-1
Total RNA was extracted from the cells using the Trizol Reagent (Invitrogen), and was reverse-
transcribed into complementary DNA with Moloney leukemia virus reverse transcriptase and
random primers (Invitrogen). Quantification of the complementary Mcl-1 DNA template was
performed with real-time polymerase chain reaction (LightCycler; Roche Molecular
Biochemicals, Mannheim, Germany) using SYBR green (Molecular Probes) as previously
described by us in detail.8

Immunoblot Analysis
Proteins from whole-cell lysates were analyzed by immunoblot analysis; whole-cell lysates
were prepared as previously described.10 Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by transfer to nitrocellulose
membrane as previously described by us in detail.10 Proteins were visualized using enhanced
chemiluminescence (ECL) reagents (Amersham Biosciences) and Kodak X-OMAT film.

Phosphatase Silencing
Phosphatases SHP1, SHP2, and PTPRT were knocked down using commercially available
siRNA(Qiagen, Valencia, CA). Cells were transfected using siPORT Lipid (Ambion, Austin,
TX). Briefly, cells were plated at 30% density. The next day, the cells were transfected in Opti-
MEM with 30 nM siRNA using siPORT reagent according to the manufacturer’s
recommendations. Medium was added 4 hours after transfection, and the cells were then
incubated for 60 hours at 37°C. Knockdown was confirmed by immunoblot analysis.

Cellular Localization of STAT3
Cells were grown on coverslips and fixed with phosphate-buffered saline (PBS) (pH 7.4)
containing 4% paraformaldehyde at 4°C for 15 minutes. After washing in PBS three times
(each for 5 minutes), the cells were permeabilized in PBS containing 0.1% Triton X-100 at
room temperature for 15 minutes. The cells were washed again in PBS three times (each for 5
minutes) and blocked in blocking buffer (PBS containing 3% bovine serum albumin) at room
temperature for 60 minutes. Next, the cells were then incubated with anti-STAT3 polyclonal
antibody at a dilution of 1:1500 in the blocking buffer at 4°C overnight, washed in PBS three
times (each for 5 minutes), and incubated with cyanine 3-conjugated goat anti-rabbit
immunoglobulin G (Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:1500 in the
blocking buffer at room temperature for an additional 60 minutes. The subcellular distribution
of STAT3 was analyzed by confocal microscope (Zeiss LSM S10; Carl Zeiss, Thornwood,
NJ).

Tyr705-Phospho STAT3 in Tissue
Immunohistochemistry for Tyr705 phospho-STAT3 on paraffin-embedded BDEneu tumors
was performed as previously described.10 Briefly, tumor samples were deparaffinized in
xylene, hydrated with graded ethanol and distilled water, followed by heat-induced antigen-
retrieval in Tris/ethylene diamine tetraacetic acid (pH 9.0). Immunohistochemical staining was
performed employing the DakoCytomation EnVision+ System HRP (DAB)
(DakoCytomation, Carpinteria, CA) according to the manufacturer’s recommendations.
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Animal Experiments
All animal studies were performed in accordance with and approved by the Institutional Animal
Care and Use Committee. In vivo cell transplantation was carried out in adult Fischer 344 male
rats (Harlan, Indianapolis, IN) with initial mean body weights between 200 and 220 g. Animals
were anesthetized by administration of 90 mg/kg ketamine and 10 mg/kg xylazine
intraperitoneally. Below the sternum, a small longitudinal incision (5–10 mm) was made in
order to expose the common bile duct. The left hepatic duct was identified and ligated using
sterile, nonabsorbable 5–0 silk surgical suture material. BDE-neu cells suspended in 0.1 mL
sterile PBS were injected into the parenchyma of the corresponding left hepatic lobe followed
by closure of the laparotomy wound by suturing of fasciae and skin using simple intermittent
and running sutures using absorbable 6-0 coated vicryl suture material.

Materials, IL-6 Quantitation, and Statistical Analysis
Materials, quantitation of IL-6 secretion, and statistical analysis are provided in the Supporting
Information.

Results
Sorafenib Results in Tyr705 STAT3 Dephosphorylation

The predominant pathway for STAT3 Tyr705-phosphorylation is JAK-mediated.5 However,
Tyr705-phosphorylation of STAT3 through other pathways such as Src, MEK-kinase 1 and
EGFR have been described in certain cell types.23,24 Therefore, we confirmed JAK as the main
Tyr705-phosphorylation pathway for STAT3 in HuCCT-1 cells. Neither treatment with Src-
inhibitors, EGFR-inhibitors, nor ERK1/2-inhibitors at doses of onefold to 1000-fold of their
median inhibitory concentration (IC50) inhibited Tyr705-phosphorylation of STAT3 in
HuCCT-1 cells (Fig. 1A). In CCA cells, IL-6 is one of the main JAK/STAT3 pathway
activators.8,10 Therefore, we next examined if sorafenib alters IL-6 secretion by HuCCT-1
cells. Sorafenib did not decrease IL-6 secretion into the media (3.6 ± 0.76 pg/µL with vehicle
versus 4.8 ± 0.43 pg/µL with sorafenib) (Fig. 1B). Next, we assessed the effect of sorafenib
on expression of the IL-6 receptor complex including gp80, gp130, and JAK1 and JAK2.7
Treatment with sorafenib did not inhibit or decrease expression of gp80, gp130, JAK1, or JAK2
(Fig. 1B). Likewise, activation of the IL-6 receptor, as indicated by autophosphorylation of
JAK1, JAK2 and phosphorylation of gp130, was also not inhibited by sorafenib (Fig. 1B). In
contrast, sorafenib treatment decreased Tyr705-phosphorylated STAT3 without altering total
STAT3 protein levels (Fig. 1C). This dephosphorylation of STAT3 was sustained over 12 hours
indicating a robust, nontransient mechanism for reducing the Tyr705-phosphorylated form of
this transcription factor. Sorafenib induced Tyr705 phospho-STAT3 dephosphorylation was
also confirmed in two other CCA cell lines, KMCH-1 and Mz-Cha-1 (Fig. 1D).

Because sorafenib inhibits Raf-kinases, we next ascertained if inhibition of Raf-kinases also
induces Tyr705 phospho-STAT3 dephosphorylation. Cells were treated with two different
concentrations of the Raf-kinase inhibitor ZM336372, resulting in dose-dependent inhibition
of c-Raf and b-Raf, respectively.25 Both concentrations resulted in dephosphorylation of
Tyr705 phospho-STAT3 (Fig. 1E). These data implicate Raf-inhibition as a potential mediator
of sorafenib-induced Tyr705 STAT3-dephosphorylation.

Tyr705-phosphorylation of STAT3 is required for its nuclear accumulation, and thereby its
transcriptional activity for antiapoptotic proteins such as Mcl-1.7,8 Immunofluorescence
demonstrated STAT3 to be predominantly localized to the nuclear compartment of untreated
cells. In contrast, sorafenib treatment resulted in an inhibition of nuclear STAT3 accumulation,
resulting in its predominantly cytoplasmic localization (Fig. 2A,B). Finally, to confirm the
functional inactivation of the JAK/STAT3 pathway, we examined expression of Mcl-1 in
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sorafenib-treated HuCCT-1 cells. Sorafenib treatment caused a reduction in both Mcl-1 mRNA
and protein levels (Fig. 2C,D). Taken together, these data further demonstrate that sorafenib
disrupts the STAT3 signaling pathway in CCA cell lines.

Sorafenib-Induced Tyr705 STAT3 Dephosphorylation Is Mediated by Phosphatase SHP2
JAK/STAT3 signaling is tightly regulated through negative feedback mechanisms involving
phosphatases which may directly dephosphorylate STAT3.26,27 Candidate phosphatases
responsible for these inactivating mechanisms include PTPRT, SHP1, SHP2 and TC45.26–
31 Treatment of HuCCT-1 cells with sorafenib plus the nonspecific phosphatase inhibitor
sodium-pervanadate (25–200 nM) resulted in a dose-dependent inhibition of the sorafenib-
mediated Tyr705 STAT3 dephosphorylation (Fig. 3A). Sodium pervanadate also blocked
Tyr705 STAT3 dephosphorylation by the Raf-kinase inhibitor ZM336372 (Fig. 3B). Also,
cellular levels ofMcl-1, a transcriptional target of Tyr705 phospho-STAT3, are preserved by
cotreatment with sodium pervanadate (Fig. 3C). These observations suggest that sorafenib
induces dephosphorylation of STAT3 by stimulating phosphatase activity.

To identify which of these candidate phosphatases mediate sorafenib-induced Tyr705 STAT3
dephosphorylation, silencing of the corresponding phosphatases was performed using siRNA
technology. No effect on sorafenib-induced Tyr705 STAT3 dephosphorylation was observed
despite effective knockdown of phosphatase SHP1 and PTPRT (data not shown). However,
knockdown of SHP2 resulted in abrogation of sorafenib stimulated Tyr705 STAT3
dephosphorylation (Fig. 4A). The activation of phosphatase SHP2 by sorafenib was further
confirmed by immunoblot analysis for the activated form of SHP2, Tyr580 phospho-SHP2.
Treatment of HuCCT-1 cells with 1 µM and 10 µM sorafenib resulted in a 1.66-fold and 1.82-
fold increase in Tyr580 phospho-SHP2 (Fig. 4B). Thus, sorafenib treatment of HuCCT-1 cells
results in Tyr705 STAT3 dephosphorylation by stimulation of SHP2 activity.

Sorafenib Sensitizes CCA Cells to Apoptosis
To evaluate the potential anti-neoplastic effect of sorafenib on cholangiocarcinoma cells in
vitro, the cytotoxic effects of sorafenib monotherapy and combined sorafenib-TRAIL
treatment were examined. As assessed either by morphologic criteria or caspase-3/7 activity,
neither sorafenib nor TRAIL monotherapy induced significant apoptosis in HuCCT-1 and
KMCH-1 cells. In contrast, the combination was associated with significant apoptosis
induction (Fig. 5A,B). These observations are consistent with our prior data indicating that
disruption of STAT3 signaling with loss of Mcl-1 expression sensitizes CCA cells to TRAIL
cytotoxicity.8 The sorafenib-mediated sensitization of the human CCA cell lines HuCCT-1
and KMCH-1 was dosedependent (Fig. 5C). However, silencing of phosphatase SHP2 resulted
in significant attenuation of the sorafenib-induced sensitization to TRAIL in comparison to
untransfected (P < 0.05) and scramble siRNA transfected HuCCT-1 cells (P < 0.05) (Fig. 5D).
These data support phosphatase SHP2 as a key mediator of sorafenib-induced sensitization to
TRAIL cytotoxicity.

As previously reported,18 sorafenib monotherapy induced apoptosis in TFK-1 cells as
confirmed by morphologic analysis as well as capase-3/7 assay (Fig. 6A). Similar to the other
human CCA cell lines, sorafenib treatment also resulted in a marked decrease in Tyr705 p-
STAT3 (Fig. 6B). Thus, dependent on the CCA cell line’ sorafenib either induces apoptosis
or sensitizes CCA cells to TRAIL-mediated apoptosis.

Sorafenib Is Tumor Suppressive in a Rodent CCA Model
To ascertain if the cytotoxic effects of sorafenib on CCA observed in vitro are translatable to
an in vivo model, we employed an established syngeneic, orthotopic rat model of CCA.19,20

One week after tumor cell implantation and left hepatic duct ligation, treatment was initiated
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with sorafenib at a dose of 10 mg/kg body weight/day, a dose equivalent to the dose currently
in use in humans with hepatocellular carcinoma.12 Therapy was initiated 7 days after tumor
implantation and given for 7 days. After 1 week of treatment, therapy was discontinued and
animals analyzed 21 days after tumor implantation. Macroscopic analysis confirmed extensive
tumor growth in vehicle-treated, BDEneu cell–injected animals (Fig. 7A). However, treatment
with sorafenib resulted in significant tumor suppression with complete tumor regression in
22% of the treatment group. Untreated animals showed a significant increase in their tumor-
to-body weight ratio secondary to hepatic carcinomatosis. However, in sorafenib-treated
animals this ratio was at control values (Fig. 7A). At the time of tumor analysis (21 days after
tumor implantation), extensive tumor growth had resulted in death of all vehicle-treated
animals. In comparison, 60% of sorafenib-treated animals were still alive at the same time
point (Fig. 7B). Immunohistochemical evaluation of BDEneu tumors for Tyr705 phospho
STAT3, displayed tumor nuclear staining in vehicle-treated animals (Fig. 7C). However, in
sorafenib-treated animals, nuclear Tyr705 phospho-STAT3 immunoreactivity was virtually
absent. This Tyr705 STAT3 dephosphorylation in BDEneu tumors was associated with
increased tumor cell apoptosis (Fig. 7D). Minimal apoptosis was observed in nontumorous
hepatic tissue, confirming the tumor specificity of the sorafenib-mediated sensitization of CCA
cells to apoptosis (Fig. 7D). Thus, sorafenib is tumor suppressive in this rodent model of CCA.

Discussion
The results of this study provide new insights regarding the potential efficacy of sorafenib for
the treatment of CCA. These data indicate that sorafenib: (1) inhibits the JAK/STAT3 signaling
axis by stimulating net Tyr705 STAT3 dephosphorylation which is associated with Mcl-1
down-regulation and sensitization to TRAIL-induced apoptosis; (2) mediates Tyr705 STAT3
dephosphorylation by a phosphatase SHP2-dependent pathway; and (3) results in tumor
suppression in an orthotopic, syngeneic rodent model of CCA. Each of these observations is
discussed in detail below.

Our data suggest sorafenib inhibits the JAK/STAT3 signaling pathway by stimulating
Tyr705 dephosphorylation of STAT3. At the time of finalizing our studies, three publications
also reported an effect of sorafenib and sunitinib in reducing cellular levels of Tyr705 phospho-
STAT3 in esophageal cancer, renal cell carcinoma and medulloblastoma cells.13,14,32 Our
results, however, extend these studies by identifying the mechanism for sorafenib associated
Tyr705-dephosphorylation of STAT3. Our current observations indicate that phosphatase
inhibition by sodium-pervanadate completely abrogates the sorafenib-induced decrease of
Tyr705 phospho-STAT3. These results implicate phosphatase activation by sorafenib as a
mechanism of Tyr705 STAT3 dephosphorylation. Sorafenib stimulated phosphatase SHP2
activation was identified by its Tyr580 activating phosphorylation. Furthermore, siRNA
targeted knockdown of phosphatase SHP2 resulted in abrogation of the sorafenib mediated
effect on Tyr705 phospho-STAT3. Based on these observations SHP2 is likely the phosphatase
responsible for sorafenib-induced Tyr705 STAT3 dephosphorylation. These data are consistent
with prior studies indicating that Tyr705 phospho-STAT3 is a direct substrate of SHP2.27 Our
studies also suggest that the sorafenib-induced Tyr705 STAT3 dephosphorylation is mediated
by Raf inhibition, a known sorafenib target, as the Raf-inhibitor ZM336372 also results in
Tyr705 STAT3 dephosphorylation. For example, concentrations of ZM336372 which are
selective for c-Raf inhibition also results in dephosphorylation of Tyr705 STAT3. Taken
together, our results suggest sorafenib induces Tyr705 dephosphorylation of STAT3 by
inhibiting Raf which results in enhanced phosphatase SHP2 activity.

Huether et al. observed apoptosis in vitro with sorafenib monotherapy in two CCA cell lines.
18 Our data confirm apoptosis following sorafenib monotherapy of TFK-1 cells, one of the cell
lines used by Huether et al. However, in none of the other human CCA cell lines evaluated in
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our study did sorafenib monotherapy induce apoptosis. The difference between cell lines in
regards to apoptosis induction by sorafenib is likely due to variation in the dependence of the
cell lines on STAT3 activation for survival.4,33

We observed significant sensitization to TRAIL induced apoptosis with sorafenib in several
human CCA cell lines. Because sorafenib reduced cellular Mcl-1 levels, these findings are
consistent with our previous observations that down-regulation of this antiapoptotic Bcl-2
protein sensitizes CCA cells to TRAIL cytotoxicity.8,34 Other mechanisms of sorafenib-
induced down-regulation of Mcl-1 have been reported which can enhance or complement
STAT3 inactivation including alterations in NF-κB–mediated transcription, inhibition of
eIF4E-associated translation, and accelerated proteosomal degradation.34–38 Loss of cellular
Mcl-1 by sorafenib by these multiple mechanisms should help ensure a pharmacologic effect
on this molecular target and contribute to either single agent or combination therapy.

Sorafenib displayed significant CCA tumor suppression in our in vivo CCA model. A
syngeneic, orthotopic rodent model of CCA was employed for these studies. Not only does
this model reflect a similar molecular signature as human CCA,20 but the syngeneic, orthotopic
model avoids the problems of immunocompromise and incompatibilities of the tumor
microenvironment problematic in human xenograft models. In contrast to the in vitro studies,
increased levels of apoptosis were observed in the BDE tumors of sorafenib-treated animals.
Previously, we reported that CCA cells produce TRAIL upon stimulation with interferon-γ, a
likely component of the inflammatory microenvironment.39 Sorafenib-mediated Mcl-1 down-
regulation in CCA cells may result in their sensitization to an endogenous TRAIL autocrine-
mediated and/or paracrine-mediated cytotoxic pathway. This concept may explain the
complete tumor regression in one-fifth of animals treated with sorafenib. Our results suggest
sorafenib warrants further evaluation for the treatment of human CCA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CCA cholangiocarcinoma

DAPI 4′ ,6-diamidino-2-phenylindole dihydrochloride

IL-6 interleukin-6

JAK Janus kinase

PBS phosphate-buffered saline

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

siRNA small interfering RNA

STAT signal transducer and activator of transcription

TRAIL tumor necrosis factor–related apoptosis-inducing ligand
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Fig. 1.
Sorafenib interferes with IL-6 signaling by loss of Tyr705 phospho-STAT3. HuCCT-1 cells
were treated in the presence or absence of sorafenib (10 µM) for 12 hours. (A) Inhibition of
known STAT3 activating signaling pathways. HuCCT-1 cells were treated with JAK-1/2,
ERK-1/2, Src and EGFR inhibitors at the indicated doses for 4 hours followed by immunoblot
analysis of whole-cell lysates for Tyr705 phospho-STAT3. (B) Effect of sorafenib on IL-6
secretion (left panel) and on the IL-6 receptor complex (right panel). IL-6 secretion by
HuCCT-1 cells into the supernatant was quantified by enzyme-linked immunosorbent assay.
The IL-6 receptor complex was evaluated by SDS-PAGE and immunoblot analysis of protein
(50 µg) obtained from whole-cell lysates. Bands were cut and combined (separated by dotted
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line) from the same radiograph. (C) Immunoblot analysis of sorafenib on total and Tyr705

phospho-STAT3 in HuCCT-1 cells. (D) Immunoblot analysis of sorafenib on total and
Tyr705 phospho-STAT3 in KMCH-1 and Mz-Cha-1 cells. (E) Immunoblot analysis of the Raf-
inhibitor ZM336372 on total and Tyr705 phospho-STAT3 in HuCCT-1 cells.
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Fig. 2.
Sorafenib inhibits transcriptional activity of STAT3 and results in loss of cellular Mcl-1.
HuCCT-1 cells were treated with sorafenib (10 µM) followed by analysis of STAT3 cellular
localization and Mcl-1 expression. (A) Sorafenib-treated and untreated cells were subjected to
immunocytochemistry for anti-STAT3 antibody and analyzed by confocal microscopy. DAPI
staining and overlay demonstrate nuclear accumulation of STAT3 in untreated, but not in
sorafenib-treated cells. (B) Percentages of cells with nuclear STAT3 fluorescence were
quantitated by imaging total nuclei labeled with DAPI (10 µg/mL). (C) Immunoblot analysis
for Mcl-1 protein expression. As assessed by immunoblot analysis, Mcl-1 protein levels
decreased as early as 2 hours following sorafenib treatment. (D) Quantitative real-time
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polymerase chain reaction for Mcl-1 mRNA. Cellular RNA was isolated from sorafenib-treated
and untreated cells 2 hours after treatment, and analyzed for Mcl-1 mRNA as described in
Materials and Methods section. Note the significant reduction (P < 0.05) in Mcl-1 mRNA
levels.
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Fig. 3.
Sorafenib-induced Tyr705 STAT3 dephosphorylation and Mcl-1 reduction is mediated by Raf-
kinase inhibition and depends on phosphatase activity. (A) HuCCT-1 cells were treated with
sorafenib (10 µM) in the absence or presence of the phosphatase inhibitor pervanadate at the
indicated concentrations. Four hours after treatment, whole-cell lysates were obtained and 50
µg of proteins analyzed by immunoblot analysis for Tyr705 phospho-STAT3 and total STAT3.
(B) HuCCT-1 cells were cotreated with the b-Raf and c-Raf inhibitor ZM336372 (0.1 µM) and
the phosphatase inhibitor pervanadate at the indicated concentrations. Four hours after
treatment, whole-cell lysates were obtained and 50 µg of proteins analyzed by immunoblot
analysis for Tyr705 phosphoSTAT3 and total STAT3. (C) HuCCT-1 cells were cotreated with
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sorafenib (10 µM) and the phosphatase inhibitor pervanadate (100 µM). At 12 hours after
treatment, whole-cell lysates were obtained and 50 µg protein was analyzed by immunoblot
analysis for Tyr705 phospho-STAT3, total STAT3, Mcl-1, and actin.
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Fig. 4.
Sorafenib-induced Tyr705 STAT3 dephosphorylation is mediated by phosphatase SHP2. (A)
HuCCT-1 cells were treated for 2 hours with sorafenib at the indicated concentrations followed
by immunoblot analysis for Tyr580 phospho-SHP2, total STAT3, and actin. The relative
increase in Tyr580 phospho-SHP2 was quantified by densitometric analysis. (B) HuCCT-1 cells
were transfected with scrambled or SHP2-specific siRNA followed by treatment with sorafenib
(10 µM) for 4 hours. Subsequently, whole-cell lysates were obtained and 50 µg of proteins
analyzed by immunoblot analysis for Tyr705 phospho-STAT3, total STAT3 and SHP2. Bands
were cut and combined (separated by dotted line) from the same radiograph.
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Fig. 5.
Sorafenib sensitizes CCA cells to TRAIL-induced apoptosis. Effects of sorafenib on KMCH-1
(left) and HuCCT-1 cells (right). Shown are average values with standard deviations (n = 3).
(A) Cells were treated with sorafenib (10 µM) and/or TRAIL (2.5 ng/mL) followed DAPI-
staining and fluorescence microscopic analysis. (B) Cells were treated for 2 hours with
sorafenib (10 µM), followed by addition of TRAIL (2.5 ng/mL). Note the significant (P < 0.05)
increase in caspase 3/7 activity in cells treated with combination treatment. (C) Dose-
dependency of sorafenib mediated sensitization to TRAIL-induced apoptosis. HuCCT-1 and
KMCH-1 cells were treated with 2.5, 5, and 10 µM of sorafenib in the presence of 2.5 ng/mL
TRAIL followed by quantification of apoptotic nuclei using DAPI-staining and fluorescence
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microscopic analysis. (D) Untreated, scramble siRNA and SHP2 siRNA transfected HuCCT-1
cells were treated with sorafenib (10 µM) and TRAIL (2.5 ng/mL) followed DAPI-staining
and fluorescence microscopic analysis.
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Fig. 6.
Sorafenib monotherapy induces apoptosis in TFK-1 cells. TFK-1 cells were treated for 6 hours
in the presence or absence of Sorafenib (10 µM), followed by analysis for apoptosis induction
and Tyr705 p-STAT3 dephosphorylation. (A) Caspase-3/7 activity (left) and quantification of
apoptotic nuclei using DAPI-staining and fluorescence microscopic analysis (right) following
sorafenib treatment. (B) Immunoblot analysis for Tyr705 phospho-STAT3 and total STAT3 in
whole-cell lysates obtained after 6 hours incubation in the presence or absence of sorafenib.
The relative decrease in Tyr705 p-STAT3 was quantified by densitometry of three separate
experiments.
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Fig. 7.
Sorafenib is tumor suppressive in a rat, syngeneic, orthotopic rodent model of CCA. BDEneu
cells were implanted in left hepatic duct-ligated, male Fischer rats. One week after surgery,
animals were treated daily with sorafenib (10 mg/kg body weight) or vehicle by intraperitoneal
injection for 7 days (n = 9 animals/treatment group). One week after completion of treatment,
all vehicle-treated animals had died, and remaining animals were sacrificed and analyzed. (A)
Macroscopic analysis of hepatic tumors. Depicted are photographs of livers of normal, and
sorafenib-treated or vehicle-treated tumor-bearing rats. There was almost complete
replacement of the liver by tumor tissue in vehicle-treated versus sorafenib-treated animals
resulting in significant increase of liver weight in tumor-bearing rats versus normal rats. (B)
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Comparison of survival at day 21 after tumor implantation. None of the vehicle-treated animals
had survived at day 21 versus 60% animal survival in the sorafenib treatment group. (C)
Immunohistochemical analysis for Tyr705 phospho-STAT3 in BDEneu tumor-tissue of
sorafenib-treated and vehicle-treated rats. (D) TUNEL assay for evaluation and quantification
of apoptosis in BDEneu tumor sections of sorafenib-treated and vehicle-treated animals.
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