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Abstract
Inadequate efficacy, high toxicity and drug resistance associated with existing chemotherapeutic
agents mandate a need for novel therapeutic strategies for highly aggressive pancreatic cancer
(PC). Guggulsterone (GS) exhibits potent anti-proliferative effects against various cancer cells and
has emerged as an attractive candidate for use in complementary or preventive cancer therapies.
However, the knowledge regarding the therapeutic potential of GS in PC is still limited and needs
to be explored. We studied the effect of GS on PC cell growth, motility and invasion and
elucidated the molecular mechanisms associated with its anti-tumor effects. Treatment of Capan1
and CD18/HPAF PC cells with GS resulted in dose- and time-dependent growth inhibition and
decreased colony formation. Further, GS treatment induced apoptosis and cell cycle arrest as
assessed by Annexin-V assay and FACS analysis. Increased apoptosis following GS treatment was
accompanied with Bad dephosphorylation and its translocation to the mitochondria, increased
Caspase-3 activation, decreased Cyclin D1, Bcl-2 and xIAP expression. Additionally, GS
treatment decreased motility and invasion of PC cells by disrupting cytoskeletal organization,
inhibiting activation of FAK and Src signaling and decreased MMP9 expression. More
importantly, GS treatment decreased mucin MUC4 expression in Capan1 and CD18/HPAF cells
through transcriptional regulation by inhibiting Jak/STAT pathway. In conclusion, our results
support the utility of GS as a potential therapeutic agent for lethal PC.

1. Introduction
Pancreatic Cancer (PC) is the 10th most commonly diagnosed cancer and 4th leading cause
of cancer deaths in the United States with a median 5-year survival of only about 6% [1, 2].
PC is often diagnosed at an advanced stage that is highly resistant to conventional chemo-
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radiation therapy and is difficult to treat [3]. Standard chemotherapy for PC produces only a
modest survival benefit in patients with advanced disease and is associated with high
toxicity and drug resistance [4]. Hence, effective yet non-toxic therapeutic agents capable of
inhibiting the proliferation and metastasis of PC are urgently needed.

Naturally occurring bioactive phytochemicals, due to their non-toxic nature have emerged as
promising options for the development of effective alternatives or adjuncts for conventional
cytotoxic therapies. Guggulsterone (GS), [4, 17(20)-pregnadiene- 3,16-dione], a plant
polyphenol derived from the exudates of plant Commiphora mukkul, has been used in
traditional medicine for treating several ailments including obesity, hyperlipidemia,
atherosclerosis, diabetes and osteoarthritis [5]. Recent studies indicate therapeutic and anti-
proliferative activity of GS against several human cancers including head and neck, prostate,
lung, breast, colon and ovarian cancer, with no apparent signs of toxicity on normal human
fibroblast cells, immortalized esophageal cells, non-transformed prostate and colon
epithelial cells [6–14]. Besides inhibiting cell proliferation and inducing apoptosis, GS
inhibits cell motility and invasion of cancer cells in vitro and angiogenesis and metastasis in
vivo [7, 9, 12, 14]. GS has also been reported to inhibit invasion and metastasis of PC cells
through antagonizing Farnesoid X receptor [15] . Further, GS has been shown to increase
the efficacy of gemcitabine in gall bladder cancer and PC cells, reverse the multi-drug
resistance in breast cancer MCF7 cells [16–18] and enhance radiosensitivity [19].

GS inhibits the activation of transcription factors NF-ΚB and STAT3 in cancer cells [6, 20, 21],
decreases production of reactive oxygen species (ROS), suppresses inflammation and
modulates anti-apoptotic and cell cycle–regulatory proteins [10, 12, 13, 17, 20, 22, 23].
Besides affecting NF-ΚB and STAT3 activation, GS binds and modulates the activity of several
steroid receptors like FXR, estrogen receptor alpha (Erα), progesterone receptor (PR), and
pregnane X receptor (PXR) [24, 25]. Although the anticancer effects of GS have been
documented in various cancers including PC, molecular mechanisms of GS mediated effects
on PC are still inadequately understood.

Given the evidence for the anti-tumor effects of GS, we assessed the effect of GS on PC
cells and investigated the underlying molecular mechanisms. Our results showed that GS
inhibits proliferation, decreases motility and invasion and induces apoptosis in PC cells.
These anti-tumor effects of GS possibly involve multiple networks including inhibition of
FAK, Src, and Jak/STAT signaling, alteration in BAD phosphorylation, reorganization of
actin cytoskeleton, and down-regulation of MUC4.

2. Materials and Methods
2.1 Chemicals and antibodies

Purified Guggulsterone (GS) and MTT [4, 5-dimethyl-2-yl]-2, 5-diphenyl tetrazolium
bromide), were purchased from Sigma Chemical Co. (St. Louis, MO, USA) and Annexin-V
conjugated AlexaFluor488 Apoptosis Detection Kit from Molecular Probes, Inc. (Eugene,
OR). The protein assay kit was from Bio-Rad (Hercules, CA, USA). MUC4 monoclonal
antibody (8G7) was developed in our laboratory [26]. The rabbit polyclonal antibodies
against cleaved caspase-9 (Asp330), pSTAT3 (Ser705)/STAT3, pSTAT1 (Ser-727)/ STAT1,
pFAK (Tyr 925, Tyr 576/577)/tFAK, pSrc/Src (Tyr 416), xIAP were obtained from Cell
Signaling (St. Louis, MO, USA). Mouse monoclonal antibodies against Bcl2 (sc-492),
cyclin D1 (sc-8396), survivin (sc-17779); rabbit polyclonal antibodies against 14-3-3ζ
(sc-1019), were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
polyclonal antibodies against STAT1, STAT3 were obtained from BD Laboratories
(Bedford, MA, USA) and rabbit IgG from Vector Laboratories (Burlingame, CA, USA). β-
actin antibody was obtained from Sigma-Aldrich (St. Louis, MO, USA). Horseradish
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peroxidase conjugated anti-mouse and anti-rabbit IgG were procured from GE Healthcare
Biosciences (Uppsala, Sweden) and FITC-conjugated anti-mouse IgG was obtained from
Invitrogen (California, U.S.A.).

2.2 Cell lines and cell culture conditions
The human PC highly aggressive cell lines- CD18/HPAF and Capan1 cells were procured
from American Type Culture Collection (ATCC), and cultured in Dulbecco’s Modified
Eagles Medium (DMEM, Sigma Aldrich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum and antibiotics (100 µg/mL penicillin and streptomycin) [27]. Cells were
grown at 37°C with 5% CO2 in a humidified atmosphere.

2.3 Cytotoxicity assay
The effect of GS on the viability of PC cells was determined using MTT assay as described
previously [28]. Briefly, Capan1 and CD18/HPAF cells (5×103/well) were plated in a 96-
well plate for 24 hrs and incubated in triplicates in the presence of medium containing GS (0
– 100 µM) or 0.02% of DMSO which served as a vehicle control in a final volume of 100 µl
for 24–72 hrs at 37°C. Cell death was measured by adding MTT at 37°C for 3–4 hrs
followed by addition of 100 µl of dimethyl sulphoxide (DMSO) to dissolve formazan
crystals so formed. Optical density (OD) was measured at λ=570 nm and the percentage cell
death was calculated [28]. The experiment was repeated thrice.

2.4 Cell cycle analysis and apoptosis assay
CD18/HPAF and Capan1 PC cells were treated with GS for 24 and 48 h, collected and
washed with phosphate buffer saline (PBS, pH = 7.4). The cells were fixed in 70% ethanol
for 30 min at −20oC and resuspended in buffer containing PBS-EDTA (0.5 M, pH = 8.0),
Triton X-100 (0.05 %), RNAse A (50 µg/ml) and propidium iodide (PI, 100 µg/ml) for flow
cytometry analysis. The PI-labeled cells were analyzed by flow cytometry using CantoTM
flow cytometer (Becton Dickinson, Mountain, View, CA). Results were analyzed with
ModFit LT™ software (Verity Software House, Topsham, ME). Apoptosis or necrosis was
measured by Annexin-V FITC staining as described previously [29].

2.5 Immunoblot analysis and immunoprecipitation
Immunobloting was carried out as described previously [29]. Thirty to sixty µg of protein
from the cell extracts were resolved by electrophoresis on either a 2.0% SDS-agarose gel
(for MUC4) or a 10% SDS polyacrylamide gel (for other proteins) and transferred to
polyvinylidene difluoride membrane (PVDF). After blocking, blots were incubated with
specific antibodies as per manufacturer’s recommended protocol at 4°C overnight followed
by incubation with horseradish peroxidase-labeled appropriate secondary immunoglobulin
and the signal was detected using an electro chemiluminescence reagent kit (Amersham
Pharmacia, Piscataway, NJ). β-actin was used as a control for protein loading.

For BAD and 14-3-3ζ interaction, cells with or without GS treatment for various time points
were washed with ice-cold PBS and whole cell lysates were prepared as described
previously [30]. Equal amount of protein (500 µg) was cleared with protein A/G-plus
agarose beads (Oncogene Research, Boston, MA, U.S.A.) on a rotating platform. BAD or
14-3-3ζ proteins were immunoprecipitated from cleaned lysates using specific antibodies
followed by the addition of protein A/G-plus agarose beads (50 µL) for 4hrs at 4°C.
Immunoprecipitates were washed, and subsequently subjected to SDS PAGE followed by
immunoblotting using BAD and 14-3-3ζ antibodies.
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2.6 RNA isolation and RT-PCR
Cells were treated with GS (50µM) for different time points. Total RNA isolation and cDNA
synthesis by reverse transcription was done as described previously [29]. Quantitative real-
time PCR was performed using 1µl of a 1:5 dilution of first-strand cDNA using the SYBR
Premix Ex Taq kit (Takara Bio, Madison, WI, USA) and specific primers (Table 1) for
various genes, using Roche Light Cycler 480 system (Roche Diagnostics, Mannheim,
Germany). Each reaction was done in triplicate and the level of mRNA expression of each
gene was normalized to that of β-actin.

2.7 Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) analysis was carried out as described previously
[31]. Briefly, cross-linked chromatin was prepared from CD18/HPAF cells either untreated
or treated with GS, sheared to an average length of 0.6 kb. After immunoprecipitation with
antibodies against anti-STAT1 and STAT3 for 16 hrs at 4°C, the fragmented DNA was
purified and the STAT1 and STAT3 binding sequences on MUC4 promoter were amplified
by PCR using specific sets of primers (Table 1) [31, 32].

2.8 Motility and invasion assay
The effect of GS on the motility and invasion of PC cells was assessed by the Transwell
migration assay. CD18/HPAF and Capan1 cells were treated with GS for 24h, trypsinized
and resuspended in serum-free medium and plated (2.5×105) in the top chamber of
polyethylene terephthalate membranes (pore size 8µm) (Becton Dickinson) for motility and
(1 × 106) Capan1 cells were seeded on Matrigel-coated membrane inserts (BD Biosciences,
Bedford, MA) for invasion assay. Cells were allowed to migrate for 24 hrs using 10%
serum-containing media as a chemo attractant. After incubation, non-migrated cells were
removed by scraping the membrane with a cotton swab. The migrated cells on the lower side
of the membrane were stained with Diff-Quick cell stain kit (Dade-Behring Inc, Newark,
DE, U.S.A.) and counted under the light microscope at high power (X100 magnification in
10 random fields). Each experiment was performed in triplicate. The results were expressed
as the mean (±SE) number of cells migrating per high power field.

2.9 Wound healing assay
To further confirm the effect of GS on the migration ability of PC cells, we performed an in
vitro wound healing assay as described previously [28, 29]. Briefly, CD18/HPAF and
Capan1 cells were grown to 90–100% confluency in 60-mm petri-plates and a series of
linear wounds were made using a sterile 100 µl pipette tip. The cells were washed once with
PBS to remove the dead and un-adhered cells at the site of the wound. The wound was then
photographed before GS addition as baseline. DMEM with or without GS was added to the
cells and incubated at 37°C. Photographs of the wound were taken at 0, 12, 24 and 36 hrs of
treatment and motility of the GS treated cells was compared with untreated control cells. An
average of eight wounds was taken to determine the average rate of migration at a given
time point.

2.10 Anchorage dependent and independent clonogenecity assay
To examine the effect of GS on the clonogenic potential of PC cells, we performed an in
vitro colony formation assay as described earlier [33]. Briefly, after GS treatment for 24 hrs,
cells were washed and trypsinized. 2 × 103 cells were seeded in triplicate in a 100-mm petri
plate and incubated for 2 weeks. Thereafter, the colonies formed were fixed in methanol and
stained with 0.5% crystal violet. The colonies were counted and compared with untreated
cells.

Macha et al. Page 4

Cancer Lett. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For anchorage-independent proliferation assay, 1 × 103 cells after GS treatment for 24h were
plated in six-well plates, with a bottom layer of 0.5% agar and a top layer of 0.35% agar
containing the cells. After 2 weeks of incubation at 37°C, colonies so formed were
visualized under microscope, photographed and counted.

2.11 Immunofluorescence microscopy
Expression and localization of MUC4 protein was studied using confocal laser scan
microscopy as described previously [28, 29]. For cytoskeleton re-organization, Rhodamine-
conjugated phalloidin (Invitrogen) was used for staining actin filaments as described by us
previously [29]. Briefly cells were treated with GS for 24 hrs and fixed with formaldehyde.
Cells were incubated with Rhodamine conjugated Phalladoin for 30 min at room
temperature, washed with PBS and mounted using Vector shield medium. Immunostaining
was observed under a Zeiss confocal laser-scanning microscope (Carl Zeiss Microimaging,
Thornwood, NY), and representative photographs were captured digitally at a magnification
of ×63 using the 510 LSM software.

2.12 Subcellular fractionation: Isolation of cytoplasm and mitochondria
Cytoplasmic and mitochondrial fractions were prepared as previously described [30].
Briefly, CD18/HPAF (2 ×107) cells with or without GS treatment were harvested,
resuspended in isotonic mitochondrial buffer (210mM mannitol, 70 mM sucrose, 1 mM
EGTA, 10 mM Hepes, pH 7.5, 0.1% BSA) and homogenized with a polytron homogenizer.
After a brief centrifuge at 2000g for 3 min of the homogenate to pellet the nuclei,
supernatant was again centrifuged at 13,000g for 10 min to pellet mitochondria. The
supernatant was further centrifuged at 15,000g to pellet light membranes. The resulting
supernatant contained the cytosolic fractions. The mitochondria were washed with
mitochondrial buffer twice, resuspended with 1% Nonidet P-40 lysis buffer, rocked for 60
min, and then centrifuged at 13,000 X g for 10 min at 4°C. The supernatant containing
mitochondrial proteins was collected. Protein (100µg) from each fraction was subjected to
12% SDS-PAGE and analyzed by western blot analysis using antibodies against 14-3-3ζ and
BAD. The purity of the fractions was confirmed by assessing localization of fraction-
specific proteins including Tom20 for mitochondria.

2.13 Statistical analysis
Statistical analysis was carried out using the Medcalc software for Windows version 9.6.4.0
(MedCalc Software). Statistical significance was determined using the paired, two-tailed
Student’s t-test. The criterion for statistical significance was *P <0.05, **P <0.01 and ***P
<0.005. Each assay was repeated at least 3 times (unless otherwise specified), to check the
validity of the results obtained. The fold change in the mRNA expression was calculated by
δδCt method as a 2−δδCt. The mean values ± standard error is presented in figures.

3. Results
3.1 GS inhibits the growth of PC cells

To determine the cytotoxic effect of GS, highly aggressive Capan1 and CD18/HPAF PC
cells were treated with varying concentrations of GS (5–100 µM) for 24–72 hrs. MTT assay
revealed dose and time dependent increase in the cytotoxicity of GS in Capan1 and CD18/
HPAF cells as shown in Fig. 1a and 1b, respectively. Treatment of Capan1 and CD18/HPAF
PC cells with GS produced a cytotoxic effect with an inhibitory concentration at 50% (IC50)
around 50 µM, which was used for all subsequent experiments. We have analyzed the effect
of GS on less aggressive PC cells like MiaPaCa and ASPC1 (data not included) and
observed the similar effects on cell proliferation
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3.2 GS inhibits colony-forming ability of PC cells
Since the ability of tumor cells to form colonies in vitro is a reliable indicator of their
tumorigenic potential in vivo, we investigated the effect of GS on of long-term colony
formation. Exposure of PC Capan1 and CD18/HPAF cells to GS was associated with
significant repression of colony-forming ability (Fig. 1c). At 50 µM of GS, the size and
number of colonies was significantly reduced (P < 0.01), from 1252 to 250 in Capan1 cells,
and from 1282 to 272 in CD18/HPAF cells.

Furthermore, we determined the anchorage-independent growth of GS treated Capan1 and
CD18/HPAF cells on semi-solid medium. After culturing the cells for 2 weeks, both GS
treated Capan1 and CD18/HPAF cells exhibited significantly reduced anchorage
independent growth as indicated by fewer and smaller colonies compared to untreated
control cells (Fig. 1d). The smaller colonies formed by GS treated Capan1 and CD18/HPAF
cells might result from its decreased growth rate, and indicates the inhibitory activity of GS
against tumorigenesis.

3.3 GS induces apoptosis in PC cells
To determine the effect of GS on PC cells, CD18/HPAF and Capan1 cells were either left
untreated for 48 hrs or treated with GS (50 µM) for 12, 24 and 48 hrs and examined under
phase contrast microscope (x100) and photographed (Fig. 2a). We observed a time
dependent increase in small and round cells on GS treatment suggesting that GS induces cell
death in CD18/HPAF and Capan1 cells. Furthermore, flow cytometric analysis of indicated
significant increase in proportion of Sub G0 cells in 24–48 hrs indicating time dependent
increase in cell death in GS (50µM) treated Capan1 (<p=0.04) and CD18/HPAF (<p=0.05)
cells compared to untreated controls (Fig. 2b and 2c).

To examine whether the GS-induced loss of the cell viability and induction of Sub G0 phase
arrest in PC cells was associated with the induction of apoptosis or necrosis, GS treated and
control were stained with Alexa Fluor-488-conjugated Annexin V, PI and analyzed by flow
cytometry. Treatment of Capan1, and CD18/HPAF cells with GS increased number of
apoptotic (37% and 32%) and necrotic cells (27% and 23%) respectively compared to (2%
and 3.1%) apoptotic cells in untreated control cells (Fig. 2d).

3.4 GS modulates cell cycle regulatory and anti-apoptotic proteins
CD18/HPAF and Capan1 cells were treated with GS for the indicated time points and then
harvested for western blotting and real time PCR analysis. GS treatment resulted in
downregulation of the xIAP, Bcl2 and Cyclin D1 expression and significantly upregulated
the levels of cleaved Caspase-3 in a time dependent manner at protein level (Fig. 2e). Our
real- time PCR analysis also revealed a significant shift in the expression of pro-apoptotic
molecules BAD and Bax, with no change in expression of Bak molecule (Fig. 2f), indicating
the involvement of intrinsic mitochondrial pathway of apoptosis. Furthermore, the real time
PCR analysis also showed significant decrease in expression of cell cycle regulatory
proteins- Cyclin D1, Abcl2 and Survivin in CD18/HPAF cells (Fig. 2f).

3.5 GS treatment inhibits motility and invasion of PC cells
Capan1 and CD18/HPAF PC cells are highly invasive both in vitro and in vivo [28]. GS has
been reported to inhibit migration of head and neck and breast cancer cells [9, 34]. To
evaluate GS as a potential drug in PC therapy, its effect on migration and invasive abilities
of Capan1 and CD18/HPAF cells was analyzed by wound healing assay (qualitative),
Transwell migration (quantitative) assay and Matrigel based Transwell invasion assay. Our
results showed that GS treatment significantly inhibited the migration of both Capan1
(p=0.001) and CD18/HPAF (p=0.001) cells and this effect was consistent across both the
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wound healing (Fig. 3a) and Transwell migration assays (Fig. 3b). The wound-healing assay
clearly shows that untreated cells (0µM) migrated across the wound much faster than cells
incubated with GS (50µM) (Fig. 3a). Transwell assay results indicated a significant decrease
in number of migrating Capan1 (P= 0.002) and CD18/HPAF (P= 0.002) cells compared to
untreated control cells (Fig. 3b). In addition, the matrigel-based migration assay indicated
that GS was able to inhibit significantly the cell invasion of Capan1 cells (p=0.001) (Fig.
3c).

To further analyze the effect of GS on motility and migration of PC cells, the expression
levels of matrix metalloproteinase 9 (MMP9), which targets many extracellular proteins
including adhesion molecules [35] during invasion and metastasis, was analyzed by western
blot analysis. In agreement with the experiments discussed above, we observed that the
expression levels of MMP9 was down regulated in GS-treated Capan1 and CD18/HPAF
cells compared to the untreated control cells (Fig. 3a).

3.6 GS downregulates MUC4 expression in PC cells
Recent observations suggest that MUC4 is involved in PC cell motility, invasion and
promotes resistance to apoptosis against various chemotherapeutic agents[36, 37]. These
observations prompted us to determine the effect of GS on MUC4 expression in PC cells.
CD18/HPAF and Capan1 PC cells were kept untreated for 48 hrs (used as control) or treated
with GS (50µM) for 12, 24 and 48 hrs. Protein lysates and mRNA were collected and the
expression of MUC4 was assessed by western blotting and RT-PCR analysis. GS decreased
MUC4 expression in both Capan1 and CD18/HPAF cells in a time dependent manner with
complete downregulation of MUC4 at 48 hrs (Fig. 4a). Decrease in MUC4 mRNA levels
indicates transcriptional regulation of MUC4 using GS in PC cells. Our western blot and
RT-PCR results were further confirmed by confocal microscopy, showing the similar MUC4
downregulation with GS treatment (Fig. 4b).

3.7 GS inhibits recruitment of STAT1 and STAT3 to the MUC4 promoter
Our laboratory and others have reported that activated STAT1 and STAT3 transcription
factors are potential regulators of MUC4 expression in PC involving JAK pathway [31, 38–
40]. Similarly, hyper activated STAT3 has been correlated with increased murine Muc4
levels in gastric tumors of mice [41]. GS has been shown to modulate the activation of
STAT transcription factors and their binding ability on gene promoters in HNSCC and colon
cancers [6, 6, 8, 9, 21, 21], suggesting that STATs may be one the potential targets of GS
mediated MUC4 downregulation. Immunoblot analysis of the lysates of GS-treated Capan1
and CD18/HPAF PC cells revealed a time dependent decrease in the phosphorylation of
STAT1 and STAT3 proteins (Fig. 4c). GS-induced inhibition was observed as early as 6 hrs
with complete inhibition observed at 24 hrs. We also observed similar effect of GS treatment
on the expression of activated upstream STAT kinases, pJak1 and pJak2 (Fig. 4c), however,
GS treatment did not alter the overall levels of STAT1, STAT3, Jak1 and Jak2 proteins
levels till 12 h of GS treatment, but a slight decrease was observed at 24hrs of treatment
(Fig. 4c). These results suggested that GS-reduced phosphorylated STAT1 and STAT3
levels by inhibiting the upstream kinases and also by reduction of total STAT levels.

To further establish the effect of GS on the association of STAT1 and STAT3 with MUC4
promoter, we performed ChIP assay using anti-STAT1 and -STAT3 antibodies. The
occupancy of the promoter was analyzed using specific pairs of primers [31, 32] spanning
the STAT1 and STAT3 binding motif of the MUC4 promoter. GS treatment significantly
inhibited recruitment of STAT1 and STAT3 to the MUC4 promoter (Fig. 4d) suggesting that
GS down regulates MUC4 expression at transcriptional level by modulating STAT binding
on MUC4 gene promoter.
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3.8 GS induces dissociation of BAD from 14-3-3ζ and its accumulation on mitochondria
Phosphorylation of BAD results in cytoplasmic sequestration by its interaction with 14-3-3ζ
[42], inhibiting its pro apoptotic function at mitochondrial membrane. We have previously
reported that MUC4 induced phosphorylation of BAD in CD18/HPAF cells [37]. GS
induced BAD dephosphorylation and its dissociation from 14-3-3ζ has been reported in
HNSCC [30]. Hence, we determined, whether decreased MUC4 expression by GS was
accompanied by BAD dephosphorylation and its dissociation from 14-3-3ζ. Immunoblot
analysis showed a time dependent decrease in the level of phosphorylated BAD (pBAD,
Ser-136) following GS treatment in CD18/HPAF cells (Fig. 5a). Co-immunoprecipitation
(co-IP) analysis revealed that dephosphorylation of BAD was accompanied by its
dissociation from 14-3-3ζ (Fig. 5b), and its subsequent translocation to mitochondria (Fig.
5c), thus increasing its pro-apoptotic effect.

3.9 GS induces rearrangement of the cytoskeleton of PC cells
Recently, we have observed that MUC4 knockdown decreases cell motility by inducing
cytoskeletal reorganization as observed by reduced lammilopodia and filopodia [29]. We
thus determined whether GS treatment resulted in actin cytoskeleton rearrangement to
impact motility and invasion of PC cells. Phalloidin staining indicated a disruption of the
cortical actin network with reduced lammilopodia and filopodia in GS treated cells
compared to untreated control cells, suggesting that Capan1 and CD18/HPAF cells have a
decreased motility following GS treatment (Fig. 5d).

FAK, a non-receptor protein-tyrosine kinase, plays central role in integrin-mediated
signaling, and is involved in cellular motility and protection against apoptosis [43]. Src-
mediated phosphorylation and activation of FAK is required for actin stress fiber formation
and focal adhesion assembly during cell adhesion and cell spreading [44, 45]. Therefore, we
determined if the effects of GS on motility and actin remodeling are mediated through FAK/
Src signaling. Western blot analysis of GS treatment showed decreased phosphorylation of
both Src and FAK in a time dependent manner, both in CD18/HPAF and Capan1 cells (Fig.
5e).

4. Discussion
Several studies indicate that GS suppresses proliferation and induces apoptosis in a variety
of tumor cells, including pancreas, breast, colon, oral, lung, melanoma, myeloma, leukemia,
and prostate carcinoma [7, 9–11, 13, 14, 30]. Therefore, in the present study we evaluated
the anti-tumor effects of GS in lethal PC cells and investigated the underlying mechanisms.
The current study demonstrates that GS treatment inhibited the cell growth, increased
apoptosis, decreased invasion and metastasis by effecting cytoskeletal re-organization,
suppressed colony formation and downregulated MUC4 expression through inhibiting Jak/
STAT signaling. Besides MUC4, GS also down regulated MUC1 and MUC16 expression in
PC cells (data not shown). The overall effect of GS on PC cells is presented in the schematic
diagram in Fig. 5f. To our knowledge, this is the first evidence demonstrating that GS can
modulate mucin expression and assumes importance in view of the oncogenic role of MUC4
in PC and its potential as a therapeutic target for PC. These intriguing findings are relevant
to a large number of PC patients in the view that we and others have reported significant
over-expression of MUC4 in PC compared to the normal pancreas [46].

One of the most significant findings of our studies was the downregulation of MUC4 mucin.
In accordance with the present findings, recent studies from our group demonstrated that
chemopreventive agents, Thymoquinon (TQ), Graviola and Basil also resulted in MUC4
down-regulation, increased apoptosis and decreased invasion and metastasis of PC cells [28,
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47, 48]. MUC4, a member of membrane bound mucin, is one of the top differentially
overexpressed genes in PC [46, 49]. While undetectable in the normal pancreas, its
expression increases progressively with the progression of the disease and is associated with
poor prognosis. Our recent studies support the oncogenic role of MUC4 and indicate that
MUC4 can induce neoplastic transformation of fibroblasts and promote survival, invasion
and metastasis of PC cells [27, 33]. MUC4 also promotes resistance to apoptosis induced by
chemotherapeutic agents like Gem, trastuzumab, and cisplatin in PC cells and down-
regulation of MUC4 reverses chemoresistance of PC stem/progenitor cells and their
progenies [2, 36, 37]. MUC4 also induces epithelial to mechenchymal transition (EMT) by
stabilizing N-Cadherin expression in pancreatic cancer cells [29]. In addition to MUC4,
other membrane-bound mucins MUC1 and MUC16 have are also overexpressed in PC and
contribute to pathogenesis [50, 51]. GS treatment also resulted in significant down-
regulation of MUC1 and MUC16 in both Capan1 and CD18/HPAF cells (data not shown)
indicating that GS mediated effects may not be limited to MUC4 only, but may also involve
other mucins. However, given the significance of MUC4 in PC pathogenesis, we focused
our efforts to understand the mechanism of MUC4 down-regulation by GS.

Several cytokines including IL-4, IL-6, TNF-α and IFN-γ have been shown to be involved
in deregulated overexpression of MUC4 [28, 31, 39, 41, 52], through JAK/STAT pathway,
in particular STAT3 and to a minor extent STAT1 [53]. We and others have identified 5
STAT1 binding sites on MUC4 promoter, and two STAT3 binding sites on 5′-UTR of
MUC4 [31, 32, 38], suggesting a possible role of STAT transcription factors in the
transcriptional regulation of MUC4. Recently GS induced decrease in levels of
phosphotyrosine STAT3 has been demonstrated in multiple myeloma and HNSCC cell lines
[6, 9, 21]. Furthermore, GS has been reported to decrease IL-6 expression and subsequent
STAT3 binding on the VEGF promoter, indicating the effect of GS on transcription factor
binding on gene promoters [8, 21]. In accord with these reports, our ChIP analysis also
indicated decreased binding of both STAT1 and STAT3 to the MUC4 promoter (Fig. 4d)
and reduced MUC4 transcripts following GS treatment. Further, decreased binding of
STATs was accompanied with decreased phosphorylation of both STAT1 and STAT3 (Fig.
4c) along with their upstream kinases Jak1and Jak2.

Apoptosis induction and inhibition of cell proliferation are important mechanisms for anti-
cancer effects of many natural chemopreventive agents[10], and the mechanism involves the
up-regulation of pro-apoptotic proteins and/or down-regulation of anti-apoptotic proteins.
Our studies demonstrate that GS treatment resulted in a dose and time dependent growth
inhibition of cell proliferation and increased apoptosis characterized by increased sub
diploid cells (Fig. 2b and 2c), Caspase-3 activation, a time-dependent decrease in the levels
of anti-apoptotic/proliferative genes Bcl-2, xIAP and a simultaneous increase in the pro-
apoptotic proteins BAD and Bax (Fig. 2 e–f) indicating the involvement of intrinsic
apoptotic pathway. MUC4 down regulation has been shown to induce intrinsic pathway of
apoptosis and this may be a possible mechanism of GS induced apoptosis in PC cells. These
results are in accord with earlier observations from our lab showing MUC4 knockdown in
CD18/HPAF PC cells activates intrinsic mitochondrial apoptotic pathways and reduced
resistance to gemcitabine treatment by effecting BAD phosphorylation, suggesting that
MUC4-mediated increased BAD phosphorylation is sufficient to protect PC cells from
apoptosis [37]. Pro-apoptotic function requires mitochondrial translocation of BAD and its
interaction with Bcl2/Bcl-xl to release Bax and formation of ion pores to release cytochrome
c into cytoplasm. However, in proliferating and cancerous cells, pro-apoptotic function of
BAD is inhibited by its sustained phosphorylation (ser-136) and its interaction with 14-3-3
family of proteins, which results in its sequestration in the cytoplasm away from the
mitochondria [30]. Consistent with these reports, we observed that GS induced MUC4 down
regulation was accompanied with BAD de-phosphorylation. Co-immunoprecipitation assays
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using 14-3-3ζ specific antibody revealed dissociation of BAD from 14-3-3ζ and its
subsequent translocation from cytoplasm to mitochondria (Fig. 5c).

Cell motility being the important requirement for tumor invasion, is an attractive therapeutic
target for inhibiting advanced PC. GS impacts several signaling pathways regulating cell
motility and invasion [9, 14]. Following GS treatment, we observed significant inhibition of
PC cell motility and invasion. These results are in accord with earlier observations showing
GS prevented the migration of metastatic human breast cancer MDA-MB-231 cells [34].
Further, we observed a significant decrease in number and length of both lammilopodia and
filopodia suggesting reorganization of actin cytoskeleton following GS treatment (Fig. 5d).
Cytoskeleton re-organization is a critical step for cell motility and invasion. Our previous
studies have shown that MUC4 modulates cancer cell motility by altering morphology,
actin-cytoskeleton and downstream signaling events [27, 54]. It is likely that the decreased
cell motility and invasion following GS treatment could in part be due to MUC4 down-
regulation by GS. Focal adhesion kinase is overexpressed in invasive and metastatic tumors
and orchestrates cytoskeletal reorganization and MMPs regulation during cell motility and
invasion [55]. MUC4 modulates HER2 downstream signaling by physical interaction
leading to FAK, Akt and ERK activation implicated in cell survival and motility [54].
Recent studies demonstrated that FAK is linked to the downregulation of HER2 activity at
the cell periphery, which appears to be important for the formation of motile cells [56, 57].
Our studies indicated that GS inhibits phosphorylation of FAK (tyrosines 925 and 576/577)
and Src (tyrosine 416), while total FAK and Src levels remained unchanged (Fig. 5e).
Furthermore, GS decreased HER-2 expression in both Capan1 and CD18/HPAF cells,
suggesting that GS possibly decreases cell motility and invasion through MUC4 modulated
Her-2/FAK/Src signaling.

An earlier report suggested that GS inhibits cell migration and invasion in less aggressive
Mia-PaCa2 and PANC1 PC cells by targeting FXR expression [15]. To determine if GS
modulated effects on migration and invasion in our studies are FXR mediated, we checked
the expression of FXR in highly aggressive Capan1 and CD18/HPAF cells. We observed a
faint expression of FXR in CD18/HPAF cells (data not shown). As against the earlier reports
[15], we didn’t observe any expression of FXR in Capan1 cells (data not shown) signifying
FXR independent effects of GS in our cell system. Together, the data presented in the
manuscript and the published work of Ahn et al and Lee JY et al [15, 17], supports that GS
exhibits anti-proliferative and pro-apoptotic effects against pancreatic cancer cell of various
aggressiveness.

Currently there is no data available on pharmacokinetics, bioavailability and metabolism of
GS in humans. However Verma N et al has shown the pharmacokinetics of Z-guggulsterone
and its metabolite E-guggulsterone in the orally gavaged rats with 50 mg /kg body weight of
guggulsterone and observed the maximal plasma concentration to be ~3.3µmol/L [58].
Moreover, a reasonably amount (~43%) of this z-guggulsterone was found to be
bioavailable suggesting the possibility of achieving the desired concentrations of GS needed
to inhibit tumor growth in humans [58]. However, the detailed knowledge of these basic
parameters is very important and much needed for proper evaluation of the clinical benefits
of GS. Therefore, future studies are required to evaluate those activities and the associated
benefits in the prevention or treatment of cancer in humans.

The present study showing the down-regulation of MUC4 by GS treatment is novel and
warrants further studies to determine the molecular mechanism of GS mediated down-
regulation of mucins that are differentially up-regulated in PC. Given the high incidence of
MUC4 expression (>80%) in PC and its functional involvement in chemo-resistance, the
future studies may involve elucidating the Gemcitabine sensitization by targeting MUC4
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with GS. Overall, GS, which has a role in MUC4 downregulation among other anti-
tumorigenic properties, has potential for the development of novel therapies against PC, and
further studies must be done to evaluate its therapeutic value in preclinical models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
GS decreases proliferation of PC cell lines. PC cells Capan1 (a) and CD18/HPAF (b) were
treated with different doses of GS for 24, 48 and 72 hrs and viable cell number was assayed
by MTT assay. (c) GS reduces colony formation of PC cells. Capan1 and CD18/HPAF cells
were incubated with GS (50µM) for 24 h and equal number of cells (1×103) cells were
seeded in triplicate in 10% DMEM in a 12-well plate, and allowed them to grow in 10%
DMEM for 2 weeks. At the end of the incubation period, the colonies formed were washed
with PBS, fixed in methanol and then stained with 0.1% Crystal violet in PBS. The number
of colonies (per well) were counted with the automatic colony counting tool of the Quantity
One Imaging software. The graphs represent the mean (±SE) number of colonies. (d) GS
reduces anchorage-independent growth of PC cells in soft agar. GS treated or untreated
Capan1 and CD18/HPAF/HPAF cells were incubated with GS (50µM) for 24 hrs and equal
number of cells (2×103) cells were seeded in triplicate with 0.35% agarose over the layer of
0.5% agarose and allowed them to grow 14 days. The colonies were counted and captured.
The experiment were repeated twice (* p<0.05).
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Fig. 2.
GS induces cell death in PC cells. (a) CD18/HPAF and Capan1 cells were either left
untreated (48 h) or treated with GS for 12, 24 and 48 hrs and examined under -phase-
contrast microscope (x100) and photographed. (b–c) CD18/HPAF (b) and Capan1 (c) were
synchronized by overnight incubation with 1% serum containing media and then either
treated with GS (24 and 48 hrs) or left untreated. Cells were fixed and stained with
propidium iodide and DNA content was determined by flow cytometry. Representative
profiles of the distribution of cells in sub-G0, G0/G1, G2/M and S phases are depicted on the
left while the mean distribution of cells in various phases of cell cycle [± standard deviation
(SD)] of 3 independent experiments are shown in the right panels. (d) Analysis of apoptotic
cells Annexin V staining and flow cytometry. The quantification of apoptotic or necrotic
cells was done using the dual staining with Annexin V and propidium iodide. (Apoptotic
cells Annecin V+/P− staining; Necrotic cells V+/P+ stating). Columns, mean (n=3); bars, SD.
**, P<0.01, statistically significant compared with the vehicle treated control. GS modulates
cell cycle regulatory and anti-apoptotic proteins. (e) Capan-1 and CD18/HPAF cells were
treated with 50 µM GS for various time points as indicated and whole-cell lysates were
analyzed by western blotting using antibodies against Cyclin D1, Bcl-2, xIAP, Caspase-3,
HER2 and MMP9. β-actin was used as an internal control. (f) Quantitative RT-PCR analysis
of Bak, Bad, Bax, Cyclin D1, Cyclin A2, Abcl2 and Survivin mRNA levels after GS (50
µM) treatment in CD18/HPAF cells for indicated time points. Columns, mean (n=3); bars.
NS: non-significant. SD. *, P<0.05, **, P<0.01, ***, P<0.001 statistically significant
compared to untreated control.
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Fig. 3.
GS inhibits cell migration and invasion of PC cells. (a) Wound healing assay for evaluating
the effect of GS on the motility of Capan1 and CD18/HPAF cells. Confluent monolayers of
Capan1 and CD18/HPAF cells were scratched with a 200µl sterile pipette tip. Cells were
carefully washed with 10% DMEM to remove the unattached cells and repair was monitored
microscopically. Images were taken immediately (t = 0h) and after incubation with GS for
24 and 36 hrs. The representative photographs showed the same area at time zero and after
24 and 36h of incubation with or without GS. Columns, mean (n = 3); bars, SD. **, P<0.01,
***, P<0.001, statistically significant compared with the vehicle treated control. (b)
Transwell migration assay showing the inhibitory effects of GS on Capan1 and CD18/HPAF
cell migration. Equal number of GS treated PC cells (1 × 105 cells) were seeded into the
upper chamber in 1 ml of serum-free DMEM and the lower compartments were filled with 1
ml of DMEM containing 10% serum. After 24 hrs at 37°C, non-invading cells on the upper
surface of the filter were wiped out with a cotton swab, and the invaded cells on the lower
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surface of the filter were fixed and stained using Diff Kit and counted under a light
microscope (magnification, x100). (c) Matrigel assay indicating the inhibitory effects of GS
on PC cell invasion. Capan1 cells were treated with GS (50µM) for 24 hrs and equal number
of the cells (1 × 106 cells) was seeded into the upper part of matrigel coated Transwell
chamber as discussed above. The number of migrated cells through the 8µm pore of
polyethylene terephtalate (PET) membrane was quantified in 10 random fields. Columns,
mean of migrated and invasive cell number from three independent experiments; bars, SD.
*, P<0.05, **, P<0.01, statistically significant.
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Fig. 4.
GS down regulates MUC4 expression in PC cells. MUC4 expressing Capan1 and CD18/
HPAF cells were either left untreated for 48hrs or treated with GS for 12, 24 and 48 hrs
followed by protein and RNA isolation. MUC4 expression was determined by (a) western
blotting using 2% agarose gel and by RT-PCR. β-actin was used as a loading control for
western blot analysis and for RT-PCR. GS down regulates MUC4 in both the cells lines in a
time dependent manner with complete loss of MUC4 expression at 48 hrs of GS treatment.
(b) Confocal microscopic images of MUC4 expression in CD18/HPAF and Capan1 cells
after being incubated with GS for 48 hrs. Cells were stained with anti-MUC4 monoclonal
antibody 8G7 and FITC-conjugated secondary antibody (green color). Nuclei were
counterstained with DAPI (blue color). (Original Magnification x 63 for all
photomicrographs). (c) GS inhibits Jak/Stat3 pathway in pancreatic cancer cells. Capan1 and
CD18/HPAF cells were either left untreated for 24 hrs or treated with GS for 12 and 24 hrs
and whole cell extract was prepared. Western blot analysis was done and protein expression
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was determined by probing with antibodies against phosphorylated and total STAT1,
STAT3, Jak1 and Jak2 proteins. β-actin was used as loading control. (d) GS inhibits
recruitment of STAT1 and STAT3 on MUC4 promoter. Cross-linked, sheared chromatin
was prepared from CD18/HPAF cells treated with GS for indicated time points and
subjected to immunoprecipitation with the STAT1 and STAT3 antibodies. The
immunoprecipitated complexes were subjected to PCR analysis using primer pairs spanning
the human MUC4 promoter. Chromatin obtained before immunoprecipitation was used as
internal control.
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Fig. 5.
Mechanisms of GS induced apoptosis and inhibition of motility in PC cells. (a) Capan1 and
CD18/HPAF cells were treated with 50µM GS for indicated time points and 50µg of protein
were resolved on 12% SDS-PAGE gel and probed for pBAD, BAD and 14-3-3ζ antibodies.
β -actin was used as a loading control. (b) Association of BAD and 14-3-3ζ was studied in
the lysates of GS treated CD18/HPAF cells by immunoprecipitation and western blotting as
described in Materials and Methods. 14-3-3-ζ was immunoprecipitated using specific
antibody and the bound levels of BAD co-precipitated with 14-3-3ζ were determined by
western blot analysis. Reverse immunoprecipitation assay were carried out in which BAD
were immunoprecipitated followed by western blotting analysis of 14-3-3ζ. (c) Analysis of
BAD in the cytoplasm and mitochondria following GS treatment. Cytoplasmic and
mitochondrial fractions were prepared from GS treated CD18/HPAF cells. Western blotting
of Tom20 was done to determine the purity of the sub-cellular fractions obtained.
Representative images represented are of 3 independent experiments. Control for
cytoplasmic proteins. (d) GS disrupts actin cytoskeleton involved in cell motility and cell
invasion of PC cells. Actin filaments were stained with Rhodamine-conjugated phalloidin
and visualized by confocal microscopy. The cell nucleus was stained with DAPI. Scale bars
20µM. (e) GS inhibits Fak/Src activation. Capan1 and CD18/HPAF cells were treated with
GS for indicated time points. Protein lysates (50µg) were resolved by 10% SDS-PAGE and
probed with antibodies against pFAK (y397, y576/577), total FAK, pSrc, total Src. β-actin
was used as a loading control. GS inhibit in vitro clonogenic ability of PC cells. (f)
Schematic diagram showing the effect of GS on PC cells. GS possibly induces anti-
proliferative and anti-invasive effects via both MUC4-dependent and independent pathways.
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GS decreases STAT phosphorylation and therefore their translocation to the nucleus, hence
inhibiting MUC4 expression. MUC4 down regulation inhibits the Her2/pSrc/FAK signaling
thereby decreasing cell motility and invasion. GS also decreased BAD phosphorylation, its
dissociation from 14-3-3ζ and its translocation to mitochondria. The decrease in BAD
phosphorylation could either be due to MUC4 downregulation or by direct inhibition of
PI3K signaling by GS. GF: growth factor; GS: Guggulsterone; FAK: focal adhesion kinase
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