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Abstract
Pancreatic cancer (PC) is the most aggressive malignant disease, ranks as the fourth most leading
cause of cancer related death among men and women in the United States. We present here that
plumbagin (PL), a quinoid constituent isolated from the roots of the medicinal plant Plumbago
zeylanica L, inhibits the growth of PC cells both in vitro and in vivo model systems. PL treatment
induces apoptosis and inhibits cell viability of PC cells (PANC1, BxPC3, and ASPC1). In
addition, i.p administration of PL (2 mg/kg body weight, 5 days a week) in SCID mice beginning
3 days after ectopic implantation of PANC1 cells resulted in a significant (P<0.01) inhibition of
both tumor weight and volume. PL treatment inhibited 1) constitutive expression of EGFR,
pStat3Tyr705, pStat3Ser727, 2) DNA binding of Stat3, and 3) physical interaction of EGFR with
Stat3, in both cultured PANC1 cells and their xenograft tumors. PL treatment also inhibited
phosphorylation and DNA-binding activity of NF-κB in both cultured PC cells (PANC1, ASPC1)
and in PANC1 cells xenograft tumors. Downstream target genes (cyclin D1, MMP9, and Survivin)
of Stat3 and NF-κB were similarly inhibited. These results suggest that PL may be used as a novel
therapeutic agent against human PC.
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Introduction
Pancreatic cancer (PC) is one of the most fatal of all cancers and is ranked as the fourth most
common cause of cancer related deaths among both men and women in the United States.1 It
has been estimated that 44,030 cases of PC will be diagnosed in theUnited States alone in
2011 and 37,660 cancer related deaths are projected.1 Despite these alarming statistics and
the increase incidence of PC over the past several decades, the molecular and biochemical
determinants of the disease remain poorly understood and no effective therapeutic regimen
exists to significantly ameliorate the clinical course or prognosis of this disease.1 The
difficulties in treating PC partly arise due to the de novo chemoresistant behavior of PC cells
to cytotoxic chemotherapeutic agents and/or radiotherapy. Therefore, it is necessary to
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intensify our efforts for a better understanding of this disease and for the development of
novel therapeutic strategies for its prevention and treatment.

Several molecular signaling pathways including epidermal growth factor receptor (EGFR),
signal transducer and activator of transcription factor 3 (Stat3), and nuclear factor kappaB
(NF-κB) play an important role in cell survival, proliferation, chemoresistance,
angiogenesis, promotion, and metastasis of PC.2,3 EGFR is a member of the ErbB family of
receptor kinases, which is overexpressed in at least one-half of all PC4,5, and correlates with
poor prognosis.6,7 It has been reported that EGFR physically interacts and activates Stat3 in
various types of cancers including PC.8,9 Constitutive activation of Stat3 has been reported
in PC cells and tissues, and blocking Stat3 via ectopic expression of dominant-negative
Stat3 led to a significant reduction in tumor growth and angiogenesis in an experimental
model.10 Evidence indicates that inactivation of IL-6/Stat3 signaling inhibits pancreatic
intraepithelial neoplasia (PanINs) progression and reduces the development of PC.11 Also, a
recent study has demonstrated the role of Stat3 in pancreatitis-accelerated pancreatic ductal
adenocarcinoma formation, cell proliferation, metaplasia-associated inflammation, and
enforced MMP7 expression during neoplastic development.12 Interleukin 6 (IL-6), Janus-
activated kinases (JAK), EGFR, and Src family kinases are among the activators of Stat3.
They all phosphorylate Stat3 at the critical tyrosine residue (705), leading to Stat3
dimerization, nuclear translocation, and binding to DNA response elements in the promoter
region of target genes.13,14 It has been demonstrated functional cooperation between EGFR,
Src, and Stat3 in promoting PC.15 A recent study suggests that nuclear heteromeric EGFR,
Src and Stat3 complex regulates the oncogene c-Myc expression in PC. 16

NF-κB is another transcription factor which is constitutively activated in most human PC
cells and PC tissues, but not in normal pancreatic tissues.17,18 Other studies suggest that NF-
κB signaling contributes to the chemoresistance of PC.19,20 It has also been reported that
constitutive activation of NF-κB requires Stat3, since Stat3 prolongs the retention of NF-κB
in the nucleus, which occurs through p300-mediated acetylation of RelA/65.21 NF-κB is
also involved in the activation of Stat3 as it upregulates the expression of IL-6 which
initiates activation of Stat3 signaling via paracrine mechanism.22 Therefore, we need to
develop an agent which could inhibit the growth of PC via targeting or interrupting these
inter-connecting signaling pathways.

Plumbagin (PL) (5-hydroxy-2-methyl-1,4-napthoquinone) was isolated from the roots of the
medicinal plant Plumbago zeylanica L. (also known as Chitrak).23 The roots of plumbago
zeylanica have been used in Indian medicine for more than 2,500 years for the treatments of
various ailments. PL is also present in black walnut and other various medicinal plants.23 PL
has been shown to exert its medicinal properties including anticancer potential against
various types of cancers.24 PL, fed in the diet (200 ppm), inhibited azoxymethane-induced
intestinal tumors in rats.25 PL inhibits ectopic growth of breast cancer MDA-MB-231
cells.26 non-small cell lung cancer A549 cells,27 and melanoma A375-S2 cells in athymic
nude mice.28 It has been illustrated that PL treatment of prostate cancer cells induces
apoptosis.29 Our laboratory has also shown the potential anti-tumor activity of PL against
prostate cancer.30 A recent study has demonstrated its anti-cancer activity against PC.31

However, the molecular mechanisms associated with the prevention of PC remain elusive.
In this study, we report that PL significantly prevents the growth of PC cells xenograft
tumors in SCID mice, which is, in part, due to the inhibition of EGFR, Stat3 and NF-κB
signaling pathways.
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Materials and Methods
Cell lines

PC cell lines (PANC1, and BxPC3) cells were obtained from American Type Culture
Collection and were cultured in DMEM high glucose and RPMI-1640 medium containing
10% fetal bovine serum and 1% antibiotics (penicillin and streptomycin) respectively.
ASPC1 cells were a kind gift from Prof. Fazlul H. Sarkar (Wayne State University, Detroit,
Michigan) and cultured in the same medium as PANC1 cells.

Chemicals and antibodies
Monoclonal or polyclonal antibodies specific for actin, cyclin D1, Cdc25A, EGFR,
GAPDH, total NF-κB/p65, MMP9, PCNA, ki67, total Stat3, survivin, and VEGF were
purchased from Santa Cruz Biotechnology, (Santa Cruz, CA). Blocking peptides for EGFR
and Stat3 antibodies and mouse IgG were also procured from Santa Cruz Biotechnology.
Monoclonal antibodies specific for pStat3Tyr705, and pStat3Ser727 were obtained from BD
Biosciences (San Jose, CA). Antibody specific to IKKγ, pIκBα, total IκBα, pNF-κB/
p65Ser536, was purchased from Cell Signaling Technology. PARP antibody was purchased
from Promega (Madison, WI).

Cell viability
PC cells (PANC1, BxPC3, and ASPC1) were treated with PL (5–20 μM) for 12, 24 and 48
h. MTT assay was performed as described earlier.32

Apoptosis assay
PC cells (PANC1 and BxPC3) were treated with PL (5–20 μM) for 24 h and the percent of
cells undergoing apoptosis was determined by enhanced AnnexinV staining as described
previously.32

In vitro chemoinvasion assay
Approximately 70% confluent cells were treated with PL (5–15 μM) for 12 h. Viable cells
of each group were counted by the trypan blue exclusion method. All of the procedures were
followed according to the manufacturer’s instructions (Chemicon International, Temecula,
CA (Cat # ECM551)). In brief, 200 μl serum-free medium containing 2×105 cells were
seeded into the invasion chamber and placed into the 24 well plate containing 500 μl
complete medium. After 24 h incubation at 37°C, media was removed from the chamber,
and cells were stained by putting the chamber in staining solution for 20 min at room
temperature. Non-invaded cells were carefully removed from the top-side of the chamber
with the help of cotton-tipped swab. Stained chamber was inserted to a clean well containing
200 μl of extraction buffer for 15 min at room temperature. 100 μl extracted stained solution
from the chamber was transferred into the 96 well plate and optical density was measured at
490 nm at spectrophotometer.

Xenograft study
Six week old SCID male mice, purchased from Taconic laboratory (Rensselaer, NY), were
housed under pathogen-free environment with a 12 h light/12 h dark schedule and fed with
an autoclaved diet and water ad libitum. To establish tumor xenografts in mice, PANC1
cells (2.5 × 106) were suspended in 1:1 medium fixed with Matrigel and were
subcutaneously implanted on both flanks of the mice. Three days later, the animals (n=10)
were treated with an i.p injection of PL (2mg/kg body weight in 0.1 ml PBS, 5 days per
week. Control animals (n=10) were treated same with vehicle (0.1 ml PBS). Mice were
weighed and tumors were measured weekly by caliper. Tumor volumes were calculated by
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the formula 0.5238 X L X W X H, where L is length, W is width, and H is the height of the
tumor. All the animals were euthanized when tumors of the control group reached the
targeted volume 900 mm3.

IL-6 ELISA assay
IL-6 levels were determined from mouse serum by using specific ELISA kit for mouse IL-6
(eBioscience, Inc. San Diego, CA). All of the procedures were followed according to the
manufacturer’s protocol.

Western blot analysis
Total cell lysate from the control, PL treated PC cells, and part of the excised tumor tissues
of both control and PL treated groups were made for western blot analysis as described
previously.30 The Western blots were quantitated by densitometric analysis using TotalLab
Nonlinear Dynamic Imageanalysis software (Nonlinear USA, Inc., Durham, NC).

Electrophoretic mobility shift assay (EMSA)
PC cells were treated with PL (5–20 μM) for 12 h and PL (15μM) for 3–24h for dose and
time-dependent manner respectively. Nuclear extracts were prepared as described
previously.30 EMSA was performed for DNA binding activities of Stat3 and NF-κB as
described previously.30

Immunohistochemistry
Part of the excised xenograft tumors from control and PL treated mice were fixed in 10%
neutral buffered formalin, transferred to PBS (pH 7.4), and then sent to the technician for
4μm thick sectioning. These section slides were used for immunohistochemistry of PCNA,
ki67, and VEGF as described previously.30

Immunoprecipitation/blotting
Total cell lysates prepared from control and PL-treated PANC1 cells and whole tumor tissue
lysates obtained from excised tumors of control and PL treated animals were used for
immunoprecipitation/blotting study. Detailed procedures are described in our previously
published report.33

Immunofluorescence of EGFR, Stat3 and NF-κB in PC cells and excised tumor tissues
Paraffin-fixed xenograft tumors sections (4-μm thick) from control and PL treated mice
were used to determine the co-localization of EGFR and Stat3. After antigen retrieval by
incubating samples at 95°C in Tris-urea solution (pH 9.5) for 30 min, the tissue slides were
incubated with normal horse serum (1:10 dilution) for 30 min to block nonspecific binding
of the antibodies. Subsequently, the slides were incubated overnight with a mixture of EGFR
(1:50 dilution) and Stat3 (1:50 dilution) primary antibodies in a humidified chamber. The
mixture of antibodies was decanted and the slides were washed thrice in 1X TBS (pH 7.4).
The slides were incubated with Alexa fluor 488 mouse antibody for EGFR detection and
Alexa fluor 594 rabbit antibody for Stat3 detection (Invitrogen) for 1 h at room temperature
in the dark. The solution of secondary antibodies was decanted and the slides were washed
thrice with TBS for 5 min intervals each in the dark. For double immunofluorescence of
Stat3 and EGFR, cells were fixed with ice-cold methanol for 15 minutes, washed 3 times in
1X PBS, permeabilized with 0.2% Triton X-100 for 10 min, and further washed 3 times with
PBS. Specimens were blocked in 1% bovine serum albumin (BSA) for 30 min, and then
incubated with primary and secondary antibodies as described before. Finally, the specimens
were mounted with coverslips using a drop of mounting medium containing DAPI (Vector
Lab, Inc., Burlingame, CA), Coverslips were sealed with nail polish to prevent drying and
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movement under the microscope. All sections were examined with an Olympus Microscope
attached with fluorescence detector.

Statistical analysis
Student’s t-test was performed to determine the significance. P value <0.05 was considered
as significant.

Results
PL induces apoptosis and inhibits the cell viability of PC cells

To determine whether PL inhibits the PC (PANC1, BxPC3 and ASPC1) cells viability, we
performed a MTT assay. Data illustrated that PL treatment of PC cells significantly
decreased the viability in a dose and time dependent manner (Figure 1Ai–Aiii). IC50 of PL
in PANC1 and BxPC3 cells was 10 and 6 μM respectively after 24 and 48 post-treatment
(Figure 1Ai–Aii), whereas IC50 for ASPC1 cells was 15 and 10 μM after 24 and 48 h post-
treatment respectively (Figure 1Aiii). Next, we determined the apoptosis inducing potential
of PL in PC cells. We observed that PL treatment (10–20 μM) of PANC1 cells induces
apoptosis as determined by enhanced annexin V staining (Figure 1Bi–Biv). Cleavage in
PARP protein is considered as one of the biomarkers of apoptosis. We further confirmed the
effect of PL on PARP protein by Western blot analysis. Results demonstrated that PL
treatment of PC cells dose-dependently enhances cleavage of PARP protein as evident from
enhanced expression of cleaved product of PARP protein and a decreased in total PARP
protein (Figure 1D). These results suggest that PL treatment induces apoptosis and inhibits
the growth of PC cells.

PL inhibits the cell invasion of PC cells
To determine whether PL inhibits the PC cells invasion, we performed in vitro chemo-
invasion assay through artificial matrix membrane (Millipore). Cells were treated with
different doses of PL for 12 h. Cells viability was determined by trypan blue exclusion
method, and viable cells were taken for the assay. We observed that PL treatment
significantly inhibits the cell invasion of PANC1 cells (Figure 1E–F). This result
demonstrates that PL has the potential for the inhibition of PC cell invasion.

PL inhibits the physical association and activation of EGFR and Stat3 in PC
Next, we observed that PL-treatment inhibits EGFR as well as phosphorylation of Stat3
proteins in PANC1, BxPC3 and ASPC1 cells (Figure 2Ai–Aiii), while total Stat3 protein
level remained unaffected (Figure 2Ai–Aiii). We further assessed the effect of PL on DNA
binding activity of Stat3 by EMSA. As shown in Figure 2Bi–Bii, PL-treatment of PANC1
cells inhibited Stat3 DNA binding activity in a dose and time dependent manner.
Importantly, PL-treatment of PC cells inhibited the physical association of Stat3 with EGFR
in PC cells (Figure 2C), as evident from reciprocal and immunoblotting experiment. Double
immunofluorescence data illustrated a strong association of Stat3 protein with EGFR in
untreated PC cells (Figure 2Div, upper panel), whereas association of these proteins was
significantly decreased in PL-treated PC cells (Figure 2Div, lower panel).

PL inhibits the activation of NF-κB signaling in PC cells
It has been demonstrated that NF-κB activates IL-6, which is a ligand for activation of the
classical JAK/Stat3 signaling pathway (22). We observed that PL-treatment of PC cells
inhibited phosphorylation of NF-κB in PANC1, BxPC3, and ASPC1 cells (Figure 3Ai–Aiii).
EMSA results demonstrated that PL-treatment of PANC1 cells significantly inhibited DNA
binding activity of NF-κB in a dose and time-dependent manner (Figure 3Bi–Bii). Similar
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effects were observed in BxPC3 cells (Figure 3Biii–Biv). We further performed
immunocytochemistry of pNF-κB/p65 in control and PL treated PANC1 cells. Results
illustrated a higher expression of pNF-κB/p65 in the nucleus of control PANC1 cells (Figure
3Cii–Ciii: upper panel), while PL-treated cells demonstrated decreased expression of pNF-
κB/p65 in the nucleus (Figure 3Cii–Ciii lower panel). These data suggest NF-κB is another
molecular target of PL in PC cells. PL-treatment inhibited phosphorylation of IkBα in
ASPC1 cells (Figure 3Dii), but not in PANC1 (Figure 3Di) cells. However, PL-treatment
enhanced total protein levels of IkBα in both PANC1 (Figure 3Di) and ASPC1 (Figure
3Dii) cells. IkB is regulated by upstream kinases IKKγ (NEMO), which phosphorylates
IkB. We also observed that PL-treatment inhibits protein levels of IKKγ in both PANC1
(Figure 3Di) and ASPC1 (Figure 3Dii) cells.

PL inhibits the expression of Cdc25A, cyclin D1, MMP9 and survivin
We determined the effect of PL on some of the common downstream target genes of both
Stat3 and NF-κB. Results demonstrated that PL-treatment of PC cells inhibited protein
levels of Cdc25A, cyclin D1, MMP9, and survivin (Figure 3Di–ii).

PL-treatment inhibits the growth of PC cells xenograft tumors
Because we observed that PL induces apoptosis and inhibits the growth and invasion of PC
cells in vitro, we next examined whether these results could be translated into an in vivo
xenograft mouse model. We determined the effect of PL on PANC1 cells ectopic xenograft
tumors in SCID mice. PL administration (2mg/kg, body weight, i.p) in SCID mice did not
cause any loss in body weight and food intake (data not shown) suggesting no apparent
toxicity. PL treatment prevented the growth of PANC1 cells xenograft tumors in SCID mice
as determined by a significant decrease in tumor volume (Figure 4B) and tumor weight
(Figure 4C) compared to vehicle treated animals. The average volume of tumors in vehicle
treated animals reached the targeted volume 900 mm3 after 66 days post-inoculation.
However, PL-treated mice the average tumor volume was only 400 mm3 (Figure 4B). The
observed differences in tumor development was statistically significant (P<0.01; Figure 4B)
starting from day 38 to day 66. From this data, we conclude that PL is an effective anti-
cancer agent that has the potential to prevent the tumorigenicity of PANC1 cells in SCID
mice.

PL inhibits the serum IL-6 levels
A clinical study has observed elevated serum IL-6 in PC patients, which was further
correlated with the PC metastasis into the liver.34,35 Other studies suggest autocrine IL-6 is
implicated as an important activator of Stat3 in PC.36 Therefore, we determined the effect of
PL-administration on serum IL-6 levels. Results demonstrated a significant (P<0.05)
decrease in the serum IL-6 levels in PL-treated animals compared to vehicle treated animals
(Figure 4D).

PL inhibits the activation of EGFR, Stat3 and NF-κB signaling pathways in PANC1
xenograft tumors

Because we observed that PL targets these signaling pathways in PC cells under in vitro
condition, we examined the effect of PL-administration on these signaling molecules in
excised xenograft tumors. Results from Western blot analysis demonstrated decreased
constitutive expression of EGFR protein in PL-administered xenograft tumors compared to
vehicle treated group (Figure 5Ai–Aii). Next, we determined the effect of PL on Stat3
activation. Western blot results illustrated inhibition of phospho-Stat3 protein at both Ser727
and Tyr705 residues in xenograft tumors but no change in total Stat3 (Figure 5Ai–Aii).
Importantly, PL-administration inhibited the association of EGFR with Stat3 in xenograft
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tumors as determined by reciprocal immunoprecipitation and Western blot analysis (Figure
5B–C). As shown in Figure 5D, PL-treated xenograft tumors exhibited inhibition of EGFR
and Stat3 co-localization compared to control xenograft tumors. These results demonstrate
that PL-treatment inhibits association of Stat3 with EGFR in PC cells xenograft tumors. We
further determined the effect of PL on NF-κB activation in xenograft tumors. Western blot
analysis exhibited a decrease in protein levels of pNF-κB/p65Ser536 (Figure 5Ei–Eii), while
no change was observed in total NF-κB/p65protein when compared with control. Overall
these results demonstrate that PL targets EGFR, Stat3 and NF-κB pathways in PC cells
xenograft tumors.

PL-administration inhibits the marker of proliferation and metastasis
Because, we observed that PL-treatment of PC cells inhibited cell invasion under in vitro
chemo-invasion assay, we next examined the effect of PL on cell proliferative (PCNA, ki67)
and metastasis (VEGF) markers in excised xenograft tumors. Immunohistochemistry results
exhibited a significant decrease in the expression of PCNA (Figure 6Ai–Aii upper panel,
Bi), ki67 (Figure 6Ai–Aii middle panel, Bii), and VEGF (Figure 6Ai–Aii, lower panel) in
excised tumors of PL-treated mice compared to control animals.

Discussion
Treatment of human PC remains a major challenge because of inadequate therapeutic
strategies. Despite a greater understanding of the molecular pathways involved in PC
development and metastasis, the use of individual targeted agents, have failed to provide
significant improvements in the survival of PC patients. Numerous studies suggest the
involvement of multiple signaling pathways play a pivotal role in the development,
progression, and metastasis of PC.3 It is evident that natural products individually and or in
combination with known chemotherapeutic drugs have a role in the prevention of PC via
targeting multiple signaling molecules37,39. We present here that PL, a quinoid constituent
isolated from the roots of medicinal plant Plumbago zeylanica L. (also known as Chitrak),
induces apoptosis (Figure 1B–C) and inhibits invasion of PC cells (Figure 1D–E).
Administration of PL (2mg/kg body weight) significantly (P<0.01) inhibits the growth of
human PC cell xenograft tumors via targeting EGFR, Stat3, and NF-κB signaling pathways
(Figure 4A–C).

During apoptosis, cells die in a controlled, regulated fashion, which makes them distinct
from other forms of cell death. However, cancer cells proliferate in an uncontrolled manner
and are resistant to apoptosis. We observed that PL has the capacity to sensitize PC cells
towards apoptosis (Figure 1B–C). These results are consistent with previously published
reports including our previous study suggesting the apoptosis inducing potential of PL in
various other cancer cell lines under in vitro and in vivo model systems.23,27–30

EGFR is overexpressed in at least one-half of all PC4,5 and correlates with poor
prognosis.6,7 It has been reported that EGFR activates Stat3 in various types of cancers
including PC.8,9 Stat3 has been linked to the PC development and metastasis through the
induction of various genes responsible for tumor cell proliferation, cell survival, and
carcinogenesis.12,13,14 Maximum activation of Stat3 requires its phosphorylation at both of
the residues (Tyr705 and Ser727). Stat3 phosphorylation at tyrosine residue (705) induces its
dimerization through phosphotyrosine-SH-2 domain interaction,39 while Stat3
transcriptional activity and DNA binding activity is further enhanced through its
phosphorylation at Ser727 residue.40 We observed that PL-treatment inhibits both Tyr705
and Ser727 residues of Stat3 in PC cells under in vitro cell culture (Figure 2Ai–Aiii) and in
vivo xenograft tumors (Figure 5Ai–Aii). These findings clearly demonstrate that PL targets
Stat3 and diminishes its activation in PC under in vitro and in vivo model systems. A
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previous study suggests that PL inhibits the activation of Stat3 via inducing the expression
of protein tyrosine phosphatase, SHP-1.41 It is possible that PL suppresses Stat3 activation
via a similar mechanism in PC. Association of nuclear EGFR and Stat3 has been shown in
PC, which involve maximum activation of c-Myc oncogene.15,16 Interestingly, we observed
that PL inhibits the association of Stat3 with EGFR in PC cells (Figure 2C–D) and in
xenograft tumors (Figure 5B–C). These results may be due to the inhibition of Stat3
phosphorylation by PL. It has been revealed that Stat3 controls the constitutive activation of
NF-κB by prolonging the retention of NF-κB in the nucleus, which occurs through p300-
mediated acetylation of RelA/65.21 NF-κB is also involved in the activation of Stat3 as it
up-regulates the expression of IL-6, which initiates activation of Stat3 signaling via
paracrine mechanism.22 Elevated serum IL-6 levels have also been reported in patients with
PC (42). These studies suggest cross talk between NF-κB and IL-6/Stat3 pathways.
Numerous studies indicate that NF-κB has a key role in various types of cancers including
pancreatic carcinogenesis.43, 44 Constitutive activation of NF-κB has been reported in
various human PC cells and PC tissues, but not in non-tumorigenic pancreatic epithelial
cells, or normal pancreatic tissues.17,18 It has been shown that suppression of NF-κB DNA
binding activation restores the sensitivity of apoptosis in PC cells.45 However, various NF-
κB inhibitors or transfection of IκBα super-repressors strongly enhanced the apoptosis
effects of etoposide, or doxorubicin in resistant PC cells.46 Another study has demonstrated
that inhibition of constitutive NF-κB activation by I kappa B alpha mutant (IκBαM)
suppresses pancreatic carcinogenesis.47 Our data illustrated that PL-treatment inhibits NF-
κB activation in PC cells (Figure 3A–D) and in xenograft tumors (Figure 5D) as evident
from a decrease in NF-κB/p65 phosphorylation. Interestingly, we also observed that PL
inhibits serum IL-6 levels in xenograft animals. Taken together, this data suggests that PL
also has the potential to inhibit the Stat3 and NF-κB inter-connecting signaling pathways. It
has been reported that both transcription factors share some of the common downstream
target genes such as Cdc25A, cyclin D1, survivin, and MMP9, which collectively force the
cancer cells to proliferate and resist apoptosis. PL treatment illustrated inhibition in the
expression of these downstream target genes in PC cells. PL reduces the proliferation of PC
cells under in vivo conditions as is evident from the data that shows a significant decrease in
the expression of proliferative markers such as PCNA and ki67 in xenograft tumors (Figure
6A, Bi–Bii).

Various growth factors, their receptors, and matrix metalloproteases have been reported to
be involved during the progression and metastasis of various types of cancers.48 It is well
documented that VEGF promotes endothelial cell proliferation and survival by binding to
VEGFR-1 and VEGFR-2 endothelial cell membrane receptors. It has been documented that
overexpression of VEGF is associated with liver metastasis and a poor prognosis for patients
with PC.49 A recent study has demonstrated that PL inhibits tumor angiogenesis and tumor
growth via targeting VEGFR2-mediated Ras signaling.50 In our study, PL inhibited VEGF
expression in PC xenograft tumors (Figure 6A). It is noteworthy that PL inhibited PC cell
invasion (Figure 1E–F). The molecular mechanism linked to PL-induced inhibition of PC
cells invasion may involve the decreased expression of VEGF and MMP9 (Figure 3D,
Figure 6A). Because induction of apoptosis and inhibition in growth and invasion of PC
cells was observed under in vitro conditions, we asked whether these findings could be
translated into in vivo situations. An i.p administration of PL (2mg/kg body weight) to the
SCID mice showed significant (P<0.01) inhibitory effects against human PC cells xenograft
tumors (Figure 4A–C). These in vivo growth inhibitory effects of PL could be explained by
the biochemical mechanisms observed in the present study. These data are significant
because the SCID mouse model is extremely useful to study the therapeutic potential of anti-
cancer agents.
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In summary, PC is a highly aggressive malignant disease, which is currently treated with
chemo and radiation therapy. Thus, there is an urgent need to discover novel targeting
agents, which could be used in the treatment of human PC. Our data suggests that PL has
potential anti-cancer activity against PC, which is, in part, due to the inhibition of EGFR,
Stat3, and NF-κB signaling pathways. Based on our promising data, we suggest that PL is a
potential anti-cancer agent and it may be used for the prevention and/or treatment of human
PC. Further studies are warranted to test the chemopreventive potential of PL in appropriate
animal models with relevance to human PC.
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Abbreviations

PL Plumbagin

PC Pancreatic cancer

EGFR Epidermal growth factor receptor

Stat3 signal transducers and activators of transcription3

NF-κB Nuclear factor kappa-B

IL-6 interleukin-6
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Novelty and Impact Statements

Plumbagin (PL) induces apoptosis and inhibits invasion of human pancreatic cancer (PC)
cells. PL targets EGFR, Stat3 and NF-κB signaling networks in PC cells and inhibits the
growth of PC cells derived xenograft tumors in SCID mice. Importantly, PL inhibits the
association of EGFR with Stat3 in both in vitro and in vivo model systems. These data
suggest that PL could be used as a novel therapeutic agent against human PC.
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Figure 1. PL inhibits cell viability, cell invasion and induces apoptosis in PC cells
A. Effect of PL on viability of PANC1 (Ai), BxPC3 (Aii) and ASPC1 (Aiii) cells as
determined by MTT assay. The values are represented as percent viable cells as compared to
the vehicle treated cells. Each value is the mean± SE of each group. B. PL induces apoptosis
in PANC1 cells as observed by Annexin V staining (Bi–Biv), and the images were captured
with a fluorescent microscope. GF (green field) represents Annexin V staining while BF
(bright field) pictures represent the total number of cells from the same field. C. PL induces
PARP cleavage as determined by Western blot analysis. D. Effect of PL on cell invasion of
PANC1 cells. Representative photographs of invaded cells of untreated (Di) and PL treated
(Dii–iv) cells. E. Number of invading cells was determined by colorimetric measurement at
490 nM according to the manufacturer’s instructions. Each indicated group value in the
graph is the mean± S.E from 3 separate wells.
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Figure 2. PL inhibits both Stat3 activation and dissociates Stat3-interaction with EGFR
A. PL inhibits protein level of EGFR, pStat3Tyr705, pStat3Ser727 in PANC1 (Ai) BxPC3
(Aii) and ASPC1 (Aiii) cells as determined by Western blot analysis. Equal loading of
protein was determined by stripping and reprobing the blots with actin antibody. Values in
arbitrary number (A.N) shown above the immunoblots represent densitometer quantitation
of band normalized to actin. B. Dose (Bi) and time-dependent (Bii) effect of PL on Stat3
DNA binding activity in PANC1 cells as determined by EMSA. In the blot (Bi) Lane 6
represents the mutant consensus sequence of Stat3. C. Effect of PL on physical association
of EGFR with Stat3 in PANC1 cells as determined by immunoprecipitation and blotting
experiment. D. Effect of PL on co-localization of EGFR and Stat3 in PANC1 cells as
determined by double immunofluorescence. White arrows indicate the expression of EGFR,
yellow arrows indicate expression of Stat3, and green arrows denote co-localization of
EGFR with Stat3.
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Figure 3. PL inhibits activation of NF-κB in PC cells
A. Expression level of pNF-κB/p65Ser536 and total NF-κB/p65 in PANC1 (Ai) BxPC3
(Aii) and ASPC1 (Aiii) cells as determined by Western blot analysis. B. EMSA assays
represent dose and time-dependent effect of PL on DNA binding activity of NF-κB in
PANC1 (Bi–Bii) and BxPC3 (Biii–Biv) cells. Lane 6 of Bi and Biii EMSA blot represent
mutant consensus sequence of NF-κB. C. Localization of NF-κB/p65 in PANC1 cells as
determined by immunocytochemistry. Representing pictures illustrating DAPI (Ci), NF-κB/
p65 (Cii) staining and merged images of DAPI and NF-κB/p65 (Ciii) in control (upper
panel) and PL treated cells (Lower panel). D. Effect of PL on protein levels of IKKγ,
pIkBα, and total IkBα in PANC1 (Di) and ASPC1 (Dii) cells as determined by Western blot
analysis. (E) Expression levels of Cdc25A, Cyclin D1, MMP9, and survivin as determined
by Western blot analysis.
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Figure 4. PL-treatment inhibits the growth of ectopically xenograft PANC1 cells tumors (A–B) in
SCID mice and decreases serum IL-6 levels (D)
A. Representative photographs of the SCID mice bearing PANC1 xenograft and excised
tumors of control (Ai) and PL-treated group (Aii) after 66 days post-implantation. B.
Average tumor volume of vehicle or PL-treated animals was plotted over days. Each value
on the graph represents the mean and S.E of 16 tumors. C. Effect of PL on tumor weight of
control and PL-treated animals after 66 days post-implantation of PC cells. Values in bar
graph represent mean±SE of 16 tumors of each group. Asterisks represent level of
significance (P<0.01). D. Effect of PL on serum IL-6 levels as determined by ELISA assay.
Values in bar graph represent mean±SE from 8 animals.

Hafeez et al. Page 17

Int J Cancer. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5. PL treatment inhibits EGFR, Stat3 and NF-κB/p65 expression in PC cell xenograft
tumors
A. Effect of PL on the expression levels of EGFR, pStat3Tyr705, pStat3Ser727 in PC cells
xenograft tumors as determined by Western blot analysis. Expression of EGFR,
pStat3Ser727, pStat3Tyr705 and total Stat3 (Ai). Each lane represents pooled samples of
two animal xenograft tumors. Lane 1, 2, and 3 denote control, whereas lane 4, 5, and 6
represent PL-treated group. Bar graph values represent the arbitrary number normalized with
GAPDH (Aii). B–C. Effect of PL on physical interaction of Stat3 with EGFR as determined
by reciprocal immunoprecipitation and Western blot analysis. BP in Fig. C denotes to
blocking peptide of EGFR. D. Effect of PL on co-localization of EGFR and Stat3 as
determined by double immunofluorescence. Representative images of DAPI staining (Di),
EGFR staining (Dii), Stat3 staining (Diii) and co-localization of EGFR and Stat3 (Div) of
control (upper panel) or PL-treated (lower panel) xenograft tumors. E. Effect of PL on
activation of NF-κB in PC cells xenograft tumors. Ei. Western blot analysis of pNF-κB/
p65Ser536 in control and PL-treated xenograft tumors. Bar graph values represent the
arbitrary number normalized with actin (Eii).
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Figure 6. PL-treatment inhibits markers of cell proliferation and metastasis in PC cell xenograft
tumors
Expression levels of PCNA (Ai–Aii upper panel), ki67 (Ai–Aii middle panel), and VEGF
(Ai–Aii lower panel) in control and PL-treated xenograft tumors as determined by
immunohistochemistry. Aiii: Negative control by using IgG. Bi–Bii: Bar graphs represent
quantification of PCNA nuclear staining in control and PL-treated xenograft tumors. Student
t-test was performed to analyze nuclear staining difference (P<0.05).
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