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Abstract

Pancreatic cancer is almost always fatal, in part because of its delayed diagnosis, poor prognosis,
rapid progression and chemoresistance. Oncogenic proteins are stabilized by the Hsp90, making it
a potential therapeutic target. We investigated the oxidative stress-mediated dysfunction of Hsp90
and the hindrance of its chaperonic activity by a carbazole alkaloid, mahanine, as a strategic
therapeutic in pancreatic cancer. Mahanine exhibited antiproliferative activity against several
pancreatic cancer cell lines through apoptosis. It induced early accumulation of reactive oxygen
species (ROS) leading to thiol oxidation, aggregation and dysfunction of Hsp90 in MIAPaCa-2. N-
acetyl-.-cysteine prevented mahanine-induced ROS accumulation, aggregation of Hsp90,
degradation of client proteins and cell death. Mahanine disrupted Hsp90-Cdc37 complex in
MIAPaCa-2 as a consequence of ROS generation. Client proteins were restored by MG132,
suggesting a possible role of ubiquitinylated protein degradation pathway. Surface plasmon
resonance study demonstrated that the rate of interaction of mahanine with recombinant Hsp90 is
in the range of seconds. Molecular dynamics simulation showed its weak interactions with Hsp90.
However, no disruption of the Hsp90-Cdc37 complex was observed at an early time point, thus
ruling out that mahanine directly disrupts the complex. It did not impede the ATP binding pocket
of Hsp90. Mahanine also reduced in vitro migration and tube formation in cancer cells. Further, it
inhibited orthotopic pancreatic tumor growth in nude mice. Taken together, these results provide
evidence for mahanine-induced ROS-mediated destabilization of Hsp90 chaperone activity
resulting in Hsp90-Cdc37 disruption leading to apoptosis, suggesting its potential as a specific
target in pancreatic cancer.
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Pancreatic cancer is the fourth leading cause of cancer-related death and 5-year survival rate
is only 6%. The incidence and mortality rates are almost equal. Approximately 36,800
deaths were reported in the USA in 2010.1 Because of its rapid progression, massive
invasiveness, late diagnosis and intense resistance to any form of chemotherapy,? only 15—
20% of patients with progressing pancreatic carcinoma are amenable to curative resection,
while the rest have nonresectable, metastatic cancers. The multifaceted biological
mechanisms underlying this disease remain mostly unknown.3# At present, the mutation
and/or overexpression of certain oncogenes (K-Ras, ErBb2, Akt, TGF-3, EGFR) and
mutation, LOH or downregulation of tumor suppressor genes (p53, p16, BRCAZ2) are
reported.3 Reactive oxygen species (ROS) are generated primarily by the interaction of
oxygen molecules with electrons that escape from the mitochondrial respiratory chain
(MRC).>8 Inhibition of the activity of MRC complexes increases the leakage of electrons by
blocking the electron transfer chain and promoting ROS accumulation.8” A high level of
ROS prodtéction beyond a certain threshold can result in oxidative damage of DNA, proteins
and lipids.

The molecular chaperone Hsp90 is highly expressed in cancerous cells and is essential for
their survival, making it a potential chemotherapy target. It mediates the folding, assembly
and maturation of many client proteins, including HER-2, EGFR, PI3K, Akt, B-Raf, Stat-3,
GSK3p, Cdk4, mutated p53 and steroid receptors all of which are directly involved in
malignant cancer.910

Herbal compounds have been shown to hold a great deal of promise as chemotherapeutic
agents against a variety of cancers.11:12 The purified carbazole alkaloid mahanine (Fig. 1a),
isolated from the edible plants Murraya koenigii and Micromelum minutum, has been shown
to possess antimutagenic, antimicrobial and cytotoxic activities.13-16 Mahanine is a potent
apoptosis inducer in histiocytic lymphoma, promylocytic leukemial”:18 and prostate cancer
cells.1® We previously demonstrated that mahanine is a potential activator of the cellular
death cascade in a leukemic model.20 It is also an activator of the epigenetically suppressed
tumor suppressor gene RASSF1A.21 Despite its known function as an inducer of apoptosis,
the intracellular protein targets of mahanine are presently unknown. The main objective of
this study was to understand the underlying molecular mechanism of mahanine-induced
apoptosis, so we focused on the role of reactive oxygen species and Hsp90 as potential
regulatory target molecules of mahanine in pancreatic cancer.

Here we provide evidence for a pro-oxidant mediated assault on the Hsp90 pathway during
mahanine-induced pancreatic ductal adenocarcinoma cell death. Mahanine-mediated ROS
generation facilitates a disruption of the Hsp90-Cdc37 super-chaperone complex without
hindering ATP binding. In vitro surface plasmon resonance (SPR) and in silico docking and
molecular dynamics (MD) simulation revealed that mahanine can interact with Hsp90 and is
in rapid equilibrium in solution. However, these interactions are through weak forces and are
reversible in nature. Hence, they neither impede nor facilitate the disruption of the Hsp90-
Cdc37 complex, which results as a downstream consequence of ROS generation at a longer
time scale. To the best of our knowledge this is the first report of the involvement of
mahanine-induced ROS in the Hsp90 dysfunction which leads to a subsequent disruption of
the Hsp90-Cdc37 chaperone complex in pancreatic cancer.
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Material and Methods

Purification and characterization of mahanine

Cell lines

Mahanine was purified from fresh leaves of a native Indian plant, Murraya koenigii
belonging to the family Rutaceae.1® The purity was confirmed by HPLC.20 LC-MS, 1[H]
and 13[C] NMR spectral data analysis established its structure as mahanine. Details are
furnished in Supporting Information S-1.

Human pancreatic ductal adenocarcinoma cell lines, MIAPaCa-2, AsPC-1, Panc-10.05,
Panc-1 and BxPC-3 (Supporting Information S-2, Table 1) were purchased from ATCC,
authenticated by STR profiling with PowerPlex 16 HS system (Promega) using ABI 3130
Genetic Analyzer (Applied Biosystems) during 2009 at a coauthor’s lab, in USA, and
crosschecked with the ATCC data bank. All cells were grown in RPMI-1640 supplemented
with 10% heat inactivated fetal bovine serum (FBS) and 1% antibiotic-antimycotic, in a
humidified atmosphere at 37°C, with 5% CO5.

Cell viability assay

Cells (1 x 10%) were exposed to mahanine (0-50 uM) for 48 hr and consequently 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 100 pg per well) was added
to fresh culture media and further incubated for 3 hr. Generated formazane crystals were
dissolved in DMSO and optical density was measured at 550 nm in a spectrophotometer
(Thermo Scientific, USA).22 Control cells were exposed to the highest amount of the vehicle
(0.15% absolute ethanol).

Intracellular ROS measurement

Cells were treated with mahanine for 0-24 hr (20 pM) and 1 hr (10-20 uM) and incubated
with H,DCF-DA (10 uM) for 30 min at 37°C. Intracellular H,O, was determined using flow
cytometry, by analyzing 10,000 cells with CellQuest Pro software (BD FACSCalibur). For
ROS inhibition, the experiment was repeated with N-acetyl-.-cysteine (NAC, 2.5 mM)
pretreatment for 1 hr.23

Immunoblot, immunoprecipitation and immunohistochemistry

Cells (1 x 106) were treated with mahanine (0-20 uM) for 24 hr and 50 ug of proteins were
separated in SDS-PAGE (7.5-12.5%) followed by electrotransfer into nitrocellulose
membrane, blocked with TBS-BSA, probed overnight with primary antibodies (S-1) and
washed with 0.1% Tween-20 containing TBS. Immunocomplexes were identified with
HRP-conjugated secondary antibodies. The membrane was washed and target proteins were
identified by the West-pico ECL system (Pierce, Thermo Scientific, USA).

For detection of the chaperone complex, whole-cell lysate (350 pg) was incubated with anti-
Hsp90 antibody (1:100) overnight at 4°C followed by further incubation with Protein A-
Sepharose 4B. The immunocomplex was resolved by nonreducing SDS-PAGE and
subsequently identified using the respective antibodies.

For immunobhistological staining, cryo-preserved tumors were fixed, embedded in paraffin
and microtome-sectioned. Tissue sections were stained by anti-Akt and anti-Stat-3
antibodies.

Int J Cancer. Author manuscript; available in PMC 2014 February 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sarkar et al. Page 4

Nonreducing SDS-PAGE for detection of ROS-dependent chaperone proteins

For analysis of oligomerization of Hsp90, mahanine-treated (10 and 20 pM, 24 hr) cells in
the presence or absence of NAC (2.5 mM, 1 hr) were processed.? Samples were resolved in
SDS-PAGE in the absence of -mercaptoethanol and detected by Western blot analysis
using anti-Hsp90 antibody.

Surface plasmon resonance analysis

Carboxymethyl-dextran sensor chips (CM) were equilibrated with running buffer (10 mM
HEPES, pH 7.4, 0.15 M KCI and 0.001% Tween20) to prevent any nonspecific binding of
proteins to the capillaries of the BIAcore apparatus for a period of 10 min at 25°C at a flow
rate of 5 ul min~L. The CM chip was activated with 1-ethyl-3-[3-dimethylaminopropyl]-
carbodiimide (200 mM) and N-hydroxy-succinamide (50 mM) for 5 min at 25°C. Human
recombinant Hsp90 protein (20 pg) was dialyzed against coupling buffer-1 (5 mM
NayHPO,, pH 7.4 and 150 mM NaCl) at 4°C.2%:26 The dialyzed protein was coupled with a
chip in buffer-2 (20 mM Na-acetate, pH 4.0) for 10 min at 25°C. Noncovalently bound
Hsp90 was removed by two brief fluxes (2 min) of HCI (20 mM). Mahanine (0.5-30 pM)
was injected onto an Hsp90 coated CM5-sensor chip at a flow rate of 10 ul min™1,
Rebinding, at a flow rate of 5 pl min~2, and mass transfer were also checked by the
repetition of the experiments with lower levels of immobilized recombinant Hsp90. 17-AAG
was used as a positive control.

ATP-Sepharose binding assay

Human recombinant Hsp90a and Hsp90p (5 g) proteins were treated with mahanine (50—
100 uM) in incubation buffer [200 ul, 20 mM Tris—HCI, 50 mM KCI, 5 mM MgCl,, 2 mM
DTT, 20 mM NayMoOy, 0.01% NP-40, pH 7.5] at 4°C for 30 min. Pre-equilibrated vy-
phosphate-linked ATP-Sepharose (25 ul) was added and incubated at 37°C for another 30
min. The bound complex was washed, resolved in SDS-PAGE and detected by Western blot
analysis using an anti- Hsp90 antibody. The 17-AAG and ethanol were used as positive and
negative controls, respectively.2’

Molecular modeling studies

The details on the computational studies are provided in the Supporting Information S-3, A—
D. In brief, the structural coordinates of the human Hsp90 and Cdc37 proteins were obtained
from the NMR-derived structure of the complex in the Protein Data Bank (2K5B).
Mahanine was constructed and optimized using the molecular modeling software suite
Insight 11 (2005) of Accelrys (San Diego, CA, S-3-A).28 Molecular docking of the optimized
mahanine structure to human Hsp90 was performed using Autodock 4.2 (S-3-B).2° Two
molecular dynamics (MD) simulations were performed using the Gromacs-3.3.2 package
applying the GROMOS96 force field, one being the ligand-protein complex and the other
the ligand free in solution (S-3-C),30:31 to evaluate the absolute binding energy of the
ligand-receptor complex. The parameterization of the ligand was carried out in the Dundee
PRODRG server using the GROMOS96 force field.32 Trajectories and simulated structures
were analyzed using VMD software.33 The free energy of the binding of ligand to the
protein was calculated using the linear interaction energy (LIE) method (S-3-D).34-36 The
binding free energy (AGyjng) value was used to calculate the binding dissociation constant
(Kp). The molecular visualization of the structures was performed using PyMol.37

Scratch-wound assay

Highly invasive (MIAPaCa-2) and moderately invasive (BxPC-3) pancreatic cancer cells (1
x 108/ml/well) were cultured to >90% confluency. Subsequently, cells were starved in
reduced-serum (0.5%) media overnight. Three separate scratch-wounds were then made and
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cells were provided with reduced-serum media containing successive doses of mahanine for
6 hr. Images were taken using phase-contrast microscopy.38

Transmigration assay

MIAPaCa-2 cells were treated with mahanine (10-20 pM) for 24 hr. VEGF, EGF and PDGF
were subsequently added into the outer well of the 24-transwell plate (PromoCell
Heidelberg, Germany) at a final concentration of 20 ng ml~1. Mahanine-pretreated cells (5 x
10 cells/well/500 pl) were added into the insert and incubated for 6 hr. Subsequently,
invader cells were fixed with chilled methanol and stained with 0.1% crystal violet. Random
fields were photographed and quantified under phase contrast microscopy.

Orthotopic pancreatic tumor model

A new MIAPaCa-2-derived cell line was developed stably expressing the luciferase gene.
Luciferase expression had been previously verified to be at a satisfactory level for
noninvasively imaging the tumor in animal experiments. Thirty-five mice, female, nu/nu
athymic, 4-6 weeks old, were obtained from Harlan Laboratories. The pancreas of
anesthetized mice was exposed through a midline laparotomy incision and retraction of the
spleen. Cells (1 x 10%, 50 ul RPMI-1640) were injected directly into the pancreas. It took 8
days for the mice to develop the pancreatic tumor. Consequently, the uniform volume of the
pancreatic tumor was confirmed by in vivo bioluminescent imaging prior to treatment
(Supporting Information Fig. S-10). Accordingly, twenty-eight mice were randomly
clustered in the two following groups (n = 14 in each group); untreated vehicle control and
treated (i.p., 100 mg/250 pl mahanine/kg/day) for 12 successive days. All mice were
sacrificed on Day 13, following the last dose of treatment and their body weight was
measured. Subsequently, tumors and the pancreas were excised from each mouse in both
groups and their weights were determined.

Statistical analysis

Data were from at least three independent experiments. Statistical analysis was performed
using the two-tail Student t test. Error-bars represent the standard deviation of the mean
(xSD). Significant differences (p < 0.05) between the means of the control and mahanine-
treated cells or two test groups were analyzed by Microsoft Excel and Graph pad Prism.

Results

Mahanine exhibits antiproliferative effects in an array of pancreatic cancer cells

To determine the efficacy of mahanine against pancreatic cancer, the compound was tested
for cytotoxicity against an array of pancreatic cancer cells using the MTT assay. Mahanine
treatment for 48 hr resulted in a dose-dependent decrease in cell viability in all of the four
pancreatic carcinoma cell types with different grades of disease3® (S-2). It displayed a
cytotoxic effect against the gemcitabine-resistant cells MIAPaCa-2, AsPC-1, Panc-10.05
and Panc-1, with ICgq values of 13.9, 16.5, 17.2 and 18.5 uM, respectively (Fig. 1b).
Ethanol (0.15%) served as the vehicle control and exhibited a minimal adverse effect. Both
normal human lung fibroblast cells (WI-38) and African green monkey kidney cells (Vero)
exhibited a minimal effect, even at a 50 pM dose (Supporting Information Fig. S-4).

Mahanine induces apoptosis in MIAPaCa-2 cells

To examine whether mahanine-induced cell death was due to apoptosis, we investigated its

effect on caspases and poly-ADP ribose polymerase (PARP) in terms of their protein levels.
Western blot analysis revealed that effector caspases, specifically caspase-7 and caspase-3,

were activated at a 12.5 uM dose of mahanine after 24 hr of incubation. It is believed that

Int J Cancer. Author manuscript; available in PMC 2014 February 03.
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PARP is inactivated by effector caspase activation.4? Cleavage of PARP became significant
at a 15 pM dose of mahanine after 24 hr (Fig. 1c).

Early accumulation of ROS and its effects on cytotoxicity

It was previously demonstrated that mahanine induces ROS in leukemic cells.18:20 To
further elucidate whether mahanine induces pro-oxidants in MIAPaCa-2, ROS production
was assessed. Mahanine (20 pM)-treated MIAPaCa-2 exhibited significantly enhanced
intracellular ROS levels within 30 min, which remained elevated for up to 2 hr. In parallel,
17-AAG (1 uM), a known Hsp90 inhibitor used as positive control, also exhibited its highest
ROS accumulation within 30 min (Fig. 2a). Dose-dependency assay also confirmed that
mahanine increased the pro-oxidant level within 1 hr, even at 15 pM (Fig. 2b). Pretreatment
with the glutathione precursor NAC, successfully decreased the mahanine- and 17-AAG-
induced ROS levels (Figs. 2a and 2b). Additionally, NAC also rescued the effects of
mahanine-induced cell death to a level of ~72% after 24 hr (Fig. 2c). Phase contrast
microscopy also confirmed that preincubation with NAC restored cellular morphology to
almost 90% after 12 hr of mahanine incubation (Supporting Information Fig. S-5).

Oxidation of chaperone proteins is induced by mahanine

Because chaperone proteins are highly susceptible to ROS,24 we investigated mahanine-
induced ROS-dependent oxidation of Hsp90. After a 24-hr mahanine treatment, MIAPaCa-2
cells exhibited a dose-dependent increase in disulfide-linked Hsp90. This is suggested by the
altered mobility of a considerable amount of Hsp90 protein, under nonreducing conditions,
detected as bands shifted to higher molecular weight locations. However, accumulation of
disulfide-linked Hsp90 after mahanine-treatment could be detoxified by subsequent NAC
incubation suggesting involvement of ROS (Fig. 2d).

Degradation of Hsp90 client proteins and their restoration by NAC suggest a critical role of

ROS

After successfully demonstrating that mahanine exerts potent cytotoxicity against pancreatic
cancer cells, and that it induces apoptosis of MIAPaCa-2 cells and elevates the intracellular
ROS level leading to oxidation of the chaperone protein Hsp90, we further investigated
whether it inhibits Hsp90 functions. The expression of an array of its client proteins was
evaluated both in MIAPaCa-2 and AsPC-1. Mahanine exhibited a dose-dependent decrease
of a number of client proteins, including Akt, B-Raf, Stat-3, A-Raf, mutated p53, GSK3p
and PKCp at 24 hr in MIAPaCa-2 and AsPC-1 up to a dose of 30 pM (Supporting
Information Fig. S-6).

Additionally, to monitor the efficacy of mahanine at lower (10-20 uM) doses, we treated
MIAPaCa-2 for 24 hr. Mahanine exhibited a downregulation of client proteins even at lower
doses. After incubation for 24 hr, mahanine was able to decrease the protein level of Akt and
CDK-4 significantly at 15 uM, while B-Raf, Stat-3 and Bcl-X|_ were notably decreased at
17.5 uM (Fig. 2e). In parallel, we checked the status of an Hsp90 nonclient protein (Cyclin
E), which did not show any significant decrease, even at a 20 uM dose for 24 hr.

We also examined whether prevention of chaperone protein oxidation by NAC would lead
to a reduction in mahanine-induced client protein degradation in MIAPaCa-2 cells.
Mahanine (20 uM) did not induce any significant decrease in client proteins (Akt and B-Raf)
within 6 hr (Fig. 2f). This time period may not be adequate to exhibit the efficacy of signal.
However, a significant decrease of these client proteins was observed after 24 hr treatment.
NAC pretreatment (1 hr) was able to rescue these client proteins (Fig. 2f).

Int J Cancer. Author manuscript; available in PMC 2014 February 03.
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Mahanine induces degradation of Hsp90 client proteins via the proteasome

Because most Hsp90 inhibitors result in client protein degradation via the proteasome, we
were keen to examine whether mahanine also did so. Preincubation of MIAPaCa-2 with a
26S proteasome inhibitor (MG132, 10 uM for 1 hr) followed by a 24-hr mahanine (20 uM)
treatment was enough to noticeably rescue the client proteins Akt, B-Raf, Stat-3, GSK-3f
and Bcl-xL (Supporting Information Fig. S-7A). Interestingly, enhancement of the severity
of insult by increasing the dose of mahanine from 20 uM to 30 pM did not significantly
degrade many of the client proteins even after 6 hr of treatment, and those degraded were
restored by MG132-preincubation in MIAPaCa-2 (Supporting Information Fig. S-7B).

Differential regulation of Hsp90 cochaperones supports the role of oxidative stress

Because Hsp90 and its cochaperones form a super-chaperone complex taking part in the
cellular chaperone activities of protein folding and stabilization, we further investigated the
status of other cochaperones after mahanine-treatment. Most of the well-characterized
Hsp90 inhibitors also induce ROS, and hence, hinder its chaperone activities.#1~43 These
Hsp90 inhibitors also potentially up-regulate Hsp70.24 Mahanine (15 pM) upregulates
Hsp70 and Hsp40 at a 17.5 pM dose. Therefore, it may be envisaged that these chaperones
try to manage the unfolded protein load of the cell after pharmacological inhibition of Hsp90
by mahanine. Interestingly, no change was found in the Cdc37 total protein level. However,
a cochaperone (p23) related to steroid receptor recruitment to Hsp90 was downregulated,
with its cleaved form (p19) increasing in a dose-dependent manner (Fig. 3a).

Mahanine destabilizes Hsp90-Cdc37 interaction

Next, we wanted to study the interaction of Hsp90 with its cochaperones to unravel whether
there was any mahanine-mediated destabilization of this super-chaperone complex.
Significant down-regulation of Cdc37 was observed at 15 UM in 24 hr mahanine-treated
cells, as was made evident in immunoprecipitation experiments followed by immunoblot
analysis, although HOP and Hsp90 displayed almost the same levels with the 1gG used as a
loading control. Conversely, the pattern of p23 association with Hsp90 remained the same as
it was in the total cell lysate (Fig. 3b). It is more likely that mahanine results in an indirect
cleavage and downregulation of p23, therefore, reducing its presence in the super-chaperone
complex.

Subsequently, we wanted to determine whether this Hsp90-Cdc37 destabilization was due to
early ROS accumulation. No alteration of the Hsp90-Cdc37 chaperone complex was
observed after incubation of MIAPaCa-2 with mahanine for 10-60 min, suggesting that
ROS generation at a 20 uM dose did not hamper this complex formation at an early time
point (Fig. 3c). This strongly suggests that the disruption of the Hsp90-Cdc37 complex is a
downstream consequence of ROS generation.

SPR studies show weak affinity of mahanine to recombinant Hsp90

It is reported that Hsp90 inhibitors such as 17AAG and celastrol, which also generate ROS,
bind Hsp90 directly.#1-43 Therefore, we used SPR to check interaction of mahanine with
purified recombinant Hsp90. The portion of the sensor-gram which corresponds to the
dissociation of mahanine from Hsp90 was analyzed to obtain the dissociation rate (ky) (Fig.
3d). The experimental data is a good fit with the single exponential kinetic model used.
Using the corresponding kq values, nonlinear curve fitting of the association phase of the
corresponding sensor-gram was carried out to obtain the association rate (k;). The
dissociation constant (Kp) for the Hsp90-mahanine complex was calculated as the ratio of
the backward (6.21 x 1073 S~1) and forward (1.24 S71) rates (kq/ky) to obtain the value of
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4.99 uM with maximum resonance (Rmax) at 198.90. The 17-AAG was used as positive
control (Supporting Information Fig. S-8).

Mahanine does not affect the ATP binding of Hsp90

The next aim was to determine whether mahanine disrupts the binding of ATP with Hsp90.
The ATP-Sepharose binding assay demonstrated that the binding of mahanine with two
purified isoforms of Hsp90 (Hsp90a and Hsp90pB) did not block the ATP-binding pocket of
Hsp90, whereas 17-AAG, a known ATP-binding inhibitor of Hsp90, did significantly block
ATP binding under identical experimental conditions (Fig. 3e€).

Molecular modeling reveals weak interactions of mahanine with recombinant Hsp90

Molecular docking revealed that mahanine did bind to Hsp90, through noncovalent weak
interactions, in a polar groove, which was distinct from the ATP-binding cavity (Figs. 4a
and 4b). Mahanine formed two hydrogen bonds with Hsp90, one with the side chain oxygen
of Glu47 through its NH group and the other with the side chain oxygen of Asn51 through
its OH group. In addition, it was shown that there were van der Waals interactions with
Arg46, lle43, Gly132, GIn133, Met130, Ser129, Phel38, 1le131 and Gly137 (Fig. 4c). The
most favorable configuration of the ligand with the protein had a binding energy of -7.6
kcal mol~21, with a micromolar binding affinity (Kp = 3.16 uM).

Mahanine inhibits pancreatic adenocarcinoma cell haptotaxis in a dose-dependent manner

A number of Hsp90 client proteins are associated with cell motility and invasion.** In a
scratch wound haptotaxis assay, both the highly invasive MIAPaCa-2 and moderately
invasive BxPC329 cells completed >40% wound closure within 6 hr in the vehicle control
(Fig. 5a). In contrast, mahanine (20 pM)-treated cells exhibited ~95% wound closure
inhibition.

Mahanine inhibits the in vitro migration of highly invasive pancreatic carcinoma cells

The migration of MIAPaCa-2 cells was inhibited after a 6-hr exposure to mahanine. At a 10
UM concentration of mahanine, epidermal growth factor (EGF)-driven MIAPaCa-2
migration was reduced to 48.6% of control, whereas nearly complete inhibition of cell
migration was observed at a 15 uM dose (Fig. 5b). PDGF and VEGF-mediated MIAPaCa-2
chemo-migration exhibited an almost identical pattern, in which cell migration was a little
more modest than that of the EGF-mediated one (data not shown).

Matrix metalloproteinases (MMPs) play a crucial role in cell motility. In particular, MMP-2
and MMP-9, which are Hsp90 client proteins, functionally control invasion and metastasis
in malignancy. In this context, we observed that MMP9 was significantly down-regulated in
mahanine-treated MIAPaCa-2 cells (Fig. 5¢). The evident decrease of both the pro- and
activated MMP9 further assured the anti-metastatic activity of mahanine.

Mahanine also inhibited the in vitro colony formation of MIAPaCa-2 cells on matrigel in a
concentration-dependent manner within 24 hr (Supporting Information Fig. S-9a). There
was ~80% inhibition of colony formation at the 10 UM dose. In contrast, no colonies were
observed at the 15 pM dose or after 72 hr of mahanine (20 pM) incubation. Moreover, in
vitro tubular differentiation assays showed that mahanine-treated MIAPaCa-2 cells were
differentiated after a 3-day (3D) culture in matrigel in a dose-dependent manner (Supporting
Information Fig. S-9b).
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Mahanine inhibits tumor growth in an orthotopic mouse model

To further investigate mahanine activity in a pancreatic orthotopic nude mouse model, we
implanted MIAPaCa-2 cells as an orthograft into the pancreas of nude mice to examine the
in vivo efficacy of mahanine. In vivo bioluminescent imaging revealed the establishment of
an even volume of tumor burden. A few representative mice are shown in Figure 6a.
Mahanine (100 mg/kg/day) was administered intraperitoneally, and comprehensively
inhibited tumor growth, resulting in reduced tumor volume after 12 days of consecutive
treatment (Fig. 6b). We also observed that the tumor burden in mahanine-treated mice was
significantly (p < 0.05) less than the one in the vehicle-treated controls. The pancreatic
tumor load was represented as the weight of the excised pancreatic tumor in both the vehicle
control and treatment groups, where n = 14 in each group (Fig. 6c). Immunostaining of the
vehicle controls and mahanine-treated tumors also revealed a clear depletion of the two
Hsp90 client proteins Akt and Stat-3 in this orthograft pancreatic adenocarcinoma mouse
model (Fig. 6d).

Discussion

The present investigation of a novel cancer treatment focuses on the development of targeted
therapy to specific oncogenic processes and related signaling pathways. Human pancreatic
cancer is heterozygous in nature, comprising various genetic and epigenetic abnormalities
which lead to uncontrolled cell proliferation, coupled with homozygous deletion of certain
tumor suppressor genes. The chaperone Hsp90 has attracted considerable attention as a
promising target as it is significantly upregulated in pancreatic carcinoma compared to
normal tissue and regulates the function of several oncogenic proteins.#> Although at present
a few Hsp90 inhibitors are in clinical trials, none have come to market due to toxicity and
solubility problems.

In this study we demonstrated the anticancer efficacy of a nontoxic novel carbazole alkaloid,
mahanine, obtained from an edible plant, against pancreatic cancer. Mahanine-treatment
significantly inhibited the proliferation of pancreatic cancer cells in vitro and also showed
growth inhibition in orthotopic pancreatic tumor bearing immune-deficient mice. The main
achievement of this study is the supply of evidence that mahanine drastically increases
intracellular ROS, which leads to an oxidative insult of Hsp90. SPR revealed that mahanine
reversibly binds to recombinant Hsp90 with faster kinetics of the order of seconds and
exhibits a low binding affinity (Kp = 4.99 pM) in comparison with other known Hsp90
inhibitors.#1-43 This is in good agreement with the dynamic simulation value (Kp = 3.16

uUM).

Hsp90 is a critical mediator of protein folding and maintains folded proteins in their proper
conformation. Its expression level is reportedly high in cancer cells as compared to the
noncancerous ones.*6 This comprehensive investigation revealed a critical role of mahanine-
induced oxidative stress leading to oxidative insult of Hsp90, which further leads to a
disruption of the Hsp90-Cdc37 complex, a cytotoxic effect against pancreatic cancer
(Supporting Information Fig. S-11).

We reported previously that mahanine induced apoptosis in acute lymphoid cells (MOLT-3)
by activating Fas/FasL.20 The addition of a glutathione (GSH) precursor, NAC has been
reported to increase cancer cell resistance to this carbazole alkaloid.18:20 Whether mahanine-
mediated ROS generation plays a role in the activation of this death receptor cascade,
remains to be investigated in MIAPaCa-2. Mahanine-mediated Akt down-regulation in
MIAPaCa-2 cells is also consistent with the result observed in prostate cancer cells.1®
However, the association between mahanine-mediated activation of the epigenetically
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silenced tumor-suppressor gene RASSF1A21 and ROS-induced Hsp90 inhibition is yet to be
explored.

It is reported that chaperones are oxidation-sensitive proteins that are able to form disulfide
bonds in response to various oxidative insults.2* We showed that an early accumulation of
ROS in mahanine-treated cells led to the oxidation of Hsp90. Nonreducing SDS-PAGE
established that mahanine caused the formation of disulfide-linked high molecular weight
conformers of Hsp90, indicating an oxidative assault on this chaperone protein. However,
NAC scavenged these pro-oxidants and inhibited mahanine-induced cell death, which was
also reflected in cellular morphology. This result clearly established that mahanine is a
ROS-mediated inhibitor of the Hsp90 chaperone machinery. Therefore, unlike 17-AAG,*’
mahanine exhibited its activity independent of NQO1 expression, as MIAPaCa-2 cells [high
NAD(P)H dehydrogenase quinone 1 (NQO1)] and Panc-1 cells [low NQO1] are similarly
sensitive to this compound, pointing to different mahanine and 17-AAG mechanisms of
action.

The functional activity of Hsp90 which was inhibited by mahanine treatment was attributed
to the downregulation of its client proteins. A 6-hr mahanine treatment did not show any
significant decrease in client protein level, although ROS accumulation occurred within 30
min. This supports a time lapse between the initial insult and its further intracellular effects.
However, client-protein degradation after a 24-hr mahanine-treatment and its reversal by
NAC preincubation established the critical role of ROS. NAC restores GSH which results in
a decrease of the oxidative insult, allowing re-association of Hsp90 with its client proteins.

In this study, it was demonstrated that mahanine-induced ROS production leads to Hsp90
dysfunction. Some of the known Hsp90 inhibitors, such as geldanamycin and celastrol, were
recently reported to have pro-oxidant activity.#1-43 The different status of the cochaperones
after mahanine treatment further supported this observation. The upregulation of the Hsp70
and Hsp40 is a hallmark of Hsp90 inhibition, and was exhibited by mahanine treatment.
However, the Cdc37 total protein level remained the same throughout the mahanine dose
range, even though its association with Hsp90 dramatically decreased. This observation
points toward the fact that mahanine also can disrupt the Hsp90-Cdc37 complex formation
downstream of ROS generation. The expression level of the cochaperone p23 was
decreased, while its cleaved form p19 increased, both in a dose-dependent manner. This
observation is in agreement with a previous report that ER stress can lead to caspase-
mediated cleavage of p23.#8 Mahanine-mediated activation of caspase-3 was initiated at the
same dose at which cleavage of p23 was observed. It may be that unfolded protein response-
mediated ER stress may also direct the cells towards apoptosis. Preliminary experiments
suggested mahanine to be a Ca2* channel inducer, and leakage of the intracellular Ca2* pool
is indicative of ER stress (unpublished observation).

Moreover, here, it was evinced that the observed mahanine-induced proteasome-dependent
Hsp90 client protein degradation was mediated by the disruption of the Hsp90-Cdc37
complex. Mahanine was also shown to induce mitochondrial apoptosis through caspase
activation.18-20 Moreover, we demonstrated that, unlike 17-AAG, mahanine does not inhibit
the Hsp90 chaperone activity by blocking ATP binding, whereas functional assays
established that mahanine treatment reduces in vitro cell migration, colony formation and
tubular differentiation in pancreatic carcinoma.

In conclusion, the herbal compound mahanine is able to potently induce a ROS-mediated
oxidative assault on Hsp90 which disrupts the Hsp90-Cdc37 super-chaperone complex
without hindering its ATP binding activity (Supporting Information Fig. S-11). Mahanine
was demonstrated to possess in vivo anti-tumorigenic efficacy in an orthotopic nude mouse
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model, and thus is a potential therapeutic agent targeting Hsp90 in human cancers. To the
best of our knowledge, this is the first report on the cellular mechanism by which mahanine
exerts its effects, and the findings may help put the treatment of the poorly manageable
pancreatic adenocarcinoma into a broader perspective.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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What's new?

Pancreatic cancer is lethal and often shows resistance to conventional chemotherapy.
New drugs and/or combinations of drugs are required for greater efficacy as well as to
overcome the observed chemoresistance. Hsp90 is highly expressed in cancerous cells for
their survival, making it a potential chemotherapy target. ROS is a critical mediator of
apoptosis and can lead to Hsp90 dysfunction. Our data demonstrate the involvement of
mahanine-induced ROS in Hsp90 dysfunction which leads to a subsequent disruption of
the Hsp90-Cdc37 chaperone complex in pancreatic cancer.
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Figure 1.

Mahanine-induced apoptosis in pancreatic cancer cells. (&) Chemical structure of mahanine,
a carbazole alkaloid. (b) Mahanine-induced decrease in pancreatic adenocarcinoma cell
viability measured by MTT assay after 48 hr. Cell viability was represented as % viability.
Each value is the mean + SD of three independent experiments. (c) Mahanine induced
positive regulation of known molecular mediators of apoptosis in MIAPaCa-2 after 24 hr
incubation, analyzed by Western blotting.
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Figure 2.

Mahanine induces ROS accumulation in both a time- and dose-dependent manner, leading to
Hsp90 dysfunction in MIAPaCa-2 cells. MIAPaCa-2 cells were subjected to 20 uM
mahanine treatment for 0-24 hr. ROS production was measured by HoDCF-DA staining and

was inhibited by 1 hr pretreatment of cells w

ith NAC (2.5 mM). Thel7-AAG (1 uM) was

used as a positive control. The results are expressed as MFI (a.u.) Each value is the mean +
SD of three independent experiments. “*” indicates p < 0.05. MIAPaCa-2 cells were

subjected to mahanine (10-20 uM) treatment for 1 hr and processed as above. Each value is
the mean + SD of three independent experiments. “*” indicates a significant difference of p
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< 0.05. NAC (2.5 mM) treatment for 1 hr prevented the effect of 20 uM mahanine on cell
viability, as reflected in the decrease of PI positivity by flow cytometric analysis after 24 hr.
Mahanine-induced ROS-mediated Hsp90 dysfunction in MIAPaCa-2 cells. MIAPaCa-2
cells were treated with mahanine (10 and 20 uM) for 24 hr after preincubation without or
with NAC (2.5 mM, for 1 hr). Experiments were performed as described in the Material and
Methods section. Mahanine-induced ROS generation led to disulfide linkage of Hsp90, as
shown by the slower migration rate on nonreducing SDS-PAGE, concentrated in higher
molecular weight regions, which was ameliorated by subsequent NAC incubation. Mahanine
downregulates the Hsp90 client proteins levels. MIAPaCa-2 cells were subjected to
mahanine treatment for 24 hr and analyzed by Western Blot with the indicated antibodies. A
dose-responsive decrease in the Hsp90 client protein levels in MIAPaCa-2 cells, whereas no
down-regulation was observed in nonclient protein Cyclin E. ROS-dependent down
regulation of Hsp90 client proteins. NAC-pre-treated (2.5 mM) MIAPaCa-2 cells were
incubated with mahanine (20 uM) for 6 and 24 hr, respectively, and analyzed by Western
Blot with the indicated antibodies. The presented data have been derived from three
different experiments, one of which is shown here.
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Figure 3.

(a) Differential regulation of Hsp90 cochaperones after mahanine treatment. MIAPaCa-2
cells were subjected to mahanine treatment for 24 hr and whole cell lysate was analyzed by
Western blot with the specified antibodies. Mahanine induced Hsp70 and Hsp40
upregulation. The total protein level of Cdc37 remained unaltered, whereas p23 was cleaved
from 23 to 19 kDa. The data is shown as a representative example of three separate
experimental data sets. (b) Mahanine dissociates Cdc37, but not HOP from the Hsp90 super-
chaperone complex. MIAPaCa-2 cells were incubated with mahanine for 24 hr and
immunoprecipitated with an anti-Hsp90 antibody. The resulting immune-complex was
resolved on SDS-PAGE, and was subsequently identified by anti-Cdc37, anti-HOP and anti-
p23 antibodies followed by ECL-mediated detection. Mahanine dissociated Cdc37, but not
HOP or p23, from the Hsp90 super-chaperone complex. The data are representative of three
individual experiments. (c) Mahanine does not dissociate the Cdc-37-Hsp90 super-
chaperone complex at an early time point of ROS generation. MIAPaCa-2 cells were
incubated with mahanine for 10-60 min and immunoprecipitated as described above. The
data represent three individual experiments. (d) SPR study of mahanine with recombinant
Hsp90. Various doses of mahanine (0.5, 1, 5, 10 uM) were added to immobilized human
Hsp90 at a final concentration of 50 ug ml~2. The coupling of Hsp90 to the CM5 sensor chip
and measurement of SPR were performed as described in the Material and Methods section.
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(e) The ATP binding of Hsp90 was not hindered by mahanine induction. Recombinant
human Hsp90a (5 pg) and Hsp90p (5 ug) were incubated with mahanine (50 and 100 uM)
and 17-AAG (20 uM, a known Hsp90 inhibitor) in incubation buffer for 30 min, as
described in Material and Methods. Subsequently, ATP-Sepharose (25 pl) were added to the
reaction mixture to pull down Hsp90, and analyzed by Western blotting using an anti-Hsp90
antibody. The assay revealed that successive doses of mahanine did not hamper ATP
binding with purified Hsp90a and Hsp90p, whilst 17AAG was able to do so.
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a

Figure4.

Molecular modeling studies of Hsp90-mahanine interaction. (a) Binding site of mahanine in
Hsp90. Mahanine is displayed in a stick model and Hsp90 in a surface view. (b) Status of
mahanine and ATP in Hsp90. Surface representation of Hsp90 with mahanine and ATP in a
stick model. (c) Residues involved in the interaction of mahanine with Hsp90. Hsp90 and
mahanine are represented in a stick model; the sticks are colored according to the type of
atom. Carbon = green in Hsp90 and pink in Cdc37. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure5.

Mahanine-mediated inhibition of cell haptotaxis and chemo-migration in pancreatic
adenocarcinoma. (a) MIAPaCa-2 and BxPC-3 cells were grown to confluency in six-well
plates; subsequently scratches were made, followed by incubation without or with mahanine
for 6 hr. Cells showed >40% cell migration (cell haptotaxis) in the vehicle control, whereas
the highest treatment dose resulted in <5% migratory cells, as shown by phase-contrast
microscopy. (b) Mahanine untreated and treated MIAPaCa-2 cells were exposed to EGF (20
ng mI~1) in a transwell plate, as described in Material and Methods, and incubated for 6 hr.
Cells exhibited a dose-dependent decline in EGF-driven chemo-migration. (c) Mahanine
reduces MMP9 in MIAPaCa-2 cells. MIAPaCa-2 cells incubated for 24 hr in the absence
and presence of mahanine, and whole cell lysate was analyzed by Western blot with an anti-
MMP9 antibody. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure®6.

Mahanine inhibits pancreatic tumors in an orthotopic nude mouse model. (a) Luciferase
containing MIAPaCa-2 cells were implanted into the pancreas of athymic nude mice to
generate pancreatic tumors orthotopically. Establishment of orthotopic pancreatic tumors in
immunodeficient athymic nu/nu mice before starting the treatment was confirmed by in vivo
bioluminsescent imaging (Supporting Information Fig. S-10) and a representative figure is
given. (b) Reduction of tumor mass as reflected by two representative pancreatic tumors
excised after 12 days of vehicle (control) and mahanine treatment (i.p., 100 mg/kg/day). (c)
Pancreatic tumor load represented as the weight of the tumor after excision from the
pancreas, in the control and treated groups. The tumor load was significantly lower in the
mahanine-treated than the vehicle-treated group. “*” indicates p < 0.05. (d) The Akt and
Stat-3 protein levels were determined by immunohistochemistry staining in the tumor
orthograft control and treated tissue samples. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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