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Abstract

Pancreatic ductal adenocarcinomas are invariably lethal and developing effective treatments that
have minimal side effects is a challenge. Previous studies from our lab have shown that conjugates
of cell membrane disrupting lytic peptides and luteinizing hormone releasing hormone (LHRH)
target and destroy human prostate and breast cancer cells in xenografts in the nude mouse

model 1 2 which express LHRH receptors. The objectives of this study were to synthesize a
bioconjugate of LHRH analog ([DLys8]-LHRH) and a dietary micro-chemical (Curcumin) and test
the hypothesis that [DLys®]-LHRH-Curcumin targets and inhibits pancreatic cancer cell growth in
vitro and in vivo. In in vitro studies, we determined by confocal microscopy, flow cytometry
analysis and RT-PCR that MIAPaCa-2, Panc-1 and BxPC-3 pancreatic cancer cell lines express
LHRH receptors. [DLys®]-LHRH-Curcumin inhibited cell proliferation of pancreatic cancer cell
lines and induced apoptotic cell death (p < 0.05). Apoptosis was induced by cleavage of PARP
and Caspase-3. The activity of [DLys®]-LHRH-Curcumin was equal to free Curcumin at
equimolar concentrations in vitro. Unlike Curcumin itself, the [DLys®]-LHRH-Curcumin
conjugate is water soluble which allows its intravenous administration. In two in vivo studies,
[DLys8]-LHRH-Curcumin given intravenously caused a significant (p < 0.01) reduction in tumor
weights and volumes, and free Curcumin given by gavage at an equal dose failed to cause a
significant reduction in tumor weights and volumes in the nude mouse pancreatic cancer model.
[DLys8]-LHRH-Curcumin treatment enhanced apoptosis compared to [DLys®]-LHRH and vehicle
treated controls in tumor tissue. In conclusion, [DLys®]-LHRH-Curcumin may be useful in
treating pancreatic cancer.
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Introduction

Pancreatic cancer is a highly lethal disease with extremely poor prognosis. It has been
estimated that 42,470 new cases and 35,240 deaths in U.S. were due to pancreatic cancer in
2009 3. The 5-year relative survival rate for all stages is approximately four percent. Current
treatments, such as radiation, surgery, chemotherapy, or a combination of these modalities
have had little impact on survival rate in pancreatic cancer patients. One of the major
problems in cancer chemotherapy is the severe toxic side effects of anti-cancer drugs
designed to destroy rapidly dividing cells, including those found in healthy tissues. These
severe side effects often result in dose reduction, treatment delay or discontinuance of
therapy. To overcome these limitations, various systems have been developed to deliver
anticancer drugs used in chemotherapy to increase solubility, decrease adverse side effects,
and limit nonspecific activity 4 °. Targeted anticancer drug delivery systems are an
advanced approach for delivering the anticancer drugs. Cancer cell targeting can be achieved
by adding several targeting moieties to the drug delivery system, such as receptor ligands 6,
sugars /, lectins 8, antibodies , hormones and hormone analogues, specifically directed to
receptor binding sites on cancer cells 10,

It is evident from numerous studies that expression of gonadotropin-releasing hormone
(GnRH), also called luteinizing hormone releasing hormone (LHRH) and LHRH receptor
(LHRHR) are part of an autocrine/paracrine regulatory system of cell proliferation found in
a number of human maligant tumors, including cancers of endometrium, ovary, and

breast 11. Available data strongly suggest that about 50% of breast cancers 12 and 80% of
ovarian and endometrial cancers express high affinity binding sites for LHRH 13, In these
cancers, in vitro proliferation can be inhibited by agonist or antagonist analogues of LHRH
in a dose and time dependent manner 11 14 Although pancraetic cancers express LHRH
receptors, and normal pancreatic cells do not, few findings have been published regarding
the role of LHRH and LHRHR in pancreatic cancer 15 16, However, LHRH decapeptides
were used to target cell surface receptors to deliver anticancer drugs specifically targeted to
other cancer cells expressing their receptors. For example, Schally and coworkers utilized
potent LHRH antagonists as targeting moieties for a variety of cancer drugs including
Doxorubicin 10. Studies on conjugates of [DLys6]-LHRH-DOX and [DLys®]-LHRH-2-
pyrrolino-DOX showed increased efficacy of doxorubicin as the LHRH analogue
maintained its highly targeted binding affinity while the drug retained its cytotoxic effects
on the tumor cells 19, Hansel and co-workers®: 2: 6 17 showed that conjugates of lytic
peptides and LHRH are very effective in destroying human breast and prostate cancer
xenografts that express LHRH receptors.

Regular consumpution of certain fruits and vegetables has been reported to be effective in
prevention of cancer!8-21, Phytochemicals derived from such fruits and vegetables have
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significant antitumor activity in in vitro and in preclinical models. One such extensively
studied phytochemical is curcumin (diferuloylmethane). It is present in an Asian spice called
tumeric (Curcumin Longa) and has potent anti-proliferative and pro-apoptotic effects on
cancer cells in vitro 22 23 as well as in preclinical cancer models, inhibiting cell survival
transcription factors such as nuclear transcription factor-kappa B (NF-xB) 2426, Because of
its lack of toxicity, there is increasing interest in further studies with Curcumin. However,
free Curcumin cannot be administered systemically because it is highly hydrophobic and not
soluble in water. Nevertheless, it potentiated the effect of the chemotherapeutic agent,
gemcitabine, when administered orally to an orthotopic model of pancreatic cancer in

mice 27. In the present study we conjugated [DLys®]-LHRH and Curcuimn and examined
the efficacy of the conjugate ([DLys®]-LHRH-Curcumin) against pancreatic cancer cells in
vitro and in vivo. Our data show that, unlike Curcumin itself, the [DLys®]-LHRH-Curcumin
conjugate is soluble in water and can be administered intravenously. Treatment of pancreatic
cancer cells in vitro and pancreatic cancer cell xenografts in nude mice with the [DLys®]-
LHRH-Curcumin conjugate is shown to prevent pancreatic cancer cell growth.

Materials and Methods

Pancreatic cancer cell lines MIAPaCa-2, BxPC-3, and Panc-1 were obtained from American
Type Culture Collection (ATCC) VA, USA. All cell lines were cultured in DMEM
supplemented with 10% FBS, 100 units/mL penicillin, and 100 pug/mL streptomycin
(Invitrogen, CA, USA)

Confocal laser scanning microscopy

Pancreatic cancer cells were grown on cover slips, fixed with 2% formaldehyde, washed
with PBS, permeabilized with 0.1% Trion—X100 and incubated with 2% goat serum for one
hour. The cells were then incubated with a primary antibody specific for LHRH receptor
(GnRH-R AbO03, Lab Vision Corporation, Fremont, CA) overnight at 4°C, then washed with
PBS and incubated with a secondary antibody conjugated with Alexa Fluor 488 (Molecular
Probes, Eugene, OR) for one hour followed by three washings with PBS. Finally, cells were
mounted with mounting medium from Molecular Probes (Carlsbad, CA) and images of
LHRHR immunostained cells were acquired under an oil immersion objective (x40) with a
confocal laser microscope (Zeiss Confocal LSM510, Carl Zeiss Microlmaging Inc.
Thornwood, NY, USA) equipped with an argon-krypton laser.

Flow cytometer analysis

The ability of LHRHRmab to bind the cell surface of pancreatic cancer cells expressing
LHRHR was determined as described previously?8. Briefly, one million cells were collected
and washed with PBS containing 1% FBS and subsequently incubated with 10 ug/ml
LHRHRmab antibody on ice for 30 min. Cells were washed twice with PBS containing 1%
FBS and further incubated with a secondary antibody, Alexa Fluor 488mab (Molecular
probes, Eugene, OR) for 30 min on ice. Cells were washed twice and resuspended in 300 pls
of PBS for analysis by flow cytometry. Ten thousand events were collected on the
FASCcalibur flow cytometer and analyzed using cellquest software (Becton Dickinson).
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Isotype controls were prepared similarly except that an isotype IgG1 from Santa Cruz
Biotechnology (Santa Cruz, CA) was used instead of the primary LHRH receptor antibody.

Reverse Transcriptase — Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), First-
strand, cDNA, was synthesized using High Capacity cDNA Reverse Transcription kit (ABI,
Foster City, CA, USA) according to the manufacturer’s protocol. PCR amplification was
performed by using GenAmp PCR System 2400 (Perkin-Elmer Instruments, Shelton, CT,
USA) for LHRH receptors, caspase-3, caspase-9 and po-microglobulin (B,-m, internal
control) with Taqg Polymerase (Sigma Aldrich, St. Louis, MO, USA). The PCR conditions
and primers were as described previously2°.

Design and Synthesis of [DLys®]-LHRH-Curcumin conjugate

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA) or Fisher
Scientific (NJ, USA). Design scheme; A prototype embodiment employing a glutarate ester
linkage to covalently link the two components of the conjugate was used. Glutarate ester
linkages yield derivatives that are stable in agqueous solution, but will be readily hydrolyzed
in the presence of an esterase to release the drug at the delivery site. The peptide [DLys]-
LHRH was assembled using the general Fmoc chemistry using the amino acids described in
the synthesis section. Once the peptide was assembled, a catalytic amount of Pd (0) was
used to deprotect the primary amine at the D lysine in the presence of a nucleophile
(morpholine) which mainly acts as a scavenger by capturing the carbocations generated.
Sodium N, N-diethyldithiocarbamate in DMF was used in the washing step to aid in the
removal of all of the palladium. Taking advantage of the well-established selective reactivity
of the phenol group of Curcumin, reaction of glutaric anhydride with Curcumin in the
presence of a mild base such as pyridine gave rise to the Curcumin glutarate ester

derivative 30, Coupling of this derivative to [DLys8]-LHRH was done in solid-phase to give
the [DLys8]-LHRH-Curcumin (Fig. 2A). The Curcumin should be readily released at the site
of action causing apoptosis in tumor cells. Synthesis; Under dry conditions, a solution of
Curcumin (0.1 g, 0.271 mmol) in 1 mL of pyridine was stirred at room temperature for 30
min. The solution was treated with glutaric anhydride salt (0.028 g, 0.246 mmol) and stirred
overnight at 60° C. The solution was concentrated by rotary evaporation, dissolved in
CH>Cly, and washed with 5% HCL. The organic fraction was dried over MgSOy, and the
solvent was removed by rotary evaporation. The solid product was dried in a desiccator for 8
h to give dry Curcumin glutarate ester. Yield, 106 mg (90%),1H NMR (400 MHz, & (ppm) in
CDCl3):7.61 (m, 2H), 7.16 (m, 5H), 6.94 (m, 1H), 6.53 (m, 2H). 5.83 (m, 2H), 3.95 (s, 3H),
3.87 (s, 3H), 2.70 (t, 2H), 2.56 (t, 2H), 2.11 (m, 2H). ESI-MS (M+H)* calculated for
CogH260q 483.1577, found 483.1647. The [DLys8]-LHRH-Curcumin conjugate was then
synthesized by Fmoc solid phase chemistry techniques. H-Rink Amide ChemMatrix resin
(0.52 mmol) was placed onto a column. The resin was then washed with DMF in
continuous-flow mode using a pioneer Peptide Synthesizer. All couplings employed four
equivalents of amino acid and PyAOP (and sometimes HOBT and TBTU), dissolved in 0.5
M DIEA in DMF at room temperature to a final concentration of 0.25 M. Coupling involved
minimal preactivation times. The side chain-protected amino acid derivatives Fmoc-Gly-
OH, Fmoc-Pro-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH, Fmoc-D-Lys(Alloc)-OH, Fmoc-
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Tyr(tBu)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-His(Trt)-OH, and Boc-
Glu(OtBu)-OH were used. The Alloc protecting group was removed using Pd (0), followed
by double-coupling of Curcumin glutarate ester. Intermediate products were washed
between reactions with DMF. The Fmoc group was deprotected with 20% piperidine in
DMF for 5 min. Using a cocktail of TFA: phenol: water: TIPS (88:5:5:2) (15 mL), the
peptide was cleaved from the resin, precipitated and dried under vacuum to give the crude
peptide conjugate. [DLys®]-LHRH-Curcumin was purified by gel filtration using Sephadex
LH-20, and purified samples were lyophilized and stored at —20° C; Yield, 0.12 g (48%),
ESI-MS (M+Na)™, calculated for CgsHq0gN18021 1736.7936, found 1739.79 (Fig. 2B). The
mass spectrum of Curcumin glutarate ester is shown in supplementary Fig 1. S1.

Proliferation assay

The cell proliferation assay was done by a MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) assay as described previously23. In a competition assay, cells
(5,000 per well) were separately incubated in 96 well plates in triplicate with [DLys®]-
LHRH-Curcumin alone and [DLys%]-LHRH free peptide and [DLys8]-LHRH-Curcumin
together, and incubated for 24 h. The plates were then analyzed by the MTT method.

Apoptosis Assay

To determine the apoptotic effects of [DLys8]-LHRH-Curcumin in pancreatic cancer cells,
we used a Live/Dead assay kit (Molecular Probes, Eugene, OR) as per manufacturer’s
instructions as described previously28. Stained cells were mounted with mounting medium
from Molecular Probes (Carlsbad, CA) and analyzed under a fluorescence microscope
(Axioskop 40), Pictures were captured using Zeiss AxioCam HRc color CCD camera and
Axiovision LE software (Carl Zeiss Inc., Jena, Germany). Apoptosis was confirmed by flow
cytometry as described earlier L. Curcumin, [DLys®]-LHRH-Curcumin and [DLys®]-LHRH
treated cells, at two concentrations after incubation for 24 hours were stained with FITC-
conjugatedAnnexin V. Ten thousand events were analyzed and % positive cells evaluated
using CellQuest Pro software (Becton Dickinson, San Jose, CA).

Apo-ONE homogenous caspase-3/7 assay

Pancreatic cancer cells were treated with free peptide [DLys®]-LHRH, or [DLys®]-LHRH-
Curcumin and the Apo-ONE homogenous caspase-3/7 kit (Promega, Madison, WI) assay
was performed according to the manufacturer’s protocol as described previously 20,

Western Blotting

PARP cleavage and cleaved caspase-3 were assayed by Western blotting of whole cell
extracts using a monoclonal anti-PARP antibody and a polyclonal anti-caspase-3 antibody
(Cell Signaling Technology, Cambridge, MA) and the ECL method (Amersham) according
to the manufacturer’s instructions. Cells grown in six well culture plates in duplicate were
treated with 10 pM of Curcumin, [DLys®]-LHRH-Curcumin and [DLys®]-LHRH for 24
hours and 50 pM Staurosporine for 6 hours as a positive control. Culture plates were
harvested by brief trypsinization. Both cells and culture supernatants (containing floating
dead cells) were collected, centrifuged and washed with PBS. The pellet was resuspended in
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lysis buffer (125 mM Tris, pH 7.0, 15% sucrose, 4% SDS, 10 mM EDTA, 0.001%
bromophenol blue, 100 mM dithiothreitol and a protease inhibitor. DNA was sheared by
sonication and standard SDS-PAGE and Western blotting procedures were used to analyze
the cell extracts. Nitrocellulose blots were probed with anti-PARP and anti-cleaved
caspase-3. (Cell Signaling Technology, Cambridge, MA). Anti-GAPDH antibodies
(Millipore, Billerica, MA) were used to detect the total protein.

Female nude mice (athymic Balb/c, 5 weeks old) obtained from a commercial vendor
(Charles River Laboratories, Wilmington, MA) were housed in the standard mouse Plexiglas
cages in a room maintained at constant temperature and humidity under a 12 h light and
darkness cycle. Animals were fed irradiated pelleted chow (PicoLab Rodent Diet 20, Ren’s
Feed and Suppliers Ltd., Oakville, ON) with water ad libitum. The experimental protocol
was reviewed and approved by the Institutional Animal Care and Use Committee at the
Pennington Biomedical Research Center.

Subcutaneous implantation of MIAPaCa-2 cells

MIAPaCa-2 cells were harvested from subconfluent cultures after a brief exposure to 0.25%
trypsin and 0.2% EDTA. Trypsinization was stopped by adding medium containing 10%
FBS. The cells were washed once in serum-free medium and resuspended in PBS. Only
suspensions consisting of single cells with > 90% viability were used for the injections.
MIAPaCa-2 cells (1 x 106) in 100 pL PBS suspended in Matrigel (0.1mg) (Collaborative
Biomedical Products Becton Dickinson Labware, Bedford, MA) were injected
subcutaneously into the interscapular area using a 27-gauge needle.

Experimental protocol

On day 21, after tumor cell implantation, mice bearing tumors between 100-200 mm3, were
randomized into the following treatment groups (n = 8); Base line controls; Vehicle controls;
[DLys8]-LHRH treated, and [DLys®]-LHRH-Curcumin treated. Treatments were made in
100 pL PBS and were given intravenously by tail vein injections twice weekly for three
weeks. The vehicle treated group received an equivalent amount of PBS. An additional
control group was sacrificed prior to the beginning of treatment to obtain baseline data to
measure whether the treatments caused tumor regression, or only a decreased rate of tumor
growth. Tumor volumes were measured with calipers twice a week and body weights of
mice were measured once a week. Tumor volumes were calculated by the formula:

V (mm®)=(length x width)/2 in which width was the shortest measurement in
millimeters. Mice were necropsied one week after the last treatment (day 281" after the
randomization and day 49 from the tumor cell implantation). Tumors were dissected,
weighed, photographed and portions were fixed by immersion in 5% neutral buffered
formalin. The histology tissue samples were processed into paraffin blocks, and 5-um
sections were cut for hematoxylin and eosin staining (H&E). These H&E stained sections
were examined for cellular characteristics, necrosis and inflammation in the tumors. Also,
ovaries fixed and sectioned by the methods described above, were examined for follicle
growth, ovulation and the presence of corpora leutea. In a separate experiment we compared
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tumor growth in Curcumin treated mice (60 mg/Kg in 100 pL of corn oil) and mice treated
with an equivalent amount of corn oil alone. Treatments were administered by gavage. The
time line of the randomization and treatments was similar to that described above.

TUNEL assay

Apoptosis in sections from paraffin-embedded tumors, untreated and treated were evaluated
by the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assay (Promega, Madison, WI) as per manufacturer’s instructions. Finally, tumor sections
were mounted with mounting medium from Molecular Probes (Carlsbhad, CA) and images
were acquired under an oil immersion objective (x40) with a confocal laser microscope
(Zeiss Confocal LSM510, Carl Zeiss Microlmaging Inc. Thornwood, NY, USA) equipped
with an argon-krypton laser.

Statistical analysis

Results

Data are expressed as means * standard deviation/or standard error. Statistical analyses were
done by using GraphPad Prism (software version 5.0. VA). Differences were determined by
ANOVA and Student’s t test or, when appropriate. A p value of < 0.05 was considered
significant.

We used MIAPaCa-2 and Panc-1 cells, both of which exhibit mutations in K-ras, and
BxPC-3 cells which exhibit wild type K-ras. All three cell lines, MIAPaCa-2, Panc-1 and
BXPC-3 exhibit mutations in p5332.

Pancreatic cancer cells express LHRH receptors

Confocal microscopic analysis (Fig. 1A) showed that all three pancreatic cancer cell lines,
MIAPaCa-2, Panc-1 and BxPC-3, and the breast cancer cell line MDA-MB- 435S (positive
control) expressed LHRHR on their surface. This result was further confirmed by flow
cytometer analysis. Incubation of the pancreatic cancer cells with LHRHRmab revealed
specific binding to LHRHR expressed on the cell membrane (Fig. 1B). The LHRHR gene
was also expressed in all three pancreatic cancer cell lines (Fig. 1C).

[DLys®]-LHRH-Curcumin inhibits proliferation of pancreatic cancer cells

[DLys8]-LHRH-Curcumin inhibited pancreatic cancer cell proliferation in a dose dependent
manner in all three pancreatic cancer cell lines as shown in Fig. 3(A-C). The [DLys6]-
LHRH (free peptide) was significantly less effective on pancreatic cancer cell proliferation
than the [DLys®]-LHRH-Curcumin conjugate. The ICs for [DLys8]-LHRH-Curcumin
varied for different pancreatic cancer cell lines; for MIAPaCa-2, it was 3 UM = 0.42, for
Panc-1 10 uM = 0.63 and for BxPC-3 2.5 uM =+ 0.67. We compared the activity of [DLys]-
LHRH-Curcumin with Curcumin at different equimolar concentrations by MTT assay
(Supplementary Fig 1. S2). The activity of the [DLys®]-LHRH-Curcumin was equivalent to
free Curcumin indicating that Curcumin in [DLys8]-LHRH-Curcumin is as active as free
Curcumin. When pancreatic cancer cells were co-incubated with [DLys6]-LHRH (free
peptide) and [DLys®]-LHRH-Curcumin, the cytotoxic effect of [DLys8]-LHRH-Curcumin

Int J Cancer. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Aggarwal et al.

Page 8

was significantly lower (increased % cell viability) than that of [DLys®]-LHRH-Curcumin
alone, indicating that the [DLys®]-LHRH-Curcumin conjugate and the free peptide compete
for binding sites on the pancreatic cancer cell membrane (Fig. 3D).

[DLys8]-LHRH-Curcumin induces apoptosis in pancreatic cancer cells

A Live/Dead assay was conducted to determine whether treatment with [DLys®]-LHRH-
Curcumin induces apoptosis in pancreatic cancer cells. The Live/Dead assay used
determines intracellular esterase activity and plasma membrane integrity. This assay utilizes
calcein, a polyanionic, green fluorescent dye that is retained within live cells, and a red
fluorescent dye, ethidium bromide homodimer, a dye that can enter cells through damaged
membranes and bind to nucleic acids, but is excluded by the intact plasma membranes of
live cells 28, Treatment of MIAPaCa-2 cells for 24 h with 10 uM of [DLys8]-LHRH alone
resulted in 12% + 1.5 apoptosis while treatment with [DLys®]-LHRH-Curcumin resulted in
55% = 1.05 apoptosis (p < 0.05). Staining of the cells with FITC-conjugated Annexin V
showed dose responsive induction of apoptosis to Curcumin, and [DLys8]-LHRH-Curcumin
(Fig. 4B). Flow cytometry was carried out at two concentrations of [DLys®]-LHRH,
[DLys8]-LHRH-Curcumin and free Curcumin. The percentage of apoptosis positive cells for
[DLys8]-LHRH, [DLys®]-LHRH-Curcumin and free Curcumin at 5 pM of concentartion
was, 10% + 2.0, 41 % = 5.5, and 30% + 6.1 and at 10 uM of concentration was 19% + 4.0,
57% + 3.1 and 66% = 5.0. There wasn’t any significant difference between [DLys®]-LHRH-
Curcumin and Curcumin alone stained cells. The result was in agreement with the previous
result in as described above (Supplementary Fig 1. S2). Fig. 4B clearly indicates that the
[DLys8]-LHRH-Curcumin conjugate significantly increased apoptosis when compared to
[DLys®]-LHRH alone. The activity of [DLys®]-LHRH-Curcumin is equivalent to Curcumin
at equimolar concentrations. Further, we looked at the activation of polyadenosine-5'-
diphosphate-ribose-polymerase (PARP), an enzyme involved in DNA damage and repair
mechanism. During apoptosis, PARP is cleaved by a protease caspase-3 an, important
downstream apoptotic caspase. Western blot analysis using anti-PARP antibody and anti-
cleaved caspase-3 antibody clearly demonstrated that treatment of MIAPaCa-2 cells with
Curcumin and [DLys8]-LHRH-Curcumin activated PARP and caspase-3 cleavage (active
form) (Fig. 4C). In addition, treatment of MIAPaCa-2 cells with [DLys®]-LHRH-Curcumin
significantly increased the activation of caspase-3/7 compared to [DLys6]-LHRH alone (p =
0.007) (Fig. 4D). There was an increase in caspase-3 and caspase-9 mRNA with treatment of
LHRH-Curcumin conjugate (Fig. 4E) which has also been observed by other groups29: 33
showing that LHRH-conjugates increase the mRNA of caspases.

[DLys8]-LHRH-Curcumin prevents growth of pancreatic cancer cell xenografts in nude

mice

A schematic representation of the experimental protocol is shown in supplementary Fig. S3.
A time —related increase in tumor volume was observed in the Vehicle-treated group and in
the [DLys%]-LHRH treated group (Fig. 5A), while the tumor volume in the group treated
with [DLys®]-LHRH-Curcumin was maintained at the baseline level (p > 0.05). As shown in
(Fig. 5B) tumor volumes at necropsy on day 49 were significantly (p < 0.01) reduced in the
[DLys®]-LHRH-Curcumin treated group compared to the vehicle treated controls and the
[DLys8]-LHRH treated group. As indicated in (Fig. 5C) tumor weights at necropsy were

Int J Cancer. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Aggarwal et al.

Page 9

significantly (p < 0.01) decreased to baseline levels in the [DLys8]-LHRH-Curcumin treated
group. The reduced size of tumors from [DLys8]-LHRH-Curcumin treated mice is evident in
Fig. 5D. In a separate experiment, we examined the effect of Curcumin (60 mg/Kg), given
twice a week in corn oil by gavage, on tumor volume and tumor weight as compared to a
control group given an equivalent amount of corn oil. We found no significant difference in
the mean tumor volume or mean tumor weight between Curcumin and corn oil treated mice.
(Supplementary Fig. 2 S 4A-4C).

No histological alterations were observed in the sub-scapular and axillary lymph nodes,
pancreases, liver and lungs in the treated groups (data not shown). On histopathologic
examination, tumor sections from [DLys8]-LHRH-Curcumin treated mice showed areas of
necrosis (Fig. 6A). Enhanced apoptosis in the tumors of treated mice was seen by TUNEL
assay (Fig. 6B). Body weights monitored as an indicator of toxicity of [DLys®]-LHRH-
Curcumin, were unaffected by treatment (Fig. 6C). The ovaries from untreated and treated
mice consisted of many normal follicles in various developmental stages and multiple
corpora lutea (Fig. 6D). No side effects in the [DLys®]-LHRH-Curcumin treated mice were
observed.

Discussion

Uncontrolled cell growth and resistance to apoptosis are the major defects in pancreatic
cancer. Our in vitro data showed that MIAPaCa-2, BXPC-3 and Panc-1 pancreatic cancer
cells express LHRH receptors and that [DLys®]-LHRH-Curcumin significantly inhibits
pancreatic cancer cell proliferation (Fig. 3A). We also observed a significant decrease in the
cytotoxicity of [DLys8]-LHRH-Curcumin when it was co-incubated with [DLys®]-LHRH
(free peptide) (Fig. 3B), indicating that [DLys®]-LHRH -Curcumin and the free peptide
compete for binding sites on the pancreatic cancer cell membranes that express LHRH
receptors. Many anti-cancer drugs induce cell death by activation of intracellular apoptotic
signals. Although the process of apoptosis induction is complex and involves many steps,
the main event in the process is the leakage of cytochrome ¢ from mitochondria to the
cytoplasm, leading to activation of caspase executors of apoptosis 30. We found that
[DLys®]-LHRH-Curcumin induces apoptosis in pancreatic cancer cells via activation of
caspase-3 (Fig. 4C-D). In in vitro assays, the activity of [DLys8]-LHRH-Curcumin is
equivalent to Curcumin at equimolar concentrations (supplementary Fig. S2, Fig. 4B and
Fig. 4C). However [DLys8]-LHRH-Curcumin is soluble in autoclaved water, and can
therefore be administered systemically. We also observed some apoptotic effects of
[DLys8]-LHRH alone in pancreatic cancer cells, a result that is consistent with reports that
LHRH alone has a minimal apoptotic effect in ovarian and endometrial cancers 3436, In our
synthesis of [DLys6]-LHRH- Curcumin, we introduced an ester bond between the two
components of the conjugate. It is known that such a bond is hydrolyzed by cellular
esterases within the cell, leaving the drug free to act at the cellular level3’: 38, Thus;
Curcumin is readily released to the site of action, causing apoptosis in tumor cells. The
binding affinity of the LHRH analog ([DLys®]-LHRH) to its receptors remains unchanged. It
was previously shown that LHRH can be modified at the epsilon amino side chain of its
DLys® moiety by large molecules without loss of its ability to bind to LHRH receptors 10.
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In an in vivo study, we showed that intravenous injections of [DLys8]-LHRH-Curcumin
prevented the growth of MIAPaCa-2 cancer cell xenografts in athymic mice (Fig. 5A-D).
The mean volume and mean weight of the tumors of [DLys8]-LHRH-Curcumin treated mice
were significantly (p = 0.001) reduced from the volumes and weights of vehicle treated
control and [DLys®]-LHRH treated mice. The mean tumor weight of [DLys6]-LHRH-
Curcumin treated mice did not differ from the mean weight of the tumors removed from
mice before the beginning of the treatment (baseline controls), indicating a ceasation of
growth of the tumors of the treated mice. However, it was also noted that complete tumor
regression occurred in 2 of the 8 mice treated with [DLys5]-LHRH-Curcumin, indicating
that this drug can cause tumor regression. [DLys8]-LHRH-Curcumin treatment acts by
causing apoptosis, as indicated by the tunnel assay and the histological observations of the
treated tumors (Fig. 6A). In an additional in vivo experiment, we observed no significant
differences in the mean tumor volumes and mean tumor weights between nude mice treated
by gavage with 60 mg/kg of Curcumin and mice treated with an equivalent amount of corn
oil (p =0.10) (Supplementary Fig. 254).

Our results are in general agreement with those of previous studies showing that pancreatic
cancers and other solid tumors express LHRH receptors!®: 39.40_various cancer cells that
express LHRH receptors (breast, prostate and ovarian) have been targeted by LHRH
conjugated to lytic peptides 1 2 41, doxorubicin 10 or eukaryotic translation initiation factor
(elF4E) 42, Previous studies also indicated that Curcumin and its analogs may enhance
apoptosis in cancer cells2” 43-46_ No side effects were seen in mice given a dose of [DLys%]-
LHRH-Curcumin (60 mg/kg) twice a week. Ovarian cells are reported to express a limited
number of LHRH receptors33: 47 but we did not detect any damage to the ovaries of
[DLys®]-LHRH and [DLys®]-LHRH-Curcumin treated groups. It was also shown that the
function of the pituitary gonadotrophs was completely recovered within in two weeks after
treatment with a targeted cytotoxic analog of LHRH?8,

The clinical use of Curcumin is limited because it cannot be administered systemically and
has poor bioavailability and rapid metabolism on oral ingestion. This requires very high oral
doses of Curcumin to achieve activity2”- 4% 50 Our experiments are the first to demonstrate
that a hormone domain comprising [DLys®]-LHRH conjugated to a phytochemical,
Curcumin ([DLys8]-LHRH-Curcumin) has the ability to target and inhibit the growth of
human pancreatic tumors. Unlike Curcumin itself, [DLys®]-LHRH-Curcumin is readily
soluble in water, enabling its systemic administration and its targeting to LHRH expressing
cancer cells. Further studies are needed to analyze the pharmacokinetics of the [DLys®]-
LHRH-Curcumin and to test its effects over a range of doses. Because of its lack of toxicity,
its solubility and its ability to target and inhibit pancreatic tumor growth, Curcumin
conjugated to LHRH or an analog may prove useful in the treatment of pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pancreatic cancer cells over-express LHRH receptors (LHRHR)
A, Visualization of LHRHR by confocal microscopy. Pancreatic cancer cell lines

MIAPaCa-2, BXxPC-3 and Panc-1, were analyzed for the localization of LHRHR by
immunocytochemistry. MDA-MB-435, breast cancer cells were used as a positive control.
Green stain: Localization of LHRHR; Blue Stain: Localization of nucleus. B, Cell surface
expression of LHRHR by flow cytometry analysis. One million cells were harvested and
Ab-labelled for expression of LHRHR (dotted lines) and Isotype control (Solid line). Cells
were incubated with mouse anti-LHRHR mabs, followed by FITC-conjugated goat anti-
mouse mab. Figure represents three independent experiments. C, LHRH receptor gene
expression in pancreatic cancer cell lines. RT-PCR using LHRHR and beta-2
microglobulion ((B,-m) specific primers which amplified 319 bp and 114 bp amplicons.
Lanes 1, 2, 3, 4, 5, 6 represent 100 bp marker, no target control (NTC), MIAPaCa-2,
BXxPC-3, Panc-1, (pancreatic cancer cells), and MDA-MB-435 (breast cancer cells)
respectively. Top panel shows significant amplification of LHRHR in MIAPaCa-2, BxPC3,
Panc-1 and MDA-MB-435S cells (positive control) whereas the NTC shows no
amplification. Bottom panel shows the expression of 3,-m, (house keeping gene) in all the
cell lines except NTC (negative control). Figure represents three independent experiments.
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Figure 2.
A, Molecular structure and synthesis of [DLys6]-LHRH-Curcumin conjugate. The

Curcumin is linked to the [DLys®]-LHRH through the e-amino group of the DLys® moiety.
The [DLys%]-LHRH-Curcumin analog has an ester linkage to the Curcumin phenol group
that is readily be cleaved by esterases, leading to release of free Curcumin at the site of
conjugate binding. B, Mass spectrophotometer analysis of [DLys®]-LHRH-Curcumin.
ESI-MS (M+Na) *, calculated for CgsH10gN18021 1736.7936; found 1739.79.
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Figure 3.

A-C, Effects of [DLys®]-LHRH-Curcumin on pancreatic cancer cell proliferation.
MIAPaCa-2, Panc-1land BxPC-3 cells (5000/well) were incubated in the absence or presence
of increasing concentrations of [DLys®]-LHRH-Curcumin and [DLys8]-LHRH for 48 h and
the number of viable cells examined by MTT. All points are means + S.D. of triplicate wells
of three independent experiments. [DLys8]-LHRH-Curcumin decreased cell viability
compared to [DLys8]-LHRH in each cell line (*p = 0.012, 0.033, and 0.021 for MIAPaCa-2,
Panc-1 and BxPC-3 cells, respectively at 3 UM and is statistically significant (P < 0.05). D,
The effect of co-incubation of [DLys®]-LHRH-Curcumin and free [DLys®]-LHRH on
pancreatic cancer cell cytotoxicity. Pancreatic cancer cells, MIAPaCa-2, Panc-1 and BxPC-3
(5000 cells/well) were co-incubated with 10 uM [DLys8]-LHRH-Curcumin and10 pM
[DLys8]-LHRH for 24 h. The co-incubation of [DLys8]-LHRH decreased the cytotoxicity of
[DLys®]-LHRH-Curcumin. Each value represents the means + S.D. of triplicate
determinations in three independent experiments (**p < 0.01).
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A. [DLys8]-LHRH-Curcumin induces apoptosis in pancreatic cancer cells. The Live/
dead assay indicates that the percentages of dead cells in medium, medium plus [DLys®]-
LHRH, and medium plus [DLys®]-LHRH-Curcumin in the Live/Dead assay were 2 + 0.1, 12

+ 1.5,55 £ 1.5, respectively. Percentages of apoptotic MIAPaCa-2 cells are shown.

Apoptotic cells are stained red and live cells are stained green. Values are mean + S.E. of
triplicate experiments. B, An overlay of FITC-conjugatedAnnexin V staining of MIAPaCa-2
cells after treatment with Curcumin, [DLys®]-LHRH-Curcumin and [DLys®]-LHRH for 24
hours. Percent positive cells were evaluated by flow cytometry. Figure represents three
independent experiments. C, PARP cleavage and caspase-3 cleavage in [DLys6]-LHRH-
Curcumin treated Pancreatic cancer cell, assessed by western blotting. Polyadenosine-5'-
diphosphate-ribose-polymerase cleavage (right panel). Cleaved caspase-3 after 24 hours of
exposure to 10 pM Curcumin, [DLys®]-LHRH-Curcumin and [DLys®]-LHRH (left panel).
Cell lysates were run on 7.5% SDS-PAGE gels for PARP detection and 10% SDS-PAGE for
cleaved Caspase-3 detection, as described in Materials and Methods. D, The Apo-ONE
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Homogenous Caspase-3/7 assay indicates that [DLys®]-LHRH-Curcumin induces apoptosis
in pancreatic cancer cells. MIAPaCa-2 (10,000 cells/well) were untreated (medium alone),
treated with 5 uM [DLys8]-LHRH or 5 pM [DLys8]-LHRH-Curcumin for 24 h. After 24 h
the excitation at 499/emission at 512 was recorded on FlexStation from Molecular Devices
(Sunnyvale, CA) with softMax Pro version 4.8 software. E, [DLys8]-LHRH-Curcumin
activate caspase-3 and caspase-9 gene expression in pancreatic cancer cells. MIAPaCa-2
cells were incubated with or without 2.5 uM [DLys®]-LHRH or [DLys8]-LHRH-Curcumin
for 24 h. Reverse-transcription polymerase chain reaction products of genes encoding
caspase-3, caspase-9 and 2-m are shown. The image represents the results of three
independent experiments.
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F_igure 5. [DLysa]-LHRH-Curcumin prevents the growth of human pancreatic cancer cells in
VIVO

A, Changes in tumor volumes in nude mice receiving twice weekly intravenous injections of
PBS (vehicle controls), [DLys®]-LHRH (2 mg/Kg) or [DLys®]-LHRH-Curcumin (60 mg/
Kg). The changes in tumor volume are compared to a baseline volume obtained from a
group of tumor bearing mice necropsied prior to the beginning of treatments. Data are
presented as the mean + S.E. of tumor volume (n = 8). B, Tumor volumes at necropsy. The
data represent mean + S.E. (n = 8). Tumor volume at necropsy was significantly reduced (**
p < 0.01) in [DLys8]-LHRH-Curcumin treated mice compared to [DLys®]-LHRH and
vehicle treated groups. C, tumor weight changes from baseline measured at necropsy.
[DLys8]-LHRH-Curcumin treated and baseline values were significantly (**p < 0.01) lower
than [DLys®]-LHRH and vehicle treated mice, but did not differ from one another. D,
Representative tumors from vehicle treated, [DLys®]-LHRH treated and [DLys%]-LHRH-
Curcumin treated animals. The reduced size of tumors from [DLys8]-LHRH-Curcumin
treated mice is evident.
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Figure 6.
A, H&E staining of tumor sections. Representative micrographs of tumors from vehicle,

[DLys6]-LHRH treated and [DLys8]-LHRH-Curcumin treated mice showing increased cell
necrosis in [DLys®]-LHRH-Curcumin treated with respect to vehicle and [DLys®]-LHRH
treated control. Hematoxylin and eosin stain, (magnification, 100 x). Arrows indicate
necrotic cells. B, Representative confocal photomicrographs of apoptosis detected by
TUNEL assay of tumors from mice treated with vehicle, [DLys8]-LHRH treated and
[DLys8]-LHRH-Curcumin, (magnification, 400 x); nuclei (DAPI stain), TUNEL-positive
nuclei (green stain). C, Body weights of animals treated [DLys5]-LHRH-Curcumin. There
were no significant differences between body weights of vehicle treated controls and
[DLys®]-LHRH-Curcumin treated animals. D, Photomicrographs of ovaries of vehicle
treated, [DLys®]-LHRH treated and [DLys®]-LHRH-Curcumin treated mice. All three
groups contain normal primary, secondary and tertiary follicles and corpora lutea
(magnification 100 x).
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