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Abstract

Pancreatic cancer is the fourth leading cause of cancer-related deaths in this country, and there is
currently no effective targeted treatment for this deadly disease. A dire need exists to rapidly
translate our molecular understanding of this devastating disease into effective, novel therapeutic
options. Mesothelin is a candidate target protein shown by a number of laboratories to be
specifically overexpressed in pancreatic cancers and not in the adjacent normal tissue.
Translational investigations have shown promising results using this molecule as a therapeutic
target (e.g., vaccine strategies). In addition, the mesothelin promoter has been cloned and dissected
and can therefore be used as a vehicle for regulating expression of DNA sequences. Using a novel,
proven, biodegradable nanoparticulate system, we sought to target mesothelin-expressing
pancreatic cancer cells with a potent suicide gene, diphtheria toxin-A (DT-A). We first confirmed
reports that a majority of pancreatic cancer cell lines and resected pancreatic ductal
adenocarcinoma specimens overexpressed mesothelin at the mRNA and protein levels. High
mesothelin-expressing pancreatic cancer cell lines produced more luciferase than cell lines with
undetectable mesothelin expression when transfected with a luciferase sequence under the
regulation of the mesothelin promoter. We achieved dramatic inhibition of protein translation
(>95%) in mesothelin-expressing pancreatic cancer cell lines when DT-A DNA, driven by the
mesothelin promoter, was delivered to pancreatic cancer cells. We show that this inhibition
effectively targets the death of pancreatic cancer cells that overexpress mesothelin. The work
presented here provides evidence that this strategy will work in pre-clinical mouse pancreatic
cancer models, and suggests that such a strategy will work in the clinical setting against the
majority of pancreatic tumors, most of which overexpress mesothelin.
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Introduction

Results

Pancreatic cancer is generally an incurable and devastating disease. The only therapy with
substantive curative success is surgery. However, only 10-20% of patients qualify for
surgery.1=3 The molecular events that drive pancreatic tumorigenesis have been well
established.# Current chemotherapeutic strategies include drugs such as 5-fluorouracil and
gemcitabine, that do not specifically target dysregulated or upregulated molecules in
pancreatic cancer. These anti-neoplastic drugs have many off-target side effects when used
alone or with radiation therapy. Thus, there is an urgent need to develop novel targeting
strategies to treat this disease. One logical therapeutic approach would be to use an
upregulated molecular pathway to target a natural toxin to pancreatic cancer cells in a
patient.

Mesothelin (MSLN) is a glycosylphosphatidylinositol-linked glycoprotein that was first
discovered by Serial Analysis of Gene Expression (SAGE) analysis to be overexpressed in
pancreatic ductal adenocarcinoma (PDA).8 Validating their findings, Argani et al. detected
MSLN expression in 60 PDA tissue samples, while adjacent normal tissue was negative for
MSLN expression.5 Subsequently, using an array of techniques, investigators have validated
the reports that MSLN is overexpressed in pancreatic cancer’~15 (Table 1). Further, MSLN
has been shown to be overexpressed in a number of other tumor systems.16-18 Recently,
encouraging data have emerged from translational and clinical studies attempting to use
MSLN as an immunologic target.1>19 Li et al. found MSLN has functional oncogenic
properties when overexpressed in the MiaPaCa2 pancreatic cancer cell line.15 For example,
forced expression of MSLN significantly increased tumor cell proliferation and migration in
vitro, and increased tumor volume by nearly 4-fold in vivo. Similarly, silencing of MSLN
inhibited cell proliferation and migration in vitro and halted tumor progression in vivo.15
Hucl et al. recently explored the transcriptional regulation of MSLN and discovered critical
sequences necessary for MSLN regulation, including a TEF-1 transcription factor binding
site located within a cancer specific enhancing sequence they termed CanScript.14 These
studies provide the scientific basis to develop therapeutic strategies for the treatment of
pancreatic cancer using regulatory elements of the MSLN gene together with the
transcriptional molecular machinery that resides in pancreatic cancer cells.

The concept of using highly lethal biological toxins to inhibit cancer cells specifically was
put forth over two decades ago when Maxwell and colleagues introduced a plasmid
containing the diphtheria toxin-A (DT-A) DNA sequence into cell lines.20 Recently, cationic
poly(B-amino ester) biodegradable polymers were used to deliver (DT-A) DNA to prostate
cancer cells using the tissue-specific PSA promoter.21-23 These studies showed that the
targeted delivery of DT-A to PSA-expressing prostate cancer cells induces apoptosis
specifically in these cells. This work laid the foundation for successful local delivery of
suicide DT-A DNA sequences to prostate cancer cells in vivo while avoiding residual
deleterious effects on surrounding normal tissue.22 These studies also provide a framework
in which to test this novel DNA delivery system, combined with tissue/tumor-specific
promoter-regulated DNA expression, in other solid tumor systems. In this current study, we
extend these previous findings by taking advantage of our knowledge of the regulatory
elements that control the expression of MSLN, a molecule that is robustly overexpressed in
pancreatic cancer cells (Table 1).

Validation of MSLN mRNA and protein expression in pancreatic cancer cell lines

Multiple studies report overexpression of mesothelin in PDA cells (Table 1). The first step
in targeting pancreatic cancer cells was to confirm previous work showing MSLN
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overexpression in pancreatic cancer cell lines and tissue samples.514 MSLN mRNA
transcript was detected in CAPAN1 and Hs766T pancreatic cancer cells, but not in PL5 and
MiaPaCa2 pancreatic cancer cell lines (Fig. 1A). In another study, we used an antibody to
MSLN to immunostain a tissue microarray containing normal pancreatic tissue and primary
PDAs. The extent of immunolabeling (0%-negative, 1-25% of cells-focal, >25 of cells-
diffuse) and staining intensity (weak, moderate, strong) were recorded for each case.
Moderate or strong staining was present in 31 of 40 PDA specimens (representative data,
Fig. 1B-D). The staining was focal in five and diffuse in 26 cases. Normal pancreatic tissue
showed no staining in eight cases, with faint acinar staining present in two cases, thus
confirming previous studies showing MSLN is specifically expressed in pancreatic cancer
cells (Fig. 1B-D).

Nanoparticle-delivered MSLN promoter is active specifically in MSLN* pancreatic cancer

cells

Using a MSLN promoter to regulate a luciferase reporter gene expression, we assessed
MSLN promoter activity in MSLN* and MSLN™ pancreatic cancer cells. Luciferase activity
was over 5-fold higher in the MSLN* pancreatic cancer cell line than the MSLN™ pancreatic
cancer cell line (Fig. 2). This result suggests that differences in the expression of
endogenous MSLN in these cell lines is not due to alterations in the MSLN promoter itself,
but rather in differences in the transcriptional machinery of the cells.

Nanoparticle delivery of DT-A DNA inhibits MSLN™" pancreatic cancer cells

Measuring luciferase enzyme activity in co-transfection experiments allows for the detection
of a reduction of luciferase caused by the successful transfection of cells with DT-A
encoding DNA, and thus monitoring for inhibition of protein synthesis.2” Transfection
experiments were performed on two MSLN* lines (Hs766T and CAPANL1), with the
following combinations of nanoparticle-delivered DNA: (MSLN/XX + CAG/Luc), (MSLN/
DT-A + CAG/Luc), and (pCl control DNA + CAG/Luc) (Fig. 3A and B). MSLN* cell lines,
Hs766T and CAPANL, had a 97% and >99% reduction, respectively, in luciferase activity
when comparing the (MSLN/XX + CAG/Luc) transfection with the (MSLN/DT-A + CAG/
Luc) transfection just 24 hours after treatment (Fig. 3A). Similar results were achieved at 48
hours post-treatment in both cell lines (Fig. 3B). These experiments show that delivery of
MSLN/DT-A DNA effectively inhibits protein synthesis in MSLN* pancreatic cancer cells.

Previously, we assayed pancreatic and colon cancer cells for cell survival 5-7 days after
treatment with a diverse class of clinically utilized chemotherapeutics and acquired relevant
and informative in vitro data.29-31 Thus, in a set of similar experiments, we tested the effect
of nanoparticle delivery of DT-A DNA on cell survival of MSLN™* pancreatic cancer cells in
culture. Hs776T cells (MSLNY) and PL5 cells (MSLN™) were transfected with MSLN/DT-A
DNA and both viable and dead cells were enumerated on day six and compared to
untransfected cells. MSLN™ cells transfected with MSLN/DT-A had a modest reduction in
the total number of live cells as compared to cells that received no treatment, while the
transfected MSLN™* cell line had nearly 85% reduction in viable cells, compared to the
number of cells in the untreated group (Fig. 3C). Thus, the transfected Hs766T cells were
more sensitive to the MSLN/DT-A treatment than the PL5 cells.

Discussion

MSLN overexpression is a hallmark of the majority of PDA cells as shown by us and
numerous investigators (Fig. 1 and Table 1). In this current study, we report the in vitro
exploitation of the naturally occurring transcriptional pathway that leads human pancreatic
cancer cells to overexpress MSLN. The marked reduction of luceriferase activity (protein
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synthesis) in two MSLN* pancreatic cancer cell lines (over 95% in both instances) following
transfection with a MSLN/DT-A DNA construct establishes a novel paradigm for
specifically targeting toxic molecules to pancreatic tumor cells. Since MSLN overexpression
has been linked to various solid tumor types,5-16-18:32 we predict that these findings can be
extended to other forms of cancer, as has already been accomplished in ovarian cancer cells
by Sawicki and colleagues.

We demonstrate DT-A inhibition of protein synthesis and cell survival of MSLN™* pancreatic
cancer cells. Theoretically, a single molecule of DT-A toxin is able to kill a host cell by
inhibiting protein synthesis.20:33 Because the DT-B subunit is not included, the DT-A
released from the dead cells is not able to enter surrounding cells.2! This strategy of
targeting protein synthesis in pancreatic cancer cells is especially promising because the
downstream functional effects of the common mutational events in pancreatic cancer, K-ras
activation and inactivation of two tumor suppressors (p53 and Rb), have been previously
shown to increase protein synthesis in other experimental models. These studies have shown
that K-ras and the p53 and Rb pathways co-regulate the protein synthesis network. In
pancreatic cancer, the oncogene K-ras is constitutively activated (i.e., turning on protein
synthesis), while the tumor suppressor pathways, p53 and Rb (through p16 silencing), are
inactivated and thus can not regulate protein synthesis.#34-38 |_oss and gain of function of
these proteins would in theory affect the regulatory circuits of the pol I11 network that
controls protein synthesis. Further, it has been shown that mTOR is a key regulator of
protein synthesis and is overactive in pancreatic cancer cells.3 mTOR interacts with
elongation factor 2 which is directly targeted by DT-A.3340 Thus, targeting protein synthesis
via pancreatic cancer cell-specific expression of DT-A DNA is a logical approach of
targeting a possible collaborative functional outcome of the most frequent mutations (i.e., K-
ras, p53 and p16) found in pancreatic tumors.*

In this study, we utilized a nanoparticulate delivery system that has already been translated
in vivo for prostate cancer,22 and more recently, ovarian cancer. This modern mode of gene
delivery is exciting because thorough investigation and refinement of these polymers have
shown them to be safe, effective and biodegradable vehicles for suicide DNA delivery in
vitro and in vivo.23 Using polymers to deliver suicide DNA has numerous advantages over
more conventional viral-based vectors of gene therapy. Most importantly, this DNA delivery
system is easy to produce, stable and highly efficient at delivering large amounts of DNA.21

One limitation to the therapeutic approach of using DT-A to kill cancer cells is the
possibility of a ‘leaky’ promoter, and subsequent unwanted cell death in normal tissues.
Further, in characterizing MSLN-reactive antibodies, Onda M. et al. detected no expression
of MSLN in normal tissues including liver, lung, ovarian stroma, brain, breast, uterus
(endometrium, myometrium), placenta and kidney tissues. Yet, MSLN expression was
detected in the cancerous tissue, except for the peritoneal mesothelium (on uterus), pleural
mesothelium.#! Thus, even with a cancer-specific promoter, normal cell death may occur
when cellular mechanisms that control expression of toxic genes are not tightly controlled.
Previous work has shown that the use of a dual regulatory system that combines
transcription control with site-directed DNA recombination, successfully and specifically
controls the expression of DT-A in cancer cells.2”42 We plan to use this strategy to assure
pancreatic cancer specific targeting by utilizing cancer specific enhancer elements from the
MSLN promoter!# and combining this with the Prostate Stem Cell Antigen (PSCA)
promoter that would be specifically active in pancreatic cancer cells.#3 If additional pre-
clinical studies show errant DT-A expression, inclusion of this dual regulatory strategy into
DNA constructs could be easily adopted.
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Future studies will explore the efficacy of this therapeutic strategy in the K-ras/p53
pancreatic mouse model.*4 We have recently determined that tumors in these mice express
MSLN (our unpublished findings). Currently, we are also attempting to optimize the MSLN
promoter by incorporating recent advances in our understanding of MSLN transcriptional
regulation.14 Ultimately, testing pancreatic tumors post-operatively for MSLN expression
(Fig. 1B-D) may stratify patients for potent targeted nanotherapy. Thus, nanotherapy may
be a safe and effective way to manage pancreatic cancer patients in the neoadjuvant and
adjuvant settings alone, or in combination with other targeted therapies.

Human pancreatic cancer cell lines, MiaPaCa-2, Capan-1, PL-5 and Hs766T were grown in
cell culture. The cell lines were cultured in DMEM with high glucose (Invitrogen, Carlsbad,
CA, USA) supplemented with 1% penicillin/streptomycin, 1% L-glutamine and 10% fetal
bovine serum. All pancreatic cancer cell lines were donated by Dr. Scott Kern (Johns
Hopkins University, Baltimore, MD, USA).

Total RNA was extracted from cell lines using RNeasy Mini Kit (Qiagen, Valencia, CA).
cDNA was synthesized from RNA using SuperScript 11 following the manufacturer’s
protocols. PCR conditions and primer sequences are available on request.5 PCR products
were resolved by electrophoresis using LB media with agarose gels and stained with
ethidium bromide (Faster Better Media LLC, Hunt Valley, MD).24

DNA constructs

pMSLN/Luc, containing the firefly luciferase coding sequence under the control of the
human MSLN promoter, was constructed as follows: The 1850 bp MSLN promoter was
PCR amplified from human genomic DNA using the oligonucleotide sequence 5'-GCT ACT
AGT GTT TTC ATC ATT GTC CGC AGC-3' as the forward primer and 5’-ATA TAG
ATC TGA GGG AGG CAC CGT GGG TCC AG-3' as the reverse primer. These primers
were analogous to those previously described,?® except that they contain nucleotides
corresponding to restriction enzyme sites at their 5’-ends. PCR cycling conditions were: five
minutes at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at 58°C and two minutes at
68°C, using Platinum Pfx Taq polymerase (Invitrogen, Carlsbad, CA). The PCR product
was digested with Spel and Bglll and ligated to pGL4.10(luc2) plasmid (Promega, Madison,
WI) that had been digested with Nhel and Bglll.

pPMSLN/DT-A plasmid, containing the DT-A coding sequence under the control of the
human MSLN promoter, was constructed as follows: The plasmid p22EDT1 containing the
DT-A sequence (gift of A. Francis Stewart, EMBL Heidelburg) was digested with Bglll and
Notl. The 1334 bp fragment containing DT-A was ligated to the plasmid pMECA, which
had been digested with Bglll and Notl, to generate pMECA/DT-A. Following digestion of
pMECA/DT-A with Nhel and Notl, the released DT-A sequence was ligated to (Nhel +
Notl)-digested pIND plasmid (Clontech, Mountain View, CA) to form pIND/DT-A. To
replace the luciferase coding sequence in a pMSLN/Fluc plasmid with DT-A, the luciferase
sequence was excised by digestion with Bglll and Xba I, and the remaining vector
containing the MSLN promoter was ligated to a 1351 bp DT-A fragment resulting from
digestion of pIND/DTA with Bglll and Xbal. pPCAG/Luc was constructed as previously
described.?! pMSLN/XX is the MSLN promoter in front of an empty vector sequence.
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Transfection procedure

Based on our RT-PCR analysis, the pancreatic cancer cell line Hs766T was chosen as the
MSLN positive (MSLN™*) cell line. The cell line PL-5 was found to have undetectable
MSLN expression and was chosen as the MSLN negative (MSLN™) cell line for the
majority of these studies. 1 x 10° cells were plated in a 24-well plate 24 hour prior to
transfection. Nanoparticles were prepared as previously reported.?! In brief, polymer
C32-117 and DNA were diluted with sodium acetate (pH 7.5). A 1:20 polymer:DNA
solution was made and allowed to sit at room temperature for 10 minutes. Opti-MEM
reduced serum medium (Invitrogen) was added to the polymer/DNA solution. Medium was
removed from the cells and replaced with 1 ml of the nanoparticle solution. Cells were then
incubated for three hours at 37°C. After three hours, the Opti-MEM medium was removed
and replaced with standard growth media (DMEM, high glucose). All experiments were
performed in triplicate.

Luciferase expression

Luciferase activity was measured from cellular extracts by a Moonlight 2010 luminometer
(Analytical Luminesence Laboratory, San Diego, CA) at 48 and 72 hour post-transfection
using a luciferase assay kit (Promega, Madison, WI). MSLN promoter specificity was
verified by performing the following transfections on both MSLN* and MSLN™ cell lines:
(1) no treatment, (2) CAG/Luc, and (3) MSLN/Luc. CAG is a robust, non-specific
regulatory sequence consisting of the CMV enhancer and the chicken p-actin promoter.26

In order to determine the effectiveness of the delivery of DT-A to pancreatic cancer cells in
vitro, we complexed CAG/Luc plasmid DNA and MSLN/DT-A DNA with polymer and
transfected the complexes in two different experimental settings.

First, we tested the efficacy of DT-A expression in MSLN™ pancreatic cancer cells using a
previously reported method to monitor inhibition of protein synthesis by directly measuring
luciferase activity.2” 1 x 10> MSLN* cells were plated in 24-well plates 24-hours prior to
transfection. According to the transfection protocol, cells were either incubated with
(MSLN/XX + CAG/Luc) nanoparticles, MSLN/DT-A + CAG/Luc nanoparticles, CAG/Luc
nanoparticles, or left untreated. All experiments were performed in triplicate. Luciferase
activity was measured 24 and 48 hour post-transfection.

To assess the effect on cell survival, an equal number of Hs766T and PL5 cells were plated
into 6-well plates on the day prior to transfection. According to the transfection protocol
described above, cells were either incubated with MSLN/XX nanoparticles, MSLN/DT-A
nanoparticles, or left untreated. On day six, viable and dead cells were counted using trypan
blue staining. Experiments were performed in duplicate with two counts made for each well.

Tissue samples

The pancreatic tissue microarray containing 40 well characterized pancreatic ductal
adenocarcinoma cases and 10 normal pancreatic tissues was immunohistochemically stained
with antibody to MSLN. Formalin-fixed, paraffin-embedded blocks were processed for
immunohistochemical analysis using heat antigen retrieval and avidin-biotin complex
technique as previously described.28 MSLN antibody (sc-50427, Santa Cruz, Santa Cruz,
CA) was incubated on the slides overnight using a 1:50-dilution followed by a biotin labeled
mouse secondary antibody (Dako, Carpinteria, CA).
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Figure 1.

MSLN expression in pancreatic cancer cells. (A) RT-PCR detection of MSLN and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes. GAPDH used as a loading
control. (B) Moderate cytoplasmic expression of MSLN in well differentiated PDA with no
staining or only faint cytoplasmic MSLN expression present in normal ducts and acini. (C)
Moderate MSLN cytoplasmic staining in moderately differentiated PDA. (D) Strong MSLN
expression in poorly differentiated PDA. (Magnification: 200X).
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Specificity of MSLN promoter in MSLN* and MSLN™ pancreatic cancer cells based on

luciferase expression. The MSLN promoter driving luciferase had a high amount of

luciferase activity in the MSLN* cancer cell line, Hs7766T, compared to the MSLN™ line,
PL5. To adjust for transfection efficiency between the cell lines, these data points were

normalized to luciferase activity in cells transfected with CAG/Luc nanoparticles.

Experiments were performed in triplicate (error bars represent SEM).
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Figure 3.
Nanoparticle-DT-A DNA delivery to MSLN* cells inhibits protein synthesis dramatically

and affects overall cell survival. Luciferase activity measured after (A) 24 hour and (B) 48
hour post-delivering MSLN* cell lines, Hs766T and CAPAN1, with MSLN/CAG-Luc DNA
and MSLN/DT-A/CAG-luc DNA. Experiments were performed in triplicate (error bars
represent SD, RLU = relative light units). (C) Cell survival assays of MSLN™ pancreatic
cancer cells, Hs766T, and the MSLN™ pancreatic cancer cell line, PL5. Total number of
viable cells was enumerated manually 6 days post-delivery by trypan blue staining. Percent
viability was determined by calculating total number of viable cells compared to untreated
cultures. Experiments were performed in duplicate with two counts made for each well
(Error bars represent SEM). We further determined that 34% of the total cells counted
(viable plus dead) for the MSLN" line on day 6 were dead, as assayed by trypan blue
exclusion.
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Mesothelin is overexpressed in pancreatic ductal adenocarcinoma cells and not in normal cells as shown by

numerous investigators, techniques and sources

Author/citation Technique

Argani P, Clin Cancer Res 2001, SAGE, in situ hybridization, RT-PCR,
Immunohistochemistry

Ryu B, Cancer Res 2002,10 SAGE

Sato N, Cancer Res 2003,12 Detection of hypomethylation of MSLN

lacobuzio-Donahue CA, Cancer 3 techniques: U133 oligonucleotide arrays, cDNA arrays or

Res 2003,° SAGE

Sato N, A J Path 200411 RT-PCR or immunohistochemistry
Watanabe H, Pancreas 20057 RT-PCR analysis

Hassan R, A J Clin Path 2005,3 Immunohistochemistry

Hucl, Cancer Res 2007,14 Immunohistochemistry, Immunoblotting, RT-PCR
Li M, Mol Can Ther 2008,%5 RT-PCR

Sample sources
SAGE database, 4 resected PDA, cell lines,
60 primary PDA"
6 pancreatic cancer cell lines compared to
controls™

Pancreatic cancer cell lines, resected PDA,
xenografts*
50 normal samples, 7 samples of chronic

pancreatitis, and 39 samples of pancreas
cancer tissues or pancreatic cancer cell

lines™
IPMNs (22 invasive and 16 non-invasive)*

Pancreatic juice from patients with PDA,
IPMN, and chronic pancreatitis

18 cases PDA and chronic pancreatitis

PDA samples and pancreatic cancer cell
lines

*

PDA

*
Indicates surrounding normal pancreas tissue or other normal pancreas tissue we negative for MSLN expression.
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