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Summary

Background and objective—Pancreatic cancer is a leading cause of cancer-related deaths in

men and women. Early clinical studies suggest that photodynamic therapy (PDT) might be a

useful modality in the management of this deadly disease. In this study, the photocytotoxicity of

Photofrin-mediated PDT on different human pancreatic cancer cells (BxPc-3, HPAF-II, Mia

PaCa-2, MPanc-96, PANC-1 and PL-45) was examined.

Materials and methods—After co-incubating cancer cells with Photofrin (0—10 [H9262]g/ml)

for 4 h, the cells were irradiated with 0—6 J/cm2 of 630 nm light. The effect of Photofrin PDT on

the survival of cells were examined using tetrazolium-based colorimetric assay and clonogenic

assay. PDT-induced apoptosis was analyzed by flow cytometry. Expressions of apoptosis-related

proteins were determined by western blot analysis.

Results—Photofrin PDT strongly inhibited the survival of pancreatic cancer cells. A small

portion of cells (<15%) underwent apoptosis 24 h after PDT at LD50. Cleavage of caspase-3,

caspase-8, caspase-9 and PARP after PDT were also confirmed. BxPc-3, Mia PaCa-2, MPanc-96,

and PANC-1 cells were more sensitive and HPAF-II and PL-45 cells less sensitive.

Conclusion—Photofrin PDT can induce apoptosis and inhibit survival of human pancreatic

cancer cells.
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Introduction

Pancreatic cancer is a leading cause of cancer-related deaths in men and women. The

prognosis for the pancreatic cancer, especially its common form, pancreatic ductal

adenocarcinoma, is extremely poor and 5-year survival rate is less than 4% [1]. To date, it is

still one of the most challenging solid tumors to treat. Although surgery and multimodal

therapy (e.g. chemotherapy, radiotherapy, immunotherapy, and/or targeted therapy) might

improve overall survival, an effective local treatment with minimal complications is

urgently needed [2,3].

Photodynamic therapy (PDT) is a disease site-specific treatment modality and its potential

for the treatment of pancreatic cancer has been proposed since the early 1980s [4,5]. PDT

involves a local or systemic administration of a photosensitizer followed by the light

irradiation of the targeted lesion site with non-thermal visible light of appropriate

wavelength(s) [6]. In the presence of molecular oxygen (O2), the light irradiation of

photosensitizer leads to a series of photochemical reactions and consequently generation of

various cytotoxic species which can induce tumor ablation [7]. Light delivery in pancreatic

PDT can be performed in minimally invasive fashion [4,5,8]. Early in vitro and in vivo

studies have showed that PDT can inhibit the growth of pancreatic cancer cells [9,10]. A

clinical study demonstrates that Foscan-mediated PDT can improve the survival of patients

with cancers (2.5—6 cm in diameter) localized in the pancreatic head that could not be

resected because of the advanced nature of the disease or the general condition of the

patients [11]. PDT could become a potential adjuvant therapy in the management of

pancreatic cancer. Nevertheless, more preclinical and clinical studies are needed to further

improve and optimize PDT for the treatment of pancreatic cancer [12].

Photofrin® (Porfimer Sodium) is a commercially available photosensitizer. It is a proprietary

combination of monomers, dimers, and oligomers derived from the chemical manipulation

of hematoporphyrin [13]. Early in vitro and in vivo studies have demonstrated that

pancreatic cancer cells are sensitive to Photofrin PDT [5,14—16]. Although the usefulness

of Photofrin PDT has not been fully tested in patients with pancreatic cancer, the drug is

approved worldwide for a number of other indications. This study will examine the

photocytotoxic effect of Photofrin PDT on a panel of human pancreatic cancer cells.

The understanding of the regulation of apoptosis and necrosis, the two principal cell death

pathways, is becoming exceedingly important in investigations of the pathogenesis and

treatment of pancreatic cancer [17]. It is well-known that the apoptosis can rapidly occur

during PDT-induced cancer cell death [18,19]. However, the rapid initiation of apoptosis by

PDT depends on many factors such as the cell line and photosensitizer employed [20—22].

This study will also focus on the effect of Photofrin PDT on the initiation of apoptosis in

human pancreatic cancer cells.
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Materials and methods

Cell lines and culture conditions

The moderately well to poorly differentiated human pancreatic cancer cell lines (BxPc-3,

HPAF-II, Mia PaCa-2, MPanc-96, PANC-1 and PL-45) were obtained from the American

Type Culture Collection (ATCC, Rockville, MD) and maintained in RPMI 1640 medium

(HyClone Laboratories, Inc., Logan, UT) supplemented with 10% fetal bovine serum (FBS,

HyClone Laboratories, Inc.) and antibiotics. All cell lines were cultured at 37 °C and 5%

CO2 in a humidified incubator.

Photosensitizer and general PDT procedure

The photosensitizer stock solution was prepared as described previously [23]. Briefly,

Photofrin powder (Axcan, Montreal, Canada) was dissolved in 5% Dextrose (Baxter

Healthcare, Deerfield, IL) to give a final concentration of 1 mg/ml and kept frozen in the

dark until use.

To determine the optimal photosensitizer-cell incubation time, the cellular uptake of

Photofrin was examined by an epifluorescence microscope. Cells (~105) were seeded in 8-

well plates (Greiner Bio-One Inc., Monroe, NC) containing a poly-L-lysine (0.1%, Sigma—

Aldrich, St. Louis, MO) pre-treated glass slide in each well in 2 ml of complete medium

containing 10% FBS. After 24 h of incubation, the medium was removed and replaced with

fresh medium containing Photofrin (2 μg/ml). The cells were incubated with Photofrin for

0.5—4 h. At predetermined time points, cellular uptake of Photofrin was examined under

the epifluorescence microscope after formalin fixation. Since 3—4 h of incubation produced

intense fluorescence, the 4 h of incubation was used in following experiments.

Drug-cell incubation time, drug and light dose, and PDT experimental setup were similar to

a previous report except that a diode laser was used in this study [24]. Briefly, after co-

incubating cells with Photofrin (0—10 μg/ml) in culture plates or dishes for 4 h, the medium

was removed and cells washed twice with PBS. The cells were then irradiated with light of 0

—6 J/cm2, which was generated by a 630 nm diode laser (MicroMed, Shenzhen, China) and

delivered though a microlens fiber (FD1, Biolitec AG, Jena, German). The average light

intensity at the level of the cell monolayer was 10 mW/cm2.

Cell viability assay

Tetrazolium-based colorimetric assay was used to determine the effect of PDT on the cell

viability. Briefly, exponential growth cells were suspended in the complete medium

(HyClone Laboratories, Inc.), seeded into black-walled 96-well microculture plates (1 × 104

cells/well), and incubated for 24 h as described before. The medium was removed and

replaced with fresh phenol-free medium containing 0—10 μg/ml Photofrin. Attached cells

were incubated with Photofrin for 4 h and washed twice in PBS before receiving 0—6 J/cm2

of light irradiation. Control and PDT-treated cells were then washed twice and further

incubated in the complete medium for 24 h. Then, 100 μl of fresh RPMI 1640 medium

containing 0.5% FBS were added to each well and followed by addition of a mixture of 20

μl of phenazine methosulate (PMS, Sigma—Aldrich) and a tetrazolium compound MTS
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(Sigma—Aldrich). After incubation for 2—4 h, optical density at 490 nm was recorded with

a microplate reader (Bio Tek Instruments Inc., Winooski, VT) and the percentages of

surviving cells from each group relative to controls, defined as 100% survival, were

determined by the reduction of MTS. Each drug and light dose were repeated at least five

times.

Clonogenic cell survival assay

The effect of Photofrin PDT on cell survival was examined by clonogenic assay. Three

poorly differentiated cell lines (i.e. Mia PaCa-2, MPanc-96 and PL-45) were grown in RPMI

1640 medium as described before. Exponential growth cells were resuspended in 2 ml of

complete medium containing 10% FBS and seeded into 6-well plates (Greiner Bio-One) in

triplicates at a density of approximately 2 × 102 cells/well. After 24 h incubation, the

medium was removed and replaced with fresh medium containing Photofrin (5 or 10 μg/ml).

The cells were incubated for 4 h and then irradiated at 3 or 6 J/cm2 as described before.

Immediately after PDT, the cells were washed twice in PBS and incubated in the complete

medium for up to 14 days. Medium was changed every 3 days during colony formation. The

cell clones were stained with 0.5% of crystal violet (in 25% methanol) for 15 min followed

by rinsing with tap water to remove excess dye. The numbers of colonies were counted by

an imaging system (EAGLE EYETM II, Stratagene, La Jolla, CA).

Flow cytometric analysis of apoptosis

Flow cytometric analysis was performed to detect PDT-induced apoptosis [25]. Briefly,

fresh cells were resus-pended in 8 ml of complete medium containing 10% FBS (~105

cells/ml) and transferred into 10 cm dishes (Greiner Bio-One). After 24 h incubation, the

medium was removed and replaced with fresh medium with or without Photofrin (2 or 5 μg/

ml). The cells were incubated for 4 h and then irradiated at dose levels of 3 or 6 J/cm2 as

described before. After PDT the cells were washed twice in PBS and incubated with the

complete medium for another 24 h. Then the cells were detached by addition of 0.25%

trypsin (HyClone Laboratories, Inc.) and fixed with 70% ethanol. Cells were stained for

total DNA content with a solution containing 50 μg/ml propidium iodide (PI, Sigma—

Aldrich) and 100 μg/ml RNase (Sigma—Aldrich) at 37 °C for 30 min. DNA content was

detected by a FACScan flow cytometer (Becton Dickinson, San Jose, CA) and cells with

reduced DNA content were considered as apoptotic cells.

Western blot analysis

Apoptosis-related protein expression levels were determined by western blot analysis. Cells

(~105 in 2 ml) were seeded into 10 cm dishes (Greiner Bio-One) in 8 ml of complete

medium containing 10% FBS. After 24 h incubation, the medium was removed and replaced

with fresh medium with or without Photofrin at a final concentration of 0—5 μg/ml. The

cells were incubated for 4 h and then irradiated at dose levels of 0—6 J/cm2 as described

before. After PDT the cells were washed twice in PBS and incubated with complete medium

for another 24 h. Then the cells were detached by addition of 0.25% trypsin and lysed in a

buffer (pH 7.4) containing 50 mM Tris (Fisher Scientific, Pittsburgh, PA), 50 mM NaCl

(Fisher Scientific), 0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
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fluoride, 25 g/ml leupeptin (Sigma—Aldrich), and 25 g/ml aprotinin (Sigma—Aldrich). The

whole cell lysates were centrifuged at 13,200 RPM in a microcentrifuge for 20 min and the

supernatants were collected for protein concentration determination by the Coomassie Plus

protein assay reagent (Pierce Chemical Co., Rockford, IL). Equal amounts of cell lysates

were boiled in Laemmli SDS-sample buffer, resolved by SDS-polyacrylamide gel

electrophoresis (PAGE), transferred to nitrocellulose (Bio-Rad Laboratories, Hercules, CA),

and probed with different primary antibodies. Anti-PARP (Poly ADP-ribose polymerase)

antibody was obtained from BIOMOL International Inc. (Plymouth Meeting, PA), anti-

caspase-3, caspase-8, and caspase-9 antibodies were from Cell Signaling Technology, Inc.

(Danvers, MA), and anti-β-actin antibody was from Sigma—Aldrich. After the blots were

incubated for another 1 h at room temperature with horseradish peroxidase-labeled

secondary antibody (goat anti-rabbit IgG or goat anti-mouse IgG (Perkin Elmer, Boston,

MA)), the signals were detected using the Enhanced Chemiluminance (ECL) assay

(Amersham Life Science Inc., Arlington Heights, IL) according to the manufacturer's

instructions.

Results

PDT affects cell viability

Conventional MTS colorimetric assay was used to determine the effect of Photofrin PDT on

the cell viability. In order to establish the dose-effect relationship, pancreatic cancer cells

were irradiated with a light dose of 0, 3 or 6 J/cm2 after incubating with various

concentrations of Photofrin (0, 2, 5 and 10 μg/ml) for 4 h. MTS colorimetric assay was

performed 24 h after PDT using drug only or light only as controls. Results showed a strong

dose escalation effect on the cell viability of the six cell lines tested (Fig. 1).

BxPc-3, Mia PaCa-2, MPanc-96, and PANC-1 cells were more sensitive to Photofrin-

mediated photodynamic killing. At the drug and light dose of 10 μg/ml and 3 J/cm2, there

were 88—94% of reduction in cell survival. At the drug and light dose of 10 μg/ml and 6

J/cm2, there were 92—96% of reduction. Comparing to above four cells lines, HPAF-II and

PL-45 cells were less sensitive. At the drug and light dose of 10 μg/ml and 3 J/cm2, there

were 70% of reduction in cell viability. At drug and light dose of 10 μg/ml and 6 J/cm2,

there were 80% of reduction. These results suggested that Photofrin PDT could cause

significant killing of pancreatic cancer cells in vitro.

To further confirm PDT-induced cell killing, three poorly differentiated cell lines (Mia

PaCa-2, MPanc-96 and PL-45) were subjected to the clonogenic assay immediately after

PDT. At the seeding density of 200 cells/well, no colony formation was detected for any of

those three cell lines (Fig. 2). PDT-induced reproductive death was estimated to be great

than 99% under tested dose levels of 5 μg/ml and 3—6 J/cm2. For MPanc-96, Mia PaCa-2

and PL-45 cells, although there was 25—70% survival under the indicated drug/light doses

(see Fig. 1), survival cells were not able to proliferate under the culture condition in vitro.
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PDT induces apoptosis

Microscopic examination of PDT-treated cells revealed apoptotic morphological alternations

(e.g. cell shrinkage, nuclear breakdown, membrane blebbing and DNA fragmentation) (data

not shown). When apoptotic cells were stained with fluorogenic PI, they displayed a broad

hypodiploid (sub-G1) peak, whereas cells with normal diploid DNA displayed a narrow

peak. The apoptotic rate was derived from their ratio. At around dose levels of LD50

determined by the MTS assay for each cell line, the flow cytometric analysis showed that

there were 3.6—14.5% cells undergoing apoptosis at 24 h after PDT (Fig. 3). A

heterogeneous pattern of ploidy content among the tested cell lines was also noted.

To further identify apoptotic pathways associated with Photofrin PDT and examine

apoptosis-related protein expression, western blot analyses were performed using cell lysates

with anti-caspase-3, anti-caspase-8, anti-caspase-9 and anti-PARP antibodies that could

react with full length and cleaved fragments of these proteins. The cleavage of caspase-9,

which occurred during mitochondrial damage and cytochrome c release, was detected in

pancreatic cancer cells after PDT treatment (Fig. 4). Cleaved caspase-9 could further process

other caspase members (e.g. caspase-3 and caspase-7) and initiate a caspase cascade and

ultimately the apoptosis. By detecting the cleaved caspase-3 fragment and by the

disappearance of the uncleaved precursor form of caspases-3, PDT-induced apoptosis was

further confirmed. Caspase-3 is one of the key executioners of apoptosis and responsible for

the proteolytic cleavage of many key proteins such as PARP. Western blot analyses also

demonstrated that the cleavage of PARP from 116 to 85 kDa occurred in all six human

pancreatic cancer cell lines, indicating that apoptotic cell death was indeed involved in PDT-

induced photocytotoxicity. Meanwhile, cellular levels of the uncleaved precursor form of

caspase-8 decreased and that of cleaved caspase-8 fragment increased, indicating that

activation of caspase-8 was also involved in PDT-induced apoptosis.

Discussion

Photofrin is a well-studied photosensitizer and has been used in the photodynamic treatment

of various types and stages of cancers. A major drawback of Photofrin is its prolonged

cutaneous phototoxicity. Optimizing its dose might offer reliable tumor ablation and

meanwhile reduce normal tissue damage [26]. Although previous in vitro studies

demonstrate that Photofrin PDT possesses a strong phototoxicity toward human pancreatic

cancer cells [14—16], the mechanisms of action of Photofrin-mediated PDT on human

pancreatic cells have not been fully explored. In this study, the mechanisms of Photofrin

PDT-mediated photocytotoxicity were explored in a panel of human pancreatic cancer cell

lines.

As expected, different cells lines showed different sensitivity toward Photofrin PDT in terms

of the survival rate under the same drug/light dose. Roughly, six human pancreatic cancer

cell lines tested in this study could be divided into two groups: BxPc-3, Mia PaCa-2,

MPanc-96, and PANC-1 cells were more sensitive and HPAF-II and PL-45 cells less

sensitive (see Fig. 1). It seemed that the sensitivity was unrelated to the degree of cell

differentiation. For poorly differentiated cell lines, although some cells survived at the

indicated drug/light doses (5 μg/ml and 3 or 6 J/cm2), the survival cells were unable to
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proliferate under the culture condition (see Fig. 2). Clearly, Photofrin PDT had a strong

impact on cell viability and proliferation.

Other groups have demonstrated that Photofrin can be preferentially accumulated in the

mitochondria of various cancer cells [27—30]. Chronological cellular events from the early

apoptotic event to the downstream cascades were studied. Our data indicated that Photofrin-

mediated photocytotoxicity might be mainly attributed to the cellular uptake of Photofrin by

pancreatic cancer cells and severe direct damage to the mitochondria during Photofrin

photosensitization.

There is considerable evidence strongly suggesting that the mitochondria serve as the critical

mediators of apoptosis by rapid release of apoptotic inducing factor, cytochrome c,

activation of caspase-9 and caspase-3 and possibly other protein factors, which promote

caspase activation [30]. PDT induced apoptosis has attracted great attention since the last

decade [19]. PDT is a potent modulator of apoptosis in many cell types and apoptosis is

more effective than necrosis for cell inactivation at a lower dose. Two major apoptotic

pathways have been characterized: the death receptor-mediated and the mitochondria-

mediated apoptosis. PDT-induced cytotoxic species have a short lifetime and only act within

a limited distance. Therefore, the uptake and subcellular localization of photosensitizer by

cancer cells is critical in PDT-induced direct cytotoxicity [31,32]. The links between PDT

effects and mitochondria-mediated apoptotic pathways have been identified in numerous

photosensitizers that can be localized in the mitochondria [33].

Apoptosis, or programmed cell death, is a highly regulated cell death process and

morphologically characterized by cell shrinkage, membrane blebbing and DNA

fragmentation. All those typical apoptotic morphological changes (e.g. cell shrinkage,

membrane blebbing) were observed in pancreatic cancer cells lines at the dose level of LD50

(data not shown). Further analysis using propidium iodide staining and flow cytometry

confirmed that there was still a small portion of PDT-treated cells underwent apoptosis at

the time point of 24 h after PDT treatment (see Fig. 3).

The mitochondria are one of the initiating targets concerned for apoptosis. The major

apoptotic factor in the mitochondria-regulated pathway is cytochrome c. A disruption of

mitochondria membrane function will cause a rapid loss of the mitochondrial inner

transmembrane potential (Δψm) and promote leakage of cytochrome c from the

mitochondria. Cytochrome c in turn triggers caspase activation by binding to the caspase-

activating protein, Apaf-1. In the presence of deoxyadenosine triphosphate (dATP), Apaf-1

subsequently activates procaspase-9 resulting in the formation of functional apoptosome that

will activate procaspase-3, one of the effector caspases. The downstream of these effector

caspases (including 3, 6, 7 and 8) will provoke the degradation of genomic DNA into

nucleosome-sized fragments [34]. The cleavage of caspase-9, which occurred during

mitochondrial damage and cytochrome c release, was detected after PDT (see Fig. 4).

Cleaved caspase-9 could further process other caspase members (e.g. caspase-3 and

caspase-7) and initiate a caspase cascade. By detecting the cleaved caspase-3 fragment and

by the disappearance of the uncleaved precursor form of caspases-3, Photofrin PDT-induced

apoptosis was further confirmed. Caspase-3 is one of the key executioners of apoptosis and
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responsible for the proteolytic cleavage of many key proteins including PARP which was

detected in all six pancreatic cancer cell lines, indicating that apoptotic cell death was indeed

involved in Photofrin PDT-mediated photocytotoxi-city. Meanwhile, cellular levels of the

uncleaved precursor form of caspase-8 decreased and that of cleaved caspase-8 fragment

increased, indicating the activation of another downstream effector.

Pancreatic cancer is a challenging disease with a median survival of less than 6 months and

has an overall 5-year survival rate of less than 4%. Effective therapies for locally advanced

or metastatic tumors are very limited and curatively resected patients experience relapse in

over 80% of cases. This bad prognosis reflects the aggressive biology of the disease that can

lead to unrestrained proliferation, insensitivity to growth inhibitory signals as well as

evasion of apoptosis [35,36]. Although in vitro study demonstrates that Photofrin PDT can

induce apoptosis, the role of PDT-induced apoptosis in clinical setup need to be further

examined.

Previous in vitro and in vivo studies suggest that pancreatic cancer cells are sensitive to

PDT-mediated with other photosensitizers (e.g. ALA, AlPcS, hypericin, pheopharbide,

Pterin and verteporfin) [37—42]. PDT might be effective for chemotherapy insensitive

pancreatic cancer cells [43]. Although some of those photosensitizers are superior to

Photofrin in terms of known chemical structure, longer absorption wavelength, potency and

shorter skin photosensitization, in vitro study of Photofrin PDT on a panel of human

pancreatic cancer cells can serve as a good reference or baseline for comparison purposes.

In summary, Photofrin PDT can effectively induce early apoptotic responses after

mitochondrial damage in human pancreatic cancer cells and the efficiency of photodynamic

killing is high. Further in vivo studies are worth investigating.
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Figure 1.
MTS assay. Dose escalation study of PDT effect on cell viability was performed at drug

dose levels of 0—10 μg/ml and light dose levels of 0—6 J/cm2. Tetrazolium compound

MTS assay was carried out 24 h after PDT. Solid line: light control; dash line: 3 J/cm2 and

dot line: 6 J/cm2.
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Figure 2.
Clonogenic assay. Poorly differentiated human pancreatic cancer cell lines were subjected to

Photofrin PDT at the following drug and light doses — Mia PaCa-2: 5 μg/ml and 3 J/cm2;

MPanc-96: 5 μg/ml and 3 J/cm2 and PL-45: 5 μg/ml and 6 J/cm2. Control (drug only) and

treated cells were grown in a fresh medium immediately after PDT. Clonogenic assay was

examined after two weeks. There was no colony formation in Photofrin PDT groups.
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Figure 3.
Flow cytometric assay. PDT-induced apoptosis was detected by PI staining and flow

cytometric analysis at 24 h after PDT. Pancreatic cancer cell lines were subjected to

Photofrin PDT at the following drug and light doses respectively — BxPc-3: 2 μg/ml and 3

J/cm2; HPAF-II: 5 μg/ml and 3 J/cm2; Mia PaCa-2: 5 μg/ml and 3 J/cm2; MPanc-96: 2

μg/ml and 3 J/cm2; Panc-1: 2 μg/ml and 3 J/cm2 and PL-45: 5 μg/ml and 6 J/cm2.

Representative light and drug controls are shown on the top panel. The percentage of

apoptotic cells is indicated.
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Figure 4.
Western blot analysis. PDT-induced apoptosis was confirmed by detecting the cleaved

caspase-3, caspase-8, caspase-9, and PARP fragments (arrows) and by the disappearance of

the uncleaved precursors of these proteins in pancreatic cancer cells.
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