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Abstract
OBJECTIVES—This study evaluates the efficacy of combining proton irradiation with gemcitabine
and the role the inhibitor of apoptosis proteins (IAP) survivin & XIAP play in the radiosensitive vs.
radioresistant status of pancreatic cancer.

METHODS—The radioresistant (PANC-1) and radiosensitive (MIA PaCa-2) pancreatic carcinoma
cells response to combined gemcitabine and proton irradiation was compared. Cells were treated
with 0.1 - 500 μ-M gemcitabine and 0 - 15 Gy proton irradiation after which Trypan blue and flow
cytometry were utilized to determine changes in the cell cycle and apoptosis. Expression levels of
survivin were measured using Western blotting. Combination therapy with 24 h gemcitabine
followed by 10-Gy proton irradiation proved most effective.

RESULTS—Gemcitabine and proton irradiation, resulted in increased survivin levels, with little
apoptosis. However, combination therapy resulted in robust apoptotic induction with a concomitant
survivin & XIAP reduction in the MIA PaCa-2 cells with little effect in the PANC-1 cells. siRNA
studies confirmed a role for XIAP in the radioresistance of PANC-1 cells.

CONCLUSIONS—Our data demonstrate that combining gemcitabine and proton irradiation
enhances apoptosis in human pancreatic cancer cells when XIAP levels decrease. Therefore, XIAP
may play an important role in human pancreatic cancer proton radioresistance.
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INTRODUCTION
Pancreatic cancer is the fourth most common cause of cancer death in men and women in the
United States, with 5-year survival for all stages of disease less than 5% 1. Pancreatic cancer
has no clear early warning signs or symptoms and is usually silent until the disease is well
advanced. Patients have a median survival of 4-8 months after diagnosis due in part to the
advanced stage the disease has already attained by the time it is discovered and treatment has
begun. Risk factors include age with diagnosis occurring in people ages 65-79, smoking, sex,
and possibly diets high in fat 2. Currently, if diagnosed early, surgical resection remains the
only viable cure. However, only 20% of pancreatic cancer patients meet these criteria 3. It is
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therefore necessary to discover new therapies or therapeutic combinations in order to
significantly impact this deadly disease. The anti-metabolite agent gemcitabine is currently
being employed to treat pancreatic cancer 4. While gemcitabine has shown significant benefit
in clinical applications, its ability to more than modestly impact pancreatic cancer is limited.
It has been speculated that combinatory treatments using gemcitabine and other
chemotherapeutics or radiotherapeutics could improve survival rates 5, 6. Proton radiotherapy
has been investigated for a number of cancer types including cancers of the prostate, head &
neck and brain 7-9. Protocols are also currently in progress or development for treating a variety
of additional cancer types including: carcinoma of the nasopharynx, paranasal sinus carcinoma,
non-small-cell lung carcinoma, hepatocellular carcinoma and pancreatic cancer 10. Pancreatic
cancers though inherently resistant to photon radiation may be safely treated using protons.
Proton therapy allows dose escalation to improve local tumor control in anatomic sites and
histologies where local control is suboptimal with photons 9. This improved dose localization
reduces normaltissue doses resulting in lower acute and late toxicity.

Survivin, a member of the inhibitor of apoptosis protein (IAP) family has previously been
shown to be a prognostic marker for pancreatic cancer patients 11-13 and has also been
implicated in cancer cell radio- and chemotherapy resistance 14. Many recent reports have
demonstrated that inhibiting survivin expression by antisense oligonucleotides 15, dominant
negative mutation 16, 17, and ribozyme 18 can reduce cancer cell radio- and chemoresistance
and may be important to resensitize these tumors to therapy.

The goal of this study was to examine the combined affect of gemcitabine and proton irradiation
on the pancreatic cell lines PANC-1 (photon radioresistant) and MIA PaCa-2 (photon
radiosensitive) and to determine whether the same survivin involvement in proton radiation
resistance would be observed16, 19, 20.

MATERIALS AND METHODS
Cell Cultures

Pancreatic carcinoma (Panc-1 & MIA Paca-2) cells were obtained from the American Type
Culture Collection (ATCC) and maintained in DMEM supplemented with 100 units of
penicillin, 100 μg/ml streptomycin, 300 μg of L-glutamine and 10% heat inactivated FBS
(ATCC). MIA PaCa-2 media also included 2.5% horse serum (ATCC). Cells were grown at
37 °C in a humidified atmosphere of 95% air, 5% CO2. Gemcitabine or Gemzar™ (Eli Lilly
and Company, Indianapolis, Indiana) was dissolved in water and added to cells for the duration
of 24 hours prior, simultaneously or 24 hours after radiation exposure. Post treatment, the cells
were returned to the incubator for an additional 24, 48, or 72 h. All radiation procedures were
accomplished in the Loma Linda University Radiobiology Proton Treatment Facility, now the
James M. Slater, MD, Proton Treatment and Research Center. Cells were exposed in vitro to
250 MeV protons with doses ranging from 0 to 15 Gy at four different dose rates: a low dose
rate of 2.5 Gy/h, an intermediate dose rate of 5 Gy/h and two high dose rates of 10 and 15 Gy/
h. Cells are treated as shown in Figure 1.

Apoptosis and Cell Cycle Analysis
Subconfluent cultures of the various cell lines were incubated with vehicle (water), gemcitabine
(0 to 500 μM) or exposed to proton irradiation (0 to 15 Gy/h) for 0, 24, 48, and 72 hours at 37°
C or combinations of gemcitabine and proton irradiation described above. Cells were harvested,
prepared, and analyzed for DNA content as described previously 21. DNA content was analyzed
using a Becton Dickinson FACScan flow cytometer (Becton Dickinson, San Jose, CA). The
distribution of cells in the different phases of the cell cycle was analyzed from DNA histograms
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using BD CellQuest software (Becton Dickinson and Company, San Jose, CA) and FlowJo
software (Tree Star, Ashland, OR).

Western Blot Analysis
Cells were solubilized, proteins (20-40 μg) separated using 12 or 15% Bis-Tris polyacrylamide
gels, proteins transferred onto nitrocellulose membranes (Bio-Rad) and probed using the
following antibodies: rabbit polyclonal anti-survivin (Novus, Littleton, CO) and GAPDH (Cell
Signaling Technologies, Beverly, MA), and polyclonal β-actin (Abcam, Cambridge, MA).
Secondary antibodies (IR-Dye-conjugated) were goat anti-rabbit immunoglobulin (LICOR,
Lincoln, Nebraska). Immunoreactive bands were detected using the Odyssey imaging system
(LICOR) and quantified using ImageQuant software. Protein quantifications presented in this
report were normalized with respect to GAPDH or β-actin as indicated.

siRNA Knockdown
siRNA oligos were obtained for Survivin and XIAP knockdown (Santa Cruz Biotechnology,
Santa Cruz, CA). In addition, a scramble siRNA was purchased for control. Amaxa
Nucleofection technology was employed for transfection of PANC-1 cells. PANC-1 cells were
cultured as described above and passaged 3 days before transfection. Nucleofection Kit R was
used. PANC-1 cells were trypsinized, counted, and aliquoted into 1×106 cells per tube. Cells
were spun down and resuspended in 100 uL of nucleofection solution. To this 1.5 ug of siRNA
was added, the suspension was transferred to a nucleofection cuvette, and the suggested
program was applied.. Immediately after program completion, 500 uL of fresh media was added
and the cells were aliquoted equally into 6-well plates for further culture and treatment. Cells
were cultured for 3 days after transfection to allow for gene knockdown. After this time, the
appropriate treatments were applied.

Statistical Analysis
Statistical analysis was performed using a two-way analysis of variance (ANOVA) with the
aid of JMP statistical software (Cary, NC). A paired t test was used for group analysis.

RESULTS
Gemcitabine-induced survivin protein is associated with growth inhibition and cytotoxicity
in pancreatic cancer cells

Treatment of PANC-1 or MIA PaCa-2 cells with various concentrations (100 μ1M, 10 μM and
1.0 μM) of gemcitabine resulted in a modest G0/G1 phase cell cycle arrest at 24 h, followed
by the progressive appearance of apoptosis over the 48-72 h time interval (Figure 2A). Dose
escalation of gemcitabine was insignificant, as 1 μM was as effective as 100 μM in inducing
cell cycle arrest as well as apoptotic cell death in both cell lines. Between cell lines, the more
radiosensitive MIA PaCa-2 cells were also more sensitive to gemcitabine than the radioresistant
PANC-1 cells. Both cell lines in their non-treated resting state exhibited between a 10 and 20%
polyploid fraction (cells containing greater then 4N DNA). Interestingly, after cells were
gemcitabine treated, this polyploid fraction disappeared in both cell lines (Figure 2A).

Treatment of both PANC-1 and MIA PaCa-2 cell lines for 24 h with gemcitabine resulted in
a dose-dependent reduction in survivin levels by Western blot analysis (Figure 2B). Further
gemcitabine incubation of 48 h and 72 h resulted in survivin protein levels being enhanced or
unchanged at doses of 1 and 10 μM in both cell lines, a result that is most likely due to
druginduced stress 22. As a dose of 10 μM gemcitabine induced a time dependent G0/G1 arrest,
enhanced cytotoxicity and 24 h reduction in survivin, this dose was chosen for all further
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experiments with MIA PaCa-2 cells. However, PANC-1 cells were treated with 100 μM
gemcitabine due to their resistance to gemcitabine-induced cell death.

Treatment of PANC-1 or MIA PaCa-2 cells with various concentrations (0, 2.5, 5, 10, and 15
Gy) of proton irradiation resulted in significant cell cycle arrest in both the radiosensitive MIA
PaCa-2 as well as the radioresistant PANC-1 pancreatic cell lines in a dose-dependent manner
(Figure 3A). Unlike the results of gemcitabine in these two cell lines, only the radiation
sensitive MIA PaCa-2 cells were induced to undergo notable levels of apoptosis. MIA PaCa-2
cells experienced a time and dose-dependent apoptosis with the G2/M arrested cells being the
most sensitive as it is from this population of cells that the highest level of time-dependent
death is recorded. Photon radioresistant PANC-1 cells were also resistant to proton radiation
(Figure 3A) even though these cells also experienced a dose-dependent cell cycle arrest. In
both cell lines, proton radiation induced a dose-dependent increase in polyploid cells from the
10% observed in the untreated controls to almost 30% in those treated with 15 Gy (Figure 3A).

Treatment of both MIA PaCa-2 and PANC-1 cells lines with proton radiation resulted in a
dose-dependent increase in survivin protein as defined by Western blot analysis (Figure 3B).
This increase in survivin protein concomitant with the observed G2/M arrest is expected as
survivin has been previously shown to be expressed during cell division in a cell cycle-
dependent manner 22.

Sequential treatment of pancreatic cancer cells with gemcitabine and proton irradiation
enhances the effect of single agent treatment in only MIA PaCa-2 cells

Treatment of MIA PaCa-2 cells with 10 μM gemcitabine (Figure 2A) and 10 Gy proton
radiation (Figure 3A) resulted in modest levels of apoptosis, cell cycle arrest and survivin
modulation in both cell lines with the most prominent killing effect in MIA PaCa-2 cells. We
therefore combined the two modalities as shown in Figure 1.

Treatment of MIA PaCa-2 cells (Figure 4A) with 10 μM gemcitabine or 10 Gy proton
irradiation resulted in cell cycle arrest at G0/G1 and G2/M respectively. For sequential
treatments that include gemcitabine as the first modality in the treatment regimen, G0/G1 arrest
was also the prominent phenotypic cell cycle change and likewise a G2/M arrest resulted from
sequential treatments that used proton irradiation as the first modality in the treatment regime.
Cell cycle arrest was followed by the progressive appearance of apoptosis over the 72 h time
interval. However, sequential treatments where gemcitabine lead proton irradiation resulted in
an enhanced apoptosis by 48 h, a trend that increased further by 72 h. An interesting observation
first made with the single agent treatment experiments (Figure 2 & 3) is that gemcitabine
treatment does not result in significant numbers of cells having greater than 4N DNA
(polyploidy) while proton irradiation results in a progressive accumulation of polyploid cells.
This is also observed in the sequential treatments where proton irradiation leads gemcitabine
treatment. However, where gemcitabine and proton are given concurrently, little enhancement
of this polyploid fraction is recorded and where gemcitabine leads the proton irradiation, an
unremarkable number of polyploid cells are recorded (Figure 4A).

Like MIA PaCa-2 cells, treatment of PANC-1 cells (Figure 4B) with 100 μM gemcitabine or
10 Gy proton irradiation alone or those combinations that lead with gemcitabine or proton
irradiation also resulted in cell cycle arrest in G0/G1 and G2/M respectively. However, unlike
MIA PaCa-2 cells, sequential treatments did not result in the progressive appearance of
apoptotic cells, even though 10 fold higher concentration of gemcitabine was used. In fact,
after 72 h of treatment, no significant changes are observed from those recorded after only 24
h of treatment. Polyploidy does however, match what was observed in the MIA PaCa-2 cells
(Figure 4A).
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Modulation of survivin protein expression by combining gemcitabine and proton irradiation
in pancreatic cancer cell lines

To determine the potential relevance of targeting survivin for tumor cell apoptosis in sequential
gemcitabine and proton irradiation treatments, survivin levels were analyzed by Western
blotting in PANC-1 and MIA PaCa-2 cells treated with gemcitabine or proton irradiation alone
or with the sequential combinations described previously at 48 h post treatment (Figure 1).
Treatment of PANC-1 cells with gemcitabine or protons resulted in a 2 and 4 fold increase in
survivin expression respectively (Figure 4C). In contrast, treatment of MIA PaCa-2 cells only
showed a 2 to 3 fold increase in those cells treated with protons. Gemcitabine treatment for 48
h resulted in a down regulation of survivin protein (Figure 4D). Both cell lines exhibited very
little change in survivin protein expression from that of the control in the sequential
combination treatments (Figure 4C, D). XIAP has been known to interact more directly with
the apoptotic pathway machinery than survivin 23. Both cell lines also exhibited very little
change in XIAP protein expression compared to control, with the noticeable exception of
gemcitabine → proton treatment (Figure 4E, F). This sequential treatment showed a marked
decrease in XIAP protein expression, which may be responsible for the MIA PaCa-2 cells being
more susceptible to the combination of gemcitabine and proton irradiation then the PANC-1
cells.

siRNA knockdown of XIAP further potentiates cell death after gemcitabine and proton
combination therapy

To further investigate the role survivin and XIAP may play in proton radiation resistance of
the PANC-1 cells, siRNA knockdown experiments were completed. Three days after
transfection with the siRNAs (described in Materials and Methods), cells were analyzed for
the presence of Survivin and XIAP knockdown. PCR analysis indicated that survivin and XIAP
knockdown was successful (Figure 5A), with approximately 75% knockdown of XIAP and
40% knockdown of Survivin. Furthermore, after 72h IAP knockdown, cells were treated with
either gemcitabine, proton radiation, or 24h gemcitabine followed by proton radiation (Figure
1). Forty-eight hours after treatment, cells were harvested for propidium iodide flow cytometric
analysis. As hypothesized, the addition of the XIAP siRNA to the PANC-1 cells resulted in a
marked increase in gemcitabine/proton-induced apoptosis compared to that recorded in the
cells having survivin knockdown or those of the control (Figure 5B).

DISCUSSION
There has been little success in developing effective systemic therapies for the treatment of
patients with locally advanced or metastatic pancreatic cancer. Chemotherapy was first
combined with radiotherapy in the treatment of pancreatic cancer when clinicians at the Mayo
Clinic in 1969 added 5-Fluorouracil (5-FU) to external beam radiotherapy. The result was an
improved mean survival of 10.4 months for the combination therapy compared to 6.3 months
for those patients receiving radiotherapy alone 24, 25. As a result, this combination has been
considered standard therapy for locally advanced pancreatic cancer 25 and though multiagent
regimens which include 5-FU have sought to improve upon this combination, randomized
phase III trials have failed to confirm survival advantage over that with 5-FU alone 26. More
recently, the nucleoside analog gemcitabine provided encouraging results in both antitumor
effects and its impact on parameters of clinical benefit for patients with pancreatic cancer such
as, decreased pain severity, decreased requirement for opioid analgesics, increased appetite
and weight gain 26. In direct comparison on locally advanced pancreatic cancer and metastatic
pancreatic cancer, gemcitabine treatment resulted in a 5.56 month overall survival compared
to a 4.41 month overall survival using 5-FU. In combination with conventional radiotherapy
gemcitabine extended overall survival to 11.3 months compared to 5-FU extending it by 10.4
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months 25, 26. As a result, gemcitabine has become widely accepted for unresectable pancreatic
cancer.

As pancreatic tumors are well advanced before detection, with survival reduced due to high
rates of distant metastases, the continued use of conventional radiation-based therapies has
been brought into question. As tumor loads increase, superfluous radiation delivered to
surrounding normal tissue leads to increasing treatment morbidity. As a result, better control
of dose distribution and localization are necessary. Proton radiotherapy allows for both. Where
local control is suboptimal with conventional photon radiotherapy, proton radiotherapy
provides improved physical dose distribution, and improved localization to anatomic sites and
histologies. The resulting improvements to both dose distribution and localization will
ultimately lead to dose escalation for anatomical sites where local control with conventional
radiation dose has been suboptimal such as in advanced pancreatic disease 10, 27.

The aim of the current work was to define the involvement of survivin following chemotherapy
and radiation therapy and to determine if proton irradiation followed classical radiation
treatment observations. Our data shows that proton irradiation alone exhibited similar results
as has been reported in photon radiation treatment. However, sequential treatment using
gemcitabine before proton irradiation induced significant apoptotic cell death. While survivin
seems to be minimally involved in the mechanism of radioresistance, our work provides
evidence that XIAP down regulation may be involved in the sensitization of MIA PaCa-2 cells
and the concomitant radioresistance of PANC-1 cells. It has been demonstrated that RNAi-
mediated knockdown of XIAP as well as small molecule inhibitors of XIAP sensitize
pancreatic cancer cells to apoptosis via activation of caspases 2, 3, 8 and 9, and loss of
mitochondrial membrane polarization 28. Furthermore, XIAP small molecule inhibitors have
been shown to synergize the effects of radiation and gemcitabine alone 29.

An important finding of these studies was the treatment of PANC-1 and MIA PaCa-2 cells
with proton irradiation caused a significant number of the cells to become polyploid. Polyploidy
is a state in which cells possess more than two sets of homologous chromosomes. It is
commonly believed that polyploid cells arise after cellular stress, ageing, and in various
diseases, perhaps because polyploidy confers a metabolic benefit 30-32. Polyploid cells have
been shown to be genetically unstable and can be the intermediates where aneuploid cells
become cancerous 32. In our hands, treatment of the pancreatic cancer cells lines with proton
irradiation alone or before being combined with gemcitabine resulted in a significant enhanced
polyploid fraction of cells (Figure 4). The cells treated with gemcitabine alone or with
gemcitabine followed by proton irradiation prohibited this polyploidy. These findings suggest
that proton irradiation-resistant pancreatic cells may gain enhanced genetic instability and
ultimately a more aggressive tumor phenotype. However, administering gemcitabine as a
pretreatment to proton irradiation may reduce this genetic instability and ultimately allow the
proton irradiation to result in a more effective killing of the tumor. Furthermore, as polyploidy
is a state of having more than two sets of chromosomes, survivin is a chromosomal passenger
protein, and its deregulation in cancer promotes tetraploidy or aneuploidy, we strongly believe
that by better understanding the role of gemcitabine and proton irradiation biology in regard
to survivin expression modulation will provide useful data for the combining of therapies for
the killing of radioresistant pancreatic cancer.

XIAP, a unique and best-characterized member of the inhibitor of apoptosis (IAP) family, has
been identified as a central regulator of caspase-dependent apoptosis. Whether the activation
of apoptosis is initiated by events that perturb the mitochondria (via caspase-9) or progress
directly from cell surface receptors (via caspase-8), the ability of XIAP to inhibit the
downstream executioner caspases-3 and -7 makes it a potent and broad inhibitor of cell
death33 and important target for therapy. XIAP reduction has been reported in cells treated
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with protons and hypoxia in three kinds of cancers: lung, hepatoma and leukemia34. However,
pancreatic cancers were not investigated. A broadened search to include photon and UV
radiation revealed that much work has been accomplished investigating radiation-induced
downregulation of XIAP and the mechanisms whereby this happens. A recent study describes
UVB-induced sensitization coinciding with XIAP degradation which then allows for functional
caspase 3-induced apoptosis35. Furthermore, the loss of XIAP was shown to be the result of
UVB-enhanced Ikappa B alpha degradation, resulting in NF-kappaB-dependent transcriptional
repression of XIAP35. Future studies will explore XIAP's involvement in the sequential chemo-
and radiosensitization of pancreatic cancer as well as survivin's role in XIAP stabilization and
the possibility of shifting the survival phenotype to apoptosis by interfering with this union.
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Figure 1.
Treatment schematic. Gemcitabine and protons were given at time = 0. Combination treatment
of gemcitabine followed by proton radiation was treated with gemcitabine given at -24 hrs and
then followed by proton irradiation at time = 0 (Gem → Proton). Simultaneous treatment was
accomplished with both modalities being given at time = 0 (Proton + Gem). Proton irradiation
was administered 24 hrs before gemcitabine treatment at time = 24 (Proton → Gem). All cells
were harvested 24, 48, and 72 hrs after its final treatment was administered.
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Figure 2.
Gemcitabine treatment of PANC-1 and MIA PaCa-2 cell lines. (A) Cells were treated using 0
μM,1 μM, 10 μM, and 100 μM gemcitabine after which they were harvested and analyzed for
DNA content by propidium iodide staining and flow cytometry at 24 hr, 48 hr, and 72 hr.
Percentages of apoptotic cells with hypodiploid (sub-G1) DNA content as well as those in
G0/G1, S, G2/M and polyploid are indicated per each condition tested. Data are the mean ± SD
of three independent experiments (*p<0.01, **p<0.001). (B) Detergent-solubilized extracts of
pancreatic cells treated with gemcitabine were analyzed at the indicated time intervals for
reactivity with antibodies for survivin and GAPDH (loading control), by Western blotting.
Molecular-weight (Mr) markers in kilodaltons are shown on the left.
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Figure 3.
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Proton irradiation of PANC-1 and MIA PaCa-2 cell lines. (A) Cells were treated using 0, 5,
10 or 15 Gy of proton radiation after which they were harvested and analyzed for DNA content
by propidium iodide staining and flow cytometry at 24 hr, 48 hr, and 72 hr. Percentages of
apoptotic cells with hypodiploid (sub-G1) DNA content as well as those in G0/G1, S, G2/M
and polyploid are indicated per each condition tested. Data are the mean ± SD of three
independent experiments (*p<0.01, **p<0.001). (B) Detergent-solubilized extracts of
pancreatic cells treated with proton radiation were analyzed at the indicated time intervals for
reactivity with antibodies for survivin and β-actin (loading control), by Western blotting.
Molecular-weight (Mr) markers in kilodaltons are shown on the left.
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Figure 4.
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Combination Gemcitabine and Proton Radiation in PANC-1 and MIA PaCa-2 cell lines. (A)
PANC-1 and (B) MIA PaCa-2 cells were treated using 10 Gy of proton radiation and 10 μM
gemcitabine after which they were harvested and analyzed for DNA content by propidium
iodide staining and flow cytometry at 24 hr, 48 hr, and 72 hr. Percentages of apoptotic cells
with hypodiploid (sub-G1) DNA content as well as those in G0/G1, S, G2/M and polyploid are
indicated per each condition tested. Data are the mean ± SD of three independent experiments
(*p<0.01). Detergent-solubilized extracts of (C) PANC-1 and (D) MIA PaCa-2 cells treated
with 10 Gy of proton radiation and 10 μM gemcitabine were analyzed at 48h for reactivity with
antibodies for survivin and μ-actin or GAPDH (loading control), by Western blotting. (E)
PANC-1 and (F) MIA PaCa-2 membranes were stripped and reprobed with antibodies for
XIAP after which densitometric fold changes for each were indicated below. Molecular-weight
(Mr) markers in kilodaltons are shown on the left.
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Figure 5.
Knockdown of the inhibitor of apoptosis proteins survivin and XIAP, using siRNA, increases
drug and radiation killing of PANC-1 pancreatic cancer cells. (A) Knockdown of survivin and
XIAP expression. PANC-1 cells were transfected with either Scrambled siRNA or siRNA
designed to knockdown survivin or XIAP. (B) PANC-1 cells were first transfected with siRNA
against either survivin or XIAP for 12 h after which they were treated using 10 Gy of proton
radiation and 10 μM gemcitabine. Cells were harvested and analyzed for DNA content by
propidium iodide staining and flow cytometry at 48 hr. Percentages of apoptotic cells with
hypodiploid (sub-G1) DNA content as well as the polyploid are indicated per each condition
tested. Data are the mean ± SD of two independent experiments.
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