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ABSTRACT

The fragile histidine triad (FHIT ) gene is a tumor suppressor gene that is
altered by deletion in a large fraction of human tumors, including pancreatic
cancer. To evaluate the potential ofFHIT gene therapy, we developed re-
combinant adenoviral and adenoassociated viral (AAV)FHIT vectors and
tested these vectorsin vitro and in vivo for activity against human pancreatic
cancer cells. Our data show that viralFHIT gene delivery results in apoptosis
by activation of the caspase pathway. Furthermore, Fhit overexpression
enhances the susceptibility of pancreatic cancer cells to exogenous inducers of
apoptosis.In vivo results show thatFHIT gene transfer delays tumor growth
and prolongs survival in a murine model mimicking human disease.

INTRODUCTION

Pancreatic cancer remains one of the most difficult malignancies to
treat. It ranks fourth as a cause of cancer-related deaths in the United
States and accounts for an estimated 29,000 deaths yearly (1). Pan-
creatic cancer, 85% of which is of ductal cell origin, has a negligible
5-year survival rate (1.3%), which is the lowest rate among 60 cancer
sites reviewed (2). Currently, radiation and chemotherapy are not
effective, and complete surgical resection remains the only therapeutic
option. Although surgery provides a limited potential for long-term
survival, only 5% of tumors are resectable at the time of diagnosis. In
addition, for all stages of surgically resectable disease combined, the
overall 5-year survival is,15% (3). Therefore, there is urgent need of
alternative therapeutic strategies.

The molecular dissection of pancreatic cancer is progressing at a
rapid pace. Activation of oncoproteins such as K-ras and inactivation
of tumor suppressors such as p53, p16, p21/WAF, and Fhit are
involved in the development of pancreatic cancer (4–8). The trans-
lation of these findings into therapeutic modalities is emerging. Im-
mune gene therapy (9) and adenovirus-basedp21 and p53 gene
transfer are part of such strategies currently explored as potential gene
therapy approaches for pancreatic adenocarcinoma (10, 11).

A considerable amount of data support the suggested role of the
FHIT4 gene, at chromosome 3p14.2, as a tumor suppressor gene in
different epithelial cancers (reviewed in Ref. 12). For human pancre-
atic cancer, studies indicate thatFHIT is affected in;66% of cell

lines and surgical specimens (7, 13), comparable with TP53, which is
mutated in approximately 43–76% of primary pancreatic cancers (5).

Virus-mediatedFHIT gene transfer has been shown to induce apop-
tosis and reduce tumor growth in epithelial cancers such as esophageal
and lung cancer (14, 15), but the effect ofFHIT transduction in human
pancreatic cancers is not known. Recent evidence from transfection of
human lung cancer cells withFHIT are consistent with its involvement in
p53-independent apoptosis (14, 16). This could be of particular interest in
the treatment for pancreatic cancer, because transduction of wild-type
p53 into p53-null human pancreatic cancers sometimes failed to induce
changes in tumorigenicity and chemosensitivity (11).

We hypothesized that reintroduction of a wild-type humanFHIT
gene, mediated by a recombinant viral vector, would result in cell
cycle delay, induction of apoptosis, and tumor growth suppression in
FHIT null pancreatic cancer cells. A number of recombinant viral
vector systems are currently under evaluation for gene therapy in
cancer. Adenoviral vectors are probably the most widely used vectors
for human cancer gene therapy (17). Adenoviral vectors are very
efficient in delivering genes into pancreatic cancer cells. They induce
high but transient transgene expression. They have also been reported
to induce inflammatory responses in animal models and patients (18,
19). These side effects have been attributed to the leaky expression of
the residual viral genes carried by the vectors and might ultimately
limit their clinical use.

AAV viruses, which to our knowledge have not been studied in
human pancreatic cancer, have specific features that render them
attractive for human applications. Epidemiological studies indicate
that 90% of the human population has been exposed to AAV with no
known associated pathologies. In addition to the nonpathogenic na-
ture, other major advantages of AAV include: (a) infection of nondi-
viding cells; (b) persistent gene expression through integration into
the cellular chromosomes or by conversion into double-stranded ep-
isomal forms; (c) delivery of the therapeutic gene without cotransfer
of any viral genes; and (d) natural tropism for epithelial cells (20–22).
This allows the transgene to persist in the target tissue and renders
AAV vectors unlikely to induce inflammatory responses against the
transduced cells. Experiments with recombinant AAV-mediated gene
transfer into skeletal muscles and other tissues, for example kidney
(23), have shown persistent transgene expression with no inflamma-
tory responses in animal models and primates (24–26). Although the
difficulty of high-titer rAAV vector production has overshadowed its
potential benefits, recent advances in the production of high-titer
purified rAAV vector stocks have made the transition to human
clinical trials a reality (22). In this study, we generated both Ad FHIT
vectors (Ad-FHIT) and rAAV vectors for FHIT (AAV-FHIT) and
explored their use asFHIT gene transfer vehicles into pancreatic
cancer.

MATERIALS AND METHODS

Cell Cultures. Human pancreatic cancer cell lines AsPc1, HPAF, BxPc3,
Panc1, Hs766T, Capan1, Capan2, MiaPaca, and CFPAC; the human cervical
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epithelial cancer cell line, HeLa; the human lung cancer cell line A549; and
human embryonic kidney cells (HEK293) were obtained from American Type
Culture Collection. PSN1 was obtained from the European Collection of Cell
Cultures. Cells were maintained at 37°C in a humidified atmosphere of 5%
CO2 in the appropriate growth medium with supplements added as recom-
mended (15, 27, 28). The 293 cell line was used for the construction and
amplification of both Ad and AAV vectors.

Construction of Recombinant Ad Viral Vectors. We generated an ade-
novirus carrying theFHIT gene (Ad-FHIT) under the control of a cytomega-
lovirus promoter by homologous recombination in 293 cells. The same pro-
cedure was used to generate an adenovirus containing GFP (Ad-GFP). Also, an
Ad vector with simultaneous expression of GFP and FHIT through an internal
ribosomal entry site was constructed by the same procedure (Ad-GFP-FHIT).
Vector construction was performed following the manufacturer’s instructions
(Quantum, Quebec, Canada) with minor modifications, as described previously
(15). Viral vectors were amplified in 293 cells, and viral titers were determined
by assay for PFUs. Potential contamination of the viral preparation by the
wild-type virus was monitored by PCR analysis.

Construction and Generation of Recombinant AAV. For the production
of AAV vectors, we constructed two recombinant AAV type 2 vectors pack-
aged with FHIT and GFP, respectively. The FHIT and GFP cDNA was
inserted into the vector plasmidpAM/pL-EF-GFP-WPRE-BGHpolyA. For
packaging, we used the helper plasmidpDG, which contains all AAV and Ad
functions, including therep and cap genes required for amplification and
packaging of AAV vector plasmids (29).

The plasmidAAV/EF-GFP-WPRE-poly(A),carrying the AAV-ITR and the
EF promoter, was purified and digested with restriction enzymesKpnI and
HindIII to release a fragment containing the promoter sequence EF controlling
the reporter gene GFP. The EF-GFP fragment was cloned into theKpnI and
HindIII restriction sites of the multiple cloning site ofpAM/pL-WPRE-BGH-
poly(A), creatingpAM/pL-EF-GFP-WPRE-BGH-poly(A). The plasmid pIRES
FHIT was purified and digested with restriction enzymes to release the 444-bp
fragment containing the full-lengthFHIT gene. Subsequently, FHIT cDNA
was cloned into theBamHI and HindIII sites of pAM/pL-EF-GFP-WPRE-
BGH-poly(A), replacing GFP with FHIT to generatepAM/pL-EF-FHIT-
WPRE-BGH-poly(A). The plasmidspAM/pL-EF-FHIT-WPRE-BGH-poly(A),
pAM/pL-EF-GFP-WPRE-BGH-poly(A),and the AAV-helper plasmidPDG
were selected, amplified, and purified in large quantities. Helper-free recom-
binant AAV stocks were generated by cotransfection of the vector plasmids
with the packaging plasmidpDG in 293 cells to obtain AAV-GFP and
AAV-FHIT. Virus purification and titration was performed as described pre-
viously (29). After viral purification, slot blot analysis was performed to
determine the concentration of AAV-FHIT and AAV-GFP. The viral titer was
determined to be 13 1011 to 1 3 1012 particles/ml by comparing the similarly
intense bands in the control lane to those on the AAV-GFP and AAV-FHIT
lanes, corresponding to 109 to 108 infectious particles/ml.

In Vitro Transduction. For Ad vectors, cells (13 106/well for six-well
plates, 53 105/well for 12-well plates, 13 105/well for 48-well plates, and
0.53 105/well for 96-well plates) were transduced with Ad vectors by directly
applying the diluted viruses into the growth medium. Cells were infected with
the various viruses at different MOI. The transduction efficiency was deter-
mined by measuring the proportion of GFP-expressing cells after Ad-GFP
infection using FACS. Direct visualization of the Ad-GFP-transduced cell
population by fluorescent cell microscopy was used to confirm the FACS data.

For AAV vectors, cells were seeded at the same cell density as for Ad
vectors. The human cervical cancer cell line, HeLa, known to be highly
permissive for AAV infection, was used as a reference cell line to optimizein
vitro conditions. Prior to infection, cells were treated with 500mM tyrphostin
1 (Sigma Chemical Co., St. Louis, MO) for 2 h at 37°C. Tyrphostin 1 is a
fibroblast growth factor receptor protein tyrosine kinase, known to augment
AAV-mediatedin vitro transgene expression (30). After treatment, cells were
washed twice with PBS and were either mock infected or infected with 104 to
105 viral particles/cell of the recombinant AAV-GFP virus in DMEM supple-
mented with 10% FBS and analyzed by FACS and confocal microscopy to
determine the transduction efficiency.

Assessment ofin Vitro Cell Death. Cells were infected with AAV-FHIT
and AAV-GFP at different viral concentrations or mock-infected with PBS.
Similarly, cells were infected with Ad-FHIT and Ad-GFP at different MOI or
mock-infected with PBS and harvested at different time points after infection.

To determine the percentage of dead cells, cells were stained with 0.2%
trypan blue and counted with a hemocytometer. As a measurement of the
fraction of apoptotic cells, the following methods were used. The fraction of
hypodiploid cells was determined by FACS analysis after staining with PI,
DNA fragmentation was measured by APO-BRDU (PharMingen, San Diego,
CA), DNA laddering was evaluated by LM-PCR (Clontech, Palo Alto, CA),
and ApoAlert Mitochondrial Membrane Sensor (Clontech, Palo Alto, CA) was
used in fluorescence-based detection of changes in mitochondrial membrane
potential.

Analysis of Cell Cycle by PI Staining and Measurement of DNA Frag-
mentation by Bromodeoxyuridine Labeling. DNA fragments in apoptotic
cells were detected with an APO-BRDU kit (PharMingen), according to the
manufacturer’s instructions. Briefly, 105 cells were harvested 5 days after
infection and washed twice with PBS. Cells were fixed in 1% formaldehyde for
15 min at 4°C, permeabilized in 500ml of 70% ethanol, and stored at 4°C.
Then, the 39-hydroxyl ends of the DNA fragments in apoptotic cells were
labeled with bromodeoxyuridine triphosphate by terminal deoxynucleotidyl-
transferase, and bromodeoxyuridine triphosphate was stained with a FITC-
labeled anti-bromodeoxyuridine monoclonal antibody. Cells were simulta-
neously stained with PI. Analysis of cell populations was performed with
FACScan. Cells were analyzed for green FITC fluorescence through a 520-nm
BP filter and for red (PI) fluorescence through a 620-nm LP filter. Green
fluorescence was taken as a marker of DNA fragmentation and apoptosis, red
fluorescence was taken as a marker of DNA content and cell cycle status. Cells
with subdiploid DNA content (sub-G1) were considered apoptotic cells. Cell
cycle distributions were analyzed by the Win MDI 2.8 software package.

Analysis of Cell Surface Markers. In separate experiments, approxi-
mately 5 3 105 cells of each cell line were washed with PBS at 4°C and
incubated with 10mg/ml of the following antibodies: anti-integrinaVb3,
anti-integrin aVb5 (clones LM609 and P1F6; Chemicon, Temecula, CA),
anti-HSPG (clone MAB458; Clontech), and anti-fibroblast growth factor re-
ceptor monoclonal antibody (Zymed, South San Francisco, CA), and analyzed
by FACS.

Detection of DNA Laddering by LM-PCR. Five days after infection with
different viruses (AAV-GFP, AAV-FHIT, and mock), DNA from the pancre-
atic cancer cell line, Panc1, and the lung cancer cell line, A549, was extracted.
We used 0.75mg of DNA for each reaction and followed the protocol provided
by the manufacturer for the ApoAlert LM-PCR Ladder Assay. As a thermo-
stable DNA polymerase, we used Advantage cDNA Polymerase Mix (Clon-
tech). The resulting nucleosomal ladder was visualized on a 1.4% agarose/
ethidium bromide gel.

Cell Staining with MitoSensor. After infection with different viruses
(Ad-GFP, Ad-FHIT, and mock), cells were stained with the Mitosensor reagent
following the manufacturer’s instructions (Clontech). The Mitosensor reagent
is taken up in the mitochondria of healthy cells, where it forms aggregates that
exhibit red fluorescence. In apoptotic cells, MitoSensor remains in the cyto-
plasm in monomeric form, where it exhibits green fluorescence. Bisbenzimide
(Hoechst Blue, 1mg/ml in PBS; Sigma Chemical Co.) was used as a nuclear
blue stain. Cells were visualized by fluorescence microscopy using a triple
band-pass filter.

Western Blot Analysis. Cell lysates were prepared as described (16), and
Western blots were performed by using 50mg of total proteins/lane. Protein
samples were electrophoresed on 4–20% SDS-polyacrylamide gels and trans-
ferred to nitrocellulose filters, and filters were incubated with the indicated
antisera. Immunoreactive bands were visualized by using horseradish peroxi-
dase-conjugated secondary antiserum and enhanced chemiluminescence (Am-
ersham, Piscataway, NJ). For Western blot analysis, we used rabbit polyclonal
Fhit antibody at 1:1000 (Zymed), rabbit polyclonal caspase-8 antibody at 2
mg/ml (Chemicon), PARP monoclonal antibody at a 1:5000 dilution (Clon-
tech), rabbit polyclonal caspase-3 antibody at a 1:1000 dilution (PharMingen),
rabbit polyclonal caspase-9 antibody at a dilution of 1:500 (Santa Cruz Bio-
technology), goat polyclonal BID antibody at a dilution of 1:500 (Santa Cruz),
and anti-actin at 1:2000 (Sigma Chemical Co.).

Immunohistochemistry. After antigen retrieval, endogenous peroxidase
was inhibited with 3% hydrogen peroxide, and nonspecific binding sites were
blocked with normal goat serum. Slides were incubated overnight with primary
rabbit antihuman Fhit antibody (1:1000 dilution; Zymed), followed by incu-
bation with biotinylated goat antirabbit antibody. Slides were then incubated
with streptavidin horseradish peroxidase (Dako; 1:1000 dilution).
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Culture Conditions for External Stimulation Assays. Cells (PSN1 and
Panc1) were plated at 13 105 cells/well in 48-well plates and infected under
three conditions (Ad-GFP-FHIT, Ad-GFP, and mock) at MOI of 10 for Panc1
and at MOI of 20 for PSN1. Ad-GFP was used to control transduction levels.
At these MOI, these cell lines were known to exhibit apoptosis in;20% of the
cells. Experiments were conducted in triplicate. After 3 days, cells were
incubated with three different external stimuli: human Fas ligand (0.5mg/50ml
of CD95NA/LE; clone DX2; PharMingen; and 0.5mg/50ml rProtG in 200ml
of 10% FBS medium); IFN-g (200 units/ml; R&D Systems, Minneapolis,
MN); or TNF-a (1000 units/ml; R&D Systems). After 12 h incubation at 37°C,
cells were harvested. Cell count and cell cycle analysis were performed as
described. Susceptibility of Ad-GFP-FHIT-infected cells was compared with
Ad-GFP and mock-infected controls.

Animal Studies. Animals were maintained and animal experiments con-
ducted under institutional guidelines established for the Animal Facility at the
Kimmel Cancer Center.nu/numice were obtained from Charles River (Cam-
bridge, MA).

For each cell line, s.c. tumors were established by injecting human pancre-
atic cells (13 106 PSN1 and 2.53 106 Panc1) in a volume of 150ml into the
right flanks of female nude (nu/nu) mice at 6–8 weeks of age. Each treatment
group consisted of five mice. Five days after s.c. injection of tumor cells, the
treatment groups received an intratumor injection of the therapeutic viruses.
For AAV-FHIT, 5 3 108 infectious particles/tumor were injected. In the
Ad-FHIT treatment group, animals received 23 1010 PFUs/tumor. The control
groups received an intratumor injection with AAV-GFP (53 108 infectious
particles/tumor) or Ad-GFP (23 1010 PFUs/tumor). For each cell line, a group
of five animals received an intratumoral injection of 100ml of PBS 5 days after
tumor injection as control. The animals were monitored twice weekly for
tumor formation up to 2 months after inoculation. Tumor volume data, ob-
tained from measurements of tumor dimensions by using linear calipers, were
plotted on a graph. At termination of the experiment, tumors were excised for
histology and assessment of Fhit expression by immunocytochemical detec-
tion.

To mimic peritoneal dissemination of pancreatic cancer, 13 106 PSN1 cells
were transplanted into the peritoneal cavity of 12nu/nu mice (day 0). i.p.
inoculation of PSN1 results in the formation of multiple small nodules on the
mesentery and formation of tumor nodules on and in the pancreas within 4–6
days (27). For the treatment group, four mice received two sequential i.p.
injections of 150ml (2 3 1010 PFUs) of Ad-FHIT virus at days 4 and 8. A
control group was treated with Ad-GFP in the same manner, and a group of
four mice was left untreated. The 12 mice were observed over 28 days. When
tumor development was manifest (abdominal swelling), mice were sacrificed
and examined for tumors in the peritoneal cavity. All remaining animals were
sacrificed 28 days after the first injection of virus. Histological sections were
made from the pancreas, spleen, small intestine, and colon.

Statistical Analyses.Data are reported as means6 SE. Statistically sig-
nificant differences (P , 0.05) between groups were detected using unpaired
t test, pairedt test, and nonparametric tests, such as the Wilcoxon signed rank
test and the Mann-Whitney Rank Sum test, where appropriate for the data. For
categorical data, we used thex2 test.

RESULTS

We carried outin vitro experiments to evaluate the effect of Fhit
overexpression on pancreatic tumor cell growth. Because the inacti-

vation of theFHIT gene may lead to tumor growth, replacement of the
mutated tumor suppressor gene with the wild-type construct could
result in restoration of the tumor suppressor activity. Therefore, we
evaluated the effect of Ad- and AAV-mediated Fhit overexpression on
human pancreatic cancer cell proliferation, apoptosis, and cell cycle
control.

Cell Line Characteristics. The observedin vitro effects may well
rely on the efficiency of the transgene expression vectors used and
probably also depend on the functional status ofFHIT and other genes
altered in pancreatic cancer, such as KRAS and TP53. Cell lines were
selected on the basis of their FHIT status or Fhit protein expression
and efficiency of infection with Ad and AAV viruses.

As summarized in Table 1, the level of Fhit expression in pancreatic
cancer cell lines was assessed by Western blot analysis and immuno-
histochemistry. Also the single-strand conformational variant analysis
data for FHIT (7, 13) and the mutational status of KRAS and TP53,
as reported previously (31–33), were determined. The expression of
cell surface HSPG andaVb5 integrin (34) and the receptor for human
fibroblast growth factor (FGFR-1; Ref. 30) was also measured. These
surface molecules were identified as receptors for AAV type 2 attach-
ment and uptake (35) and may represent an alternative route for
adenovirus entry into the cell (36, 37).

AAV and Ad Infection of Pancreatic Cancer Cell Lines: Trans-
duction Levels. To determine the efficiency of gene expression
after AAV infection, quantitative analysis was performed in dif-
ferent human pancreatic cancer cell lines (AsPc1, HPAF, BxPc3,
Panc1, Hs766T, Capan1, Capan2, MiaPaca, CFPAC, and PSN1),
and the relative transduction efficiency of AAV into the cell lines
was compared with the transduction level of the cervical cancer
cell line HeLa, which is highly permissive for AAV infection (30).
Cells were plated in triplicate at a density of 105 cells/well in
48-well culture plates and infected with AAV-GFP (13 105 viral
particles/cell). GFP-expressing cells were visualizedin vitro by
confocal microscopy and by the fraction of GFP-expressing cells
measured by FACS analysis. Comparable with data reported pre-
viously (30),;70% of HeLa cells were transduced by AAV-GFP.
The pancreatic cancer cell lines BxPc3, Panc1, PSN1, AsPc1, and
Capan1 were also efficiently transduced. Because of their lower
transduction levels for AAV, the cell lines HPAF, Hs766T,
Capan2, MiaPaca, and CFPAC were excluded from additional
studies.

For Ad viruses, the transduction efficiency was determined by
examining the level of GFP-expressing cells in the Ad-GFP-trans-
duced cell population by confocal microscopy and FACS analysis.
The transduction efficiency is presented at the highest MOI applied
for each cell line (Table 1). In additional experiments, the AAV-GFP
and the Ad-GFP vector were used to monitor transduction efficiency
by the viral vectors and as nonspecific transgene expression controls.

Table 1 Cell line characteristicsa

Cell line

FHIT statusb Gene statusc Transduction levels Surface marker expression

W-Blot IHC FHIT gene (SSCV) TP53 KRAS AAV Ad avb5 FGF HSPG

PANC1 Neg Neg Exon 7, polymorph Mutated Mutated 276 4 986 2 (50) 596 6 226 4 36 1
PSN1 Neg Neg ND Mutated Mutated 346 7 996 3 (50) 646 8 86 2 ND
BxPc3 Neg Neg Exon 4, polymorph Mutated Nl 326 6 476 5 (100) 186 4 66 1 36 1

Exon 5, no amplification
AsPc1 Pos Pos Exon 8, polymorph Mutated Mutated 186 5 386 8 (100) 696 8 66 2 36 1
Capan1 Pos Pos ND ND ND 196 2 466 5 (100) 126 4 56 2 66 2
HeLa 716 6 926 4 806 6 206 4 56 1
a All experiments were conducted in triplicate.
b W-blot, Western blot; IHC, immunocytochemistry; Neg, negative; Pos, positive; ND, not done; Nl, normal; SSCV, single-strand conformational variant analysis for FHIT (7, 13).
c TP53mutations (32, 33) andKRAS(27) AAV transduction, represented as mean percentage6 SD of cells expressing GFP, Ad: percentage of cells expressing GFP at highest MOI

used indicated in brackets, % of cells expressingavb5, fibroblast growth factor, or HSPG.
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AAV-FHIT Infection of Pancreatic Cancer Cell Lines: Effect
on Morphology, Cell Cycle, DNA Fragmentation, and Apoptosis.
At first, we evaluated thein vitro effect of AAV-FHIT on cell
proliferation and growth. For these experiments, cells were seeded in
12-well or 24-well plates. Five days after AAV-FHIT infection,
Western blot analysis showed clear Fhit expression in crude protein
extracts of HeLa, Panc1, and BxPc3 cells (Fig. 1E). Microscopic
evaluation showed apparent morphological changes such as cytoplas-
mic blebbing, shrunken cytoplasm, and loss of membrane integrity in
AAV-FHIT-infected cells, which was not noted in mock-infected or
AAV-GFP-infected cells (Fig. 1A). Cell counting showed a clear
reduction in the number of cells with a concomitant increase in the
number of dead cells after AAV-FHIT infection, which was not
observed after AAV-GFP or mock infection. To exclude the possibil-
ity that preincubation with tyrphostin 1 affected cell survival, Panc1
cells were infected with AAV-GFP or AAV-FHIT with and without
tyrphostin 1. Preincubation with tyrphostin 1, which leads to accel-
erated transcription of the transgene, increased the percentage of dead
cells after AAV-FHIT transduction but did not affect mock and
AAV-GFP-transduced cells (Fig. 1C).

As shown in Fig. 2B, results for individual pancreatic cancer cell
lines displayed a marked increase of the proportion of dead cells after
in vitro AAV-FHIT infection. The effect was more prominent at a
higher AAV-FHIT viral load and was not seen in AAV-GFP-infected
cells. The lung cancer cell line A549, which was shown previously to
undergo apoptosis by Ad-FHIT overexpression (14), was included for
this aspect of the study. The effect of AAV-FHIT on the cell lines
AsPc1 and Capan1, which both express endogenous Fhit, was less
prominent (Fig. 2B).

LM-PCR, performed on DNA extracts of A549 and Panc1 cells,
revealed DNA ladder formation in extracts of AAV-FHIT-transduced
cells, which suggests that the activation of apoptotic pathways was the
underlying mechanism leading to increased cell death (Fig. 1D). Cell
cycle analysis was performed on individual cell lines, as shown for the
pancreatic cancer cell line BxPc3. Cells infected with AAV-FHIT
showed a clear increase in the fraction of hypodiploid cells (sub-G1)

5 days after AAV-FHIT infection, which was not noted with wild-type
cells or AAV-GFP transduction. A simultaneous increase in the num-
ber of DNA fragments, measured by FITC labeling of single- and
double-strand breaks, was also noted (Fig. 1B).

Fig. 2A summarizes the data obtained for different cell lines ana-
lyzed (Panc1, BxPc3, PSN1, A549, Capan1, and AsPc1). Five days
after transduction, a significant and dose-dependent reduction of 41
and 67% in cell number was noted for AAV-FHIT-transduced cells.
No difference in cell count between untreated and AAV-GFP-trans-
duced cells was noted (P , 0.05 for FHIT2versusNl and P , 0.05
for FHIT4 versusNl; Fig. 2A). There was a.100% increase in the
number of dead cells, measured by trypan blue staining in the AAV-
FHIT-transduced cell lines compared with the control groups of
mock- and AAV-GFP-transduced cells (Fig. 2A). This was paired
with a doubling of the amount of DNA strand breaks in AAV-FHIT-
transduced cells, measured by FACS as exemplified for BxPc3 in Fig.
1B (P , 0.05 FHIT4versusNl, FHIT2 versusNL).

Ad-FHIT Effect on Cell Cycle. We performed parallel experi-
ments with the same cell lines using an Ad vector (Ad-FHIT). Ad Fhit
overexpression had the same inhibitory effect onin vitro cell prolif-
eration as observed with AAV-FHIT. The Ad-FHIT virus was then
used to analyze specific aspects, such as changes in cell cycle distri-
bution, activation of proapoptotic molecules, and changes in suscep-
tibility to external stimuli, induced by Fhit overexpression.

To study cell cycle alterations induced by Fhit overexpression, each
cell line was infected with various MOIs of Ad-FHIT. Cells treated
with Ad-GFP were used as controls. Cells were stained with PI and
analyzed by FACS. Fig. 3 displays the changes in the subdiploid
(sub-G1), G1, S, and G2 fractions observed for the individual cell
lines. For BxPc3, the apoptotic sub-G1 fraction was 69% at a MOI of
50. At this MOI, 642% of BxPc3 cells were infected by Ad-FHIT.
The increase in the subdiploid fraction was paralleled with a dramatic
decline in the G1, S, and G2 fractions of the cell cycle. As detailed in
Fig. 3, similar effects were noted for PSN1 and Panc1. For AsPc1, the
sub-G1 fraction was 15% at a MOI of 50 compared with 9% in the
mock and 12% in the Ad-GFP-transduced cells with;36% of cells

Fig. 1. AAV-FHIT infection of pancreatic cancer
cell lines: effect on morphology, cell cycle, and DNA
fragmentation.A, different morphological aspects of
AAV-GFP (GFP)- and AAV-FHIT (FHIT)-infected
cells.B, cell cycle analysis of mock- and AAV-FHIT-
infected BxPc3 cells (PI) and the level of FITC-
labeled DNA breaks in mock- and AAV-FHIT-
infected BxPc3 cells (FITC). C, cell count and
percentage of dead cells in AAV-GFP-infected Panc1
cells without (C) and with (T) tyrphostin preincuba-
tion and in AAV-FHIT-infected cells without (F) and
with (F1T) tyrphostin preincubation.D, DNA ladder
formation in AAV-FHIT-infected Panc1 (Lane 3) and
A549 (Lane 4) cells compared with AAV-GFP-in-
fected (Lane 2) and mock-infected (Lane 1) Panc1
cells. E, Western blot showing Fhit expression in
HeLa (Lane 2), Panc1 (Lane 3), and BxPc3 (Lane 4)
cells after AAV-FHIT infection compared with unin-
fected BxPc3 cells (1).
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infected. For Capan1, the subdiploid fraction was 14% with Ad-FHIT
at an MOI of 50, compared with 15% in the mock-transduced and
12% in the Ad-GFP-transduced cells. At this MOI, 41% of Capan1
cells were infected by Ad-FHIT (Fig. 3).

Ad-FHIT Effect on Mitochondrial Apoptosis. As shown in Fig.
4, combined nuclear and mitochondrial staining of Panc1 cells in-
fected with Ad-FHIT showed that Fhit overexpression leads to mito-
chondrial alteration as well as nuclear fragmentation. In healthy Panc1
cells, the dye (Mitosensor) is taken up in the mitochondria, where it
forms aggregates that exhibit red fluorescence, and the blue-stained
nucleus appears intact (Fig. 4A). In Ad-GFP-transduced cells, the GFP
protein is present in the cytoplasm, and red fluorescence, indicating
normal mitochondrial activity, is still present (Fig. 4B). In Ad-FHIT-
transduced cells, the nucleus has a fragmented appearance, and be-
cause of a lack of mitochondrial membrane potential, MitoSensor
remains in the cytoplasm in monomeric form, where it exhibits green

fluorescence (Fig. 4C), indicating that the mitochondrial pathway of
apoptosis is activated by Ad-FHIT.

Modulation of Mitochondrial and Cytoplasmic Apoptosis-
related Proteins by Ad-FHIT. To characterize whether caspases, the
major mediators of the classical apoptosis pathways, are involved in
death induced by Fhit, we measured the modulation of activity of
specific mitochondrial and cytoplasmic caspase-related proteins such
as caspase-8, caspase-3, caspase-9, PARP, and Bid. We infected
Panc1 cells with increasing MOI and monitored the proportion of
transduced cells by confocal microscopy and FACS analysis. To
exclude virus-specific effects, we compared cell lysates from cells
infected with Ad-GFP and Ad-GFP-FHIT at the same MOI. As shown
in Fig. 5, the morphology of Ad-FHIT-infected cells displayed typical
apoptotic changes, such as blebbing and shrinkage of cytoplasm,
which was not seen in Ad-GFP-transduced or uninfected cells (Fig. 5).
At MOI of 10 and 50, strong expression of Fhit is seen in Ad-GFP-
FHIT-infected Panc1 cells. As further shown in Fig. 5, a distinct
activation pattern can be discerned by comparison of Ad-GFP-FHIT-
and Ad-GFP-infected Panc1 cells. Initiators caspase-8 and caspase-9
were activated in Ad-GFP-FHIT-transduced cells. Western blot anal-
ysis showed that theMr 55,000 precursor form of caspase-8 was
cleaved to the activeMr 18,000 fragment. Caspase-9, which is acti-
vated after release of cytochromec from mitochondria, was also
activated in Ad-GFP-FHIT-infected cells. TheMr 32,000 precursor of

Fig. 3. Ad-FHIT effect on cell cycle. The cell cycle distribution for cell lines BxPc3,
Panc1, PSN1, AsPc1, and Capan1 (sub-G1, G1, S, and G2) at two MOI of Ad-FHIT,
compared with mock- and Ad-GFP-infected cells. Cells with subdiploid DNA content
(sub-G1) are considered apoptotic.

Fig. 2. AAV-FHIT infection of cancer cell lines: effect on apoptosis.A, results of
different pancreatic cancer cell lines (Panc1, Capan1, Aspc1, and BxPc3) as well as the
lung cancer cell line A549 and the cervical cancer cell line HeLa combined. Cell counts
and the percentage of dead/apoptotic cells assessed by trypan blue exclusion and bro-
modeoxyuridine-labeled DNA strand breaks are shown;bars,SE.B, effect on individual
cell lines: the percentage of dead cells in mock-infected (Nl), AAV-GFP at 43 105 viral
particles/cell (GFP) and AAV-FHIT-infected cells at two different AAV-FHIT viral
loads, 23 105 viral particles/cell (FHIT2) and 4 3 105 viral particles/cell (FHIT4).
Columns 1,BxPc3;columns 2,Panc1;columns 3,A549; columns 4,Capan1;columns 5,
AsPc1.
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the effector caspase-3 was cleaved to theMr 19,000 fragment. As
further shown, cellular proteins such as PARP, known to be activated
downstream by caspase-3, were cleaved. Also Bid, known to be
activated by caspase-8 and caspase-3, was cleaved in Ad-GFP-FHIT-
infected cells. In contrast, these proapoptotic proteins were not acti-
vated in native or Ad-GFP-infected cells.

Effect of Proapoptotic Exogenous Signals on Ad-FHIT-infected
Cells. Because proapoptotic extracellular signals, such as TNF-a and
Fas ligand, function through activation of caspase pathways, we
examined whether Ad-FHIT-infected PSN1 and Panc1 cells were
more susceptible to proapoptotic signals, such as cytokine stimulation
by TNF-a, FAS ligand, and IFN-g. PSN1 and Panc1 cells were

infected with Ad-GFP-FHIT at the MOI known to induce apoptosis in
;20% of the cell population. Ad-GFP infection at the same MOI and
untreated cells were used as controls.

Because the initialin vitro data (Fig. 3) showed a higher suscepti-
bility of Panc1 to FHIT-induced apoptosis compared with PSN1
(Panc1, sub-G1 of 64% at MOI 20 compared with PSN1, sub-G1 of
17% at MOI 20), we conducted the external stimulation assays at
different MOI for the two cell lines (MOI 20 for PSN1versusMOI 10
for Panc1) to allow for comparable levels of apoptotic fractions with
Ad-GFP-FHIT. As expected, uninfected Panc1 and PSN1 cells, shown
previously to be resistant to TNF-a and Fas antibody, showed only a
marginal response to IFN-g, Fas antibody, and TNF stimulation.

Fig. 4. Ad-FHIT effect on mitochondrial membrane potential.A, in untreated Panc1 cells, the dye (Mitosensor) is taken up in the mitochondria, where it forms aggregates that exhibit
red fluorescence and the blue-stained nucleus appears intact.B, Ad-GFP infected cells show green staining indicating GFP transgene expression as well as red fluorescence in the
mitochondria, which indicates normal mitochondrial activity.C, in Ad-FHIT-infected cells, the nucleus has a fragmented appearance and because of the lack of mitochondrial membrane
potential, MitoSensor remains in the cytoplasm in monomer form, where it exhibits green fluorescence, indicating that the mitochondrial pathway ofapoptosis is activated.

Fig. 5. Modulation of mitochondrial and cytoplasmic apo-
ptosis-related proteins by Ad-FHIT. Panc1 cells (Control) are
compared with Ad-GFP-infected (Ad-GFP) and Ad-GFP-FHIT-
infected (Ad-GFP-FHIT) cells. Cell morphology (first row) and
level of GFP expression (second row) are displayed for MOI of
10 and 50. Western blot shows equal amounts of actin, with Fhit
expression only in cell lysates from Ad-GFP-FHIT-infected
cells (Fhit). The Mr 55,000 precursor form of caspase-8 was
cleaved to the activeMr 18,000 fragment in Ad-GFP-FHIT-
infected cells (Caspase 8). The Mr 32,000 precursor of the
effector caspase-3 is cleaved to theMr 19,000 fragment
(Caspase 3). The caspase-9 precursor is reduced in Ad-GFP-
FHIT-infected cells, indicating activation (Caspase 9). The Mr

23,000 Bid precursor is cleaved in Ad-GFP-FHIT-infected cells
(BID). Activation of theMr 116,000 native PARP yields aMr

85,000 fragment (PARP).
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Although Fhit overexpression augmented the effect of the three cy-
tokine stimuli, this effect was only marginal in Panc1 cells. In con-
trast, Ad-GFP-FHIT-transduced PSN1 cells showed a marked in-
crease in susceptibility to Fas antibody stimulation, suggesting
sensitization to Fas through Fhit expression in PSN1 cells (Fig. 6).

In Vivo Reduction of Tumor Growth with AAV-FHIT and
Ad-FHIT. Both viral vectors were used to evaluate thein vivo effect
of viral FHIT gene transfer on tumor growth in xenografts of poorly
differentiated pancreatic cancer cell lines (PSN1 and Panc1) in nude
mice. When the tumors reached 5–10 mm in diameter, the tumors
were directly injected with Ad-FHIT or AAV-FHIT virus. In four
separatein vivo experiments, growth was significantly suppressed in
tumors of mice treated with Ad-FHIT or AAV-FHIT. The suppression
of tumor growth by Fhit was observed for each of the two cell lines
used in this experiment (Panc1 and PSN1,P , 0.05 Ad-FHITversus
Ad-GFP,P , 0.05 AAV-FHIT versusAAV-GFP). In contrast, we did
not observe significant differences in tumor growth between tumors
treated with Ad-GFP or AAV-GFP and untreated tumors (Fig. 7).
After sacrificing the animals, sections of tumors were stained for
human Fhit protein by immunohistochemistry. Only tumor sections of
mice treated with the therapeutic FHIT vectors showed Fhit expres-
sion, which confirms efficient delivery of the transgene at the cellular
level. For most sections, the Fhit expression pattern was not uniform,
which may be attributable to tumor clones that escaped the initial viral

infection or selective growth advantage of Fhit-negative clones, as
suggested previously (Refs. 38 and 39; Fig. 7,B andC).

We used a model of i.p. tumor dissemination to further evaluate the
feasibility of in vivo Ad FHIT delivery. i.p. injection of PSN1 cells in
nude mice leads to the development of tumors in the pancreas and
along the mesentery (Fig. 8,A, B, and D), a pattern that closely
resembles metastatic spread of human pancreatic cancer (27). Because
previous studies have shown the development of intrapancreatic and
peritoneal metastasis within 8 days of i.p. injection of a small tumor
burden (13 105 PSN1 cells) in nude mice (40), a drastic impact on
survival was expected with this study set-up. Three groups of mice
received an i.p. injection of PSN1 cells. Four and 8 days after tumor
cell injection, one group of mice received i.p. injections of Ad-FHIT.
The control group received two i.p. injections of Ad-GFP, and one
group was left untreated. All mice developed metastatic tumor growth

Fig. 7. Infection of s.c. tumors. Tumor phenotype of Ad-FHIT-treated (A) and Ad-
GFP-treated (D) PSN1 tumors resected 30 days after s.c. tumor growth. Immunohisto-
chemistry of tumor sections shows areas of Fhit expression in Ad-FHIT-infected tumors
(B) with no Fhit expression in Ad-GFP-infected tumors (C). In vivo growth curves of
parental (Control), AAV-GFP- and AAV-FHIT-infected s.c. tumors of PSN1 (E) and
Panc1 (F) are shown.In vivo growth curves of parental (Control), Ad-GFP- and Ad-
FHIT-infected s.c. tumors of PSN1 (G) and Panc1 (H) are shown. The data represent
average tumor volume with SD for each group (n 5 5). Bars,SE.

Fig. 6. Effect of proapoptotic exogenous signals on Ad-FHIT-infected cells. Results for
two cell lines, Panc1 (A) and PSN1 (B) are shown. Panc1 cells were infected with MOI
10, and PSN1 cells were infected with MOI of 20. Untreated PSN1 and Panc1 cells
(Native)or infected with Ad-GFP(Ad-GFP)or Ad-GFP-FHIT(Ad-GFP-FHIT).On theY
axis, the sub-G1 fraction under four different conditions is presented: unstimulated
(Control) incubation with IFN-g (IFN-gamma), FAS antibody (FAS Ligand), or TNF-a
(TNF).
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(Fig. 8, A, B, andD), but in the Ad-FHIT treatment group, two mice
survived at 20 days after the last viral dose compared with only one
animal in the Ad-GFP treatment group. All of the animals left un-
treated after tumor injection died by day 17 (Fig. 8E). Immunohisto-
chemistry failed to detect Fhit expression in tumor lesions of Ad-
FHIT-treated animals (Fig. 8C).

In comparing the number of animals that survived on day 28, there
was only a marginal difference between the Ad-FHIT treatment group
and the two control groups (Ad-GFP and untreated). We compared
survival in the Ad-FHIT-treated groupversus the control group
(P 5 0.10,x2) and the Ad-FHIT-treated groupversusthe two control
groups (untreated and Ad-GFP combined;P 5 0.16,x2). There was
no statistically significant difference between the untreated group and
the Ad-GFP-treated group (P 5 0.28). When we looked at the differ-
ence in survival, counted in days, among the three groups, there was
a statistically significant increase in survival in the Ad-FHIT-treated
group (median of 25 days) compared with both control groups

(P , 0.05 Ad-FHIT versusControl andP , 0.05 Ad-FHIT versus
Control 1 Ad-GFP, Mann-Whitney Rank Sum Test). In contrast,
there was no significant difference in survival between the Ad-GFP-
treated animals (median of 18.5 days) and the group of animals left
untreated (median of 16.5 days).

DISCUSSION

Given the aggressive biological nature of pancreatic cancer and the
urgent need for new therapeutic strategies, we evaluated an approach
that targets the disease at the molecular level by viral transfer of the
humanFHIT gene into human pancreatic cancer cells. We have shown
that Fhit overexpression mediated by an Ad or AAV vector induces
apoptosis in pancreatic cancer cells lacking endogenous Fhit. Virus-
mediated Fhit overexpression leads to activation of the two main
proapoptotic caspase cascades, mitochondrial-mediated caspase-3 ac-
tivation through caspase-9 (intrinsic pathway) and the death receptor-
induced caspase-3 activation by caspase-8 (extrinsic pathway). Also,
an enhanced sensitivity to external proapoptotic stimuli (FAS) in cells
overexpressing Fhit was noted. Intratumoral injection of Ad or ad-
enoassociated FHIT vectors led to a significantin vivo suppression of
tumor growth in nude mice, and i.p. injection of Ad-FHIT prolonged
survival in a mouse peritoneal dissemination model of human pan-
creatic cancer.

The Use of FHIT as a Therapeutic Tumor Suppressor.After the
first description of alterations in theFHIT gene locus in the renal
carcinoma-associated t(3;8) breakpoint and in digestive tract tumors
(41), an extensive amount of data supported the role ofFHIT as a
tumor suppressor gene in human cancer (reviewed in Ref. 12). Loss of
Fhit expression has been studied in most gastrointestinal tumors, and
two independent studies confirmed loss of FHIT in;66% of pancre-
atic cancer cell lines and primary pancreatic cancers (7, 13). In both
studies, the lack of Fhit protein expression correlated with absence or
alteration of FHIT mRNA and was associated withFHIT gene anom-
alies. In these studies, homozygous deletion of theFHIT exon 5 was
the most frequent gene alteration found. Our results show that Ad
FHIT, shown previously to induce apoptosis in human lung (14) and
esophageal (15) cancer, also induces apoptosis and reduces tumor
growth in pancreatic cancer. Furthermore, we showed that AAV-
FHIT leads to the samein vitro proapoptotic andin vivo tumor-
reducing effect. This extends the role ofFHIT as a tumor suppressor
gene to pancreatic cancer.

AAV-FHIT- and Ad-FHIT-induced Apoptosis Depends on
FHIT Status. The FHIT, TP53, and KRASstatus of the cell lines
selected for this study are listed in Table 1. Three of the cell lines
tested (PSN1, Panc1, and BxPc3) lacked Fhit expression, whereas
Capan1 and AsPc1 expressed Fhit. DNA analysis also showed that
exon 5, the first protein-coding exon, was missing in BxPc35 with no
detectable wild-typeFHIT mRNA present in these cell lines. Reex-
pression of Fhit in cell lines lacking Fhit, such as PSN1, Panc1, and
BxPc3, leads to apoptosis. In contrast, pancreatic cancer cell lines that
express Fhit, such as Capan1 and AsPc1, did not show a clear increase
of the apoptotic fraction. We therefore concluded that the apoptotic
effect induced by Fhit in pancreatic cancer is primarily dependent on
the Fhit status and is p53 independent. Interestingly, all pancreatic cell
lines tested had a mutatedp53 and K-ras gene, which confirms the
observation that Fhit mediates apoptosis independently of other tumor
suppressor genes, such asp53 (16). Similarly, Jiet al. (14) observed
Ad-FHIT-induced apoptosis in human lung cancer cells with loss of
Fhit expression, but the head and neck cancer cell line 22B, which
expresses Fhit, was not affected. Also in this study, the susceptibility

5 T. Druck, data not shown.

Fig. 8. Infection of i.p. tumors. Macroscopic and histological aspects of metastatic
tumor formation. i.p. injection of PSN1 cells results in an extensive tumor spread to the
mesentery as well as a significant tumor burden between the stomach and the spleen,
corresponding to the pancreatic region (A). Histology sections show intrapancreatic tumor
invasion (B) and subserosal invasion of the intestinal wall (D). Immunohistochemical
staining of tumors of Ad-FHIT-infected animals shows absence of detectable Fhit protein
(C). E, survival curve after i.p. injection of PSN1. Each group of animals received an i.p.
injection of PSN1 cells. One group of animals (n 5 4) received an i.p. injection of
Ad-GFP; one group received an i.p. injection of Ad-FHIT; and one group of animals was
left untreated (Control). A second treatment was performed on day 8. Survival of each
group is shown starting from the second treatment (day 8).
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to Fhit was independent of the p53 status of the cell lines (14). Using
stable transfectants, Werneret al. (39) observed that a moderate
elevation of Fhit expression in renal cancer cells with low-level
expression of endogenous Fhit was sufficient for the induction of
tumor suppressionin vivo. This is in agreement with the observation
reported previously of apoptosis in one of the esophageal cancer cell
lines expressing Fhit (15) and indicates that Fhit-induced apoptosis is
not limited to cancer cells completely lacking Fhit. Similar to obser-
vations with other tumor suppressor genes (such asp53), the previ-
ously reported failure to detect any tumor suppressor effect of Fhit in
specific cancer cell lines that either lack or express residual low levels
of Fhit may reflect a disruption in the effector molecules downstream
of the Fhit pathway (42, 43). Also, previous studies showed that Fhit
is not toxic to normal cells; Fhit did not affect growth of nontumori-
genic epithelial cells (14, 15) such as transformed human embryonic
kidney cells (38), normal human bronchial epithelial cells, which
express both normal FHIT transcripts and Fhit protein (14), or normal
small airway bronchial epithelial cells infected with Ad-FHIT (15).

Ad-FHIT Overexpression Activates Mitochondrial and Cyto-
plasmic Proapoptotic Pathways.Our results indicate that reintro-
duction of FHIT may restore the proapoptotic potential of some
cancer cells. It is a well-established concept that impaired apoptosis
signaling is common in cancer cells and that it may play an important
role in tumor initiation and progression (43–46). Mutations in apo-
ptosis-regulatory genes may lead to a disruption of endogenous in-
duction pathways, such as those involving p53, death receptors, or
apical caspase activation, which leads to resistance of cancer cells to
apoptosis. This is especially deleterious because it not only enhances
the spontaneous growth of tumors but also renders them resistant to
host defense mechanisms, as well as various forms of cancer therapy
(42). We showed that Fhit overexpression mediated by an Ad or AAV
vector leads to apoptosis in pancreatic cancer cells lacking endoge-
nous Fhit, with typical characteristics such as loss of mitochondrial
membrane potential as a sign of mitochondrial apoptosis and a clear
increase in DNA fragmentation, paired with an increase in the pro-
portion of hypodiploid cells. Fhit overexpression leads to activation of
the extrinsic caspase pathway with activation of the initiator caspase-8
and its downstream effector, caspase-3, and the nuclear protein PARP.
The concomitant cleavage of Bid confirms that the intrinsic mitochon-
drial pathway of apoptosis is also activated, which explains the
observation of loss of mitochondrial membrane potential after Fhit
overexpression. Activation of Bid leads to subsequent translocation of
Bid into the mitochondria, which results in the observed caspase-9-
dependent activation of the effector caspase-3 (43). We showed
previously that treatment with either a potent broad-spectrum caspase
inhibitor, z-Val-Ala-Asp, or an inhibitor of caspase 3-like caspases,
Z-Asp-Glu-Val-Asp-FHK (Z-DEVD-FHK), protected from Ad-
FHIT-induced death (15). The observed activation pattern of both
pathways induced by Fhit expression is in agreement with the growing
evidence of the presence of cross-talk between the extrinsic and
intrinsic caspase pathways.

Ad-FHIT Enhanced Susceptibility to Proapoptotic Exogenous
Signals May Be Cell Line Specific.Under most instances, trimer-
ization of the death receptor Fas leads to direct activation of caspase-3
by caspase-8. However, it has been shown that the mitochondria-
mediated caspase-9 activation pathway amplifies Fas signaling
through caspase-8-mediated cleavage of Bid and translocation of Bid
into the mitochondria (47). This could account for the difference in
Panc1 and PSN1 in susceptibility to Fas ligand after Fhit overexpres-
sion; Ad-FHIT-transduced PSN1 cells showed a marked increase in
susceptibility to Fas antibody-stimulated apoptosis, whereas Panc1
cells were not sensitized to Fas through Fhit expression. In some cells,
the interaction of the Fas receptor with the Fas ligand can lead to a

rapid proteolytic activation of caspases through recruitment of
caspase-8 into the receptor complex (42, 48). Caspase-8 is known to
cleave Bid (42). Many pancreatic cancer cell lines are known to be
resistant to Fas-induced apoptosis, and cell line-specific differences in
receptor status, as well as in the effector pathway, may account for
different responsiveness of cell lines (48, 49).

AAV-FHIT and Ad-FHIT Reduces Tumor Growth and Pro-
longs Survival. We observedin vivo reduction of tumor growth with
the highly tumorigenic cell lines PSN1 and Panc1 using both viral
vectors. The magnitude of tumor growth suppression was similar to
prior studies in which Ad FHIT vectors induced reduction of tumor
growth in lung and esophageal cancer (14, 15). In contrast, some of
the previousin vitro and in vivo experiments using tumor cell lines
with Fhit-expressing plasmids showed variable results (38, 39). Se-
lection pressure (42, 43), disruption of downstream pathways (42, 43),
as well as the recently described compensatory mechanisms of
caspase expression (48, 50) could account for some of the observed
differences between individual cell lines in their susceptibility to Fhit.
Furthermore, the observation that Ad-FHIT resulted in a survival
benefit of mice with disseminated pancreatic tumor growth is encour-
aging in view of possible clinicalFHIT gene transfer applications
(28).

The in vitro proapoptotic effect and thein vivo tumor suppressor
effect observed with AAV-FHIT indicate that AAV deserves further
exploration as a possible vector for gene delivery in human pancreatic
cancer. AAV has been studied in other fields, but its potential in
pancreatic cancer has not been fully explored (29). The lowerin vitro
transduction levels observed with AAV may be caused by the need of
second-strand DNA synthesis, which can be enhanced with specific
agents. AAV is also not immunogenic, allows long-term expression,
and is not pathogenic in humans, according to our present knowledge.
Current human trials in cystic fibrosis patients receiving AAV-CFTR
vectors to the upper airway and ongoing trials with i.m. or i.v.
rAAV-FIX vectors for hemophilia will yield additional safety infor-
mation (reviewed in Ref. 22). Clinical advances involving gene ther-
apy will probably require cooperation with more established treat-
ments, such as chemotherapy, radiotherapy, and immunotherapy, to
show efficacy (51). Interestingly,in vivogene delivery of recombinant
AAV virus can be dramatically enhanced by radiation and a variety of
agents, including cisplatin (52, 53), a cytostatic agent currently used
in combination with radiotherapy for the treatment of pancreatic
cancer (54).

The demonstration that virus-mediated Fhit overexpression reduces
cell growth and induces apoptosis in human pancreatic cancer ex-
pands understanding ofFHIT as a tumor suppressor gene and its role
as a possible interventional target in this malignancy. Although lim-
ited to preclinical studies usingin vitro and murinein vivo models,
these initial results are encouraging. Given the devastating prognosis
and lack of viable therapeutic options, pancreatic cancer may repre-
sent an opportunity in whichFHIT gene therapy could ultimately
show a clinical benefit.
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