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Fig 5. Effect of siRNA on radiation-induced caspase-3
activity and DNA fragmentation. A, Basal and radiation-
induced caspase-3 activity in AS-S cells and AS-NS cells.
Caspase-3 activity was expressed as picomoles of sub-
strate cleaved per minute and per microgram of protein
in nonirradiated cells (0 Gy) and at 48 hours after irradi-
ation with 5 or 10 Gy. In AS-NS cells, caspase-3 activity
was not increased by radiation, whereas a significant in-
crease in caspase-3 activity was induced by radiation in
AS-S cells. ¥P < .05 versus 0 Gy; **P < .05 vs AS-NS cells.
B, Basal and radiation-induced DNA fragmentation in
AS-S cells and AS-NS cells. Apoptotic DNA fragmenta-
tion was expressed as the absorbance per minute and
per microgram of protein in nonirradiated cells (0 Gy)
and at 48 hours after irradiation with 5 or 10 Gy. DNA
fragmentation was increased by radiation in both AS-S
and AS-NS cells, but DNA fragmentation was signifi-
cantly greater in AS-S cells than in AS-NS cells at 10 Gy.
*P< .05 vs 0 Gy; **P< .05 vs AS-NS cells. The experiment
was performed in triplicate; data are the mean + SD.
AS-NS, AsPC-1 cells treated with nonsilencing scramble
siRNA; AS-S cells, AsPC-1 cells treated with silencing sur-
vivin siRNA.

performed with survivin siRNA and radiation.??
However, it is not known whether downregulation
of survivin expression and decreased radioresist-
ance can be achieved by using siRNA in the case of
pancreatic cancer.

Previous studies evaluated survivin expression at
only the mRNA and protein levels. In the current
study, we examined the transcriptional activity of
the survivin promoter as well as the level of mRNA
expression. We also examined the relationship be-
tween survivin expression and the radioresistance
of pancreatic cancer cells. Finally, we evaluated the
effect of survivin siRNA on the radioresistance of
pancreatic cancer cells.

We showed that transcriptional activity of the
survivin promoter was associated with the level of
expression of survivin mRNA transcripts in the cell
lines, indicating that survivin gene expression by
human pancreatic cancer cells may be regulated at
the transcriptional level by the 397-bp sequence
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Table II. Relative surviving mRNA expression,
caspase-3 activity, and apoptotic index in AS-S
cells*

0GY 5Gy 10 Gy

Survivin mRNA  0.38 + 0.0510.30 = 0.061 0.26 + 0.0311
expression

Caspase-3 activity 1.23 + 0.1311.88 + 0.12112.21 + 0.2413

Apoptotic index 1.27 + 0.0611.31 + 0.21 1.40 = 0.21¢

mRNA, Messenger RNA; AS-S cells, AsPC-1 cells treated with silencing
survivin siRNA.

*Survivin expression, caspase-3 activity, and apoptotic index in AS-S cells
are expressed as relative values to those in AS-NS cells after various doses
of radiation.

TP < .05 vs AS-NS cells.

1P < .05 vs 0 Gy

upstream of the translation initiation site. The
level of survivin expression was associated with the
degree of resistance to radiation. Both survivin
promoter activity and mRNA expression were
increased by irradiation, and the increment of
transcriptional activity was associated strongly with
the extent of resistance to irradiation. These
results suggest that both the basal expression and
radiation-induced increment in transcriptional ac-
tivity of the survivin promoter and survivin mRNA
are important determinants of the radioresistance
of pancreatic cancer.

We selected AsPC-1 as a radiation-resistant cell
line and further examined the mechanisms in-
volved. AsPC-1 cells responded to irradiation with
an increase in caspase-3 activity and DNA fragmen-
tation (indicators of apoptosis), suggesting that
the radiation-evoked death signal pathway is intact
in this cell line. However, the cells were extremely
resistant to radiation, probably because of high
expression of survivin. When we used survivin
siRNA to target AsPC-1 cells, treated cells showed
a significant decline of radioresistance, an increase
in caspase-3 activity, and an increased apoptotic
index after exposure to 10 Gy, compared with
AsPC-1 cells targeted by scramble siRNA. These
results suggest that suppression of survivin expres-
sion by siRNA may activate signaling via caspase-3
and eventually influence tumor cell apoptosis after
exposure to radiation. Our results also suggest that
regulation of survivin expression at the transcrip-
tional level by the survivin promoter may be
involved directly in the apoptotic response of hu-
man pancreatic cancer cell lines after exposure to
radiation.

We have previously reported that 68% of human

pancreatic cancers are survivin-positive and that

normal pancreatic exocrine tissues are survivin-
negative.6 We also have reported that patients with
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survivin-positive pancreatic cancer show a signifi-
cantly shorter survival time than those with survivin-
negative cancer.® Therefore, inhibition of survivin
mRNA by survivin-specific siRNA may be a rea-
sonable approach when combined with radiation
therapy for unresectable or recurrent pancreatic
cancer. However, more-efficient introduction of
siRNA into target cells will be needed because low
efficiency of transduction is one of the weaknesses
of this type of gene therapy.

CONCLUSION

Survivin may play an important role as a radio-
resistance factor. Downregulation of survivin by
siRNA diminishes the radioresistance of pancreatic
cancer cells. Radiation therapy combined with
inhibition of survivin may be useful for the treat-
ment of pancreatic cancer.
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Pancreatic epithelial cells can be
converted into insulin-producing
cells by GLP-1 in conjunction

with virus-mediated gene transfer

of pdx-1
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Eiji Toyoda, MD,” Tomohiko Mori, MD,* Kazuhiro Kami, MD,? Yoshiya Kawaguchi, MD,*
George K. Gittes, MD," and Masayuki Imamura, MD,* Kyoto, Japan, and Kansas City, Mo

Background. Glucagonlike peptide-1 (GLP-1) stimulales insulin secretion and proliferation by islet cells
in vitro and in vivo, associated with an activation of pancreatic duodenal homeobox gene-1 (pdx-1)
Junction. The effect of GLP-1 on the conditionally immortalized pancreatic epithelial cells (IMPE cells) is
not clear when they are treated in conjunction with the adenovirus-mediated gene transfer of pdx-1.
Methods. IMPE cells were established from the pancreas of H-2K*-1sA58 transgenic mice. IMPE cells
were maintained at 33°C with 10 U/mL interferon (IEN)-y and the experiments were performed at 39°C
without IFN-y. IMPE cells were infected with 20 multiplicities of Ad-pdx-1 or control AdlacZ at 39°C
without IFN-y and were incubated with various concentrations of GLP-1. After 48 hours, immuno-
Sluorescence and reverse transcriptase-polymerase chain reaction for insulin and pdx-1 expression were
examined. Immunoreactive insulin in the cell lysate and supernatant was also analyzed. The glucose
concentration in the culture medium was changed to test the insulin secretory responsiveness of the
IMPE cells.

Results. The treatment with GLP-1 in conjunction with Adpdx-1 induced insulin production by IMPE
cells, but the treatment with either GLP-1 or Ad-pdx-1 alone failed to induce insulin production.
Insulin production and secretion were increased by GLP-1 and by glucose in a dose-dependent manner.
In addition, the insulin-producing IMPE cells acquired a rapid insulin secretory responsiveness Lo the
changes of extracellular glucose concentration.

Conclusions. GL.P-1 and pdx-1 work together to induce insulin-producing cells from IMPE cells, which
bear unique characteristics of pancreatic ductal cells. The results suggest that GLP-1 may be another
important determiner of pancreatic endocrine differentiation as is pdx-1. (Surgery 2005;138:125-33.)
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endocrine differentiation of the pancreas. It has
been difficult to maintain pancreatic epithelial
cells in a long-term in vitro culture condition by
either direct isolation or by immortalization with
viral oncogenes. Little success has been achieved so
far; however, in the early 1990s, the development
of a transgenic mouse harboring a temperature-
sensitive mutant of simian virus 40 large tumor
antigen (tsA58) under the control of interferon
(IFN)-y-inducible promoter (H-2K®) has allowed
us to culture conditionally immortalized cell lines
including intestine,l liver,2 and vascular endothelial
cells.>* These cell lines can proliferate indefinitely
under permissive conditions (33°C with IFN-y)
but cease proliferation under nonpermissive
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conditions (39°C without IFN-y). In other words,
the cells under nonpermissive conditions seem to
behave like normal cells, and the cells under
permissive conditions can passage indefinitely.

We previously established the character of the
conditionally immortalized pancreatic epithelial
cell lines from this transgenic mouse, which were
designated as IMPE cells (IMortalized Pancreatic
Epithelial cells).? IMPE cells showed epithelial
markers such as E-cadherin and P-catenin, and a
specific duct marker cytokeratin-19, indicating that
IMPE cells are derived from pancreatic duct cells.
Adenovirus-mediated gene transfer of an onco-
genic ras gene into IMPE cells showed anchorage-
independent growth in soft agar. In addition,
long-term exposure of tumor growth factor Bl to
IMPE cells conferred a tumor phenotype thorough
p2ldownregulation.6 These results suggest that
IMPE cells are a useful model of pancreatic duct
cells to study the process involved in pancreatic
carcinogenesis and development.

For regenerative medicine, restoring insulin-
producing B cells to treat diabetes mellitus is a
major challenge. Diabetes mellitus is a metabolic
disorder characterized by hyperglycemia resulting
from defects in insulin secretion and insulin func-
tion. The insufficient release of insulin by B cells is
caused by either autoimmune-mediated cell de-
struction or failure to compensate for an increas-
ing demand of insulin. Recently, it has been
demonstrated that neogenesis of B cells in the
islets is derived from the replication of existing B
cells by using conditional lineage tracing study.”
However, as an approach to restoring the decrease
of insulin production in diabetes mellitus, replace-
ment of P cells have been generated from embry-
onic stem cells® and somatic non- cells such as
hepatocytes,9 intestinal epithelial cells,'” and bone
marrow.'! In pancreas development, pancreatic
duodenal homeobox gene-1 (pdx-I) is an indis-
pensable gene (ie, homozygous disruption of pdx-
1 results in pancreatic agenesis).12 Pdx-1 regulates
a number of factors involved in maintaining B cell
identity and function, including insulin, glucose
transporter gene-2, glucokinase, and islet amyloid
polypeptide.

Glucagonlike peptide 1 (GLP-1) is a peptide
hormone that has both incretin and insulinotro-
phic actions.'> GLP-1 is a proglucagon-derived
peptide hormone that is synthesized and secreted
from the enteroendocrine L cells in the distal
ileum and the colon. Oral meal intake stimulates
L cells to synthesize proglucagon; then, progluca-
gon is processed to produce glicentin or oxy-
ntomodulin and GLP-1. GLP-1 is then released
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from L cells and stimulates f cell of the pancreas to
release and produce insulin, downregulates gluca-
gon in o cells, and reduces gastric motility. Recent
studies have demonstrated that GLP-1 increased
insulin secretion in vitro'* and in vivo,'® and is
associated with the nuclear translocation and pro-
duction of pdx-1, and proliferation of isler cells. 647

In the previous study, we demonstieted that
IMPE cells have the characteristics of pancreatic
duct cells and lack endocrine markers and pdx-1
expression. In the current study, we investigated
the effects of GLP-1 in conjunction with the
adenovirus-mediated gene transfer of pdx-1 in
IMPE cells (ie, whether or not IMPE cells could
be altered to produce insulin and to function like
insulin-producing cells).

MATERIAL AND METHODS

Cell lines. IMPE cell lines were generated from
the pancreas of H-2K"tsAB8 transgenic mouse as
reported previously.5 The cells were maintained in
RPMI medium supplemented with 5% fetal bovine
serurmn, 100 U/mL penicillin, 100 pg/mL‘, strepto-
mycin either at 33°C with 10 U/mL IFN-y (for
maintenance) or 39°C without IFN-y (for experi-
ments) in a humid atmosphere of 5% COs/95%
air; the medium was replaced as needed.

Recombinant adenovirus vectors. We used a
replication-deficient recombinant adenovirus in
which the E1A, E1B, and E3 regions of human
adenovirus type 5 (Adb) serotype were deleted.
Virus vectors were prepared as reported previ-
ously.18 Briefly, the recombinant replication-
defective adenoviruses were constructed by the
cosmid-adenoviral DNA terminal protein complex
(COS-TPC) method. The mouse pdx-1 complemen-
tary DNA (cDNA) was excised from pBluescript 2
SK (+)-pdx-1 (a gift from Dr CV Wright, Vanderbilt
University, Nashville, Tenn). The pdx-I-coding
sequence was inserted into the pAdCAwt cassette
cosmid that contains a CAG promoter (chicken
B-actin promoter associated with CMV enhancer),
an artificial splice sequence and rabbit pB-globlin
poly-A sequence. pAdCAG-pdx-1 was constructed
by subcloning, and pAdCAG-pdx-1 and adenoviral
DNA-TPC were cotransfected into HEK293 cells to
produce recombinant adenovirus through homol-
ogous recombination. Ad-pdx-1, an adenovirus that
contains the pdx-1 gene directly driven by the CAG
promoter, strongly expresses the pdx-1 gene in all
types of infected cells. Control viruses that express
Escherichia coli-lacZ (Ad-lacZ) were also prepared.

© All of the adenoviral vectors were propagated in 293

cells, purified by 2 rounds of cesium chloride
density centrifugation, dialyzed, and stored at
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Table I. The characteristics of pancreatic epithelial cell lines derived from the pancreas of H-2KbtsA58

transgenic mouse

Exocrine marker Endocrine marker Epithelial marker
Amylase CK8 CKI18 CK19 Insulin Glugagon Somatostatin Pdx-1 E-Cadherin B-Catenin
33°C w/ RT-PCR + + + + - nt nt - nt nt
IFN-vy IF + + + nt - - - - + +
39°C w/o0 RT-PCR — + + + — nt nt - nt nt
IFN-y IF - + + nt — - - - + +

IFN- v, Interferon v; RT:PCR, reverse transcriptase-polymerase chain reaction; ni, not tested; /F, immunocytofluorescence.

—70°C. The titer of each viral stock, expressed as
plaque-forming units (PFU) per milliliter, was
determined by a plaque assay with HEK293 cells.
All of the vector preparations were demonstrated to
be free of replication-competent adenoviruses.

Infection of adenoviruses, treatment of GLP-1,
and measurement of insulin. Experiments for
IMPE cells were performed under the condition
of 39°C without IFN-y. IMPE cells grown to 100%
confluence were infected with Ad-lacZ at various
multiplicities of infection (MOI), and the effi-
ciency of the gene expression was tested by X-gal
staining at 48 hours. Induction of pdx-1 protein by
Ad-pdx-1 was evaluated by immunofluorescence of
pdx-1.

The following experiments were performed in
IMPE cells grown to 80% confluence at 20 MOI of
recombinant adenoviruses. After 24 hours of ade-
noviral infection, the cell layer with serum-free
medium was washed, replaced with serum-free
medium, and treated with GLP-1 (7-36 amide)
(Sigma-Aldrich, St. Louis, Mo) at various concen-
trations (10, 20, 50, 100, and 200 nmol/L) for
48 hours in the presence of fixed concentration
of glucose (12 mmol/L).

Next, glucose-dependent insulin secretion was
evaluated at various concentrations of GLP-1 (0,
20, and 100 nmol/L). Immunoreactive insulin
(IRI) levels released into the medium and in the
cell lysate were measured by enzyme-linked
immunosorbent assay (ELISA) kit (AKRIN-011;
Shibayagi, Gunma, Japan) according to the man-
ufacturer’s instructions. Total insulin accumula-
tion in the culture medium was then normalized
by total cellular protein content in each individual
well. To determine total cellular content of insulin,
we collected the cells into microtubes with a cell
scraper and lysed them for 60 minutes in phos-
phorylation inhibitory RIPA buffer containing 50
mmol/L HEPES (pH 7.0), 250 mmol/L NaCl,
0.1% Nonidet P-40, 1 mmol/L PMSF, and 20 ug/
mL gabexate mesilate. They were then sonicated
for 20 seconds. Total extracts were centrifuged at

12,000g for 10 minutes at 4°C. The supernatants
were collected for insulin ELISA. Protein concen-
tration was determined by using BCA Protein Assay
Reagents (Pierce, Rockford, Ill).

Immunocytochemical analysis. Cells grown on
sterile glass coverslips were fixed with 4% parafor-
maldehyde dissolved in phosphate-buffered saline
(PBS) for 10 minutes at room temperature and
permealized in PBS with 2% Triton X-100 for 5
minutes. Primary antibodies were diluted in PBS
containing 0.2% bovine serum albumin and incu-
bated for 1 hour at room temperature. Primary
antibodies to the following antigens were used
at the indicated dilutions: insulin (guinea pig
antiswine; DAKO, Carpinteria, Calif) 1:800; pdx-
I (rabbit antibody against mouse pdx-1, a gift from
Dr C V Wright, Vanderbilt University, Nashville,
Tenn) 1:1000. Blocking was performed in PBS
containing 2% of normal goat serum for 30 min-
utes at room temperature. Then the cells were
washed 3 times with PBS with 2% Triton X-100 and
incubated for 1 hour at room temperature with
the secondary antibody, Cy-3-conjugated goat
antirabbit IgG antibody (Jackson Immuno Re-
search Laboratories, West Grove, Pa), mounted
in Vectashield (Vector Laboratories, Burlingame,
Calif), and viewed under an fluorescence micro-
scope (Axioskop 2 plus; Carl Zeiss Co, Jena,
Germany).

RNA extraction and reverse-transcriptase-
polymerase chain reaction. Total cellular RNA was
prepared from IMPE cells with the use of TRIZOL
Reagent (Life Technologies Inc, Rockville, Md)
and ¢cDNA was prepared by random priming from
1 pg of total RNA with the use of a First-Strand
c¢DNA Synthesis kit (Pharmacia Biotech, North
Peapack, NJ) according to the manufacturer’s
instructions. The polymerase chain reaction
(PCR) was carried out with a mixture consisting
of cDNA derived from 100 ng of RNA, 0.2 pmol/L
each of upstream and downstream primers for the
sequences of the insulin-1 gene and insulin-2 gene,
0.2 pmol/L of deoxynucleotide triphosphate at a
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Ad-lacz Ad-lacZ

Ad-pdx-1

GLPA (7} GLP (+)

Fig 1. The efficiency of adenovirus-mediated gene trans-
fer was determined. A, X-gal staining in IMPE cells. X-gal
staining in IMPE cells with Ad-lacZ was dose-dependent.
At 20 MOI, more than 80% of the cells were positive
for X-gal staining. (Original magnification: X40.) B, Ex-
pression of pdx-1 protein in IMPE cells. Pdx-1 protein
expression was not detected in IMPE cells with Ad-lacZ.
Pdx-1 protein expression was detected in IMPE cells
with Ad-pdx-1 irrespective of GLP-1 treatment. (Original
magnification: X100.) GLP-I, Glugagonlike peptide-1.
{Color figures available in online version of the article.)

GLP-1Rc

Pdx-1

insulin-1

insulin-2

f-actin

Ad-pdx-1

- + - +  GLP-1

Fig 2. Expression of mRNAs of GLP-1 receplor, pdx-1,
insulin-1 and insulin-2 in IMPE cells. IMPE cells were
infected with Ad-lacZ (left 2 lanes) or Ad-pdx-1 (right 2
lanes) aL 20 MOI and treated with or without GLP-1 at
90 nmol/L. The GLP-1 receptor gene was constitutively
transcribed. Pdx-1 mRNA was observed only in IMPE
cells that were infected with Ad-pdx-I. Insulin mRNA
was not detected in IMPE cells either with Ad-pdx-1 or
with GLP-1. Concomitant treatment of GLP-1 and
Ad-pdx-Isuccessfully induced the expression of mRNA
for both insulin-1 and insulin-2. GLP-I, Glugagonlike
peptide-1.
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Ad-lacZ

GLP-1 () GLP-1 (+)

Fig 3. Immunocytochemistry for insulin in IMPE cells.
IMPE cells were infected with Ad-lacZ (upper 2 panels)
or Ad-pdx-1 (lower 2 panels) at 20 MOI and treated with
or without GLP-1 at 20 nmol/L. Fluorescent immunocy-
tochemistry shows IMPE cells treated with Ad-pde1 and
GLP-1 were positive for insulin (7ight lower panel). The in-
set in left upper panel is a phase-contrast image of IMPE
cells for these experiments. (Original magnification
x100.) GLP-1, Glugagonlike peptide-1. (Color figures
available in online version of the article.)

final concentration, and 2.5 units of Taqg DNA
polymerase with reaction buffer (TaKaRa, Kyoto,
Japan) in a final volume of 50 pL. The reaction of
PCR was performed for 35 cycles in a thermal
cycler (Gene Amp PCR system 2400; PE Applied
Biosystems, Foster City, Calif) as follows: 60
seconds at 94°C for denaturation, 60 seconds at
58°C for annealing, and 60 seconds at 72°C for
extension. B-Actin was used as an internal control.
Products of amplification were separated on 1.5%
agarose gel and photographed after ethidium
bromide staining. Each positive result was con-
firmed by at least 3 repeats. The primer sequences
used are listed as forward then reverse 5’ to 3'. -
Actin primers 5'-GGCATCGTGATGGACTCCG-3’
and 5’ -GCTGGAAGGTGGACAGCG-3' amplify a
product of 612 bp, pdx-1 primers 5'-CCTTGA-
TATCGCTGCCACCATGAACAG-3' and 5'-CTGCG-
CTCGAGTGTAGGCAGTACG-3' amplify a product
of 484 bp, insulin-1 primers 5'-TAGTGACCAGCTA-
TAATCAGAG-3' and 5-ACGCCAAGGTCTGAAG-
GTCC-3' amplify a product of 407 bp, insulin-2
primers 5'-CCCTGCTGGCCCTGCTCTT-3" and 5'-
AGGTCTGAAGGTCACCTGCT-3' amplify aproduct
of 213 bp, GLP-1 receptor primers 5'-CCTGAACCT-
GTTTGCATCCTTC-3' and 5'-CTGGAAGGAAGT-
GAAGGAG-3' amplify a product of 643 bp.
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Fig 4. Effects of GLP-1 on insulin secretion and production by IMPE cells. IMPE cells were infected with
Ad-pdx-1 or Ad-lacZ at 20 MOI and treated with various concentrations of GLP-1 in serum-free medium at
39°C without IFN-y. After the incubation of GLP-1 for 48 hours, the supernatant (A) and cell lysate (B)
were collected separately, and the immunoreactive insulin was determined. Both the supernatant (A) and
cell lysate (B) of IMPE cells with Ad-pdx-1 showed a dose-dependent increase in insulin concentration by
GLP-1, whereas those of IMPE cells with Ad-lacZ did not show any increase in insulin concentration. Fach
experiment was repeated at least 3 times; the data are expressed as the means + SE. Statistical analysis was
evaluated by analysis of variance. *P < .05; **P < .001; ***P < .0001. IR/, Inmunoreactive insulin; GLP-I,

glugagonlike peptide-1.

Statistical analysis. The data are expressed as
means + SE. Statistical analysis was preformed by
analysis of variance with Stat View software (version
J-b; Abacus Concepts, Berkeley, Calif).

RESULTS

Adenovirus-mediated gene transfer of pdx-I in
IMPE cells. The characteristics of the IMPE cells
are summarized in Table 1. Briefly, IMPE cells
under nonpermissive condition (39°C without
IFN-y) demonstrate the character of pancreatic
duct cells, whereas IMPE cells under permissive
condition (33°C with IFN-y) tend to demonstrate
the character of pancreatic exocrine cells. In either
condition, endocrine markers such as glucagon,
insulin, and somatostatin were negative, and, more
importantly, pdx-1 is negative in either condition.

The ability of Ad-lacZ (control recombinant
adenovirus) to infect cells and cause gene expres-
sion was analyzed at various MOIs (Fig 1, A). X-gal
staining revealed that the gene induction of Ad-
lacZ in IMPE cells occurred in a dose-dependent
manner. At 20 MOI, more than 80% of the cells
were positive for X-gal staining.

The effect of GLP-1 treatment on the induction
of pdx-1 protein in IMPE cells by adenovirus-
mediated pdx-I gene transfer was tested by immu-
nocytochemistry (Fig 1, B). IMPE cells were infected
with Ad-pdx-1 or Ad-lacZat 20 MOI for 24 hours, and
the culture medium was replaced with serum-free
medium with or without 20 nmol/L GLP-1. After in-
cubation foran additional 48 hours, IMPE cells were
subjected to immunocytochemistry for pdx-1 pro-
tein. Enforced expression of pdx-I protein was suc-
cessfully observed irrespective of GLP-1 treatment.

Induction of pancreatic endocrine markers by
GLP-1 in conjunction with adenovirus-mediated
pdx-1 gene transfer. IMPE cells were infected with
recombinant adenoviruses at 20 MOI and treated
with or without 20 nmol/L GLP-1, and subjected
to reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis. The expressions of mRNAs of
GLP-1 receptor, z, insulin-1, insulin-2, and B-actin
were evaluated (Fig 2).

The GLP-1 receptor gene was transcribed con-
stitutively. Pdx-I mRNA was observed only in IMPE
cells which were infected with Ad-pdx-I. Insulin
mRNA was not detected in IMPE cells either with
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Fig 5. Effects of glucose on insulin secretion and production by IMPE cells. IMPE cells infected with Ad-
pdx-1 or Ad-lacZ (20 MOI) were treated with various concentrations of glucose (2.5, 10, and 20 mmol/L)
and GLP-1 (0, 10, and 100 nmol/L) in serum-free medium at 39°C without IFN-y. Without GLP-1 in the
culture medium, insulin was not produced and released at any concentration of glucose (A and D). When
IMPE cells were incubated with 10 nmol/L of GLP-1, IMPE cells with Ad-pdx-1 showed a significant in-
crease of insulin in the supernatant by glucose in a dose-dependent manner (B and E). When IMPE cells
were incubated in 100 nmol/L of GLP-1, IMPE cells with Ad-pdx-1 showed a significant increase in insulin
in both the supernatant and the cell lysate in a dose-dependent manner (C and F). Each experiment was
repeated at least 3 times; the data are expressed as the means + SE. Statistical analysis was evaluated by
analysis of variance. *P < .05. IR, Inmunoreactive insulin; GLP-1, glugagonlike peptide-1.

Ad-pdx-1 or with GLP-1. Concomitant treatment of
GLP-1 and Ad-pdx-1 successfully induced the ex-
pression of mRNA for both insulin-1 and insulin-2
in IMPE cells (Fig 2).

Immunocytochemistry for insulin in IMPE cells
was compatible to the results of mRNA detection.
IMPE cells infected with Ad-lacZ were negative for
insulin by immunocytofluorescence irrespective of
GLP-1 treatment. IMPE cell infected with Ad-pdx-1
and without GLP-1 also showed negative expres-
sion of insulin. Finally, IMPE cells treated with Ad-
pdxl and GLP-1 were positive for insulin (Fig 3).

Dose-dependent insulin production by GLP-1
and glucose. To analyze GLP-l-dependent secre-
tion and production of insulin, IMPE cells were
infected with Ad-pdx-1 or Ad-lacZ at 20 MOI and
treated with various concentrations of GLP-1 in
serum-free medium at 39°C without IFN-y. After
the incubation of GLP-1 for 48 hours, the cells and
supernatants were collected separately to deter-

mine the concentration of immunoreactive insulin
(IRI; Fig 4). Both the cell Iysate and supernatant of
IMPE cells with Ad-pdx-I showed a dose-dependent
increase of insulin by GLP-1, whereas those of
IMPE cells with Ad-lacZ did not show any increase
in insulin concentration.

To analyze glucose-dependent secretion and
production of insulin, IMPE cells were incubated
with various concentrations of glucose. IMPE cells
infected with Ad-pdx-1 or Ad-lacZ (20 MOI) were
treated with various concentrations of glucose (2.5,
10, and 20 mmol/L) and GLP-1 (0, 10, and 100
nmol/L) in serum-free medium at 39°C without
IEN-y. After 48-hour incubation, the cell lysate and
supernatant were collected separately for insulin
ELISA (Fig 5). Without GLP-1 in the culture
medium, insulin was not produced and released
at any concentration of glucose. When IMPE
cells were incubated with 10 nmol/L of GLP-1,
IMPE cells with Ad-pdx-I showed a significant
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Fig 6. Responsiveness of IMPE cells to the change of extracellular glucose concentration. D, The cells
treated with GLP-1 and Ad-pdx-1 were incubated at 5-minute intervals in medium at a low concentration
of glucose (2.5 mmol/L), at a high concentration of glucose (20 mmol/L)}, and then again at a low con-
centration of glucose (2.5 mmol/L). A, IMPE cells treated without GLP-1 were not stimulated by a high-
glucose medium even when they were infected with Ad-pdx-1. B and G, IMPE cells treated with GLP-1(10
and 100 nmol/L) and Ad-pdx-1 showed a 4.7- and 3.0-fold increase in insulin secretion, respectively, as
indicated by high concentrations of glucose. Each experiment was repeated at least 3 times; the data
are expressed as the means + SE. Statistical analysis was evaluated by analysis of variance. *P < .05. IRI,
Immunoreactive insulin; GLP-1, glugagonlike peptide-1.

increase of insulin in supernatant by glucose in a
dose-dependent manner. When IMPE cells were
incubated in 100 nmol/L of GLP-1, IMPE
cells with Ad-pdx-1 showed a significant dose-de-
pendent increase in insulin in the cell lysate and
supernatant.

Responsiveness of IMPE cells to the change of
extracellular glucose concentration. To investigate
whether a change in extracellular glucose concen-
tration affects insulin secretion by IMPE cells, the
cells treated with GLP-1 and Ad-pdx-1 were incu-
bated for 5-minute intervals in medium at a low
concentration of glucose (2.5 mmol/L), at a high
concentration of glucose (20 mmol/L), and then
at a low concentration of glucose (2.5 mmol)
again. Media were collected every 5 minutes, and

insulin was measured by ELISA (Fig 6). IMPE
cells treated without GLP-1 were not stimulated by
the high-glucose medium even when they were
infected with Ad-pdx-1. IMPE cells treated with
GLP-1(10 and 100 nmol/L) and Ad-pdx-1 showed a
47- and 8.0-fold increase in insulin secretion,
respectively, as indicated by high concentrations
of glucose.

DISCUSSION

In the present study, we investigated whether
IMPE cells from a ductal cell origin could be
differentiated into insulin-producing endocrine
cells by undergoing treatment with GLP-1 and
enforced pdx-1 expression. We successfully ob-
tained insulin-producing cells by concomitant
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treatment with GLP-1 and pdx-1. The effects of
GLP-1 on pancreatic differentiation have been
reported in several pancreatic cell lines such as
AR42],'® ARIP? Panc-1,% and Capan-1.>' These
cell lines were treated with GLP-1 or exndin-4, a
GLP-1 receptor agonist; the, insulin production by
these cells was reported. From these studies, pdx-1
seemed to be indispensable for endocrine differ-
entiation and upregulated by GLP-1. In contrast to
these established cell lines, IMPE cells are not
transformed cells. Soft agar assay showed an
absence of anchorage-independent growth under
permissive and nonpermissive conditions. In an in
vivo transplantation assay, IMPE cells showed lack
of tumor formation in nude mice.® Although
IMPE cells can be cultured under permissive con-
dition (33°C with IFN-y), all experiments in the
current study, including the treatment of adenovi-
ruses and GLP-1, were performed under nonper-
missive condition (39°C without IFN-y), which is
the normal body temperature of mice. Therefore,
this is the first study to report that nontransformed
ductal cells can be altered to insulin-producing
cells.

We showed that, in IMPE cells, mRNA of GLP-
1 receptor is constitutively expressed. Immunohis-
tochemistry also showed that pdx-1 protein was
successfully introduced in IMPE cells by pdx-1 gene
infection. However, induction of pdx-1alone could
not accomplish insulin production by IMPE cells.
Even when IMPE cells were infected with a high
titer of Ad-pdx-1 (at 50 MOI), pdx-1 alone could not
induce insulin production at mRNA and protein
levels. GLP-1 secreted from intestinal L cells in
response to oral intake of glucose stimulates B cells
to secrete insulin by phosphorylating pdx-1 protein
and translocating pdx-1 from the cytoplasm to the
nucleus.!® In addition, pdx-]—lacking Panc-1 cells
could be differentiated to insulin-producing cells
only when the cells were treated with GLP-1 and
stably transfected with pdx-].20 We showed that
GLP-1 and Ad-pdx-I could alter IMPE cells to
produce insulin mRNA and insulin protein (Figs
9 and 3). Either GLP-1 or Ad-pdx-1 alone could not
induce mRNA or protein expression of insulin by
IMPE cells. Again, pdx-1is a master regulator gene
for pancreas organogenesis and B cell identity
although enforced expression of pdx-1 alone could
not promote insulin production in IMPE cell.
Taken together, these findings show it is con-
ceivable that GLP-1 is essential for these cells to
produce insulin.

To investigate the function of insulin-producing
cells derived from IMPE cells, we tested the effect
of different concentrations of GLP-1. As shown in
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Figure 4, insulin levels in both the supernatant and
the cell lysate were increased significantly by GLP-
1 in a dose-dependent manner. In the same way,
when the effect of different concentrations of
glucose was tested, insulin levels in both the
supernatant and the cell lysate were increased
significantly by glucose in a dose-dependent man-
ner (Fig 5). In addition, we demonstrated that the
IMPE-derived insulin-producing cells gained the
quick responsiveness to the change of extracellular
glucose concentration (Fig 6). It is well-known that
glucose stimulates insulin production and secre-
tion in normal B cells via the activation of ;bdx—].‘22
Our data suggest that IMPE-derived insulin-pro-
ducing cells become differentiated to respond to
glucose as the normal insulin-producing B cells do.
We noted that other endocrine markers, such as
glucagon and somatostatin, and exocrine marker
amylase were not detected in IMPE cells even when
the cells were treated with GLP-1 and Ad-pdx-1.
Further study is needed to clarify the mechanism
by which GLP-1 and pdx-1 selectively activate insu-
lin gene.

In the present study, we demonstrated that GLP-
1 and pdx-1 work together to induce insulin-pro-
ducing cells from novel, conditionally immortalized
pancreatic epithelial cells; the insulin-producing
cells basically bear unique characteristics of pan-
creatic duct cells. The results suggest that GLP-1 is
another important factor for pancreatic endocrine
differentiation as is pdx-1.
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Expression and prognostic value of
tuberous sclerosis complex 2 gene
product tuberin in human
pancreatic cancer

Kozo Katacka, Koji Fujimoto, MD, PhD, Daisuke Ito, MD, Masayuki Koizumi, MD, Eiji Toyoda, MD,
Tomohiko Mori, MD, Kazuhiro Kami, MD, and Ryuichiro Doi, MD, PhD, Kyoto, Japan

Background. Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by mutation
of either of 2 tumor suppressor genes, TSCI1 or TSC2, which encode hamartin and tuberin, respectively.
Several studies have shown that tuberin functions independently of hamartin and inhibils signaling
pathways via the mammalian target of rapamycin, a critical regulator of cell proliferation. Recent
studies have revealed that the signaling pathways regulating the mammalian target of rapamycin such
as Akt and S6K1 are frequently activated in pancreatic cancer. We hypothesized that tuberin might be
involved in the proliferation and survival of pancreatic cancer cells.

Methods. We immunohistochemically examined the expression of tuberin in 42 pancreatic cancerous
and noncancerous pancreatic tissue specimens using an antituberin antibody. The correlations between
tuberin expression and various clinicopathologic features, including survival, were evaluated. Reverse
transcriptase-polymerase chain reaction was performed to evaluate the level of tuberin expression in
paired samples of pancreatic cancer and noncancerous tissue.

Results. Twenty-four of the 42 pancreatic cancer samples (57 %) were negative for tuberin expression.
The patients with tuberin-negative tumors had a significantly higher incidence of pT3 or pT4 disease
(primary tumor extent by the TNM classification) than those with tuberin-positive tumors (P = .024).
Female patients had a significantly higher incidence of tuberin-positive tumors than male patients (P =
.014). The survival rate of the tuberin-positive group tended to be better than that of the tuberin-negative
group, but there was no significant difference (P = .4). Expression of TSC2 in cancer tissue was lower
than in the corresponding noncancerous tissue for 7 of the 9 samples examined.

Conclusions. This study demonstrates thal reduced expression of tuberin might be involved in the
progression of pancreatic cancer. Accordingly, tuberin may provide a new therapeutic target in patients
with this type of cancer. (Surgery 2005;138:450-5.)

From the Department of Surgery and Basic Surgical Science, Kyoto University

TuBEROUS SCLEROSIS COMPLEX (T'SC) is an autosomal
dominant disorder characterized by development
of benign tumors called hamartomas in the brain,
heart, kidneys, and skin.! Genetic studies have
mapped this disorder to the 7SCI and TSC2 genes,
which encode hamartin and tuberin, respectively.2
TSC patients have a mutant 7SCI or TSC2 gene in
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each of their somatic cells, and it has been demon-
strated that these are tumor suppressor genes that
function by inhibiting cell growth and prolifera-
tion.®* Several studies have shown that the TSC2
gene product tuberin has functions independent
from those of the TSCI gene product harna\rtin,5
and it is known to play a critical role in the regula-
tion of cell cycle progression from G0/G1 phase to
S phase.6

Pancreatic cancer is the fifth leading cause of
cancerrelated death in most Western countries.” It
is difficult to detect this diseas¢ at an early stage,
and the cancer shows resistance to almost all avail-
able chemotherapy and radiation regimens; there-
fore, the prognosis remains dismal with a 5-year
survival rate of less than 10%.% In recent years, con-
siderable insight into the genetic basis of this dis-
ease has been obtained, and studies have often
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detected alterations in tumor suppressor genes,
such as plGINK‘iA, pb3, and SMAD4, as well as vari-
ous oncogenes (e.g., Ki-ras), controlling critical
steps of the cell cycle, genetic stability, and growth
regulation.”

Genetic studies performed in Drosophila and
biochemical studies on mammalian cells have dem-
onstrated that hamartin and tuberin act down-
stream of phosphatidylinositol 3-kinase (PI3K) and
Akt, but upstream of the mammalian target of
rapamycin (mTOR). mTOR is regulated by mito-
gens, nutrients, and the cellular energy level, and it
is known to modulate cell growth and proliferation
through regulation of at least 2 downstream targets,
which are p70 ribosomal S6 kinase 1 (S6K1) and
eukaryotic initiation factor 4E-binding protein
1 (4E-BP1).'° Recent studies have demonstrated
that the mTOR-S6K1-signaling pathway is activated
constitutively in pancreatic cancer and appears to
be necessary for cell cycle progression and growth
of tumor cells.!! More recently, Schlieman et al’?
have shown that Akt is frequently activated in
pancreatic cancer and that phosphorylation of
Akt is associated with tumor grade, an important
prognostic factor. In fact, phosphorylation of Akt
decreases the ability of TSC2 to inhibit phosphoryl-
ation of S6K1 and 4E-BP1, which are substrates for
mTOR.!®> We have found that signaling pathways
regulating mTOR, such as Akt and S6K1, are fre-
quently activated in pancreatic cancer, and that an
mTOR inhibitor (the rapamycin derivative CCI-
779) inhibits tumor growth in xenograft models as
a single agent or combined with gemcitabine.'*
Moreover, recent studies have shown that rapamycin
induces tumor vessel thrombosis related to the
death of endothelial cells and decreases tumor
angiogenesis, resulting in inhibition of tumor
growth,'>1®

These observations led us to hypothesize that
the expression of tuberin might be modulated in
human pancreatic cancer, and that this tumor
suppressor gene product might be involved in
the proliferation and survival of pancreatic cancer
cells. To verify this hypothesis, we examined
tuberin expression in pancreatic cancer tissues
and assessed the correlation between various clin-
icopathologic features (including survival) and
tuberin expression. We found that tuberin expres-
sion was negative in 24 of 42 pancreatic cancers
(57%), and negative expression was correlated
with a higher pT category (the extent of the
primary tumor according to the TNM classifica-
tion) and with male gender of the patient. More-
over, the survival rate of the patients without
tuberin expression tended to be worse than that
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of the patients with positive expression, although
there was no significant difference (P = .4).

MATERIAL AND METHODS

Patients and tissue specimens. Formalin-fixed,
paraffin-embedded tissues were obtained from the
Department of Surgery and Basic Surgical Science
at Kyoto University (Kyoto, Japan) between July
1994 and January 2002. Specimens were harvested
from 42 patients with invasive pancreatic ductal
adenocarcinoma (PDA) and were collected after
obtaining informed consent in accordance with
institutional guidelines. The average age at surgery
was 62.8 years (range, 45-75 years). We enrolled
only patients who had survived at least 60 days after
surgery to exclude any bias related to perioperative
mortality. Follow-up data were updated on Novem-
ber 30, 2004. Tissue samples were fixed with 10%
formaldehyde in phosphate-buffered saline (PBS),
embedded in paraffin, and cut into serial sections
4-um thick. Pancreatic cancer was staged according
to the Putnam (Union Internationale Contra Can-
crum [UICC]) system. A total of 42 tumor samples
were subjected to tuberin immunohistochemistry,
while cancer tissue and adjacent noncancerous
tissue obtained from 9 patients were used for
reverse transcriptase-polymerase chain reaction
(RT-PCR). The 9 samples for the RT-PCR were
from 42 tissue samples used for immunohisto-
chemistry, which were frozen at —80°C at the
time of surgery. Since, in the experiment using
pancreatic cancer tissue, it is important to confirm
the presence of cancer cells on the tissue slides, we
carefully confirmed the presence of cancer cells
with a hematoxylin-eosin slide of the serial section
when immunohistochemistry for tuberin was
performed.

Determination of tuberin. Tissue sections were
deparaffinized, preheated in 10 mmol/L citrate
buffer (pH 6.0) in a microwave oven for 1 minute
and in an autoclave for 9 minutes, and pretreated
with 1% hydrogen peroxide solution for 20 min-
utes. Blocking was performed with 5% normal goat
serum (NGS) in PBS. Then, the sections were
incubated overnight at 4°C with a polyclonal rabbit
antituberin antibody (C20, Santa Cruz, Calif) di-
luted 1:500 in 5% NGS/PBS, and then for 456
minutes with a 1:250 dilution of biotinylated goat
antirabbit IgG in PBS. Sections subsequently were
incubated with avidin and biotin—peroxidase com-
plex (DakoCytomation, Kyoto, Japan). Reaction
products were visualized with the use of DAB,
followed by counterstaining with hematoxylin.

Evaluation of immunostaining. Expression of
tuberin was classified into 3 grades: 0, undetectable;
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1, weak staining; 2, strong staining. Five normal
pancreatic tissue specimens were also stained with
antituberin antibody at the same time. We found
that normal duct cells and islet cells showed
strong tuberin expression. Therefore, those cells
were used as an internal control for tuberin
staining, being defined as grade 2 (strong stain-
ing). The proportion of positive cancer cells also
was classified into 3 grades: 0 = none; 1 = 1% to
49%; and 2 = 50% to 100%. Then the staining
intensity score was multiplied by the score for
positive cells to obtain the overall score. Tissues
with a score of =2 were regarded as positive, and
tissues with a score of =<1 were defined as nega-
tive. Tuberin expression was evaluated indepen-
dently by 2 investigators (K.K. and D.L.) who had
no knowledge of the patients’ clinicopathologic
features.

RNA preparation and semiquantitative RT-PCR
analysis. Using TRIZOL Reagent (Life Technolo-
gies, Rockville, Md), we extracted total cellular
RNA from cancer tissue and adjacent noncancer-
ous tissue. Complementary DNA (cDNA) was syn-
thesized by the random primer method from 1 pg
of total RNA using a first-strand ¢cDNA synthesis kit
(Pharmacia Biotech, North Peapack, NJ) accord-
ing to the manufacturer’s instructions. PCR was
carried out with a mixture of cDNA (from 100 ng
of RNA), 2 pmol/L each of the sense and antisense
primers, 0.2 pmol/L of deoxynucleotide triphos-
phate, and 2.5 U of Taq DNA polymerase in a reac-
tion buffer (TaKaRa, Kyoto, Japan) with a final
volume of 50 pL. PCR was performed in a thermal
cycler (Gene Amp PCR system 2400; PE Applied
Biosystems, Foster City, Calif). The following oligo-
nucleotide primers were used to amplify 7SC2 and
B-actin:

TSC2-(sense) 5 -TGCTCATCAACAGGCAGTTC3’,
(anti-sense) 5'-GCCACATCCCTTTCTTCCA-3'

B-actin-(sense) 5'-ATGGATGACGATATCGCT-3',
(anti-sense) 5'-ATGAGGTAGTCTGTCAGGT-3’

The size of the product was 204 bp for TSC2 and
569 bp for B-actin, respectively. For PCR, initial de-
naturation was done at 94°C for 10 minutes, fol-
lowed by 37 cycles of 55°C for 1 minute, 72°C for
1 minute, and 94°C for 30 seconds, with final ex-
tension at 72°C for 10 minutes. Then the PCR pro-
ducis were separated on 2.5% agarose gel (T5C2)
or 1.5% agarose gel (B-actin).

Assessment of expression of tuberin was per-
formed by densitometric analysis. Band areas were
analyzed by scanning densitometry (ATTO, Osaka,
Japan) and each value converted to a percentage
of the total densitometric value. Normalization of
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Fig 1. Immunohistochemical analysis of tuberin expression
in normal pancreas tissues and PDAs. A, Strong staining
was detected in normal ducts (small arrow). Some acinar
cells were also stained moderately. (Original magnifica-
ton: X400.) B, Strong staining was detected n the cyto-
plasm of islet cells. (Original magnification: X400.) G,
D, Typical photomicrograph of PDAs regarded as negative
(G, no staining, D, weak staining) are shown. (Original
magnification: X400.) E, A typical photomicrograph of
PDA regarded as positive is shown. Cytosolic staining of tu-
berin was seen. The nuclei were counterstained with
Mayer’s hematoxylin. (Original magnification: X400.)

the data was performed by using the reference
gene B-actin as an internal control.

Statistical analysis. The correlations between
tuberin immunoreactivity and clinicopathologic
variables were analyzed by chi-square test or Fisher
exact test. Survival was calculated by the Kaplan-
Meier method, and differences between each group
were evaluated with the log-rank test. Statistical
significance was defined as P < .05.

RESULTS

Immunohistochemical tuberin expression in
pancreatic cancer. In normal pancreatic tissue
specimens, tuberin was strongly positive in the cyto-
plasm of islet cells and duct cells (Fig 1, A and B).
Some normal acinar cells also showed moderate
tuberin reactivity. In pancreatic cancer tissues, tu-
berin staining was identified primarily in cytoplasm
of cancer cells. Twenty-four of the 42 pancreatic
cancers (57%) were judged to have negligible or
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Table. Correlation between tuberin expression
and clinicopathological features

Tuberin expression

Negative Positive

Variables Category (n=24) (n=18) P value

Age <6by 10 8 0.69
=65y 14 10

Gender Male 16 5 0.014*
Female 8 13

pT 1lor2 4 9 0.024*
3or4 20 9

pN Negative 6 8 0.16
Positive 18 10

pM Negative 20 15 0.67
Positive 4 3

UICC Stage I or II 7 8 0.25
Stage III or IV 17 10

Tumor size <3.5 cm 12 12 0.22
=3.b cm 12 6

Grade lor2 20 15 0.67
3or4 4 3

*P < 0.05.

weak expression of tuberin (Fig 1, € and D), while
moderate to marked immunoreactivity was found
in 18 pancreatic cancer tissues (43%) (Fig 1, E).
In our procedure, samples with a low staining
score for tuberin (=1) were classified as negative
(n = 24), and those with a high staining score
(=2) were classified as positive (n = 18).

Correlation between tuberin expression and
clinicopathologic features. The relationship be-
tween tuberin expression and various clinicopath-
ologic features was analyzed. As shown in the Table,
gender and pT category (primary tumor extent
in the TNM classification) were correlated signifi-
cantly with tuberin expression. We found that fe-
male patients had a significantly higher incidence
(13/21, 61.9%) of tuberin expression in their tu-
mors than male patients (5/21, 23.8%) (P =
.014). Moreover, patients without tuberin expres-
sion had a significantly higher incidence (20/24,
83.3%) of pT3 or pT4 disease (UICC classification)
than those (9/18, 50%) who were tuberin-positive
(P =.024). There were no significant relationships
between tuberin expression and any of the other
clinicopathologic features.

Kaplan-Meier survival analysis. Survival curves
were plotted according to the Kaplan-Meier
method for 18 patients with tuberin expression
and 24 patients without its expression (Fig 2). The
survival rate of the tubulin-negative group tended
to be worse than that of the tubulin-positive group,
but there was no significant difference (P = .4, log-
rank test).
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Fig 2. Kaplan-Meier analysis of the overall survival of
patients with PDAs according to tuberin expression.
Patients with negative tuberin expression tended to be a
worse prognosis than those with positive expression, but
there was no statistical significance (log-rank test, P = .4).

TSC2 expression in pancreatic cancer tissue and
noncancerous tissue. Total cellular RNA was
extracted from cancer tissue and the adjacent
noncancerous tissue of the same patients. Semi-
quantitative RT-PCR was performed to evaluate
TSC2 expression in 9 pairs of samples, and densi-
tometry was performed (ATTO, Osaka, Japan)
(Fig 3, A). Cancer tissue showed lower TSC2
expression than noncancerous tissue in 7 of the
9 patients, with a marked decrease of <50%, com-
pared with their noncancerous tissue (Fig 3, B).

DISCUSSION

Tuberin (TSC2) is a tumor suppressor gene
product. It acts as a critical regulator of cell growth
and differentiation, and thus is involved in tumor
suppression,ﬁ‘]7 with functions that are indepen-
dent of those of the TSCI gene product hamartin.®
The present study demonstrated negative tuberin
expression in 24 of 42 (57%) pancreatic cancers,
and lack of expression was correlated with a higher
pT category and male gender. In addition, survival
rate of the tuberin-negative group tended to be
worse than that of the tuberin-positive group.

First, an immunohistochemical study of tuberin
was performed to determine the incidence of its
expression and to assess its prognostic value in 42
patients with PDA. To our knowledge, this is the

~first study of tuberin expression in PDA tissues. We

found that tuberin was expressed strongly by nor-
mal duct cells and islet cells (Fig 1). Since tuberin
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Fig 3. A, Semiquantitative RT-PCR of TSCZin pancreatic
cancer and noncancerous tissues. B, Expression level of
TSC2. Expression level of TSC2 was evaluated by a densi-
tometry (ATTO, Osaka, Japan). Results are expressed as
per cent of the tuberin/Bactin ratio of cancer versus
noncancerous tissues. Similar results were obtained in
3 independent experiments.

is known to be a tumor suppressor gene product,
this expression profile in normal tissues seems rea-
sonable. Recently, Francalanci et al'® reported a
case of an epileptic and mentally retarded child
with TSC who developed a malignant islet cell tu-
mor of the pancreas. They observed immunostain-
ing for tuberin in normal pancreatic islet cells, but
not in tumor cells, since both TSC2 alleles had
been knocked out by a germline mutation. In the
present study, tuberin expression was reduced
markedly in 57% (24/42) of our patients with
PDA. Moreover, RT-PCR revealed that 7 of 9 cancer
tissue samples showed lower tuberin expression
than noncancerous tissues (Fig 3). These findings
might indicate the involvement of tuberin in the
progression of pancreatic exocrine and endocrine
umors.

Next, we assessed whether tuberin expression
was a useful marker for predicting the prognosis.
Statistical analysis of the relationship between
tuberin and clinicopathologic features revealed
that gender and pT category were correlated signif-
icantly with tuberin expression (Table). Female pa-
tients had a significandy higher incidence (13/21,
61.9%) of tuberin-positive tumors than male
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patients (5/21, 23.8%) (P = .014). Several studies
have shown already that females have a survival ad-
vantage over males among PDA pa\tients.]g’20 Since
patients with tuberin-positive tumors tended to
have a better prognosis than those with negative
tumors in our series, the significant correlation
between gender and tubein expression seems to
be reasonable. With respect to pT category, the
patients with tuberin-negative tumors had a signifi-
cantly higher pT category (pT3 or pT4) than those
with tuberin-positive tumors (P =.024) in this series.
This finding means that tumors without tuberin ex-
pression might show more aggressive local invasion.

Deregulation of pathways that control cell pro-
liferation is a hallmark of cancer, but the exact
requirements for oncogenic transformation of spe-
cific signaling pathways remain a major question.
TSC is a tumor syndrome caused by mutation in
TSC1 or TSC2 genes; however, TSC tumorigenesis is
not always accompanied by loss of heterozygosity.
Recent studies have shown that extracellular signal-
regulated kinase (Erk) has been activated in TSC
lesions lacking TSC1 or TSC2, and that Erk may
play a critical role in TSC progression through post-
translational inactivation of TSC2.*! Interestingly,
Ma et al®! have revealed that the Ras/MAPK path-
way exists upstream of the TSC complex and that
Erk may modulate mTOR signaling and contribute
to disease progression through phosphorylation
and inactivation of TSC2. In the case of pancreatic
cancer, activating ras mutations are thought to be
the first genetic changes, and loss of SMAD4 expres-
sion occurs later in neoplastic progression.22 We
also have recently shown that both activation of
ras and inactivation of p53 are necessary for acqui-
sition of in vitro tumorigenicity by normal pancre-
atic epithelial cells.?? Intriguingly, recent studies
have revealed a molecular association between the
activated Ras/MAPK or TGF-B/SMAD signaling
pathways and tuberin.?*?® Roux et al** reported
that activated ras can induce phosphorylation of
tuberin and thus cause its inactivation, resulting
in increased mTOR signaling. Furthermore, other
investigators recently have demonstrated that tu-
berin strongly augments the TGF-fl-signaling
pathway, including activation of SMAD.% Although
the reason why expression of tuberin was reduced
markedly in more than half of the tumors in our se-
ries remains unclear, it might be associated with ac-
tivating mutations of ras or inactivation of SMAD4
in pancreatic cancer. It might be interesting to in-
vestigate the association of tuberin with tumor sup-
pressor genes such as plGINK‘*A, pb3, and SMAD4
as well as ras oncogene to clarify the mechanisms
of regulating tuberin expression in PDA.
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CONCLUSION

This study demonstrated that tuberin expres-

sion was negative in 24 of 42 pancreatic cancers
(57%), and negative expression was correlated
with a higher pT category and male gender of
the patient. Moreover, the survival rate of the
tuberin-negative group tended to be worse than
that of the tuberin-positive group. This association
between the 7SC2 gene product tuberin and tu-
mor extent (pT) may suggest new therapeutic tar-
gets for the treatment of pancreatic cancer.
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Abstract

Various transporters such as H*/peptide cotransporter PEPT1 are expressed in the intestine, and play important physiological and
pharmacological roles in the body. Present study was performed to examine the expression profile of 20 kinds of transporters (PEPT1 and
2, P-glycoprotein, amino acid transporters and organic ion transporters) along the human digestive iract, especially focusing on PEPT1.
Using normal mucosal specimens, real-time polymerase chain reactions wete carried out. Immunoblot analyses were also performed for
PEPTI1 expression. PEPT1 mRNA was highly expressed in the small intestine (duodenum > jejunum > ileum) compared to other tissues,
and some patients showed a significant level of expression in the stomach. The expressional pattern of PEPT1 in the stomach and
histological diagnosis indicated that gastric PEPT1 originated from the intestinal metaplasia. The amino acid transporters showed unique
mRNA expression levels and distributions in the digestive tract. For example, the expression levels of BP°AT1, a Na*-dependent and
chloride-independent neutral amino acid transporter, were increased from the duodenum to ileum, which pattern is completely inverted to
that for PEPT 1. There is little expression of organic ion transporters except for organic cation/carnitine transporter OCTNZ2. In conclusion,
PEPT1 was abundantly expressed in the small intestine, and the reciprocal expression of PEPT1 and BPAT1 may serve for the efficient

absorption of protein digestive products.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Protein absorption; Digestive tract; Transporter; PEPTI; BYAT1; OCTNZ; Organic ion transporter

1. Introduction

Cellular uptake of small peptides (di- and tri-peptides) is
mediated by a H*/peptide cotransporter at the brush-border
membranes of intestinal absorptive epithelial cells [1,2].
Cloning studies have clarified the molecular nature of the
intestinal H'/peptide cotransporter (PEPT1) in various
species [2,3]. Another H*/peptide cotransporter, human
PEPT?2 is expressed mainly in the kidney, but not in the
small intestine, and has a higher affinity for most substrates
[3]. As PEPT1 has broad substrate specificity, the intestinal
absorption of several pharmacologically active drugs, such
as oral B-lactam antibiotics and the anti-viral agent vala-

* Corresponding author. Tel.: +81 75 751 3577; fax: +81 75 751 4207.

E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).
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cyclovir are mediated by this transporter, and therefore,
PEPT1 also plays important roles as a drug transporter {3].

In addition to PEPT1, various amino acid transport
systems, such as L, y*, y*L, b%*, A, ASC, B°, B and
Xag  are expressed in the small intestinal epithelial cells.
These systems have been classified by their ion-depen-
dence and substrate specificity [4], and the molecular
nature of each system has been identified [5,6]. For exam-
ple, system B°, which is a Na*-dependent and chloride-
independent transporter, is responsible for the uptake of
most neutral amino acids at the brush-border membranes of
intestinal epithelial cells [7,8]. Two independent groups
have recently isolated and characterized the transporter
c¢DNA corresponding to system BY (BAT1), and demon-
strated that a mutation of B°AT1 results in the Hartnup
disorder [9,10].
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Although the number of peptide transporters is smaller
than that of amino acid transporters, numerous investiga-
tions have shown that the peptide transporters play a major
role in the completion of the final step of protein digestion
in the human intestine [1]. These findings led us to examine
the expression levels of each transporter along the human
digestive tract. Thus, in the present study, using normal
portions of mucosal samples from cancer patients treated
surgically, mRNA expression levels of PEPT1 and seven
amino acid transporters were qualified by real-time PCR
techniques. Furthermore, to investigate the pharmacoki-
netic aspects of PEPT1, we compared mRNA expression
level of PEPT1 with those of other drug transporters, i.e.,
organic ion transporters. We previously examined the
expression profiles of organic ion transporters in the kidney
[11], but there is little information about their expression in
the human gut.

2. Material and methods
2.1. Patients and tissue sampling

The mucosal samples from normal tissues along the
digestive tract and normal pancreatic tissue were obtained
from cancer patients during surgery at the First Department
of Surgery, Kyoto University Hospital. Normal mucosal
samples were resected at the site most distant from the
affected portions. Table | shows the number, sex and age of
patients for each tissue sample. No patients underwent
preoperative chemotherapy and/or radiation therapy. The
samples were frozen in liquid nitrogen and stored at
—80 °C unti] RNA extraction and membrane preparation.
This study was conducted in accordance with the Declara-
tion of Helsinki and its amendments, and was approved by
the Ethics Committee of Kyoto University (G-39). Written
informed consent was obtained from all patients for sur-
gery and use of their resected samples.

2.2. Isolation of total RNA
Total cellular RNA was isolated from the tissue samples

using a MagNA Pure LC RNA isolation Kit II (Roche
Diagnostic GmbH, Mannheim, Germany) according to the

Table 1
The number, sex and age of patients for each tissue sample
n Male Female Age (years)

Esophagus 16 13 3 593+1.6
Stomach 31 20 11 64.4+23
Duodenum 13 7 6 63.8 2.2
Jejunum 15 13 2 66.6 £ 3.7
Tleum 10 4 6 653 +5.7
Colon 15 8 7 716 £3.1
Rectum 15 11 4 64.6 £3.0
Pancreas 9 3 6 61.8 £28

manufacturer’s instructions, and the concentrations of total
cellular RNA were measured by spectrophotometry. Iso-
lated total RNA was reverse-transcribed and the reaction
mixtures were used for real-time PCR.

2.3. Real-time PCR

Primers and probes for PEPT1 and 2, seven amino acid
transporters and urate transproter (URAT1) were
designed using the Primer Express® software program
(Table 2). Those for multidrug resistance 1 (MDR1) [12]
and organic ion transporters [11] were previously
designed. Oligonucleotide probes were labelled with a
fluorogenic dye, 6 carboxyfluorescein (Fam) and
quenched with 6 carboxy-tetramethylrhodamine (Tamra)
(Table 2). Real-time PCR was performed in an ABI
PRISM 7700 (Applied Biosystems, Foster, CA) and
quantification by use of standard plasmid DNA was
performed as described previously [11]. For each reac-
tion, the assay was carried out in duplicate. Glycerolal-
dehyde 3-phosphate denydrogenase (GAPDH) mRNA
was also measured as an internal control with GAPDH
control reagent (Applied Biosystems).

2.4. Antibodies

Rabbit anti-human PEPT1 antibody was prepared pre-
viously, and the specificity was already confirmed [13].
Mouse anti-Na*/K'-ATPase monoclonal antibody was
purchased from Upstate Biotechnology (Lake Placid,
NY). For immunohistochemistry, we used anti-CD10 anti-
body (Novocastra Laboratories Ltd., Newcastle upon Tyne,
UK).

2.5. Western blot analysis

Crude plasma membranes were prepared from tissue
samples taken along the digestive tract as described pre-
viously [11]. Western blot analyses using affinity-purified
anti-PEPT1 antibody [13] and mouse monoclonal Na*/K*-
ATPase antibody [11] were carried out based on our
previous reports.

2.6. Immunohistochemistry

Paraffin-embeded sections were stained for CD10 anti-
body. The sections were deparaffinized, and antigens were
retrieved by autoclave in 10 mM EDTA buffer (pH 8.0) for
15 min. Non-specific antigen was blocked by 10% normal
horse serum for 30 min at room temperature. Anti-CD10
antibody (x50) in PBS containing 1% bovine serum
albumin was applied and sections were incubated at
37 °C for 32 min. Slides were washed six times in PBS,
and then incubated with biotinylated horse anti-mouse
antibody for 40 min at room temperature. The slides were
then counterstained with hematoxylin.
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Primer sets and probes used for reai-time PCR

Sequence

Nucleotide numbers Accession number

PEPT1
Forward primer
Reverse primer
TagMan probe

PEPT2
Forward primer
Reverse primer
TagMan probe

BOATI
Forward primer
Reverse primer
TagMan probe

ASCT2
Forward primer
Reverse primer
TagqMan probe

bO*AT
Forward primer
Reverse primer
TagMan probe

LATI
Forward primer
Reverse primer
TagMan probe

LAT2
Forward primer
Reverse primer
TagMan probe

y'LAT1
Forward primer
Reverse primer
TagMan probe

ATA2
Forward primer
Reverse primer
TagMan probe

URAT1
Forward primer
Reverse primer
TagMan probe

attgtgtcgetetecattgtetac
atgacctcacagaccacaaccat
ttggacaagcagtcacctcagtaagctceca

ttaaacaaggccccagagactct
cccacttagttctggacctgett
tgecceaaccagicticaggaggaag

gtgtggacaggticaataagpacat
ccacgtgacttgccagaagat
tcatgatcggccacaageecaa

gegagaaatatcticeettcca
gttccggtgatattectetettca
tgtcagcagcectticgctcatactctacca

ggectgacgattctaggactca
ggagccagaaccaaaaacaca
atcaaggtgcccgtagtcattceegt

ggaagacacccgtggagtgt
acaggacggicgtggagaag
tggaaaaacaageccaagiggetce

tgaggagcttgtigatccctaca
gcgacattggcaaagacataca
tcccagagecatcticatctceatee

gatccatgitgagcggttcac
ccacgcacaagtagatcaatge
ccagtgccttctetgetcticaatggtatce

gacagcagcagctacagttcca
cataatggcttttcagagcagctt
agcgacttcaactactcctacceeaccaag

agctettggaccccaatge
cttcagagcgtgagagtcacaca
cgcagcatcttcacctccacaatcgt

NM_005073
306-329
380-367
334-363

NM_021082
2382-2404
2463-2445
2410-2439

XM_291120
1646-1670
1719-1699
1676-1697

Us3347
1152-1202
12661243
12091238

AF141289
1344-1365
1468-1448
1404-1429

AF104032
1421-1440
1552-1533
1498-1522

AF171669
9881010
1080-1059
1018-1043

AF(092032
1336-1356
1412-1391
1358-1387

AF259799
66-87
144-121
90-119

ABO071863
437455
560-582
517-542

Primers and probes used for real-time PCR. All primers and probes were designed using Primer Express software from Applied Biosystems. Primers were tested
using RT-PCR and only those yielding a single band of the expected size were used for subsequent real-time PCR experiments.

3. Results

3.1. Quantification of PEPTI and PEPT2 mRNA in
tissues along the digestive tract and pancreas

First, to verify the conditions and experimental techni-
ques, MDR1 mRNA expression levels were measured
(Fig. 1 right). We previously found that the level of
MDR1 mRNA in the jejunum from living-donor liver
transplantation patients was 0.41 & 1.19 amol/p.g of total
RNA (mean &= S.E., n=48) using a competitive PCR-
based method, and that the level of MDR1 mRNA corre-
lated well with protein level [14]. In the present study, the

MDR1 mRNA level in the jejunum was 2.73 £ 0.51 amol/
pg of total RNA (mean -+ SE., n=16). This value was
similar to previously reported ones [14]. Furthermore,
MDR1 mRNA levels gradually increased from the duo-
denum to ileum, well consistent with previous findings on
the distribution of MDR1 mRNA [15] and P-glycoprotein
[16] in the human small intestine (Fig. 1 right). The
expression of MDR1 mRNA in the colon and rectum
(Fig. 1 right) also corresponded to a previous report
[17]. All these findings suggested that the conditions
and experimental techniques were reliable.

We then examined the mRNA expression of PEPT1 and
PEPT2 along the digestive tract (esophagus, stomach,




