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Fig. 1. mRNA expression of PEPT1, PEPT2 and MDR1 along the digestive tract (esophagus (E), stomach (8), duodenum (D), jejunum (J), iteum (D), colon (C),
rectum (R)) and pancreas (P). Total cellular RNA was extracted from each tissue sample, and reverse-transcribed. The mRNA levels were determined by real-

time PCR using an ABI prism 7700 sequence detector.

duodenum, jejunum, ileum, colon and rectum) and pancreas.
As shown in Fig. 1 left, PEPT1 mRNA is highly expressed in
the small intestine (duodenum > jejunum > ileum), but is
not expressed or only slightly expressed in the esophagus,
colon, rectum and pancreas. In the stomach, some patients
showed a high level of PEPTI mRNA. The tissue which
showed the highest expression level was the duodenum
(22.0 &+ 4.23 amol/p.g RNA). In contrast to PEPT1 mRNA,
PEPT2 mRNA was not expressed in all tissues examined
(Fig. 1 middle).

3.2. Western blot analysis

Fig. 2 shows Western blot analyses using crude mem-
branes from each tissue. A primary band of about 80 kDa
of PEPT1 protein was detected in the stomach, duodenum,
jejunum and ileum, as observed in the mRNA analyses. In
other tissues, no PEPT1 protein was detected. In the case of
PEPT?2 protein, there were no detectable bands in the tissue
samples from along the digestive tracts (data not shown).
The protein band of Nat/K*-ATPase was detected in all
specimens (Fig. 2).

3.3. PEPTI in the stomach

There is no expression of PEPTI] protein in the rat
stomach [18]. On the other hand, the present study has
demonstrated that some patients had a relatively high level
of PEPT1 in the stomach, although there were interindi-
vidual differences. To clarify the distribution of PEPT1 in
the gastric mucosa, fundus (the upper-third: U), body (the
middle-third: M) and antrum (the lower-third: L) mucosa
were assessed for PEPT1 protein expression when sections
were available from one patient. As shown in Fig. 3,
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Fig. 3. PEPT1 expression in the gastric mucosa. (A) Crude membranes
were isolated from the upper-third (U), middle-third (M) and lower-third (L)
of the gastric mucosa from eight patients and subjected to Western blot
analyses (50 pg protein/lane) for PEPT1 and Na*/K*-ATPase. Conditions
for Western blotting were identical to those in Fig. 2. For Na*/K*-ATPase,
representative data are shown. A sample for the upper-third of patient 88
was not obtained. (B) Relationship between mRNA and protein expression
levels of PEPTI in gastric mucosa. Closed symbols represent the samples
with PEPT1 protein expression. When the mRNA level was more than
2,52 amol/p.g of total RNA, the band for PEPT1 protein was detected.

PEPT1 protein was expressed in the antral mucosa in most
cases, and well correlated with mRNA expression level.
When the mRNA level was more than 2.52 amol/pg of
total RNA, the band for PEPT1 protein was detected.
These expressional patterns and the histological diag-
nosis suggested that intestinal metaplasia may induce the
expression of PEPT1 in the stomach. Intestinal metaplasia
primarily affects the antrum in a patchy fashion, and the
superficial gastric epithelium is replaced by intestinal
goblet and absorptive cells [19]. Using paraffin sections
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Fig. 2. Western blot analyses of crude membranes isolated from human tissues along the digestive tract for PEPT1 and Na*/K* ATPase. Crude membranes were
isolated from each tissue and subjected to Western blotting (50 wg protein/lane). Abbreviations for each tissue are identical to those in Fig. 1. PEPT1 protein was

identified using affinity-purified anti-PEPT1 antibody (1:500 dilution). After the

monoclonal anti Na*/K*-ATPase antibody (1:10,000).

membranes were deprobed, Na*/K*-ATPase protein was detected by the mouse
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Patient 121

Fig. 4. Localization of CD10 in the intestinal metaplasia. (A and B) CDIO can be seen along the brush-border membranes of the luminal surface of the
epithelium in antral mucosa from patients 76 and 108 (original magnification x50). (C) Hematoxilin—eosin staining of antral mucosa from patient 121.

of antral mucosa from patients 76, 108 and 121, immu-
nostaining for CD10 was carried out. CD10, also known as
enkephalinase, has been shown to localize to the brush-
border membranes of absorptive small intestinal entero-
cytes [20]. CD10 was positively expressed along the
luminal surface of the epithelium of patients 76 and 108
(Fig. 4A and B), but not patient 121 (data not shown).
Hematoxilin—eosin staining revealed that intestinal meta-
plasia did not occurr in patient 121 (Fig. 4C).

3.4. Comparison of mRNA expression levels of PEPTI
with those of amino acid transporters in the digestive
tract

We next examined the expression profile of amino acid
transporters in the digestive tract to compare with PEPTI.
The human amino acid transporters examined here were
mainly neutral amino acid transporters and reported to be
important for intestinal epithelial transport, i.e., system B?
(BOATI) {9,10], system ASC (ASCT2) [21], system po*
(b%*AT) [22], system L (LAT1 [23,24] and LAT2 [25-27}),
system y'L, (y"LAT1) [28] and system A (ATAZ2) [29]. It

has been demonstrated that B®AT1, ASCT2 and b**AT
localized at the brush-border membranes of epithelial cells,
whereas LAT1, LAT2, y*LAT1 and ATA2 localized at the
basolateral membranes.

Fig. 5 shows the mRNA expression levels along the
digestive tract for the amino acid transporters localized to
brush-border membranes: B°AT1, ASCT2 and b"*AT.
These three transporters exhibited distinguishable expres-
sion patterns. B°AT1 mRNA levels were increased from
duodenum to ileum like MDR1 mRNA levels. ASCT2
showed little expression in the small intestine, but sig-
nificant expression in the large intestine (colon and rec-
tumn). In contrast, b3+ AT exhibited little expression in the
digestive tract except for the stomach.

Fig. 6 shows the mRNA expression levels along the
digestive tract for the amino acid transporters localized to
basolateral membranes: LAT1, LAT2, y'LAT1 and ATA2.
ATA?2 showed a strong expression in the tissues tested.
LAT1 was preferentially expressed in the esophagus, sto-
mach and pancreas, as compared with the small and large
intestine. The expression of LAT2 was abundant in the
stomach and rectum, and modest in the small intestine
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Fig. 5. mRNA expression of brush-border membrane-localized amino acid transporters B°AT1, ASCT2 and bP*AT along the digestive tract and pancreas.
Abbreviations for each tissue and experimental methods are identical to those in Fig. 1.
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Fig. 6. mRNA expression of basolateral membrane-localized amino acid transporters LAT1, LAT2, y'LAT1 and ATA2 along the digestive tract and pancreas.
Abbreviations for each tissue and experimental methods are identical to those in Fig. 1.
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Fig. 7. mRNA expression of organic ion transporters along the digestive tract. Tested transporters are as follows: OCT1-3, OCTN1 and 2, OAT1-4 and URAT1.

Experimental methods are identical to those in Fig. 1.

(duodenum, jejunum and ileum). In contrast, y*LAT1 was
predominantly expressed in the small intestine (duode-
num, jejunum and ileum) with little expression in other
tissues.

PEPT1 also works as a drug transporter. To compare the
mRNA expression level of PEPT1 with other drug trans-
porters, we selected organic ion transporter family includ-
ing organic cation transporters (OCT1-3), organic cation/
carnitine transporters (OCTN1 and 2), organic anion trans-
porters (OAT1-4) and urate transporter (URAT1). These
transporters arc mainly expressed in the kidney [11] and
play important roles for renal secretion of ionic drugs [30],
but some transporters were suggested to mediate the
intestinal secretion of drugs [31]. As shown in Fig. 7, there
was little expression for organic ion transporters except for
OCTN2. OCTN2 exhibited a similar expression level of
PEPT! in the intestine. In addition to intestine, OCTN2
exhibited abundant expression in the stomach, colon and
rectum.

4. Discussion

In the present study, we have demonstrated that the
mRNA expression level of PEPT1 is higher in the duode-
num and jejunum than that of B’AT1, ASCT2 and b**AT,
which are localized at the brush-border membranes, and is
equal to that of BPAT1 in the ileum. Previous works
showed that luminal contents after protein ingestion mostly
consist of two to six amino acids [32], and that most of the
dipeptidase activity is located in the cytoplasm of mucosal
cells [33]. Thus, higher expression levels of PEPT1 than
amino acid transporters at brush-border membranes should
support the nutritional importance of the intestinal absorp-
tion of small peptides for protein nutrition. The high
expression levels of intestinal PEPT1 also emphasize the
pharmacological implication of peptide transporters. The
peptide-like drugs transported by PEPT1 showed good oral

biocavailability [3]. Transport abilities of PEPT1, with great
flexibility for structural modification, and high expression
of PEPT1 in the small intestine should be helpful for drug
development to improve the intestinal absorption of poorly
absorbed drugs.

The expression level of PEPT1 mRNA showed a peak in
the duodenum, and gradually decreased to the ileum.
Interestingly, the expression gradient of B°AT1 mRNA
is completely inversed to that of PEPT1. These reciprocal
axial gradients in the mRNA expression of PEPT1 and
BPAT1 well correspond to the transport activities of small
peptides [34,35] and amino acids for system B [36], and
may have physiological relevance and importance to the
maintenance of optimal protein nutrition [37]. Namely, the
ingested proteins are digested by the membrane-bound
peptidases to generate a major portion of the absorbable
products, namely, amino acids and small peptides. Though
these peptidases are present throughout the small intestine,
levels of activity are much higher in the ileum than in the
jejunum [38], indicating that the concentrations of free
amino acids in the lumen are gradually increased, while the
luminal concentration of small peptides are gradually
decreased as the luminal contents move along the intestine.
Furthermore, K, values of typical substrates for PEPT1
(glycylsarcosine) [39] and BPAT1 (leucine) [10] were
about 1 mM, suggesting that both transporters have similar
kinetic parameters. It is, therefore, suggested that the
efficient absorption of digestive products of proteins
may be achieved by a good correlation between the
expression profiles for PEPT1 and BPAT1 and the luminal
concentrations of the corresponding substrates along the
intestine.

Using tissue biopsy samples, Gutmann et al. [40]
demonstraied that the mRNA expression of human breast
cancer resistance protein (BCRP) was maximal in the
duodenum and decreased continuously down to the rectum
[40]. This expression profile is contrast to that of MDR1
mRNA expression (Fig. 1 right), suggesting that BCRP and



.

1762 T. Terada et al./Biochemical Pharmacology 70 (2005) 17561763

MDRI1 also complement the transport function each other
along the digestive tract as the substrate specificity of both
transporters is partially overlapping [41]. Taken together,
reciprocal expression of functionally related membrane
transporters along the digestive tract should be responsible
for the efficient biological systems in physiology and
pharmacology.

Recently, Dave et al. [42] examined the expression of
heteromeric amino acid transporters along the murine
intestine. Their major findings related to our study were
as follows: (i) the main sites of mRNA expression of
absorptive amino acid transporters (b%*AT, LAT2 and
y'LAT1) were the jejunum and ileum; (i) a substantial
level of LAT2 mRNA was found in the stomach, an organ
not previously recognized as a major site of amino acid
absorption and (iii) LAT1 was most abundant in brain and
weakly expressed in the intestine except for the stomach.
Most of these findings were also confirmed in the human
intestine, although the expression levels of b?* AT, LAT2
and y*LAT1were not so high in the human intestine as
compared to mouse intestine. Mutations in b>*AT lead to
the hereditary disease cystinuria [22], and characterized
by renal loss and altered intestinal absorption of cationic
amino acids and cystine. Interestingly, patients with
cystinuria do not exhibit obvious symptoms of protein
malabsorption because the affected amino acids are
absorbed adequately in the form of small peptides [43].
The much higher levels of PEPT1 than b®*AT explain this
compensation.

In the present study, PEPT1 was found to be expressed in
the stomach, induced by intestinal metaplasia. Intestinal
metaplasia is characterized by the transdifferentiation of
gastric epithelial cells to an intestinal phenotype [19].
Several intestinal-specific gene products such as trefoil
peptides [44] were reported to be expressed in the stomach
after intestinal metaplasia. CDX2, an intestine-specific
transcription factor belonging to the caudal-related
homeobox gene family, was involved in the induction of
intestinal metaplasia of the stomach {45]. We have recently
clarified the significant role of Spl in the basal transcrip-
tional regulation of PEPT1 [46], but the mechanisms of
intestine-specific expression of PEPT1 have not been
clarified yet. CDX2 may also be responsible for the small
intestinal and gastric expression of PEPT].

Among organic ion transporters tested, only OCTN2
showed significant expression in the intestine, as the same
expression level of PEPT1. The physiological substrate for
OCTN?2 is the carnitine, and mutations in this protein cause
the autosomal recessive systemic carnitine deficiency [47].
In addition to carnitine, OCTN2 can transport various
drugs such as verapamil [48]. This transport activity and
abundant expression in the intestine suggested the phar-
amcokinetic role of OCTN2 for intestinal absorption like
PEPT1. Using Octl knockout mice, it was demonstrated
that Octl plays important roles for intestinal excretion of
cationic drugs [49]. But, the present expression analyses

revealed that there was little expression of OCT1 along the
digestive tract. Further studies are needed to clarify the
clinical implication of intestinal OCT1.

In conclusion, we demonstrated the expression profile of
PEPT1, amino acid transporters and organic ion transporters
along the human digestive tract. The reciprocal distribution
of PEPT1 and B®AT1 may contribute to the efficient absorp-
tion of digestive products of ingested proteins. PEPT1
expression in the stomach is caused by intestinal metaplasia.
OCTN2 is also abundantly expressed in the intestine. These
findings may provide useful information about enteral nutri-
tion, gastric pathology and pharmacology.
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Abstract

To assess gene expression of a membrane-bound G-protein-coupled fatty acid receptor, GPR40, in the human pancreas and islet cell
tumors obtained at surgery were analyzed. The mRNA level of the GPR40 gene in isolated pancreatic islets was approximatety 20-fold
higher than that in the pancreas, and the level was comparable to or rather higher than that of the sulfonylurea receptor 1 gene, which is
known to be expressed abundantly in human pancreatic p cells. A Jarge amount of GPR40 mRNA was detected in tissue extracts from
two cases of insulinoma, whereas the expression was undetectable in glucagonoma or gastrinoma. The present study demonstrates that
GPR40 mRNA is expressed predominantly in pancreatic islets in humans and that GPR40 mRNA is expressed solely in human insu-
linoma among islet cell tumors. These results indicate that GPR40 is probably expressed in pancreatic f cells in the human pancreas.

© 2005 Elsevier Inc. All rights reserved.

Keywords: G-protein-coupled receptor; GPR40; Islet of Langerhans; Pancreatic p cell; Insulinoma; Fatty acid; Insulin secretion

Fatty acids (FAs), especially long chain FAs, augment
glucose-stimulated insulin secretion (GSIS) from the pan-
creas [1]. To date, however, the entire mechanism whereby
FAs acutely induce GSIS augmentation has not been fully
elucidated [2]. In addition, chronic FA exposure causes
marked deterioration of f cell function, which is referred
to as lipotoxicity [3,4).

GPR40, a membrane-bound G-protein-coupled recep-
tor, is reported to be preferentially expressed in pancreatic
B cells in rodents and is involved in the regulation of GSIS
after acute exposure to mid- or long-chain FAs in in vitro
experiments [5]. A recent study regarding GPR40 knockout
mice and P cell-specific GPR40 transgenic mice suggests the
possible involvement of GPR40 in diabetes mellitus [6].
Although these findings suggest the implication of
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GPR40 in the regulation of insulin secretion and glucose
homeostasis, gene expression of GPR40 in humans has
not been fully elucidated [2,7]). The present study was
designed to investigate GPR40 mRNA expression in the
pancreas and islet cell tumors in humans.

Materials and methods

Participants, tissue sampling, and pancreatic islet isolation. The present
study was performed according to the Declaration of Helsinki and
approved by the Ethical Committee on Human Research of Kyoto
University Graduate School of Medicine (No. 508, 2003). Signed informed
consent was obtained from all patients in the present study. Normal
pancreata were obtained from four patients with pancreatic cancer and
one patient with insulinoma at the time of surgery. Sample margins con-
tained no signs of tumor invasion, thus these pancreatic samples were
thought to be free of tumor. In addition, insulinoma (n = 2), glucagonoma
(n = 1), and gastrinoma (n = 1) were collected at surgery. Pancreatic islet
tissues were promptly isolated from the pancreas through the mince
method [8]. After dithizone staining, pancreatic islets were manually col-
lected using a stereomicroscope (SZ-STB!; Olympus, Tokyo, Japan).
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Table 1
Sequences of TagMan primers and probes
Gepe GenBank Accession No. Probe (FAM-5' — 3'-TAMRA) Primers” (5’ — 3')
GPR40 NMO005303 TCTGCCCTTGGCCATCACAGCCT f GCCCGCTTCAGCCTCTCT
r GAGGCAGCCCACGTAGCA
SURI NMO000352 CCTCACCAACTACCAACGGCTCTGCG S GCTGCCCATCGTTATGAGGG
r GAATGTCCTTCCGCACCTGG
GAPDH NM002046 CCTCAAGGGCATCCTGGGCTACACTG S TGAAGCAGGCGTCGGAGG

r GCTGTTGAAGTCAGAGGAGACC

Abbreviations: FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

* Forward primers are designated by f and reverse primers by r.

Quantification of mRNA expression of GPR40) and SURI. We measured
mRNA expression of genes encoding GPR40 and sulfonylurea receptor |
(SURI) [9]). Total RNA was extracted using the QIAGEN RNeasy Mini
Kit (QIAGEN GmbH, Hilden, Germany) {10] and treated with DNase I
to avoid contamination of genomic DNA, because GPR40 gene is a single
exon one. First strand cDNA was synthesized by random hexamer primed
reverse transcription using SuperScript I reverse transcriptase (Invitro-
gen, Carlsbad, CA) [11]. The mRNA level was quantified by the TagMan
PCR method using an ABI PRISM 7700 Sequence Detector (Applied
Biosystems, Foster City, CA) as described {12]. RT-minus samples served
as a control to exclude the amplification of potential genomic DNA
contamination. To calculate the copy number of each mRNA, standard
curves were generated using synthesized oligo DNA fragments (Proligo
Japan, Kyoto, Japan) containing the PCR amplicon region. The mRNA
level of each gene was normalized to that of GAPDH and expressed in
arbitrary units as relative to the GPR40 mRNA level in the normal
pancreas from case 1. Table | summarizes the sequences of primers and
probes used in the present study.

Results

Expression of GPR40 mRNA in human pancreas and
isolated pancreatic islets

By use of total RNA samples from patients who under-
went pancreatectomy, GPR40 mRNA expression in the
human pancreas was examined. GPR40 mRNA was
detected in normal pancreata obtained from four patients
with pancreatic cancer and one patient with insulinoma,
where the relative expression values were from 0.70 to
2.08 in arbitrary unit (1.16 £ 0.39, means = SEM). The
GPR40 mRNA level in freshly prepared isolated pancreatic
islets was approximately 20-fold higher than that in the
pancreas from the same individuals (Fig. 1).

To evaluate the expression of GPR40 in human pancre-
atic islets, we measured gene expression of sulfonylurea

GPR40
Case 1
SUR1
GPR40
Case 2
SUR1
[ 5 10 15 2;) 2'5

mRNA fevel (arbitrary unit)

Fig. 1. GPR40 and SUR! mRNA expression in human pancreas and
pancreatic istet. Total RNA extracted from human pancreata (open bars)
and pancreatic islets (closed bars) was analyzed in two patients. The
mRNA level for each gene was normalized to that of GAPDH.

Normal Pancreata (n=5) q___l-q
Pancreatic Islets (n = 2) ————1
Insutinoma -/ A/ AV, )
Insulinoma 1 A1,
Glucagonoma 1 <0.1
Gastrinoma 1 <0.1
0 5' 1;] 1l5 2'0

GPRA40 mRNA level (arbitrary unit)

Fig. 2. GPR40 mRNA expression in human pancreas, pancreatic islet,
and islet cell tumors. Total RNA extracted from the normal human
pancreas (the open bar, n = 5), pancreatic islets (the closed bar, n=2),
and islet cell tumors (hatched bars). The GPR40 mRNA level was
normalized to that of GAPDH. Data are expressed as means + SEM in
the pancreas and pancreatic islets.

receptor, which is known to be expressed abundantly in
pancreatic f cells. The estimated mRNA copy number of
the GPR40 gene in isolated pancreatic islets was compara-
ble to or rather higher than that of the sulfonylurea recep-
tor 1 (SUR1) gene (Fig. 1).

A large amount of GPR40 mRNA expression in insulinoma
tissues

We next explored the expression of GPR40 mRNA in
islet cell tumors including insulinoma, glucagonoma, and
gastrinoma. GPR40 mRNA was detected in tissue extracts
from two cases of insulinoma, which was comparable to
that in human pancreatic islets (Fig. 2). In contrast,
GPR40 mRNA was undetectable in tissue extracts from
glucagonoma or gastrinoma (Fig. 2).

Discussion

As pancreatic tissues are extremely vulnerable to post-
mortem autolysis, freshly prepared specimens obtained at
operation have a great advantage for the precise analysis
of the GPR40 mRNA level. Using expeditiously isolated
pancreatic islets from the pancreatic tissue obtained during
surgery, the present study demonstrates that a large
amount of GPR40 mRNA is expressed in pancreatic islets
in humans. Levels of GPR40 mRNA expression in
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pancreatic islets are 20-fold higher than those of the whole
pancreas in the same individuals. The present study also
demonstrates that a large amount of GPR40 mRNA is
expressed in the insulinoma tissue. In contrast, the mRNA
was not detected in glucagonoma or gastrinoma. This is the
first demonstration of GPR40 mRNA expression in human
insulinoma. These findings indicate that GPR40 is proba-
bly expressed mainly in B cells in the human pancreas.

It is important to note that the mRNA level of GPR40 is
comparable to that of SURI in human pancreatic islets,
which is abundantly expressed in human pancreatic f cells
and works as a target of anti-diabetic sulfonylurea agents
[13]. Thus, the present study indicates that GPR40 is
expressed in P cells in the human pancreas, suggesting its
involvement in the regulation of insulin secretion.
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Abstract

Aim: The aim of this phase-l study is to determine the
maximum tolerated dose (MTD) of weekly gemcitabine
in concurrent combination with a total radiation dose of
54 Gy in patients with pancreatic cancer. Methods: In all
patients, a total dose of 54 Gy was delivered in 30 frac-
tions of 1.8 Gy/day. Gross tumor volume and regional
lymph nodes were included in the irradiated volume with
a 1-to 1.5-cm margin. The doses of weekly gemcitabine
were escalated from 100 mg/m? by increments of 50 mg/
mZ. Dose-limiting toxicity {DLT) was defined as hemato-
logic toxicity, prolonged grade-3 non-hematologic toxic-
ity, and incompletion of the planned treatment. Resufis:
Twenty-six patients entered the trial. From level 1
(100 mg/m?) to level 4 (250 mg/m?), no patient expe-
rienced DLT except for 1 patient at level 1. At level 5
(300 mg/m?), 3 of the 5 patients met the DLT criteria. One
patient developed severe pulmonary abscess, and the
other 2 patients had hematologic DLT. The overall partial

response rate was 29%, and the median survival time
was 13.7 months. Thefirstrelapse occurred atthe in-field
primary site in & patients and at distant organs in 13 pa-
tients. Conclusion: The MTD of weekly gemcitabine was
250 mg/m? in the present chemoradiotherapy setting.
The efficacy of this chemoradiotherapy regimen is cur-
rently being evaluated in the phase-ll setting.

- Copyright © 2006 S. Karger AG, Bassl and IAP

Introduction

Gemcitabine (2'-deoxy-2'-difluorocitiding), a purine
analog, displays significant antitumor activity in a broad
range of cancers. The clinical utility of gemcitabine in
advanced pancreatic cancer is widelv known by a ran-
domized phase-TTT study, in which the palliative effect
and survival benefit of gemcitabine was shown to be
greater than that of 5-fluorouracil (5-FU) [1].

Patients with locally advanced nonresectable disease
and without distant metastases arc often treated with ra-
diotherapy with or without concurrent use of chemother-
apeutic agents with a radiosensitizing effect, including
5-FU [2]. Since the Gastrointestinal Study Group report-
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ed the survival advantage of concurrent chemoradiother-
apy with 5-FU over radiotherapy alone, 5-FU-based
chemoradiotherapy hasbeen regarded asa standard strat-
egy for locally advanced pancreatic cancer [3, 4].

Since the demonstration of the efficacy of gemcitabine
as a potent radiosensitizing agent for human pancreatic
cancer cells [5-7], many clinical trials have been under-
taken to establish the use of gemcitabine-based chemora-
diotherapy as an alternative strategy in treating locally
advanced pancreatic cancer [8-171.

Although only a few studies have compared the out-
come and toxicity of gemcitabine-based chemoradiother-
apy with that of 5-FU-based chemoradiotherapy [13, 18],
several preclinical studies and clinical phase-1/TI studies
have demonstrated gemcitabine as a promising agent in
chemoradiotherapy for pancreatic cancer [8-12, 14—
17].

However, the optimal use of gemcitabine remains con-
troversial. A variety of recommended doses and sched-
ules was reported in previous clinical studies, depending
on patient background, disease status and, most impor-
tantly, on the concurrently used radiotherapy techniques,
including radiation dose, fractionation, and the irradi-
ated volume.

The main purpose of this phase-1 trial was to deter-
mine the maximum tolerated dose MTD) of weekly gem-
citabine when concurrently combined with a fixed radia-
tion dose of 54 Gy in patients with pancreatic cancer.

Methods and Materials

Patient Selection

This was a single-institutional phase-I study, approved by the
institutional review board at Kyoto University Hospital. Thisstudy
was carried ouf in accordance with the Helsinki Declaration. The
entry criteria included patients with locally nonresectable pancre-
atic carcinoma with no evidence of distant metastases. Patients
with limited para-aortic lymph node involvement at a level as low
as the left renal vein were regarded as eligible. Postoperative pa-
lients with a positive surgical margin or with local recurrence after
resection were also eligible, bul only if they were Lo be treated ex-
actly as the new cases.

Further eligibility included age between 20 and 75 years, ECOG
performance status of 0-2, without preceding chemotherapy or ra-
diotherapy, and without a history of another malignancy. Adequate
hone marrow {white blood cell count 3,000—12.000/1nm3, platelet
count >75,000/mm3, and hemoglobin level >10 g/dl), renal furne-
tion (blood urea njtrogen and creatinine within the normal limits),
and hepatic function {aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) three times below the upper limit of
normal) were also required. Written informed consent was pro-
vided by all patients.
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Radiotherapy

The gross tumor volume (GTV) and the clinical target volume
(CTV) were contoured on the planning CT scan with contrast al S-
mm intervals, where CTV was defined as the GTV plus a 5-mm
margin in all directions as well as the potential para-aortic lymph
node involvement between the celiac axis and the left renal vein,
The planned target volume was determined by adding a horizontal
5-mm margin and a cephalocandal 10-mm margin to the CTV, con-
sidering respiratory movement. The liver, kidneys and spinal cord
were also contoured to calculate the dose volume histograms.

Patients were treated with 15-MV X-ray beams generated by a
CLINAC-2100 (Varian, Palo Alto, Calif, USA). A total dose of
54 Gy was delivered in 30 daily fractions of 1.8 Gy over 6 weeks,
using a three-field techinique for the first 15 fractions and a dynam-
ic are conformal technique for the following 15 fractions [19-22].
The irradiation held was determined so that the entire planned far-
get volume should be cavered with the 95% isodose line. Thus, the
total distance from the GTV edge to the ficld edge was 15-20 mm
horizontally and 20-25 mm cephalocaudally. A sample of the
summed dose distribution is iltustrated in figure |. The irradiation
field was not reduced throughout the course of radiotherapy.

Gemcitabine Dose Escalation

Gemcitabine {Gemzar, Eli Lily, Indianapolis, Ind., USA) was
reconstituted in saline and given as an inuavenous infusion over
30 min, once 2 week during the 6-week radiotherapy, as shown in
figure 2. If the radiotherapy periad extended for over 6 weeks due
to holidays, the schedule was modified keeping the proportion of |
gemcitabine dose to 5 radiation doses.

The doses of weckly gemeitabine were escalated from 100 mg/
m? by increments of 50 mg/m-, each cohort consisting of 3-5 pa-
dents. Treatment-relaled acute toxicity was recorded according to
(he National Cancer Tnstitute Common Toxicity Criteria. Blood
samples were drawn twice a week during the radiotherapy period.
Dosc-limiting toxicity (DL T) was defined as: (1) hematologic toxic-
ity of white blood cell count <1 000/mm’®, neutrophil couat <500/
mn1’, and platelet count <30,000/mm”*; (2) prolonged grade-3 non-
hematologic toxicity except appetite loss and general malaise over
| week, and (3) incompletion of the planued treatment (54 Gy and
& pemcitabine doses) for any reason. Patients were evaluated for
DLT until 2 months after the end of radiotherapy. The gemcitabi-
ne dose was escalated to the subsequent dose level when DLT was
encountered in less than one third of the patients al a level. The
MTD was defined as the dose level below thal producing DLT in
one third or more of the patients.

Response Evaluation and Patient F ollow-Up

To evaluate tumor response and late toxicity, patient interview,
physical examination, blood cxamination including relevant tumor
markers, and CT imaging were performed at intervals of 4-8 weeks
after completion of radiotherapy. The initial tumor response was
judged within 3 months. As additional treatments, the protocol
recommended 3 weekly doses of gemcitabine at 1,000 m g/m2 every
28 days as long as possible, although it was in principle left to the
discretion of the medical oncologists.

Statistics

In the assessment of Lhe initial tumor response, a partial re-
sponse (PR) was defined as a 3% reduction in the largest diameter
of the primary lesions for at least 4 weeks: progressive discase (PD)
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Table 1. Patient characteristics

Age, years
40-49 2
50-59 6
60-69 14
=70 4

Gender
Male 17
Female 9

Performance status

| Somnssiusn g

Fig. 1. Summed dose distribution by the half-and-half combination of the three-field and
dynamic arc conformal irradiation techniques.

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Three-field {>

Conformal

0 7
1 16
2 3
Tumor location
Head 13
Body/tail 13
Twmor size, mm
0-19 3
20-39 11
40-59 9
260 3
Disease status
UTCC stage ITT 17 Gemcitabine
UICC stage TV 5 100-300 mg/m?
Postoperative positive margin =~ 2
Postoperative recurrence 2
Radiotherapy
Pretreatment CA 19-9 level, U/ml 1.8 Gy » 30
0-99 9
100999 8
1,000-4,999 6
=5,000 3

was defined as a 20% increase in the largest diameter, and stable
disease (SD) was defined as non-PR and non-PD, according to the
Response Evaluation Criteria in Solid Tumors. Survival times were
calculated from the day of the first raction of radiotherapy using
the Kaplan-Meier method, although this study was not designed for
an outcome analysis,

Results

Patient Characterisiics

Between July 2001 and March 2003, 26 patients (9 fe-
males and 17 males) entered the trial. The patient char-
acteristics are summarized in table I. The median patient
age was 64 (range 41-75) years. The primary tumor loca-
tion was the pancreatic head in 13 patients and the body/
tail m 13,

Chemoradiotherapy for Pancreatic Cancer

Fig. 2. Treatment schema,

The irradiated volume as the rectangular parallelepi-
ped on the three-field technigue ranged from 529 to 1,968
(median 1,002) ml. Of all 26 patients, 25 completed the
planned radiotherapy, and their median overall treat-
ment time was 44 (range 39-56) days, while 23 patients
(88%) completed the planned chemoradiotherapy. Fol-
lowing the completion of the chemoradiotherapy, 18, 8
and 2 patients received =2, =5 and = 10 courses of ad-
Juvant gemcitabine, respectively.

Dose-Limiting Toxicity

Toxicity observed at each gemcitabine dose level is
shown in table 2. At level | (100 mg/m?, n = 3), | of the
5 patients suffered persistent grade-3 vomiting just after
the first dose of gemcitabine, and no further gemcitabine
could be administered. This patient completed radiother-
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Table 2. Dose levels and toxicity

Level | (100 mg/m?) 0/ 1421210

4/1/0/0/0

0/4/0/1/0 4/1 /1

5
Level 2 (150 mg/m?) 5 071737110 411/0/0/0 L/1/3/0/0 5/0 5/0
Level 3 (200 mg/m®) 3 070731010 2/ 1/0/0/0 0/1/2/0/0 3/0 3/0
Level 4 (250 mg/m?) 8 0/1/2/5/0 5/2/110/0 1/3/3/1/0 8/0 8/0
Level 5 (300 mg/m?) 5 0/0/1/3/1 11121170 012/310/0 32 2/3

GEM = Gemcitabine; DLT = dose-limiting toxicity; NCI-CTC = National Cancer Tnstitute Common Toxicity Criteria version 2.0

apy alone to 54 Gy, but both the non-hematologic DLT
and the DLT of the incompletion of the planned course
of chemoradiotherapy were noted. None of the other
4 patients met the DLT criteria. At level 2 (150 mg/m?,
n = 5), level 3 (200 mg/m?, n = 3) andlevel 4 (250 mg/m?,
n = 4), no patient experienced DLT. At level 5 (300 mg/
m?, n = 5), 3 of the 5 patients met the DLT criteria. One
patient developed pulmonary abscess following continu-
ous grade-3 leukopenia several days after the second dose
of gemcitabine. Aftera 2-week interruption, radiotherapy
alone was resumed without gemcitabine. Although it was
not clear whether this complication should be regarded
as treatment-related, it met at least one DLT criterion of
the incompletion of the planned treatment. Another 2 pa-
tients at level 5 had hematologic DLT, one leukopenia,
and the other thrombocytopenia. To confirm the tolera-
bility of level 4, 4 patients were added to this cohort, and
none of them experienced DLT. Thus, the MTD of week-
ly gemcitabine was determined to be 250 mg/m? in the
present setting of chemoradiotherapy.

There was a tendency for the incidence of grade-3 leu-
kopenia and grade-2 thrombocytopenia to increase ac-
cording to the gemcitabine dose level, even though it was
below the level of DLT. However, acute gastrointestinal
toxicity did not seem to depend on the gemcitabine dose
level

Late Toxicity

In the 13 patients who survived longer than 6 months
and underwent regular blood examinations, gastrointes-
tinal, hepatic and renal late toxicity were assessed. Grade-
3 gastrointestinal late toxicity was observed in | patient
{at level 4), who developed hemorrhagic gastric ulcer 2
and 5 months after completion of chemoradiotherapy.
No grade-2-4 hepatic or renal late toxicity was experi-
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enced. Grade-1 hepatic toxicity (AST/ALT <2.5-fold the
upper normal limit) and grade-1 renal toxicity (creatinine
<2.0mg/dl) was observed in 3 (all at level 1) and 2 patients
(1 at level | and 1 at level 3), respectively. To evaluale
the influence of the irradiated dose of these organs on
toxicity, a dose volume histogram (DVH) was analyzed
for all 13 patients. The median %V30Gy of the liver,
9%V 25Gy of the right kidney and %V25Gy of the left kid-~
nev were 11.4% (range 1.6-34.4%), 9.3% (range 3.1-
18.4%) and 8.3% (range 0.2-26.6%), respectively. There
was no relationship between the DVH profile and toxic-
ity, or between the gemcitabine dose and toxicity.

Clinical Response

For the 24 patients who had measurable tumor, fol-
low-up CT studies were obtained at least once within
3 months after treatment to determine the initial tumor
response. Radiologic SD was observed in17,PDin 1 (at
level 1), and PR in 7 (1 at level 1, 1 at level 2, 1 at level
3, 2 atlevel 4 and 2 atlevel 5) patients. A PR caseis shown
in figure 3. The overall PR rate was 29%: Of the 23 pa-
tients whose pretreatment CA 19-9 value was above the
normallimit, 20 (87%) showed a decrease within 3months
afler treatment,

The overall survival curve for the 24 patients exclud-
ing the 2 postoperative cases is shown in figure 4. Median
survival time (MST) was 13.7 months, where the median
follow-up time of the survivors was 11 months. The first
relapse occurred at the in-ficld primary site in 6 patients
and at distant organs in 13 patients (6 peritoneal, 5 liver,
1 skin and 1 lung metastasis).
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Fig. 3. Pre- and post-treatment CT scans
in a patient achieving a partial response
(PR).

Fig. 4. Overall survival for the 24 patients
with gross tumor. Median survival time
{MST) was 13.7 months,

Discussion

When gemcitabine is used as a single agent for patients
with advanced pancreatic cancer, the standard weekly
dose is around 1,000 mg/m? [1, 23]. On the other hand,
a total radiation dose of at least 50-60 Gy may be neces-
sary to achieve local control, if radiosensitization is not
considered [3]. Considering both the radioresistant and
metastasis-prone nature of pancreatic cancer, the concur-
rent combination of full~dose radiotherapy and full-dose
gemceitabine should produce the best outcome. However,
this appears to be too toxic in clinical practice [10, 11].

A phase-l study of chemoradiotherapy with a fixed
standard dose of gemcitabine (1,000 mg/m? gemcitabine
on days 1, 8 and 15 of every 28 days) was undertaken to
determine the MTD of concurrent [ 5-fractionated radio-
therapy by McGinn et al. [§]. The radiation dose was es-
calated from 24 Gy in 1.6-Gy fractions to 42 Gy in 2.8-Gy
fractions, concluding that 36 Gy in 2.4-Gy fractions was

Chemoradiotherapy for Pancreatic Cancer

tobe recommended [9]. This approach had the advantage
that the systemic antitumor effect of gemcitabine as well
as the radiosensitizing effect was expected even during
the radiotherapy period, although the radiation dose giv-
en was considerably low for tumor control.

Several phase-1 studies have been performed to deter-
mine the MTD of concurrent gemcitabine with a fixed
radiation dose fractionation. Two independent studies of
conventional radiotherapy with twice-weekly gemcitabi-
ne were reported by Blackstock et al. [8] and Pipas et al.
[15] The MTD of gemcitabine was shown to be as low as
40 and 50 mg/m?, respectively, in combination with a
total dose of 50.4 Gy in 1.8-Gy fractions [8, 15]. Toxicity
scen even at considerably low dose levels of gemcitabine
may suggest its great efficacy as a pure radiosensitizer, if
administered frequently with radiotherapy.

Phase-I studies of short-course radiotherapy with
weekly gemcitabine have been reported by Crane et al.
[12] and Wollf et al. [16]. The former showed the high
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incidence (24%) of severe acute toxicity in patients treat-
ed with 200-500 mg/m® gemcitabine n combination
with a total dose of 30-33 Gy in 3-Gy fractions [12]. The
latter showed that the MTD of weekly gemcitabine was
350 mg/m? with a total dose of 30 Gy in 3-Gy fractions,
the gerncitabine dose being decreased from the starting
dose level of 400 mgjm2 [16]. Short-course chemoradio-
therapy with a hypofractionated schedule has the advan-
tage that the patients could be transferred earlier to in-
tense systemic therapy. However, both of these reports
described difficulty in combining modest doses of weeldy
gemcitabine and daily 3-Gy fractions of irradiation to the
upper abdomen.

Several phase-1 and phase-1 studies of conventional
radiotherapy with weekly gemcitabine have also been re-
ported. Ikeda et al. [10] showed an MTD of 250 mg/m?
with a total dose of 50.4 Gy in 1.8-Gy fractions. Poggi et
al. [11] showed the MTD of 440 mg/m? with a total dose
of 54—55.8 Gy in 1.8-Gy fractions. Epelbaum et al. [14]
reported that chemoradiotherapy with weekly gemcitabi-
ne of 400 mg/m? and a total dose of 50.4 Gy in 1.8-Gy
fractions, following a standard-dose of gemcitahine for 7
weeks as an induction phase, was well tolerated.

The feasibility of chemoradiotherapy with gemcitabi-
ne plus another agent, including 5-FU, mitomycin C, clis-
platin and paclitaxel, has also been evaluated in various
regimens. Talamonti et al. [24] reported the unexpected
early toxicity of the concurrent chemoradiotherapy with
a total radiation dose of 39.4 Gy aud gemcitabine plus
prolonged infusion of 5.FU. Kornek et al. [25] showed
the MTD of weekly 24-hour continuous infusion of gem-
citabine was 130 mg/m” combined with a dose of mito-
mycin Cof 8 mg/m? and a total radiation dose of 45 Gy.
In addition, the feasibility of chemoradiotherapy with
gemcitabine and cisplatin was reported by Martenson et
al. [26] and Brunner et al. [27]. The former showed that
twice-weekly gemcitabine at 30 mg/m> and twice-weekly
cisplatin at 10 mg/m? with concurrent radiotherapy of
50.4 Gy was acceptable [26], and the latter showed that
weekly gemcitabine at 300 mg/m? and 10 daily doses of
cisplatin at 20 mg/m® with concurrent radiotherapy of
55.8 Gy was recommendable [27]. Safran et al. [28] re-
ported the feasibility of chemoradiotherapy with a total
radiation dose of 50.4 Gy and weekly gemcitabine at
75 mg/m? plus weekly paclitaxel at 40 mg/m?>.

The current study was designed as an orthodox phase-
1 trial of gemcitabine dose escalation with concurrent
conventional radiotherapy at a total dose of 54 Gy in 1.8-
Gy fractions. The MTD was shown to be 250 mg/m?. Tt
is interesting that the current study showed the same
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MTD as an independent Japanese phase-1 study, although
the total radiation dose, irradiation techniques used, and
the DLT were considerably different [10]. In the current
study, 3 of the 5 patients at level 5 (300 mg/m?) met the
DLT criteria. The DLT was mainly hematologic toxicity,
including 1 patient who developed pulmonary abscess
after grade-3 leukopeniza, while non-hematologic toxicity
did not depend on the gemcitabine dose level. It is no-
table that gastrointestinal DLT was not uncommon mn
most previous phase-I studies, particularly in the setting
of twice-weekly gemcitabine or short-course radiotherapy
[15, 16, 26]. Tn addition, ail 8 patients at level 4 (250 mg/
m?) completed the planned chemoradiotherapy without
DLT, suggesting good compliance at this dose level.

Overall, the late toxicity observed in the carrent study
seemed to be acceptable. We employed a half-and-half
combination of the three-field and dynamic arc confor-
mal irradiation techniques, according to previous studies
at our institute [19-22], considering the balance between
the DVHs of liver and kidneys. No grade-2 hepatic or re-
nal toxicity was encountered, suggesting that this irradia-
tion technique is safe also with concurrent gemgitabine.
Grade-3 gastrointestinal late toxicity occurred in only
1 patient, who developed hemorrhagic gastric uleer and
was treated conservatively. The incidence of late gastro-
intestinal toxicity. however, might have been under-eval-
uated, because endoscopic examination was performed
only for symptomatic patients.

The overall PR rate of the current study was 29%,
which is comparable to those in the previously published
phase-T and phase-IT studies of gemcitabine-based chemo-
radiotherapy (7-40%) [3, 10, 14, 16, 17, 25, 27-291 The
calculated MST of 13.7 months appeared to bhe compa-
rable to those in the previous studies of gemeitabine-
based chemoradiotherapy, which treated patients with
locally advanced nonresectable pancreatic cancer and
without distant metastases (6-14.5 months) [1i-14, 16,
17, 25-27, 30], and better than those in 5-FU-based
chemoradiotherapy [3, 13]. The recurrence pattern dif-
fered among the reports. One report showed that the local
progression rate at 9 months was 70% [12], and another
showed that 18 of 19 recurrences were distant metastases
[11]. In the current study, the majority (68%) of the first
recurrence occurred at a distant organ, suggesting the con-
siderable local antitumor effect and the limitations of the
systemic effect of this treatment regimen.

At present, many unsolved issues exist in treating lo-
cally advanced pancreatic cancer, including the optimal
dose-fractionation of radiotherapy, radiation treatment
volume, combined concurrent or sequential chemother-
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apy, and even whether chemoradiotherapy is better than
systemic chemaotherapy alone [31]. On the other hand,
more recently, several novel approaches in gemcitabine-
based chemoradiotherapy have been attempted including
combination with celecoxib (a cyclooxygenase-2 inhibi-
tor) [32], amifostine (WR-2721)[29], and intensity-mod-
ulated radiotherapy (IMRT) {33, 34)]. Theretfore, further

phase-II setting,

information on the long-term outcome and late toxicity

B3

B 7

References

Burris HA 3rd, Moore MJ, Andersen J, Green
MR, Rotbenberg ML, Modiano MR, Cripps
MC, Portenoy RK, Stornioln AM, Tarassoff P,
Nelson R, Dorr FA, Stephens CD, Von Hoff
DD: Tmprovements in survival and clinical
benefit with gemcitabine as ficst-line thecapy
for patients with advanced pancreas cancer: a
randomized trial. J Clin Oncol 1997;15:24(3~
2413,

Balart J, Capella G, de los Inocentes RM, de
Andres J, Ares C. Craven-Barlle I, Lluis F:
Treatment with S-lucrouracil enhances radio-
sensitivity of the human pancreatic cancer cell
line MiaPaCa-2. Pancrcatology 2002;2:40-
45,

Moertel CG, Frytak 8, Hahn RG, O’Connell
MU, Reitemeier RJ, Rubin J, Schutt AJ, Wel-
land L.H, Childs DS, Holbrook MA, Lavin PT,
Livstone E, Spiro H, Knowlton A, Kalser M,
Barkin J, Lessner H, Maun-Kaplan R, Ram-
ming K, Douglas HO Ir, Thomas P, Nave H,
Bateman I, Lokich J, Brooks I, Chaffey I, Cor-
soit JM, Zamcheck N, Novak JW: Therapy of
locally unresectable pancreatic carcinoma: a
randomized comparison of high dose (6000
rads) radiation zlone, moderate dose radiation
(4000 rads + 5-fluorouracit), and high dose ra-
diation + S-flugrouracil: The Gastrointestinal
Tuamor Study Group. Cancer 1981;48:1705-
1710.

Fisher BJ, Perera FE, Kocha W, Tomiak A,
Taylor M, Vincent M, Bauman GS: Analysis
of the clinical benefit of 5-fluorouracil and ra-
diation treatment in locally advanced pancre-
atic cancer, Int J Radiat Oncol Biol Phys 1999;
45:291-295,

Laweence TS, Chang EY, Hahn TM, Hertel
LW, Shewach DS8: Radiosensitization of pan-
creatic cancer cells by 2',2"-difluoro-2 '-deoxy-
cytidine, Int J Radiat Oncol Biol Phys 1996;
34:867-872.

Shewach DS, Tawrence TS: Radiosensitizalion
of human solid tumor cell lines with gemeitabi-
ne, Semin Oncol 1996;23(suppl 10):65-71.
Wciss C, Grabenbaner GG, Sauer R, Distel L
Significant increase in residual DNA damage
as a possible mechanism of radiosensitization
by gemcitabine. Strahlenther Onkol 2003;179:
93--98.

Chemoradiotherapy for Pancreatic Cancer

b3

B9

10

B 1

L2V

B

-

B4

Blacksiock AW, Bernard SA, Richards F, Eagle
KS, Case LD, Poole ME, Savage PD, Tepper
JE: Phasc I teial of twiccsweekly gemeitabine
and concurrent radiation in patients with ad-
vanced pancreatic cancer. 1 Clin Oncol 1999;
17:2208-2212,

MceGion CJ, Zalupski MM, Shureiqi I, Robert-
son JM, Eckhaoser FE, Smith DC, Brown D,
Hejra G, Sirawderman M, Norvalle D, Law-
rence TS: Phase 1 trial of radiation dose escala-
tion with concurrent weekly full-dose gem-
citabine in patients with advanced pancreaiic
cancer. J Clin Oncol 2001;19:4202-4208.
Tkeda M, Okada §, Tokuuye K, Ueno H, Oku-
saka T: A phase T trial of weekly gemcitabine
and concurrent radictherapy in patients with
locally advanced pancrealic cancer. Br J Can.
cer 2002;86:1551-1554,

Poggi MM, Kroog GS, Russo A, Muir C, Cook
J, Smith J, Mitchell JB, Ferscher LL: Phase |
study of weekly gemcitabine as a radiation sen-
sitizer for unresectable pancrearic cancer. fnt J
Radiat Oncol Biol Phys 2002:54:670~676.
Crane CH, Janjan NA, Evans DB, Wolif RA,
Ballo MT, Milas L, Mason K, Charnsangavej
C, Pisters PW, Lee JE, Lenzi R, Yauthey IN,
Wong A, Phan T, Nguyen Q, Abbruzzese JL:
Toxicity and efficacy of concurrent gemcitabi-
ne and radiotherapy for locally advanced pan-
creatic cancer. fnt J Pancreatol 2001:29:9-
8.

Li CP, Chao Y, Chi KH, Chan WK, Teng HC,
Lee RC, Chang FY, Lee 8D, Yen SH: Concur-
rent chemoradiotherapy treatment of locally
advanced pancreatic cancer; gomeitabine ver-
sus S-fluorouracil, a randomized controlled
study. Int J Radiat Oncol Biol Phys 2003;57:
98-104.

Epelbaum R, Rosenblatt E, Nasrallah S, Far-
aggl D, Gaitini D, Mizrahi §, Kuten A: Phase
1T study of gemicitabine combiried with radia-
lion therapy in patients with localized, unre-
sectable pancreatbic cancer, J Surg Oncol 2002;
81:138-143,

g5

216

B

~3

13

B 19

¥ 20

P2

by phase-1T or phase-ITT trials are being anticipated to es-
tablish the optimal strategy.

In conclusion, the MTD of weekly gemcitabine was
250 mg/m?, when combined with a total radiation dosc
of 54 Gy in 1.8-Gy fractions. The efficacy of this chemo-
radiotherapy regimen is currenily being evatuated in the

Pipas JM, Mitchell SE, Barth RT Ir, Vera-Gi-
mon R, Rathmann J, Meyer LP, Wagman RS,
Lewis LD, McDonnell C, Colacchio TA, Perez
RP: Phase I study of iwice-weekly gemcitabine
and concomirant external-beam radiotherapy
in patients with adenocarcinoma of the pan-
creas. Tot J Radiat Oncol Biol Phys 2001;50;
1317-1322,

Walft RA, Evans DB, Gravel DM, Lenzi R,
Pisters PW, Lee JE, Janjan NA, Charmsangavej
C, Abbruzzese JL: Phase T trial of gemeitabine
combined with radiation for the {reaiment of
locally advanced pancreatic adenocarcinoma.
Clin Cancer Res 2001;7:2246-2253.

de Lange $M, van Groeningen Cl, Meijer OW,
Cuesta MA, Langendijk JA, van Riel 1M, Pine-
do HM, Peters GJ, Meijer 8, Slotman BJ, Gi-
accone G: Gemcitabine-radiotherapy in pa-
tients with locally advanced pancreatic cancer.
Eur } Cancer 2002;38:1212-1217.

Crane CH, Abbruzzese §L, Evans DB, Wolff
RA, Ballo MT, Delclos M, Milas L, Mason K.
Charnsangavej C, Pisters PW, Lee JE, Lenzi R,
Vauthey JN, Wong AB, Phan T, Nguycen Q,
Janjan NA: Is the therapentic index better with
gemeitabine-based chemoradiation than with
S-fluorouracil-based chemoradiation in locally
advanced pancreatic cancer? Int J Radiat On-
col Biol Phys 2002;52:1293-1302.

Kokubo M, Nishimura Y, Shibamoto Y, Sasai
K. Kanamari S, Hosotani R, Imamura M, Hi-
rapka M: Anzlysis of the clinical benefit of in-
traoperative radiotherapy in patients nndergo-
ing macroscopically curative resection for
pancreatic cancer. Int J Radiat Oncol Biol Phys
2000,48:1081-1087.

Kokubo M, Nishimura Y, Shibanioto Y, Sasai
K, Hosotani R, Imamura M, Hiraoka M: Con-
current chernoradiotherapy combined with i
traoperative radiotherapy for locally advanced
pancreatic cancer: a feasibibity study. Oncol
Rep 2000:7:773-776,

Kokobo M, Nishimura Y, Nagata Y, Mizowa-
ki T, Yamamolo M, Kanawori 8, Katakura Y,
Hiraoka M, Abc M: Dose-volumne histogram
analysis of cxternalbeam irradiation com-
bined with IORT for unresectable pancreatic
cancer. Front Radiat Ther Oncol 1997;31:
177-180.

Pancreatology 2006;6:109-116



69

B23

Br24

Kokubo M, Kanamori §, Sasal K, Hiraoka M,
Ohshio G, lmarnura M, Talahashi M, Abe M:
External and intraoperative radiotherapy for
resectable and unresectable pancreatic cancer:
analysis of survival rates and complications.
Int J Radiat Oncol Biol Phys 1997:39:39-49.
Casper ES, Green MR. Kelsen DP, Heelan RT.
Brown TD, Flombaum CD, Trochanowski B,
Tarassoff PG: Phasc II trial of pemeitabine
(2,2'-diﬂuomdeoxycytidinc) in patients with
adenocarcinoma of the pancreas. Invest New
Drugs 1994;12:29-34.

Talamonti MS, Catalano PJ, V. aughn DJ,
Whittington R, Beauchamp RD, Berlin J, Ben-
son AB 3rd: Bastern Cooperative Oneology
Group Phase [ trial of protracted venous infu-
sion fluorpuracil plus weekly gemcitabine with
concurrent radiation therapy in patients with
locally advanced pancreas cancelt a regimen
with unexpected early oxicity. J Clin Oncol
2000;1%:3384-3389.

Kornek GV, Potter R, Selzer E, Schratter A,
Ulrichi-Pur H, Rogy M, Kraus G, Scheitbiaver
W: Corabined radiochemotherapy of locally
advanced unresectable pancreatic adenocarci-
noma with mitomyein C pios 24-hour continu-
ous infusional gemeitabine. Int J Radiat Oncol
Biol Phys 2001;49:663-671.

B 28

B 29

93 Nishimura Y, Hosotani R, Shibamoto Y, 26 Martenson JA, Vigliowti AP, Pitot HC, Geer-

aerts LH, Sargent DI, Haddock MG, Ghosh C,
Keppen MD, Fitch TR, Goldberg RM: A phase
1 study of radiation therapy and twice-weekly
gemcitabine and cisplatin in paticnis with lo-
cally advancad pancrealic cancer. Int J Radiat
Oncol Biol Phys 2003;55:1305-1310.
Brunner TB, Grabenbauer GG. Klein P, Baum
U, Papadopoulos T, Bautz W, Hohenberger W,
Szuer R: Phase | trial of strictly time-scheduled
gemcitabive and cisplatin with concurrent ra-
diotherapy in patients with locally advanced
pancreatic cancer. IntJ Radiat Oncol Biol Phys
2003:55:144-133.

Safran H, Dipetrillo T, lanniti D, Quirk D,
Akerman P, Cruff D, Cioifi W, Shah S, Ram-
din N, Rich T: Gemcitabine, paclitaxel, and
radiation for locally advanced pancrealic can-
cer:a phase { trial. Int J Radiat Oncol Biol Phys
2002;54:137-141.

Yavuz AA, Avdin F, Yavuz MN, Nlis E, Oz-
demir F: Radiation therapy and concurrent
fixed dose amifostine with escalating doses of
twice-weekly gemcitabine in advanced pancre-
atic cancer, Int J Radiat Oncol Biol Phys 2001
31:974-981,

116

Pancreziology 2006:6:109-116

¥ 30

#3

P32

#1313

34

Olkusaka T, TtoY. Ueno H, Ikeda M, Takezako
Y, Morizane C, Kagami Y, Tkeda H: Phase 11
study of radiotherapy combined with gem-
citabine for locally advanced pancreatic can-
cer. Br J Cancer 2004:91:673-677.

Wenz F, Tiefenbacher U, Fuss M, Lohr F:
Should patients with locally advanced, nan-
metastatic carcinoma of the pancreasbe irradi-
ated? Pancreatology 2003;3:359-366.

Cranc CH, Mason X, Janjan NA, Milas L Ini-
tial experience combining cvelooxygenase-2
inhibition with chemoradiation for locally ad-
vanced pancreatic cancer. A J Clin Oncol
2003;26:581-584.

Crane CH, Antolak JA, Rosen i1, Forster KM,
Fvans DB, Janjan NA, Charnsangavej C,
Pisters PW, Lenzi R, Papagikos MA, Wolff
RA: Phase | study of concomitant gemcitabine
and IMRT for patients with unrescctable ade-
nocarcinoma of the pancreatic head. Int J Gas-
trointest Cancer 2001;30:123-132.

Bai YR, Wu GH, Guo WJ, Wu XD, Yao 'Y,
Chen Y, Zbou RH, Lu DQ: Intensity modu-
lated radiation therapy and chemotherapy for
loeally advanced pancreatic cancer: results of
feasibility study. World § Gastreeniero) 2003,
0:2561-25604,

Ova/Shibuya/ Sakamoto/Mizowaki/Doi/
Fujimoto/Imamura/Nagata/Hiraoka



© 2006 by the Société internationale de Chirurgie
Published Online: 21 January 2006

World J Surg (2006) 30: 1-8
DOI: 10.1007/s00268-005-0165-2

Clinical Significance of Focal Adhesion Kinase in
Resectable Pancreatic Cancer

Kenichiro Furuyama, MD, Ryuichiro Doi, MD, Tomohiko Mori, MD, Eiji Toyoda, MD,
Daisuke Ito, MD, Kazuhiro Kami, MD, Masayuki Koizumi, MD, Atsushi Kida, MD,
Yoshiya Kawaguchi, MD, Koji Fujimoto, MD

Department of Surgery and Surgical Basic Science, Kyoto University, 54 Shogoinkawaracho, Sakyo, Kyoto 606-8507, Japan

Abstract

Focal adhesion kinase (FAK) is a non-receptor, cytoplasmic protein tyrosine kinase that is in-
volved in the regulation of cellular signaling, migration, apoptosis, and cell cycle progression.
Previous reports have shown that FAK is expressed in various kinds of cancer tissues and cancer
cell lines; however, no information is available about human pancreatic carcinoma specimens,
Tissue such specimens were obtained from 50 patients who underwent pancreatic resection for
pancreatic invasive ductal carcinoma at our institute from 1996 to 2002. Immunochistochemical
analysis of FAK was performed in the resected specimens. Focal adhesion kinase expression in
seven human pancreatic cancer cell lines was analyzed by reverse transcription polymerase chain
reaction (PCRY) analysis and Western blot analysis. Focal adhesion kinase expression was de-
tected in 24 of 50 cases (48%). There was a statistically significant correlation between FAK
expression and tumor size (P = 0.004), although FAK expression did not significantly correlate
with other factors such as tumor histological grade, lymph node metastasis, distant metastasis,
histological stage, and overall survival. Reverse transcription PCR analysis and Western blot
analysis showed that FAK was expressed in all seven pancreatic cancer cell lines. Focal adhesion
kinase expression was not directly related to clinicopathological factors except tumor size in
pancreatic carcinoma. Focal adhesion kinase expression may not be a prognostic marker for
pancreatic cancer patients.

lular focal adhesions; it was originally isolated from v-
src—transformed chick embryo fibroblasts." Focal
adhesion kinase protein plays physiologically important

P ancreatic ductal adenocarcinoma is one of the most
aggressive tumors associated with high morbidity
and mortality. It is the fourth leading cause of cancer

death, accounting for an estimated 30,700 new cases
and an estimated 30,000 deaths annually in the United
States. This malignancy is highly fatal with an overall 5-
year survival rate of less than 5% even after aggressive
surgical treatment.

Focal adhesion kinase (FAK) is a non-receptor cyto-
plasmic protein tyrosine kinase that is localized to cel-

Correspondence to: Ryuichiro Doi, MD, Department of Surgery and
Surgical Basic Science, Kyoto University, 54 Shogoinkawaracho,
Sakyo, Kyoto 606-8507, Japan, e-mail: doir @kuhp .kyoto-u.ac.jp

roles in the regulation of cellular signaling, adhesion,
migration, apoptosis, and cell cycle progression.2™ In
addition, FAK expression is elevated in a number of
different tumors including breast, colon, thyroid, head
and neck, ovarian, liver, and esophageal cancers:*™°
however, no information is available on FAK expression
in pancreatic cancer. The present study was conducted
to determine the relationship between FAK expression
and the clinicopathological factors in pancreatic ade-
nocarcinoma.
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MATERIALS AND METHODS

Tissue Samples

Formalin-fixed paraffin-embedded tissue specimens
were obtained from 50 patients with pancreatic invasive
ductal carcinoma confirmed by histopathologic diagnosis
who underwent pancreatic resection at the Department
of Surgery and Surgical Basic Science, Kyoto University,
between 1996 and 2002. Patients with other pancreatic
malignancies such as intraductal papillary mucinous
neoplasm, acinar cell carcinoma, or endocrine tumors
were excluded. The patients included in this study were
31 men and 19 women, whose ages ranged from 45 to
79 years (64.3 + 8.3 years [mean £ SD]). Tumor speci-
mens were collected after obtaining the patients’ in-
formed consent in accordance with institutional
guidelines. Tissue samples were fixed with 4% parafor-
maldehyde, embedded in paraffin, and cut into 4-um-
thick sections.

Immunohistochemistry

All slides were deparaffinized using xylene, 100% eth-
anol, and 90% ethanol, followed by a thorough deionized
water wash. During heat-induced epitope recovery, sec-
tions were kept at 95°C while submerged in Target Re-
trieval Solution (S3307; DAKO Cytomation, Kyoto,
Japan) for 45 minutes, then cooled for 20 minutes at room
temperature followed by a twice deionized water wash.
To quench endogenous peroxidase activity, samples
were blocked in 3% hydrogen peroxide in methanol for 15
minutes at room temperature and then washed in Tris
butfered saline buffer containing 0.05% Tween 20
(TBST). Sections were blocked in normal goat serum for
30 minutes, then blown off and incubated at 4°C over-
night with mouse antihuman FAK antibody (05-537; Up-
state Biotechnology, Waltham, MA) at a dilution of 1:200
in Dako diluent (DAKO Cytomation, Kyoto, Japan). The
sections were washed in TBST and then incubated with
biotinylated goat anti-mouse IgG at a dilution of 1:300
(DAKO Cytomation) for 60 minutes at room temperature.
The slides were washed in TBST, and then horseradish
peroxidase-conjugated streptavidin at a 1:300 dilution
(DAKO Cytomation) was applied for 20 minutes incuba-
tion. The chromogenic reaction was performed with DAB,
toned with the DAB + substrate solution (K3468; DAKO
Cytomation) for 5 minutes. Slides were counterstained
with Mayer hematoxylin for 5 minutes before they were
dehydrated and cover-slipped with permanent mounting
medium (Richard-Allan Scientific, Kalamazoo, MI).
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Negative controls were prepared by substituting normal
mouse serum for primary antibody, and no detectable
staining was evident.

Immunohistochemical Scoring

The expression of FAK was evaluated independently
by two investigators (K.F. and R.D.) in blinded fashion.
For each tissue, FAK expression was examined on a
scoring system that measured intensity (0, none; 1, bor-
derline; 2, weak; 3, moderate; 4, strong) and the pro-
portion of positively stained cells among cancer cells
(0 = none; 1 =1%—49%; 2 = 50%—100%). Scores be-
tween investigators were averaged, and a mean scored
was calculated for each sample. The staining intensity
score was multiplied by the score of positively stained
cells to obtain the overall score. The specimens with a
staining intensity score greater than 2 were regarded as
positive expression of FAK.

Cell Lines

Pancreatic cancer cell lines, AsPC-1, BXxPC-3, CFPAC-
1, HPAC, MIAPaCa-2, PANC-1, and Suit-2, were cultured
as monolayers in the appropriate medium'® supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin and maintained in a 5%
humidified CO2 atmosphere at 37°C, and the medium
was replaced as needed.

Western Blot Analysis

To perform sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis
for FAK expression, cells were plated onto 100-mm
dishes and grown to 80% confluence. Celis were har-
vested by scraping on ice and lysed for 60 minutes in
phosphorylation-inhibitory RIPA buffer containing 50 mM
Hepes (pH 7.0), 250 mM NaCl, 0.1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 20 pg/mi
gabexate mesilate, and then they were sonicated for 20
seconds. Total extracts were cleaned by centrifugation at
12,000 rpm for 10 minutes at 4°C and the supernatants
were collected. Protein concentrations were measured
using BCA Protein Assay Reagents (Pierce, Rockford,
IL). The lysates were re-suspended in the same volume
of the gel loading buffer, which contained 50 mM Tris-HCI
(pH 6.7), 4% SDS, 0.02% bromophenol blue, 20% glyc-
erol, and 4% 2-mercaptoethanol, and then boiled at 95°C
for 3 minutes. The extracted protein was subjected to
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Western blotting, as previously described.'® In brief, 30-
microgram aliquots that were taken from the total quantity
of protein were size-fractionated to a single dimension by
SDS-PAGE (6% sodium dodecylsulfate gel) and transb-
lotted to 0.45-um polyvinylidene difluoride membrane
(Bio-Rad, Richmond, CA) in a semi-dry electroblot
apparatus (Bio-Rad). Membranes were blocked overnight
at 4°C in Tris-buffered saline (TBS) containing 5% bovine
serum albumin and 0.1% Tween 20. The membrane was
probed with anti-FAK monoclonal antibody at 1:1000
dilution (05-537; Upstate Biotechnology, Waltham, MA),
anti-FAK rabbit polyclonal phosphospecific antibody at
1:500 dilution (44-624; Biosource, Camarilio, CA) or anti-
beta-actin monoclonal antibody at 1:5000 dilution (A5441;
Sigma, St. Louis, MO). Anti-beta-actin antibody served as
the internal control. The membrane was washed with
several changes of medium. The proteins were visualized
by enhanced chemiluminescence regents (Amersham,
Buckinghamshire, UK) according to the manufacturer’s
instructions using goat anti-mouse horseradish peroxi-
dase-conjugated IgG at 1:2000 dilution (62-6520; ZY-
MED, San Francisco, CA) or goat anti-rabbit horseradish
peroxidase-conjugated IgG at 1:2000 (62-6120; ZYMED).
Membranes were exposed to x-ray film for 20-60
seconds.

Reverse-transcriptional PCR

Total cellular RNA was extracted using TRIZOL Re-
agent (Life Technologies, Rockville, MD), and cDNA was
synthesized by random priming from 1 pug of total RNA
using a first-strand cDNA synthesis kit (Pharmacia Bio-
tech, North Peapack, NJ) according to the manufacturer’s
instructions. Primer sequences used are listed as forward
then reverse 5’ to 3’. Focal adhesion kinase primers 5
aatacggcgatcatactgggd” and 5'catgecttgettitcg  ctgtd”
amplify a product of 620 base pairs, and beta-actin
primers 5’ggcatcgtgatggactcegd’ and 5'getggaaggt gga-
cagegld’ amplify a product of 612 base pairs. The PCR
was carried out with a mixture of cDNA (derived from 100
ng of RNA), 0.2 uM each of the sense and antisense
primers, 0.2 pM of deoxynucleotide triphosphate, and 2.5
U Taq DNA polymerase in reaction buffer (TaKaRa,
Kyoto, Japan) with a final volume of 50 pl. The PCR
reactions were performed as follows; 1 cycle of 94°C for 5
minutes; then 40 cycles of 94°C for 30 seconds, 52°C for
30 seconds, 72°C for 30 seconds, and finally 1 cycle of
72°C for 7 minutes in a thermal cycler (Gene Amp PCR
system 2400; PE Applied Biosystems, Foster City, CA).
Products of amplification were separated on 1% agarose
gel and photographed after ethidium bromide staining.

Statistical Analysis

Clinicopathological characteristics were compared with
FAK expression (positive and negative) using the chi-
squared test or the Fisher's exact probability test. The
Kaplan-Meier method was used to calculate the survival
curves, and the log-rank test was performed to compare
differences in the survival rates of patients. All analyses
were done using Stat View software (version J-4.5;
Abacus Concepts, Berkeley, CA). A probability value
< 0.05 was considered statistically significant.

RESULTS

FAK mRNA Expression and FAK Protein
Expression in Pancreatic Cancer Cell Lines

The mRNA expression of FAK in seven pancreatic
cancer cell lines (AsPC-1, BxPC-3, CFPAC-1, HPAC,
MIAPaCa-2, PANC-1, and Suit-2) derived from human
pancreatic adenocarcinoma was tested with reverse-
transcriptional PCR analysis. Focal adhesion kinase
mRNA was detected in all seven cell lines (Fig. 1).

Focal adhesion kinase protein expression levels in
pancreatic cancer cell lines were evaluated by Western
blot analysis (Fig. 2). In all seven pancreatic cancer cell
lines the FAK protein was detected as a single band
corresponding to the molecular size of 125 kDa. The FAK
expression at the protein level was similar among seven
cell lines.

FAK Phosphorylation at Tyrosin 397 in
Pancreatic Cancer Cell Lines

There are six tyrosin phosphorylation sites in the FAK
catalytic domain. The major site of autophosphorylation,
tyrosin 397, is a docking site for the SH2 domains of a
number of proteins, including the Src family of tyrosin
kinase'", phosphatidylinositol 3'-kinase'2, phospholipase
C'3, and Gib7"™. To investigate the catalytic activity of
FAK in each cell line, immunoblotting with anti-FAK
[pY397] was performed (Fig. 3). The level of FAK phos-
phorylation at tyrosine 397 was not changed by serum in
all cell lines.

Expression of FAK in Pancreatic Cancer and
Normal Pancreatic Tissues

Focal adhesion kinase expression in pancreatic tis-
sues was investigated by immunohistochemical analy-
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Figure 1. FAK mRNA expression in pancreatic cancer cell
lines. Reverse-transcriptional PCR analysis showed the mRNA
expression of FAK in seven cell lines derived from pancreatic
adenocarcinoma. FAK mRNA expression was detected in all
seven cell lines.

Table 1.
Clinical profile of patients with pancreatic cancer

FAK-positive FAK-negative
n =24 (48%) n = 26 (52%)
Age 64.1 £ 85 64.4 + 8.2
Sex 15 16
male 15 16
female 9 10

sis, and FAK staining was identified not only in cancer
cells but aiso in normal ductal cells (Fig. 4). in normal
pancreatic tissue, FAK staining was observed strongly
in the cytoplasm of ductal cells, faintly in islet cells, but
not in acinar cells. in pancreatic cancer tissue, FAK was
expressed in the cytoplasm and on the plasma mem-
brane of the cancer cells (Fig. 5). Several sections
showed labeling of the majority of cancer cells, whereas
in others, only some areas of the tumor were found to
be positive for FAK (Fig. 6). As heterogeneous
expression of FAK was observed in cancers, FAK
expression was evaluated with the criteria described in
Materials and Methods. Of the 50 invasive ductal ade-
nocarcinomas studied, FAK expression was positive in
24 samples (48%) and negative in 26 samples (562%)
(Table 1).

Relationship between FAK Protein Expression
and Clinicopathological Features and Survival
Rate of the Patients

The relationship between FAK expression and the clini-
copathological factors was analyzed (Table 2). There was
a statistically significant correlation between FAK expres-
sion and tumor size (P = 0.004). However, FAK expres-
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Figure 2. Expression of FAK protein in pancreatic cancer cell
lines. FAK was detected in pancreatic cancer cell lines by
Western blot. The FAK expression levels were similar among
cell lines.

sion did not significantly correlate with otherfactors such as
age, sex, tumor histological grade, lymph node metastasis,
distant metastasis, International Union Against Cancer
(UICC) stage, portal venous system invasion, nerve inva-
sion, arterial invasion, anterior pancreatic serosal invasion,
and retroperitoneal tissue invasion. In terms of the FAK
expression status, the survival rate was not statistically
different between the two groups (Fig. 7).

DISCUSSION

Focal adhesion kinase has been reported to be strongly
expressed by a variety of human tumors including breast,
colon, thyroid, head and neck, ovarian, liver, and esopha-
geal cancers, as well as brain, head and neck, thyroid,
breast, esophagus, stomach, liver, colon, ovarian, and
prostate cancers.®>™® Several reports on esophageal® and
hepatocellular carcinomas'® showed that the survival rate
of the patients with FAK-positive cancer was significantly
worse than that of the patients with FAK-negative cancer.
In addition, it has been reported that FAK expression was
stronger in cancer tissues than that in normal tis-
sues.>* 1517 Together with the reports from in vitro
experiments,2~* FAK has been implicated in the regulation
of important cancer cell behaviors such as adhesion,
spreading, migration, invasion, metastasis, and apoptosis.

In the present study, we first showed that FAK is up-
regulated and strongly expressed in all seven pancreatic
cancer cell lines at the levels of mRNA, protein, and
phosphorylated protein. At the tissue level, we also
demonstrated for the first time that FAK was present in 24
of the 50 patients (48%). Therefore, it is speculated that
FAK could have some roles in the progression of
pancreatic cancer.



