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ABSTRACT
Background. Even after curative resection of pancreatic
cancer, there is a high probability of systemic recurrence.

This indicates that subclinical metastases are already

present at the time of operation. The purpose of this study
was to assess the feasibility and outcomes of patients
who received a novel multimodality therapy combining
pancreatic resection and intraoperative radiation therapy
(IORT) with pre- and postoperative chemotherapy for
pancreatic cancer.

" Methods. For eligible patients with pancreatic cancer, -

'5-FU was administered at a dose of 125 mg/m%day on days
1-5 every week as a continuous pancreatic and hepatic

arterial infusion, and gemcitabine was infused intrave- .

nOusly at a dose of 800 mg/m? per day once per week for
2 weeks for preoperative chemotherapy. Pancreatic resec-
tion combined with- IORT was performed 1 week after
preoperative chemotherapy. Postoperative chemotherapy
was performed in the same way as preoperative chemo-
therapy. We performed an intention-to-treat analysis for all
enrolled patients.

Results. This study enrolled 44 patients. The most com-

mon toxicities were hematological and gastrointestinal

events. Grade 3/4 hematological toxicities were observed

during preoperative chemotherapy, although there were no -

grade 3/4 nonhematological events. Postoperative chemo-
therapy-réelated toxicities were more critical and frequent
than preoperative ones. There were no pre- or postoperative
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chemotherapy-associated deaths. Median overall survival
was 36.5 months with 30.5% overall 5-year survival.
Conclusions. This multimodality therapy is feasible and
promises to contribute to surv1val It should be evaluated in
a phase III setting.

Pancreatic adenocarcinoma remains a lethal disease, with
an overall 5-year survival rate ranging from 0.4 to 5%."?
Even after curative resection of pancreatic cancer, there is a

“high probability of systemic and/or local recurrence. > This
- indicates that subclinical metastases are already present in

most patients at the time of operation, even if preoperative
radiological imaging or intraoperative examination revealed
no metastatic lesions. Therefore, a multimodality strategy,
including not only local control but also treatment of mi-
crometastases, is required for patients with pancreatic
cancer. For local control, beginning in 1984 we introduced
extended radical pancreatectomy combined with intraoper-

 ative radiation therapy (IORT).® This approach provided the

best control of local recurrence, but there was no survival

benefit because of blood-borne metastases.” To treat unre-

sectable pancreatic cancer, we introduced a combination of

chemotherapy using 5-fluorouracil (5-FU) pancreatic and -
hepatic arterial continuous infusion and systemic gemcita-

bine administration; this combined therapy was well

tolerated, with a 1-year survival rate of 50.9%.”

We studied a novel multimodality therapy conibining
pancreatic resection and IORT with pre- and postoperative
chemotherapy using 5-FU intra-arterial continuous infusion
and systemic gemcitabine administration in patients with
potentially resectable pancreatic cancer. The purpose of
this study was to ‘evaluate the feasibility and outcomes, of

- this multimodality therapy.
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PATIENTS AND METHODS

Patients -

All patients were advised of the investigational nature of -

the study and gave their written, informed consent to par-

ticipate before the beginning of the study. All patients

underwent a standard pretreatment evaluation that included
a physical examination, a thin-section, contrast-enhanced,
" multiphase sp1ra1 computed tomography (CT) of the
abdomen, and ultrasonography. The absence of liver
metastasis was confirmed by CT during arterial portogra-

‘phy combined with CT-assisted hepatic arteriography -

(CTAP + CTHA), as described previously.® The absence
of lung metastasis was confirmed by chest CT. The pro-
-tocol required patients with potentially resectable disease
as assessed by a physical examination and the following
objective radiographic criteria: (1) no evidence of remote

metastases; (2) no evidence of tumor extension to the celiac
axis or. the superior mesenteric artery. We included only- .
patients in whom it was technically possible to resect and .

reconstruct the superior mesenteric vein (SMV) or the
portal vein (PV), if the tumor involved SMV or PV. We
excluded cases in which the tumor was 1 cm or smaller in

diameter, because of the very:low possibility of systemic’

spreading of the disease. Patients were required to have an
Eastern Cooperative Oncology Group performance status
of <2.

Perioperative Chemotherapy

The treatment schema is shown in F1g 1. The pre- and
postoperative chemotherapy consisted of the combmatlon

Continuous hepatic
arterial infusion
* 5-FU 125 mg/m%day -

Continuous pancreatic &
hepatic arterial mfusmn
5- FU 125 mg/m /day

Gemgitabine 800 mg/m?
intravenous infusion

Gemcitabine 800 mg/m?
intravenous infusion

.FIG. 1 Treatment- schema. 5-FU was administéred on days 1-5

every week as a continuous arterial infusion combined with: gemcit-

abine infused once weekly for 2 weeks followed by pancreatic

resection combined with JIORT. Postoperative chemotherapy was
performed in the same way as preoperative chemotherapy

of 5-FU.arterial continuous infusion and systemic gemcit-

" abine administration. In all cases, the catheter for arterial

infusion was introduced from the femoral artery under
local anesthesia. After the closure of the distal tip of the ',

‘catheter, a side hole was made at an appropriate sité in

the celiac axis to allow the distribution of 5-FU to.both the

‘pancreatic. tumor and the liver preoperatively, and in the

hepatic artery to distribute the drug to the whole liver
postoperatively. An arterial port was implanted in the
subcutaneous tissue. 5-FU was administered at'a dose of
125 mg/m? per day on days 1-5 each week as continuous
infusion . through the arterial port for 2 weeks during
preoperative chemotherapy and for 8 weeks during post- -
operative = chemotherapy.  Gemcitabine was infused

“intravenously for 30 min at a dose of 800. mg/m? once
. weekly for a total of 2 doses preoperatnve]y and for a total
of 18 doses: postoperatively. The doses of these drugs were

based -on our preliminary results for the combination che- .
motherapy using 5-FU intra-arterial infusion and systemic
gemcitabine for unresectable pancreatic cancer.”

In cases of grade 3 or higher toxicity according to. the
Natjonal Cancer Institute-Common Toxicity Criteria (NCI-
CTC) version 3.0, drug. infusion was interrupted until
recovery. History, physical examination, and ' complete
blood counts (CBCs) were repeated weekly before infusion
of the drugs. Chemistry profiles -were performed every
2 weeks. The catheter and port for arterial infusion were

removed after the completxon of intra-arterial mfusmn of

5 FU.
Surgery

Patients with cancer of the head of the pancreas under-

went a substomach-preserving’ pancreaticoduodenectomy
-(SSPPD), a pylorus-preserving pancreaticoduodenectomy

(PPPD), or a Kausch-Whipple resection: the last of these

- was performed if a tumor directly invaded the duodenum or

antrum of the stomach, or if a distal gastrectomy had been
performed before. Patients with-cancer of the body or tail of
the pancreas underwent a distal pancreatectomy. Patients

underwent resection with reconstruction of SMV or PV ifa
tumor was thought during: surgery to involve these vessels.
For IORT, a dose of 30 Gy with a 12 MeV of electron beam

‘was delivered to the operative field using a special pentagon -

applicator following dissection, as described previously.®
Hospital death was defined as death during hospitaliza-

‘tion. Major surgical complications included any occurrence

of anastomotic ‘leak, .postoperative intra-abdominal or
gastrointestinal hemorrhage or fistula, intra—’abdominal
abscess, pneumonia, catheter-related sepsis, thromboem-
bolic events, and reoperation. Pancreatic fistula was
assessed accordmg to an international study group (ISGPF)
definition.’
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Toxicity and Outcome Evaluation

Toxicities were graded according to NCI-CTC version
3.0. Survival was calculated from the day of surgery and
estimated by the Kaplan—-Meier method. The first site of
disease recurrence was documented for outcome analysis.

All patients were evaluated every 3—4 months by phys-
ical examination as well as by chest and abdominal CT after
surgery. For those without any recurrence after 2 years,
follow-up was at 6-month intervals. Cytologic or histologic
confirmation of disease recurrence was not required.

- RESULTS
Patient Characteristics

From May 2001 through September 2008, 44 pétients

were enrolled in this study. The patients’ characteristics are -

outlined in Table 1. The primary pancreatic lesion was
located in the head in 33 patients, in the body in 9, and in
the tail in 2. All patients underwent pancreatic resection.
Pancreatic ductal adenocarcinoma was confirmed in all
patients histologically. RO resection was performed in 37
patients, R1 resection in 5 (11.4%), and R2 resection in 2
[(4.5%). The median tumor size was 3 (range, 1.3-8.7) cm.

Lymph node metastases were identified in 30 .patients-
(68.2%), including para-aortic lymph node metastases in 3 -

patients. Resection and reconstruction of SMV or PV were
necessary in 22 patients (50%), although 13 (29.5%) were
- proven to have histological portal invasion. Thirty-four
patients received IORT after resection. All of the patients
began postoperative chemotherapy after recovery from
surgery, although 20 patients (45.5%) were completely
treated according to the postoperative schedule. The mean
pre- and postoperative doses of total 5-FU administered per
patient were 2.8 and 5.2 g. The mean pre- and postopera-
tive doses of total gemcitabine were 5.2 and 14.3 g.

Toxicities of Pre- and Postchemotherapy and Surgery

All 44 patients were included in the toxicity analysis.
The overall toxicity profiles related to pre- and postoper-
ative chemotherapy are outlined in Table 2. The most
common toxicities were hematological and gastrointestinal
events. '

Nineteen patients (43.2%) experienced .grade 3/4
neutropenia during preoperative
preoperative chemotherapy-related toxicities abated after
discontinuation of drug infusion. Forty-three patients
underwent surgery '1 week after the completion of preop-
erative chemotherapy. Only one patient experienced a
delay in surgery because of grade 4 neutropenia. Five
major complications occurred in five patients after surgery,

chemotherapy. All

TABLE 1 Patient characteristics

Characteristics No. of patients D
Total no. of patients © 44
Median age (yr) 65 (37-79)
Male/female 26/18
Site of primary lesion
Head : : 33 75
Body 9 20.5
Tail ) 2 45
Pancreatectomy .
PPPD . 16 36.4
SSPPD 13 29.5
PD ) 4 9.1
'DP : ' 1 25
Stage A
Ia ‘ .3 6.8
Ib : 1 23
1la ' - S 10 22.7
11b 26 59.1
11 . 1 o 2.3
v ; 3 . 6.8
Histologic differentiation )
Well . ) - 16 ) 364
Moderately 22 50
Poorly - : 5 114
Adenosquamous ' 1 .23
Tumor size (cm) .
1.0-2.0. : 6 13.6
2.1-4.0 33 ’ 75
>4 5 114
" Nodal involvement :
Present 30 68.2
Absent ‘ ) 14 31.8
Portal vein invasion . )
Present ) 13 29.5
Absent 31 o 70.5
Residual tumor
RO , 37 . 841
R1 ‘ . 5 114
R2 ’ 2 45

" PPPD pylorus-preserving pancreaticoduodenectomy; SSPPD substom-

ach-preserving pancreaticoduodenectomy; PD pancreaticoduoden-
ectomy; DP distal pancreatectomy

including grade C pancreatic fistula in two patients, intra-

abdominal abscess in one, and cerebral infarction in one.

Three patients recovered from complications by means of .
conservative therapies. One patient underwent reoperation

for grade C pancreatic fistula. Hospital death was observed

in one patient because of liver failure after intra-abdominal

bleeding caused by pancreatic fistula.
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- TABLE 2 Pre- and postoperative chehloﬂ]crapy-relatcd grade 3/4
‘toxicities -

Préoperative ) Postoperative
Hematological ‘
‘Anemia A : 0 T 40.0) -
Leukopenia - 8 (18.2) 14 (31.8)
Neutropenia 19 (43.2) 24 (54.5)
Thrombocytopenia . 2 (4.5) 1 3 (6.8)
Others ‘ 1 ‘
Perforation of small intestine 0 1 (2.3)'
Liyer abscess ; 0 3 (6.8)
Cardiac ischemia/infarction 0 2 (4.5)
Renal dysfunction ' 0- 1 ;(2.3)
Cholangitis 0 3 (6.8)
Appetite loss 0 1(2.3)

~ Percentages are shown in parentheses .
- Toxicities are defined by NCI-CTC for Adverse Events v3.0

Postoperative chemotherapy was initiated between 3
and 12 weeks after surgery. Twenty-four patients (54.5%)
experienced grade 3/4 neutropenia during postoperative
chemotherapy, although these toxicities abated after drug
infusion was interrupted. Perforation of the small intes-
tihe,kin' one patient occurred 1 year after pancreatic
resection. This patient underwent emergency surgery and
recovered. Grade 3/4 cardiac ischemia occurred in two

patients and liver abscess in three patients (6.8%) during

postoperative chemotherapy. .No intra-arterial . catheter-

related toxicity occurred in any of the patients. Neither

pre- nor postoperative chemotherapy-associated death was
observed. N : i

Survival and Outcome

The median follow-up period was 28.2 (range, 5.5-93.3)
months. The 1, 3, and 5-year actuarial overall survival rates

in all the patients were 78.8, 50.3, and 30.5%, respectively

(Fig. 2). The median survival time was 36.5 months.

At last follow-up, 22 of the 44 patients (50%) had died.
* Seventeen (38.6%) had died as a result of recurrence. There
were five (11.4%) non-cancer-related deaths, including one
hospital death. Twenty-two patients (50%) remained alive.
* The median time of tumor recurrence was 24.0 months
from the day of surgery. Liver metastases were observed in
four patiénts (9.1%), peritoneal dissemination in six
(13.6%), lung metastases in one (2.3%), pleural dissemi-
nation in one, bone metastases in one, and local recurrence
in four (Table 3). Eight patients survived more than
32.3 months. The two patients with R2 resection died of
peritoneal dissemination within 12 months.

Cumulative survival rate
N 4
i

04
T y T ¥ T ¥  E—— T T
0 20 40 60 80 100
_ Months after surgery '
No. at risk 32 2311 5 4

FIG. 2 Overall survival curve for all patients

TABLE 3 Outcomes after this - . N

. . : ~No. -
muitimodality therapy for :
patients with pancreatic cancer

~ Cancer deaths 17
Liver metastases
Lung metastases
Pleural dissemination

4
1
1
Peritoneal dissemination 6

Local recurrénce 4

Bone metastases 1
Non-cancer-related deaths 5
Alive - . 22

Total ‘ 44

DISCUSSION

To our knowledge, this is the first report of perioperative;

intra-arterial and systemic chemotherapy for pancreatic.

cancer. This treatment was clearly operator-dependent.
Grade 3/4 neutropenia was relatively frequent during peri-
operative chemotherapy, although the toxicities abated after
interruption of drug infusion. Grade 3/4 nonhematological

' toxicities were observed during postoperative chemother-

apy. Liver abscess occurred in three patients. This was
thought to be influenced by regurgitated cholangitis,
because all of the patients underwent hepaticojejunostomy
after PD. Perforation of the small intestine occurred in one
patient 3 months after completion of postoperative chemo-
therapy. Cardiac ischemia réquired hospitalization for two
patients. However, the relationship between these events

- and chemotherapy was unclear. Toxicities were more criti-
‘cal and frequent during postoperative chemotherapy than
- during preoperative. Intra-arterial infusion was acceptable
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_ for perioperative chemotherapy, because no catheter-related
toxicity was observed.
. Practical and theoretical advantages of preoperative
treatment of pancreatic cancer were proposed as an early
treatment for micrometastases and optimized patient selec-
tion for surgery.'®'? Circulating tumor cells in the blood
proved to be present in 28% of patients with pancreatic
cancer, and the prevalence increased with tumor stages.'?
Moreover, complications, which occurred after 30-45% of
major pancreatic resections, delayed the initiation of post-
operative chemotherapy.'*!> These are supported to
introduce preoperative chemotherapy for pancreatic cancer.

The rationale for intra-arterial infusion of chemothera-
peutic agents appears to be promising from the point of view
of the drug-concentration response, because most liver
metastases (>3 mm) have an arterial blood supply.'®!?
Locoregional adjuvant chemotherapy has been reported to
have 3-year survival rates ranging from 48 to 54%, and lower
recurrence rates of liver metastases ranging from 8 to 17%
for pancreatic cancer compared with no-adjuvant stud-
ies.>*!®1% This study also showed that liver metastases
diminished to 9.1%, indicating that intra-arterial chemo-
therapy might be effective to prevent liver metastases.

We adopted pancreatic resection combined with IORT
for local control in this series. Local recurrence was

observed in only four patients (9.1%). Single-institution.

- experiences suggest that local failure rates were lower in
radiation groups (10~26%) than: in no-radiation groups
(50-80%).2>** This indicated that resection combined
with IORT could provide good control of local recurrence.

Recently, a phase IIl randomized trial (CONCO 001 study)
demonstrated that adjuvant gemcitabine significantly delayed
the development of recurrence after resection of pancreatic
cancer, with a median survival time of 22.1 months.?® Evans
et al. reported on a phase II trial of neoadjuvant gemcitabine-
based chemoradiation for stage I/II pancreatic cancer.”® The
median survival time of 36.5 months in our study is similar to
the 34 months in the Evans group trial despite a.greater pro-
portion of patients with node-positive (68.2%) and R2
resection (4.5%) in our study than in the Evans group trial.
Because our perioperative chemotherapy is complicated, it
will be necessary to clarify which adjuvant treatment is most
effective for pancreatic cancer to simplify treatment.

In conclusion, this perioperative chemotherapy for

pancreatic cancer is feasible and promises to contribute to

survival. It should be evaluated in a phase III setting.
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The Dickkopf (DKK) genes are Wnt antagonists that were
originally identified as inducers of head formation in Xeno-
pus.' Wnt glycoproteins participate in tumor development
and progression by binding to frizzled receptors and signal-
ing through the canonical and noncanonical Wnt pathways.?
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The DKK gene family consists of DKK-1, -2, -3, -4, and a
unique DKK-3-related gene soggy.” The expression of these
genes is temporally and spatially regulated, and all DKK pro-
teins show distinct and elevated expression patterns in tissues
that mediate the epithelial-mesenchymal transformation.’
This finding suggests that they may participate in the epithe-
lial to mesenchymal transition that is important not only in
embryogenesis, but also in cancer progression.* DKK-1 is a
secreted protein that has been clearly defined as a direct in-
hibitor of Wnt binding to LRP5/6 coreceptors of frizzled.”
Evidence for the potential involvement of DKK-1 inactivation
in human cancers is accumulating. The DKK-1 gene is fre-
quently hypermethylated in colorectal cancers, whereas over-
expression of DKK-1 reduced the growth of colorectal carci-
noma cells.®® The expression of DKK-1 is also reportedly
downregulated in melanoma cells,” lung cancer cells with
neuroendocrine differentiation® and in a metastatic subline
of hepatoceltular carcinoma cell line® In contrast, overex-
pression of DKK-1 has also been found in some tumors,
such as Wilms’ tumor, hepatoblastoma, hepatocellular carci-
noma and ovarian endometrioid adenocarcinoma,'®?
Moreover, gene expression profiles have revealed that DKK-
1 is overexpressed in nonsmall cell lung carcinoma and
esophageal squamous cell carcinoma, serving as a serologic
and prognostic biomarker.'* DKK-1 may also have roles in
bone metastases of breast and prostatic carcinomas.'®'®
Therefore, the function and role of DKK-1 in cancer
appears to depend on the histological types of the cancer
cells and the tissue microenvironment.
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Pancreatic cancer has the worst prognosis of any major
malignancy and its incidence is increasing.'” Delayed diagno-
sis and an intrinsic biological aggressiveness contribute to the
abysmal prognosis of this disease. The identification of sensi-
tive biomarkers and further understanding of the cellular
biology of pancreatic ductal adenocarcinoma (DAC) cells are
required. In this study, expression analysis of a panel of
human carcinoma cell lines showed that DKK-1 was consis-
tently upregulated in pancreatic carcinoma cell lines. Using
surgically resected tissues, we confirmed the upregulation of
DKK-1 mRNA levels in DAC of the pancreas. We also uti-
lized a short hairpin RNA (shRNA)-based knockdown system
to examine the role of DKK-1 in cultured pancreatic carci-
noma cells.

Material and Methods

Cell culture and cell growth assay

Human pancreatic adenocarcinoma cell line SUIT-2'® and its
metastatic sublines, $2-VP10 and $2-CP8," were kindly pro-
vided by Dr. Takeshi Iwamura (Junwakai Memorial Hospi-
tal), $2-CP8 and S2-VP10 were established by Cutis-Pulmo-
nary metastasis-culture (8 times) and Vein-Pulmonary
metastasis-culture (10 times), via injection of parental SUIT-
2 cells subcutaneously (S2-CP8) or intravenously (S2-VP10)
into nude mice,'” Other 6 human pancreas cancer cell lines
(SUIT-4, AsPC-1, MJA PaCa-2, PANC-1, HPAF and BxPC-
3), 13 colon cancer cell lines (RCM-1, RCM-2, RCM-3,
CaCo-2, HCT116, SW837, DLD-1, LoVo, WiDr, Colo205,
COCM-1, CaR-1 and Colo320DM), 11 lung cancer cell lines
(LC-1/sq, RERF-LC-AI LC2/ad, RERF-LC-K]J, HLC-1, A549,
PC14, Lul35, Lul39, T3M-11 and MS-1), 3 gastric cancer
cell lines (MKN28, MKN45 and KATO 11I), 1 duodenal can-
cer cell line (HUTUB80), 2 hepatocellular carcinoma cell lines
(HepG2 and HuH?7), 3 breast cancer cell lines (MCF-7, BT-
20 and SKBR3), 1 cervical cancer cell line (HeLa), 1 renal
cell carcinoma cell line (MRT-1) and 1 prostate cancer cell
line (PC-3) were used in this study. RCM-1, RCM-2, RCM-3,
COCM-1, LC-1/sq, LC-2/ad and MRT-1 were established in
our laboratory. SUIT-4, HPAF, BxPC-3, HUTU 80, MCF-7,
BT-20 and SKBR-3 were also provided by Dr. T. Iwamura,
Junwakai Memorial Hospital. HLC-1 was kindly provided by
the Department of Pathology, Keio University. LoVo, Hela,
RERF-LC-AI, RERF-LC-K], A549, PC-14, Lul39, MS-1,
T3M11 and Lul39 were obtained from Riken Cell Bank
(Tsukuba, Japan). WiDr, CaCO-2, SW837, Colo205, KATO
111, HepG2, HuH7, AsPC-1, PANC-1, MIA PaCa-2 and PC-3
were obtained from Dainihon Seiyaku (Osaka, japan). IBL
(Fujioka, Japan) provided MKN-28 and -45. DLD-1, CaR-1
and Colo320DM were received from the Health Science
Research Resources Bank (Osaka, Japan). HCT116 was pur-
chased from the American Type Culture Collection (Mana-
ssas, VA), The cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) or a mixture of RPMI 1640 and
Ham’s F-12 containing 10% fetal bovine serum (¥BS), strep-
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tomycin (100 pg/ml), penicillin G (100 U/ml) and 20 mM N-
2-hydroxyethyl piperazine-N'-2-ethane sulfonic acid, pH 7.25,
at 37°C in a humidified atmosphere containing 5% CO,.

Preparation of tissue samples

All fresh tumor tissues were obtained from surgical speci-
mens of patients with pancreatic tumors in the University of
Miyazaki Hospital, Miyazaki, Japan. Informed consent was
obtained from the patients and the protocol was approved by
the ethical board of the Faculty of Medicine, University of
Miyazaki. A total of 36 cases were evaluated in this study.
Tissue samples were crashed and frozen in liquid nitrogen in
the operating room as soon as the tumor was resected, and
stored at —80°C freezer until analysis. Total cellular RNA
was extracted with Trizol reagent (Gibco BRL, Gaithersburg,
MD), followed by DNase I (Roche Applied Science, Indianap-
olis, IN) treatment and phenol-chloroform-isoamylalcohol
extraction.

Immunohistochemistry and in situ hybridization
Formalin-fixed and paraffin-embedded sections were sub-
jected to antigen retrieval by autoclaving for 5 min in
10 mM citrate buffer, pH 6.0. After peroxidase blocking, the
sections were blocked in 3% bovine serum albumin (BSA)
and 10% goat serum in phosphate-buffered saline (PBS) for 1
hr at room temperature. Subsequently, the sections were
incubated with anti-DKK-1 rabbit polyclonal antibody (5 pg/
ml in 1% BSA/PBS; Santa Cruz Biotechnology, Santa Cruz,
CA) at 4°C overnight. Negative controls consisted of an
omission of the primary antibodies. The sections were rinsed
in PBS and incubated with Envision-labeled polymer
(DAKO) for 30 min at 37°C. After washing, the sections
were visualized with nickel, cobalt-3,39-diaminobenzidine
(Pierce, Rockford, IL) and counter stained with haematoxylin.
For in situ hybridization (ISH) study, formalin-fixed and par-
affin-embedded sections (4-pm thick) were fixed in 4% para-
formaldehyde/PBS, dehydrated and used for ISH reaction
with a fully automated ISH apparatus (Ventana, Yokohama,
Japan) as described previously. A 708-bp cDNA fragment
corresponding to bases 182-889 of the human DKK-1 cDNA
sequence” was used as a template to generate digoxigenin-la-
beled RNA probes. The same amount of each antisense or
sense probe (200 ng/slide) was used. The reaction was visual-
ized with BlueMap Kit (Roche, GmbH, Penzberg, Germany)
and counterstained with nuclear fast red.

Knockdown of DKK-1

The knockdown vector was constructed using an shRNA
expression retroviral vector pSINsi-hU6 (TAKARA Bio,
Shiga, Japan) as described previously.”! The target sequence
of the DKK-1 gene was 5-GGAATAAGTACCAGAC-
CATTG-3 and its scramble control was 5'-GAGGAATCAT-
CAGACGCATTA-3'. For infection of retroviral vectors,
Amphopack-293 packaging cells cultured in 6-well plates
were incubated with 1 pg of recombinant retroviral vector

Int. ). Cancer: 126, 1611-1620 (2010) © 2009 UICC



Takahashi et al.

and 3 pl of TransFectin (Bio-Rad, Hercules, CA) for 12 hr.
After 48 hr of cultivation, the supernatant containing the ret-
roviral particles was collected, filtered through a 0.45-pm fil-
ter, and used to infect target cells. Cultured SUIT-2 cells
were trypsinized and resuspended in the viral supernatant in
the presence of 5 pug/ml of polybrene (Aldrich, Milwaukee,
WI) for 12 hr. The cells were then incubated with a 1:1 mix-
ture of fresh medium and viral supernatant with magnetofec-
tion reagent (CombiMag™, OZ Biosciences, Marseille,
France), and placed on a magnetic plate for an additional 12
hr. This process was repeated 3 times. The transfected cells
were subcultured at an appropriate density in fresh DMEM
containing 0.5 mg/ml G418 (Nacalai Tesque, Kyoto, Japan).
G418-resistant cell pools were readily established within
2 weeks.

Reverse-transcriptase/polymerase-chain reaction (RT-PCR)
and quantitative real-time RT-PCR
Three micrograms of total RNA was reverse-transcribed with
a mixture of oligo dT and random primer using 200 units of
SuperScript™ Reverse Transcriptase (Gibco BRL), and 1/90
of the resultant cDNA was processed for each PCR reaction
with 0.1 pM of both forward and reverse primers and 2.5
units of HotStar™ Taq DNA Polymerase (Qiagen, Tokyo, Ja-
pan). The PCR products were analyzed by 1.5% agarose gel
electrophoresis. The following primers were used for conven-
tional RT-PCR: DKK-1 (247-bp product), 5-AGGAAG
CGCCGAAAACGCTGCATG-3" (forward) and 5'-AGGCA-
CAGTCTGATGACCGGAGAC-3 (reverse); DKK-2 (334 bp),
5'-GCAGTGATAAGGAGTGTGAAGIT-3 (forward) and 5-
AATGCAGTCTGATGATCGTAGGC-3" (reverse); DKK-3
(349 bp), 5-AGGCAGAAGAA GCTGCIGCTAA-3' (for-
ward) and 5-AGCTGGTCTCCACAGCACTCACT-3' (re-
verse); DKK-4 (315 bp), 5-ACGGACT GCAATACCAGA
AAGTT-3' (forward) and 5-CAAAGTCCAG GGCCA-
CAGTCAA-3' (reverse); c-Myc (338 bp) 5-TCCAGC TTG
TACCTGCAGGATCTGA-3' (forward) and 5'-CCl CCAG-
CAGAAGGTGATCCAGACT-3 (reverse); cyclin D1 (319
bp) 5'-GGTCCTGCCGTCCATGCGGA-3 (forward) and 5'-
CGGGGT CATTGCGGCCAGGT-3' (reverse); glyceral-
dehydes-3-phosphate dehydrogenase (GAPDH) (300 bp),
5. GTGAAGGTCGGAGTCAACG-3' (forward) and 5'-
GGTGAAGACGCCAGTGGACTC-3' (reverse).
Quantitative real-time RT-PCR using SYBR green was
performed in a LightCycler™ (Roche Applied Science)
according to the manufacturer’s instructions. Levels of inter-
nal control, B-actin mRNA, were measured as described
previously.?!

In vitro motility and invasion assays

A monolayer wounding (scratch) assay was performed to
evaluate the in vitro motility of cultured cells. Cells were
allowed to form a monolayer on a culture dish, and a wound
was made by scratching the monolayer with a pipette tip. Af-
ter the scratched cells were removed, the cells were cultivated
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for the indicated time periods. In vitro invasive capability
was evaluated using the Matrigel invasion assay performed
with Chemotaxicells (polycarbonate filter, pore size 8 pm)
(Kurabo, Osaka, Japan) coated with 25 pg/filter of Matrigel
(Gibco BRL). Cells (1 x 10%) in 100 pl of DMEM/0.1% BSA
were placed in the upper compartment and incubated for
48 hr. As a chemoattractant, 1% FBS was added to the lower
compartment. After incubation, the cells on the upper surface
of the filter were wiped off with a cotton swab, and the cells
on the lower surface were stained with hematoxylin. Migra-
tion activity on Type IV collagen was quantified by counting
the cells in 10 randomly selected fields (200x original
magnification).

Immunoblot analysis

To detect DKK-1 protein, subconfluent cultured cells were
washed 3 times with PBS and cultured with serum-free
DMEM for 72 hr. The serum-free conditioned media were
harvested and dialyzed against 2.5 mM Tris-HClL (pH 7.6).
The dialyzed samples were lyophilized and stored at —80°C
until analyzed. Equal amounts of proteins were electropho-
resed by standard sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions,
transferred to Immobilon membrane (Millipore, Bedford,
MA), and detected by immunoblotting as described previ-
ously.?! Anti-human DKK-1 rabbit polyclonal antibody
(Santa Cruz Biotechnology) was used as the primary anti-
body. To evaluate B-catenin and glycogen synthase kinase-3
(GSK-3B), cellular proteins were extracted at 80% confluency
with cell lysis buffer (CelLytic"™-M; Sigma-Aldrich, St. Louis,
MO) supplemented with protease inhibitor and phosphatase
inhibitor mixtures (Sigma-Aldrich) on ice. To examine the
cellular localization of p-catenin, cellular proteins were
extracted and fractionated in cytosolic and nuclear fractions
using CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich). Af-
ter centrifugation (16,000¢ for 10 min), equal amounts of
proteins were separated by SDS-PAGE and subjected to im-
munoblot analysis as described.*! After blocking with 5%
phosphatase-free BSA in Tris-buffered saline (TBS) with
0.05% Tween 20 (TBS-T), the membrane was incubated with
primary antibody diluted in Can Get Signal™ (TOYOBO,
Osaka, Japan) solutionl for 2 hr at room temperature. The
following primary antibody were used: anti-B-catenin (Santa
Cruz Biotechnology) and anti-GSK-38 (BD Transduction
Laboratories, San Jose, CA) mouse monoclonal antibodies;
anti- phospho-f-Catenin, anti-phospho-GSK-3f, anti-c-Jun
N-terminal kinase (JNK), anti-phospho-JNK, anti-lamin A/C,
anti-heat shock protein 70 (HSP70) rabbit polyclonal anti-
bodies (Cell Signaling Technology, Danvers, MA). Then, the
membrane was incubated with horseradish peroxidase-conju-
gated secondary antibodies diluted in Can Get Signal solution
for 1 hr at room temperature. The labeled proteins were
visualized as described.*
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Figure 1. DKK-1 expression in human tumor cell lines (RT-PCR: 30
cycles of amplification). GAPDH mRNA was used as the internal control.

Subcutaneous injection of tumor cells in nude mice

All animal work was carried out under protocols approved
by the University of Miyazaki Animal Research Committee,
in accordance with international guiding principles for bio-
medical research involving animals. Injections of 5 x 10°
cells/0.2 ml PBS were subcutaneously administered at the ab-
dominal flank of 6-week-old male nude mice (Balb/cAjcl-
nu). Tumor volume was estimated by the formula V = L x
W x W/2 (V: volume [mm®; L: length [mm]; W: width
[mm]). Al mice were observed everyday and sacrificed at
8 weeks postimplantation. Their lungs were excised and fixed
in 4% paraformaldehyde for 24 hr. The number of metastatic
lesions was counted in the largest cross-sectional specimens
from both lungs of each mouse.

Statistics

Comparisons between 2 paired groups or 2 unpaired groups
were performed with the Wilcoxon signed rank test or Mann-
Whitney U-test, respectively, using Statview 5.0 (Brainpower,
Calabasas, CA). Significance was set at p < 0.05.

Results

Consistent upregulation of DKK-1 expression in cultured
human pancreatic carcinoma cell lines

DKK-1 expression was characterized in a panel of cultured
human carcinoma cell lines; lung (11 lines), uterine (1), colo-
rectal (13), gastroduodenal (4), pancreatic (7), 2 hepatocellu-
lar (2), breast (3), prostate (1) and renal (1) (Fig. 1). Among
the 43 cell lines examined, DKK-1 mRNA was detectable in
27, and its expression level was distinct in 20. Remarkably,
all pancreatic carcinoma cell lines (7/7) showed distinct levels

KK “'
oo R

Flgure 2. Expressnon of DKK-1, -2, -3 and -4 in human pancreas
carcinoma cell lines. Representative results of 2 RT-PCR
experiments (30 cycles and 34 cycles of amplification) are shown.

of DKK-1 mRNA, suggesting that DKK-1 may be consis-
tently upregulated in pancreatic cancer (Fig. 1). Pulmonary
nonsmall cell lung carcinoma cell lines also showed relatively
consistent DKK-1 expression, In contrast, none -of the small
cell lung carcinoma or gastric carcinoma cell lines expressed
DKK-1 mRNA (0/4 and 0/3, respectively). Detection was also
low in colorectal carcinoma cell lines (5/13).

The expression of the other DKK family genes such as
DKK-2, DKK-3 and DKK-4 was tested in a panel of human
pancreatic carcinoma cell lines (Fig. 2). In this panel, in addi-
tion to 7 pancreatic cell lines, 6 subclones of SUIT-2 with dif-
ferent histopathological differentiation and metastatic capabil-
ities were also included.® Notably, all pancreatic
carcinoma cell lines examined abundantly expressed DKK-1
mRNA. In contrast, DKK-2 and DKK-4 expression was
hardly detectable in most cell lines. A low level of DKK-3
mRNA. was observed in 68% (8/13) of pancreatic cancer cell
lines. These data suggested that DKK-1 may have an impor-
tant role in the biology of pancreatic cancer and may also
serve as a novel biomarker of this disease.

Upregulation of DKK-1 in pancreatic cancer tissue in vivo

Next, we asked whether DKK-1 is also upregulated in pan-
creatic cancer tissue in vivo by examining DKK-1 mRNA lev-
els in surgically resected pancreatic cancer tissues and corre-
sponding normal tissues. Among 23 cases of invasive DAC
(6 cases of well-differentiated tubular adenocarcinoma,
14 cases of moderately differentiated tubular adenocarcinoma,
2 cases of poorly differentiated tubular adenocarcinoma and
1 case of metastatic liver tumor from pancreatic moderately
differentiated tubular adenocarcinoma), 17 showed signifi-
cantly upregulated expression of DKK-1 in cancer tissue
compared with corresponding normal tissue (Fig. 3a). Quan-
titative real-time RT-PCR analyses also confirmed this trend,
and the difference was statistically significant (Fig. 3¢). Intra-
ductal papillary mucinous carcinoma (IPMC) (4 cases) also
showed increased DKK-1 expression (Figs. 3b and 3c). We
also examined DKK-1 mRNA levels in 2 cases of mucinous
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Figure 3. DKK-1 expression in pancreatic tumor tissues and corresponding normal pancreatic tissues. (@) RT-PCR (30 cycles) of pancreatic
ductal adenocarcinoma (DAC, 23 cases). N, normal tissue; T, tumor tissue. (b) RT-PCR (30 cycles) of intraductal papillary mucinous carcinoma
(IPMC, 4 cases), mucinous cystadenocarcinoma (MCAC, 2 cases), endocrine carcinomas (EC, 4 cases) and solid and pseudopapillary
neoplasm (SPN, 1 case). () Quantitative real-time RT-PCR analysis of the tumor tissues. The data were normalized by B-actin mRNA level and
the ratio of DKK-1 in tumor tissue to that in comresponding normal tissue is indicated as a logarithmic scale. SCA, serous cystadenoma.
Values are mean of log;oT/N * standard error. *, DKK-1 level in the tumor tissue is significantly higher than that in the corresponding normal
tissue, p < 0.01 (Wilcoxon signed rank test). (d) Relationship between DKK-1 expression (log,oT/N) and disease stage.

cystadenocarcinoma (MCAC) and 1 case showed increased
DKK-1 expression (Fig. 3b). In' contrast, solid pseudopapil-
lary neoplasm (SPN) (1 case), serous cystadenoma (SCA) (2
cases) and endocrine carcinoma (EC) (4 cases) did not show
enhanced expression of DKK-1 (Figs. 3b and 3¢). Although
there may be a trend that advanced DAC (Stage III/IV)
showed higher DKK-1 mRNA levels than Stage I/1I, the dif-
ference was not statistically significant (Fig. 3d).

To verify the overexpression of DKK-1 in pancreatic DAC
cells in vivo, we performed an immunohistochemical analysis
using surgically resected DAC tissues. Immunoreactive DKK-
1 proteins were, in fact, overexpressed in DAC cells com-
pared with non-neoplastic ductal epithelium (Figs. 4a and
4b). This finding was further confirmed by ISH for DKK-1
mRNA in the serial sections (Figs. 4c and 4d). The specific
mRNA signal was observed in DAC cells but not in normal
ductal epithelial cells, showing similar staining pattern to that
in the immunohistochemistry. The DAC cells at the invasion
front tended to show increased levels of DKK-1 mRNA, and
no signal could be identified in the endocrine cells of Langer-
hans islands (Figs. 4e and 4f).

Reduced cellular invasiveness by knockdown of DKK-1 in
human pancreatic carcinoma cell lines

To test the biological role of DKK-1 in pancreatic carcinoma
cells, we attempted to knockdown of DKK-1 in the human
pancreas carcinoma cell line SUIT-2 using a retroviral vector
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expressing DKK-1 shRNA (Fig. 5a2). A significant reduction
in the levels of both DKK-1 protein and mRNA was observed
in DKK-1 knockdown cell pools (SUIT2-KD) compared with
controls treated with scrambled shRNA (SUIT2-scr). Subse-
quent real-time RT-PCR revealed that the mRNA level of
DKK-1 in SUIT2-KD was suppressed by 17% compared with
levels in SUIT2-scr (not shown). The knockdown of DKK-1
did not alter cellular proliferation (Fig. 5b). However, migra-
tory activity was suppressed, as judged by a monolayer
wounding assay (Fig. 5¢). Matrigel invasion assay was also
performed using SUIT-scr and SUIT2-KD, but invaded cells
through Matrigel were hardly visible in both cases (data not
shown),

To test the effect on cellular invasiveness, DKK-1 gene
silencing was also performed using S2-CP8, a metastatic sub-
line of SUIT-2 established by Cutis-Pulmonary metastasis-
culture (8-cycle selection).'® $2-CP8 cells show loss of E-cad-
herin expression and are more invasive than SUIT-2.2> DKK-
1 was more highly expressed in $2-CP8 than in SUIT-2 cells
(Fig. 2). Both mRNA and protein levels of DKK-1 were sig-
nificantly downregulated by shRNA (Fig. 6a), and real time
RT-PCR revealed a 72.3% reduction in mRNA levels (not
shown). Interestingly, in vitro growth rate in serum (10%
EBS)-containing medium was significantly suppressed by
DKK-1 silencing in S2-CP8 (Fig. 6b). As S2-CP8 cells easily
lost their cohesiveness and were not suitable for the mono-
layer wounding assay, we used the Matrigel invasion assay to
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Figure 4. Expression of DKK-1 in pancreatic DAC cells in vivo. Serial tissue sections of 2 pancreatic DAC cases (a-d and e~f) were stained
with hematoxylin and eosin (a, €), immunostained for DKK-1 (b), and used for in situ hybridization with DKK-1 sense probe (negative
control) (©) and antisense probe (d, f). Significantly increased DKK-1 protein and mRNA levels were observed in carcinoma cells compared
with non-neoplastic epithelium of the pancreatic duct (duct) (a—d). DAC cells at the invasion front also showed enhanced DKK-1 mRNA
levels (e, f). islet, Langerhans islet. Bar, 50 pm.

test the effect of DKK-1 knockdown on cellular invasion. In
this assay, the cells were cultured in serum-free medium con-
taining 0.1% BSA in order to minimize the growth advantage
of the control (S2CP8-scr) cells and 1% FBS was used as a
chemoattractant in the lower well. As shown in Figure 6c,
knockdown of DKK-1 expression resulted in significantly
reduced cellular invasiveness. In an attempt to analyze a pos-

sible molecular mechanism underlying DKK-1 konckdown-
induced phenotype, we examined the phosphorylation of B-
catenin and GSK-3B, both of which are involved in canonical
Wnt signaling, and JNK. However, the phosphorylation sta-
tus of these proteins was not altered by the DKK-1 silencing
(Fig. 6d). Moreover, nuclear f-catenin level and mRNA levels
of possible transcriptional targets of canonical Wnt/B-catenin

Int. J. Cancer: 126, 1611-1620 (2010) © 2009 UICC



Takahashi et al.

a .

247 (R DKK-1  SUIT2-KD
300 i GAPDH
bp S

b 197

2’ e SUM2ser
fL . mesumko

_cell number
%

TS, R, e
50 100 150 200 -
ochours ol

1617

SUIT2-scr. BUIT2KD

Figure 5. Effect of DKK-1 knockdown on SUIT-2 cells. () Iimmunoblot (upper panel) and RT-PCR (lower panel) analyses. Both DKK-1 protein and
mRNA levels were significantly decreased in a SUIT-2 cell pool infected with a DKK-1 shRNA retroviral vector (SUIT2-KD) compared with parental
(SUIT-2) and scrambled control (SUIT2-scr) cells. As a control, U251 human glioblastoma cells with engineered overexpression of DKK-1 in a
plasmid vector (U251 DKK-1) were also used in the analyses. (b) Knockdown of DKK-1 did not alter the in vitro cellular growth of SUIT-2 cells.
() Cell scratch assay. The confluent monolayer was wounded by scratching with a pipette tip. Photographs were taken of the wound 0, 4 and 6
hr after scratching. Knockdown of DKK-1 suppressed cellular restitution of the wounded area. The ratio (%) of nonclosed area at 4 hr to that at
0 hr was calculated and shown as a bar graph (n = 4). Values are mean = standard deviation. *p < 0.05 (Mann-Whitney U-test).

signaling, such as c-Myc and cyclin D1, were not altered
either.

Finally, we tested the effect of DKK-1 knockdown on the
in vivo metastatic capability of S2-CP8 in a nude mouse
model. After subcutaneous implantation of S2CP8-KD or
S2CP8-scr cells, the cells were examined for pulmonary me-
tastasis. There was no significant difference in either tumor
growth rate or incidence of pulmonary metastasis between
S2CP8-KD and S2CP8-scr cells, though there may be a tend-
ency toward decreases in tumor size and number of metasta-
ses per each lung following DKK-1 knockdown (Table 1).

Discussion

The family of human DKK proteins is composed of DKK-1,
DKK-2, DKK-3, DKK-4 and soggy.” DKK-1 and DKK-4 sup-
press the Wnt-induced signaling that is frequently involved
in tumor progression.”* Consequently, reduced expression in
tumor cells and tumor-suppressive activity have been
reported for DKK-1. For example, DKK-1 expression is sig-
nificantly reduced in gastrointestinal cancers and malignant
melanoma,””* and mesenchymal stem cells inhibit cancer
cell proliferation by secreting DKK-1.2%% However, DKK-1 is
upregulated in some tumor types including esophageal and
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nonsmall cell lung carcinomas, despite its Wat inhibitory ac-
tivity."""* In this study, we show that DKK-1 is also consis-
tently overexpressed in pancreatic carcinomas, particularly
DAC, and may promote invasive growth of the cancerous
cells.

To date, little is known regarding the expression and func-
tion of DKK-1 in the pancreas. Many attempts of expression
profiling have been made in order to identify molecules
involved in the progression of pancreatic carcinomas.?*-3*
Enhanced expression of DKK-1 has not been found in most
studies. However, in one report of global gene expression, the
DKK-1 gene is included on a list of 217 known genes that
were highly expressed in pancreatic DAC, without further
validation of the expression.®® We confirmed in this study
that DKK-1 mRNA is in fact upregulated in cultured human
pancreatic carcinoma cell lines in vifro and also in pancreatic
DAC cells in vivo. Furthermore, using retroviral expression
of DKK-1 shRNA, we showed that knockdown of DKK-1
suppresses the migration and invasion of human pancreatic
DAC cell line SUIT-2 and ifs metastatic subline $2-CP8
in vitro. Notably, DKK-1 silencing also suppressed the cell
growth in $2-CP8, In accordance with our finding, Yamabuki
et al. showed that overexpression of DKK-1 in NIH3T3 and
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Figure 6. Effect of DKK-1 knockdown on $2-CP8 cells.
(@) Immunoblot (upper panel) and RT-PCR (lower panel) analyses
indicated that both DKK-1 protein and mRNA levels were significantly
decreased in S2-CP8 cell pools infected with a DKK-1 shRNA
retroviral vector (S2CP8-KD) compared with scrambled control
(52CP8-scn) cells. (b) Knockdown of DKK-1 in $2-CP8 cells resulted in
reduced growth rate and saturation density. (¢) Effects of DKK-1
knockdown on invasiveness of S2-CP8 cells through Matrigel. Values
are means * standard deviation of triplicate experiments. *p <
0.001, Mann~Whitney U test. (d) Immunoblot analysis for the effects
of DKK-1 knockdown on phosphorylation of B-catenin, GSK-38 and
JNK. The B-actin signal is also shown as an internal blot control of
each sample. The levels of cytosolic and nuclear B-catenin were also
analyzed, and HSP70 and lamin A/C were used as internal blot
controls. The effects of DKK-1 knockdown on c-Myc and cyclin D1
mRNA levels were also analyzed by RT-PCR (30 cycles).

COS-7 cells results in significantly enhanced Matrigel inva-
sion in vitro."* However, it has also been reported that over-
expression of DKK-1 in human hepatocellular carcinoma cell
line M-H7402 suppresses cell growth and migration.” There-

DKK-1 in pancreatic carcinoma

Table 1. Effects of DKK-1 knockdown on growth and pulmonary
metastasis of $2-CP8 in nude mice

1Subcutaneous injection. 2n = 5 in each group.

fore, DKK-1 might possess diverse functional roles in tumor
cells depending on the cell types involved.

Our study suggests that DKK-1 may have a positive role
in the development or progression of pancreatic DAC,
though DKK-1 expression has been implicated in a negative
feedback mechanism for activated Wnt signaling®* Wnt/p-
catenin signaling is an important factor in the development
of normal pancreatic tissue.*® However, only a limited num-
ber of reports have been published regarding the role of Wnt
signaling in pancreatic cancer,’®® and the function of DKK-
1 in the pancreatic cancer has not been clarified. Interest-
ingly, a recent study of a mutant mouse model indicates that
activation of PB-catenin, a critical member of canonical Wnt
signaling, results in SPN of the pancreas, while it blocks the
formation of pancreatic intraepithelial neoplasia (PanIN) in
the presence of an activating mutation in K-ras,* suggesting
that canonical Wnt signaling may suppress the development
of PanIN. As PanIN is a precursor lesion of DAC, the upreg-
uvlation of DKK-1 may have a role in the development of
PanIN and, thereby, DAC of the pancreas via its inhibitory
effect on the canonical pathway. Alternatively, DKK-1 may
have Wnt/B-catenin-independent functions. For example, ec-
topic expression of DKK-1 in HelLa cells did not alter cellular
B-catenin localization or expression of Wnt target genes.® In
lung and esophageal cancer cells that overexpress the DKK-1
gene, there was no relationship between the mRNA expres-
sion patterns of DKK-1 and LRP5/6, the binding target of
DKK-1 in Wnt signaling, suggesting that there may be
unknown binding partners and/or receptors of DKK-1." In
accordance with this hypothesis, phosphorylation of B-cate-
nin or GSK-3P and expression of Wnt target genes were not
altered by DKK-1 knockdown in $2-CP8 in our study. JNK
may also be a candidate for the target of DKK-1 activity.*
However, JNK phosphorylation level was not altered by
DKK-1 knockdown in S2-CP8 cells. Another possibility
regarding the function of cancer cell-derived DKK-1 is its
effect on the stromal cells, as Wnt signaling may also be acti-
vated in the stroma of pancreatic cancer.’”” Whatever the
underlying biological function may be, further clinicopatho-
logical study will be required to test the prognostic impact of
DKK-1 expression using a large number of pancreatic DAC
cases,
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Hepatocellular carcinomas can develop in
simple fatty livers in the setting of
oxidative stress

Sir,

It is doubtless that non-alcoholic fatty liver disease (NAFLD)
has become a critical public health issue in most developed
countries.! In addition to its close association with metabolic
disorders and cardiovascular events, NAFLD itself can pro-
gress to life-threatening liver diseases, cirrhosis and hepato-
cellular carcinoma (HCC).'? Surprisingly, recent clinical
observations have revealed that HCC can develop in non-
cirrhotic, but steatotic livers without significant fibrosis.>*
In the reports, authors emphasised the importance of underlying
metabolic disorders and oxidative stress in hepatocarcinogen-
esis in such NAFLD cases.

We herein report a case of NAFLD complicated by HCC, in
which the potential contribution of oxidative stress to hepato-
carcinogenesis in NAFLD has teen further strongly suggested.

In May 2006, a 72-year-old obese Japanese man was
admitted to the National Hospital Organization Osaka National
Hospital, Japan, because of a hepatic nodule. The patient had a
5 year medical history of hypertension and fatty liver. He
underwent an operation for abdominal aortic aneurysm in April
2004, and had since been an outpatient. Follow-up abdominal
ultrasonography showed, in addition to hepatic steatosis, a
nodular lesion approximately 2 cm in diameter in the left lobe
of the liver. The hepatic nodule had been growing larger, and
findings of computed tomography (CT) strongly suggested that
it was HCC (Fig. 1).

On admission, he appeared to be healthy except for obesity,
and the laboratory test results showed normal serum levels of
transaminases and negativity for hepatitis B and C viruses.
After the examinations, under the tentative diagnosis of HCC,
a surgical operation was performed to remove the left lobe of
the liver. The cut surface of the liver sample was smooth and
yellowish-brown, and demonstrated the clearly circumscribed
nodule 5cm in diameter (Fig. 2). Histological examination
revealed that the nodular lesion was well-differentiated
HCC (Fig. 3A), and the background hepatic disorder was
simple steatosis without inflammation and fibrosis
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Fig. 1 Findings of computed tomography. A hypervascular nodule is seen in
the left lobe of the liver (asterisk).

Fig. 2 The cut-surface of the liver sample. A well-circumscribed nodular
lesion 5cm in diameter is present.

(Fig. 3B). Routine pathological examination couldn’t detect
any causative factors in hepatocarcinogenesis, such as iron
overload. However, an immunohistochemical analysis
revealed that as well as tumour cells, a few non-tumourous
hepatocytes showed immunoreactivity for anti-oxidised
phosphatidylcholine (oxPC; Fig. 3A,B insets), a marker of

Fig.3 Microscopic findings of the liver sample. (A) The hepatic nodule consists of well-differentiated HCC (H&E). (B) A background liver condition is sirple steatosis
without fibrosts (Azan-Mallory stain for collagen). Insets: steatotic liver cells of both tumourous and non-tumourous portions are positive for 0xPC (immunoperoxidase
with anti-oxPC).

. o
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oxidative cellular injury.® The immunoreactivity was found
restrictively in steatotic cells in both tumourous and non-
tumourous portions. It suggested that the steatosis-related
oxidative hepatocellular injury had persisted and had played
a certain role in the development of HCC. His postoperative
course was uneventful and he was discharged. Follow-up
examinations have been done every 3 months, resulting in
no evidence of tumour recurrence. When last seen, in Decem-
ber 2009, he was well.

Like the present case, HCC can develop in non-inflamma-
tory, non-fibrotic, but steatotic livers. A previous case report of
HCC arising in the absence of advanced NAFLD emphasised
the potential roles for metabolic factors (diabetes, hypertension,
obesity and dyslipidaemia) and oxidative stress in hepatocar-
cinogenesis.* Oxidative stress is generally recognised as an
important factor in hcpatocarcinogenesis.z’s Our immunohis-
tochemical results showed oxPC-positive steatotic hepatocytes
in the background liver tissue of HCC. OxPC, one of the lipid
peroxides, is a highly specific marker of oxidative damage. In
our previous observation, its immunoreactivity was seen
mainly in steatotic or degenerated hepatocytes in NAFLD,
and only in some Kupffer cells in normal liver tissues.
Hence, the present result suggested that the fatty liver had
chronically been exposed to oxidative stress, which was
probably initiated prior to hepatocarcinogenesis. To our
knowledge, this is the first direct evidence of oxidative
hepatocellular injury occurring in simple fatty livers compli-
cated by HCC. Excess fat accumulation itself, even in’ the
absence of inflammation, can be a source of oxidative stress
that induces hepatocarcinogenesis. In conclusion, simple
steatosis-related oxidative stress should be considered as
one of the risk factors of HCC.
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Benign prostatic glands as a tissue
component of testicular teratoma: an
uncommon histological finding

Sir,

The occurrence of benign prostatic tissue as a component of
testicular teratoma has only been described as a single case
report.” This may be due to its rare occurrence, as well as the
fajlure of the diagnostic pathologist to recognise glands as
prostatic on routine sections and to subsequently confirm this
by immunohistochemistry. In our laboratory we utilise Solufix
(Tissugen, Australia), a glutaraldehyde-based tissue fixative for
routine histology. This agent preserves the spermine content of
prostatic secretory granules (PSG) which stain intensely with
eosin on routine stains allowing easy recognition of prostatic
epithelium,2

We present two cases of benign prostatic glandular tissue
occurring in two patients with primary testicular tumours; a
mature teratoma in a 35-year-old male and a mixed germ cell
tumour (30% mature teratoma) in a 39-year-old male. Each
patient underwent routine inguinal orchidectomy for a clini-
cally detected testicular mass.

On microscopy, benign gland structures were recognised
which were lined by two cell types and bore some resemblance
to prostatic acini. These glands were highlighted by their
intense eosinophilic PSG (Fig. 1 and 2), and were distributed
either singularly or as clusters separated by bland stroma.
Lining epithelium showed variable morphology ranging from
bland epithelial cells consistent with benign prostatic glands
(Fig. 1) to epithelial cells with larger nuclei and prominent
nucleoli (Fig. 2), consistent with prostatic intraepithelial neo-
plasia (PIN). The prostatic nature of the glands was sub-
sequently confirmed by strong diffuse cytoplasmic reactivity
with immunohistochemistry for PSA (Dako, USA; Fig. 1 inset)
and prostatic acid phosphatase (Dako; not shown). Basal cells
were confirmed with immunostaining for high molecular
weight cytokeratin 34BE12 (Dako; Fig. 2 insef).

Recognition of the first case prompted a histological review
of all testicular teratomas over a 10 year period which included
20 testicular tumours comprising pure teratomas (n=10) and
mixed germ cell tumours with a mature teratoma component
of >10% (n=10). This review identified the second case,

Fig.1 Benign prostatic glands withina testicular germ cel! tamour surrounded
by bland stroma. Small eosinophilic granules (prostate secretory granules) are
seen in the apical cytoplasm confirming prostatic epithelial differentiation.
Inset: These cells are strongly labelled with PSA immunostaining.
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Expression and the role of 3'—ph0sphoaden0sine 5'-
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Sulfation represents an essential modification for various
molecules and regulates many biological processes. The
sulfation of glycans requires a specific transporter for 3'-
phosphoadenosine 5’-phosphosulfate (PAPS) on the Golgi
apparatus. This study investigated the expression of PAPS
transporter genes in colorectal carcinomas and the signifi-
cance of Golgi-specific sulfation in the proliferation of col-
orectal carcinoma cells. The relative amount of PAPSTI
transcripts was found to be higher than those of PAPST2
in colorectal cancerous tissues. Immunohistochemically,
the enhanced expression of PAPST1 was observed in fibro-
blasts in the vicinity of invasive cancer cells, whereas the
expression of PAPST2 was decreased in the epithelial cells,

RNA interference of either of the two PAPS transporter -

genes reduced the extent of sulfation of cellular proteins
and cellular proliferation of DLD-1 human colorectal
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.

carcinoma cells. Silencing the PAPS transporter genes
reduced fibroblast growth factor signaling in DLD-1 cells.
These findings indicate that PAPS transporters play a role
in the proliferation of colorectal carcinoma cells them-
selves and take part in a desmoplastic reaction to support
cancer growth by controlling their sulfation status.

Keywords: colorectal carcinoma/heparan sulfate/PAPST1/
PAPS transporter/sulfation

Introduction

In malignant transformation, specific carbohydrate antigens
are expressed on glycoproteins or glycolipids on the surface
of cancer cells. Appearance of these carbohydrate epitopes is
associated with alterations in the expression of several glyco-
syltransferases. These carbohydrate epitopes play important
roles’in the progression and metastasis of cancer cells and are
used as typical tumor markers for the diagnosis of various
human cancers. In addition, it has been reported that certain

~nucleotide sugar transporters are involved in the expression of

carbohydrate epitopes in cancer. Nucleotide sugar transporters
are proteins that are localized on membranes. of the endoplas-
mic reticulum or the Golgi apparatus. These proteins provide
substrates for glycosyltransferases in the lumen. Kumamoto
et al. (2001) reported that the expression of uridine dipho-
sphate (UDP)-galactose transporter (solute carrier family 35,
member A2; SCL35A2) is increased in human colon carci-
noma and is responsible for the synthesis of the Thomsen—
Friedenreich antigen and sialyl Lewis A (Le") and X (Le*)
epitopes. Moriwaki et al. (2007) reported that guanidine
diphosphate (GDP)-fucose transporter (SLC35C1) expression
is upregulated in hepatocellular carcinoma and plays a role in
an increased rate of fucosylation. These reports suggest that
the expression of nucleotide sugar transporters is a key factor
for regulating the synthesis of carbohydrate epitopes in cancer
cells.

Another essential modification is sulfation which is fre-
quently found on the glycans of proteoglycans, glycolipids,
and glycoproteins, and on tyrosine residues of proteins.

" Sulfation is catalyzed by various sulfotransferases, and it mod-

ifies the properties of molecules by imparting a negative
charge. Heparan sulfate (HS) and chondroitin sulfate (CS) pro-
teoglycans are well-characterized macromolecules that have
highly sulfated glycosaminoglycan (GAG) chains and play sig-
nificant roles in many biological processes. Inhibition of
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sulfation using chlorate, an inhibitor of 3’-phosphoadenosine

"-phosphosulfate (PAPS) sulfurylase, reduces the signaling of
various growth factors such as the fibroblast growth factor
(FGF) (Rapraeger et al. 1991; Yayon et al. 1991) and Wnt
(Reichsman et al. 1996). Analysis of Drosophila mutants with
defects in sulfotransferases revealed the importance of sulfation
of GAGs on growth factor signaling during development
(Lin and Perrimon 1999; Lin ret al. 1999; Kamimura et al.
2001, 2006).

‘On the other hand, it has been reported that some sulfated
structures alter the expression of molecules associated with
the progression of cancer. Sulfated sialyl Le* epitopes have
been identified as ligands for L-selectin (Mitsuoka et al.
1998), which plays a crucial role in the leukocyte homing
process in high endothelial venules. It is known that the risk
of malignancy in colorectal cancer is associated with an
increase in sialylation (Nakamori et al. 1993; Matsushita et al.
1995; Nakayama et al. 1995) and a decrease in sulfation .of
carbohydrate epitopes (Yamori et al. 1989; Irimura et al.
1991; Matsushita et al. 1995; Izawa et al. 2000).
Immunohistochemical studies have revealed that the goblet
cells of human colonic epithelia of Lewis-positive individuals

. show a strong signal for sulfated mucins (Tsuiji et al. 1998b).

The expression of sulfomucins is much lower in colon adeno-
carcinomas than in the normal mucosa due to the decreased
expression of specific sulfotransferases (Seko et al. 2002b).
Two PAPS transporter genes have been previously ident-
. ified in both humans and Drosophila (Kamiyama et al. 2003,
2006; Goda et al. 2006). Liiders et al. (2003) independently

reported that slalom is a PAPS transporter gene in Drosophila.

These PAPS transporters are required for the sulfation of cel-
lular proteins and normal development in Drosophila
(Kamiyama-et al. 2003; Liiders et al. 2003; Goda et al. 2006).
Additionally, both human PAPST1 (SLC35B2) and PAPST2

(SLC35B3) were found to be involved in the sulfation of the -

6-sulfolactosamine epitope in a human colorectal carcinonia
cell line (Kamiyama et al. 2006). Huopaniemi et al. (2004)
reported that the CMP-sialic acid transporter (SLC35A1), the
GDP-fucose transporter (SLC35C1) and the PAPS transporter
(SLC35B2) are involved in coordinated transcriptional regu-
lation during induction of sialyl sulfo-Le* glycan biosynthesis
during acute inflammation. These studies indicate that PAPS
transporters regulate the sulfation process in addition to sulfo-
transferases; however, studies have not been conducted on the
expression status of PAPS transporter genes in cancer.
Therefore, in the present study, we investigated the expression
of PAPS transporter genes in colorectal carcinomas and their
role in the regulation of sulfation in colorectal carcinoma
cells. The significance of Golgi-specific sulfation in prolifer-
ation of colorectal carcinoma cells is also discussed.

Results :

Expression status of PAPS transporter genes in colorectal
carcinomas .
Previously, we identified two human PAPS transporter genes:
PAPST! and PAPST2? (Kamiyama et al. 2003, 2006). In
normal colon tissue, PAPST! was expressed at substantially
lower level than P4PST2 (Kamiyama et al. 2006). In the

236

present study, the expression of these PAPS transporter genes
in human colorectal carcinomas was investigated. Initially, the
expression levels of these transcripts in colorectal carcinoma
cell lines were quantified using real-time polymerase chain
reaction (PCR). The relative expression level of PAPST! tran-
scripts was higher than that of PAPST2 in all of the 22 color-
ectal carcinoma cell lines tested (Figure 1A).

Subsequently, the expression levels of PAPSTI and PAPST2
were determined in human colorectal tissues. Figure 1B indi-
cates the expression levels of PAPST! and PAPST?2 transcripts
in cancerous and noncancerous colorectal tissues obtained from
seven specimens. Consistent with the result from the cell lines,
the relative amount of PAPST] transcripts was higher than that
of PAPST2 in colorectal cancerous tissues. Meanwhile, a con-
siderable amount of PAPST! transcripts was detected in non-
cancerous colorectal tissues. In the previous study, we used

‘only one sample for the determination of PAPSTI and P4PST2

expression in human colon tissue (Kamiyama et al. -2006).
Therefore, the difference might be due to the individual and/or

" position-specific differences. The: expression of PAPST2 was

found to be decreased in colorectal cancerous tissues.
The expression of PAPSTI mRNA in colorectal carcinoma
was confirmed through in situ hybridization. As shown in

" Figure 2A, PAPSTI mRNA was detected in both adenocarci-

noma cells and the stromal cells. To further characterize the

" distribution of PAPST1 in colorectal tissues, we prepared an
antibody against a C-terminal peptide of mouse PAPSTI. The

immunoreactivity of the anti-PAPST1 antibody to human
PAPST1 protein was confirmed by western blot analysis
against c-myc-tagged human PAPST1 protein, which was
expressed in HEK293 cells (Figure 2C). The anti-PAPSTI

- antibody specifically recognized both endogenous (Figure 2D,

left and middle lanes) and c-myc-tagged human PAPSTI
protein (Figure 2D, right lane). Immunohistochemical analysis
identified that the predominant expression of PAPSTI is on
epithelial cells rather than on stromal cells in both noncancer-
ous (Figure 2E and E') and cancerous (Figure 2F and F’) col-
orectal tissues.” The expression levels of PAPSTI protein in
epithelial cells were similar in cancerous and noncancerous
tissues, whereas the observed levels of stromal cells were
region-specific and dispersed (Figure 2G, G’ and I, arrows).
Moreover, enhanced expression of PAPST1 was also observed
in fibroblasts in the vicinity of invasive cancer cells
(Figure 21, asterisks), This suggests that the desmoplastic reac-
tion is associated with elevated levels of PAPSTI in cancer-
ous tissue. PAPST1 protein was detected in all cancerous and
noncancerous sections tested in the perinuclear region (Golgi
apparatus) of the cells (Figure 2G, G’ and H, arrowheads).
-On the other hand, PAPST2 protein was predominantly
detected in epithelial cells in noncancerous colorectal tissues
(Figure 2J). However, the expression of PAPST2 protein in

* epithelial cells was faintly detectable in cancerous colorectal
tissues (Figure 2K). Strong expression of PAPST2 protein was

observed in cells of hematopoietic lineage in both noncancer-
ous and cancerous tissues (Figure 2J and K, diamond arrows).
These results indicate that colorectal cancerous tissue
increases the expression of PAPSTI in fibroblasts in the vicin-
ity of the desmoplastic reaction and decreases the expression
of PAPST2 in epithelial carcinoma cells.
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