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Table 2 Comparison of long-term and short-term survivors

Factor Category n Survivors (N = 229) P
<5 yr (n = 189) >5 yr (n = 40)
Cal9-9 <206 115 88 27 0.023
(median 206 1U/dl) >206 114 101 13
Location Head/neck 157 132 ) 25 0.364
Body/tail 72 57 . 15
Size <35 118 90 28 0.014
(median 36 mm: 8-110) >35 111 99 12
Lymph node involvement Absent 38 22 . 16 0.000
Present 191 167 24
Serosal invasion Absent 179 144 35 ' 0.058
, ‘ Present 50 45 5
Retroperitoneal invasion 0/1 106 78 28 0.001
2/3 123 111 12
Portal vein invasion Negative 120 94 26 0.085
) Positive 109 95 14
Plexus invasion Absent 143 116 27 0.491
« Present 85 72 13
Differentiation Well 68 53 15 0.234
Mod/poor 161 136 25
Lympbhatic invasion 0/1 102 73 29 0.000
' 2/3 127 116 11
Venous invasion 0/1 97 73 24 0.002
2/3 132 116 16
Intrapancreatic nerve invasion 01 97 73 24 0.014
2/3 132 116 16
Stage (UICC 6th) [IA (n = 3), 2A (n = 32), 2B (n = 143)] <lII 178 141 37 0.013
Stage (UICC 6th) [III (n = 16), IV (n = 35)] >111 51 48 3
Surgical margin status Negative 154 123 31 0.142
Positive 75 66 9
Intraoperative radiotherapy Yes 159 135 24 0.154
No 70 54 16
Adjuvant chemotherapy Yes 59 46 13 0.284
No 170 143 27

Fig. 2 Status of each 5-year
survivor in the following years
and the cause of death in those
who did not survive (x-axis:
years after 5 years survival; and
y-axis: number of patients)

R Dead of other cause (0=2)
BDeadof disease (n=8) [ 7]
O Alive without recurrece (n=30) | -1

6-7 7-8 8-9 9-10 1011 11-12 12-13 13-14 141§
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Table 3 Characteristic features of the 5-year survivors with disease recurrence

No./age CA19-9 Site Size Operation Stage Curability Initial Treatment for Recurrence after Outcome
(yr)/sex  (U/ml)* (cm) recurrence Site  recurrence operation (yr) (yn)
1/47/F 214 Ph 38 PD,PV 2B RO Unknown® None 44 60D
270/ 399  Ph 23 PD 2A RO Lung None 5.3 57D
3/62/M 3000 Ph 48 PD, PV 2B R1 Bone Radiation 3.4 62D
4/60/F 156 Pb 55 DP 2B R1 Local Resection, chemotherapy 1.5 6.6 D
. 5/80/M 1658 Ph 22 PD 2B R1 Bone None 4.1 73D
6/51/F 15 Ph 1.5 PD 2B RO Lung None 39 5.1D
7/63/F 792 Ph 40 PD 2B RO Bone Radiation 35 126 A
8/56/M 526 T 11.0 TP, PV 2B® RO Lymph nodes  Chemotherapy 1.0 50D
9/63/F 48 Pb 28 DP 2B R1 Pleural cavity Chemotherapy 35 54D
10727/F 211 Ph 50 PD,PV, AR 1l R1 Local Radiation, chemotherapy 0.4 52 A

PD pancreaticoduodenectomy, PV portal vein resection, AR common hepatic artery resection and reconstruction, DP distal pancreatectomy,

LN lymph nodes, A alive, D death
* CA19-9 at surgery, stage was defined as UICC 6th
® Positive washing cytology

¢ CA19-9 was remarkably elevated but recurrence site could not be evaluated

Table 4 Factors influencing an additional 5-year survival in the 40 patients surviving more than 5 years after a macroscopic curative

pancreatectomy

Factor Category n 10-yr survival (%) Mean survival term (yr) P

Lymph node involvement Absent 16 90 : 129 +£0.8 0.1021
Present 24 61 112 £1.0

Retroperitoneal invasion 0/1 28 74 123 £ 038 0.4859
23 12 69 . 102+ 14

Lymphatic invasion 0/1 29 78 126 + 0.7 0.1464
23 11 45 95+18

Intrapancreatic nerve invasion 0/1 24 83 ) 1.5 £ 0.6 0.0499
2/3 16 49 10.1 £ 14

Surgical margin status Negative 31 79 13.0 £ 0.7 0.0893

‘ Positive 9 50 89 &+ 1.1

difficult to predict 5-year survival based on common
clinical parameters alone.

The present study found that limited cancer extension
with negative lymph node metastases significantly con-
tributes to the chance of surviving more than 5 years, but a
macroscopic curative pancreatectomy should be recom-
mended for patients with a more advanced stage because of
the possibility of 5-year survival. A surgical cure could not
always be expected, even in patients surviving more than
5 years, especially those with a higher incidence of intra-
pancreatic neural invasion or a positive surgical margin
status.
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Yae Kanai?, Yoshihisa Nojima®*, and Ryuichi Sakai'

Abstract

CUB domain-containing protein 1 (CDCP1) is a membrane protein that is highly expressed in several solid

cancers. We reported previously that CDCP1 regulates anoikis resistance as well as cancer cell migration and
invasion, although the underlying mechanisms have not been elucidated. In this study, we found that expres-

sion of CDCP1 in pancreatic cancer tissue was significantly correlated with overall survival and that CDCP1
expression in pancreatic cancer cell lines was relatively high among solid tumor cell lines. Reduction of CDCP1
expression in these cells suppressed extracellular matrix (ECM) degradation by inhibiting matrix metallopro-
teinase-9 secretion. Using the Y734F mutant of CDCP1, which lacks the tyrosine phosphorylation site, we
showed that CDCP1 regulates cell migration, invasion, and ECM degradation in a fytosine phosphorylation-
dependent manner and that these CDCP1-associated characteristics were inhibited by blocking the
association of CDCP1 and protein kinase C (PKCt). CDCP1 modulates the enzymatic activity of PKC® through

the tyrosine phosphorylation of PKCS by recruiting PKCS to Src family kinases. Cortactin, which was detected

as a CDCP1-dependent binding partner of PKCS, played a significant role in migration and invasion but not in

v ECM degradation of pancreatic cells. These resuits suggest that CDCP1 expression might play a crucial role in
poor outcome of pancreatic cancer through promotion of invasion and metastasis and that molecules block-

ing the expression, phosphorylation, or the PKC6-binding site of CDCP1 are potential therapeutic candidates.

5136

Cancer Res; 70(12); 5136-46. ©2010 AACR.

Introduction

CUB domain-containing protein 1 (CDCP1) is a type I
transmembrane protein with several tyrosine residues that
can be phosphorylated by Src family kinases (SFK; refs. 1-5).
CDCP1 was first identified as the product of a gene preferen-
tially expressed in colon cancer cells compared with normal
tissue (1). We recently reported that tyrosine-phosphorylated
CDCP1 in lung cancer cells plays-a novel role in acquiring
resistance to anoikis, a type of cell death caused by detach-
ment from extracellular matrix (ECM). CDCP1 was reported
to directly bind to protein kinase Cb (PKCJ) at a unique C2
domain—a novel phosphotyrosine-binding domain—in a
phosphorylation-dependent manner (4). The biological mean-
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ing of interaction with PKCS had not been revealed until we
recently discovered that tyrosine-phosphorylated CDCP1 reg-
ulates the anoikis resistance of lung cancer cells by acting as a
physical link between SFKs and PKCS, which is a putative cell
death-associated molecule (5). Using scirrhous gastric cancer
cells, we further reported that phosphorylation of CDCP1
promotes cell migration and invasion in vitro and peritoneal
dissemination in vivo in mice (6). Recent studies of lung ade-
nocarcinoma and renal cell carcinoma have shown that
CDCP1 expression has important associations with disease
progression (7, 8). Despite accumulating evidence showing
the significant involvement of CDCP1 in tumor progression,
metastasis, and invasion, the role of the CDCP1 signaling
pathway during these biological procedures is not yet well
understood.

Pancreatic cancer is one of the most malignant tumors,
with poor prognosis due to its aggressive behavior and high
metastatic potential. Moreover, pancreatic cancer is some-
times accompanied with specific types of invasion, such as
perineural invasion, which can cause severe pain and dis-
comfort. Appropriate treatment that inhibits invasion and
metastasis of pancreatic cancers is urgently required to im-
prove both the survival and quality of life of patients.

In this study, we found that CDCP1 is expressed in primary
pancreatic tumors as well as in sites of invasion and metas-
tasis of pancreatic cancer. We analyzed the expression levels
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of CDCP1 protein in human pancreatic cancer tissues by us-
ing immunohistochemistry and discovered that high CDCP1
expression is correlated with poor prognosis. Tyrosine phos-
phorylation of CDCP1 was also shown to be essential for
ECM degradation in pancreatic cancer through the forma-
tion of the CDCP1-PKC& complex and enzymatic activation
of PKC$ in highly invasive pancreatic cancer cell lines. Our
results suggest that CDCP1 is a promising therapeutic target
that modulates metastasis and invasion of several cancer

types.
Materials and Methods

Cell culture and transfection

Pancreatic (Suit4, Capanl, PANC1, BxPC3, and CFPAC1)
and gastric (HSC44As3 and HSC59) cancer cell lines were
cultured in RPMI 1640 with 10% fetal bovine serum (FBS)
at 37°C with 5% CO,. The fibrosarcoma cell line HT1080
was cultured in DMEM with 10% FBS. For transfection, cells
were seeded on a plate at 2.0 x 10° per 10-cm dish, and trans-
fection was performed after 24 hours. Expression plasmids
were transfected with Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen). Transfected cells
were selected in the presence of G418 at the concentration
of 1,200 pg/mL (BxPC3) or 900 pg/mL (Capanl).

Short interfering RNA treatment

Two sets of short interfering RNAs (siRNA) of CDCP1
were synthesized as described elsewhere (5). Two sets of siR-
NAs of PKCS or cortactin were synthesized as follows: PKCS
siRNA-1, 5'-GGUGCAGAAGAAGCCGACCAUGUAU-3' (sense)
and 5'-AUACAUGGUCGGCUUCUUCUGCACC-3' (antisense);
PKC§ siRNA-2, 5'-CCAAGGUGUUGAUGGUCGGUUCAGUA-
3’ (sense) and 5'-UACUGAACCGACCAUCAACACCUUGG-3'
(antisense); cortactin siRNA-1, 5-CCCAGAAAGACUAUGU-
GAAAGGGUU-3’ (sense) and 5-AACCCUUUCACAUAGU-
CUUUCUGGG-3’ (antisense); cortactin siRNA-2, 5'-
GGAGAAGCACGAGUCACAGAGAGAU-3’ (sense) and 5’-AU-
CUCUCUGUGACUCGUGCUUCUCC-3' (antisense). The con-
trol siRNA was Stealth RNAi Negative Control Medium GC
Duplex. All siRNAs were obtained from Invitrogen. siRNAs
{40 pmol) wer€ incorporated into cells using Lipofectamine
2000 according to the manufacturer's instructions. Cells
were used for further experiments at 72 hours after siRNA
treatment.

Plasmids, antibodies, and reagents

Plasmids of human CDCP1 and of CDCP1 Y734F (Tyr’* to
Phe) with FLAG tag have already been described (5). CDCP1
rescue mutant, which introduced silent mutations not to be
suppressed by CDCP1 siRNA, with COOH terminus FLAG tag
was generated by PCR using KOD-Plus-Mutagenesis kit
(Toyobo Co. Ltd.). A ¢cDNA fragment of the C2 domain of hu-
man PKC8 with hemagglutinin (HA) tag has already been de-
scribed (5). The antibodies against PKCS (C-20; 1:2,500), HA
(Y-11; 1:2,500), and actin (I-19; 1:200) were purchased from
Santa Cruz Biotechnology. The phospho-PKC§ (Tyr?'%;
1:500) and phospho-PKC§ (Thr®™ 1:500) antibodies were

from Cell Signaling. The FLAG M2 (1:5,000) and «-tubulin
(1:10,000) antibodies were from Sigma. Polyclonal antibody
against CDCP1 (1:500) and tyrosine-phosphorylated CDCP1
(Tyr™% 1:1,000) was prepared as described previously (5).
The monoclonal antibodies that recognize cortactin (clone
4F11; 1:5,000), matrix metalloproteinase-9 (MMP-9; 1:500),
and phosphotyrosine (4G10; 1:2,500) were purchased from
Millipore.

Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were per-
formed as described previously (5). Protein concentration
was measured by bicinchoninic acid protein assay kit
(Pierce). Supernatant was concentrated by 10% trichloroace-
tic acid precipitation, and then samples were washed twice
with diethyl ether. Polyvinylidene difluoride membrane
(Immobilon-P, Millipore) was used for the transfer mem-
brane, and Blocking One (Nakarai Tesque) was used for
the blocking of the membrane. For immunoprecipitation,
1,000 pg protein was mixed with 2 ug of each antibody,
and then samples were rotated with protein G-Sepharose
beads (GE Healthcare).

Cell migration and Matrigel invasion assay

Migration and invasion assay were performed using mod-
ified Transwell chambers with a polycarbonate nucleopore
membrane (BD Falcon) as described previously (9). Cells
treated with each siRNA were detached with trypsin-EDTA.
Then, the cells in 100 pL of RPMI 1640 with 10% FBS were
seeded onto the upper part of each chamber. After incuba-
tion for 6 hours for migration, and 18 hours (BxPC3) or
30 hours (Capanl) for invasion, the cells on the membrane
were fixed. The totals of migrated or invaded cells were de-
termined by counting the cells on the lower side of the mem-
branes from two wells (two fields per membrane) at a
magnification of x100, and the extent of migration or inva-
sion was expressed as the average ratio (number of cells
transfected with siRNA per field/average number of cells
transfected with control siRNA per field). The results were
from three independent experiments.

ECM degradation assays

The 12-mm-round cover glasses were coated with fluores-
cein-conjugated type I collagen from bovine skin (Invitrogen)
diluted at 1 pg/pL in PBS for 5 minutes at room temperature,
and the cover glasses were dried out for 10 minutes at room
temperature. The collagen-coated glasses were then fixed
with 0.5% glutaraldehyde solution on ice for 10 minutes
and at room temperature for 30 minutes. After washing six
times with PBS, the glasses facing upward were transferred
to each well of a 24-well plate containing 70% ethanol and
incubated for 15 minutes. After two washes with PBS, 2 x 10°
cells were plated onto the coated glass in RPMI 1640 con-
taining 10% FBS. After 18 hours (BxPC3) or 30 hours
(Capanl) of culture, cells were fixed and stained with Alexa
phalloidin (1:100; Invitrogen) in PBS. The staining was visu-
alized using a Radiance 2100 confocal microscopic system
(Bio-Rad). The cells degrading collagen were determined to
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overlap the degradation area. Data in 20 fields at a magnifi-
cation of x800 were used to calculate the cells degrading
collagen per total cells. The results were from three indepen-
dent experiments.

Gelatin zymography

Gelatin zymography was conducted with a polyacrylamide
gel containing gelatin (0.8 mg/mL) as described previously
(10). The SDS-polyacrylamide gel was incubated for 24 hours
in the incubation buffer with or without 2.7 nmol/L MMP
inhibitor II (MMP-1, MMP-3, MMP-7, and MMP-9 inhibitor;
Calbiochem) or DMSO at 37°C. Enzyme activity was visual-
ized as negative staining with Coomassie brilliant blue.

Immunocytochemical staining

Immunocytochemical staining was performed as previously
described (11). The cover glasses were coated by FBS for 1 hour
before seeding the cells. For transfection, 5.0 x 10 cells were
seeded on a glass and then fixed and stained. The staining was
visualized using a confocal microscopic system (Bio-Rad).

Patients and tissue samples

Pancreatic tumor specimens were obtained from 158 pa-
tients who underwent surgery at the National Cancer Center
Hospital (1990-2005; clinicopathologic findings from these
158 patients are summarized in Supplementary Table S1).
The follow-up period for survivors ranged from 0.067 to
172.833 months (median, 14.433 mo). Tumors were classified
according to the International Union Against Cancer tumor-
node-metastasis classification (12), the classification of pan-
creatic carcinoma of the Japan Pancreas Society (13), and the
WHO classification (14). The study was approved by the eth-
ical review board of the National Cancer Center. Informed
consent was obtained from each patient.

Immunohistochemistry

Immunohistochemical staining was performed on the
formalin-fixed, paraffin-embedded slides using the avidin-
biotin complex method, as described previously (15). A spe-
cific antibody against CDCP1 (rabbit polyclonal antibody,
1:500) was used as the primary antibody. Staining in the ab-
sence of the primary antibody provided the negative control.
The staining on each slide was evaluated by one researcher
with two independent observations. Samples were blinded to
clinicopathologic data and patient outcomes during observa-
tion. Immunoreactivity was scored semiquantitatively ac-
cording to the estimated percentage of positive tumor cells
(1, <50% reacting cells; 2, 50-80% reacting cells; 3, >80%)
and intensity (1, weaker than the intensity of surface staining
in the islet of Langerhans; 2, equal to the intensity of the islet
of Langerhans; 3, stronger than the intensity of the islet of
Langerhans). The slides, whose islet of Langerhans was not
significantly stained, were considered to be in bad condition
and were not evaluated. A total immunohistochemical score
was calculated by summing the percentage score and the in-
tensity score. The quantity of CDCP1 expression was classi-
fied into two groups by the total score (low group, 2-4; high
group, 5 and 6).

Statistical analysis

We used the StatView software and SAS version 9.1.3 (SAS
Institute, Inc.) for statistical analyses. Cochran-Armitage
trend test and x* test were used to assess the association
between CDCP1 expression levels and clinicopathologic
parameters (Supplementary Table S2). Kaplan-Meier meth-
ods were used to calculate overall survival, and differences
in survival curves were evaluated with the log-rank test.
The hazard ratios (HR) with 95% confidence intervals (CI)
of the CDCP1 high-expression effect were estimated using
univariate and multivariate Cox's proportional hazards
model (Table 1). P values of <0.05 were considered to be sta-
tistically significant.

Results

CDCP1 expression is correlated with prognosis of
patients with pancreatic cancer

During the screening for the protein expression of CDCP1
in various cancer cell lines, we noticed that CDCP1 is highly
expressed and phosphorylated at tyrosines in most pan-
creatic cell lines (Fig. 1A). CDCP1 is also expressed in other
cancer cells such as lung cancers and gastric cancers as we
previously reported, whereas it is not expressed in some can-
cers such as neuroblastomas (data not shown). We further
examined CDCP1 expression in human pancreatic cancer tis-
sues by immunohistochemical analysis. Both well-differentiated
and poorly differentiated types of pancreatic cancers were sig-
nificantly stained with the CDCP1 antibody whereas normal
pancreatic ducts were not obviously stained (Fig. 1B, a and b).
CDCP1 staining was also detected in the perineural inva-
sion site and at sites of lymph node metastasis (Fig. 1B,
c~e). Expression levels of CDCP1 in poorly differentiated
cancers are generally higher than in well-differentiated
types, especially at invasion sites and metastatic loci.
CDCP1 protein expression was examined in surgical speci-
mens from 158 patients with pancreatic cancer. Expression
levels of CDCP1 were evaluable in 145 cases, and they were
classified into the low-expressing (63.4%, n = 92) and high-
expressing (36.6%, n = 53) groups, as described in Materials
and Methods. There were no significant associations in the
clinicopathologic. parameters between CDCP1 expression
groups (Supplementary Table S2). The Kaplan-Meier plots
also showed that there was a significant difference in over-
all survival rates (P = 0.0391) between groups with high and
low CDCP1 expression (Fig. 1C). The effect of CDCP1 ex-
pression on overall survival is similar between univariate
and multivariate analyses (Table 1).

Tyrosine-phosphorylated CDCP1 regulates cell
migration and invasion

As pancreatic cancer cells with high metastatic potential,
such as BxPC3 and CFPACI, seemed to show relatively high
phosphorylation levels of CDCP1 at tyrosines (Fig. 1A), we
analyzed the role of phosphorylated CDCP1 in the invasion
and metastasis of pancreatic cancers. Localization of CDCP1
was mainly detected at cell-cell contact in human tissue sam-
ples (Fig. 1B). CDCP1 was also expressed at cell-cell contact
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Table 1. Univariate and multivariate analyses of prognostic factors for overall survival

Overall survival

Stage*

Primary tumor®

Regional lymph nodes*

Distant metastasis*

Histology™

Lymphatic invasion (y0 + ly1 or ly2 + ly3)t

Venous invasion (vO + v1 or v2 + v3)T

Intrapancreatic nerve invasion (n0 + n1 or n2 + n3)*

Spread within the main pancreatic duct [mpd (-)
or mpd (b) + ()]

CDCP1

Univariate Multivariate

HR (95% CI) P HR (95% Cl) P
1.549 (1.275-1.883) <0.0001 1.458 (1.185-1.795) 0.0004
2.833 (1.403-5.718) 0.0037 —_ —
2.963 (1.592-5.515) 0.0006 — —
1.994 {1.166-3.408) 0.0117 — —
1.340 (0.997-1.801) 0.0525
1.954 (1.381-2.765) 0.0002 1.507 (0.977-2.325) 0.0639
1.536 (1.093-2.160) 0.0136 1.308 (0.861-1.987) 0.2084
1.340 (0.953-1.884) 0.0923
1.065 (0.679~-1.668) 0.7848
1.470 (1.017-2.125) 0.0404 1.482 (1.022-2.150) 0.0381

Abbreviations: mpd, main pancreatic duct; b, borderline.

*Classified according to the classification of WHO.

*Classified according to the classification of International Union Against Cancer.
TClassified according to the classification of pancreatic carcinoma of Japan Pancreas Society.

in pancreatic cancer cell lines, whereas much lower expression
was detected at the free edges of cells (Supplementary Fig. S1).
Suppression of CDCP1 expression by siRNA strongly inhib-
ited cell migration and invasion of pancreatic cancer cells
(Fig. 2A; Supplementary Fig. $2). Similar to the previous re-
port in lung cancer cells (5), downregulation of CDCP1 in
pancreatic cancer cells had no significant effect on the phos-
phorylation of AKT and extracellular signal-regulated kinase
1/2, which are essential components of the growth factor
signaling pathway mediating cell survival, proliferation, and
motility (data not shown). For rescue experiments, vectors
expressing wild-type CDCP1 and Y734F mutant CDCP1,
which lacks the SFKs-binding site, were designed to contain
silent mutations to be resistant to siRNA for CDCP1 as
shown in Fig. 2B (CDCP1 res-F and Y734F res-F, respectively).
Tyrosine phosphorylation of CDCP1 is shown to be attenua-
ted in Y734F mutant through dissociation from SFKs
(Supplementary Fig. S3). After suppression by CDCP1 siRNA,
CDCP1 expression was restored by transfection of either
CDCP1 res-F or Y734F res-F constructs in BxPC3 as expected
(Fig. 2C). Both migration and invasion were recovered by
the CDCP1 res-F construct to the level of original BxPC3
cells, but not by the Y734F res-F mutant (Fig. 2D), suggesting
that CDCP1 regulates migration and invasion in a tyrosine
phosphorylation—dependent manner.

Tyrosine-phosphorylated CDCP1 promotes ECM
degradation

Because the biological role of CDCP1 in invasion is totally
unknown, we first examined whether CDCP1 influences ECM
degradation of cancer cells. Loss of CDCP1 decreased the
ability to degrade fluorescence-conjugated collagen on cover
glasses (Fig. 3A), whereas it caused no significant effect on

the degree of cell-ECM attachment (data not shown). To
quantify the ability of ECM degradation, cells that are >50%
covered by dark area with degraded collagen were counted,
and the ratio to the total number of cells was calculated. This
ratio of degradation showed 40% to 90% decrease in BxPC3
and Capanl by suppression of CDCP1 (Fig. 3B). Protease se-
cretion was then analyzed by zymography to identify factor
(s) that regulates ECM degradation. Suppression of CDCP1
attenuated gelatin degradation bands at ~90 kDa detected
in culture medium of BxPC3 and CFPAC1 (Fig. 3C, top; Sup-
plementary Fig, $4). The bands at ~90 kDa in the zymogram
correspond to the molecular size of MMP-9, a major MMP
expressed in invasive cancer, and were actually detected by
Western blotting using the anti-MMP-9 antibody (Fig. 3C,
bottom left). Treatment of MMP inhibitor II, which inhibits
a series of MMPs including MMP-9, suppressed the bands at
~90 kDa in both BxPC3 and HT1080, which is already known
to secrete MMP-9 (Fig. 3C, bottom right), whereas the bands
at ~60 kDa, presumably MMP-2, were not inhibited in
HT1080 cells. The quantity of MMP-9 mRNA was not affected
by CDCP1 siRNA (data not shown). These results indicate
that CDCP1 controls ECM degradation through secretion of
proteases, including MMP-9, in pancreatic cancer cells.

CDCP1 induces activation of PKCd through tyrosine
phosphorylation of PKCd

It was shown in pancreatic cancer cell lines that tyrosine
phosphorylation of CDCP1 at Tyr"™" triggers its association
with a downstream target PKCS, recruitment of PKCS to
the CDCP1-SFKs complex, and tyrosine phosphorylation of
PKC? (Fig. 2C; Supplementary Fig. S3), which is required
for anoikis resistance of cancer cells (5). Suppression of PKC§
inhibited cell migration and invasion (Supplementary Fig. S5)
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and also blocked ECM degradation and protease secretion in
BxPC3 and CFPACI (Fig. 4A; data not shown). The overex-
pression of the HA-tagged C2 domain of PKCS, which was
designed to block the CDCP1-PKCH interaction (4, 5), re-
sulted in decrease of migration and invasion of Capanl cells
(Fig. 4B), suggesting the CDCP1-PKCb association is essential
for these characteristics. Moreover, the overexpression of
Y734F-F mutant in BxPC3 decreased ECM degradation and
the secretion of proteases, including MMP-9 (Fig. 4C). This
Y734F-F mutant suppressed tyrosine phosphorylation of
PKC§ without significantly affecting the phosphorylation
states of wild-type CDCP1 (Fig. 4C), possibly by interfering
the extracellular signal, which might also modulate CDCP1-
PKCS signal in a dominant-negative manner. Phosphoryla-
tion of PKC8 at Thr**, which was reported to indicate kinase
activity of PKCS (16), was examined by using a phosphospe-

cific antibody. Phosphorylation of PKCS at Thr"*® was actu-
ally induced by treatment of phorbol 12-myristate 13-acetate
(PMA), an activator of PKCs, whereas it was reduced by sup-
pression of CDCP1 expression (Fig. 4D). It was indicated that
tyrosine phosphorylation of PKCS by CDCP1 affects the ki-
nase activity of PKC®.

Cortactin is a candidate protein downstream of the
CDCP1-PKC3 pathway in cell migration and invasion
Treatment of CDCP1 siRNA did not cause significant ef-
fects on the phosphorylation status of several signaling pro-
teins such as paxillin, focal adhesion kinase, and adducin,
which were reported as downstream molecules of PKCo
(data not shown). On the other hand, we discovered that cor-
tactin, which has been detected as one of the major sub-
strates for SFKs and has been reported to play an essential
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Figure 1. CDCP1 expression is correlated with prognosis of patients with pancreatic cancer. A, expression and tyrosine phosphorylation of CDCP1 in
pancreatic cancer and noninvasive (HSC59) or invasive (HSC44As3) gastric cancer cell lines. Black arrowheads, CDCP1; white arrowheads, cross-reactive
bands. B, CDCP1 expression in human pancreatic cancer tissues. Left, H&E staining; right, immunohistochemistry with anti-CDCP1 antibody. a, black
arrowhead, normal pancreatic cells; black arrow, well-differentiated types of pancreatic cancers. b, poorly differentiated types of pancreatic cancers;

¢, perineural invasion (dotted line, epineurium; *, nerve); d and e, lymph node metastasis. e, enlargements of yellow squares in d. Magnifications, x20 (d),
x100 (a and b), and x200 {c and €). C, black arrowheads, pancreatic cancer; black arrows, islet of Langerhans for control staining. Kaplan-Meier plots of
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Figure 2. CDCP1 regulates
migration and invasion in a tyrosine
phosphorylation—dependent
manner. A, left, BxPC3 cells
treated with CDCP1 siRNAs were

used for immunoblotting with the CDCel
indicated antibodies; right, p-CDCP1
migration and invasion assay of (Tye™)
BxPC3 and Capan1 (4.0 x 10* a-Tubulin

cells) treated with CDCP1 siRNAs.
Black arrowheads, CDCP1;

white arrowheads, cross-reactive
bands. B, schematic structure of
CDCP1 and CDCP1 rescue mutant
tagged with FLAG (CDCP1 res-F
and Y734F res-F). The DNA base
sequence that is not suppressed
by CDCP1 siRNA is described. B
C, BxPC3 cells were treated with
each siRNA and, 48 h later,
transfected with the indicated
plasmid. Cancer cells were used
for immunoblotting with the
indicated antibodies. Black
arrowheads, CDCP1; white
arrowheads, cross-reactive bands.
D, migration and invasion assay
using CDCP1 rescue mutant. C
BxPC3 cells treated with either
control siRNA + pcDNA3.1 +
pEGFP (bars, control + mock) or
CDCP1 siRNA + each plasmid
DNA + pEGFP (bars, mock,
CDCP1 res-F, Y734F res-F) were
used for each assay. Only migrated
and invaded cells expressing green
fluorescent protein (GFP) were
counted using a fluorescence
microscope. Columns, mean; bars,
SD. The asterisks indicate
statistically significant differences
from the cells compared with
control siRNA or control siRNA +
Mock. *, P < 0.05; **, P < 0.005.
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role in cell migration and invasion (17-19), was localized
with CDCP1 and PKCS at cell-cell contact in BxPC3 (Fig. 5A),
and showed physical association with PKCS through immuno-
precipitation (Fig. 5B). Interestingly, suppression of CDCP1
disrupted the physical association between PKC6 and cortac-
tin. On the other hand, tyrosine phosphorylation of cortactin
was not affected by suppression of CDCP1 (Supplementary
Fig. S6). Suppression of cortactin decreased migration and
invasion in BxPC3 (Fig. 5C), as also reported in other cell
types (20, 21), whereas it did not suppress ECM degradation
(Fig. 5D) and gelatin degradation by proteases in the zymo-

gram (data not shown) in BxPC3 and CFPACI cells. These
results suggest that cortactin might be one of the mediators
of the CDCP1-PKC? signaling complex in cancer cell migra-
tion but not in the ECM degradation.

Discussion

CDCP1 was originally identified as a membrane protein se-
lectively expressed in the surface of metastatic cancers such
as colon and lung cancers. It was later shown that CDCP1 is a
potent substrate of SFKs in vitro, and our previous analysis
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revealed that phosphorylation of CDCP1 by SFKs is essential
for the anoikis resistance, which supports distant metastasis
of solid cancers. In this study, we showed that CDCP1 is a sig-
nificant prognostic factor that predicts the overall survival of
patients with pancreatic cancer. We further showed for the
first time that CDCP1-PKC5 signaling plays a crucial role in
cell migration and ECM degradation in pancreatic cancer cells.

CDCP1 mRNA and protein expressions were found in var-
ious human solid cancers, including colon, lung, and breast
cancers (1, 7, 22). CDCP1 was recently shown to be a prog-
nostic factor of lung adenocarcinoma and renal cell carcino-
ma by using a large-scale analysis of CDCP1 expression in
tumor samples (7, 8). By histologic analysis using human
pancreatic cancer tissues, CDCP1 expression was detected
not only in the original lesion but also in lymph node metas-
tasis and perineural invasion (Fig. 1B). Pancreatic cancer is

one of the most frequent causes of cancer-related deaths
worldwide. The poor prognosis is attributed to the high inci-
dence of distant metastasis at the point of diagnosis and the
highly invasive nature of this cancer. In that sense, it is
important that the patients with high CDCP1 expression
showed significantly worse overall survival on both univari-
ate and multivariate analyses, suggesting that it might be a
novel and independent prognostic factor of pancreatic can-
cer (Table 1). The individual clinicopathologic factors were
not statistically significantly correlated with CDCP1 expres-
sion, which may be due to remarkably short overall survival
in patients with pancreatic cancers compared with those
with renal cell carcinomas or lung cancers. Although general
prognostic markers such as p16, MMP-7, and vascular endo-
thelial growth factor are also applicable to patients with pan-
creatic cancer (23), CDCP1 is an essential marker of poor
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prognosis that is functionally related to particular malignant breast, and lung, but not in the pancreatic duct (Fig. 1B),
characteristics such as migration, ECM degradation, and an- whereas the levels of CDCP1 phosphorylation in these nor-
oikis resistance of cancer cells. This study also indicates that mal tissues were much lower than those in cancer cells
CDCP1 induces ECM degradation through secretion of pro- (27). We previously reported that phosphorylation of CDCP1
teases including MMP-9 (Figs. 3C and 4C). MMP-9 secretion at Tyr"™* is increased during peritoneal dissemination of gas-
has also been reported in human pancreatic tissue (24, 25) tric cancer in vivo and that it could promote migration of
and was also considered to be a potential prognostic factor gastric cancer cells in vitro (6). In this study, we showed that
in pancreatic cancer (26). phosphorylation of CDCP1 at Tyr™ plays a significant role

A recent observation indicates that CDCP1 protein is ex- in promotion of cell migration and ECM degradation, in ad-
pressed in some normal human tissues, such as the colon, dition to anoikis resistance of cancer cells. Therefore, it is
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reasonable that not only the expression but also the tyrosine
phosphorylation of CDCP1 is required for these characteris-
tics of cancer cells associated with invasion and metastasis.
The complex formation between tyrosine-phosphorylated
CDCP1 and PKCG is required for the promotion of migration
and ECM degradation. Our results also suggest that tyrosine
phosphorylation of PKC8, which was triggered by the as-
sociation with phosphorylated CDCP1 coupled with SFKs,
is essential for CDCP1-induced cell migration and ECM
degradation. Judging from the levels of phosphorylation at
Thr*® of PKCS (Fig. 4D), a putative autophosphorylation site
in an activation loop (16), tyrosine phosphorylation of PKCS
by the SFKs-CDCP1 pathway might activate PKC8. Previous
studies on PKC6 have shown that phosphorylation of PKC6
at Tyr*! results in enhanced phosphorylation at Thr®® (28)
and that activation of PKCb enhances the MMP-9 activity

(29). These findings suggest that the formation of the
SFKs-CDCP1-PKCb complex triggered by tyrosine phosphor-
ylation of CDCP1 causes tyrosine phosphorylation of PKCS
and activation of kinase activity of PKCS, which promotes
cell migration and ECM degradation.

We identified cortactin as a binding partner of PKC8. Cor-
tactin is one of the key molecules that control cell migration
and invasion. Some studies have reported that serine phos-
phorylation, but not tyrosine phosphorylation, of cortactin in-
creases N-WASP binding and facilitates N-WASP~-dependent
actin polymerization (30, 31). Because the kinase activity of
PKCb (Fig. 4D) and the association of PKCS and cortactin
(Fig. 5B) can be affected by CDCP1, CDCP1 possibly regu-
lates cell migration by altering serine/threonine phospho-
rylation of cortactin through PKC&. Unfortunately, this
could not be confirmed due to the lack of a good specific
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antibody against serine/threonine-phosphorylated cortactin.
Cortactin has also been reported to play a role in the func-
tion of invadopodia in several cancers (32, 33), although a
structure similar to invadopodia was not found in the pan-
creatic cancer cells used in this study. Loss of cortactin did
not suppress ECM degradation and protease secretion in
pancreatic cancer cells, suggesting that some molecules
other than cortactin might be regulating ECM degradation
under the control of CDCP1, whereas cortactin is involved
in CDCP1-induced migration of cells possibly through regu-
lation of actin dynamics.

As CDCP1 binds the regulatory domain of SFKs (5), there
is a possibility that CDCP1 controls the activity of SFKs by
unfolding these proteins. Positive correlation between
CDCP1 expression and Tyr*'"® phosphorylation, which indi-
cates autophosphorylation activity of SFKs, was obtained in
BxPC3 cells (data not shown), whereas no clear correlation
was obtained in other pancreatic cell lines. Further study will
be required to understand the functional association be-
tween SFKs and CDCPI, including identification of other
modulators of association.

Collectively, CDCP1 is a novel prognostic factor of pancre-
atic cancer, and inhibition of a specific cellular signal origi-
nating from the expression of phosphorylated CDCP1 has
been shown to regulate cell migration, invasion, and ECM
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Tumour necrosis is a postoperative prognostic marker
for pancreatic cancer patients with a high interobserver
reproducibility in histological evaluation

N Hiraoka™', Y Ino', S Sekine', H Tsuda?, K Shimada®, T Kosuge?, ] Zavada®, M Yoshida?, K Yamada?,

T Koyama? and Y Kanai'
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BACKGROUND: Tumour necrosis reflects the presence of hypoxia, which can be indicative of an aggressive tumour phenotype. The aim
of this study was to investigate whether histological necrosis is a useful predictor of outcome in patients with pancreatic ductal
carcinoma (PDC).

METHODS: We reviewed histopathological findings in 348 cases of PDC in comparison with clinicopathological information.
We counted small necrotic foci (micronecrosis) as necrosis, in addition to massive necrosis that had been only defined as necrosis in
previous studies. The reproducibility of identifying histological parameters was tested by asking five independent observers to blindly
review 51 examples of PDC.

RESULTS: Both micronecrosis and massive necrosis corresponded to hypoxic foci expressing carbonic anhydrase X detected by
immunohistochemistry. Multivariate survival analysis showed that histological necrosis was an independent predictor of poor
outcome in terms of both disease-free survival (DFS) and disease-specific survival (DSS) of PDC patients. In addition, metastatic
status, and lymphatic, venous, and intrapancreatic neural invasion were independent prognostic factors for shorter DFS and
metastatic status, margin status, lymphatic invasion, and intrapancreatic neural invasion were independent prognostic factors for DSS.
The interobserver reproducibility of necrosis identification among the five independent observers was ‘almost perfect’ (ic-value
of 0.87). '

CONCLUSION: Histological necrosis is a simple, accurate, and reproducible predictor of postoperative outcome in PDC patients.
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Pancreatic cancer (pancreatic ductal carcinoma (PDC)) is the
fourth and fifth leading cause of cancer-related death in the United
States and Japan, respectively (Center for Cancer Control and
Information Services and National Cancer Center, 2009; Jemal
et al, 2009). Because of its aggressive growth and early metastatic
dissemination, the overall 5-year survival rate for patients with
pancreatic cancer is 3-5%, and that of patients treated by curative
resection is 15-25% (Kloppel et al, 2000; Lim et al, 2003; Hruban
et al, 2007; Jemal et al, 2009). The mortality rate has not shown any
obvious improvement for decades. The development of predictive
biomarkers to assist the selection of patient subsets is useful for
studies aimed at reducing the mortality of PDC patients, especially
in phase clinical studies evaluating various therapeutic approaches
(Philip et al, 2009).

Several histopathological parameters such as tumour size (Yeo
et al, 1995; Sohn et al, 2000; Lim et al, 2003; Shimada et al, 2006),
tumour histological grade (Luttges et al, 2000; Adsay et al, 2005),
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lymph nodal metastasis (Trede et al, 1990; Lim et al, 2003;
Schnelldorfer et al, 2008), and lymphatic, venous (Luttges et al,
2000; Takai et al, 2003), and neural invasion (Mitsunaga et al, 2005,
2007) have been proposed as hallmarks predictive of postoperative
outcome in patients with PDC. Stage is the most important
prognosticator (Kioppel et al, 2000; Hruban et al, 2007), although
majority of resectable cases were classified into advanced stage,
stage IIB of the International Union Against Cancer (UICC)
tumour ~node - metastasis (TNM) classification and were not able
to be stratified more precisely. Histopathological evaluation of
PDC can be performed using routine diagnostic techniques in
pathology departments without any additional equipment or
special expertise. The predictive values of the above mentioned
parameters are sometimes controversial and complex, and some
have problems related to interobserver reproducibility. To avoid
these pitfalls and to stratify PDCs in a distinct and objective
manner, molecular or genetic markers have been developed,
although these often require special equipment or expertise and
cannot usually be performed on a routine basis. Therefore,
simpler, more reproducible, and easily assessable histopathological
predictors are needed.
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Hypoxia is a common feature of human cancers, which induces
a transcription programme mediated mainly by hypoxia-inducible
factor-1a (HIF-1¢) that promotes aggressive tumour phenotype
(Harris, 2002; Vaupel and Mayer, 2007; Bristow and Hill, 2008).
It is a prognostic indicator in many solid tumours (Vaupel and
Mayer, 2007), and is often detected by examining the expression
of carbonic anhydrase IX (CAIX) (Chia et al, 2001), which is a
regulator of cellular pH and its expression is induced by HIF-1a
(Harris, 2002; Bristow and Hill, 2008). Intratumoural hypoxia is
reflected histologically by the presence of necrosis, which has also
been reported to be a prognostic factor in patients with breast
(Gilchrist et al, 1993) and bladder (Ord et al, 2007) cancers.
Hypoxia is evident in PDCs, in which expression of HIF-la and
CAIX has been detected in 60-70% and 78% of cases, respectively
(Kitada et al, 2003; Couvelard et al, 2005; Sun et al, 2007), whereas
histological necrosis has been found in only 30-40% of PDCs in
previous studies (Couvelard et al, 2005; Mitsunaga et al, 2005).
Neither large-scale study nor multivariate survival study has
been performed to evaluate prognostic value of hypoxia in PDC
patients.

In this study, we found that necrotic areas were present in more
than 60% of PDCs when small necrotic foci were taken into
account. We also found that CAIX were expressed in and around
these necrotic lesions, indicating that these areas were in a
condition of hypoxia. Therefore, detection of necrosis using
our definition may offer a chance of stratifying PDC patients for
tissue hypoxia more accurately. In this study, with the aim of
investigating whether histologically evident necrosis is useful for
prediction of patient outcome among various histopathological
parameters, and we reviewed histopathological findings in 348
cases of PDC in comparison with clinicopathological information.

MATERIALS AND METHODS

Study population

This study was approved by the Ethics Committee of the National
Cancer Center, Japan. Clinical and pathological data were obtained
through a detailed retrospective review of the medical records of
all 348 patients with ductal carcinoma of the pancreas that had
undergone initial surgical resection between 1990 and 2005 at the
National Cancer Center Hospital. None of the patients had received
any previous therapy. All patients received standard therapy
appropriate for their clinical stages. The operative procedures
included 228 pancreatoduodenectomies or pylorus-preserving
pancreatoduodenectomies, 104 distal pancreatectomies, and
16 total pancreatectomies. Along with tumour extension, lympha-
denectomy was performed at the hepatoduodenal ligament and
around the abdominal aorta. All the patients included in this study
underwent macroscopic curative resection, which was defined as
the macroscopic removal of all gross tumours without liver
metastases, macroscopic peritoneal dissemination, bulky lymph
node involvement, or apparent tumour invasion around the
common hepatic or superior mesenteric arteries after routine
examination using intraoperative ultrasonography. All of the cases
were conventional ductal carcinomas and adenocarcinomas origi-
nating in intraductal papillary mucinous neoplasms or mucinous
cystic neoplasms were excluded. Secondary tumours and post-
neoadjuvant cases were also excluded. The clinicopathological
characters of the patients were summarized in Table 1. All M1
patients had nodal metastasis around the abdominal aorta, without
any other form of metastasis. Males accounted for 206 patients
and females for 142; the mean patient age was 62.9 years (range,
27-87 years). Every patient was followed up in the outpatient
clinic every 1-3 month during the first postoperative year,
and every 6-12 months thereafter. Patients underwent physical
examination, laboratory tests, chest radiography, abdominal
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computed tomography, and/or ultrasonography, unless there was
a confirmed relapse. The tumour markers carcinoembryonic
antigen and carbohydrate antigen 19-9 were also measured until
relapse. Recurrence was suspected when a new local or distant
metastatic lesion was found on serial images and an increase in
tumour marker levels was recognised. When progression of the
disease was confirmed by repeated imaging studies, the date of the
first suspicious radiologic finding was used as the date of initial
disease recurrence. The median follow-up period after surgery
was 17.9 (1.3-210) months for the patients overall: 69 patients
(19.8%) were alive at the census date (June 2009), 239 (68.7%) died
because of pancreatic cancer, and 40 (11.5%) died of other causes.
Postresection adjuvant therapy information was available for 327
patients, of whom 19 received chemotherapy and radiotherapy, 134
received chemotherapy only, 2 received radiotherapy only, and 172
did not receive any additional therapy.

Pathological examination

All of the ductal carcinomas were pathologically reexamined and
were classified according to the World Health Organisation
classification (Kloppel et al, 2000), UICC TNM classification
(Wittekind et al, 2005), and the Classification of Pancreatic
Carcinoma of the Japan Pancreas Society (JPS) (Japan Pancreas
Society, 2003). Surgically resected specimens were fixed in 10%
formalin and cut into serial 5-mm-thick slices, horizontally in the
pancreas head, and sagittally in the pancreas body and tail. All the
sections were stained with hematoxylin and eosin for pathological
examination. The following histopathological variables were
evaluated according to the classification of JPS: tumour histolo-
gical grade, nerve plexus invasion, and lymphatic, venous, and
intrapancreatic neural invasion.

Tumour necrosis in PDCs was reported previously (Couvelard
et al, 2005; Mitsunaga et al, 2005), having been defined as
‘confluent cell death in invasive areas of primary cancer, visible at
an objective lens magnification of x4’ (Mitsunaga et al, 2005),
which is the same to the definition having been mentioned in
breast cancer. Tumour histology often varies among the organs in
which tumours develop. We noticed that small areas of necrosis
were evident in PDCs, wherein gland formation by cancer cells
was ruptured, usually in association with neutrophil infiltration.
We refer to this hereafter as micronecrosis, and to the former
as massive necrosis. As sometimes it is difficult to differentiate
necrotic lesions into either of these two patterns, we combined
these two types of lesions solely as ‘necrosis’. The definition of
histological necrosis is as follows. Necrosis occurs in cancer tissue
regardless of its extent, and is usually found in both cancer cells
and cancer stroma (Figure 1). When coagulation necrosis is
extensively developed (massive necrosis), it corresponds to what
was referred to as necrosis previously (Couvelard et al, 2005;
Mitsunaga et al, 2005). Smaller areas of necrosis (micronecrosis)
often recognised adjacent to ruptured cancer-forming tubules is
almost always accompanied by neutrophil infiltration (Figure 1).

Interobserver reproducibility in identifying histological
characteristics

To test the reproducibility of identification of histological
characteristics, five independent observers (SS, HT, MY, KY,
and TK) were asked to review 51 examples of IDC that were
consecutive cases surgically resected between 1997 and 2000. One
slide was selected from each of the 51 cases. This slide was one of
the slides containing the maximum cut section of the tumour. The
complete set of slides from the 51 cases was sent to the five
independent observers, all of whom are general surgical patho-
logists with no specific expertise in the pancreas, and who
encounter pancreas specimens rarely. One observer (HT) specia-
lises in breast and female genitourinary pathology and one (SS) in
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Table | Relationship between clinicopathological characteristics and
histological necrosis
Necrosis

Characteristics No. of patients Presence Absence P
Age, years

<60 123 75 48

260 225 148 77 0414
Sex

Male 206 143 63

Female 142 80 62 0.017
Localisation

Pancreas head 228 147 8l

Pancreas body or tail 109 70 39 1.000
Size (mm)

<30 83 42 41

=30 265 181 84 0.004
Pathologic tumour status

Tl 6 | 5

T2 3 3 0

T3 339 219 120

T4 0 0 0 0.023*
Pathologic node status

NO 64 33 31

NI 284 190 94 0.030
Pathologic metastasis status

MO 310 193 17

MI 38 30 8 0.049
Stage

A 3 0 3

1B 2 2 0

A 59 31 28

B 246 160 86

Il 0 0 0

\% 38 30 8 0.009*
Turnour histological grade”

W/D 90 41 49

M/D 181 122 59

P/ID 77 60 17 <0.0001*
Tumour margin status

Negative 249 166 82

Positive 100 57 43 0.085
Nerve plexus invasion”

Absence 112 65 47

Presence 236 158 78 0.120
Lymphatic invasion”

\ 102 58 44

2,3 246 165 8l 0.086
Venous invasion”

0,1 124 63 61

2,3 224 160 64 0.0002
Intrapancreatic neural invasion”

0, ! 141 86 55

2,3 207 137 70 0363
Recurrent site®

Local 54 39 15

Distant sites 198 134 64 0.620
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Table | (Continued)
Necrosis

Characteristics No. of patients Presence Absence P
Expression of CAIX in cancer cells®

Absence 114 69 45

Presence 89 63 26 0.143
Expression of CAIX in stromal cells®

Absence 74 31 43

Presence 129 101 28 <0.0001
Total 348 223 125

Abbreviations: CAIX=carbonic anhydrase IX; M/D=moderately differentiated
adenocarcinoma; P/D=poorly differentaited adenocarcinoma; W/D = well-differ-
entiated adenocarcinoma. *Comparisons of qualitative variables are performed using
the z* test, and otherwise by Fisher's exact test. bClassified according to the
classification of pancreatic carcinoma of Japan Pancreas Society. “Number of patients
with tumour recurrence was 252. YNumber of patients used in the immunohisto-
chemical analysis was 203. Statistically significant in bold values.

gastrointestinal tract pathology. These observers were provided
with the definition of ‘histological necrosis’ according to Figure 1
and with the definitions for lymphatic, venous, and neural
invasion stated in the classification of JPS (Japan Pancreas Society,
2003). They were asked to assess the presence of histological
necrosis and each of the grades of lymphatic, venous, and neural
invasion evident within each of the provided slides. These
observers were blind to the identity of the original reviewers or
those of each other. They were also not provided with any clinical
information on the outcome of the patients.

Immunohistochemical analysis

Immunohistochemistry was performed on formalin-fixed, paraf-
fin-embedded tissue ‘sections as described previously (Takahashi
et al, 2007), using antibodies against CAIX (M75, 1:200)
(Pastorekova et al, 1992; Zavada et al, 2000) and HIF-1a (54,
1:500, BD Transduction Laboratories, Franklin Lakes, NJ,
USA). Avidin-biotin complex method and CSA system (DAKO,
Glostrup, Denmark) were used for these immunohistochemistry,
respectively. The sections were autoclaved in the buffer (pH 9.0,
Nichirei Biosciences, Tokyo, Japan) for antigen retrieval. For
immunohistochemical examination of CAIX in PDCs, we used
sections of representative blocks from 203 cases of PDC. Carbonic
anhydrase IX is expressed always in the crypt enterocytes of
the duodenum and sometimes in normal epithelial cells of the
pancreatic duct and pancreatic intraepithelial neoplasm. These
cells were used as the positive control for CAIX immunohisto-
chemistry. Immunohistochemistry was performed without pri-
mary antibody for negative control. When more than 20% of
cancer cells in the specimen expressed CAIX, the case was judged
as positive for CAIX in cancer cells. When there were any stromal
cells expressing CAIX in cancer tissue, the case was judged as
presence of stromal cells expressing CAIX.

Statistical analysis -

Comparisons of qualitative variables were performed using the
#* test or Fisher’s exact test. One-way analysis of variance was used
to compare the means of three or more groups. The postoperative
disease-free survival (DFS) and disease-specific survival (DSS)
rates were calculated by the Kaplan~Meier method. Univariate
analysis was performed for prognostic factors using the log-rank
test. The factors found to be predictive by univariate analysis were
subjected to multivariate analysis using the Cox proportional
hazards model (backward elimination method). Interobserver
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Massive necrosis

Micronecrosis

Figure |

Representative histology of massive necrosis (upper columns) and micronecrosis (lower columns). Arrows indicate necrotic area. Left, centre,

and right columns are in low ( x 6.25), middle (x 20), and high magnification ( x 100), respectively. High power view of histology in right columns
corresponds to the rectangle (solid line) in left or middle column. Middle power view of histology in centre columns corresponds to the rectangle (dotted

line) in left columns.

agreement (reproducibility) was tested by obtaining the x-scores
(Fleiss, 1971; Landis and Koch, 1977). Differences at P<0.05
were considered statistically significant. Statistical analyses were
performed with StatView-] 5.0 software (Abacus Concepts,
Berkeley, CA, USA).

RESULTS

Correspondence of both massive necrosis and
micronecrosis with hypoxic foci

Immunohistochemical analysis revealed that CAIX was expressed
in cancer cells or stromal cells within or around areas of both
massive necrosis and micronecrosis (Figure 2).

Prognostic significance of the presence of hypoxic foci
detected by expression of CAIX in cancer stromal cells

Survival analysis showed that the presence of hypoxic foci with
expression of CAIX in stromal cells in cancer tissue was closely
associated with shorter DES (P=0.004) and DSS (P=0.003)
(Bigure 3). The presence of cancer cells expressing CAIX was also
associated with shorter survival rates (Figure 3), although its
occasional expression in cancer cells forming well-differentiated
glands distant from necrotic areas probably indicated a cellular
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phenotype similar to that of normal ductal epithelial cells, and was
unrelated to hypoxia. Then we used expression of CAIX in cancer
stromal cells as hypoxic marker in this study. Multivariate Cox
regression analysis revealed that the presence of hypoxic foci was
an independent predictor of shorter DFS (P=0.005) and DSS
(P=0.011) (Supplementary Table 1). The presence of necrosis was
significantly correlated with the presence of hypoxic foci (Table 1).
More CAIX-expressing cells were found in larger areas of necrosis.

Histopathological evaluation of PDC

Table 1 lists the clinicopathological features of patients with PDC.
When correlations with these clinicopathological features were
analyzed, the presence of necrosis was found to be more likely in
cases with large tumours (P=0.004), higher tumour status
(P=0.023), presence of nodal metastasis (P=0.030), presence of
distant metastasis (P=0.049), higher TNM stage (P=0.009),
poorer tumour differentiation (P<0.0001), and more frequent
venous invasion (P=0.0002).

Prognostic significance of the histopathological valuables

Survival analysis demonstrated an association between the
presence of necrosis and shorter DES (P<0.0001; HR =2.007;
95% CI: 1.531-2.630) and DSS (P<0.0001; HR =2.196; 95% CI:

© 2010 Cancer Research UK
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Massive necrosis

Figure 2 Hypoxia is reflected by the presence of massive necrosis or micronecrosis. Expression of CAIX is immunohistochemically detectable in both
cancer cells and stromal cells within or around areas of massive necrosis (upper columns) and micronecrosis (lower columns). Carbonic anhydrase IX is
expressed in plasma membrane. Arrows indicate necrotic area. Low power view (left columns) and high power view (right columns).
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Figure 3 Kaplan—Meier survival curves showing the comparison of disease-free survival between high and low expression of CAIX (P-values obtained
from log-rank test) (left columns). Kaplan—Meier survival curves showing the comparison of disease-specific survival between high and low expression

of CAIX (P-values obtained from log-rank test) (right columns).

1.659-2.905) (PFigure 4). A similar association was found in
patients with PDC at each TNM stages (Figure 4).

The average survival periods for patients having PDC with and
without necrosis were 24.62+1.42 months and 47.36+2.75
months, respectively. One-year survival rates for patients having
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PDC with and without necrosis were 63.3 + 3.3% and 89.1 + 2.9%,
respectively; the 2-year rates were 36.2 + 3.4% and 69.0 + 4.3%, and
the 5-year rates were 17.1 + 2.9% and 40.1 + 4.8%.

Multivariate Cox regression analysis showed that necrosis
(P<0.0001; HR = 1.853; 95% CI: 1.407 -2.440), metastatic status,
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