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TopHat with that of BWA for an optimal alignment for each se-
quence read. The ambiguously mapped reads and the duplicates
were excluded. The level of gene expression was calculated in reads
per kilobase of exonic sequence per million aligned reads (RPKM).

Mutation validation

For each of the somatic mutations identified by Exome-seq, we
extracted the aligned mRNA-seq reads at its corresponding locus
and examined if the mutant allele was also present in the cDNA
sequences. The substitutions were called using SAMtools (Li et al.
2009). The small indels were called by both the SAMtools and
Pindel algorithms (Ye et al. 2009). We focus on those loci covered
by at least five reads, since it is rather difficult to call the variant
accurately for poorly expressed genes. The mutation is supposed to
be verified by mRNA-seq if at least two reads carried the mutant
allele, and the mutant allele was detected in no less than 5% of the
total reads aligned. For those loci covered by less than five reads but
two or more reads, the mutation was also supposed to be verified if
at least two reads carried the mutant allele.

Genome-wide SNP genotyping and DNA
copy-number analysis

Genome-wide SNP genotyping was performed using the Affyme-
trix Genome-wide Human SNP Array 6.0 (Affymetrix) according to
the manufacturer’s instructions. SNPs were genotyped using the
Birdseed version 2 module of the Affymetrix Genotyping Console
software GTC 4.0.1, together with data from 45 HapMap-JPT samples
(CEL files obtained from Affymetrix). DNA copy-number changes
were analyzed using the Genome Imbalance Map (GIM) algorithm,
as we previously described (Ishikawa et al. 2005).

The conventional MSI assay

The conventional MSI assay was performed using the proposed
“Bethesda” panel of fluorescence-labeled markers, including
BAT2S, BAT26, D25123, D55346, and D175250 and an additional
two markers, NR21 and NR27. The primer sequences and PCR
conditions have been previously described (Murayama-Hosokawa
et al. 2010). In this study, we selected an additional three coding
microsatellites and designed 6-carboxyfluorescein-labeled primers.
Sequences of oligonucleotide primers for these three microsatellites
are listed in Supplemental Table S4. PCR reactions were performed
using the previously described reagents (Murayama-Hosokawa
et al. 2010) under the following thermal cycle conditions: initial
denature for 2 min at 94°C, followed by 32 cycles of denature for 15
sec at 94°C, annealing for 30 sec at 58°C, and primer extension for
30 sec at 68°C; the final extension step was carried out for 2 min at
68°C. After PCR, 1 pL of the properly diluted PCR product was
mixed with 10 pL of Hi-Di Formamide and GeneScan 500 LIZ Size
Standard (Applied Biosystems) mixture (37:1). This product was
then denatured for 5 min at 95°C and put on ice immediately for 5
min before loading onto ABI 3130xl Genetic Analyzer (Applied
Biosystems). The output data files were analyzed by GeneMapper
Software Version 4.0 (Applied Biosystems). Determination of MSI
status was made according to the presence of mutant alleles in
tumor DNA compared with matched normal DNA.

MSI analysis by Exome-seq

We established a data analysis pipeline to identify small indels in
the microsatellites. For each of the somatic indels identified in this
study, we extracted the 50 bases of DNA sequences flanking its locus
and examined if the indel was present in microsatellite sequences.
Only those indels detected in the protein-coding microsatellites

with at most 6 nt and repeated at least five times for mono- and
dinucleotide microsatellites and at least three times for multiple-
nucleotide microsatellites were counted. As shown in Figure 4, a
graph was plotted for the indels in coding microsatellites according
to the lengths of the indels and the number of sequence reads that
supported the mutant alleles or the wild-type alleles. The micro-
satellite was suggested to be instable if a shorter allele (deletion) or
a longer allele (insertion) was detected only in the tumor DNA. The
sequence homology of each supporting read was further examined
by the BLAT algorithm, and the reads rich of homologous sequences
were discarded. The mutant allele ratio was then calculated using a
formula as mentioned above.

MLHI promoter methylation analysis

The methylation status of MLHI promoter was quantitatively
measured using MassARRAY (Sequenom), as previously described
(Yagi et al. 2010). Briefly, 500 ng gDNA was bisulfite converted
using an EZ DNA Methylation Kit (Zymo Research) according to
the manufacturer’s instruction manual. Bisulfite-treated DNA was
PCR amplified, and the PCR product was transcribed by in vitro
transcription (IVT) prior to cleavage using RNase A. Unmethylated
cytosine was converted to uracil by bisulfite treatment, while the
methylated cytosine was not converted. Methylation status was then
determined by the mass difference between A and G in the cleaved
RNA product. Quantitative methylation scores were obtained at each
analytic unit of a cleaved product, referred to as “CpG unit.” The
amplified DNA that was not methylated at all in any CpG sites was
used as an unmethylated (0%) control. The amplified DNA, meth-
ylated by Sssl methylase, was used as a fully methylated (100%)
control.

Sanger sequencing

Oligo primers were designed to amplify the genome fragments
containing the candidate nucleotide mutations from tumor cell line
DNA and the matched normal DNA. PCR was performed using the
high-fidelity DNA polymerase KOD-plus (TOYOBO) under opti-
mized thermal conditions. PCR products were evaluated on a 2%
agarose gel, purified and sequenced in both directions using Big Dye
Terminator reactions, and subsequently loaded on an ABI 3130xl
capillary sequencer (Applied Biosystems).

Statistical analysis

The P-value was calculated by Student’s t-test when the data were
normally distributed or by the nonparametric Wilcoxon signed-
rank test when the data were not normally distributed. P-values
less than 0.05 were considered to be statistically significant.

Data access

The Exome-seq data, mRNA-seq data, and SNP array data have
been submitted to the European Genome-Phenome Archive (EGA;
http://www.ebi.ac.uk/ega/), which is hosted at the European Bio-
informatics Institute (EBI), under accession no. EGASO0001000149.
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ORIGINAL ARTICLE

The Carcinoembryonic Antigen Level in Pancreatic Juice and
Mural Nodule Size Are Predictors of Malignancy for Branch Duct
Type Intraductal Papillary Mucinous Neoplasms of the Pancreas

Seiko Hirono, MD, Masaji Tani, MD, Manabu Kawai, MD, Ken-ichi Okada, MD, Motoki Miyazawa, MD,
Atsushi Shimizu, MD, Yuji Kitahata, MD, and Hiroki Yamaue, MD

Objective: Identification of predictors of malignancy for branch duct type
intraductal papillary mucinous neoplasms (IPMN).

Background: Main duct type [PMN has been recommended for resection.
However, the indications for resection of the branch duct type IPMN have
been controversial.

Methods: We retrospectively analyzed the clinicopathological factors of 134
patients undergoing resection for branch duct type IPMN, excluding main duct
type IPMN, to identify predictors of the malignant behavior of this neoplasm.
The cutoff values of tumor size, main pancreatic duct (MPD) size, mural
nodule size, and carcinoembryonic antigen (CEA) level in the pancreatic juice
obtained during preoperative endoscopic retrograde pancreatography (ERP)
were analyzed using receiver—operator characteristic curves.

Results: We found 7 significant predictors for malignancy in the branch duct
type [PMN in a univariate analysis; jaundice, tumor occupying the pancreatic
head, MPD size >5 mm, mural nodule size >5 mm, serum carbohydrate
antigen (CA)19-9 level, positive cytology in the pancreatic juice, and CEA
level in the pancreatic juice >30 ng/mL. In a multivariate analysis, a mural
nodule size >5 mm and a CEA level in the pancreatic juice >30 ng/mL were
independent factors associated with malignancy. The positive predictive value
of a mural nodule size >5 mm and a CEA level in the pancreatic juice >30
ng/mL was 100%, and the negative predictive value was 96.3%.
Conclusions: We identified 2 useful predictive factors for malignancy in
branch duct type IPMN; a mural nodule size >5 mm and a CEA level in
the pancreatic juice obtained by preoperative ERP >30 ng/mL.

(Ann Surg 2012;255:517-522)

A s a result of improvements of radiological imaging and increased
clinician awareness, intraductal papillary mucinous neoplasm
(IPMN) of the pancreas has been recognized with increasing fre-
quency because it was formally defined in 1996 by the World Health
Organization.' It has been established that [IPMN has malignant po-
tential and that it first transforms from an adenoma to a borderline
neoplasm, then develops into carcinoma, including carcinoma in situ
(CIS), and ultimately becomes an invasive carcinoma [invasive IPMC
(intraductal papillary mucinous carcinoma)].! In general, IPMN has a
favorable prognosis, because of its indolent biological behavior; there-
fore, excellent survival outcomes have been reported after complete
resection in the patients with noninvasive IPMN, including adenoma,
borderline neoplasm, and CIS.2~® However, once IPMN progresses
to invasive carcinoma, it becomes aggressive and is associated with
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a poor prognosis, with the 5-year survival in patients with invasive
IPMC reportedly ranging from 22% to 67%.”° Therefore, the timing
of resection is important for the successful treatment of IPMN, and it
is necessary to establish a treatment protocol and surgical indications
for patients with IPMN.

Depending on the morphology of the changes of the ductal
system, IPMNs have been classified into the 3 variations—main duct
type, branch duct type, and mixed type by radiological imaging. Many
recent clinicopathological studies have shown that IPMNs arising
in the main pancreatic duct (MPD) are more aggressive than those
arising in the branch pancreatic duct (BPD), and the malignancy rate
of main duct type IPMN has been reported to be 57% to 92%,46-1°
whereas that of branch duct type IPMN has been reported to be 6%
to 58%.'9-!4 Therefore, although most clinicians agree that surgical
resection is required for all main duct type IPMNs, the management
of branch duct type IPMNs remains controversial, because branch
duct type IPMN generally has a low risk of malignancy.

We previously suggested that measurement of the carcinoem-
bryonic antigen (CEA) level in the pancreatic juice obtained during
preoperative endoscopic retrograde pancreatography (ERP) was use-
ful for distinguishing malignant from benign IPMNs,23; however,
our previous studies had 2 problems: (1) a small number of patients
analyzed (n = 54), and (2) the subjects in the study were patients with
all types of IPMNSs, including the main duct type. Therefore, in the
present study, we examined 134 patients with IPMNss, other than the
main duct type, and reanalyzed the cutoff values for predicting malig-
nancy of the tumor size, MPD size, mural nodule size, and the CEA
level in the pancreatic juice, using receiver—operator characteristic
(ROC) curves. We retrospectively analyzed the clinical and imaging
findings and laboratory data to identify the predictors of malignancy
and determined the optimal indications for the patients with branch
duct type [IPMN.

MATERIALS AND METHODS

Patient Enroliment

From July 1999 to February 2011, 196 consecutive patients
with IPMN underwent a pancreatectomy at Wakayama Medical Uni-
versity Hospital. We classified the patients into 2 groups on the basis
of their type of IPMN as determined by preoperative imaging studies;
main duct type IPMN and branch duct type IPMN. We defined the
main duct type IPMN as that found to have diffuse or segmental MPD
dilation, but not cyst formation caused by BPD dilation. Next, we de-
fined the branch duct type IPMN as that with cyst formation caused
by BPD dilation with or without MPD dilation. In this study, we
excluded 23 patients who had IPMN concomitant with common pan-
creatic cancer. Among the remaining 173 consecutive patients with
resected IPMNSs, 134 patients were classified as having branch duct
type IPMN, and all were enrolled in this study. The study protocol
was approved by the Human Ethics Review Committee of Wakayama
Medical University Hospital, and a signed consent form was obtained
from each subject.
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Preoperative Examination and Indications
for Surgery

Before surgery, all patients underwent a clinical evaluation,
routine laboratory tests including the assessment of tumor markers,
abdominal ultrasonography (US), and computed tomography (CT).
Magnetic resonance imaging cholangiopancreatography and endo-
scopic US (EUS) were performed in 131 and 125 patients, respec-
tively. Endoscopic retrograde pancreatography was performed in all
patients with branch duct type IPMN, excluding the 4 patients under-
going Billroth II reconstruction after distal gastrectomy. Preoperative
pancreatic juice cytology (n = 104) and measurement of CEA levels in
pancreatic juice (n = 91) were performed using the samples obtained
during preoperative ERP, using the previously reported method.??
Briefly, the pancreatic juice in the MPD was collected by preopera-
tive ERP, and immediately centrifuged, and the precipitate was used
for cytological examination, and the CEA levels in the supernatant
were measured by means of a CEA immunometric chemilumines-
cent assay kit (Bayer Medical Co, Tokyo, Japan). The tumor size was
measured by CT, and the mural nodule size was determined by EUS
in 125 patients who underwent preoperative EUS, and by CT in other
9 patients without performing EUS.

Surgery was performed in the patients with IPMN who met
at least one of the following criteria: (1) the presence of symptoms,
(2) main duct type IPMN, (3) the presence of mural nodules, (4) an
MPD larger than 7 mm in diameter, or gradual dilation of the MPD
observed during follow-up, (5) tumor size larger than 30 mm, or a
gradual increase in the tumor size during follow-up, (6) class IV or
V in cytology of the pancreatic juice, or (7) a CEA level higher than
110 ng/mL in the pancreatic juice, which was the cutoff level identi-
fied by analyzing the difference between benign and malignant IPMNs
in all patients with all types of IPMN, using ROC curves, as previously
reported.>?

Allresected specimens were examined pathologically and clas-
sified into adenoma, borderline, CIS, and invasive IPMC, according
to the classification established by the World Health Organization
by 2 independent pathologists (A.Y. and Y.N.). Invasive IPMC was
defined as that presenting the pathological findings of continuance
of an invasive component from CIS, to distinguish it from common
pancreatic ductal cancer concomitant with IPMN.

Statistical Analysis

For the purpose of the analyses, we classified IPMN with ade-
noma and borderline neoplasm as a benign IPMN group, whereas
CIS and invasive IPMC were classified as a malignant IPMN group.
The cutoff levels for the tumor size, MPD size, mural nodule size,
and CEA level in the pancreatic juice were determined to maximize
the difference between benign and malignant IPMNs by ROC curves
(SPSS, Release 17.0; SPSS Inc, Chicago, IL). The 16 preoperative po-
tential risk factors were assessed by a univariate analysis with the x?
and included the patient age, sex, symptoms, jaundice, body weight
loss, abdominal pain, back pain, diabetes mellitus, the tumor location,
tumor size, MPD size, mural nodule size, serum CEA level, serum
carbohydrate antigen (CA) 19-9 level, cytology in the pancreatic
juice, and CEA levels in the pancreatic juice (SPSS, Release 17.0).
The P < 0.1 predictors of malignant IPMN in the univariate analysis
were then included in a forward stepwise multiple logistic regression
model (SPSS, Release 17.0). Statistical significance was defined as
P < 0.05.

RESULTS
Patient Characteristics and Histopathological
Findings
Table 1 shows the characteristics of the enrolled patients. This
study included 74 men and 60 women, with a mean age =+ standard
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deviation of 68.9 + 9.7 years. The mean tumor size, mean MPD
size, and the mean mural nodule size were 30.4 &+ 12.3, 6.5 & 4.2,
and 5.5 & 5.0, respectively. A total pancreatectomy was performed
in 3 patients (2.2%); a pancreatoduodenectomy (PD), including a
pylorus-preserving PD and a pylorus-resecting PD, was performed
in 101 patients (75.4%); a distal pancreatectomy was performed in
14 patients (10.5%); and a central pancreatectomy was performed
in 16 patients (11.9%). Combined venous resection (portal vein or
superior mesenteric vein) was performed in 10 patients (7.4%), and
combined celiac artery resection was performed in 1 patient (0.8%).

In the 134 patients with branch duct type IPMN, there were
56 patients (41.8%) with benign IPMN, including 51 with adenomas
and 5 with borderline neoplasms, and there were 41 patients (30.6%)
with CIS, and 37 patients (27.6%) with invasive IPMC, including 5
with minimally invasive IPMC (Table 1).

Complications of ERP and Pancreatic Duct Irrigation

The definition of post-ERP acute pancreatitis and the grad-
ing of its severity were based on consensus criteria.'* Seven patients
(5.4%) developed pancreatitis in 130 patients who underwent preop-
erative ERP. Among them, 5 patients (4.8%) developed pancreatitis
(moderate in 1 patient and mild in 4 patients) in 104 patients whose
pancreatic juice obtained by ERP.

Diagnostic Cutoff Levels for the Tumor Size, MPD
Size, Mural Nodule Size, and CEA Levels in the
Pancreatic Juice for the Prediction of Malignant
IPMN

In this study, ROC curves were used to determine the cutoff
levels for the tumor size, MPD size, mural nodule size, and CEA
level in the pancreatic juice (Fig. 1) to differentiate between be-
nign and malignant IPMN in the patients with the branch duct type
IPMN. Mathematically, the cutoff values were defined as those corre-
sponding to points on the ROC curve situated furthest away from the
reference line. The areas under curve for the tumor size, MPD size,
mural nodule size, and CEA level in the pancreatic juice were 0.612,
0.711, 0.819, and 0.920, respectively, and the determined cutoff lev-
els for the differentiation between benign and malignant IPMNs were
30 mm, 5 mm, 5 mm, and 30 ng/mL, respectively (Table 2).

TABLE 1. The Demographics and Clinical Characteristics of
134 Patients With Branch Duct Type IPMN

Characteristics Value
Age, mean + SD (range), yr 68.9 £ 9.7 (32-84)
Sex, male/female 74/60

30.4 & 12.3 (5-88)
6.5+ 4.2 (1-20)
5.5 £ 5.0 (0-20)

Tumor size, mean + SD (range), mm

Main pancreatic duct size, mean £ SD (range), mm
Mural nodule size, mean = SD (range), mm
Operation

Total pancreatectomy 3 (2.2%)
Pancreatoduodenectomy (PD/PpPD/PrPD) 101(17/43/41) (75.4%)
Distal pancreatectomy 14 (10.5%)
Central pancreatectomy 16 (11.9%)
Histopathology

Adenoma 51 (38.1%)
Borderline 5 (3.7%)
Carcinoma in situ 41 (30.6%)
Invasive IPMC 37 (27.6%)

PpPD indicates pylorus-preserving PD; PrPD, pylorus-resecting PD
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Predictors of Malignancy for Branch Duct
Type IPMN

In the univariate analysis, we found 7 significant factors pre-
dicting the malignancy of branch duct type IPMNs: the presence of
jaundice (P < 0.001), a tumor occupying the pancreatic head (P =
0.006), a MPD size larger than 5 mm (P < 0.001), mural nodule size
larger than 5 mm (P < 0.001), elevated serum CA19-9 (P = 0.002),
positive cytology (class IV or V) in the pancreatic juice (P = 0.023),
and a CEA level in the pancreatic juice >30 ng/mL (P < 0.001)
(Table 3). Furthermore, a mural nodule size larger than 5 mm (P =
0.003; odds ratio = 12.9) and a CEA level in the pancreatic juice
higher than 30 ng/mL (P < 0.001; odds ratio = 299) were inde-
pendent malignant predictors in the subsequent multivariate analysis
(Table 4).
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FIGURE 1. The receiver operating characteristic curve used to
determine the optimal CEA cutoff levels in the pancreatic juice
obtained by preoperative endoscopic retrograde pancreatog-
raphy for the prediction of the malignancy of branch duct
type IPMN. The area under the curve for the CEA levels in
the pancreatic juice was 0.92, and the determined cutoff level
for differentiation between benign and malignant IPMNs was
30 ng/mL.

TABLE 2. The Diagnostic Cutoff Levels of the Tumor Size,
Main Duct Size, Mural Nodule Size, and CEA Levels in the
Pancreatic juice for Differentiating Between Benign and
Malignant IPMN Based on the Receiver Operating
Characteristic Curves

Area Under Cutoff
Curve Value
Tumor size 0.612 30 mm
Main pancreatic duct size 0.711 5 mm
Mural nodule size 0.819 5 mm
CEA levels in the pancreatic juice* 0.920 30 ng/mL

*The CEA in the pancreatic juice could be measured in 91 patients who received
preoperative ERP.

© 2012 Lippincott Williams & Wilkins

With regard to the mural nodule size, the sensitivity, specificity,
and accuracy of the cutoff (5 mm) for differentiating between benign
and malignant IPMN were 74.4%, 80.4%, and 76.9%, respectively
and those for the CEA cutoff level in the pancreatic juice (30 ng/mL)
were 94.2%, 84.6%, and 90.1%, respectively.

We found that mural nodule size determined by EUS and CEA
levels in the pancreatic juice were significantly correlated (P < 0.001;
Table 5). There were 5 patients with just 5 mm of mural nodule with
a CEA level in the pancreatic juice higher than 30 ng/mL, and they
included 4 patients with adenoma and 1 patient with CIS.

Combination Analysis of the Mural Nodule Size and
CEA Level in the Pancreatic Juice

If the analyses of the mural nodule size and CEA level in
the pancreatic juice were combined, all patients with a mural nodule
size larger than 5 mm who also had a CEA level in the pancreatic juice
higher than 30 ng/mL had malignancy, indicating that the positive
predictive value of both a mural nodule larger than 5 mm and a
CEA level in the pancreatic juice higher than 30 ng/mL was 100%.
Moreover, 26 patients of the 27 patients with a mural nodule size
larger than 5 mm and a CEA level in the pancreatic juice higher than
30 ng/mL had benign IPMN, indicating that the negative predictive
value of both a mural nodule size larger than 5 mm or a CEA level in
the pancreatic juice higher than 30 ng/mL was 96.3% (Fig. 2).

DISCUSSION

Surgical resection offers the best chance for a cure for the pa-
tients with IPMN; however, observation may be a better management
strategy for the patients with a low risk of malignancy, because a pan-
createctomy is an invasive procedure, especially in elderly patients.'
Therefore, many investigators have performed studies to identify fac-
tors that can be used to predict the likelihood of malignancy in the
patients with IPMNs. Most clinicians have agreed that the main duct
type IPMN has high malignant potential, and surgical resection is
recommended for all patients with main duct type IPMN.#%-1° How-
ever, there is still no definite management consensus, including the
surgical indications, for patients with branch duct type IPMN, be-
cause the malignant potential of branch duct type IPMN is relatively
low.'%~'* Thus, it is necessary to identify more accurate factors that
can predict the malignancy and determine the indications for surgical
resection for the patients with the branch duct type IPMN.

The International Consensus Guidelines have put forward an
algorithm for the surgical management of branch duct type IPMN,
which is based on the tumor size, patient symptoms, and “high
risk stigmata” (mural nodule and positive cytology in the pancre-
atic juice).!” Several recent studies reported that the size of mural
nodules was a more significant malignant factor than the tumor size
for predicting the malignancy of branch duct type IPMN.%10:12.14 [
addition, the MPD size, positive EUS fine-needle aspiration (FNA)
cytology, and high CEA or carbohydrate antigen (CA)72.4 levels in
the cystic fluid have been reported to be factors that can be used to
predict the malignancy of branch duct type IPMN.>'8-2! However,
the accuracies of these factors were not high enough to distinguish
between benign and malignant IPMNs. Moreover, the cytology of the
pancreatic juice should be a criterion standard for the preoperative
pathological diagnosis. However, the sensitivity of preoperative cy-
tology was only 11.1% in this series. Therefore, we tried to identify
more accurate predictors of the malignant potential of branch duct
IPMN to determine an optimal management consensus. If CIS could
be determined for the patients with branch duct type IPMN by sev-
eral parameters, that would be powerful. However, in this study, the
number of CIS was small; only 41 patients. Therefore, we could not
analyze separately in each group. In the future, we would like to try
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TABLE 3. The Results of the Univariate Analysis of the Malignant Predictive Factors

for Branch Duct Type IPMN

Benign Malignant
(n =56), n (%) (n = 78), n (%) P
Age, =70 yr 25756 (44.6%) 44/78 (56.4%) 0.179
Sex, male 30/56 (53.6%) 44/78 (56.4%) 0.745
Symptom 27/56 (48.2%) 46/78 (59%) 0217
Jaundice 0 (0%) 14 (18%) <0.001
Body weight loss 5(8.9%) 11 (14.1%) 0.362
Abdominal pain 14 (25%) 23 (29.5%) 0.567
Back pain 9 (16.1%) 9 (11.5%) 0.448
Onset or worsening of diabetes mellitus 13/56 (23.2%) 26/78 (33.3%) 0.203
Tumor occupied location, head 35/56 (62.5%) 65/78 (83.3%) 0.006
Tumor size, >30 mm 20/56 (35.7%) 37/78 (47.4%) 0.176
Main pancreatic duct size, >5 mm 16/56 (28.6%) 52/78 (66.7%) <0.001
Mural nodule size, >5 mm 11/56 (19.6%) 57778 (73.1%) <0.001
Serum CEA, elevated 3/56 (5.4%) 9/78 (11.5%) 0.217
Serum CA19-9, elevated 6/56 (10.7%) 27/78 (34.6%) 0.002
Cytology in the pancreatic juice,” class IV or V 0/44 (0%) 6/54 (11.1%) 0.023
CEA levels in the pancreatic juice,} >30 ng/m 6/39 (15.4%) 49/52 (94.2%) <0.001

*Cytological examination of the pancreatic juice was possible in 98 patients.
1The CEA in the pancreatic juice could be measured in 91 patients.

TABLE 4. The Results of the Multivariate Analysis of the
Malignant Predictive Factors for Branch Duct Type IPMN

95%
Odds Confidence
P Ratio Interval
Jaundice 0.989
Tumor occupied location, head 0.136
Main pancreatic duct size, >5 mm 0.082
Mural nodule size, >5 mm 0.003 12.9 2.38-70.3
Serum CA19-9, elevated 0.803
Cytology in the pancreatic, class [V 0.983
orV
CEA levels in the pancreatic juice, <0.001 299 17.7-5067
>30 ng/mL

TABLE 5. Correlation Between Findings of EUS and CEA in the
Pancreatic Juice Obtained by ERP for the Patients With Branch
Duct Type IPMN

. CEA Levels in the Pancreatic Juice
EUS Findings

Obtained by ERP
(Mural Nodule
Size) <30 ng/mL (n =36) >30ng/mL (n = 55) P
<5 mm (n = 45) 27 18 <0.001
>5 mm (n = 46) 9 37

to analyze by clustering the patients with branch duct type IPMN into
3 groups—adenoma, CIS, and invasive [IPMC.

In this study, we defined branch duct type IPMN as that with
cyst formation caused by BPD dilation with or without MPD dilation.
The reasons that we included mixed type IPMN into the branch duct
type IPMN are as follows:

1. Tt is difficult to distinguish branch duct type IPMN with MPD
dilatation caused by outflow of copious mucin from a side branch
cyst from the mixed type IPMN with MPD dilatation resulting from
the production of mucin in the MPD,% by preoperative radiological
imaging.
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2. Branch duct type IPMN sometimes has microscopic involvement
into the MPD without radiological evidence of dilatation of the
MPD; however, the preoperative prediction of this phenomenon is
impossible.

3. The malignant potential of mixed type IPMN was reported to be
lower than that of the main duct type,® although there have been
a limited number of reports about the potential of mixed type
IPMN.

Indeed, in this study, we found 22 patients with branch duct
IPMN with MPD dilation, ie, mixed type on imaging findings (the
pathological diagnosis in branch pancreatic duct is 5 adenoma,
10 CIS, and 7 invasive IPMC). In 5 mixed type IPMN patients with
adenoma, only 1 patient had an adenoma in MPD. Remaining 4 pa-
tients had no atypia in MPD, which had the secondary dilation of
MPD because of inflow of mucinous fluid from cystic branch duct.
Thus, it is very difficult to distinguish branch duct type IPMN from
mixed type IPMN by radiological imaging, because we could not
predict microscopic involvement into MPD in mixed type IPMN
patients.

For this study, we reanalyzed the cutoff values for the tumor
size, MPD size, mural nodule size, and CEA level in the pancreatic
juice to distinguish between benign and malignant IPMN exclusively
in patients with branch duct type IPMN, using ROC curves. Our re-
sults suggested that a mural nodule size larger than 5 mm and a CEA
level in the pancreatic juice obtained by preoperative ERP higher than
30 ng/mL were independent significant predictors of malignancy in a
multivariate analysis. In several significant malignant predictors for
branch duct type IPMN on univariate analysis, but not significant on
multivariate analysis, we found jaundice, MPD dilation, and elevated
serum CA19-9 as malignant predictive factors for IPMN.!*-14 All
8 branch duct type IPMN patients with jaundice, MPD dilation, and
elevated serum CA19-9 had malignancy, whereas in 32 patients with-
out jaundice, MPD dilation or elevated serum CA19-9, 10 patients
had malignancy with a high CEA in the pancreatic juice. Therefore,
the branch duct type IPMN patients with jaundice, MPD dilation, and
elevated serum CA19-9 may not require ERP, because the positive
predictive values for malignancy of combination of these 3 factors are
high, whereas ERP may be useful procedure to distinguish between
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FIGURE 2. The distribution of the mural nodule size and CEA levels in the pancreatic juice in patients with branch duct type IPMN.
IPMNs classified as adenoma and borderline neoplasm are indicated by white circles (o), carcinoma in situ by black circles (e),
and invasive IPMC by black triangles (a). All patients (100%) with a mural nodule size larger than 5 mm and a CEA level in the
pancreatic juice higher than 30 ng/mL had malignant IPMN, whereas only 1 patient among 27 with a mural nodule size <5 mm
and a CEA level in the pancreatic juice 30 ng/mL or lower had malignant IPMN.

benign and malignant IPMNs for patients without jaundice, MPD
dilation, nor elevated serum CA19-9.

We previously reported that the cutoff value for the CEA level
in the pancreatic juice to distinguish malignant from benign IPMN
was 110 ng/mL for the patients with all types IPMN,? whereas this
study suggested that the cutoff value was 30 ng/mL for the patients
with branch duct type IPMN. It is considered that the CEA levels in
main duct type IPMN are higher than those of other types of IPMN,
because the CEA levels of the pancreatic juice obtained from the MPD
reflect the direct secretion of CEA for the main duct type, whereas
the CEA levels for the branch duct type IPMN reflect the outflow into
the MPD from cystic side branch secretions.

Recently, measurements of CEA or/and CA72.4 in the cystic
fluid obtained by EUS-FNA were reported to be useful for the dif-
ferentiation of malignant from benign IPMN.?° In our institute, we
have measured the CEA levels in the pancreatic juice obtained from
the MPD by preoperative ERP in the patients with all types IPMN,
but not in the cyst fluid obtained by EUS-FNA, because (1) obtaining
pancreatic juice by ERP is not associated with any risk of peritoneal
seeding, and actually, peritoneal seeding was not found in all pa-
tients, whose pancreatic juice obtained by preoperative ERP, and (2)
the branch duct type IPMNs are often consisted of multilocular cysts,
and it is unknown which cyst has the most severe atypia, whereas
the pancreatic juice in the MPD obtained by ERP includes secreted
CEA from all of the pancreatic ducts. However, further studies of the
evaluation of the correlations between the CEA levels in the pancre-
atic juice in the MPD and the CEA levels in the cyst fluid should be
performed.

In this study, there were 29 patients with a mural nodule size
5 mm or smaller and a tumor size 30 mm or larger, who were predicted
to have benign IPMN by findings of EUS and CT. Among 29 patients,
we had 8 malignant IPMN patients with a CEA level in the pancre-
atic juice obtained by ERP more than 30 ng/mL. Furthermore, in
23 patients with branch duct type IPMN without a mural nodule and

© 2012 Lippincott Williams & Wilkins
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a tumor size 30 mm or smaller, 6 patients had malignancy with a
CEA level in the pancreatic juice higher than 30 ng/mL. These re-
sults suggest that ERP may be a useful procedure for some branch
duct type IPMN patients with a mural nodule size 5 mm or smaller
and a tumor size 30 mm or smaller, whereas we cannot clarify which
types of patients would be benefited from this additional invasive
procedure.

When the combination of a mural nodule size larger than
5 mm and a CEA level in the pancreatic juice higher than 30 ng/mL is
used, the predictive value is excellent (100%), indicating that branch
duct type IPMN with a mural nodule size larger than 5 mm and a
CEA level in the pancreatic juice higher than 30 ng/mL would be
recommended for resection. Only 1 patient (1 of 27 patients) with a
mural nodule size 5 mm or smaller and a CEA level in the pancreatic
juice 30 ng/mL or lower had malignant IPMN, which suggests that
the patients with branch duct type IPMN in this group might be better
treated by strict observation.

In conclusion, we identified 2 useful predictive factors for
malignancy in branch duct type IPMN; a mural nodule size larger
than 5 mm and a CEA level in the pancreatic juice obtained by
preoperative ERP more than 30 ng/mL. Additional studies in other
populations will be needed to confirm the validity of our findings.
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The invasion process is a crucial step for pancreatic ductal adeno-
carcinoma (PDAC); however, the genes related to invasion remain
unclear. To identify specific genes for the invasion process, we
compared microarray data for infiltrating cancer and PaniIN-3,
which were harvested from an individual PDAC patient by micro-
dissection. Furthermore, immunohistochemical, coimmunoprecipi-
tation and invasion analyses were performed to confirm the
biologic significance of molecules identified by expression pro-
file. In the present study, we focused on MUC16 and mesothelin
among 87 genes that were significantly upregulated in infiltrat-
ing components compared to PanIN-3 in all PDAC patients,
because MUC16 was the most differently expressed between two
regions, and mesothelin was reported as the receptor for MUC16.
Immunohistochemical analysis revealed that MUC16 and meso-
thelin were expressed simultaneously only in infiltrating compo-
nents and increased at the invasion front, and binding of MUC16
and mesothelin was found in PDAC by immunoprecipitation
assay. The downregulation of MUC16 by shRNA and the blockage
of MUC16 binding to mesothelin by antibody inhibited both inva-
sion and migration of pancreatic cancer cell line. MUC16 high/
mesothelin high expression was an independent prognostic
factor for poor survival in PDAC patients. In conclusion, we iden-
tified two specific genes, MUC16 and mesothelin, associated with
the invasion process in patients with PDAC. (Cancer Sci 2012; 103:
739-746)

F or most patients with pancreatic ductal adenocarcmoma
(PDAC), the diagnosis is made at an advanced stage ) the
survival rate for these patients is dismal because PDAC has a
propensity for early local invasion and vascular dissemina-
tion.® The genetic and biochemical determinants of the pro-
cess of invasion and metastasis in PDAC are still largely
unknown.

Pancreatic ductal adenocarcinoma appears to arise from histo-
logically well-defined precursor lesions in the ducts of the pan-
creas, called pancreatic intraepithelial neoplasms (PanIN).®®
PanIN are graded based on their degree of architectural and
nuclear atypia and are categorized mto a four-tier classification,
including PanIN-1A, 1B, 2 and 3.©> PanIN-3 lesions demon-
strate widespread loss of nuclear polarity, nuclear atypia and
frequent mitoses, and whereas cancerous cells break through
the basement membrane, they evolve into infiltrating adenocar-
cinoma. The invasion process is the crucial step in PDAC
because cancer cells that invade the vasculature, or lymphatic
or neural vessels, can progress further to metastasis only after
obtaining infiltrating status. In the present study, we identified
specific molecular markers associated with invasion in PDAC,
which might be useful not only as early diagnostic markers but
also as new therapeutic targets for patients with PDAC.

doi: 10.1111/.1349-7006.2012.02214.x
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Several molecular markers, 1nc1ud1ng tissue plasminogen
activator,® artemin'” and RhoGDI2,® have been reported to
be associated with invasion in PDAC. However, some of these
molecular markers are of little clinical value as therapeutic
targets for patients with PDAC because these genes are also
expressed in normal pancreatic tissues or other normal
organs.“® In this study, we first used a gene expression pro-
filing technique to identify the specific genes that are differen-
tially expressed between infiltrating cancer cells and PanIN-3
cells, which were harvested from an individual patient by laser
microdissection. Based on our gene expression array data, clin-
ical and biologic implications of MUCI16 and mesothelin
expression were further explored.

Material and Methods

Patients. Our study population included 103 patients with
PDAC who underwent curative resection between January
2004 and December 2007 at Wakayama Medical University
Hospital (WMUH). Informed consent was obtained from all
patients in accordance with the guidelines of the Ethical Com-
mittee on Human Research of WMUH. Patient characteristics
are presented in Table 1. The TNM staging criteria of the
International Union Against Cancer was used for histologic
classification.”” None of the patients had received neoadjuvant
chemotherapy or radiation therapy before surgery. The median
follow-up duration after resection was 16.8 months (range: 1.6-67.3
months).

Laser microdissection and RNA extraction. Tissue samples
including cancer cells and adjacent normal cells were embed-
ded in Tissue-Tek OCT compound (Sakura Finetek, Torrance,
CA, USA) by freezing tissue blocks in liquid nitrogen immedi-
ately after surgical resection for expression profiling. We used
the tissues obtained from five patients with PDAC who had
coexisting infiltrating cancer cells and PanIN-3 cells, and used
the tissues from three patients as controls, including two
patients with pancreatitis and one patient with bile duct
cancer.

The specimens were cut into 9-um sections at —20°C with
the use of a LEICA cryostat (model 3050S; Leica, Tokyo,
Japan) and then fixed on slides in 70% ethanol and stained
with hematoxylin. The infiltrating cancer cells and PanIN-3
cells were harvested separately from an individual PDAC tis-
sue using laser microdissection. As a control, the normal pan-
creatic duct cells were also obtained by laser microdissection,
because PDAC originates from pancreatic ductal epithelial
cells. Before laser microdissection, two pathologists (YS and

“To whom correspondence should be addressed.
E-mail: seiko-h@wakayama-med.ac.jp
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Table 1. Patient characteristics (n = 103)
Age, median (range) 69 (31-87)
Gender, male/female 54/49
Tumor site, Ph/Pbt/Phbt 71/30/2
Surgical technique, PD/DP/TP 71/30/2
Differentiation, well/moderate/poor 42/51/10
Tumor size

<20mm 18

>20 but <40mm 69

>40 but <60mm 14

>60mm 2
UICC stage 3

1A 3

IB 5

1A 24

B 63

1 1

v 7
Postoperative recurrence, yes/no 79/24

DP, distal pancreatectomy; Pbt, pancreatic body and tail; PD, pancre-
atoduodenectomy; Ph, pancreatic head; TP, total pancreatectomy;
UICC, Union for International Cancer Control.

YN) diagnosed infiltrating cancer regions and PanIN-3
regions in the PDAC tissues, and normal pancreatic epithe-
lium in normal pancreatic tissues. We estimated that the pro-
portion of infiltrating cancer cells, PanIN-3 cells, or normal
pancreatic ductal cells in the laser microdissected purified
samples was at least 95%. Hence, we required more than 30
specimens (range, 35-78 specimens) in each sample for
infiltrating cancer cells, more than 110 specimens (range, 111
414 specimens) for PanIN-3 cells and more than 450 speci-
mens (range, 450-520 specimens) for normal pancreatic
ductal epithelium cells to obtain enough RNA volume to use
for our expression analysis. Total RNA was extracted from
the harvested cells using the RNeasy Micro Kit (Qiagen, Hil-
den, Germany). The concentration of each total RNA sample
was measured with a Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). The integ-
rity of the RNA was determined by capillary electrophoresis
using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA) and the extracted RNA was accepted for experiments if
the RNA integrity reading was >7.0.

Genome-wide transcriptional profiling. The gene expression
was analyzed with Human Genome U133 Plus 2.0 GeneChips
(Affymetrix, Santa Clara, CA, USA). The manufacturer’s
instructions regarding the protocols and the use of reagents
for hybridization, washing and staining were followed (as
previously described).'”  Data were collected using an
Affymetrix GeneChip Scanner 3000 instrument. The cell
intensity data files were obtained using the Affymetrix Suite
5.0 software program; then, the array data were imported into
a DNA-Chip Analyzer (dChip, http://www.dchip.org) for
high-level analysis.

Immunohistochemistry. Pretreatment was performed in a
microwave using citrate buffer (pH 6.0) for 5 x 3 min at
700 W. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide in methanol, and nonspecific binding sites
were blocked with 10% normal goat serum. Primary antibodies
were diluted in PBS: MUCI16 (1:1000, mouse monoclonal,
X325, Abcam, Cambridge, UK) and mesothelin (1:20, mouse
monoclonal, 5B2, Novacastra, Newcastle upon Tyne, UK).
Diluted primary antibodies were added, and samples were
incubated overnight at 4°C. Antibody binding was then immu-
nodetected using the avidin-biotin-peroxidase complex, as
described by the supplier (Nichirei, Tokyo, Japan). Finally, the
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reaction products were demonstrated using a DAB substrate,
and then counterstained with hematoxylin, dehydrated with
ethanol and fixed with xylene.

To investigate the localization of the MUCI16 and mesoth-
elin, fluorescence immunohistochemistry was performed for
paraffin-embedded tissue slides. Double labeling of the two
mouse monoclonal antibodies (MUC16 [X325] and mesothelin
[5B2]) was done using a Zenon kit (Molecular Probes,
Eugene, OR, USA) to directly label the antibodies with either
Alexa Fluor 488 or 594 according to the manufacturer’s
instructions.

Evaluation of immunohistochemistry. For scoring assessment,
200 cells were counted in each of the five different fields with
high magnification, x400, on the maximum cut surface of the
tumor. We used ovarian cancer tissue and mesothelioma tissue
as positive controls for MUC16 and mesothelin expression,
respectively. The staining intensity was defined as follows: 0,
no staining; 1+, weak; 2+, moderate; 3+, strong, based on the
intensity levels of positive control being taken as 3+
(Fig. 1A)."""' If there were areas with a variety of staining
intensities, the predominant intensity was chosen. The quantifi-
cation of positivity (0-100%) was based on an estimate of the
percentage of stained cancer cells in the lesion. The final im-
munostaining scores were calculated by multiplying the stain-
ing intensity and percentage positivity, thereby giving
immunostaining scores ranging from 0 to 300.“*'” The cut-
off values of immunostaining scores were set as the median
value, in accordance with previous reports.(lg"g) The immuno-
stains were scored by three investigators (SH, YN and HY)
blinded to the clinical and pathologic data. If differences of
opinion arose, a consensus was achieved by discussion.

Cell lines and RNA interference. Human pancreatic cancer cell
line PK9 was obtained from the Cell Resource Center for Bio-
medical Research Institute of Development, Tohoku University
(Miyagi, Japan).

Short hairpin RNA (shRNA) plasmids designed to target
MUCI16 were synthesized by SA Biosciences (Frederick, MD,
USA) as follows: insert sequence ACAGCAGCATCAAGA-
GTTATT and ggaatctcattcgatgcatac (negative control). Each
plasmid (0.8 pg) was mixed with 1 pul Lipofectamine2000
(Invitrogen, Carlsbad, CA, USA) in a final volume of 100 pL
of Opti-MEM medium and was added to PK9 cells grown to
40% confluence in 24-well plates. Forty-eight hours after
transfection, G418 solution (Roche, Basel, Switzerland) was
added in the appropriate concentration. The stably transfected
cells were maintained in RPMI-1640.

Coimmunoprecipitation assay. To address binding between
MUCI16 and mesothelin, we performed coimmunoprecipitation
assays using pancreatic cancer cell line PK9 and two surgical
specimens obtained from 2 PDAC patients. The coimmunopre-
cipitation assays were performed using the Universal Magnetic
Co-IP Kit (Active Motif, Rixensart, Belgium) according to the
manufacturer’s protocol. Monoclonal antibody against CA125
(OC125, Abcam, Cambridge, UK), monoclonal = antibody
against mesothelin (MN-1, Rockland, Gilbertsville, PA, USA)
or rabbit IgG control (Abcam) were used for immunoprecipita-
tion and immunoblotting.

In vitro invasion and migration assay in PK9 cell line transfected
with MUC16 shRNA. To investigate the effect of MUCI6
expression on invasion and migration of pancreatic cancer
cells, in vitro invasion and migration assays were performed in
the membrane culture system using an 8-um pore size PET
membrane coated with or without Matrigel (24-well, BD Bio-
sciences, San Diego, CA, USA). Parental PK9 cells, vector
control-PK9 cells and PK9 cells transfected with MUCI6
shRNA were seeded into 5 x 10% cells/500 pL growth med-
ium on the Matrigel layer. The following procedures were per-
formed (as previously described).¢
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(B) Infiltrative cancer

Mesothelin

(©) MUCI16

(D) H&E

Mesothelin

Normal duct

Mesothelin

Fig. 1.

(A) Image of staining intensity grade. (0) no staining, (1+) weak, (2+) moderate, (3+) strong intensity. (B) MUC16 and mesothelin were

stained at the apical membrane or cytoplasm only in infiltrative cancer, whereas no staining appeared in PanIN-3 cells and normal ductal cells.
() MUC16 and mesothelin expressed at the apical cancer cell surface in invasive ductal cancer cells labeled with Zenon Alexa Fluor 594 and 488.
The merged image shows MUC16 and mesothelin expressed in the same cancer cells simultaneously. (D) The expression of MUC16 and mesoth-
elin was higher at the invasion front (arrow) than in the main tumor (*). H&E, hematoxylin and eosin stain.

In vitro invasion and migration assays with blocking antibodies
for MUC16 and mesothelin. To investigate the binding between
MUCI16 and mesothelin, we evaluated the effect of blocking
antibodies against interaction between MUCI6 and mesothelin
on invasion and migration of pancreatic cancer cell PK9 by
using in vitro invasion and migration assdy. Because OCI125
(DAKO, Carpinteria, CA, USA) and M11 (DAKO) are known
to block the interaction between MUC16 and mesothelin,*"
each antibody was used for blocking the interaction. Sodium
azide was removed using the AbSelect Antibody Purification
System (Innova Biosciences, Cambridge, UK).

Shimizu et al.
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Statistical analysis. The association between MUC16/mesoth-
elin expression and clmlcopathologlc factors in the patients
with PDAC was assessed using the y>-test or the Fisher exact
test. The survival curves were calculated using the Kaplan—
Meier method and then compared by means of the log-rank
test. The prognostic significance of clinicopathologic features
and MUC16/mesothelin expression was determined using uni-
variate Cox regression analysis. Cox proportional hazards mod-
els were fitted for multivariate analysis. Statistical procedures
were performed using SPSS version 13.0 (SPSS, Chicago, IL,
USA). P < 0.05 was considered statistically significant.
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Results

Identification of the transcriptional biomarkers associated with
the invasion of pancreatic ductal adenocarcinoma by gene
expression profiling. Microarray data for the infiltrating cancer
and PanIN-3, which were harvested from an individual PDAC
patient, were compared on the basis of the following criteria:
(i) a > 1.5-fold change in the expression levels between the
infiltrating cells and PanIN-3 cells; (ii) a >100 absolute differ-
ence between the expression levels of the infiltrating cells and
PanIN-3 cells; and (iii) P < 0.05.%**% A total of 109 genes
were differentially expressed between infiltrating cancer and
PanIN-3 cells in PDAC, including 87 genes that were upregu-
lated and 22 that were downregulated in the infiltrating PDAC,
and then 18 genes, which were expressed more in both infil-
trating cancer and PanIN3 than in normal pancreatic epithe-
lium, were listed (see Table 2), to focus on more significant
genes related to carcinogenesis in PDAC. Among the upregu-
lated genes identified by expression profiling, we focused on
MUC16 because MUCI16 expression in the infiltrating cancer
was substantially higher than that of the PanIN-3 cells in all
five PDAC patients and normal pancreatic duct epithelium
(Table 2), indicating that MUCI16 is specifically expressed in
invasive PDAC. We also focused on mesothelin in the upregu-
lates genes list, because it had been previously reported to be
a ligand receptor of MUC16.%*2>

Immunohistochemical staining of MUC16 and mesothelin in
pancreatic ductal adenocarcinoma. The immunohistochemical
analyses were performed in the paraffin-embedded tissues from
103 patients with PDAC. MUC16 and mesothelin were stained
by immunohistochemistry at the tumor apical membrane or
cytoplasm (or both) in PDAC samples (Fig. 1B). Both MUC16
and mesothelin were expressed only in the infiltrating cancer
cells and not in the PanIN-3 cells (n = 30) or normal pancre-
atic epithelial cells (n = 103) (Fig. 1B). Furthermore, we
found that these genes were not expressed in any non-epithe-
lial cells, including stromal cells, acinar cells and islet cells.
Fluorescence immunohistochemistry using the merge technique
showed that MUC16 and mesothelin were stained in the same
cancer cells simultaneously (Fig. 1C). We observed that

MUC16 and mesothelin were more highly expressed at the
invasion front than in the main tumor in 48 of the 103 patients
(47%) with PDAC (Fig. 1D).

The scores of MUC16 and mesothelin expression were calcu-
lated for each sample. The median scores of MUC16 and mes-
othelin were 150 (range, 0-300) and 180 (range, 0-300),
respectively. The binarization of the score data for these mark-
ers was performed as “high expression” versus “low expres-
sion” at the median level. We categorized all samples into two
groups to analyze the association of MUC16 and mesothelin
expression with the clinicopathologic features in the patients
with PDAC: the MUCI6 high/mesothelin high expression
group (n = 41) versus the other group (n = 62), which included
the patients with MUCI16 high/mesothelin low expression
(n = 11), those with MUCI16 low/mesothelin high expression
(n = 11) and MUCI16 low/mesothelin low expression (n = 40).

Association of MUC16 and mesothelin expression with patho-
logic factors. The correlation of pathologic factors and
MUCI6/mesothelin expression was analyzed (Table 3). These
pathologic factors were evaluated in accordance with the
second English edition of the Classification of Pancreatic
Carcinoma, proposed by the Japan Pancreas Society.®® The
analysis indicated that a tumor size >4.0 cm, serosal invasion,
invasion of other organs, and lymphatic permeation occurred
significantly more often in the MUC16 high/mesothelin high
expression group than in the other groups (P = 0.0041,
P =0.0131, P = 0.0356 and P = 0.0250, respectively).

Binding of MUC16 and mesothelin in pancreatic cancer cell PK9
and surgical specimens from patients with pancreatic ductal ade-
nocarcinoma. The coimmunoprecipitation assays between
MUCI16 and mesothelin using pancreatic cancer cell line PK9
and surgical specimens obtained from two PDAC patients
(number 1: stage IIB, number 2: stage 1V) showed that the
whole cell lysates or tissue homogenates were immunoprecipi-
tated and immunoblotted with anti-MUC16 and anti-mesoth-
elin antibody (Fig. 2A), indicating that MUCI6 and
mesothelin can bind in PDAC.

Role of MUC16 and mesothelin in invasion, migration and cell
growth of pancreatic cancer cell line. PK9 cells express MUC16
and were transfected with shRNA targeted to MUCI16. Stable

Table 2. Upregulated genes in the infiltrating cancer compared to PanIN-3 component of pancreatic ductal adenocarcinoma as determined by

expression profiling

Mean expression level

Probe ID Gene name Gene symbol Fold change, mean
IC/PaniN-3 IC/normal

220196_at Mucin 16 MuUCi6 26.7 14.6 31.6
206884 _s_at Sciellin SCEL 17.4 3.8 4.7
205388_at Troponin C type 2 TNNC2 10.1 4.1 10.0
204416_x_at Apolipoprotein C-I APOC1 6.7 5.9 7.2
213524 s_at GO/G1switch 2 G052 5.4 4.3 13.9
202504 _at Tripartite motif-containing 29 TRIM29 4.5 2.6 8.8
204070_at Retinoic acid receptor responder 3 RARRES3 3.7 3.4 5.4
242625_at Radical S-adenosyl methionine domain containing 2 RSAD2 3.6 2.4 12.1
204885_s_at Mesothelin MSLN 3.0 2.2 2.2
201564 _s_at Fascin homolog 1, actin-bundling protein FSCN1 3.0 2.7 31
205483_s_at Interferon, alpha-inducible protein IFI 3.0 2.5 7.6
228640_at BH-protocadherin PCDH7 2.7 2.5 7.5
239979_at Epithelial stromal interaction 1 EPSTIN 2.5 2.1 6.5
231956_at KIAA1618 KIAA1618 2.4 2.4 3.8
204285_s_at Phorbol-12-myristate-13-acetate-induced protein 1 PMAIP1 2.2 2.1 3.4
222810_s_at RAS protein activator like 2 RASAL2 2.2 2.2 2.3
243271_at Sterile alpha motif domain containing 9-like SAMDSL 2.1 1.9 5.7
200736_s_at Glutathione peroxidase 1 GPX1 2.0 1.9 2.0

1C, infiltrating cancer; PanIN, pancreatic intraepithelial neoplasms.
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Table 3. The association of MUC16 and mesothelin expression with
pathologic factors in patients with pancreatic ductal adenocarcinoma

MUC16.hlgl.1/ Other
mesothelin high
Number group group P
41 62
Differentiation
Well/ 93 35 57 0.1908
moderate
Poor 10 6 4
Tumor size
>40mm 16 12 4 0.0041
<40mm 87 29 58
Local progression
Intrapancreatic common bile duct invasion
Positive 22 6 16 0.1757
Negative 81 35 46
Duodenal invasion
Positive 40 12 28 0.1052
Negative 63 29 34
Serosal invasion
Positive 74 35 39 0.0131
Negative 29 6 23
Retropancreatic tissue invasion
Positive 85 35 50 0.5369
Negative 18 6 12
Portal venous system invasion
Positive 25 13 12 0.1523
Negative 78 28 50
Arterial system invasion
Positive 5 4 1 0.0803
Negative 98 37 61
Extrapancreatic nerve plexus invasion
Positive 33 16 17 0.2166
Negative 70 25 45
Invasion of other organs
Positive 6 5 1 0.0356
Negative 97 36 61
Lymphatic permeation
Positive 88 39 49 0.0250
Negative 15 2 13
Vascular permeation
Positive 64 28 36 0.2948
Negative 39 13 26
Perineural invasion
Positive 76 29 a7 0.5665
Negative 27 12 15
Lymph node metastasis
Positive 69 32 37 0.0523
Negative 34 9 25

MUCI16-shRNA-transfected PK9 cells showed downregulation
of MUCI16 protein expression compared to the vector control
(data not shown). Invasion chamber experiments revealed that
MUC16-shRNA-transfected PK9 cells had significant suppres-
sion of cell invasion (Fig. 2B). Migration assays also demon-
strated that downregulation of MUCI16 significantly reduced
migration (Fig. 2C). The blockage of MUCI16 binding to
mesothelin with the neutralizing antibodies against MUC16
(OC125 or M11) significantly suppressed invasion and migra-
tion of pancreatic cancer cells (Fig. 2D,E). In terms of the
effect of MUCI16 on cell growth, parental PK9 cells, vector
control-PK9 cells and MUC16-shRNA-transfected PK9 were
seeded in concentration of 10 x 104/mL, and the cell numbers

Shimizu et al.

were counted on day 1, 3 and 5 using a hemocytometer. As a
result, the cell growth was significantly suppressed after inhibi-
tion of MUCI16 expression (Fig. 2F).

Association of MUC16 and mesothelin expression with survival
in patients with pancreatic ductal adenocarcinoma. The overall
survival of the MUCI16 high/mesothelin high expression
group was significantly worse than in the other group (med-
ian 11.9 vs 22.8 months, P = 0.0006; Fig. 3A). The 1-, 3-
and 5-year survival rates of the MUC16 high/mesothelin high
group versus the other group were as follows: 51.2 vs 72.6%,
8.0 vs 25.6% and 0O vs 11.5%, respectively. The disease-free
survival of the MUCI16 high/mesothelin high expression
group was also worse than the other group (median 6.7 vs
10.9 months, P = 0.0002; Fig. 3B). The 1-, 3- and 5-year
disease-free survival rates of the MUCI6 high/mesothelin
high group versus the other group were as follows: 12.2 vs
48.4%, 2.5 vs 20.3% and O vs 11.5%, respectively. In the
univariate analysis of the overall survival of the patients with
PDAC, a tumor size > 4.0 cm, duodenal invasion, portal
venous system invasion, lymphatic permeation, vascular per-
meation, lymph node metastasis and MUC16 high/mesothelin
high expression were potential factors for predicting poor
survival (Table 4). According to a multivariate analysis of
overall survival, vascular permeation and MUCI6 high/mes-
othelin high expression were independent factors for predict-
ing short survival for the patients with PDAC (P = 0.0025,
HR, 2.241; 95% CI, 1.364-4.310; P = 0.0158, HR, 1.936;
95%CI, 1.132-3.310, respectively; Table 4). Similarly, in the
multivariate analysis of disease-free survival, a tumor
size > 4.0 cm, lymphatic permeation and MUC16 high/mes-
othelin high expression were independent prognostic factors
for a poorer disease-free survival (P = 0.0167, HR, 2.141,
95% CI, 1.148-4.000; P = 0.0202, HR, 3.984, 95% CI, 1.241
—-12.821; P = 0.0131, HR, 1985, 95% CI, 1.155-3.412,
respectively; Table 5).

Discussion

We first identified genes specific to the invasion process in
PDAC using microdissection and gene expression profiling
techniques. In this study, we compared microarray data of
infiltrating cancer and PanIN3, which were harvested from an
individual PDAC patient, to exclude the difference in original
gene expression among individuals. Then, we were able to
identify similar genes that were differently expressed between
infiltrating cancer and PanIN-3 in all five patients.

Among the identified upregulated genes, we focused on
MUCI16 because its expression in the infiltrating cancer was
substantially higher than that in the PanIN-3 cells. We also
focused on mesothelin in the list, because it was reported to be
a ligand receptor of MUC16. Their interaction has been postu-
lated to play an important role during tumorigenesis and
metastasis in ovarian cancer.***> Rump and colleagues
reported that the binding of MUC16 and mesothelin expressed
by cancer cells mediates heterotypic cell adhesion and mig;ht
contribute to the metastasis and invasion of ovarian cancer.®

In the present study, immunohistochemical analysis revealed
that MUC16 and mesothelin were expressed in the infiltrating can-
cer cells but not in the PanIN-3 cells or normal pancreatic tissues,
consistent with the results of gene expression profiling. Further-
more, fluorescence immunohistochemistry showed that MUC16
and mesothelin were expressed simultaneously in the PDAC cells.

MUCI16 encodes the CA125 antigen and is a membrane-
bound mucin protein with a high molecular weight between
2.5 and 5.0 million daltons.?” Its proposed structure com-
prises an N-terminal domain of >22 000 amino acid residues
that are presumably heavily glycosylated, a central domain
containing up to 60 glycosylated repeat sequences constituting
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Fig. 2. (A) The results of coimmunoprecipitation assay in pancreatic cancer ceil line PK9 and clinical samples from the patients with pancreatic
ductal adenocarcinoma. The whole cell lysates extracted from cell line or tissue homogenates extracted from two surgical specimens were immu-
noprecipitated and immunoblotted with anti-MUC16 and anti-mesothelin antibody. IB, immunoblotting. (B) Invasion chamber experiments in
PK9 transfected with MUC16 shRNA. The invasion was significantly suppressed after inhibition of MUC16 expression (*P = 0.0009, **P = 0.0067).
(C) Migration assays in PK9 transfected with MUC16 shRNA. The migration was significantly suppressed after downregulation of MUC16 expres-
sion (*P = 0.0005, **P = 0.0055). (D) Invasion assay with the blockage of MUC16 binding to mesothelin with the neutralizing antibodies against
MUC16 (OC125 or M11, *P = 0.0014, **P = 0.0043). (E) Migration assay with the blockage of MUC16 binding to mesothelin with OC12 5 or M11
(*P = 0.0020, **P = 0.0003). (F) Cell growth assay in PK9 transfected with MUC16 shRNA. The cell growth was significantly suppressed after inhi-
bition of MUC16 expression (*P = 0.0469, **P = 0.0036). NS, not significant.
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the tandem repeats characteristic of mucins, and a C-terminal  and the protein is also expressed by a variety of solid tumors,
domain composed of a transmembrane domain and a short including ovarian cancer, malignant mesothelioma, lung cancer
cytoplasmic tail with possible phosphorylation sites.”® Few and PDAC.®!'*? Mesothelin expression reportedly conferred
reports have described the expression of MUC16 in cancers. In  chemoresistance _and a poorer clinical outcome in ovarian
this study, using immunohistochemistry, we detected the cancer patients.(33)
expression of MUCI16 in 94 of 103 PDAC cases (91%). We found that the coexpression of MUCI6 and mesothelin
The mesothelin gene encodes a 71-kDa precursor protein  was also increased at the invasion front (n = 48), compared to
that is processed into the 40-kDa glycosylphosphatidylinositol-  that in the main tumor in several PDAC tissues, and, then,
anchored membrane glycoprotein, mesothelin and a 31-kDa  MUCI16 high/mesothelin high expression in PDAC was signifi-
fragment called megakaryocyte potentiating factor.**~? Mes-  cantly associated with large tumors, serosal invasion, invasion
othelin expression in normal human tissues is limited to meso-  of other organs and lymphatic permeation. These results indi-
thelial cells lining the pleura, pericardium and peritoneum,*®  cate that these molecules seem to be involved in invasion and
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Table 4. Univariate and multivariate analysis using the Cox proportional hazards regression model of overall survival in 103 patients with

pancreatic ductal adenocarcinoma

Univariate analysis

Multivariate analysis

P HR 95% CI P HR 95% CI
Age, >70 0.2692 0.906 0.962-1.011 - - -
Gender, male 0.7711 1.026 0.678-1.689 - - -
Differentiation, poor 0.9228 1.043 0.451-2.410 - - -
Tumor size, > 40 mm 0.0070 2.203 1.241-3.906 0.3294 1.340 0.743-2.421
Local progression

CH, positive 0.1651 1.458 0.856-2.481 - - -

DU, positive 0.0465 1.595 1.007-2.525 0.0782 1.575 0.950-2.604

S, positive 0.3320 1.297 0.767-2.188 - - -

RP, positive 0.0715 1.848 0.948-3.610 - - -

PV, positive 0.0203 1.818 1.098-3.012 0.6830 1.119 0.653-1.916

A, positive 0.6183 1.259 0.507-3.135 - - -

PL, positive 0.0666 1.543 0.971-2.451 - - -

0O, positive 0.4899 1.342 0.581-3.101 - = -
Lymphatic permeation, positive 0.0034 3.937 1.575-9.804 0.1190 2.375 0.801-7.042
Vascular permeation, positive < 0.0001 3.155 1.859-5.348 0.0025 2.421 1.364-4.310
Perineural invasion, positive 0.1345 1.527 0.877-2.660 - - -

Lymph node metastasis, positive 0.0043 2.151 1.272-3.636 0.8436 1.067 0.561-2.033
MuUC16/mesothelin expression, high 0.0008 2.206 1.392-3.495 0.0158 1.936 1.132-3.310

A, arterial system invasion; CH, intrapancreatic common bile duct invasion; Cl, confidence interval; DU, duodenal invasion; HR, hazard ratio;
00, invasion of other organs; PL, extrapancreatic nerve plexus invasion; PV, portal venous system invasion; RP, retropancreatic tissue invasion;

S, serosal invasion.

Table 5. Univariate and multivariate analysis using the Cox proportional hazards regression model of disease-free survival in 103 patients

with pancreatic ductal adenocarcinoma

Univariate analysis

Multivariate analysis

P HR 95% Cl P HR 95% Ci
Age, >70 0.5105 1.161 0.743-1.815 - - -
Gender, male 0.9862 0.996 0.638-1.555 - - -
Differentiation, poor 0.5830 0.792 0.344-1.825 - - -
Tumor size, > 40 mm 0.0001 3.257 1.770-5.988 0.0167 2.141 1.148-4.000
Local progression

CH, positive 0.6377 1.138 0.664-1.953 - - -

DU, positive 0.0105 1.805 1.148-2.833 0.0633 1.590 0.975-2.591

S, positive 0.0864 1.605 0.935-2.755 - - -

RP, positive 0.1104 1.689 0.887-3.205 - - -

PV, positive 0.0410 1.675 1.021-2.755 0.6492 1.136 0.656-1.965

A, positive 0.8599 1.095 0.397-3.021 - - -

PL, positive 0.2523 1.316 0.822-2.110 - - -

0O, positive 0.7087 1.189 0.479-2.959 - - -
Lymphatic permeation, positive 0.0034 3.937 2.370-18.181 0.0202 3.984 1.241-12.821
Vascular permeation, positive 0.0012 2.198 1.362-3.546 0.1429 1.506 0.871-2.604
Perineural invasion, positive 0.0452 1.736 1.012-2.985 0.1162 1.577 0.894-2.778
Lymph node metastasis, positive < 0.0001 3.778 1.938-5.917 0.2388 1.484 0.770-2.857
MuUC16/mesothelin expression, high 0.0002 2.378 1.497-3.777 0.0131 1.985 1.155-3.412

A, arterial system invasion; CH, intrapancreatic common bile duct invasion; Ci, confidence interval; DU, duodenal invasion; HR, hazard ratio;
00, invasion of other organs; PL, extrapancreatic nerve plexus invasion; PV, portal venous system invasion; RP, retropancreatic tissue invasion;

S, serosal invasion.

migration of pancreatic cancer cells. Recent reports show the
role of MUCI6 in ovarian cancer tumorigenesis,(34’35) and it
has been noted that MUC16 regulates cell growth, invasion
and metastasis in epithelial ovarian cancer.®* However,
another report indicates the opposite concept, that downregula-
tion of MUCI6 inhibits invasion and migration due to the sup-
pression of eg)ithelial to mesenchymal transition in ovarian
cancer cells.®” Thus, the role of MUCI16 in ovarian cancer
cell invasion and migration is still controversial and no report
regarding the role of MUC16 on pancreatic cancer cell inva-
sion and migration has yet appeared.

Shimizu et al.

m-

To examine the role of interaction of MUC16 and mesothelin
on pancreatic cancer invasion and migration, we investigated
whether shRNA and blocking antibodies for MUC16 suppress
invasion and migration of pancreatic cancer cells. We investi-
gated the expression of MUCL6 and mesothelin by RT-PCR,
western blotting and immunocytochemistry in eight pancreatic
cancer cell lines (PK9, PANCI1, MIAPaCa2, AsPCl, BxPC3,
Capan-1, Capan-2 and PK1). By RT-PCR, both MUC16 and
mesothelin mRNAs were detected in five cell lines, including
PK9, AsPCI, BxPC3, Capan-2 and PKI. Using western
blotting and immunocytochemistry, the strongest positive
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expressions of both MUCI6 and mesothelin were found in
PK9. Therefore, in the present study, we used only PK9 cell
line for biological experiments. The blockage of the interaction
between MUCI6 and mesothelin suppressed invasion and
migration of pancreatic cancer cells, suggesting that MUCI6
binding to mesothelin is important for cell invasion and migra-
tion in pancreatic cancer cells.

Furthermore, we focused on the survival of patients with
MUCI16 high and mesothelin high expression because coex-
pression of these two genes is obviously correlated to the inva-
sion of PDAC, and MUCI6 high/mesothelin high expression
was an independent prognostic factor for poor survival. We
examined whether there are any differences in survival
between the MUCI6 high/mesothelin high group and the
MUCI6 high/mesothelin low group or MUC16 low/mesothelin
high group. However, these groups were very small (n = 11),
and larger groups of patients are necessary for further study.

The mechanism of overexpression of MUC16 and mesoth-
elin in PDAC has not yet been clarified yet. It is also unclear
whether the coexpression of MUC16 and mesothelin was coin-
cidental or the increased expression of MUC16 was associated
with an upregulation of mesothelin expression. These issues
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should be clarified in further studies. Moreover, other mole-
cules in Table 2 besides MUC16 and mesothelin might poten-
tially contribute to the invasion process. In the future, we
analyze the roles of other upregulated genes in infiltrating can-
cer than in PanIN-3 for PDAC patients.

In conclusion, MUC16 and mesothelin are involved in pan-
creatic cancer cell invasion and migration, and MUCI16 and
mesothelin clinically represent new prognostic biomarkers for
PDAC and might be new therapeutic targets for patients with
PDAC, including immunotherapy using a peptide vaccine or
monoclonal antibody therapy.
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Abstract

Aims: We identified the lymphatic drainage pathways from
the pancreatic head guided by indocyanine green (ICG) fluo-
rescence imaging to analyze optimal lymphadectomy for
pancreatic cancer. Methods: The lymphatic pathways in 20
patients undergoing pancreaticoduodenectomy were ana-
lyzed, We injected ICG into the parenchyma in the anterior
{n=10) or posterior surface {n=10) of the pancreas head and
observed the intraoperative lymphatic flows by ICG fluores-
cence imaging. Results: The seven main lymphatic drainage
pathways were identified: (1) along the anterior or posterior
pancreaticoduodenal arcade, (2) running obliquely down
behind the supetior mesenteric vein (SMV), (3} reaching the
left side of the superior mesenteric artery (SMA), (4) running
longitudinally upward between the SMV and SMA, (5) along
the middle colic artery toward the transverse colon, (6)
reaching the paraaortic (PA) region, and (7) reaching the
hepatoduodenal ligament. The lymphatic pathway reaching
the left side of the SMA was observed in 4 patients (20%),

while that reaching the PA region in 17 patients (85%). The
mean time to reach around the SMA was longer than thatto
reach the PA region. Conclusions: We found that séeveral
lymphatic drainage routes were observed from the pancre-
atic head, suggesting that a lymphadectomy around the
SMA might have a similar oncological impact as that of the
PA region. Copyright ©® 2012 S. Karger AG, Basel

Introduction

Pancreatic cancer generally has a poor prognosis be-
cause the incidence of invasion of extrapancreatic fatty
tissue, including lymphatic vessels and nerves, and dis-
tant metastasis is high [1-3]. The only chance of cure for
pancreatic cancer is surgical resection followed by adju-
vant chemotherapy [4]; however, the 5-year survival rate
of patients undergoing curative resection remains a
mere 7-25% [1-3]. Especially lymph node metastasis is
the most important prognostic factor in the patients af-
ter surgical resection of pancreatic cancer [5-8]. There-
fore, many surgeons have tried to perform an extended
lymphadectomy as one strategy for improving survival
in the patients with pancreatic cancer [9-12], since Fort-
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ner [13] initially proposed ‘regional pancreatectomy as
en-bloc resection for pancreatic cancer with the lym-
phatic vessels and great vessels’ in 1973. However, four
prospective, randomized controlled studies were per-
formed to analyze the potential advantage or disadvan-
tage of an extended lymphadectomy in the patients with
pancreatic head cancer, and it was suggested that the ex-
tended procedure did not benefit the overall survival,
and there might even be a trend towards increased mor-
bidity, including dxarrhea and delayed gastric emptying
[14-17).

Several reports have emphasized the importance of
lymphadectomy along the superior mesenteric artery
(SMA), including the first, second, and third jejunal ar-
teries (J1, J2, and J3 regions) for locoregional control and
improvement of survival in the patients with pancreatic
head cancer [18-21]. They reported that the tissue adher-
ent to the SMA might cause local recurrence after sur-
gery, because the tissue contained the lymphatic struc-
tures from the uncinate process of the pancreas [22, 23],
therefore they concluded that the circumferential clear-
ance of the SMA, including J1, J2, and J3 regions, was
needed in pancreatic head cancer [18, 19]. In all studies
comparing the standard pancreatoduodenectomy (PD)
and PD with extended lymphadectomy, extended lymph-
adectomy was focused on paraaortic (PA) lymph node
dissection, but not lymph node dissection around the
SMA, therefore no evidence was observed regarding the
significance of the circumferential clearance of the SMA
in pancreatic cancer.

Recently, an instrument providing fluorescence imag-
ing of lymphatic flow, the photodynamic eye (PDE;
Hamamatsu Photonics, Hamamatsu, Japan) [24], has
been used in experimental and preliminary clinical stud-
ies for breast cancer and gastrointestinal cancer [25-28].
The indocyanine green (ICG) reagent is a 776-Da disul-
fonated small molecule and ICG absorbs lightin the near-
infrared range, with the maximum at a wavelength of 800
nm, and also emits maximal fluorescence at a wavelength
of 840 nm when it binds to plasma proteins [29-32]. ICG
fluorescence imaging has been reported to make it easy
to distinguish lymphatic vessels and lymph nodes con-
taining ICG particles from the surrounding tissue [24-
28]. The PDE system, guided by ICG, can visualize the
lymphatic drainage flow in the operating room in a real-
time fashion [24-28].

The purpose of our study was to verify that extended
lymphadectomy does not provide any substantial benefit
regarding the locoregional control of pancreatic cancer,
by visualizing the lymphatic pathway from the pancre-

Lymphatic Pathways from the Pancreatic
Head

atic head, using ICG fluorescence imaging. We first tried
to identify the lymphatic pathways from the pancreatic
head, by this new method using the PDE system, to ana-
lyze optimal lymphadectomy including that around the
SMA basis on the lymphatic flows.

Materials and Methods

Patients

Our series consisted of 20 consecutive patients prospectively
recruited who met the eligibility criteria of undergoing conven-
tional pancreaticoduodenectomy (PD), pylorus-preserving PD
(PpPD) or pylorus-resecting PD (PrPD) between October 2008
and June 2009 at Wakayama Medical Umverslty Hospital
(WMUH).

The eligibility criteria were: (1) the maximum tumor diameter
was <3 cm and located in the head of the pancreas, because mas-
sive cancerous invasion or intense desmoplastic reaction causes
obstruction of the lymphatic vessels, and the dye would then be
unable to follow the normal lymphatic flow, and (2) the age of the
patients was <80 yeats. None of the patients received either che-
motherapy or irradiation preoperatively. The procedures for this
study were approved by the ethics committee of WMUH (No.
600), and written informed consent was obtained from each of the
patients before he/she was included in this study,

Optimal Dose of ICG

To determine the optimal dose of ICG, we did the following:
25 mg of ICG (Diagnogreen; Daiichi Pharmaceutical, Tokyo, Ja-
pan) was diluted in a total of 5 ml. At first, the ability to observe
lymphatic drainage was examined at 0.1 ml in 4 patients, but it
was difficult to find the lymphatic flows with PDE in 2 of these
patients (50%). Next, we checked the lymphatic drainage using 0.2
ml, and found that we could clearly observe the lymphatic flows
that received ICG with PDF in all 4 patients (100%). Finally the
ability to observe lymphatic drainage was examined at 0.4 ml.
However, at this level, we could not distinguish tymphatic vessels
from the surrounding adipose tissue, because ICG spread diffuse-
ly and was visualized as large shining fluorescent spots with PDE
in 3 of the 4 patients (75%). On the basis of these results, we de-
cided to inject 0.2 ml throughout the subsequent experiments us-
ing the 20 enrolled patients. Injection into the parenchyma in the
anterior or posterior surface was alternately selected in the en-
rolled patients.

Technique

After laparotomy, Kocher’s maneuver was performed careful-
ly, and then gastric or duodenal resection was performed. A 0.2~
mialiguot of 0.5% ICG solution was injected inito the parenchyma
in the anterior or posterior surface of the uncinate process of the
pancreas with a 26-gauge needle ata depth of 0.5 mm.

‘We observed intraoperative lymphatic drainage flows from
the uncinate process of the pancreas by ICG fluorescence imaging
using the PDE system. The fluorescence signals were transmitted
to a digital video processor to be displayed on a TV monitor in
real time. We assessed the pattern of spread of the ICG by the PDE
for the initial 15 min after ICG injection, and also observed the
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Table 1. Clinicopathological characteristics of the patients injected with ICG

No. Age Sex Final histopathological diagnosis Tumor Operation TNM stage! Perineural Ratioof
size, cm invasion  N+/N-_
Patients injected with ICG into the anterior surface of the uncinate pancreas
1 62 M distal bile duct cancer 25 PrPD T3, N1, M0; stage IIB  positive  2/11
2 77 F  distalbile duct cancer 1.2 PpPD T3, N1, M0; stage IIB  positive ~ 7/17
3 63 M distal bile duct cancer 14 PrPD T3, NO, M0; stage ITA negative  0/13
4 69 M pancreatic ductal adenocarcinoma 2.9 PrPD T3, N1, M0; stage IIB  negative  2/13
5 70 F  pancreatic ductal adenocarcinoma 2.2 PrPD + SMV resection T3, NI, M0; stage IIB negative  1/33
6 61 F  pancreatic ductal adenocarcinoma 1.0 PrPD T1, N0, M0; stageIA  negative  0/10
7 72 M pancreatic ductal adenocarcinoma 2.8 PrPD + SMYV resection T3, N1, M0; stageIIB negative  2/22
8 75 M distal bile duct cancer 1.5 PpPD T1, N1, M0; stage IIB  negative  4/21
9 58 F  chronic pancreatitis (tumor forming) 2.0 PrPD - - -
10 67 F  pancreatic ductal adenocarcinoma 2.0 PD T3, NO, M0; stage ITA  negative  0/11
Patients injected with ICG into the posterior surface of the uncinate pancreas ‘
11 69 F  pancreatic ductal adenocarcinoma 1.5 PpPD T1, NO, MO; stageIA  negative  0/36
12 68 M pancreatic ductal adenocarcinoma 2.3 PrPD T3, N1, M0; stage IIB -negative  3/11
13 60 M pancreatic ductal adenocarcinoma 1.8 PrPD T3, N0, M0; sfage ITA  negative  1/19
14 75 M distal bile duct cancer 14 PrPD T3, N1, MOQ; stage [IB  positive  1/29
15 65 F  pancreaticductal adenocarcinoma L5 PpPD T3, N0, M0; stage [TA negative  0/14
16 75 F  pancreatic ductal adenocarcinoma 2.3 PrPD + SMV resection T3,N1,M0; stage [IB negative  2/27
17 71 M  pancreatic ductal adenocarcinoma 1.6 PrPD T1, N1, MO; stage IIB  negative ~ 2/15
18 79 F  distal bile duct cancer 13 PrPD T3, N0, M0; stage IIA  negative  0/12
19 64 P pancreatic ductal adenocarcinoma 1.0 PrPD T1,NO, M0; stage IA  negative  0/12
20 53 M pancreatic ductal adenocarcinoma 2.5 PrPD + SMV resection T3, N1, M0; stage IIB  negative  4/45

LTPNM classification of the Union internationale contre le cancer.

Iymphatic flow at the time of resection of the bile duct (mean 50
min, range 29-110) and resection of the pancreas (mean 87 min,
range 57-137). We performed sampling or dissection en bloc of
tissue received ICG and then diagnosed these tissues in patho-
logical examination.

Results

Patient Characteristics

Table 1 shows the clinicopathological characteristics
of the patients in this study. The patients included 10
males and 10 females, with an average age of 68.2 * 6.7
years (range 53-79). The final pathological diagnosis
showed that 13 patients had pancreatic ductal adenocar-
cinoma, 6 had distal bile duct cancer, and 1 had tumor-
forming pancreatitis. The mean size of the pancreatic tu-
mors was 1.9 = 0.6 cm (range 1.0-2.9). According to the
UICC TNM classification [33], among 13 patients with
pancreatic ductal carcinoma, 3 patients were stage IA, 3
patients were ITA, and 7 patients were stage IIB, while
among the 6 patients with bile duct cancer, 2 patients
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were stage IIA and 4 patients were stage IIB. According
to pathological examinations, 3 patients (15.8%) had peri-
neural invasion and 10 patients (52.6%) had lymph node
metastasis. 15 patients underwent PrPD, 4 PpPD, and 1
PD, and 4 patients also underwent a combined the supe-
rior mesenteric vein (SMV) resection.

Lymphatic Pathways from the Uncinate Process of

the Pancreas and the Mean Time to Arrive at the

Drainage Areas

There were no patients with complications or adverse
events related to intraoperative injection of ICG, regardless
of the dose (up to 0.4 ml). Immediately after the ICG injec-
tion, we were able to locate the lymphatic vessels draining
the uncinate process of the pancreas as shining fluorescent
strearns and spots in fluorescence images of the PDE,
whereas no lymphatic flow was cleatly visible as green in
color after ICG injection, and could not be easily judged as
being lymphatic vessels by naked-eye examination.

The lymphatic drainage routes from the uncinate pro-
cess of the pancreas detected with PDE are shown in ta-
bles 2 and 3. Seven main lymphatic pathways from the
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