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ABSTRACT

Background: Lymph node metastasis is a key event of colorectal cancer (CRC) progression. Mesothelin is
expressed in various types of malignant tumor, and associated with the unfavorable prognosis. The full-length
of mesothelin (Full-ERC) is cleaved by protease into membrane-bound C-ERC/mesothelin and
N-ERC/mesothelin which is secreted into the blood. The aim of this study was to examine the biological role

of mesothelin in CRC by clinicopathological analysis and in vitro lymphatic invasion assay.

Methods: Ninety-one cases of CRC specimens were immunohistochemically examined and the localization of
mesothelin in luminal membrane and/or cytoplasm was also evaluated. Lymphatic invasion assay using the
human CRC cell line, WiDr, which was transfected with Full-, N- and C-ERC/mesothelin expression plasmids

(Full-wWiDr, N-WiDr and C-WiDr) was also performed.

Results: Immunohistochemically, “luminal membrane positive” of mesothelin was identified in 37.4 %, and
correlated with lymphatic permeation and Iymph node metastasis, but not with patients’ prognosis.
Interestingly, among the patients with lymph node metastasis (N = 38), “luminal membrane positive” of
mesothelin significantly correlated with unfavorable patients’ outcome. In addition, lymphatic invasion assay
revealed that Full-WiDr and C-WiDr more significantly invaded through human lymphatic endothelial cells

(hLEC) than the Mock-WiDr (P <0.01).

Conclusion: The luminal membrane expression of mesothelin was associated with unfavorable prognosis of
CRC patients with lymph node metastasis. Moreover, this is the first report to prove the biological function of

C-ERC/mesothelin associated with lymphatic invasion of cancer in vitro. (234 words)
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common types of cancer in the world [1] and its prevalence is also
increasing rapidly in Japan [2]. Although surgery is a common treatment option for CRC, a previous study
reported the recurrence rate after curative surgery to be 17.3 % [3] and an overall 5-year survival rate of
surgically treated CRC patients to be 65 % [3, 4]. In about 40% of patients, the cancer has already spread to
local lymph nodes at the time of diagnosis, and in about 20% of patients, distant metastases are present at that
time [4]. Chemotherapy has improved the clinical outcome and survival rate in cases of non-resectable and
recurrent CRC [5, 6], however, there is still a need to identify patient subgroups with high or low risk of tumor
recurrence and to tailor individual therapeutic interventions. In particular, lymph node metastasis is widely
accepted as one of the most important prognostic factors in CRC patients [7, 8], and there is an urgent need to

identify molecular markers that can be used as predictors of lymph node metastasis.

Mesothelin is expressed on normal mesothelial cells lining the pleura, pericardium and peritoneum [9, 10].
In addition, the overexpression of mesothelin has been found in several cancer types, including malignant
mesothelioma, ovarian cancer, and pancreatic cancer [11-15].  The full length of human mesothelin gene
(Full-ERC/mesothelin) codes the primary product, which is a 71-kDa precursor protein.  This protein can be
physiologically cleaved by some furin-like proteases into a 40-kDa C-terminal fragment (C-ERC/mesothelin)
that remains membrane-bound, and a 31-kDa N-terminal fragment (N-ERC/mesothelin), which is secreted into
the blood [9]. The C-terminal 40-kDa fragment (C-ERC/mesothelin) is attached to the cell membrane through
a glycosyl-phosphatidylinositol (GPI) anchor [16]. Many researchers have investigated the role of the
mesothelin expression in tumor biology, and demonstrated the importance of mesothelin expression for tumor
progression in vitro [17-20] and in vivo [20, 21], and we recently explored that the luminal membrane expression
of mesothelin was related to an unfavorable patient outcome in gastric carcinoma by immunohistochemistry [22].
In CRC, Liebig, who first studied mesothelin expression in CRC, reported that mesothelin was expressed in 28
of 46 adenocarcinomas (58 %), and mesothelin positive tumor cells were restricted to the invasive front [23].
However, the critical biological role of mesothelin in cancer progression resulting in patients’ poor prognosis has

not been clarified yet.

In this study, we evaluated the clinicopathological significance of mesothelin expression in 91 CRCs,
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especially in terms of its association with the staining pattern, luminal membrane and/or cytoplasm.
Furthermore, we performed enforced expression of Full-, C- and N-ERC/mesothelin in human CRC cell lines,

and examined the role of mesothelin associated with lymphatic invasion.

Materials and Methods

Patients’ Demography and Tumor Specimens

This retrospective study was performed with the approval of the Internal Review Board on ethical issues of
Hokkaido University Hospital, Sapporo, Japan. The samples and the patients’ information were obtained under
a blanket written informed consent.  The subjects of this study were 91 patients who underwent radical surgery
for colorectal carcinoma between 2002 and 2004 at the Department of General Surgery, Hokkaido University,
Graduate School of Medicine, Sapporo, Japan. Patient status was checked in October, 2011. The median
follow-up was 62 months.  The clinicopathological characteristics of these cases are summarized in Table 1.
The location of the tumor was the colon in 68 cases (74.7 %) and the rectum in 23 cases (25.2 %).  The
median survival time of the patients was 62.2 months (+ 5.2 standard deviation: S.D.) T-factor, N-factor,
M-factor, and clinical stage were assigned according to the TNM classification of the Union Internationale

Contre le Cancer (UICC) [24].

Pathological and immunohistochemical evaluation

Formalin-fixed paraffin-embedded tissue blocks were prepared from surgical specimens, and sections were
sliced and stained with hematoxylin and eosin (HE) for routine histopathological examination. All specimens
were diagnosed as colorectal cancers, and lymphatic permeation and blood vessel invasion were evaluated using
elastica-Masson staining and anti-podoplanin (D2-40) immunostaining, respectively, in addition to the routine
HE staining. Immunohistochemical staining against mesothelin was performed as described previously [15].
In brief, the tissue sections were incubated with a mouse monoclonal antibody against mesothelin (clone 5B2
diluted 1:50; Novocastra, Newcastle Upon Tyne, United Kingdom) at a 1:50 dilution, and reacted with a dextran
polymer reagent combined with secondary antibodies and peroxidase (Envision/HRP; Dako, Tokyo, Japan).
All assessments were made on the tumor region of the specimen (x400). Each slide was evaluated

independently by three pathologists (F. K., Y. K., and H. N.) who did not know the clinical outcomes. Among
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the 91 cases of CRC, the expression level of mesothelin in tumor cells was classified into high and low
according to the staining intensity and proportion as described previously [22]. Furthermore, among the 91
cases of CRC, the staining localization of mesothelin was evaluated in the luminal membrane or cytoplasm (Fig.
1).  Cases in which the luminal membrane was stained even partially or faintly, or the entire circumference of
the luminal membrane was explicitly stained, were judged as “luminal membrane positive (Fig. 1-d, f).” In
cases with no membrane staining (Fig. 1-b) and those in which only cytoplasmic staining was observed in any
intensity level, the term “luminal membrane negative” was given (Fig. 1-b, h, j). Meanwhile, the mesothelin
cytoplasmic expression was evaluated as follows: in a case in which the cytoplasmic staining was even barely
perceptible or clearly observed in the constituent cancer cells, including the cytoplasmic granular staining, we
judged it to be “cytoplasmic positive (Fig. 1-h, j)”. In cases with no cytoplasmic staining (Fig. 1-b) and those
in which only luminal membrane staining was observed in any intensity level, the term “cytoplasmic negative”

was given (Fig. 1-b,d,f)(Table 2).

Cell culture

Human CRC cell lines, CaCo-2, LoVo, and HCA7 were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10 % fetal bovine serum, 100 1U/ml penicillin, and 100 mg/ml streptomycin (Life
Technologies, Rockville, MD). Human CRC cell line, WiDr cells were cultured in RPMI 1640 medium with
the same concentrations of FBS and antibiotics. Human CRC cell line, T84 cells were cultured in DMEM
mixed 1:1 with Ham’s F-12 nutrient mixture and 6 % newborn calf serum with the same concentrations of
antibiotics. For lymphatic invasion and adhesion assay, we used primary human lung lymphatic endothelial
cells (hLEC; Lonza Japan, Tokyo), which were cultured in fully supplemented EBM2 endothelial basal medium

(with EGM2 bullet kit; Lonza). All cells were maintaind at 37°C in 5 % CO2.

Full-, N- and C-ERC/mesothelin expression plasmids.
The pcDNAS3.1(+) vector containing the full coding region of human ERC/mesothelin cDNA (pcDNA3.1(+)
Full-ERC), and similarly, a C-ERC expressing vector (pcDNA3.1(+) C-ERC) and a N-ERC expressing vector
(pcDNA3.1(+) N-ERC) were reported previously [25]. To generate a stable cell line of WiDr which
permanently expressed exogenous GFP (GFP-WiDr), cells were transduced with a GFP-expression construct by

using pCX4 retrovirus vectors [26] and selected by puromycin (100mg/mL, Sigma, St. Louis, MO) for 7 days.
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GFP-WiDr cells were transiently transfected with Full-, N- and C-ERC expression plasmids (Full-WiDr, N-WiDr
and C-WiDr) using FUGENE 6 (Roche Applied Science, Mannheim, Germany), according to the manufacturer’s

instructions. pcDNA3.1(+) without an insert was used as the mock vector.

Western blotting

Anti-Full-ERC/mesothelin antibody (Abcam, ab-3362) [27], mouse monoclonal anti-human N-ERC (7E7)
[28] , and anti-human C-ERC (22A31) [29, 30] antibodies were prepared as described previously. Forty-eight
hours after transfection, cells and culture medium were harvested. The lysate (20 pg) and culture medium (20
ul) were adjusted to be in a solution containing 2 % SDS, 10 % glycerol, 50 mM Tris-HCI (pH 6.8) and 100 mM
dithiothreitol (DTT). 20 pg of cytoplasmic protein from cells and culture medium (20 pl) were diluted in
SDS-PAGE loading buffer, boiled for 5 min and loaded onto 10 % or 12 % SDS-PAGE gel. Proteins on the
membranes were blocked in 1% skim milk in phosphate-buffered saline with 0.1 % Tween-20 (PBS-T) for 1 h at
RT. The membranes were then incubated with either 1 pg/ml anti-Full-ERC/mesothelin antibody (Abcam,
ab-3362), 1 pg/ml anti N-ERC/mesothelin (7E7), or 2 pg/ml anti C-ERC/mesothelin (22A31) at RT for 1 h, at
4°C for overnight in PBS-T with 1 % skim milk. Bound antibodies were detected with peroxidase-labeled goat
antibody to mouse 1gG or goat antibody to rabbit 1gG, and visualized by enhanced chemiluminescence reagents

(Amersham Pharmacia Biotech).

Immunofluorescence of mesothelin

Full-wWiDr, N-WiDr and C-WiDr were fixed in 3 % paraformaldehyde for 15 minutes at room temperature (RT)
permeabilized with 0.1% Triton X-100 in PBS for 4 minutes at RT, and then incubated with 1% bovine serum
albumin to block non-specific binding of antibodies. The cells were incubated with anti N-ERC/mesothelin
(7E7) and anti C-ERC/mesothelin (22A31) antibodies at 4°C overnight, followed by AlexaFluor488-conjugated
secondary antibodies (1:200 dilution, Molecular Probes, Invitrogen) for 1 hour at RT in the dark. The cells
were further incubated with Alexa 594-conjugated phalloidin (1:50 dilution, Molecular Probes) at 37°C for 30

min. Images were acquired using an FV-1000 confocal microscope (Olympus, Tokyo, Japan)

Lymphatic invasion assay
Primary hLEC were used in passage 4 to 6. 5 x 10" hLEC were seeded on the surface of BD Matrigel Matrix

(BD BioCoat™ 24-Multiwell Tumor Cell Invasion System) in EBM2 endothelial basal medium to cover the



upper side of transwell inserts (8 um pore size), and incubated at 37°C, 5 % CO, for 2 days.  After the
confirmation of hLEC in confluence and monolayer by microscope, the rehydration solution was carefully
removed. 5 x 10 stable GFP-expressing WiDr cells transfected with Full-, N-, C-ERC or Mock expression
plasmids (Full-WiDr, N-WiDr, C-WiDr and Mock-WiDr, respectively) were resuspended in 0.5 ml of RPMI
without FBS and loaded on top of the upper side of transwell inserts and 0.75 ml RPMI containing 10 % FBS to
induce chemotaxis was added to the lower side of transwell inserts. ~ After the incubation for 24 hours at 37 °C,
5 % CO2, the remaining cells were removed by cell scraping of the upper side of transwell inserts. Invaded
cells through the hLEC and transwell insert were counted by a fluorescence microscope (BZ-9000, KEYENCE,
Tokyo). The cells in full visual field (FF) (x200) per filter were counted; results are reported as the means of

triplicate assays (Supplemental Fig. 1).

Adhesion assay to lymphatic endothelial cells

1 x 10° hLEC were plated on a 12-well dish and incubated at 37 °C, 5 % CO, for 3 days.  After confirmation
of hLEC in confluence and monolayer by microscope, the rehydration solution was carefully removed. 1 x 10°
stable GFP-expressing Full-WiDr, N-WiDr, C-WiDr and Mock-WiDr were resuspended in 1.0 ml of RPMI with
FBS and plated on a 12-well dish at 37°C for 30 min. Non-adherent or loosely attached cells were removed by
gently washing the wells twice with PBS. The attached GFP-expressing cells (Full-wWiDr, N-WiDr, C-WiDr
and Mock-WiDr) on hLEC were counted by a fluorescence microscope (BZ-9000). The cells in 3 microscopic

fields (x400) per filter were counted; results are reported as the means of triplicate assays (Supplemental Fig. 1).

Statistical analysis

We used y2 test or Fisher’s exact test to determine the correlation between mesothelin and clinicopathological
data. Survival curves for patients were drawn by the Kaplan-Meier method. For the in vitro assay, we used
the Student’s t-test (two sided). All differences were considered significant at a p-value of less than 0.05.  All
statistical analyses were performed using the Ekuseru-Toukei 2010 software for Windows (Social Survey

Research Information Co., Ltd., Tokyo, Japan).



RESULTS

High-level expression of mesothelin was observed in about 50 % of CRC samples.

The overexpression of mesothelin has been found in several cancer types, including malignant mesothelioma,
ovarian cancer, and pancreatic cancer. Thus, we first evaluated the comprehensive expression of mesothelin in
CRC patients. As summarized in Table 3, “high-level expression” was detected in 45 cases (49.5 %), whereas
“low-level expression” was detected in 46 cases (50.5 %), although “high-level expression” of mesothelin was
not correlated with clinicopathological parameters such as histological grade, T-factor and metastasis. Recent
studies reported that higher mesothelin expression was found to be associated with shorter patients’ survival in
ovarian and pancreatic cancer [31-33]; therefore, we also examined the correlation of mesothelin overexpression
with overall survival (OS) in the CRC patients. Contrary to our expectation, the group of “high-level
expression” of mesothelin was not correlated with OS compared to the group of “low-level expression” of
mesothelin (P = 0.26, Supplemental Fig. 2). While mesothelin-positive tumor cells in CRC specimen were
localized in the invasive front in previous report [23], the mesothelin-positive cells were found throughout the

tumor area, not restricted in the invasive front in our study.

Luminal membrane expression of mesothelin was associated with lymphatic invasion, and correlated with

unfavorable prognosis in CRC patients with lymph node metastasis.

We recently explored that the luminal membrane expression of mesothelin was related to an unfavorable
patient outcome in gastric carcinoma [22]. Thus we next analyzed the intracellular localization of mesothelin
by immunostaining to explore the clinicopathological significance of its translocation.  As shown in Table 2, the
group “luminal membrane positive” (Fig. 1-d, f) was identified in as many as 34 (37.4 %) cases, while the group
“luminal membrane negative (Fig. 1-b, h, j) was comprised of 57 cases (62.6 %) including 29 cases that were
completely mesothelin negative (Fig. 1-b). Interestingly, the statistical analysis revealed that the incidence of

luminal membrane positivity was significantly correlated with lymphatic permeation (P =0.009), lymph node
metastasis (P =0.048) and p-Stage (P =0.048) (Table 3). In addition, although the luminal membrane

expression of mesothelin was not correlated with total CRC patients’ prognosis (N = 91, P = 0.13) (Fig. 2-a),

“luminal membrane positive” of mesothelin (N =19) revealed significant unfavorable patients’ outcome
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compared to “luminal membrane negative” of mesothelin (N =19) among the patients with lymph node
metastasis (N = 38, P = 0.033) (Fig 2-b). The detailed clinicopathological information of 19 patients with
lymph node metastasis and luminal membrane expression of mesothelin was summarized in Supplemental Table
1. Moreover, we performed y2 test to clarify whether the clinical parameters can affect the prognosis in these
groups (luminal membrane positive (N=19) vs. negative patients (N=19)). As a result, we did not find a
significant clinicopathological difference between these groups except for luminal membrane expression of

mesothelin (Supplemental Table 2).

Meanwhile, “cytoplasmic positive” (Fig. 1-h, j) was detected in 38 cases (41.8 %), which contained 10 cases
that were both luminal membrane and cytoplasmic positive (Table 2), while the group “cytoplasmic negative”
(Fig. 1-b, d, f), was detected in 53 cases (58.2 %).  The statistical analysis revealed that the incidence of
cytoplasmic expression revealed no correlation with clinicopathological factor (Table 3), or even patients’
prognosis (P = 0.73) (Supplemental Fig. 2). These results enforced us to speculate that membrane localized

mesothelin plays a pivotal role in the lymphatic invasion of CRC.

ERC/mesothelin expression in CRC cell lines

First we employed 5 types of CRC cell lines (WiDr, LoVo, CaCo2, T84 and HCA7Y) to examine the
endogenous expression of ERC/mesothelin by Western blotting.  The full length of human mesothelin
gene (ERC/mesothelin) codes the primary product, which is a 71-kDa precursor protein.  This protein
can be physiologically cleaved by some furin-like proteases into a 40-kDa C-terminal fragment
(C-ERC/mesothelin) that remains membrane-bound, and a 30-kDa N-terminal fragment
(N-ERC/mesothelin), which is secreted into the blood. As shown in (Fig. 3-a), Full-ERC/mesothelin was
not detected in these CRC cell lines except in the CaCo2 cell line, and C-ERC/mesothelin was not
identified in any of the 5 types of CRC cell lines. Interestingly, (Fig. 3-a), right panel showed the
enhanced expression of the 71 kDa protein in the C-WiDr lysate, compared with that in the WiDr lysate.
This result suggested us the possibility of positive feedback mechanism in which the over-expressed
C-ERC could enhance the endogenous gene expression.  To analyze the biological function of each of the

types of ERC/mesothelin, we transfected with Full-, N-, C-ERC or Mock expression plasmids (Full-WiDr,
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N-WiDr, C-WiDr and Mock-WiDr respectively) in WiDr cells, and confirmed the expression of 71-kDa, 40-kDa
and 30-kDa forms of ERC in the cell lysate and/or culture medium by Western blotting (Fig. 3-b). The N-ERC
in the medium, derived from the Full-ERC expression vector, migrated to a position identical to that derived
from the N-ERC expression vector (Fig. 3-b, left panel, lanes Full-WiDr and N-WiDr in medium), while the
C-ERC in the lysate, derived from the Full-ERC expression vector, was similar to that derived from the N-ERC
expressing vector (Fig. 3-b, right panel, lanes Full-WiDr and C-WiDr in lysate). These results were consistent
with those of Wang, T. et al [25], and also meant that the proper cleavage of Full-ERC/mesothelin by furin-like

protease was processed.

Immunofluorescence of mesothelin

We next examined the intracellular localization of Full-, N- and C-ERC-transfected cell expression by
fluorescence microscopic analysis. As indicated in (Fig. 3-c, d), 7E7 antibody which recognizes the N-terminus
of ERC/mesothelin revealed the diffuse cytoplasm expression of Full- and N-ERC mesothelin in Full-WiDr and
N-WiDr. By contrast, 22A31 antibody which recognizes the C-terminus of ERC/mesothelin demonstrated
dot-like expression of Full- and C-ERC in Full-WiDr and C-WiDr (Fig. 3-e, f). Because the diffuse
cytoplasmic expression of Full- and N-ERC was confirmed by 7E7 antibody (Fig. 3-c, d), the dot-like pattern of
ERC by 22A31 antibody should be derived from C-ERC (Fig. 3-¢, f). Moreover, some of the dot-like spots
along with the cellular membrane were merged with actin showing yellow signals. Thus, we finally confirmed

the membranous expression of C-ERC/mesothelin in Full-WiDr and also C-WiDr.

Enforced expression of Full, C-ERC/mesothelin promotes lymphatic invasion of CRC.

To explore the possible biological role of mesothelin in lymphatic invasion of CRC, we conducted an in vitro
lymphatic invasion assay using hLEC as described in (Supplemental Fig. 1). In our transient expression system,
the transfection efficiency was up to 60 %, evaluated by the immunofluorescent staining (data not shown).
GFP-expressing Full-WiDr, N-WiDr, C-WiDr and Mock-WiDr were loaded on the top of the upper side of
transwell inserts which were covered with a confluent monolayer of hLEC, and invaded cells which were found
on the bottom side of the inserts were counted. As shown in (Fig. 4-a, b), Full-WiDr (526 + 68 cells /FF)

significantly invaded toward hLEC compared to the Mock-WiDr (412 + 50 cells /FF) (P <0.01). In particular,
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C-WiDr (614 £ 74 cells /FF) significantly invaded toward hLEC compared to the N-WiDr (430 * 31 cells /FF)
and Mock-WiDr (412 + 50 cells /FF) (P <0.001). Furthermore, to elucidate the mechanism by which
mesothelin enhances lymphatic invasion of CRC, we performed a cell adhesion assay using hLEC as indicated in
(Supplemental Fig 1). GFP-expressing Full-WiDr, N-WiDr, C-WiDr and Mock-WiDr were seeded and
incubated on 12-well dishes which were confluenced by an hLEC monolayer at 37°C for 30 min.  As indicated
in (Fig. 4-c, d), Full-WiDr (60.6 * 4.9 cells /HPF) and C-WiDr (60.0 + 4.9 cells /HPF) more significantly
attached on hLEC than did the Mock-WiDr (51.1 £ 3.4 cells /HPF) (P <0.01). These results suggested that
membrane-localized C-ERC/mesothelin provoked lymphatic invasion of CRC through the increase of cell

adhesion to lymphatic endothelial cells.

DISCUSSION

Here we explored that membrane-localized C-ERC/mesothelin promoted lymphatic invasion of CRC in vitro,
verifying the result of clinicopathological analysis for CRC in which “luminal membrane positive” of mesothelin

was statistically correlated with lymphatic permeation and lymph node metastasis.

To our knowledge, this is the first study to demonstrate the association of luminal membrane-localized
C-ERC/mesothelin and lymphatic permeation.  The mechanism for the membranous localization of mesothelin
should be explained as follows: the full length of the human mesothelin gene encodes a 71-kDa precursor protein
(Full-ERC) that is proteolytically cleaved by some furin-like proteases into an N-terminal secreted form
(N-ERC) and a C-terminal fragment (C-ERC), 40-kDa mesothelin, which is a glycosyl-phosphatidylinositol
(GPI)-linked glycoprotein [16]. Interestingly, by western blot analysis, we found the enhanced endogenous
expression of the 71 kDa protein in the C-WiDr lysate, compared to that in the WiDr lysate (Fig. 3-a). This
result might be explained by the possible positive feedback mechanism in which the over-expressed C-ERC
could enhance the endogenous gene expression, and could be another aspect for biological malignancy of
mesothelin.  GPl-anchored proteins such as T-cadherin can transduce molecular signals that modulate cell
migration and invasion with integrin-linked kinase [34] and integrin B3 [35]; in addition, an association between
the expression of integrin and mesothelin in malignant pleural mesothelioma was reported using gene array [21].

Moreover, a recent study has shown that integrin a4B1 is expressed on lymphatic endothelium and its signaling
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is required for lymphangiogenesis and tumor metastasis [36]. Further studies to better define the association
between mesothelin and integrin may ultimately help to elucidate the relationship of this pathway of lymphatic

adhesion and invasion in CRC.

In our previous report in gastric cancer, luminal membrane expression of mesothelin was correlated with
histological grade, T-factor, p-Stage, lymph node metastasis, blood vessel invasion, lymphatic invasion,
recurrence and poor patient outcome [22]. Meanwhile the present study in CRC revealed that luminal
membrane expression of mesothelin was correlated with lymph node metastasis, p-Stage and lymphatic invasion,
but not with the generalized patients’ prognosis (N =91, P = 0.13), although among the patients with lymph node
metastasis (N =38), “luminal membrane positive” of mesothelin (N =19) significantly indicated an unfavorable
patients’ outcome compared to “luminal membrane negative” of mesothelin (N =19) (P = 0.033, Fig. 2-b,
Supplemental Table 1, 2).  Such discrepancy between gastric cancer and CRC, even though both types of cancer
are derived from gastrointestinal tract, might be explained by their distinct genomic backgrounds. In fact, the
recent report revealed that gastrointestinal adenocarcinoma of stomach and colon exhibited distinct patterns of
genome instability and oncogenesis using genomic profiling arrays, in particular, focal amplification of receptor
tyrosine kinases were substantially more prevalent in gastric carcinoma (28 %) than in CRC (14 %) [37].
These results may suggest that mesothelin expression might be more amplified and associated with tumor

development in gastric carcinoma rather than in CRC.

Although, this is significant information for the clinicians who treat CRC patients, especially those with lymph
node metastasis. If the pathological evaluation of the surgical specimen of patients reveals the luminal
membrane expression of mesothelin in tumor cells in addition to lymph node metastasis, such patients should be
treated with a more powerful first line adjuvant therapy to avoid the risk of further progression and metastasis of
CRC [38, 39]. Moreover, in case that an endoscopically resected specimen was evaluated as having “luminal
membrane positive” of mesothelin, we may consider a much higher risk of lymph node metastasis; this might
warrant our offering additional surgery and/or adjuvant chemotherapy to such patients, even if the endoscopic

resection without adjuvant chemotherapy is a standard treatment for early stage CRC patients.

Currently, C-ERC is being tested as a possible target for antibody-mediated cancer therapy. Recombinant
anti-mesothelin immunotoxin SS1P (CAT-5001) and a high affinity chimeric anti-mesothelin monoclonal

antibody MORADb-009 recently entered phase 11 clinical trials [40, 41].  Our results might offer such possible
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anti-mesothelin molecular targeting therapy for the high-risk CRC patients who have advanced lymph node
metastasis. To evaluate the therapeutic effect of such antibody-based medicine, pathological verification of
membranous expression of the target molecule must be performed, because antibody-based drugs can usually
access the molecules located on the cell membrane. Herein, we believe that luminal membrane positivity for
mesothelin in CRC would be of clinical benefit not only as a prognostic factor but also as a predictive factor for
the eligibility to mesothelin-targeting therapies in the future [16, 20, 42-44].

In conclusion, luminal membrane expression of mesothelin elucidated unfavorable prognosis of CRC patients
with lymph node metastasis. Moreover, our studies demonstrate the important role of the C-ERC/mesothelin in
lymphatic invasion and suggest that C-ERC/mesothelin targeted drugs could be novel therapeutics to suppress
the spread of tumors through the lymphatic system in not only CRC, but also in various types of tumors with

“luminal membrane positive” of mesothelin.

14



Acknowledgements
This research was supported by a Grant-in-Aid for Scientific Research (KAKENHI) and by the Japan Society
for the Promotion of Science (JSPS) through the “Funding Program for World-Leading Innovative R&D on

Science and Technology (FIRST Program),” initiated by the Council for Science and Technology Policy

(CSTP).

15



10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin. 2012;62:10-29.

Kotake K, Honjo S, Sugihara K, Kato T, Kodaira S, Takahashi T, et al. Changes in colorectal cancer
during a 20-year period: an extended report from the multi-institutional registry of large bowel cancer,
Japan. Dis Colon Rectum. 2003;46:S32-43.

Watanabe T, Itabashi M, Shimada Y, Tanaka S, Ito Y, Ajioka Y, et al. Japanese Society for Cancer of the
Colon and Rectum (JSCCR) guidelines 2010 for the treatment of colorectal cancer. Int J Clin Oncol.
2012;17:1-29.

Nitsche U, Maak M, Schuster T, Kunzli B, Langer R, Slotta-Huspenina J, et al. Prediction of prognosis
is not improved by the seventh and latest edition of the TNM classification for colorectal cancer in a
single-center collective. Ann Surg. 2011;254:793-800; discussion -1.

Giacchetti S, Perpoint B, Zidani R, Le Bail N, Faggiuolo R, Focan C, et al. Phase 111 multicenter
randomized trial of oxaliplatin added to chronomodulated fluorouracil-leucovorin as first-line treatment
of metastatic colorectal cancer. J Clin Oncol. 2000;18:136-47.

Verdecchia A, Francisci S, Brenner H, Gatta G, Micheli A, Mangone L, et al. Recent cancer survival in
Europe: a 2000-02 period analysis of EUROCARE-4 data. Lancet Oncol. 2007;8:784-96.

Newland RC, Chapuis PH, Pheils MT, MacPherson JG. The relationship of survival to staging and
grading of colorectal carcinoma: a prospective study of 503 cases. Cancer. 1981;47:1424-9.

Akagi T, Hijiya N, Inomata M, Shiraishi N, Moriyama M, Kitano S. Visinin-like protein-1
overexpression is an indicator of lymph node metastasis and poor prognosis in colorectal cancer
patients. Int J Cancer. 2011.

Chang K, Pastan I. Molecular cloning of mesothelin, a differentiation antigen present on mesothelium,
mesotheliomas, and ovarian cancers. Proc Natl Acad Sci U S A. 1996;93:136-40.

Chang K, Pastan I, Willingham MC. Isolation and characterization of a monoclonal antibody, K1,
reactive with ovarian cancers and normal mesothelium. Int J Cancer. 1992;50:373-81.

Argani P, lacobuzio-Donahue C, Ryu B, Rosty C, Goggins M, Wilentz RE, et al. Mesothelin is
overexpressed in the vast majority of ductal adenocarcinomas of the pancreas: identification of a new
pancreatic cancer marker by serial analysis of gene expression (SAGE). Clin Cancer Res.
2001;7:3862-8.

Hassan R, Kreitman RJ, Pastan I, Willingham MC. Localization of mesothelin in epithelial ovarian
cancer. Appl Immunohistochem Mol Morphol. 2005;13:243-7.

Ordonez NG. Value of mesothelin immunostaining in the diagnosis of mesothelioma. Mod Pathol.
2003;16:192-7.

Ordonez NG. Application of mesothelin immunostaining in tumor diagnosis. Am J Surg Pathol.
2003;27:1418-28.

Einama T, Kamachi H, Nishihara H, Homma S, Kanno H, Takahashi K, et al. Co-Expression of
Mesothelin and CA125 Correlates With Unfavorable Patient Outcome in Pancreatic Ductal
Adenocarcinoma. Pancreas. 2011.

Hassan R, Bera T, Pastan I. Mesothelin: a new target for immunotherapy. Clin Cancer Res.
2004;10:3937-42.

Wang K, Bodempudi V, Liu Z, Borrego-Diaz E, Yamoutpoor F, Meyer A, et al. Inhibition of mesothelin
16



18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

as a novel strategy for targeting cancer cells. PloS one. 2012;7:e33214.

Bharadwaj U, Marin-Muller C, Li M, Chen C, Yao Q. Mesothelin overexpression promotes autocrine
IL-6/sIL-6R trans-signaling to stimulate pancreatic cancer cell proliferation. Carcinogenesis.
2011;32:1013-24.

Bharadwaj U, Marin-Muller C, Li M, Chen C, Yao Q. Mesothelin confers pancreatic cancer cell
resistance to TNF-alpha-induced apoptosis through Akt/PI3K/NF-kappaB activation and IL-6/Mcl-1
overexpression. Mol Cancer. 2011;10:106.

Li M, Bharadwaj U, Zhang R, Zhang S, Mu H, Fisher WE, et al. Mesothelin is a malignant factor and
therapeutic vaccine target for pancreatic cancer. Mol Cancer Ther. 2008;7:286-96.

Servais EL, Colovos C, Rodriguez L, Bograd AJ, Nitadori J, Sima C, et al. Mesothelin overexpression
promotes mesothelioma cell invasion and mmp-9 secretion in an orthotopic mouse model and in
epithelioid pleural mesothelioma patients. Clin Cancer Res. 2012;18:2478-89.

Einama T, Homma S, Kamachi H, Kawamata F, Takahashi K, Takahashi N, et al. Luminal membrane
expression of mesothelin is a prominent poor prognostic factor for gastric cancer. Br J Cancer.
2012;107:137-42.

Liebig B, Brabletz T, Staege MS, Wulfanger J, Riemann D, Burdach S, et al. Forced expression of
deltaN-TCF-1B in colon cancer derived cell lines is accompanied by the induction of CEACAM5/6 and
mesothelin. Cancer letters. 2005;223:159-67.

L.H.Sobin CW. TNM Classification of Malignant Tumors. 6th ed. New York: Wiley-Liss; 2002.

Wang T, Kajino K, Abe M, Tan K, Maruo M, Sun G, et al. Suppression of cell death by the secretory
form of N-terminal ERC/mesothelin. Int J Mol Med. 2010;26:185-91.

Akagi T, Sasai K, Hanafusa H. Refractory nature of normal human diploid fibroblasts with respect to
oncogene-mediated transformation. Proc Natl Acad Sci U S A. 2003;100:13567-72.

Ren YR, Patel K, Paun BC, Kern SE. Structural analysis of the cancer-specific promoter in mesothelin
and in other genes overexpressed in cancers. The Journal of biological chemistry. 2011;286:11960-9.

Shiomi K, Miyamoto H, Segawa T, Hagiwara Y, Ota A, Maeda M, et al. Novel ELISA system for
detection of N-ERC/mesothelin in the sera of mesothelioma patients. Cancer Sci. 2006;97:928-32.

Ishikawa K, Segawa T, Hagiwara Y, Maeda M, Abe M, Hino O. Establishment of novel mAb to human
ERC/mesothelin useful for study and diagnosis of ERC/mesothelin-expressing cancers. Pathology
international. 2009;59:161-6.

Inami K, Abe M, Takeda K, Hagiwara Y, Maeda M, Segawa T, et al. Antitumor activity of
anti-C-ERC/mesothelin monoclonal antibody in vivo. Cancer Sci. 2010;101:969-74.

Cheng WF, Huang CY, Chang MC, Hu YH, Chiang YC, Chen YL, et al. High mesothelin correlates
with chemoresistance and poor survival in epithelial ovarian carcinoma. Br J Cancer.
2009;100:1144-53.

Winter JM, Tang LH, Klimstra DS, Brennan MF, Brody JR, Rocha FG, et al. A Novel Survival-Based
Tissue Microarray of Pancreatic Cancer Validates MUC1 and Mesothelin as Biomarkers. PloS one.
2012;7:e40157.

Shimizu A, Hirono S, Tani M, Kawai M, Okada K, Miyazawa M, et al. Coexpression of MUC16 and
mesothelin is related to the invasion process in pancreatic ductal adenocarcinoma. Cancer Sci.
2012;103:739-46.

Joshi MB, lvanov D, Philippova M, Erne P, Resink TJ. Integrin-linked kinase is an essential mediator
for T-cadherin-dependent signaling via Akt and GSK3beta in endothelial cells. FASEB journal : official

17



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

publication of the Federation of American Societies for Experimental Biology. 2007;21:3083-95.

Philippova M, Ivanov D, Joshi MB, Kyriakakis E, Rupp K, Afonyushkin T, et al. Identification of
proteins associating with glycosylphosphatidylinositol- anchored T-cadherin on the surface of vascular
endothelial cells: role for Grp78/BiP in T-cadherin-dependent cell survival. Molecular and cellular
biology. 2008;28:4004-17.

Garmy-Susini B, Avraamides CJ, Schmid MC, Foubert P, Ellies LG, Barnes L, et al. Integrin
alphadbetal signaling is required for lymphangiogenesis and tumor metastasis. Cancer research.
2010;70:3042-51.

Dulak AM, Schumacher SE, van Lieshout J, Imamura Y, Fox C, Shim B, et al. Gastrointestinal
adenocarcinomas of the esophagus, stomach, and colon exhibit distinct patterns of genome instability
and oncogenesis. Cancer research. 2012;72:4383-93.

Souglakos J, Ziras N, Kakolyris S, Boukovinas I, Kentepozidis N, Makrantonakis P, et al. Randomised
phase-11 trial of CAPIRI (capecitabine, irinotecan) plus bevacizumab vs FOLFIRI (folinic acid,
5-fluorouracil, irinotecan) plus bevacizumab as first-line treatment of patients with
unresectable/metastatic colorectal cancer (mCRC). Br J Cancer. 2012;106:453-9.

Alberts SR, Sargent DJ, Nair S, Mahoney MR, Mooney M, Thibodeau SN, et al. Effect of oxaliplatin,
fluorouracil, and leucovorin with or without cetuximab on survival among patients with resected stage
111 colon cancer: a randomized trial. JAMA. 2012;307:1383-93.

Kreitman RJ, Hassan R, FitzGerald DJ, Pastan I. Phase | Trial of Continuous Infusion Anti-Mesothelin
Recombinant Immunotoxin SS1P. Clin Cancer Res. 2009;15:5274-9.

Hassan R, Cohen SJ, Phillips M, Pastan I, Sharon E, Kelly RJ, et al. Phase | Clinical Trial of the
Chimeric Anti-Mesothelin Monoclonal Antibody MORADb-009 in Patients with Mesothelin Expressing
Cancers. Clin Cancer Res. 2010.

Hassan R, Bullock S, Premkumar A, Kreitman RJ, Kindler H, Willingham MC, et al. Phase | study of
SS1P, a recombinant anti-mesothelin immunotoxin given as a bolus 1.V. infusion to patients with
mesothelin-expressing mesothelioma, ovarian, and pancreatic cancers. Clin Cancer Res.
2007;13:5144-9.

Hassan R, Ebel W, Routhier EL, Patel R, Kline JB, Zhang J, et al. Preclinical evaluation of
MORADb-009, a chimeric antibody targeting tumor-associated mesothelin. Cancer Immun. 2007;7:20.

Hassan R, Schweizer C, Lu KF, Schuler B, Remaley AT, Weil SC, et al. Inhibition of

mesothelin-CA-125 interaction in patients with mesothelioma by the anti-mesothelin monoclonal
antibody MORADb-009: Implications for cancer therapy. Lung Cancer. 2010;68:455-9.

18



Figure 1.




Figure 2.

U The patients with

s satiunsiit st BN | -
a All patientsin this study (N =91) lymph node metastasis (N =38)

100 100

20 o0

. 30 . S0
z =

m 70 M 70
: =

S 60 S 60
=, =3

= S0 _lﬂ S0
o =

> 40 - L 40

— 30 - — 30
= ®

2 20 - ﬂ 20
= -
o Q

10 - 10

—”— | T T T T T T ] : i i T T T T T |
0 20 40 60 SO 100 120 140 0 20 40 60 S0 100 120 140
Time after surgery (Month ) Time after surgery (Month)
A Luminal membrane negative (N =157) A TLuminal membrane negative (N =19)

B Luminal membrane positive (N = 34) B Lumimnal membrane positive (N =19)



o _ _
Figure 3. = 5
8 z © 2 & = g £ o T S = 2
2 z =2 & F E & 23 S FRo&i
. e 4= 7100 = 7
— 'H‘ > - . - . | S =0
— -

- - -l S0k u. l. .rr_...‘ w .' ] kD

L .
— — — ’
S —— 1 — S — G S— N — 1]

Anti-Full-ERC/mesothelin antibody C-ERC/mesothelin antibody 22A31

Cell lvsate Culture medivm Cell Ivsate
—r..u = —— - - - =

= L = L e
T = ) = L = oy — oy e — =y
= 2 2 = = 2 = = 5 = =
4 L F B & 3 = 2 % % = 2
$E 2 gE 23 g 3 2 8
™ - - —

(kDa)

kD
75
., = D -

17 L o
. =8 = -
25

N-ERC/mesothelin antibody

Full-WiDr

Full-WiDr
Anti-N-ERC Antibody 7E7 Ant1-C-ERC Antibody 22A31




Adhesion cell numbers

-
[®

=t Caad - L]
- = = =

L
il

=

09

)
AdH/ $112

X

8

¥

100> d

]

_

|

Invasion cell numbers

b-d e e M =
ey = = =

= = = = =
= = = — =

(L

-

008
A/ 5=

¥ ¥

¥

*

2INST

't

*

*
b = = |
A A
o 2o
o O
- O




Supplemental Table 2. Correlation between luminal membrane expression and clinicopathological

features among the patients with lymph node metastasis

Luminal membrane expression

Parameter Total Positive Negative P-value

(n=19) (n=19)

1.Histopahologic grade

well 10 4 6 0.714
mod por 28 15 13
2.pT-factor
pT1-2 6 2 4 0.660
pT3-4 32 17 15
3.pStage
I 33 15 18 0.340
v 5 4 1

4.Lymphatic permeation

Negative 4 0 4 0.105
Positive 34 19 15

5.Blood vessel permeation

Negative 5 3 2 1.000
Positive 33 16 17

6.Resection margin

pRO 30 15 15 1.000
pR1 8 4 4

7.Recurrence

No 19 9 10 1.000
Yes 19 10 9

8.Liver Metastasis

No 26 12 14 0.728
Yes 12 7 5

9.Local Recurrence

No 37 18 19 1.000
Yes 1 1 0

10.Lung Metastasis

No 29 14 15 1.000
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Table 1. Clinicopathological characteristics of 91 patients with CRC in this study

Parameter No.Case ( %)
1.Age(y)
<60 32 (35.2)
>60 59 (64.8)
Mean+SD 65.2+12.2
2.5ex
Male 39 (429
Female 52 (57.1)
3.Location
Colon 68 (74.7)
Rectum 23 (25.3)

5.Resection status

RO 83 (91.2)

R1 8 (8.8)
6.T-factor

T1 16 (17.6)

T2 19 (20.9)

T3 42 (46.2)

T4 14 (15.4)
7.N-factor

NO 53 (58.2)

N1 22 (24.2)

N2 16 (17.6)
8.M-factor

MO 86 (94.5)

M1 5 (55)
9.Stage

I 29 (31.9)

In 24 (26.4)

I 33 (36.3)

v 5 (5.5)

10. Median Survival (month) 62.2




Table 2. Immunohistochemical findings of mesothelin expression.

Luminal membrane expression

Cytoplasmic expression

Positive (N = 38)

Negative (N = 53)

Positive (N =34)

10

24

Negative (N = 57)

28

29
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