
Abstract. ERC/mesothelin is highly expressed in malignant
mesothelioma, pancreatic cancer, and ovarian cancer. It is
cleaved to a 30 kDa N-terminal secretory form (N-ERC) and
a 40 kDa C-terminal membranous form (C-ERC). Several
functions have been reported for full-length ERC (full-ERC)
and C-ERC/mesothelin, such as in cell adhesion and invasion,
stimulation of cell proliferation, and the suppression of cell
death. However, there have been no studies to date on the
function of secretory N-ERC, despite the fact that it is
abundantly secreted into the sera of mesothelioma patients.
In this study, we investigated whether N-ERC could function
as a secretory factor to stimulate tumor progression. Full-, N,
or C-ERC was overexpressed in the human hepatocellular
carcinoma cell line Huh7 that lacks endogenous expression
of ERC/mesothelin. Changes in the rates of cell proliferation
and cell death were determined, and the state of signal
transducers was examined using various endpoints: total cell
counts, trypan blue exclusion rate, BrdU incorporation rate,
TUNEL assay, and the phosphorylation of ERK1/2 and Stat3.
In cells overexpressing N-ERC, phosphorylation of ERK1/2
was enhanced and the rate of cell death decreased, leading to
the increase of cell number. The culture medium containing
the secretory N-ERC also had the activity to increase the
number of cells. Our data suggested that one of the full-ERC
functions reported previously was mediated by the secretory
N-ERC.

Introduction

In earlier studies, we isolated the rat Erc (Expressed in renal
carcinoma) gene that was abundantly expressed in renal
carcinoma tissues of the Eker rat (1,2). Mesothelin (MSLN),

the human homologue of rat Erc, was identified as the
antigenic target of a monoclonal antibody that reacted with a
cell surface protein of malignant mesothelioma (MM) and
ovarian cancer (3). ERC/mesothelin is expressed in normal
mesothelium, and shows enhanced expression in malignancies
such as MM, ovarian cancer, and pancreatic cancer (4-8).
The signal peptide adjacent to the NH2-terminus, the centrally
located furin-protease recognition site, and the glycosylphos-
phatidylinositol (GPI) anchorage sequence adjacent to the
COOH terminus are conserved in both rat and human proteins.
The ERC/mesothelin gene encodes a 70 kDa precursor protein
that is cleaved to an NH2-terminal 30 kDa protein (N-ERC)
and a COOH-terminal 40 kDa protein (C-ERC). N-ERC,
which was also isolated as megakaryocyte potentiating factor
(MPF) (9), is secreted into the extracellular space. C-ERC is
attached to the cellular membrane via a GPI anchor, although
some C-ERC molecules are also shed into the extracellular
space.

Recently, an ELISA system for detecting N-ERC in human
serum was established, and use of this system showed that the
concentration of secretory N-ERC is increased in the serum
of MM patients (10,11). We also reported that serum N-ERC
is increased in Eker rats with renal cancer (12). With regard
to the function of full-ERC/mesothelin, several studies have
reported that ERC/mesothelin can enhance cell adhesion and
invasion (3,13,14), and can either stimulate cell proliferation
(15) or suppress cell death (16,17). However, there are no
reports on the function of secretory N-ERC/mesothelin
although it is abundantly secreted into the sera of MM patients
and of Eker rats with renal cancer. In the present study, we
investigated the biological function of N-ERC, and found
that it could stimulate the phosphorylation of the MAP kinase,
ERK1/2; additionally, N-ERC could suppress cell death and
lead to an increase in cell number. This range of functions is
similar to those reported for full-ERC/mesothelin (16).

Materials and methods

Construction of full-, N- and C-ERC expression plasmids.
The pcDNA3.1(+) vector containing the full coding region of
human ERC/mesothelin cDNA, pcDNA3.1(+) full-ERC (Full
in Fig. 1A), was double digested with the restriction enzymes
SacII and XbaI to remove the C-ERC coding region. The
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remaining 6.4-kb fragment was blunted by Klenow and self-
ligated to produce the N-ERC expressing vector, pcDNA3.1(+)
N-ERC (N in Fig. 1A). Similarly, a C-ERC expressing
vector, pcDNA3.1(+) C-ERC (C in Fig. 1), was constructed
by replacing the 0.8 kb XhoI-SacII fragment of pcDNA3.1(+)
full-ERC with the synthesized linker shown at the bottom of
Fig. 1A. The structures of pcDNA3.1(+) N- and C-ERC were
verified by DNA sequencing.

Cell culture and transfection. The human hepatic cancer
cell line Huh7, which lacks endogenous ERC/mesothelin
expression, was maintained in DMEM (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal bovine serum
at 37˚C in a 95% air/5% CO2 atmosphere. Twelve hours after
seeding 5x105 Huh7 cells on a 10-cm plate, the cell cultures
were transfected with 6 μg of plasmid DNA (Fig. 1) and 18 μl
of FuGENE 6 (Roche Applied Science, Mannheim, Germany).
pcDNA3.1(+) without an insert was used as the mock vector.
After transfection, the cells were transferred to low adhesion
surface plates (EZ-BindShut Microplate, Iwaki, Tokyo), or to
glass bottom dishes (D11030, Matsunami, Osaka), and the
serum concentration was reduced to 2% (low serum condition).
The low adhesion surface plates served as the anchorage-
independent condition, and the glass bottom dishes were used
for the immunofluorescent staining.

Western blotting. Mouse monoclonal anti-human N-ERC
(7E7) and anti-human C-ERC (22A31) antibodies were
described previously (11,18). Rabbit polyclonal anti-p44/42
MAPK (ERK1/2), rabbit monoclonal anti-phospho ERK1/2
(Thr202/Tyr204), rabbit polyclonal anti-Stat3, and rabbit
monoclonal anti-phospho Stat3 (Tyr705) (#9102, #4376,
#9132, and #9145, respectively) were purchased from Cell
Signaling Technology Japan, and rabbit polyclonal anti-
cyclin E (M20)(sc-481) from Santa Cruz Biotechnology, CA.
Forty-eight hours after transfection, Huh7 cells and culture
medium were harvested. The cellular lysate (60 μg) and culture
medium (30 μl) were adjusted to be in a solution containing
2% SDS, 10% glycerol, 50 mM Tris-HCl (pH 6.8) and 100 mM
dithiothreitol (DTT). After boiling for 2 min, the samples
were electrophoresed on 10% Laemmli gels and transferred
onto nitrocellulose membranes (Protran BA85, Whatman
GmbH, Dassel, Germany).

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 room temperature (rt). The membranes were then
incubated with either 1 μg/ml anti N-ERC/mesothelin (7E7),
2 μg/ml anti C-ERC/mesothelin (22A31) at rt for 1 h, or anti-
p44/42 (ERK1/2) (1:1000 dilution), anti-phospho-p44/42
(ERK1/2) (Thr202/Tyr204) (1:100 dilution), anti-Stat3
(1:1000 dilution), anti-phospho Stat3 (Tyr705) (1:100 dilution)
or anti-cyclin E (1:100 dilution) at 4˚C for overnight in PBS-T
with 1% skim milk. Goat anti-mouse or anti-rabbit Ig con-
jugated with peroxidase labeled-dextran polymer (Envision
K4000 or K4002, respectively) (Dako, Glostrup, Denmark)
was used as the secondary antibody at a dilution of 1:100 in
1% skim milk in PBS-T at rt for 1 h. The ECL detection
system (GE Healthcare, Buckinghamshire, UK) was employed
to visualize ERC/mesothelin, ERK1/2, Stat3 and cyclin E on
membranes.

Cell counting and cell viability assay in anchorage-
independent cell cultures. After 12 h of transfection, 2x105

cells were transferred to 3-cm low adhesion surface plates,
and the serum concentration was reduced to 2%. The number
of total cells (Fig. 2A) and those showing trypan blue exclusion
(Fig. 3A) were counted at 24, 48, and 72 h after passage.

BrdU (5-Bromo-2'-deoxy-uridine) incorporation assay. We
used the BrdU labeling and detection kit I (11 296 736 001,
Roche Applied Science) with some modification of the manu-
facturer's recommendation. Briefly, 12 h after transfection,
1x105 cells were transferred to 3-cm glass bottom dishes
(D11030, Matsunami), and the serum concentration was
reduced to 2%. Forty-seven hours after passage, BrdU (final
concentration 10 μM) was added to the medium and, 60 min
later, the cells were fixed with 70% ethanol plus 15 mM
glycine (pH 2.0). The fixed cells were incubated with a mouse
monoclonal anti-BrdU mix containing nuclease, and then with
an anti-mouse Ig-fluorescein. The cells were counterstained
with 4'6-diamidino-2-phenylindole (DAPI) (Dojindo,
Kumamoto, Japan). The frequency (%) of BrdU positive cells
per 1,000 DAPI (+) cells was determined in three different
fields. Two replicate experiments were performed (Fig. 2B).
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Figure 1. Full-, N-, C-ERC expression vectors and their overexpression.
(A) Structures of pcDNA3.1(+)-full-ERC, -N-ERC, and -C-ERC are shown
as Full, N, and C, respectively. XhoI, SacII and XbaI sites were used to
construct the N- and C-ERC expression vectors from the Full-ERC
sequence. The linker sequence used to replace the XhoI-SacII fragment of
the Full-ERC in the construction of C-ERC is shown at the bottom of the
image. SP, signal peptide; Fn, furin protease cleavage site. (B) Western
blotting to confirm vector expression. Sixty micrograms of cellular lysate
(lysate), or 30 μl of culture medium (medium) from the Huh7 cultures were
sampled 48 h after transfection and loaded onto 10% Laemmli gels. M, F, N,
and C: mock, Full-, N-, and C-ERC, respectively.
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TUNEL (terminal deoxynucleotidyl transferase mediated
dUTP nick-end labeling) assay. The DeadEnd Fluorometric
TUNEL system (TB235, Promega, Madison, WI) was used
with some modification of the manufacturer's recom-
mendations. Briefly, 12 h after transfection, 1x105 cells were
transferred to 3-cm glass bottom dishes, and the serum
concentration was reduced to 2%. Seventy-two hours later,
the cells were fixed for 25 min at 4˚C with 4% methanol-free
formaldehyde solution in PBS (pH 7.4), and permeabilized
with 0.2% Triton X-100 in PBS for 5 min. The cells were
incubated at 37°C for 60 min with rTdT mix containing green
fluorescein-12-dUTP, and counterstained with DAPI (Fig. 3B).
The frequency (%) of TUNEL positive cells per 1,000 DAPI
(+) cells was determined in three different fields. Two replicate
experiments were performed (Fig. 3C).

Immunofluorescent staining of phosphorylated-ERK1/2.
Twelve hours after transfection, 1x105 cells were transferred
to 3-cm glass bottom dishes, and the serum concentration
was reduced to 2%. Forty-eight hours later, the cells were
fixed for 30 min at 4˚C with 4% paraformaldehyde (Merck,
Darmstadt, Germany) in PBS (pH 7.4). The cells were washed
with PBS, incubated at 37˚C for 1 h with rabbit monoclonal
anti-phospho ERK1/2 (Thr202/Tyr204) (the same antibody
as for Western blotting), and then with goat anti-mouse IgG
conjugated Alexa Fluor 546 (A-11003, Molecular Probes,
Invitrogen, Carlsbad, CA). The cells were counterstained
with DAPI (Fig. 4B). The frequency (%) of phospho-ERK1/2
positive cells per 1,000 DAPI (+) cells was determined in three
different fields. Two replicate experiments were performed
(Fig. 4C).

Culture of Huh7 cells in conditioned medium containing the
secretory form of N-ERC. After 24 h of transfection with mock-
or N-ERC-expressing vectors, culture medium was replaced
with fresh one containing 2% FCS. Another 24 h later, the
medium (3 ml) was recovered and added to 3 cm low adhesion
surface plates containing 2x105 non-treated Huh7 cells in
0.5-ml medium. The numbers of cells were counted at 24, 48,
and 72 h after the addition of conditioned medium (Fig. 5).

Statistical analysis. The data were analyzed using an F test in
an analysis of variance, followed by Student's t-test (two-sided);
p<0.01 was regarded as statistically significant.

Results

Overexpression of full-, N-, and C-ERC/mesothelin. The
basic structures of the three overexpressing plasmids pcDNA
3.1 (+)-full-ERC, -N-ERC, and -C-ERC are shown in Fig. 1A.
By Western blotting, we confirmed expression of 70-kDa full-
and 40-kDa C-ERC in cellular lysate, and a 30-kDa N-ERC
in both lysate and culture medium. The N-ERC in the medium,
derived from the N-ERC expressing vector, migrated to an
identical position as that derived from the full-ERC expressing
vector (Fig. 1B, left panel, lanes F and N in medium).
Likewise, the C-ERC in the lysate, derived from the C-ERC
expressing vector, was similar to that derived from the full-
ERC expressing vector (Fig. 1B, right panel, lanes F and C in
lysate).

Promotion of cell growth by expression of full- or N-ERC.
The numbers of transfected Huh7 cells were counted at 24, 48
and 72 h after passage into anchorage-independent conditions
(using low surface adhesion plates) and low (2%) serum
concentration (Fig. 2A). At 72 h, full- and N-ERC transfected
cells had significantly larger numbers of cells (p<0.01) than
mock or C-ERC transfected cells. To further analyze cell
proliferative activity, we compared the amount of BrdU
incorporated by the different cell groups after 1 h of labeling.
Compared to the control (mock), full-, N- and C-ERC enhanced
BrdU incorporation, but statistical significance was observed
only for full- and N-ERC (Fig. 2B).

Effect of full- and N-ERC on cell viability. We conducted a
trypan blue exclusion assay to estimate Huh7 cell viability at
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Figure 2. Effects of the expression of Full, N-, C-ERC on cell growth. (A)
Total cell numbers under anchorage-independent conditions. Twelve hours
after transfection, 2x105 cells were transferred to low adhesion surface
plates (2% serum), and 24, 48, and 72 h later, total cell numbers were
counted (n=6). *p<0.01. (B) BrdU incorporation rate. Twelve hours after
transfection, 1x105 cells were transferred to glass bottom dishes. Forty-
seven hours after passage, BrdU (10 μg) was added and, 1 h later, the cells
were fixed with acidic ethanol. The frequencies (%) of BrdU-positive cells
in the populations of DAPI stained cells (n=6) are shown. *p<0.01. M, F, N,
and C: as in Fig. 1B.
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24, 48 and 72 h after passage into anchorage-independent
conditions and low serum concentration; cell viability was
calculated as the proportion (%) of trypan blue excluding
cells in the total cell population (Fig. 3A). At 72 h, full- and
N-ERC transfected cells showed significantly higher viability
(p<0.01) than mock or C-ERC transfected cells. We carried
out a TUNEL assay to examine cell death rates at the low
serum concentration (Fig. 3B). Full- and N-ERC produced

highly significant reductions in cell death rates compared to
mock (p=5.43E-10 and 5.22E-11, respectively) (Fig. 3C).

ERK1/2 phosphorylation by full- and N-ERC. At 48 h after
passage into anchorage-independent conditions (for the
Western blot analysis) or into the glass bottom dishes (for
immunofluorescent staining) and low serum concentration,
ERC-transfected cells were harvested as described in Materials
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Figure 3. Effects of expression of full-, N-, or C-ERC on cell death. (A) Cell
viability was determined by the proportions of cells showing trypan blue
exclusion. Twelve hours after the transfection, 2x105 cells were transferred
to the low adhesion surface plates (2% serum), and 24, 48, and 72 h later, %
of trypan blue-excluding cells was counted. *p<0.01 (n=6). (B and C)
TUNEL-positive cells were detected by immunofluorescent staining.
Twelve hours after transfection, 1x105 cells were transferred to each glass
bottom dish (2% serum) and, 48 h later, the cells were fixed with 4%
paraformaldehyde, and incubated with rTdT mix containing green
fluorescein-12-dUTP, and counterstained with DAPI (B). The frequency
(%) of TUNEL-positive cells among the total population of DAPI-positive
cells is shown (C). M, F, N, and C: as in Fig. 1B. **p=5.43E-10, ***p=5.22E-11
(n=6).
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and methods. Western blotting showed that full- and N-ERC
stimulated the phosphorylation of ERK1/2 (Fig. 4A). A similar
result was obtained from the immunofluorescent staining
analysis (Fig. 4B). The rates of phospho-ERK1/2 positive
cells were significantly higher (p<0.01) in the full- and N-ERC
transfected cell cultures than the mock or C-ERC transfected
cell cultures (Fig. 4C). We also examined the effect of ERC
on phosphorylation of Stat3 and on the expression of cyclin E,
but we did not detect any change in either of those markers in
cells transfected with ERC expression vectors (data not
shown).

Effect of N-ERC secreted in culture medium on cell growth.
We tried to confirm that the effect of N-ERC on the cell growth
(shown in Fig. 2A) was mediated by the secreted N-ERC in
medium. In anchorage-independent condition, Huh7 cells
were cultured in the medium that was derived from N-ERC-
or mock-transfected Huh cells. The numbers of cells were
counted at 24, 48 and 72 h after the addition of conditioned
medium (Fig. 5). At 72 h, the cells cultured in N-ERC (+)
medium had significantly larger number of cells (p<0.01)
than cells treated in mock medium. We performed similar
experiment using regular culture palates that allow the
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Figure 4. Effect of full-, N-, and C-ERC on the phosphorylation of MAP
kinase (ERK1/2, p44/42). (A) Western blotting of phospho-ERK1/2 and total
ERK1/2. Twelve hours after transfection, 2x105 cells were transferred to
each low adhesion surface plate (2% serum) and, 48 h later, the cells were
lysed; 60 μg of each lysate was run on a 10% Laemmli gel. M, F, N, and C:
as in Fig. 1B. (B and C) Immunofluorescent staining of phospho-ERK1/2.
Twelve hours after transfection, 1x105 cells were transferred to each glass
bottom dish (2% serum) and, 48 h later, the cells were fixed with 4%
paraformaldehyde for phospho-ERK1/2 staining (B). The frequency (%) of
phospho-ERK1/2-positive cells among the total population of DAPI-positive
cells is shown in (C). M, F, N, and C: same as in Fig. 1B. *p<0.01 (n=6). 
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anchorage-dependent condition. The effect of secretory N-ERC
as shown in Fig. 5 was not observed in the anchorage-
dependent condition (data not shown).

Discussion

N-ERC has been reported as megakaryocyte potentiating
factor (MPF), a cytokine that stimulates maturation of platelets
in the presence of interleukin-3 (9), but its role in tumori-
genesis is unknown at present. Shiomi et al (10) and Onda et al
(11) reported that the concentration of N-ERC/MPF is higher
in the sera of patients with advanced MM. Similarly, its con-
centration is higher in the sera of Eker rats with renal cancer
than in cancer-free rats, and it is secreted more abundantly
by cultured cells that are more actively proliferating (12).
Consideration of the published findings led us to hypothesize
that secretory N-ERC promotes the proliferation of tumor
cells. To test this hypothesis, we investigated whether some of
full-ERC functions were also performed by secretory N-ERC
in cultured cells.

Several studies have investigated the functions of full-ERC/
mesothelin using overexpression or knock-down strategies
(12-14). The reported functions fall into three general
categories. First, Chang et al, Rump et al and other groups
(3,13,14) showed that ERC/mesothelin enhances the adhesion
and invasion of tumor cells. These functions are possibly
mediated by C-ERC on cellular membrane. Second, Bharadwaj
et al (15) showed that the protein stimulates cell proliferation
by enhancing the expression of S-phase promoting cyclins/
CDKs as a result of Stat3 activation. Third, Uehara et al and
Chang et al (16,17) reported that ERC/mesothelin suppresses
cell death. In this study, we examined whether functions of
full-ERC reported by Bharadwaj et al (15) or Uehara et al
(16) may be carried out by the secretory N-ERC. We demon-
strated that the secretory N-ERC suppressed cell death
leading to an increase in cell number of Huh7. It enhanced
phosphorylation of ERK1/2 (Fig. 4A-C), but did not affect
phosphorylation of Stat3 nor expression of cyclin E (data not

shown). The functions of N-ERC in our experiments were
similar to those of full-ERC reported by Uehara et al (16).

In our transient expression system, the transfection
efficiency was ~30%, evaluated by the immunofluorescent
staining (data not shown). We interpreted that the effect of
full- or N-ERC/mesothelin shown in Figs. 2-4 was mediated
by the secreted N-ERC/mesothelin, which could influence
almost 100% of cells in culture. In Fig. 5, we showed the effect
of the culture medium containing the secreted N-ERC/
mesothelin. It is still possible, however, that the other cytokines
induced by the overexpressed N-ERC exerted such an effect.
To clarify this point, we have to purify the N-ERC and
examine its effect on the cell in the future.

Uehara et al (16) described that the effect of full-ERC
to increase cell number was observed only in anchorage-
independent conditions. We examined the effect of N-ERC on
cells both in anchorage-dependent and -independent conditions.
To set up anchorage-independent conditions, we used the low
adhesion surface plate (EZ-BindShut, Iwaki, Tokyo) coated
with phospholipid polymers, which do not allow cells to attach
on the plate surface and they grow in a form of spherocytes.
The effect of medium containing N-ERC on cell number
(Fig. 5) was observed only in the anchorage-independent
condition. The data were compatible with the report of
Uehara et al (16). However, the effect of transfected N-ERC
on cell number (Figs. 2A and 3A) was observed both in the
anchorage-independent and -dependent conditions (data not
shown). The reason of such differences in the response of cells
for the secreted, or transfected N-ERC is not clear at present.

We examined cell viability using both TUNEL to identify
cell death, and BrdU incorporation to identify dividing cells.
Cells expressing full- or N-ERC showed significantly
reduced rates of cell death and significantly greater rates of
cells with BrdU uptake. Interestingly, P-values relating to
the suppression of TUNEL positivity by full- or N-ERC
(p=5.43E-10 or 5.22E-11) (Fig. 3C) were very much smaller
than those found in the equivalent cultures for BrdU
incorporation (p=0.0027 or p=0.0023) (Fig. 2B). We inter-
pret these results as indicating that the apparent stimulation
of cell growth by full- or N-ERC (Fig. 2A) resulted mainly
from suppression of cell death, and, similarly, that the
apparently increased rate of cells with BrdU incorporation
may also result mostly from suppressed cell death. 

The drawback in our study is that we have not clarified
the molecular pathway of cell death suppressed by N-ERC
that enhanced the phosphorylation of MAP kinase (ERK1/2).
Activation of ERK1/2 is reported to inhibit cell death via
suppression of Bim (BH3-only protein) that neutralizes anti-
apoptotic proteins such as Bcl-2 (19-21). Uehara et al showed
that ERC/mesothelin enhances ERK1/2 phosphorylation,
which inversely correlates with Bim levels (16). We examined
the expression of Bim or Bcl-2 in Huh7 cells transfected with
ERC-expression vectors, but we were not able to obtain
consistent changes of their expression.

C-ERC is abundantly expressed on cell membranes in
MM, pancreatic cancer and ovarian cancer, and is known to
be involved in invasion by tumor cells. Herein, we found that
C-ERC had some effect in increasing BrdU incorporation or
suppressing cell death (Figs. 2B and 3A-C), although these
effects were not statistically significant. Therefore, on the
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Figure 5. Effect of conditioned medium containing the secreted N-ERC on
the cell growth of Huh7 in anchorage-independent condition. The con-
ditioned medium (2% FCS) of N-ERC- or mock-transfected Huh7 were
transferred to low adhesion surface plates containing 2x105 non-treated
Huh7 cells in 0.5 ml medium. The number of cells was counted at 24, 48,
and 72 h after the addition of conditioned medium (n=6). *p<0.01.
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basis of our experimental results, we are unable to exclude
the possibility that C-ERC also functions to stimulate cell
growth.

C-ERC is currently being tested as a possible target for
antibody-mediated cancer therapy. A phase I clinical study
using an anti-C-ERC antibody bound to Pseudomonas exotoxin
showed anti-tumor activity in patients with MM, pancreatic
or ovarian cancers (22,23). In contrast, although N-ERC is
abundantly expressed in the sera of MM patients, its biological
significance is unknown at present. We speculated that
secretory N-ERC had a cytokine-like function and could
stimulate tumor growth; we tested this speculation herein, and
found that it suppressed cell death and, thereby, increased
total cell numbers in culture. If N-ERC can be proved to
stimulate tumor progression by a cytokine-like activity in vivo,
then it might be feasible to develop a new treatment strategy
for MM based on the use of anti-N-ERC antibodies.
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