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An Approach to Estimate Radioadaptation from
DSB Repair Efficiency?

Fumio YATAGAII*, Kaoru SUGASAWA?, Shuichi ENOMOTO!
and Masamitsu HONMA3

Radioadaptation/I-Scel digestion/DSB repair/TK6é cells.

In this review, we would like to introduce a unique approach for the estimation of radioadaptation.
Recently, we proposed a new methodology for evaluating the repair efficiency of DNA double-strand
breaks (DSB) using a model system. The model system can trace the fate of a single DSB, which is intro-
duced within intron 4 of the TK gene on chromosome 17 in human lymphoblastoid TK6 cells by the
expression of restriction enzyme I-Scel. This methodology was first applied to examine whether repair of
the DSB (at the I-Scel site) can be influenced by low-dose, low-dose rate gamma-ray irradiation. We
found that such low-dose IR exposure could enhance the activity of DSB repair through homologous
recombination (HR). HR activity was also enhanced due to the pre-IR irradiation under the established
conditions for radioadaptation (50 mGy X-ray-6 h-I-Scel treatment). Therefore, radioadaptation might
account for the reduced frequency of homozygous loss of heterozygosity (LOH) events observed in our
previous experiment (50 mGy X-ray-6 h-2 Gy X-ray). We suggest that the present evaluation of DSB
repair using this I-Scel system, may contribute to our overall understanding of radioadaptation.

INTRODUCTION

It is important to accurately estimate human health risks
for persons occupationally exposed to ionizing radiation
(IR), such as airline crews and workers in medical and
industrial fields. For estimating such risks, it is worthwhile
to investigate radioadaptation, that is, acquiring a cellular
radioresistance to a challenging IR by a pre-exposure to low-
dose IR. Radioadaptation was first reported by Olivieri et
al.V The priming radiation exposure delivered by labeling
human lymphocytes with tritiated thymidine caused a
decrease in chromosomal aberration frequency after a chal-
lenging exposure to 1.5 Gy of IR. That discovery stimulated
a series of studies using human lymphocytes and various
mammalian cell lines as described in reviews.>® A reduced
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induction of both micronuclei and sister chromatid exchang-
es was shown in Chinese hamster V79 cells pre-exposed to
low doses of y-rays or *H B-rays.¥ Subsequent studies
reported similar radioadaptive responses, such as reduced
mutation frequencies in human lymphocytes,” mouse SR-1
cells® and human-hamster hybrid Ay, cells,” an altered muta-
tion spectrum in human-hamster hybrid Ar cells,” reduced
micronucleus frequencies in human lymphocytes® and
mouse embryo cells,” and reduced deletions and rearrange-
ments in human lymphoblast cells.'® Those studies suggest
that radioadaptation is an important defense mechanism
against a high-dose IR, although the molecular mechanisms
involved remain largely unknown.!'-

Cellular responses such as a bystander effect, genetic
instability, and hyper-radiosensitivity are reported to be
tightly related to the radioadaptation.'®?V In mammalian
cells, for example, bystander mutagenesis may be suppressed
by an adaptive response.'® Another example is the possible
involvement of a “radioadaptive bystander” effect in human
lung fibroblasts.?® The reduction of radiosensitivity in cells
with a wild type p53 gene by a radiation-induced, nitric oxide
(NO)-mediated bystander effect may also be a manifestation
of the radioadaptation.?"* This possibility is supported by
the finding that the NO-induced apoptosis observed in lym-
phoblastoid and fibroblast cells depends on the phosphoryla-
tion and activation of p53.%¥ In fact, p53 was suggested to
play a key role in the mechanisms of an adaptive response
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mediated by a feedback signaling pathway involving protein
kinase C (PKC), p38 mitogen activated protein kinase
(p38MAPK), and phospholipase C (PLC).'"*#9

One of the possible targets for radioadaptation is oxidative
base damage. A low-dose rate whole body Y-irradiation of
mice (1.2 mGy/h, total 0.5 Gy) demonstrated the activation
of antioxidative enzymes such as MnSOD and catalase in
spleen cells, leading to less DNA damage as determined by
a comet assay.’® Furthermore, down-regulation of the
human CDCI16 gene that occurs after oxidative stress causes
more rapid and efficient repair in adapted (2 cGy pre-
irradiated) human lymphoblastoid cells challenged with 4
Gy irradiation.’” However, oxidative base excision repair
enzymes, including DNA glycosylases, hOGG1, and hNthl,
are reportedly not up-regulated at the post-transcriptional
level in y-ray-primed TK6 cells.”” Those reports suggest that
the antioxidant defense machinery is likely to be involved in
radioadaptation although the mechanisms involved are still
not well understood.

Gene expression also seems to be tightly related to a variety
of functions in the adaptive response such as the induction of
antioxidant defense machinery, repair of DNA damage,
control of cell-cycle progression, etc. In fact, de novo syn-
thesis of transcripts and proteins is reported to be required for
the expression of the adaptive response.”® Following that
report, gene expression analysis has been extensively studied
by many investigators.">**" For example, the CHD6 gene in
human lymphoblastoid cell AHH-1 can be up-regulated by
0.5 Gy of f-irradiation and its induced expression could be
involved in a low-dose hypersensitive response.” Recently,
gene profiles in the kidney and testis from Yy-irradiated (485
days at dose rates of 0.032-13 uGy/min) mice were deter-
mined using oligonucleotide microarrays, and differentially
expressed genes were identified.*”

DNA double strand breaks (DSBs) are a most serious type
of DNA damage. They can be caused by IR or radiomimetic
chemicals, and they can occur spontaneously during DNA
replication. The nonrepair or misrepair of DSBs can cause
cell death or mutagenic and/or carcinogenic consequences,
so the accurate repair of DSBs is important for maintaining
genomic integrity.3** In other words, DSB repair is an
essential function in all living organisms. Recently analyses
using nondividing lymphocyte and fibroblast cells suggested
that the adaptive response is not mediated by an enhanced
rejoining of DNA strand breaks but rather is a reflection of
perturbation in cell cycle progression.*® On the other hand,
the induction of an efficient chromosome repair system by
the priming radiation dose is considered to be involved in
radioadaptation mechanisms, and in fact, the efficiency of
DSB repair in Chinese hamster V79 cells exposed to y-rays
is enhanced by a priming exposure of 5 cGy of y-rays.”> The
reduced frequencies of chromosomal alterations as
described above supports the latter possibility of DSB-repair
enhancement. At the present stage, it is difficult to conclude

which factor, cell-cycle perturbation or DSB repair, largely
contributes to radioadaptation.

THE I-SCEI SYSTEM FOR DSB REPAIR
EVALUATION

QOutline of the system

A model system was constructed for evaluating DSB
repair by tracing the fate of a single DSB on chromosomal
DNA. The DSB generated in this system can be considered
as a target DNA-lesion susceptible to repair, and this system
can distinguish two major DSB repair pathways, non-
homologous end-joining (NHEJ) and homologous recombi-
nation (HR) (Fig. 1).3%*” The human lymphoblastoid cell
line TSCES is heterozygous (+/-) for the thymidine kinase
(TK) gene and the line TSCER? is compound heterozygous
(—/—, two different TK™ alleles); both carry an I-Scel endo-
nuclease recognition site in intron 4 on one allele of the TK
gene. DSBs can be generated at the I-Scel site by expression
of the I-Scel vector.**” When DSBs occur at the 7K locus,
NHEJ in TSCES cells produces TK-deficient mutants while
HR between the TK alleles in TSCER2 cells produces TK-
proficient revertants. This means that positive-negative drug
selection for TK phenotypes permits distinction between
NHEJ and HR repair.

Cell line construction for use in the system

Details of the strain construction are described in our
previous work (Fig. 2)® Briefly, in lymphoblastoid TK6
cells heterozygous for the TK gene, the functional allele was
first inactivated by gene targeting with vector pTK4 to

b) Non Homologous
End-Joining 'Hemizygous

(NHE LOH
Homm ﬁ! OR 8!

Recombination
(HR)

1-Scel

Homozygous LOH

Fig. 1. Principle of DSB formation and repair evaluation. A
single DNA double strand break (DSB) is generated at the I-Scel
recognition site in a human lymphoblastoid TK6 cell by transfect-
ing an I-Scel expression vector (a) and the efficiencies of DSB
repair through non-homologous end-joining (NHEJ) or homolo-
gous repair (HR) are evaluated from induction of hemizygous and
homozygous LOH events, respectively (see text).
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Fig. 2. Cell line construction, In the TK6 cell lin

e, the functional allele of TK gene was first inactivated

by gene targeting vector pTK4 and then the I-Scel recognition site was introduced at 75 bp upstream of
exon S in the TK gene. The new line was termed TSCES and its compound heterozygote (TK—/-) cell line,

TSCER?2, was also isolated (see text).

replace exon 5 of the TK gene by a neo gene. To introduce
the I-Scel recognition site at 75 bp upstream of exon 5, the
targeting vector pTK10, encompassing about 6 kb of the
original TK gene with exons 5, 6, and 7, and the I-Scel rec-
ognition site in intron 4, was used to revert the TK gene
disrupted by pTK4. The new line was termed TSCES. A
spontaneous mutation in a TSCES cell (G to A in position
23 of exon 5), which we cloned, led to the compound het-
erozygote (TK—/-) cell line, TSCER2.

I-Scel expression for introduction of DSB

We introduced the I-Scel expression vector (pCBASce) by
electroporation methodology using Nucleofector Kit V
(amaxa AG, Cologne, Germany) (Fig. 3).***® The I-Scel
expression vector was introduced into about 65% of the cells
at 24 hr after the transfection and the expression last for 3
days incubation.’” The relatively long expression allowed us
to succeed in estimating the influence of low-dose, low-
dose-rate y-rays irradiation on DSB repair, especially the
effect of post-IR-exposure, as described below.

Evaluation of DSB repair efficiencies

Measurements of TK™ mutants and TK* revertants allow
us to evaluate DSB repair efficiencies through NHEJ and HR
pathways, respectively (Fig. 3). In TSCES, when a DSB at
the I-Scel site is repaired by NHEJ involving a deletion in
the adjacent exon, the cell can be isolated as a TK-deficient
mutant. In TSCER?2, when a DSB is repaired by HR between
the TK alleles, a TK* allele can be generated, resulting in a
revertant phenotype. The DSB repair via NHEJ was 73-86
times higher than that via HR in our previous studies.*””
These findings are consistent with the report that NHEJ is
the major repair pathway in mammalian cells.®

TSCES5 for NHEJ
(tk+/-: HATITFT®)

TSCER2forHR
(tk-[-:HATSTFT"

)
exon IV vV o vivi exon v v vV
tk+ tk-
tk- =l tke =B - ER
‘ L DNA replication
DSB DSB
e e e » o
b peseenn aum i 2l
Deletion Homologous
recombination
= 8- Y I W
- ::::x:ﬁ
P

Non-homologous
end-joining

tk. —B————————=a~

the —B——re————— E,

*Segmgatkm
th+ =l
tk- i

TK-mutants
(tk-/-: HATY/TFT)

TK* revertants
(tk+/-: HATTFT®)

Fig. 3. An approach to evaluate DSB repair efficiency. In TSCES,
when a DSB at the I-Scel site is repaired by NHEJ involving a dele-
tion in the adjacent exon, the cell can be isolated as a TK-deficient
mutant. In TSCER2, when a DSB is repaired by HR between the TK
alleles, a TK* allele can be generated, resulting in a revertant pheno-
type (see text). Filled exons represent TK mutations.

APPLICATION OF THE I-SCEI SYSTEM FOR
EVALUATING RADIOADAPTATION
IN TERMS OF DSB REPAIR

Influence of low-dose, low-dose-rate yrays on DSB
repair

The I-Scel digestion system was applied for estimating the
influence of low-dose, low-dose-rate y-irradiation on repair of
a site-specifically introduced DSB (Fig. 4).>® The results
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obtained with Mode A (30 mGy of pre-y-irradiation) and
Mode B (8.5 mGy of post-y-irradiation) are shown in Tables 1
and 2, respectively. The NHEI repair of DSB was little influ-
enced by either modes of low-dose, low dose-rate y-irradiation.
DSB repair by HR, in contrast, was enhanced by ~50% and
~80% in Mode A and Mode B, respectively. This might impli-

cate that both pre-y-irradiation (Mode A) and post-y-irradiation
(Mode B) induce a radioadaptation, although both modes of
irradiations, especially Mode B, are different from the original
concept of radioadaptation. In fact, DSBs are generated during
the y-irradiation in Mode B, because I-Scel expression lasts for
3 days incubation as previously mentioned.

1) Mode A : Influence of IR before I-Scel digestion

TSCE5 or TSCER2 I-Scel DSB repair Assay
y-rays — Digestion
30 mGy : 25 hr | — =
(1.2 mGy/hr) - @ 000900000 TK(-/-} Mutants

During Incubation

Electroporation

TK(+/-) Revertants

2) Mode B : Influence of IR after I-Scel digestion

I1-Scel

Digestion y-rays

TSCE5 or TSCER2

DSB repair Assay

P T—>[8.5mGy: 68 hr |—

—

Q00000000
Electroporation

—_—

(0.125 mGy/hr) |—

TK(-/-) Mutants

<

During Incubation

TK({+/-) Revertants

Fig. 4. Influence of low-dose IR exposure on DSB repair. Experimental schemes of radiation exposure
and I-Scel expression are illustrated. Mode A: cells were exposed to low-dose, low-dose-rate y-rays and
then transfected with the I-Scel vector by electroporation (see text). 2) Mode B: cells were transfected with
the I-Scel vector and then exposed to y-rays at a much lower dose and dose-rate (see text).

Table 1. Effect of pre-IR exposure on DSB repair (Mode A).

Table 2. Effect of post-IR exposure on DSB repair (Mode B).

a) NHE] efficiency in TSCES cells

a) NHE] efficiency in TSCES cells

Exp. Mutant Frequency, MF (x 107%) Effect of IR Exp. Mutant Frequency, MF (x 107 Effect of IR
Control y-rays I-Scel +-rays + I-Scel (Relative MF*) Control y-rays I-Scel 7-rays+I-Scel (Relative ME¥)
1 3.5 6.1 8600 8500 0.99 1 2.8 1.3 3400 4500 1.3
2 1.8 3.2 2900 3200 1.1 2 3.1 2.8 12000 17000 1.4
Average 2.7 47 5800 5900 1.0(P=0.82) 3 - - 11000 11000 1.0
*Relative MF was calculated as MF (y-rays + I-Scel)/MF (I-Scel). Average 3.0 2.1 8800 10800 1.2®P=0.12)

b) HR efficiency in TSCER? cells

Exp. Revertant Frequency, RF (x 107) Effect of IR
Control y-rays I-Scel +y-rays + I-Scel (Relative RF*)
1 - - 90 114 1.3
2 - - 62 96 L5
3 - - 25 45 1.8
Average - - 59 85 1.5 (P =0.021)

*Relative MF was calculated as MF (y-rays + [-Scel)/MF (I-Scel).

b) HR efficiency in TSCER?2 cells

*Relative RF was calculated as RF (y-rays + I-Scel)/RF (I-Scel).

Exp. Revertant Frequency, RF (x 107%) Effect of IR
Control y-rays I-Scel y-rays +I-Scel (Relative RE¥)
1 - - 82 160 2.0
2 - - 160 270 1.7
3 - - 110 190 17
Average - - 120 210 1.8 (P =0.0013)

*Relative RF was calculated as RF (y-rays + [-Sce)/RF (I-Scel).
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Influence of low-dose X-ray irradiation on DSB repair

We have extensively studied the effects of low-dose IR by
using a loss of heterozygosity (LOH) analysis system.***?
The thymidine kinase deficient (TK™) mutants induced in
TK6 cells can be classified as LOH type and non-LOH type
by this system. The LOH mutants were further classified as
homozygous-type and hemizygous-type, and the replaced or
deleted part of the chromosome was identified by so-called
chromosome mapping. In addition to this kind of analysis at
the chromosome level, non-LOH mutants were further char-
acterized at the DNA sequence level to confirm that the
mutation occurs in the TK gene or not. Recently we could
establish the optimum condition for mutagenic radioadapta-
tion in TK6 cells.*” Under such condition as shown in Fig.
5, the greatest reduction in TK mutation frequency was
observed in TK6 cells exposed to a challenging X-ray irra-
diation (2 Gy), and the TK™ mutants so obtained were ana-
lyzed by the LOH system.*”

The TK™ mutation frequency (MF) obtained after the chal-
lenging X-ray (2 Gy) exposure, 18.3 X 107 was reduced to
11.4 x 107 (62% of the original level) by inducing the radio-
adaptation (50 mGy of pre-X-irradiation at 6 hr before the
above challenging X-irradiation; Fig.6). LOH analysis
could classify the TK™ mutational events as non-LOH
(mostly mutations in the TK gene), hemizygous LOH (dele-
tion of chromosome) and homozygous LOH (homologous
recombination [HR] between chromosomes), as mentioned
above.*™*? Non-LOH events are, in theory, classified as
chromosomal alterations, but most of non-LOH mutants
obtained in this experiment were confirmed to be small
mutations in the TK gene by DNA base sequencing of
mRNA obtained from the mutants.*” The pre-irradiation
decreased the frequencies of non-LOH events and homozy-
gous LOH events to 27% and 60% of the original levels,
respectively. The frequency of hemizygous LOH events,
however, was not significantly altered by the pre-irradiation.
Since LOH events are most likely the consequence of DSB
repair, we tried to investigate the influence of priming X-ray
irradiation on DSB repair efficiency under the optimum con-

Fig.5. An experimental scheme for mutagenic radioadaptation.
The optimum conditions providing the greatest reduction in the fre-
quency of TK mutations induced after a challenging X-ray (2 Gy)
irradiation of TK6 cells, are shown in the right panel of this figure.
The details have already been described in our previous work.*?

dition for radioadaptation.

The repair efficiency of DSB via NHEJ was hardly influ-
enced by the pre-irradiation of 50 mGy X-rays (Table 3). On
the other hand, a ~70% enhancement in HR repair of DSB
was observed after this treatment. The enhanced activity of
HR observed in this experiment could reflect the activity of
error-free DSB repair, providing a reduction in genetic alter-
ations at the chromosome level. In fact, we observed a ~60%
reduction in the induction of homozygous LOH as men-
tioned above. The chromosome-mapping analysis demon-

TK Mutation Frequency after 2 Gy X-rays

TK mutation frequencies (x 10%) : Mean =+ SD
Nonprimed cells Primed cells (50 mGy)
18.3 £ 4.3* 11.4 % 5.1*

* P =0.020; ttest

[T Noniow
— Hemizygous
“ Homozygous

NO-Pre-1R

3
50mGy-Pre-1R !

]

5 10 15 20
TK Mutation Frequency (X 10%)

Fig. 6. Genetic analysis of radioadaptation induced by low-dose X-
rays. Results of the 7K mutation assay performed under the optimum
condition for radioadaptation (Fig. 5) are summarized in the table,
and the classification of the isolated TK™ mutants was made by LOH
analysis and the results are shown in the histograms (see text).

Table 3. The effect of a priming X-ray exposure on DSB
repair (X-ray - X-ray adaptive experiment).

a) NHEJ efficiency in TSCES cells

Exp. Effect of IR (Relative MF*)
1 0.98
2 0.76
3 0.99
Average 0.91

*Relative MF was calculated as MF (X-rays + I-Scel)/
MEF (I-Scel).

b) HR efficiency in TSCER2 cells

Exp. Effect of IR (Relative RF*)
1 22
2 1.2
3 1.7
Average 1.7

*Relative RF was calculated as RF (X-rays + I-Scel)/RF
(1-Scel).
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strated that the observed homozygous LLOH events were
mostly of the crossing-over type.n) In contrast, the analysis
of TK (+/-) revertants observed with our DSB repair assay
suggests that HR in this I-Scel system mostly reflects a gene
conversion activity, with a relatively small proportion of
non-crossing-over events (data not shown). More supporting
evidence is required to determine if an enhanced HR activity
is reflected by the reduction in homozygous LOH events.

Further applications and perspectives

It is of theoretical and practical importance to estimate
human heaith risks from low-doses of ionizing radiation,
One example is the risk for astronauts exposed to space radi-
ation, because the background radiation in space is, at least,
more than 100-fold higher than the background level found
on earth. Currently, we have the opportunity to study the
influence of space radiation in TK6 cells, which were rec-
ently brought back to earth after preservation for more than
four months, mostly in a frozen state, in the International
Space Station. Assuming that the DNA damage caused by
space radiation has been accumulated in the frozen cells,
such damage could induce mutations when the cells begin to
grow again. Furthermore, such damage might have the
potential ability to induce radioadaptation and this radioad-
aptation might be detected as an enhancement in DSB repair
in the I-Scel digestion system in the recovered cells.

The following points involved in our I-Scel digestion sys-
tem merit discussion. Because our I-Scel system does not
uncover all NHEJ and HR events, it is difficult to evaluate
accurately the extent of DSB repair via both HR and NHEJ
pathways. For example, our system does not monitor sister-
chromatid HR, which is probably the major HR pathway in
mammalian cells. Small gene conversion events, which do
not extend into the exon 5 region, can also not be detected
by this system. Although the I-Scel system may over-esti-
mate the repair efficiency of NHEJ compared with HR, this
methodology can still be considered to contribute to eluci-
dating the DSB repair associated with low-dose IR exposure.

Finally, we would like to emphasize that the present eval-
uation of DSB repair using the I-Scel system, may con-
tribute to our overall understanding of radioadaptation.
Other types of studies regarding gene expression, epigenetic
changes etc., are also required for a more complete under-
standing.
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Malignant mesothelioma is a highly aggressive tumor of
the serosal cavity that arises from the mesothelial celis of
the pleura, peritoneum, or pericardium. The immunohis-
tochemical diagnosis of epithelioid mesothelioma from
biopsy or surgically resected specimens has been actively
pursued, using markers such as mesothelin. Several
markers have indeed been helpful for confirming the
diagnosis of mesothelioma and distinguishing between
mesothelioma and adenocarcinoma. The authors have
developed a novel mAb to human C-ERC/mesothelin,
which performed well when used in western blotting,
fluorescence-activated cell sorting, immunocytochemistry
and immunochistochemistry, and which therefore will be
useful in studying the molecular biology of mesothelin,
in addition to improving the diagnosis and therapy of
mesothelin-expressing cancers.

Key words: diagnosis, ERC/mesothelin, malignant mesothe-
lioma, monoclonal antibody

Mesothelioma is an aggressive tumor arising from the
serosal surface, such as the pleural and peritoneum, and it
has a dismal prognosis.' Several recent studies have
described the safe utilization of aggressive multimodality
therapy and have found evidence for the effectiveness of
combination chemotherapy regimens using pemetrexed and
cisplatin.>* The prognosis after this type of therapy, however,
remains poor.

A study by Sugarbaker et al. reporting a 5 year survival of
40% for selected patients following trimodality therapy, dem-
onstrated that early diagnosis is vital to improve the progno-
sis.? In light of the difficulty, however, of making an early
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diagnosis of mesothelioma using current diagnostic imaging
techniques, the identification of tumor markers for mesothe-
lioma is needed urgently.>” While no reliable serum marker
for mesothelioma has yet been found, Robinson et al. have
recently proposed a soluble mesothelin-related protein as a
candidate.!

Previously, we discovered the renal carcinoma gene ERC,
which we found was expressed highly in renal cancers in the
Eker rat® Furthermore, we subsequently confirmed that
the EAC gene is a homolog of the human mesothelin gene,
a gene expressed strongly in normal mesothelial cells,
mesothelioma, non-mucinous ovarian carcinomas and pan-
creatic ductal adenocarcinomas.®'® The human mesothelin
gene codes for several proteins. lts primary preduct is a
71 kDa precursor protein, which is cleaved physiclogically by
a furin-like protease into a 40 kDa C-terminal fragment,
C-ERC/mesothelin, which remains membrane-bound, and a
31 kDa AN-terminal fragment, N-ERC/mesothelin, which is
secreted into the blood." The resultant C-terminal 40 kDa
fragment is classified as a mesothelin, and its presence in the
serum has been reported as a useful tumor marker in
mesothelioma patients.'? In contrast, the N-terminal 31 kDa
fragment, which is a secreted protein and has been cloned as
a megakaryocyte-potentiation factor, has been reported as a
useful tumor marker for mesothelioma or any other cancer.®

In the present study we report on the establishment of a
novel mAb for human C-ERC/mesothelin. This antibody
should be useful in studying the molecular biology of
mesothelin, and also improve the diagnosis of and therapy
for mesothelin-expressing cancers.

MATERIALS AND METHODS
Human subjects

Our study for the tumor marker of mesothelioma was
approved by the Institutional Review Broad of Juntendo
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University School of Medicine, its hospital, and Immuno-
Biological Laboratories. Patients gave their signed informed
consent.

Cell lines

The mesothelioma cell lines, NCI-H226 and MESO-4 were
obtained from Dr Usami.’”® These were maintained in TIL
media supplemented with 10% fetal bovine serum.

Generation of a human C-ERC/mesothelin-GST fusion
protein by Escherichia coli

The human C-ERC/mesothelin cDNA was cloned from the
total RNA of the human cervical carcinoma cell line HelLaS3
using polymerase chain reaction. Primers used were as
follows: forward, 5-GGAGTGGAGAAGACAGCCTGT-3;
reverse, 5'-GCCCTGTAGCCCCAGCCC-3'. cDNA for human
C-ERC/mesothelin was inserted between the EcoRI and
Xhol into pGEX-6P (GE-Healthcare Bio-sciences, Piscat-
away, NJ, USA). The C-ERC/mesothelin-GST fusion protein
was directed into the periplasm of E. coli. The fusion protein
was purified with Glutathione Sepharose 4B Beads (GE-
Healthcare Bio-sciences). The purified proteins were quanti-
fied using Protein assay kit (Pierce, Rockford, IL, USA) and
checked on sodium dodecylsulfate (SDS)-PAGE. The purity
of the bacterial C-ERC/mesothelin was >95%.

Immunization and cell fusion

Female mice (6-8 weeks old; BALB/c, Charles River, Japan)
were immunized four to six times weekly with human C-ERC/
mesothelin-GST fusion protein (50 pg/mouse) and one boost
was given with the fusion proteins i.p. before fusion. The
spleen was harvested 8430 h after the last boost and fused
with X63-Ag8.653 myeloma cells.

Screening with enzyme immunoassay on human
C-ERC/mesothelin-GST fusion protein

Screening for hybridomas was performed with an enzyme
immunoassay (EIA). Nunc Immuno plates (Nalge Nunc
International, Rochester, NY, USA) were coated with the
fusion protein (50 ng/well in 0.1 mol/L carbonate buffer, pH
9.5) and incubated ovemight at 4°C. Plates were then
blocked with blocking buffer (PBS with 1% bovine serum
albumin (BSA) and 0.05% sodium azide) overnight at 4°C
and washed with a washing buffer (PBS with 0.05%
Tween20). The plates were incubated with the hybridoma

supernatant for 1 h at 37°C. After washing with the washing
buffer, the plates were incubated with a peroxidase-
conjugated goat anti-mouse IgG antibody in washing buffer.
Finally, the plates were washed again with the washing
buffer and hydrogen peroxide/o-phenylenediamine was
added to each well. The color was allowed to develop for
15 min at room temperature and the reaction was stopped
by the addition of a stop solution (1 N sulfuric acid). The
plates were read at 490 nm using an automated plate
reader (Molecular Device, Sunnyvale, CA, USA). The
selected hybridomas were grown in a Celiine flask (Integra
Bioscience, Chur, Switzerland). The cell culture supernatant
was affinity-purified with affinity column chromatography
using Protein A column (GE-Healthcare Bio-sciences).

Epitope mapping of the anti-human C-ERC/mesothelin
mouse mAb

For the determination of the epitope of the anti-human
C-ERC/mesothelin mouse mAb, we produced the C-ERC/
mesothelin-GST fusion protein in four different molecular
sizes by cutting a human C-ERC/mesothelin gene into four
200 bp fragments. The fusion proteins were analyzed on
western blot for epitope mapping.

Western blot

Celi lysates of the human mesothelioma cell line or C-ERC/
mesothelin-GST fusion protein for epitope mapping were
separated on 12.5% SDS-PAGE under reducing conditions.
Proteins were transferred to a PVDF membrane (Millipore,
Billerica, MA, USA). After blocking with a blocking solution
(PBS with 3% non-fat dried milk, 1% BSA and 0.05%
Tween20), the membrane was incubated with 1 pg/mbL of
each mAb overnight at 4°C, followed by a peroxidase-
conjugated goat anti-mouse IgG antibody. Proteins were
visualized with an ECL detection system (GE-Healthcare
Bio-sciences).

Fluorescence-activated cell sorting

Cultured cells (2 x 10°) were dissociated with dissociation
buffer. Each sample was washed twice in fluorescence-
activated cell sorter (FACS) buffer (PBS with 5% BSA, 0.1%
sodium azide). An anti-human C-ERC/mesothelin mouse
mAb was added to the cells and incubated for 30 min at 4°C.
Cells were then washed with FACS buffer, and incubated
with 2 ng/mL Alexa 488 goat anti-mouse IgG (Molecular
Probe, Eugene, OR, USA) for 30 min at 4°C. Finally, cells

© 2009 The Authors
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were washed with FACS buffer and analyzed on a FACScan
system (Becton Dickinson, Franklin Lakes, NJ, USA).

Immunocytochemistry

Cultured cells or cells derived from the ascites were smeared
on coverslips and air-dried for 30 min. Coverslips were fixed
with cold acetone for 10 min at room temperature followed
by 1% paraformaldehyde for 5min at 4°C. Non-specific
binding sites were blocked by incubating with 5% normal
goat serum in PBS for 15 min at room temperature. The
coverslips were incubated with the primary antibodies (2 ug/
mL) for 1 h at room temperature. After washing with PBS, the
coverslips were incubated with Envision+ (DakoCytomation,
Kyoto, Japan), followed by detection of peroxidase with
diaminobenzidine-peroxide substrate solution. The sections
were counterstained with hematoxylin.

immunohistochemistry

Formaldehyde-fixed paraffin-embedded tissue sections from
patients with mesothelioma were evaluated for C-ERC/
mesothelin expression. The sections were deparaffinized in
xylene, followed by graded ethanol hydration into water. The
sections were heated in Target Retrieval Solution, 10 mmol/L
citrate buffer (pH 6.0) (DakoCytomation), for antigen
retrieval. The sections were then incubated with the primary
antibodies {1 ug/mL) overnight at 4°C. After washing with the
washing buffer, the sections were incubated with Envision
(DakoCytomation), followed by detection of peroxidase with
diaminobenzidine-peroxide substrate solution. The sections
were counterstained with hematoxylin.

RESULTS

Generation of recombinant human
C-ERC/mesothelin-GST fusion protein with
E. coli and establishment of new mAb for
human C-ERC/mesothelin

To establish new mAb for human C-ERC/mesothelin, we
generated a human C-ERC/mesothelin-GST fusion protein
using E. coli. The fusion proteins were used for immunization
and screening for the hybridoma supernatant with an EIA.
Finally, eight clones were identified that reacted selectively
with the fusion protein coated to plates. The specificity of
the anti-human C-ERC/mesothelin mAb was determined
immunochistochemically with the section from mesothelioma
patients, the results of which showed that one clone from
among the eight clones, 22A31, had a high affinity for human

© 2009 The Authors
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C-ERC/mesothelin. In these studies, we compared them with
a commercially available mAb, 5B2 (Novocastra, Newcastle,
UK), and found them to be useful in western blotting, FACS,
immunocytochemistry and immunohistochemistry for human
C-ERC/mesothelin.

Epitope mapping of clone 22A31, the anti-human
C-ERC/mesothelin mAb

To determine the epitope of the anti-human C-ERC/
mesothelin mAb, clone 22A31, we prepared four different
molecular sizes of the C-ERC/mesothelin-GST fusion protein
by cutting a human C-ERC/mesothelin gene into four 200 bp
fragments. The fusion proteins were analyzed on western
blot for epitope mapping. As a result (Fig. 1), we confirmed
that the epitope 22A31 was on the N-terminal portion of
C-ERC/mesothelin.

Western blot

The expression of human C-ERC/mesothelin in mesothe-
lioma cell lines was analyzed on westem blot (Fig. 2). This
antibody detected one major product in the lysate of the

T PO —

174 =

18: 22A31 iB:5B2 I1B: Control

mAb

Figure 2 Western blot analysis of the clone 22A31. This antibody
(1 ng/mL) detected one major product in the cell lysates of human
mesothelioma cell lines, NCI-H226 (lane 1) and MESO-4 (lane 2).
Control mAb did not react to the mesothelioma cell lines. Lane 3,
control ERC/mesothelin-negative cell line.
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Figure 3 Fluorescence-activated cell sorting of the (a,d) clone
22A31. This antibody (2 pg/mL) bound to NCI-H226 and MESO-4.
Figure 1 Epitope mapping of the clone 22A31. The epitope was on (c.f) Control mAb did not react to the mesothelioma cell lines. (b,e)
the N-terminal portion of C-ERC/mesothelin. (a) Westem blot analy- 5B2.

sis for epitope mapping of (b) C-ERC/mesothelin-GST fusion protein

in four different molecular sizes, which were produced by cutling a

human C-ERC/mesothelin gene into four 200 bp fragments. The

clone 22A31 reacted against every fragment. This indicates that

the epitope of 22A31 was on the N-terminal portion of C-ERC/

Mesothelin. Lane 1, GST-C-ERC/mesothelin (5 kDa); lane 2, GST-

C-ERC/mesothelin  (10kDa); lane 3, GST-C-ERC/mesothelin

(20 kDay); lane 4, GST-C-ERC/mesothelin (40 kDa).

Figure 4 Immunocytochemistry  of
the clone 22A31. Positive staining was
observed in the membranes of human
mesothelioma cell lines (a) NCI-H226,
(h) MESO-4 and (c) pleural effusion
smears obtained from a mesothelioma
patient. {(d-f) No staining was seen
with 5B2. The coverslips were incu-
bated with the primary antibodies

(2 ng/mt).

e
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&

Figure 5 Immunohistochemistry of (a) clone 22A31. This antibody (1 pg/mL) strongly reacted to the mesothelioma cell membranes and
reacted in a pattern that was comparable to (b) 5B2 (1:50 dilution). (c) Control mAb did not react to the specimens from malignant

mesothelioma patients.
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human mesothelioma cell lines, the molecular mass of which
was approximately 40 kDa, similar to that of C-ERC/
mesothelin. Control mAb did not react to mesothelioma
cell lines.

Fluorescence-activated cell sorting

The clone 22A31 was tested on FACS for its ability to bind to
the human mesothelioma cell lines. This antibody bound to
the human mesothelioma cell lines but did not bind to the
ERC/mesothelin-negative cell lines (data not shown). The
data in Fig. 3 show that the clone 22A31 generated a large
increase in fluorescence intensity compared with the cells
incubated with the 5B2 anti-mesothelin mAb. Control mAb
did not react to mesothelioma cell lines.

Immunocytochemistry

Immunocytochemical detection of C-ERC/mesothelin in
smears of human mesothelioma cell lines, NCI-H226 and
MESQ-4, is shown in Fig. 4. Strongly positive staining was
observed in membranes of these cells, which were reacted
with the clone 22A31 (Fig. 4a,b). No staining was seen when
the cells were incubated with the 5B2 anti-mesothelin mAb
(Fig. 4d,e). The expression of C-ERC/mesothelin in pleural
effusion smears obtained from malignant mesothelioma is
shown in Fig. 4(c). Membranous expression was observed
highly in the smears. The immunocytochemical signal was
negative on smears when the 5B2 anti-mesothelin mAb was
used (Fig. 4f).

Immunohistochemistry

Immunohistolocalization of ERC/mesothelin in specimens
from malignant mesothelioma patients using the anti-human
C-ERC/mesothelin mouse mAb is shown in Fig. 5. This anti-
body reacted to the mesothelioma cell membranes with a
pattern that was comparable to the 5B2 anti-mesothelin mAb.
This suggests that our newly established antibody could be
useful in the immunohistochemical diagnosis of mesothe-
lioma. Control mAb did not react to the specimens from
malignant mesothelioma patients.

DISCUSSION

Immunohistochemical diagnosis of epithelioid mesothelioma
in pleural biopsy or surgically resected specimens has been
actively pursued, using markers such as podoplanin, calre-
tinin, WT-1, cytokeratin 5, thrombomodulin, and mesothelin.

© 2009 The Authors
Joumal compilation © 2009 Japanese Society of Pathology
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Some of these markers used singly and in combination
have indeed been helpful for confirming the diagnosis of
mesothelioma and distinguishing between mesothelioma
and adenocarcinoma, which is one of the challenging prob-
lems for the surgical pathologist. In immunohistochemistry
for mesothelin, the 5B2 anti-mesothelin mAb is commonly
used. In the present study, however, 5B2 had weak or
negative reactivity on human mesothelioma cell lines and
pleural effusion smears obtained from malignant mesothe-
lioma patients in both FACS and immunocytochemistry. Our
newly established mAb 22A31 performed well when used
for western blotting, FACS, immunocytochemistry and
immunohistochemistry, and could thus be useful in the
detection of C-ERC/mesothelin proteins for all types of
immunological assay.

The detection of ERC/mesothelin expression on im-
munchistochemistry and/or immunocytochemistry is impor-
tant clinically to diagnose patients who are eligible for any
therapeutic strategy targeting mesothelin. In addition, the
detection and quantification of serum ERC/mesothelin
would be helpful for the diagnosis and follow up of patients
with mesothelioma, and other mesothelin-expressing
cancers.

In conclusion, we have established a new mAb for human
C-ERC/mesothelin that performed well in all types of immu-
nological assay. This antibody should be useful in studying
the molecular biology of mesothelin, and could also improve
the diagnosis of and therapy for mesothelin-expressing
cancers.
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Pancreatic ductal adenocarcinoma (PDA) is a highly lethal disease, which is usually diagnosed in an
advanced stage. Animal PDA models which reflect the human condition are clearly necessary to develop
early diagnostic tools and explore new therapeutic approaches. We have established transgenic rats car-
rying a mutated H- or K-ras gene (Hras250 and Kras327) controlled by Cre/loxP activation. These animals
develop PDA which are histopathologically similar to that in humans. We utilized this model to identify
biomarkers to detect early PDA. We report here that serum levels of Erc/Mesothelin are significantly
higher in rats bearing PDA than in controls. Importantly, the levels are significantly elevated in rats before

Keywords:
Pancreas cancer
Serumn marker

Erc ‘s . . . . . . R
Mesothelin grossly visible carcinomas develop. Even in rats with very small microscopic ductal carcinoma lesions,
Animal model elevated serum Erc/Mesothelin can be detected. We believe this is the first report of a pancreas tumor
animal model in which pre-symptomatic lesions can be diagnosed.
© 2009 Elsevier Inc. All rights reserved.
Introduction We have established transgenic rat lines carrying a human

Pancreatic ductal adenocarcinoma {PDA) carries the most dis-
mal prognosis of all solid tumors. Preclinical detection of PDA is
a necessary first step toward more successful treatment of this dis-
ease. Late manifestation of clinical symptoms, as well as the rapid
and aggressive course of the disease contribute to its extremely
high mortality. Most patients die within 1 year of diagnosis {1],
and the 5 year survival rate is <5% |2]. Since the pancreas is located
in a retroperitoneal cavity, detection of the tumor mass is possible
only when it has reached a relatively large size. Furthermore,
markers for the diagnosis of PDA have not yet been established.
Consequently, diagnosis of pancreatic cancers when they are still
treatable is extremely rare [3].

Abbreviations: PanIN, pancreatic intraepithelial neoplasias; PDA, pancreas
ductal adenocarcinoma; AXCANCre, Cre recombinase-carrying adenovirus; TEF-1,
transcription enhancer factor-1
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Hras®'2Y (Hras250) [4] or a human Kras®'?Y (Kras327) oncogene
in which the expression of the transgene is regulated by the Cre/
loxP system (termed ras Tg rats). Targeted activation of the trans-
gene is accomplished by injection of a Cre recombinase-carrying
adenovirus (AXxCANCre) into the pancreatic ducts through the com-
mon bile duct. Neoplastic lesions in the ras Tg rats exhibit morpho-
logical similarities to those observed in human pancreas lesions.
Early ductal lesions exhibit close similarity to intraepithelial neo-
plasias (PanIN category),

The rat Erc (expressed in renal cell carcinoma) gene was identi-
fied as a highly expressed gene in renal cell carcinoma of the Eker
rat [5,6]. A human homolog of rat Erc is the Mesothelin/megakaryo-
cyte potentiating factor (MPF) gene [7,8]. Mesothelin was identified
as a cell surface antigen recognized by the monoclonal antibody K1
in human mesotheliomas and ovarian carcinomas [9-11]; MPF was
independently identified in the culture supernatant of a human
pancreatic carcinoma cell line, HPC-Y5 [12]. Human Mesothelin/
MPF is derived from a common 71 kDa precursor {8,11]. The pre-
cursor protein is cleaved by a furin-like protease, and a 31 kDa
NH,-terminal peptide (MPF) is released into the extracellular
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space, leaving a 40 kDa COOH-terminal peptide (Mesothelin) at-
tached to the cell surface by a GPl-anchor {9]. To avoid confusion,
we refer to the rat Erc protein and its human homolog as Erc/Mes-
othelin. Erc/Mesothelin is expressed in ovary and pancreas carci-
fioma tissue in humans {13-15] and can be used as a marker for
PDA [15]. Recently, we developed a novel sandwich ELISA system
for serum Erc/Mesothelin [ 16-19). Using this serum assay system,
the level of Erc/Mesothelin was found to be higher in samples from
mesothelioma patients than in samples from subjects without pan-
creas lesions [16,17), In the present study we report the use of Erc/
Mesothelin as a reliable serum marker for pre-symptomatic, pre-
malignant pancreas lesions in ras Tg rats.

Materials and methods
Animals. Male Hras®'?" transgenic (Hras250) rats were bred with

female Sprague~-Dawley rats by CLEA Japan Inc. {Tokyo, Japan) as
previously reported [4]. Routine genotyping of Hras250 rats was per-
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formed using the primers 5'-TCGTGCTTTACGGTATCGCCGCTCCC
GATT-3' and 5'-GATCTGCTCCCTGTACTGGTGG-3', For the generation
of transgenic rats conditionally expressing human Kras®*?", 3x he-
magglutinin (HA) tagged Kras®'?Y ¢DNA was subcloned into the
Sacl/Kpnl site of pCALNL5 (DNA Bank, RIKEN BioResource Center,
Ibaraki, Japan). The purified cassette was injected into the pronuclei
of Sprague-Dawley rats (CLEA Japan, Tokyo, Japan) as previously re-
ported [4,20]. Two lines were established (Kras301 and Kras327). In
this study, we used the Kras327 line, Routine genotyping of Kras327
rats was performed using the primers 5'-TCTGGATCAAATCCGAAC
GC-3 and 5-TGACCTGCTGTGTCGAGAAT-3'. Rats were maintained
in plastic cages in an air-conditioned room with a 12-h light/12-h
dark cycle. The experiments were conducted according to the
‘Guidelines for Animal Experiments of the Nagoya City University
Graduate School of Medical Sciences’.

Tumor induction and pathological examination. AXCANCre was
amplified in HEK293 cells and then purified using Vivapure Adeno-
pack (Vivascience, Hannover, Germany). The titer of the adenovirus

Fig. 1. Pancreas tumors developed in ras Tg rats. Animals were killed 3-4 weeks after injection of recombinant AXCANCre into the pancreas of adult ras Tg rats. (A)
Macroscopic appearance of the pancreas with advanced multiple tumors (arrows) in an Hras250 rat (a). At this stage, multiple tumor nodules can be visualized by ultrasound
image analysis (inside broken line) (b). (B) Histological appearance of pancreatic lesions. Large carcinoma (a), small carcinomas (b,c) and a PanIN-1a like lesion with slightly
atypical duct epithelium (d). (a,b) are in Hras250 rats and (c) and (d) are grossly invisible small lesions in Kras327 rats. Bars = 100 jtm.
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Table 1
Microarray data: list of up-regulated genes encoding secreted proteins.

Gene Accessions Description Expression level (tumor/control)
Mmp7 NM_012864 Matrix metalloproteinase-7 18.2
If NM_001013110 Transferrin 144
Cgf NM_022266 Connective tissue growth factor 14.3
Cx3clt NM_134455 Chemokine (C-X3-C motif) ligand 1 7.7
Msin NM_031658 Erc/Mesothelin 7.4
Len2 NM_130741 Lipocalin 2 7.0
Mmp2 U65656 Gelatinase A 6.0
Col18a1 XM_241632 Procollagen, type XVIII, alpha 1 55
Mgp NM_012862 Matrix Gla protein 5.2
Sdct NM_013026 Syndecan 1 43

was determined using a rapid titer kit (Clontech, Mountain View,
CA). Pancreas tumors were induced as described previously [4].
Ultrasound images were acquired using a microimaging system
(EUB-8500, Hitachi Medical Corp., Tokyo, Japan). The pancreas
was frozen in liquid nitrogen for RNA assays, or fixed in phos-
phate-buffered 10% formalin and processed for histological obser-
vation. Primary antibody anti-rat-C-ERC/Mesothelin (306) (IBL,
Gunma, Japan) was used, and staining was performed using Vecta-
stain ABC kits (Vector Laboratories, Burlingame, CA).

Tumors other than PDA were induced by chemical carcinogens,
diethylnitrosamine (DEN) for liver cell tumor, N-butyl-N-(4-
hydroxybutyl)nitrosamine (BBN) for bladder tumor, 7,12-dimeth-

ylbenz[a]anthracene (DMBA) for mammary tumor, N-bis(2-
hydroxypropyl)nitrosamine (DHPN) for lung, kidney and thyroid
tumor, and DMBA-12-0O-tetradecanoylphorbol 13-acetate (TPA)
for skin tumor.

Establishment of a rat pancreas cell line and Erc/Mesothelin analy-
sis. A pancreas carcinoma cell line was established from a pancreas
tumor from an Hras250 rat. The pancreas tumor tissue was placed
in RPMI1640 medium at 4 °C. The tumor was diced into 1-2 mm?
pieces and transplanted to NOD-SCID mice. Three months after
transplantation, the tumor grew and reached a size of 10 mm in
diameter, Tumor tissues were trimmed of fat and necrotic portions
and minced with scalpels. The tissue pieces were transferred to 60-

A Controls Carcinomas
| Erc/Mesothelin
! TEF1
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e v ;

Fig. 2. Expression of Erc/Mesothelin in pancreatic lesions. (A) RT-PCR for Erc/Mesothelin and TEF-1 of normal pancreas and carcinomas in Hras250 rats. Each lane represent
RNA prepared from an individual rat. 185 ribosorne serves as an RNA control. (B) Immunostaining of Erc/Mesothelin in the mesothelium (a,b) and PDA (c.d) lesions. The
antibody is more dense in the apical border. (a,c), H&E staining; (b,d), Erc/Mesothelin staining. Bar = 100 pm.
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mm culture dishes at 10-15 fragments/dish. Fibroblasts were re-
moved mechanically and by trypsinization (trypsin, 0.05%; EDTA,
0.02%). The cells were cultured on dishes. The established cell line
was maintained in DMEM/Keratinocyte-SFM (Gibco, Grand Island,
NY) containing 10% FCS. The cells were seeded in 1 ml of medium
at a cell density of 10° cells/35-mm plate and cultured for 2 days.
Cells were harvested and the cultured supernatant collected.

The tumor cells (1 x 10%0r 1 x 107) were transplanted subcuta-
neously into 6 week old male NOD-SCID mice (Charles River Labo-
ratories Japan, Inc., Yokohama, Japan). After 5weeks of
transplantation, the turmor was weighed and serum was collected
for analysis of Erc/Mesothelin.

RT-PCR. Total RNA was isolated using ISOGEN (Nippon Gene,
Toyama, Japan). A total of 450 ng of total RNA (from control pancreas
and tumor samples) was reverse-transcribed using Superscript 11
Reverse Transcriptase with Random primers (Invitrogen, Carlsbad,
CA). Reverse-transcription reaction mixtures were diluted 1:100
and 2 pl was used for PCR. The following primers were used: Erc/Me-
sothelin, 5'-ACCGTTGACTTTGCCAGTCT-3' and 5'-TGCATCCGTCTCAC
TCACTT-3'; TEF-1, 5 -ATTCTTACAGCGACCCGTTG-3" and 5'-TGCTCCA
TGCTCACTATTCG-3'; ribosome 18S, 5'-GTTGGTGGAGCGATTTGTCT-
¥ and 5'-GGCCTCACTAAACCATCCAA-3".

Serum test, The serum level of Erc/Mesothelin was quantified by
the ELISA system (Code N0.27765, Rat N-ERC/Mesothelin Assay Kit,
IBL, Gunma, Japan) described previously [19). Serum levels of CA19-
9, Dupan-2, and SPan-1 were assayed by SRL, inc. (Tokyo, Japan).

Microarray analysis. For gene microarray analysis, mRNA was
isolated from total RNA (pooled sample from five animals) using
a “Poly(A)+ Isolation Kit from total RNA” (Nippon Gene) according
to the manufacturer’s instructions. Microarray analysis was per-
formed by Hokkaido System Science Co., Ltd. (Sapporo, Japan)
using Whole Rat Oligo Microarray (Agilent Technologies, Inc., Santa
Clara, CA). The experiments were performed twice by switching
dyes reciprocally.

Results

Ras Tg rats, 10-30 weeks of age, were killed 3-4 weeks after
injection of recombinant AXCANCre into the pancreatic duct via
the common bile duct. Many grossly visible whitish tumor nodules
were observed throughout the pancreas in both types of ras Tg rats,

although they were slightly fewer in number in the Kras327 lines.
Pancreas tumors developed in all ras Tg rats without any relation-
ship to their age. These multiple tumors can be detected by ultra-
sound imaging (Fig. 1A). Histological examination showed that
these nodules were adenocarcinomas with a variable amount of fi-
brotic tissue proliferation, some showing desmoplastic morphol-
ogy. Neoplastic lesions were not found in any other organs.
Carcinomas caused destruction of pancreas tissue by infiltrative
growth, however, remote metastasis was not observed. Represen-
tative cases of an advanced carcinoma, early small carcinomas,
and a PaniIN-1a lesion are shown in Fig. 1B. These pancreas lesions
were positive for alucian blue, cytokeratins 19 and 7, cyclooxigen-
ase-2 (COX-2), matrix metalloproteinase-7 (MMP-7), epidermal
growth factor (EGF) and EGFR, but negative for amylase, as re-
ported previously [4].

Serum CA19-9, Dupan-2, and SPan-1, which are currently avail-
able serum markers for human pancreas cancer, were not detected
in pancreas tumor-bearing rats using human antibodies. We per-
formed a comprehensive and global analysis of over 40,000 genes
to find diagnosis markers to detect rat PDA. Pancreas tumor tissue
with frank ductal adenocarcinomas from Hras250 rats was sub-
jected to microarray analysis. Table 1 lists the top 10 up-regulated
genes encoding secreted proteins; secreted proteins are of particu-
lar interest for their potential diagnostic value. Our microarray
analysis indicated that Erc/Mesothelin was overexpressed 7.4-fold
in pancreas carcinoma tissue compared to pancreata of wild type
littermates, Importantly, a previous report showed that overex-
pression of Erc/Mesothelin was identified in the majority of pan-
creas carcinomas in humans [15]. Therefore, we focused on the
preferential expression of Erc/Mesothelin in PDA of ras Tg rats.

The expression level of the Erc/Mesothelin gene was confirmed
by RT-PCR. Erc/Mesothelin gene expression in pancreatic carci-
noma was higher than in the pancreata of wild type littermates
(Fig. 2A). Recently, Hucl et al. reported that the presence of tran-
scription enhancer factor (TEF)-1 was required for high cancer-spe-
cific expression of Erc/Mesothelin [21]. Similarly, we found that the
mRNA expression level of TEF-1 was higher in pancreatic carcino-
mas than in pancreas tissue from wild type littermates (Fig, 2A). Fi-
nally, immunohistochemical studies showed higher expression of
Erc/Mesothelin in small carcinoma lesions as compared to sur-
rounding normal tissue (Fig. 2B).

A 160 B 307 P<0.005 C 160 1 P<0.065
P<0.005 ‘ ®
140 140
25 e
120 : 120 ¢
100 H 20r 8 a3tzs 100 F
E * E S E
E o ®
= 80 = 15 ¢+ = 80
g'l ® g‘ 17.9115 g’ 8 ®
60 | s 60 | e
8 10} [
40} 40 f g
L
5| &
20r 67.21 274 20r -%—
47.6£325
212243 0 15,9234

Control Tumor bearing
Hras250

Control Tumor bearing
Hras250

Control Tumor bearing
Kras327

Fig. 3. Levels of N-ERC in rats bearing neoplastic lesions. (A) The serum levels of N-ERC in Hras250 rats bearing multiple pancreas ductal carcinomas was significantly higher
than in untreated wild type control littermates (P < 0.005). (B} Serum N-ERC in Hras250 rats with early small carcinomas was also significantly higher than in untreated wild
type control littermates (P <0.005). The early lesions, not visible by eye, were detected microscopically. (C) The serum level of N-ERC in Kras327 rats bearing multiple
pancreas ductal carcinomas was significantly higher than in untreated Kras327 control rats (P < 0.005). All animals were sacrificed 3 weeks after the AxCANCre injection.
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We initially assayed the serum levels of the NH,-terminal secre-
tory form of Erc/Mesothelin (N-ERC) in Hras250 rats with pancreas
carcinomas and in wild type littermates without pancreas carcino-
mas (Fig. 3). N-ERC levels in Hras250 rats bearing pancreas carci-
nomas was 67.2+27.1 ng/ml (mean *SD) (n=9), whereas the
levels in wild type Hras250 littermates was 21.2 4.3 ng/ml
(n = 10) (Fig. 3A). These results confirmed our ability to detect dif-
ferences in serum N-ERC levels in animals in which Erc/Mesothelin
was expressed at high (pancreas tumor-bearing Hras250 rats) and
low (wild type littermates without pancreas tumors) levels.

To determine whether elevated levels of N-ERC can be detected
in rats with early stage lesions, serum N-ERC levels in Hras250 rats
with grossly normal-looking pancreas containing microscopic duc-
tal adenoma/adenocarcinoma lesions were compared to untreated
wild type littermates. The levels of N-ERC in rats with early lesions
was 24.3 +2.6 ng/ml (n=5) whereas the level in their untreated
littermates was 17.9 1.5 ng/ml (n=5) (P <0.005) (Fig. 3B). We
then measured the levels of N-ERC in untreated Hras250 rats and
in Hras250 rats treated with control adenovirus vector. The serum
levels of N-ERC were the same in untreated Hras250 rats and
Hras250 rats treated with control vector, and these levels were
the same or somewhat lower than the levels in the Hras250 wild
type littermates (data not shown). These results indicate that in
the Hras250 animal model, increased N-ERC can be detected in
the serum of animals with pre-malignant lesions.

Next we assayed N-ERC levels in the Kras transgenic rats. The
level of N-ERC in tumor-bearing Kras327 rats was 47.6 + 32.5 ng/
ml (n=18) whereas those of untreated Kras327 rats was
15.9 + 3.4 ng/ml (n = 10) (P < 0.005) (Fig. 3C). In all serum samples,
the COOH-terminal form of Erc/Mesothelin (C-ERC) was
undetectable,

Since PDA lesions frequently include variable amounts of mes-
enchymal tissue, an increase in tumor associated mesothelial cells
could cause an increase in serum N-ERC levels. We therefore eval-
vated the levels in a pancreas carcinoma cell line (designated
634NOD) derived from a pancreas ductal adenocarcinoma from
an Hras250 rat, 634NOD cells were implanted subcutaneously into
the flank of NOD-SCID mice, and the resulting tumor was positive
for cytokeratins 19 and 7, markers of pancreatic duct (histology not
shown). In tissue culture, the 634NOD cells expressed Erc/Mesoth-
elin (Fig. 4A), and N-ERC could be detected in the culture supernate
(389.4 + 11.7 ng/ml) (Fig. 4B). C-ERC levels were extremely low to
undetectable (Fig. 4B). Taken together, the results reported here
clearly indicate that the elevated N-ERC detected in the serum of
transgenic rats bearing pre-malignant pancreatic lesions was de-
rived from these lesions.

To determine whether serum levels of N-ERC correlated with
tumor size, we assayed N-ERC levels in NOD-SCID mice with trans-
planted 634NOD cells. N-ERC was detected in the serum of these
mice. Increase in the serum level of N-ERC correlated with in-
creased with tumor size (R =0.918, P < 0.001) (Fig. 4C). This result
indicates a causal relationships between serum level of N-ERC and
tumor size.

Serum N-ERC levels in rats with tumnors such as bladder transi-
tional cell tumors, liver cell tumors, lung, kidney, thyroid, mam-
mary, prostate, and skin tumors induced by chemical carcinogens
were not significantly elevated compared to their respective con-
trols (data not shown).

Discussion

For the purpose of developing methods to detect early cancer
lesions, preferably at a preclinical stage, use of an appropriate ani-
mal model is advantageous because of the experimental availabil-
ity of early lesions. To the best of our knowledge, available serum
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Fig. 4. The Erc/Mesothelin gene was expressed in an established pancreas ductal
carcinoma cell line. (A) RT-PCR for Erc/Mesothelin in a pancreas carcinoma cell line.
Control: pancreas from empty vector treated Hras250 rats (pooled sample from five
animals). Tumor: pancreas carcinomas from AxCANCre injected Hras250 rats
(pooled sample from five animals). 634NOD: pancreas carcinoma cell line (estab-
lished from a pancreas tumor from an AXCANCre injected Hras250 rat). (B) Levels of
N- and C-terminal derived Erc/Mesothelin (N-ERC and C-ERC, respectively) protein
in the culture medium from a pancreas carcinoma cell line. The precursor protein is
cleaved by a furin-like protease: a 31 kDa NH,-terminal half (N-ERC) is released into
the extracellular space, leaving the 40kDa COOH-terminal half (Mesothelin)
attached to the cell surface by a GPl-anchor. (C) Serurn level of N-ERC in 634NOD
transplanted NOD-SCID mice. The serum level of N-ERC correlated with increased
tumor weight (R =0.918, P<0.001).

markers for cancer in animal models are limited to prostate cancer
[22]. Antibodies for pancreas tumor associated human serum
markers CA19-9, Dupan-2 and SPan-1 recognize carbohydrate
chains, such as Sialyl Le?, Sialyl Le". In this study, we found that ser-
um levels of CA19-9, Dupan-2, and SPan-1 were below detectable
levels in pancreas tumor-bearing rats regardless of stage. Cross-
reactivity of these antibodies for human tumor carbohydrate
antigen in rodents has not been clearly demonstrated. We have
established rat models of pancreas ductal carcinomas. These
models use a human Hras'?¥ (Hras250) [4] or a human Kras®'2¥
(Kras327) oncogene under the control of the CrefloxP system to
induce cancerous lesions, Neoplastic lesions in the ras Tg rats
exhibited morphological and biological similarities to those
observed in human pancreas lesions. Using these models, we
showed that preclinical pancreas ductal neoplasms can be
diagnosed by measuring Erc/Mesothelin in the serum (Fig. 3).
N-ERC is a 31 kDa protein that forms the N-terminal fragment
of the full-length 71 kDa Erc/Mesothelin protein and is secreted
into the blood of mesothelioma patients. The ELISA system used
in this study was originally used for the detection of N-ERC in
the serum of mesothelioma patients [16]. The system was also
used to detect N-ERC in the serum of Eker rats [18,23,24], and it
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clearly worked in this study to detect higher levels of N-ERC in the
serum of pancreas tumor-bearing rats. The expression levels of
TEF-1 mRNA in pancreas tumors correlated with that of Erc/Mes-
othelin in turnor tissue and N-ERC in the serum. Since Erc/Mesoth-
elin mRNA was found at relatively low levels in the normal rat
pancreas, increased serum levels of N-ERC appear to be specific
for pancreas carcinomas in the ras Tg rat models.

Many human pancreas cancer cell lines express Erc/Mesothelin
[12,21,25]. N-ERC was detected in the supernatants of cultured hu-
man pancreas cancer cells, and correlated with the expression levels
of Erc/Mesothelin [25]. Although there was no significant difference
in serum N-ERC concentrations between pancreas cancer patients
and healthy control groups [25], Er¢/Mesothelin is frequently ex-
pressed in ductal carcinoma, but not in normal pancreas or chronic
pancreatitis {15,25-27]. Thus, Erc/Mesothelin expression can be
found in both human and rat pancreas ductal adenocarcinoma.

Previous immunohistochemical studies showed that expression
of Mesothelin is found in most epithelioid mesothelioma, nonmuc-
inous carcinomas of the ovary, adenocarcinomas of the pancreas,
some breast, uterus, colorectal and lung adenocarcinomas, but
not in carcinomas of the prostate, kidney, liver, thyroid, or bladder
in humans {13,27-29]. In line with human data, although we have
not thoroughly examined all the different tumors induced by
chemical carcinogens, available data indicates that increase in ser-
um N-ERC level is relatively specific for PDA in rats.

One advantage of using rats is that their relatively large organ
size facilitates surgical procedures, In this rat model, serum levels
of N-ERC can be used for the identification of early neoplastic le-
sions, even in preclinical stages, and also for monitoring the further
progression of carcinogenesis. The model may also be used to
screen for candidate chemotherapeutic agents, which could be
evaluated for human use. Furthermore, serum N-ERC may prove
useful for the diagnosis of pre-symptomatic lesions for human
mesothelioma or ovary cancer patients,
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