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Introduction

Lung cancer is the leading cause of cancer death around the
world [1]. Lung adenocarcinoma (LADC), the most common form
of non-small-cell lung cancer (NSCLC), comprises several different
genomic subsets defined by unique oncogenic alterations, and
a considerable proportion of LADC cases harbor driver alterations
in the EGFR, KRAS and ALK genes at the mutually exclusive
manner with rare exceptions [2-5]. Understanding the molecular
basis of cancer allows us to develop therapeutic agents that target
genetic druggable aberrations identified in cancer genomes.
Tyrosine kinase inhibitors (TKIs) that target the EGFR and
ALK proteins are particularly effective in the treatment of LADGC
carrying EGFR mutations and ALK fusions, respectively [2-6].
However, the development of an effective TKI requires experi-
mental validation of the genetic aberrations as actionable and
druggable. Transgenic mouse models harboring EGFR mutations
or EML4-ALK gene fusions have successfully demonstrated the
oncogenic potential of the alterations and the efficacy of TKI
therapy [7,8]. Genetic rearrangement of the ROSI was recently
identified as a distinct molecular signatwre for human LADC [9-
16]. In the present stucy, we established a mouse model of ROS/
fusion, and showed that EZZR-ROST as an essential driver oncogene

mn lu g carcinogencss.
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ldentification of EZR-ROS1 Fusion Gene in LADC of
Never-smokers

Whole transcriptome high-throughput sequencing of tumor
specimens is one of the most effective methods for identifying
fusion oncogenes [17]. Analysis of five LADC cases of never-
smokers without EGFR/EKRAS/ALK alterations using transcrip-
tome sequencing identified 56 reads overriding the in-frame EZR-
ROSI gene fusion point connecting EZR exon 10 to ROSI exon 34
in one tumor. RT-PCR analysis of matched non-cancerous tissues
confirmed tumor-specific expression of the fusion transcript
(Figure 1A). In addition, transcriptome sequencing dearly
demonstrated a specific increase in the expression of the fused 3’
portion of ROSI (exons 34 to 43) after the breakpoint, suggesting
that the EZR-ROSI fusion transcript canses aberrant overexpres-
sion of ROSY tyrosine kinase domain along with the 5" portion of
EZR (Figure 1B). SNP array comparative genomic hybridization
(array GGH) data showed that this fusion gene was generated by
a large interstitial deletion spanning ~41.5 Mb on chromosome
6022-q25 (Figure 1C). Genomic PCR and sequencing analysis also
revealed the deletion of 41.5 Mb causing somatic fusions of the
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Figure 2. Oncogenic activity of the £ZR-ROST fusion gene. (A) Schematic representation of EZR, ROS1, EZR-ROS1, and deletions/mutations of
EZR-ROS1 genes. The domain organization is shown. C-C: coiled-coil domain; TM: transmembrane; C-ERMAD: C-terminal ERM associated domain, (8)
ROS1 phosphorylation in wild-type and mutant EZR-ROS1 (E/R)-expressing NIH3T3 clones. Cell lysates from each clone were immunoblotted with
anti-V5-tag (top) and anti-phosphorylated ROS1 (Tyr-2274, bottom) antibodies. (C) Suppression of ROS 1 kinase activity of EZR-ROS1 by crizotinib
inhibits STAT3 activation. NIH3T3 cells transfected with 1: empty vector, 2: wild-type EZR-ROS1, 3: KD 4: DL1, 5: DL3 were serum starved and treated
for 2 hr with DMSO or 1 pM of crizotinib, and immunoblotted with the relevant antibodies. B-actin was used as a loading control. E/R: EZR-ROS1, p-&/
R: phosphorylated EZR-ROS1 detected with an anti-phosphotyrosine-2274 antibody of ROS1. (D) Soft agar colony formation of wild-type and mutant
EZR-ROS1 expressing NIH3T3 clones. A representative picture of colony formation for each clone is plotted at the top (scale bar, 100 um). The
number of colonies obtained for each clone is plotted at the bottom. *P<<0.05. (E) Crizotinib-induced suppression of anchorage-independent growth
of NIH3T3 cells expressing EZR-ROS1. Bar graph showing the percentage of NIH3T3 colonies induced by EZR-ROST or CCDC6-RET after treatmentwith
200 nM of crizotinib or vandetanib with respect to those formed by DMSO-treated cells. EZ-ROS: EZR-ROS1, C6-RET: CCDC6-RET. ¥P<<0.05, (F)
Representative pictures of mice subcutaneously transplanted with NIH3T3 cells expressing wild-type, kinase domain-mutated, or amino-terminal-
deleted EZR-ROS1. An EML4-ALK-expressing NIH3T3 clone was used as a positive control. The number of tumors per injection in each transfectant is

shown below the photographs.
doi:10.1371/journal.pone.0056010.g002

was low in TgC (Transgene-positive F1 progeny number : total FI
number; 1:3), and we failed to keep up a TgC line, then we mainly
analyzed one line (T'gA), which harbors approximately four copies

and DL mutants-expressing clones produced tumors (Figure 2F),
confirming that i izo tamorigenic activity of EZR-ROST requires

ROS1 kinase activity.
of the transgene. RT-PCR and immunoblot analysis verified lmg-
Development of LADC in EZR-ROS1T Transgenic Mice specific EZR-ROST mRNA and protein expression, and indicated
phosphorylation of the EZR-ROS1 fusion protein (Figure 3B),

To further evaluate the role of EZR-ROS! in lung carcinogen-
Although endogenous Ezrin was ubiquitously expressed in many

esis, we generated transgenic mice expressing the fusion gene

under the control of a type 2 alveolar epithelium-specific tissues, endogenous Ros/-transcript was detected only in stomach,
surfactant C gene promoter [20] (Figure 3A). We obtained four ~ kidney and lung. Protein expression levels of endogenous ROS1
independent lines (TgA, B, C and D) with different copy number were very weak compared with the levels of the fusion gene i the
of the transgene (Figure S3) and detected lung adenocarcinoma transgenic mice (Figure S4). Even at the four-weck-old, muliple
nodules in all lines examined except TgD. Analysis of fusion lesions over | mm in diameter were detected in the transgenic
protein expression level among them revealed no expression in mice, and tumors occupied over 40% of sectioned surface of lung
TgD (Figure S4). The birvth rate of transgene-positive progenies (Figure 3C and Figure S3). Computed tomography examination
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The transgenic mice showed an emergence of multiple
adenocarcinoma nodules at an catly point, and the fast pro-
gression of the tumors. These features are broadly similar to the
EMLA-ALK mouse model [8]. Several groups reported that
mucinous cribriform pattern and signet ring cell are characteristic

~ histological features of EMI4-ALE positive human lung cancer
[23-25]. Recently, we investigated histopathology of ROSI-fusion
positive human lung cancers [16]. Although other researchers
reported that signet ring cell feature was not common i ROSI-
rearranged lung cancers [10], we found that 53% of the cases
harbored mucinous cribriform or signet ring cell features similar to
the' ALK-rearranged lung cancers but that the rest showed
papillary/lepidic growth pattern. EZR-ROSI-positive tumors
seemed ' less well differentiated, and showed more frequently
histological features of mucinous cribriform or signet ring cell. Our
mouse model of EZR-ROSI lung cancer generally demonstrated
papillary/lepidic growth pattern, but in some cases, we observed
accumulation of cytoplasmic mucin in tumor cells, which quite
resembles to the characteristic histology reported in ROSI-
rearranged lung cancer. Currently we have no answer why only
part of mice harbored tumors with mucin accumulation.

- The EZJR-ROSI fusion gene was specifically detected in lung
cancer specimens of female never-smokers without EGFR, KRAS,
and ALK alterations. It was estimated that ~2% of patients in
White and Asian lung cancer cohorts had ROSI-rearrangements,
which occur at significantly higher rates in younger, non-smoking,
female individuals [10,11,16]. Although each alteration is in-
frequent, ROSI fusions with many kinds of 5 partner genes
(CCDCS6, CD74, EZR, FIG, KDELR2, LRIG3, SDC4, SLC34A2 and
TPM3) have been reported in lung, brain, biliary tract, and
ovarian cancers [9~16,26-28]. These ROSI-rearranged tumors
could be targeted therapeutically with specific kinase inhibitors,
including crizotinib [10,14,27,29]. Two LADC patients had
a remarkable clinical response to crizotinib [10,14]. Thus, our
EZR-ROS! lung cancer animal model could be valuable for
evaluating the therapeutic potential of these compounds and novel
drugs as well as biological features of ROSI-rearranged lung
cancer i vi.

Materials and Methods

Clinical Samples

Tissue specimens from lung cancer patients were provided hy
the National Cancer Center Biobank, Japan. High-molecular
weight genomic DNA and RNA were extracted from fiesh frozen
tumor specimens and non-cancerous lung tissues. Written in-
formed consent was obtained from each patient. The study
protocol was approved by the Ethical Committee of National

Cancer Center, Tokyo, Japan.

Analysis of Whole-transcriptome Sequence Data

Insert cDNA libraries (150200 hp) were prepared from 2 g of
total RNA using the nRINAseq Sample Preparation Kit (llumina).
The libraries were subjected to paired-end sequencing of 50 bp on
the HiSeq2000 (Ihunina), according to the manufacturer’s
mstructions. Paired-end reads were mapped to known RINA
sequences in the RefSeq, Ensembl, and LincRNA databases using
the Bowtie program as described previously [30].

RT-PCR, Genomic PCR and Sequencing

Total RINA was reverse-transcribed to ¢DNA using Superscript
IIT (Life Technologies). cDNA or genomic DNA was subjected to
PCR amplification using Ex-Taq (Takara Bio) and primers EZR-
el0-CFl (GAAAAGGAGAGAAACCGTGGAG) and ROSI-
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e34-CR1 (TCAGTGGGATTGTAACAACCAG). The PCR
products were directly sequenced by Sanger sequencing using
the BigDye terminator kit (Life Technologies).

SNP Array CGH Analysis

Chromosomal copy number for the tumors was deternined
using high-resolution SNP arrays (GeneChip Mapping 250L-Nsp
array, Affymetrix). Genomic DNA was labeled and hybridied to
the SNP arrays according to the manufacturer’s instructior, and
copy numbers were calculated from the hybridization signalsusing

the CNAG program [31].

Vector Cloning, and Generation of Deletion and Pant
Mutants

The coding region of EZR-ROSI cDNA was obtained byPCR
amplification from LCY66 tumor ¢DNA using Phusion Taq
polymerase (New England Biolabs) and primers EZRHIFI
(CACCATGCCGAAACCAATCAATGTCCGAGTT) and
ROSI-HIRl  (ATCAGACCCATCTCCATATCCACTCTG).
EML4-ALK cDNA and CCDC6-RET cDNA were amplified from
an EML4-ALK-positive primary lung cancer sample (E13;A2() and
from a CCDCG-RET-positive primary lung cancer smple
(CL;R12), respectively. The PCR products were subcloned into
a pcDNAS.1D-V5-His plasmid (Life Technologies). Replacanent
of lysine with methionine at codon 491 in the EZR-ROST gene was
performed using a PrimeSTAR site-directed mutageness kit
(Takara Bio). N-terminal deletion mutants of the FERM demain
of EZR-ROSI cDNA were constructed by PCR using the priners
EZR-FERM-AF (CACCATGGTGGCTGAGGAGCTCATC-
CAGGACATC) and ROSI-HIRI for DL1, EZR-FERM-BF
(CACCATGATCAACTATTTCGAGATAAAAAACAAG) and
ROSI-HIRI for DL2, and EZR-FERM-CF (CACCATOGAC-
CATCGAGGTGCAGCAGATGAAGGC) and ROSI-HIRI for
DL3. The plasmids were transfected into NTHSTS cells using
Lipofectamine 2000 reagent (Life Technologies), and stable dones
were isolated by G418 selection (0.7 mg/ml). For the clony
formation assay, cells were embedded and cultured in 0.4% soft
agar in triplicate and the number of colonies was counted after 21
days. Quantification of anchorage—independent growth under the
condition with or without crizotinib (51068, Selleck) and
vandetanib (51046, Selleck) after 9 days was performed with
CytoSelect-96 kit (Cell Biolabs). The compound solution was
added to the top layer of soft agar every 3 days.

Immunoblot Analysis

Whole cell lysates were extracted with CelLytic M reagent
(#C2978, Sigma), and subjected to SDS-PAGE followed by
blotting onto a PVDF membrane. Detection of Western blots was
performed with the WesternBreeze Chemiluminescent Immuno-
detection kit (Life Technologies) using primary antibodies aginst
ROSI (#9202, Cell Signaling Technology), phosphoryiaed-
ROSI1 (Tyr2274) (#3078, Cell Signaling Technology), STAT3
(#610189, BD), phosphorylated-STATS (Tyr705) (#9138, Cell
Signaling Technology), p44/42 MAPK (#4695, Cell Signaling
Technology), phosphorylated-p44/42 MAPK (Thr202/Tw04)
(#9106, Cell Signaling Technology), Ezrin (#4135, Cell Signaling
Technology), p33 (#6243, Santa Cruz), and b-actin (FAMLL,
Sigma).

Suppression of ROS 1 Kinase Activity of EZR-ROS1 by
Crizotinib

Transtected NIH3TS cells (empty vector, wild-type EZR-
ROSI, KD/DL musants) were serum starved for 2 he, then
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8 Short paper

Supﬂressmn of intestinal polyp development in

in/+

usmg verapamil

mice through inhibition of P-glycoprotein

Kyoko Fujimoto®, Gen Fujii®, Michihiro Mutoh®, Masa Yasunaga®,
Hiromitsu Tanaka® and Morimasa Wada®

P-glycoprotein (P-gp; encoded by the Mdria gene) is
known to be associated with colon tumorigenesis through
transcriptional activation and/or epigenetic modification.
We investigated whether inhibition of P-gp function might
decrease intestinal tumorigenesis. We used verapamil as
an inhibitor of P-gp function in Apc™™* mice, which lack
a functional Apc gene product. We determined the number
of intestinal polyps and 1-year survival rates after the
ingestion of 10, 25, and 50 mg/kg/day verapamil contained
in dry pellets. The number of polyps in Mdrfa™’* Apc¥in/+
mice fed with pellets containing verapamil was significantly
fower than that in mice fed with verapamil-free pellets.
The 1-year survival rate of verapamil-fed mice was also
improved in a dose-dependent manner. These results were
similar to data from P-gp knockout mice. These results
indicated that it might be possible to use verapamil to inhibit

Introduction

P-glycoprotein (P-gp) is encoded by the Mdriaz gene and
is expressed in many tissues including the small and large
intestine, hepatobiliary tract, and placenta. P-gp belongs
to the ATP-binding cassette B subfamily and has a major
role in the efflux of xenobiotics as a self-defense mechanism
(Tanigawara, 2000). This efflux system is known to be a
cause of multidrug resistance, which decreases the effects

of drug treatments.

We previously demonstrated that P-gp increased the in-
cidence of intestinal polyp development by the direct
involvement of TCF/LEF transcription factor activation
(Yamada e 4/, 2003) and/or epigenetic medification
(Mochida e 4/., 2003). Therefore, we hypothesized that
it may be possible to control intestinal polyp develop-
ment by inhibiting P-gp function.

Verapamil has been widely used in the treatment of
ischemic heart disease since the 1960s (Haas and Igarashi,
1968). This agent is characterized by intestinal absorption,
and it is also a substrate of P-gp. Numerous studies have
demonstrated that verapamil can inhibit the efficiency of
the efflux function of P-gp through an antagonistic action
(Cornwell er a/., 1987; Qian and Beck, 1990).

In this study, we examined whether inhibition of P-gp
function using verapamil or P-gp deficiency would
decrease the number of intestinal polyps that developed

Min/ +
in mice lacking a functional 4pc gene product (Apc” inf+y

0959-8278 © 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins
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polyp development during the early s‘tage of colon
carcinogenesis. Thus, we propose a novel chemopreventive
agent for colorectal cancer that acts by inhibiting P-gp
function. European Journal of Cancer Prevention 22:8-10 ©
2012 Wolters Kluwer Health | Lippincott Williams & Wikins.
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which is a modcl of human familial adenomatous

polyposis.

Methods

Mice

The Mdria knockout mice (FVB/N) were obtained from
Taconic Farms (Germantown, New York, USA), whereas
the 4p™* (C57B1/6]) mice were supplied by Jackson
Laboratories (Bar Harbor, Maine, USA). The mice were
maintained under specific pathogen-free conditions at
the Center of Biomedical Research, Kyushu Umversny
(Fukuoka, Japan). Generation of Mdr]zz'/ ~Ap M mice
is described elsewhere (Mochida e /., 2003).

We analyzed 14 mice, which were fed a verapamil-free
diet; and 15 mice, which were fed with verapamil. Mice
were killed at 5-12 months of age for the analysis of
intestinal polyps. All animal experiments were carried out
according to the Guidelines for Animal Experiments in
the Faculty of Medical Sciences, Kyushu University.

Feed
The mouse feed was compounded with three different

doses of verapamil (Vasolan; Eisai, Japan), that is 10, 25,
and 50 mg/kg/day. In addition, a verapamil-free control
group was also maintained. According to the data sheet
provided by the company (Eisai), the maximum acceptable
dose of verapamil for an adulc dog is 25 mg/kg/day. On the
basis of this, we calculated the appropriate dose for mice,

DOl 10.1097/CEJ.0b013e328353ede8

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Table 1 The number of intestinal polyps in each mouse

Verapamil decreases intestinal tumorigenesis Fujimoto etal 9

Small intestine

Dosage of verapamil

Mouse strain (ma/kg/day) Distal Middle Proximal Small intestine Large intestine Total
Mdr1a*'* ApcM™'* 0 30.8%5.1 204+4.3 6.0+1.5 66.4+9.8 3.0£0.8 69.2+9.7
10 16.242 5* 74+1.4* 3.3+0.8 26.8+3.9*% 1.6+0.86 28.414.2%
25 155+2.1* 85%1.6% 3.2+0.8 27.1+3.3*% 2.2+0.5 20,3+3.3%
- i+ 50 14,242 0% 6.9+1.1* 3.240.8 24 .3+3.3* 2.91+0.7 272+3.3*%
Mdria™' " Apc 0 11.242.7*% 44%1.1* 2.1+0.6 17.8+4.0* 1.610.6 19414.4%
Values are mean+SEM.
*P<0.001 Dunnett's multiple comparison test.
Flg. 1
90
Mdrta="— A p oMins+
(14/18) (t8/15)
80
8 A i+ Min/+
P Maita™™ Apc
s
= 70
E / (11/15) (11/18)
3
[%2]
60 (9/14)
F\;/
OT T T T 1
0 10 25 50

Verapamil dosage {mg/kg/day)

One-year survival rates of Mdr1a™’* Apc™™™* (&) and Mdr1a™'~Apc™™* mice (4). The number of mice that survived for 1 year and the original

number of mice are given in parentheses.

Genotyping

Genotyping was carried out for each mouse tail sample using a
Genomic DNA Purification Kit (Qiagen, Germany), according
to the manufacturer’s protocol. Allele-specific PCR primers
for the Apc and Mdria genes were produced according to
previously published methods (Mochida ¢z 4/., 2003).

Counts of intestinal polyps and statistical analysis

Intestinal polyps were counted according to previously
published methods (Mochida e 4/, 2003). All statistical
analyses were carried out using the GraphPad PrismS
program (GraphPad Software Inc., San Diego, California,
USA). The correlations of the number of polyps in the mice
that ate pellets with and without verapamil and P-gp
knockout mice were tested using Dunnett’s method.
Survival rates were calculated by dividing the number of
mice that survived for 1 year by the original number of mice.

Results

Inhibition of P-glycoprotein function using verapamil
decreased the number of intestinal pc!yps‘
The number of intestinal polyps in Mdria™
mice that survived for 1 year is shown in Table 1. The

[+ ApCMin/ +

mean number of polyps in the small intestines of
Mdria*’ +ApcMi“/ * mice that were fed pellets contain-
ing 10, 25, and 50 mg/kg/day verapamil was significantly
lower, that is 26.8, 27.1, and 24.3, respectively, than that
in mice fed with verapamil-free diet, which had a mean
polyp count of 66.4. In the distal and middle parts of the
small intestine, the mean number of polyps was decressed
in a dose-dependent manner (P <0.001).

We also crossed Mdriz™'~ mice with Ap™™* mice to

generate Mdriz™"~ApM™ ™ mice and tested whether
verapamil had similar effects on intestinal polyp develop-
ment as in mice lacking P-gp. We compared the number
of intestinal polyps in the Mdriz™'* ApdM™* nice
treated with verapamil with the P-gp knockout mice
(Mdria™'~ Ap™™' ™). The number of polyps in Mdria*'*
ApcM‘“/ * mice with 50 mg/kg/day verapamil was similar to
that in Mdrla™'~ ApM™ ¥ mice (Table 1).

Survival benefits of inhibiting P-glycoprotein function
with verapamil )

A major cause of lower survival rates in Ap"™ ¥ mice isthe
development of intestinal polyps with bleeding. Thus, we

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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calculated the 1-year survival rates of Maria™'™" 4p2™*
mice, which were treated with or without verapamil
(Fig. 1). The survival rate of control mice fed with
verapamil-free pellets was the lowest (9/14; 64.3%). Mice
began to die from the age of 5 months. The survival rates of
the verapamil-fed groups increased in a dose-dependent
manner as follows: 11/15 (73.3%) with 10 mg/kg/day, 11/15
(73.3%) with 25 mg/kg/day, and 13/15 (86.7%) with S0m
kg/day verapamil. The survival rate of Mdrla™'* 4pM™+
mice fed with 50 mg/kg/day verapamil was higher than that
of Mdria™"~ApM™™ mice (14/18; 77.8%).

Discussion

Chemoprevention is a strong strategy to overcome colo-
rectal cancer, but it is still a challenging issue (Herszenyi
er af., 2008). This study showed that the number of
intestinal polyps in Mdria™’ +ApcMi“/ * mice was signif-
icantly decreased by inhibiting P-gp function using vera-
pamil (Table 1). The number of polyps was similar to that
found in Mdria™'~ApM™* mice; hence, we considered
that the inhibition of P-gp function using verapamil
produced the same effects as P-gp knockout. The
maximum effect was observed in the distal and middle
parts of the small intestine because the majority of
verapamil absorption occurred in these parts. The greater
effectiveness in the distal and middle parts of the small
intestine may also be attributable to differences in
contact duration with the verapamil-supplemented diet.

To check that there was no quantitative difference in
P-gp expression between the control and verapamil-fed
groups, we analyzed P-gp expression in the small
intestine by immunohistochemical staining. We detected
no compensatory feedback increase in P-gp expression,
regardless of the verapamil intake (data not shown).

Furthermore, we found that the l-year survival rates of
Mdria™' ApM™* mice fed with pellets containing
verapamil were improved in a verapamil dose-dependent
manner (Fig. 1). Verapamil has been used as an inhibitor of
P-gp function (Fujimoto ez 27, 2009; Munié ez /., 2010) and it
might be effective for prolonging the lifespan, because the
survival rates of mice fed with 50 mg/kg/day verapamil
tended to be higher than those of Mdria™"= ApSM™* mice.
In addition to reducing small intestinal polyp formation,
the effects of verapamil on lifespan elongation should be
examined in the near future.

We demonstrated that the inhibition of P-gp function led to
improved survival rates and lower intestinal tumorigenesis

in mice. The inhibition of P-gp function had similar effects
to a defective P-gp gene. Verapamil is a medicine that has
already been widely used in humans. This will make it
easier to use this candidate cancer chemopreventive
agent in humans. In addition, there have been no reports
of specific side effects after long-term treatment with
verapamil in patients with hypertension or atherosclerosis.
We believe that a cancer chemopreventive agent should first
be applied in a high-risk cancer group, rather thm the
general population. In this study, we provided evidence that
verapamil was effective in a mouse model of fimilial
adenomatous polyposis. We, then, propose that inhbiting
P-gp function using verapamil could be a potent method for
preventing colorectal cancer.
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Abstract. Background and Aims: Helicobacter pylori (Hp)
infection causes gastritis and is considered a gastric cancer
risk factor. We have previously reported that codfish meal
markedly enhanced Hp-induced gastritis in Mongolian
gerbils. In the present study, we sought the responsible
components in codfish meal. Materials and Methods: Codfish
were divided into three parts (meat, viscera and ‘other
parts’, including bone), and administered to Hp-infected
gerbils. Subsequently, cod bone, sardine bone and prawn
shell were tested, along with major calcium components,
hydroxyapatite and calcium carbonate, in bone and shell,
respectively. Results: ‘Other parts’ and cod bone enhanced
Hp-induced gastritis, as was observed for whole codfish.
Similarly, sardine bone and prawn shell, as well as 0.22-
0.88% hydroxyapatite and calcium carbonate, enhanced
gastritis. In contrast, administration of a higher dose of the
calcium compounds exerted protective effects. Conclusion:
Intake of calcium compounds may contribute to enhancement
of Hp-induced gastritis.

Gastric cancer continues to be one of the most common
malignancies in Japan and many other countries. Gastiric
cancer risk is known to be associated with Helicobacter
pylori (Hp) infection, a high intake of salty foods and an
insufficient intake of fresh fruits and vegetables (1). Since
half of the world’s population is believed to be infected with
Hp (2), control of Hp-induced disorders may lead to
prevention of gastric cancer development (3-5).
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Mongolian gerbils (Meriones unguiculatus) can readily be
colonized by Hp, subsequently demonstrating chronic gastritis,
gastric ulcers and intestinal metaplasia (6, 7). Moreover, it has
been reported that Hp infection plus treatment with chemical
carcinogens, N-methyl-N-nitrosourea (MNU) or N-methyl-N’-
nitro-N-nitrosoguanidine, can induce gastric cancer in
Mongolian gerbils, with pathological changes similarto those
observed in humans (8-10). Additional treatment with 2.5-10%
sodium chloride in the diet has been also reported to enhance
gastric carcinogenesis in Hp-infected and MNU-treated
Mongolian gerbils (11). Recently, a combination of 1-
nitrosoindole-3-acetonitrile administration and Hp infection
was shown to cause gastric cancer in Mongolian gerbils (12).

By using Mongolian gerbils, we have provided evidence that
fish meal in conventional diets notably enhances Hp-induced
gastritis as compared to a diet without fish meal, without any
apparent major effect on numbers of Hp (13). However, fish
meal has not yet been reported as being a risk factor for
gastritis and gastric cancer. Of note, in the previous study,
almost the same numbers of Hp were cultured from the gastric
mucosa in both dietary groups (13). It has been suggested that
Hp-induced gastritis and ulceration are influenced by both the
Hp strain and host defensive factors. Furthermore, the potential
for host defense may be affected by dietary habits (14, 15).
However, risk factors regarding dietary habits for gastritis are
not fully-understood, except for the case of high intake of salty
foods. Thus, it is important to elucidate the components in fish
meal that enhance Hp-induced gastritis and may thus be linked
to Hp-related gastric carcinogenesis. Therefore, in the present
study, we explored the effects of different components of fish
meal and demonstrated that calcium intake in fish meal can
affect Hp-induced gastritis in Mongolian gerbils.

Materials and Methods

Animals and chemicals. Six-week-old, specific pathogen-free male
Mongolian gerbils were purchased from Seac Yoshitomi, Ltd.
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(Fukuoka, Japan), and housed in polycarbonate cages on wood chip
bedding in an air-conditioned biohazard room with a 12-h light/dark
cycle. They were given a basal diet and water ad libitum until the
start of the experiment. We purchased the ingredients for the
conventional diet and AIN-76A from Nippon Formula Feed

Manufacturing Co., Ltd. (Tokyo, Japan). Hydroxyapatite, calcium -

carbonate and calcium hydrogenphosphate dihydrate were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Raw codfish, sardine and prawn were purchased at Tsukiji
Market (Tokyo, Japan), divided, sterilized and freeze-dried.

Preparation of test diets. The basal diet, namely 10% casein diet,
was made by replacing fish meal with casein in the conventional diet
containing 10% fish meal, as previously reported (13). For preparing
test samples, raw codfish was divided into three parts namely meat,
viscera, and other parts, including bone, and each part was sterilized,
freeze-dried and cut into small pieces. The ratio of weight of
meat:viscera:other was 52:3:45, respectively. These three parts were
mixed with casein diet to make 5.2% meat with 4.8% casein diet,
0.3% viscera with 9.7% casein diet, and 4.5% other with 5.5% casein
diet, according to the freeze-dried weight ratios. Cod bone was
isolated from codfish and washed with distilled water, sterilized,
freeze-dried and cut into small pieces. It was also mixed with casein
diet to make a 2% test diet, because the ‘other’ diet contained 2%
bone in freeze-dried weight. Similarly, small pieces of sardine bone
and prawn shell were each blended with casein diet to make 2% test
diets. We also prepared a mixture of ingredients of AIN-76A without
calcium hydrogenphosphate dihydrate to make a calcium-free basal
diet, designated as calcium-free AIN-76A. Hydroxyapatite, calcium
carbonate and hydrogenphosphate dihydrate were each blended with
this calcium-free AIN-76A to make hydroxyapatite, calcium
carbonate and hydrogenphosphate dihydrate diets at concentrations
0f 0.22,0.44,0.88, 1.75 and 3.50%. These two-fold serial doses were
used because 1.75% calcium hydrogenphosphate dihydrate is
included in the AIN-76A diet.

H. pylori preparation. Hp (ATCC 43504; American Type Culture
Collection, Rockville, MD, USA) bacteria were grown in brucella
broth (BBL, Cockeysville, MD, USA) containing 10% heat-
inactivated horse serum (Nacalai Tesque, Kyoto, Japan) for 24 h at
37°C under microaerobic conditions (5% O,, 10% CO,, and 85%
N,) on a rotary shaker at 120 rpm, and aliquots (4.0x108 CFU/ml)
were used as the inoculum for the animal experiments.

Animal experimental design. Seven-week-old Mongolian gerbils
were given an intragastric inoculation of the broth culture of Hp (0.5
ml, 2.0x108 CFU) after fasting for 24 h. As a control group for Hp
infection, Hp-free animals received only sterilized brucella broth
instead. Four hours later, all animals were fed ad libitum until the
end of the experiment. Body weights and diet intakes were
measured weekly and the general health of the animals was
monitored daily.

After six weeks administration of the test diets, all animals were
sacrificed under ether anesthesia at 13 weeks of age. Their stomachs
were excised and opened along the greater curvature, and the
contents were gently removed by washing with 10 mM phosphate
buffered saline (PBS, pH 7.4). Macroscopic gastric lesions,
including mucosal thickening and hemorrhage were recorded, and
wet weights of the whole stomach, including the forestomach and
glandular stomach, were measured. To evaluate the degree of gastric
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hemorrhage, the number of hemorrhagic spots was counted. Each
stomach was divided into two halves, one for histological
examination being fixed in 10% neutral buffered formalin,
processed for embedding in paraffin and stained with hematoxylin
and eosin (H&E). Determination of serum calcium and gastrin levels
was performed by radioimmunoassay (RIA) and the arsenazo IIT
method, respectively. Animal studies were performed according to
the guidelines for animal experiments at the National Cancer Center,

Culture of Hp. For detection of Hp, mucosal samples of glandular
stomach parts were scraped from the remaining stomach halves,
homogenized with 0.3 ml PBS and diluted with the same solution.
Aliquots (100 pl) of this suspension were inoculated onto
segregating agar plates for Hp (Nissui Pharmaceutical Co., Ltd.,
Tokyo, Japan) with incubation at 37°C for five days under
microaerobic conditions. Bacterial colonies were identified by the
rapid urease test (CLO test; Tri-Med Specialties, Inc., Lenexza, KS,
USA) and Gram staining for morphology. Their numbers were then
counted. )

Statistical analysis. All data were expressed as meansSD.
Differences in incidences of gastric lesions between groups were
examined for statistical significance using the Fisher’s exact test,
and those for other data were examined using Welch’s ¢-test. p<0.05
was considered to be significant.

Results

Whole codfish were divided into three parts (meat, viscera
and ‘other parts’ including fish bone) in order to examine the
components responsible for enhancing gastritis in Mongolian
gerbils. Administration of each part of the codfish diet did
not affect the feeding or other behavior of Mongolian gerbils.
No significant differences in body weight were observed
among the groups.

In Table I, data for the effects of whole codfish, and the
three divided fractions on Hp-induced gastric lesions are
summarized. In the Hp-inoculated group fed whole codfish
diet, edematous thickening was observed in the gastric
mucosa, especially in the pylorus, in 7 out of 10 animals and
hemorrhagic spots in 5 (Figure 1). No visible gastric lesions
were observed in the basal control, codfish-meat and viscera-
diet groups. On the other hand, in the ‘other parts’ diet
group, enhancing effects similar to those observed in the
group fed whole-codfish diet were noted, with edematous
thickening being observed in 8 out of 10 animals and
hemorrhagic spots in 9 (Figure 1). Along with edema and
hemorrhage, both stomach wet weights and the number of
hemorrhagic spots per animal increased significantly in
groups fed whole codfish and ‘other parts’ diet, histological
examination revealing mononuclear cell and neutrophil
infiltration into the submucosal and lamina propria layers,
and hyperplastic and cystic changes of the glandular
epithelium in the pyloric region. Hp from all animals was
successfully cultured in the all Hp-inoculated groups.
Average numbers of viable bacteria {log (CFU/stomach)]
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Table 1. Fractions of codfish and their effects on H. pylori-induced gastritis in Mongolian gerbils.

Diet No. of animals (%) with No. of colonies . Stomach No. of ~ Calcium Gastrin
of H:pylori wet hemorrhagic levels levels

Edema Hemorrhage - H. pylori infection - (log CFUs/ weight ~ spots/animal® . insernm ‘in serum

; stomach)? (g2 (mg/dl)? (pg/mb?

Basal ~0/10 (0)- 0/10 (0) 10/10:(100) 42403 0.63+0.04 0 9.2+04 220460
10% Whole codfish - 7/10-(70)® 5/10 (50)¢ 10/10 (100) 4.1+07 .0.93+0.24d 11.3x12.44 193+0.2 320+35
5.2% Meat 0/10 (0) 0/10 (0) 10710 (100) 40+0.2 0.65+0.04 0 9.1x04 250+72
0.3% Viscera 0/10 (0) 0/10 (0) 10/10 (100) ‘ 4.0i0.3 0.67+0.05¢ , 0 ) 9.5+0.3 26064
4.5% Other parts 8/10 (80)b 9/10 (90)b 10710 (100) 3.8£0.9 1.02+0.23¢ 11.9+8.14 9.6+03 . 280110

Samples were supplemented to basal (ﬁsh meal-free) diet. To evaluate the degree of gastric hemorrhage, the number of hemorrhacuc spots were

f-test.

counted. 2Mean+SD. bp<0.01 and °p<0 05 versus basal diet group by Fisher’s exact test; dp<0 Ol and ep<0 .05 versus basal diet group by Welch’s

Table II. Eﬁ"ects of. ﬁsh bones and prawn shell on H. pylori-induced gastrztzs zn Mongolian gerbzls

Dlet No. of animals (%) with No. of colonies . Stomach - No.of

— — - - -of H. pylori wet - hemorrhagic -

Edema ' Hemorthage H. pylori infection (log CFUs/ weight spots/animal®
' ' ‘ stomach)a (g2

Basal 0100 2710 20) 10/10 (100) 45305 0633006 - 15434
2% Cod bone = . -9/10 (90)b 8/10 (80)c. 10/10 (100) 48207 - 0.880.264 11.7x153¢
2% Sardine bone  * 6/10 (60)¢ .~ 6/10.(60) 10/10.(100) 4507 0 076x0.124 - 78760
2% Prawn shell ’ 7/10 (70)b 0 5/10 (50) 10710 (100) : 5.4+0.5¢ 0.84:+0.26° 10.8x14.2¢

‘Samples were supplemented to basal (fish meal—free) diet. aMeau+SD bp<0 01 and ¢p<0 05 versus basal diet oroup by F1sher s exact test; dp<0 01

and ep<0 05 versus basal diet group by Welch’s #- test

obtamed from Hp-mfected stomach samples are also shown
in Table I. No 51gn1ﬁcant differences were observed among
the five groups. In the Hp-free groups of gerbils, no gastric
lesions were detected macroscopically or microscopically.

Serum calcium levels ranged between 9.1-9.6 mg/dl and did

not change remarkably. Serum gastrin levels tended to be
higher in whole codfish and ‘other parts diet-treated animals,
but not significantly.

The ‘other parts’ is diet mamly consisting of cod bone.
Therefore, the effect of cod bone on Hp-induced gastritis was
examined. Administration of a cod bone diet did not affect
the feeding or other behavior of the gerbils. No significant
differences in body weights were observed compared with
the basal control group. Enhancing effects of cod bone diet
on Hp-induced gastritis were found, as evident in Table II.
The number of animals with edema, the stomach wet weights
and the number of hemorrhagic spots per animal were
increased significantly. No gastric lesions were detected in
Hp-free gerbils fed the same diet. Histological changes in the
glandular stomach of Hp- and cod bone-treated animals were
the same as those of Hp- and whole cod fish- or ‘other parts’
diet-treated animals.

In addition to cod bone, sardine bone and prawn shell
were administered to Hp-infected gerbils. As in the case of
cod ‘bone, administration of s‘ardin'ek'bone and prawn shell
diet did not affect the feeding and body weights in the
groups studied: As shown in Table II, the number of animals
with edema, the stomach wet weights and the number of

“hemorrhagic spots per animal were again significantly

increased with histological changes in the glandular stomach
in these groups similar to those in the cod bone-fed group.

- Since most calcium in cod and sardine bones comes from

hydroxyapatite and the one in prawn shell is calcium
carbonate calcium-free AIN-76A diet was supplemented
with these calcium. compounds at 022 to 3.50%.
Administration of these diets did not affect the feeding or
other behavior of the gerbils but effects were noted on Hp-
induced gastritis (Table III). Among the calcium-
.administered groups, hydroxyapatite enhanced Hp-induced

_gastritis. “The stomach- wet weights and the number of
“hemorrhagic spots per animal were increased significantly

by 0.88 and 1.75% doses of hydroxyapatite. However, in the
3.50% hydroxyapatite group, 3 out of five animals were not
infected with Hp at the end of the experiment, and were free
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Figure 1. Typical macroscopic views of glandular stomach of Mongolian gerbils inoculated with Helicobacter pylori (Hp). Treatmenis: A: 10%
Casein basal diet with Hp infection; B: 10% fish meal diet with Hp infection; C: 5.2% meat diet with Hp infection; D: 0.3% viscera diet with Hp
infection, E: 4.5% ‘other parts’ diet with Hp infection.
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Figure 2. Typical microscopic views of glandular stomach of Mongolian gerbils without or inoculated with Helicobacter pylori (Hp). Histological
findings of sections stained with hematoxylin and eosin of fundic (A-F) and pyloric (G-L) mucosa are presented in the groups treated with 2% cod
bone with Hp (C and 1), 1.75% hydroxyapatite [Cayo(PO4)s(OH),] with Hp (D and J), 1.75% calcium carbonate (CaCOj3) with Hp (E and K),
1.75% calcium hydrogenphosphate dihydrate (CaHPO,) with Hp (F and L). Basal diet groups were inoculated with Hp (B and H) or were without

Hp (A and G) and are also shown. Bar=500 pim.

from gastric hemorrhage, with reduced stomach wet weights.
Calcium carbonate had enhancing effects on Hp-induced
gastritis involving edema and hemorrhage. The stomach wet
weights and the number of hemorrhagic spots per animal
were increased significantly in the 0.88% calcium carbonate
group. However, in the 3.50% calcium carbonate group,
stomach wet weights and the numbers of hemorrhagic spots
were lower than those in the 0.88% group. In addition, weak,

but not statistically significant, enhancing effects on gastritis
were observed in the calcium hydrogenphosphate dihydrate
groups. Histological changes in the glandular stomach in
hydroxyapatite and calcium carbonate groups were similar
to those in cod bone- and prawn shell-fed groups,
respectively (Figure 2). Serum calcium levels ranged from
9.1-9.9 mg/dl, and were not remarkably changed. Serum
gastrin levels were higher in the 1.75% hydroxyapatite and
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Table IIL. Effects of calcium intake on H. pylori-induced gastritis in Mongolian gerbils.

Diet No. of animals (%) with No. of colonies ~ Stomach No. of Calcium Gastrin
of H. pylori wet hemorrhagic levels levels
Edema Hemorthage H. pylori infection - (log CFUs/ weight spots/animal®  in serum  in serum
' ' stomach)? (2?2 (mg/d)2  (pg/ml)
Basal 0/5 (0) 0/5 (0) 4/5 3.1£0.9 0.67+0.04 0 9.2+0.3 1776
Hydroxyapatite, Ca;p(PO,)s(OH),
0.22% 3/5 (60) 3/5 (60) 5/5 4.0+0.7 0.89+0.22¢ 4.2+6.7 9.1+0.9 168+78¢
0.44% 2/5 (40) 1/5 (20) 4/5 4,105 0.72+0.18 7.0£15.7 9.9+0.2 17735
0.88% 5/5 (100)b 5/5 (100)b 5/5 4.2+0.3e 1.19+0.104 12.0+5.44 9.5+0.5 173+32
1.75% 5/5 (1000  5/5 (100)b 5/5 4.5+0.3e 1.19+0.13d 14.8+5.34 94206 27751
3.50% 0/5 (0) 0/5 (0) 2/5 3.720.1 0.530.06¢ 0 9.6:0.4 263+31
Calcium carbonate, CaCO5 i
022% 1/5 (20) 15 20) 5/5 3.920.6 0.81+0.17 3.0+6.7 94404 170+10
0.44% 2/5 (40) 2/5 (40) - 5/5 3.7+0.7 0.88+0.36 6.0+11.3 9.3+0.3 193+32
0.88% 4/5 (80)¢ 4/5 (80)¢. . 5/5 4.7+0.7e 0.94+0.23¢ 7.2+7.3¢ 9.4+0.1 227+72¢
1.75% 3/5 (60) 3/5 (60) 5/5 4.0+0.7 0.86+0.31 12.0+15.6 9.7+403  263x1054
3.50% 1/5 (20) 1/5 (20) 4/5 41204 0.72+£0.24 5.2x11.6 9.8+0.6 243+65¢
Calcium hydrogenphosphate dihydrate, CaHPO4+2H,0
022% 0/5 (0) 1/5 (20) 4/5 3705 0.71+0.07 0.2+04 9.6+0.3 175+7
0.44% 0/5 (0) 1/5 (20) 4/5 3.6+04 0.69+0.07 0.8+1.8 9.8+0.3 18010
0.88% 1/5 (20) 2/5 (40) 5/5 34x1.1 0.77+0.31 6.8+13.6 9.5+0.5 177£25
1.75% 1/5 (20) 1/5 (20) 5/5 3312 0.71+0.34 8.4+18.8 9.5+0.2 197+23
3.50% 2/5 (40) 3/5 (60) 5/5 3.7+0.6 0.79+0.31 5.8+8.0 9.8+0.5 19323

Samples were supplemented to basal (calcium-free AIN-76A) diet. aMean+SD. bp<O 01 and ¢p<0.05 versus basal diet group by Fisher’s exact test;

dp<0.01 and ¢p<0.05 versus basal diet group by Welch’s #test.

0.88-3.50% calcium carbonate groups, but not in the
hydrogenphosphate dihydrate group, as shown in Table III.

Discussion

In the present study, we found that cod bone in fish meal
enhanced Hp-induced gastritis in Mongolian gerbils and that
a similar enhancement was observed with sardine bone and
prawn shell administration. To clarify the causative
constituents in the fish bones and prawn shell, we examined
the effects of hydroxyapatite and calcium carbonate on Hp-
induced gastritis, and found that both constituents clearly
enhanced Hp-induced gastritis when fed at 0.22-1.75% in the
diet. However, a high dose intake of these compounds (3.5%)
resulted in a reduced occurrence of Hp-induced gastritis.
Calcium hydrogenphosphate dihydrate, included in the AIN-
76A diet, also had a weak enhancing effect, but this was not
statistically significant.

Several in vivo and in vitro studies have implied that
calcium enhances gastric disorders (16-19). To our
knowledge, this is the first report of direct evidence showing
that administration of calcium compounds enhances Hp-
induced gastritis in Mongolian gerbils. Over-secretion of
acid (HCI) and loss of feedback control causes gastritis and
ulceration. Therefore, the fact that that elevation of
extracellular calcium can induce acid secretion from parietal
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cells in the rat stomach is of obvious importance (16). There
are calcium-sensing receptors in G cells and parietal cells,
and signals from these receptors play important roles in both
acid secretion and mucosal repair (16). Calcium chloride is
reported to increase the activity of ornithine decarboxylase
and to stimulate DNA synthesis in the pyloric mucosa in
F344 male rats (17). In contrast, calcium channel blockers,
which inhibit the entry of calcium into cells, attenuate
gastritis (18). Calcium channel blockers have been also
reported to protect gastric mucosa from ethanol- and
indomethacin-induced mucosal damage in male Fisher 344
rats (19). The available data thus suggest that gastritis,
gastric ulceration and gastric carcinogenesis might be
enhanced by calcium influx. We measured serum calcium
levels and gastrin levels as factors responsible for inducing
gastric erosion or ulceration by hypergastrinemia and high
acid secretion. However, serum calcium levels and gastrin
levels did not significantly differ between the gerbils fed
basal diet and those fed 10% whole codfish or ‘other parts’.
Moreover, serum gastrin levels tended to correlate with the
amount of hydroxyapatite and calcium carbonate
consumption, but not with that of calcium
hydrogenphosphate dihydrate. Serum calcium levels and
gastrin levels, which may affect gastric pH, may have the
same effect on gastritis observed in the present study, but
other mechanisms are also suggested to be responsible.
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However, epidemiological and experimental studies have
demonstrated suppressive effects of calcium intake on gastric
cancer development. For example, a case-control study
demonstrated gastric cancer risk to be reduced by dietary
intake of calcium, carotene, fresh vegetables, fruits and
vitamin C (20). One in vivo study demonstrated that calcium
chloride can inhibit sodium chloride-induced replicative DNA
synthesis in the pyloric mucosa of male Fischer 344 rats (21).

In the present study, our data demonstrated enhancing and
protective, opposing, effects of calcium on Hp-induced
gastritis in Mongolian gerbils. The mechanisms involved
remain to be clarified. Interestingly, however, calcium may
exert inhibitory effects on urease extraction from Hp. Hp
urease is important for facilitating colonization of Hp and is
correlated with stomach mucosal injury, including gastritis
(22-24). Pérez-Pérez et al. showed that calcium chloride has
little effect on Hp urease activity itself, but reduces
extraction of urease from Hp cells (25). We have reported
that urease inhibitors, acetohydroxamic acid and flurofamide,
can eradicate Hp in Mongolian gerbils (26). These reports
allow us to speculate that higher hydroxyapatite- or calcium
carbonate-containing diets may eradicate Hp in Mongolian
gerbils by the inhibition of Hp urease extraction.

Daily average intake of calcium by Japanese people from
various foods, including fish bone and shrimp shell, is
reported to be almost 500 mg per person (27). Thus, the doses
of hydroxyapatite and calcium carbonate used in the present
study are very much higher than the expected human
exposure levels. However, humans continually consume
various kinds of foods that may enhance Hp-induced gastritis.
It is probable that calcium compounds and other dietary
factors would have additional or synergistic enhancing effects
on Hp-induced gastritis. Of note, it is reported that the content
of hydroxyapatite-type calcium is around 36% in fish bone
(28). This may also be true in the case of the content of
calcium carbonate in prawn shell (29). Differences in
enhancing effects of Hp-induced gastritis among the groups
fed diets with hydroxyapatite, calcium carbonate, and calcium
hydrogenphosphate dihydrate remain to be elucidated.
Moreover, different effects of fishmeal treatment, fish bone
treatment and direct calcium treatment on gastric mucosa
should be taken into consideration because digestive
processes should differ. From the incidence of hemorrhage in
each group, direct calcium treatment at doses of 0.88 and
1.75% seem to induce more severe changes than 2% cod bone
treatment or treatment with 4.5% ‘other parts’ diet. These data
suggest that calcium itself could be the factor directly
affecting functions related to Hp-induced gastritis.

The present experimental model may clarify the
mechanism of development of peptic ulcer or acute mucosal
lesions. This model does not represent chronic inflammation
status that usually observed around human gastric cancer
tissue because the experimental period is too short to induce

chronic inflammation. However, in the Hp-infected
Mongolian gerbil model with a long experimental period
after carcinogen treatment, gastric cancer can be induced
with similar pathological changes in humans. Our data may
provide basic information for further experiments elucidating
the mechanisms of gastric cancer induction.

Since the incidence of gastritis and gastric cancer is high
all over the world, it is very important to clarify the effect of
calcium on gastritis and to elucidate through further research
the detailed mechanisms that enhance gastritis.
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Abstract

Objective Lung cancer is one of the leading causes of
cancer-related deaths worldwide, including Japan.
Although computed tomography (CT) can detect small
lung lesions such as those appearing as ground glass
opacity, it cannot differentiate between malignant and non-
malignant lesions. Previously, we have shown that single
photon emission computed tomography (SPECT) imaging
using Wiy 1,471 0-tetraazacyclododecane-N,N' ,N'/ N'''-
tetraacetic acid-cyclo-(Arg-Gly-Asp-p-Phe-Lys) (DOTA-
c(RGDfK)), an imaging probe of o, 5 integrin, is useful for
the early detection of pancreatic cancer in a hamster pan-
creatic carcinogenesis model. In this study, we aimed to
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assess the usefulness of SPECT/CT with '''In-DOTA-
c¢(RGDfK) for the evaluation of the malignancy of hing
cancer. T

Methods Lung tumors were induced by a single inra-
peritoneal injection (250 mg/kg) of urethane in male A/J
mice. Twenty-six weeks  after the urethane treatment,
SPECT was performed an hour after injection of ''In-
DOTA-c(RGDfK). Following this, the radioactivity rafios
of tumor to normal lung tissue were measured by autora-
diography (ARG) in the excised lung samples. We dso
examined the expression of o,fB; integrin in mouse ind
human lung samples.

Results  Urethane treatment induced 5 hyperplasias, 41
adenomas and 12 adenocarcinomas in the lungs of 8 A/J
mice. SPECT with '"'In-DOTA-c(RGDfK) could clealy
visualize lung nodules, though we failed to detect small
lung nodules like adenoma and hyperplasias (adenocarci-
noma: 66.7 %, adenoma: 33.6 %, hyperplasia: 0.0 %).
ARG analysis revealed significant uptake of ''*In-DOTA-
c(RGDfK) in all the lesions. Moreover, tumor to normal
lung tissue ratios increased along with the progression of
carcinogenesis. Histopathological examination usihg
human lung tissue samples revealed clear up-regulation of
o,Ps integrin in well-differentiated adenocarcinoma
(Noguchi type B and C) rather than atypical adenomatous
hyperplasia.

Conclusion Although there are some limitations in evl-
uvating the malignancy of small lung tumors using '''h-
DOTA-c(RGDfK), SPECT with '''In-DOTA-c(RGDIK)
might be a useful non-invasive imaging approach for
evaluating the characteristics of lung tumors in mice, thus
showing potential for use in humans.

Keywords '''In-DOTA-c(RGDfK) - SPECT -
Carcinogenesis - Lung cancer
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algorithm on dedicated software (Invivoscope; Bioscan,

Inc., Washington, DC, USA) and Mediso InterViewXP
{Mediso, Budapest, Hungary). SPECT and CT images were
automatically superimposed by Invivoscope. The accuracy
of superimposition was calibrated at regular intervals using
phantoms. A researcher experienced in the evaluation of
small animal SPECT/CT images visually judged pulmon-
ary uptake.

Autoradiography with ' In-DOTA-c(RGDfK)
in the mouse lung carcinogenesis model

After SPECT/CT imaging, the lungs were excised and
macroscopically surveyed to detect lung tumor lesions.
Samples were then embedded in Cryo Mount IT (Muto Pure
Chemicals Co., Ltd., Tokyo, Japan) and frozen in liquid
nitrogen. Frozen sections were mounted on glass slides
after being cut with a cryostat into 20-um thick sections for
autoradiography (ARG) and 10-pm thick sections for his-
tological analysis. The glass slides were then placed on an
imaging plate (BAS-MS 2040; Fuji film Co., Ltd., Tokyo,
Japan). Radioactivity was detected by scanning with a bio-
imaging analyzer (FLA-7000, Fuji film Co., Ltd., Tokyo,
Japan). Based on the microscopic observation of hema-
toxylin and eosin (H&E) stained sections, regions of
interest were placed on both tumor and normal lung
regions. Tmage Quant software (Multi gauge, Fuji film Co.,
Ltd., Tokyo, Japan) was used to quantify the intensity of
radioactivity.

Human lung tissue microarray (TMA)

The expression of o,B3 integrin in various types of human
lung lesions was tested using TMA. A total of 48 tissue
samples were embedded in TMA sections, including
bronchial = tubes, normal lung tissue, adenocarcinoma
(poorly, moderately, and well differentiated), squamous
cell carcinoma, large cell neuroendocrine carcinoma, and
mesothelioma. The study protocol was approved by the
institutional review board of the NCC, Tokyo, Japan.

Human lung tissue samples

A total of 34 lung tissue samples were obtained from
patients who underwent lobectomies at the National Cancer
Center (NCC) Hospital from 2006 to 2008. The paraffin-
embedded sample stocks were immunohistochemically
stained for «,fB; integrin. The samples included atypical
adenomatous hyperplasia (AAH, n = 16), localized bron-
chioloalveolar carcinoma with alveolar collapse (Noguchi
type B, r = 11), and localized bronchioloalveolar carci-
noma with foci of active fibroblastic proliferation (Noguchi
type C, n = 10), which could be classified as GGOs on

'{’E_] Springer

clinical CT images. The study protocol was approved by
the institutional review board of the NCC, Tokyo, Japan.

Immunohistochemistry for o,fs integrin

The excised mice and human lung sections were used for
immunohistochemical examination using the avidin-biotin
complex immunoperoxidase technique. Sections were
incubated with anti-ot, B3 integrin (clone LM609; Millipore,
Billerica, MA, USA) overnight at 4 °C. Sections. were
incubated with biotinylated anti-mouse IgG (Dako Cyto-
mation, Glostrup, Denmark), followed by reaction with
streptavidin—biotin horseradish peroxidase (HRP) complex
(Strept ABComplex/HRP; Dako Cytomation). HRP was
detected by 3,3'-diaminobenzidine (Phoenix Biotechnolo-
gies, Huntsville, AL, USA) substrate. All sections were
counterstained with hematoxylin.

Evaluation of staining intensity

Sections were evaluated randomly without knowledge of
patient history. Each specimen wherein more than 10 % of
the cancer cells reacted positively for an antibody were
recorded as positive. The sections were classified according
to staining intensity as negative (total absence of staining),
1+ (weak staining), 2+ (moderate staining), or 3+ (strong

staining).
Statistical analysis

Statistical analysis was performed using JMP IN version 5
statistical software (SAS Institute, Cary, NC, USA). Mamn-
Whitney test was employed to numerical data that didnot
show a normal distribution (comparison of T/N ratio), xz
tests were applied to compare the difference in the defec-
tion rate using SPECT in different tumor stage. Valuesare
reported as mean + SD. A two-tailed p value of <0.05 vas
considered statistically significant.

Results

SPECT with ''In-DOTA-c(RGDfK) in the urethane-
treated mice

In total, 538 lung lesions were macroscopically found inthe
8 urethane-treated mice. Of the 58 lesions, 12 were ade-
nocarcinomas (average size, 1.87 & 0.58 mm), 41 were
adenomas (average size, 1.45 == 0.31 mm), and 5 were
hyperplasias (average size, 1.34 = 0.42 mm). As shownin
Table 1, SPECT with '"'In-DOTA-c(RGDfK) detected 8
adenocarcinomas (66.7 %), 15 adenomas (36.6 %), md
0 hyperplasias (0.0 %). These detection rates were
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Fig. 2 Ex vivo autoradiography
and H&E staining of
representative lung sections.
Strong hot spots were found in
the right upper lobes by ARG
(left lane). H&E staining of lung
sections (middle lane) and high
magnification of lung lesions
(right lane)

Hyperplasia

Adenoma

Fig. 3 o, [3; integrin expression in the lung lesions of A/J mice. a Normal lung tissue. Type II pneumocytes expressing neah gible levels of ¢,f;

integrin (arrow). b Hyperplasia, ¢ adenoma, and d adenocarcinoma

of o,B3 integrin was observed in type II pneumocyte and
Clara cells (Figs. 3a and -c). Consistent with this obser-
vation, '"'Tn-DOTA-c(RGDfK) was accumulated in bron-
chial tubes of the A/J mice (Fig. 4a).

Expression of o3 integrin in various types of human
lung tumors

Expression of o,f; integrin was evaluated using TMA
including several tissue types such as adenocarcinoma,
squamous cell carcinoma, large cell neuroendocrine car-
cinoma, and mesothelioma. Among them, sirong and

@ Springer

extensive immunoreactivity for o, B3 integrin was found in
differentiated tubular adenocarcinoma. '

We further examined staining intensity of o35 integin
in AAH, Nogucht type B and Noguchi type C lesims
(Fig. 5), and the incidence of positive cases is summarized
in Table 2. The incidence of o5 integrin-positivity was
high for Noguchi type B (91 %) and Noguchi type C
(90 %). In contrast, relatively lower expression (63 %) was
observed in AAH lesions.

Staining intensity correlated with tumor aggressiveness.
The incidence of strong positivity (+-+-+) among the AAH,
Noguchi type B, and Noguchi type C lesions was 6.3, 213,
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Table 2 Incidence of o f integrin expression in human lung lesions

olyPs3 Intensity AAH (%)  Noguchi type B Noguchi type C
(%) (%)
— 6/16 (37.5) /11 (9.1) 1/10 (10.0)
¥ , 3/16 (18.8)  1/11 (9.1) 1/10 (10.0)
+ 6/16 (37.5)  6/11 (54.5) 3/10 (30.0)
B Sl 1/16 6.3) 3/11 (27.3) 5/10 (50.0)
Total positive ) 10/16 (62.5) 10/11 (90.9) 9/10 (90)

lesions

Therefore, a low detection rate may be explained by the
limitations of the SPECT technique itself with regard to
small lesion size and/or low uptake in the lesions. In fact,
the average size of the adenocarcinomas that were detect-
able ‘and- undetectable by SPECT was 2.09 £ 0.59 and
1.43 4 0.17 mm, respectively. The average T/N ratio of
the adenocarcinomas that were detectable and undetectable
by SPECT was 6.82 4= 2.51 and 4.27 + 0.53, respectively.
Therefore, the size of the tumor and the uptake of tracer by
the tumor have significant influence on SPECT images.
The low detection rate may also be explained by the
deterioration of SPECT images. Because of movement of
the heart and the thoracic diaphragm, lesions in the hilus of
the lung or at the periphery may be overlooked because
cardiac motion may prevent the visualization of clear
images.

SPECT with ''In-DOTA-c(RGDfK) seems to be useful
in the detection of malignant lesions because the T/N ratio
of adenocarcinoma is significantly greater than that of
hyperplasia (p < 0.05). Moreover, in accordance with the
increase of the T/N ratio, the detection rate by SPECT was
highest in adenocarcinomas. We could not show the rela-
tionship between the uptake of ' ''In-DOTA-c(RGDfK) and
the o, B integrin expression level in this study because the
condition of the tissue samples used in the present SPECT
study was poor for the immunohistochemical semi-quan-
titative analysis. However, it has already been reported that
the accumulation level of RGD peptide probe correlates
with the expression level of o.Bs integrin [16]. Thus, it is
thought that the difference of accumulation level of My
DOTA-c(RGDIK) between adenocarcinoma, adenoma, and
hyperplasia in our present study is also reflecting the
expression level of o,f; integrin.

The role of the o, B integrin in lung cancer is unclear.
However, the o,B; expression in breast cancer, pancreatic
cancer, and prostate cancer contributes to tumor progres-
sion and metastasis [17—19]. High uptake of ''In-DOTA-
c(RGDfK) by lung cancer lesions might estimate meta-
static potential to spread to the brain and bones.

We recently reported that '''In-DOTA-c(RGDfK) is

superior  to 2—deoxy~2-[‘SF]ﬂuoro-D-glucose in the

@ Springer

differentiation of inflammatory lesions [13]. It is highly
effective in identifying malignant lesions that appear as
GGOs.. During histopathological examination of human
lung tissue samples, we observed a high incidence and the
strong expression of o, B3 integrin in Noguchi type B and
Noguchi type C lesions. These results suggested that Uiy,
DOTA-c(RGDfK) would preferentially identify Nogichi
type B and Noguchi type C. At present, there are no other
methods of long-term follow-up for the determination of
the malignancy of GGOs. SPECT/CT imaging with 'Tn-
DOTA-c(RGDfK) may help in determining whether biopsy
to arrive at a definitive diagnosis should be performed

Our histopathological examination also revealed that
type II pneumocytes express low levels of o, B3 integin.
Although o, B3 integrin expression in type II pneumocytes
was negligible in our study, it did not appear to interfere
with imaging contrast. We also found that Clara clls
express o,f3 integrin. Furthermore, Hm-DOTA-
c(RGDIK) accumulated in the bronchial tubes of the A/J
mice (Fig. 1). Potentially, this type of false positive finding
can be avoided by procuring CT images because recon-
structed three-dimensional images easily differentate
tumors (globular) and bronchial tubes (tube structure) in
the lungs; even though both have similar X-ray absorption.
Therefore, combined SPECT/CT has the potential to
overcome the limitations of SPECT alone. Because the
clinical performance of CT scanners is better than that of
units used for imaging small animals with regard to
acquisition time, tube voltage, and current x time product
(mAs), identification of the lung structure would be easier
in clinical practice.

Furthermore, in our animal experiments, breathing
motion affected the degradation of SPECT images becaise
of the long acquisition time. Respiratory-gating systemsare
now available in clinical SPECT/CT scanners, and this is
aiding in the procurement of much more accurate images.
Therefore, when CT and SPECT are combined, cleaer
images can be obtained in clinical practice.

Recently, clinical examinations using 99mTe.3PRGD for
imaging of lung cancer have reported that #9mTc-3PRGD
imaging has sensitivity for the detection of lung malig-
nancies, though the specificity is low [2¢, 21]. Our stdy
using a carcinogenesis animal model and human tisue
samples has provided helpful information that can aidin
the diagnosis of lung tumors using radiolabeled RGD.

Conclusion

The present study demonsirated that there are some limi-
tation in detecting mouse lung tumors by SPECT/CT
imaging using -DOTA-c(RGDIK), but M1n-DOTA-
c(RGDfK) has a possibility to evaluate the malignancy of
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lung tumor. In addition, histopathological analysis using
human lung tissue samples revealed a high incidence of
o, P integrin expression in Noguchi type B and Noguchi
type C lesions. We therefore believe that '''In-DOTA-
c(RGDfK) and other «,B5 integrin imaging agents may be
effective in evaluating the malignant potential of lung
lesions appearing as GGOs.
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