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Abstract Variation in the gene encoding the cysteine
protease calpain-10 has been linked and associated with
risk of type 2 diabetes. We have examined the effect of
three polymorphisms in the calpain-10 gene (SNP-43,
Indel-19, and SNP-63) on the development of type 2
diabetes in the Japanese population in a pooled anal-
ysis of 927 patients and 929 controls. We observed that
SNP-43, Indel-19, and SNP-63 either individually or as
a haplotype were not associated with altered risk
of type 2 diabetes with the exception of the rare 111/
221 haplogenotype (odds ratio (OR) =3.53, P=0.02).
However, stratification based on the median age-

at-diagnosis in the pooled study population (<50 and
250 years) revealed that allele 2 of Indel-19 and the 121
haplotype were associated with reduced risk in patients
with later age-at-diagnosis (age-at-diagnosis 250 years
OR=0.82 and 0.80, respectively; P=0.04 and 0.02).
Thus, variation in the calpain-10 gene may affect risk
of type 2 diabetes in Japanese, especially in older
individuals.
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Introduction

The results of association and linkage studies indicate
that multiple genes are involved in determining suscep-
tibility to type 2 diabetes in Japanese with each gene
making a modest contribution to overall risk (Seino
et al. 2001; Mori et al. 2001, 2002; Iwasaki et al. 2003).
The gene encoding the cysteine protease calpain-10
(CAPNI10) was first found to be associated with risk of
type 2 diabetes in studies carried out in Mexican
Americans (Horikawa et al. 2000). Two recent meta-
analyses and a large association study have confirmed
that single nuclectide polymorphisms (SNP)-43 and
SNP-44 are associated with a 1.19- and 1.17-fold in-
creased risk, respectively, of type 2 diabetes (Weedon
et al. 2003; Song et al. 2004). SNP-43 may be a func-
tional polymorphism affecting transcriptional regulation
of the calpain-10 gene (Horikawa et al. 2000; Baier et al.
2000). However, Indel-19 and SNP-63 are just tagging
SNPs, and their effect on transcriptional regulation or
other functions of calpain-10 are unknown. The effect of
the core CAPNI10 polymorphisms SNP-43, Indel-19,
and SNP-63 on risk of type 2 diabetes in Japanese has
been examined in three small studies (Daimon et al.
2002; Horikawa et al. 2003; Shima et al. 2003). The re-
sults suggest that variation in CAPNI10 is not a major
risk factor. However, these studies were not able to
quantify the effect of CAPNIO on risk because of the
small number of cases and controls in the individual
studies. Here, we reexamine the role of the CAPN10 in
the development of type 2 diabetes in the Japanese
population.

Material and methods
Subjects

All subjects were Japanese. We studied three groups of
cases and controls. The first group (study 1) included
205 unrelated subjects with type 2 diabetes recruited
from the outpatient clinic in the Diabetes Center, Tokyo
Women’s Medical University and 208 unrelated nor-
moglycemic subjects recruited from the Seijin Igaku
Medical Clinic of Tokyo Women's Medical University
using the following inclusion criteria: age > 60 years,
HbAlc <5.6%, and no family history of diabetes. The
second group (study 2) consisted of 281 unrelated nor-
mal glucose-tolerant (by oral glucose tolerance testing)
subjects who were recruited at four outpatient clinics:
Diabetes Center, Tokyo Women’s Medical University
(n=>50); Third Department of Internal Medicine, Yam-
aguchi University (n=121); Department of Internal
Medicine, University of Tokyo (n=30); and Shiseikai
Daini Hospital, Tokyo (n=280). The third group of
subjects (study 3) comprised 454 patients with type 2
diabetes and 192 nondiabetic controls who were re-
cruited from Gunma University Hospital and affiliated
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hospitals and Fujita Health University School of
Medicine. The genetic studies were approved by the
institutional review board of each participating institu-
tion. Informed consent was obtained from all partici-
pants.

The pooled analyses included the datasets above
as well as the data from three published studies: Daimon
et al. 2002, SNP-43; Horikawa et al. 2003, SNP-43,
Indel-19 and SNP-63; and Shima et al. 2003, SNP-43,
Indel-19, and SNP-63.

Linkage disequilibrium (LD)

We examined the structure of the linkage disequilibrium
(LD) in the CAPN10 region using the software package
GOLD {graphical overview of linkage disequilibrium
(Abecasis and Cookson 2000)] and a common set of 14
SNPs having a minor allele frequency 20.10 in diabetic
{(n=130) and nondiabetic subjects {(n= 30).

Genotyping

Genomic DNA was prepared from peripheral blood
lymphocytes by standard procedures. We typed three
polymorphisms in CAPNH}): SNP-43, CAPNI0-
2.4852G > A (rs3792267); insertion/deletion (Indel)-19,
CAPNI0-g.7920 (32 bp-repeats) (rs3842570); and
CAPNI10-£.16378C > T (155030952) as described previ-
ously (Horikawa et al. 2003) or using TagMan-based
assays with custom probes/primers (Applied Biosystems,
Foster City, CA, USA). Additional SNPs used for
studies of LD in the CAPNIQ region were genotyped .
using TagMan technology. Previous studies have shown
that the three core polymorphisms lead to four common
haplotypes described as 111, 112, 121, and 221 (allele 1
or 2 at SNP-43, Indel-19, and SNP-63, respectively). The
haplogenotypes were assigned by inspection of the
genotypes at SNP-43, Indel-19, and SNP-63.

Statistical analyses

Polymorphisms were tested for deviation frc}n Hardy-
Weinberg equilibrium, heterogeneity in allele and
genotype among studies and differences in allele, geno-
type, haplotype, and haplogenotype between groups
using a chi-squared test. All P values are two sided.

Results
Haplotype structure across the CAPN10 region

The analysis of LD in the region of CAPN10 revealed a
single region of strong LD (Fig. 1).

CAPN10 and SNP-43, and Indel-19 and SNP-63 are
contained within this single LD block, which does not
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Fig. 1 Linkage disequilibrium (LD) in the CAPNIO region
visnalized using GOLD. The red and orange regions denote strong
LD as defined using D' and % The exons of CAPNI10 and the
adjacent genes RNPEPL1 and GPR35 are shown as filled boxes
along the diagonal. The two variable number of tandem repeats
(VNTRs) between CAPN10 and GPR35 are shown as gpen boxes.
The SNPs used in this analysis are described in Horikawa et al.
(2000). SNP-43 was not included in this analysis because the minor
allele frequency was <0.10 in the Japanese population

include the flanking RNPEPLI and GPR35 genes.
Thus, association of polymorphisms in this block with
type 2 diabetes or a type-2-diabetes-related trait in the
Japanese population implies that it is a variation in
CAPNI0 itself and not an adjacent locus that is
responsible for the effect. The associated variant may
or may not be causal depending on the LD with other
variants in the block.

Genetic variation in CAPNI10 and type 2 diabetes

We typed SNP-43, Indel-19, and SNP-63 in the three
study groups described above (Table 1). There was no
significant difference in the frequency of SNP-43 or
Indel-19 between cases and controls (Table 2), which is
in agreement with previous studies in Japanese (Daimon
et al. 2002; Horikawa et al, 2003). However, we observed
a significant difference in SNP-63 allele frequency
between cases and controls in the subjects from study 1
(0.66 and 0.73, respectively, P=0.04) but not in the
subjects from study 3 (Table 2). In order to gain a better
understanding of what role SNP-63 may play in the
progression of type 2 diabetes, we examined the effect of
SNP-63 genotype on various clinical and metabolic
characteristics assessed by a standard 75-g oral glucose
tolerance test in a2 group of 281 normal glucose-tolerant
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subjects from study 2 (Table 3). No significant effects of
SNP-63 genotype on phenotype were observed except
for area-under-the-curve plasma glucose level from
0 min to 120 min (P =0.03).

We then carried out a pooled analysis using data
from all known studies carried out in the Japanese
population (Daimon et al. 2002; Horikawa et al. 2003;
Shima et al. 2003). The 281 nondiabetic subjects from
study 2 were excluded from the primary analyses be-
cause their mean age-at-study in this group was signifi-
cantly younger than other thé control groups. The
pooled study population included 927 patients and 929
controls although Indel-19 and SNP-63 were not typed
in all subjects. There was no significant difference in
SNP-43, Indel-19, or SNP-63 genotype or allele fre-
quencies between the type 2 diabetic and control groups
in the overall analysis (Table 4). There was also no sig-
nificant difference in SNP-43/Indel-19/SNP-63 haplo-
type (Table 5) or haplogenotype frequency (Table 6)
except for the rare 111/221 combination, which was
associated with significantly increased risk of type 2
diabetes (OR =3.53, P=0.02).

Genetic variation in CAPN1{ may modify risk
of type 2 diabetes in older patients

Since age is a risk factor for type 2 diabetes, we split
the type 2 diabetic group based on median age-at-
diagnosis, which was 50 years in the pooled sample,
and repeated the comparisons but using omly those
cases for whom age-at-diagnosis was available: Pa-
tients with age-at-diagnosis < 50 years included 118
patients from study 1, 103 from study 3, and 68 from
Horikawa et al. (2003); and patients with age-at-diag-
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Table 1 Clinical characteristics of study populations. Data are mean + SD. N4 data not available, Curf control, T2D type 2 diabetes

Subjects
Gender {F/M)

Trait
n
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nosis 250 years included 87 patients from study 1, 143
from study 3, and 85 from Horikawa et al. {2003).
There was no significant difference in SNP-43, Indel-
19, and SNP-63 allele or genotype frequencies between
the type 2 diabetic group with age-at-diagnosis
< 50 years and the controls (Table 4). The SNP-43 and
SWP-63 frequencies were also not different between the
type 2 diabetic group with age-at-diagnosis 250 years
and the controls. However, there was a small but
significant difference in Indel-19 allele frequency (Ta-
ble 4). The 3R allele at Indel-19 (allele 2 in the hap-
lotype) was associated with lower risk of type 2
diabetes (OR =0.82, P=0.04).

The 121 haplotype was associated with significantly
decreased risk (OR=0.80, P =0.02) of type 2 diabetes
in the group of patients with age-at-diagnosis 250 years
(Table 5). The 111 haplotype had the highest risk
(OR=1.33, P=0.046) in the older group of patients.
This effect of the 111 haplotype likely reflects the
contribution of SNP-44 to type 2 diabetes risk (Wee-
don et al. 2003) since 88% of the 111 haplotypes in
Japanese carry the at-risk C-allele at SNP-44. The rare
111221 haplogenotype was associated with increased
risk of type 2 diabetes irrespective of age-at-diagnosis
(Table 6). The 121/121 haplogenotype had a protective
effect against type 2 diabetes that approached signifi-
cance in patients with age-at-diagnosis 250 years
(OR=0.76, P=0.06). Individuals with haplotypes [11/
111, 111/112, and 111/221 had the highest risk of type
2 diabetes (OR=1.83, 1.25, and 4.12, respectively) al-
though the increase in risk was not significant because
of the small numbers of individuals studied. If the
R nondiabetic subjects in study 2 (Table 1) are included
in the pooled control group, the results are similar,
including the effects of the 121/12}1 haplogenotype on
risk in patients with age-at-diagnosis 250 years
(OR =0.75, P=0.04).
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NA
NA
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Discussion
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The results suggest that genetic variation in CAPNI10
may affect risk of type 2 diabetes in the Japanese
population, especially in older individuals.} Interest-
ingly, the common 121 haplotype appears to be pro-
. tective in Japanese, suggesting the overall effect of
CAPNI0 in this population is to reduce the risk of
diabetes rather than increase it. It is important to note,
though, that the statistical significance of the compar-
ison is marginal (P=0.01-0.04), and none of the
comparisons would be significant if corrected for
multiple testing. Thus, the results presented here need
to be confirmed through studies of a much larger
dataset. However, if our results are correct, they sug-
gest an interaction between genetic (CAPNI10) and
nongenetic (age) factors to modify risk of type 2 dia-
betes. In this regard, recent studies have shown that
calpain-10 is part of a novel apoptotic pathway in
insulin-secreting pancreatic beta cells and thus may

50x+03
95.0+87

23.1+24

67.9+5.5

jects were > 60 years old
Data are available for only 246 subjects

Treatment (diet/oral agents/insulin)

Fasting glucose (mg/dl)

BM1I
HbA; (%)
= All subj

b

Age-at-study (years)
Age-at-diagnosis (years)
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Table 2 Genotype and allele frequencies of CAPNI10 polymorphisms in Japanese. The number of subjects of each genotype are indicated.
All genotypic distributions are in Hardy-Weinberg equilibrium. NA not available, Ctr! control, T2D type 2 diabetes

Marker Subjects Genotype This study | This study 2 This study 3 Horikawa Shima Daimon P for
et al, (2003) et al. (2003) et al. heterogeneity
(2002)
SNP-43 Ctrl G)G 188 251 165 154 252 76
G/A 20 29 24 18 24 5
AfA 0 1 0 0 0 0 0.75
Allele frequency G: 0.95 G: 0.94 G: 0.94 G 0.95 G: 096 G: 0.97
A: 0.05 Az 0.06 Az 0.06 A 005 A 0.04 A 0.03 0.62
T2D GJ/G 184 NA 389 158 8 76
G/A 21 NA 57 19 2 5
AJA 0 NA | 0 0 0 0.75
Allele frequency G: 0.95 NA G: 0.93 G:0.95 G: 0.50 G: 0.97
A 0.05 A 0.07 Az 0.05 A:0.10 A:0.03 0.37
Indel-19* Ctrd 2R/2R 27 42 35 23 42 NA
2R/3R 99 126 78 78 126 NA
3R/3R 82 113 73 71 108 NA 0.90
Allele frequency 2R: 0.37 2R: 0.37 2R: 0.40 2R: 0.36 2R: 0.38 NA
. 3R: 0.63 3R: 0.63 3R: 0.60 3R: 0.64 3R: 0.62 0.86
T2D 2Rf2R 32 NA 63 28 NA
2Rf3R 104 NA 209 82 NA
3R/3R 69 NA 176 67 NA 0.62
Allele frequency 2R: 0.41 NA 2R: 0.37 2R: 0.3% 2R: 0.25 NA
3R: 0.59 3R: 0.63 3R: 0.61 3R: 0.75 0.34
SNP-63 Crl c/C 111 151 99 90 151 NA
C/T 81 106 65 70 103 NA
TT 16 24 18 12 NA 0.99
Allele frequency C: 0.73 C: 073 C: 0.72 C:0.73 C: 0.73 NA
T: 0.27 T: 0.27 T: 0.28 T:0.27 T: 0.27 0.99
T2D Ccj/C 90 NA 255 93 NA
CT 92 NA 165 74 NA
T/F 23 NA 30 10 NA 0.09
Allele frequency C: 0.66 NA C: 075 C: 0.73 : 0,75 NA
T: 0.34 T: 0.25 T: 0.27 1 0.25 0.03

" Indel-19 is a diallelic insertion/deletion polymorphism with alleles of two repeats (2R) or three repeats (3R) of a 32-bp sequence

Table 3 Clinical and metabolic characteristics of normal glucose
tolerant subjects (study 2) by SNP-63 genotype. Data are mean =+
SD. Subjects underwent a standard 75-g oral glucose tolerance test

number of individnals in each group for determination of insuli-
nogenic index and HOMA are noted in parentheses. BM7T body
mass index, AUC area under the curve

with glucose and insulin determined at 0/, 30", 60", and 120°. The

Trait Genotype o
Cc/C C/T T/T
n 150 105 25
Gender (M/F) 72/78 59/46 14/11 0.40
Age (years) 45.0+14.9 43.8+16.7 444+18.7 0.72
BMI (kg/m2) 22.3%£2.5 22.2%3.6 22,630 0.70
HbAlc (%) 4904 4.9+04 5.0+04 0.79
Plasma glucose (mgfdl)
0 min 93.1+9.6 92.249.1 94188 0.51
120 min 104.1£18.5 106.1:18.8 108.2+14.5 0.30
AUC 0-12¢/ 14,5106+ 2706.2 15,233.4£2937.1 15,043.2 4:3056.1 0.03
Plasma insulin (¢U/ml)
0 min 6.4£22 6426 6.5+4.4 0.81
120 min 10.6+16.9 3202168 30.1 £20.2 0.74
AUC 0-120' 3,972.4+2030.8 4,267.4+1816.9 4,049.2 +1969.1 0.44
Insulinogenic index 0.89 +0.89 (147) 0.96£3.62 (101) 1.14 +1.85 (24) 0.08
HOMA 1.43£0.53 (146) 1.41+0.54 (101) 1.30 £ 0.63 (23) 0.33

* P value by ANCOVA with institution, gender, and genotype as independent factors and age and BMI as covariates

affect the response of the beta cell to aging or its
ability to compensate in response to an increasing de-

mand for insulin {Johnson et al. 2004).

The observation that individuals homozygous for
the 121 haplotype may be at increased risk of type 2

diabetes in

some

European populations

{Orho-



Table 4 SNP-43, Indel-19, and SNP-63 and type 2 diabetes in
Japanese—a pooled analysis. The number of subjects of each
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based on the median age-at-diagnosis in the pooled sam-
ple—50 years. Note that age-at-diagnosis was not available for all

genotype are indicated. All genotypic distributions are in Hardy- subjects
Weinberg equilibrium. The cases were divided into two groups
Marker Genotype Overall Age-al-diagnosis Age-at-diagnosis
< 50 years =50 years
Cirl T2D P D P 2D P
SNP-43 G/G 833 81t 255 276
G/A 91 104 28 0.98 32 0.78
AfA 0 1 0.35 0 0
Allele frequency G: 095 G: 0.94 G: 095 G: 0.95
A:0.05 A: 0.06 0.25 Az 0.05 0.98 Az 0.05 0.79
Indel-19* 2R/2R 127 124 36 58
2R/3R 381 396 143 151 0.11
3R/3R 334 316 0.67 107 0.33 105
Allele frequency 2R: (.38 2R: 0.39 2R: 0.38 2R: 043
JR: 0.62 3R: 0.61 0.69 3R: 0.62 0.91 3R: 0.57 0.04
SNP-63 c/C 451 443 149 151
C/T 319 333 125 129
T/T 68 62 0.72 14 0.09 28 0.35
Allele frequency C:0.73 C: 0.73 C:. 073 C: 071
T: 0.27 T: 0.27 0.94 T: 0.27 0.79 T: 0.29 0.17

* Indel-19: 2R, 2 repeats of 32-bp sequence; 3R, 3 repeats

Table 5 CAPNI0 haplotype frequency and risk of type 2 diabetes
in Japanese—a pooled analysis. The haplotypes are those defined
by SNP-43, Indel-19, and SNP-63, and the specific alleles are: SNP-
43, allele 1, G and allele 2, A; Indel-19, allele 1, 2 repeats of 32-bp
sequence, and allele 2, 3 repeats; and SNP-63, allele 1, C, and allele

2, T. The cases were divided into two groups based on the median
age-at-diagnosis in the pooled sample—350 years. Note that age-at-
diagnosis was not available for all subjects. C#rf control, T2D type

2 diabetes

Haplotype Overall Age-at-diagnosis <50 years Age-at-diagnosis 250 years
Ctrl 2D OR P T2D OR P T2D OR P
(n=825) (n=827) (95% CIy® =277y (95% CI) (n=305) (95% C))*
111 0.106 0.113 1.07 (0.86-1.34) 0.52  0.117 1.12 (0.83-1.52) 046 0.136 1.33 (1.00-1.75) Q.05
121 0.572 0.553 0.93 (0.81-1.07) 0.29 0.567 0.98 (0.81-1.19) 085 0.515 0.80 (0.66-0.96) 0.02
112 0.270 0.274 1.02 (0.88-1.19) 0.79% 0.265 0.98 (0.78-1.21) 082 0.297 1.14 (0.93-1.40) 0.21
221 0.052 0.059 1.15(0.85-1.54) 0.37 0.051 0.97 (0.62-1.50) 0.88 0.052 1.01 (0.66-1.53) 0.97

* The OR and 95% CI of each haplotype relative 1o other haplotypes as a group are shown

Table 6 CAPN10 haplogenotype and risk of type 2 diabetes in Japanese—a pooled analysis. The haplotypes are those defined by SNP-43,
indel-19, and SNP-63, and the specific alleles are indicated in the legend to Table 5. The number of individuals with each haplogenotype is

indicated
Haplogenotype  Overall Age-at-diagnosis <50 years Age-at-diagnosis = 50 years

Ctrl T2D OR (95% CI)* P T2D OR (95% CI)* P T2D OR (95% 613" P
111/111 15 18 1.20 {(0.60-2.40)  0.60 5 0.99 (0.36-2.76) 099 10 1.83 (0.82-4.07)  0.14
1117124 97 93 0.95 (0.70-1.29) 074 31 0.95 (0.62-1.45) 080 37 1.04 (0.69-1.55)  0.86
111/112 44 44 1.00 (0.65-1.53) 0.99 18 1.23 (0.70-2.17) 0.47 20 1.25 (0.72-2.15) 0.43
111221 4 14 153(1.24-10.1) 002 6 4.54 (142-14.5)  0.01 6 412 (1.27-13.3)  0.02
112/112 66 62 0.93 (0.65-1.3¢) 070 13 0.57 (0.31-1.04) 006 27 1.12 (0.70-1.78)  0.64
112/121 247 254 1.04 (0.84-1.28) 073 90 1.13 (0.84-1.51) 043 97 1.09 (0.82-1.45)  0.55
112/221 23 32 140 (0.82-2.41) 022 13 1.72 (0.86-3.41) 0.12 10 1.18 (0.56-2.51) 0.68
1217121 270 259 0.94 (0.76-1.15) 0.54 92 1.02 (0.77-1.37) 088 &2 0.76 (0.56-1.01)  0.06
121/221 59 50 0.84 (0.57-1.23) 0.37 9 0.44 (0.22-0.87) 0.02 16 0.72 (0.41-1.27) 0.25
221221 0 1 - - 6 0

® The OR and 95% CI of each haplogenotype relative to the other haplotype combinations as a group are shown

Melander et al. 2002; Malecki et al. 2002) but at de-
creased risk in older Japanese raises the possibility that
additional genetic variation may distinguish high- and

low-risk subtypes of the 121 haplotype. Transpopulation
mapping may be a useful strategy for identifying this

variation.
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Abstract

We report the increased activity and expression of the ILK protein in human glioblastomas and demonstrate that ILK activity
is regulated by PTEN. The transfection of wild type-PTEN into the glioblastoma cell line U-251 MG altered the localization of
ILK in the cell membrane; transfection with PTEN down-regulated PKB/Akt-Ser-473 phosphorylation via the inhibition of
ILK-signaling. Our results suggest that ILK is critical for the PTEN-sensitive regulation of PKB/Akt-dependent cell survival.
The selective COX-2 inhibitor NS-398 was found capable of down-regulating ILK and PKB/Akt phosphorylation. Our data
indicate that inhibition of ILK signaling may be beneficial in the treatment of PTEN-deficient glioblastoma. '

© 2003 Elsevier Ireland Ltd, All rights reserved.
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1. Introduction

Glioblastoma is the most common and the most
malignant tumor of the human central nervous system.
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Despite extensive clinical trials, a good clinical
outcome has remained an elusive goal [1,2]. The
success of treatment is hampered by factors such as
the rapid growth, remarkable genetic and biological
heterogeneity, and high degree of infiltration of these
neoplasms [3,4]. The mechanisms by which tumor
cells survive apoptosis induced by cytotoxic treatment
modalities remain unclear, Growth or angiogenic
factors, cytokines, and a diverse array of parallel and
overlapping signaling pathways are involved in
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the regulation of DNA repair and apoptosis. Identify-
ing and ultimately targeting the molecules by which
gliomas resist cytotoxic agents will have a strong
impact on future treatment strategies.

PTEN, the phosphatase and tensin homolog
deleted from chromosome 10, (also known as the
mutated gene in multiple advanced cancers, MMACI,
and as the TGF-regulated and epithelial cell-enriched
phosphatase, TEP1) was identified as a tumor
suppressor gene located on chromosome 10q23
{5.6,7]. Loss of heterozygosity (LOH) at this locus
is observed at a high frequency in a wide variety of
human cancers including glioblastomas, melanomas,
and carcinomas of the prostate, breast, lung, and head
and neck [8-13). PTEN is a lipid phosphatase that
dephosphorylates 3D of phosphatidyliositol 3.4.5
triphosphate (PI (3, 4, 5) P3), a product of PI3-kinase,
The disruption of PTEN results in the serum- and
anchorage-independent activation of PKB/Akt pro-
bably induced by increased levels of PI (3, 4, 5) P3
[14—16]. PKB/Akt suppresses apoptosis via several
possible downstream effectors including phosphoryl-
ation and inactivation of BAD [17], or repression of
the forkhead transcription factor {18]. The disruption
of PTEN leads not only to the suppression of
apoptosis, but also to cell-cycle acceleration via
GSK-3 and CyclinD [15].

Integrin-linked kinase (ILK) was identified by the
yeast two-hybrid system as a serine/threonine kinase
that interacts with the 81 integrin subunit [19]. ILK
possesses a number of oncogenic properties including
the inhibition of apoptosis and the acceleration of
tumor cell invasion {20,21]. It has also been shown to
phosphorylate PKB/Akt on Ser-473 in vitro. Since
this activity is sensitive to the level of PI (3, 4, 5) P3
{22}, the disruption of PTEN would be expected to
activate ILK, leading to PKB/Akt activation [23]. In
fact, ILK and PKB/AKkt are constitutively activated in
PTEN-mutant prostate cancer cells. Furthermore, the
expression of dominant-negative ILK dramatically
inhibits serum- and anchorage-independent PKB/Akt
phosphorylation as well as PKB/Akt kinase activity,
and leads to Gl cell-cycle arrest and enhanced
apoptosis [24].

In the present work, we demonstrate that ILK is
activated in PTEN-deficient human glioblastoma
cells. We also found that transfection of WT-PTEN
into these cells inhibits ILK activity, changes

the subcellular localization of ILK, and ultimately
inhibits PKB/Akt kinase activity, enhanced cell-cycle -
arrest, and apoptosis. Our results demonstrate that
ILK is critical for the PTEN-sensitive regulation of
PKB/Akt-dependent cell-cycle progression and cell
survival. ILK kinase activity is suppressed by non-
steroidal anti-inflammatory drugs (NSAIDs) [25].
Therefore, we exposed U-251MG cells to the COX-
2-specific inhibitor NS-398. Interestingly, PKB/Akt-
Ser-473 phosphorylation and the ILK activity were
significantly inhibited by the administration of
NS-398. QOur data suggest that the inhibition of
ILK-signaling by NSAIDs may have therapeutic
benefits in PTEN-deficient glioblastomas since the
restoration of PTEN by a viral vector is clinically
difficult. Targeting the downstream of signal trans-
duction pathways involved in the biology of tumor
cells may represent a novel therapeutic approach.

2. Materials and methods

Brain tumor specimens and tumor cell lines.
Glioma tissue specimens, obtained from patients
who underwent surgery at The Department of
Neurosurgery, Kagoshima University, were imme-
diately frozen in liquid nitrogen. Sections from all
samples were histologically evaluated by board-
certified neuropathologists and classified according
to the WHO grading system.

The human glioblastoma cell line U-251 MG was
obtained as previously described [26]). The cell was
cultured in Dulbecco’s modified Eagle’s medium
(DMEM)(Gibco BRL, Grand Island, NY) sup-
plemented with 10% fetal bovine serum at 37 °C in
the presence of 95% air and 5% CQO,.

Gene expression. Recombinant Ade-XCA-PTEN
has been described [27). After infecting the U251
cells with DMEM containing adenovirus (30 min,
37 °C), DMEM containing 10% FCS was added, The
adenovirus was applied at a MOI of 5-20 pfu/cell,
and incubated for 48 h. Ade-XCA-lacZ was used as a
control since on the three post-infection days, >90%
of U251 cells exposed to a MOI of 1020 pfu/cells
manifested Ade-XCA-lacZ gene expression.

Immunohistochemistry. Histological sections
(5-pm in thickness) of formalin-fixed, paraffin-
embedded surgical specimens were subjected to
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immunohistochemical staining. After incubation with
normal blocking serum, the sections were incubated
overnight at 4 °C with primary anti-ILK polyclonal
antibody (0.2 pg/ml; Upstate Biotechnology, Lake
Placid, NY). For immunodetection we employed the
Vectastatin ABC rabbit IgG kit (Vector Laboratories,
Burlingame, CA) using diaminobenzidine as the
chromogen. Negative control sections were stained
first with nonspecific rabbit IgG at the same protein
concentration as the primary anti-ILK antibody,
followed by horseradish peroxidase-linked anti-rabbit
secondary antibody. All sections were counterstained
with hematoxylin.

Immunoblot analysis. The cultured cells were
collected and briefly sonicated in a Modified Radio-
immunoprecipitation (RIPA) buffer containing
50 mM Tris (pH 7.4), 1% NP-40, 1mM EDTA,
0.25% Na-deoxycholate, I mM PMSF, 1 mM NaF,
and 1 mM Na;VO;, and a protease inhibitor cocktail
(BD Pharminogen, San Diego, CA). The cell
membranes were collected by a Mem-PER Mamma-
lian Membrane Protein Extraction Reagent Kit
(PIERCE, Rockford, IL), Frozen tissue samples
were homogenized in RIPA buffer.

Immunoblot analysis using the enhanced chemi-
lominescence (ECL) detection system {Amersham
Pharmacia, Little Chalfont Buckinghamshire, Eng-
land) were carried out as described [19,22]. The
following antibodies were used: anti-PTEN (goat
polyclonal; Santa Cruz Biotech, Santa Cruz, CA);
anti-ILK (affinity-purified rabbit polyclonal and
mouse monoclonal antibody; Upstate Biotechnology,
Lake Placid, NY); anti-PKB/Akt-phospho-Ser-473
(rabbit polyclonal; Transduction Laboratories,
Lexington, KY); anti-PKB/Akt (mouse monoclonal;
Transduction Laboratories).

ILK kinase assays. The ILK kinase activity was
determined in cell extracts by immunoprecipitation
kinase assays [21,22]. Glutathione S-transferase
(GST)-PKB/Akt-Ser-473 was used as a substrate
for ILK in separate experiments, and the phosphory-
lated proteins were electrophoresed on 12% SDS/
PAGE gels. GST-PKB/Akt was constructed with
individual GST fusion proteins of the PKB/Akt
c-terminal (aa 444—480) expressed in JM109, and
purified on glutathione-sepharose beads. When GST-
PKB/Akt-Ser-473 was the substrate, [’PJATP was
used as the phosphate donor in the kinase assay;

[*’P]PKB/Akt-Ser-473 was detected by autoradio-
graphy or phosphorimage analysis of the gels, Cold
ATP was the phosphate donor in kinase assays; the
proteins were electrotransferred from SDS/PAGE
gels to immobilize poly-(vinylidene difluoride)
membranes (Millipore, Bedford, MA). Phosphory-
lated GST-PKB/Akt-Ser-473 was then detected by
Western blot using anti-PKB/Akt-phospho-Ser-473
antibody.

Immunofluoresence microscopic analysis. The
cells were maintained for 24 h on fibronectin-coated
four-well chamber slides (Asahi Techno Glass,
Tokyo, Japan), transfected with the adenovirus
vectors, and fixed with 4% paraformaldehyde
(10 min) followed by 0.1% Triton X 100 in PBS
{5 min). After washing with PBS, they were stained
with anti-ILK rabbit polyclonal antibody (Upstate
Biotechnology) and anti-paxillin mouse monoclonal
antibody (Transduction Laboratories). After again
washing with PBS, the cells were incubated with the
second antibody (30 min) and examined using a
confocal laser scanning microscope (Leica True
Confocal Scanner 4D, Leica Lasertechnik GmbH,
Heidelberg, Germany) as described previously [28].

Cell viability. To assay cell viability, a modified
dimethyl-2-thiazolyl-2,5 -diphenyl-tetrazolium bro-
mide (MTT) assay. Briefly, glioblastoma cells, seeded
at a density of 1.0-2.0 X 10° cells per 60 mm-dish,
were transfected with WT-PTEN or control vector,
and treated for 48 h with or without NS-398
(CALBIOCEM, Darmstadt, Germany).

3. Results

Since the expression profile of ILK has not been
documented in glioma cells to date, we first
determined the constitutive expression of ILK in
glioma tissues obtained at surgery. In human glioma
tissues, the level of ILK protein was higher than in
normal brain. Furthermore, ILK expression was
correlated with the malignancy grade of the gliomas
(Figs. 1 and 2A). The most malignant type, glioblas-
toma, manifested a higher level of ILK expression
than did low-grade gliomas.

The up-regulation of ILK in glioma tissues was
histologically verified by immunohistochemical anal-
ysis. Vascular endothelial cells, smooth muscle cells,
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Fig. I. Inmunohistochemical detection of ILK in human glioma tissue. Low-grade astrocytoma and glioblastoma specimens were stained with
primary anti-ILK polyclonal antibody followed by anti-rabbit secondary antibody, Vascular endothelial cells and pericytes were
immunoreactive with anti-ILK antibody. Slight staining was detected in astrocytoma cells (A and B). Glioblastoma cells were stained
strongly (C and D). Glioblastomas contained more ILK-positive cells than did low-grade astrocytomas. No staining was detected when control
non-immune serum was used. Magnification: A and C X 200; B and D X 400.

and some tumor cells were immunoreactive with anti-
ILK antibody in low-grade gliomas (Fig. 1A and B).
On the other hand, the cytoplasm and cell surface
were diffusely immunopositive for ILK in the
majority of glioblastoma cells (Fig. IC and D),
suggesting that the increased level of ILK expression
we observed was primarily attributable to the
neoplastic glioma cells. In human glioma tissues, the
level of ILK protein was higher than in normal brain.
Furthermore, ILK expression was grossly correlated
with the malignancy grade of the gliomas. The most
malignant type, glioblastoma, manifested a higher
level of ILK expression than low-grade gliomas by
immunoblot analtysis (Fig. 2A).

To examine the biological relevance of ILK,
PKB/AKT, and tumor suppressor PTEN in malignant

glioma cells, we focused on how the PTEN status
influenced the phosphorylation of PKB/AKT on Ser-
473, and the expression level of ILK protein and it
kinase activity, We experimented immunopreci-
pitated whole cell lysates with anti-ILK after
transiently transfecting WT-PTEN into U-251 MG
cells. Kinase assays using GST-PKB/AKT-C-ter-
minal fusion protein as a substrate showed that
restoration of PTEN leads not only to decreased
PKB/AKT-Ser-473 phosphorylation but also to
decreased ILK level and its activity (30% of mock
stimulation; Fig. 2B and C).

As there is a direct association between ILK and
paxillin with an L.D1 motif, and co-localization in
focal adhesions [29], we next examined whether
decreased ILK activity affects the subcellular
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Fig. 2. Expression of ILK in glioma tissue specimens. Lane 1, normal human brain (CLONTECH). Lanes 2—5, human low-grade glioma tissues.
Lanes 69, human glioblastoma tissues, The immunoblot with anti-actin (bottom) confirms equal loading of protein in each lane (A). Biological
relevance of ILK, PKB/AKT, and tumor suppressor PTEN in malignant glioma cells. All cell lysates (500 mg protein) were immune-
precipitated with anti-ILX antibody and kinase assays were performed using GST-PKB/AKT-C-termina! fusion protein as a substrate after
transiently transfecting optimal MOI of PTEN adenovirus plasmid (20 MOI) into U-251 MG cells. Restoration of PTEN (lane 2) leads not only
to decreased PKB/AKT-Ser-473 phosphorylation but also to decreased ILK level and its activity (30% of mock stimulation) (B). Densitometic
analysis of ILK kinase. The intensity of immunoreactivity was measured by densitometry using the NIH-IMAGE image analysis software
package (open bar, control adenovirus plasmid; solid bar, PFEN adenovirus plasmid) (C).

localization of ILK in glioblastoma cells. As
expected, transfection with WT-PTEN not only
inhibited ILK activity but also disrupted ILK
localization on the cell membrane (Fig. 3A). To
semi-quantitatively evaluate the shift of ILK from the
cell membrane to the cytoplasm under different
experimental conditions, we subjected equal amounts
of membrane-bound and cytosolic proteins to
immunoblot for ILK. As shown in Fig. 3B, a
significant ILK shift from the membranous fraction
to the cytoplasmic fraction was detected in PTEN-
transfected U-251MG cells.

Restoration of PTEN produced cell-cycle arrest by
inhibiting ILK activity in a variety of PTEN-deficient
cell-lines such as prostate cancer lines [24]. Interes-
tingly ILK activity has been shown to be inhibited by
the administration of nonsteroidal anti-inflammatory

drugs (NSAIDs) that can block both COX-1 and
COX-2 [25]. Therefore, it is possible that the COX
inhibitor suppresses the proliferation of glioma cells
by inhibiting ILK activity regardless of the presence
of wild-type PTEN.

We next compared the biological effect on cell
proliferation of the specific COX-2 inhibitor
NS-398 and of PTEN transfection. Interestingly,
exposure to NS-398 (10 pM) resulted in a decrease
in cell proliferation (Fig. 4A) that was comparable
to that induced by PTEN-transfection. Immunoblot
analysis demonstrated that phosphorylation of PKB/
AKT-Ser-473 and ILK activities were significantly
inhibited by cell exposure to NS-398 (Fig. 4B).

Our data demonstrate that in glioblastoma cells,
like restoration of PTEN or exposure to NS-398, ILK
induces decrease in cell proliferation. Therefore,
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Fig. 3. Subcellular distribution of ILK. Immunoftuorescence
staining with ILK antibody of U-251 MG glioblastoma cells.
After transfection with Mock Ad-LacZ, fluorescence-labeled ILK
were identified in the cell membrane (upper panel). Transfection
with Ad-PTEN resulted in disorganized ILK-staining in the cell
membrane (lower panel) (A). Distribution of JLK in subcellular
fractions of plasma membrane of U251 MG cells. Under different
experimenta! conditions, equal amounts of membrane-bound and

cytosolic proteins were Immunoblotied for ILK. Transfection with -

Ad-PTEN was associated with an attenuation of the presence of ILK
in the membrane and its appearance in the cytoplasmic fraction (B).

the inhibition of ILK may represent a novel means of
inhibiting the growth and progression of PTEN-
mutant tumors.

4, Discussion

Increased ILK activity is correlated with the
malignancy grade of several types of human tumors

including breast, prostate, and colon carcinomas [30].
In the present work, we demonstrated the expression
of ILK protein in human glioma cells. As shown by
immunohistochemical and Immunoblot analysis,
compared to low-grade gliomas, those of high grade
expressed elevated levels of ILK protein. This is the
first demonstration that in human glioblastoma cell
line, ILK activity is constitutively activated. Further-
more, we found that the down-regulation of ILK
activity by PTEN was related to changes in the
localization of ILK from the cell membrane to the
cytoplasm and ILK detached from focal adhesion
plaques. TLK interacts with the cytoplasmic domains
of B1 and B3 integrins via its C-terminal domain [31].
It was recruited to focal adhesions on extracellular
matrix proteins and the kinase activity of ILK

A 0 . .
A AR P 4 N§-398

: Abs§rhgncg

Fig. 4. Biological effect of the Cox2 inhibitor N$-398 in U-251 MG
cells. To determine the MTT-induced reduction of cell viability, U-
251 MG cells were incubated in 96-well microplates and exposed
for 2 days to different concentrations of NS-398 (A). The results are
given as the mean *+ SD (n = 3). Immunoblot analysis of PKB/Akt-
Ser-473 phosphorylation and in vitro kinase assay of ILK in NS-
398-treated U-251 MG cells (B).
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correlated with its anchoring on the cell membrane

[29]. The activation of ILK in PTEN-null glioblas-
toma cells is presumably due to increased PI (3, 4, 5)
P3 levels in these cells, although it is possible that ILK
activation is due to dysregulation of other PTEN
targets such as FAK [32]. Results from in vivo
experiments suggested a role for PTEN in cell-cell
and cell-matrix interactions and motility. Mouse
embryos lacking PTEN exhibit severely disorganized
blastocysts, suggesting that the expression of PTEN is
required for proper cell—cell signaling. Furthermore,
mutations in PTEN predominate in advanced invasive
turnors and are present in about 72% of glioblastomas
[33). These findings suggest a role for PTEN in
metastatic progression and are consistent with its
putative role in adhesion and motility. As ILK
overexpression resulted not only in cell transform-
ation but also in increased metastasis in in vitro
models [19,31,34,35], it is possible that ILK mediates
many of the tumor suppressor functions of PTEN.

COX-2 is overexpressed in several tumor cells
including glioma cells, and the COX-2 inhibitor
suppressed the growth of these tumors [36,37].
Furthermore, ILK kinase activity was suppressed by
NSAIDs such as ASA and Sulindac [25]. These lines
of evidence suggest that the activation of ILK activity
in cells containing COX-2 plays an important role in
cell-cycle progression in these cells. Here we demon-
strated that exposure of U-251MG cells to 20 pM
NS-398 significantly inhibited ILK activity and PKB/
AKT-Ser473 phosphorylation. Using the MTT cell
proliferation assay, we also showed that tumor cell
proliferation was inhibited.

Our findings indicate that the inactivation of a
tumor suppressor results in the dysregulated acti-
vation of immediate downstream effectors. Their
inhibition may represent selective and alternative
means of treating tumors harboring mutations in the
tumor suppressor genes, We demonstrated that the
inhibition of ILK in glioblastoma cells induces
decrease in cell proliferation. Our results suggest
that the effects of ILK inhibition are specific for
properties underlying malignant transformation.
Therefore, targeting the ILK signal transduction
pathways involved in the biology of glioblastoma
cells may represent a therapeutic approach in the
treatment of PTEN-deficient glioblastomas.
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Abstract

Disruption of histamine H, receptor and gastrin receptor had different effects growth of gastric mucosa: hypertrophy and atrophy,
respectively, To clarify the roles of gastrin and histamine H; receptors in gastric mucosa, mice deficient in both (double-null mice) were
generated and analyzed. Double-null mice exhibited atrophy of gastric mucosae, marked hypergastrinemia and higher gastric pH than gastrin
receptor-null mice, which were unresponsive even to carbachol. Comparison of gastric mucosae from 10-week-old wild-type, histamine H,
receptor-null, gastrin receptor-null and double-null mice revealed unique roles of these receptors in gastric mucosal homeostasis, While small
parietal cells and increases in the number and mucin contents of mucous neck cells were secondary to impaired acid production, the histamine
H; receptor was responsible for chief cell maturation in terms of pepsinogen expression and type III mucin, Tn double-null and gastrin
receptor-null mice, despite gastric mucosal atrophy, surface mucous cells were significantly increased, in contrast to gastrin-null mice. Thus,
it is conceivable that gastrin-gene product(s) other than gastrin-17, in the stimulated state, may exert proliferative actions on surface mucous
cells independently of the histamine H, receptor. These findings provide evidence that different G-protein coupled-receptors affect
differentiation into different cell lineages derived from common stem cells in gastric mucosa.
© 2004 Elsevier B.V. All rights reserved.

Keywords: G protein; Histamine Hz; Double-null, mouse

1. Introduction Nagata et al., 1996; Tanaka et al., 2002). Of these gene

products, histamine H,, gastrin, and muscarine Mj receptors

Recently, gene-targeting techniques have made it possible
to generate mice deficient in a number of genes involved in
gastric acid secretion (Friis-Hansen et al., 1998; Fukushima
et al, 2003; Kobayashi et al, 2000; Koh et al, 1997;
Langhans et al., 1997; Lloyd et al., 1997; Matsui et al., 2000;

* Corresponding author, Tel: +81 3 3815 5411x33133; fax: +81 3
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E-mail address: fksm@mth.biglobe.ne.jp (Y. Fukushima),
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are direct targets of secretagogues and are involved in acid
production in parietal cells. Targeted disruption of the
histamine H, receptor caused hypertrophy of gastric mucosa
due to marked hyperplasia of parietal, mucous neck and
enterochromaffin-like (ECL) cells (Fukushima et al., 2003).
Despite prominent hypergastrinemia, surface mucous cells
were not as increased in number as downward migrating cells
in histamine H, receptor-null mice (Fukushima et al., 2003).
In contrast, gastrin receptor-null mice exhibited remarkable
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gastric mucosae atrophy accompanied by decreases in
parietal and ECL cell numbers (Nagata et al., 1996).
Although differences in pH values between wild-type mice
and histamine H, receptor-null mice were minimal (Fukush-
ima et al., 2003; Kobayashi et al., 2000), gastrin-dependent
acid production was impaired in histamine H, receptor-null
mice. In gastrin receptor-null mice, basal acid productions
were lower than those in wild-type mice (Langhans et al,,
1997; Nagata et al., 1996). In this study, to further clarify the
distinct roles of histamine H, receptor and gastrin receptor
in gastric mucosa, mice deficient in both the histamine H,
and the gastrin receptors (double-null mice) were generated.
We also analyzed gastric mucosa from aged histamine H,
receptor-null mice and aged double-null mice. Herein, we
present evidence that these different G-protein coupled-
receptors mediate differentiation into different cell lineages
derived from common stem cells in gastric mucosa,

2. Materials and methods
2.1. Mice

All animal experimental procedures were reviewed and
approved by the Institutional Animal Care and Research
Advisory Committee of the University of Tokyo. Mice
deficient in histamine H, receptors were generated as
described previously (Fukushima et al., 2003; Shindo et
al,, 2002).

2.2. Generation of mice deficient in both the histamine H,
receptor and the gastrin receptor (double-null mice)

Histamine H; receptor-null mice and gastrin receptor-null
mice with the genetic background of the 129/8SvxC57BL/6
hybrid were used (Fukushima et al., 2003; Nagata et al,,
1996). Offspring obtained by crossing histamine Hj receptor-
null and gastrin receptor-null mice were confirmed to be
heterozygous for both the histamine H; receptor and the
gastrin receptor. These mice were then crossed and the
offspring thus obtained were genotyped with PCR and/or
Southern blot analysis using genomic DNA prepared from
tail biopsies. Of these offspring, wild-type, histamine H,
receptor-null, gastrin receptor-null and double-null mice
were used for the following studies. Double-null mice
appeared normal, were healthy into adulthood and both sexes
were fertile.

2.3. Generation of polyclonal antibody against murine
pepsinogen C

Polyclonal antibody against murine pepsinogen C was
generated by a previously described method (Fukushima et
al, 1993). The 100 carboxyl-terminal amino acids of
murine pepsinogen C were fused to Glutathione S-trans-
ferase, which was used to immunize female New Zealand

white rabbits. Serumn collected from the immunized rabbits
was passed through Affigel-10 beads, which had been
cross-linked to Glutathione S-transferase. The flow-through
was collected and passed through Afvfigel-10 beads, which
had been cross-linked to the fusion protein. Antibody
adsotbed to the beads was collected. This polyclonal
antibody specifically recognizes chief cells in mouse
oxyntic mucosa.

2.4. Histological analysis

Gastric specimens were fixed in 3% phosphate-buffered
paraformaldehyde (pH 7.4), embedded in paraffin, and cut
into 3 pm sections. The sections were stained with periodic
acid-Schiff (PAS), hematoxylin and eosin, and examined
under a light microscope. Paraffin-embedded gastric tissue
sections were dewaxed and rehydrated with graded concen-
trations of ethanol. After treatment with 2% H,O,/phosphate
buffered saline for 10 min, tissue sections were incubated
with anti-pepsinogen C antibody, anti-histidine decarbox-
ylase (HDC) polyclonal antibody, anti-H®/K-ATPase
monoclonal antibody (Fukushima et al., 1999), anti-type III
mucin monoclonal antibody HIK1087 (Kanto-Kagaku,
Japan) or normal rabbit or mouse immunoglobulin G (1gG)
overnight at 4 °C. The sections were rinsed and then
incubated for 30 min with biotinylated anti-rabbit or mouse
IgG (1:400 dilution). The tissue sections were then rinsed and
incubated for 30 min with peroxidase-labeled streptavidin
(1:70 dilution). The slides were rinsed again in phesphate
buffered saline and reacted with diaminobenzidine for 5 min
at room temperature, Finally, the sections were rinsed and
counterstained with hematoxylin.

2.5, Incorporation of the thymidine analog bromodeoxyur-
idine (BrdU)

BrdU (80 mg/kg BW(body weight)) was injected intra-
peritoneally into mice 2 h before sacrifice. Gastric tissues
were removed and fixed in 3% phosphate-buffered paraf-
ormaldehyde. Immunohistochemistry with anti-BrdU mono-
clonal antibody was performed using paraffin-embedded
sections from these samples.

2.6. Measurement of gastric pH

Wild-type and histamine H, receptor-null mice were
fasted overnight with free access to water. At 1.5 h after
subcutaneous injection of vehicle (0.5% methylcellulose),
10 mg/kg BW of fametidine, 10 mg/kg BW of pirenzepine
dihydrochloride (a muscarine M, receptor antagonist) or 10
mg/kg BW of (R)-1-[2,3-dihydro-1-(2' -methylphenacyl}-2-
oxo-5-phenyl-1H-1,4-benzodiazepin-3-y1]-3-(3-methylphe-
nyljurea (YMO022), a gastrin receptor antagonist, the mice
were sacrificed and their stomachs were immediately
excised. Gastric pH was measured using an ultra-thin pH
monitor (Horiba, Japan).
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2.7. Measurement of secretagogue induced acid secretion

Mice were maintained on anesthesia in chambers infused
with oxygen gas saturated with diethylether. The stomach and
duodenum were exposed via an epigastric midline incision. A
tube inserted from the duodenum was placed in the gasiric
lumen, Stomachs were washed with 1 ml of prewarmed
physiologic saline three times. After extraction of the tube
and ligation of the pylorus, physiologic saline or secreta-
gogue solution was administered peritoneally. A total of 10
mg/kg BW of histamine dihydrochloride, 0.05 mg/kg BW of
carbachol or 0.1 mg/kg BW of gastrin-17 were administered,
i.e. 2.5 ml/kg BW of physiologic saline as a control, histamine
dikyydrochloride solution (4 mg/ml), carbachol solution (0.02
mg/ml) or gastrin-17 solution (0.04 mg/ml). Thirty minutes
after administration, the mice were sacrificed and their
stomachs were excised. Gastric juice was collected with 1.5
ml of physiologic saline. Secreted gastric acid was measured
by titrating the collected gastric juice to pH 7.0,

2.8. Statistical aralysis

Quantitative values were expressed as means+S.E,
Statistical significance was tested using the unpaired f-test
{two tailed). A value of P<0.05 was considered significant,
3. Results
3.1. Comparison of gastric mucosae and serum gastrin
levels of 10-week-old histamine H, receptor-null, gastrin

receptor-null, double-null and wild-type mice

Stomachs from 10-week-old double-null mice weighed
significantly less than those of 10-week-old wild-type mice

Double-null |

Wild-type

Fig. 1. Macroscopic views of stomachs from 10-week-old wild-type and
double-null mice. The excised stomachs were opened along the greater
curvature,

gastrin
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Fig, 2, Serum gastrin levels in wild-type, histamine H; receptor-nul), gastrin
receptor-null and double-null mice. Serum gastrin levels were measured in
fasting (open bars) and fed states (hatched bars) in 10- to 12-week-old wild-
type, histamine H; receptor-null (H2R-null), gastrin receptor-null (GR-null)
and double-null mice, Data are presented as means*S.E. (n=15).
*P<0.0001 between fasting and fed states.

(double-null 60.010.6 ghkg BW, wild-type 79.0%1.0 g/kg
BW, P<0.0001). Macroscopically, oxyntic mucosae from
double-null mice were more atrophic than those from wild-
type mice (Fig. 1). Serum gastrin levels in double-null mice
were significantly higher than those in wild-type mice,
while being comparable to and lower than those in gastrin
receptor-null mice and histamine H, receptor-null mice,
respectively (Fig. 2). In addition, except in wild-type mice
serum gastrin levels were not elevated by feeding (Fig. 2).

To explore the effects of disrupting gastrin receptor and
histamine H, receptor genes, we examined oxyntic mucosae
from the four types of mice at 10 weeks of age, PAS staining
of gastric mucosa from 10-week-0ld double-null mice
showed no hypertrophy of oxyntic mucosae in double-null
mice (Fig. 3D).

In histamine H, receptor-null mice, oxyntic mucosal
hypertrophy was attributable to hyperplasia of ECL, parietal
and mucous neck cells, and parietal cells were small (Table 1).
In some portions of oxyntic mucosae from histamine I,
receptor-null mice, peculiar mucous neck cells full of mucin
protruded into the gastric gland lumen. Despite marked
hypergastrinemia surface mucous cells were not as increased
in number as the downward migrating cells, resulting in a
decreased percentage of surface mucous cells per gland in
histamine H; receptor-null mice. These findings confirm our
previous report on histamine H, receptor-null mice (Table 1,
Fig. 3B) (Fukushima et al, 2003). However, on closer
examination, we found the number of surface mucous cells to
be significantly increased as compared to wild-type mice
(Table 1). .

In gastrin receptor-null mice, numbers of downward
migrating cells were decreased as previously reported
{P<0.001, vs. wild-type mice) (Table 1) (Nagaia et al,
1996). Interestingly, surface mucous cell cells were increased
in number as compared with wild-type mice (26.7+1.6
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Fig. 3. Oxyntic mucosa from 10-week-old wild-type, histamine H; receptor-null, gastrin receptor-null and double-null mice. Sections of oxyntic mucosa from
wild-type (A, G), histamine H; receptor-null (B, H), gastrin receptor-null (C, E, 1) and double-null (D, F, ) mice were subjected to PAS staining (A, B, C, D, E,
F) or BrdU labeling (G, H, 1, J). Scale bars, 200 pm (A, B, C, D}, 50 pm (E, F), 500 pm (G, H, [, J).

arbitrary units per gland vs. 20.3+0.5 arbitrary units per
gland, P<0.001) (Table 1, Fig. 3C). Thus, although numbers
of downward migrating cells were decreased, the total
number of cells per gland did not differ significantly between
gastrin receptor-null and wild-type mice (Table 1). In
addition, an increase in the number of BrdU positive cells
per gland was observed in gastrin receptor-null mice (gastrin
receptor-null, 2,76+ 0.14 arbitrary units per gland, wild-type,
0.95+0.09 arbitrary units per gland, P<0.001) (Table 1, Fig.
3D). Just as in histamine H; receptor-null mice, some portions
of the oxyntic mucosa, especially at the greater curvature and
near the antram, contained mucous neck cells full of mucins
(Fig. 3E). Small parictal cclls werc observed in gastrin
receptor-null mice as well (gastrin receptor-mull mice,

5.3740.10 arbitrary units per cell, wild-type mice,
8.8610.17 arbitrary units per cell, P<0.001) (Table 1). In
double-null mice, numbers of ECL. cells, and parietal cells as
well as the total number of downward migrating cells, were
decreased (Table 1). As in gastrin receptor-null mice, the
number of surface mucous cells was increased as compared
with those from wild-type mice (25.3£0.8 arbitrary units per
gland vs. 20.31+0.5 arbitrary units per gland, P<0.001) (Table
1, Fig. 3D). BrdU positive cells per gland were increased in
number in double-null mice (double-null, 1.75+0.13 arbi-
trary units per gland, wild-type, 0.95:+0.09 arbitrary units per
gland, P<0.001) (Table 1, Fig. 3]). Total number of cells per
gland did not differ significantly between wild-type and
double-null mice (Table 1). Mucous neck cells with
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Table 1
Quantitative analyses of gastric glands from 10-week-old wild-type, histamine H; receptor-null, gastrin receptor-null and double-null mice
Total cell number Surface mucous Gland cell Parietal cell ECL cell BrdU positive

cell number number Number Size number cell number
Wild-type 63.7£0.7 203405 434107 20.3£04 8.8610.17 1.44£0.13 0.95+£0.09
Histamine H; receptor-null 114.2+3.6° 26.7+1.6 87.5£29° 386x13" 4.79£0.11° 7.61+0.32° 2.01+0.11*
Gastrin receptor-null 61.5+1.2 26.7+£0.7° 34.8%0.9" 13.8x0.2" 537£0.10" 0.5320.08" 2.76+0.14"
Double-null 61.1%1.1 25310.8° 358408° 14.2+04" 5.01£0.09" 0.81% 0.07* 1.75+£0.13*

Numbers of cells were counted in gastric glands sectioned centrally and in a manner parallel to their longitudinal axes, then e¢xpressed as arbitrary vnits per
gland. Parietal cell size was determined by measuring the tongitudinal cross scctional area of parietal cells from these gastric glands and expressed as arbitrary
units per cell. One hundred glands from 10 mice (10 glands per mouse) were used for each type of mouse. Data are expressed as arbitrary units per gland or
parietal cell since the data obtained are proportional but not equivalent to the actual cell numbers or parietal cell mass.

® P<0.0001 vs. wild-type mice.

characteristics similar to those in histamine H, receptor-null
mice and gastrin receptor-null mice were seen in similar
portions of the gastric mucosa (Fig. 3F). Small parietal cells
were also observed in double-null mice (double-null mice,
5.014+0.09 arbitrary units per cell, wild-type mice,
8.86:+0.17 arbitrary units per cell, P<0.001) (Table 1).

3.2. Comparison of chief cell lineage in gastric mucosae
Srom 10-week-old wild-type, histamine H, receptor-null,
gastrin receptor-null and double-null mice

Next, to explore the effects of histamine H; receptor and
gastrin receptors on maturation of the chief cell lineage,
expressions of pepsinogen and type III mucin were
examined in gastric glands in each type of mouse. Fig. 4
is a schematic representation of a gastric gland. Fig, 5 shows
that type III mucin positive cells were increased in number
in histamine H, receptor-null, gastrin receptor-null and
double-null mice as compared with wild-type mice. In
addition, type IIT mucin positive cells, although present in

Gastric lumen

~

Pit

Isthmus

Neck

Base

Fig. 4. Schematic drawing of a gastric gland,

the base regions of gastric glands from histamine H,
receptor and double-null mice (Fig, 5J,L.), were very scarce
at the bases of gastric glands from wild-type and gastrin
receptor-null mice (Fig. 5LK). In wild-type mice, numbers
of pepsinogen positive cells in gastric glands gradually
increased from the isthmus to the base and pepsinogen
expression per cell had already peaked in the neck region
(Fig. 5A). In gastrin receptor-null mice, pepsinogen
expression in gastric glands was maximal only at the base
(Fig. 5C). It is noteworthy that mature chief cells, without
type 111 mucin and with abundant pepsinogen, were present
at the base region of gastric glands from gastrin receptor-
null mice (Fig. 5C,G). In contrast, gland cells with abundant
pepsinogen expression and without type III mucin were not
present in histamine H; receptor-null mice and double-null
mice (Fig. 5B,D,F,H). In addition to the low pepsinogen
expression, pepsinogen levels per cell did not increase from
the isthmus to the base in histamine H, receptor-null and
double-null mice (Fig. 5B,D).

3.3. Gastric pH and gastric acid productions in 10-week-old
wild-type, histamine Hj receptor-null, gastrin receptor-nuil
and double-null mice ' '

First, in vivo acid productions in response to secreta-
gogues were measured. Histamine H, receptor-null mice
were responsive to carbachol, but not to histamine or
gastrin-17 (Fukushima et al,, 2003). Secretagogue-induced
acid secretion (10 mg/kg BW of histamine, 0.05 mg/kg
BW of carbachol) was not observed in either gastrin
receptor-null nor double-null mice (data not shown).
Gastric pH values in double-null mice were the highest
among the four types of mice (Fig. 6). Those in gastrin
receptor-null mice were higher than those in wild-type or
histamine H, receptor-null mice and lower than those in
double-null mice. Treatment of gastrin receptor-null mice
with famotidine (10 mg/kg BW) or pirenzepine (10 mg/kg
BW) raised gastric pH values, indicating that histaminergic
and muscarine pathways, although severely impaired, are
functional in gastrin receptor-null mice. Because fasting
gastric pH values in double-null mice were too high to
assess the inhibitory effects of pirenzepine, the effect of



