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Alzheimer’s disease (AD), the most common form of dementia in the elderly, was found to exhibit a trend
toward a higher risk in females than in males through epidemiological studies. Therefore, we hypothesized
that gender-related genetic risks could exist. To reveal the ones for late-onset AD (LOAD), we extended our
previous genetic work on chromosome 10q (genomic region, 60-107 Mb), and single nucleotide polymor-
phism (SNP)-based genetic association analyses were performed on the same chromosomal region, where
the existence of genetic risk factors for plasma AB42 elevation in LOAD was implied on a linkage analysis.
Two-step screening of 1140 SNPs was carried out using a total of 1408 subjects with the APOE-£3*3 geno-
type: we first genotyped an exploratory sample set (LOAD, 363; control, 337), and then genotyped some
associated SNPs in a validation sample set (LOAD, 336; control, 372). Seven SNPs, spanning about 38 kb,
in intron 9 of CTNNA3 were found to show multiple-hit association with LOAD in females, and exhibited
more significant association on Mantel-Haenszel test (allelic P-valuesyy.g = 0.000005945-0.0007658).
Multiple logistic regression analysis of a total of 2762 subjects (LOAD, 1313; controls, 1449) demonstrated
that one of the seven SNPs directly interacted with the female gender, but not with the male gender.
Furthermore, we found that this SNP exhibited no interaction with the APOE-¢4 allele. Our data suggest
that CTNNA3 may affect LOAD through a female-specific mechanism independent of the APOE-¢4 allele.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
clinically characterized by progressive cognitive deterioration
and is the most common form of dementia in the elderly. Its
neuropathological features are amyloid plaques [extracellular
deposition of amyloid B-protein (AB)] and neurofibrillary
tangles (intracellular aggregation of highly phosphorylated
microtubule-associated protein tau), which finally lead fo
synaptic loss and/or neuronal death.

Recent epidemiological studies on AD revealed gender-
related differences in its prevalence (1-3) and incidence
(4-6). Compared with males, females are more likely to
develop AD, although results contradicting this gender differ-
ence have been reported (7-9). In blood mononuclear cells
in AD, there are substantial gender differences in gene
expression (10). The plasma level of amyloid beta-protein
42 (AB42), a major constituent of senile plaques, is signifi-
cantly increased in females with mild cognitive impairment,
a transitional state between normal aging and mild dementia
(11). In transgenic animal models of AD, gender-dependent
accumulation and deposition of AB42 and AB40 have been
observed (12-15). Moreover, there has been increasing
research on gender-related genetic risk factors in AD: ACT
(16), MPO (17,18), ACE (19), ESR2 (20), DSCI (21) and
ABCAI (22). Therefore, based on these findings, we hypoth-
esized that gender-related genetic risk factors that modify
AB metabolism in late-onset AD (LOAD), which accounts
for 95-99% of AD, could exist.

We have paid a great deal of attention to chromosome 10q,
especially because the existence of genetic risk factors for
plasma AB42 elevation in it was implied on linkage analysis
of LOAD families (23). Furthermore, through other genetic
approaches, including genome-wide linkage screening of
affected sib pairs (24) and candidate gene-based analysis of
multiplex AD families (25), chromosome 10q was strongly
suggested to be the most prominent one for LOAD. Therefore,
regarding a genomic region on chromosome 10q (60—107 Mb),
we previously performed large-scale single nucleotide poly-
morphism (SNP)-based screening of a Japanese population to
identify additional genetic risk factors to 4APOE (19q13.2),
which is universally recognized as a major risk gene for the
development of LOAD (OMIM +107741). Consequently, we
found that DNMBP, which is involved in synaptic vesicle
recycling, was associated with LOAD with the APOE-£3*3
genotype or lacking the APOE-¢4 allele in several sample
sets (26).

Interestingly, replicated evidence for a parent-of-origin
effect of chromosome 10q was recently reported for LOAD
(27,28), which suggests that gender-related genes such as
imprinting genes could be responsible for the disease develop-
ment. Here, in order to determine whether or not gender-
related loci associated with LOAD are present, our previous
genetic work on chromosome 10q (26) was extended. Two
sample sets for screening, Exploratory and Validation, com-
prising only APOE-£3*3 subjects were prepared, which were
used for a case—control association study after being stratified
as to gender. We first genotyped the Exploratory set, and
then genotyped some significantly associated SNPs in the
Validation set. Through this stepwise screening, among the
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1140 SNPs subjected to the exploratory screening, we finally
found seven SNPs located in intron 9 of CTNNA3 that
showed reproducible association with LOAD in females.
These replicated SNPs were further examined by means of
genotyping of all the subjects with all APOE genotypes
(€272, £2*3, £2*4, £3*3, £3*4 and e4*4), i.e. 1526 LOAD
patients (female, 1103; male, 423) and 1666 controls
(female, 998; male, 668), sore of them exhibiting significance
only in-a female sub-sample set. In terms of biological func-
tions, CTNNA3 (29,30), encoding o-T catenin, is thought to
be a promising candidate for LOAD because it is a binding
partner of B-catenin, which interacts with PSEN1 (31), and
because it was recently shown to be associated with the
level of plasma AB42 in a set of families with LOAD (32).
Muitiple logistic regression analysis in a total of 2762 subjects
(LOAD, 1313; controls, 1449) revealed that one (SNP
rs713250) of the seven associated SNPs exhibits a significant
interaction with the female gender, but not with the male
gender and the APOE-e4 allele. Our data suggest that
CTNNA3 could affect LOAD through a female-specific mech-
anism independent of the 4APOE-&4 allele.

RESULTS

Allelic association

To determine whether gender-related loci associated with
LOAD on chromosome 10q (60—107 Mb) exist or not, we
stratified the Exploratory sample set (Table 1) by gender,
resulting in female and male subsets. An allelic contingency
table (2 x 2)-based x> test was performed using
already-obtained genotype data (26) for 1140 SNPs for the
Exploratory set. Calculation of allelic P-values and odds
ratios (ORs) with 95% confidence interval (CI) was carried
out to examine the genetic association of these SNPs. In a
Japanese population, these SNPs were actually polymorphic
and showed a P-value >0.05 in exact tests of Hardy—Wein-
berg equilibrium (HWE) in both cases and controls of
the Exploratory set (details given under Materials and
Methods). The results of X tests for the gender-stratified
sets are presented in Fig. 1. In the female group (LOAD,
249; controls, 223), 106 of the 1140 SNPs had significant
allelic P-values <0.05, and 34 of these 106 showed more sig-
nificant values (allelic P-values <0.01). In the male group
(LOAD, 114; controls, 114), 53 of the 1140 SNPs showed
allelic P-values <0.05, and 7 of these 53 showed more signifi-
cant association with allelic P-values <0.01.

A total of 41 SNPs (34 and 7 SNPs in female and male
Exploratory sets, respectively) showing allelic P-values <0.01
were further analyzed by means of x* tests to determine
whether or not these SNPs actually exhibit reproducible allelic
association using another sample set, Validation, sub-grouped
as to gender (Table 1). In the male Validation set (LOAD, 94;
controls, 159), three of the above-mentioned seven SNPs
showed reproducible association (allelic P-values = 0.0342 —
0.046). Among these three SNPs, only SNP rs1000280
exhibited a significant value on Mantel~Haenszel test (allelic
P-valueygg v = 0.0009112). This SNP is located in the
intergenic region between LOXL4 (100.00-100.02 Mb)
and Cl0orf33 (100.13-100.16 Mb); therefore, we did not
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Table 1. Subject information

Sample set ID  Number of subjects AAQO/AAE Range MMSE Range APOE
Mean (SD) Mean (SD) Genotype Allele
2*2  2*3 2*4 3*3 3*4 44 &2 €3 ed
Overall set
All Female .
LOAD 1103 73.5 (6.6) 60-93 15.7(7.0) 0-30 0 31 13 491 465 103 44 1478 684
Control 998 73.0(7.9) 60-96 28.0(1.8) 24-30 2 77 9 748 152 10 90 1725 181
Male
LOAD 423 73.3 (6.6) 60-93 18.4 (6.6) 0-30 1 18 4 208 148 44 24 582 240
Control 668 731 (7.7) 60-95 28.1(1.8) 24-30 1 55 6 495 104 7 63 1149 124
Subsets
Negative-e4  Female
LOAD 522 74.6 (7.0) 60-93 15.1(7.4) 0-30 0 31 — 491 — — 31 1013 —
Control 827 73.1 (7.9 60-96 28.0(1.8) 24-30 2 77 748 — 81 1573
Male
LOAD 227 73.6(7.2) 60-93 17.9(7.3) 0-30 1 18 208 20 434
Control 551 73.0 (7.8) 60-95 28.1(1.8) 24-30 1 55 — 495 — — 57 1045 —
Positive-e4 Female
LOAD 581 72.6 (6.0) 60-92 16.3 (6.6) 0-30 —_ — 13 — 465 103 13 465 684
Control 171- 72.7(7.6) 60-90 28.0(1.9) 24-30 — — 9 152 10 9 152 181
Male
LOAD 196 729 (5.8) 60-86 18.9(5.7) 1-30 — — 4 148 44 4 148 240
Control 117 73.7(7.4) . 60-91 27.9(1.9) 24-30 — — 6 — 104 7 6 104 124
e3*3 Female
LOAD 491 74.7 (1.0) 60-93 15.1(7.3) 0-30 — — 491 — — — 982 —
Control 748 73.1 (1.9) 60-96 28.0(1.8) 24-30 748 1496
Male '
LOAD 208 73.7(7.3) 60-93  18.0(7.3) 0-30 — 208 416
Control 495 73.0 (7.8) 60-95 28.1(1.8) 24-30 — — — 495 — — — 990 —
Screening sets :
Exploratory  Female
LOAD 249 74.3 (6.2) 62-90 15.7(7.2) 0-30 — — — 249 — — — 498 _
Control 223 80.2 (4.1) 75-96 28.0(1.9) 24-30 223 446
Male ) R
LOAD 114 74.6 (6.8) 62-93 192 (7.6) 0-30 114 228
Control 114 80.6 (4.0) 75-95  28.0 (2.0) 24-30 114 228
Validation Female
LOAD 242 75.0 (7.7) 60-93 147 (7.3) 0-29 — 242 — 484 —
Control 213 75.5 (4.7) 70-94 27.8(1.9) 24-30 — 213 426
Male
LOAD 94 72.6 (7.6) 60-92 16.8 (6.9) 0-29 94 188
Control 159 75.7 (4.5) 70-92  28.1(1.8) 24-30 — — — 159 — — — 318 —_

The sample set IDs used in this study, i.e. single SNP case— control study, linkage disequilibrium and case—control haplotype analyses, and multiple

logistic regression analysis, are shown in italics.

investigate this SNP further. In the female Validation set
(LOAD, 242; controls, 213), 16 of the above-mentioned 34
SNPs exhibited allelic association with P-values <0.05.
These SNPs exhibited significance on Mantel—Haenszel test
of the two female sets (allelic P-valuesymy.r = 0.000005945 —
0.0008809). These allelic P-valuesy;_r remained at significant
levels even after Bonferroni’s correction for 34 tests (allelic
P-valuesyypgy = 0.0002021 — 0.02995). Of the 16 SNPs, 9
(rs911541, rs3740066, rs11190302, rs35715207, rs3758394,
rs3740058, rs3740057, rs11190315 and rs6584331) are
located in a locus between ENTPD7 and DNMBP recently
reported by our group (26). The remaining seven,
157909676, 1s2394287, 154459178, rs10997307, rs12258078,
rs10822890 and 15713250, spanning about 38 kb, are encom-
passed by intron 9 of CTNNA3, which consists of 18 exons
(Fig. 2A and C). The allelic P-values of these seven SNPs
in the two sample sets, Exploratory and Validation, are

presented in Table 2, and marker. information on them is
summarized in Table 3. The genotypic and allelic distributions
are presented in the Supplementary Material, Table S1.

To examine the gender-specific effects of the seven
CTNNA3 SNPs on LOAD, we additionally performed joint
analysis regarding gender (Table 2). For this analysis, female
and male allelic contingency tables were combined for the
Exploratory and Valldatlon sets, respectively (Supplementary
Material, Table S1). x? tests based on the combined 2x2
allelic contingency tables and calculation of the ORs with
95% CI were carried out. In the Exploratory set comprising
both genders, none of these seven SNPs showed more signifi-
cant association (allelic P-values = 0.00005431 — 0.0235) in
comparison with the Exploratory set only including females
(allelic P-values = 0.00004614 — 0.008). The ORs exhibited
a tendency to decrease; for example, for SNP rs10822890,
from 1.72 to 1.55. A similar trend for both the allelic
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Figure 1. Allelic P-values of 1140 SNPs for the Exploratory set comprising
female (A) (LOAD, 249; control, 223) or male (B) (LOAD, 114; control,
114) APOE-¢3*3 subjects. Dotted and dashed lines indicate allelic P-values
at the 0.05 and 0.01 levels, respectively. The significantly associated locus
focused on in this study is indicated by the thick line, which is labeled
‘CTNNA3’. The genomic position conformed to NCBI build 35.1.

P-values and ORs of these seven SNPs was observed on
Mantel-Haenszel test.

The reproducible seven SNPs on CTNNA3 were further
examined by means of stratified analysis, based on the carrier
status of the APOE-e4 allele, with the x* test (Table 4). The
genotypic and allelic distributions are presented in the Sup-
plementary Material, Table S2. We used the overall sample
set, All, including all subjects (LOAD, 1526; controls, 1666)
with all APOE genotypes (2*2, 2*3, 2*4, 3*3, 3*4 and 4*4),
and two sub-sample sets, Negative-e4 and Positive-e4, which
were stratified as to the presence (2*4, 3*4 and 4*4) or
absence (2*2, 2*3 and 3*3) of the APOE-¢4 allele (Table 1).
As shown in Table 4, in the All set, five (rs7909676,
152394287, rs4459178, 1510822890 and 15713250) of the
seven SNPs were statistically significant in females (allelic
P-values = 0.0009719 — 0.00126). In the Negative-e4 set, all
seven SNPs exhibited more significant association with
LOAD in females (allelic P-values = 0.00001019 — 0.002555).
No evidence was found of association with any of the seven
SNPs in males in any sample set.
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For joint analysis conceming gender, female and male
contingency tables (2 x 2) with the allelic distributions
were combined for the All, Negative-ge4 and Positive-g4
sample sets, respectively (Supplementary Material, Table S2).
Allelic P-values and ORs (95% CI) derived from the combined
contingency tables were used to evaluate the gender-specific
effects on LOAD (Table 4). This analysis revealed that in the
All set including both genders, the ORs of significant SNPs
(rs7909676, rs10822890 and rs713250) tended to be lower,
compared with those in the female All set; for example, from
1.23 to 1.11 for SNP rs713250. A similar decreasing tendency
for ORs of significant SNPs (rs7909676, rs2394287, rs4459178,
rs10997307, rs12258078, rs10822890 and rs713250) in the
Negative-e4 set including both genders was also observed in
comparison with those in the female Negative-g4 set; for
example, from 1.42 to 1.24 for SNP rs10822890.

Multiple logistic regression analysis, involving APOE-£4,
gender, age, the seven replicated SNPs on CTNNA3 and
their interactions as independent variables, was performed to
assess the potential effects of these variables on the association
with LOAD, using 2762 subjects [LOAD, 1313 (female, 949;
male, 364); controls, 1449 (female, 877; male, 572)] (Table 5).
In this analysis, the subjects used were not sub-grouped as to
gender and/or carrier status of the APOE-¢e4 allele. Initially,
we carried out multiple logistic regression analysis with a
forward stepwise method without interaction terms to eluci-
date which variables explained an association with LOAD
independently. Model 1 in Table 5 shows significant risk
factors selected by this analysis. Expectedly, the 4APOE-g4
allele, gender and age, which are well-known risk factors for
LOAD, had significant effects on the LOAD risk. Among
the seven associated SNPs, SNP 1s713250 was chosen as
representative and selectively entered in this model [for geno-
type CC: OR (95% CI), 1.36 (1.08—1.71); P-value = 0.009].
Following this primary analysis, we further assessed
second-order interaction terms created by the four significant
risk factors including the SNP rs713250 (Model 2 in
Table 5). Six interactions were tested by means of a forward
stepwise method in addition to APOE-e4, gender, age and
the SNP r1s713250. It was demonstrated that the SNP
rs713250 exhibited significant interaction with the female
gender in a dose-dependent manner as to the allele C
(TC_female, OR (95% CI) = 1.68 (1.12-2.54); CC_female,
OR (95% CI) = 2.57 (1.59-4.17)].

Linkage disequilibrium and case—control
haplotype analyses

To reveal genetic relationship between each significant SNP
on CTNNA3, linkage disequilibrium (LD) and haplotype esti-
mation analyses were performed. For these analyses, we used
four sample sets (All as the overall sample set, and
Negative-¢4, Positive-e4 and £3*3 as sub-sample sets) after
being sub-grouped as to gender (Table 1). From the Japanese
HapMap genotype data (JPT), these SNPs were found to be
encompassed by a highly structured LD block extending
about 80 kb from 68.10 to 68.18 Mb (Fig. 2B). They were in
strong LD: the robust LD block structures did not differ
between females and males or between LOAD and controls
in any sample set (Supplementary Material, Fig. S1).
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SNP is according to dbSNP build 125 on NCBI build 35.1.

Four haplotypes were estimated in each LD block consisting
of the seven SNPs: three major haplotypes (frequency
>0.1), [HI1]C-A-T-T-T-A-T, ([H2]JA-G-C-C-G-G-C and
[H3]A-G-C-T-T-G-C, and one 'minor haplotype,
[H4]C-A-T-T-T-A-C (Table 6). Hl exhibited the highest

frequency (range 0.4363—0.5356) and H4 the lowest (range
0.0084~0.031). Haplotypes H1, H2 and H3 were always esti-
mated with the expectation-maximization (EM) algorithm in
the four sample sets examined. Haplotype H4 was not inferred
in either Negative-e4 or £3*3 consisting of male subjects.
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Table 2. Statistics for seven reproducible SNPs found on two-step screening involving APOE-£3*3
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Sample set Exploratory Validation Exploratory + Validation®
Female
Number of subjects
LOAD 249 242 491
Control 223 213 436
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
157909676 0.0004042 1.61 (1.23-2.09) 0.0132 1.40 (1.07-1.82) 0.00002087 1.50 (1.24-1.81)
152394287 0.0001782 1.64 (1.27-2.13) 0.0427 1.31 (1.01-1.71) 0.00004311 1.47 (1.22-1.77)
rs4459178 0.0001939 1.64 (1.26-2.13) 0.0296 1.34 (1.03-1.75) 0.00002885 1.49 (1.23-1.79)
rs10997307 0.008686 1.45 (1.10-1.91) 0.0372 1.34 (1.02-1.76) 0.0008809 1.39 (1.15-1.69)
rs12258078 0.008 1.44 (1.10~1.89) 0.0352 1.34 (1.02-1.76) 0.0007658 1.39 (1.15-1.68)
rs10822890 0.00004614 1.72 (1.32-2.23) 0.0266 1.35 (1.04-1.75) 0.000008277 1.52 (1.27-1.83)
rs713250 0.00006663 1.69 (1.31-2.20) 0.0162 1.38 (1.06~1.80) 0.000005945 1.53 (1.27-1.84)
Male
Number of subjects
LOAD 114 94 208
Control 114 159 273
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
157909676 0.2961 1.22 (0.84-1.77) 0.1933 0.78 (0.54-1.13) 0.8507 0.98 (0.75-1.27)
1s2394287 0.3418 1.20 (0.83-1.74) 0.0183 0.64 (0.44-0.93) 0.3125 0.87 (0.67-1.14)
154459178 0.3456 1.20 (0.82—-1.74) 0.0209 0.65 (0.45-0.94) 0.3231 0.88 (0.67-1.14)
rs10997307 0.9594 1.20 (0.69-1.48) 0.2477 0.79 (0.54-1.17) 0.4350 0.90 (0.68-1.18)
rs12258078 0.8457 1.01 (0.71-1.52) 0.1901 0.77 (0.52-1.14) 0.4308 0.90 (0.68-1.18)
rs10822890 0.2235 1.26 (0.87-1.83) 0.0237 0.65 (0.45-0.95) 0.4534 0.91 (0.70-1.18)
15713250 0.2588 1.24 (0.85-1.79) 0.0578 0.70 (0.49-1.01) 0.5761 0.93 (0.72-1.20)
Female + male
Number of subjects
LOAD 363 336 699
Control 337 372 709
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
157909676 0.0004364 1.47 (1.19-1.82) 0.1668 1.16 (0.94-1.44) 0.0005443 1.30 (1.12-1.52)
152394287 0.0002861 1.48 (1.20-1.84) 0.6336 1.05 (0.85-1.30) 0.003812 1.25 (1.07-1.45)
154459178 0.0003147 1.48 (1.20-1.84) 0.5868 1.06 (0.86—-1.31) 0.003417 1.25 (1.08-1.46)
rs10997307 0.0321 1.28 (1.02-1.60) 0.2511 "1.14 (0.91-1.42) 0.02028 1.20 (1.03-1.41)
rs12258078 0.0235 1.29 (1.03-1.61) 0.2757 1.13 (0.91-1.40) 0.01778 1.21 (1.03-1.41)
rs10822890 0.00005431 1.55 (1.25-1.92) 0.4934 1.08 (0.87-1.33) 0.0008589 1.29 (1.11-1.50)
15713250 0.00008381 1.53 (1.24-1.89) 0.2786 1.12 (0.91-1.39) 0.0003985 1.31(1.13-1.52)

Allelic P-values and ORs, with 95% CI in parentheses, are indicated. Boldface indicates statistically significant results (allelic P-value <0.05). The

genotypic and allelic distributions are shown in the Supplementary Material, Table S1.

2Computed by the method of Mantel and Haenszel.

Table 3. Summary of seven associated SNPs within intron 9 of CTNNA3

dbSNP Genomic Alleles® Exploratory Validation
L 2
position (bp) GSR Frequency® HWE! GSR Frequency® HWE'

LOAD Control LOAD Control
rs7909676 68 104 803 C/A 96.43 0.507/0.493 0.3377 0.8206 96.75 0.506/0.494 0.6566 0.9161
52394287 68 105 668 A/G 97.57 0.521/0.480 0.5934 0.5760 97.88 0.517/0.483 0.741 1.0000
rs4459178 68 114 303 T/C 96.71 0.512/0.488 0.9137 0.5778 96.47 0.514/0.486 0.5784 0.9159
rs10997307 68 119 438 T/C 95.00 0.633/0.367 0.9107 0.6173 97.74 0.640/0.360 1.0000 0.1316
rs12258078 68 125 734 T/G 99.29 0.641/0.359 09116 0.6219 99.01 0.641/0.359 1.0000 0.1686
rs10822890 68 127 819 A/G 97.71 0.516/0.484 0.5208 0.5757 97.60 0.515/0.486 0.5055 1.0000
5713250 0.501/0.499 0.5211 0.6579° 98.45 0.503/0.497 0.7415 0.9170

68 143 405 CIT 98.43

GSR, genotyping success rate.
®Based on dbSNP build 125 on NCBI build 35.1.
ucleotides of the major allele/minor allele.
“The major allele/minor allele frequency, calculated using genotype data obtained for 363 LOAD patients and 337 controls with APOE-£3*3 in the
Exploratory set.
4p-values were calculated with exact tests of HWE using both 363 LOAD patients and 337 controls with APOE-g3*3 in the Exploratory set.
“The major allele/minor allele frequency, calculated using genotype data obtained for 336 LOAD patients and 372 controls with APOE-3*3 in the
Validation set. .
TP-values were calculated with exact tests of HWE using both 336 LOAD patients and 372 controls APOE-g3*3 in the Validation set.
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Table 4. Allelic association of seven associated SNPs, encompassed by intron 9 of CTNNA3, in the overall sample set, All, and two sub-sample sets, Negative-e4
and Positive-£4, stratified as to the presence or absence of the APOE-¢4 allele

Gender Female Male Female + male
Sample set AlP
Number of subjects
LOAD 1103 423 1526
Control 998 668 1666
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
57909676 0.001646 1.22 (1.08-1.38) 0.2558 0.90 (0.76-1.08) 0.0472 1.11 (1.00-1.22)
152394287 0.001696 1.22 (1.08-1.38) 0.1906 0.89 (0.75-1.06) 0.0512 1.10 (1.00-1.22)
rs4459178 0.002843 1.21 (1.07-1.37) 0.2085 0.89 (0.75-1.07) 0.0681 1.10 (0.99-1.21)
1510997307 0.2316 1.08 (0.95-1.23) 0.4329 0.93 (0.77-1.12) 0.517 1.03 (0.93-1.15)
rs12258078 0.2307 1.08 (0.95-1.23) 0.5439 0.94 (0.79-1.13) 0.4422 1.04 (0.94-1.16)
rs10822890 0.00126 1.22 (1.08-1.38) 0.2137 0.89 (0.75-1.07) 0.0402 1.11 (1.00-1.23)
rs713250 0.0009719 1.23 (1.09-1.39) 0.1358 0.88 (0.73-1.04) 0.0439 1.11 (1.00-1.22)
Sample set Negative-g4°
Number of subjects
LOAD 522 227 749
Control 827 551 1378
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
rs7909676 0.00001471 1.42 (1.21-1.66) 0.6951 0.96 (0.76-1.20) 0.0008525 1.24 (1.09-1.41)
rs2394287 0.00005357 1.38 (1.18-1.62) 0.4346 0.91 (0.73-1.14) 0.003869 1.21 (1.06-1.37)
154459178 0.00005308 1.39 (1.18-1.62) 0.4728 0.92 (0.74-1.15) 0.003415 1.21 (1.07-1.38)
1510997307 0.002555 1.28 (1.09-1.51) 0.8393 0.98 (0.77-1.23) 0.0163 1.18 (1.03-1.34)
rs12258078 0.001978 1.29 (1.10-1.52) 0.8693 0.98 (0.78-1.24) 0.0129 1.18 (1.04-1.35)
1510822890 0.00001019 1.42 (1.22-1.67) 0.5198 0.93 (0.74-1.16) 0.001046 1.24 (1.09-1.41)
15713250 0.00001576 1.41 (1.21-1.65) 0.5154 0.93 (0.74-1.16) 0.001162 1.24 (1.09-1.40)
Sample set Positive-g4°
Number of subjects
LOAD 581 196 777
Control in 117 288
dbSNP Allelic P-value OR (95% CI) Allelic P-value OR (95% CI) Allelic P-value OR (95% CI)
157909676 0.8115 0.97 (0.76-1.24) 0.1917 0.80 (0.58-1.12) 0.3764 0.92 (0.75-1.11) -
1s2394287 0.8995 0.98 (0.77-1.26) 0.4275 0.87 (0.63-1.22) 0.7096 0.96 (0.79-1.17)
rs4459178 0.7375. 0.96 (0.75-1.23) 0.2844 0.84 (0.60-1.16) 0.438 0.93 (0.76-1.12)
1510997307 0.0409 0.77 (0.60-0.99) 0.4491 0.88 (0.62—1.24) 0.0528 0.82 (0.67-1.00)
rs12258078 0.0306 0.76 (0.59-0.97) 0.6752 0.93 (0.66—1.31) 0.0727 0.83 (0.68-1.02)
rs10822890 0.582 0.93 (0.73-1.19) 0.2816 0.84 (0.60-1.16) 0.3617 0.91 (0.75-1.11)
rs713250 0.9234 0.99-(0.77-1.26) 0.0784 0.74 (0.54—1.03) 0.3245 0.91 (0.75-1.10)

Allelic P-values and ORs, with 95% CI in parentheses, are indicated. Boldface indicates statistically significant results (allelic P-values <0.05). The

genotypic and allelic distributions are shown in the Supplementary Material, Table S2.

FAll APOE genotypes (APOE-£2*2, 2*3, 2*4, 3*3, 3*4 and 4*4) comprising those of 1526 LOAD patients (female, 1103; male, 423) and 1666 controls
(female, 998; male, 668).
®Non-carriers of the APOE-e4 allele (2*2, 2*3 and 3*3) comprising 749 LOAD patients (female, 522; control, 227) and 1378 controls (female, 827;

male, 551).

°Carriers of the APOE-&4 allele (2*4, 3*4 and 4*4) comprising 777 LOAD patients (female, 581; male, 196) and 288 controls (female, 171; male, 117).

Because multiple SNPs may increase the risk of LOAD in

P-value = 0.0008),

and

£3*3  (global

permutation

combination, we carried out a case—control haplotype analysis
(Table 6). In the All set, haplotypes Hl (permutation
P-value = 0.0029) and H3 (permutation P-value = 0.0043)
exhibited significant association in females. In both the
Negative-g4 and £3*3 sets, haplotypes H1, H2 and H3 exhib-
ited significance in females (permutation P-value
H1 < H2 < H3). In the All, Negative-£4 and &3*3 sets, the
frequency of haplotype H1 was decreased in LOAD,
suggesting it is a protective haplotype for LOAD. On the
other hand, haplotypes H2 and H3 were increased in LOAD,
implying that they are risk haplotypes for LOAD. In males,
each haplotype showed no significant difference in any
sample set.

Of the four sample sets of females, three showed significant
association in global tests: All (global permutation
P-value = 0.0006), Negative-e4  (global permutation

P-value = 0.001). We did not detect significance in any haplo-
type in the female sub-sample set Positive-£4 (global permu-
tation P-value = 0.3323).

Relationship between the Af340/42 ratio and genetic
variation on CTNNA3

The levels of plasma AB40 and AB42 and their ratio (AB40/
42) were compared between LOAD patients (N = 456) and
control subjects (N = 147) within different gender groups
(Fig. 3A—C). The Mann~Whitney U-test was adopted as a
non-parametric method for this analysis. In both the female
and male groups, the AB40 levels (Fig. 3A) and AP40/42
ratio (Fig. 3C) were significantly higher in LOAD in compari-
son with those in controls. The AB42 levels were significantly
lower in LOAD compared with those in controls (Fig. 3B).



Table 5. Multiple logistic regression analysis

Variables® Category OR (95% CI)
Model 1
APOE &4 (=) (Ref) 1.00
£d (+) 5.00 (4.20-5.96)"
Gender Male (Ref) 1.00
Female 1.64 (1.38-1.94)*
SNP rs713250° TT (Ref) 1.00
TC 1.13 (0.92-1.37)
CcC 1.36 (1.08-1.71)**
Age — 1.01 (1.00-1.02)***
Model 2
APOE &4 (—) (Ref) 1.00
&4 (+) 5.74 (3.62-9.10)*
Gender Male (Ref) 1.00
Female 0.88 (0.62-1.26)
SNP rs713250° TT (Ref) 1.00
TC 0.81 (0.58-1.12)
cC 0.75 (0.51-1.10)
Age — 1.02 (1.01-1.03)**
SNP rs713250_gender® Others (Ref) 1.00
TC_Female 1.68 (1.12-2.54)***
CC_Female 2.57 (1.59-4.17)*
Age_APOE Age_e4 (=) (Ref) 1.00
Age_e4 (+) 0.97 (0.95-1.00)***
Gender_APOE Others (Ref) 1.00

Female_e4 (+) 1.49 (1.03-2.15)***

Ref, reference.

*P-value <0.001; **P-value <0.01; ***P-value <0.05.
#¢_’ signifies the interaction between variables.

®Global P-value <0.05. °

To determine whether or not the difference in the AB40/42
ratio between LOAD and the controls is due to the SNPs ident-
ified here, two-way ANOVA was performed across diagnosis
(LOAD and control) and three genotypic groups (major homo-
zygotes, heterozygotes and minor homozygotes) within differ-
ent gender and their combined groups (Fig. 3D—F). SNP
rs713250 was used as a representative of the seven associated
SNPs because it showed the most significant association
with  LOAD on  Mantel-Haenszel test (allelic
P-valuepgy.r = 0.000005945), as shown in Table 2. The log-
transformed AP40/42 ratio values [log,(AB40/42 ratio + 1)]
were used in this analysis. Before two-way ANOVA, the Kol-
mogorov—Smirnov (KS) normality test and Bartlett’s test for
equal variances were performed for the each dataset as to
gender. Almost every sub-group examined passed the KS nor-
mality test. Both the female-male (Fig. 3D) and female
(Fig. 3E) groups passed the Bartlett’s test, but not the male
group (Fig. 3F, P = 0.01178). Through two-way ANOVA, a
significant effect of diagnosis was observed for every group
(P-values <0.0001). However, we did not detect any
genotype-dependent effect of this SNP on the AB40/42 ratio,
and no interaction between the SNP, AB40/42 ratio and
diagnosis.

DISCUSSION

In this study, we extended our previous work on chromos'ome
10q (26), and thoroughly reanalyzed the genotype data for
1140 SNPs in order to discover gender-related genetic loci
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for LOAD. In a single SNP-based case—control study, we
found seven SNPs on CTNNA3 showing genetic association
with LOAD in females with the APOE-£3*3 genotype or
without the 4APOE-¢4 allele. Furthermore, multiple logistic
regression analysis revealed that one (SNP rs713250) of
these seven SNPs directly interacted with the female gender,
but not with the male gender, and did not show any interaction
with the 4POE-¢4 allele at all. These are the first findings con-
stituting evidence that CTNNA3 may affect the development of
sporadic LOAD through a novel female-specific mechanism
independent of the APOE-¢4 allele. We consider the genetic
association identified here to reflect one single signal. The
reasons are: (1) the seven significant SNPs span only
~38 kb and are clustered in intron 9 of CTNNA3 (Fig. 2A
and C), which suggests a multiple-hit genomic region of
SNPs associated with LOAD; (2) solid linkage disequilibrium
was observed between all of these seven SNPs (D’ > 0.9)
(Supplementary Material, Fig. S1); and (3) the associated
region was encompassed by a tight structured LD block
extending ~80 kb (Fig. 2B).

Janssens et al. (29,30) cloned full-length CTNNA3 cDNA as
a novel member of the a-catenin gene family and determined
its genomic structure. CTNNA3 contains 18 exons and spans
~1.78 Mb (67.35-69.13 Mb), being the longest of all genes

-located on chromosome 10. The chromosomal location of

CTNNA3 is 10q21 (30), which includes the suggestive
linkage region between microsatellite markers D10S1227
(5720 Mb) and DI10S1211 (66.39 Mb) in LOAD (24).
Ertekin-Taner et al. (23) found a linkage with a maximum
LOD score of 3.93 at 81 cM close to D10S1225 (64.43 Mb)
using the plasma AP42 level as a surrogate trait in a set of
LOAD families, and the same chromosomal region was ident-
ified by Myers et al. (24) by means of genome-wide screening
of sibling pairs with LOAD. To date, there have been six
papers on the genetic association of CTNNA3 with LOAD
(32-37). In the first report (32), it was demonstrated that
two SNPs located in intron 13 of CTNNA3 are associated
with familial LOAD with high levels of plasma Af42,
which was used as an intermediate phenotype related to AD.
These intronic SNPs, spanning 423 bp, are rs12357560 and
1s7070570: the former lies 1174 bp upstream, and the latter
1597 bp downstream from exon 14, respectively. They are in
strong LD: D'=1 in all four populations, CEU, CHB, JPT
and YRI, used in the HapMap project (38). A genotype-
dependent correlation between SNP 157070570 and the
plasma AB42 level has also been detected: the major homozy-
gote (TT) is associated with the highest level of AB42, the het-
erozygote (TC) with an intermediate level and the minor
homozygote (CC) with the lowest level (32). Martin et al.
(34). found that SNP rs7074454 located in intron 13 of
CTNNA3, lying 355 bp upstream from SNP rs7070570, was
significantly associated with both familial and sporadic cases
of LOAD. Non-synonymous SNP rs4548513 (AGC — AAC,
Ser596Asn) located in exon 13 of CTNNA3, lying
175 721 bp upstream from SNP rs7070570, has been shown
to be associated with familial AD (37). All of these four
SNPs, 157070570, 1512357560, rs7074454 and rs4548513, lie
in a genomic region extending from exons 13 to 14
(Fig. 2A), which has been shown to be located within a
large LD block spanning around 310 kb (67.43-67.74 Mb)
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Table 6. Case—control haplotype analysis
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Sample set Gender Number of subjects - Haplotype® Frequency Number of estimated alleles Permutation OR (95% CI)
LOAD  Control LOAD Control LOAD Control P-value (10 000)
All Female 1103 998 [H1]C-A-T-T-T-A-T 04717 0.5174 1041 1033 0.0029 0.83 (0.74-0.94)
[H2]A-G-C-C-G-G-C  0.3592 0.3375 1792 674 0.1538 1.10 (0.97-1.25)
[H3]A-G-C-T-T-G-C 0.1406 0.1110 310 222 0.0043 1.31 (1.09-1.57)
[H4]C-A-T-T-T-A-C  0.0196 0.0169 43 34 0.5632 1.15 (0.73-1.81)
Others® 0.0089 0.0172 20 33 — —
Sum 1.0000 1.0000 2206 . 1996 — —
Global — — — — 0.0006 —
Male 423 668 [H1]C-A-T-T-T-A-T  0.5293 0.4973 448 664 0.145 1.14 (0.96-1.35)
[H2]A-G-C-C-G-G-C  0.3344 0.3415 283 456 0.7739 0.97 (0.81-1.16)
[H3]A-G-C-T-T-G-C  0.1179 0.1314 100 176 0.3927 0.88 (0.68-1.15)
[H4]C-A-T-T-T-A-C  0.0084 0.0131 7 18 0.3117 0.61 (0.25-1.47)
Others® 0.01  0.0167 8 22 — —
Sum 1.0000 1.0000 846 1336 — —
Global — — — — 0.2273 —
Negative-s4 Female 522 827 [H1]C-A-T-T-T-A-T  0.4430 0.5228 462 865 < 0.0001 0.72 (0.62-0.85)
[H2]A-G-C-C-G-G-C 0.3888 0.3273 406 541 0.0008 131 (1.11-1.54)
[H3]A-G-C-T-T-G-C  0.1418 0.1132 148 187 0.0323 1.30 (1.02-1.63)
[H4]C-A-T-T-T-A-C  0.0206 0.0185 22 31 0.6661 1.13 (0.65-1.96)
Others® 0.0058 00182 6 30 — —
Sum 1.0000 1.0000 1044 1654 — —
Global — — — — 0.0008 —
Male 227 551 [H1]C-A-T-T-T-A-T  0.5240 0.5039 238 556 0.5078 1.08 (0.87-1.35)
[H2]A-G-C-C-G-G-C  0.3479 0.3456 158 381 0.9532 1.01 (0.80-1.27)
[H3]A-G-C-T-T-G-C  0.1167 0.1289 53 142 0.5618 0.89 (0.64—1.25)
Others® 0.0114 0.0216 5 23 — —
Sum 1.0000 1.0000 454 1102 — —
Global — — — — 0.7917 —_
£3*3 Female 491 748 [H1]C-A-T-T-T-A-T  0.4363 0.5179 428 775 0.0002 0.72 (0.61-0.85)
[H2]A-G-C-C-G-G-C 0.3919 0.3305 385 494 0.0019 1.31 (1.11-1.55)
[H3]A-G-C-T-T-G-C  0.1436 0.1151 141 172 0.0405 1.29 (1.02-1.64)
[H4]C-A-T-T-T-A-C  0.0219 0.0178 22 27 0.4617 1.25 (0.71-2.20)
Others® 0.0063 0.0187 6 28 — —
Sum 1.0000 1.0000 982 1496 — —
Global — — — — 0.001 —
Male 208 495 [H1]C-A-T-T-T-A-T  0.5214 0.4995 217 491 0.383 1.11 (0.88-1.39)
[H2]A-G-C-C-G-G-C  0.3459 0.3525 144 349 0.8585 0.97 (0.76—1.24)
[H3]A-G-C-T-T-G-C  0.1202 0.1300 50 129 0.6659 0.91 (0.64—1.29)
Others® 0.0125 0.0220 5 21 —_— —
Sum 1.0000 1.0000 416 990 — —
Global —_ _ —_ — 0.8879 —
Positive-e4 Female 581 171 [HI]C-A-T-T-T-A-T  0.4976 04907 577 168 0.9006 1.02 (0.80-1.30)
[H2]A-G-C-C-G-G-C  0.3327 0.3870 387 132 0.0799 0.79 (0.62~1.02)
[H3]A-G-C-T-T-G-C  0.1396 0.1009 162 35 0.0797 1.42 (0.96—2.09)
[H4]C-A-T-T-T-A-C  0.0187 0.09 22 3 0.2313 2.18 (0.65-7.33)
Others® 0.0114 00124 14 4 — —
Sum 1.0000 1.0000 1162 342 — —_—
Global — — — — 0.3323 —
Male 196 117 [H1]C-A-T-T-T-A-T  0.5356 0.4638 210 109 0.0961 1.32 (0.96-1.83)
[H2]A-G-C-C-G-G-C  0.3188 0.3238 125 76 0.934 0.97 (0.69—1.38)
[H3]A-G-C-T-T-G-C  0.1193 0.1459 47 34 0.3988 0.80 (0.50-1.29)
[H4]C-A-T-T-T-A-C  0.0129 0.0310 5 7 0.1429 0.42 (0.13-1.34)
Others® 0.0134 0.0355 5 8 — —
Sum 1.0000 1.0000 392 234 — —
Global — _— — — 0.0728 —

Statistically significant haplotypes and permutation P-values are highlighted in bold.
*The SNP order, from left to right, is as follows: 157909676, rs2394287, rs4459178, rs10997307, rs12258078, rs10822890 and rs713250.

YHaplotypes with frequencies <0.01 in both LOAD and control subjects.

in CEU subjects (37) (Supplementary Material, Fig. S2). They
have a tendency to exhibit selective association with familial
rather than sporadic LOAD (32,35,37). Therefore, it is likely
that the large LD block region contributes to a specific form

of familial LOAD in Caucasians. We also assessed these
four SNPs and SNPs neighboring them in our Japanese spora-
dic LOAD subjects, however, none of these SNPs exhibited
significant association (data not shown). In the genomic



