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Abstract

Genetic linkage studies have provided evidence for a late-onset Alzheimer’s disease (AD) susceptibility locus on chromosome 21q. We

have tested, in a two-stage association study, whether allelic or haplotype variation of the beta-amyloid cleaving enzyme-2 (BACE2) locus on

chromosome 21q affects the risk of late-onset AD. In stage-1, an unselected population-based sample of Finns aged 85 years or over (n =515)

was analysed. Neuropathologic examination including beta-amyloid load quantification was possible in over 50% (n =264) of these subjects.

AD patients (n =100) and controls (n =48) were defined by modified neuropathological NIA-RI criteria. Positive associations were taken as a

hypothesis, and tested in stage-2 using 483 AD families from the USA. Four single nucleotide polymorphisms (SNPs) of BACE2 gene were

tested in stage-1. A SNP close to exon-6 was associated with neuropathologically verified AD ( p =0.02) and also with beta-amyloid load in

non-selected autopsied subjects after conditioning with APOE genotype ( p =0.001). In haplotype analysis a specific, relatively common

haplotype (H5) was found to associate with AD ( p =0.004) and a second haplotype (H7) showed a weaker association with protection against

AD ( p =0.04). In stage-2, the SNP association was not replicated, whereas the haplotype H5 association was replicated ( p =0.004) and a

trend to association was found with the putative protective haplotype H7 (two-sided p =0.08). BACE2 haplotype association with AD in two

independent datasets provides further evidence for an AD susceptibility locus on chromosome 21q within or close to BACE2.
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1. Introduction

Alzheimer’s disease, the most common cause of demen-

tia in the elderly, is characterized clinically by progressive

loss of cognitive functions, and neuropathologically by

accumulation of neuritic plaques and neurofibrillary tangles
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All inhabitants of the city of Vantaa aged 85 years  
   or over (n=601) 
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in the brain. Definite diagnosis of AD requires neuro-

pathological examination. According to hospital-based

studies, approximately 80% of the subjects clinically

diagnosed as AD have also neuropathologically verified

AD [1,2], but in the population-based studies concerning

very elderly subjects the clinical diagnostics may be more

problematic [3].

Although epidemiological studies have clearly shown

that there is a strong genetic component underlying the

common late-onset form of the disease, only one universally

accepted genetic risk factor, the q4-allele of apolipoprotein E
(APOE) has been identified. As APOE q4 is neither

sufficient nor necessary to cause the disease, it is likely

that other genetic risk factors exist. Numerous AD loci have

been suggested by previous studies, but only few of these

findings have been replicated [4]. One of the most

promising loci, on the basis of several linkage studies, is

on chromosome 21q [5–9].

Mismetabolism of the amyloid precursor protein (APP),

particularly increased generation of beta-amyloid (Ah)
peptide, is believed to play a crucial role in the pathogenesis

of AD [10]. The generation of Ah requires cleavage of APP

by h- and g-secretases. A third secretase activity, termed a-

secretase, cleaves within the Ah-sequence thus precluding

the generation of full length Ah. The newly identified beta-

amyloid cleaving enzyme-2 (BACE2), a homologue of the

major h-secretase BACE1, has been demonstrated to have a

minor cleavage site at the h-site of APP and a major

cleavage site within the Ah-region close to the a-secretase

site [11]. Both APP and BACE2 are among the candidate

genes of AD located on chromosome 21q.

The aim of this study was to test, using genetic

association analysis, whether BACE2 on chromosome

21q would harbor a susceptibility locus for late-onset

AD. Since many initial genetic associations with AD have

not been replicated in other datasets or populations we

used a two-stage approach. In stage-1, four single

nucleotide polymorphisms within BACE2 were analyzed

in a population-based and neuropathologically verified

dataset of very elderly Finns. Initial associations found in

stage-1 were taken as hypotheses that were tested in stage-

2 in a dataset consisting of AD families from the USA.

Previous studies of these AD families have suggested

linkage with chromosome 21q [7]. Our results provide

evidence, in both datasets, for a BACE2 haplotype

association with AD.
Genotyping possible in 515 study subjects 

Neuropathological examination possible in 264 genotyped study subjects

NIA-RI AD    NIA-RI Controls
  (n=100)       (n=48) 

Fig. 1. The Vantaa-85+ study population.
2. Subjects and methods

2.1. Subjects

2.1.1. Dataset-1: the Vantaa-85+ population

The Vantaa-85+ study population has proved useful in

genetic studies of late-onset AD [12–14] and was

therefore chosen as the hypothesis setting dataset-1. The
Vantaa-85+ study population includes all persons aged 85

years or over who were living in the city of Vantaa

(Southern Finland), on April 1, 1991. Fig. 1 illustrates the

overall structure of the study population. Of the 601

eligible subjects, BACE2 genotyping was possible in 515

study subjects, and of these 264 had been neuropatho-

logically examined. Using the modified NIA-RI criteria,

there were 100 AD patients and 48 controls. 84% of the

AD patients and 81% of the controls were females. The

mean age at death of the AD patients was 92.3 years, and

91.7 years for the controls. Mean age at onset of the AD

patients was 86.1 years. All specimen collections were

performed after obtaining informed consent from the

subjects, or their relatives or legal guardians, with the

approval of the Ethical Review Committee of the Health

Center of the City of Vantaa and in compliance with the

Declaration of Helsinki.

2.1.2. Dataset-2: AD families from the USA

The US sibpair series consisted of 483 nuclear AD

families ascertained by the NIMH-AD Genetics Initiative

and obtained from the NIMH (1007 samples) and the

Indiana Alzheimer’s Disease Center National Cell Reposi-

tory (NIA, 365 samples). The families included sibpairs

affected by probable or confirmed AD and the oldest

unaffected relatives. Total number of samples was 1372.

There were 300 unaffected siblings (59% female) with a

mean age of 74.8 years and 1072 AD cases (73% female)

with a mean age of 81.5 years and a mean age at onset of

73.3 years. The percentage of female patients was lower

and the mean age of onset was 12.8 years younger than in

the Vantaa-85+ population. The U.S. sibpair families

studied here partially overlap with the samples used in

previous studies. Of the 483 families in the present study

172 (35.6%) were included in the study by Myers et al.

[15].

2.2. Neuropathological examination

The diagnosis of neuropathological AD was established

according to the modified NIA-RI criteria [3]. Briefly,
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diagnosis of AD according to the modified NIA-RI criteria

required dementia and plaque scores ‘‘moderate’’ or

‘‘frequent’’ according to the CERAD protocol [16], and

stages IV–VI of neurofibrillary pathology [17]. The neuro-

pathological controls were defined as non-demented indi-

viduals with no neuritic plaques or with the CERAD neuritic

plaque score ‘‘sparse’’. In addition, the controls had to have

no more than stage II of neurofibrillary pathology. The

neocortical Ah load was quantified as the percentage of

cerebral cortex covered by methenamine silver-positive

plaques, as described earlier [12].

2.3. Genotyping

DNA was extracted from peripheral blood or tissue

specimens according to standard procedures. Two single

nucleotide polymorphisms (SNP) were obtained from the

public SNP database (http://www.ncbi.nlm.nih.gov/SNP/).

These SNPs were rs1467756 (here termed intron-2A) located

on BACE2 intron 2, at position 28,205,646 of the contig

NT_011512, and rs766850 (here termed intron-2B) located

on BACE2 intron 2 at position 28,207,213 of NT_011512.

These SNPs were genotyped according to standard PCR and

RFLP methods. The PCR primers were 5V-ACCGGAGT-
TACGTCTTCAGC-3V and 5V-TTCCTTCTCCCACCCT

AAGC-3V (intron 2A) and 5V-AGTCCCTTGCTGTGTGT-
CAT-3V and 5V-CAGGAAAGTCACCCA GAAGA-3V (intron
2B). The PCR products were digested with restiction

enzymes ClaI and MspI, respectively. BACE2 exon 6 SNP

(rs2252576) located 10 bases upstream of exon 6 at position

28,275,689 of NT_011512 and exon 8 SNP (rs1046210, a

synonymous change at Asp364) at position 28,283,182 of

NT_011512 were genotyped as described earlier [18]. These

SNPs were termed in the earlier publication as exon-5 and

exon-7 [18], before the discovery of an additional exon in the

5V end of the gene.

2.4. Statistical analysis

In single marker analyses of the Vantaa-85+ study (stage-

1) alleles and genotypes were counted and their distribution

between groups was compared by the v2 or Fisher’s exact

test. Hardy–Weinberg equilibrium of the markers was

analyzed using the HWSIM software (http://krunch.med.

yale.edu/hwsim/). Linkage disequilibrium between pairs of

markers was analyzed by the LINKD program [19] (http://

krunch.med.yale.edu/haplo), and expressed as Lewinson’s

linkage disequilibrium coefficient (DV) and p-value. The

expectation–maximization (EM) algorithm, as implemented

in the HAPLO software, was used to estimate haplotype

frequencies [20,21] (http://krunch.med.yale.edu/haplo). The

difference in estimated haplotype frequencies in AD patients

vs. controls was compared by using the formula 2ln

LAD+2ln LControls�2ln LOverall¨v2. Given the sample size,

we a priori decided to analyze BACE2 haplotypes using

three markers at a time. APOE q4 stratification was not
applied to the haplotype analysis in the Vantaa-85+ dataset

since the number of subjects would have been too low for

meaningful analysis. Based on simulation studies the

accuracy of EM-algorithm decreases with such small sample

size [22]. Stage-1 served for hypothesis setting, corrections

for multiple comparisons were not done. The p-values

represent uncorrected nominal p-values. The number of

independent tests is very difficult to define, when analyzing

tightly linked markers exhibiting linkage disequilibrium

with each other. In stage-1 the number of markers was 4 and

the theoretical number of haplotypes composed by these

markers is 16. On the basis of these definitions the number

of tests was at least 20 in the explorative stage-1 (4

individual markers+16 haplotypes). In stage-2 the number

of tests was 10 (3 SNP tests+7 haplotype tests, including

pooled rare haplotypes).

Family association analysis was performed in stage-2

using the Family Based Association Tests (FBAT)

software [23] in which the genotype information of

unaffected sibs is used, when parents are missing. To

analyze the haplotype transmission, we used the same

software, which is able to deal with multilocus haplo-

types, even in the presence of phase uncertainty and

missing parental genotypes. Haplotypes with a frequency

of less than 5% were pooled. Multiple nuclear families

were included from extended pedigrees. The empirical

variance calculation of FBAT was used for the estima-

tion of p-values [24]. Our primary goal was to analyze

allelic/haplotypic association between AD and BACE2.

We tested the default null hypothesis of FBAT: no

linkage and no association between the marker influenc-

ing AD risk and BACE2 gene. In the US sibpair series

(dataset-2) we also performed non-parametric linkage

analysis with the BACE2 markers using the SPLINK

1.09 software [25].
3. Results

3.1. BACE2 single marker analysis in the Vantaa-85+

population (stage-1)

We analyzed four SNPs within the BACE2 gene in the

neuropathologically verified AD cases vs. controls. Two of

the SNPs were located in intron-2, one was located just

upstream of exon-6, and one was a silent substitution in

exon-8. An association was found between the BACE2

exon-6 polymorphism and AD (allele-wise p =0.02) (Table

1). The odds ratio for AD was 0.42 (95% CI 0.21–0.86,

T/T+C/T vs. C/C) for subjects with the exon-6 T-allele

and 1.72 (95% CI 0.44–6.75, C/C+C/T vs. T/T) for

subjects with exon-6 C-allele, suggesting a protective

effect associated with the T-allele.

Stratification of the subjects according to the carrier

status of APOE q4-allele showed that the exon-6 association

largely arose from the APOE q4-negative subpopulation

http://www.ncbi.nlm.nih.gov/SNP/
http://krunch.med.yale.edu/hwsim/
http://krunch.med.yale.edu/haplo
http://krunch.med.yale.edu/haplo


Fig. 2. Beta-amyloid load in 155 APOE3/3 individuals according to the

BACE2 exon-6 genotype. Dots represent individual values for percentage

of neocortex covered by beta-amyloid protein (bars show medians for each

BACE2 genotype). Median percentage was 1.64 in C/C subjects (n =95) vs.

0.80 in C/T+T/T subjects (n =60), p =0.001 (t-test).

Table 1

BACE2 genotypes and alleles in the neuropathologically verified AD

patients and controls (Vantaa-85+ population)

AD n (%) Controls n (%) v2

Intron-2A

C/C 14 (14.0%) 2 (4.4%) 2.90

C/T 44 (44.0%) 30 (62.5%) 2.22

T/T 42 (42.0%) 16 (33.3%) 0.62 (v2=5.72,

2 df, p =0.06)

C 72 (36.0%) 34 (35.4%) 0.00

T 128 (64.0%) 62 (64.6%) 0.01 (v2=0.01,

1 df, p =0.92)

Intron-2B

T/T 2 (2.0%) 1 (2.1%) n.a.

T/C 32 (32.3%) 12 (25.0%) 0.53

C/C 65 (65.7%) 35 (72.9%) 0.25 (v2=0.78,

1 df, p =0.38)

T 36 (18.2%) 14 (14.6%) 0.49

C 162 (81.8%) 82 (85.4%) 0.10 (v2=0.59,

1 df, p =0.44)

Exon-6

C/C 72 (72.0%) 25 (52.1%) 1.97

C/T 23 (23.0%) 19 (39.6%) 3.14

T/T 5 (5.0%) 4 (8.3%) 0.59 (v2=5.70,

2 df, p =0.06)

C 167 (83.5%) 69 (71.9%) 1.10

T 33 (16.5%) 27 (28.1%) 4.32 (v2=5.42,

1 df, p =0.02)

Exon-8

C/C 34 (35.1%) 15 (31.3%) 0.14

C/T 48 (49.5%) 24 (50.0%) 0.00

T/T 15 (15.5%) 9 (18.8%) 0.21 (v2=0.35,

2 df, p =0.85)

C 116 (59.8%) 54 (56.3%) 0.14

T 78 (40.2%) 42 (43.8%) 0.19 (v2=0.33,

1 df, p =0.56)

Chi-square test was used to determine the p-values. Due to the low

number of observations the intron-2B T/T genotype was pooled with T/C.

The odds ratio for AD was 0.42 (95% CI 0.21–0.86) for subjects with the

exon-6 T-allele (T/T+T/C) as compared to those without it (C/C). The odds

ratio for AD was 1.72 (95% CI 0.44–6.75) for subjects with exon-6 C allele

(C/C+C/T) as compared to those without it (TT). n.a.: not applicable.
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( p =0.01). There were very few q4-positives in the controls,

hence it was not possible to perform statistical testing on

this subgroup.

We next analysed whether the association with the exon-

6 SNP could be detected using the extent of neocortical Ah
deposition as a quantitative variable. This analysis was done

in the whole neuropathologically examined sample

(n =264), which consisted of the 100 AD cases, 48 controls

and those 116 subjects, who did not fulfill the neuro-

pathological criteria required for inclusion in the AD nor

control group. Statistical analysis was performed by

comparing the same two genotype groups as above: T/

T+C/T vs. C/C. In the whole sample, there was no

significant association between the exon-6 SNP and the

cortical Ah load ( p=0.12). In the APOE q4 negative

subgroup an association was found ( p=0.005, data not
shown). Because also APOE q2 bears an impact on Ah-
load, in addition to q4 [12], we made a further analysis of

Ah-load in the q3/q3 subgroup. This is a more standardized

group than the APOE q4-negatives and excludes the impact

of both q2 and q4 [14]. In the q3/q3 subgroup an even

stronger association between BACE2 =exon-6 SNP and Ah
load was found ( p =0.001) (Fig. 2).

3.2. BACE2 haplotype analysis in the Vantaa-85+popula-

tion (stage-1)

In the total unselected Vantaa-85+ population (n =515)

all BACE2 SNPs were in Hardy–Weinberg equilibrium

(HWE) (data not shown). In the neuropathologically

verified AD patients all markers were in HWE. In the

neuropathologically verified controls one of the markers

(intron-2A) deviated ( p <0.05) from the HWE due to a

higher number than expected of heterozygous subjects

(see Table 1).

Linkage disequilibrium was observed at the level of

p <0.001 between marker pairs intron-2A/intron-2B (DV
0.21), intron-2B/exon-6 (DV 0.73), intron-2B/exon-8 (DV
0.37), exon-6/exon-8 (DV 0.80), and at the level of p <0.01

between markers intron-2A/exon-8 (DV 0.17). No significant

linkage disequilibrium was found between markers intron-

2A/exon-6 (DV 0.08).
BACE2 haplotype associations with AD were ana-

lyzed using three-site haplotypes (haplotypes consisting

of three SNPs), and the four possible combinations of

markers were tested. Haplotype frequencies were esti-

mated for AD patients and controls by applying the

expectation–maximization (EM) algorithm [20,21]. The

global haplotype distributions in AD and controls were

compared first. Two out of the four BACE2 marker

combinations showed significant differences in the

haplotype distributions in patients vs. controls with



Table 3

Association analysis of the BACE2 SNPs and haplotypes in AD families

from the USA (stage-2)

Marker Frequencya No. of families p-value

Intron-2A T/C 0.71/0.29 113 0.68

Exon-6 T/C 0.27/0.73 104 0.38

Exon-8 T/C 0.41/0.59 114 0.09

H1 (CCC) 0.11 79 0.63

H2 (CCT) 0.10 69 0.90

H3 (CTC) 0.06 42 0.71

H4 (CTT) 0.01 3 0.27

H5 (TCC) 0.27 132 0.004

H6 (TCT) 0.27 138 0.31

H7 (TTC) 0.16 95 0.08

H8 (TTT) 0.02 16 0.57

The Monte Carlo permutation test was used. Global p =0.08.
a Estimated allele/haplotype frequencies in the parental chromosomes.

Table 2

BACE2 haplotype frequency estimates in neuropathologically verified AD

and controls

AD Controls

(194 Chromosomes) (96 Chromosomes)

Frequency (S.E.) Frequency (S.E.)

A. Intron-2A/exon-6/exon-8

H1 (CCC) 0.08 (0.024) 0.14 (0.056)

H2 (CCT) 0.23 (0.032) 0.15 (0.048)

H3 (CTC) 0.05 (0.019) 0.05 (0.034)

H4 (CTT) 0.00 (0.000) 0.01 (0.013)

H5 (TCC)* 0.35 (0.037) 0.15 (0.059)

H6 (TCT) 0.18 (0.027) 0.27 (0.053)

H7 (TTC) 0.11 (0.026) 0.22 (0.047)

H8 (TTT) 0.00 (0.000) 0.00 (0.000)

v2=14.26, 5 df,

global p =0.01

B. Intron-2B/exon-6/exon-8

CCC 0.10 (0.037) 0.17 (0.049)

CCT 0.15 (0.046) 0.07 (0.035)

CTC 0.04 (0.033) 0.00 (0.000)

CTT 0.07 (0.040) 0.11 (0.032)

TCC 0.42 (0.038) 0.39 (0.055)

TCT 0.15 (0.030) 0.22 (0.042)

TTC 0.04 (0.019) 0.00 (0.000)

TTT 0.03 (0.021) 0.03 (0.022)

v2=14.20, 4 df,

global p =0.007

C. Other marker combinations

Intron-2A/intron-2B/exon-6 v2=6.83, 5 df,

global p =0.23

Intron-2A/intron-2B/exon-8 v2=12.52, 6 df,

global p =0.05

Global p-values for the haplotype distributions are given for each marker

combination. Global p-values were calculated using the formula 2ln

LAD+2ln LControls�2ln LOverall¨v2. Haplotypes with overall frequencies

less than 0.05 were excluded, when calculating the global p-values. S.E.:

standard error (Jackknife).

* p =0.004 for haplotype H5 (Z-test).
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global p-values of 0.007 and 0.01 (Table 2A and B). A

third marker combination was of borderline significance

(global p-value 0.051), while the fourth was clearly non-

significant (Table 2B, all haplotype frequencies are

available upon request).

Interestingly, using the marker combination intron-2A/

exon-6/exon-8 there was a specific, relatively common

haplotype (H5), which associated with AD (Table 2).

The estimated frequency of the H5 haplotype was 0.35

in AD vs. 0.15 in controls ( p =0.004, Z-test) (Table 2A).

Conversely, the frequency of the H7 haplotype (Table 2A)

was decreased in AD vs. controls (0.11 vs. 0.22, p =0.04,

Z-test).

Intron-2A/exon-6/exon-8 haplotype was selected for

further testing in stage-2 because this combination of

markers defined a relatively common AD-associated

haplotype variant (H5). H5 haplotype was also the one,

which showed most striking difference in frequency when
comparing the patients and the controls. Furthermore, we

reasoned that a common variant would be more likely to

be found in another dataset than a rare variant.

3.3. Hypothesis testing in AD families (stage-2)

The initial associations detected with exon-6 and the

intron-2A/exon-6/exon-8 haplotypes were taken as a

hypothesis that was tested in stage-2 in the dataset, which

consisted of 483 AD families from the USA. All markers,

except exon-6 ( p <0.001) were in HWE in controls. The

HWE deviation of exon-6 in the controls was mainly

contributed by the increased frequency of T/T homozygotes

(not shown). No deviations from HWE were found in the

AD group (not shown).

In the family based association analysis none of the

SNPs were associated with AD (Table 3). In haplotype

association analysis the association with the haplotype H5

(TCC) was replicated ( p =0.004, Table 3), and a trend to

decreased frequency of the haplotype H7 (TTC) was also

found (two-sided p =0.08, Table 3). The majority of the

families were APOE q4 positives (all cases had q4) and

the findings with the H5 and H7 haplotypes were mainly

contributed by these (H5: p =0.002, haplotype found in

103 families; H7: p =0.06, haplotype found in 69

families). The global p-value in the APOE q4 positives

was 0.001. The number of APOE q4 negative families was

much smaller, these families did not show any association

with H5 or H7 when analyzed alone (H5: p =0.79,

haplotype found 37 families; H7: p =0.79, haplotype

found in 23 families).

We also performed non-parametric linkage analysis using

the SPLINK software [25]. We did not find statistically

significant evidence for linkage between AD and BACE2

either using single SNPs or haplotypes as markers (all p-

values >0.1, data not shown), This is consistent with a gene

conferring a small effect on disease risk, detectable by

means of association rather than linkage.
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4. Discussion

This study reports findings of a two-stage study testing

whether allelic or haplotype variation in the BACE2 locus

affects the risk of late-onset AD. In stage-1, a SNP located

upstream of BACE2 exon 6 showed an association with AD

( p =0.02), and also associated with the extent of Ah
deposition in a population-based sample of APOE q3/q3
subjects ( p =0.001). Haplotype analysis revealed that the

estimated haplotype frequencies in the BACE2 region differ

significantly in AD patients vs. controls. A specific,

relatively common haplotype H5 was found to be associated

with AD ( p =0.004). In stage-2, using AD families from the

USA, the H5 haplotype association was replicated

( p =0.004), while the exon-6 SNP association was not

confirmed. An additional trend to negative association was

detected with haplotype H7 (2-sided p-values 0.04 in stage-

1 and 0.08 in stage-2).

The APOE stratified results appear contradictory. In

stage-1, most of the evidence for the exon-6 SNP

association came from the APOE4 negative subgroup, while

in stage-2 the haplotype association was mainly contributed

by the APOE4-positive subgroup. However, in stage-1 there

were very few APOE4-positive controls and in stage-2 only

a low number of APOE4-negative patients/families. Hence,

due to the sample sizes after stratification, we think that the

present results do not allow us to make any conclusions on

possible interaction with APOE.

Association studies in AD have been prone to produce

positive results, which cannot be replicated in other datasets

[4]. Case-control design may produce false positive

associations due to population heterogeneity, i.e. cases and

controls stem from distinct subpopulations with distinct

genetic backgrounds. Genealogical studies have suggested

that this may be the case even when the patients and

controls are drawn from an unselected population sample

[26,27]. Family-based studies are relatively free of popula-

tion heterogeneity artifacts since both the case and control

chromosomes are drawn from the same families and, hence,

from the same ethnic background. For these reasons we

used a two-stage approach with a hypothesis-setting dataset

and a second family-based hypothesis-testing dataset.

The neuropathologically verified Vantaa-85+ dataset has

special value in genetic studies due to the precision in the

definition of AD and non-AD phenotypes. All patients of

the Vantaa-85 + Study had neuropathologically verified AD,

and a rigorous selection was applied to the controls with

respect to beta-amyloid and neurofibrillary pathology.

Therefore the AD cases and the controls can be considered

as extremely discordant phenotypes drawn from the same

unselected Vantaa-85+ population. The significance of

neuropathological definition of both cases and controls is

highlighted by our previous report showing that the odds

ratio for AD of APOE q4 is 19.6 in the neuropathologically

verified Vantaa-85+ subpopulation [13], which is among the

strongest reported to date. The corresponding odds ratio is
only 2.88, when the clinical diagnostic criteria are used to

differentiate patients and controls [13]. Our previous report

of an association of AD with alpha-2-macroglobulin was

confined to the neuropathologically defined group of AD

and controls, no associations were detected in the clinically

defined cases and controls [13]. We also tested the BACE2

exon-6 SNP and H5 haplotype in the clinically defined

subpopulation and observed no associations (data not

shown). The poor correlation of genetic findings using

clinical vs. neuropathological criteria is probably due to the

problems in clinical definition of AD (and controls) in this

very elderly population. In our recent analysis [3] more than

half of the neuropathologic AD cases were found in other

groups than clinical AD group. Moreover, one-third of the

cases in the clinical AD group did not have neuropathologic

AD and 21% of the non-demented subjects (controls)

fulfilled the criteria for neuropathologic AD.

We were able to replicate the haplotype H5 association

with AD (2-sided p-values 0.004 in stage-1 and 0.004 in

stage-2). A trend towards a negative (or protective)

haplotype association with H7 was also detected (2-sided

p-values 0.04 and 0.08). The individual SNP analyses did

not produce any replicable results here. However, haplo-

type-analyses tend to be more sensitive in detecting genetic

associations than single SNP analyses since the population

variation of a given locus is more efficiently revealed by

haplotype analysis than by single marker analyses [28–30].

A potential concern in our haplotype analyses is the

observed deviation from the HWE in the controls/unaffected

siblings. Often markers exhibiting marked HWE deviation

are excluded from association analysis. However, in the

present study the HWE deviation was minor in the Vantaa-

85+ sample (0.01<p <0.05), and haplotype association was

found with AD, when the deviating marker (Intron-2A), was

not included to the haplotype. Random population sampling

is assumed in HWE, but here the controls/unaffected

siblings were highly selected, which may also contribute

to the observed HWE deviation. In the Vantaa-85+ sample

the controls consisted of subjects with extremely little

amyloid and neurofibrillary pathology in the brains, whereas

in the AD families unaffected siblings were subjects who

had remained free of AD symptoms despite multiply

affected sibs. In previous studies deviations from HWE

have been found with SNPs within or close to APOE in AD

cases, indicating that selective sampling and analysis of a

phenotypically relevant gene may result in deviations from

HWE [30]. Genotyping error is often the cause of HWE

deviation. We consider this possibility unlikely in our study

since all genotyping in the sibpair series were done in

duplicate to minimize errors.

Several candidate genes reside on chromosome 21q

including APP and BACE2, which are located physically

approximately 17 Mb, and in terms of recombination

frequency more than 20 cM, apart from each other. Our

data strongly argue that the putative susceptibility gene

marked by the BACE2 haplotype H5 would be closer to
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BACE2 than APP since allelic/haplotypic associations are

not expected to extend as long distances as >20 cM. In

association studies the candidate region for the location of

the susceptibility gene is expected to be at most a few

megabases/centimorgans from the associated marker, and

some investigators are in favor of much shorter distances

[31]. Although BACE2 is an obvious functional, and now

also a positional candidate gene for AD, the putative

predisposing gene may be another gene in its close vicinity.

Further analyses on BACE2 region in late-onset AD are

warranted to confirm the haplotype association and to fine

map the putative susceptibility gene on chromosome 21q.

There are six previous linkage studies (some of them

containing overlapping samples) suggesting that chromo-

some 21q may harbor a susceptibility gene for late-onset

AD [5–7,9,15,32]. In the most recent linkage screen the

maximum linkage peak was found with marker D21S1440,

which is located between APP and BACE2, 5 Mb from

BACE2 and 12 Mb from APP [32]. This result points to the

direction of BACE2 rather than APP. A mutation analysis

and two association analyses on BACE2 have been

previously reported [18,33]. The mutation analysis was

focused on the exons, flanking introns and transcription

factor binding sites, which were sequenced in four early-

onset and five late-onset AD patients [18]. No predisposing

mutations were found. In the accompanying association

analysis the SNP close to exon 6 did neither reveal any

association in a sample of cases and controls. The second

association analysis utilized two different SNPs, but neither

of them associated with AD [33]. These results are in

agreement with our present results, since we could not find

any replicable SNP association. Haplotype analyses were,

however, not carried out in the previous studies.

Functionally BACE2 is not the major h-secretase, but
instead, BACE2 cleaves more efficiently within the Ah-
region of APP (after Phe19 and Phe-20) [34,35]. Concep-

tually this is reminiscent of a-secretase activity since this

cleavage precludes the generation of full-length beta-

amyloid peptide. In cultured cells the inactivation of

BACE2 leads to increased Ah secretion, implying an

important inhibitory role of BACE2 in the regulation of

Ah generation. In human brain BACE2 expression has been

demonstrated especially in astrocytes [36], but also in Down

syndrome neurons exhibiting AD type pathology [37].

Based on its expression in the brain, and its inhibitory

function in Ah generation, BACE2 has been proposed as a

therapeutic target for AD [36]. If the BACE2 haplotype,

found in the present study, proves to mark an etiologically

relevant regulatory variation of the BACE2 gene itself, the

therapeutic scenario becomes even more promising.
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