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Genome-wide association study identifies variants at CLU
and CR1 associated with Alzheimer’s disease
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The gene encoding apolipoprotein E (APOE) on chromosome
19 is the only confirmed susceptibility locus for late-onset
Alzheimer’s disease. To identify other risk loci, we conducted a
large genome-wide association study of 2,032 individuals from
France with Alzheimer’s disease (cases) and 5,328 controls.
Markers outside APOE with suggestive evidence of association
(P < 107°) were examined in collections from Belgium,
Finland, Italy and Spain totaling 3,978 Alzheimer’s disease
cases and 3,297 controls. Two loci gave replicated evidence

of association: one within CLU (also called APOJ), encoding
clusterin or apolipoprotein J, on chromosome 8 (rs11136000,
OR = 0.86, 95% CI1 0.81-0.90, P = 7.5 x 10~? for combined
data) and the other within CR1, encoding the complement
component (3b/4b) receptor 1, on chromosome 1 (rs6656401,
OR =1.21,95% CI 1.14-1.29, P = 3.7 x 1072 for combined
data). Previous biological studies support roles of CLU and
CR1 in the clearance of B amyloid (AB) peptide, the principal
constituent of amyloid plaques, which are one of the major
brain lesions of individuals with Alzheimer’s disease.

Alzheimer’s disease is a neurological disorder primarily affecting
the elderly that manifests through memory disorders, cognitive
decline and loss of autonomy. Two principal types of neuropatho-
logic lesions are observed: (i) neurofibrillary degeneration resulting
from the intraneuronal accumulation of hyperphosphorylated Tau
proteins and (ii) amyloid deposits resulting from the extracellular
accumulation of amyloid plaques, which are primarily composed of
AR peptides. Currently, the processes leading to the formation of these
lesions and their combined association with Alzheimer’s disease are
not adequately understood!.

Genetic studies have provided significant insights into the molecu-
lar basis of Alzheimer’s disease. Rare hereditary early-onset forms of
the disease have been linked to mutations in three different genes:
APP, encoding amyloid precursor protein, on chromosome 21;
PS1, encoding presenilin 1, on chromosome 14; and PS2, encoding
presenilin 2, on chromosome 1 (ref. 2). These mutations, however,
explain less than 1% of all cases of Alzheimer’s disease, whereas the
vast majority (especially for late-onset forms of the disease) have
other, more complex genetic determinants?.

Genetic studies have led to the consistent identification of the €4
allele of APOE as a susceptibility locus for late-onset Alzheimer’s
disease?. Twin studies suggest that genes may have a role in more
than 60% of Alzheimer’s disease susceptibility> and that APOE may
account for as much as 50% of this genetic susceptibility®. More than
550 other genes have been proposed as candidates for Alzheimer’s
disease susceptibility, but thus far none have been confirmed to have
arole in Alzheimer’s disease pathogenesis’.

As with other multifactorial diseases, this knowledge gap has moti-
vated more comprehensive investigations using genome-wide asso-
ciation studies (GWAS). The first GWAS of case-control Alzheimer’s
disease data collections have examined a relatively small number of
cases (<1,000)8-12, Similar to studies done on other multifactorial
disorders, these GWAS have shown that, except in the case of APOE,
larger samples will be necessary to locate common genetic factors of
Alzheimer’s disease. Here, we report results from a large two-stage
GWAS of late-onset Alzheimer’s disease.

In the first stage of this study, we undertook a GWA analysis
of 537,029 SNPs in 2,032 French Alzheimer’s disease cases and
5,328 French controls. Patients with probable Alzheimer’s disease
were ascertained by neurologists. Individuals without symptoms of
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Table 1 Association of SNPs at the CLU locus with Alzheimer’s disease in the Stage 1 and Stage 2 samples

rs2279590
N MAF Association test
Cases Controls Cases Controls HWE OR (95% Cl) P value

Stage 1 2,025 5,328 0.36 0.41 3.1x 10" 0.83 (0.77-0.90) 1.0 x 108
Stage 2 3,803 3,097 0.38 0.41 4.9 x 107! 0.88 (0.81-0.95) 8.2 x 10%
Belgium 1,071 505 0.38 0.41 3.0x 107! 0.82 (0.69-0.98) 3.1x 1072
Finland 587 645 0.40 0.42 43x 107! 0.92 (0.78-1.09) 3.5x 10!
Italy 1,410 1,206 0.38 0.41 3.4 x 1071 0.87 (0.77-0.97) 1.3x 102
Spain 738 806 0.38 0.40 5.6 x 101 0.91 (0.79-1.06) 2.4 x 1071
Stage 1 & 2 5,828 8,425 0.37 0.41 2.9 x 107! 0.86 (0.82-0.91) 8.9 x 10°°
APOE ¢4 carriers 3,060 1,714 0.36 0.40 7.5x 1071 0.81 (0.74-0.89) 1.9x10°
APOE €4 non carriers 2,727 6,697 0.39 0.41 1.8 x 107! 0.92 (0.85-0.98) 1.3x 102

rs11136000
Stage 1 2,016 5,266 0.35 0.39 6.0 x 107! 0.83 (0.77-0.90) 1.5 x 1078
Stage 2 3,775 3,154 0.35 0.38 2.6 x 107! 0.88 (0.81-0.95) 8.8 x 104
Belgium 987 467 0.35 0.37 5.2 x 1072 0.80 (0.66-0.97) 2.2x 1072
Finland 596 640 0.38 0.41 2.5x 1071 0.92 (0.78-1.08) 3.1x 1071
Italy 1,454 1,241 0.35 0.38 6.0 x 107! 0.88 (0.80-0.99) 2.8x 1072
Spain 738 806 0.35 0.37 6.1 x 1071 0.91 (0.79-1.06) 2.4 x 1071
Stage 1 + 2 5,791 8,420 0.35 0.38 2.7 x 107! 0.86 (0.81-0.90) 7.5 x 1079
APOE &4 carriers 3,053 1,707 0.36 0.41 9.0 x 1071 0.81 (0.74-0.88) 2.7 x10°
APOE €4 non-carriers 2,693 6,699 0.39 0.41 1.9x 107! 0.91 (0.85-0.97) 7.0x 1073

rs9331888
Stage 1 2,025 5,328 0.31 0.28 8.9 x 10! 1.19(1.11-1.30) 1.8 x 1078
Stage 2 3,862 3,180 0.31 0.29 7.9 x 107! 1.12 (1.04-1.21) 2.9x 1073
Belgium 1,072 501 0.29 0.28 9.3x 1071 1.16 (0.96-1.40) 1.2 x 1071
Finland 586 638 0.38 0.37 1.3x 10! 1.09 (0.92-1.29) 3.2x 101
Italy 1,474 1,241 0.30 0.26 9.9 x 1071 1.22 (1.07-1.39) 4.5%x 1073
Spain 730 800 0.29 0.28 5.4 x 1071 1.06 (0.90-1.24) 4.8 x 1071
Stage 1 + 2 5,887 8,508 0.30 0.28 3.3x 10" 1.16 (1.10-1.23) 9.4 x 1078
APOE €4 carriers 3,098 1,723 0.32 0.29 8.6 x 1071 1.21 (1.10-1.33) 7.8 x 107
APOE g4 non-carriers 2,748 6,770 0.30 0.28 3.1x 101 1.09 (1.02-1.18) 1.8 x 102

P values and ORs with the associated 95% Cl| have been calculated under an additive model using logistic regression models adjusted for age, gender and centers when necessary.
MAF, minor allele frequency; HWE, P value for the test of Hardy-Weinberg equilibrium in controls.

dementia from French Three-City (3C) prospective population-based
cohort were obtained as controls (Supplementary Note). Samples
were genotyped with Illumina Human 610-Quad BeadChip and sub-
jected to standard quality control procedures. The resulting GWA data
were then analyzed with logistic regression taking into account sex
and age and using principal components to adjust for possible popu-
lation stratification. The genomic control parameter was 1.20 before
this adjustment but 1.04 afterward. Comparison of the observed and
expected x? distributions (Supplementary Fig. 1) did not indicate
substantial inflation of the test statistics after adjustment. We carried
out additional tests to establish the robustness of the statistical results
as described in the online methods section.

Several APOE-linked SNPs gave strong evidence of disease association
(Supplementary Table 1). Outside of APOE, one marker (rs11136000)
within CLU on chromosome 8p21-pl2 showed significance
(P =9.0 x 1078) in the association test. This slightly surpassed the
criteria for genome-wide significance as evaluated with a conservative
Bonferroni correction (P < 9.3 X 1078). We observed markers in several
chromosome regions with suggestive evidence of association (P < 107)
as shown in a Manhattan plot (Supplementary Fig. 2). The results of the
entire GWAS are available online. Finally, we imputed genotypes using
the HapMap CEU samples to increase the number of SNPs examined
in these regions. The genotyped and imputed markers from the regions
that gave P < 107 are shown in Supplementary Table 2.

In the second stage, we sought replication of association by geno-
typing a selection of markers at the loci identified in Supplementary
Table 2 in additional collections totaling 3,978 probable Alzheimer’s
disease cases and 3,297 controls obtained from Belgium, Finland,
Italy and Spain (Supplementary Table 3 and Supplementary Note).
Genotyping of the second-stage samples was performed using either
Tagman or Sequenom assays. Data were analyzed using logistic regres-
sion under an additive genetic model taking into account sex and age
at diagnosis (cases) or at confirmation of the absence of dementia
(controls). Five SNPs at two loci showed association, with P values
ranging from 1.6 X 1072 to 8.2 x 107%. The first of these loci encom-
passes CLU on 8p21-p12, and the second spans the gene encoding
complement component (3b/4b) receptor 1 (CRI) on 1q32.

At CLU, three markers (rs2279590, rs11136000, rs9331888)
showed statistically significant association with Alzheimer’s disease
in the replication collections, even with a conservative Bonferroni
correction for all 11 SNPs tested in stage 2 (P < 4.5 x 1073, Table 1).
The odds ratios were statistically homogeneous across the stage 1
and 2 study collections (Supplementary Table 4). We found strong
evidence for association in the combined GWA and replication data-
sets taking into account the sample origin in the logistic regres-
sion, with two markers exceeding the criterion for genome-wide
significance (P < 9.3 x 1078). For the marker showing the strongest
evidence of association (rs11136000), the odds ratio for the minor
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allele was 0.86 (95% CI 0.81-0.90, P = 7.5 x 107?). Similar results
were obtained using a Mantel-Haenszel statistic for the combined
analysis (Supplementary Table 5).

We detected a statistical interaction between the APOE €4 status
and the CLU SNPs (ranging from 3.0 X 1072 to 5.2 X 1072 from the
SNP tested). For rs11136000, although the association was significant
in both €4 carriers and non-carriers, it was more significant in car-
riers (Table 1).

The three CLU locus markers replicated in stage 2 are within a link-
age disequilibrium (LD) block that encompasses only the CLU gene
(Fig. 1). They define three common haplotypes (frequency >2%) that
together account for 98.2% of the observations in stage 1 controls.
Compared to the most frequent haplotype, TTC, the other two most
frequent haplotypes were all associated with a statistically significant
increased disease risk, with similar odd ratios in the stage 1 and stage
2 collections (Table 2). The odds ratio was highest for the CCG hap-
lotype compared to the TTC haplotype (OR = 1.22, P = 5.6 x 10710
for the combined samples).

A second locus of potential interest lies within an LD block that
encompasses CRI on 1q32 (Fig. 2). We tested two SNPs at this
locus in the second stage, and one (rs6656401) showed evidence of

Table 2 Association results for haplotypes at the CLU locus

Figure 1 Schematic overview of CLU and LD patterns at the CLU locus.

P values for association of SNPs (resulted from imputation and with
minor allele frequency (MAF) >5%) encompassing the CLU locus with
Alzheimer’s disease risk under an additive model with adjustment for age
and gender are plotted against physical distance. The LD plot is shown for
SNPs at the CLU locus in controls (stage 1 data in Haploview 4.0, solid
spine haplotype block definition, r2 color scheme).

association with Alzheimer’s disease in the replication collections
(P =8.2 x 107, Table 3). There was no significant heterogeneity by
origin (Supplementary Table 4), and the odds ratio and P values
in the combined data were 1.21 (95% CI 1.14-1.29) and 3.7 x 107°.
We found similar results when using the Mantel-Haenszel method
(Supplementary Table 5). At this locus, we also detected a statistical
interaction with APOE €4 status and risk of disease (P = 9.6 X 1073)
with significant association in both carriers and non-carriers, but with
a more significant association in the former. Although the association
of the second marker tested at this locus (rs3818361) only showed a
suggestive significance overall in the stage 2 collections (OR = 1.11,
95% CI 1.02—-1.22, P = 1.6 X 1072), there was evidence of association
of this SNP in the APOE €4 carriers in stage 1, stage 2 and combined
samples (respectively, OR = 1.38, 95% CI 1.19-1.60, P = 2.3 X 1075
OR = 1.29, 95% CI 1.08-1.56, P = 5.4 x 1073 OR = 1.34, 95%
CI 1.20-1.50, P = 2.9 x 1077). The genotyped markers define two
principal haplotypes that account for 97.8% of the observations at
the CRI locus, and a third haplotype has an estimated frequency of
1.2% in the combined control population (Table 4). The odds ratio
was highest for the AA haplotype compared to the GG haplotype
(OR =1.22,P=3.1 x 107'? for the combined samples).

The association results for CLU are supported by a recent meta-
analysis of linkage studies of Alzheimer’s disease, in which a region of
15.1 Mb on chromosome 8p that encompasses CLU had the strong-
est evidence genome wide for linkage'®. The biological functions of
the CLU markers associated with Alzheimer’s disease, and of other
markers from the region that may be in LD with them, is presently
unknown. However, CLU is the only described gene located within
the association region, and several lines of evidence suggest that it is
a strong candidate for involvement in the disease.

APOE and CLU are the most abundantly expressed apolipoproteins in
the central nervous system'*!5, with strong analogies in terms of possible
impact on the Alzheimer’s disease physiopathological process. Like APOE,
CLU is present in amyloid plaques'®!” and can bind AB!®!°, Consistent
with this, several experiments in transgenic PDAPP mice lacking CLU
have shown that this protein may strongly influence A fibrillogenesis
and increase AP neurotoxicity in vivo?”. It has also been proposed that
CLU may participate in AP clearance from the brain across the blood-
brain barrier, mainly of the highly pathogenic AB42 peptide?!22, which
is a function similar to that of APOE?>-2,

In addition, we observed an association between Alzheimer’s disease
risk and markers spanning CRI, the gene that encodes for the main
receptor of the complement C3b protein?®. The biological function of
these CR1 markers is unknown. The LD block containing these markers

Stage 1 Stage 2 Stage 1 + 2
Haplotypes Cases Controls  OR (95% CI) Pvalue Cases Controls  OR (95% CI) Pvalue  Cases Controls OR (95% CI) Pvalue
I1C 0.344 0.388 Ref. - 0.343 0.372 Ref. - 0.344 0.382 Ref. -
ccc 0.334 0.329 1.14(1.04-1.24) 3.0x 103 0.338 0.327 1.10(1.01-1.21) 3.3x 102 0.336 0.328 1.12(1.06-1.20) 8.0 x 107°
CCG 0.302 0.265 1.28(1.17-1.41) 1.5x 107 0.277 0.258 1.19(1.09-1.31) 1.5x10% 0.286 0.263 1.22(1.14-1.29) 5.6 x 10710

The results have been calculated using the THESIAS program with adjustment for age, gender and center (see Online Methods). The P values for the global association were
1.8 x 107, 2.9 x 103 and 2.7 x 1079, respectively, for the data from stage 1, stage 2 and stage 1 and 2 combined. The markers as ordered from left to right (5’ to 3') are

rs2279590, rs11136000 and rs9331888. Minor alleles are underlined.
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only includes CR1. Several observations suggest that pathways involving
C3b and CR1 are involved in the Alzheimer’s disease process, particularly
in A clearance. Briefly, complement activation leads to the formation
of C3-cleaving enzymes, known as C3 convertases, on the surface of
the pathogen or protein undergoing complement attack. Cleavage of
C3 results in the formation of C3a and C3b fragments. Whereas C3a
is involved in the chemotaxis of phagocytes, C3b binds covalently to
acceptor molecules and can mediate phagocytosis through CR1%7:28,

LETTERS

Figure 2 Schematic overview of CR1I and LD patterns at the CR1I locus.
P values for association of SNPs (resulted from imputation and with
MAF >5%) encompassing the CR1 locus under an additive model with
adjustment for age and gender are plotted against physical distance. The
LD plot shown is for SNPs at the CRI locus in controls (stage 1 data in
Haploview 4.0, solid spine haplotype block definition, r2 color scheme).

Such a mechanism has been proposed to participate in AP clearance
for several reasons: (i) aggregated AP are able to activate and become
bound by C3b2*3L; (ii) in a transgenic mouse model, an increase in
C3 expression coincides with a smaller degree of AP deposition and
neuropathology?3%; (iii) conversely, expression of a C3 convertase
inhibitor such as the rodent complement receptor 1-related gene/protein
y (Crry) results in increased AP deposition and neurodegeneration%;
(iv) using human erythrocytes (the cell type that most abundantly
expresses CR1), it has been observed that this cell type is able to sequester
ABy,(refs. 31,32) and to favor its clearance via the C3b-mediated
adherence to erythrocyte CRI1 (ref. 32); (v) finally, this mechanism may
be deficient in individuals with Alzheimer’s disease®!. Altogether, these
data support a protective role for CR1 via the generation and binding
of C3b, which may contribute to A clearance3?.

We calculated the attributable fractions of risk to be 25.5% for APOE,
8.9% for CLU and 3.8% for CRI. As these calculations are based on
the combined stage 1 and 2 samples, the estimates are biased upward.
Nevertheless, if the estimate that 60-80% of the Alzheimer’s disease
risk is due to genetic factors® is correct, additional genetic susceptibility
loci remain to be identified, which is also true for many other diseases
in which loci have been successfully mapped by GWA343>, In a recent
GWAS, the PCDHI11X gene was found to be a genetic determinant
of Alzheimer’s disease'?. We examined the effect of 17 SNPs in
the PCDH11X locus in the stage 1 samples. Although none reached our
criteria for suggestive level of significance, we did observe 0.01 < P < 0.05
for several SNPs (Supplementary Table 6). Thus, this locus may also
contribute to the Alzheimer’s disease risk in our dataset, albeit not as
significantly as the other loci that we have identified.

Table 3 Association of SNPs at the CR1 locus with Alzheimer’s disease in the Stage 1 and Stage 2 samples

rs6656401
N MAF Association test
Cases Controls Cases Controls HWE OR (95% CI) P value
Stage 1 2,025 5,324 0.22 0.18 9.9 x 107! 1.27 (1.16-1.39) 1.8 x 1077
Stage 2 3,880 3,198 0.20 0.18 5.3 x 1072 1.16 (1.06-1.27) 8.2 x 10*
Belgium 1,066 500 0.22 0.18 2.2x 1071 1.24 (0.99-1.24) 5.6 x 102
Finland 608 654 0.21 0.17 2.9 x 1071 1.38 (1.12-1.70) 2.5%x 1073
Italy 1,472 1,243 0.20 0.20 2.2x 101 1.03 (0.88-1.17) 8.4 x 1071
Spain 734 801 0.20 0.16 4.2 %1072 1.23 (1.02-1.47) 2.6 x 102
Stage 1 + 2 5,905 8,526 0.21 0.19 1.1x 10! 1.21 (1.14-1.29) 3.5x 107
APOE €4 carriers 2,497 1,632 0.22 0.18 7.5x 1071 1.38 (1.22-1.55) 1.8 x 1077
APOE €4 non-carriers 2,761 6,780 0.21 0.19 4.3 x 1072 1.13 (1.04-1.23) 3.7x 1073
rs3818361
Stage 1 2,018 5,324 0.22 0.18 8.5 x 107! 1.28 (1.17-1.40) 8.5 x 1078
Stage 2 3,717 3,094 0.22 0.20 1.1 x 107! 1.11 (1.02-1.22) 1.6 x 1072
Belgium 972 436 0.24 0.24 9.9 x 1071 1.05 (0.84-1.48) 6.8 x 1071
Finland 590 634 0.22 0.19 1.5x 107! 1.26 (1,03-1.57) 2.6 x 102
Italy 1,423 1,232 0.20 0.20 9.2x 101 1.03 (0.89-1.18) 7.2 x 1071
Spain 732 792 0.21 0.18 1.0x 1072 1.21 (1.01-1.44) 3.8x 1072
Stage 1 + 2 5,735 8,418 0.22 0.19 2.2 x 107! 1.19 (1.11-1.26) 8.9 x 108
APOE €4 carriers 3,032 1,696 0.22 0.18 8.9 x 10! 1.34 (1.20-1.50) 2.9x 107
APOE &4 non-carriers 2,661 6,707 0.21 0.19 1.8 x 107! 1.12(1.03-1.22) 6.4 x 1073

P values and ORs with their associated 95% Cls have been calculated under an additive model using logistic regression models adjusted for age, gender and centers when neces-
sary. MAF, minor allele frequency; HWE, P value for the test of Hardy-Weinberg equilibrium in controls.
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Table 4 Association results for haplotypes at the CR1 locus

Stage 1 Stage 2 Stage 1 + 2
Haplotypes Cases Controls ~ OR (95% Cl) Pvalue  Cases Controls  OR (95% Cl) Pvalue  Cases Controls  OR (95% ClI) Pvalue
GG 0.772 0.813 Ref. - 0.778 0.786 Ref. 0.776 0.803 Ref.
GA 0.011 0.009 1.25(0.87-1.80) 2.2x 10! 0.016 0.017 1.01(0.77-1.33) 6.4x 1071 0.014 0.012 1.13(0.89-1.43) 3.9x 10!
AA 0.207 0.170 1.28(1.17-1.40) 1.4x 107 0.198 0.182 1.17(1.07-1.27) 6.8x 104 0.202 0.175 1.22(1.15-1.30) 3.1 x 10710

The results have been calculated using the THESIAS program with adjustment for age, gender and center (see Online Methods). The P values for the global association were
7.5 % 107,3.0 x 1073 and 1.5 x 10719, respectively, for the data from stage 1, stage 2 and stage 1 and 2 combined. The markers as ordered from left to right (5’ to 3) are

rs6656401 and rs3818361. Minor alleles are underlined.

In an independent study published in this issue of Nature Genetics®,
Williams and colleagues report an independent GWAS of late-onset
Alzheimer’s disease and also report association with markers at CLU.
In comparing these two studies, the Belgian samples used in the rep-
lication phase of each were found to overlap. To test for the independ-
ence of these results, we tested our association results with the entire
Belgian collection removed from the replication phase. We find that
the association to CLU remains significant, with OR = 0.89, 95% CI
0.83-0.97 and P = 5.3 x 1073 for association at rs11136000 in the
stage 2 samples when the Belgian collection is excluded. Although
this is marginally less significant than the conservative P value that we
applied at replication phase, the combined stage 1 and 2 samples gave
OR =0.86,95% CI 0.81-0.91 and P = 4.8 X 10~8 with the Belgian col-
lection excluded, meeting our criterion for genome-wide significance.
Thus these two studies provide strong independent evidence of an
association of Alzheimer’s disease risk with CLU markers. In addition,
evidence of association with the CRI markers at rs3818361 in the
GWA data from Williams and her colleagues®® exceeded our criteria
for replication in their study (P = 9.2 X 107°), providing additional
confirmation of the relationship between CRI markers and late-onset
Alzheimer’s disease (OR = 1.17,95% CI 1.09-1.25). We also examined
PILCAM markers on chromosome 11 for which association has been
identified and replicated in the second study. In our stage 1 data, we
also detected evidence of association for PILCAM markers with P
values between 1072 and 1073 (rs541458 OR = 0.88, 95% CI 0.81-0.96,
P =2.8 %1073 and results available online in GWAS results).

In summary, in addition to the previously known APOE locus, we
have identified loci at CLU and CRI that are potentially associated
with the risk of late-onset Alzheimer’s disease. Biological evidence
suggests that the genes at these loci, along with APOE, are involved
in AP clearance. These data may indicate that whereas familial early-
onset forms of Alzheimer’s disease are mainly linked to genes impli-
cated in AP overproduction, genetic variants at APOE and these newly
defined loci may influence susceptibility to late-onset forms of the
disease as a result of roles in AP clearance.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Sample populations. The case-control cohorts are described in the
Supplementary Note.

Genotyping. DNA samples were transferred to the French Centre National
de Génotypage for genotyping. First stage samples that passed DNA quality
control were genotyped with Illumina Human610-Quad BeadChips. Genotype
data were retained in the study for samples that had been successfully geno-
typed for >98% of the SNP markers. SNPs with call rates of <98%, with MAF
<1% or showing departure from Hardy-Weinberg equilibrium in the control
population (P < 107°) were excluded. We removed 134 Alzheimer’s disease case
and 980 control samples because the individuals who had provided them were
found to be first- or second-degree relatives of other study participants or were
assessed as being of non-European descent based on genetic analysis using
methods described?”. This led us to retain 537,029 autosomal SNPs genotyped
in 2,032 cases and 5,328 controls. Stage 2 genotyping was performed using
Tagman (Applied Biosystems) or Sequenom assays. The primer and probe
sequences for the genotyping assays are available upon request. To avoid any
genotyping bias, cases and controls were randomly mixed when genotyping,
and laboratory personnel were blinded to case or control status. The geno-
typing success rate was at least 95%, and no departure from Hardy-Weinberg
equilibrium was observed for the markers included in the second stage.

Statistical analysis. We evaluated the case and control differences using logis-
tic regression, which optionally incorporated principal components that were
significantly associated with disease status to account for possible popula-
tion stratification as described3”-3%. We hypothesized that the relatively high
genomic control parameter found in the absence of the principal-components
adjustment was due to differences in the representation of various French
regions in the case and control series. Therefore, we further explored the
robustness of our conclusions by incorporating 6,734 anonymized samples
from France and other European countries as additional controls (unpublished
data and ref. 37). With the inclusion of the additional samples, the genomic
control parameter was 1.04 without principle-components adjustment and
1.03 after the adjustment. Inclusion of the additional controls did not sub-
stantially modify the association statistics for markers in regions showing
suggestive evidence of association (P < 107°) after correction for population
structure in the primary analysis (Supplementary Tables 1 and 2). Markers in
these regions were analyzed at stage 2. We included imputed markers in these
regions and selected markers for genotyping at stage 2 if the marker showed
at least moderate association with disease status (P < 107*) (either with or
without correction for population structure), the marker was not in strong LD
with another marker entering stage 2, and a genotyping assay for the marker
could be successfully designed.

We did statistical analyses under an additive genetic model using logistic
regression taking age, sex and disease status into account and using SAS soft-
ware version 9.1 (SAS Institute). Population controls that were not genotyped
specifically for this study were excluded, as were any samples with missing
age or gender data. This gave a maximum of 2,025 Alzheimer’s disease cases
and 5,328 controls in stage 1 and 3,359 cases and 2,633 controls in stage 2.
Information on age and gender of the cases and controls included in these
analyses are shown in Supplementary Table 3. Homogeneity of the odds ratios
in different collections was tested using the Breslow-Day test*®. We also used
the Mantel-Haenszel method as implemented in Review Manager 5.0 to evalu-
ate odds ratios across collections. Interactions between CLU or CR1 SNPs and
APOE €4 polymorphism were tested in logistic regression models adjusted
for age, gender and center where the samples were taken. The solid spine
haplotype block definition in Haploview 4.0 was used to generate LD blocks
of the genomic regions encompassing the CLU or CRI genes from imputed
SNPs (MAF >5%)%0. Associations of the CLU and CRI haplotypes were esti-
mated using either logistic regression or a proportional hazards models using
THESIAS 3.0, which implements a maximum likelihood model and uses an
s.e.m. algorithm®!. The population attributable risk (PAR) fraction was esti-
mated using the following formula: PAR = F(OR - 1)/(F(OR-1) + 1), where
F is the frequency of the deleterious allele in the sample and OR is the odds
ratio of Alzheimer’s disease risk associated with the deleterious allele.

The criterion for genome-wide significance was defined in stage 1 with a
conservative Bonferroni correction (P < 9.3 x 107%; 0.05/537,029 SNPs tested).
In stage 2, the level for significance was defined at P < 4.5 x 1073 (0.05/11
SNPs tested).

URLs. Haploview: http://www.broad.mit.edu/mpg/haploview/index.php;
Revman: http://www.cc-ims.net/revman/; THESIAS: http://ecgene.net/
genecanvas/uploads/THESIAS3.1/; HapMap: http://www.hapmap.org; website
for GWAS results: http://www.cng.fr/alzheimer/.
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