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Genome-wide linkage studies have defined a broad susceptibility
region for late-onset Alzheimer's disease on chromosome 12,
which contains the Low-Density Lipoprotein Receptor-Related Pro-
tein 6 (LRP6) gene, a coreceptor for Wnt signaling. Here, we report
the association between common LRP6 variants and late-onset
Alzheimer’s disease in a multicenter case-control series as well as
in a large family-based series ascertained by the National Institute
of Mental Health-National Institute on Aging Genetics Initiative.
As shown in the genome-wide linkage studies, our association
depends mainly on apolipoprotein E-c4 (APOE-¢4) carrier status.
Haplotype tagging single-nucleotide polymorphisms (SNPs) with a
set of seven allelic variants of LRP6 identified a putative risk
haplotype, which includes a highly conserved coding sequence
SNP: lle-1062 — Val. Functional analyses revealed that the associ-
ated allele Val-1062, an allele previously linked to low bone mass,
has decreased B-catenin signaling in HEK293T cells. Our study
unveils a genetic relationship between LRP6 and APOE and sup-
ports the hypothesis that altered Wnt/B-catenin signaling may be
involved in this neurodegenerative disease.

neurodegenerative | LRP-6 | single-nucleotide polymorphism |
APOE | Wnt

Izheimer’s disease (AD) [Online Mendelian Inheritance in

Man (OMIM) 104300], the most common form of age-
associated dementia, is a progressive neurodegenerative disorder
characterized by a deficit in cognitive processes that manifest as
alterations in memory, judgment, and reasoning (1). Although the
etiology of AD remains to be fully understood, it is well accepted
that, along with age, family history is the most prominent risk factor
for the development of the disease.

Inheritance of the apolipoprotein E-e4 (APOE-&4) allele is a risk
factor for AD, including both sporadic and late-onset familial forms
of the disease (2, 3). Nevertheless, epidemiological studies estimate
that 42-68% of AD patients do not present the APOE-&4 allele,
suggesting that additional genetic or environmental factors could
play essential roles in the disease (4). A fact consistent with this
observation is that genome-wide screens have identified several
regions that show significant linkage to AD, of which the most likely
to harbor new risk factors are chromosomes 9, 10, and 12 (5-13).
The reported linkage peaks for chromosome 12 show significant
association with AD, mainly when samples have been stratified
according to APOE carrier status and cluster into two distinct
regions (Fig. 14). One region is located at the p-ter, from ~6-30
cM, in the vicinity of the Low Density Lipoprotein Receptor
(LDLR)-Related Protein 6 (LRP6) (14) gene (at ~26 cM), whereas
the other is pericentromeric, from ~48-68 cM close to the LRPI
gene (=68 cM). We and others have proposed that altered function
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of Wnt signaling components may be involved in AD (15-19),
leading us to examine whether the LRP6 gene, which encodes a Wnt
coreceptor (20-22), is associated with this disease.

Results

Genetic Variation in LRP6 Is Associated with Late-Onset AD. We
sought to confirm the existence of single-nucleotide polymorphisms
(SNPs) in exons 7, 11, 14, 16, and 18 of LRP6, which were described
in the dbSNP database (National Center for Biotechnology Infor-
mation) (Fig. 1B). We observed that a nonsynonymous coding
sequence SNP Ile-1062 — Val in exon 14 (14e, rs2302685; T — C)
and a synonymous SNP in exon 18 (18e, rs1012672; C — T) were
polymorphic and therefore we continued our analysis with LRP6
SNPs 14e and 18e.

Upon genotyping, 398 Caucasian cases and 339 age- and ethnicity-
matched controls coming from the Zurich series (23), the Newcastle
Brain Bank (U.K. series) (24), and various brain banks throughout
the United States (U.S. series) (24) (see Methods), we noted a trend
toward association in single-locus tests for 14e (P = 0.075, Table 1)
and significant association for 18e with AD (P = 0.037, Table 1) in
the combined multicenter sample (Zurich/U.K./U.S. series). Al-
though 14e was not associated with AD in any of the case-control
series analyzed separately, we found that 18e was highly associated
in the Zurich series (P = 0.0048, P = 0.011, allelic and genotypic
frequencies, respectively), accounting for most of the effect in the
combined sample (Table 1). LRP6 18e was also associated in the
UK. series (P = 0.039, genotypic frequency, data not shown).

Given that the evidence for linkage to chromosome 12 is signif-
icant mainly when the analysis has been limited to individuals
lacking an APOE-¢4 allele (Fig. 1A4), we then stratified the multi-
center sample on the basis of whether individuals possessed at least
one APOE-&4 allele (7, 8, 10). The combined sample thus stratified
gave 361 individuals corresponding to the e4-positive stratum (at
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Fig. 1. Late onset AD and chromosome 12. (A) Summary of reported
genome-wide linkage regions according to APOE-&4 carrier status and loca-
tion of the LRP6 locus relative to candidate genes showing association to AD
(see also www.alzforum.org/res/com/gen/alzgene/default.asp). (B) Diagram
of exon-intron boundaries of LRP6 gene and chromosomal position of SNPs
(arrows) analyzed in this study.

least one APOE-&4 allele: 48.9%) and 377 individuals within the
ed-negative subgroup (51.1%). Remarkably, we observed that 18e
was strongly associated with AD in the e4-negative stratum in the
combined sample (P = 0.0075, Table 1), as well as in the Zurich and
the U.K. series examined separately (P = 0.025 and P = 0.0083,
respectively). Confirming widely accepted results, logistic regres-
sion analysis in the whole multicenter sample revealed that
APOE-g4 was highly associated with risk in AD [P = <0.0001,
supporting information (SI) Table 4]. Likewise, LRP6-18¢ was
strongly associated with disease (P = 0.0092), where individuals
carrying at least one copy of the minor allele T had 69-80% greater
risk of getting AD compared with individuals being 18e (CC)
homozygotes (SI Table 4). We thus conclude that 18e allele T is a
previously uncharacterized risk allele for late-onset AD.

Linkage Disequilibrium and Haplotype Analysis Within the LRP6 Gene.
LRP6 is a 23-exon gene covering 150 Kbp in a region with dense
genomic content (Fig. 1). To determine whether other variants

within LRP6 were responsible for the association signal seen for 18e
in the nonstratified Zurich case-control series, we assessed the
contribution of the whole gene with a panel of seven haplotype-
tagging SNPs (htSNPs): rs7316466, rs2284396, rs1012672 (18e),
152302685 (14e), rs7294695, rs2417086, and rs7308022 (Fig. 1 and
2). Consistent with what has been determined for the LRP6 gene
in the CEPH population (i.e., Caucasians with ancestry from
northern and western Europe) by the International HAPMAP
Project (25), the region described by our htSNPs had a high degree
of linkage disequilibrium (Fig. 2B and SI Fig. 4) and did not extend
to other chromosome 12 candidate genes previously associated with
AD (SI Fig. 4 and A.P., personal communication on OLRI and
LRP] in this sample, rs1050286 and rs1799986, respectively). Single
locus tests for each marker revealed that 18e was the only LRP6
htSNP showing association with AD (Fig. 24 and Table 2).
Nonetheless, haplotype analysis revealed that a 5-htSNP haplotype
could be drawn (Block 1: TTTTGC; 157316466, rs2284396, rs1012672
(18e), 12302685 (14e),and rs7294695, respectively; Fig. 2B) and
that this haplotype is strongly associated with AD (P = 0.0069,
Table 2). Finally, in agreement with our findings regarding
APOE-¢4 stratification, haplotype analysis of the combined multi-
center sample revealed that 14eT/18eT was associated in the
combined (P = 0.04) and highly significant in the e4-negative
stratum (P = 0.0086) of the multicenter sample (SI Table 5).

LRP6 Variants Are Associated with AD in the Original Linkage Sample
to Chromosome 12. We wanted to determine whether LRP6 asso-
ciation could explain the linkage peak to late-onset AD on chro-
mosome 12, originally described in the affected siblings pairs
(ASPs) series from the National Institute of Mental Health
(NIMH) and the National Cell Repository for AD (8, 10, 12). We
thus genotyped 14e and 18e in 474 families (1,372 individuals)
corresponding to our entire NIMH-NIA ASPs sample and analyzed
the data by using the Family Based Association Test package FBAT
(26, 27). Interestingly, stratification of the ASP sample according to
APOE-&4 carrier status gave 295 nuclear families corresponding to
the e4-positive stratum (76.9%) and 93 nuclear families within the
e4-negative subgroup (23.1%), which is in marked contrast to the
combined multicenter case-control series where an equivalent
number of individuals is found in both strata (48.9 and 51.1%;
e4-positive/negative, respectively).

FBAT analysis revealed that LRP6 14e was significantly associ-
ated in the e4-negative stratum (P = 0.026), whereas we detected
no association in the whole ASPs sample (Table 3) or in the

Table 1. Association analysis of LRP6 SNPs in the Multicenter case-control series

Strata SNP Sample MAF Controls MAF Cases P OR (95% CI)
All 14e Combined 18.7 15.1 0.075 1.30 (0.97:1.71)
Zurich 22.9 18.5 0.24 1.31(0.83:2.07)
U.K. 171 14.2 0.43 1.25 (0.71:2.20)
uU.S. 15.1 13.5 0.61 1.14 (0.70:1.86)
18e  Combined 5.9 8.9 0.037 1.54 (1.03:2.31)
Zurich 5.8 13.5 0.0048 2.54 (1.30:4.94)
U.K. 5.5 10.1 0.111 1.93 (0.85:4.41)
u.s. 6.3 5.4 0.66 1.81 (0.60:2.35)
APOE4-g4-negative 14e Combined 18.2 14.8 0.24 1.29 (0.84:1.97)
Zurich 22.2 21.2 0.87 1.06 (0.53:2.11)
U.K. 17 13.8 0.54 1.28 (0.58:2.80)
U.S. 14.7 10.7 0.38 1.44 (0.64:3.23)
18e  Combined 4.9 10.2 0.0075  2.20(1.22:3.98)
Zurich 6.3 15.6 0.025 2.74 (1.11:6.82)
U.K. 2.8 12.5 0.0083 491 (1.36:17.8)
u.S. 4.7 3.4 0.76 0.72 (0.19:2.76)

Allelic Pvalues. SNP IDs 14e, rs2302685; 18e, rs1012672; MAF, minimal allele frequency; Cl, confidence interval;

OR, odds ratio.
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LRP6 SNP mapping and linkage disequilibrium in the Zurich series. (A) Overall statistical significance of tag-SNPs (dots) covering the whole LRP6 gene

(see also Fig. 1B). (B) Plot of the relative D'/LOD values between each of the markers used in this analysis by using the default confidence intervals algorithm
automatically generated by the program Haploview (www.broad.mit.edu/mpg/haploview). Note that Block 1 indicates that >95% of informative comparisons
between included LRP6 markers are in strong linkage disequilibrium. The standard color D’/LOD scheme was used throughout comparisons: bright red (D' = 1;
LOD =2); blue (D’ = 1; LOD <2); shades of pink/red (D’ < 1; LOD =2); white (D' < 1; LOD <2). Numbers in the figure indicate D’ values X 100. Quadrants were

left blank if there was perfect linkage disequilibrium (D’ = 1.0).

e4-positive stratum (data not shown). Moreover, and in agreement
to the multicenter case-control series, 18e was significantly associ-
ated with AD (P = 0.049; Z = 1.96, Table 3). However, because of
lack of proper number of “informative families” required by FBAT
in the e4-negative stratum (n = 10; a family is informative when it
has a nonzero contribution to the FBAT statistic; i.e., families with
members that have all of the same genotypes are not informative)
we regard 18e data as suggesting a trend.

The use of haplotypes in family-based association testing is a
robust and powerful method especially when the informative nature
of individual markers is low (28). Therefore we examined the
haplotype contribution of LRP6 14e and 18e SNPs with the aid of
the program haplotype-FBAT (HBAT) (28). Interestingly, LRP6
haplotype 14eT/18eC appears to have a protective effect (Z =
—2.96) and is highly associated within the e4-negative stratum of the
ASP sample (P = 0.003; Table 3). Likewise, and as observed before
in the multicenter sample, haplotype 14eT/18eT confers risk to
develop AD (P = 0.029, Z = 2.19; Table 3). Finally, a global
(multihaplotype) test between 14e and 18e indicated that both
SNPs were strongly associated only in the e4-negative stratum (P =
0.0079). Therefore, we conclude that LRP6 SNPs are associated
with AD in both regular case-control and family-based series and
that such association depends mainly on APOE stratification.

LRP6 Is Expressed in the Adult Hippocampus. Wnts are essential
molecules in defining the boundaries of the developing human
forebrain, most notably in the hippocampus (29-31). In the mature
human brain, the physiological function of Wnts and their receptor
complexes containing Frizzled and LRP5/6 is less understood.
Therefore, given that preclinical AD is manifested early in the

hippocampus, we examined whether the LRP6 gene is expressed in
the adult human hippocampus. Quantitative RT-PCR experiments
revealed that LRP6 as well as LRP5 transcripts were present in
human hippocampal tissue (SI Fig. 5), suggesting that the corecep-
tor for Wnt signaling may be functional in vivo in the mature brain.

LRP6 Val-1062 Allele Displays Reduced Activation of a B-Catenin
Reporter in HEK293T Cells. Although both LRP6 14e and 18e variants
are coding sequence polymorphisms, only 14e results in an amino
acid substitution (Ile-1062 — Val). Full sequence alignhment of
LRP6 and LRP5 from human, mouse, and Arrow (its ortholog in
Drosophila) (21, 32) shows that Ile-1062 has been conserved during
evolution (Fig. 34). Likewise, Ile-1062 is also conserved in human
and mouse LDLR (Fig. 34), which constitutes the signature for this
family of transmembrane proteins (33), suggesting that this residue
may be important for proper protein function. Structurally, Ile-1062
is located after the second YWTD tetrarepeat within the fourth
EGF homology domain of LRP6 and appears to be buried inside
the hydrophobic core of the B-propeller (SI Fig. 6). Most mutations
in the LDLR and LRP5 genes that are responsible for different
syndromes reside within B-propeller domains, which are regions
involved in proper folding and ligand recognition (32, 33).

It is well established that LRP6 is a coreceptor in the canonical
Whnt/B-catenin signaling pathway, and its overexpression in cells
results in ligand-independent activation leading to an increase in
cytosolic levels of B-catenin, which then binds TCF/LEF (T cell
factor/Lymphoid enhancing factor) and activates transcription (20—
22). To determine whether the Ile-1062 — Val substitution had any
effect on B-catenin signaling, we constructed COOH-terminal
HA-tagged wild-type (Ile-1062, 14el) and associated SNP (Val-

Table 2. LRP6 tagging SNPs and haplotype association results in the nonstratified Zurich series

Stat SNP ID/haplotype Allele/frequency Case, control ratios X2 P

Single marker rs7316466 (1) T, C 133:77,168: 120 1.27 0.26
rs2284396 (2) T,C 122:90, 157 : 133 0.58 0.45
18e, rs1012672 (3) CT 166 : 26, 243 : 15 7.94 0.0048
14e, rs2302685 (4) T, C 163:37,205:6 1.35 0.25
rs7294695 (5) C G 123:89, 159: 131 0.51 0.48
rs2417086 (6) A G 118:90, 147 : 137 1.19 0.28
rs7308022 (7) A G 192: 16, 265: 21 0.02 0.88

Haplotype (12345) TCCTG 43 87.6:124.4,128.3:161.7 0.44 0.51
CTCCC 20.3 39.5:172.5, 62.5:227.5 0.65 0.42
CTCTC 17.9 35.0:177.0,54.7 : 235.3 0.47 0.5
TTCTC 8.6 20.4:191.6, 22.6 : 267.4 0.53 0.47
TTTTC 8.4 26.2:185.8, 16.1:273.9 7.3 0.0069
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Table 3. Association of LRP6 SNPs 14e and 18e in the NIMH ASP sample

Stat/strata Allele Haplotype Frequency Families  Zscore P p_2side
Single marker/all 14e C 20.4 80 — 0.68 —
18e T 9 51 — 0.26 —
APOE-¢4 negative 14e C 21.7 14 — 0.026 —
18e T 8.5 7 —_ 0.049 —_
Haplotype/all 14e, 18e TC 75.4 100 -0.35 0.72 0.7
cc 17.9 81 —0.93 0.35 0.37
T 6.7 53 1.64 0.1 0.078
Global — — — 0.23 0.29
APOE-¢4 negative 14e,18e TC 73.1 17 —2.96 0.003 0.0029
CcC 20 16 1.64 0.1 0.12
T 6.9 7.7 2.19 0.029 0.031
Global — — — 0.017 0.0079

Results of FBAT single-locus and HBAT haplotype (univariate) and multihaplotype (global) tests for LRP6 SNPs
14e: rs2302685 and 18e: 1012672. Families, number of informative pedigrees; Z score, FBAT Z statistics. P value,
FBAT or HBAT nominal P value. P_2side, Monte Carlo-based two-tailed P value.

1062, 14eV) alleles and examined their activity in HEK293T cells.
As a readout of B-catenin signaling, we used HEK293T/sTF cells
that stably express a modified version of the luciferase reporter
construct superTOPFLASH (34), which contains 12 copies of the
TCF-binding sites and is directly activated by the B-catenin/TCF
complex.

Remarkably, despite the conserved nature of the amino acid
substitution (i.e., lle-1062 — Val), LRP6 alleles 14el and 14eV
displayed a nearly 5-fold differential activation of the B-catenin
luciferase reporter superTOPFLASH, when overexpressed in
HEK293T/sTF cells and assayed 48 h later (Fig. 3B). This dimin-
ished activation by 14eV could not be explained by lower expression
because Western blot analysis revealed that the alleles were ex-
pressed at similar levels (Fig. 3C). To determine whether the
diminished activity could be explained by defects in trafficking to
the plasma membrane, we next biotinylated proteins at the cell

surface. As seen in Fig. 3D, plasma membrane expression of each
allele was similar. Interestingly, in the presence of a low dose of
Whnt3a-conditioned media, the 14eV allele displayed a significantly
decreased activation of the reporter only at the two highest doses
of transfected DNA (Fig. 3E). These data are consistent with a
reduced efficacy of LRP6 14eV to activate B-catenin signaling.

Although it has been established that HEK293 cells are of
neuronal origin (35), the preceding functional analyses were also
carried out in the HT22 neuronal cell line. Overexpression of the
14e alleles in this cell line showed a trend toward decreased
signaling capability for 14eV as compared with the 14el, although
this effect was not significant (SI Fig. 74). In the presence of a low
dose of Wnt3a-conditioned media, the same trend was observed (SI
Fig. 74). Finally, expression analysis revealed that both alleles were
equally expressed (SI Fig. 7B) and trafficked to the membrane
similarly (SI Fig. 7C), although, relative to HEK293T cells, there
was considerably less plasma membrane-associated LRP6.
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o i
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Fig.3. Wntsignaling activity of LRP6 alleles 14el and 14eV in HEK293T cells. (A) ClustalW multiple sequence alignment showing hLRP6 lle-1062 as a highly conserved

amino acid among LDLR-family members in humans (h), mice (m), and Drosophila melanogaster (Dm). (B) Dose-dependent activation by alleles 74el and 74eV on
Wnt/gB-catenin signaling activity in HEK293T/STF cells. Values represent averages (n = 3) of fold activation over control plasmid (pCS2p+) from three independent
experiments. Errors bars represent standard deviation. *, P < 0.01; **, P < 0.001. (C) Representative Western blot showing equivalent total expression of each allele
at each dose from the whole-cell lysates measured in B. (D) Representative Western blot showing equivalent plasma membrane expression of each allele from samples
in B. (E) Dose-dependent activation by alleles 74e/ and 74eV on Wnt/B-catenin signaling activity in HEK293T/STF cells in the presence of Wnt3a-conditioned media.
Values represent averages (n = 3) of fold activation over control plasmid (pCS2p+). Errors bars represent standard deviation. *, P < 0.01.
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Discussion

Besides linkage to various diseases including cancer and osteopo-
rosis (18, 36), it has been proposed that Wnt signaling may underlie
neurodevelopmental as well as neurodegenerative disorders such as
autism, schizophrenia, and AD (15-19, 37-39). Regarding AD,
several studies have shown that the Wnt signaling components
B-catenin and the glycogen synthase kinase 38 (GSK3pB) form
multiprotein complexes with the early-onset familial AD-linked
presenilin proteins (40—42). B-Catenin levels are significantly re-
duced in AD individuals bearing presenilin mutations (43) and
active GSK3p accumulates in vivo in AD brains (44), thus affecting
7 phosphorylation (45). Likewise, Wnt signaling may have an
essential role in the processing of the amyloid precursor protein
(46-48), as well as in the neurotoxicity of its derivative the amyloid
B-peptide (45, 49-52). Therefore, the Wnt signaling cascade is a
candidate for genetic studies aimed at understanding AD etiology.
As a consequence, several candidate gene association studies have
recently focused on Wnt signaling components, including GSK3f3 in
chromosome 3 (53), Disheveled 1 in chromosome 1 (54), and
a-T-catenin in the long arm of chromosome 10 (55-57). Neverthe-
less, it is not clear whether those genes represent risk factors for AD.

Our results regarding the putative association of common vari-
ants within the LRP6 gene in the combined multicenter series, as
well as in the ASP sample, which was originally used to describe the
genetic linkage of chromosome 12 with late-onset AD, support the
involvement of Wnt signaling components in AD (15-19). Indeed,
although the synonymous LRP6-18¢T variant was found markedly
overrepresented in late-onset AD individuals throughout this study,
LRP6-14e SNP reached significance in the ASP sample and only
in non-APOE-&4 carriers (Table 2). Furthermore, haplotype anal-
ysis of LRP6 variants showed a consistently strong association of the
haplotype 14eT/18eT, both in the case-control and the family-based
samples, mainly in APOE-e4-negative individuals (Tables 2 and 3
and SI Table 5), a finding that agrees well with whole-genome scans
reporting a linkage peak for chromosome 12 in non-4APOE-&4
carriers (Fig. 1). Interestingly, it has been recently reported that
LRP6 variants are associated with increased fracture risk in men
(58) and also with age-related macular degeneration (59); both
conditions are frequently found in the elderly and may share
common pathological mechanisms with AD (60).

Our functional analysis of the LRP6 Val-1062 allele revealed that
it displays a reduced activation of B-catenin signaling (Fig. 3). This
reduced signaling is consistent with the recent report linking the
Val-1062 allele to increased fracture risk (58). Specifically active
B-catenin signaling is required for mesenchymal progenitor differ-
entiation to osteoblasts, and many studies in mice and humans show
that reduced B-catenin signaling leads to reduced bone mass,
consistent with the increased fracture risk observed for this allele
(58). Thus it is important to note that the same allele we link to AD
has been linked to another clinical condition, which is normally
observed with reduced B-catenin signaling.

Another recent report has identified an inherited mutation in
LRP6 (R611C) that is linked to early coronary artery disease (61).
Carriers of this mutation presented with high LDL, high triglycer-
ides, hypertension, diabetes, and low bone density (increased
fracture risk). Interestingly, amino acid 611 is also a highly con-
served residue in one of the EGF homology domains. Functional
analysis of this mutation yielded an essentially identical biochemical
profile as the Val-1062 allele. The Val-1062 allele and the R611C
mutant each had decreased ligand-independent activation of
B-catenin signaling, a minimal decrease in ligand-dependent acti-
vation, and they both expressed and trafficked at similar levels as the
wild-type/unassociated LRP6. These examples provide strong evi-
dence that highly conserved EGF homology domain residues such
as Ile-1062 are important for the proper biochemical function of
LRP6.
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Currently, variation in the APOE gene is a widely accepted risk
factor for AD. APOE is a component of several classes of secreted
lipoproteins that mediate ligand-receptor presentation/endocytosis
through the LDLR family of single transmembrane proteins, no-
tably LRP1 (62, 63). However, LRP1 levels decline normally in the
aging population and are drastically reduced in AD brains (64),
suggesting that, once LRP1 is absent, other receptors that belong to
this family might become important in modulating APOE effects.

In this context, it has been proposed that LRP5/6 may recognize
and be involved in APOE catabolism of plasma lipoproteins (65,
606). Likewise, it was shown that apolipophorins, the ortholog for
APOE proteins in Drosophila, copurify and act as vehicles for the
movement of lipid-linked morphogens including the Wnt ortholog
Wingless (67). Moreover, recent evidence indicates that there may
be an isoform-dependent effect of APOE on Wnt signaling activity,
where APOE-¢4 had a strong inhibitory effect on the activity of the
signaling cascade (68).

In summary, our study unveils a genetic relationship between
LRP6 and APOE and supports the hypothesis that altered Wnt
signaling may be central in the onset of this neurodegenerative
disease. Given that the Wnt/B—catenin signaling pathway can be
modulated pharmacologically (15, 18, 19), it is anticipated that
further research in this area may contribute to therapeutic ap-
proaches to prevent or to treat AD.

Methods

Study Populations. The Zurich case-control series, the Newcastle
Brain Bank (U.K. series), and various brain banks throughout the
United States (U.S. series) have been recently described (23, 24).
The affected sibling pairs (ASPs) sample was provided by the
National Institute of Mental Health (NIMH), the National Cell
Repository for AD (Grant U24 AG21886) and the United King-
dom. The ASPs data set includes many of the families used in our
Stage I and II late-onset AD genomic screens (8, 10) and more
recently ascertained families. Cases used for analysis had to have an
age of onset =65 years and a diagnosis of definite or probable AD
according to National Institute of Neurological and Communica-
tion Disorders and Stroke-Alzheimer’s Disease and Related Dis-
orders Association diagnostic criteria. DNA was extracted from
blood or mouth swab samples, and informed consent was obtained
for all patient samples used in the study according to procedures
approved by local and national ethics committees.

Markers. The National Center for Biotechnology Information
Single Nucleotide Polymorphism (SNP) Consortium Database
(www.ncbi.nlm.nih.gov/SNP) was used to identify SNPs within
coding regions of the LRP6 gene. Sequencing and Pyrosequencing
(Biotage, Uppsala, Sweden) conditions are provided in SI Methods.

Statistical Analysis. In the combined as well as in each case-control
series, markers were tested for deviation from Hardy—Weinberg
equilibrium by using the Finetti program (http://ihg.gsf.de/cgi-bin/
hw/hwal.pl). Allelic association was then examined on nonstratified
samples and samples stratified according to APOE-¢4 carrier status
by x? tests. Odds ratios (OR) and the 95% confidence intervals (CI)
for the comparison between groups were also estimated. Likewise,
statistical tools provided by Haploview (69) (www.broad.mit.edu/
mpg/haploview) were used throughout the combined multicenter
case-control series. In the ASPs sample, we tested 14e and 18e for
association with AD by using the Family-Based Association Test
(FBAT; version 1.5.1) package (26, 27), which includes also
haplotype-FBAT (HBAT) (28). We analyzed the sample by using
an additive model as a whole and two strata based on APOE-&4
carrier status. Given that there have been several reports of linkage
in this region on chromosome 12 (5-11), we used the empirical
variance option in FBAT (FBAT-e).
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Cell and Molecular Biology. Detailed information for expression
vectors, cell culture, protein biotinylation, Western blotting, lucif-
erase reporter assays, and Quantitative RT-PCR conditions is
provided in SI Methods.
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