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Abstract

Context—Variants in 3’ and 5’ regions of SORL1, the neuronal sorting protein-related receptor,
were recently found to be associated with late onset familial and sporadic Alzheimer’s disease in
several datasets that were selected for familial aggregation or were ethnically diverse or clinic-based
selected series.

Objective—To investigate the association between Alzheimer’s disease and variant alleles in
SORL1 using a series of single nucleotide polymorphisms (SNPs) in an urban, multiethnic
community-based population.

Design & Setting—We used a nested case-control analysis in a population-based, prospective
study of aging and dementia in Medicare recipients, 65 years and older, residing in northern
Manhattan.

Participants—There were 296 patients with probable Alzheimer’s disease and 428 healthy elderly
controls. The participants were of African American (34%), Caribbean Hispanic (51%) or non-
Hispanic whites (15%).
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Main Outcome Measures—We genotyped all 29 SNPs in SORL1 that were examined in the
earlier report. We assessed allelic association with AD using standard case-control methods which
included APOE genotype as a covariate.

Results—Several individual SNPs and SNP haplotypes were significantly associated with AD in
this prospectively collected community-based cohort, confirming the previously reported positive
association of SORL1 with Alzheimer’s disease. SNP 12 near the 5' region was associated with AD
in African-Americans and Hispanics. Two SNPs in the 3’ region were also associated with AD in
African-Americans (SNP 26) and Whites (SNP 20). A single haplotype in the 3' region was associated
with AD in Hispanics. However, several different haplotypes were associated with AD in the African-
Americans and Whites, including the “TTC” haplotypes at SNPs 23-25 (p=0.035) that was
significantly associated with AD in the North European Whites in the previous report.

Conclusions—This study confirms the association between genetic variants in SORL1 and AD.
While the associations observed in these datasets overlap with those previously reported, the finding
of novel SNP and haplotype associations suggest that there may be extensive allelic heterogeneity
in SORLL. Broad regions of the SORL1 gene will therefore need to be scrutinized for functional
pathogenic variants.
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Introduction

Methods

In a previous study we found that genetic variants within the SORL1 gene were associated with
an increase risk of Alzheimer’s disease (AD)l. To ensure the validity of that study, the
association had been investigated using a variety of specialized datasets including multiplex
family samples and clinic-based, case-control cohorts from genetically and culturally distinct
populations. This strategy allowed the discovery and replication of single SNP and haplotypic
associations in two distinct regions of the SORL1 in multiple independent cohorts. To explore
the observation further, we investigated the association between SORL1 and AD in an
independent collection of patients with probable AD and healthy elderly controls from a
longitudinal prospective study of aging and dementia in multiethnic communities in northern
Manhattan. The investigation of a randomly sampled, prospectively studied, community-based
cohort has advantages and disadvantages in replicating genetic association studies. The
diagnoses for both affected and for normal status are highly secure, and are relatively unaffected
by referral bias inherent in clinic-based series (e.g. enrichment of patients from centers with
known interests in genetics). However, sampling from community-based series ablates the
ability to collate patients and controls according to their true genetic backgrounds.
Nevertheless, we reasoned that, on balance, the investigation of samples from this study would
serve as a credible source of independent replication, and might provide valuable initial insights
from which to formulate future questions about population and relative risks from SORL1
variants, and the degree of allelic heterogeneity in the SORL1 AD locus.

Subjects and Setting

Patients with AD and non-demented elderly were participating in a prospective study of aging
and dementia in Medicare recipients, 65 years and older, residing in northern Manhattan
(Washington Heights, Hamilton Heights and Inwood). This epidemiological study consisted
of a stratified random sample of 50% of all persons older than 65 years was obtained from the
Health Care Finance Administration (HCFA). All persons were sent a letter from HFCA
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explaining that they had been selected to participate in a study of aging by investigators at
Columbia University. The sampling procedures have been described in detail elsewhere?: 3
Each participant underwent an in-person interview of general health and functional ability at
the time of entry into the study followed by a standardized assessment, including medical
history, physical and neurological examination and a neuropsychological battery especially
developed for this community4_6. Ethnic group was classified by participant’s self-report
using the format of the 1990 US Census’. Participants were asked if they considered themselves
white, black or other, and then asked if they were Hispanic. Participants were recruited at two
time points (1992-1994 and 1999-2002). They have been followed at approximately 18-month
intervals with similar assessments at each interval. The Institutional Review Boards of
Columbia University Medical Center and the New York Psychiatric Institute approved
recruitment, informed consent and study procedures.

In the present study, in order to maximize diagnostic accuracy, we included all patients with
probable AD who had a clinical dementia rating scale score8 of 1 or higher and who had been
followed-up, using the criteria described below, on at least two occasions (Table 1). Similarly,
the healthy elderly controls included subjects who were also followed-up on at least two
occasions separated by approximately 18 months, and who had had no evidence of AD or mild
cognitive impairment on either assessment (Table 1). Because our prior study revealed
evidence for allelic heterogeneity, with different SNPs and haplotypes showing association
with AD in datasets with different ancestries, we collated cases and controls in the present
study into three nested subsets: Caribbean Hispanic (178 cases, 194 controls); African
American (88 cases, 158 controls) and White, non-Hispanic Europeans (30 case, 76 controls).
While these cohorts are small, statistical power estimates, assuming the parameters from our
initial study (e.g., SNP 8, allele frequency of 0.39 in cases; OR of 1.5), reveal that the current
study had 98% power to detect significant allelic association between genetic variants in
SORL1 and AD at a of 0.05 for Caribbean Hispanics; 90% power for African Americans; and
53% power for Caucasians based on the model by Gordon and colleagues 9. For rarer SNPs
(e.g., SNP 23; allele frequency of 0.125 and OR of 2), the current study has 84% power for
Caribbean Hispanics, 66% for African Americans, and 32% for Caucasians.

Clinical Assessment and Neurological Diagnosis

Genotyping

All participants received structured neurological and functional assessments by physicians,
and underwent a standardized neuropsychological battery that included measures of memory,
orientation, language, abstract reasoning, and visuospatial ability5! 6 The diagnosis of
dementia was established at a consensus conference that included neurologists,
neuropsychologists and psychiatrists and based on all available information gathered from the
initial and follow-up assessments and medical records. The diagnosis was based on the National
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
Disease Related Disorders Association (NINCDS-ADRDA) criteria for probable AD10, 11
The diagnosis of dementia required evidence of cognitive decline, including memory
impairment, the neuropsychological test battery as well as evidence of impairment in social or
occupational function (clinical dementia rating, CDR >1.0)8.

Genotyping was performed using the GenomeLab SNPstream System and primer sets were as
previously described 1,100 DNA samples were genotyped twice for every SNP marker
(concordance rate >99%). APOE was genotyped as previously described!% 13, We numbered
the SNIPs 1 to 29 reflecting there relative order on the physical map of SORL1, and is the same
nomenclature used in our previous publication (Table 2) 1

Arch Neurol. Author manuscript; available in PMC 2009 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 4

Statistical Analyses

Results

SNP marker data were assessed for deviations from Hardy-Weinberg equilibrium using the
HAPLOVIEW program 14 The 2 test (or the Fisher’s exact test) was used to assess genotypic
and allelic associations between AD and each of the SNP markers. The HAPLOVIEW program
was used to perform single point analysis as well as estimation of linkage disequilibrium (LD)
structure and haplotype blocks. For LD structure estimation, the default settings were used,
which created 95% confidence bounds on D’ to define SNP pairs in strong LD. Haplotype
analyses were performed with HAPLO.STATS v1.1.1 for case-control data using the same
sliding window of three contiguous SNPs as described in our previous publication.

We designed this study to confirm an earlier investigationl. Under these circumstances, a
nominal p-value of 0.05 is widely considered to be sufficient for confirmation 15,
Consequently, nominal p-values are presented in Table 2 for single point analysis. However,
to minimize the risk of a false positive finding from rare haplotypes, we computed empirical
p-values by generating the null distribution based on 10,000 replicates of the haplotype
analyses.

Demographics

There were a total 724 participants in the study which included 296 (41%) individuals with
probable AD. The mean age of the cohort was 81.1 years (s.d.=6.6) and the mean age of onset
for the patients was 82.0 years (s.d.=7.2). As noted, Hispanics from the Dominican Republic
were the most frequently represented ethnic group, and there were more women than men in
the analysis cohort. The other demographic characteristics are included in Table 1.

SORL1 Association

The single SNP analyses revealed that three SNPs (SNPs 12, 20 and 26), were significantly
associated with probable AD in at least one of the three case-control series (Table 2) (0.029 <
p <0.016). SNP12, which is located 12.2 kb from the SNP 8-10 cluster associated with AD
in multiple datasets in our initial paperl, was significantly associated with AD in the African-
Americans and Caribbean Hispanics. The “T” allele at SNP 12 was significantly associated
with AD in Caribbean Hispanics (p=0.029). In the non-Hispanic Whites, the T allele was
associated with AD, but was not significant (p=0.20). These findings are consistent with the
findings from the Mayo Clinic autopsy cohort (p = 0.003) and in the overall Mayo Clinic case-
control cohort (p =0.046) in the initial report of an association between SORL1 and AD (Table
4 l). In the African Americans, however, the C allele at SNP 12 was associated with AD
(p=0.016). SNP 20 was significantly associated with AD in the non-Hispanic white cases (p =
0.025, G allele). SNP 20 was not significantly associated with AD in our previous study, but
is closely flanked by both SNP 19 (—93 b.p.), which was associated with AD in several datasets,
and by SNP 20 (+5966 b.p.), which was associated with AD in the N. European case control
dataset in the initial report 1 In both datasets, the same G allele was associated with AD. SNP
26 was associated with AD in the African American cohort (p = 0.019 G allele), and is located
6015 b.p. from the SNP23-25 cluster that had previously show a haplotypic association with
,1AD in the MIRAGE African American sibships as well as in three different Caucasian datasets

SORL1 haplotype association

Haplotype analyses using a sliding window size of three contiguous SNPs demonstrated several
haplotypic associations in all three ethnic group datasets (Table 3). Although these haplotypes
were distributed across the SORL1 gene and varied in frequency (0.01 to 0.037) several of them
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clustered. The common “TTC” haplotype at SNPs 23, 24, 25 was associated with AD in non-
Hispanic Whites (p=0.035). This haplotype was also associated with AD in the North European
FAD dataset and the Israeli Arab, North European and Mayo Clinic - Jacksonville case-control
datasets in our initial reportl. In this same region of the SORL1 gene, the frequent “CCA”
haplotype at SNPs 24, 25, 26 was robustly associated with AD in African-Americans
(haplotype p=0.0006, empirical p=0.0005 and global p value p=0.01), while the common CTG
haplotype at these same SNPs had a borderline protective effect (p = 0.06). Intriguingly, these
same haplotypes were also previously shown to be associated with AD in the MIRAGE African
American cohort in the previous study 1 However, the CCA haplotype was protective while
the CTG haplotype was deleterious in the MIRAGE African American cohort 1 we interpret
this to mean that one or more risk alleles are in LD with these haplotypes in this region in
African Americans.

In the central region of SORL1, several frequent, overlapping haplotypes at SNPs 16-22 were
associated with AD. Thus the haplotypes “ATA” at SNPs 16-18, “TAG” at SNPs 17-19,
“AGG” at SNPs 18-20, “GGC” at SNPs 19-21, and “GCC” at SNPs 20-22 were significantly
associated with AD (0.0006 < haplotype p <0.032). The “ATA” haplotype was also associated
with risk for AD in the N. European FAD dataset in the initial report (haplotype frequency
0.218, Z =2.794, haplotype p = 0.005; global p = 0.057; Supplementary Table 5 1)

At the 5" end of the gene, several low frequency haplotypes at SNPs 1-6 and SNPs 8-13 were
also associated with AD in all three cohorts. The “CGC” haplotype at SNPs 8-10, which was
previously associated with AD in the Caribbean Hispanic FAD, the Israeli Arab, and North
European case-control datasets in the initial report 1 was not replicated in the sporadic
Caribbean Hispanic case-control samples here. Nevertheless, at SNPs 8-10, both the “CAT”
haplotype in White non-Hispanics (haplotype p=0.014) and the “CGT” haplotype in African-
Americans (haplotype p=0.016) were associated with AD.

Discussion

Our results independently confirm the previous conclusion that multiple genetic variants in
SORL1 are associated with AD. We have directly replicated the previously reported association
between AD and both the “TTC” haplotype at SNPs 23, 24, 25 and the “ATA” haplotype at
SNPs 16-18 among Whites in the present and in the previous report 1. We have also shown
that SNPs 26-28 display haplotypic association with AD in African Americans in both the
present dataset and in the previously studied MIIRAGE African Americans 1 although the
exact haplotypes had opposite effects on risk for AD in African Americans from these two
datasets. A similar situation exists at SNPs 8-10 where different haplotypes were associated
with AD in the present study and in the previous study (“CAT” in white non-Hispanics, and
“CGT” in African Americans in the present study, and “CGC” in several datasets in the
previous study including the Caribbean Hispanic FAD, Israeli Arab and some North European
datasets 1). The failure to detect an association at SNPs 8 —10 in the sporadic Caribbean
Hispanic AD cases from this population based cohort at the Hispanic dataset in Washington
Heights does not contradict the findings from the earlier study of the Caribbean Hispanics FAD
pedigrees. Indeed, weak allelic associations at SNP 12 (+11.7 kb from SNPs 8-10) and weak
haplotypic associations at SNPs 4—6 (—7037 b.p. from SNPs 8-10) were observed in this
dataset. Other explanations for the disparity in location of the association include the existence
of further allelic heterogeneity within the Caribbean Hispanic. It is also conceivable that genetic
factors such as SORLL1 play a relatively smaller role in community-based sporadic AD in
Caribbean Hispanics, and are observable only with larger sample sizes or when investigated
in sibships multiply affected with AD. Nevertheless, when taken together, the current results
suggest two conclusions. First, the association between AD and variants in the SORL1 gene is
likely to be correct. Second, the discovery of significant association in multiple regions of the
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gene, and the discovery of different AD-associated haplotypes in different datasets supports
the notion that there may be a high degree of allelic heterogeneity, with disease-associated
variants occurring on multiple different haplotypic backgrounds. This situation differs
markedly from the circumstances observed with APOE &4 16

Two practical considerations arise from these conclusions. Further replication studies will need
to assess cohorts with as few founders as possible. Second attempts to identify the pathogenic
variants in SORL1 will likely have to investigate larger regions of the SORL1 gene than simply
just between SNPs 8-10 and 22-25.
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