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Abstract

Background/Aims—Few studies of gene variants that affect estrogen activity investigate their
association with age at onset of Alzheimer's disease (AD) in women of different ethnicities. We
investigated the influence of ESR1 polymorphisms on age at onset of AD in a multiethnic cohort
of women.

Methods—Among 1,436 women participating in the Washington Heights Inwood Columbia
Aging Project (WHICAP), association with age at AD onset was assessed for 41 single-nucleotide
polymorphisms (SNPs) on the ESR1 gene using Cox proportional hazard models, adjusting for
presence of an APOE ¢4 allele, years of education, and body mass index (BMI).

Results—Six SNPs in self-identified White women were protectively associated with delayed
age of AD onset in this self-identified group, including the two restriction fragment length
polymorphisms (RFLPs) Pvull (rs2234693) and Xbal (rs9340799) (HR range 0.420 — 0.483). Two
separate SNPs were found to affect age of AD onset in self-identified Black women.

Conclusions—ESR1 polymorphisms affect age of onset for AD in women, and risk alleles vary
by ethnicity. These effects are possibly due to different linkage disequilibrium patterns or
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differences in comorbid environmental or cultural risk factors mediating SNP effect on risk for
AD.
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Introduction

Estrogens are important in maintaining brain function in regions typically affected by
Alzheimer's disease (AD) and variations in estrogen exposure over the lifetime may affect
cognitive decline associated with AD [1,2]. Numerous papers have established that estrogen
may have beneficial effects on multiple pathways that affect risk for AD. Estrogens
promotes the growth and survival of cholinergic neurons[3,4] increase cholinergic
activity[5], have antioxidant properties[6], and promote the nonamyloidogenic metabolism
of the amyloid precursor protein[7]. Estrogens also play an important role in regulation of
the vascular endothelium where they activate rapid vasodilatation, exert anti-inflammatory
effects, stimulate endothelial growth and migration, and protect the vessels from
atherosclerotic degeneration by elevating nitric oxide and prostaglandin levels[8,9].
However, evaluating the role of hormones and enzymes in aging and cognition is difficult
since many hormone levels decline with age. It is likely that polymorphisms in genes
encoding the estrogen pathway contribute to variations in lifetime hormone exposure,
including age-related changes in hormone levels. Estrogen exerts its action through at least
two receptors, estrogen receptor a (ERa), encoded by ESR1 on chromosome 6q25.1, and
estrogen receptor § (ERB)[2]. The association of polymorphisms in ESR1 with risk of AD
has been investigated in a number of studies, but findings have been inconsistent [10-23].
However, most studies have been conducted in relatively homogeneous ethnic groups, and
few polymorphisms have been assessed in a multiethnic cohort. Examination of SNPs in
multiracial groups which are evaluated without taking ethnicity into account may have
several limitations, including a loss of significant association due to different allele
frequencies, different linkage disequilibrium patterns between ethnicities, or differences in
the distribution of comorbid conditions and risk factors for AD by ethnic group. In this
study, we examined the relationship between ESR1 SNPs and the risk of AD in a multiethnic
by self-identified ethnicity as well as by genetic population ancestry markers [24]. The aims
of this study were to confirm previous findings of ESR1 polymorphisms which were found
to be significantly associated with risk for AD; to identify additional SNPs which confer risk
for AD using a denser set of SNPs than in previous studies; and to examine whether ESR1
variants would affect risk for AD differently in groups of women with different self-
identified ethnicity. We hypothesized that genetic variants would demonstrate different
patterns of association between groups of different ethnicities due to different allele
frequencies or linkage disequilibrium patterns between ethnic groups, as well as varying
environmental risk factors.
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Materials and Methods

Subjects

The initial cohort included 1,686 women participating in the Washington Heights Inwood
Columbia Aging Project (WHICAP), a prospective study of aging and dementia among
Medicare recipients age 65 years and older, residing in northern Manhattan. Each subject
underwent an in - person interview of health and functional ability followed by a
standardized medical assessment and neuropsychological battery [25]. Assessments were
conducted at 18 - 24 month intervals over a mean of 6.1 years of follow-up. The population
from which participants were drawn was comprised of individuals from several different
countries of origin representing three broadly self - identified ethnicities (Caribbean
Hispanic, n=400; African - American, n= 485; and non - Hispanic White of European
ancestry, n=551). The sampling strategies and recruitment of these two cohorts have been
described in detail elsewhere [24].

AD diagnosis was based on NINCDS - ADRDA criteria. Participants were classified as non-
demented if they remained without cognitive or functional decline through their last study
assessment (n=1107). Participants were classified as having incident AD if they were non-
demented at baseline visit and then were classified as having probable or possible AD by
NINCDS - ADRDA criteria at any later study visit (n=329). Participants with incident AD
had no other medical or psychiatric conditions that might mimic AD including other
neurologic conditions such as Parkinson's disease or stroke. Age at initial diagnosis of AD
was used to estimate age at onset of dementia.

Standard Protocol Approvals, Registrations, and Patient Consents

This study was reviewed and approved by the Columbia University institutional review
board, and written informed consent was previously obtained from all subjects.

DNA Isolation, SNP selection and Genotyping

Genomic DNA was extracted from total peripheral blood leukocytes using standard
methods. We used a multistep selection process to identify candidate SNPs for genotyping.
We first selected SNPs within ESR1 that were previously reported to be associated with an
increased incidence or earlier age at onset of AD in any population. We then referenced the
International HapMap Project (www.hapmap.org) to select tagging SNPs in both Caucasian
and African populations. To provide sufficient coverage of the gene, we selected SNPs to
maintain a pairwise r2 threshold of 0.8 in SNPs with a minimum minor allele frequency of
0.2. We obtained an average intermarker distance of approximately 6.2 kilobase pairs
between SNPs, which provided good coverage of the gene as viewed on linkage
disequilibrium maps (Supplementary Figures 1-3).

Forty-one ESR1 SNPs as well as 100 ancestry informative markers (AIMs) were genotyped
in a total of 1,436 samples using lllumina GoldenGate custom panels and the Illumina IScan
platform. Genotyping was performed according to standard protocols (www.lllumina.com).
The complete list of ESR1 SNPs that were genotyped, along with their minor allele
frequencies (MAF) by self-identified ethnicity, is presented in Table 3. Duplicate
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genotyping was performed on ten percent of samples to verify accuracy, and the
concordance rate was greater than 97 percent.

Assessment of ethnicity and genetic population ancestry

Participants were first categorized by self-identified ethnicity as given at time of study
enrollment (with self-identified categories including Black of non-Hispanic ancestry, White
of non-Hispanic ancestry, and Hispanic), as most previous studies on ESR1 polymorphisms
and AD have used this means of classification. Participants were then re-categorized by
genetic population ancestry. To control for potential confounding that can be generated by
population stratification, we used a set of 100 unlinked ancestry informative markers (AIMs)
from a panel of 650Y Illumina SNPs to assess population structure. The AlMs were selected
because they have allele frequencies that are significantly different among three ethno -
racial groups: non-Hispanic Whites, non-Hispanic African, and individuals of Mexican/
Central American ancestry. To assess population stratification, we performed population
structure analysis as implemented in the STRUCTURE program[26,27]. To anchor ancestry,
we included data from Caucasians (CEPH), Yorubans (YRI) and Mexican/Central
Americans from the HapMap project (Figure 1). Our self - identified White population
closely aligned with the Caucasian (CEPH) samples in the HapMap dataset and our self -
identified Black population clustered around the Yoruban (YRI) samples. As expected,
Caribbean Hispanics clearly showed admixture of Caucasian (CEPH) and Yoruban (YRI)
genetic population ancestry, and the range of admixture varied widely. We then classified
participants into groups who were of predominant Caucasian ancestry as defined by the
AlIMs index (defined as = 0.6 AIMs markers consistent with CEPH profile, n=551) versus
those who were of predominant African ancestry (defined as = 0.6 AlMs markers consistent
with YRI profile, n= 485). In doing so, individuals previously self-identified as Hispanic
were reclassified as being of predominantly Caucasian or predominantly African AIMs-
defined ancestry (if their AIMs index scores were = 0.6 CEPH or YRI, respectively), or
admixed/Hispanic if they did not have one predominant genetic ancestry (n=400).

Potential Confounders

Potential confounders included years of education, which was found to be independently
associated with risk for AD in our group (Table 1); the presence of at least one APOE &4
allele, which was included as a potential confounder because of its strong association with
risk for AD in previous studies and because the allele frequencies of the €4 allele vary
substantially by race and ethnicity[28]; and body mass index (BMI), included because of the
association of adipose tissue with higher estrogen levels [29-31]. Participants were classified
according to the presence or absence of at least one APOE ¢4 allele. Height and weight were
measured at the initial evaluation to compute BMI. Other potential vascular risk factor
confounders, including smoking and history of diabetes mellitus, were not included in the
analyses because they were not found to be associated with risk for AD in our group (Table
1).
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Statistical Analyses

Results

Prior to association analysis, we assessed whether each SNP was in Hardy Weinberg
equilibrium. This analysis was performed separately within each self — identified ethnicity as
well as within each AIMs — defined group of unaffected individuals using the 2 goodness-
of-fit test in Haploview [32]. We used Cox proportional hazards modeling to assess the
relationship between ESR1 genotypes and age at onset of AD, adjusting for presence of at
least one APOE ¢4 allele, years of education and BMI. To minimize the risk of a false-
positive finding from rare variants and multiple testings, we computed empirical p-values by
generating the null distribution on the basis of 1000 replicates of analyses. The use of
empirical p-values corrects for the fact that multiple analyses were done. Cox modeling was
done by stratifying first by self -reported ethnicity and then by AlMs - defined ancestry. We
hypothesized that differences in associations between these two sets of analyses might
reflect culturally - associated environmental risk factors for AD within groups defined by
self-report. Conversely, similarities in significant SNPs between the two analyses would
suggest a more direct genetic effect of ESR1 polymorphisms on risk for AD. The time to
event variable was age at onset for participants who developed AD and age at last
assessment for participants who remained non-demented throughout the follow-up period.

To provide the most robust model for observing an effect of the minor allele, SNPs were
analyzed using a dominant model, in which participants homozygous for the common allele
were used as the reference group and the risk group included participants who were
heterozygous or homozygous for the minor allele.

Demographic Characteristics

Table 1 presents the demographic characteristics of our cohort. The mean age of the
participants at baseline was 77.0 ( 6.7) years, and ranged from 65 to 95 years. Mean length
of follow-up was 6.1 (+4.3) years. The majority of women were self - identified as Hispanic
(n=573, 39.9 %) and Black (n=483, 33.6%), while 380 women were self - identified White
(26.4%). Among all participants, 329 were classified as having incident AD (22.9%) and
1107 as non-demented. The frequency of incident AD was greater in self — identified Blacks
and Hispanics than in Whites (Blacks: 22.4%; Hispanics: 31.6%; Whites: 10.5%). BMI,
history of diabetes mellitus, and current smoking status did not differ significantly between
individuals with or without AD when all ethnicities were analyzed as a whole; however,
there was a significant level of variability (Table 2) among all covariates (BMI, presence of
an APOE ¢4 allele, and years of education) between the three self-identified ethnicities.

Analysis of ESR1 SNPs by self-defined ethnicity

Table 4 presents the locations and minor allele frequencies (MAFs) of ESR1 SNPs that were
found to be associated with age at onset of AD by self-defined ethnicity. It also reports the
association between these ESR1 genotypes and their hazard ratios (HR) for AD, stratified by
self-reported ethnicity. After adjusting for BMI, years of education, and the presence of an
APOE ¢4 allele, women who identified themselves as White and who were heterozygous or
homozygous (i.e. carried one or two copies) for the A allele at rs6902771, for the C allele at
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rs2853250, for the A allele at rs4870056, for the C allele at rs2234693 (also known as the
Pvull restriction site), for the G allele at rs9340799 (also known as the Xbal restriction site),
and the A allele at rs9322332 had a roughly two-fold decrease in the hazard ratio for AD
(Table 4; HR range 0.420 — 0.483) compared with women carrying no copies of these alleles
(Table 4; HR for rs6902771 (AA/AG) = 0.437, empirical p-value = 0.015; HR for
rs3853250 (CC/AC) = 0.442, empirical p-value = 0.017; HR for rs4870056 (AA/AG) =
0.420, empirical p-value = 0.011; HR for rs2234693 (CC/CT) = 0.443, empirical p-value =
0.014; HR for rs9340799 (GG/AG) = 0.441, empirical p-value = 0.017; HR for rs9322332
(AA/AC) = 0.483, empirical p-value = 0.033). Additionally, women who identified
themselves as Black and who were heterozygous or homozygous (i.e. carried one or two
copies) of the C allele at rs2077647 and for the A allele at rs2982684 had an increase and
decrease in the hazard ratio for AD, respectively, compared with women carrying no copies
of these alleles (HR for rs2077647 (CC/CT) = 0.629, 95% ClI, 0.414 — 0.955, empirical p-
value = 0.0.30; HR for rs2982684 (AA/AC) = 1.745, 95% Cl, 1.152 — 2.644, empirical p-
value = 0.009) (Table 4). Survival curves for these SNPs in self-identified Whites and
Blacks are shown in Figures 2 and 3. These SNPs were not significantly associated with
increased or decreased hazard rates for AD among women identifying themselves as
Hispanic (Table 4).

Haplotype Analysis

Pairwise linkage disequilibrium (LD) was conducted between the six significant ESR1 SNPs
in self-identified Whites, as implemented in the Haploview program using the D’ value[32]
(Supplementary Table 1). The possibility of multi-locus association at adjacent variants was
supported by the strong pairwise LD between SNP loci in this block, as well as the strong
hazard rate findings at adjacent SNPs in this block (Supplementary Figure 1, also Table 4).
In contrast, the two SNPS associated with increased or decreased likelihood of AD among
African-Americans were not in strong LD (Supplementary Figure 3), indicating that they do
not likely act by interaction with one another but perhaps in relation to separate, unrelated
markers. We performed a “sliding window” haplotype analysis in the significant region in
self-identified Whites, each analysis including two to four consecutive SNPs. While
numerous haplotypes constructed from these ESR1 SNPs were found to be significantly
associated with decreased risk for dementia (Supplementary Table 1), the most robust
associations in self-identified Whites were haplotype C-A-C-G at SNPs 12 - 15 (rs3853250
through rs9340799, O.R. 0.656, p=0.009), which also contains the significant haplotypes A-
C-G at SNPs 13 — 15 (rs4870056 through rs9340799, O.R. 0.656, p=0.009) and C-G at
SNPs 14 — 15 (rs2234693 through rs9340799, O.R. 0.658, p=0.009).

Analysis of ESR1 SNPs by AlMs-defined Ancestry

We then repeated the analyses within strata defined by AlMs-defined predominant genetic
ancestry. Using this categorization, one unique SNP was found to be associated with
increased hazard ratio (decreased age of onset of AD) among women of predominantly
Caucasian genetic ancestry (rs9322332, HR AA/AG = 1.862, 95% CIl= 1.030 - 3.366,
empirical p-value = 0.040) (Table 5). Additionally, rs2982684, which had previously been
found to be associated with decreased age at onset of among self-identified Blacks, was also
found to be associated with decreased age at onset among women of predominantly African
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genetic ancestry (rs2982684, HR AA/AC= 1.528, empirical p-value = 0.31) (Table 5).
Following recategorization using AlMs-defined genetic ancestry, the six SNPs which
previously had been found to be associated with delayed age at onset of AD among self-
defined Whites (rs6902771, rs3853250, rs4870056, rs2234693, rs9340799, and rs9322332)
were not found to be significant among women of predominantly Caucasian AlMs-defined
ancestry (Supplementary Table 2). Likewise, rs2077647, which had been found to be
associated with delayed age at onset among self-defined Blacks, was not associated with age
at onset among women of predominantly African AlMs-defined ancestry (Supplementary
Table 2).

Discussion

Six SNPs in ESR1 were associated with an over two-fold decreased risk of AD among self-
identified White women. Self-identified Whites with at least one minor allele at rs6902771,
rs3853250, rs4870056, rs2234693, rs9340799, or rs9322332, had less than a one-half hazard
ratio of AD compared with women without these risk alleles, indicating that these SNPs
were associated with a delayed age of AD onset. These six intronic SNPs cover an 8.9 kb
region with high linkage disequilibrium (minimum pairwise D’> 0.8), with rs2234693 (also
known as restriction fragment length polymorphism (RFLP) Pvull) and rs9340799 (RFLP
Xbal), located with 46 bp of one another. Haplotype analysis reveals that two- to four-SNP
combinations of risk alleles among these six SNPs are all significantly associated with
decreased risk for AD, with the most significant haplotype (C-A-C-G) including rs3853250,
rs4870056, rs2234693, and rs9340799. When women were recategorized according
predominant AIMs-defined genetic ancestry, these six SNPs were not associated with AD
age at onset among women of predominantly Caucasian AlMs-defined ancestry; however
one unique SNP, rs6909023, was associated with an increased hazard ratio (decreased age at
onset) of AD (Table 5). The discrepancy between SNPs found to be significant by self-
defined ethnicity versus AlMs-defined predominant genetic ancestry confirms our
hypothesis that SNPs' effect on AD age at onset may be affected by environmental and/or
cultural factors that affect women who define themselves as White, as opposed to women of
predominant Caucasian genetic ancestry, as will be discussed in more detail below.

Among self-identified Blacks, women with at least one minor allele at rs2077647 had a
significantly decreased hazard ratio (delayed age at onset) for AD; while women with at
least one minor allele at rs2982684 had a significantly increased hazard ratio (earlier age at
onset) for AD. When women were recategorized according to predominant AlMs-defined
genetic ancestry, rs2982684 continued to be associated with decreased age at onset for AD
among women of predominantly African AlMs-defined ancestry (Table 5), while rs2077647
was no longer significant. The persistent association of rs2982684 with decreased AD age at
onset despite ethnic group recategorization indicates that this SNP may have a more direct
genetic effect on AD among women of self-identified Black ethnicity or predominantly
African genetic ancestry.

Among women of Hispanic self-defined ethnicity and women of Admixed AIMs-defined
genetic ancestry, no significant findings were demonstrated. This may be due to the fact that
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women in these groups demonstrate significant heterogeneity in predominant genetic
ancestry as well as environmental risk factors, including DM, smoking, and education.

Differential association of polymorphisms in a susceptibility gene for AD in groups of
different self-identified ethnicities may occur for several reasons. First, differences in LD
patterns between ethnic groups may contribute to discrepancies in genotype associations
(Supplementary Figures 1-3). In our group, SNPs which were protective against AD in self —
defined White women were located within a defined LD block (Supplementary Figure 1,
Block 2). Notably, this block was less cohesive in self-defined Hispanics (Supplementary
Figure 2, Blocks 2-3) and self-defined Blacks (Supplementary Figure 3, Blocks 3-4). This
suggests that different LD patterns between ESR1 alleles and alleles of as yet unidentified
loci for susceptibility to AD between populations of different genetic ancestries may
contribute to the observed variability in genotypic association.

Second, it is also possible that differences in environmental or biological risk factors among
women of different self-defined or genetic ancestries may play a significant role in
phenotypic expression of the variants. This may explain why the six SNPs which were found
to be protective in self-defined Whites were not found to be associated with age at AD onset
among women of predominantly Caucasian genetic ancestry. As seen in Supplementary
Table 3, when ethnic group stratification was changed from self-defined ethnicity to
predominantly AlMs-defined genetic ancestry, the recategorization had the greatest effect on
sample group when comparing self-identified Whites versus individuals of predominantly
Caucasian AlMs-based ancestry, and self-identified Black versus women of predominantly
African AIMS-based ancestry. Specifically, the shift in classification of race revealed that
many individuals who identified themselves as Hispanic actually had genetic markers that
were predominantly Caucasian or African. These individuals also had significantly higher
rates of diabetes mellitus and smoking, and fewer years of education (Supplementary Table
3) than individuals of predominantly African AlMs who identified themselves as Black or
participants of predominantly Caucasian AlMs who identified themselves as White. The
potential mediation of SNP effect by vascular risk factors is reinforced by the different
results in p-values for Cox analyses performed with and without the inclusion of vascular
covariates (Supplementary Figure 4). For example, the inclusion of several vascular risk
factors in the Cox analyses (including history of diabetes and current smoking) attenuated
the significance of SNPs in self-identified White women (Supplementary Figure 4). These
discrepancies indicate that environmental and biological covariate risk factors may affect the
association of different alleles with age at onset for AD in this group.

While it is possible that discrepancies in SNPs found to be significantly associated with age
at onset of AD may be due to different MAFs between ethnicities, this was not the case in
our study group. Comparisons of SNPs found to be associated with age at AD onset
demonstrate no significant difference in MAF between self-identified ethnicities (Tables 3
and 4) or between AlMs-defined predominant genetic ancestries (Table 5).

The association of polymorphisms in ESR1 with risk of AD has been investigated in a
number of cohorts of Asian and European men and women, but findings have been
inconsistent [10-18,20-23,33] ESR1 is more than 140 kb long and has eight exons and five
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domains[34]. The strongest associations within ESR1 have been found for the two RFLPs,
Pvull (-397 T/C; rs2234693) and Xbal (-351 A/G; rs9340799), located 46 bp apart in the
first intron, which have been associated with risk of developing cognitive impairment and
AD [10,16,18,23]. These RFLPs have traditionally been recorded in Pvull as PP versus pp
(where “P” is associated with the “T” allele, and “p” is associated with the “C” allele) and in
Xbal as XX versus xx (where “X” is associated with the “A” allele and “Xx” is associated
with the “G” allele). Capital “P” and “X” indicate the absence of the restriction site for each
endonuclease, while lower case letters “p” and “Xx” indicate the presence of the restriction
site. In our study, the C allele of rs2234693 (or “p”) and the G allele of rs9340799 (or “x”
were found to be protective, or associated with delayed age at AD onset; conversely the TT
genotype of Pvull and the AA genotype of Xbal were found to be associated with earlier age
at AD onset.

Several studies have similarly found an association between the T-allele of Pvull and A-
allele of Xbal and increased risk for AD. One study of elderly Japanese men and women
(205 cases versus 92 controls), found a marginal association between the “X” polymorphism
(A-allele) of Xbal and risk for AD, (p=0.036) but no significant association between the
Pvull “P” polymorphism (T-allele) and risk for AD (p=0.99)[15]. A second study of elderly
Japanese found that frequencies of the “P” polymorphism (T-allele) of Pvull and “X”
polymorphism (A-allele) of the Xbal RFLPs were significantly higher in the AD group than
in the control group (49.4% P allele in AD cases v. 36.3% p allele in controls, p <0.01;
29.1% X allele in AD cases v. 16.7% X allele in controls, p <0.01) [33]. This finding was
replicated by the same research group in two other studies of elderly Japanese which
included both men and women [11,18]. A study of elderly Han Chinese men and women
also found overrepresentation of “P” or “X” polymorphisms (T- and A-alleles, respectively)
among AD patients compared with healthy controls (“P” allele: p=0.023, OR= 2.94, 95% ClI
1.13-7.1; “X” allele: p=0.046, OR = 2.28, 95% CI 1.003- 5.17)[14]. This trend was more
distinct in elderly Han Chinese women than men (“P” allele: p= 0.016, OR=3.68, 95% ClI
1.22-11.08; “X” allele: p= 0.029, OR= 29.5, 95% CI 1.10- 7.94)[14]. A study of elderly
Italian men and women found the ESR1 “PP” (TT) and “XX”(AA) genotypes to be
associated with an increased risk for AD only in men (OR= 3.6, 95% CI 1.2- 10.9)[22]. The
lowest APOE concentrations were observed in men carrying “PP” (TT) or “XX” (AA)
genotypes (p=0.006), and in men carrying “PP” (TT) and/or “XX” (AA) genotypes together
with the APOE ¢4 allele (p=0.003). In women with AD, ESR1 “PP” (TT) and “XX” (AA)
genotypes were also associated with lower MMSE values (p=0.0007)[22]. Finally, a
separate study of elderly Italian men and women that combined the alleles of the Pvull and
Xbal polymorphisms demonstrated that the “PPXX” (TTAA) haplotype was significantly
more frequent in patients with AD than in controls[10]. The risk for AD increased seven-
fold in individuals homozygous for the APOE ¢4 allele with the “PPXX” (TTAA) ESR1
genotype[10].

Conversely, other studies have demonstrated an association between the “p” polymorphism
(C-allele) of Pvull and “x” polymorphism (A-allele) of Xbal and increased risk for
ADJ[16,17,20,23] or cognitive impairment[23], all in primarily homogenous Caucasian
populations in Finland[16], Italy[17,20], and the United States[23]. Finally, other studies
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have found no association between Xbal 1 [12,21,35] or Pvull[12,21] genotypes and risk for
AD. Conflicting results between our data and the data reported within previous studies may
be due to several factors. First, study designs differ in sample size. Second, a difference in
ethnicities between samples is a well-known confounding factor in genetic studies. It is also
possible that the increased risk of AD of cognitive impairment with ERa polymorphisms is
due to linkage disequilibrium with nearby genes that may in turn cause increased risk for
developing AD. Finally, the age at onset of disease and clinical manifestations of disease
may be modulated by environmental or cultural factors. It is possible that various risk
factors lead to differential rates of progression.

A number of hypotheses for the functional significance of these polymorphisms have been
reported in the literature. Given their location, 397 and 351 bp upstream from the start of
exon 2, possible functional mechanisms include changed ESR1 expression via altered
binding of transcription factors and influence on alternative splicing of the ESR1 gene. Both
these mechanisms can be a result of either of these polymorphisms or through linkage
disequilibrium with a truly functional, but so far unknown, sequence variation elsewhere in
the ESR1 gene. To support the former hypothesis, Maruyama et al.[12] showed that the
intronic region of the ESR1 gene carrying the Pvull and Xbal polymorphisms demonstrates
a weak enhancer activity. Such activity appears to be influenced by genotype, as the
enhancer activity of the G-allele appeared to higher than the A-allele. Additionally,
according to Herrington et al. [36], the T-allele of the Pvull RFLP eliminates a functional
binding site for the transcription factor B-myb. This implies that the presence of this allele
may result in lower ESR1 transcription or may alter stability or structure of the ERa
transcript and the subsequent ERa protein. This is supported by one study which
demonstrated that the Pvull T-allele was associated with decreased plasma estradiol (E5)
levels in an allele-dose-dependent manner in postmenopausal women [37], and findings in
other studies that the Pvull polymorphism T-allele is associated with conditions affected by
lower levels of E, including increased risk of osteoporosis [38,39] and myocardial infarction
[40]. The fact that the Xbal polymorphism A-allele is also associated with lower E, levels
may be due to linkage disequilibrium with the Pvull SNP or another functional
polymorphism, or to functional significance of the Xbal polymorphism itself.

Overall, our findings confirm previous studies' findings of a strong association between
ESR1 polymorphisms and age at onset for Alzheimer's disease among women. We also
extend these studies through denser genotyping, rather than relying on imputation which can
introduce false positives in multi-ethnic cohorts. From this effort, we identified additional
SNPs that are associated with AD risk, and characterized how these SNPs vary among
individuals of different AIMs-defined ancestries. This allowed us to perform haplotype
analysis among the six most significant SNPs in self-identified White women, which
identified haplotype C-A-C-G at SNPs 12 - 15 (rs3853250 through rs9340799) containing
the RFLPs Pvull and Xbal as significantly decreasing risk for AD, (O.R. 0.656, p=0.009).
Moreover, our studies clearly illustrates the importance of controlling for population
stratification as well as for environmental risk factors in association studies, as SNPs which
we found to be associated with AD vary significantly between the models within one ethnic
group and among ethnic groups.
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We note that most SNPs examined were intronic, and therefore may not be the critical
location of the pathological variants, but may serve as markers for the critical region or may
otherwise influence the expression of critical genetic markers. Further studies may
characterize other genetic mechanisms that may contribute to AD, including methylation
and copy number variations (CNVs). Future studies with denser genotyping to achieve high
resolution in all ethnic groups, along with gene expression studies, may further provide
biological insights. Additional insight may also be gained through future studies conducting
similar analyses in men.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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All others

Figure 1. Plot of WHICAP participants by AlMs-defined ancestry versus HapMap populations
WHICAP participants

Yellow: Predominantly Caucasian AlMs-defined ancestry

Green: Admixed/Hispanic AlMs-defined ancestry

Blue: Predominantly African AlMs-defined ancestry

HapMap populations

Light Brown: Ancestrally homogenous Caucasian population (CEPH)
Light Blue:Ancestrally homogenous Yoruban Black population (YRI)
Red: Ancestrally homogenous East Asian population (CHJA)
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Figure 2. Survival curves, ESR1 SNPs associated with incident AD in self-identified Whites
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Figure 3. Survival curves, ESR1 SNPs associated with incident AD in self-identified Blacks
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Population Characteristics

Table 1

Characteristic

Non Demented

Incident Alzheimer's Disease

Sample Size 1107 329
Age at time of enrollment (mean + S.D.)” 75.1(5.8) 77.4(6.3)
Body Mass Index (mean £+ S.D.) 28.1(5.7) 27.8(5.8)
Years of education (mean + S.D.)* 105 (4.6) 75(4.7)
Ever diagnosed with diabetes mellitus (n, %) 174 (15.9) 60 (18.2)
Current smokers (n, %) 96 (8.6) 31 (9.4)
At least one copy APOE ¢4 (n, %) 285 (26.0) 91 (28.9)
Self-identified Ethnicity (n, %)*

White 340 (89.5) 40 (10.5)

Hispanic 392 (68.4) 181 (31.6)

Black 375 (77.6) 108 (22.4)

*ps 0.05

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.

Page 18



Page 19

Janicki et al.

NIH-PA Author Manuscript

500 wQ*
(e'2€) 981 (6'€2) LT (8'12) €8 (% 'U) ¥3 30dV J0 Adod auo 1ses| 1
(8€) 01T (ev) 09 (8e)vet ,('Q’S F Uealw) uoneanp3 Jo sieap
(Ts) g8z (e9) z8e (Te)zoe ,('a's ¥ ueaw) xapu| sse Apog
(89) €L (6'9) €62 (zneLL (/'S F uesw) Juawijoius Jo swn je eby
€8y €S 08¢ (u) 8z1s a)dwres

9e1g PayuspI-}Ies

oluBdSIH PalNUAPI-YIeS

MUM PalIuUapI-|8S

onsiIsIoRIRYD

¢ ?olgel

NIH-PA Author Manuscript

Auo1us paynuspl-yss Ag sonstisoereyd

NIH-PA Author Manuscript

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



Page 20

Janicki et al.

70 0 €0 2 Zvive 98692251 | €£26/7ETS! 9%
€0 z0 00 2 ST 722SveST | 1S28Lves 74
10 z0 z0 v S5eT 1v0SvZZST | 04T2559s! vz
S0 z0 70 v 029 2692v22ST | seezeees! €z
€0 €0 z0 v 86T z.0zvzesT | seezzeess zz
€0 €0 €0 v AL v.8TvZ2ST | Sesoveess 12
10 €0 €0 9 €985 20ETvzesT | 618SSTTISI | 02
70 €0 z0 9 SGLET 6€65€22ST | €8T60LTS! 6T
70 S0 S0 1 0g62T v8TzzzesT | Teeenss! 8T
T0 z0 €0 v 01§ ¥526022ST | ¥.99¢€6€s! LT
v'0 0 S0 v ozve ¥v/8022ST | Zeeceees! oT
€0 €0 7’0 9 o9 ¥2€5022ST | 66.07E6S a1
S0 S0 S0 2 80TT 8/25022ST | €69vECes! T
S0 g0 g0 v 12€2 0LT¥0ZZST | 9500/8151 €T
S0 S0 S0 2 6102 €v8T0ZZST | 0Gcesses! zT
S0 G0 g0 v pase) ¥2866T2ST | T2.20695! I
10 70 00 9 102 2L266T2ST | 2221802181 | 01
70 S0 S0 v 8STE S9066T2ST | TeyLzss! 6
z0 70 00 9 192 10656T2ST | 895/£69s! 8
z0 70 70 v TS Ov9S6TZST | €206069s! L
z0 70 70 v 6.9 66096T2ST | €£92£069s! 9
70 €0 70 2 29 898€6TZST | 672T80LTS! S
90 0 z0 9 6.9 908e6T2ST | €£TT9L/8! v
S0 €0 70 9 00.12 LTTE6TZST | ¥T8SSTTTS! €
00 00 00 v 0¥ LZvTLT2ST | S902¥8.Ts! z

2 020TLTCST | 1¥9/20Ts! T

3Rl JoulN | (da) souessig | uommsod dNS dNS

NIH-PA Author Manuscript

€9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

parebnsaAul SdNS THS3

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



Page 21

Janicki et al.

Alisaoue o118uab paulyap-SN I 10 A1191uyIa paiynuapl-J[as Aue ui Jueaiyiubis 8q 0} punoy asoy ate SdNS paziolfell pue papjog

4] 4] 4 v L6Y65 GCEYeyeST | 96€L0¢cs! 144
90 ¥'0 €0 ) €1Le 8¢819€CST 80c¢cels! oy
90 ¥'0 €0 o] 4303 GTTC9ECST | ¥S607E6S! 6€
4] 4] T0 \4 €ETL €8065€¢ST | 996152/ 8¢
T0 T0 4] v €08¢ 0S6TSECST | 9.T¢TecTs! LE
c0 TO TO \4 929¢ LYT8YECST | ¥89¢86CS! 9€
L0 S0 4] ) €/85T TeSryreesT 18¢9¢/s! S€
0 €0 4] \4 9cve 8798¢€CST §6958651 123
S0 ¥'0 ¥'0 ) 1880T €CcSeeeST | TS0v8sTsd €€
€0 S0 90 \4 §8¢0T TYeEYTECST | LLE0COES! 43
90 S0 €0 v Srvl 950v0€CST | ¥9ST.LEES! 1€
S0 S0 €0 \4 050€¢ TT9¢0€CST | 866E8GYSI 0€
S0 ¥'0 €0 o] Gc0g T956/¢¢ST | ¢900.8%s! 6¢
0 ¥'0 €0 \4 evLy 9€G9/¢eST | TLT.SG98! 8¢
90 S0 €0 ) 6¢ve €64T/2CST | 198L¥ECS] L2
>9€|g PANUdPI-YIAS | dluedsiH PayUBPI-HIdS | SMUA paynuspI-as | dp9)Iv JoulN | (da) souesia uonisod dNS #dNS
dVIN dvIN dVIN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



Page 22

Janicki et al.

2°0 (V) AVIN (L¥T8YECST) 189286254 7°0 :(V) 4V (LyT8YEZST) ¥892862S! 7°0 :(V) 4V (LyT8YEZST) ¥892862S! 9%
8l oc | zt¢ 20 J81 e | st 20 81 LT | 80T 2| o
SYT0 (961°C L | 9vT | OVIVY 1880 (Leyt 12T | 6.8 | OVIVY €800 (ev6'0 12 | 252 | ovivvY
- 168°0) 66€'T - /€1°0) G20'T - 8v2°0) €870
7'0 :(¥) dVIN ‘(#728022ST) 2€€CZERS! 70 :(¥) dVIN ‘(#728022ST) 2E€2TERS! G0 (V) 4VIN ‘(v7/802CST) 2E€22ERSA
1 8y | 6€2 wvY Ja1 6L | ¥se wv 21 12 | et w | gt
LEV0 (70 09 | e | ov/99 G850 (eveT 86 | 60¢ | ov/99 LT0°0 (€980 8T | €gz | ovio9
-98L°0) TLT'T - 089'0) 616'0 -922°0) TY¥'0
€0 :(9) VI ‘(¥2€502¢ST) 66L07E6S! €0 :(9) 4V ‘(r2€5022ST) 66L07E6S! 7'0 :(9) AVIN (r2€5022ST) 66.07E6S
$1 oz | s6 1L ja1 gy | 15T 1l 21 LT | 00T 1| vt
95€°0 (serz 88 | 18¢ | L10/00 €80 (esyT 62T | €Tv | 10/00 7100 (1580 € | Sz | Lo/00
-19L°0)G.2T -0vL'0) LEO'T - TEZ°0) €770
6'0 :(D) AVIN 1(8225022ST) £697EZCS! 6’0 :(0) 4AVIN 1(8225022ST) £697EZTS 6'0:(0) AVIN *(8L25022ST) €69r€CTS4
$I Gz | ver 29 ja1 ov | 25T 99 1 8T | v0T 99 | e
G750 (0581 28 | ove | ovivy y97°0 (6651 0eT | TOY | OVIVY 1100 (6180 0z | z9z | ovivvy
-22L0) 9ST'T -108°0) 9€T'T - §T2°0) 0¢¥'0
60 :(¥) 4vIN 1(0LT0ZZST) 9500851 60 :(v) 4V 1(0LT¥0ZCST) 9500.8S! G0 :(V) 4VIN (0LT#0ZZST) 95008154
Jal 0z | L6 v Ja1 oy | ovt wv a1 LT | 66 w |
¥SE0 (€17 18 | 89¢ | ow/00 8190 (8151 TET | TI¥ | OV/00 L1700 (2980 12 | 292 | ow00
-29L°0)9/2°T -29.°0)9.0°T -922°0) 2YY'0
G0 :(0) AVIN ‘(€8T022ST) 052ES8ES! G0 :() AV ‘(€78T022ST) 062€58¢ES! G0 :(0) 4VIN ‘(E¥8TOZZST) 052€G8ESA
Ja 2z | vit 29 Jal Ly | 8sT 29 J8l 1T | 6 29| 11
0220 (Lzze a8 | zse | ovivy 0690 (sos'T 821 | 66€ | OVIVVY 100 (zs8°0 12 | 2z | ovivy
-T€8°0) T9E'T -€92°0) 20T -¥22°0) LEV'O
G0 :(V) AVIN ‘(vZ866TZST) TLL2069S! 60 (V) AV (+Z866TZST) TLL206IS! G0 :(V) 4VIN ‘(¥Z866TCST) T2.206954
8l 88 | ver 1L J81 €0t | 8T¥ 1l J81 9 16 1L T
0800 (s56°0 98z | 85¢ | LO/0D 9veE0 (0891 28z | 9v1 | L10/0D 7ve0 (9557 €e | 6Lc | L1o/00
- ¥1%°0) 6290 - 7€8°0) €8T'T -089°0) T9L'T
G0 :(0) AVIN :(020TLTEST) L¥9.L02S4 60 :(0) AVIN *(020T.LTZST) L9.2L0TS! 60 :(0) AVIA (020TLTZST) L¥9.L0Ts!
enend -dwe | (12 %56) ¥H _o<_ z_ dNs | enren-d-dwe | (12 %g6) uH _o<_ N _ dNs | enrend-dwa | (12 %g6) ¥H _o<_z _ dNs | #dNs

A9€|d PayuspI-}IesS

oluedsiH paynuUdPI-fas

SHUUM paljiauspl-4|8s

NIH-PA Author Manuscript

Aud1uu1d paynuapI-41as A ‘Qy W8PIUL LIM PaYeIdosse SINS THST

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



Page 23

Janicki et al.

anjea-d [eoundwsa :anpea-d "dw3

Aauanbaly aja)e JoulN 4V IN

3J9]1e 3 3OdV U0 1ses| 1e Jo douasald pue ‘(J\g) Xapul ssew Apog ‘uoireanpa Jo sieak 1oy paisnipy

Ja1 99 | 90g 20 Jal 8eT | vz 20 J81 ze | soe 20
6000 (v9z v | 65T | OVIVVY 6TT°0 (8201 g8e | ¥€T | OVIVY 2080 (k4 9 19 JV/IVVY
SISTT)SVLT - 615°0) 8720 -T9%°0) 0ZT'T
anjeA-d "dws (1D 9%56) ¥H av N dNS | enfea-d -dws (10 9%%6) ¥H av | N dNS | enjea-d -dws (10 %56) ¥H av | N dNS | #dNS

A9€|1g PayuspPI-}IeS

o1uedsiH PauNUaPI-4IeS

SHUM paljuspl-4|8s

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



Page 24

Janicki et al.

anfeA-d [eouidwsa :anjea-d "dw3

Aouanbaly aja|fe JoulN 4vIN

3J9]1e 3 3OdV U0 1ses) Je Jo douasald pue ‘(JNg) Xapul ssew Apog ‘uoireanpa Jo sieak 1o} parsnipy

8l 8T | vev 20 Jol 99 | 90 20 J81 Tz | 902 20 9
7£0°0 (wee ge | veT | OVIVY 092°0 (1127 17 | 65T | OV/VVY 80€°0 (rse'T LT | 65T | ovIvY
-0v0'T) 825°T ~T167°0) 2LL°0 —€8€°0) 0220
20 (V) AVIN {(LFT8YETST) 89286254 20 (V) 4VIN {(LyT8YETST) ¥89286S! 7°0 :(V) 4V ‘(L¥T8YECST) 78928675/
J01 1€T | esp 99 Jal 1. | oo 99 Jal ve | 81 99 L
9€5°0 (969'T Lg | €0T | ovIvY ¥92°0 (oezT 9¢ | 99T | ovivVY 0v0°0 (99ge 4 8y | ovivy
—09.°0) GET'T = 0L¥0) ¥92°0 —0€0°T) 298°T
2°0:(V) 4VIA ‘(07956TZST) £2060698/ 7°0 :(V) AVIA ‘(07956T2ST) £2060698! 7°0 :(¥) AVIN (079S6TZST) £20606954
anjen-d dws | (19 %56) ¥H _ av _ N _ dNs | snread-dws [ (19 9s6) uH _ av _ N _ dNs | enread-dws | (10 9%g6) uH _ av _ N _ dNs | #dNs

A11880UR PaUBP-SIAIIY UBDLIYY AjJueuiwopald

A11S90UR PBULBP-SIN IV PEXILUPY

A11s80UR PaULBP-SINIY UBISEINED AjJUBUIWOPaId

NIH-PA Author Manuscript

A11saoue 211auah Jueulwopaad paulsp-SINIY AQ ‘QV 1USPIdUI YlIM PaleIdosse SdNS TSI
G 9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2015 April 08.



