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Abstract

Background/Aims—Few studies of gene variants that affect estrogen activity investigate their
association with risk for AD in women of different ethnicities. We investigated the influence of
CYP19 polymorphisms on risk for AD in a multiethnic cohort of women, with individual ethnicity
assessed by genetic population ancestry markers (AIMs) as well as by self -identified ethnicity.

Methods—Among 1686 women participating in the Washington Heights Inwood Columbia
Aging Project (WHICAP), association with risk for AD was assessed for 41 single-nucleotide
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polymorphisms (SNPs) on the CYP19 gene using multivariable logistic regression, adjusting for
age, presence of an APOE &4 allele, years of education, and body mass index (BMI).

Results—Risk for AD was associated with six SNPs in women of predominantly Caucasian
AlMs-defined ancestry. Of these, two were also associated with decreased risk of AD in women of
admixed/ Hispanic AlMs ancestry. Two separate SNPs were found to be protective in women of
predominantly African AlMs-based ancestry.

Conclusions—CYP19 polymorphisms affect risk for AD in women, and risk alleles vary by
AlMs-defined ancestry. These effects are possibly due to linkage disequilibrium patterns or
differences in the prevalence of comorbid risk factors mediating SNP effect on risk for AD by
group.

Keywords

Alzheimer disease; Alzheimer disease and Hispanics; estrogen; Genetic polymorphisms in
degenerative dementias; genetic risk factors; CYP19

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]. 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 synthesis pathway contribute to
variations in lifetime hormone exposure, including age-related changes in hormone levels.
Estrogens including estradiol and estrone are formed locally in the brain from the conversion
of androgens by aromatase [3], a cytochrome p450 enzyme encoded by the CYP19 gene
located on chromosome 15¢21.2. Several studies [4-6], but not all [7,8], have found an
association between multiple single nucleotide polymorphisms (SNPs) in CYP19 and AD.
However, most studies have been conducted in Caucasian ethnic groups, and few
polymorphisms have been assessed in a multiethnic cohort in which the members have all
been evaluated in a consistent manner. Examination of SNPs in multiethnic groups which
are evaluated without taking ancestry 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 CYP19 SNPs and the risk of AD in a multiethnic cohort of elderly
women from northern Manhattan, with individual ancestry assessed by population ancestry
markers as well as by self-identified ethnicity [9]. The aims of this study were to confirm
previous findings of CYP19 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 CYP19 variants would affect risk for
AD differently in groups of women with different population ancestry. We hypothesized that
genetic variants would demonstrate different patterns of association between groups with
different population ancestries due to distinctive allele frequencies or linkage disequilibrium
patterns between ethnic groups, as well as varying environmental factors.

Dement Geriatr Cogn Disord. Author manuscript; available in PMC 2014 May 28.
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Materials and Methods

Subjects

The study 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. 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, African
— American, and non — Hispanic White of European ancestry). The sampling strategies and
recruitment outcomes of these two cohorts have been described in detail elsewhere [9].

Each subject underwent an in — person interview of health and functional ability followed by
a standardized medical assessment and neuropsychological battery [10]. Assessments were
conducted at 18 — 24 month intervals over a mean of 6.1 years of follow-up. AD diagnosis
was based on NINCDS-ADRDA criteria. We used a conservative definition of AD in our
analyses, excluding definitions of mild cognitive impairment (MCI) or isolated low
neuropsychological scores in order to obtain the most robust phenotype.

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 CYP19 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 3.0 kilobase pairs
between SNPs, which provided good coverage of the gene as viewed on linkage
disequilibrium maps (Supplementary Figures 1-3).

Forty-one CYP19 SNPs as well as 100 ancestry informative markers (AIMs) were
genotyped in a total of 1,686 samples using lllumina GoldenGate custom panels and the
Illumina IScan platform. Genotyping was performed according to standard protocols
(www.Illumina.com). Duplicate genotyping was performed on ten percent of samples to
verify accuracy, and the concordance rate was greater than 98 percent.

Assessment of genetic population ancestry

To evaluate population stratification, we used a set of 100 unlinked ancestry informative
markers (AIMs) to classify population ancestry. We selected the 100 unlinked SNPs from a
panel of 650Y Illumina SNPs using a subset of subjects that had previously also had GWAS
data collected. The AIMs were selected because they have allele frequencies that are
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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 [11,12]. 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 AlMs index (defined as = 0.6 AlMs
markers consistent with CEPH profile, n=632) versus those who were of predominant
African ancestry (defined as = 0.6 AIMs markers consistent with YRI profile, n=581). In
doing so, individuals previously self-identified as Hispanic were reclassified as being of
predominant Caucasian or African AlMs-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= 473). Comparison of populations as defined by AlMs-
defined ancestry versus self-identified ethnicity are illustrated in Supplementary Table 2.

Potential Confounders

Potential confounders included age at time of study enroliment, presence of an APOE &4
allele, years of education, and body mass index (BMI). Supplementary analyses (as shown
in Supplementary Figures 4-6) were also performed to evaluate the potential effects of
vascular risk factor covariates on significant SNPs, and included history of diabetes mellitus
and current smoking. 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. History of diabetes mellitus was defined as self — reported current or past
history of treated or untreated diabetes.

Statistical Analyses

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 AlMs — defined population of unaffected individuals using the X2
goodness-of-fit test in HAPLOVIEW [13]. SNPs were then evaluated in genotypic
association analyses to further characterize their relationship to AD, stratifying first by
AlMs — defined ancestry and then by self-reported ethnicity. We hypothesized that
differences in associations between these two sets of analyses might reflect culturally —
associated environmental risk factors for AD. Conversely, similarities in significant SNPs
between the two analyses would demonstrate a more direct genetic effect of CYP19
polymorphisms on risk for AD. We used multivariable logistic regression to estimate
likelihood of AD by SNP genotype, adjusting for age, presence of at least one APOE &4
allele, and BMI. 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.
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Results

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=672, 39.9%) and Black (n=574, 34.0%), while 423 women were self — identified as
White (25.1%). Among all participants, 511 were classified as possible or probable AD
(29.5%) and 1175 as nondemented. The frequency of AD was greater in self — identified
Blacks and Hispanics than in Whites (Blacks: 32.2%; Hispanics: 38.2%; Whites: 15.3%).
Mean years of education differed significantly between those with and without AD (7.1
years versus 10.4 years). BMI, history of diabetes mellitus, and current smoking status did
not differ significantly between individuals with or without AD. However, there were
statistically significant differences between self — identified groups as well as between
AlMs-defined populations in the prevalence of vascular risk factors, including diabetes
mellitus and current smoking (Table 2). The proportion of women with at least one copy of
the APOE ¢4 allele was the highest in Blacks, followed by Hispanics and then by Whites
(Table 2).

Genotypic Associations

For ease of discussion, we will use the numbered order of SNPs to refer to each SNP (Table
3). Among women of predominantly Caucasian AlMs-defined ancestry, two SNPs (SNPs 10
and 15—rs4775935 and rs727479, respectively), located in at the 5” end of the CYP19 gene,
were found to be associated with decreased risk for AD, adjusting for age, BMI, and
presence of an APOE &4 allele. Four SNPs (27, 28, 37, and 39 —rs17647719, rs1902586,
rs10163138, and rs7168331), clustered at the 3" end of the gene, were found to be
associated with increased risk for AD. Odds ratios varied between and 0.6 to 0.7 among
protective SNPs (Table 3), and ranged from 1.7 to 2.6 among SNPs associated with
increased risk for AD. Among women of admixed/Hispanic AIMS-defined ancestry, SNPs
10 and 15 were also found to be protective (O.R. 0.6 and 0.7, respectively). Two different
SNPs (SNPs 38 and 41- rs6493495 and rs11070843) were associated with decreased risk for
AD in women of predominantly African AlMs-defined ancestry, both with odds ratios of 0.7
(Table 3). To minimize the risk of false-positive findings from multiple testing, we
computed empirical p-values by generating the null distribution on the basis of 1000
replicate datasets. As shown in Table 3, calculation of empirical p-values slightly attenuated
the degree of significance for some genotypes (including SNP 15 among women of
admixed/Hispanic AlMs-defined ancestry and SNP 38 among women of predominantly
African AIMS-defined ancestry), however most remained significant.

We then repeated the analyses within strata defined by self-identified ethnicity to take into
account potential role of cultural/environmental risk factors within ethno-racial groups.
(Supplementary Table 1). Among self-identified whites, SNPs 10 and 15 remained
significant while ORs for the remaining four SNPs that were significant among women of
predominantly Caucasian AlMs-defined ancestry became attenuated and were no longer
significant. However, four additional SNPs flanking the region — specifically, SNPs 5, 16,
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18, and 19 — were found to be significant. Among self-identified Hispanics, two significant
SNPs (10 and 16) were found in close proximity to those in the AIMs-defined ancestry
groups for Hispanics and Whites. Among self-identified Blacks, two protective SNPs (SNPs
38 and 31) were no longer found to be significantly associated with risk for AD.

Haplotype Analysis

Genotypic analyses demonstrated that SNPs associated with risk for AD clustered in several
distinct regions of high LD (Supplementary Figures 1-3). Strong pairwise LD between SNP
loci in these blocks supported the possibility of multi-locus association at adjacent variants.
We performed “sliding window” haplotype analysis within these regions as implemented in
the HAPLOVIEW program using the D” value [13], with each haplotype including two to
four consecutive SNPs. While numerous haplotypes constructed from these CYP19 SNPs
were found to be significantly associated with increased or decreased risk for dementia, the
most robust associations in women of predominantly Caucasian AlMs-based ancestry were
haplotype A — A at SNPs 10 — 11 (O.R. 0.4, p=0.001) and haplotype A — A — C at SNPs 37 -
38 -39 (O.R 3.17, p=0.04) (data not shown). Among women of admixed/Hispanic AlMs-
defined ancestry, the most significant haplotype was G- C - A -G at SNPs 14 - 15-16 —
17, which was protective (O.R. 0.6, p=0.008). Among women of predominantly African
AlMs-defined ancestry, only one protective haplotype, G — G at SNPs 40 — 41 was found to
be significant (O.R. 0.72, p=0.04) (data not shown).

Discussion

Among 1,686 community-dwelling elderly women in a multiethnic cohort, risk for
developing AD was associated with six SNPs in women of predominantly Caucasian AlMs-
defined ancestry (rs4775935, rs727479, rs17647719, rs1902586, rs10163138, and
rs7168331). Of these, two SNPs (rs4775935 and rs727479) were associated with decreased
risk of AD in women of admixed/Hispanic AIMs ancestry. Additionally, two different SNPs
(rs6493495 and rs11070843) were found to be protective in women of predominantly
African AlMs-based ancestry. Use of empirical p-values slightly attenuated the degree of
significance for rs727479 among women of admixed/Hispanic AlMs-defined ancestry and
rs6493495 among women of predominantly African AIMS-defined ancestry; however the
directionality and magnitude of effect remained the same.

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[14,15] increase cholinergic activity[16], have antioxidant properties[17], and
promote the nonamyloidogenic metabolism of the amyloid precursor protein[18]. 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 [19,20]. Aromatase is a potentially important factor in these
processes as it controls estrogen biosynthesis and is expressed in regions of the brain
affected by AD [21-24]. Previous studies have demonstrated that common CYP19
polymorphisms are associated with estradiol and androgen serum levels in premenopausal
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and postmenopausal women [25-28]. As a result, CYP19 gene variants could potentially
affect risk for AD by reducing or increasing rate of conversion of androgens into estrogens,
resulting in altered protection against neuronal injury or degeneration through multiple
mechanisms.

Differential association of polymorphisms in a susceptibility gene for AD in groups of
disparate population ancestries 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 cohort, SNPs which were protective against AD in
women of predominantly Caucasian AlMs-defined ancestry were located at the 5 end of
the gene (Supplementary Figure 1, Block 2), and those which increased risk for AD in this
population clustered in two LD blocks at the 3" end of the gene (Supplementary Figure 1,
Blocks 5 — 6). Notably, these LD blocks which remained cohesive in women of
predominantly Caucasian ancestry were represented by smaller sets of SNPs in women of
admixed/Hispanic AlMs-defined ancestry (Supplementary Figure 2). LD blocks in this
region were even more fragmented among women of predominantly African AIMs-defined
ancestry (Supplementary Figure 3). This suggests that different LD patterns between CYP19
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 genetic ancestry may play a significant role in phenotypic expression of
the variants. For example, the inclusion of vascular risk factors (including history of diabetes
and current smoking) attenuated the significance of SNPs in women of admixed/Hispanic
(Supplementary Figure 5) or predominantly African AlMs-based ancestry (Supplementary
Figure 6). In contrast, the inclusion of these vascular risk factor covariates increased the
significance of several SNPs in women of predominantly Caucasian AlMs-defined ancestry,
notably in SNPs located at the 3" end of the gene (Supplementary Figure 4). The potential
mediation of SNP effect by vascular risk factors is reinforced by the differential results seen
in the logistic regression analyses stratified by self-identified ethnicity versus AIMs-defined
ancestry. As seen in Table 2, the change in stratification had the greatest effect on sample
group characteristics and size 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 had genetic markers that were predominantly Caucasian
or African actually identified themselves as Hispanic. These individuals also had
significantly higher rates of diabetes mellitus (Supplementary Figure 7) than individuals of
predominantly African AIMs who identified themselves as Black or participants of
predominantly Caucasian AlMs who identified themselves as White. Notably, when these
individuals were included in the AlMs-based logistic regression models for participants of
predominantly Caucasian or African ancestry, several SNPs at the 3" end of the gene
became significant (Table 3), again highlighting the potential mediation of SNP effect by
vascular risk factors in this part of CYP19. These discrepancies indicate that environmental
and biological covariate risk factors may exert different modulating effects with alleles in
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Janicki et al.

Page 8

groups of different predominant genetic ancestries, or even within different parts of the
gene.

Several previous studies have investigated the role of CYP19 polymorphisms and AD. A
study of a Finnish population found three SNPs (rs767199, rs727479, and 1065778) to be
associated with increased risk for AD, as well as haplotype A1 (CACTTTGTT) [5]. Other
SNPs including rs2899472, rs1008805, rs727479, and rs1143704, rs1065778 rs10046, and
rs4646 have also been found to be associated with risk for AD or age at onset (some in
APOE &4 carriers only)[4,6] in primarily Caucasian populations. In other studies, an
interaction between rs1062033 (located in the 5'-UTR region) and the genes for
butyrylcholinesterase[29] and interleukin-10 [30] in increasing risk for AD were proposed.
In addition, rs2899472 was found to be associated with CSF Ap1.42 levels in normal
subjects in a GWAS investigation [3131].

We examined the majority of the SNPs cited in the above studies. While rs727479 was
protective among self-defined Whites in our group, we did not find any other SNPs to be
significant. Although many of these previously evaluated SNPs are clustered at the 5" end
of the gene, in LD Blocks 1 and 2 by our map (Supplementary Figure 1), many of the SNPs
which we found to be significant in our participants of predominantly Caucasian AIMs-
defined ancestry clustered at the 3 end, in LD Blocks 5-7. However, as previously noted,
most previous studies had been conducted in self-identified White participants who may
have had different associated risk factors from our Caucasian population, which also
included individuals who identified themselves as Hispanic.

Overall, our findings confirm previous studies’ findings of a strong association between
CYP19 polymorphisms and risk 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 in the presence of cardiovascular risk
factors. Moreover, our study 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 varied significantly between ethnic groups.

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). For example, SNP 27 (rs17647719) is located in a
region associated with methylation, and SNP 28 (rs1902586) is located 2.6 kb from this
region. 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.
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Supplementary Material

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

Cluster T Cluster 3

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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Table 1

Characteristic Non Demented | Alzheimer’s Disease
Sample Size 1175 511
Age at time of enrollment (mean + S.D.)* 75.7(6.0) 799(7.2)
Self-identified Ethnicity (n, % of ethnicity)*
White 358 (84.6) 65 (15.3)
Hispanic 415 (61.8) 257 (38.2)
Black 389 (67.8) 185 (32.2)
Other 13 (76.5) 4(23.5)
Body Mass Index (mean + S.D.) 28.2(7.9) 27.1(5.8)
Years of education (mean + S.D.)" 104 (4.6) 71(47)
Diabetes (n, %) 180 (15.3) 104 (20.3)
Smoking (n, %) 97 (8.3) 44 (8.7)
At least one copy APOE 24 (n, %)” 284 (24.2) 156 (30.5)

*
p<.05
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