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Abstract
Background—Genetic variants that affect estrogen activity may influence the risk of Alzheimer’s
disease (AD). Two tightly linked polymorphisms (PvuII and XbaI) in the first intron of estrogen
receptor 1 (ESR1), the gene for ER-α, have been reported to influence estrogen receptor expression
and may influence the risk of AD.

Methods—We examined the relation of polymorphisms in ESR1 to the risk of AD in women with
Down syndrome. The subjects (181 women with DS, 41–78 years of age) were followed at 14- to
18-month intervals. Information from cognitive assessments, caregiver interviews, medical record
reviews and neurological examinations was used to classify dementia. Genomic DNA was genotyped
for 5 single-nucleotide polymorphisms in the upstream region and the first exon/intron of the
ESR1 gene. Their association with dementia risk was evaluated, adjusting for covariates.

Results—Women with at least 1 copy of the C allele at rs2234693 (PvuII) and those homozygous
for the C allele at rs2077647 had an almost 3-fold increase in the risk of AD, compared with women
without the C allele. The increased risks were independent of the apolipoprotein E genotype.

Conclusion—These findings support a role for estrogen receptor activity in the development of
AD in women with Down syndrome.
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Introduction
Women with Down syndrome (DS) have near universal Alzheimer’s disease (AD) pathology
by 40 years of age [1], and an increased risk of dementia, with the onset of dementia occurring
10–20 years earlier than women in the general population [2,3]. The early onset of dementia
in adults with DS has been attributed to triplication and overexpression of APP (amyloid
precursor protein) [4] located on chromosome 21, although there is a wide range of onset ages
that are associated with additional risk factors [5]. In previous work, we found that the age at
onset of AD in women with DS is earlier in those with an early onset of menopause [6] and in
postmenopausal women with low levels of bioavailable estradiol [7], suggesting that reductions
in estrogen following menopause can contribute to the cascade of pathological processes
leading to AD. Estrogen exerts many of its effects through the activation of nuclear receptors,
which are expressed in many tissues [8]. In the brain, 2 estrogen receptors, ER-α and ER-β,
have been identified and have been found in regions affected in AD, including the
hippocampus, basal forebrain and amygdala [9,10]. Both ER-α and ER-β appear to have a role
in the preservation of cholinergic activity [11,12]. The neuroprotective effects of estrogen
against β-amyloid-induced toxicity appear to be mediated by ER-α, which may act by blocking
β-amyloid-induced apoptosis [13].

PvuII and XbaI, 2 closely linked restriction fragment length polymorphisms (RFLP) in the first
intron of ESR1, the gene for ER-α, have been reported to influence estrogen receptor expression
[14,15], and, in turn, influence the risk of AD. Compared with women carrying the pp (RFLP
PvuII+) genotype, women with the homozygous PP (RFLP PvuII–) genotype had a 1.1-year
earlier onset of menopause [16]. In several case-control studies, the XX genotype, PP genotypes
or the XXPP haplotype have been associated with an increased risk of AD in Asian and
European populations [17–22]. However, while some studies show that variants in ESR1 are
associated with AD, not all studies have confirmed this association [23–25], and risk alleles
have been inconsistent across studies [26–29]. In several studies, the increased risk of AD
associated with ESR1 polymorphisms was greater in those with an apolipoprotein E (APOE)
ε4 allele [19–21,26,28]. These findings, while not conclusive, suggest that the ESR1 genotype
may influence the risk of developing AD. In this study, we examined the relationship between
polymorphisms in ESR1 and the risk of AD in a community-based cohort of women with DS.

Materials and Methods
Subjects

The analysis included 181 women from a community-based sample of women with DS. All
individuals were 40 years of age and older at study onset, resided in New York State and were
participating in a larger longitudinal study of aging in adults with mental retardation.
Participants were recruited with the help of state and voluntary service provider agencies.
Subjects were eligible to participate in the study if a family member or correspondent provided
informed consent, and participants also signed an assent form acknowledging their willingness
to participate. The participation rate was 74.6%. Recruitment, informed consent and study
procedures were approved by the Institutional Review Boards of the New York State Institute
for Basic Research in Developmental Disabilities and Columbia University Medical Center.

Clinical Assessment
Assessments included evaluations of cognition, functional and vocational abilities, behavioral/
psychiatric conditions and health status. Assessments were repeated every 14–18 months over
5 cycles of data collection. Cognitive function was evaluated with a test battery designed for
use with individuals varying widely in their levels of intellectual functioning, as described
previously [30,31]. Participants showing declines in cognition or in adaptive behavior were
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evaluated by a study neurologist to confirm the presence of dementia, and to determine the
presence or absence of medical/psychiatric conditions other than AD that might result in or
mimic dementia. Structured interviews were conducted with caregivers to collect information
on changes in cognition, function, adaptive behavior and medical status. Past and current
medical records were reviewed for all participants.

Classification of Dementia
To determine the occurrence of dementia and dementia subtypes, information from all available
sources was reviewed. Each diagnosis was made in a consensus conference regarding the
presence or absence of dementia and its cause. The initial cohort included 236 women with
Down syndrome. Of the 236 women, 202 (85.6%) were genotyped. Following
recommendations of the AAMR-IASSID Working Group for the Establishment of Criteria for
the Diagnosis of Dementia in Individuals with Developmental Disability [32], we classified
the 202 participants with genotypes into 2 groups: (1) demented: if there was a history of
cognitive and functional decline over a period of at least 1 year and no other medical or
psychiatric conditions that might mimic dementia were present (e.g. untreated hypothyroidism
or depression, stroke; n = 54 for incident cases), or if a clinical diagnosis of AD had been made
by a neurologist or psychiatrist familiar with this population (n = 23 for prevalent cases); (2)
nondemented: if they were without cognitive or functional decline, or if they showed some
cognitive and/or functional decline but not of sufficient magnitude to meet criteria for dementia
(n = 113). Medical and psychiatric comorbidity prevented classification in 12 participants and
they were excluded from the analysis. Participants classified as demented showed substantial
and consistent decline on cognitive tests and in functional ability over the course of the follow-
up. AD was the predominant form of dementia, accounting for 96% of the cases. For analysis,
participants with evidence of vascular or other forms of dementia, detected either during the
neurological evaluations or from clinical histories, were excluded (n = 2). An additional
demented participant and 6 nondemented participants were excluded because they were
missing information on depression or other key covariates, leaving 74 demented and 107
nondemented participants for analysis.

DNA Isolation and Genotyping
Genomic DNA was extracted from total peripheral blood leukocytes using standard methods.
Genotyping was carried out blind to the participant’s dementia status and any other identifying
characteristics. We analyzed 5 single nucleotide polymorphisms (SNP) that were identical to
or close to the intronic PvuII and XbaI RFLP, which were previously associated with a risk of
AD [17–22,27,28]. These 5 SNP were: SNP 1 (rs2881766; T>G), SNP 2 (rs207077647; T>C),
SNP 3 (rs6920483; G>A), SNP 4 (rs2234693; C>T: also known as RFLP PvuII) and SNP 5
(rs9340799; A>G: also known as RFLP XbaI). SNP were analyzed by using the TaqMan®

genotyping system (ABI), with specific PCR primers for each SNP. Following the coding for
the PvuII and XbaI restriction fragment lengths polymorphisms, P and X denote the absence
of a restriction site (C and G nucleotides, respectively) and p and x denote the presence of a
restriction site (T and A nucleotides, respectively). For ease of discussion, we will use SNP
number, which represents the order in which the SNP appear from the 5′ end to the 3′ end.

Apolipoprotein E Genotypes
APOE genotyping was carried out, as described in a previous study [33], by PCR/RFLP
analysis using HhaI (CfoI) digestion of an APOE genomic PCR product spanning the
polymorphic (cys/arg) sites at codons 112 and 158, followed by acrylamide gel electrophoresis
to document the restriction fragment sizes [34]. Participants were classified according to the
presence or absence of an APOE ε4 allele.
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Potential Confounders
Potential confounders, in addition to age, were IQ, ethnicity, BMI, and a history of depression
or cardiovascular comorbidity. IQ was classified into 2 groups: mild/moderate mental
retardation (IQ 35–70) and severe/ profound mental retardation (IQ <34), based on premorbid
IQ scores. Ethnicity was classified as white or non-white. BMI was computed as weight in
kilograms divided by height in squared meters (kg/m2), and was measured at each assessment.
Depression status and history of diabetes, hypertension and heart disease (myocardial
infarction, congestive heart failure) were ascertained by a medical record review at each
assessment.

Statistical Analyses
Prior to association analysis, we tested all SNP to see whether they conformed to the Hardy-
Weinberg equilibrium using the Haploview program [35]. The χ2 test (or Fisher’s exact test)
was used to assess allelic associations between AD and each of the SNP markers. The
Haploview program was used to perform single-point analyses, as well as an estimation of
linkage disequilibrium structure and haplotype blocks. For linkage disequilibrium structure
estimation, the default settings were used, which created 95% confidence bounds on D’ to
define SNP pairs in strong linkage disequilibrium.

We then used a case-control design to further evaluate the association between polymorphisms
in ESR1 and AD; first, in reduced models, adjusting for age at baseline and ethnicity, then in
full models, adjusting for covariates that were likely to be associated with a risk of AD. For
each SNP, participants were classified as carrying 0, 1 or 2 copies of the risk allele. In
preliminary analyses, we used χ2 tests for categorical variables and Student’s t test and analyses
of variance for continuous variables to compare demographic characteristics by SNP genotype.
We used logistic regression to estimate the risk of AD by genotype, adjusting for age, ethnicity,
level of mental retardation, baseline BMI, history of depression, diabetes, hypertension and
heart disease, and the presence of the APOE ε4 allele. We repeated the analysis within strata
defined by the presence or absence of an APOE ε4 allele.

Results
Demographic Characteristics

The mean age of the participants at baseline was 51.7 ± 6.8 years (range 41–78 years). The
mean length of follow-up was 5.2 ± 1.8 years. The mean age at the onset of dementia among
affected women was 55.5 ± 6.5 years (range 44–80 years). Table 1 presents demographic
characteristics in women by dementia status. Women with dementia were older, more likely
to have a history of depression and more likely to carry the APOE ε4 allele than women without
dementia (table 1). The majority of participants were white (91.7%). Women with dementia
did not differ from women without dementia in the distribution of level of intellectual disability,
ethnicity, mean BMI at baseline or history of diabetes, hypertension or heart disease (table 1).

Allelic Associations
Allele frequencies for all 5 SNP were comparable to those reported for Caucasian populations
(http://www.ncbi.nlm.nih.gov). All SNP were in Hardy-Weinberg equilibrium when all the
individuals were considered together, or when affected and unaffected individuals were
examined separately. Table 2 shows the locations of the SNP employed. Single SNP analysis
showed that two SNP, SNP 2 (rs2077647) and SNP 4 (rs2234693; RFLP PvuII), were
associated with an increased likelihood of AD (table 3). The strongest association was with
the C allele at SNP 4 (rs2234693; RFLP PvuII; χ2 = 3.9, p = 0.0485), followed by the C allele
at SNP 2 (rs2077647; χ2 = 3.1, p = 0.0785) (table 3).
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Genotypic Associations
To better characterize the association of these SNP with the risk of AD, we performed
multivariable logistic regression, adjusting for potential confounders. Women who had at least
1 copy of the C allele at SNP 4 (rs2234693; RFLP PvuII) had a significantly increased odds
ratio (OR) of AD compared with women without the C allele (OR rs2234693 homozygotes = 3.2,
95% CI: 1.2–8.5; OR rs2234693 heterozygotes = 2.6, 95% CI: 1.1–6.2; table 4). Women who were
homozygous for the C allele at SNP 2 (rs2077647) also had a significantly increased OR of
AD compared with women who were homozygous for the T allele (OR rs2077647 homozygotes =
2.8, 95% CI: 1.1–7.4), while the likelihood of AD in women who were heterozygous for the
C allele at SNP 2 (rs2077647) was of borderline significance (OR rs2077647 heterozygotes = 1.9,
95% CI: 0.8–4.5) (table 4). We repeated these analyses, restricting the sample to non-Hispanic
white women who comprised the majority of participants (91.7%) and found the same pattern
of effects (OR rs2234693 homozygotes = 2.6, 95% CI: 0.94–6.9; OR rs2234693 heterozygotes = 2.4,
95% CI: 0.97–6.2; OR rs2077647 homozygotes = 3.4, 95% CI: 1.2–9.7). An increased likelihood
of AD was also observed among women who were homozygous or heterozygous for the G
allele at SNP 5 (rs9340799; RFLP XbaI; OR = 1.7 and 2.0, respectively) and among women
who were homozygous for the G allele at SNP 1 (rs2881766; OR = 11.0, 95% CI: 0.9–141.4),
but the associations failed to reach statistical significance. The frequency of the minor allele
at SNP 3 (rs6920483) was too low, lacking the power to detect an association (table 4).

Because prior research had identified the PPXX (CCGG) haplotype as a risk factor for AD,
we repeated the analysis after combining the major genotypes at SNP 4 (rs2234693; RFLP
PvuII ) and SNP 5 (rs9340799; RFLP XbaI ) to form 3 genotype groups, CCGG, CTGA, and
TTAA, adjusting for covariates. Compared to women with the TTAA genotype, women with
the CCGG genotype or the CTGA genotype were approximately 3 times as likely to have AD
(ORCCGG = 3.4, 95% CI: 1.01–11.4, p = 0.048; ORCTGA = 3.8, 95% CI: 1.3–10.8, p = 0.014;
data not shown).

Interaction with APOE ε4 Allele
We repeated the analyses within strata defined by the absence or the presence of an APOE ε4
allele. There were 143 women without an APOE ε4 allele and 38 women with at least 1 copy
of the APOE ε4 allele. Among those without an ε4 allele, women who were homozygous for
the C allele at SNP 4 (rs2234693; RFLP PvuII) and for the C allele at SNP 2 (rs2077647) had
a significantly increased risk of AD compared to those without a C allele
(OR rs2234693 homozygotes = 3.6, 95% CI: 1.2–11.3, p = 0.03; OR rs2077647 homozygotes = 3.6, 95%
CI: 1.1–11.3, p = 0.03, respectively; data not shown). The sample size was too small to detect
effects for women with an ε4 allele.

Discussion
Women with DS who had 1 or 2 copies of the C allele at SNP 4 (rs2234693; RFLP PvuII– )
and women who were homozygous for the C allele at SNP 2 (rs2077647) in ESR1 had a
significantly increased risk of AD, compared with women without the C allele. We did not find
a significant association of homozygosity or heterozygosity for the G allele at SNP 5
(rs9340799; RFLP XbaI ) with the risk for AD. However, when we repeated the analysis, after
combining the major genotypes in SNP 4 (rs2234693) and SNP 5 (rs9340799) to form 3
combined genotype groups, CCGG, CTGA and TTAA, women with the CCGG combined
genotype or the CTGA combined genotype were approximately 3 times as likely to have AD
as women with the TTAA combined genotype. It is likely that this finding is related primarily
to the association of genotypes in SNP 4 (rs2234693) with AD, with the GG and GA genotypes
in SNP 5 (rs9340799) making a small additional contribution.
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Results of prior studies of the relation of ESR1 RFLP PvuII (P and p) and XbaI (X and x) to
the risk of AD in Asian and Caucasian populations without DS have been inconsistent. The
PP and XX genotypes and the PPXX combined genotype have been associated with an
increased risk of AD in Asian and European populations [17–22]. Our findings of an association
with the CC and CT genotypes at the PvuII RFLP and the CCGG combined genotype of PvuII/
XbaI are consistent with prior studies. In addition, we found a significant association of the
CC genotype at SNP 2 (rs2077647) with the likelihood of developing AD, an SNP that has not
previously been examined.

Not all studies have found an association of the PP and XX genotypes with AD [23–25] and
risk alleles have been inconsistent across studies, with several studies reporting associations
with the pp, xx or Pp and Xx genotypes [26–29]. Differences between cases (e.g. familial AD,
late-onset AD) or in the ethnic background of participants may account for the difference in
risk alleles across studies. Since no common coding polymorphisms in ESR1 exons have been
detected in genome-wide SNP experiments to date, it seems likely that genetic associations
with SNP in the upstream region of this gene, as we have studied here, may reflect the presence
of regulatory SNP in this region. It is also possible that these SNP may be in linkage
disequilibrium with another gene near ESR1 that is contributing to the risk of AD [14,28].

In several studies, the increased risk of AD associated with polymorphisms in ESR1 was greater
in those with an APOE ε4 allele [19–21,26,28]. We were not able to confirm this relation in
the present study. Although only 38 women with DS carried the ε4 allele and the estimates of
risk are unreliable, we did observe an increased risk of AD in women without an APOE ε4
allele who were homozygous for the C allele at SNP 2 (rs2077647) and for the C allele at SNP
4 (rs2234693), suggesting the risks associated with these SNP were independent of APOE
genotype.

A limitation of our findings is that they are based on a relatively small set of affected and
unaffected individuals and we had low statistical power to observe associations. Thus, these
associations would not survive correction for multiple tests using a conservative Bonferroni
approach. However, the results replicate several previous findings that variants in the gene for
ER-α may modify the risk for AD, and it is of interest that these variants can also influence the
development of AD in a high-risk cohort of women with DS. Further analysis of genetic
variants that may influence estrogen biosynthetic pathways and estrogen receptor activity can
extend the analysis of the relation of endogenous estrogen to risk of AD.
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Table 1
Demographic characteristics by dementia status for women with Down syndrome

Characteristic Nondemented Demented

Sample size, n .107 0.74
Age at baseline, years** 49.9±6.4 54.3±6.7
Level of mental retardation, n
Mild/moderate 0.50 (58.1) 0.36 (41.9)
Severe/profound 0.57 (60.0) 0.38 (40.0)
Ethnicity, n
Non-Hispanic white 0.97 (58.4) 0.69 (41.6)
Non-white 0.10 (66.7) 00.5 (33.3)
BMI 29.4±5.7 28.4±6.2
 Medical history, n
Depression** 00.7 (6.5) 0.12 (16.2)
Diabetes 00.4 (3.7) 00.4 (5.4)
Hypertension 0.18 (16.8) 00.8 (10.8)
Heart disease 00.7 (6.5) 00.9 (12.2)
APOE ε4 allele, n* 0.18 (16.8) 0.20 (27.0)

Percentage values are given in parentheses.

*
p < 0.10,

**
p < 0.05.
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Table 2
ESR1 SNP map

Chromosome SNP number SNP Location (bp) Distance from previous SNP

6 1 rs2881766 152160812
2 rs2077647 152170770 09,958
3 rs6920483 152173014 02,244
4 rs2234693 152205028 32,014
5 rs9340799 152205074 46
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