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ABSTRACT

Latent genetic variations of cholesterol metabolism-related genes in late-onset Alzheimer’s disease, especially,
as well as in mild cognitive impairment pathogenesis are still to be studied extensively. Thus, we performed the
targeted-sequencing of 12 nuclear receptor genes plus APOE which were involved in cholesterol content
modulation to screen susceptible genetic variants and focused on a new risk variant ESR1 rs9340803 at 6g25.1
for both late-onset Alzheimer’s disease (OR=3.30[1.84~4.22], p<0.001) and mild cognitive impairment
(OR=3.08[1.75~3.89], p<0.001). This low-frequency variant was validated in three independent cohorts totaling
854 late-onset Alzheimer’s disease cases, 1059 mild cognitive impairment cases and 1254 controls from nine
provinces of China mainland. Preliminary functional study on it revealed decreased ESR1 expression in vitro.
Besides, we detected higher serum AB1-40 concentration in participants carrying this variant (p=0.038) and
lower plasma total cholesterol level in this variant carriers with late-onset Alzheimer’s disease (p=0.009). In
summary, we identified a susceptible variant which might contribute to developing mild cognitive impairment
at earlier stage and Alzheimer’s Disease later. Our study would provide new insight into the disease causation
of late-onset Alzheimer’s disease and could be exploited therapeutically.
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INTRODUCTION

Late-onset Alzheimer’s disease (LOAD, OMIM:
104310) is a complex neurodegenerative disease with
polygenic  background. It’s  characterized by
extracellular senile plaques (SPs) of which the core
protein is B-Amyloid peptide (AB), mostly 40- or 42-
amino acid peptides, and intracellular neurofibrillary
tangles (NFTSs) in the brain [1]. A variety of genetic as
well as environmental factors have long been believed
to associate with LOAD, with APOE as the strongest
genetic factor and ageing as the most influential risk
factor. Though a number of distinct loci and risk genes
have been discovered by several genome-wide
association studies (GWAS), the genetic etiology of
LOAD remains largely elusive [2-4].

Multiple studies have demonstrated the correlation
between altered cholesterol levels and increased Af
formation in cellular and animals models of LOAD [5-
7]. Specifically, optimal cholesterol content in neurons
is reported to be critical to the stability of the brain
microenvironment [8]. In this respect, several
cholesterol metabolism-related nuclear receptor (NR)
molecules in LOAD brain have been reported by
independent studies [9-11]. However, whether possible
NR gene variations, which may functionally cause
disturbed cholesterol content and impair normal
cholesterol activity, would promote Af formation and
thus induce LOAD still warrants to be studied
extensively. What’s more, exploration on the effect of
AD-related NR gene variations in Mild Cognitive
Impairment (MCI) patients is still lacking. In this
context, we speculate that latent variations of NR genes
which  would exacerbate  AP-induced memory
impairment through acting on cholesterol modulation

Table 1. Candidate SNVs for genotyping.

are likely to participate in disease development of AD
continuum including MCI due to AD as the prodromal
phase.

Therefore, the present study is designed to identify
disease risk-linked genetic variations of NR genes and
explore the possible pathogenic mechanisms basing on
the relative large case-control sample groups and with
use of bioinformatic tools. With all these efforts, we
intend to provide some new knowledge about the effect
of potential genetic variations on cholesterol content
subtlety as well as consequent AP production, which
might have impact on MCI and AD incidence.

RESULTS
Identification and replication of AD- related variants

After targeted sequencing of 12 NR genes plus APOE
which were involved in cholesterol metabolism
modulation on 73 LOAD cases first, 9 out of 1690 rare
or low-frequency SNVs enriched in AD samples were
paid on great interest (Table 1; Supplementary Tables
S2, S3). Genotyping of these candidate variants on 200
LOAD cases and 200 controls subsequently revealed
that rs9340803 A>G in ESR1 (ENSG00000091831)
intron 4 at 6025.1 (MAF<1%) was associated with AD
risk. Replication of this ESR1 variant in three
independent sample groups totaling 854 AD cases, 1059
MCI cases and 1254 controls affirmed that this variant
was risk-associated for both AD and MCI (Fig. 1, Fig.
2). Additionally, genetic drift was ruled out because this
SNP was of low-frequency (MAF< 2%) in all
subpopulations by referring to the 1000 Genomes
Project. Baseline characteristics of participants in the
present study referred to Supplementary Table S1.

SNV Position GENE MAF in 1000G MAF in 73 LOAD
Chr12 g.48272978 C>A chr12:48272978 VDR - 6/73
rs9658164 G>A chr6:35392709 PPARD 0.005 6/73
rs138110733 G>A chr9:137265442 RXRA 0.002 473
rs9340803 A>G chr6:152163967 ESR1 0.004 5/73
Chr19 g.45406107 A>G chr19:45406107 ApoE ) 8/73
s116932128 G>A chrl7:38246314 THRA 0.018 12/73
rs139374285 C>T chrX:66914636 AR 0.008 5/73
178087244 C>T chr6:152449830 ESR1 0.041 7173
1s9397459 G>A chr6:152265659 ESR1 0.05 7173
-: no MAF information in database.
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Figure 1. Flow diagram of the present study. n: number; CN: cognitively normal control.
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Figure 2. Risk of ESR1 rs9340803 in AD and MCI cases. (A) Allele frequency and genotype frequency of ESR1 rs9340803. C1:
cohort 1 (200 AD case vs. 200 controls); C2: cohort 2 (580 AD cases vs. 1054 controls); C3: combined cohort (854 AD cases vs. 1254
controls); C4: Cl cases vs. controls; HT: haplotype; HOT: haplotype in individuals aged 70 and more; GT: genotype; GOT: genotype in
individuals aged 70 and more. (B) Comparisons between Cl and CN individuals on rs9340803 minor allele distribution. E+: ESR1
rs9340803 G allele carrier; E-: ESR1 rs9340803 A allele carrier; A+: APOE €4 carrier; A-: non-APOE €4 carrier.
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Population-based etiology analysis of AD-related
ESR1 rs9340803

ESR1 variant distribution among AD/MCI/CN

As shown in Fig. 2, this ESR1 variant was demonstrated
to associate with AD risk by comparisons between AD
cases and controls from our large sample collection and
revealed a 3.30-fold risk of developing AD (Fig.2A;
Table S3). Higher percentage of the ESR1 rs9340803
minor allele was shown in both AD and MCI cases as
compared to that in CNs (4.53%, 4.23% vs. 1.37%;
p<0.001), whereas the frequency didn’t differ
significantly between AD and MCI cases (p=0.059).
Further analyses stratified by sex and age group showed
same trend existing as more minor allele carriage in AD
and MCI cases (Table S4). Besides, we took APOE into
consideration for further stratification, which turned out
more APOEeg4- AD cases (4.19%) and more APOEe4+
MCI cases (3.37%) with this ESR1 variant separately.

When comparing MCI cases to CNs solely, the disease
risk was elevated by 2.08-fold with this ESR1 variant
(Fig. 2A b; Table S3). There were more MCI cases with
AJG heterogeneous genotype of this ESR1 variant than
controls with that genotype when stratified as sex and
age group (p<0.01; p<0.01). MCI cases carrying the
ESR1 variant but without APOEe4 also displayed high
disease risk relative to their CN counterparts (OR: 3.24
(1.74~4.20), p<0.001). However, to carriers with both
the ESR1 variant and APOE &4, there was no significant
difference (p=0.190).

ESR1 variant distribution among CI/CN

AD and MCI patients were then combined together as
Cl cases who had amnesic memory problem in our
study. As a result, these cases appeared to possess
higher frequency of ESR1 rs9340803 heterozygous
genotype (4.36% vs. 1.37%, p<0.001) comparing with
controls, indicating the minor allele of rs9340803, like
APOQOEe4, as a risk factor, which was manifested by a
3.18-fold of risk in the occurrence of memory problem
in Cl cases (Fig. 2B; Table S5). The independent effect
of the G allele of this SNP apart from APOEe4 was
somewhat greater than that of APOEe4 (OR= 3.23
(1.80~4.05) vs. 1.58 (1.32~1.90); Table S5). Logistic
regression analysis with age, sex and APOE fixed
confirmed it (Table S6). While, the joint action of the G
allele and APOEe4 greatly increased the cognitive
anomaly risk, with relative to individuals with both
rs9340803 major allele homozygosity and non-APOEe4
(OR= 4.69 (1.39~5.89), p=0.006). Besides, the
frequency of the minor allele of this SNP also differed
between CI and CN subgroup members as categorized
by age and sex separately, with more old and male cases

with the minor allele (Table S7). Specifically, among CI
cases without APOEe4, this ESR1 variant impacted the
risk of disease incidence for not only females but also
males (OR=2.74, p=0.048; OR=3.52, p=0.002; Table
S8). Gene-gene and gene-environment interaction
analyses were additionally done which further validate
the joint effect of this ESR1 variant, APOEe4 and aging,
with high-risk haplotype G-T-C occupying the potential
of increasing disease risk to 2.46 (1.18~3.29)-fold for
the elderly all and to 6.54 (0.88~10.52) if aged 70 and
older (SupplementaryTable S9).

AD-associated traits attributed to ESR1 rs9340803

MMSE of AD and MCI cases. The median MMSE
aggregated score (median (Q)) of AD cases was 15(9,
21). There were no statistically significant differences
of MMSE scored by AD cases with and without this
ESR1 variant (p=0.874), with and without APOEe4
(p=0.178), or between male and female cases (p=0.103),
respectively (Table S10). While divergence reached the
statistical significance between older (14(9, 20)) and
younger (18(13, 22)) elderly (p<0.001). Further
APOEze4-stratified analysis still showed no divergences
comparing carriers of this ESR1 variation with non-
carriers (p=0.423; p=0.710).

The median MMSE aggregated score (median (Q)) of
MCI cases was 15(11, 23). There were no statistically
significant differences of MMSE scored by MCI cases
with and without this ESR1 variant (p=0.488), with and
without APOEe4 (p=0.078), respectively, but between
male (17(13, 21)) and female (14(11, 17))
cases(p<0.001). While divergence reached the statistical
significance between older (15(11, 18)) and younger
(16(13, 19)) elderly (p=0.006). Further APOEe4-
stratified analysis still showed no divergences
comparing carriers of this ESR1 variation with non-
carriers (p=0.710).

The median MMSE aggregated score (median (Q)) of
Cl cases was 15(11, 19). There were no statistically
significant differences of MMSE scored by CI cases
with and without this ESR1 variant (p=0.504), with and
without APOEe4 (p=0.986), respectively, but between
male (17(13, 21)) and female (14(11, 17))
cases(p<0.001). While divergence reached the statistical
significance between older (15(11, 18)) and younger
(16(13, 19)) elderly (p<0.001). Further APOEe4-
stratified analysis still showed no divergences
comparing carriers of this ESR1 variation with non-
carriers (p=0.806).

Serum Ap-oligomer concentrations. For the overall
individuals, serum APB1-40, AB1-42 concentration and
AP1-42/1-40 were observed to differ significantly

www.aging-us.com

2319

AGING



Table 2. Analyses on serum AB-oligomer concentrations (pmol/L).

AD MCI CN 0 Cl CN b
39.69 29.63 16.52 32.67 16.52

Ap40 (21.98,53.50)  (15.47,47.92)  (4.84,4464) 0001 (1652 4981) (4.84,4464) <0001
3.68 2.74 225 3.06 225

Ap42 (217.572)  (1.22,460) (108,415 0001 141487y (108,415 <0001
0.103 0.097 0.130 0.10 0.13

AP42/40 4078 0.135)  (0.073,0.117) (0.081,0254) <0991 907.012) (008,025 <0001

E+ E- p A+ A- p

3556 30.14 33.05 29.69

Ap40 (14.84,57.44)  (11.98, 48.21) 0038 (155 52009) (1148 47.80) 01
3.76 2.80 2.88 2.80

Ap42 (143,582)  (1.28,4.67) 0124 (133491) (120,463 0468

AB42/40 0.098 0.102 0563 0.099 0.103 0,026

(0.080, 0.125)  (0.075, 0.138)

(0.073,0.124)  (0.076, 0.141)

among three subgroups (p<0.001, p<0.001, p<0.001).
To be specific, Ap1-40 concentration and AB1-42/1-40
were different in subjects from three subgroups but
APB1-42 concentration didn’t differ between MCI cases
and CNs (p=0.052; Table S11). When comparing ClI
cases to controls subsequently, same trend persisted
(p<0.001, p<0.001, p<0.001) (Table 2). Thus, AB1-40,
APB1-42 and AB1-42/1-40 were indicated to potentially
constitute the serum AP profile along AD disease
continuum in our study. Whereas, only divergence of
serum AP1-40 concentration reached the statistically
significant difference for E+/- (p=0.038) subclass with
higher AP1-40 (47.12(31.46, 53.82) pmol/L)
concentration in participants carrying this ESR1 variant,
which might imply AB1-40 as a more stable biomarker
in the blood. Besides, AB1-40 concentrations in
participants with APOEe4 genotype showed a lack of
statistically significant difference in comparison with
those with non-APOEe4 (p=0.010; Table S12).

Plasma cholesterol levels. As the notion that elevated
plasma cholesterol is a risk factor for AD, four
representative indexes of Plasma cholesterols (TC, TG,
HDL-c and LDL-c) were tested. In our study, TC
(p<0.001) and HDL-c (p=0.050) levels were each
significantly differed among individuals from three
subgroups (Table S13). As regards to further
comparison between CIs and CNs, there were
statistically significant divergences as for TC (p<0.001)
and TG concentrations (p=0.022), respectively. While,
only lower TC levels were observed in the ESR1 variant
carriers as compared to those non-carriers (p=0.045;
Table S14). These results didn’t change when CI cases
(p=0.04) and AD cases only (p=0.009) carrying the
ESR1 variant were considered (Table 3). However, there
were no statistically significant difference for TC levels
in MCI cases carrying the ESR1 variant with relative to

the counterparts (p=0.494). Additionally, statistically
significant difference was not either showed for TC
level between APOEe4 carriers and non-g4 carriers
(p=0.294).

Relation of ESR1 rs9340803 with plasma cholesterol
levels, serum A4f oligomer concentrations and MMSE.
Serum APB1-40 and AP1-42 concentrations separately
correlated to MMSE score in our study samples
(p<0.001, p<0.001). Correlation of TC level to MMSE
score also existed in ClI cases (p<0.001). What’s more,
partial correlation analyses turned out that TC
(p<0.001), TG (p<0.001) and LDL-c (p<0.001)
correlated to AP1-40 in concentration, respectively.
Positive correlations between the TC level and AP
oligomers were noted in individuals the ESR1 variant
(p<0.001) even when stratified by APOEe4 (p<0.001).

Functional study of AD-related ESR1 rs9340803

ESR1 rs9340803 G variant potentially damages ESR1
transcription

This intronic SNP residing 45bp downstream of exon4
was predicted by the in silico prediction programs to
broke the binding motif for a splice auxiliary protein
hnRNP H1 and generate a hnRNP Al binding motif
which would promote exon 4 skipping, impairing the
normal regulation activity of intronic splicing process of
ESR1 pre-mRNA, which might down-regulate the
transcription of ESR1 (Fig. S1).

ESR1 rs9340803 variation affects the expression of
the gene

In accordance with previous prediction, dual-luciferase
reporters assay showed statistically significant
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Table 3. Analyses on blood lipids levels (mmol/L).

All Cl AD
E+ E- p E+ E- p E+ E- p
3.96 479 3.73 4.61 3.96 4.79
Tch (1.39, 3 9% 5.48) 0.045 (1.30, (3.77, 0.04 (1.39, (3.96, 0.009
5.42) R 5.04) 5.37) 5.42) 5.48)
1.58 198 1.45 1.35 1.58 1.28
TG (0.92, © % 1.92) 0.315 (0.89, (0.90, 0.505 (0.92, (0.90, 0.176
4.33) i 4.39) 2.00) 4.33) 1.92)
1.35 199 1.34 1.29 1.35 1.29
HDL (1.11, a o 1s 2 0.729 (1.10, (1.10, 0.669 (1.11, (1.10, 0.38
1.57) o 1.58) 1.51) 1.57) 1.54)
2.47 276 2.44 2.74 2.47 2.76
LDL (1.69, @ 23 3 31) 0.293 (1.62, (2.19, 0.159 (1.69, (2.23, 0.066
3.52) s 3.24) 3.30) 3.52) 3.31)
decreased luciferase expression (p<0.001; Fig 3A). This Meanwhile, our results are derived from population-
result indicated decreased expression of ESR1 based study with samples from multiple regions across
transfected with homozygous G allele, conferring the China mainland relative to similar studies [13-15]. Our
potential functional relevance of this ESR1 A>G findings indicate that low-frequency susceptibility
variant. alleles would contribute to the risk of developing both
MCI and AD and offer insight into disease causation.
In silico pathway analysis of Estrogen-ERa- The present study also provides supporting evidence for
cholesterol in brain MCI being the specific early-stage AD. Moreover, we
emphasize on the significance of this ESR1 variant
Estrogen deficiency and altered lipid profile are which potentially possessed etiological relation to MCI
considered significant risk factors for AD. Cholesterol and AD, because it might have implication on
is the substrate for estrogen synthesis and the possible preclinical intervention usage.
interactions between cholesterol and estrogens in the
etiology of AD, may be influenced by the cholesterol Notably, we also revealed serum AP concentrations
metabolism [12]. Bioinformatic pathway analysis related to AD and MCI cases with the ESR1 variant.
regarding the estrogen-ERa-cholesterol cycle was thus This AD risk-associated variant could affect by
done on the basis of ESR1 gene function, previous study increasing the Ap-oligomer concentrations, that is,
results and our preliminary results (Fig. 3). Estradiol higher AB1-40 concentration is observed in participants
(E2 as the most form of estrogen) originating from carrying this ESR1 variant in our study (Table 2).
cholesterol by source, was recognized to bind with Besides, we observed the molecular epidemic
estrogen receptor (ERa mostly in hippocampus) at first characteristics of neurotoxic AP isoforms: most AB1-40
and promote complex biological outcomes in brain in AD cases and less in MCI cases while lest in
regions at last, playing a protective role in controls; most AB1-42 in AD cases while less in MCI
neurodegenerative diseases. Cholesterol content in the cases and controls. That is may mainly because Ap42
cytoplasm and on the membrane was modulated in oligomers, which are more hydrophobic and prone to
some way by key enzymes, which can be regulated by build up, have been reported to emerge preceding AB40
interaction of factors like estrogen response elements during the AP cascade process, and AP40 oligomers
(EREs) with ERa directly or by estrogen after bind with accumulate overwhelmingly as the most form of AP
activated Era (Fig. 3B). species [16,17]. Our results underlie the important role
of ESR1 genetic variation in AP pathology, and the
DISCUSSION sequence of AP isoforms at different times along the
continuum of the degenerative process.
We identified the association of a new ERS1 variant
with both AD and MCI risk (AD: OR=3.30(1.84~4.22), This ESR1 variant is also found to be in correlation with
p<0.001; MCI: OR=3.08(1.75~3.89), p<0.001) basing altered blood lipid fractions in AD and MCI cases of
on a large cohort (854 AD cases, 1059 MCI cases, 1254 our study. But significantly lower plasma TC level is
controls). It’s important as we show, for the first time, only seen in ESR1 variant carriers with AD diagnosis
that this variant with AD risk is also MCl-associated. (Table 3), which can be partially explained that low
www.aging-us.com 2321 AGING
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Figure 3. Functional study of rs9340803. (A) Relative luciferase activity assay performed with 293T cell line (repeated four times).
Firefly luciferase expression was normalized using activity of renilla luciferase. Ratio of the normalized firefly luciferase expression to
that of control was used to represent relative luciferase activity. Data represented the mean+s.d. (B) Postulated pathway diagram of
estradiol-ER-cholesterol-AB formation cycle. Cholesterol-originated estrogen binds to ERa and regulates key enzymes in the cholesterol
metabolism. Decreased ESR1 expression caused by rs9340803 A to G variation may disrupt the balance of adequate cholesterol content
in the cytoplasm and on the cytomembrane of neuron as a result of decreased ERa activity on those key enzymes, promoting more AB
production. Red line indicates the direct effect of estrogen ligand and Era through BACE and black line refers to indirect effect by
rugulation of cholesterol content. DHEA: dehydroepiandrosterone; StAR: steroidogenic acute regulatory protein; TSPO: translocator

protein; ARO: aromatase.

plasma TC levels could be a result of AD pathology and
linked to increased insulin resistance especially in AD
patients lack of estrogen protection [18,19]. Lipid
metabolism dysregulation is found systematically and in
brain among patients with LOAD [7]. In fact, disturbed
cholesterol content which would impair the cognitive
function have been substantially explored, while, the
relation between ERS1 variants and cholesterol level in
AD and MCI patients is till poorly understood [20,21].
Considering the fact that altered cholesterol levels
accompanied by AP accumulation increasing leads to
AD development [22-24], we pay much attention to the
relationship among ESR1 variation, AP concentration
and cholesterol levels in AD and MCI cases. In our
study, statistically significant correlations exist between
APB1-40, AB1-42 and AB1-42/1-40 each and TC levels
in ERS1 variant carriers, implying a link between
abnormal cholesterol content and AP production in
brain in the context of ESR1 variation, similar to studies
on other cholesterol metabolism-related genes like CLU
and SORL1 [13,14]. Whereas, knowledge about the
impact of ESR1 variation on cholesterol content and Ap
production in AD patients, particularly in MCI cases, is
still lacking.

To explain the possible functional mechanism of impact
of ESR1 variation on cholesterol level and Ap in AD,
even in MCI development, we suppose that along with
aging, brain microenvironment of individuals carrying
this ESR1 variant are much vulnerable to specific
environmental factors such as altered lipids levels, thus
mutant ERo which partakes in the cholesterol
metabolism, would exacerbate cholesterol disturbance
and triggers a series of reaction including continually
AP production and lead to neuronal apoptosis in brain
tissues, inducing MCI early and eventual AD later. Our
study implies some new ideas on MCI as early phrase of
AD development. Correspondingly, bioinformatic
pathway analysis ulteriorly hint us that ERo might
modulate, in some way, the content of cholesterol in
brain by inhibiting several key cholesterol-related
enzymes which all are expressed in the hippocampus
and regulate the estrogen synthesis at different steps
(Fig. 3). Therefore, this variation on ESR1, which might
have functional impact by modulating the cholesterol
content in brain and thus promoting AP production,
could be a causal factor among the complex genetic
pathological basis of AD.
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As one of NR family member, estrogen receptor a (Era,
P03372), encoded by the ERS1 gene, is highly
expressed in brain regions especially the hippocampus
and hypothalamus which are associated with memory
and cognitive performance [25-27]. ERa is activated by
binding with estrogen and estrogen-ERs has been
proposed to partake in cholesterol metabolism and A
accumulation in brains from LOAD patients [28]. In
vitro gene expression assay in our study reveals
decreased ESR1 expression with homozygous risk
alleles. So, it is reasonable to infer that this ESR1
variant might interfere the amount and activity of ERa,
leading to loss of neuroprotective effects of estrogen
with promoted AP production included. Bioinformatic
pathway analysis ulteriorly hints us that ERa might take
part in modulating, in some way, the content of
cholesterol in brain by inhibiting several key
cholesterol-related enzymes which all are expressed in
the hippocampus and regulate the estrogen synthesis at
different steps (Fig. 3), on the ground of local estrogen
synthesis with cholesterol as precursor in the
hippocampus of adult brain [23,28].

In addition, variants of several cholesterol metabolism
modulation-related genes, nuclear receptor encoding
genes for example, has been reported by a series of
studies to alter the cholesterol level in brain and thus
increase AP production, exacerbating the cognitive
decline as a result [29-31,10]. Based on the overall
findings, we, therefore, propose that the ESR1 variant
identified in our study might act by perturbing the
subtlety of cholesterol content in brain, to promote AP
production as well as increase AP toxicity, and
consequently induce cognitive decline which s
manifested by worsening cognitive symptoms slightly
in the elderly with MCI and severely in AD seniors,
whereby participating in the pathological process of
AD.

What needs to be emphasized is that we conducted
multiple tests based on a relative large sample size.
Although Bonferroni correction was adopted in pairwise
comparison, there was still a high possibility of type |
error. Therefore, results of this study are mostly
exploratory, and the corresponding conclusions need to
be verified by subsequent studies. No doubt intensive
study of the functional effect of this variant is warranted
for our following research, we hope findings of the
present study may aid in understanding more about the
pathological underpinnings of AD.

MATERIALS AND METHODS
Subjects

A total of 5635 Han Chinese participants were enrolled
to our study over a 5-year period (from November 2012

through December 2017) and 3167 eligible ones (57.4%
were female) were investigated finally, consisting of
854 cases with LOAD (median age(Q):77.50[14] year-
old), 1059 with mild cognitive impairment (MCI;
median age:73.0[12] year-old) and 1254 age- and
region-matched cognitively normal controls (CNs;
median age: 65.0[10] year-old) according to designated
inclusion and exclusion criteria (Supplementary
Methods). Enrollment basing on cluster random
sampling among urban residences had been undertaken
from the Beijing Hospital, the Jiangbin Hospital of
Guangxi Zhuang Autonomous Region, the Affiliated
Foshan Hospital of Sun Yat-sen University, the Chinese
Center for Disease Control and Prevention (CDC) and
other seven hospitals, dispersing nine provinces across
northern and southern China mainland.

All of the individuals affected with dementia due to
LOAD were diagnosed using the criteria of the National
Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related
Disorders  Association (NINCDS-ADRDA) [32].
Neuroimaging ~was used to  support the
probable/possible AD diagnosis based on atrophy in the
medial temporal lobe, according to the Fazekas criteria
by brain structural MRI [33]. The diagnoses of MCI
were reached according to the core clinical criteria of
the National Institute on Aging and the Alzheimer’s
Association (NIA-AA) [34]. A consensus clinical
diagnosis was established by at least two neurologists.
Cognitively normal control subjects were recruited from
community-based and hospital-based elderly following
the criteria as 1) age 50 years or greater; 1) no history of
suggesting of brain diseases or cognitive decline; and
I1I) no obvious hemorrhage or infarction in brain
imaging.

All procedures including blood sample collection were
approved by the ethical review boards at the centers
involved in this study and written informed consents
was obtained from each subject or proxy. The study was
performed according to the principles of the Helsinki
Accord.

Identification and replication of candidate variants

Targeted sequencing of 12 candidate NR genes and
APOE

Twelve cholesterol metabolism-related NR genes (VDR,
THRA, ESR1, ESR2, LXRB, PPARA, PPARB, PPARG,
AR, GR, RXRA and RXRB) were selected for next-
generation sequencing on 73 LOAD patients
(Supplementary Methods). We incorporated APOE into
the gene panel as well.
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Candidate variants selection

To discover new, rare or low-frequency variants that are
associated with LOAD, we applied several rigorous
analysis steps and selected candidate SNVs enriched in
LOAD samples for subsequent association tests basing
on given criteria. Detailed selection process referred to
Supplementary Methods.

Genotyping of 9 variants using iPLEX Gold chemistry

Candidate rare or low-frequency SNVs were genotyped
on 200 LOAD cases and 200 controls using the
MassARRAY Compact system (Sequenom, San Diego,
CA). Quality control of genotyping was carried out
afterwards.

Large scale population screening on ESR1 rs9340803
and APOE

Among multiple population from nine provinces across
northern and southern China mainland, additional 2694
individuals composed of 581 LOAD cases, 1059 MCI
cases and 1054 controls were screened on APOEe4 and
ESR1 rs9340803 genotypes.

Population-based phenotype analyses
Detection of A-oligomer concentrations in the serum

On recognition that as an important biomarker of AD,
AP can unwittingly accumulate in the brain for years,
disrupting nerve connections essential for thinking and
memory, and can enter systematic blood via the blood-
brain barrier, we detected the concentration of serum
Ap-oligomers exploiting the Human/Rat Amyloid
(40/42) ELISA Kit (WAKO; Osaka, Japan).

Detection of blood lipid fractions levels

Given that several studies have demonstrated high
concentrations of plasma cholesterol increased the risk
of AD, fasting lipid fractions (total cholesterol [TC],
triglycerides [TGs], high-density lipoprotein cholesterol
[HDL-C] and low-density lipoprotein cholesterol [LDL-
C]) were studied.

Preliminary analysis on the functional effect of ESR1
rs9340803

In silico damaging prediction of ESR1 rs9340803

Splicing factor analysis and damaging prediction was
conducted by exploiting several online websites, that is
MutationTaster (http://www.mutationtaster.org/), Sfmap
(http://sfmap.technion.ac.il/) and Human Splicing

Finder  (http://www.umd.be/HSF3/index.html),  to
explore on the potential effect of ESR1 rs9340803 A to
G variation.

In vitro expression assay of mutated ESR1

Firefly luciferase and renilla luciferase reporter gene
expression assay and kymographs were performed to
analyze the expression of ESR1 transfected with wild-
type or variant RTN3 constructs on 293T cell line for
preliminary functional exploration on ESR1 variation.

Bioinformatic pathway analysis

KEGG (http://www.genome.jp/kegg/pathway.html) and
Gene Ontology (http://www.geneontology.org/) were
utilized for in silico pathway analysis linking ESR1 to
AD pathogenesis.

Statistical analysis

Genotypes were evaluated for departure from Hardy-
Weinberg equilibrium (HWE) in the controls using chi-
squared tests. Variants with p<0.05 were considered to
deviate from HWE. Minor allele frequency (MAF) of
variants were used as the risk allele frequencies and 4%
was defined as the prevalence of AD [1].

Data were presented as number and percentages for
categorical variables. Given the high inter-individual
variability, most of the continuous data produced in this
paper were non-normally distributed (assessed via
Kolmogorov-Smirnov, Shapiro-Wilk tests, and visual
inspection of Q-Q plots). Thus median (interquartile [Q]
or [25%, 75%]) thus was used. When appropriate,
parametric tests were computed, but for the most part,
the non-parametric alternative had to be adopted. Mann-
Whitney U test and Kruskal-Wallis test were used,
respectively, to compare means of groups of variables
skewly distributed. The frequencies of categorical
variables were compared using Pearson %2 or Fisher’s
exact test, when appropriate. Bonferroni correction was
used to correct multiple testing. Logistic regression and
correlation analyses were performed. A p value less
than 0.05 was considered statistically significant. Odds
ratios (ORs) and 95% confidence interval (CI) were also
calculated using SSPS 19.0 V software (SPSS Inc.,
Chicago, IL, USA).

CONCLUSIONS

We present a new low-frequency risk variant, ESR1
rs9340803, in both LOAD and MCI cases, which might
possess etiological relation to AD along the whole
disease continuum. This ESR1 variation independently
or synergistically with APOE, elevates the risk of
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cognitive damaging for cases in our study. We put
forward that, for the first time, this variation on ESR1,
which might have functional impact by modulating the
cholesterol content in brain and thus promoting AP
production, could be a causal factor among the complex
genetic pathological basis of AD.
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SUPPLEMENTARY MATERIAL

Table S1. Baseline characteristics of participants in the present study.

AD MCI CN
Total F M Total F M Total F M
No.(%) | 854 451 (52.8%) 403 (47.2%) 1059 678 (57.4%) 381 (42.6%) 1254 689 (54.9%) 565 (45.1%)
Age(y) | 77.5(14) 79(13) 81(14) 73(12) 69(12) 72(10) 65(10) 67(9) 68(11)
E+ 37 15 22 43 28 15 17 8 9
A+ 257 133 124 208 75 133 212 118 94

No.:number; F:female; M:male; E+: ESR1 rs9340803 G allele carrier; A+: APOEe€4 carrier.

Discovery of NR gene variants using targeted NGS

The sequencing data yielded, on average, 125.5 Mb of 100 bp paired-end sequence reads per individual, representing an
average coverage depth of approximately 126X. Approximately 85.3% of the sequence reads were mapped to unique
regions of the human genome (Build 37.5, hgl9; BWA software). The Samtools software called out, on average, 134
single nucleotide variations (SNVs) per individual compared to the reference genome.

In all, we identified 1690 SNVs. Among those, 329 SNVs were consistent with those in the public SNP database and
1361 SNVs were previously unknown. 100 SNVs resided within putative promoter regions of the 13 genes and 1564
SNPs were located in the introns, all known exons, untranslated regions, or splice sites. A total of 26 SNPs were within
non-coding RNA intronic and exonic regions (Table S2).

Table S2. The summary of SNVs and indels discovered in targeted sequencing stage.

Variant type No. of known SNVs No. of novel SNVs Indels
Putative Promoter 17 83 13
Intron 172 1194 131
3’UTR 95 36 44
5’'UTR 9 3 1
Exon 36 18 12
NCRNA_Intron 0 15 1
NCcRNA Exon 0 11 1
Splice site 0 1 9
Total 329 1361 213

Table S3. Allele and genotype frequencies of ESR1 rs9340803.

CN case p(G/A) OR 95%ClI CN case p(GA/AA) OR 95%ClI
a MAF<0.01 4/142 | <0.001 7.4 2.48~10.84 | MAF<0.01 4/69 <0.001 7.58 2.51~13.06
C1 4/386 15/389 001 372 1.22~553 4/191 15/187 0.01 383 1.25~6.73
C2  13/2105 18/1140 | 0.008 256 1.25~3.13 13/1046 18/561 0.008 258 1.26~3.43
C3  17/2511  37/1671 | <0.001 3.27 1.84~3.89 17/1237 37/817 <0.001 3.30 1.84~4.22
b 17/2511  43/2075 | <0.001 3.15 1.86~3.64 17/1237  43/1016 <0.001 3.18 1.87~-3.89
c4 17/2511 80/3746 | <0.001 3.06 1.74~3.61 17/1237 80/1833 <0.001 3.08 1.75~3.89

C1: sample group1(200 LOAD case vs. 200 controls); C2: sample group 2(581 LOAD cases vs. 1054 cases); C3: combined
sample group ( 854 LOAD cases vs. 1254 controls); a: data from the 1000 GENOME; b: 1059 MCI cases vs. 1254 controls; C4:
1913 Cl cases vs. 1254 controls.
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Table S4. Stratified analyses of rs9340803 distribution.

E+ E- p pa
Al AD 37 817 854 0.059
MCI 43 1016 1059 <0.001
CN 17 1237 1254 <0001 <0.001
Sum 97 3070 3167
Gender AD 15 436 451
MCI 8 681 689 0.490
F CN 28 650 678 000 0.001
Sum 51 1767 1818 0.011
AD 22 381 403
MCI 9 556 565 0315
M o 15 36 3.1 00 0.025  0.001
Sum 46 1303 1349
Region AD 15 551 566 0.232
MCI 35 864 899 <0.001
S CN 8 742 750 0002 0.03
Sum 58 2157 2215
AD 22 266 288 0.268
MCI 8 152 160 <0.001
N CN 9 a95 504 <0001 <0.001
Sum 39 913 952
APOE AD 12 245 257 0.140
MCl 7 201 208 0.190
AT eN 3 200 212 014 0.046
Ssum 22 65 677
AD 25 572 597 0.008
MCI 36 815 851 0.625
A eNn 14 1028 1042 <0002 0.554
Sum 75 2415 2490
AG AD 8 196 204 0.056
MCI 13 365 378 0.022
<Y cn 13 sss  geg 00 0.020
Sum 34 1446 1480
AD 29 621 650 0.010
MCI 30 651 681 0.005
=0y on 4 352 356 0014 0.005
Sum 63 1624 1687

E-: ESR1 rs9340803 A allele carrier; N: northern; S: southern; A-: non- APOE€4 carrier; AG: age group.
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Table S5. Comparisons between Cl cases and CN on rs9340803 G allele.

E+ E- x2 p OR(95%CI)
Cl 80 1833
CN 17 1237 20.38 <0.001  3.18(1.87-3.85)
A+ A-
Cl 465 1448
CN 212 1042 24.69 <0.001 1.58(1.32-1.95)
E+ A+ E+A-
Cl 19 61
CN 3 12 0.714 0.398 -
A-/E+ A-/E-
Cl 61 1387 17.08 <0.001  3.23(1.80~4.05)
CN 14 1028
E-/A+ E-/A-
Cl 446 1387 24.33 <0.001 1.58(1.32-1.96)
CN 209 1028
E+/A+ E-/A-
Cl 19 1387 7.48 0.006 4.69(1.39-5.89)
CN 3 1028

Cl: cognitive impairment; MT: G allele carrier; WT:A allele carrier

Table S6. Logistic analysis of Cl with gene variants, gender and age.

B SE, Wals | df Sig. Exp (B) 2% Clof EXP(B)
lower upper
apoe4 0.382 0.101 14.426 1 0.000 1.466 1.203 1.785
gender -0.362 0.082 19.587 1 0.000 0.696 0.593 0.817
age 1.777 0.081 475.74 1 0.000 5.911 5.038 6.934
esrlmut 1.137 0.288 15.603 1 0.000 3.118 1.774 5.483

Table S7. Stratified analysis between Cl cases and CNs on rs9340803 G allele.

E+ E- P OR(95%Cl)
F ;L 483 1608816 <0.001  3.37(1.58~4.40)
M C(Z:lil 397 ;2; 0.002 3.06(1.46~4.16)
Cl 21 561
<70 CN 13 385 0.007 2.55(1.27~3.42)
Cl 59 1272
>70 N 2 352 0.003 4.08(1.47~5.60)
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Table S8. Non-APOEe4-stratified comparisons between Cl cases and CNs on rs9340803 G allele.

A- E+ E- D OR(95%Cl)
cl 9 309

F o - o~ 0.048 2.74(0.97~4.03)
cl 16 263

M N : 63 0.002 3.52(1.49~5.36)

Gene-gene & gene-environment interaction

Compared with CNs, ESR1 rs9340803 G allele and APOE4 synergistically elevating the effect size to 4.69-fold(1.39-
5.89) among AD or MCI patients. Given the preliminary results and the fact that aging was the most prominent risk
factor, we’re promoted to ask whether the identified new low-frequency ESR1 mutation, APOE4 together with aging
may collectively contribute to the development of AD. Therefore, gene-gene interaction and gene-circumstance(aging)
interaction were explored using GMDR software(https://sourceforge.net/projects/gmdr/). It turned out that one three
locus-aging model, ESR1 (rs9340803)-APOE (rs429358, rs7412)-aging, had a maximum testing accuracy of 71.22% and
a maximum cross-validation consistency (100/100) that was significant at p<0.0001 level. In the three-locus(rs1387923-
rs2769605-rs6265) model, the ORs for the three high-risk genotype combinations (AG)-(TT)-(CC), (AA)-(CC)-(CC),
and (AA)-(TC)-(CC) were 2.4(95% CI. 1.2-3.2), 4.7 (95% CI: 1.7-6.3) and 1.3 (95% CI: 1.1-1.7), respectively.
Traditional statistical method was utilized in parallel, in order to further validate the risk-associated genotype and
haplotype additionally, turne out that: 1) AG-TT-CC genotype occupied the potential of increasing of disease risk to
2.4(1.2-3.2)-fold in specific population, while to 6.30(0.85-10.14)-fold in individuals 70 years and more at age, while the
other two genotypes didn’t reach the statistically significance(p=0.821, p=0.051, respectively); 2) the corresponding risk
added up to 2.46 (1.18-3.29)-fold in the elderly with G-T-C haplotype, and to 6.54(0.88-10.52) if aged 70 or older.
Besides, multinomial logistic regression analysis was also conducted, of which the result indicated that ESR1 rs9340803,
APOE and aging would contribute in joint to the risk of cognitive devastation associated with AD.

Table S9. Genotype and haplotype analysis of rs9340803, rs429358 and rs7412.

Genotype Cl CN 12 p OR(95%CI)
AG-TT-CC 39 9 5.81 0.02 2.4(1.2-3.2)
AA-CC-CC 34 4 10.26 0.001 4.7 (1.7-6.3)
AA-TC-CC 288 121 5.20 0.02 1.3 (1.1-1.7)
Age>70 Cl CN 12 p OR(95%CI)
AG-TT-CC 27 1 4.25 0.04 6.30(0.85-10.14)
Haplotype Cl CN 12 p OR(95%CI)
A-C-C 322 125 9.03 0.002 1.42 (1.13-1.88)
G-T-C 40 9 6.20 0.01 2.46 (1.18-3.29)
G-C-C 4 2 0.01 0.91 111
A-T-T 215 118 0.00 0.95 1.01
A-C-T 23 13 0.00 0.95 0.98
G-T-T 7 4 0.00 0.96 0.97
G-C-T 2 1 0.01 0.93 111
Age>70 Cl CN 12 p OR(95%CI)
A-C-C 220 38 2.33 0.13 1.35(0.92-2.12)
G-T-C 28 1 4.47 0.03 6.54(0.88-10.52)
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Table S10. Stratified analyses on MMSE.

Median(25%, 75%) p
E+/- 14(10, 20) 15(9, 21) 0.874
A+ 16(9, 22) 15(9, 20) 0.178
A-E+/E- | 165(10.5, 20) 15(9, 20) 0.423
FIM 14(9, 20) 16(10,21) | 0.103
>70/<70 14(9, 20) 18(13,22) | <0.001
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Table S11. Analyses on serum AB-oligomer concentrations ((pmol/L)).

AB AD/MCI/CN D CICN D FIM D >70/<70 p
40 (21.933,'?393.50) (15;?,'?1?;.92) (4.8%16,;'23.64) <0.001 (16.5322,%.81) (4.811(?5)5.64) <0.001 (12.32'13.87) (12.223,%.20) 0.693 (15.633'%365) (8.3?:14112.62) <0.01
42 (2.1?;',65?.72) (1.222',7:60) (1.0?3',2215) <0.001 (1.431',0287) (1.0%,22.15) <0.001 (1.421',92.69) (1.1%,72.70) 0.212 (1.43;1',252.04) (1.1%5',4 2.28) >0.05
42/40 (0.0%3:!-%?135) (0.0gé(,)%Tll?) (O.ng%(.)254) <0.001 (0.007l,18.12) (0.0%,13.25) <0.001 (0.0%3:!-%?140) (0.0%)(,)%?134) 0.003 (0.0?;?%?127) (0.0?;%?].SQ) >0.05
Table S12. Stratified analyses on serum AB-oligomers ((pmol/L)).
E+/- p A+/- p A-E+/- p
40 (14.32,'%?44) (11.35(3),&1‘;.21) 0.045 (15.32,'%52.09) (11.53,&3.80) 0.01 (10.28,'256.93) (11.3?59,'?15;.42) 0.163
42 (1.43;,756.82) (1.225',82.67) 0.124 (1.3%,8291) (1.2%,84(1).63) 0.468 (1.4%,13.79) (1.2?3',7513.59) 0.274
42/40 (0.036?%2.3125) (0.0?é%%?l%) 0.563 (0.0%?%?124) (0.0?6%%?141) 0.026 (0.0?%?%?122) (0.0?6%%?142) 0.457
Table S$13. Four major items of blood lipids (mmol/L).
AD/MCI/CN b CI/CN b FIM b >70/<70 b
Teh (3.1‘;,3;.30) (4.1‘:9',853.44) (4.5%,05?.72) <0.001 (3.71',53.37) (4.5%',03.72) <0.001 (4.1‘615',9368) (3.6‘:9',55?.25) <0.001 (3.5%,4 g.zz) (4.654)1',25?.75) <0.001
TG (0.8%3.,3;83) (0.917',35.76) (0.911',15.74) 0.062 (0.91,'3501) (0.911',15.74) 0.027 (0.8%5.,212.97) (1.1%,75.70) 0.243 (0.3,21?94) (0.911',311.84) 0.704
HDL (1.111',3356) (1.0%9',25.47) (1.111,'31.62) 0.051 (1.11,'21?51) (1.111,'31.62) 0.103 (1.115',311.62) (0.0?6?%?134) <0.001 (1.11',217.5) (1.1%1.,311.61) 0.037
LDL (2.025,7;33) (2.23',73}.22) (2.4%,8;34) 0.324 (2.12{3?3;.3) (2.4%,8;34) 0.144 (2.3%,8341) (2.0%,63?.24) 0.008 (2.0%,63?.15) (2.522',933.53) <0.001

Tch: total cholesterol; TG: triglyceride; HDL-c: high density lipoprotein cholesterol; LDL-c: low density lipoprotein cholesterol.
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Table S14. Comparisons on blood lipids (mmol/L).

P Atl- P A-E+/- D
Teh (1.3%,956.42) (3.9%,75?.48) 0.045 (3.7%,655.39) (3.9%',851.51) 0.294 (1.41;,159.56) (3.9%',851.51) 0.173
TG (0.912',52.33) (0.9%)',2?.92) 0.315 (0.9%1',225.02) (0.8%)',23.91) 0.702 (1.017',71.27) (0.8%)',23.91) 0.189
HDL (1.111',315.57) (1.1%)',2354) 0.729 (1.1%)',312.58) (1.11,'21?53) 0.663 (1.0}3',3356) (1.11,'21?53) 0.909
LDL (1.6%,43?.52) (2.2%',73?.31) 0.293 (2.2%,73%.37) (2.2?;%.3) 0.792 (1.4%,7;56) (2.2?;%.3) 0.626

a: AD/MCI/CN, p<0.0167 using Kruskal-Wallis Test; b: CI/CN, p<0.05 using Mann-Whitney Test.

Functional prediction for the LOAD-associated variant

We explored the role of ERS1 rs9340803 G allele in the cytological level preliminarily. Rs9340803A /G was located in the intron 4 of ERS1 gene, close to the 3'
receptor site splicing region of exon 4. MutationTaster, Human Splicing Finder and SFmap were used to assess the potential impact of rs9340803 G variant on
ERS1 alternative splicing, and this variant was pridicted to damage the regulation of intrinsic splicing of precursor ERSImMRNA. In addition, SFmap predicted that
the G allele variant would destroy the binding site for the hnRNP H1, and Human Splicing Finder predicted it to generate a binding site for hnRNP A1, which is

known to promote exon exclusion and induced abnormal exon skipping.
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Figure S1. Functional damaging prediction for rs9340803 A/G variant. (A). The potential effect of the rs9340803A/G on ESR1
alternative splicing predicted by HSF. The binding site for hnRNP Alis predicted to generate. (B). The potential effect of the rs9340803A/G
on ESR1 alternative splicing predicted using Sfmap. This variant is precited to cause the binding site of hnRNP H1 broken which targets the
exonic splicing regulatory sequence(gagcag). Green bars present ESR1 binding sites of hnRNPH1. The arrows show the rs9340803 A to G
change.
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SUPPLEMENTARY
METHODS

MATERIALS AND

Participants

A total of 5635 Han Chinese participants were enrolled
to our study from November 2012 through December
2017. Samples were collected from the Chinese PLA No.
253 Hospital in Inner Mongolia, Beijing Hospital,
Beijing geriatric hospital, Chinese PLA General
Hospital, Affiliated Rehabilitation Hospital of the
National Rehabilitation Aids Research Center, China-
Japan Friendship Hospital in Beijing, Chinese PLA No.
401 Hospital in Shangdong Province in North China,
Affiliated Foshan Hospital of Sun Yat-sen University in
Guangdong Province, Jiangbin Hospital of Guangxi
Zhuang Autonomous Region in Guangxi Province in
South China, and the Chinese Center For Disease
Control And Prevention(CDC) covering Beijing,
Shanghai, Hubei Province, Sichuan Province, Yunnan
Province, Guangxi Province, with great help of assigned
senior cinlinians.

The procedures of the present study were approved by
the ethical review boards at all involved study centers
and written informed consent was obtained from each
subject or proxy.

Patients with other type of dementia such as
frontotemporal dementia (FTD), dementia with Lewy
bodies (DLB), Parkinson’s dementia (PD) and vascular
dementia (VD) or dementia caused by other factors such
as multiple sclerosis will be excluded with cautious
differential diagnoses. People with a history of
alcoholism or drug abuse or for whom structural
neuroimaging didn’t support or ruled out a diagnosis of
AD were also excluded. Criteria for undiagnosed AD
patients included 1) an MMSE score lower than 27; 2)
exclusion of other likely types of dementia; and 3)
lacking of imaging examination at the time of
recruitment.

Among the overall enrollees, 2468 cases were excluded,
43 AD cases, 101 MCI cases and 2324 CNs, to be
specific, with respect to the corresponding conditions
likel) failure on APOE or ESR1 genotyping; 1I)
demographic information incomplete; III) age<50 years
old. Thus, 3167 individuals were investigated finally.

Selection of 12 candidate NR genes and APOE

Twelve candidate cholesterol regulating gene-related-
nuclear receptor (NR) genes (VDR, THRA, ESR1,
ESR2, LXRB, PPARA, PPARB, PPARG, AR, GR,
RXRA and RXRB) were selected for next-generation

sequencing basing on previous meta-analysis and
bioinformatic pathway analysis, among which [) all are
involved in the cholesterol metabolism; II) two genes,
LXRB and ESR1, are associated with up-regulation of
APOE expression; and Ill) four genes, RXRA, VDR,
ESR1 and AR, contain common LOAD-associated
polymorphisms. Additionally, we incorporated APOE
into this study.

Targeted sequencing

An approximately 150 kb genome region across the 12
NR genes and APOE were sequenced using pools of
PCR productions from 73 Chinese LOAD patients. In
brief, we amplified the putative promoter regions (3 kb
upstream of the transcriptional start sites), all known
exons, untranslated regions and the 200 bp intronic
sequence flanking exons for detection of variation which
affects alternative splicing of genes using PCR
technique. Purified amplicons subsequently were used
for constructing fragment libraries with Truseq DNA
Sample Preparation Kit (Illumina San Diego, California,
USA). Bar-coded fragment of sequencing libraries were
added using a paired-end DNA sample preparation kit
(IMumina, California, USA) and Illumina multiplexing
adaptor (Illumina) according to the manufacturer’s
instructions. The quality control of libraries were tested
utilizing real-time PCR with the LightCycler480IIsystem
(Roche Madison, WI, USA). The 73 pooled libraries
were then used for parallel sequencing with the
utilization of a Hiseq 2000 sequencer (lllumina San
Diego, California, USA). Sequencing data were aligned
to the genomic reference (GRch37.5) using BWA
software. Single nucleotide variants (SNVs) and small
deletion and insertion (Indel) variants were called using
SAMtools 1.31 and GATK 2.6, respectively and
annotated by comparing with the dbSNP, HapMap and
1000 Genomes databases.

To discover new, low-frequency or rare variants that are
associated with LOAD, we applied several rigorous
analysis steps. We re-aligned the BWA-aligned reads
using the Sequence Alignment/Map (SAM) tools 1.31
and the Genome Analysis Toolkit (GATK) 2.6. Potential
SNVs and Indels were called using SAMtools. In this
process, several heuristic rules were applied: (i) all
samples should be covered sufficiently (>10%) at the
genomic position being compared; (ii) the average base
quality for a given genomic position should be at least 15
in all 73 pooled samples; (iii) The variants should be
supported by at least 10% of the total reads; (iv) Each
variant should be supported by at least five reads. To
further reduce the false positive calls, SNVs and Indels
called using the SAMtools were re-called with GATK
software package in the 73 pooled samples. We
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discarded variants that fulfill any one of the following
filtering criteria: (i) variants with phred-like scaled
consensus scores or SNP qualities < 20; (ii) variants with
mapping qualities < 30; (iii) variants with more than
10% of the simulated variant-containing reads that could
not be uniquely mapped to the reference genome. Those
SNVs that were accorded with the filtering criteria above
and were commonly called by SAMtools and GATK
were kept for association tests.

SNVs selection

We selected low-frequency and rare variants for
subsequent association tests because: 1) variants located
in repeat sequences, including short tandem repeats
(STR) or single nucleotide repeat expansions, may be
falsely called, and thus were discarded; 11) Given that the
potential disease-associated variants are likely to be
those variants that are low frequency (1% < MAF <5%)
and rare (MAF <1%) in the population, but they are
frequently carried in patients (MAF >5%), leading to
variants with MAF <5% in population (referred to the
1000 Genomes database), but with MAF >5% in the 73
LOAD samples kept; I11) To further reduce the false
positive variants, those low-frequency or rare variants
that were called out by both SAMtools and GATK
software package were kept; 1VV) For the pooled samples,
it was impossible to effectively distinguish low-
frequency or rare Indel variants from sequencing errors,
thus only SNVs in this study were analyzed.

Genotyping of candidate SNVs in small scale cohort

After candidates were validated, we genotyped 8 low-
frequency or rare SNVs and APOE rs429358 using the
MassARRAY Compact system (Sequenom, San Diego,
CA) and the High-Resolution Melting (HRM) method in
200 LOAD cases and 200 controls. Briefly, PCR
amplification of Chrl12g.48272978 C>A, rs138110733,
Chr19g.45406107 A>G, rs429358 and rs9340803 were
carried out with 10ng DNA and SNP specific primers,
followed by a base extension reaction using iPLEX Gold
chemistry (Sequenom, San Diego, CA). The final base
extension products were subsequently treated and
spotted on a 384-pad SpectroCHIP (Sequenom) using a
MassARRAY Samsung Nanodispenser (Sequenom, San
Diego, CA). MassARRAY Analyzer Compact MALDI-
TOF MS (Sequenom, San Diego, CA) was used for data
acquisition from the SpectroCHIP. Resultant genotypes
were called using MassARRAY TYPER V4.0 software.
Meanwhile, rs377476609, rs9658164 and rs7038025
were genotyped using HRM. Rs429358 and rs9340803
were genotyped utilizing Sanger sequencing. Genotyping
primers for the MassARRAY and HRM were claimable.

Quality control of genotyping

For those variants (VDR Chrl2g.48272978, RXRA
rs138110733, TOMM40 Chr19g.45406107 A>G, APOE
rs429358 and ESR1 rs9340803) genotyped by
MassARRAY, re-genotyping were carried out in 30%
subjects, which were randomly sampled from subjects
using MassARRAY platform. For ESR1 rs377476609,
PPARD rs9658164 and RXRA rs7038025 genotyped by
HRM, all subjects who carried the minor alleles, together
with 10% cases and 10% controls who carried the major
alleles were re-genotyped using Sanger sequencing.
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