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Abstract To evaluate whether the polygenic profile mod-
ifies the development of sporadic Alzheimer’s disease
(sAD) and pathological biomarkers in cerebrospinal fluid
(CSF), 462 sAD patients and 463 age-matched cognitively
normal (CN) controls were genotyped for 35 single-
nucleotide polymorphisms (SNPs) that are significantly
associated with sAD. Then, the alleles found to be
associated with sAD were used to build polygenic risk
score (PRS) models to represent the genetic risk. Receiver
operating characteristic (ROC) analyses and the Cox
proportional hazards model were used to evaluate the
predictive value of PRS for the sAD risk and age at onset.
We measured the CSF levels of AB42, AB42/AB40, total
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tau (T-tau), and phosphorylated tau (P-tau) in a subgroup
(60 sAD and 200 CN participants), and analyzed their
relationships with the PRSs. We found that 14 SNPs,
including SNPs in the APOE, BINI, CD33, EPHAI,
SORLI, and TOMM40 genes, were associated with sAD
risk in our cohort. The PRS models built with these SNPs
showed potential for discriminating sAD patients from CN
controls, and were able to predict the incidence rate of sSAD
and age at onset. Furthermore, the PRSs were correlated
with the CSF levels of AP42, AP42/AB40, T-tau, and
P-tau. Our study suggests that PRS models hold promise
for assessing the genetic risk and development of AD. As
genetic risk profiles vary among populations, large-scale
genome-wide sequencing studies are urgently needed to
identify the genetic risk loci of sAD in Chinese populations
to build accurate PRS models for clinical practice.

Keywords Alzheimer’s disease - Single nucleotide poly-
morphism - Polygenic risk score - Cerebrospinal fluid -
Biomarker - Amyloid-beta - Tau

Introduction

Alzheimer’s disease (AD) is the most common neurode-
generative disorder and is closely related to the complex
interaction among genes and environmental/lifestyle fac-
tors, among which heritability accounts for 58%-79% of
the attribution for AD [1]. Apart from the apolipoprotein E
(APOE) €4 allele, which is the major susceptibility gene for
sporadic AD (sAD) [2], a series of genome-wide associ-
ation studies (GWASs) on AD dementia have identified a
large number of single nucleotide polymorphisms (SNPs)
with already known or hypothesized relationships to AD
[3-11]. Most of these risk SNPs only exert minor effects on
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the susceptibility to AD. The polygenic risk score (PRS)
determines the genetic risk for a disease by combining the
effects of multiple genetic loci and has proved to be a
promising strategy for identifying the genetic risk for sAD
[12, 13].

Previous studies have demonstrated the value of PRS
models for sAD risk prediction, and the age at onset has
also been found to correlate with the PRS [14-16]. Because
disease-risk genetic loci vary according to ethnicity, PRSs
must be established for different ethnicities. Here, we
hypothesized that if an individual’s PRS is associated with
their disease liability, individuals having the highest PRSs
may be the most likely to develop sAD, even at a young
age. We built several PRS models to determine the
contribution of the polygenic profile to the incidence risk
and the age at onset of sAD in a Chinese cohort.
Meanwhile, we analyzed the relationships between PRS
and core cerebrospinal fluid (CSF) biomarkers of AD in an
amyloid-beta (AP) deposition, pathologic tau, and neu-
rodegeneration [AT(N)] scheme [17], with AB42, AP42/
APB40, T-tau, and P-tau, to explore the impact of genetic
risk on the pathology of AD.

Methods
Participants

A total of 462 sAD patients and 463 age-matched
cognitively normal (CN) controls were recruited from
Chonggqing Daping Hospital from January 2015 to January
2019. Eligible participants were required (1) to have been
diagnosed with sAD; (2) to be age-matched CN partici-
pants; and (3) to be willing to participate in the study.
Participants were excluded for the following reasons: (1) a
family history of dementia; (2) a concomitant neurologic
disorder like head trauma or brain lesions that could
potentially affect cognitive function, or other types of
dementia; (3) severe cardiac, pulmonary, hepatic, or renal
disease; and (4) mental illness (e.g., schizophrenia). The
study was approved by the Institutional Review Board of
Daping Hospital, and all participants and their caregivers
provided informed consent.

Clinical Assessment and Diagnosis of SAD

Clinical assessment and diagnosis of sAD were performed
following our previous protocol [18, 19]. All participants
underwent clinical assessments that included medical
history, physical examination, laboratory tests, APOE
genotyping, and neuropsychological tests. Participants with
abnormal cognition were further subjected to a brain CT/
MRI investigation and blood tests for thyroxine, vitamin

B12, folic acid, and HIV/syphilis to rule out metabolic and
infectious reasons for cognitive decline.

The diagnosis of AD was made according to the criteria
of the National Institute of Neurological and Communica-
tive Diseases and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) [20];
they included (1) insidious onset of symptoms, (2) a clear-
cut history of worsening of cognition, and (3) prominent
cognitive deficits in at least one of the following categories:
amnestic presentation, language presentation, visuospatial
presentation, or executive dysfunction. Patients were
identified as having sAD if none of their first-degree
relatives had dementia. CN participants had no memory
complaints and performed within the normal range in the
Mini-Mental State Examination (MMSE) [21] or the
Montreal Cognitive Assessment [22].

SNP Selection and Genotyping

The SNPs reported in published GWASs and meta-analysis
studies [5, 6, 9, 23, 24, 14] were initially included in the
selection process. The alleles were excluded if (1) the
minor allele frequency of the SNPs in the Chinese
population was <0.05 (http://asia.ensembl.org/) or (2) the
SNPs had been verified not to be associated with sAD risk
in Chinese cohorts [25-29]. Detailed data for the selection
and exclusion processes are provided in Table S1. Finally,
a total of 35 SNPs in 18 candidate genes (including rs7412
and rs429358 in the APOE gene) were selected (Table S2).

Genotyping

Genotyping was conducted following a previously
described method [30]. Briefly, genomic DNA was
extracted from venous blood leukocytes using the Wizard
genomic DNA purification kit (Promega, Madison, WI).
Genotyping of the 35 SNPs was carried out with the
multiplex polymerase chain reaction-ligase detection reac-
tion method. For each SNP, the alleles were distinguished
by the different fluorescent labels of allele-specific
oligonucleotide probe pairs. Different SNPs were distin-
guished by different extended lengths at the 3’ end. All
SNPs in the study had an overall call rate of >95%.

CSF Sampling and Analyses

A subgroup of 60 sAD and 200 CN participants underwent
CSF sampling and analyses. In detail, in the sAD patients,
CSF was sampled by the standard procedure [31]. In CN
participants who had diseases of the urinary system, the
CSF samples were collected during lumbar anesthesia
before surgery for their diseases. Specifically, CSF samples
free from any blood contamination were collected in
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polypropylene tubes by lumbar puncture, centrifuged at
1800 g at 4°C for 10 min within 1 h, and stored frozen at
—80°C until analysis.

The levels of AP42, AP40, T-tau, and P-tau were
determined using commercially available ELISA kits
(Innotest, Fujirebio Europe, Ghent, Belgium), which have
been widely used and validated in multiple studies and
show good assay sensitivity and intra- and inter-assay
precision. All measurements were made in one round of
analysis with one batch of reagents by an experienced
laboratory technician who was blinded to the clinical
information. Our laboratory is a center of the Alzheimer’s
Association quality control program [32] and is experi-
enced in the examination of CSF biomarkers.

Statistical Analyses

Differences between groups were assessed by the two-
sample independent 7-test, the Mann-Whitney U test, the >
test, Fisher’s exact test, or analysis of variance according to
the characteristics of the data. The data are expressed as the
mean =+ standard deviation (SD) for numerical variables or
as the count (%) for categorical variables. All hypothesis-
testing was two-sided, and statistical significance was
defined as P < 0.05. All statistical computations were
performed using SPSS version 19.0 (SPSS, Inc., Chicago,
IL) or PLINK version 1.09 (http://www.cog-genomics.org/
plink2), and all figures were created using a graphics
package (GraphPad Software, Inc., San Diego, CA).

Single SNP Analyses

The allele and genotype distributions of the SNPs between
the sAD patients and CN participants were analyzed using
x2 statistics [33]. The odds ratios (ORs; calculated relative
to the common genotype) and 95% confidence intervals
(CIs) were corrected for age (age at onset for sAD patients
and age at inclusion for CN participants), sex, and APOE
€4 status (presence of one or two APOE €4 alleles versus
absence of the APOE €4 allele) using logistic regression
models (correction for APOE €4 status was performed for
all SNPs except those on the APOE gene).

Computation of PRSs

The SNPs associated with SAD (P < 0.05) in our cohort
were selected to generate a PRS model (Model 1). For each
participant, the PRS was calculated by summing the risk
allele counts of the SNPs weighted by the natural
logarithms of their respective ORs (calculated based on
the present study). Given the strong effect of APOE
genotypes on sAD and a recent systematic review, which
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suggested that including APOE in the PRS increased the
AD prediction accuracy [13], APOE €2/3/4 genotypes were
incorporated into the PRS as special covariates with
standard effects, namely, €2/e2 = 0.6, €2/e3 = 0.6, €2/
ed =2.6, €3/e3 = 1.0, €3/e4 =3.2, and e4/e4 = 14.9, as
previously reported [34]. To build a more rigorous PRS
model, only SNPs with a P-value threshold of 0.01 in the
logistic regression analysis were included in Model 2.
Because APOE is a critical gene for sAD, we also
constructed Model 3 with APOE genotypes only.

The association of the PRS with sAD risk was tested by
logistic regression, with age and sex as covariates. To
evaluate the ability of PRS for case/control discrimination,
receiver operating characteristic (ROC) analyses were
performed by plotting the true positive rate against the
false-positive rate. The area under the curve (AUC),
sensitivity, and specificity with 95% CIs were calculated.
Moreover, participants were partitioned into tertiles (two
points at 33.33% and 66.67% divided the ordered distri-
bution of PRSs into three parts, each containing a third of
the population); the associations of the PRS with the age at
onset and the cumulative incidence rate of sAD were
reflected by a Cox proportional hazard model. Relation-
ships between the PRSs and CSF biomarkers were assessed
by Spearman correlation analyses. And the relationships
were also evaluated with general linear models. Specifi-
cally, the PRS was used as the independent variable and the
CSF biomarkers were used as dependent variables; the
confounders age, sex, and APOE genotype were taken as
covariates.

Results

Characteristics of the Study Participants and SNP
Distributions

The characteristics of the participants are shown in Table 1.
There were no significant differences in age (P = 0.17)
between sAD patients and CN controls. sAD patients
consisted of a higher proportion of females and APOE &4
carriers and had lower MMSE scores. The CSF levels of
APB42, AB40, and AP42/AB40 in the sAD group were lower
than those in the control group (AB42: 632.60 4+ 233.16 pg/
mL vs 1265.39 £ 437.02 pg/mL, P < 0.001; Ap40:
8519.27 £ 3846.22 pg/mL vs 11276.15 £ 4502.05 pg/
mL, P <0.001; AP42/AB40: 0.092 £ 0.092 vs
0.13 4 0.088, P < 0.001). The CSF levels of T-tau and
P-tau in the sAD group were higher than those in the control
group (T-tau: 527.62 £ 443.62 pg/mL vs 219.74 £+ 112.09
pg/mL, P < 0.001; P-tau: 70.03 & 39.19 pg/mL vs 47.82
+ 16.72 pg/mL, P < 0.001).
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thg;epzrggzzﬁfnmcs of the Characteristics SAD (n = 462) Control (n = 463) P value
Age, mean (SD), years 69.75 (9.84) 68.85 (10.12) 0.17
Female, n (%) 243 (52.6) 193 (41.7) 0.001
MMSE score, mean (SD) 14.41 (7.55) 24.84 (3.97) <0.001
APOE €4 carriers, n (%) 191 (41.3) 101 (21.8) <0.001
CSF AP42, pg/mL, mean (SD) 632.60 (233.16) 1265.39 (437.02) <0.001
CSF AP40, pg/mL, mean (SD) 8519.27 (3846.22) 11276.15 (4502.05) <0.001
CSF AP42/AB40, mean (SD) 0.092 (0.092) 0.13 (0.088) <0.001
CSF T-tau, pg/mL, mean (SD) 527.62 (443.62) 219.74 (112.09) <0.001
CSF P-tau, pg/mL, mean (SD) 70.03 (39.19) 47.82 (16.72) <0.001

Differences between groups were assessed using Mann-Whitney U tests (for numerical variables) or x>
tests (for categorical variables); sAD, sporadic Alzheimer’s disease; MMSE Mini-Mental State
Examination; APOE, apolipoprotein E; CSF, cerebrospinal fluid.

Fourteen of the 35 SNPs were significantly associated
with the risk of sAD (P < 0.05, Table 2): two (rs429358
and rs7412) on the APOE gene, two (1rs6733839 and
rs7561528) on the BINI gene, two (rs3865444 and
rs3826656) on the CD33 gene, one (rs11771145) on the
EPHAI gene, four (rs561655, rs541458, rs10792832, and
rs3851179) on the PICALM gene, two (rs11218343 and
rs3781834) on the SORLI gene, and one (rs2075650) on
the TOMM40 gene. Only 152075650 on the TOMM40 gene
and rs429358 on the APOE gene remained significant after
Bonferroni correction (P < 0.001). Information on the
included SNPs (neighboring genes, chromosomes, minor
alleles, minor allele frequencies, Hardy-Weinberg equilib-
rium values, and positions) and their allele and genotype
frequencies are summarized in Tables S2-S4.

Discriminative Performance of PRSs for sAD
Patients and CN Controls

Three PRS models were developed (Table 3). As expected,
the average PRSs in sAD patients were significantly higher
than those in controls based on all three models (Mann-
Whitney test, P < 0.0001, Fig. 1). Logistic regression
analyses with adjustment for age and sex showed a positive
relationship between sAD risk and PRS (OR > 1, Table 3).
When we compared the discriminative ability of each PRS
model by ROC curve analyses (Fig. 2), Model 1 had a
sensitivity of 0.68 and a specificity of 0.57 (AUC = 0.66)
and Model 2 had a sensitivity of 0.72 and a specificity of
0.49 (AUC = 0.65) (there was no significant difference
between the two models). The sensitivity of Model 3 (0.61)

Table 2 Allele distribution of

the significant SNPs. SNP Neighboring Gene  Risk allele  Risk allele frequency OR (95% CI) P value
sAD Control

rs429358 APOE C 0.25 0.12 2.55(1.99-3.28)  <0.001
rs7412 APOE T 0.05 0.07 0.62 (0.42-0.92) 0.02
1s6733839 BINI T 0.45 0.38 1.30 (1.08-1.57) 0.007
1s7561528 BIN1 A 0.13 0.10 1.38 (1.03-1.85) 0.032
rs3865444 CD33 A 0.17 0.22 0.72 (0.57-0.91) 0.006
1rs3826656 CD33 A 0.30 0.34 0.81 (0.66-0.98) 0.03
rs11771145  EPHAI G 0.48 0.43 1.25 (1.04-1.50) 0.02
1s561655 PICALM G 0.43 0.49 0.78 (0.65-0.94) 0.01
rs541458 PICALM T 0.47 0.53 0.79 (0.65-0.95) 0.01
rs10792832  PICALM A 0.35 0.40 0.81 (0.67-0.98) 0.03
rs3851179 PICALM T 0.35 0.39 0.81 (0.67-0.99) 0.04
rs11218343  SORLI C 0.26 0.31 0.78 (0.64-0.96) 0.02
rs3781834 SORLI G 0.19 0.23 0.79 (0.63-0.99) 0.04
52075650 TOMMA40 G 0.23 0.11 2.32 (1.79-3.00)  <0.001

The ORs and 95% CIs were adjusted for age, sex, and APOE €4 status; SNP, single-nucleotide
polymorphism; OR, odds ratio; CI, confidence interval.
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Table 3 Logistic regressions for the associations of PRSs with sAD risk in the different PRS models.

PRS models P thresholds of SNPs Logistic regressions ROC curve analyses

OR (95% CI) P AUC (95% CI) Sensitivity Specificity
Model 1 0.05 1.58 (1.41-1.76) <0.001 0.66 (0.63-0.70) 0.68 0.57
Model 2 0.01 1.56 (1.39-1.76) <0.001 0.65 (0.61-0.68) 0.72 0.49
Model 3 APOE genotype only 1.20 (1.12-1.28) <0.001 0.61 (0.58-0.65) 0.42 0.78

The associations of the PRSs with sAD risk were tested by logistic regression adjusted by age and sex. PRS, polygenic risk score; SNP, single

nucleotide polymorphism; sAD, sporadic Alzheimer’s disease.
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Fig. 2 Discriminative ability (ROC curves) of different PRS models
for sSAD. PRSs were built with SNPs with P < 0.05 (red), P < 0.01
(blue), and APOE genotype only (black) (AUC, area under the curve;
ROC, receiver operating characteristic curve; sAD, sporadic Alzhei-
mer’s disease).

based on the APOE gene alone was lower than that of the
other models, but the specificity (0.78) was higher.
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Predictive Ability of PRS Models for the Incidence
Rate of sAD and Age at Onset

The modulation of PRS with the occurrence of sAD was
evaluated using a Cox proportional hazards model (Fig. 3).
The PRSs from Model 1 were chosen for the analysis.
Participants were classified into three risk groups based on
the PRS tertiles. The Log-Rank test revealed that a higher
PRS was significantly associated with an earlier age at
onset (high-PRS vs low-PRS, OR = 1.56, P = 0.0001, 95%
CI: 1.26-1.97; intermediate-PRS vs low-PRS, OR = 1.39,
P = 0.0076, 95% CI: 1.10-1.81). For example, in a cohort
with a high-PRS, the expected age for 50% to develop sAD
was ~ 75 years, earlier than in individuals with a low-PRS
(the expected age for developing sAD in 50% was
~ 80 years). Moreover, the cumulative incidence rates in
the high-PRS group were higher than those in the low-PRS
group. For example, among two groups of 70-year-old
individuals (with high-PRS or low-PRS), the percentage of
sAD patients in the high-PRS group was higher than that in
the low-PRS group (30% vs 20%).

Correlations Between PRS and AD Biomarkers
in CSF

We analyzed the correlations between PRSs and the CSF
levels of AB42, AB42/AB40, T-tau, and P-tau in the total
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Fig. 4 Correlations between PRSs and CSF biomarkers. A-D Scatterplots of PRS with (A) AB42, (B) AB42/AB40 ratio, (C) T-tau, and (D) P-tau
(Spearman correlation coefficients (p) were used to assess the correlations; PRS, polygenic risk score; CSF, cerebrospinal fluid).

cohort (Fig. 4), and used the PRSs from Model 1 for
analysis. The CSF levels of AB42 and the AB42/AB40 ratio
were inversely associated with the PRS (AB42: P < 0.001,
Spearman p = —0.29; AB42/AB40 ratio: P < 0.001, Spear-
man p = —0.25), T-tau and P-tau were positively associ-
ated with the PRS (T-tau: P = 0.0016, Spearman p = 0.20;
P-tau: P = 0.016, Spearman p = 0.15). The correlations
remained similar for AB42 and T-tau (AB42, p = —0.31,
P < 0.001; AB42/AB40 ratio, B = —0.13, P = 0.10; T-tau,
B =0.16, P=0.032; P-tau, B=0.13, P=0.08) after
adjusting for age, sex and APOE genotype with a general
linear regression. The correlations in the CN control group
were consistent with the total cohort (Table S5). Further,
we partitioned the participants into three groups based on
the tertiles of CSF AB42 level. The PRSs from Model 1

were used to differentiate individuals with the highest
(third tertile) and lowest (first tertile) AB42 levels. The
ability of PRS to determine the CSF level of AB42 was
~0.61 (AUC of the ROC curve) (Fig. 5), and increased to
0.69 when taking age and sex into account.

Discussion

In this study, we explored the effects of genes on sAD
development and the pathological process by screening and
integrating AD-associated SNPs identified from large
GWASs and building polygenic risk models. Only 14 of
the 35 SNPs identified in other populations had significant
correlations with SAD, and the PRSs based on the 14 SNPs
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Fig. 5 Discriminative ability of PRS model for CSF AB42 level. The
AUC of the ROC curve was improved when taking age and sex into
account (PRS, polygenic risk score; ROC, receiver operating
characteristic curve; AUC, area under the curve; CI, confidence
interval; CSF, cerebrospinal fluid).

were associated with the risk of sAD, age at onset, and CSF
biomarkers in our Chinese cohort.

Three PRS models containing different numbers or
categories of SNPs were built for case/control discrimina-
tion. We found no improvement in the discrimination when
more SNPs were included in the PRS model. Thus,
considering the expense of genotype sequencing, a PRS
model based on fewer SNPs (SNPs with a P threshold of
0.01 in our study) would be more accessible. The PRS
model built on the APOE genotype, which is associated
with amyloid pathology in Chinese AD patients [35], had
relatively higher specificity and lower sensitivity in
case/control discrimination, confirming the hypothesis that
sAD can be attributed to multiple genetic profiles rather
than a single gene.

We used a Cox regression survival model for the age at
onset analysis because it provides more power than a
simple linear regression model. Consistent with previous
findings [14—16], individuals with a high genetic risk (high-
PRS) were more likely to develop sAD, and the time of
onset was earlier than that in individuals with a low genetic
risk (low-PRS), which suggests that the incidence risk of
sAD and age at onset are modified by the polygenic profile.
From a clinical perspective, although not ready for use in
clinical practice, our PRS model has the potential to serve
as a predictor for identifying seniors at risk for developing
sAD at a given age and provides potential SAD patients
with access to early diagnosis and treatment. Of course,
additional studies with SNPs from Chinese GWASs are
needed to strengthen the predictive power of PRS models.

The impact of genetic risk on the biomarkers of SAD can
provide deep insight into the pathogenesis of the disease.
We found a significant relationship between an increased

@ Springer

PRS and decreased CSF levels of AB42 or the AB42/AB40
ratio as well as increased CSF levels of T-tau and P-tau,
suggesting that the genetic profile modulates the patho-
genesis of sAD. Because the pathological changes of AD
begin 15-20 years before clinical presentation [36] and
clinical trials of disease-modifying therapy at the preclin-
ical stage are promising [37], the use of a polygenic model
to identify individuals with abnormal level of CSF
biomarkers seems valuable. In this study, we identified
individuals with an extremely abnormal level of CSF A42
using the PRS model we built. However, the model was not
accurate enough to determine the sAD risk and its related
pathology, which is reasonable because complex factors,
including the environment and lifestyle, also contribute to
the pathogenesis of AD [1]. Future studies elucidating
these non-hereditary factors in individuals with genetic risk
information may offer more valuable insight into the
relationship between genes and AD pathology. Neverthe-
less, individuals who exhibit a ‘positive’ result from a
genomic examination can apply for more accurate clinical,
CSF, or imaging examinations, which will provide more
accurate probabilistic assessments as to whether AD
development is likely to occur.

The present study has three major limitations. First, the
case/control approach assumes that controls do not develop
sAD and considers the disease process to be a dichotomous
variable; errors may exist because some controls may be at
the preclinical stage of AD. Second, our AD participants
were actually probable AD because the diagnosis was
made based on the NINCDS-ADRDA criteria; results can
be more accurate if AD is diagnosed with the assistance of
biomarkers [18]. Third, the PRSs were based on SNPs
identified in other ethnicities. Because the risk loci of SAD
may differ among ethnicities, a PRS model built on SNPs
identified in the Chinese population would provide more
accurate prediction of the genetic risk of SAD in Chinese
participants.

Conclusions

In the present study, several SNPs had significant corre-
lations with sAD risk, age at onset, and its CSF biomarkers
in our cohort, suggesting that PRS models hold promise for
assessing the genetic risk of the development of AD. As
genetic risk profiles vary among populations, large-scale
genome-wide sequencing studies are urgently needed to
identify the genetic risk loci of sAD in Chinese populations
to build accurate PRS models for clinical practice.
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