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Abstract

Introduction: Dozens of Alzheimer’s disease (AD)-associated loci have been identified
in European-descent populations, but their effects have not been thoroughly investi-
gated in the Hong Kong Chinese population.

Methods: TagMan array genotyping was performed for known AD-associated variants
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1 | BACKGROUND

Alzheimer’s disease (AD), an aging-related neurodegenerative disor-
der and the most common form of dementia, immensely impacts mem-
ory and cognitive functions. Sporadic AD, also called late-onset AD,
exhibits 58% to 79% heritability and accounts for >90% of AD cases.?
Genetics studies of late-onset AD have identified numerous risk loci
represented by common genetic variants associated with AD.%2 In par-
ticular, the apolipoprotein E (APOE) locus, represented by multiple cod-
ing and noncoding variants, is a well-accepted genetic risk factor for
late-onset AD.* Meanwhile, several rare coding mutations also incur
AD risk, including TREM2 R47H and H157Y.>"8 These coding mutations
modify protein functions in parallel with the common noncoding risk
variants, which potentially modulate gene expression, and thus rep-
resent alternative pathological mechanisms.” 1% However, late-onset
AD has a complex etiology; its pathogenesis is possibly determined by
multiple genetic loci rather than a single individual genetic risk fac-
tor. Concordantly, applications of polygenic risk score (PRS) models to
European-descent AD genetic datasets show that the aggregate risk
scores obtained from multiple genetic loci can distinguish AD patients
from individuals without dementia.'1-13

Genetic background potentially influences how genetic factors con-
tribute to AD pathogenesis. For instance, the risk effects of APOE-¢4
vary among ethnic groups.141¢ The prevalence of two AD risk mis-
sense mutations of another disease gene, TREM2—R47H and H157Y—
differ between European-descent and East Asian populations.”-17:18
Specifically, TREM2 H157Y is extremely rare in European populations
(~1 in 3955 individuals) and more frequent in East Asian populations
(~1in 555 individuals).1? However, as most AD genome-wide associa-
tion studies (GWASs) have been conducted in European-descent popu-
lations, it is important to evaluate the risk effects of previously identi-
fied risk loci in other ethnic groups to understand how they contribute
to AD in a more general context.

Given that Hong Kong has the longest life expectancy of any country
or territory worldwide, 2 its population might have a higher prevalence
of aging-related diseases including AD. Nonetheless, few AD genetics
studies have been conducted in this population.?%22 Therefore, in this
study, we comprehensively analyzed the known AD genetic risk factors
in the Hong Kong Chinese population by performing array genotyp-
ing for known AD-associated single nucleotide polymorphisms (SNPs).
Our results suggest that the APOE and SORL1 loci are associated with
AD in the Hong Kong Chinese population. In addition, we developed
a PRS model to estimate an individual’s cognitive status and risk of
developing AD, which exerted superior prediction accuracy for AD risk

Discussion: SORL1 is associated with AD in the Hong Kong Chinese population. The

PRS model can predict AD risk and cognitive status in this population.

Alzheimer’s disease, disease risk, polygenic risk score, population genetics, SORL1

compared to the APOE genotype, and may modulate specific biologi-
cal pathways as reflected by the changes in plasma proteins. Moreover,
five individuals in this cohort harbored TREM2 H157Y mutations, war-
ranting further study of the roles of TREMZ2 and its disease-associated
variants (e.g., H157Y) in AD pathogenesis.

2 | METHODS

2.1 | Study participants

A total of 829 participants were recruited from the Specialist Outpa-
tient Department of Prince of Wales Hospital of the Chinese University
of Hong Kong. The cohort comprised 378 patients with AD, 70 with
mild cognitive impairment (MCI), 18 with vascular dementia (VaD), and
363 age-matched heathy controls (NCs). All participants underwent
neuroimaging assessment by MRI and cognitive normality assessment
using the Montreal Cognitive Assessment (MoCA).2% Patients with AD
were diagnosed according to the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-5).24 In addition, an elderly
cohort (n = 402) was recruited from Prince of Wales Hospital; 49 of
them without significant cognitive deficits or a history of other signifi-
cant diseases (e.g., stroke and heart attack) were included as additional
NCs (n = 49). The phenotypes of the participants were determined
on the basis of the most recent diagnostic records (until December
2019). This study was approved by Prince of Wales Hospital, the
Chinese University of Hong Kong, and the Hong Kong University of
Science and Technology. All participants provided written informed
consent for both study enrollment and sample collection. The demo-
graphic data of each cohort can be viewed in Table S1 in supporting
information.

To further investigate the effect of PRS in the European-descent AD,
we have included the Late Onset Alzheimer’s Disease (LOAD) Family
Study (phs000168.v2.p2) in the analysis. The demographic data for this
cohort can be also viewed in Table S1. The details for the analysis can

be found in the supporting information.

2.2 | SNP array and APOE genotyping

Forty-eight AD-associated SNPs were selected from the literature;
these included 42 common SNPs—12 from APOE and nearby regions
reported in previous studies,2*2°> 24 from the two European-descent
AD GWASs,23 and 6 from other known candidates (including KCNJ15,
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LINCO1413, SAMDA4A, IL33, and IL1RL1)102¢28 a5 well as 6 rare vari-
ants located in APP (A713T), PSEN1 (P264L and V97L), MAPT (R5L),
and TREM2 (R47H and H157Y)%729-33 (Table S2 in supporting infor-
mation). SNP array genotyping was performed using TagMan Custom
Plating (96-well plate format, Lot: SO30311417_1; Thermo Fisher Sci-
entific) with 48 probes targeting the preselected SNP sites in 729
DNA samples (n = 333, 33, 345, and 18 for the NC, MCI, AD, and
VaD groups, respectively). APOE genotyping was conducted by TagMan
Assay (APOE-e2 by rs7412,C__904973_10; Cat No.: 4351376; APOE-
g4 by rs429358, C___3084793_20; Cat. No.: 4351376; Thermo Fisher
Scientific). Real-time gPCR was performed using the 7500 Fast and
QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). The
results were stored in EDS files and input into TagMan Genotyper Soft-
ware (Applied Biosystems) for the joint genotyping of SNPs (see sup-

porting information for details).

2.3 | Statistical analysis

All analyses were performed using R programming (v3.6.2) in Rstudio
(v1.1.453). Logistic regression analysis in dominant, recessive, and
additive models was conducted to identify variants associated with
AD using the gIm() function (stats v3.6.2), with adjustment for age, sex
(and APOE genotype). Furthermore, linear or robust linear regression
analysis was performed to determine the associations between SNP
genotypes and AD-associated traits (i.e., cognitive performance as
indicated by MoCA score, brain volume, and proteome biomarker data)
using the Im() or Imrob() function from the robustbase package (v0.93.5),
including age, sex, and education level (when analyzing MoCA) as
covariates. The effects of APOE genotype were further evaluated by
including APOE ¢2 and APOE ¢4 genotypes as covariates or analyzing
APOE 3 homozygous participants when assessing the associations
between variants or PRS and AD or AD-associated traits. Power calcu-
lation was conducted by Quanto (v1.2.4).3435 Linkage disequilibrium
analysis was conducted by inputting the variant ID into the LDlink
database (Idlink.nci.nih.gov/).3¢ Mapping for genotype-expression
association for SORL1 rs11218343 was conducted by query the
GTEx portal (https:/gtexportal.org/home/).3” Correction for multiple
testing was conducted by calculating the false discover rate (FDR)
for each analysis using p.adjust() function. FDR values were calculated
independently for each assumption (dominant, recessive, additive), or
different conditions (with or without controlling for APOE genotype,

or in APOE £3 homozygous participants) for the effect of variants.

2.4 | Meta-analysis of SNP-phenotype associations
For SORL1rs11218343 and ABCA7 rs4147929, AD association results
(i.e.,odds ratios and 95% confidence intervals) from previous studies on
SORL 123843 and ABCA7241:44-46 were converted to -values with stan-
dard errors and submitted to METASOFT (v2.0.1) for meta-analysis
using Han and Eskin’s random effects model (RE2).*” Heterogeneity

was estimated by calculating Cochrane’s Q and I2.

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed genome-
wide association studies reported in the literature (e.g.,
PubMed) to identify candidate Alzheimer’s disease (AD)
risk variants for analysis. The authors further reviewed
associated reports of the impacts of those variants.
The relevant sources and databases have been cited
appropriately.

2. Interpretation: This study comprehensively analyzed
known AD genetic risk factors in a Hong Kong Chi-
nese cohort. A polygenic risk score (PRS) model, which
integrate genotype information of only seven single
nucleotide polymorphisms, was developed, and found to
exert superior performance in predicting AD risk com-
pared to the apolipoprotein E (APOE) genotype and cross-
validated in an independent dataset. The protein net-
work(s) and pathway(s) identified to be associated with
the PRS suggest possible mechanisms by which the aggre-
gate effects of AD risk modify an individual’s risk of AD.
The unsuccessful replication of the PRS model in the
European-descent AD cohort suggests the impacts of eth-
nic effects in genetics and PRS-related research.

3. Future directions: Given that SORL1 is an AD-associated
genetic factor in both Asian and European-descent pop-
ulations and that TREM2 H157Y carriers were identified
in the Hong Kong Chinese AD population, further studies
are warranted to investigate the effects of these genetic
risk factors in AD. Moreover, subsequent studies with
larger sample size would be required to validate the PRS

model developed herein.

2.5 | Lasso regression analysis and polygenic risk
score model construction

A lasso regression model was adopted for the construction of PRS
model, which can both account for the linkage disequilibrium among
the candidate SNPs, and select the optimal number of variants for
model construction.*®4? Two datasets were included for the construc-
tion and testing of the PRS model. The array dataset (n = 674), which
consisted of 341 AD patients and 333 NCs, was used for model con-
struction. Meanwhile, the whole-genome sequencing (WGS) replica-
tion cohort (n = 149), which consisted of 79 NCs, 37 patients with MClI,
and 33 patients with AD, was used for model testing. Prior to lasso
regression analysis, the SNP genotypes of the 41 variants that passed
the filtering were converted to{—1, 0, 1} by subtracting 1 from the orig-
inal genotype dosage ({0, 1, 2}). The missing genotypes (i.e., 24 miss-
ing sites among the 674 individuals for 41 SNPs; missing rate = 8.68
x 10~%) were given a value of zero. Logistic regression was applied

to determine the possible effects of disease-associated covariates (i.e.,
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TABLE 1 Alzheimer’s disease-associated variants in the Hong Kong Chinese Alzheimer’s disease cohort
SNPID Gene symbol EA B-value SE Z-value P-value FDR EAF_NC EAF_AD EAF_EAS
rs429358 APOE C 0.982 0.192 5.110 3.23E-07 1.28E-05 0.089 0.204 0.088
rs11556505 TOMM40 T 1.001 0.204 4.909 9.15E-07 1.28E-05 0.081 0.192 0.087
rs2075650 TOMM40 G 1.004 0.205 4.904 9.38E-07 1.28E-05 0.081 0.192 0.087
rs519113 NECTIN2 G 0.685 0.172 3.969 7.21E-05 6.93E-04 0.149 0.251 0.167
rs75627662 APOE T 0.640 0.163 3.931 8.45E-05 6.93E-04 0.197 0.282 0.186
rs157581 TOMM40 C 0.603 0.159 3.796 1.47E-04 1.00E-03 0.233 0.335 0.229
rs6859 NECTINZ2 A 0.512 0.149 3.433 5.98E-04 3.50E-03 0.298 0.394 0.319
rs440446 APOE G 0.408 0.141 2.895 3.79E-03 1.94E-02 0.461 0.519 0.397
rs11218343 SORL1 C -0.401 0.154 —2.601 9.28E-03 4.23E-02 0.318 0.256 0.298
rs6014724 CASS4 G -0.311 0.142 —-2.195 2.82E-02 1.07E-01 0.408 0.380 0.369
rs4147929 ABCA7 A -0.314 0.144 —2.180 2.93E-02 1.07E-01 0.395 0.339 0.329
rs7412 APOE T -0.619 0.288 —2.151 3.14E-02 1.07E-01 0.094 0.051 0.075

Note: Variants were significantly associated with AD (P < 0.05; n = 341 and 333 for AD and NC, respectively).
Abbreviations: AD, Alzheimer’s disease; EA, effect allele; EAF_AD, effective allele frequency in AD patients; EAF_EAS, effective allele frequency in the East
Asian population retrieved from the gnomAD database®; EAF_NC, effective allele frequency in NCs; FDR, false discovery rate; NC, normal control; SE, stan-

dard error; SNP, single nucleotide polymorphism.

age, sex, and education level) on the binary phenotype (0 = NC, 1 =
AD). The residual from the logistic regression was then subjected to
lasso regression by including the SNP genotypes of the 41 variants that
passed filtering using the cv.gimnet() function from the gimnet package
(v3.0.2) with 5-fold cross-validation (alpha = 1, type.measure = “mse,”
nfolds = 5). The 1-value of the model was determined by the relatively
low error with the minimum number of SNPs with nonzero coefficients
that were all significantly associated with AD (P < 0.05; see Table 1).
PRSs were calculated by the scalar multiplication of covariate coeffi-
cients under the given A-value using the predict() function. Participants
were grouped into the low, medium, or high PRS group according to
PRS tertiles. Logistic regression was performed to examine the possible
association between AD and PRS tertile (i.e., the high PRS group), with
adjustment for age and sex. For the LOAD Family Study dataset (“LOAD
dataset” hereafter), the top five principal components were further
included as covariates in the logistic regression model to account for
genomic background. As a comparison to the PRS model, a model that
included only the APOE genotype was also created; this model included
APOE ¢4 and APOE ¢2 in the logistic regression model, with the model
outcome as the score. The model area under the receiver operating
characteristic (ROC) curve (AUC), sensitivity, and specificity were cal-

culated by the roc() function in the pROC R package.

2.6 | Proteomic analysis of plasma biomarkers

Plasma samples (n = 271) were analyzed on an HD-1 analyzer (Quan-
terix) by the Quanterix Simoa Accelerator Laboratory (Boston, MA,
USA) to detect AD-associated plasma biomarkers including neurofila-
ment light chain (NfL, NF-light assay) as well as amyloid beta (AB)42,

AB4o, and tau (Neurology 3-Plex A assay). To examine a broader range
of plasma biomarkers, including those involved in inflammatory, neu-
rological, or cardiovascular pathways, plasma samples (n = 180) were
analyzed by the Olink Analysis Service Laboratory (Boston, MA, USA)
using the Inflammation, Neurology, and CVD Il panels (encompassing
280 proteins). Linear regression or robust linear regression analysis
was performed to examine the associations of PRSs and TREM2 H157Y
variants with plasma biomarkers. Candidates were selected on the
basis of their P-values (<0.05) and biological functions. Furthermore,
robust linear regression analysis was performed with respect to PRS
tertiles for the protein candidates (i.e., carriers vs noncarriers). The
protein-protein interaction (PPI) network was constructed by subject-
ing the uniport IDs to the STRING database (https://string-db.org/)
(v11.0), which also reported the Gene Ontology (GO) and pathway

analysis results.>?

2.7 | Data visualization

For the meta-analysis, forest plots were generated using ForestPM-
Plot (v1.0.3).°1 Line plots for the lasso regression results were
generated using the ggplot() function in the ggplot2 package (v3.2.1),
and the heatmap was generated using the heatmap.3() function
(https://github.com/obigriffith/biostar-tutorials/blob/master/
Heatmaps/heatmap.3.R). The ROC curve was plotted using the
ggplot() function. The PPl network was constructed by submitting
the gene list to the STRING database and visualizing the results with
Cytoscape (v3.8.0). For the Sanger sequencing results, Ab1 files were
visualized using the SnapGene viewer (v5.0.7). Bar charts and other
grouped plots were generated using GraphPad Prism (v6.0c).
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. Array genotyping (48 SNPs) WGS WGS
[ Genotyping ] { (n=729) (n=100) (n=402)
Quality control Array genotyping (41 SNPs) WGS WGS
(n=725) (n=100) (n = 49)
Array dataset (41 SNPs) WGS replication dataset
Datasets (n =725) (n=149)
AD association test PRS model
Seven AD-associated variants for PRS modelling
» SORL1 (rs11218343) Training dataset: Array dataset (AUC = 0.651)
« TREM2 H157Y (rs2234255) Replication dataset: WGS replication dataset (AUC = 0.612)
Analysis

Association with AD-related endophenotypes (PWH AD cohort)

MRI brain volumetric data
(n=204)

Plasma protein assayed by
immunoassay (n = 271)

Plasma protein assayed by PEA
method (n = 180)

FIGURE 1 Study design schematic diagram. AD, Alzheimer’s disease; AUC, area under the receiver operating characteristic curve; MRI,
magnetic resonance imaging; PEA, proximity extension assay; PRS, polygenic risk score; PWH, Prince of Wales Hospital; SNP, single nucleotide

polymorphism; WGS, whole-genome sequencing.

3 | RESULTS

3.1 | Quality control of array genotyping data

Array genotyping for the 48 preselected variants was conducted in
729 participants (see Table S1). To assess the performance of the array
genotyping, 42 samples were randomly selected for re-genotyping,
with subsequent quality assessment conducted at both the individual
and SNP levels, which resulted in 725 participants (n = 333, 33, 341,
and 18 for the NC, MCI, AD, and VaD groups, respectively; see Table S1
for participant characteristics) and 41 SNPs for the subsequent analy-
ses (see supporting information for quality assessment, Table S2 for the
SNP list, and Figure 1 for the overall study design).

3.2 | Identification of Alzheimer’s
disease-associated variants in the Hong Kong
Chinese population

First, to identify variants that are possibly associated with AD in
the Hong Kong Chinese population, additive logistic regression was
performed on the array dataset (n = 341 and 333 for the AD and
NC groups, respectively), with adjustment for age and sex. Several
variants residing in APOE and nearby regions together with three
other variants—SORL1 rs11218343, CASS4 rs6014724, and ABCA7
rs4147929—were significantly associated with AD (P < 0.05; Table 1).

Among these three variants, only SORL1 rs11218343 was significantly
associated with AD after correction for multiple testing (C allele: 8 =
—0.401,P=9.28E—03; FDR = 4.23E—02; Table 1). Subsequent analysis
showed that rs11218343 might also fit the recessive model (C allele:
=-1.257,P = 9.55E-04; Table S3 in supporting information), suggest-
ing that the C allele of rs11218343 homozygosity has a stronger AD
protective effect than heterozygosity.

To examine whether the above results were affected by individual
APOE genotype status, logistic regression further controlling for APOE
genotype (i.e., APOE-¢2 and APOE-¢4) was conducted. Notably, our pre-
vious fine-mapping study conducted in a mainland Chinese AD cohort
identified noncoding risk factors in APOE nearby regions, including
rs6859, which resides in the untranslated region of NECTIN2 (PVRL2).*
In the present study, rs6859 was also significantly associated with AD
after controlling for APOE genotype (8 = 0.320, P = 4.81E—-02; Table
S4 in supporting information). In addition, SORL1 rs11218343 (8 =
—0.409, P = 1.05E—02) CASS4rs6014724 (3= —0.297, P = 4.24E-02),
and ABCA7 rs4147929 (8 = —0.345, P = 2.07E—02) were significantly
associated with AD after controlling for APOE genotype (Table S4).
Moreover, SORL1 rs11218343 exhibited an AD protective effect in
homozygous APOE-¢3 carriers (C allele, 8 = —0.505, P = 1.64E-02;
Table S4), suggesting its AD protective effect possibly functions in an
APOE-independent manner.

To further investigate the associations between the studied vari-
ants and individual cognitive status as indicated by MoCA scores,

robust linear regression was applied with adjustment for age, sex, and
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SORL1rs11218343_C (meta-p = 1.20 x 107%)

Study designation Beta (SE)

1. ACT -0.333 (0.205) .
2. ADC1 -0.066 (0.202 .
3. ADC2 -0.310 (0.322
4. ADC3 -0.097 (0.203 .
5. ADNI -0.330 (0.382
6. WASHU -0.154 (0.352
7. GSK -0.208 (0.199 -
8. UPITT -0.265 (0.170 -
9. CHISU -0.439 (0.504
10. MAYO -0.629 (0.200 .
11. UMVUMSS -0.464 (0.160 =
12. ROSMAP -0.237 (0.243 -
13. TGEN2 -0.409 (0.199 .
14. MARGE -0.312 (0.226 -
15. LOAD -0.177 (0.130 -
16. CHARGE -0.161 (0.107 -
17. EADI -0.223 (0.098 =
18. GREAD -0.402 (0.128 -
19. Austria 0.221 (0.340
20. Belgium -0.565 (0.205 -
21. Finland -0.203 (0.327
22. Germany -0.126 (0.140 -
23. Greece 0.071 (0.411
24. Hungary 0.317 (0.712
25. Italy -0.089 (0.151 -
26. Spain -0.418 (0.130 -
27. Sweden -0.403 (0.180 -
28. UK 0.018 (0.221 »
29. USA -0.409 (0.199 L]
30. Japan-1 -0.222 (0.076 -
31. Japan-2 -0.154 (0.068 L
32. Korean -0.039 (0.100 =
33. Fundacié ACE -0.147 (0.123 -
34. Chinese-1 -0.063 (0.145 -
35. Chinese-2 -0.473 (0.140 -
36. Chinese-3 -0.136 %0 067; =
37. Hong Kong -0.401 (0.154 -

RE Summary ’

T T T T T T
-1.5 -1.0 -0.5 0.0 05 1.0 1.5

Log odds ratio

FIGURE 2 Meta-analysis of the association of SORL1 rs11218343 with Alzheimer’s disease. Forest plot showing the meta-analysis results of
SORL1rs11218343 (C allele) including data from the literature and array genotyping data. Effect sizes obtained from independent datasets and
the meta-analysis are denoted by black rectangles and the black diamond, respectively. Each row represents an independent dataset; lines indicate
95% confidence intervals, and rectangle size is proportional to the weight in the meta-analysis (RE2 meta-P = 1.20E—19, random effect § = —0.217,
SE = 0.024). RE2, Han and Eskin’s random effects model; SE, standard error. Data sources: rows 1-15,%2 16-29,3 30-32,2 33,% 34,° 35,6 36.7

education level. The results suggested that SORL1 rs11218343 and
ABCA7 rs4147929 were significantly associated with MoCA scores
before and after controlling for APOE genotype (P < 0.05; Table S5 in
supporting information). However, only SORL1 rs11218343 survived
the multiple test correction before controlling for APOE genotype (C
allele: B = 0.728, P = 1.03E-02, FDR = 4.24E—-02), further indicat-
ing the possible association between SORL1 and cognitive status in the

Hong Kong Chinese population.

3.3 | Meta-analysis of the association between
SORL1rs11218343 and AD

The above results indicate that SORL1 rs11218343 and ABCA7
rs4147929 are associated with AD in the Hong Kong Chinese popu-

lation. To further characterize the risk effects of these two variants in
AD, their association results from the other AD cohorts were retrieved
and compared.238-4¢ Notably, the C allele of SORL1 rs11218343 exhib-
ited aconcordant AD protective effect in multiple ethnic groups includ-
ing European-descent cohorts,*® Japanese and Korean cohorts,3? and
a mainland Chinese cohort.*2 Meta-analysis corroborated this obser-
vation (8 = —0.217, meta-P = 1.20E—19; Figure 2), showing little het-
erogeneity among these studied cohorts (n = 37, Q= 35.88, P =0.47, I
=0). Therefore, SORL1 might be a general AD protective genetic factor
across ethnic groups.

However, in contrast to a previous AD GWAS,? the A allele of ABCA7
rs4147929 exhibited an AD protective effect in the present Hong Kong
Chinese AD cohort (8= —0.314, P = 2.93E—02). Although several stud-
ies also report a consistent trend showing that this allele has an AD

protective effect in European-descent (e.g., CHARGE, UK),2 mainland
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Chinese,*! and Iranian populations*® (Figure S1 in supporting informa-
tion), the meta-analysis results indicate that it has an AD risk effect (3 =
0.130, P =7.26E—21; Figure S1)—again with low heterogeneity among
the studied cohorts (n =21, Q= 26.43,P =0.15, 12 = 24.31).

3.4 | Construction of a polygenic risk score model
for the prediction of Alzheimer’s disease risk and
cognitive status

Associations between AD and several studied variants were observed
inthe Hong Kong Chinese population as detailed above. As PRS models
can indicate an individual’s AD risk in European-descent populations,
we investigated the possibility of establishing a PRS model capable of
representing AD risk in the Hong Kong Chinese based on the present
data. Considering the presence of linkage disequilibrium among the
AD-associated variants in APOE and nearby regions, the lasso regres-
sion model was selected to determine the most informative variants
for constructing the PRS model based on the array dataset (n =341 and
333 for the AD and NC groups, respectively).*34? Accordingly, seven
variants—SORL1 rs11218343, ABCA7 rs4147929, CASS4 rs6014724,
and four other variants from APOE and nearby regions (including APOE
¢4 and APOE ¢2)—were selected from the lasso model to construct
the PRS model (Figure 3A and Figure S2 in supporting information).
Notably, the performance of the resulting PRS model was superior to
that of the APOE genotype with respect to distinguishing patients with
AD from NCs in the array dataset (AUC = 0.651 and 0.620, for the PRS
and APOE model, respectively; Figure 3B). To determine whether the
proposed PRS model could stratify individuals with different disease
risks, individuals were grouped into the low, medium, or high PRS
group according to PRS tertile. Interestingly, the high PRS group con-
tained more patients with AD (63.7%) than the low PRS group (36.3%)
or medium PRS group (45.3%; Figure S3 in supporting information).
Further investigation revealed that compared to individuals with low
or medium PRSs, those with high PRSs indeed had higher AD risk (8
= 1.311, P = 2.45E-07, high vs low; 8 = 0.721, P = 2.53E-03, high vs
medium; Table Sé in supporting information). In particular, for those
non-APOE ¢4 carriers who are not in the high PRS group, their AD risk
can be further separated by the score generated by the PRS model (8 =
0.623, P = 1.47E-02, low vs medium; Table S6). Moreover, the MoCA
scores differed significantly among PRS groups in all participants (P <
0.001; Figure 3C) and in those with a homozygous APOE £3 genotype
(P < 0.05; Figure 3D). Hence, the resulting PRS model can distinguish
AD patients from NCs, and its performance for AD risk prediction in
the Hong Kong Chinese population is superior to that using the APOE
genotype alone.

To further evaluate the ability of the PRS model to predict AD risk
and associated cognitive status, an additional independent Hong Kong
Chinese WGS dataset was included as a replication dataset (“WGS
replication dataset” hereafter, n = 149; Figure 1, Table S1). After apply-
ing the same PRS model to this dataset, the model again exhibited supe-
rior performance for distinguishing AD patients from NCs compared to
the APOE genotype (AUC = 0.612 and 0.587; Figure 3E). Moreover, the
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proportion of AD patients was again larger among those with medium
PRSs (23.6%) or high PRSs (34.2%) than those with low PRSs (12.5%;
Figure S3). In addition, individuals with high PRSs again exhibited sig-
nificantly higher AD risk than those with low PRSs (8 = 1.313, P =
2.89E—02, high vs low; Table Sé in supporting information). Further-
more, PRS was significantly associated with MoCA score in all partic-
ipants (P < 0.05; Figure 3F) and among those with a homozygous APOE
€3 genotype (P < 0.01; Figure 3G). Therefore, our results collectively
suggest that the proposed PRS model is more indicative of AD risk than
APOE genotype alone and can predict AD risk and cognitive status in
the Hong Kong Chinese population.

As the variants selected for this study were mainly selected from the
European-descent GWAS hits, the current PRS model is also possible
to be applied in European-descent populations for AD risk prediction.
Accordingly, to replicate the PRS model in a European-descent pop-
ulation, we collected the genotype and phenotype information from
the LOAD cohort (n = 2,232, 1,582, and 464 for the NC, probable
AD, and definite AD groups, respectively; see supporting information
and Table S1 for details). Interestingly, although the PRS model distin-
guished both patients with probable AD and definite AD from the NCs,
it performed almost the same as using APOE genotype alone (AUC =
0.668 and 0.665, for the PRS model and APOE to distinguish proba-
ble AD from NC, respectively; AUC = 0.717 and 0.714, for the PRS
model and APOE to distinguish definite AD from NC, respectively; Fig-
ure S4A, B, Table S7 in supporting information). Moreover, a baseline
shift of the PRS was observed in the LOAD cohort, as most individ-
uals were classified into the medium and high PRS groups (n = 50,
1,258, and 2,970 for the low, medium, and high PRS group, respec-
tively; Figure S4C-E). Hence, the current PRS model based on and opti-
mized for the Hong Kong Chinese population cannot be directly applied
to a European-descent cohort. Thus, the results further indicate the
potential influence of ethnic background on AD pathogenesis as well
as potential issues arising when applying the PRS analysis to datasets
with an unmatched genetic background.

3.5 | Functional implications of the Alzheimer’s
disease polygenic risk score model

Next, to investigate the biological implications of the PRS model based
on the Hong Kong Chinese population, we integrated several types
of AD endophenotype data collected from some of the individuals in
our Hong Kong Chinese AD cohort into the model, including brain
volumetric data (n = 204) and the plasma “ATN” panel (i.e., AB, tau,
and NfL) determined by immunoassay (n = 271), which are indicative
of AD status. Also integrated into the model were the levels of 280
plasma proteins (n = 180 for 280 proteins involving the cardiovascular,
inflammation, and neurology-related pathways) assayed by proxim-
ity extension assay technology for unbiased screening for possible
biomarkers or pathways associated with the PRS.

Initial screening for AD-associated plasma biomarkers revealed
significant alterations in plasma NfL (3 = 7.162, P = 1.49E—-12, FDR
= 7.45E—12; Table S8 in supporting information), AB42/AB4o ratio
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(B=—0.006, P = 9.24E—05, FDR = 2.31E—04; Table S8), and AB4o (B =
16.896, P = 1.92E-02, FDR = 3.17E—02; Table S8) in the AD patients
from the present Hong Kong Chinese AD cohort. Subsequent analysis
revealed that PRS was associated with plasma ABy, level (8 = —2.845,
P =3.37E-02, FDR = 8.43E—-02; Table S8) and plasma AB4,/AB4q ratio
(B = —0.010, P = 1.31E-02, FDR = 6.55E—02; Figure 4A, Table S8)
after controlling for phenotypes. Moreover, PRS was negatively asso-
ciated with the volume of the hippocampus (8= —1.030, P = 4.74E-03,
FDR = 4.98E-02; Figure 4B, Table S9 in supporting information) and
amygdala (3 = —1.028, P = 2.22E-03, FDR = 4.66E-02; Figure 4C,
Table S9), corroborating the observed associations between PRS and
cognitive performance in the present Hong Kong Chinese AD cohort.

As the association between plasma Ag level and PRS indicates a pos-
sible alteration of the plasma protein profile in individuals with high
PRSs, an unbiased screening for proteins associated with PRS was con-
ducted. The results identified 25 plasma proteins that were signifi-
cantly associated with PRS after controlling for phenotypes (P < 0.05;
Table S10 in supporting information). Of note, the extracellular matrix
protein OPN (osteopontin), and NCAN (neurocan core protein), which
is synthesized by neurons, were among the top candidates (8 = 0.673
and 0.411, P = 5.95E-04 and 1.94E—03, respectively; Figure 4D, E,
Table S10). Hence, the PRS is likely to modulate multiple biological
pathways, as reflected by the observed changes in plasma proteins
involved in diverse biological functions.

To further understand the biological function of the PRS-associated
proteins, network analysis was conducted to reveal their relationships
and overall biological representations (Figure 4F). Interestingly, the PPI
network annotated according to the STRING database showed that
the PPI was enriched within the candidate proteins associated with
the PRS (PPl enrichment P = 7.78E—11; Table S11 in supporting infor-
mation), implying their possible concurrent involvement in certain bio-
logical pathways. Subsequent GO and pathway analysis corroborated
this notion, revealing the potential functions of these candidate pro-
teins in cell adhesion, response to cytokines, and axon guidance (FDR =
3.00E-05, 3.65E-05, and 1.06E—02, respectively; Figure 4G, H,
Table S12, 513 in supporting information). Meanwhile, plasma proteins
from all three functional domains (i.e., cardiovascular-, inflammation-,
and neurology-related pathways) participated in the PPl network
and exhibited a certain degree of interaction (Figure 4F), implying a
crosstalk between multiple signaling pathways possibly influenced by
the aggregate effects of AD genetic risk. Thus, these results suggest
that the candidate loci represented by the PRS model exert a combi-
national effect on AB-associated pathways and other pathways such as

cardiovascular- and inflammation-related pathways.

3.6 | Identification of TREM2 H157Y carriers in
the Hong Kong Chinese population

Furthermore, in addition to the common AD-associated variants iden-
tified in the Hong Kong Chinese population, 5 TREM2 H157Y carri-
ers (n =1 and 4 in the NC and AD groups, respectively) were identi-

fied by the array and confirmed by Sanger sequencing (e.g., Figure 5A).
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Meanwhile, the other AD-associated variant, TREM2 R47H, was not
found in this cohort. Individuals harboring TREM2 H157Y (rs2234255
A allele) tended to have lower MoCA scores, although the associa-
tion was not statistically significant in AD patients (P < 0.05 and P
= 0.15 in all participants and AD patients, respectively; Figure 5B,C).
Moreover, in AD patients, TREM2 H157Y was significantly associated
with an elevated plasma AB4,/AB4q ratio (8 = 0.006, P = 0.012; FDR
= 5.80E-02; Figure 5D, Table S14 in supporting information). Hence,
screening for plasma proteins associated with TREM2 H157Y was con-
ducted, yielding 35 plasma proteins that were significantly associated
with H157Y in AD patients (P < 0.05; n = 9 with FDR < 0.05; Table
S15 in supporting information). For instance, TREM2 H157Y was asso-
ciated with NOTCH3 plasma level (3 = —0.762, P = 1.70E-05, FDR
= 2.34E-03; Figure 5E, Table S15) as well as immune-related plasma
proteins, namely interleukin 2 (IL-2; 8 = 0.201, P = 6.09E-03, FDR =
1.12E-01; Figure 5F, Table S15) and CASP-3 (3= 1.882,P = 1.26E—04,
FDR = 4.95E-03; Figure 5G, Table S15). Further PPl network anal-
ysis of the 35 plasma proteins again suggested they were generally
enriched in the PPl of TREM2 H157Y-associated proteins (PPl enrich-
ment P = 9.38E—12; Table S16 in supporting information). Subsequent
GO and pathway analysis again highlighted the relationships between
TREM2 H157Y and immune-associated pathways, as evidenced by
the enrichment of GO terms and pathways including cytokine activ-
ity, immune system process, cytokine-cytokine receptor interaction,
and IL-17 signaling pathway (FDR = 1.00E—-04, 9.51E—05, 2.24E-06,
and 5.70E—04, respectively; Table S17, 518 in supporting information).
Hence, these results suggest that TREM2 H157Y impacts cognitive
functions and modifies the immune state in the peripheral systemin the
Hong Kong Chinese population.

4 | DISCUSSION

This study is the first to comprehensively evaluate known AD genetic
risk factors in the Hong Kong Chinese population, in which we assayed
48 genetic variants that associated with 36 genes that have been
implicated in AD. The results reveal associations between AD and
several loci including APOE and nearby regions as well as SORL1
rs11218343. The results also replicate the APOE-¢4-independent AD
risk effect of NECTIN2 rs6859 A allele, which was previously observed
in our fine-mapping study in the mainland Chinese population.* In
addition, our meta-analysis corroborates the AD protective effect of
SORL1rs11218343 C allele in multiple ethnic groups. Furthermore, by
subjecting the assayed variants to the lasso regression model, seven
common variants were selected to construct the PRS model, which
can predict AD risk and cognitive status of individual in the Hong
Kong Chinese population more accurately than the APOE genotype.
Accordingly, the PRS is associated with the changes in brain volumetric
data, as well as the levels of multiple plasma proteins (for instance,
the AB42/AB40 ratio and the levels of AB4y, NCAN, and OPN), which
participated diverse biological functions. Of note, 5 TREM2 H157Y het-
erozygous carriers were identified in the present Hong Kong Chinese
cohort, which could facilitate pathological studies of TREMZ2 in AD.



100f 14 Diagnosis, Assessment ZHOU ET AL.

Disease Monitoring

A B C
* *%
2 0.100 4 4
S £ o
< — —
S 0.075 3E Es
é 2 S g =1
S gz s g
< 0.050 = | =
g oL 28
2 g< E<
& 0.025 2 <
4162 57 85 4162 57 8
Y o
\/0 06\06\ ‘2‘\Q \/0¢\ 06\\)6\ \z\\Q
A\ <
D E
*
XXX P=0.77
11 1 —
P g =
LE > € 104
=z 3 Z°3
o
S§ oF
£3 €5 of
8§ 5
o el 6l 8 : ! :
102 7 74 102
L 5 s Lm0 I B S B
o o
Q @%

G

Regulation of response to external stimulus
Cell adhesion
Response to cytokine

Signaling receptor binding

Cytokine activity:
Receptor ligand activity
0o 2 4 6 8
H ~log,(FDR)
Cytokine-cytokine receptor interaction
Cell adhesion molecules (CAMs)
Axon guidance
O Cardiovascular D Inflammation IL-17 signaling pathway:
O Neurology 0 2 4

-log,,(FDR)
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1.15,P =0.25; low versus medium: T = 1.68, P = 0.10; low versus high: T= 3.31, **P < 0.01. E, Association between PRS and plasma NCAN protein
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individuals in the corresponding group. F, Protein-protein interaction network of PRS-associated plasma proteins. Node color specifies the protein
class, and edge color and thickness are proportional to the pairwise interaction score. G, H, Enrichment analysis of the plasma protein interaction
network. Results (FDR < 0.05) for Gene Ontology (G) and pathway analysis (H) are shown. AB, amyloid-beta; AD, Alzheimer’s disease; FDR, false
discovery rate; MCI, mild cognitive impairment; MoCA, Montreal Cognitive Assessment; NC, normal control; NCAN, neurocan; OPN, osteopontin;
PRS, polygenic risk score; WGS, whole-genome sequencing.
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numbers of individuals in the corresponding group. AB, amyloid beta; AD, Alzheimer’s disease; MoCA, Montreal Cognitive Assessment.

Similar to APOE ¢4, SORL1 is associated with AD in multiple ethnic
groups.238:39 Corroborating previous genetics studies in other Asian
populations, our results suggest that SORL1 rs11218343 C allele has a
similar AD protective effect in the Hong Kong Chinese population.3?
Nevertheless, the contribution of a specific variant or gene to AD
risk might vary among different populations. The most representative
example is APOE, as the frequency and risk effect of the APOE ¢4 allele
differ across ethnic groups.*>2>3 Furthermore, in the first SORL1 AD
genetic study reported by Rogaeva et al., SORL1 rs3824968, which is
in linkage disequilibrium with rs11218343 in a European population
(R2 = 0.617, D’ = 0.8), was found to be significantly associated with
AD only in a European population (in both cohorts from the discov-
ery and replication stage) and not in Hispanic or Arab populations.®*
Moreover, the risk effect of even a specific AD risk locus might be
attributable to different genetic variants in different ethnic groups.
For instance, the TREM2 R47H is largely absent from East Asian pop-
ulations, whereas TREM2 H157Y is more prevalent in East Asian than
European populations (data from gnomAD).2? These lines of evidence

suggest that ethnic background influences the genetic risks of certain

diseases. Therefore, genetics studies in non-European descent popu-
lations are urgently required to corroborate and extend the findings
of the present study and provide a more comprehensive and context-
dependent understanding of AD.

Since being reported in 2013, TREMZ2 has become one of the key AD
genetic risk factors, contributing to the dysregulation of the immune
system in AD pathogenesis.>¢>> A meta-analysis failed to identify sig-
nificant association between H157Y and AD in Japanese and Korean
populations.”®>8 However, it is shown that H157Y is significantly asso-
ciated with AD in Han Chinese’ as well as people of European descent
(Alzheimer’s Disease Sequencing Project, ADSP).2? Notably, the allele
frequency of H157Y would be higher in Chinese AD patients (0.53%
and 0.40% in Hong Kong Chinese and mainland Chinese) compared to
the AD patients from other East Asian populations (0.28% and 0.25%,
for Japanese and Korean, accordingly). Hence, more data would be
required to further understand the contribution of H157Y for AD
risk in the Chinese population. Interestingly, the H175Y amino acid
mutation is located at the ADAM10 protease cleavage site of TREM2
protein. Thus, this specific H157Y mutation might modulate the
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ADAM10-mediated cleavage of TREMZ2, resulting in increased pro-
duction of soluble TREM2.°7¢1 The association between the plasma
level of NOTCH3 (another ADAM10 substrate)®? and the TREM2
H157Y genotype suggests that TREM2 H157Y carriers exhibit altered
ADAM10 protease activity. Therefore, further investigation is required
to clarify the roles of TREM2 and its H157Y disease-associated variant
in AD pathogenesis.

Although late-onset AD is suggested to be heritable, there is no
single known genetic variant that can adequately account for its
pathogenesis. Previous AD genetics studies conducted in European-
descent populations demonstrate that PRS models can predict an indi-
vidual’s risk of AD.1113 However, such models cannot be directly
applied to other ethnic groups because of variations in genetic
background. Accordingly, the present study evaluated known AD-
associated genetic variants in the Hong Kong Chinese population,
demonstrating that the PRS model based on this population can pre-
dict individuals’ AD risk and cognitive status. Interestingly, the perfor-
mance of the proposed model in predicting AD risk was superior to that
of the APOE genotype alone. More importantly, the poor performance
of the proposed PRS model in the European-descent AD dataset fur-
ther implies the impacts of ethnic background on both genetics and
PRS research related to diseases. Therefore, additional comprehensive
genetic analyses of AD in the Chinese population are vital for iden-
tifying causal genetic factors of AD, which might improve our under-
standing of the disease’s mechanisms and facilitate the development of
genetic tools for assessing individual risk of AD in the Chinese popula-
tion.

Notably, the limited number of samples and variants assayed in
this study might limit the generalizability of the results. For instance,
for SORL1 rs11218343, the present array dataset could only achieve
a statistical power of 0.1624. Therefore, a replication study with a
larger sample size is desirable. Meanwhile, rs11218343 is suggested to
be associated with SORL1 transcript level in multiple tissues (C allele
in nerve tissue: P = 0.000013, normalized effect size = 0.28; data
from GTEXx),%” implying a potential biological impact on the modula-
tion of SORL1 transcript levels. Therefore, it is important to investigate
rs11218343 and other potential variants in the SORL1 locus for their
underlying mechanisms in modifying the disease risk. Moreover, con-
ducting the analyses with additional in-house biomarker data further
demonstrated the utility of the PRS model by showing its associations
with AD-related endophenotypes such as the plasma AB42/AB49 ratio,
changes in brain volume, and specific PPl network and biological path-
ways. Hence, the present study also provides hints on how the aggre-
gate effects of multiple genetic risk factors may modulate specific bio-
logical aspects in an individual. Thus, this study provides additional evi-
dence supporting the systematic use of PRS models in clinical practice

for both patient stratification and drug development.
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