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ABSTRACT

The dopamine receptor-related loci have been suggested to be associated with cognitive functions and
neurodegenerative diseases. It is unknown whether genetic variants such as single nucleotide polymorphisms
(SNPs) in the dopamine receptor-related loci could contribute to cognitive aging independently as well as by virtue
of complicated interplays in the elder population. To assess whether SNPs in the dopamine receptor-related loci
are associated with cognitive aging in the elder population, we evaluated SNPs in the DRD1, NCAM1-TTC12-ANKK1-
DRD2, DRD3-LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20, DRD4, and DRD5-SLC2A9 loci from 25,195 older
Taiwanese individuals from the Taiwan Biobank. Mini-Mental State Examination (MMSE) was scrutinized for all
participants, where MMSE scores were employed to evaluate cognitive functions. From our analysis, we identified
three novel genes for cognitive aging that have not previously been reported: ZBTB20 on chromosome 3 and
NCAM1 and TTC12 on chromosome 11. NCAM1 and ZBTB20 are strong candidates for having a role in cognitive
aging with mutations in ZBTB20 resulting in intellectual disability, and NCAM1 previously found to be associated
with associative memory in humans. Additionally, we found the effects of interplays between physical activity and
these three novel genes. Our study suggests that genetic variants in the dopamine receptor-related loci may
influence cognitive aging individually and by means of gene-physical activity interactions.

INTRODUCTION disease and Parkinson’s disease, which are normally

characterized by gradual cognitive decline and
Dopamine is primarily recognized as a crucial factor dysfunction [1-3]. Furthermore, dopamine, mainly
for neurodegenerative diseases such as Alzheimer’s located in the midbrain, performs through five distinct
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subtypes of dopamine receptors (namely D1, D2, D3,
D4, and D5 receptors) [4]. The dopamine receptors, G-
protein coupled receptors, have been a focus of
attention in the arena of drug design and discovery,
where it is a target for drugs which treat various
disorders such as Parkinson’s disease and psychiatric
disorders [5-9].

The dopamine receptor genes DRD1, DRD2, DRD3,
DRD4, and DRD5 encode the D1, D2, D3, D4, and D5
subtype of the dopamine receptors, respectively.
Genetic variants, in particular, single nucleotide
polymorphisms (SNPs), have been described in the
dopamine receptor gene research [10-12]. Literature
suggests a connection between the dopamine receptor-
related loci and neurodegenerative diseases, as well as
between the dopamine receptor-related loci and
cognitive functions in human beings [13]. For example,
Tsang et al. [14] reported that the DRD1 gene was
associated with inferior cognitive performance in the
postmortem cohort of Caucasian samples with
Alzheimer's disease. Furthermore, it has been
demonstrated that the DRD2 gene was linked to better
cognitive performance in verbal learning following
traumatic brain injury [15] and may influence cognitive
performance (such as number of categories achieved in
the Wisconsin Card Sorting Test) in healthy individuals
[16]. Mota et al. [17] also suggested that DRD2 co-
regulates with three nearby genes (NCAM1, TTC12, and
ANKK1) to form the NCAM1-TTC12-ANKK1-DRD2
locus which correlates with dopaminergic neuro-
transmission and neurogenesis. Moreover, Cordeddu et
al. [18] found that DRD3 joins with its adjacent genes
(LOC107986115, ZNF80, TIGIT, MIR568, and
ZBTB20) to constitute the DRD3-LOC107986115-
ZNF80-TIGIT-MIR568-ZBTB20 locus which contri-
butes to Primrose syndrome, a genetic disorder with
intellectual disability and learning difficulties. In
addition, it has been indicated that the DRD4 gene
exhibits a significant association in Alzheimer’s disease
in the Taiwanese population [19] and is linked to a
specific cognitive domain called perceptual speed
performance in cognitively healthy individuals of
European ancestry [20]. Finally, Hollingworth et al.
[21] identified the SLC2A9 gene, which is neighboring
to DRD5, as a susceptibility gene for psychosis and
Alzheimer’s disease in populations of FEuropean
ancestry.

In light of the aforementioned observations, it
was presumed that the dopamine receptor-related
loci, including the DRD1, NCAMI1-TTC12-ANKK1-
DRD2, DRD3-LOC107986115-ZNF80-TIGIT-MIR568-
ZBTB20, DRD4, and DRD5-SLC2A9 loci, may play a
key role in the pathogenesis of age-dependent cognitive
decline and the development of cognitive aging. Here,

we hypothesized that genetic variants such as SNPs in
the dopamine receptor-related loci might be associated
with cognitive aging in the population with Taiwanese
ancestry. To the best of our knowledge, the effects of
genetic variants in the dopamine receptor-related loci on
cognitive aging are scant in regards to human studies. In
addition, several studies [22-27] in the Taiwan Biobank
have conducted association analyses on cognitive aging
using Mini-Mental State Examination (MMSE) scores,
a standard method provided in the Taiwan Biobank.
Based on the aforementioned considerations, we
conducted the first genetic association study between
MMSE scores and SNPs in the dopamine receptor-
related loci in the Taiwan Biobank. We detected
associations between MMSE scores and genetic variants
in three genes (including NCAM1 and TTC12 on
chromosome 11 and ZBTB20 on chromosome 3) which
have not been previously discovered. It has also been
indicated that environmental factors such as physical
activity are linked to cognitive aging as well [22-25].
Substantial evidence reveals that physical activity
contributes to a lower risk of developing cognitive
impairment and Alzheimer's disease [28]. Thus, we
assessed the probable gene-physical activity interactions
on cognitive aging and found potential gene-physical
activity interactions with the NCAM1, TTC12, and
ZBTB20 genes in influencing cognitive aging.

RESULTS

The clinical and demographic characteristics of the
study cohort

Table 1 illustrates the clinical and demographic
characteristics of our study cohort, which consisted of
25,195 individuals from the Taiwan Biobank. The
median MMSE score was 28 and the interquartile range
was 26-29. Supplementary Table 1 presents the
demographic characteristics and the relevant MMSE
scores in our study cohort. In this study, we found that
correlations between MMSE scores with age (P <
0.001), gender (P < 0.001), education (P < 0.001),
physical activity (P < 0.001), smoking (P = 0.004), and
chronic conditions (P < 0.001) were significant
(Supplementary Table 1).

Association of cognitive aging in the dopamine
receptor-related loci

First, we explored the associations between cognitive
aging and the dopamine receptor-related loci, including
the DRD1, NCAM1-TTC12-ANKK1-DRD2, DRD3-
LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20, DRD4,
and DRD5-SLC2A9 loci. Among the 791 SNPs
investigated in the present study, there were 116 SNPs
within the dopamine receptor-related loci revealing
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Table 1. Demographic and clinical characteristics

of study subjects.
Characteristic Overall
No. of subjects, n 25,195
Mean age * SD, years 64.3+3.2
Female, % 61.2
Education level , % 1:89
“1” for no formal education, 2:14.3
“2” for homeschooling, 3:12.8
“3” for elementary school, 4:9.0
“4” for middle school, 5:23.4
“5” for high school, "6" for college, 6:27.2
and "7" for graduate school 7.4.4
Physical activity, % 63.6
Smoking, % 5.6
Alcohol drinking, % 5.3
Chronic conditions, % 84.7
MMSE score, median (IQR) 28 (26-29)

IQR, interquartile range; MMSE, Mini-Mental State
Examination; SD, standard deviation. Data are
presented as mean + standard deviation.

lEducation level is defined as the following seven

levels: no formal

education, homeschooling,

elementary school, middle school, high school,

college, and graduate school.

evidence of associations (P < 0.05) with MMSE scores
(Supplementary Tables 2-6).

Figure 1 shows locus zoom plots illustrating the
association results in the NCAMI1-TTC12-ANKK1-
DRD2 locus. There were 46 SNPs in the NCAM1-
TTC12-ANKK1-DRD2 locus revealing evidence of
associations (P < 0.05) with MMSE scores
(Supplementary Table 2). As illustrated in Table 2, the
significance persisted for the association of MMSE
scores among 3 SNPs after employing Bonferroni
correction (P < 0.05/791 = 6.32 x 10%), including
rs11214442 in NCAM1 (P = 2.06 x 10°%), rs10891485 in
NCAM1 (P = 2.54 x 10®), and rs138333675 in TTC12
(P = 539 x 107). The two significant SNPs
(rs11214442 and rs10891485) in NCAML1 are not in LD
with rs138333675 in TTC12, suggesting the signals
from NCAM1 and TTC12 were independent
(Supplementary Table 7). Moreover, these two SNPs
(rs11214442 and rs10891485) in NCAM1 are in LD
with each other in the Taiwanese population, suggesting
they are the same signal (Supplementary Table 7). Next,
we investigated the likely roles of the above 3 SNPs as
expression quantitative trait loci (eQTLs). We found
that rs11214442 and rs10891485 in NCAML is involved
in regulating expressions of the NCAM1 gene in
artery/aorta tissues [29].

Figure 2 shows locus zoom plots illustrating the
association results in the DRD3-LOC107986115-
ZNF80-TIGIT-MIR568-ZBTB20 locus. There were 44
SNPs in the DRD3-LOC107986115-ZNF80-TIGIT-
MIR568-ZBTB20 locus revealing evidence of
associations (P < 0.05) with MMSE scores
(Supplementary Table 3). As illustrated in Table 2, the
significance persisted for the association of MMSE
scores among 3 SNPs after employing Bonferroni
correction (P < 0.05/791 = 6.32 x 10%), including
rs145272406 in ZBTB20 (P = 1.59 x 10°®), rs114295131
in ZBTB20 (P = 1.59 x 10%), rs77949732 in ZBTB20 (P
= 159 x 10°). The three significant SNPs
(rs145272406, rs114295131, and rs77949732) in
ZBTB20 are in LD with each other in the Taiwanese
population, suggesting they are the same signal
(Supplementary Table 8). However, there was no
potential mechanism for these 3 SNPs as eQTLs.

Supplementary Figures 1-3 show locus zoom plots
illustrating the association results in the DRD1, DRD4,
and DRD5-SLC2A9 loci, respectively. There were 11
SNPs in the DRD1 locus, 3 SNPs in the DRD4 locus,
and 12 SNPs in the DRD5-SLC2A9 locus revealing
evidence of associations (P < 0.05) with MMSE scores
(Supplementary Tables 4-6). However, none of these
SNPs in the DRD1, DRD4, and DRD5-SLC2A9 loci
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remained after

correction.

significant employing Bonferroni

Physical activity and gene interaction analysis

Next, we utilized categorized MMSE scores as an
outcome (normal: MMSE score > 24; cognitive
impairment: MMSE score < 24) for physical activity
and gene interaction analysis. The GMDR method was
employed to estimate the effects of consolidation
between physical activity and the three key SNPs
(namely rs11214442 in NCAM1, rs138333675 in
TTC12, and rs77949732 in ZBTB20) in cognitive aging
by incorporating age, gender, and education as
covariates. Here, we only selected one top SNP from
each of NCAML1, TTC12, and ZBTB20. As illustrated in
Table 3, there were significant two-way models
concerning physical activity among rs11214442 in
NCAM1, rs138333675 in TTC12, and rs77949732 in
ZBTB20 (P < 0.001, < 0.001, and < 0.001, respectively),
indicating potential physical activity and gene

interactions between these genes and physical activity
in regulating cognitive aging. The effect of these
physical activity and gene interaction models remained
significant after Bonferroni correction (P < 0.05/3 =
0.017).

DISCUSSION

To our knowledge, this is the first study to date to
determine whether the main impacts of SNPs in the
dopamine receptor-related loci are significantly
associated with the risk of cognitive aging on an
individual-by-individual basis and by virtue of gene-
physical activity interactions in elder subjects. Here, we
observed for the first time that the dopamine receptor-
related loci may play an essential role in influencing
cognitive aging in elder Taiwanese individuals.
Intriguingly, the significance persisted for the
association of MMSE scores with six key SNPs after
correcting for multiple testing, including rs11214442 in
NCAM1, rs10891485 in NCAM1, and rs138333675 in
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Figure 1. Locus zoom plot for the NCAM1-TTC12-ANKK1-DRD2 locus for cognitive aging in the Taiwan Biobank. SNPs are shown
by their position on the chromosome against their association (-logio P) with cognitive aging. SNPs are colored to reflect their linkage
disequilibrium with the top SNP (rs138333675) in TTC12. Estimated recombination rates are plotted in cyan using Asian subjects from the

1000 Genomes Project. This plot was generated using LocusZoom.
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Table 2. Linear regression models of associations between the MMSE scores and 6 SNPs in the NCAM1, TTC12,
and ZBTB20 genes, which have an evidence of association (P < 0.05) and remain significant after employing
Bonferroni correction (P < 0.05/791 = 6.32 x 10°®).

i Dominant model Recessive model

CHR Gene SNP Al A2 Region MAF
BETA SE P BETA SE P

3 ZBTB20 rs145272406 C T intron  0.015 -0.12 0.09 0.177 -427 099 1.59x10°
3 ZBTB20 rs114295131 A C intron  0.015 -0.12 0.09 0.174 -427 099 1.59x10°
3 ZBTB20 rs77949732 T A intron  0.015 -0.11 0.09 0.222 -427 099 1.59x10°
11 NCAM1 rs11214442 G A intron 0304 0.13 0.03 2.06x10° 0.14 0.05 0.011
11 NCAM1 rs10891485 G A intron 0303 0.13 0.03 2.54x10° 0.13 0.05 0.015
11 TTC12 rs138333675 A G missense 0.029 -0.01 0.07 0.879 -254 051 5.39x107

Al, minor allele; A2, major allele; BETA, Beta coefficients; CHR, chromosome; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE, standard error.

Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05/791 = 6.32 x 10 are shown in bold.
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Figure 2. Locus zoom plot for the DRD3-LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20 locus for cognitive aging in the Taiwan
Biobank. SNPs are shown by their position on the chromosome against their association (-logio P) with cognitive aging. SNPs are colored to
reflect their linkage disequilibrium with the top SNP (rs77949732) in ZBTB20. Estimated recombination rates are plotted in cyan using Asian
subjects from the 1000 Genomes Project. This plot was generated using LocusZoom.
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Table 3. Physical activity and gene interaction models identified by the

GMDR method.

2-way interaction model

Testing accuracy (%) P value

Physical activity, rs11214442 in NCAM1
Physical activity, rs138333675 in TTC12
Physical activity, rs77949732 in ZBTB20

53.86 <0.001
53.86 <0.001
53.94 < 0.001

GMDR, generalized multifactor dimensionality reduction. P value was based on

1,000 permutations.

Analysis was obtained after adjustment for covariates including age, gender,
education, smoking, alcohol drinking, and chronic conditions.
P values of < 0.017 (Bonferroni correction: 0.05/3) are shown in bold.

TTC12, rs145272406 in ZBTB20, rs114295131 in
ZBTB20, and rs77949732 in ZBTB20. Moreover, the
findings indicated that gene-physical activity
interactions in the NCAM1, TTC12, and ZBTB20 genes
may modulate the etiology of cognitive aging.

Remarkably, the present study is the first to raise the
possibility that three significant SNPs in the NCAM1-
TTC12-ANKK1-DRD2 locus, such as rs11214442 in
NCAM1, rs10891485 in NCAM1, and rs138333675 in
TTC12, may be associated with cognitive aging.
Furthermore, the significant association between these
key SNPs and MMSE scores persisted even after
applying Bonferroni correction. We also found that
rs11214442 and rs10891485 in NCAM1 may play a
functional role as eQTLs for the NCAM1 gene in
artery/aorta tissues [29]. To our knowledge, no other
studies have been conducted to pinpoint these three
SNPs in NCAM1 and TTC12 with cognitive aging or
age-related cognitive decline. Both the NCAM1 and
TTC12 genes, located on chromosome 11¢23.2, are
good candidates for cognitive aging because they
represent the NCAMI1-TTC12-ANKK1-DRD2 locus
which is linked to dopaminergic neurotransmission and
neurogenesis [17]. It has also been indicated that
NCAM1 may play a key role in impairment of spatial
memory in epileptic rats [30] as well as in associative
memory in nematodes and humans [31]. Moreover, it
has been suggested that the NCAM1-TTC12-ANKK1-
DRD2 locus should be considered as one single unit for
investigating genetics in behavioral and psychiatric
studies [17]. In addition, it has been reported that the
NCAM1-TTC12-ANKK1-DRD2 locus is considered as a
risk biomarker for alcohol dependence [32], nicotine
dependence [33], heroin dependence [34], and comorbid
alcohol and drug dependence [35].

Interestingly, the present study is the first to raise the
possibility that three significant SNPs in the DRD3-
LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20 locus,
such as rs145272406 in ZBTB20, rs114295131 in
ZBTB20, and rs77949732 in ZBTB20, may be

associated with cognitive aging. To our knowledge, no
other studies have been conducted to pinpoint these
three SNPs in ZBTB20 with cognitive aging or age-
related cognitive decline. The ZBTB20 gene, located on
chromosome  3913.31, represents the DRD3-
LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20 locus.
ZBTB20 is a good candidate for cognitive aging. For
example, it has been reported that mutations in ZBTB20
are associated with Primrose syndrome, a genetic
disorder characterized by intellectual disability, autism,
and other behavioral concerns [18]. On another note,
ZBTB20 has been previously implicated in influencing
neurodevelopmental disorders in subjects of European
ancestry [36]. Animal studies also revealed that the
Zbtb20 gene is mainly expressed in brain and its
encoded protein is implicated in hippocampal develop-
ment and cerebellar granule cells [37, 38].

Intriguingly, we pinpointed the interplays between the
dopamine receptor-related loci and physical activity in
affecting cognitive aging, where the dopamine receptor-
related loci encompass NCAM1, TTC12, and ZBTB20.
This relationship could functionally manifest itself on
the basis of epigenetic alterations [23]. Our findings are
in line with other association studies in the Taiwanese
population from the Taiwan Biobank, indicating that
physical activity may modulate cognitive aging by
means of likely complex gene-physical activity
interplays with the interleukin-12 related genes (such as
IL12A, IL12B, and IL12RB?2) [23], the DNA repair gene
EXO1 [24], circadian clock genes (such as RORA and
RORB) [22], and Alzheimer's disease-associated genes
(such as SLC24A4) [25]. Papenberg et al. [39] also
suggested the detrimental effects of inflammation on
cognitive aging in old adults who lack of physical
activity. Furthermore, the dopamine receptor-related
loci, such as DRD2 and DRD3, have been found to play
a central role in inflammation, neuroinflammation, and
neurodegeneration [40, 41]. Thus, it is plausible to
hypothesize that the interplays found in this study may
be linked to the negative effects of inflammation on
cognitive aging in inactive old adults.
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In our analysis, there was also evidence of associations
(P < 0.05) between MMSE scores and other dopamine
receptor-related loci, such as DRD1, ARL2BPP6-DRD1,
DRD1-SFXN1, DRD2, NCAM1-LOC105369498,
DRD3, DRD3-LOC107986115, ZNF80-TIGIT, DRD4-
DEAF1, and SLC2A9. The DRD1, ARL2BPP6-DRD1,
and DRD1-SFXN1 loci are located on chromosome
5035.2. The DRD2 and NCAM1-LOC105369498 loci,
located on chromosome 11q23.2, represent the NCAM1-
TTC12-ANKK1-DRD2 locus. The DRD3, DRD3-
LOC107986115, and ZNF80-TIGIT loci, located on
chromosome  3q13.31, represents the DRD3-
LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20 locus.
The DRD4-DEAF1 locus is located on chromosome
11p15.5. The SLC2A9 gene, located on chromosome
4pl16.1, represents the DRD5-SLC2A9 locus. In
accordance with our results, it has been reported that
DRD1 [14], DRD2 [15, 16], DRD3 [18], DRD4 [19,
20], and SLC2A9 [21] are associated with cognitive
performance or cognitive impairment.

This study had some limitations. First, the age effect
was limited due to a homogeneous cohort in terms of
age (i.e., the mean age of 64.3 years and the standard
deviation of 3.2 years). Second, studies on cognitive
aging require repetitive cognitive assessments of each
individual over years and our study is limited to a single
cognitive assessment of each individual. Furthermore,
in our statistical analyses, adjustments were not made
for other risk factors, namely brain injury and exposure
to pesticides/toxins, due to a lack of such data. Future
studies making use of multi-omics data are also
warranted to provide the molecular mechanisms
underlying cognitive aging.

In conclusion, the present study accomplished a
thorough investigation of the associations of cognitive
aging with the dopamine receptor-related loci in old
adults in the Taiwanese population. Moreover, the
present study revealed the impacts of gene-physical
activity interactions in the dopamine receptor-related
loci with regard to cognitive aging. In particular, if the
current findings are reproduced in statistically well-
powered distinct samples, the present study pinpoints
the effects of the dopamine receptor-related loci on
the risk of cognitive aging on an individual-by-
individual basis as well as via sophisticated gene-
physical activity interplays. The present study
implicates that dopamine receptor-mediated signaling
should be the focus of future studies on pathogenesis
of age-dependent cognitive decline and probable drug
targets for drug design and discovery. Distinct studies
with greater replication datasets will potentially create
further insights into the role of the dopamine
receptor-related loci demonstrated in the present
study.

MATERIALS AND METHODS
Study population

Our study cohort composed of 25,195 subjects for
subsequent analyses. This study involved Taiwanese
individuals from the Taiwan Biobank, which collected
specimens and relevant information from participants in
recruitment centers across Taiwan [22, 25-27, 42, 43].
There were the following two inclusion criteria: (1)
participants who were 60 years old or over; and (2)
participants who were self-reported as being of
Taiwanese ancestry [43]. The exclusion criterion was
participants with a history of cancer [43]. Ethical
approval for the study was granted by the Institutional
Review Board of the Taiwan Biobank before
performing the study (approval number:
201506095RINC). The approved informed consent
form was signed by each subject. All experiments were
achieved by means of proper regulations and guidelines.

A subject’s education level includes the following seven
levels: no formal education, homeschooling, elementary
school, middle school, high school, college, and
graduate school [22-27]. A subject who had exercised
for over 30 minutes each time and over three times each
week was defined as a measure of physical activity [22—
25]. A subject with current smoking for more than 6
months was defined as a current smoker [22-25]. A
subject with a volume of 150mL of alcohol intake per
week for more than 6 months was defined as a current
alcohol drinker [22-25]. Status of chronic conditions
was defined as whether a subject or a subject's family
member (i.e., family history) has had the following
chronic conditions: Parkinson's disease, heart disease,
stroke, and/or diabetes.

Cognitive assessment

We utilized the 30-point MMSE, a cognitive
impairment screening tool in the Taiwan Biobank, as
previously described [22-27]. In brief, we assessed
global cognitive performance by employing the 30-
point MMSE, which encompasses questions in
accordance with the five areas of recall, registration,
language, attention and calculation, and orientation
[27]. We assessed the MMSE score both as a
continuous phenotype and as a binary phenotype in
accordance with the following previously-established
MMSE thresholds [44]: MMSE score > 24 (normal) and
MMSE score < 24 (cognitive impairment). The
cognitive assessment was carried out in the local
languages (such as Taiwanese and/or Taiwanese
Mandarin). The cognitive cut-off score of 24 was
originated from previous studies [44] and was based on
a Taiwanese version of MMSE.
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Laboratory assessments: genotyping

DNA was extracted from blood samples by employing
QIAamp DNA blood kits following the manufacturer’s
instructions (Qiagen, Valencia, CA, USA). The quality
of the isolated genomic DNA was carried out by
utilizing agarose gel electrophoresis, and the quantity
was completed by spectrophotometry [45]. SNP
genotyping was evaluated by employing the custom
Taiwan Biobank chips, which were accomplished by
using the Axiom Genome-Wide Array Plate System
(Affymetrix, Santa Clara, CA, USA). The custom
Taiwan Biobank chips were created to collect genetic
profiles in Taiwanese subjects by utilizing SNPs on the
Axiom Genome-Wide CHB 1 Array (Affymetrix, Santa
Clara, CA, USA) and the Human Exome BeadChip
(IMlumina, Inc., San Diego, CA, USA) [43].

We searched for variants in the DRD1, NCAM1-
TTC12-ANKK1-DRD2, DRD3-LOC107986115-ZNF80-
TIGIT-MIR568-ZBTB20, DRD4, and DRD5-SLC2A9
loci by referring to the complete list of SNPs
available in the custom Taiwan Biobank chips. In
addition, we performed quality control procedures for
subsequent analysis [46, 47]. The quality control
procedure excluded troublesome SNPs that were not in
Hardy-Weinberg equilibrium (HWE) (with a P-value
less than 0.05) or had a genotyping call rate less than
95% or minor allele frequency (MAF) < 1%. We
evaluated MAFs, genotyping call rates, P values for
HWE using PLINK [48]. After the quality control
procedure, the SNP panel consisted of 792 SNPs
in the DRD1, NCAM1-TTC12-ANKK1-DRD2, DRD3-
LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20, DRD4,
and DRD5-SLC2A9 laci.

Statistical analysis

The Student’s t test was performed to measure the
difference in the means of two continuous variables
[23]. We conducted the chi-square test for categorical
data. The criterion for significance was set at P < 0.05
for all tests. Data are presented as the mean + standard
deviation.

In this study, linear regression analysis was carried out
to evaluate the relationship between MMSE scores and
our variables of interest such as age, gender, education,
physical activity, smoking, alcohol drinking, and
chronic conditions. In addition, we assessed the
association of the investigated SNP with MMSE scores
by a general linear model using age, gender, education,
physical activity, smoking, alcohol drinking, and
chronic conditions as covariates [49]. The genotype
frequencies were performed for Hardy-Weinberg
equilibrium to detect genotyping errors [50] by

employing a x> goodness-of-fit test with one degree of
freedom (that is, the number of genotypes minus the
number of alleles). Adjustments for multiple testing
were conducted by employing the Bonferroni
correction. The criterion for significance was defined as
P < 0.05 for all tests. Data were shown by the mean +
standard deviation.

In order to examine gene-physical activity interplays,
we utilized the generalized multifactor dimensionality
reduction (GMDR) method [51]. We scrutinized two-
way interactions by employing 10-fold cross-validation.
The GMDR method provided various output
parameters, such as empirical P values and the testing
accuracy, to evaluate each interaction. Furthermore,
covariates such as age, gender, education, smoking,
alcohol drinking, and chronic conditions were utilized
for gene-physical activity interaction analysis in our
interaction models. We completed the empirical P value
of the testing accuracy for each interaction by
employing permutation testing (based on 1,000
shuffles). Finally, we utilized the Bonferroni correction
to correct for multiple testing.

In addition, we employed HaploReg (http://compbio.
mit.edu/HaploReq) [52] to test if there is a functional
role as eQTLs for the SNPs in the specific genes.
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Supplementary Figure 1. Locus zoom plot for the DRD1 locus for cognitive aging in the Taiwan Biobank. SNPs are shown by
their position on the chromosome against their association (-logio P) with cognitive aging. SNPs are colored to reflect their linkage
disequilibrium with the top SNP (rs188263122) near DRD1 (ARL2BPP6-DRD1). Estimated recombination rates are plotted in cyan using Asian
subjects from the 1000 Genomes Project. This plot was generated using LocusZoom.
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Supplementary Figure 2. Locus zoom plot for the DRD4 locus for cognitive aging in the Taiwan Biobank. SNPs are shown by
their position on the chromosome against their association (-logio P) with cognitive aging. SNPs are colored to reflect their linkage
disequilibrium with the top SNP (rs7109899) near DRD4 (DRD4-DEAF1). Estimated recombination rates are plotted in cyan using Asian
subjects from the 1000 Genomes Project. This plot was generated using LocusZoom.
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Supplementary Figure 3. Locus zoom plot for the DRD5-SLC2A9 locus for cognitive aging in the Taiwan Biobank. SNPs are
shown by their position on the chromosome against their association (-logio P) with cognitive aging. SNPs are colored to reflect their linkage
disequilibrium with the top SNP (rs36075927) in SLC2A9. Estimated recombination rates are plotted in cyan using Asian subjects from the
1000 Genomes Project. This plot was generated using LocusZoom.
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Supplementary Tables

Supplementary Table 1. The demographic characteristics and MMSE
scores of study subjects.

Characteristic MMSE score (Mean + SD) P
Gender

Male 27.5+2.3

Female 27.3+2.6 <0001

Education level !

“1” for no formal education, 1:27.1+£3.1

“2” for homeschooling, 2:27.4+2.4

“3” for elementary school, 3:25.2+3.2

“4” for middle school, 4:26.7£2.5 <0.001

“5” for high school, 5:27.7¢¥1.9

"6" for college, and 6. 28.2+1.7

"7" for graduate school 7.28.5+1.6
Physical activity

Yes 27.5+£2.4

No 27.242.6 <0001
Smoking

Yes 27.2+2.6

No 27.4+25 0.004
Alcohol drinking

Yes 27.4x2.3

No 27.4+25 0.279
Chronic conditions

Yes 27.4+2.4

No 27.02.8 <0001

MMSE, Mini-Mental State Examination; SD, standard deviation.

Data are presented as mean * standard deviation.

1Education level is defined as the following seven levels: no formal education,
homeschooling, elementary school, middle school, high school, college, and
graduate school.

Supplementary Table 2. Linear regression models of associations between the MMSE scores and 46 SNPs in the
NCAM1-TTC12-ANKK1-DRD2 locus, which have an evidence of association (P < 0.05).

. Dominant model Recessive model

CHR Gene SNP Al A2 Region MAF BETA SE P BETA SE P
11 NCAM1-LOC105369498 rs143926817 G A intergenic 0.016 -0.27 0.09 1.94E-03 -0.27 1.08 0.806
11 NCAM1 rs10789931 T C intron 0468 -0.06 0.03 0.079 -0.14 0.04 1.62E-04
11 NCAM1 rs11214442 G A intron 0.304 0.13 0.03 2.06E-05 0.14 0.05 0.011
11 NCAM1 rs61905366 G A intron 0.312 0.12 0.03 1.20E-04 0.14 0.05 6.61E-03
11 NCAM1 rs10891485 G A intron 0.303 0.13 0.03 2.54E-05 0.13 0.05 0.015
11 NCAM1 rs1940725 T C intron 0.182 0.12 0.03 2.45E-04 0.04 0.09 0.627
11 NCAM1 rs7128707 T A intron 0.443 0.11 0.03 5.81E-04 0.09 0.04 0.020
11 NCAM1 rs1940717 A G intron 0.121 0.07 0.04 0.070 0.26 0.13 0.045
11 NCAM1 rs4424705 T A intron 0.443 0.12 0.03 4.74E-04 0.09 0.04 0.020
11 NCAM1 rs12363408 A C intron 0.444 0.12 0.03 3.68E-04 0.09 0.04 0.021
11 NCAM1 rs1884 G C intron 0.443 0.12 0.03 4.55E-04 0.09 0.04 0.019
11 NCAM1 rs61902793 G A intron 0.444 0.12 0.03 3.92E-04 0.09 0.04 0.018
11 NCAM1 rs11214468 C T intron 0.444 0.12 0.03 3.12E-04 0.09 0.04 0.015
11 NCAM1 rs12365502 cC A intron 0.444 0.12 0.03 3.76E-04 0.09 0.04 0.015
11 NCAM1 rs1940735 T G intron 0.440 0.12 0.03 2.00E-04 0.09 0.04 0.024
11 NCAM1 rs10750023 A G intron 0.080 0.11 0.04 9.25E-03 -0.04 0.20 0.858
11 NCAM1 rs1836799 C T intron 0.374  0.07 0.03 0.023 0.00 0.04 0.911
11 NCAM1 rs1245089 cC G intron 0.081 0.11 0.04 8.62E-03 -0.05 0.19 0.790
11 NCAM1 rs1816537 cC A intron 0.091 0.10 0.04 0.015 0.25 0.18 0.169
11 NCAM1 rs12788208 A G intron 0.091 0.09 0.04 0.021 0.25 0.18 0.155
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11 NCAM1 rs56268408 T C intron 0.099 0.09 0.04 0.024 -0.13 016 0.415
11 NCAM1 rs189464800 G A intron 0.023 -0.15 0.07 0.042 0.12 0.73 0.868
11 NCAM1 rs10891508 A G intron 0.376 -0.06 0.03 0.064 -0.13  0.04 4.10E-03
11 NCAM1 rs72995965 T A intron 0.100 0.09 0.04 0.022 -0.11 0.16 0.513
11 NCAM1 rs873803 A G intron 0.139 -0.08 0.04 0.031 -0.26 011 0.023
11 NCAM1 rs10891509 G T intron 0376 -0.06 0.03 0.063 -0.13  0.04 4.15E-03
11 NCAM1 rs595231 cC T intron 0391 -0.08 0.03 0.016 -0.05 0.04 0.279
11 NCAM1 rs144186126 T G intron 0.022 -0.07 0.08 0.333 -1.70 0.81 0.036
11 NCAM1 rs146103467 T C intron 0.011 -0.08 0.10 0.446 -4.76  1.71 5.38E-03
11 NCAM1 rs146627958 G A intron 0.022 -019 0.08 0.013 160 0.73 0.029
11 NCAM1-TTC12 rs185398311 T C  intergenic 0.012 -0.21 0.10 0.045 -1.83 243 0.450
11 NCAM1-TTC12 rs56159811 T C intergenic 0.056 -0.05 0.05 0.314 -0.56 0.27 0.034
11 TTC12 rs186496476 A G 2KBupstream 0.016 -0.18 0.09 0.043 190 140 0.173
11 TTC12 rs138333675 A G missense ~ 0.029 -0.01 0.07 0.879 -2.54  0.51 5.39E-07
11 TTC12 rs184198959 T C missense  0.013 -0.21 0.10 0.034 -1.83 242 0.450
11 DRD2 rs4936270 T C intron 0.137 0.00 0.04 0.894 -0.32  0.11 4.78E-03
11 DRD2 rs4274224 G A intron 0.167 -0.01 0.03 0.750 -0.18 0.09 0.049
11 DRD2 rs4245148 T C intron 0.137 000 0.04 0.993 -0.31  0.11 5.66E-03
11 DRD2 rs4460839 cC T intron 0.137 000 0.04 0.966 -0.29  0.11 9.32E-03
11 DRD2 rs4581480 c T intron 0.137 0.00 0.04 0.992 -0.29 0.11 9.08E-03
11 DRD2 1s7122454 C G intron 0.393 0.08 0.03 9.57E-03 0.03 0.04 0.553
11 DRD2 rs10891550 C G intron 0.393 0.08 0.03 9.11E-03 0.03 0.04 0.476
11 DRD2 rs11214611 G A intron 0.393 0.08 0.03 9.95E-03 0.03 0.04 0.468
11 DRD2 rs4350392 A C intron 0377  0.07 0.03 0.030 0.02 0.04 0.639
11 DRD2 rs4245149 A G intron 0.377  0.07 0.03 0.032 0.02 0.04 0.646
11 DRD2 rs10789944 A C intron 0.377  0.07 0.03  0.036 0.02 0.04 0.668

Al, minor allele; A2, major allele; CHR, chromosome; BETA, Beta coefficients; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE, standard error.

Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05 are shown in bold.

Supplementary Table 3. Linear regression models of associations between the MMSE scores and 44 SNPs in the
DRD3-LOC107986115-ZNF80-TIGIT-MIR568-ZBTB20 locus, which have an evidence of association (P < 0.05).

. Dominant model Recessive model
CHR Gene SNP Al A2 Region MAF
BETA SE P BETA SE P

3 DRD3 rs144005981 A G intron 0.016 0.02 0.09 0.782 -2.74 1.21 0.024
3 DRD3 rs2971569 G T intron 0.386 0.08 0.03 0.017 0.05 0.04 0.262
3 DRD3 rs7638876 C T intron 0.341 0.07 0.03 0.035 0.07 0.05 0.161
3 DRD3 rs62267154 C G intron 0.252 0.08 0.03 0.011 0.07 0.06 0.238
3 DRD3 rs36212178 G A intron 0.238 0.08 0.03 8.61E-03 0.08 0.07 0.218
3 DRD3 rs1587756 C T intron 0.252 0.08 0.03 0.011 0.07 0.06 0.238
3 DRD3 rs1587757 G A intron 0.238 0.08 0.03 8.46E-03 0.08 0.07 0.210
3 DRD3 rs1587758 G A intron 0.252 0.08 0.03 0.010 0.07 0.06 0.230
3 DRD3 rs36212515 C T intron 0.251 0.08 0.03 8.44E-03 0.08 0.06 0.199
3 DRD3 rs12633630 C A intron 0.261 0.08 0.03 8.65E-03 0.06 0.06 0.304
3 DRD3 rs56362817 A C intron 0.252 0.08 0.03 0.010 0.08 0.06 0.228
3 DRD3 rs55953427 A G intron 0.252 0.08 0.03 0.011 0.08 0.06 0.223
3 DRD3 rs6804925 T A intron 0.252 0.08 0.03 0.011 0.08 0.06 0.223
3 DRD3 rs1394016 A G intron 0.356 0.06 0.03 0.043 0.08 0.05 0.066
3 DRD3 rs17605608 A G intron 0.261 0.08 0.03 9.83E-03 0.06 0.06 0.299
3 DRD3 rs57504078 G A intron 0.238 0.08 0.03 7.79E-03 0.08 0.07 0.209
3 DRD3 rs62268962 T A intron 0.262 0.08 0.03 9.38E-03 0.05 0.06 0.391
3 DRD3-LOC107986115 rs7649438 G C  intergenic  0.262 0.08 0.03 0.011 0.06 0.06 0.343
3 ZNF80-TIGIT rs78899496 A G  intergenic  0.026 0.16 0.07 0.023 -0.26 0.52 0.609
3 ZNF80-TIGIT rs965970177 T G  intergenic  0.010 -0.09 0.11 0.431 -7.93 242  1.07E-03
3 ZBTB20 rs75995250 A G intron 0.086 0.09 0.04 0.042 0.40 0.18 0.022
3 ZBTB20 rs1219190601 T G intron 0.012 -0.38 0.10 2.07E-04 2.05 1.71 0.232
3 ZBTB20 rs76546326 C T intron 0.013 0.07 0.10 0.447 2.86 1.40 0.040
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0.024
0.038
0.048
0.015

0.015
0.015
0.029
0.010
0.011
0.204
0.022
0.016
0.359
0.046
0.404
0.408
0.016
0.406
0.413
0.418
0.413

-0.01
-0.04
-0.05
-0.12

-0.12
-0.11
-0.04
0.08
0.07
0.08
0.02
-0.10
0.05
-0.11
0.02
0.02
-0.10
0.03
0.03
0.02
0.02

0.07
0.06
0.05
0.09

0.09
0.09
0.07
0.11
0.10
0.03
0.07
0.09
0.03
0.05
0.03
0.03
0.09
0.03
0.03
0.03
0.03

0.851
0.536
0.345
0.177

0.174
0.222
0.542
0.474
0.497
0.012
0.797
0.261
0.107
0.034
0.525
0.516
0.242
0.430
0.406
0.483
0.446

-2.13
0.94
-0.99
-4.27

-4.27
-4.27
-1.33
-3.76
-3.51
-0.06
-1.57
-1.46
0.11
0.15
0.11
0.12
-2.65
0.11
0.09
0.09
0.09

0.70
0.47
0.34
0.99

0.99
0.99
0.65
1.40
121
0.08
0.63
0.73
0.05
0.36
0.04
0.04
1.08
0.04
0.04
0.04
0.04

2.37E-03
0.043

3.29E-03

1.59E-05

1.59E-05
1.59E-05
0.039
7.28E-03
3.82E-03
0.428
0.012
0.047
0.018
0.681
7.86E-03
4.92E-03
0.014
9.38E-03
0.034
0.021
0.023

Al, minor allele; A2, major allele; CHR, chromosome; BETA, Beta coefficients; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE, standard error.
Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05 are shown in bold.

Supplementary Table 4. Linear regression models of associations between the MMSE scores and 11 SNPs in the
DRD1 locus, which have an evidence of association (P < 0.05).

Dominant model

Recessive model

CHR Gene SNP Al A2 Region MAF
BETA SE P BETA SE P

5 ARL2BPP6-DRD1  rs76373994 G A Intergenic 0.030 -0.16 0.07 0.017 -0.66 0.45 0.143
5 ARL2BPP6-DRD1 1s2253357 c T Intergenic 0.133 -0.07 0.04 0.041 -0.03 0.12 0.820
5 ARL2BPP6-DRD1  rs188263122 c T Intergenic 0.016 0.06 0.09 0.503 -2.84 092 1.92E-03
5 DRD1 rs686 G A 3'UTR 0.152 -0.07  0.03 0.040 -0.07 0.10 0.522
5 DRD1 rs4532 c T 3'UTR 0.152 -0.07 0.03 0.039 -0.07 0.10 0.474
5 DRD1 rs265981 A G 3'UTR 0.145 -0.08  0.03 0.020 -0.08 011 0.459
5 DRD1 rs267410 A C  2KBupstream 0.478 0.03 0.03 0.372 0.09 0.04 0.018
5 DRD1-SFXN1 rs183458028 A C Intergenic 0.016 0.09 0.09 0.295 -1.62 0.70 0.020
5 DRD1-SFXN1 15267416 c T Intergenic 0.447 0.03 0.03 0.437 0.09 0.04 0.023
5 DRD1-SFXN1 152644644 G c Intergenic 0.451 0.01 0.03 0.855 0.08 0.04 0.042
5 DRD1-SFXN1 rs147030807 G A Intergenic 0.011 -0.27 0.11 9.65E-03 -0.88 1.71 0.609

Al, minor allele; A2, major allele; CHR, chromosome; BETA, Beta coefficients; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE, standard error.
Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05 are shown in bold.
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Supplementary Table 5. Linear regression models of associations between the MMSE scores and 3 SNPs in the
DRD4 locus, which have an evidence of association (P < 0.05).

CHR Gene SNP Al A2 Region MAE Dominant model Recessive model
BETA SE P BETA SE P

11 DRD4-DEAF1  rs183494193 T A  intergenic  0.012 -0.17 010 0.088 -2.36  1.09 0.030

11 DRD4-DEAF1 15111419860 C T intergenic 0.394 -0.02 0.03 0.512 0.09 0.04 0.028

11 DRD4-DEAF1 rs7109899 G A intergenic  0.391 -0.02  0.03 0.612 0.12 0.04 6.68E-03

Al, minor allele; A2, major allele; CHR, chromosome, BETA, Beta coefficients; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE, standard error.

Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05 are shown in bold.

Supplementary Table 6. Linear regression models of associations between the MMSE scores and 12 SNPs in the
DRD5-SLC2A9 locus, which have an evidence of association (P < 0.05).

. Dominant model Recessive model
CHR Gene SNP Al A2 Region MAF
BETA SE P BETA SE P

4 SLC2A9 rs28523967 G A intron 0.151 0.07 0.03 0.053 0.26 0.10 0.011
4 SLC2A9 rs2030287 T G intron 0.151 0.07 0.03 0.055 0.26 0.10 0.012
4 SLC2A9 rs16888725 C T  non coding transcript 0.150 0.07 0.03 0.046 0.29 010  4.84E-03
4 SLC2A9 rs118072948 A G intron 0.025 -0.14 0.07 0.047 0.46 0.54 0.395
4 SLC2A9 rs36075927 A C intron 0.148 0.08 0.03 0.028 0.32 011  3.08E-03
4 SLC2A9 rs11946054 C T intron 0.083 0.05 0.04 0.193 0.39 0.19 0.046
4 SLC2A9 rs10004947 C T intron 0.083 0.05 0.04 0.189 0.39 0.19 0.046
4 SLC2A9 s145231664 T (¢} intron 0.020 0.16 0.08 0.047 0.89 0.73 0.225
4 SLC2A9 rs56014085 A G intron 0.083 0.06 0.04 0.186 0.39 0.19 0.046
4 SLC2A9 rs56038393 A G intron 0.065 0.00 0.05 0.937 -0.49 0.22 0.028
4 SLC2A9 r$142956580 T (¢} intron 0.015 -0.19 0.09 0.034 1.89 121 0.121
4 SLC2A9 rs7681699 A G intron 0.012 -0.29 0.10 3.75E-03 -3.25 242 0.179

Al, minor allele; A2, major allele; CHR, chromosome; BETA, Beta coefficients; MAF, minor allele frequency; MMSE, Mini-
Mental State Examination; SE.

Analysis was obtained after adjustment for covariates including age, gender, education, physical activity, smoking, alcohol
drinking, and chronic conditions.

P values of < 0.05 are shown in bold.

Supplementary Table 7. Linkage disequilibrium (LD) among
3 SNPs including rs11214442 in NCAM1, rs10891485 in
NCAM1, and rs138333675 in TTC12.

Chr Genel SNP 1 Gene 2 SNP 2 r2

12 NCAM1 rs11214442 NCAM1 rs10891485 0.997
12 NCAM1 rs11214442 TTC12 rs138333675 0.003
12 NCAM1 rs10891485 TTC12 rs138333675 0.003

The measure of LD is based on the squared allelic correlation r2.
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Supplementary Table 8. Linkage disequilibrium (LD) among 3
SNPs including rs145272406, rs114295131, and rs77949732 in
ZBTB20.

Chr Gene 1 SNP 1 Gene 2 SNP 2 r2

12 ZBTB20 rs145272406 ZBTB20 rs114295131 1.000
12 ZBTB20 rs145272406 ZBTB20 rs77949732  1.000
12 ZBTB20 rs114295131 ZBTB20 rs77949732  1.000

The measure of LD is based on the squared allelic correlation r2.

WWWw.aging-us.com

18788

AGING



