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Abstract: Alzheimer’s disease (AD) is a major global health challenge, especially among individuals
aged 65 or older. According to population health studies, Turkey has the highest AD prevalence
in the Middle East and Europe. To accurately determine the frequencies of common and rare
APOE single nucleotide polymorphisms (SNPs) in the Turkish population residing in the Marmara
Region, we conducted a retrospective study analyzing APOE variants in 588 individuals referred to
the Bursa Uludag University Genetic Diseases Evaluation Center. Molecular genotyping, clinical
exome sequencing, bioinformatics analysis, and statistical evaluation were employed to identify
APOE polymorphisms and assess their distribution. The study revealed the frequencies of APOE
alleles as follows: &4 at 9.94%, €2 at 9.18%, and €3 at 80.68%. The gender-based analysis in our
study uncovered a tendency for females to exhibit a higher prevalence of mutant genotypes across
various SNPs. The most prevalent haplotype observed was €3/¢3, while rare APOE SNPs were also
identified. These findings align with global observations, underscoring the significance of genetic
diversity and gender-specific characteristics in comprehending health disparities and formulating
preventive strategies.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder correlated with progressive
dementia in the senior population. Worldwide, at least 55 million people are believed to be
living with Alzheimer’s disease or other dementias [1]. The diagnostic characterization of
AD disease is the allocation of extracellular amyloid beta (A () forming amyloid plaques and
the intracellular compiling of hyper-phosphorylated Tau protein eliciting neurofibrillary
tangle formation, leading to neural and glial cell loss [2]. Alzheimer’s disease (AD) is
divided into early-onset (EOAD) and late-onset (LOAD). EOAD, occurring before age 65, is
linked to mutations in APP, PSEN1, and PSEN2 genes, constituting <1% of familial cases.
LOAD, accounting for 95% of cases, is associated with the apolipoprotein E gene (APOE)
as a major risk factor [3-5].

The human APOE on chromosome 19q13.2 encodes apolipoprotein E, which plays a
key role in regulating cholesterol and lipid metabolism. It facilitates lipid distribution to
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neurons in the central nervous system by binding to APOE cell surface receptors LDLR
(the low-density lipoprotein receptor) and LRP1 (LDL Receptor Related Protein 1) [6].
The APOE has three allelic variants: €2 (Cys112, Cys158), €3 (Cys112, Argl58), and ¢4
(Argl12, Argl58), resulting from single nucleotide polymorphism (SNP) substitutions.
These variants have negative implications on protein function [7]. The APOE ¢4 allele
is a major genetic risk factor, increasing AD risk up to 15-fold when homozygous, and
adversely affecting lipid profiles and cardiovascular health. Conversely, the rare €2 allele is
often considered protective, while €3 is generally regarded as neutral for AD, lipid profiles,
and cardiovascular health [8,9].

Individuals carrying a single copy of APOE ¢4 have a threefold higher risk of de-
veloping the disease compared to those with both copies of €3 [10]. Postmortem brain
biopsy analysis in the elderly revealed a stronger correlation between upregulated amyloid
beta disposition and the presence of APOE &4 than €2 [11]. Research conducted on mice
with abnormal APOE gene has indicated that the absence of APOE expression leads to
disruptions in lipoprotein profiles. These disruptions contribute to the development of
cardiovascular disease and neurological disorders, ultimately resulting in a shorter lifespan
for the mice [12].

The APOE gene is considered a genetic marker for osteoporosis, as it plays a role in
transporting liposoluble molecules like vitamins K and D to bone osteoblasts. The APOE
e4 allele is positively linked to low bone mineral density (BMD), accelerating bone loss
and increasing fracture risk. Conversely, the APOE ¢2 allele is associated with significantly
lower bone loss, and the ¢3 allele is considered protective [13,14].

Epidemiological studies in the Mediterranean countries demonstrated Turkey leading
the highest numbers of AD in the Middle East and Europe [15].

In this study, our primary objective was to investigate the frequencies of common
APOE gene SNPs (single nucleotide polymorphisms) associated with Alzheimer’s disease,
specifically rs7412 and rs429358. Additionally, we aimed to examine the frequencies of
nine less common APOE SNPs (c.11G > A rs373985746, c.42C > G rs440446, c.137T > C
15769452, ¢.651C > T 1572654468, ¢.555C > T rs781722239, ¢.55G > A 15563571689, c.447G > C
15762933906, ¢.434G > A 15267606664, c.920C > T rs770562611).

The selection of these specific SNPs was based on their established associations with
Alzheimer’s disease and their relevance to the Turkish population residing in the Marmara
region. Other SNPs may also be relevant to the disease, but were not included in the
scope of this particular study. The data can contribute to our understanding of the genetic
landscape related to Alzheimer’s disease in this specific population and potentially provide
insights into disease risk and susceptibility.

2. Materials and Methods
2.1. Study Design and Participants

The genetic data we used in the current retrospective study was retrieved from the
total of 588 random patients consisting of 360 female and 228 males that were consulted
in our Medical Genetic Diseases Diagnosis Center. All participants were Turkish citizens
residing in the South Marmara region, precisely Bursa city. All procedures performed
in this study were in accordance with the ethical standards of the institutional research
committee and with the 1964 Helsinki declaration and its later amendments or comparable
ethical standards (approval number: YDU, 2020/80-1120). An informed consent form was
taken from all participants.

2.2. Molecular Genotyping from Clinical Exome Sequencing

The genetic data obtained as a result of the clinical exome sequencing analysis per-
formed for the patients who came to Bursa Genetic Evaluation Center for diagnostic
purposes were analyzed anonymously and retrospectively. From these cases, genomic
DNA was extracted from 3.8 mL of peripheral venous blood collected into Na-EDTA va-
cutainers (BD Vacutainer; BD Diagnostic Systems, Istanbul, Turkey) using the QIAamp®
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DNA Mini Kit (QIAGEN, Ankara, Turkey) for routine diagnostics. The Clinical Exome
Solution (CES) was performed using exome enrichment, whereas all procedures were
carried out according to the manufacturer’s protocols (SOPHiA GENETICS, Lausanne,
Switzerland). In total, 4900 genes with known inherited disease-causing mutations were
captured based on a target enrichment paired-end sequencing kit that was performed on
an Illumina NextSeq 500 system with a read length of 150 x 2. Base calling and image
analysis were conducted using [llumina’s Real-Time Analysis software (v2.19). The BCL
(base calls) binary is converted to FASTQ utilizing the Illumina package bcl2fastq.

2.3. Bioinformatics Analysis and Statistical Analyses

The clinical exome sequencing data was reanalyzed to detect the presence of APOE
polymorphisms. All bioinformatics analysis were performed on the Sophia DDM™ plat-
form which includes algorithms for alignment, calling SNPs and small Indels (Pepper),
calling copy number variations (Muskat) and functional annotation (Moka). Raw reads
were aligned to the human reference genome (GRCh37 /hg19). Variant filtering and inter-
pretation were performed on Sophia DDM™. Integrative Genomics Viewer (IGV) [16] was
used to facilitate file visualization. The allelic frequency of the APOE polymorphisms was
calculated by dividing the count of the allele of interest by the total number of alleles at that
specific genetic locus in the studied population. This calculation provided an estimate of the
relative prevalence of the allele. For statistical analysis involving demographic variables,
Microsoft Excel spreadsheet software v2403 (Microsoft Corporation, San Jose, CA, USA)
was utilized. The sample sizes for females and males were determined by summing the
number of individuals in each group. Additionally, summary statistics such as the mean,
mode, and median were calculated for age, providing an overview of the age distribution
in the sample.

3. Results
3.1. Demographics of Study Participants

The study population consisted of a total of 588 randomly selected patients who sought
consultation at the Bursa Medical Genetic Diseases Diagnosis Center. The participants
included 360 females and 228 males. None of the patients had been diagnosed with
neuropathological disorders, such as Alzheimer’s or dementia. All participants were
Turkish citizens residing in the South Marmara region, specifically in Bursa city, which is
located on the northwest coast of Turkey. The age and gender of the study participants are
shown in (Table 1).

Table 1. Age and gender of study participants.

Total General Population Female Male
n = 588 n = 360 n =228
Age distribution (years)
Mean = 27 Mean =31 Mean =19
Median = 20 Median = 34 Median = 15
Mode =4 Mode =4 Mode =3

3.2. APOE Alleles Frequencies

The study identified the presence of two well-known APOE single nucleotide poly-
morphisms (SNPs) associated with Alzheimer’s disease: rs429358 (¢4 allele) and rs7412
(e2 allele). The frequencies of these alleles were 9.94% and 9.18%, respectively, while the
wild-type €3 allele was estimated to have a frequency of 80.86%. The study also examined
another APOE gene polymorphism, rs440446, which is located in the intron 1 enhancer
region. The frequency of this polymorphism was estimated at 70.068%. The overall allele
frequencies of the mentioned polymorphisms in patients from Bursa Province, Turkey, are
shown in (Table 2).
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Table 2. The frequencies of APOE alleles within the Turkish population residing in the Marmara region.
APOE Allele Transcript Name rs Number «.DNA No. of Allele Total No. of Allele Allele%
APOE €2 NM_000041 rs7412 c526C >T 108 1176 9.18%
APOE €3 NM_000041 1rs429358 /157214 c.388T/T 951 1176 80.86%
APOE ¢4 NM_000041 rs429358 c.388T > C 117 1176 9.94%

3.3. APOE Genotype Distribution: Gender-Specific and Overall Analysis

The data presented in Table 3 provides a comprehensive breakdown of genotype
distribution within the general population, categorized by gender and focusing on specific
genetic variations (rs7412, rs440446, rs429358). Notably, females consistently exhibited
a higher prevalence of mutant genotypes across all three SNPs compared to males. In
rs7412, females had a higher percentage of heterozygote mutants (CT), while males had
higher percentages of homozygote wild types (CC). For rs440446, there was a significant
discrepancy in the distribution of homozygote wild types (CC) between males and females,
with females presenting a higher percentage. In rs429358, female carriers exhibited a
higher prevalence of heterozygote mutants (TC) and homozygote mutants (CC) compared
to males.

Table 3.
general population.

Gender-specific genotype distribution: exploring distinct genetic variations in the

Allele and Genotype Distribution General Population Female Male
Genotype (n) % Age (avg) (n) % Age (avg) (n) % Age (avg)
General Population 588 100 27 360 61.2 31 228 38.8 19
rs440446 wt homozygote CC 6 1.0 22 4 66.7 25 2 33.3 15
15440446 mut heterozygote CG 340 57.8 27 206 60.6 32 134 39.4 19
15440446 Mut homozygote GG 242 41.2 27 150 62.0 31 92 38.0 19.3
rs429358 wt homozygote TT 477 81.1 26 282 59.1 31 195 409 194
rs429358 mut heterozygote TC 105 17.9 28 75 714 32 30 28.6 17
rs429358 Mut homozygote CC 6 1.0 31 3 50.0 31 3 50.0 30
157412 wt homozygote CcC 483 82.1 27 305 63.1 31 178 36.9 20
157412 Mut heterozygote CT 102 17.3 25 54 52.9 32 48 47.1 17
157412 Mut homozygote TT 3 0.51 33 1 333 50 2 66.7 25
mut hetero/mut hetero CT/CG 45 7.7 23 22 48.8 31 23 51.1 15
7412/ 15440446 mut hetero/Mut homo CT/GG 57 9.7 27 32 56.1 33 25 43.8 19
s s Mut homo/Mut homo TT/GG 3 05 33 1 333 50 2 66.6 25
TOTAL 105 17.9 24 55 52.4 33 50 46.7 17
mut hetero/mut hetero CT/TC 10 1.7 16 7 70.0 19 3 30 8
mut hetero/Mut homo CT/TT 0 0.0
rs7412/rs429358 Myt homo,/Mut homo TT/TT 0 0.0
TOTAL 10 1.7 16 7 70.0 19 3 30 8
mut hetero/mut hetero CG/TC 46 7.8 29 30 62.2 35 16 347 17
mut hetero/Mut homo CG/CC 0 0.0
rs7412 /1s429358 Mut homo/Mut homo GG/CC 6 1.0 31 3 50 31 3 50 30
Mut homo/mut hetero GG/TC 55 9.4 28 43 78.2 31 12 21.8 18
TOTAL 107 18.2 28 76 71 32 31 29 19
157412 /rs440446/
5429358 TOTAL CT/GG/TC 10 17 16 7 70 19 3 30 8

Further analysis involved exploring various combinations of these genetic variations
within individuals’ profiles. For rs7412 /rs440446 (CT/CG), the total occurrence was 7.7%
in males, while females had a notably higher prevalence at 48.8%. Similarly, the combined
genotype for rs7412 /rs429358 (CT/TC) had a total occurrence of 1.7%, with a prominent
prevalence in females at 70.0%. The absence of certain combined genotypes, such as
CT/TT and TT/TT, indicates their rarity in the studied population. Among the individuals
examined, 105 people carried one copy of the ¢4 allele, while only 6 individuals had
two copies of this allele. In contrast, 102 individuals were heterozygote for the €2 allele,
and only 3 individuals were homozygote. For the third genetic variation, c.42C > G
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rs440446, approximately 340 individuals had one copy, while around 242 individuals had
two identical copies of this variation.

These findings highlight the gender differences in genotype distribution and preva-
lence of specific genetic variations within the general population, as well as the occurrence
of different combinations of these variations.

3.4. APOE Haplotype Distribution

In addition to analyzing genotype distribution, we also conducted an analysis of
APOE gene haplotype (E2/E2, E2/E3, E2/E4, E3/E3, E3/E4, and E4/E4) based on the
rs429358 /rs7412 genetic variations, with a focus on categorizing them by gender. This
analysis provides information on the percentages and average ages associated with each
haplotype within the specified genetic variations as seen in (Table 4). The genetic data
reveals that the most prevalent genotype in the general population is E3/E3 (TT/CC),
accounting for 65.97% of the sample, with an average age of 26.45 years. E2/E2 (TT/TT) and
E2/E3 (TC/TC) are represented in 0.51% and 15.64% of the population, respectively, with
average ages of 33 and 25.97 years. E2/E4 (TC/TC) accounts for 1.71% of the population,
with an average age of 15.9 years. E3/E4 (TC/CC) and E4/E4 (CC/CC) are found in
16.16% and 1.02% of the population, respectively, with average ages of 28.97 years for
E3/E4 and 30.67 years for E4/E4. When examining the table by gender, females exhibit
a higher prevalence of the E3/E4 (TC/CC) and E4/E4 (CC/CC) genotypes compared to
males. The average age is relatively consistent across different genotypes, ranging from
30.53 to 50 years in females. Males, on the other hand, show a higher prevalence of the
E2/E2 (TT/TT) genotype compared to females. E2/E3 (TC/CC) accounts for 19.74% of
males, while E3/E3 (TT/CC) is the most prevalent genotype at 64.9%. The average age
varies across different genotypes in males.

Table 4. APOE haplotype distribution by gender and rs429358 /1s7214 genetic variations.

Genotype E2/E2 E2/E3 E2/E4 E3/E3 E3/E4 E4/E4
(rs429358/1s7214) TT/TT TT/TC TC/TC TT/CC TC/CC cc/cc
Total (n) 588 3 92 10 382 95 6
Percentage (%) 100 0.51 15.64 1.71 65.97 16.16 1.02
Average Age (years) 27 33 25.97 15.9 26.45 28.97 30.67
Female (n) 360 1 47 7 324 68 3
Female (n) % 61.22 0.27 13.05 1.94 90 18.89 0.83
Female Average Age 31 50 34.13 19.43 30.53 33.19 31
Male (n) 228 2 45 3 148 27 3
Male (n) % 38.78 0.88 19.74 1.31 64.9 11.84 1.32
Male Average Age 19 24.5 17.44 7.66 20.01 18.33 30.33

Additionally, the study identified additional non-common APOE SNPs in the study
group, although their frequencies were very low. SNPs such as rs373985746, rs563571689,
1rs72654468, and rs769452 had estimated allele frequencies of 0.17%. Similarly, rs781722239,
15762933906, 15267606664, and 1rs770562611 were estimated at 0.085%.

4. Discussion

Determining human genetic variations among different populations worldwide helps
scientists understand the link between diseases and ancestry groups making the process
of developing effective treatment easier [17]. A few studies have been previously con-
ducted investigating APOE gene polymorphism in the Turkish population. For example,
Malle and colleagues calculated the APOE and APOA-IV allele frequencies, respectively,
in 240 non-related Turkish subjects living in Germany with central and eastern Anatolia
origin [18]. According to their findings, the APOA-IV allele frequency in the Turkish par-
ticipants living in Germany is similar to that of a Hungarian population. Furthermore,
they discovered that the prevalence of allele ¢2 and allele €4 is among the lowest reported
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worldwide, with frequencies of 0.048 and 0.067, respectively. While the APOE €3 allele
frequency was reportedly the highest, with the frequency of 0.885, at the expense of both
€2 (0.084) and e4 (0.074) which exceeds known high frequencies in a Japanese popula-
tion [19]. So, while their overall allele frequencies most closely resemble those disclosed
for the Japanese, the hypothesis in their study was additionally supported by the low 2
(0.054) and ¢4 (0.070) allele frequencies in a Greek-Cypriot population of Cyprus with an
approximate ethnic composition of 80% Greek Cypriots, 18% Turkish Cypriots and 2%
foreigners [18,20]. Another study in the adult Turkish community by Komurcu-Bayrak [21]
and his colleagues focused on the two functional promoter SNPs in the APOE, 219G/ T
(rs405509) and +113G/C (rs440446), involved in transcriptional activation of the APOE
reported that the frequencies of the €2/¢3, €2/¢e4, €3/€3, €3/ ¢4, and €4/ e4 genotypes were
9.8%, 1.2%, 75.9%, 12.5%, and 0.6%, respectively, in their study population. While the
frequencies of alleles €2, €3, and €4 in the adult Turkish community were 0.055, 0.871, and
0.074, respectively [21].

The current study revealed the presence of the two most prevalent APOE SNPs
associated with AD namely (rs429358 and rs7412) at a frequency of 0.0994 and 0.0918,
respectively. Along with another APOE SNP known as the non-classical intron 1 enhancer
of the APOE (rs440446) at a frequency of 0.70068. The comparative allele frequencies of
three major SNPs across diverse populations and ethnic groups are listed in Table 5.

Table 5. The allele frequencies of APOE €4, €2 and intron 1 variations among different populations,
globally retrieved from the NIAGADS Alzheimer’s Genomics Database, accessed on 1 September
2023 (https:/ /www.niagads.org/genomics/app) [22].

Populations €4 Frequency €2 Frequency Intron 1 Frequency
Global 0.151 0.075 0.626
African 0.268 0.103 0.881

Mixed American 0.104 0.048 0.578
East Asian 0.086 0.1 0.420
European 0.155 0.063 0.637

South Asian 0.087 0.044 0.509

European Finnish 0.327 0.074 0.775

Others 0.171 0.099 0.643
Turkish current study 0.0994 0.0918 0.70068

In our study, the frequency of 2 (0.0918) and 4 (0.099) alleles was greater than the
allele frequency reported in the Turkish population by Malle and colleagues (1996) [18]
and Komurcu-Bayrak and colleagues (2011) [21] but €3 results were quite similar. It is also
greater than frequencies reported in Greek Cypriotes [20]. However, the €2 allele frequency
in our study is remarkably comparable to prior 2 frequencies identified in the Chinese
and Norwegian populations (0.097 and 0.90, respectively) [19]. Africa and Oceania have
higher levels of ¢2 allele frequency 0.099 £ 0.083 and 0.111 £ 0.052, respectively. Similarly,
¢4 allele averages were greater in Oceania 0.221 £ 0.149 and Africa 0.209 £ 0.090, while &3
allele frequencies were highest in Indian and Asian groups. €2 allele showed a statistically
significant decrease in North Asian populations, while €4 showed a substantial increase in
North European populations [23].

Our analysis involved a comparison between our genetic data on SNPs (rs440446,
rs7412, rs429358) and the frequency results documented in the recently established Turkish
Genome Project Data Sharing portal (TUSEB). Remarkably, the outcomes closely mirrored
our own findings, with respective frequencies of 0.601, 0.068, and 0.068
(https:/ /tgd.tuseb.gov.tr/en/) accessed on 12 February 2024. The gender-based geno-
type analysis of (rs7412, rs440446, and rs429358) in our study group revealed significant
patterns of females consistently exhibiting higher percentages of mutant genotypes across
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all three SNPs. In rs7412, females were more heterozygote mutant (CT) carriers, while
males were homozygote wild types (CC) carriers. In rs440446, the distribution of ho-
mozygote wild types (CC) was predominant particularly in females. As for rs429358,
female carriers demonstrate a higher prevalence of both heterozygote mutants (TC) and
homozygote mutants (CC) compared to males. Additionally, the combinations of these ge-
netic variants within individuals’ profiles were also analyzed. The combined frequency of
rs7412 /rs440446 (CT/CG) was 7.7% in males and 48.8% in females, while rs7412 /rs429358
(CT/TC) were at 1.7%, in males and 70.0% in females. The limited number of specific com-
bination genotypes, such as CT/TT and TT/TT, was shown by their absence in the study
group. These findings emphasize gender-specific importance in genotype distributions
and potential implications for genetic associations with these specific SNPs. The observed
gender differences in genotype distribution found in (Table 3) may be influenced by hor-
monal influences, genetic predispositions, X-chromosome inactivation in females, sample
size and population bias. Hormones, such as estrogen and testosterone, can affect gene
expression patterns, while genetic factors and X-chromosome inactivation may contribute
to gender-specific variations. Additionally, sample composition and potential bias, as well
as interactions with environmental factors, could further influence genotype frequencies.
APOE haplotype (¢2/¢€2, €2/¢€3, €2/¢e4, €3/€3, €3/¢4, e4/e4) distribution was also
examined based on rs429358 /rs7214 and categorizing by gender. ¢3/¢3 (TT/CC) was the
most common in the general population. Females had higher prevalence of E3/E4 and
¢4/ e4, while males had higher prevalence of €2/¢2 and €2/¢3. Apart from the three major
SNPs we also detected other rare APOE SNPs. Despite their extremely low frequencies,
we were able to find additional non-common APOE SNPs in our research population. The
frequencies of the alleles for rs373985746, rs563571689, rs72654468, and rs769452 were cal-
culated to be 0.17%. Furthermore, the frequencies of rs781722239, rs762933906, rs267606664,
and rs770562611 were calculated to be 0.085%. The comparative allele frequencies of non-
common APOE SNPs across diverse populations and ethnic groups are listed in Table 6.

Table 6. The relative allele frequencies of non-common APOE SNPs across diverse populations and
ethnic groups for comparison. Retrieved from dbSNP and ensemble genomic databases respectively
(https:/ /www.ncbi.nlm.nih.gov/snp/) (http:/ /www.ensembl.org/Homo_sapiens/Info/Index) ac-
cessed on 8 February 2024.

Other APOE Current African East Latin South

SNPs Study European " American Asian American Asian Others
15373985746 0.0017 0.00008 0.0000 0.0000 0.018 0.000 0.00 0.0002
15781722239 0.0017 0.00106 0.0005 0.0005 0.000 0.000 0.00 0.0011
rs762933906 0.0017 0.00030 0.0000 0.0000 0.000 0.000 0.00 0.0003
15267606664 0.0017 0.002592 0.0003 0.0003 0.0000 0.001 0.000 0.00187
15770562611 0.00085 0.00035 0.0000 0.0000 0.0000 0.000 0.00 0.0000
rs781722239 0.00085 0.000 0.000 0.000 0.000 0.000 0.000 0.000
15267606664 0.00085 0.00016 0.0003 0.0003 0.000 0.000 0.00 0.0002
15770562611 0.00085 0.000 0.000 0.000 0.000 0.000 0.000 0.000

rs1276509170 0.00085 0.000 0.000 0.000 0.000 0.000 0.00 0.000

Most of the non-common SNPs show very minor variation across different populations;
rs781722239, rs762933906, rs267606664, rs770562611 are all most frequent in the European
population. While rs781722239 and rs770562611 have rare to zero frequency. Our results
for rs781722239 and rs267606664 are similar to other populations. While our rs373985746
results are similar to those from east-Asia. Unlike other populations where rs781722239
and rs770562611 are rare, our study includes these SNPs, presenting a distinctive feature in
our dataset. Looking into the characteristics associated with each of the non-common SNPs,
we found that rs373985746 is involved in the AD modulation process [24]. Rs72654468 and
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rs781722239 were both found to be associated with CVD abnormalities [24,25]. Rs769452
and rs267606664 were found to be involved in neurodegenerative and CVD abnormalities as
well as free cholesterol and low-density lipoprotein measurements. It is also is reported as a
marker for familial-type AD and muscular atrophy, respectively [26,27]. Lastly, rs762933906
and rs770562611 have no record of being pathogenic. We conducted a comprehensive
review to analyze APOE data within the healthy population of Turkey and compare the
findings with our own results. From the total sample size of 1008, six articles and a thesis
yielded findings closely aligned with our own data as seen in Table 7 [28-33].

Table 7. Cumulative Turkish data; the frequency of APOE gene alleles and genotypes within a healthy
population across seven distinct studies.

Genotypes o o
(£s429358/r7214) Total n (%) 1 2 3 4 5 6 7 Total (N) %
588 (100) 154 303 200 89 40 200 22 1008
E2/E2 (TT/TT) 3 (0.51) 3 2 0 0 0 1 0 6 0.595
E2/E3 (TT/TC) 92 (15.64) 12 29 26 7 4 23 1 102 10.119
E2/E4 (TC/TC) 10 (1.71) 3 3 2 1 0 6 1 16 1.587
E3/E3 (TT/CCQC) 382 (65.97) 113 216 137 58 33 140 13 710 70.437
E3/E4 (TC/CC) 95 (16.16) 19 48 35 19 3 29 7 160 15.873
E4/E4 (CC/CC) 6 (1.02) 4 5 0 4 0 1 0 14 1.389
Alleles 0 0
E2 108 (9.18) 21 36 28 8 4 31 2 130 6.4488
E3 951 (80.86) 257 509 335 142 73 332 34 1682 83.433
E4 117 (9.94) 30 61 37 28 3 37 8 204 10.119
154 303 200 89 40 200 22 1008 100

During the course of the study, it was discovered that many of the same individuals
had two or three polymorphisms at the same time. The varying allele frequencies might
be due to the population’s distinct genetic background and the limited sample size. Addi-
tionally, the genetic traits of the Marmara region in Turkey may deviate from global norms.
Beyond APOE, Alzheimer’s disease is associated with MTHFR and ACE polymorphisms.
Folate insufficiency connects with MTHFR and the 677 T allele frequency. Adequate folate
intake is found to be correlated with the prevalence of the 677 T allele, seen in Europeans
and the Americas. Malnutrition and viral disorders impacting folate absorption lower the
677 T gene prevalence in African Zambians [34,35]. Similarly, Diet and lifestyle can also
alter APOE gene variant prevalence in different ethnic groups [36]. Therefore, continuous
studies on APOE SNPs rates in other populations is necessary. The pathogenic role of
APOE gene ¢4 in Alzheimer’s disease (AD) is still debated, with some studies suggesting
a toxic gain of function in its interaction with A, while other effects may result from
the loss of protective function [37]. Interestingly, blocking the A3 /APOE interaction may
enhance Af} clearance and reduce plaque deposition, challenging the hypothesis that it
would lead to increased plaque formation [38]. The former statement is supported by the
emergence of Aducanumab, a treatment targeting amyloid aggregates, offering a promis-
ing avenue in Alzheimer’s disease therapy [39]. APOE gene variants are associated with
Alzheimer’s disease through mechanisms involving amyloid 3 metabolism, tau pathology,
lipid metabolism, neuroinflammation, vascular factors, and gene-environment interactions.
Additional factors like genetic diversity, population-specific genetic factors, and health
disparities further shape the context of Alzheimer’s disease in Turkey.

5. Conclusions

In conclusion, in our study, APOE gene variants (rs42935, rs7412, and rs440446) align
with African, Asian, European, and European Finnish populations. ¢2 and €4 alleles
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were less common than e3. The genotype and haplotype analysis of our study revealed a
tendency for females to exhibit higher percentages of mutant genotypes as well as higher
prevalence of £3/¢3. Our study identified rare APOE SNPs as well. Genetic variation aids
in understanding health disparities and crafting effective prevention. However, distinct
Turkish genetic traits are notably underrepresented in public databases which hinders
accurate interpretation of genetic variations, diagnosis of genetic disorders, and research
on Turkish-specific genetic factors. APOE’s interaction with amyloid 3 (A) is crucial in
Alzheimer’s disease pathogenesis. Potential pharmacological interventions based on our
data include developing drugs to modulate APOE expression/function and targeting
Ap aggregation or clearance pathways. This study has several limitations that need
to be acknowledged. Firstly, the sample size was limited, which might have hindered
the identification of additional APOE SNPs. Secondly, there was a dissimilarity in age
groups between males and females, which calls for caution, as age-related variations could
potentially influence the results. Therefore, it is important to conduct future studies with
larger sample sizes and ensure similar age groups or more diverse range of ages among the
targeted populations. Complementing AD-associated genetic variant studies with follow-
up data and clinical correlations is crucial for a comprehensive understanding of their
implications in the disease. Additionally, although the study was conducted in Marmara,
the most populated region in Turkey, to obtain a more comprehensive understanding of
genetic diversity and regional differences in Turkey, future studies should encompass
multiple regions.
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Abbreviations

The following abbreviations are found in this manuscript.

AD Alzheimer’s Disease

APOE  Apolipoprotein E

SNPs  Single Nucleotide Polymorphisms
LOAD Late-onset Alzheimer’s Disease
EOAD  Early-onset Alzheimer’s Disease
APP Amyloid precursor protein
PSEN1  Presenilin-1

PSEN2  Presenilin-2

LDLR  Low-density lipoprotein receptor
LRP1 LDL Receptor Related Protein 1
BMD Body Mass Index

CES Clinical Exome Solution

BCL Base Cell Binary
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1GV Integrative Genomic Viewer

WT Wild Type

MUT Mutant

TUSEB  Turkish Genome Project Data Sharing portal
CVD Cardiovascular diseases

MTHFR Methylenetetrahydrofolate reductase

ACE Angiotensin-converting enzyme

Arg Arginine

Cys Cysteine

Avg Average

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

World Health Organization. Dementia. Available online: https://www.who.int/news-room/fact-sheets/detail/dementia
(accessed on 12 August 2023).

Serrano-Pozo, A.; Frosch, M.P; Masliah, E.; Hyman, B.T. Neuropathological alterations in Alzheimer disease. Cold Spring Harb.
Perspect. Med. 2011, 1, a006189. [CrossRef] [PubMed]

Ryman, D.C.; Acosta-Baena, N.; Aisen, P.S,; Bird, T.; Danek, A.; Fox, N.C.; Goate, A.; Frommelt, P.; Ghetti, B.; Langbaum, ].B.; et al.
Symptom onset in autosomal dominant Alzheimer disease: A systematic review and meta-analysis. Neurology 2014, 83, 253-260.
[CrossRef] [PubMed]

Cruts, M.; van Duijn, C.M.; Backhovens, H.; Van den Broeck, M.; Wehnert, A.; Serneels, S.; Sherrington, R.; Hutton, M.; Hardy;, J.;
St George-Hyslop, P.H. Estimation of the genetic contribution of presenilin-1 and -2 mutations in a population-based study of
presenile Alzheimer disease. Hum. Mol. Genet. 1998, 7, 43-51. [CrossRef] [PubMed]

Goate, A.; Chartier-Harlin, M.-C.; Mullan, M.; Brown, J.; Crawford, F; Fidani, L.; Giuffra, L.; Haynes, A.; Irving, N.; James,
L. Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer’s disease. Nature 1991,
349, 704-706. [CrossRef] [PubMed]

Mahley, R.-W. Apolipoprotein E: Cholesterol transport protein with expanding role in cell biology. Science 1988, 240, 622-630.
[CrossRef] [PubMed]

Mahley, RW.,; Rall, S.C., Jr. Apolipoprotein E: Far more than a lipid transport protein. Annu. Rev. Genom. Hum. Genet. 2000,
1, 507-537. [CrossRef] [PubMed]

Corder, E.H.; Saunders, A.M.; Risch, N.J.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C., Jr.; Rimmler, ].B.; Locke, P.A.; Conneally,
PM.; Schmader, K.E.; et al. Protective effect of apolipoprotein E type 2 allele for late onset Alzheimer disease. Nat. Genet. 1994,
7,180-184. [CrossRef] [PubMed]

Rasmussen, K.L.; Tybjeerg-Hansen, A.; Nordestgaard, B.G.; Frikke-Schmidt, R. Plasma levels of apolipoprotein E and risk of
dementia in the general population. Ann. Neurol. 2015, 77, 301-311. [CrossRef]

Genin, E.; Hannequin, D.; Wallon, D.; Sleegers, K.; Hiltunen, M.; Combarros, O.; Bullido, M.].; Engelborghs, S.; De Deyn, P.;
Berr, C.; et al. APOE and Alzheimer disease: A major gene with semi-dominant inheritance. Mol. Psychiatry 2011, 16, 903-907.
[CrossRef]

Mishra, S.; Blazey, T.M.; Holtzman, D.M.; Cruchaga, C.; Su, Y.; Morris, ].C.; Benzinger, T.L.S.; Gordon, B.A. Longitudinal brain
imaging in preclinical Alzheimer disease: Impact of APOE €4 genotype. Brain 2018, 141, 1828-1839. [CrossRef]

Moghadasian, M.H.; McManus, B.M.; Nguyen, L.B.; Shefer, S.; Nadji, M.; Godin, D.V.; Green, T.J.; Hill, J.; Yang, Y.; Scudamore,
C.H. Pathophysiology of apolipoprotein E deficiency in mice: Relevance to apo E-related disorders in humans. FASEB J. 2001,
15, 2623-2630. [CrossRef]

Newman, P,; Bonello, F; Wierzbicki, A.S.; Lumb, P,; Savidge, G.E,; Shearer, M.]. The uptake of lipoprotein-borne phylloquinone
(vitamin K1) by osteoblasts and osteoblast-like cells: Role of heparan sulfate proteoglycans and apolipoprotein E. ]. Bone Miner.
Res. 2002, 17, 426-433. [CrossRef] [PubMed]

Itzhaki, R.F. Corroboration of a major role for herpes simplex virus type 1 in Alzheimer’s disease. Front. Aging Neurosci. 2018,
10, 324. [CrossRef] [PubMed]

Tepper, S.; Ashina, M.; Reuter, U.; Brandes, ].L.; DoleZil, D.; Silberstein, S.; Winner, P; Leonardi, D.; Mikol, D.; Lenz, R. Safety and
efficacy of erenumab for preventive treatment of chronic migraine: A randomised, double-blind, placebo-controlled phase 2 trial.
Lancet Neurol. 2017, 16, 425-434. [CrossRef] [PubMed]

Robinson, ].T.; Thorvaldsdéttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, ].P. Integrative genomics viewer.
Nat. Biotechnol. 2011, 29, 24-26. [CrossRef] [PubMed]

Gomez, F; Hirbo, J.; Tishkoff, S.A. Genetic variation and adaptation in Africa: Implications for human evolution and disease.
Cold Spring Harb. Perspect. Biol. 2014, 6, a008524. [CrossRef] [PubMed]

Malle, E.; Pfeiffer, K.P; Dugi, K.; Pfeiffer, C.; Glaum, M.; Oezcueruemez, M.; Kloer, H.U.; Steinmetz, A. Polymorphisms of
apolipoproteins A-IV and E in a Turkish population living in Germany. Hum. Genet. 1996, 98, 285-290. [CrossRef] [PubMed]
Hallman, D.M.; Boerwinkle, E.; Saha, N.; Sandholzer, C.; Menzel, H.J.; Csdzér, A.; Utermann, G. The apolipoprotein E polymor-
phism: A comparison of allele frequencies and effects in nine populations. Am. J. Hum. Genet. 1991, 49, 338-349. [PubMed]


https://www.who.int/news-room/fact-sheets/detail/dementia
https://doi.org/10.1101/cshperspect.a006189
https://www.ncbi.nlm.nih.gov/pubmed/22229116
https://doi.org/10.1212/wnl.0000000000000596
https://www.ncbi.nlm.nih.gov/pubmed/24928124
https://doi.org/10.1093/hmg/7.1.43
https://www.ncbi.nlm.nih.gov/pubmed/9384602
https://doi.org/10.1038/349704a0
https://www.ncbi.nlm.nih.gov/pubmed/1671712
https://doi.org/10.1126/science.3283935
https://www.ncbi.nlm.nih.gov/pubmed/3283935
https://doi.org/10.1146/annurev.genom.1.1.507
https://www.ncbi.nlm.nih.gov/pubmed/11701639
https://doi.org/10.1038/ng0694-180
https://www.ncbi.nlm.nih.gov/pubmed/7920638
https://doi.org/10.1002/ana.24326
https://doi.org/10.1038/mp.2011.52
https://doi.org/10.1093/brain/awy103
https://doi.org/10.1096/fj.01-0463com
https://doi.org/10.1359/jbmr.2002.17.3.426
https://www.ncbi.nlm.nih.gov/pubmed/11874234
https://doi.org/10.3389/fnagi.2018.00324
https://www.ncbi.nlm.nih.gov/pubmed/30405395
https://doi.org/10.1016/S1474-4422(17)30083-2
https://www.ncbi.nlm.nih.gov/pubmed/28460892
https://doi.org/10.1038/nbt.1754
https://www.ncbi.nlm.nih.gov/pubmed/21221095
https://doi.org/10.1101/cshperspect.a008524
https://www.ncbi.nlm.nih.gov/pubmed/24984772
https://doi.org/10.1007/s004390050208
https://www.ncbi.nlm.nih.gov/pubmed/8707295
https://www.ncbi.nlm.nih.gov/pubmed/1867194

Biomedicines 2024, 12, 968 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cariolou, M.A.; Kokkofitou, A.; Manoli, P.; Christou, S.; Karagrigoriou, A.; Middleton, L. Underexpression of the apolipoprotein
E2 and E4 alleles in the Greek Cypriot population of Cyprus. Genet. Epidemiol. 1995, 12, 489-497. [CrossRef]

Komurcu-Bayrak, E.; Onat, A.; Yuzbasiogullari, B.; Mononen, N.; Laaksonen, R.; Kdhonen, M.; Hergenc, G.; Lehtimaki, T.;
Erginel-Unaltuna, N. The APOE -219G/T and +113G/C polymorphisms affect insulin resistance among Turks. Metabolism 2011,
60, 655-663. [CrossRef]

The NIAGADS. Alzheimer’s Genomics Database. 2023. Available online: https://www.niagads.org/genomics/app (accessed on
1 September 2023).

Singh, P.P; Singh, M.; Mastana, S.S. APOE distribution in world populations with new data from India and the UK. Ann. Hum.
Biol. 2006, 33, 279-308. [CrossRef] [PubMed]

Abondio, P.; Bruno, F.; Luiselli, D. Apolipoprotein E (APOE) Haplotypes in Healthy Subjects from Worldwide Macroareas: A
Population Genetics Perspective for Cardiovascular Disease, Neurodegeneration, and Dementia. Curr. Issues Mol. Biol. 2023,
45, 2817-2831. [CrossRef]

Abou Khalil, Y.; Marmontel, O.; Ferrieres, J.; Paillard, F,; Yelnik, C.; Carreau, V.; Charriere, S.; Bruckert, E.; Gallo, A.; Giral, P; et al.
APOE Molecular Spectrum in a French Cohort with Primary Dyslipidemia. Int. ]. Mol. Sci. 2022, 23, 5792. [CrossRef] [PubMed]
Jansen, LE.; Savage, ].E.; Watanabe, K.; Bryois, J.; Williams, D.M.; Steinberg, S.; Sealock, J.; Karlsson, LK.; Hagg, S.; Athanasiu, L.;
et al. Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer’s disease risk. Nat. Genet.
2019, 51, 404—-413. [CrossRef] [PubMed]

Miyashita, A.; Kikuchi, M.; Hara, N.; Ikeuchi, T. Genetics of Alzheimer’s disease: An East Asian perspective. J. Hum. Genet. 2023,
68, 115-124. [CrossRef] [PubMed]

Alaylioglu, M. Clusterin Polimorfizmleri Ile Alzheimer Hastaligi Arasindaki Iliskinin Arastirilmasi. Master’s Thesis, Istanbul
Univercity, Istanbul, Tiirkiye, 2014.

Cilingir, O.; Adapmar Ozbabalik, B.; Aras, B.D. Association between alzheimer disease and APOE gene polymorphisms in
Turkish population. Osman. |. Med. 2020, 42, 222-230.

Akadam-Teker, A.B.; Teker, E.; Aydogan, H.Y.; Aday, A.D. Giresun Ilinde FV, EXIII, ACE, ApoE Gen Varyantlarinin Prevelansi
ve Koroner Arter Hastalig1 Profiline Etkilerinin Arastirilmast. Istanbul Gelisim Universitesi Saglik Bilim. Derg. 2019, 9, 864-880.
[CrossRef]

Karaduman, T. Screening for mutations in the coding regions Of PSEN1 gene, 16-17 exons of APP gene and APOE genotyping in
patients with Alzheimer’s disease. Tiirk. Doga ve Fen Dergisi. 2020, 9, 35—41. [CrossRef]

Korak, T,; Nihal, U,; Ergiil, E.; Simsek, T.; Sazci, A.; Cantiirk, N.Z.; Utkan, N.Z. Association between apolipoprotein E polymor-
phisms and gastric cancer in a hospital-based Turkish population. Istanbul |. Pharm. 2017, 47, 97-100. [CrossRef]

Eken, B.F; Gezmis, H.; Yasemin, U,; Erdogdu, A.; Dogan, C.S.; Kirag, D.; Ulucan, K. Tiirk Kokenli Futbolcularda Apolipoprotein-E
Genotiplerinin Belirlenmesi. Eurasian Res. Sport Sci. 2019, 4, 53-58. [CrossRef]

Atadzhanov, M.; Mwaba, M.H.; Mukomena, P.N.; Lakhi, S.; Mwaba, P.; Rayaprolu, S.; Meschia, J.F; Ross, O.A. Frequency of
APOE, MTHFR and ACE polymorphisms in the Zambian population. BMC Res. Notes 2014, 7, 194. [CrossRef] [PubMed]
Guéant-Rodriguez, R.-M.; Guéant, J.-L.; Debard, R.; Thirion, S.; Hong, L.X.; Bronowicki, J.-P.; Namour, E; Chabi, N.-W.; Sanni, A;
Anello, G. Prevalence of methylenetetrahydrofolate reductase 677T and 1298C alleles and folate status: A comparative study in
Mexican, West African, and European populations. Am. J. Clin. Nutr. 2006, 83, 701-707. [CrossRef] [PubMed]

Botto, L.D.; Yang, Q. 5,10-Methylenetetrahydrofolate reductase gene variants and congenital anomalies: A HuGE review. Am. J.
Epidemiol. 2000, 151, 862-877. [CrossRef] [PubMed]

Safieh, M.; Korczyn, A.D.; Michaelson, D.M. ApoE4: An emerging therapeutic target for Alzheimer’s disease. BMC Med. 2019,
17, 64. [CrossRef] [PubMed]

Pankiewicz, J.E.; Guridi, M.; Kim, J.; Asuni, A.A.; Sanchez, S.; Sullivan, PM.; Holtzman, D.M.; Sadowski, M.]. Blocking the
apoE/Ap interaction ameliorates A(-related pathology in APOE ¢2 and ¢4 targeted replacement Alzheimer model mice. Acta
Neuropathol. Commun. 2014, 2, 75. [CrossRef]

Beshir, S.A.; Aadithsoorya, A.M.; Parveen, A.; Goh, S.S.L.; Hussain, N.; Menon, V.B. Aducanumab Therapy to Treat Alzheimer’s
Disease: A Narrative Review. Int. |. Alzheimer’s Dis. 2022, 2022, 9343514. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/gepi.1370120506
https://doi.org/10.1016/j.metabol.2010.06.016
https://www.niagads.org/genomics/app
https://doi.org/10.1080/03014460600594513
https://www.ncbi.nlm.nih.gov/pubmed/17092867
https://doi.org/10.3390/cimb45040184
https://doi.org/10.3390/ijms23105792
https://www.ncbi.nlm.nih.gov/pubmed/35628605
https://doi.org/10.1038/s41588-018-0311-9
https://www.ncbi.nlm.nih.gov/pubmed/30617256
https://doi.org/10.1038/s10038-022-01050-z
https://www.ncbi.nlm.nih.gov/pubmed/35641666
https://doi.org/10.38079/igusabder.590895
https://doi.org/10.46810/tdfd.713624
https://doi.org/10.5152/IstanbulJPharm.2017.0015
https://doi.org/10.35333/ERISS.2019.89
https://doi.org/10.1186/1756-0500-7-194
https://www.ncbi.nlm.nih.gov/pubmed/24679048
https://doi.org/10.1093/ajcn.83.3.701
https://www.ncbi.nlm.nih.gov/pubmed/16522920
https://doi.org/10.1093/oxfordjournals.aje.a010290
https://www.ncbi.nlm.nih.gov/pubmed/10791559
https://doi.org/10.1186/s12916-019-1299-4
https://www.ncbi.nlm.nih.gov/pubmed/30890171
https://doi.org/10.1186/s40478-014-0075-0
https://doi.org/10.1155/2022/9343514

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Molecular Genotyping from Clinical Exome Sequencing 
	Bioinformatics Analysis and Statistical Analyses 

	Results 
	Demographics of Study Participants 
	APOE Alleles Frequencies 
	APOE Genotype Distribution: Gender-Specific and Overall Analysis 
	APOE Haplotype Distribution 

	Discussion 
	Conclusions 
	References

