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a b s t r a c t 

Using exome sequencing, we analyzed 196 participants of the Cretan Aging Cohort (CAC; 95 with 

Alzheimer’s disease [AD], 20 with mild cognitive impairment [MCI], and 81 cognitively normal controls). 

The APOE ε4 allele was more common in AD patients (23.2%) than in controls (7.4%; p < 0.01) and the 

PSEN2 p.Arg29His and p.Cys391Arg variants were found in 3 AD and 1 MCI patient, respectively. Also, 

we found the frontotemporal dementia (FTD)-associated TARDBP gene p.Ile383Val variant in 2 elderly 

patients diagnosed with AD and in 2 patients, non CAC members, with the amyotrophic lateral sclero- 

sis/FTD phenotype. Furthermore, the p.Ser498Ala variant in the positively selected GLUD2 gene was less 

frequent in AD patients (2.11%) than in controls (16%; p < 0.01), suggesting a possible protective effect. 

While the same trend was found in another local replication cohort (n = 406) and in section of the ADNI 

cohort (n = 808), this finding did not reach statistical significance and therefore it should be considered 

preliminary. Our results attest to the value of genetic testing to study aged adults with AD phenotype. 

© 2022 Elsevier Inc. All rights reserved. 
Abbreviations: AD, Alzheimer’s disease; hGDH1, human glutamate dehydroge- 

nase 1; hGDH2, human glutamate dehydrogenase 2; NGS, Next Generation Sequenc- 

ing; WES, Whole Exome Sequencing; WGS, Whole Genome Sequencing; FTD, Fron- 

totemporal Dementia; CAC, Cretan Aging Cohort; MCI, Mild Cognitive Impairment; 

MMSE, Mini Mental Status Examination; EDTA, Ethylenediaminetetraacetic Acid; 

VaD, Vascular Dementia; LBD, Lewy Body Dementia. 
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1. Introduction 

In addition to age, a major risk factor for Alzheimer’s disease

(AD; the commonest form of dementia in the elderly) is posi-

tive family history for dementia ( Lautenschlager et al., 1996 ). This

genetic predisposition is most pronounced for the rare, young-

onset, familial form of AD, where causative variants in 3 genes

( PSEN1, PSEN2 and APP) have been reported ( Bird, 2005 ; Loy, 2014 ;

Nussbaum and Ellis, 2003 ). On the other hand, for the frequent

sporadic, late-onset, form of AD, intensive research toward the

identification of risk factors has brought to light the ε4 al-

lele of the APOE gene, a genotype that significantly increases

the risk for the disease and reduces the age of disease onset
2 Current address: University of Athens, Medical School, Internal Medicine De- 

partment, Athens, Greece. 
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( Corder et al., 1993 ; Liu et al., 2013 ). Furthermore, numerous vari-

ants in many different genes have been reported to be associ-

ated with AD (such as TREM2, ADAM10, CR1, CLU, EPHA1, PICALM,

UNC5C, SORL1, PLD3, etc. ), conferring though lower risk compared

to the risk attributed to the APOE ε4 genotype ( Baker et al.,

2019 ; Bird, 2005 ; Cruchaga et al., 2014 ; Del-Aguila et al., 2015 ;

Jansen et al., 2019 ; Kunkle et al., 2019 ; Lacour et al., 2017 ;

Lambert et al., 2013 ; Ridge et al., 2016 ; Van Cauwenberghe et al.,

2016 ). In addition, genes implicated in glutamate metabolism, in-

cluding the GLUD1 and GLUD2 genes (encoding for human glu-

tamate dehydrogenase 1 and 2; hGDH1 and hGDH2, respec-

tively), appear to play a major role in neurodegenerative pro-

cesses ( Bao et al., 2009 ; Lawingco et al., 2020 ; Plaitakis et al.,

2010 ). The isoenzymes hGDH1 and hGDH2 are involved in brain

glutamate metabolism and glutamatergic signaling, an area of in-

creasing interest for the pathophysiology of AD ( Ghosh et al.,

2020; Sanabria-Castro et al., 2017 ). These isoenzymes have been

a long-time focus of our and other research groups working

on the pathophysiology of neurodegeneration ( Bao et al., 2009 ;

Burbaeva et al., 2005 ; Dimovasili et al., 2021 ; Kim and Baik, 2019 ;

Mathioudakis et al., 2019 ; Plaitakis et al., 2010 ; Plaitakis and Za-

ganas, 2001 ; Zaganas et al., 2009 ; Zaganas et al., 2014 ). 

Despite intense efforts to decipher the genetic mechanisms re-

lated to AD, including well-conducted GWAS studies that explain

a sizeable proportion of the disease risk ( Kunkle et al., 2019 ;

Lawingco et al., 2020 ; Shen and Jia, 2016 ), research so far seems to

have only scratched the surface of such complex and multifactorial

processes. However, new hope was kindled by the development

of Next Generation Sequencing (NGS) technologies employed in

Whole Exome Sequencing (WES), and Whole Genome Sequencing

(WGS) ( Foo et al., 2012 ; Goodwin et al., 2016 ; Kumar et al., 2013 ).

Using an NGS approach several rare variants of interest for AD have

surfaced, such as rare variants in the TREM2 gene ( Bellenguez et al.,

2017 ; Cukier et al., 2017 ; Del-Aguila et al., 2015 ; Ming et al., 2021 ;

Sims et al., 2017 ). These studies have enabled better understand-

ing of the AD-associated pathophysiological processes involving the

TREM2 protein, which acts as a receptor and enhances the uptake

of lipoprotein (e.g., LDL, HDL) and apolipoprotein (e.g., APOA1/2,

APOE 2/3/4, CLU) particles in microglia ( Ulland and Colonna, 2018 ;

Ulrich et al., 2017 ). 

Hampering these genetic studies is the less-than-optimal ac-

curacy of the clinical criteria for the diagnosis of AD and the

overlapping phenotypes with other diseases, such as frontotem-

poral dementia (FTD) ( Arvanitakis et al., 2019 ). As a matter

of fact, the sensitivity and specificity of clinical diagnosis of

AD can be as low as 70% and 40%, respectively ( Beach et al.,

2012 ). Thus, it is not uncommon to revise the antemortem di-

agnosis of AD to a different dementia disorder after perform-

ing autopsy ( Grandal Leiros et al., 2018 ; Mok et al., 2004 ). To

overcome this clinical uncertainty, imaging and biological mark-

ers are increasingly used in the differential diagnosis of de-

mentia ( Bourbouli et al., 2017 ; Niemantsverdriet et al., 2018 ;

Paraskevas et al., 2017 ; Vemuri et al., 2011 ). Among these biolog-

ical markers, genetic testing is offering a promising approach for

accurate diagnosis, and especially for differentiating AD from FTD

( Blauwendraat et al., 2018 ; Cruchaga et al., 2012 a; Goldman and

Van Deerlin, 2018 ; Lautenschlager et al., 1996 ; Loy et al., 2014 ;

Perrone et al., 2018 ). 

The most common genetic change causing FTD is the C9orf72

hexanucleotide repeat expansion. This expansion is also the most

common genetic cause of Amyotrophic Lateral Sclerosis (ALS),

which forms part of the same pathophysiological spectrum with

FTD ( Blauwendraat et al., 2018 ; Hinz and Geschwind, 2017 ). Other

frequent genetic causes of FTD are pathogenic variants in the pro-

granulin ( GRN ), the Microtubule Associated Protein Tau ( MAPT )
and the Transactive Response DNA Binding Protein ( TARDBP ) genes

( Ahmed et al., 2007 ; Baker et al., 2006 ; Borroni et al., 2009 ;

Cruts et al., 2006 ; Hutton et al., 1998 ; Kabashi et al., 2008 ;

Kwiatkowski et al., 2009 ; Mackenzie et al., 2006 ; Neumann et al.,

2006 ; Synofzik et al., 2012 ; Vance et al., 2009 ). Interestingly, rare

patients diagnosed with FTD have been found to harbor pathogenic

variants in the PSEN1 and PSEN2 genes that, as described above,

are a cause of AD ( Blauwendraat et al., 2018 ; Lohmann et al., 2012 ;

Mendez and McMurtray, 2006 ). Inversely, even though variants in

MAPT, GRN and C9orf72 are typically related with FTD phenotypes,

recent studies have demonstrated that these genetic alterations are

also associated with other forms of dementia ( Guven et al., 2016 ;

Jin et al., 2012 ; Pastor et al., 2016 ). 

In the present report, based on a multidisciplinary study

(Thalis-Multidisciplinary Network for the Study of Alzheimer’s Dis-

ease; Thalis-MNSAD), we aimed to investigate the genetic factors

that contribute to cognitive impairment in the Cretan Aging Cohort

(CAC) ( Zaganas et al., 2019 ), a culturally homogeneous population

of well-studied older adults residing in the prefecture of Heraklion,

Crete, Greece. WES data were obtained from a representative sub-

group of AD and Mild Cognitive Impairment (MCI) patients, as well

as cognitively intact controls, who had been thoroughly character-

ized by neuropsychiatric evaluations and assessment of numerous

clinical, epidemiological and biological factors. Here we report the

results of an initial genetic characterization of the CAC in respect

to APOE ε4 genotype and variants in the PSEN1, PSEN2, APP, GLUD1,

GLUD2 and 16 FTD-associated genes. 

2. Methods 

2.1. Participants 

The participants in the initial genetic study were selected from

the CAC, a sample of 3140 community-dwelling adults, aged 60–

100 years, who were recruited from a set of Primary Health

Care (PHC) facilities in the district of Heraklion, Crete, Greece

( Zaganas et al., 2019 ). To create this cohort, all individuals over 60

years of age visiting the PHC centers, for any reason, were asked by

the collaborating PHC physicians to participate in this study and

to provide informed consent. Consenting individuals were invited

to a structured interview based on a detailed questionnaire that

included the Mini Mental Status Examination (MMSE) and ques-

tions on demographics (i.e., age, gender, marital status, education,

place of residence), current physical and mental health problems

and medication use. Based on the MMSE score, a universal cutoff

of 23/24 points was used for referral of patients for further evalu-

ation ( Fig. 1 a). 

In the second phase of the study, those participants showing

potential cognitive impairment as defined by a MMSE score of < 24

(n = 636) were referred for a thorough neuropsychiatric and neu-

ropsychological assessment to establish a final diagnosis and 344

of them accepted. Among those with MMSE ≥24, a subgroup of

181 participants (matched for place of residence with the MMSE

< 24 group) were also invited for further evaluation in the second

phase of the study and 161 accepted ( Fig. 1 a). This second phase of

the study also employed detailed questionnaires in the context of

a semistructured interview to assess the medical and other deter-

minants of health status in detail. Neuropsychological assessment

was performed by trained neuropsychologists, using a battery of

validated tests that evaluated among others, memory, visuocon-

structive ability, speech, visuomotor processing, attention, execu-

tive functions, depressive symptomatology and anxiety, quality of

life, daily functional capacity, and behavioral disturbances. Finally,

blood was drawn and used for DNA extraction, as described below,
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Fig. 1. (a) Flow diagram of the present study concerning the Cretan Aging Cohort Genetic substudy. (b) Flow diagram of the analyses performed in the present study. 

Following identification of the p.Ser498Ala GLUD2 variant as being more common in controls, we have genotyped this variant independently in 2 additional cohorts (a local 

replication cohort and a subcohort of the ADNI database). Similarly, after the identification of the TARDBP p.Ile383Val variant in 2 patients with AD, we searched for the 

same variant in a small Cretan FTD/ALS cohort. Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; FTD, frontotemporal dementia; MCI, mild cognitive 

impairment; WES, whole exome sequencing. 
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Table 1 

Comparison of dementia, MCI, and control groups genotyped in our study 

Cretan Aging Cohort (n = 196) Local replication cohort: SKEPSI + other CAC (n = 405) 

AD (n = 95) MCI (n = 20) Controls (n = 81) AD (n = 29) MCI (n = 209) Controls (n = 167) 

Age (mean ± SD), years 80.7 ± 5.2 ∗∗∗ 75.4 ± 4.7 72.9 ± 6.9 74.9 ± 7.9 ∗∗∗ 74.3 ± 8.0 ∗∗∗ 66.7 ± 7.4 

Sex (% females) 69.5 ∗∗ 65.0 51.9 48.3 ∗∗ 61.1 ∗ 73.8 

Formal education 

(mean ± SD, years) 

4.1 ± 3.0 ∗∗∗ 5.2 ± 3.1 6.1 ± 2.6 7.2 ± 4.3 ∗∗∗ 6.0 ± 4.3 ∗ 9.6 ± 5.0 

Family history of dementia 

in 1st degree relative (n, 

%) 

41 (43.2%) ∗ 9 (45.0%) 21 (25.9%) NA NA NA 

MMSE (mean ± SD) 17.5 ± 5.7 ∗∗∗ 23.4 ± 3.2 ∗∗∗ 28.4 ± 1.2 22.8 ± 4.9 ∗∗∗ 24.1 ± 3.5 ∗∗∗ 26.8 ± 3.3 

Age at disease onset 

(mean ± SD), years 

76.9 ± 6.8 NA NA 72.5 ± 6.8 NA NA 

APOE ε4: n (%) 22 (23.2) ∗∗ 5 (25.0) 6 (7.4) NA NA NA 

Municipality 

Heraklion (City of 

Heraklion, Kato Asites) 

44 7 35 25 145 151 

Hersonissos (Episkopi, 

Malia) 

6 2 6 0 10 2 

Minoa Pediados (Garipa, 

Kasteli, Thrapsano) 

17 5 10 2 22 2 

Archanes-Asterousia 

(Houdetsi, Peza, Pirgos) 

22 5 15 2 26 8 

Viannos (Ebaros, Pefkos) 3 1 5 0 0 0 

Gortina (Agia Varvara) 3 0 10 0 6 4 

The demographic and clinical characteristics and the APOE ε4 status are presented here separately for the initial Cretan Aging Cohort (CAC) and the local replication cohort 

that included 174 additional CAC participants and 231 participants from the “SKEPSI” cohort. 

Key: NA, not available. 
∗p < 0.05 compared to the control group. 
∗∗p < 0.01 compared to the control group. 
∗∗∗p < 0.001 compared to the control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and measurement of plasma and serum biomarkers, such as IL-6

and TNF α ( Basta et al., 2020 ). 

All information obtained through history, physical and men-

tal status examination, neuropsychological examination, question-

naires, as well as all other additional data (imaging studies, lab-

oratory results) available, was reviewed by a certified neurologist

(I.Z.) and a neuropsychologist (P.S.) and consensus diagnoses were

reached using published criteria and taking into account the re-

ports from the clinicians who had examined the patients, as well

as the neuropsychological reports. For the diagnosis of demen-

tia and MCI, the DSM-IV criteria ( American Psychiatric Associa-

tion, 1994 ) and the IWG ( Winblad et al., 2004 ) criteria were used,

respectively. Probable Alzheimer’ disease (AD), vascular dementia

(VaD), Lewy body dementia (LBD), behavioral variant frontotempo-

ral dementia (bvFTD), and other types of frontotemporal demen-

tia were diagnosed according to the published criteria by NINCDS-

ADRDA ( McKhann et al., 1984 ), NINDS-AIREN ( Román et al., 1993 ),

DLB Consortium ( McKeith et al., 2005 ), International Consortium

on bvFTD ( Rascovsky et al., 2011 ), and Neary et al. (1998) . 

2.2. Family history information 

As part of the assessment of the 505 participants in the sec-

ond phase of the CAC study, a detailed family history for dementia

and other neuropsychiatric diseases was obtained both through the

semistructured questionnaire described above and also in the con-

text of a special second interview of the patient and/or caregivers.

The family history included the names, ages and, if deceased, age

and cause of death of up to 3rd degree relatives. The presence

and age at onset of neuropsychiatric diseases (including demen-

tia) was also recorded. Based on this information, detailed fam-

ily trees were constructed using the HaploPainter 1.043 software

( Thiele and Nürnberg, 2005 ). 
2.3. Blood collection and DNA extraction 

Whole peripheral blood from consenting participants was col-

lected in Ethylenediaminetetraacetic Acid (EDTA) vacutainer tubes

which were rushed on ice to the laboratory and stored at -20 °C un-

til DNA extraction. In total, blood was collected from 380 individ-

uals (109 participants with dementia, 159 with MCI and 112 cog-

nitively nonimpaired). Genomic DNA was extracted from 400 μL of

whole peripheral blood by processing with the QIAamp DNA Blood

Mini kit, Qiagen (CA, USA). DNA concentration and purity were as-

sessed spectrophotometrically at 260/280 nm. Each DNA sample

was coded through unique identifiers, to ensure the anonymity of

the participants and traceability of the sample and was stored at

-20 °C for future analyses. 

2.4. Whole exome sequencing for members of the CAC 

Of the 380 individuals with blood samples available, 201 were

selected for WES analyses in this study. These 201 samples were

all used for the Principal Component Analysis (PCA;see below), but

5 of these were excluded from other studies due to a diagnosis of

non-AD dementia (1 FTD, 1 LBD, 3 VaD). Among those 196 well-

characterized individuals that were studied further, 95 were pa-

tients diagnosed as probable AD ( Fig. 1 ). In addition, we included

81 individuals who were classified as cognitively intact controls

and 20 individuals diagnosed with MCI ( Fig. 1 b). The geographic

origin (place of residence) within Heraklion, Crete prefecture and

the demographic and clinical characteristics of the genotyped par-

ticipants are shown in Table 1 . 

WES was performed at Minotech Genomics Facility, Institute of

Molecular Biology and Biotechnology (IMBB-FORTH, Crete). The Ion

Torrent PROTON (Ion PI chip v3) platform was employed for exon

capture, following library preparation and template sequencing us-

ing Ion Ampliseq Exome kit (MA, USA) and Ion PI Hi-Q OT2 200 kit

(MA, USA), respectively. For all the sequenced libraries, the mean
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number of Q20 bases was 6.81Gbp ranging between 2.93 and 12.89

Gbp, the mean length of a sequence was 181.7 bp, with the short-

est being 146 bp and the longest 195 bp. Bioinformatics processing

of retrieved data, including mapping to human reference genome

19 (hg19), variant calling and quality control analyses was per-

formed using the Ion Torrent Suite (MA, USA) software with the

implementation of algorithms in the form of plugins, specifically

designed for Ion technology. 

Variant annotation was performed using the Ion Reporter v5.0

(MA, USA) and Ingenuity Variant Analysis (Qiagen, CA, USA) tools

after application of specific filters. For our analyses, we selected

4 genes associated with AD ( APOE, APP, PSEN1, PSEN2), 2 genes

associated with glutamate metabolism, which has been shown

to contribute to the AD pathogenesis ( GLUD1, GLUD2) and 16

FTD-associated genes ( MAPT, GRN, TARDBP, VCP, FUS, CHCHD10,

CHMP2B, SQSTM1, TBK1, CTSF, UBQLN1, HNRNPA1, HNRNPA2B1,

UBQLN1, UBQLN2, OPTN) ( Bourbouli et al., 2021 ; Wagner et al.,

2021 ; Xiao et al., 2021 ) ( Fig. 1 b). All variants of the 22 genes se-

lected for this analysis were also manually analyzed taking into

account data from online databases (Exome Aggregation Consor-

tium, gnomAD, ClinVar, Ensembl/GRCh37.p13 and OMIM databases)

and published literature. Moreover, possibly pathogenic changes

were further prioritized using 2 in silico prediction algorithms,

Sorting Intolerant from Tolerant (SIFT) ( https://sift.bii.a-star.edu.

sg/ ) and Polymorphism Phenotyping (PolyPhen-2) ( http://genetics.

bwh.harvard.edu/pph2/ ). In addition, the Combined Annotation-

Dependent Depletion (CADD) score ( Rentzsch et al., 2019 ) for each

variant, as provided by the Ingenuity Variant Analysis software,

was taken into consideration. CADD is a widely used tool to mea-

sure the deleteriousness of genetic variants (single nucleotide vari-

ants and short insertion and deletions). For the APP, PSEN1, PSEN2,

APOE, GLUD1 and GLUD2 genes, the cut-off CADD score was set

at 10, with the exception of the p.Ser498Ala GLUD2 variant. Fi-

nally, for the 16 FTD associated genes, the variants reported here

are considered as Disease-causing Mutations (DM) by Human Gene

Mutation Database (HMGD), while at the same time having a

CADD score > 15. 

2.5. APP, PSEN1, PSEN2, APOE, GLUD1, and GLUD2 gene variant 

verification 

All single nucleotide variants reported here for the APOE, APP,

PSEN1, PSEN2, GLUD1, and GLUD2 genes were verified by Sanger se-

quencing and/or restriction fragment length polymorphism (RFLP)

analysis to exclude false positive results (primers and conditions

for genotyping available on request). Specifically, APOE genotyping

was validated for all subjects by PCR/RFLP using the HhaI restric-

tion enzyme, as previously described ( Kim et al., 2010 ). In short,

an APOE region spanning the rs429358 and rs7412 SNPs, which are

needed for the characterization of APOE alleles as ε 2/ ε 3/ ε 4, was

amplified by PCR using specific primers and the resulting prod-

ucts were digested by HhaI. DNA fragments were visualized by 13%

polyacrylamide gel electrophoresis and 3X Gel Red staining (Gel

RED Nucleic Acid, Biotium, CA, USA). GLUD2 p.Ser498Ala variant

genotyping was performed by PCR amplification of the adjacent

GLUD2 region and digestion of the products with AciI. Fragments

were visualized by 1% agarose gel electrophoresis. 

2.6. Extension of the p.Ser498Ala GLUD2 variant genotyping 

Analyses involving the p.Ser498Ala GLUD2 variant were per-

formed, in addition to the initial 196 individuals, on an additional

sample of 405 persons ( Fig. 1 b, Table 1 ) recruited from the same

region of Crete. This additional sample included: (1) 174 individu-

als of the CAC for whom WES data were not available (4 with AD,
139 with MCI and 31 cognitively nonimpaired), and (2) 231 partic-

ipants of a second local cohort that has been established through

the “SKEPSI” research program ( Karademas et al., 2019 ). The latter

cohort also included residents of the prefecture of Heraklion, Crete,

who either responded to advertisements in local media inviting

persons aged 50 years or older to be tested for “memory and other

cognitive difficulties they may be experiencing” or were referred

for neuropsychological testing by local physicians. Participants in

this cohort were characterized and diagnosis (AD in 25, MCI in 70

and normal cognition in 136) was reached in a manner essentially

identical to that described above for the CAC. 

The additional 231 de-identified aliquoted DNA samples from

the “SKEPSI” cohort were sent to Professor Constantinos Deltas

and Dr. Konstantinos Voskarides at the Molecular Medicine Re-

search Centre of the University of Cyprus, Nicosia, Cyprus who pro-

vided expertise and facilities of their Biobank (University of Cyprus

Biobank, Nicosia, Cyprus). From there, samples were sent to LGC

Genomics (UK) for genotyping of Single Nucleotide Polymorphisms

by proprietary KASP assays. KASP genotyping is based on competi-

tive allele-specific Polymerase Chain Reaction (PCR), while bi-allelic

discrimination is achieved by attaching a fluorescent-dyed tail se-

quence to the allele-specific forward markers––one labeled with

FAM dye and the other with HEX dye. As the markers amplify,

they interact with an equivalent universal FRET (fluorescent res-

onant energy transfer) cassette, which begins to emit fluorescence

because of the interaction. Genotypes are automatically called by

Kraken software based on the fluorescent signal, and manually

confirmed by a lab technician. 

As supplementary analyses, we used the data from the

Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort.

( Fig. 1 b). For the present study, we included only ADNI individuals

for which the p.498 residue (c.1492 nucleotide) of GLUD2 was

known by genotyping (n = 808), to establish the presence or

absence of the p.Ser498Ala (c.1492T > G) GLUD2 variant. Of these

808 participants, 47 have been diagnosed as AD, 481 as MCI and

280 as cognitively normal controls. 

2.7. Genotyping of Cretan patients with ALS, FTD, and FTD/ALS for 

the TARDBP p.Ile383Val variant 

To search for the TARDBP p.Ile383Val pathogenic variant in Cre-

tan patients with the AL S, FTD or FTD/AL S phenotype we ana-

lyzed ( Fig. 1 b) WES data from 10 patients (median age 61,5 years,

range 47-79 years; 4 females, 6 males; 5 ALS, 4 FTD, 1 FTD/ALS)

available through an ongoing diagnostic/research program at the

Neurology/Neurogenetics Laboratory at the Medical School, Uni-

versity of Crete ( Bourbouli et al., 2021 ; Michaelidou et al., 2020 ;

Zaganas et al., 2020 ; Zaganas et al., 2021 ). Informed consent was

obtained from the patients or their legal representatives, according

to a study protocol that has also been approved by the Institutional

Review Board of the University Hospital of Heraklion, Crete, Greece.

As part of our standard diagnostic work-up, all 10 patients with

the ALS, FTD and FTD/ALS phenotype included in our study un-

derwent imaging at a 1.5 Tesla MRI scanner and scans were evalu-

ated by an experienced radiologist and normalized against controls

of similar age. The purpose of obtaining brain MRIs in these 10

patients was to exclude other conditions that can masquerade as

ALS or FTD and to ensure that brain imaging findings (e.g., frontal

or temporal atrophy) were compatible with the clinical diagnoses.

After testing for C9orf72 hexanucleotide repeat expansion to ex-

clude ALS/FTD caused by this type of variant, WES was performed

by sequencing of 2 × 100 bp DNA fragments and aiming at cov-

erage of at least 50x. Exon-enriched DNA libraries were prepared

with the Agilent V5 Sure-Select Target Enrichment System and se-

quenced on an Illumina HiSeq 2500 (at Otogenetics Corporation,

https://sift.bii.a-star.edu.sg/
http://genetics.bwh.harvard.edu/pph2/
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Fig. 2. (A) Population clustering. Principal component analysis was used to map the Cretan Aging Cohort (CAC) relative to the complete panel of 26 populations from the 

10 0 0 Genomes Project. Individuals from the CAC and Italians from Tuscany, Italy (TSI) are depicted with different shapes (compared to the rest of the world) based on the 

high genetic similarity between the 2 geographically adjacent populations. The embedded figure on the top left zooms on the part of the PCA that contains the CAC and 

TSI populations. Despite the high genetic affinity between these populations, CAC members are slightly centered toward the lower-left side of the plot. (B) Regional genetic 

variation of the CAC. Contour plot of the geographic differentiation of individuals from CAC after projecting them on 2 top principal components relatively to Greeks from 

Human Genome Diversity Project (HGDP) and Tuscany from the 10 0 0 Genomes Project. Samples are marked based on the region of inhabitance as indicated. In total we 

inferred 3 Gaussian Kernel Density Estimations (KDEs), one for each population. The KDEs are normalized from 0 to 1 and the contour lines are on the level of 0.5. (For 

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Norcross, GA, USA) or HiSeq40 0 0 (at Macrogen, Seoul, Korea) plat-

form. Finally, WES data analysis was performed at the Neurology

Laboratory, University of Crete using the Ingenuity software (Qia-

gen, USA). In this analysis, we specifically searched for the TARDBP

p.Ile383Val variant in the WES data of these patients. This variant’s

presence was also confirmed by PCR amplification and Sanger se-

quencing of exon 6 of the TARDBP gene. 

2.8. Principal component analysis 

PCA was performed on the sequenced dataset to determine

whether genetic outliers existed and to investigate possible pop-

ulation stratification ( Fig. 2 ). The analyses were performed using

PLINK v.1.9 by combining sequenced data from the CAC with indi-

viduals from the complete population panel of the 10 0 0 Genomes

Project (phase3, release 20150502). Following data merging, we

took the intersection of variants and performed LD pruning in

PLINK (with options —indep 50 5 2) to obtain a thinned set of data

containing only independent variants (n = 25,439). 

PCA was also used ( Fig. 2 ) to project the 201 individuals

from the CAC with available WES data on the first 2 princi-

pal components relatively to 38 Greeks from the CEPH/Human

Genome Diversity Panel ( Lazaridis et al., 2014 ) and 107 Italians

from the 10 0 0 Genomes project (10 0 0 Genomes Project, phase3,

release 20150502). The HGDP dataset, obtained from http://hagsc.

org/hgdp/files.html , does not include any samples from Crete. Fol-

lowing data merging, we took the intersection of variants and per-

formed LD pruning in PLINK v1.9 (with options –indep 50 5 2) to

obtain an independent subset of variants. We then applied PCA on

this independent set. The directions of geographic differentiation

were shown in a contour plot. For each population we applied a

Gaussian Kernel Density Estimation (KDE) using the top 2 princi-

pal components using the Scott’s rule of thumb ( Scott, 2015 ) for

bandwidth estimation. All 3 kernel estimates were subsequently

normalized from 0 to 1 and a contour line at the level of 0.5 was

added on the plots. 
2.9. Statistical analysis 

Statistical analysis of APOE allelic distribution and GLUD2

p.Ser498Ala variant among cases with AD dementia, MCI and con-

trols, was performed using the χ2 and Fisher’s exact tests, and

evaluated at p = 0.05. Group differences in age and education were

assessed using independent samples t -tests. 

3. Results 

Overall, our results showed that, in the CAC, the GLUD2

p.Ser498Ala variant was more common in patients with AD com-

pared to controls, even though this finding did not reach statisti-

cal significance in 2 other replication cohorts, and thus should be

considered preliminary. Also, again in the CAC, we found the FTD-

associated TARDBP p.Ile383Val pathogenic variant in 2 patients,

82- and 80-year-old, respectively, initially diagnosed with AD. The

same variant was found in 2 other Cretans, nonmembers of the

CAC, with the ALS and the ALS/FTD phenotype. These results are

detailed in the following section. 

3.1. Family history 

Among the 196 persons from the CAC (95 with AD demen-

tia, 20 with MCI and 81 cognitively normal controls) with avail-

able WES data, 71 had family history of dementia with at least

one first degree relative affected ( Table 1 ). Specifically, 41 (43.2%)

and 9 (45.0%) of the AD and MCI patients, respectively, had at

least one first degree relative affected with dementia. Both pa-

tient groups had higher frequency of positive family history for

dementia in a first degree relative compared to cognitively normal

controls (21/81, 25.9%; p = 0.017 for the comparison with the AD

group). 

http://hagsc.org/hgdp/files.html
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3.2. APP, PSEN1, and PSEN2 variants 

Next, within our sample, we sought to identify genetic variants

that had already been characterized as either pathogenic variants

or variants of unknown significance (VUS) in the 3 known familial

AD causative genes ( APP, PSEN1 and PSEN2 , see methods). 

Regarding the APP gene, 3 variants of potential interest

were detected. Specifically, the p.Val375Ile, p.Gln686Glu and

p.Asn195Asp variants were found in a patient affected with AD,

a patient affected with MCI and a cognitive normal control, re-

spectively ( Table 2 ). In the PSEN1 gene, the p.Glu318Gly variant

was present in 2 AD patients and in 2 controls ( Table 2 ). Con-

cerning the PSEN2 gene, a very rare in public databases vari-

ant (p.Arg29His) was present in 3 individuals with AD, while it

was absent from normal controls ( Table 2 ). In contrast, the PSEN2

p.Arg62His variant was present in one patient with AD, one patient

with MCI and 3 control individuals. Finally, the p.Cys391Arg variant

of PSEN2 was detected in a single patient with MCI ( Table 2 ). 

3.3. APOE ε alleles and variant 

Given the importance of APOE alleles for AD risk, we inves-

tigated the APOE ε 2/ ε 3/ ε 4 allelic distribution among individuals

with dementia and controls in our sample, using the WES data and

verifying results with RFLP analyses. Results showed that the APOE

ε4 allele was present in heterozygous state in 33 out of the 196

samples of our cohort. Of these, 22 belonged to the AD group (23.2

%), 5 to the MCI group (25.0%) and 6 to the control group (7.4%).

No homozygous ε4 carriers were detected. As expected, by com-

paring AD and control groups, the APOE ε4 allele was significantly

more frequent in the former group ( p < 0.01; Table 1 ). Screening

the APOE gene for other variants of interest, in addition to the ε
alleles, we detected the p.Gly145Asp variant in one individual with

AD ( Table 2 ). 

3.4. FTD-associated gene variants in the CAC 

Analyzing the CAC WES data for potentially causative vari-

ants (described as DM in HGMD and at the same time having

a CADD score > 15) in 16 FTD-associated genes, we identified the

p.Ile383Val (c.1147A > G; rs367543041) TARDBP gene variant in 2

patients, an 80-year-old woman and an 82-year-old man, both ini-

tially diagnosed as suffering from AD ( Table 2 ). 

The 80-year-old woman presented with progressively deterio-

rating short-term memory problems and difficulty in performing

everyday activities of at least one-year duration. Her family his-

tory was characterized by dementia in her deceased mother with

onset at 90 years of age, and depression and dementia in her de-

ceased brother with onset at the age of 70 years. On examination,

she had difficulty in completing several of the neuropsychological

tests, mainly due to forgetting the orders given and difficulty in

concentration. On several occasions, her answers were enriched by

description of remote events. She scored 17 of 30 in the MMSE test,

having difficulties in recall, calculations, and temporal orientation.

The rest of the neurological examination was unremarkable, and a

clinical diagnosis of probable AD was reached. 

The second patient was an 82-year-old male who had presented

memory problems for at least 5 years and severe functional im-

pairment in the last 2 years. More recently, the patient had shown

depressive symptoms and occasional visual hallucinations. His past

medical history was notable for arterial hypertension and diabetes

mellitus and his medications included donepezil and citalopram.

Reportedly, 3 of his 10 siblings had symptoms of dementia before

dying, and another one was suffering from dementia, but was liv-

ing abroad and thus was inaccessible to testing. His 78-year-old
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Fig. 3. Brain MRI imaging of a Cretan patient (nonmember of the CAC) displaying the FTD/ALS phenotype and harboring the p.Ile383Val TARDBP pathogenic variant. Shown 

here are coronal T1 and horizontal FLAIR sections, where atrophy of the anterior temporal and the frontal lobes are evident. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sister was reported as having memory problems, with formal test-

ing revealing that the most appropriate diagnosis for her would be

MCI. On examination, the patient had severe cognitive dysfunction,

including severe aphasia that hindered his ability to communicate

(MMSE 2/30). Again, based on the history and clinical features, a

clinical diagnosis of probable AD was made. 

Interestingly, besides p.Ile383Val, a second TARDBP vari-

ant (c.800A > G, p.Asn267Ser rs80356718), classified as likely

pathogenic, was detected in a cognitive normal 73-year old individ-

ual from our CAC. Beyond TARDBP , in the other 15 FTD-associated

genes included in our analysis, no other causative variant was

identified based on the prespecified criteria (see Methods). 

3.5. The p.Ile383Val TARDBP variant in 2 patients with ALS, FTD or 

FTD/ALS from Crete (nonmembers of the CAC) 

Through a parallel diagnostic/research program in the Neuro-

genetics Laboratory, Medical School, University of Crete, we de-

tected by WES the p.Ile383Val TARDBP pathogenic variant in 2 ad-

ditional Cretan patients, nonmembers of the CAC, presenting with

an FTD/AL S and AL S phenotype, respectively. Specifically, the first

patient, a 60-year-old man, had presented initially marked behav-

ioral changes and language deficits, and later weakness in the left

upper extremity, all gradually deteriorating ( Bourbouli et al., 2021 ).

Two years later, progressive weakness developed in the right up-

per extremity and the bulbar musculature, and a gastrostomy and

a tracheostomy had to be placed. Notably, the patient had no fam-

ily history of dementia or motor neuron disease. On examination,

the patient showed severe aphasia and behavioral derangement.

He had severe tetraparesis, widespread fasciculations and atrophies

in all 4 extremities. Tendon reflexes were elicited in the upper

extremities but abolished in the lower extremities. MRI imaging

showed marked atrophy of the anterior poles of the temporal lobes

bilaterally ( Fig. 3 ). Based on the history, neurological and neuropsy-

chological examination, neurophysiological data and imaging find-

ings, the diagnosis of FTD/ALS overlap syndrome was reached. The

second patient, a 64-year-old woman, had presented, 5 years be-

fore genetic diagnosis, weakness of the upper extremities that later

progressed to the lower extremities and the bulbar muscles, lead-

ing to weight loss, and necessitating a gastrostomy placement. The
history, the electrophysiological findings and the clinical picture

were compatible with ALS. The patient’s sister, not available for

testing, has also been reportedly diagnosed with ALS. 

3.6. GLUD1 and GLUD2 gene variants 

Analysis of the neurodegeneration-associated GLUD1 and GLUD2

genes revealed that the GLUD2 p.Ser498Ala (c.1492T > G) variant

was more frequent in cognitively nonimpaired than in cognitively

impaired individuals in our cohort ( Table 3 ). Specifically, it was

present in 2 (2.11%) of the 95 patients with AD, 3 (15.0%) of the

20 patients with MCI and 13 (16.05%) of the 81 cognitively normal

individuals ( p = 0.002 for the comparison of patients with AD to

cognitively nonimpaired controls). This difference remained signif-

icant after grouping together patients with AD and patients with

MCI (p.Ser498Ala GLUD2 variant present in 5/115 [4.35%] vs. 13/81

[16.05%] of controls; p = 0.011; Table 3 ). 

When considering X-chromosomes, the GLUD2 p.Ser498Ala vari-

ant was present in 2 of 161 (1.24%) X-chromosomes of patients

with AD compared to 13 of 123 (10.56%) X-chromosomes of cog-

nitively nonimpaired controls ( p = 0.001; Table 3 ). Again, this dif-

ference remained significant after lumping together persons diag-

nosed with AD or MCI (p.Ser498Ala GLUD2 variant present in 5/194

[2.58%] of X-chromosomes as compared to 13/123 [10.56%] of con-

trol X-chromosomes; p = 0.006). 

In light of these results, we then expanded the GLUD2

p.Ser498Ala genotype analysis to the second cohort of well-

characterized persons residing in the prefecture of Heraklion, Crete

(n = 405), comprising 174 additional individuals of the CAC and

231 aged adults from the “SKEPSI” program, characterized in a

manner similar to the CAC ( Karademas et al., 2019 ). In this sec-

ond cohort, there was also a tendency for control individuals to

have a higher frequency of the p.Ser498Ala GLUD2 variant (14/168,

8.33%) compared to cognitively impaired individuals (affected with

AD or MCI; 12/237, 5.06%), even though this did not reach statis-

tical significance ( Table 3 ). A similar nonsignificant trend of lower

percentage of the p.Ser498Ala GLUD2 variant in X-chromosomes of

patients with dementia or MCI (14/378 [3.70%]) as compared to

controls was found (14/292 [4.79%]). 
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It should be noted that the p.Ser498Ala GLUD2 genotype in the

combined sample of 601 Cretan individuals, including the initial

cohort of 196 individuals and the replication cohort of 405 indi-

viduals, was in Hardy-Weinberg equilibrium (data not shown). 

As an additional analysis, we used the data from the ADNI co-

hort. As in the previous 2 Cretan cohorts, analysis of individu-

als genotyped for the p.498 residue (c.1492 nucleotide) of GLUD2

(n = 808) showed that the p.Ser498Ala (c.1492T > G) GLUD2 variant

was slightly more frequent in controls (9/280; 3.21%) compared to

MCI and AD patients combined (16/528; 3.03%), even though this

difference did not reach statistical significance ( Table 3 ). A simi-

lar, nonsignificant trend was observed for X-chromosomes, as this

variant was found in 17 of 748 (2.27%) X-chromosomes of cogni-

tively impaired individuals vs. 10 of 424 (2.35%) X-chromosomes

of controls ( Table 3 ). 

Further analysis of the GLUD1 and GLUD2 genes revealed a rare

in public databases, not previously studied GLUD2 gene variant

(p.Asp414Gly) in a patient with AD and one novel missense variant

of GLUD1 (p.Asp341Gly) in one control individual ( Table 2 ). Also,

the p.Gly35Arg GLUD2 variant was found in 13 AD patients, 6 MCI

patients and 7 controls ( Table 2 ). 

3.7. Principal component analysis 

Population stratification can be an issue in the analysis of

population-based genetic data ( Tian et al., 2008 ). We therefore

used PCA to characterize the WES-genotyped 201 individuals from

the CAC (196 included in the studies described above plus 5 ad-

ditional individuals) in the context of broader global diversity us-

ing the complete panel of 26 populations from the 10 0 0 Genomes

Project (phase3, release 20150502). As expected, individuals from

the CAC formed a well-defined cluster ( Fig. 2 ) proximal to the pop-

ulation from Tuscany, Italy (TSI). 

For both PCA analyses, the initial CAC data set comprised 201

individuals and 339,005 nonduplicate variants. For the PCA we ap-

plied standard QC procedures, excluding duplicated and related

samples identified by calculating the pairwise identity by descent

for each sample using PLINK v1.9. Specifically, from each pair with

a pi-hat > 0.1 the sample with the lower sequencing quality was

excluded. In addition, variants were excluded based on MAF < 5%

and Hardy–Weinberg equilibrium exact p < 0.0 0 01, resulting in

66,295 and 62,481 variants, respectively. Following LD pruning

the resulting data set comprised of 179 unrelated individuals and

25,439 variants, of which 24,608 overlapped between the CAC and

the populations from HGDP and 10 0 0 Genomes Project, while the

remaining 831 nonoverlapping variants were unique to our cohort

( Fig. 2 A). 

Moreover, a contour plot was used to delineate whether the ge-

netic makeup of the CAC differed from other Greek or geographi-

cally adjacent populations ( Fig. 2 B). For this reason, Italians from

Tuscany were used based on the evidence of their high genetic

similarity with Greeks ( Elhaik et al., 2014 ). We observed a distinc-

tive pattern of individuals from our cohort clustering on one side

of the general Greek population, whereas Italians from Tuscany oc-

cupy the opposite side. 

4. Discussion 

4.1. Main findings 

In the present study, which provides an initial genetic charac-

terization by WES of 196 individuals from the CAC ( Zaganas et al.,

2019 ), we identified several rare variants of potential significance

in the APP, PSEN1, PSEN2 , and GLUD2 genes. Importantly, we found
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the GLUD2 p.Ser498Ala variant to be more common in cogni-

tively nonimpaired individuals than in cognitively impaired pa-

tients (affected with AD or MCI). This increased frequency of the

p.Ser498Ala GLUD2 variant in controls was also found in an addi-

tional local cohort (n = 405; also originating from the prefecture

of Heraklion, Crete) and a subcohort of the ADNI patient group

(n = 808), even though in both latter cohorts this difference did

not reach statistical significance. Thus, this finding should be con-

sidered as preliminary and could have emerged due to the ho-

mogeneity of the Cretan population and its separation from other

populations, as shown by our PCA analyses. Finally, we identified

in the CAC 2 aged patients initially diagnosed with AD that car-

ried the p.Ile383Val TARDBP variant. This variant has been repeat-

edly shown to cause FTD and/or ALS, in reports from studies in the

Greek and other populations. We have identified the same variant

in 2 additional Cretan patients (nonmembers of the CAC), present-

ing with FTD/ALS and ALS phenotypes, respectively. The variants

described here have not been associated with diseases other than

MCI, AD and ALS/FTD, with the exception of the p.Ser498Ala GLUD2

gene variant being associated with the age at onset of Parkinson’s

disease (see in the following section). 

4.2. Possible disease-causing variants in APP, PSEN1 , and PSEN2 

genes 

To characterize our sample, we chose first to identify puta-

tively disease-causing variants in known AD-associated genes. Re-

garding the 3 established early-onset familial AD causative genes

( APP, PSEN1, and PSEN2) we sought to identify pathogenic vari-

ants within our sample. Even though the age range of our co-

hort exceeds that of the typical early-onset familial AD, the pres-

ence of pathogenic variants in AD-causative genes is not unex-

pected in late-onset AD ( Cruchaga et al., 2012 a; Fernández et al.,

2017 ). Specifically, while rare variants in the APP, PSEN1, and PSEN2

genes typically cause early-onset AD, variants in these genes (es-

pecially in PSEN2 ) can also cause or predispose to late-onset AD

( Cruchaga et al., 2012 a; Sherrington et al., 1996 ). 

Regarding the APP gene (OMIM 104760), more than 30 fa-

milial AD-causing variants have been described so far ( Chávez-

Gutiérrez and Szaruga, 2020 ; D’Argenio and Sarnataro, 2020 ), in

addition to a rare protective variant (p.Ala673Thr) observed in Ice-

land ( Jonsson et al., 2012 ). Most of these pathogenic variants clus-

ter in the portion of the protein that undergoes processing during

amyloidogenesis. In our CAC samples, the previously noncharacter-

ized, with low gnomAD frequency, p.Val375Ile, p.Gln686Glu and

p.Asn195Asp APP variants were detected in a patient affected with

AD, a patient affected with MCI and a cognitive normal control, re-

spectively ( Table 2 ). According to in silico predictions (CADD score),

both p.Val375Ile and p.Gln686Glu are classified as possibly dam-

aging for the protein product ( Table 2 ). In addition, p.Gln686Glu

is flanked by disease-causing APP variants ( Chávez-Gutiérrez and

Szaruga, 2020 ), resides at the site of cleavage by α-secretase

( Maruyama et al., 1991 ; Nadezhdin et al., 2011 ; Nussbaum and El-

lis, 2003 ) and is therefore expected to affect amyloidogenic pro-

cessing of APP. Thus, given that the p.Val375Ile and p.Gln686Glu

variants cannot be clearly categorized as pathogenic by their pres-

ence in one individual with MCI and one with AD, respectively,

their characteristics suggest that they are worth of further study.

In contrast, p.Asn195Asp, found in one control subject, is predicted

by its low CADD score to be a benign polymorphism ( Table 2 ). 

PSEN1 (OMIM 104311) pathogenic variants are the most com-

mon cause of early-onset autosomal dominant AD, with more

than 220 variants in numerous families described thus far

( D’Argenio and Sarnataro, 2020 ), showing complete penetrance and

early disease onset (25–65 years of age) ( Van Cauwenberghe et al.,
2016 ). In the CAC, only the PSEN1 p.Glu318Gly variant was present

in 2 AD patients and in 2 controls ( Table 2 ). In some popula-

tions, the possibility was raised that the PSEN1 p.Glu318Gly vari-

ant was a risk factor associated with familial AD ( Albani et al.,

2007 ; Benitez et al., 2013 ; Helisalmi et al., 20 0 0 ; Taddei et al.,

2002 ); however, these findings were not verified in other popu-

lations ( Dermaut et al., 1999 ; Hippen et al., 2016 ; Jin et al., 2012 ;

Mattila et al., 1998 ; Zekanowski et al., 2004 ). The p.Glu318Gly vari-

ant, located on exon 9 of PSEN1 , is not evolutionary conserved and

is predicted to be benign for the protein’s function, according to

Polyphen2. These features, in addition to its presence in 2 cogni-

tively normal controls in our sample, argue against its pathogenic-

ity, despite its rather high CADD score (22.3). 

In contrast to PSEN1 pathogenic variants, the 19 PSEN2 (OMIM

600759) AD-causing variants described thus far show incomplete

penetrance and are associated with a significantly older disease

onset ( D’Argenio and Sarnataro, 2020 ; Van Cauwenberghe et al.,

2016 ). Among the 3 autosomal dominant AD causative genes,

PSEN2 showed the largest number of missense variants in our sam-

ple, with these variants spanning the whole length of the gene

and, some of them, being detected in several individuals. Specif-

ically, a previously reported ( Guerreiro et al., 2010 ), very rare in

public databases, variant of PSEN2 , p.Arg29His, was present in 3 in-

dividuals with AD, while it was absent from controls ( Table 2 ). The

p.Arg29His variant has a high CADD score (21.6), indicating a prob-

able damaging protein effect that is also supported by the evolu-

tionary conserved position of the variant. However, several studies

classify it as nonpathogenic ( Cacace et al., 2016 ; Cai et al., 2015 ). 

PSEN2 p.Arg62His ( Cruts et al., 1998 ; Sassi et al., 2014 ;

Sleegers et al., 2004 ) was present in one patient with AD and in

one with MCI in the CAC, whereas 3 controls were also carriers

( Table 2 ). Residue 62 of presenilin 2 is not conserved among dif-

ferent species and another variant in human PSEN2 that occurs

at the same position (p.Arg62Cys) has been reported as benign

( Sassi et al., 2014 ; Sleegers et al., 2004 ). The p.Arg62His PSEN2 vari-

ant is possibly a benign variant as it does not appear to lead to a

functional effect on the protein product ( Walker et al., 2005 ), is

common in public databases (0.92% in gnomAD), and has a low

CADD score ( Table 2 ). However, there is possibility that it could be

a disease modifier by decreasing AD disease onset ( Cruchaga et al.,

2012 b). 

At last, a unique variant of PSEN2 (p.Cys391Arg), which has not

been previously reported in the literature and is not listed in public

variant databases, was detected in a 74-year-old patient with MCI

( Table 2 ). Polyphen2 prediction places it at a very high risk of be-

ing damaging and it has a high CADD score (28.6) and a nearby

PSEN2 variant (p.Val393Met) is AD causative ( Lindquist et al.,

2008 ). The presence of PSEN2 (p.Cys391Arg) in an MCI patient

in the CAC does not necessarily preclude probable pathogenicity,

given that this individual could develop dementia in the future. 

As an additional step toward validating our cohort for known

genetic risk factors for AD, the frequency of the APOE (OMIM

107741) ε4 allele (which approximately triples the risk for AD) was

assessed. In accordance with previous studies ( Bettens et al., 2013 ;

Corder et al., 1993 ; Saunders et al., 1993 ), we found the APOE ε4

allele to be more frequent in AD (n = 22/95, 23.2%) and MCI (5/20,

25%) patients than in cognitively intact controls (6/81, 7.4%). This

distribution ( Table 1 ) supports the validity of the genetic makeup

of the CAC, since it replicates the results of similar studies in other

populations ( Bertram et al., 2007 ). 

In addition to ε4 genotyping, we screened the APOE gene for

missense variants, detecting the p.Gly145Asp alteration in one in-

dividual with AD. APOE p.Gly145Asp has been previously reported

( Iron et al., 1995 ) as cosegregating with p.Arg176Cys (Weisgraber

allele). In contrast, in the case we report here, the p.Gly145Asp
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carrier’s ε genotype was ε 3/ ε 3. Of note, Polyphen2 algorithm in-

dicates that this is a probably damaging variant and it has a high

CADD score (24.3). 

4.3. GLUD1 and GLUD2 genes 

Next, we turned our attention to the GLUD1 (OMIM 138130)

and GLUD2 (OMIIM 300144) genes that are among the candi-

date genes implicated in AD pathophysiology ( Mathioudakis et al.,

2019 ). Variants in these 2 genes have been previously described in

neurological conditions. Specifically, epilepsy occurs in the context

of the hyperinsulinism/hypermammonemia syndrome associated

with activating GLUD1 mutations ( Raizen et al., 2005 ; Stanley et al.,

1998 ). Also, in Parkinson’s disease (PD), the p.Ser498Ala GLUD2

variant is associated with earlier disease onset in hemizygous

males ( Plaitakis et al., 2010 ). More importantly, selective overex-

pression of GLUD1 in mice brains resulted in upregulation of glu-

tamate release and consequently, excitotoxicity ( Bao et al., 2009 ).

These mice were exhibiting a phenotype compatible with pro-

gressive neurodegeneration, and more specifically age-dependent

degenerative changes in the CA1 region of the hippocampus

( Bao et al., 2009 ). Very recently 2 variants in genes involved in glu-

tamate signaling ( DLG2, MINK1 ) have emerged as risk modifying in

late-onset AD ( Lawingco et al., 2020 ), highlighting the importance

of glutamatergic pathways in AD pathogenesis. 

In the GLUD1 gene, only one variant (p.Asp341Gly) was present

in a single cognitively intact participant. This variant, even though

novel, is predicted to confer a benign alteration to the protein,

according to algorithmic predictions ( Table 2 ). Also present in

our cohort was a rare, not previously studied, variant of GLUD2

(p.Asp414Gly) which was uniquely present in one patient affected

with AD, but it is also probably a benign polymorphism, accord-

ing to Polyphen2 predictions. A previously described variant in

the leader peptide of GLUD2 (p.Gly35Arg) was as common in AD

patients as in controls ( Table 3 ). This variant has been found in

the past not to affect the frequency or the age at onset of PD

( Plaitakis et al., 2010 ) and the targeting efficiency of the mitochon-

drial peptide of hGDH2 ( Kalef-Ezra et al., 2016 ). 

To our surprise, the GLUD2 - p.Ser498Ala variant (denoted

p.Ser445Ala in previous studies), which has been previously de-

scribed as an accelerating factor for PD-associated neurodegener-

ation in male hemizygotes ( Plaitakis et al., 2010 ), was more fre-

quent in cognitively normal individuals in our cohort compared to

patients with dementia ( Table 3 ). As shown in the recently solved

crystal structure of hGDH2 ( Dimovasili et al., 2021 ), this variant

is located on the small descending α-helix of the antenna of the

enzyme that undergoes major changes during the catalytic cycle

( Fig. 4 ). Functional characterization of this variant showed that it

results in gain of function, as it displays a basal activity higher

than that of the wild-type hGDH2 ( Plaitakis et al., 2010 ). The ef-

fect on PD onset was seen only in males and not in females; this

could relate to the presence of an additional wild-type allele in

females ( Plaitakis et al., 2010 ). Also, recently, it was shown that

expression of this p.Ser498Ala GLUD2 variant in a Parkinson’s dis-

ease mouse model exacerbates movement disorders, increases loss

of nigral dopaminergic neurons and decreases expression of gluta-

mate transporters ( Zhang et al., 2020 ). 

The X-linked intronless GLUD2 gene has emerged in the com-

mon ancestor of human and great apes less than 23 million years

ago, through retroposition of the autosomal intron-containing

GLUD1 gene ( Burki and Kaessmann, 2004 ). The newly formed

GLUD2 gene has acquired, through random mutations and natu-

ral selection, adaptive changes that permitted its functional di-

versification from the parental GLUD1 gene and its persistence

through evolution due to the acquisition of an evolutionary advan-
tage. It is thought that the newly acquired properties of GLUD2

(GTP resistance, low basal activity that is amenable to ADP ac-

tivation) permitted its function in the nervous tissue, especially

during intense glutamatergic transmission ( Zaganas et al., 2014 ).

The hGDH2 isoenzyme, encoded by the GLUD2 gene, is predomi-

nantly expressed in brain, testis and kidney ( Shashidharan et al.,

1994 ; Zaganas et al., 2012 ). There it is present in mitochondria and

is strongly affecting the energetic status of the cell by being al-

losterically regulated by various compounds, such as ADP and L-

leucine, that constitute key metabolic intermediates ( Zaganas et al.,

2009 ). Also, there is evidence that steroid hormones could af-

fect hGDH2 function by inhibiting it more potently than hGDH1

( Borompokas et al., 2010 ). 

We can only speculate about the mechanism through which the

hGDH2-Ala498 variant could protect from AD. It is tempting to hy-

pothesize that the increased activity of the Ala498-hGDH2 protein

degrades excess glutamate and delays the onset of neurodegenera-

tion in brain areas such as the hippocampus. Compatible with this

view is the fact that glutamate neurotoxicity is thought to con-

tribute in AD pathogenesis and that memantine, which is used as a

treatment agent for AD, acts by negating the detrimental effect of

glutamate over-excitation ( Lewerenz and Maher, 2015 ; Zádori et al.,

2014 ). 

Is this compatible with the detrimental effect of the same

GLUD2 p.Ser498Ala variant observed in PD ( Plaitakis et al., 2010 )?

One can think that this could be attributed to the existence of dif-

ferent glutamate pools in human brain, which are differentially af-

fected by the p.Ser498Ala GLUD2 change. Also, differential localiza-

tion of the hGDH2 enzyme in different brain structures, such as

the medial temporal lobes and the hippocampi, involved primar-

ily in AD pathogenesis, compared to the striatum and substantia

nigra, mainly affected during PD onset, could account for the op-

posite effects of this GLUD2 variant in these 2 disorders. 

4.4. TARDBP variants in the Cretan population 

Another important finding in our study was the identification in

the CAC of 2 aged patients initially diagnosed with AD that carried

the p.Ile383Val TARDBP variant. We have identified the same vari-

ant in 2 additional Cretan patients, one previously reported with

FTD/ALS ( Bourbouli et al., 2021 )) and one with ALS. The TARDBP

gene (OMIM 605078) encodes for TDP-43, a 43kD protein that is

increasingly recognized as a main mediator in neurodegenerative

processes ( Palomo et al., 2019 ). Pathogenic variants in the TARDBP

gene are a cause of familial and sporadic ALS and, less frequently,

of FTD ( Caroppo et al., 2016 ; Corcia et al., 2012 ; Zou et al., 2017 ).

The p.Ile383Val pathogenic variant in exon 6 of TARDBP affects a

highly conserved amino acid residue in the glycine-rich C-terminal

part of TDP-43, known to be involved in protein-protein interac-

tions ( Ayala et al., 2008 ). Specifically, this region, which encom-

passes ∼60% of the TDP-43 protein and more than 70% of the en-

tire mRNA transcript, is necessary for the splicing inhibitory ac-

tivity of TDP-43 for certain RNA transcripts and influences the

solubility and cellular localization of TDP-43 ( Ayala et al., 2008 ).

This variant has been repeatedly shown to cause FTD, ALS and

FTD/ALS, in reports from studies in the Greek ( Charoniti et al.,

2021 ; Ramos et al., 2019 ) and other populations ( Cheng et al.,

2016 ; Floris et al., 2015 ; Gelpi et al., 2014 ; Mol et al., 2021 ;

Özo ̆guz et al., 2015 ; Ramos et al., 2020 ; Rutherford et al., 2008 ;

Ticozzi et al., 2011 ). Our data are a call for a systematic study of

this variant’s geographic distribution and significance, as it could

be associated with multifaceted phenotypic expression, including

that of typical AD. 

Regarding the p.Asn267Ser TARDBP variant that was detected in

a cognitive healthy individual from our cohort, it has already been
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Fig. 4. Location of the Ser498 residue (in red) on the recently solved hGDH2 structure ( Dimovasili et al., 2021 ). Shown is a cartoon representation of the hGDH2 structure 

(apo-form; PDB code: 6G2U). For simplicity, only one of the 6 subunits that compose the hGDH2 hexamer is shown (in green). The main functional parts of the subunit 

(NAD + binding domain, glutamate binding domain, pivot helix and antenna) are also shown. This diagram was produced using the PyMOL Molecular Graphics System, 

Schrodinger, LLC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

described in the literature as a causative variant in ALS and FTD

patients ( Borroni et al., 2009 ; Corrado et al., 2009 ; Filippelli et al.,

2017 ; Floris et al., 2015 ; Narain et al., 2018 ). Moreover, the same

variant has been detected in patients with corticobasal syndrome

( Huey et al., 2012 ), PD ( Gagliardi et al., 2018 ; Rayaprolu et al.,

2013 ), and sporadic AD ( Fernández et al., 2017 ). In silico analyses

suggest that the substitution of Asn to Ser, creates a new phos-

phorylation site, potentially leading to reduced levels of TDP-43

( Borroni et al., 2009 ). Obviously, the phenotypic heterogeneity as-

sociated with this variant in conjunction with the variability in

neurodegenerative disease onset and progression, suggest that the

healthy individual from our cohort harboring the p.Asn267Ser vari-

ant could develop a disease phenotype later in his life. 

4.5. Advantages and limitations 

Even though WES is increasingly used for studying complex

phenotypes, in most studies its efficiency is hampered by the het-

erogeneous genetic background of the participants involved, the di-

verging phenotypes for each disease and the differential effect of

cultural and environmental factors on each individual ( Lubke and

McArtor, 2014 ). Indeed, one of the harder problems to overcome

with genetic analyses on large, yet heterogeneous, populations,

is collecting a group of patients with a clearly defined pheno-

type. More importantly, most populations consist of several ethnic

groups who have only recently admixed, complicating case/control

comparisons, since it is possible for 2 different groups to have

variable SNP frequencies and disease prevalence. In contrast, the

CAC described here constitutes a relatively genetically and cultur-

ally homogeneous population of well characterized individuals that

enables the study of the effects of genetic variants largely unin-

fluenced by confounding factors. The genetic homogeneity of our

sample was supported by performing PCA analysis, which showed

a rather uniform clustering of the make-up of our cohort compared

to other populations, including non-Cretan Greeks ( Fig. 2 ). 

One important limitation of our study is the small number of

participants involved, both in the initial study of the CAC and in

the 2 replication cohorts. Specifically, WES data from 196 partici-

pants of the CAC were included in our initial study. The genotyp-
ing analyses for the p.Ser498Ala GLUD2 variant were further ex-

tended to 411 additional individuals from Crete and 808 individu-

als from the ADNI cohort, but the low number of AD patients in

both these cohorts presented an additional limiting factor. In part,

failure to reach significance in these p.Ser498Ala GLUD2 variant

genotypic analyses can be attributed to marginally sufficient statis-

tical power: in order to ensure 90% power at α = 0.05 (one-tailed)

given the ratio of group sizes in the combined supplementary Cre-

tan sample and the observed proportions of positive samples in the

initial CAC sample, a minimum total sample size of n = 380 cases

was required. However, at the smaller effect size observed in the

combined Cretan sample, a much larger total sample is required

to reach significance (n = 1720). In addition, post-hoc power cal-

culations indicated that whereas power was sufficient to detect a

significant difference in the observed proportions between the AD

and cognitively nonimpaired control groups in the CAC (90.4%, at

p < 0.05 two-tailed), it was insufficient in the case of the addi-

tional Cretan cohort and the subsection of the ADNI cohort. As

supported by these post-hoc power analyses for the p.Ser498Ala

GLUD2 gene variant in the CAC, we believe that the genetic ho-

mogeneity of our population and the detailed phenotypic charac-

terization of the participants could have allowed us to overcome

this sample size limitation. In addition, in accordance with previ-

ous studies, our data show that the APOE ε4 allele was 3 times

more common in our AD patients than in controls. These results

validate the use of the CAC sample in search of AD-related genetic

defects. Finally, our results with the p.Ile383Val TARDB P variant are

not affected by sample size, since this variant has repeatedly been

described as pathogenic, even though not for AD patients, as in our

study. 

5. Conclusions 

In the present study, we studied 196 participants of the CAC

(95 AD, 20 MCI, 81 nonimpaired controls) using WES and then

proceeded by genotyping to further investigate our initial findings

in additional replication cohorts, both from Crete and the ADNI.

Through these studies, we identified several variants of potential

clinical significance in the APP, PSEN1 and PSEN2 genes. In the CAC,
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the GLUD2 p.Ser498Ala variant was more common in noncogni-

tively impaired subjects (controls) than in AD patients, suggesting

a possible protective effect. However, this finding did not reach

statistical significance in another local replication cohort and in

section of the ADNI cohort and therefore it should be considered

preliminary. Finally, the AD phenotype was observed in 2 patients

carrying the p.Ile383Val TARDBP variant, a variant repeatedly as-

sociated in the literature with FTD and/or ALS. The same TARDBP

variant (p.Ile383Val) was found in 2 other Cretan patients, non-

members of the CAC, suffering from AL S and FTD/AL S, respectively.

These results attest to the value of genetic biomarkers in the char-

acterization and study of aged adults with AD phenotype and ex-

pand the phenotypic spectrum of TARDBP variants to include AD-

like presentation. 
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