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Abstract

Alzheimer’s disease is a complex and heterogeneous, severe neurodegenera-
tive disorder and the predominant form of dementia, characterized by cogni-
tive disturbances, behavioral and psychotic symptoms, progressive cognitive
decline, disorientation, behavioral changes, and death. Genetic background of
Alzheimer’s disease differs between early-onset familial Alzheimer’s disease,
other cases of early-onset Alzheimer’s disease, and late-onset Alzheimer’s
disease. Rare cases of early-onset familial Alzheimer’s diseases are caused
by high-penetrant mutations in genes coding for amyloid precursor protein,
presenilin 1, and presenilin 2. Late-onset Alzheimer’s disease is multifac-
torial and associated with many different genetic risk loci (>20), with the
apolipoprotein E ¢4 allele being a major genetic risk factor for late-onset
Alzheimer’s disease. Genetic and genomic studies offer insight into many
additional genetic risk loci involved in the genetically complex nature of
late-onset Alzheimer’s disease. This review highlights the contributions of
individual loci to the pathogenesis of Alzheimer’s disease and suggests that
their exact contribution is still not clear. Therefore, the use of genetic markers
of Alzheimer’s disease, for monitoring development, time course, treatment
response, and prognosis of Alzheimer’s disease, is still far away from the
clinical application, because the contribution of genetic variations to the rela-
tive risk of developing Alzheimer’s disease is limited. In the light of predic-
tion and prevention of Alzheimer’s disease, a novel approach could be found
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in the form of additive genetic risk scores, which combine additive effects of
numerous susceptibility loci.
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Introduction
Alzheimer’s Disease

Alzheimer’s disease is a complex and heterogeneous brain disorder that can be
classified, according to its stages, into dementia in Alzheimer’s disease (F.00) and
Alzheimer’s disease (G.30), according to ICD-10. Namely, it is a severe neuro-
degenerative disease and the predominant form of dementia (50-75%), but when
behavioral and psychotic symptoms of dementia (BPSD) develop during the
course of Alzheimer’s disease, it has to be treated as a severe mental, i.e., psychiat-
ric disorder. These neuropsychiatric symptoms include depression, apathy, anxiety,
irritability, agitation, euphoria, hallucinations, disinhibition, aberrant motor behav-
ior, elation, delusions, and sleep or appetite changes; and they can occur in the
early as well as in the middle and late stages of Alzheimer’s disease [1].

The first sign of dementia in Alzheimer’s disease is the gradual worsen-
ing of the ability to remember new information. However, during the course of
Alzheimer’s disease, multiple cognitive domains are disrupted [2, 3]. The cognitive
disturbances affect universal domains such as attention, working memory, execu-
tive function, procedural learning and memory, speed of processing, fear-extinction
learning and semantic memory, and some higher domains that include episodic
memory, social cognition, theory of mind, verbal learning, memory, and language
(i.e., use and understanding) [3, 4]. Alzheimer’s disease is a slow, irreversible, pro-
gressive, complex, and lethal disorder, which represents a major health problem
and fatal global epidemic worldwide [3]. It is characterized by progressive cogni-
tive decline, disorientation, behavioral changes, and death. A latency phase of the
Alzheimer’s disease is without clinical symptoms although the pathophysiological
processes are active [2]. The clear etiology of Alzheimer’s disease is still unknown.
However, the main risk factors are older age, genetic predisposition (especially the
apolipoprotein E (ApoE) €4 genotype), gender (female predominance), and pres-
ence of the mild cognitive impairment, but there are also modifiable factors such as
cardiovascular risk factors, hypertension, diabetes, obesity, smoking, and high cho-
lesterol levels [3]. Insulin signaling dysfunction and brain glucose metabolism dis-
turbances are hallmarks of Alzheimer’s disease, and therefore recently Alzheimer’s
disease was suggested to be considered as type 3 diabetes [5].

Genetic Background of Alzheimer’s Disease

Alzheimer’s disease can be divided into autosomal dominant Alzheimer’s dis-
ease (or early-onset familial Alzheimer’s disease), other cases of early-onset
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Alzheimer’s disease, and late-onset Alzheimer’s disease [6]. Genetic background
of Alzheimer’s disease differs between early-onset familial AD, other cases of
early-onset Alzheimer’s disease, and late-onset Alzheimer’s disease. Early-onset
familial Alzheimer’s disease, with a prevalence less than 1%, is caused by high-
penetrant mutations in genes coding for amyloid precursor protein (APP), pre-
senilin 1 (PSEN1), and presenilin 2 (PSEN2). Late-onset Alzheimer’s disease is
multifactorial and associated with many different genetic risk loci (>20), with the
ApoE ¢4 allele being a major genetic risk factor for late-onset Alzheimer’s dis-
ease. Genome-wide association studies (GWAS) offered insight into many addi-
tional genetic risk loci involved in the genetically complex nature of late-onset
Alzheimer’s disease. This review focuses on the recent data from comprehensive
meta-analysis and GWAS. However, it should be highlighted that the exact contri-
butions of individual loci to the pathogenesis of Alzheimer’s disease still remain
unclear to date.

Early-Onset Familial Alzheimer’s Disease

The discovery of the association between mutations in APP, presenilin PSEN]
and PSEN2 genes and the development of early-onset familial Alzheimer’s disease
provided knowledge about the molecular mechanisms underlying the Alzheimer’s
disease pathogenesis.

Amyloid Precursor Protein

The enzymatic cleavage of APP can lead to the formation of amyloid B-peptide
(AB), which can be 38 to 43 amino acids long. Cleavage of APP by «- and
y-secretases results in the generation of nonpathogenic peptides, secreted form of
APP (sAPPa) and C-terminal fragments. This pathway is known as nonamyloi-
dogenic or constitutive pathway. Amyloidogenic pathway involves the proteoly-
sis of APP by B- and y-secretase, resulting in the formation of sAPPa, C-terminal
fragments, and Ap. We differentiate two main forms of A, AB1-40, and AB1-42.
Amyloid plaques are most commonly formed from more amyloidogenic Af1-42
form.

According to Alzheimer Disease and Frontotemporal Dementia Mutation
Database (http://www.molgen.ua.ac.be/ADmutations/) and Alzforum (https://
www.alzforum.org/mutations/app), there are around 35 different APP mutations
that have been associated with Alzheimer’s disease pathogenesis. These muta-
tions include APP gene locus duplications and different point mutations in cod-
ing region of APP gene, resulting in an amino acid substitution. Duplication of
the whole gene/locus lead to elevated levels of APP and A, and increase the ratio
of AB1-42 to AB1-40. Missense mutations can have different effects, depend-
ing on their position. If these mutations cause amino acid substitution near the
B-proteolytic cleavage site (N-terminal of Af), they usually lead to increased
B-secretase cleavage, increased total AP production, and increased aggregation
and fibril formation (Table 1). Missense mutations in the Af sequence in general
increase AP aggregation and fibril formation (Table 1). If the missense mutation is
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near the C-terminal of AB, then it will increase the relative production of Ap1-42,
compared to AB1-40 (Table 1).

Presenilin 1 and Presenilin 2
PSEN1 and PSEN2 are two homologous multi-transmembrane proteins that
share around 67% of the sequence [7], and they represent the catalytic core of
y-secretase complex. These proteins are also involved in the cleavage of some
other proteins, like cadherins, low-density lipoprotein receptor (LDLR)-related
proteins, Notch-1 and ErbB4 [8—11]. At the cell level, presenilins can be found in
the nuclear membrane, endoplasmic reticulum, the trans-Golgi network and at the
plasma membrane. They are also widely expressed throughout the organism.
Mutations in PSENI and PSEN2 genes are the most frequent known cause
of early-onset familial Alzheimer’s disease, with emphasis on PSENI gene.
Mutations in these two genes usually cause an impairment in y-secretase activ-
ity and lead to an increase in the ratio between Af1-42 and AB1-40, as a con-
sequence of AP1-42 overproduction or AB1-40 underproduction, or as a
combination of both (Table 1). PSENI mutations were associated with the ear-
liest disease onset ages, with an average age of onset around 43 years, from 25
until 65 years of age [12]. In APP mutation carriers the disease starts on average
8.4 years earlier (age of onset between 35 and 65 years of age), and in PSEN2
mutation carriers on average 14.2 years earlier, with a much older age of onset
(between 45 and 70 years of age) [12].

Late-Onset Alzheimer’s Disease

Most of the genes that have been associated with late-onset Alzheimer’s disease,
detected through different candidate genes studies and GWAS, are involved in
cholesterol and lipid metabolism (genes coding for ApoE (APOE), sortilin-related
receptor-1 (SORLI), ATP-binding cassette subfamily A member 7 (ABCA7), and
clusterin (CLU)), immune system and inflammation (genes coding for comple-
ment C3b/C4b receptor 1 (CRI), CD33 antigen, membrane-spanning 4-domains,
subfamily A member (MS4A), triggering receptor expressed on myeloid cells 2
(TREM?2), member of the major histocompatibility complex class I HLA-DRB5/
HLA-DRBI, and a SH2-containing inositol 5-phosphatase 1 (INPP5D)), and/
or endosome cycling (genes coding for bridging integrator protein-1 (BINI),
CD2-associated protein (CD2AP), phosphatidylinositol binding clathrin assem-
bly protein (PICALM), ephrin type-A receptor 1 (EPHAI)). However, there
are also studies that implicate some other genes, whose function is not so well
known and described, with Alzheimer’s disease pathology, like genes coding
for thioredoxin domain-containing protein 3 (NMES), CUGBP Elav-like family
member 1 (CELFI), cas scaffolding protein family member 4 (CASS4), protein-
tyrosine kinase 2-beta (PTK2B), zinc finger CW-type PWWP domain protein 1
(ZCWPWI), fermitin family homolog 2 (FERMT?2), sodium/potassium/calcium
exchanger 4 (SLC24A4), and Ras and Rab interactor 3 (RIN3) [13-19]. In this



31

Genetic Markers of Alzheimer’s Disease

(panunuod)

[LTz=Ste
‘60T 901 ‘96161

09V 01 THgV Jo oner pasearouf

[9PHL 10T “[OP69 [19S 6L805LE£9sT “(DVLSU]) yuonuf

[¥2zo11 w11 011

JS6EHII ‘67T0SLEYSE

‘CTOOPLEYST “TO00SLEYST THE0SLEYST ‘STSOSLEYST ‘€R00SLEYST “ETTISLEYST
‘TEOTSLEGST “TOSOSLEYST ‘QIETSLEYST ‘19981 *LTTOSLEYST “IYLSOHI “bSTISLEYS
IYLIGERIV ‘6TOE0SLEYST ‘OTHTSLEISI 9901 SLEYS ‘€8]0SLEYST NOTIYENd
‘09861LEIST “9PY0SLEYST ‘€TEOSLEYST ‘TSOTSLEYST TH60SLEYST B[V SYEIDS
PLITSLEYST POTTSLEYST ‘SADTSETIV ‘CETISLEYST ‘6E 1 1SLEYST “0S00SLEYST
QUdTTNT ‘1€TOSLEYST ‘TBASLTRIV P8TOSLEYST ‘KIDELTND “TLLOSLEYS!
‘0880SLE9ST “6LLOSLEYST ‘6TTISLEYST “TOTISLEYST ‘€FSOSLEYST ‘SPTOSLEYST
0TPISLEYST “0TEISLEYST ‘€91 [GLEYST ‘BIVEFTNIT ‘01d8HTNIT 9TSOSLEYST
‘8880SLE9SI IPNSETII “8S80SLEYST “BIVSETNT ‘0L 1 1SLEYSI “6LYISLEYST
“PTOISLEYST “LYTISLEYST ‘66L0SLEIST “9ES6YLEYST BIVOETIAS DIETIAS
‘0L66VLEIST “19667LEYST TLOISLEIST “6000SLEYST BIVITNT ‘[9LOSLEYST
‘L866YLEYST “BIYLITAID “€001SLEYST ‘ASYHITSIH ‘60€1SLEYS “1980SLEYSI
‘19805 LE9SI IKLTITIAS ‘€S00SLEYST ‘0886FLEYST TROOSLEYST “69S0SLEYST
QUdTOTI ‘T1€0SLEYS ‘SSTOSLEYST “Q086FLEYST T 166VLEIST “STOTSLEYST
“PPIISLEYST QUELINT “€960SLEYST TULYIRII ‘SITOSLEYST ‘SSHISLEGS TPA99 N
‘0101SLEYSI “OIIEIISIH ‘S886LEYST QUAOSTIAL ‘TOTISLEYST ‘THPISLEYST
*01d0S 1M *LO60SLEYST ‘T6E0SLEYST ‘90E0SLEYST “QOEOSLEYS T LOTSLEYST
“PO00SLEYST “TTEOSLEYST TPALH IR “DUI6E IRIN “TTSOSLEYS ‘901 1SLEYST ‘6Y8SHE ST
‘€SE0SLEYST BIVHEINST BIVIEISIH ‘LEOSLEYS! “TLTISLEYST KIDOTINID
‘0080SLEYST ‘SO86FLEYST ‘0SSOSLEYST “OELOSLEYST ‘OELOSLEYST “0SHOSLEYST

‘90101 ‘9616 T966FLEYST “UIDSOTBIY [TE0SLEYST “SADSOT2Ud ‘[PASOTUd ‘STEOSLEYST BIV6GIUL | Suissadord
‘L8 ‘T8 ‘9L “SL “19] 09V 01 THdV Jo oner pasearouf ‘TS80SLEYST “TO90SLEYST “TEROSLEDST THTTSLEYST ‘LIGGYLEIST “HTR6FLEIST ddv | ¢vebyr | INAS
(uononpoid g4-1gy pasealour ‘A1s
[S11] | eseramas-A)opndad gy jo [euruirer-y [ST0SLEYST
(uonewIo) [LIqY PUE UONESAITTE TTIISLEYST “b9TOSLEYST “FITOSLEDST ‘HITOSLEYSE
[P11-0L 19 ‘L§] | poseardur) aduanbas ¢y ut suoneInAl | “WINYT LA “TYLIT LT QU9 LAIT ‘66£0SLEIST ‘BIBOSLEIST ‘PELOSLES “€L60SLEIST
(uononpoid ¢y [e10) paseaIour ‘oys
[69-29] | oserar00s-¢) apndad gy jo [eurunie)-N €69NIDV ‘6E0TSLEYST SATTRINID H900SLEIST ‘SHHOSLEIST “€9TTSLEYST
[gadlddvdnp ‘[sv6caddlddvdnp (] ddvdnp ‘[yspomg]ddvdnp
‘[867LXA]ddVAnp ‘[¥] ddVdnp ‘[6LLXAlddVdnp ‘[$S0LXT]ddvdnp
‘IAlddvdnp ‘[18zeadd]ddvdnp (1] ddvdnp ‘[¢] ddvdnp [sp1LXHlddvdnp |  Sursseoord
[19-L8] gv Jo uononpoxd paseazouy (PP 1LXAlddVAnp ‘(€] ddvdnp ‘[L8TIXAlddVdnp ‘[$$TZ TV Iddvdnp ddv 1cbie ddv
199JJ9 [enudl0d ar
SQOURIRJOY swistydiow[og/suoneinja Kemyredq hii/e) Elicls)

ASBOSIP S JOWIAYZ[Y M pajeroosse swsiydiowk[od pue ‘skemyped ‘sowosowoyd ‘sauen) | ajqeL



M. Nikolac Perkovic and N. Pivac

32

(panunuoo)

skemyed K1ojewweyuromau
PaJeIPOW-LI[SOIOI PUB QOUBIEI[O

dv Sunoagge uorssaidxa 13D 10 asuodsar
[LST 95T ‘L€l | Kduamdyyo Sutot[ds uo 1991J9 [qIssOd 61Y6SPTISI ‘999T8EST “PibS9I8EST aunuiwy £¢1bel €edd
poo[q woyj gy
[SST | Jo QoueIRa[d PAlRIPAW-[ YD) Y} 199)Je asuodsax
‘9F ‘S “LE 0€ ‘P11 | pue 19D jo Airanoe Surpuiq oy 1y AND-TIDT ‘LLOBOVIST “€TLIOLIST ‘TOFISIOST ‘19€818EST Sunuruy zebr ki)
asuodsax
qunurwt
uonisodop projAwe pue
Surenpow ‘UONEZIEd0] Je[N[[2dqns wistjoqe)ow
[#$T ‘IS1 ‘2e-6¢] | pue suoissardxd D Ul suoneay PPLIFA SHPL d “T86LST ‘8061 £E6ST ‘0ETLIGST ‘B8STEEHST ‘SLTTESTST “0009€ T 181 | [oxdnsdfoy) | g1d-1zdg n1
asuodsar
sonbeyd projAwe jo soue qunuwy
-1ed[d 9y} J0/pue dsuodsar auntuwy wistjoqe)ow
lesT Ly *6¢€ *LE] JIo/pue sise1soawoy pidy parol[y 0890SSST ST ‘0S9H9LEST ‘OPTTSLESE pidry eerde | LvogVv
dv jo wistjogeloul
uorssaidxaroao pue uorssardxazopun pudirg
[TST 'S¢ ¥E “v1] | ITIOS 01 Sutpesy A[qrssod suoneinjyl | €1886TTS! ‘€HE]ITI TSI “€T]ILSEYISI ‘TTOOITLIIST ‘CEIBLEST ‘LYE]IYST ‘H9£SQTTIST | s1sokoopuy | +7/¢gb1T | 1'TIOS
(ygody) seSuey Areyuiq
-younoau Jo/pue sanberd projAwe ‘dy wsioqelow
[15T-6¥T "9¢] 9IqNOs JO 9oUBIES[O JUSIOYJD S5 CIYLSI+8SE6TYST pidry Tetbol d0dV
[v¥T-8zT ‘0Tt ‘11
‘0T ‘681 ‘881 981 08805LE9ST ‘NI THITIBA “SADGLIIOS ‘BIV [9TSKT TI80SLEYSE
P8I Pl YI10L1 ‘01 TOSLEYST '9990SLEYST WINITHIUL WINEGEIBA NIT8PEOId [PASSTRIV “¥8861LEIST
‘L0T ‘901 L8 98 ‘01d8ETNAT ‘GE10L900TST QUASETAIT ‘STTOSLEYST IALIHTUSY WPNGET[EA | Sussaooxd
T8IL T 19 L] 074V 01 Z7gV Jo ones pasealouy ‘L610SLEYST *SKTITINID ‘T686FLEYST ‘ALLT LTIV “BIV690Id ‘L8EO0FOS 51 “TOSHEAD ddv | ctyb-1¢br | NaSd
199JJ9 [enudl0d ar
RERIEICIEN | swstydIowA[od/suoneInjy Kemyred hlie) uan
(ponunuod) | IIqEL



33

Genetic Markers of Alzheimer’s Disease

@V Ut uoneae
[eor3ojoyped Yy YIM sAIQJIUI pue asuodsar
[s9T Ly *Le] uorssaidxa ouos [ VHJH oIe[ndeay LSSLOLTTST SHTITLLITST sumtruy vebL | 1VHdAA
K3otoyped uonounjy
onbed onunau pasealoul yim paje asdeuks
[#9T ‘SS ‘L *L€] | -100sse uoissardxa JyzdD Paonpay LOYOFE6ST ‘655967651 | Siso1kd0pug zidg | dvead
uonouny
[e9T QOUBIBI[O NE) PUB ¢y SAB) asdeuks
‘T9T “TY ‘6T ‘11 | -1owy uorssaidxo WTVOId Paseasou] 8CFIHGST ‘6LT1S8EST BGEYT9GsT | sisolkoopuy 7IDIT | IWTVOId
uonouny
KSojoyyed ney, asdeulg
[1+ ‘0% ‘0€ “62] | sorenpow uotssaidxa [NIg pasearouf 8TST9SLSI ‘ELEYPLST | Sis0Ikd0pUY (4L INIE
asuodsar
Alojewrtuegur o1uwaIsAs 0y pesj 1o ¢y
JO 90URIED[D A 109J P[NOD SpuesI| asuodsar
[192-6ST ‘T6] | $1110J TINFYULL Jo Kuyge paseardo( L19TTE9ST ‘01LIT69ST “8TITEHSLST sunury 1'12d9 | TNEYL
SISLISOAUIOY WINIJ[ED JO
uopne[n3ar Aq sisoydode pue ‘uone[Ax
-oydsoyd ne) ‘uonerouas ¢y 1005w asuodsar Aqrurey
[8ST €S "Ly *Le] uossa1dxa S Ut suoneIay L68LIYST “EC68E6YST ‘6ET0LIST ‘TE6OT9S sunury ceibrr VISIN
199JJ0 [BNUAOJ ar
RERLENCI BN swistydiowAjod/suonena Kemypeg hlie) Quan
(Ponunuod) [ AqEL



34 M. Nikolac Perkovic and N. Pivac

chapter, some of the most interesting genes found to be associated with late-onset
Alzheimer’s disease will be described, with their possible involvement in cer-
tain biological pathways and mechanisms that might be relevant for Alzheimer’s
disease pathology.

Apolipoprotein E

One of the major risk loci for late-onset Alzheimer’s disease is the €4 allele of
APOE gene, gene coding for the main apolipoprotein in the central nervous sys-
tem. This glycoprotein plays an important role in lipid transport, and it has an
undeniable role in growth, repair, reorganization, and maintenance of neurons.
ApoE facilitates the cellular uptake of lipoproteins by binding to the members
of LDLR family, or it takes part in the activation of signaling pathways involved
in modulating lipid homeostasis [20]. Two amino acid substitutions at the posi-
tions 112 and 158 lead to three possible ApoE isoforms, ApoE2, ApoE3, ApoE4,
which are encoded by three common alleles (g2, €3, €4). The 4 allele has been
associated with Alzheimer’s disease, and it is considered as a most important
risk factor in the case of late-onset Alzheimer’s disease (Table 1). The carri-
ers of APOE €4 allele have an earlier age of onset of Alzheimer’s disease, and
they also tend to have more pronounced accumulation of neurofibrillary tan-
gles and amyloid plaques [21]. However, APOE €2 allele was associated with
reduced risk of developing Alzheimer’s disease, with reduced accumulation
of neurofibrillary tangles and amyloid plaques [22, 23], but also with signifi-
cantly larger regional cortical thicknesses and volumes in subjects with cogni-
tive impairment or Alzheimer’s disease [24]. The amino acid substitution at the
position 158 (arginine to cysteine) impairs the binding of ApoE2 to LDLR and
its ability to promote clearance of TG-rich lipoprotein remnant particles. ApoE4
is characterized by an amino acid substitution at the position 112 (cysteine to
arginine) that affects the stability of the N-terminal domain helix bundle and
C-terminal domain, resulting in enhanced lipid-binding ability of ApoE4 [20]
and less efficient clearance of soluble AB, amyloid plaques and/or neurofibrillary
tangles [25].

Clusterin

Clusterin is a highly glycosylated cell-aggregating factor that is involved in differ-
ent processes, including complement inhibition, inflammation, apoptosis, and lipid
transport [26]. As a chaperone, it could be involved in the amyloid aggregation and
pathogenesis of Alzheimer’s disease [27]. Evidence suggests that clusterin forms
complexes with AP in cerebrospinal fluid that are able to cross the brain—blood
barrier [28]. Few GWAS studies suggested clusterin as a potential biomarker of
Alzheimer’s disease [29, 30]. A single nucleotide polymorphism (SNP) in the
CLU gene was suggested to be associated with Alzheimer’s disease pathology
by affecting alternative splicing of CLU [31]. Other rare non-synonymous sin-
gle nucleotide variations have also been identified, along with an in-frame 9-bp
deletion, that could possibly/probably disturb clusterin structure and function
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(Table 1). Findings summarized in Table 1 include mutations that could affect the
B-chain domain of clusterin or are positioned in the intron sequence with high reg-
ulatory potential [32].

Sortilin-Related Receptor-1

Sortilin-related receptor-1 (SORL1) is considered a member of low-density lipo-
protein receptor family and a member of the vacuolar protein sorting 10 (Vps10)
family of receptors. There are indications that SORLI1 could be involved in APP
processing and trafficking, and that it could be responsible for directing Ap toward
lysosomes [33]. However, as a member of LDLR family and an ApoE receptor,
SORLI also plays a role in lipid metabolism. SORL1 was first suggested as a
potential risk factor for late-onset Alzheimer’s disease by Rogaeva and colleagues
[34], and this was later confirmed by other more comprehensive studies [14,
35]. One of the possibilities is that the mutations in SORLI gene (Table 1) affect
SORLI expression and BDNF-induced APP processing [36].

ATP-Binding Cassette Subfamily A Member 7

ATP-binding cassette subfamily A member 7 (ABCA7) belongs to a family of
ABC transporters that are responsible for transporting various molecules across
cellular membranes. The exact function of ABCA7 still unknown, but there are
indications that this protein could play a role in lipid homeostasis and the immune
system. Therefore, the mutations in ABCA7 gene could contribute to Alzheimer’s
disease development by affecting its interaction with ApoE and lipid metabolism
and/or by modulating the immune response and the clearance of amyloid plaques.
ABCA7 was associated with Alzheimer’s disease in 2011 in a large-scale GWAS
analysis [37]. The reported mutations in ABCA7 gene (Table 1) mostly lead to
alterations in gene expression [38], but some rare loss-of-function mutations have
also been reported [39].

Bridging Integrator Protein-1

Bridging integrator protein-1 (BIN1) is an amphiphysin involved in caspase-
independent cell death pathways and clathrin-mediated endocytic pathway [29,
30]. Few GWAS have identified mutations in BINI gene (Table 1) associated with
Alzheimer’s disease diagnosis [29, 30, 40]. The study by Chapuis and colleagues
[41] suggested that increased BIN/ gene expression in dementia patients mediates
Alzheimer’s disease risk by modulating tau pathology.

Phosphatidylinositol Binding Clathrin Assembly Protein
Phosphatidylinositol binding clathrin assembly protein (PICALM) is, simi-
larly to BINI, involved in clathrin-mediated endocytic pathway. Certain
SNPs in PICALM gene (Table 1) were found to be associated with the risk of
developing Alzheimer’s disease. There are even indications that this protein
is involved in the internalization of APP and AP production [42], AP and tau
clearance [43, 44].
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Complement C3b/C4b Receptor 1

Complement C3b/C4b receptor 1 (CR1) is a glycoprotein belonging to the recep-
tors of complement activation (RCA) family. CR1 regulates complement activa-
tion, but it is also participating in innate immune responses. It is expressed by
many cell types, including erythrocytes, leukocytes, and dendritic cells. Different
SNPs and an intragenic functional copy-number variation [45, 46] in CRI gene
(Table 1) have been associated with increased risk of developing Alzheimer’s dis-
ease. Mentioned copy-number variation in CR/ gene results in two different CR1
protein isoforms (CR1-F and CRI1-S), differentiating in the number of C3b/C4b,
and cofactor activity binding sites [45, 46], but the exact mechanism of the asso-
ciation with Alzheimer’s disease pathology is not known.

CD33

CD33 is a cell surface receptor that mediates cell—cell interaction. This member
of the sialic acid-binding receptor family transmembrane proteins is an important
mediator of cell growth and survival, and one of key players in clathrin-inde-
pendent endocytic pathway and innate and adaptive immune system functions
[37, 47]. There is evidence of a positive correlation between the expression of
CD33 in microglial cells, amyloid plaque burden and decline in cognitive func-
tions [48, 49]. Different GWAS found a significant association between cer-
tain SNPs (Table 1) and late-onset Alzheimer’s disease. One of these SNPs,
rs3865444, was associated with the modifications in CD33 level and amyloid
pathology [49, 50].

Membrane-Spanning 4-Domains Subfamily A Gene Cluster
Membrane-spanning 4-domains subfamily A gene cluster (MS4A) gene products
are transmembrane proteins with at least four transmembrane domains. The genes
belonging to this cluster family are not very well characterized, but they might
play a role in immunity and intracellular protein trafficking in microglia [51, 52].
There are indications that genes within the MS4A gene cluster regulate soluble
triggering receptor expressed on myeloid cells 2 (STREM2) levels, linking this
gene cluster family with Alzheimer’s disease pathogenesis [52]. Three members
of MS4A family (MS4A4A, MS4A4E, MS4A6E) have been linked to Alzheimer’s
disease by GWAS (Table 1), more precisely, SNPs 1s670139 (MS4A4E),
rs4938933 and rs1562990 (region between MS4A4E and MS4A4A), and rs610932
and rs983392 (MS4A6A) [53].

Triggering Receptor Expressed on Myeloid Cells 2

Triggering receptor expressed on myeloid cells 2 (TREM?2) gene product is an
important part of transmembrane receptor-signaling complex that is very abundant
on the cell surface of microglia where it plays an important role in downregulation
of inflammation, microglial survival and activation, and phagocytosis [54]. There
is evidence of high involvement of TREM2 in Alzheimer’s disease pathology.
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Different TREM?2 variants (Table 1) have been associated with Alzheimer’s dis-
ease by few meta-analysis and GWAS. These variants include missense mutation
rs75932628, rs6916710, rs6922617 (Table 1). TREM?2 mutations have been linked
to extensive brain atrophy in Alzheimer’s disease patients and with other neuro-
pathological phenotypes characteristic for Alzheimer’s disease [52].

CD2-Associated Protein

CD2-associated protein (CD2AP) is a cytoplasmic protein involved in cytoskel-
etal structure regulation, receptor-mediated endocytosis, intracellular trafficking,
cytokinesis, cell adhesion, and apoptosis. Few GWAS pointed to CD2AP SNPs
(rs9296559, 1s9349407) as loci possibly associated with late-onset Alzheimer’s
disease (Table 1). SNP rs9349407 could be associated with increased neuritic
plaque burden in patients with diagnosed Alzheimer’s disease [55].

Ephrin Type-A Receptor 1

Ephrin type-A receptor 1 (EPHAL1) is a tyrosine kinase family member important
during the nervous system development and during the formation of synapse. It
binds to membrane-bound ephrin-A family ligands leading to bidirectional sign-
aling between two adjacent cells, directing cell adhesion and migration. EPHA1
could potentially have a role in the microglial immune response in Alzheimer’s
disease. Two EPHA1 gene variants (rs11771145 and rs11767557) were associated
with Alzheimer’s disease risk (Table 1).

Conclusion

The knowledge about the genetic background of early-onset familial Alzheimer’s
disease allowed detection of mutations in APP, PSENI, and PSEN2 as a predic-
tive/diagnostic screening, but only for these rare cases of autosomal dominant
Alzheimer’s disease. In the case of late-onset Alzheimer’s disease, there is still
much of the heritability that remains unexplained, even though, with the help
from GWAS, there are now more than 20 different identified loci that have been
associated with late-onset complex Alzheimer’s disease. In the case of APOE,
the evidence from an extensive meta-analysis shows that around 75% of indi-
viduals that carry one APOE €4 allele never develop Alzheimer’s disease, and
around 50% of individuals diagnosed with Alzheimer’s disease are not the car-
riers of this risk allele [56]. Therefore, the use of genetic variations identified
by GWAS, for more effective diagnosis of Alzheimer’s disease, is still far away
from the clinical application, because the contribution of these variations to the
relative risk of developing Alzheimer’s disease is limited. In the light of predic-
tion and prevention of Alzheimer’s disease, there is much more we can expect
from the additive genetic risk scores, which combine additive effects of numer-
ous susceptibility loci.
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