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Abstract

In order to provide better prevention and treatmt we need to nderstand the environmental and
genetic riskof Alzheimer’'s Disease (Ajowever,the definition of AD has been confounded with
dementia in many studiesThus,over interpretation of genetic findings with regard to mechanisms
and drug targetsnayexplainin partcontroversies in the fielddere,we analyz the different forms of
geneticrisk of ADand howthesecan be used to model disead#e stress the importance studying
genevariants in the rightcell typesand in the right pathologicaktontext The lack oimechanistic
understandingof genetic variatiorhas become the major bottle neck the search for novel dig

targetsfor AD



Introduction

The number of people worldwide suffering from dementia is now alreadythli exceeding the
number of people with cancer, and is poised to increase even more over Riglaeades. Dementia
is, however,a container term for the end symptoms of a wide edyiof brain diseasesncluding
Alzheimer'sDisease (AD)AD is a slowly progressing disorder characterizgedsjpecificprotein
accumulationsn the brain Clinical dementiananifests aly late whichconfounds many casecontrol
studiesusingthis criteron as a proxy for ADPiodromal AD patientsbecome excludednd not yet
cognitivdy alteredAD caseare mixedwith controls.About 30% of clinically diagnosed patients have
no neuropathological or biomarkeharacteristis of AD (1) and 56% of caseslefined as Alpresent
with common comorbidities such as Lewy body diseasscular pathologgr hippocampakclerosis
(2). Unfortunately the adviceof the National Institute of Aging and the Alzheimer Associd®esearch
Framework to define AD as a biological const(@gtis not yet widelyadopted.

A recent comprehensive overview estimated that 35% of life time risk ofiedda is
modifiable, includindactors such asducation, vascular aspects, hearing loss, social deprivation
(4). The Framingham Heart Studyonfirms the modiable nature of dementia risk, with decreasing
incidence of dementiaver the last decadefs). However, while tls trend was very significanfor
dementia overall and for vascular dementia in particular, it was motifscant for AQalone (5). Given
the high heritabilityof AD(6, 7), studying gneticrisk seems a mordruitful way forwardto identify
molecular mechanisms of diseasie central question is whether there is one central route to AD,
and therefore one ‘type’ of Aldr whether various pathogenic mechanisms exist that converge en th

defining amyloid plaque and tangle pathology.

Theheritability of AD
Heritability, formally defined as the proportion of phenotypic variance that ie tlu genetic

factors,can be used aa populationbasedmeasurefor the risk of diseasgsee glossaryn box J.



Importantly, the inheritance of genetic risk variants does not necessamipty diseaseand not all
individuals with AD carry the same risk variants

The best studied risk (or better causal) gengariantsin AD arehe fully penetrant mutations
in the genes encoding Amyloid Precursor protéd®B and presenilin 1 and 2RSEN1&R Theyaffect
the processing of the amyloidpeptide( t) Jv ] S]JvP §Z § t P Ritmpfreah} evént in
the pathogenesis 0AD(8). These mutationswere identified in families with a Mendelian, dominantly
inherited form of ADQ8) which clinically manifests as early onset dementiasgt before<65 years).
Estimates for the heritabilityf early onsetADare \ery high,rangingbetween0.92 and 1 (7). Even in
this smaller grouff<10% ototal ADpatients), AFPand PSEN1&#nhutations explain onlpabout 10% of
these early onsetaseq7). The remainindperitabilityis explained by APP duplicatiohg an increasing
number of rare variantsin genes encoding e.ghe Sortilintelated receptor $ORL)] Triggering
receptor expressed on myeloid cells(BREM2 and ATP Binding Cassette Subfamily A Member 7
(ABCAY (9), and finally by not yet identified but likely recessive mutations (7). Anexample of a
recessive AD mutation A673Vin APP(10).

In the large group of patients in which dementia manifests after ageté® heredity isalso
large estimated betweerD.58and Q78 with rather large95% confidentiaintervals P.19-0.87]and
[0.67-0.88] respectively §). Thisis high compared to other late onset diseas€éBhe genetic
architecture underlying AD65 yeards far from fullycharted (see Fig.1)Apo0] %0} % E}S ]v X0 00 <
(APEY is the only common high rigkeneticvariant (odds ratio (OR3.32) (11, 12). Genome wide
association studiesGQWA$ have further identified many common genetic variantgith low risk
(OR-1.1-1.2) of which 40 have genome wide significan(-14). Exome chip analyses have
additionally yieldedare variantdan the verysame genes.e.SORLITREM2andABCA7that increase
strongly risk ofearly onset A9, 15). Variantsthat proted havealsobeendiscoveredithe APCE2
allele OR=0.6) (16), rare mutationsin phosphatidylinositol specific phospholipasegg@mma 2 WV >2)v

(OR0.68)(15) and the Icelandic mutatioA673T inAPP(OR=0.19) (1L0). The genetics of early and late



onset diseasesuggest that AD should be considered a continudms. indicatedby the broad
confidential intervals the AD heritability estimatesremain imprecise, as with many polygenetic
disorders(17). Increasing dbrts to create larger datasets for GWAS studiesdirectly sequene full
genomesand to develop novel data analyses methodologies are under twatackle the ‘tnissing

heritability” in AD.

From heritability to mechanisms of disease

Translating genetic information into disease mechanisms is anyttit trivial. It took twenty
yearsto understand thatADcausing mutationglestabilize pesenilin leading to premature release of
long t peptides(18). Similar efforts to understashhow rare mutations in the open reading frame of
TREM2 W >2\80RL1and ABCA7affect protein functionwill be needed In addition most available
genetic informatiorin ADremains impreciselhe causal variant is known for only 40% of the identified
GWAS lodqil4), the effect of these variants is only known in a minority of casedliterally thousands
of thesevariantscontribute to the heritability of the phenotype

The question isvhatthe core genesre,i.e. whichgenesexecute a direct effect othe disease
process Unfortunately, nore than 70% of variantsdetermining phenotypicvariation are in
“peripheral’ genes Such genes have onindirect effects onexpressionor posttranslational
modification of core genproductsand as such are not very informatif@ the molecular mechaniss
driving thephenotype(19). The individual ‘trans’ effects tfieseperipheral genes aremall(19) but
sincethere are many, they unded a large part of théeritability 0, 21). Even using the-palue of
p<5x10® for genome wide significato prioritize gene locivghich comprise now0 lociin AD(14))
does not provide certainty dfnding “core disease pathway gené$9). The frustrating anclusion is
that the bulk of the heredity in AD likely only indireqtlgints to key biological pathways of disease.
One group operipheralgenes, i.emaster regulator geness neverthelessf particular interest. These

genes encodingfor exampletranscription factors, chromatin modifiers, regulatory RdlAenzymes,
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regulate the expressioar functionof severaldisease core gene&or example the AD risk loc8pil
proto-oncogene $pil)codes br the transcription factor Pu.vhichregulates many microglia genes
pointing to a role forinflammation in AD(22). Such master regulatorare usually under strong
evolutionary constraintandsonot easilydetectedin GWAS19).

One could try toinvestigatehow peripheral genes affect the expression of core geres.
prerequisite is to understand in which cells these peripheral genes exertdffeatand hence single
cell analyses of gene expression in brain cells is cr@3plSuch tansexpression quantitative trait
loci transeQTI mapping however,needshuge data sets anis only readily available for peripheral
blood cellsAnother possibility is tdocus on gene variants with large effectstredity. ApoE4 is the
only example irAD. Finally one couldignore thequantitative @ntributions of genes to heredity and
focus onrare variants which ardikely more central to the disease mechanisms because of their large
effect siza. A potentiallyfruitful avenue of researcks to investigate howthe common variantghat

define heredityregulate theserare variantgenes.

The complexity of the APOE locus

The 3 major isoforms &poE(R, B and x) are defined by twosingle nucleotide
polymorphisms 06NPs (rs429358 and rs7412) within exon 4 of the ¢eheThe x4 allele(frequency
0.14 in the Caucasian populatjoprovides a Jold increased risk of AD which raisesli-foldin X
homozygoteg1l, 16). Conversely, the? allele(frequency 0.08¢onfers a 1.7fold decreasedisk.This
risk is more pronounced in women then in men and is strongly deperatingthnic background, i.e.
§Z x8 (( § ] upg Z ou oo Enérncanand HEdanpopulation(16). This illustrates the
importance of multiethnic genetic stdies when studying the heritability of AD.

The APOE locus is highly complex, spanning almosta2®lBovering over 70 geneBespite
being in low linkage disequilibrium with the APOESKNPE x7 v x0U §Zotler SNEs inu v C

this large locus showg significant association to ADhis might point tather AD riskgenes in this



locus.Several ofthese SNRshowever, likehaffectexpression of APOBnderstanding this will be of
tremendous valuas it would clafy whether and under which conditions upr down regulatiornof
this multifunctional proteircould affect the risk of AD.

Under physiological conditions, APOE is mainly expressed by gsig but microglia exposed
§} t %0 <y o Z]PZoC %k @ll BauaitiSal toi¢avel how microglial function is affected
by different APOE isoforms and how this contributes to disda&seckout of the gene eliminates the
AD inducednflammatory response in mic@4).

While very relevant to AD, the role of APOE in braflammationremains badly understood.
APOBEobviouslyplays a crucialrole in cholesterol transport and lipid homeostadisit also in t-
aggregation;clearanceand-cellular uptake, andffects via less well understood molecular pathways
synapse number and function, blodtain barrier integrity, and TAbthediated neurodegenerain
(16, 24, 25). It is important to decipher which roles of APOE are directly relevant to Alleagriety
of functional effects oAPOE deficiendn different cell types and in different tissues suggest that the
APOE gene ismaaster peripheral regulatoin the disease. Not aflffected pathwaysare necessaly
relevant toAD.Directly modulating APQE protect against Alls likely to have a vartg of effects and

the outcome of such treatmentwill need careful monitoring.

Causal, highisk andprotective variants are involved in APP processing and
microglial function

Evidence of genotypphenotype dosaesponsesn anallelic seriestrongly argues for a core
gene functionSuch genelosage effectsire observed withP v « ]v A} o A-geferatibn.Next to
the fully penetrantAPPand PSENnutations APPgene duplicationgnd triplications, includin@own
syndrome causeAD (8, 10). A recessive §73V) and aprotective (A6737 allele (0) affect the
propensiy } ( t &ygregateA673T o<} o} A-s@retase procssingof APP(26). A common allele

(rs215448) in theAPPocus lowergisk (OR=0.95) althougbounter intuitively, slightly increeas APP



expression(14). Finally variantsin the gere locus of§ Z -secretasesADAM17and ADAM10(27) all
demonstrate that APP itself and the enzymes proces$#gs} t  E&ade€veldadse AD

SORLprovidesanother example of mallelic series with increasing risk of ADRL&Ncodes
the sorting+elated receptorwith Atype repeatsSorlA (a.k.aLR11l)involved in retromesrelated
endosomal trafficX "}Eo  }vs Jve (uv §]}v o }Ju Jve 37 5t YVE]VWWX}u AEE o0 )
the deleterious variants affect those domaii@8). SorlAoc}A E+ t % E} p 3]}v C E JE §]v
the cell membraneand trans-Golgi network (TGN) andt $ J}ysosomes in neuron&ee Fig.Zp8).
Interestingly SORL &xpression is twentyfold higher in human than in mouse microglia,améing for
further characterization of the impact @ORLtleficiency on microglia functior(29). The different
SORLYariantsaggregate into categoriesith increasingisk burden(30) from OR=1.21 for missense
variantsup to OR=16.73 for proteHruncating variant$9). These ORs are comparable to heterozygous
(OR=3.2) and homozygous (OR8IAPOEXd  (E.@ridi2 are present in 2% AD, comparedo
<1% for APP and PSENudtations(30).

Common and raréABCA®ariantsprovide a third allelic seriedBCApromotesthe efflux of
phospholipidsout of cells. Rotein-truncating (OR=2.6) and missense mutations (OR=1.8) are
associated with A[B1). In addition, a tandem repeat in intron 18, ranging from 300 bpwaaoe than
10kb, provides relative high risk of AD (OR=4t%emains unclear howoss of functionof ABCA7
increases risk of Alalthough in mice it causeigher t %00 <u MHE v € o § §} Ju% |1&E
phagocytosis in macrophages and micro@id). Loss of ABCA7, because of its role in lipid transport,
might have broad effects on celhysiology(see Fig.2)The relative low OR suggests that inist
directly causally involveand its broad functiosuggest itectingas amaster regulator peripheral gene

in AD.

Next to coreand master regulatogenesaffecting t $trong genetic evience imply microglia

in AD.Manycommon variant@associated to risk of ABccur in genes that are expressed in microglia



(see table 1 irf33)). Rare missense mutations in the open reading framesREM2, PL& and ABI3
(Abelson interactor family protei) which are genes mainly exclusively expressed in myeloid cells
alsopoint into that direction(15). Many of therisk gene®f ADbecome upregulated in microglia when
A%} S} t us o AWpath8lpgy(34). Thus, a large part of the genetic refkAD as opposed

to genetic causef AD seems taconverg into the microglialresponse to amyloid plagues

One of the best studied geaén this series iISTREM2TREM2 is eeceptor for anionic ligands
including hospholipic, lipopolysaccharide (LPS) and D@3). In mouse modelof AD Trem2 is
required for the transit of microglia from homeostatic to activated celtess in response to amyloid
plagues Interestingly these microglistrongly upregulate ApoEexpression(36). Trem2 deficiency
leads to more diffuse plagues with greater neuritic damage and lesgiitment of microglia to
amyloid plaque$36). The rare R47ldnd more common R62H variantsTRREMZ15) alterits stability,
affect phagocytic capacity and impair TREM2 affinity for APOE, clugi&pal),low-density
lipoproteins (DL) v  133). The impact of other more common variants on TREM2 function remains
unclear.Since he R47H and R62Hutationscausepartialloss of functiorof TREM2and sincelrem?2
deficiencyseems to aggravate amyloid plaque pathology in mimestdrug developmentfforts are
focusedon enhancing TREM2 functig®7). However, enhancing microglia activity might be a two
edged swordwit Z } %o %0} ]S (( 8 }v pathology@4h It alsoremains a big question to
what extent observations in ioe can be extrapolated to the human pathophysiology as the cellular
reactions arouncamyloid plaques are much more complexhmman than in the available mouse
models (sedor instance(38, 39)). The fact that several additional AD associated variants have been
observed in genes that act downstream of TREM2 nevertheless uretethe importance of TREM2
signaling in Allsee Fig.2)

One example is theare protectiveP522R variann the W > gdnewith moderateeffect size
(OR=0.510.68) (15). This mutationincreases theactivity of the microglial signaling enzyme

phospholipase C gammaddwnstream of TREMBee Fig.2)The variantis overrepresented ira



cohort of cognitively healthycentenariansand, anecdotally provides full protectiorio APOEX in a
more than hundred years olthomozygouscarrier @0). W> vi u o %Z}e%Z}ECO § R
stimulationand affectgphagocytosis, migratigchemokine and cytokine releag&l). Structurally, the
P522R variantodifiesan autoinhibitory domain} ( W >leating to greater PHRconversion and
increased cellular calcium releagkl). The P522R variant enhancAs endocytosis suggesting that
§Z]e % E}S S]A A E] v3 u C ( ]o]s8 8. u] E}Po]Jo o E v }( t
In conclusion, the genetics oD4rovide strong evidence for a major pathway centeced t
generation aggregation and clearantat operates in early and late onset disease. The gesetiso
strongly imply microglia responses to amyloid plagie#\D. Assuning that these responses are
directed by the genetic risk profile tfe patient, one would predict that some patients are protected
from the damage caused laynyloid plaque®ecause of theiexcellent microglig34). Major questiors
for the field are what aspects of themicroglia response on amyloid plaques are benefioial
detrimental, how genetic risk affestthis balance and whether this contributesot TAUpathology.
Drug development will have to move cautioushking into account this fin&'in and Yang of the

cellular respons@ AD(23).

Leveraging polygenic risk

A large proportiorof the genetic risk of AD explained bycommon variation in the genome
and iscaptured via sgle nucleotide polymorphisms (SNP) in GWAE Such sglevariantson their
own do not predict an individual’s risif ADbut can be combinedn apolygenicriskscore(PRS)PRS
is a “genetic score'defined as thesum ofthe number of SNP risk allelésat an individual carries,
weighted bytheir contribution to the disease risleffect sizé.

Most investigators currently usepartial ADPRS calculatedith the leadSNP in the 40 canonic
GWASenome locmentioned before(12-14, 42). Howevera more complete PRS calculation includes

the thousands of otheBNPs$n locithat are associated withisk of AD butdid not reach the threshold



for genome widesignificantassociation§<5x10°). Such calculatioimprovesstrongly theprediction
accuracyof AD something also observed witbsychiatric and other compledisorders 43). In fact,
the predictionaccuracyof AD usinghe completePRSs high, with area under the receiveperator
curve (AUC) of 75% in clinical e&8#6in pathologically confirmed samplé21, 44).

Using oty the canonic GWAS lobiases the scorto the effect of he APOE regio(21). If all
genetic risk of AD is used as proposed for the complef& BRbulk of associated SNPs of small effect
sizes will eventually outperform the effect sizetbé APOHocusalone.Accordingly the predictive
accuracy otompletePRS in pathologically confirmed E3 homozygotes is high, Wigr8045). To
date, the PRS approach has mosienassesseih European populationdue to lack of multiethnic
GWASlata.

The field is currently struggling to translate the concept&Snto meaningful functional
hypotheses An interesting recent developmems to include only SNPassociated wittgenesfrom
putative diseasespecific pathwaysfor instance APP metabolism, lipidetabolism, endocytosid¢o
generate pathwagpecific PR&7). However the definition of these diseaspathways is baseghostly
on the dfferent functional categoriedefined byGene Ontology46). This is problemati(46) as there
is little expert scrutiny, inclusion thresholds are lamd almost all Alenes are implicated in me
than one pathway(12, 47, 48). It turns out that theAD predictabilityusing such categorias low (47).
Finally, it is important to mention that the PRS is currentlyigitesd as a linear combination of SNP
effect sizes without accounting for ndimear effects also known as epissésor SNPSNP interaction.
Biologically, it is verynlikely that genetic risk of AD is the simple additive sum of the individual SNP

risks.

From polygenic risk to mechanisms dfseaseand drug targets: cellular state
and disease context matter

Drugs developed against targets supported by genetic evidence have er lobiince to

become approved49). However, in the AD field theausal SNPs are in many caseknown or
10



assigned to the wrong gendhere are still large gaps understanding hovBNP&ffect thefunctional
genomic architectureAt the other side nformation onthe effects of drugs on eQTL are usually not in
the puldic domain, making it difficult to link experimental drugs to digiate targetsOverall, he single
most important limiting factor in the translation of knowledfyem genetics to drugss, howeverthe
lack of good models for A@Bee Fig.3)

Assessing the functional impact of roading risk variants is challenging and starts with the
guestion wrether a particularSNPis functional or is aly in linkage disequilibriunwith the real
functional SNPRisk mechanisms will only manifest in diseedevant conditions and therefore cell
type and experimental context really mattewghen analyzing the functional consequenadsSNPs
(23). Finally, SNP are frequently assigned to gertleat are most closen the linear DNA sequence
representation of the gnome. However, chromatin has a complex 3D structure and esgraror
suppressors can exert their effects on the expression of genes thatmedrom their location(50).
Recent work hasmdeedshown that manyausal variants affe&nhancerswvhich are highly specific to
brain region, ck-type, and cell statg(22, 50, 51). It was noted thatmainly myeloid and microglial
enhancer regions, and not the promoter regions are significantlychadfor AD-associated variants
(50-52). An elegant knoclout experimentunderscored this conclusion. Nott et a@eletedin human
induced pluripotent stentells(iPE9 the BIN1(Bridging Integratosl and Amphiphysi2) enhancer
which carrieone of thehigher AD risk variarg,rs6733839QOR=1.212, 50). When they differentiated
these cellsnto microglia, astroglia, and neurgnsxpression of BINtvas only affected inmicroglia

(50).

The ADfield really struggles to generatgood models that reproduce all feature$ disease
(see Fig.3Double and even triple transgenic mice overexpressing humah FSEN and APP, all with
FAD or FTD mutations, are needed to obtain amyloid plaques agtetaand it remains a tantalizing

guestion to what extent cellular phenotypes induced in these mice oiiha situation in humarSixty-
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five million years of evolution divergen@annot be ignored when modeling ljuman polygenic
diseaseln order to researcthumanspecific cell biology, research on human iPSCs has taken a flight,
includingin vitro 3D (53) andorganoid cultureg54). All are promising, but each approach comes with
its own limitations (see Fig.3). For instance, the 3D in vitro cultures provide § aeificial
conformation to grow the cells and uses high overexpression oABie gene in the neurons to obtain
AD phenotypeq53). The human organoid culture is promising but their usefulness udyshon
developmental disorders remains debatés}).

The xenograft orchimeric mouse model approach, where human iR&€Cived brain cells are
transplanted into the mouse brai(b5-57) provides an interesting alternative combining several
advantages The rodent brain functions as a superior “physiological” 3D mafor human cells
compared toother more artificial environments. Human neuro), microglia(56, 57) and astroglia
have been grown in rodent brairier overone year and reproduce many human features. While the
rodent brain background and the immune suppression aomfoundes in these experiments,
microglia cells, even after exposure to a cell culture environment, fully metegir identity when
returned to the CNS and transcriptionally closely resemble freshly isolatedrumicroglia from
surgical sample&7).

In theory, human iPSCs and their derived models can be used to fuatfi@valuate the
impact of PR8efined risk in different cell types and ABlevant contexts. Obviously, the genomic
variants captured from different patients will be different, bbecause the pathological phenotype of
AD patients is very similar, it is assumed that the cellular pathotmmwerges and that shared
pathways leading to disease may be identified. Once a critice$ migPR8efined iPSCs will have been
analysed, one caalso envision eQTL and regulatory landscape analyses to define how specific AD
associated variants may exert their effecthis can subsequently refine the list of SNPs, including only

core variants driving AD pathogenesis. Ultimatelighfunctional irsightswill lead to betterand more
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relevant PRS that will be usddr diagnostics, stratification of patients for clinical trials,dan

personalized medicine based genetic profile.

Conclusions

The genetic component in AD risk is surprisingly larga flate onset disorder.rémendous
progresshas been madéo map this gnetic landscapebut now it becomescriticallydependantona
better definition of ADand the underlying mechanisms of disea¥dore” casesis never going to
replace ‘Guality’ of casesand deeper clinical phenotyping and biomarkers are needed to better
interpret the role of genetic variation in specific aspectsh&f AD phenotype.

It is crucialwhile working further along those lines, bato from therapeutic development
perspectiveto take into account the long preclinical phaseAd@ (23). At the functional level we need
to get awa/ from the classidamolecular biology paradignas genefunction-drug target. @ne variants
affect gene function in specific genetic backgrou(mgce are not humars), in specific cell typesin
specific cell statesand inspecific stages of the diseade silicopredictions and simglcell biological
experiments although tempting because of the high throughpeen bevery misleading andan lring
a whole drug development campaign in jeoparéynding drugs for a complicated multifactorial
disease like AD requiseleepknowledgeof the mechanisms that are targeted. The full mapping of the
cellular phase of AD is now a priority for the fi&18).

One should however, aknowledge the tremendous progress madeAD researchWe can
now further build on the many hints coming from genetic work over #st tlecade to generate the
more sophisticated models that will better represent speaifiechanisms underlyingD. This novel
thinking will opermany opportunities for drug delopment, while better stratification of patients will

accelerate the road from concept to clinic.
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Figure legends

Fig.1.Risk factors and heritability for Alzheimer’s disease (A)hereas 35% of lifetime risk for AD
is comprised of modifiable or environmental risk factors,/986 of AD risk is genetic. The genetics of
AD can be broken down to SMBsed heritability, and other types of genetic variation, udahg rare

variants, stretural and copynumber variation, duplications, SKENP interaction, dominance etc.
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Fig.2.Emerging signatg pathways in ADTREM2, SORL1 and ABCA7 interact with other genetic risk
genes for AD (protein names highlighted in red), impacting mieidginction and APP processiny.
AD pathway in microgliaTREM2 can bind amyleitl ~ te §Z § u C v 5} 0]%] 8 C
ApoJ CLU and associates with DNAXtivating protein of 12 kDa (DAPX8)constitute intracellular
signaling vidts immunoreceptor tyrosinébased activating motifi TAM. The ITAM domain undergoes
double phosphorylation by th8RC family kinaseSKKe.g. LYN) to allow binding epleen tyrosine
kinase Byk) Syk can phosphorylagghosphoinositide &inase PI3§ v W> viX 3]A 3§]}v }( 8§Z -
proteins ultimately leads to calcium anditogenactivated protein kinasgMAPHK signalingand
nuclear factor k %o %0 NE f-} transcription. Protein kinase CPKC)can also activatgroline-rich
tyrosine kinase APyk2 PTK2[B which can activate MAPK signaling, but also assxiain Cas
scaffold protein family member 4CASS4and focal adhesion kinaseg=AK PTK2 to affect actin
polymerization, as does Abelson interactor family proteif\BI§. Overall these signaling pathways
affect cytoskeletalrearrangementsassociated with microglial motility and increase phagocytdd)s
Endocytosisand Alzheimer genesSORLIcan transfer APP to the trariSolgi network and late
V }elu e AZ E |8 pv EP} e uCo}] }P v] % EYy «<odvP]& IXC'KZ>it v
facilitate its degradation in the lysosomes. Although ABCA?7 is involved in rciflidehomeostasis,
e.g. regulatinghe efflux oflysophosphatidyl cholin@.PC) anghosphatidyl cholindPC), ABCA7 can
also impact amyloidogenic proteolysis by affecting ksita APP cleaving enzyme 1 (BACEL1) expression

levels.Several other ADsk genes involved in endocytic pathway are indicated in red.
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Fig.3.The opportunities and limitations of commonly used modelsAD research
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Box 1- Glossary

X Heritability: the proportion of phenotypic variance that is due to genetictdas.

X Missing heritability. the difference between the genetic heritability observed in families and
the estimated heritability of identified genetic variantsthe population

x Core genea mutation in this gene will directly impact disease

x Peripheral genea mutation in this gene will only indirectly impact disease, most likely through
atransregulatory effect on core genes

x Core disease pathway genegenes directly impactingathways that determine disease onset

X Master regulatory genea peripheral gene that regulates the expression or function of sévera
core genes in the disease. Examples include transcription factors, teguRiNAS or enzymes,
or chromatin modifiers.

x Gerptype-phenotype doseresponse:sseveral alleles of a gene impact disease risk, possibly to
different degrees, e.g. common and rare, or k@asd gairof-function variants. Either multiple
alleles can affect the same gene or causal alleles are presentdredifgenes that cooperate
within the same disease pathway. An example is the amyloihe $ZA CU AZ & ups §]}ve

WWU §Z % E --sefcelase impagct the same pathway and both protective and risk
variants have been identified.

X Polygenic risk sare: a single genetic score indicating a person’s risk of developingta trai
Calculated by summing the number of risk alleles present and multiplying this ipyetfest
size, i.e. the weight of disease risk.

x Linkage disequilibriumthe observation thaspecific alleles at a particular genomic locus or

region are more often cinherited within the population than expected by chance.
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