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Abstract  

In order to provide better prevention and treatment we need to understand the environmental and 

genetic risk of Alzheimer’s Disease (AD). However, the definition of AD has been confounded with 

dementia in many studies. Thus, over interpretation of genetic findings with regard to mechanisms 

and drug targets may explain in part controversies in the field. Here, we analyze the different forms of 

genetic risk of AD and how these can be used to model disease. We stress the importance of studying 

gene variants in the right cell types and in the right pathological context. The lack of mechanistic 

understanding of genetic variation has become the major bottle neck in the search for novel drug 

targets for AD.  
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Introduction 

The number of people worldwide suffering from dementia is now already slightly exceeding the 

number of people with cancer, and is poised to increase even more over the next decades. Dementia 

is, however, a container term for the end symptoms of a wide variety of brain diseases, including 

Alzheimer’s Disease (AD). AD is a slowly progressing disorder characterized by specific protein 

accumulations in the brain. Clinical dementia manifests only late, which confounds many case-control 

studies using this criterion as a proxy for AD. Prodromal AD patients become excluded and not yet 

cognitively altered AD cases are mixed with controls. About 30% of clinically diagnosed patients have 

no neuropathological or biomarker characteristics of AD (1) and 56% of cases defined as AD present 

with common comorbidities such as Lewy body disease, vascular pathology or hippocampal sclerosis 

(2). Unfortunately, the advice of the National Institute of Aging and the Alzheimer Association Research 

Framework to define AD as a biological construct (3), is not yet widely adopted.  

A recent comprehensive overview estimated that 35% of life time risk of dementia is 

modifiable, including factors such as education, vascular aspects, hearing loss, social deprivation, etc. 

(4). The Framingham Heart Study confirms the modifiable nature of dementia risk, with decreasing 

incidence of dementia over the last decades (5). However, while this trend was very significant for 

dementia overall and for vascular dementia in particular, it was not significant for AD alone (5). Given 

the high heritability of AD (6, 7), studying genetic risk seems a more fruitful way forward to identify 

molecular mechanisms of disease. The central question is whether there is one central route to AD, 

and therefore one ‘type’ of AD, or whether various pathogenic mechanisms exist that converge on the 

defining amyloid plaque and tangle pathology.   

 

The heritability of AD  

Heritability, formally defined as the proportion of phenotypic variance that is due to genetic 

factors, can be used as a population-based measure for the risk of disease (see glossary in box 1). 
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Importantly, the inheritance of genetic risk variants does not necessarily imply disease and not all 

individuals with AD carry the same risk variants.  

The best studied risk (or better causal) genetic variants in AD are the fully penetrant mutations 

in the genes encoding Amyloid Precursor protein (APP) and presenilin 1 and 2 (PSEN1&2). They affect 

the processing of the amyloid-β peptide (Aβ) indicating that Aβ aggregation is an upstream event in 

the pathogenesis of AD (8). These mutations were identified in families with a Mendelian, dominantly 

inherited form of AD (8) which clinically manifests as early onset dementia (onset before <65 years). 

Estimates for the heritability of early onset AD are very high, ranging between 0.92 and 1 (7). Even in 

this smaller group (<10% of total AD patients), APP and PSEN1&2 mutations explain only about 10% of 

these early onset cases (7). The remaining heritability is explained by APP duplications, by an increasing 

number of rare variants in genes encoding e.g. the Sortilin-related receptor (SORL1), Triggering 

receptor expressed on myeloid cells 2 (TREM2) and ATP Binding Cassette Subfamily A Member 7 

(ABCA7) (9), and finally by not yet identified, but likely recessive, mutations (7). An example of a 

recessive AD mutation is A673V in APP (10).  

In the large group of patients in which dementia manifests after age 65, the heredity is also 

large, estimated between 0.58 and 0.78 with rather large 95% confidential intervals [0.19-0.87] and 

[0.67-0.88] respectively (6). This is high compared to other late onset diseases. The genetic 

architecture underlying AD >65 years is far from fully charted (see Fig.1). Apolipoprotein ε4 allele 

(APOE4) is the only common high risk genetic variant (odds ratio (OR)=3.32) (11, 12). Genome wide 

association studies (GWAS) have further identified many common genetic variants with low risk 

(OR=1.1-1.2) of which 40 have genome wide significance (12–14). Exome chip analyses have 

additionally yielded rare variants in the very same genes, i.e. SORL1, TREM2, and ABCA7, that increase 

strongly risk of early onset AD (9, 15). Variants that protect have also been discovered: the APOE2 

allele (OR=0.6) (16), rare mutations in phosphatidylinositol specific phospholipase C-gamma 2 (PLCγ2) 

(OR=0.68)(15) and the Icelandic mutation A673T in APP (OR=0.19) (10). The genetics of early and late 
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onset disease suggest that AD should be considered a continuum. As indicated by the broad 

confidential intervals, the AD heritability estimates remain imprecise, as with many polygenetic 

disorders (17). Increasing efforts to create larger datasets for GWAS studies, to directly sequence full 

genomes and to develop novel data analyses methodologies are under way to tackle the “missing 

heritability” in AD.  

 

From heritability to mechanisms of disease  

Translating genetic information into disease mechanisms is anything but trivial. It took twenty 

years to understand that AD causing mutations destabilize presenilin leading to premature release of 

long Aβ peptides (18). Similar efforts to understand how rare mutations in the open reading frame of 

TREM2, PLCγ2, SORL1 and ABCA7 affect protein function will be needed. In addition, most available 

genetic information in AD remains imprecise. The causal variant is known for only 40% of the identified 

GWAS loci (14), the effect of these variants is only known in a minority of cases, and literally thousands 

of these variants contribute to the heritability of the phenotype. 

The question is what the core genes are, i.e. which genes execute a direct effect on the disease 

process. Unfortunately, more than 70% of variants determining phenotypic variation are in 

“peripheral” genes. Such genes have only indirect effects on expression or posttranslational 

modification of core gene products and as such are not very informative for the molecular mechanisms 

driving the phenotype (19). The individual ‘trans’ effects of these peripheral genes are small (19) but 

since there are many, they underlie a large part of the heritability (20, 21) . Even using the p-value of 

p<5x10-8 for genome wide significance to prioritize gene loci (which comprise now 40 loci in AD (14)) 

does not provide certainty of finding “core disease pathway genes”(19). The frustrating conclusion is 

that the bulk of the heredity in AD likely only indirectly points to key biological pathways of disease. 

One group of peripheral genes, i.e. master regulator genes, is nevertheless of particular interest. These 

genes, encoding for example transcription factors, chromatin modifiers, regulatory RNA or enzymes, 
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regulate the expression or function of several disease core genes. For example the AD risk locus Spi-1 

proto-oncogene (Spi1) codes for the transcription factor Pu.1 which regulates many microglia genes, 

pointing to a role for inflammation in AD (22). Such master regulators are usually under strong 

evolutionary constraint, and so not easily detected in GWAS (19).  

One could try to investigate how peripheral genes affect the expression of core genes. A 

prerequisite is to understand in which cells these peripheral genes exert their effect and hence single 

cell analyses of gene expression in brain cells is crucial (23). Such trans-expression quantitative trait 

loci (trans-eQTL) mapping, however, needs huge data sets and is only readily available for peripheral 

blood cells. Another possibility is to focus on gene variants with large effects on heredity. ApoE4 is the 

only example in AD. Finally, one could ignore the quantitative contributions of genes to heredity and 

focus on rare variants, which are likely more central to the disease mechanisms because of their large 

effect sizes. A potentially fruitful avenue of research is to investigate how the common variants that 

define heredity regulate these rare variant genes.   

 

The complexity of the APOE locus  

The 3 major isoforms of ApoE (ε2, ε3 and ε4) are defined by two single nucleotide 

polymorphisms or SNPs (rs429358 and rs7412) within exon 4 of the gene (11). The ε4 allele (frequency 

0.14 in the Caucasian population) provides a 3-fold increased risk of AD which raises to 14-fold in ε4 

homozygotes (11, 16). Conversely, the ε2 allele (frequency 0.08) confers a 1.7-fold decreased risk. This 

risk is more pronounced in women then in men and is strongly depending on ethnic background, i.e. 

the ε4 effect is much smaller in the African-American and Hispanic population (16). This illustrates the 

importance of multi-ethnic genetic studies when studying the heritability of AD.  

The APOE locus is highly complex, spanning almost 2MB and covering over 70 genes. Despite 

being in low linkage disequilibrium with the APOE SNPs for ε2 and ε4, there are many other SNPs in 

this large locus showing significant association to AD. This might point to other AD risk genes in this 
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locus. Several of these SNPs, however, likely affect expression of APOE. Understanding this will be of 

tremendous value as it would clarify whether and under which conditions up- or down regulation of 

this multifunctional protein could affect the risk of AD.  

Under physiological conditions, APOE is mainly expressed by astrocytes, but microglia exposed 

to Aβ plaques highly upregulate APOE. It will be critical to unravel how microglial function is affected 

by different APOE isoforms and how this contributes to disease. Knock-out of the gene eliminates the 

AD induced inflammatory response in mice (24).  

While very relevant to AD, the role of APOE in brain inflammation remains badly understood. 

APOE obviously plays a crucial role in cholesterol transport and lipid homeostasis, but also in Aβ-

aggregation, -clearance, and -cellular uptake, and affects, via less well understood molecular pathways, 

synapse number and function, blood-brain barrier integrity, and TAU-mediated neurodegeneration 

(16, 24, 25). It is important to decipher which roles of APOE are directly relevant to AD as the variety 

of functional effects of APOE deficiency in different cell types and in different tissues suggest that the 

APOE gene is a master peripheral regulator in the disease. Not all affected pathways are necessarily 

relevant to AD. Directly modulating APOE to protect against AD is likely to have a variety of effects and 

the outcome of such treatments will need careful monitoring.   

 

Causal, high risk and protective variants are involved in APP processing and in 
microglial function  

Evidence of genotype-phenotype dose-responses in an allelic series strongly argues for a core 

gene function. Such gene-dosage effects are observed with genes involved in Aβ-generation. Next to 

the fully penetrant APP and PSEN mutations, APP gene duplications and triplications, including Down 

syndrome, cause AD (8, 10). A recessive (673V) and a protective (A673T) allele (10) affect the 

propensity of Aβ to aggregate. A673T also lowers β-secretase processing of APP (26). A common allele 

(rs2154481) in the APP locus lowers risk (OR=0.95) although, counter intuitively, slightly increases APP 



7 
 
 

expression (14). Finally, variants in the gene locus of the α-secretases, ADAM17 and ADAM10 (27) all 

demonstrate that APP itself and the enzymes processing it to Aβ carry risk and even cause AD.  

  SORL1 provides another example of an allelic series with increasing risk of AD. SORL1 encodes 

the sorting-related receptor with A-type repeats SorlA (a.k.a. LR11) involved in retromer-related 

endosomal traffic. SorlA contains functional domains that can bind monomeric Aβ or APP. Several of 

the deleterious variants affect those domains (28). SorlA lowers Aβ production by redirecting APP to 

the cell membrane and trans-Golgi network (TGN) and Aβ to lysosomes in neurons (see Fig.2)(28). 

Interestingly, SORL1 expression is twentyfold higher in human than in mouse microglia, warranting for 

further characterization of the impact of SORL1 deficiency on microglia functions (29). The different 

SORL1 variants aggregate into categories with increasing risk burden (30) from OR=1.21 for missense 

variants up to OR=16.73 for protein-truncating variants (9). These ORs are comparable to heterozygous 

(OR=3.2) and homozygous (OR=14.9) APOE-ε4 carriers. Variants are present in 2% of AD, compared to 

<1% for APP and PSEN1 mutations (30).  

Common and rare ABCA7 variants provide a third allelic series. ABCA7 promotes the efflux of 

phospholipids out of cells. Protein-truncating (OR=2.6) and missense mutations (OR=1.8) are 

associated with AD (31). In addition, a tandem repeat in intron 18, ranging from 300 bps to more than 

10kb, provides relative high risk of AD (OR=4.5). It remains unclear how loss of function of ABCA7 

increases risk of AD, although in mice it causes higher Aβ plaque burden related to impaired Aβ 

phagocytosis in macrophages and microglia (32). Loss of ABCA7, because of its role in lipid transport, 

might have broad effects on cell physiology (see Fig.2). The relative low OR suggests that it is not 

directly causally involved and its broad function suggest it acting as a master regulator peripheral gene 

in AD. 

  

Next to core and master regulator genes affecting Aβ, strong genetic evidence imply microglia 

in AD. Many common variants associated to risk of AD occur in genes that are expressed in microglia 
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(see table 1 in (33)). Rare missense mutations in the open reading frames of TREM2, PLCγ2 and ABI3 

(Abelson interactor family protein 3) which are genes mainly or exclusively expressed in myeloid cells, 

also point into that direction (15). Many of the risk genes of AD become upregulated in microglia when 

exposed to Aβ but less so to TAU pathology (34). Thus, a large part of the genetic risk of AD, as opposed 

to genetic cause of AD, seems to converge into the microglial response to amyloid plaques.   

One of the best studied genes in this series is TREM2. TREM2 is a receptor for anionic ligands 

including phospholipids, lipopolysaccharide (LPS) and DNA (35). In mouse models of AD Trem2 is 

required for the transit of microglia from homeostatic to activated cell states in response to amyloid 

plaques. Interestingly these microglia strongly upregulate ApoE expression (36). Trem2 deficiency 

leads to more diffuse plaques with greater neuritic damage and less recruitment of microglia to 

amyloid plaques (36). The rare R47H and more common R62H variants of TREM2 (15) alter its stability, 

affect phagocytic capacity and impair TREM2 affinity for APOE, clusterin (ApoJ), low-density 

lipoproteins (LDL) and Aβ (33). The impact of other more common variants on TREM2 function remains 

unclear. Since the R47H and R62H mutations cause partial loss of function of TREM2, and since Trem2 

deficiency seems to aggravate amyloid plaque pathology in mice, most drug development efforts are 

focused on enhancing TREM2 function (37). However, enhancing microglia activity might be a two 

edged sword with opposite effects on Aβ and TAU pathology (24). It also remains a big question to 

what extent observations in mice can be extrapolated to the human pathophysiology as the cellular 

reactions around amyloid plaques are much more complex in human than in the available mouse 

models (see for instance (38, 39)). The fact that several additional AD associated variants have been 

observed in genes that act downstream of TREM2 nevertheless underlines the importance of TREM2-

signaling in AD (see Fig.2).   

One example is the rare protective P522R variant in the PLCγ2 gene with moderate effect size 

(OR=0.57-0.68) (15). This mutation increases the activity of the microglial signaling enzyme 

phospholipase C gamma 2 downstream of TREM2 (see Fig.2). The variant is overrepresented in a 
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cohort of cognitively healthy centenarians and, anecdotally, provides full protection to APOE-ε4 in a 

more than hundred years old homozygous carrier (40). PLCγ2 becomes phosphorylated upon 

stimulation and affects phagocytosis, migration, chemokine and cytokine release (41). Structurally, the 

P522R variant modifies an autoinhibitory domain of PLCγ2 leading to greater PIP2 conversion and 

increased cellular calcium release (41). The P522R variant enhances Aβ endocytosis, suggesting that 

this protective variant may facilitate microglial clearance of Aβ.  

In conclusion, the genetics of AD provide strong evidence for a major pathway centered on Aβ 

generation, aggregation and clearance that operates in early and late onset disease. The genetics also 

strongly imply microglia responses to amyloid plaques in AD. Assuming that these responses are 

directed by the genetic risk profile of the patient, one would predict that some patients are protected 

from the damage caused by amyloid plaques because of their excellent microglia (34). Major questions 

for the field are what aspects of the microglia response on amyloid plaques are beneficial or 

detrimental, how genetic risk affects this balance, and whether this contributes to TAU pathology.  

Drug development will have to move cautiously taking into account this fine Yin- and Yang of the 

cellular response in AD (23).     

 

Leveraging polygenic risk 

A large proportion of the genetic risk of AD is explained by common variation in the genome 

and is captured via single nucleotide polymorphisms (SNP) in GWAS (21). Such single variants on their 

own do not predict an individual’s risk of AD but can be combined in a polygenic risk score (PRS). PRS 

is a “genetic score” defined as the sum of the number of SNP risk alleles that an individual carries, 

weighted by their contribution to the disease risk (effect size).  

Most investigators currently use a partial AD PRS calculated with the lead SNP in the 40 canonic 

GWAS genome loci mentioned before (12–14, 42). However, a more complete PRS calculation includes 

the thousands of other SNPs in loci that are associated with risk of AD but did not reach the threshold 
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for genome wide significant association (p<5x10-8). Such calculation improves strongly the prediction 

accuracy of AD, something also observed with psychiatric and other complex disorders (43). In fact, 

the prediction accuracy of AD using the complete PRS is high, with area under the receiver-operator 

curve (AUC) of 75% in clinical and 84% in pathologically confirmed samples (21, 44).  

Using only the canonic GWAS loci biases the score to the effect of the APOE region (21). If all 

genetic risk of AD is used as proposed for the complete PRS, the bulk of associated SNPs of small effect 

sizes will eventually outperform the effect size of the APOE locus alone. Accordingly, the predictive 

accuracy of complete PRS in pathologically confirmed E3 homozygotes is high, with AUC>80 (45). To 

date, the PRS approach has mostly been assessed in European populations due to lack of multiethnic 

GWAS data.  

The field is currently struggling to translate the concept of PRS into meaningful functional 

hypotheses. An interesting recent development is to include only SNPs associated with genes from 

putative disease-specific pathways, for instance APP metabolism, lipid metabolism, endocytosis, to 

generate pathway specific PRS (27). However, the definition of these disease pathways is based mostly 

on the different functional categories defined by Gene Ontology (46). This is problematic (46) as there 

is little expert scrutiny, inclusion thresholds are low and almost all AD genes are implicated in more 

than one pathway (12, 47, 48). It turns out that the AD predictability using such categories is low (47). 

Finally, it is important to mention that the PRS is currently designed as a linear combination of SNP 

effect sizes without accounting for non-linear effects, also known as epistasis or SNPxSNP interaction. 

Biologically, it is very unlikely that genetic risk of AD is the simple additive sum of the individual SNP 

risks.  

 

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

Drugs developed against targets supported by genetic evidence have a better chance to 

become approved (49). However, in the AD field the causal SNPs are in many cases unknown or 
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assigned to the wrong gene. There are still large gaps in understanding how SNPs affect the functional 

genomic architecture. At the other side, information on the effects of drugs on eQTL are usually not in 

the public domain, making it difficult to link experimental drugs to candidate targets. Overall, the single 

most important limiting factor in the translation of knowledge from genetics to drugs is, however, the 

lack of good models for AD (see Fig.3). 

Assessing the functional impact of non-coding risk variants is challenging and starts with the 

question whether a particular SNP is functional or is only in linkage disequilibrium with the real 

functional SNP. Risk mechanisms will only manifest in disease-relevant conditions and therefore cell 

type and experimental context really matters when analyzing the functional consequences of SNPs 

(23). Finally, SNP are frequently assigned to genes that are most close in the linear DNA sequence 

representation of the genome. However, chromatin has a complex 3D structure and enhancers or 

suppressors can exert their effects on the expression of genes that are remote from their location (50). 

Recent work has indeed shown that many causal variants affect enhancers which are highly specific to 

brain region, cell-type, and cell state (22, 50, 51). It was noted that mainly myeloid and microglial 

enhancer regions, and not the promoter regions are significantly enriched for AD-associated variants 

(50–52). An elegant knock-out experiment underscored this conclusion. Nott et al. deleted in human 

induced pluripotent stem cells (iPSCs) the BIN1 (Bridging Integrator-1 and Amphiphysin-2) enhancer 

which carries one of the higher AD risk variants, rs6733839 (OR=1.2)(12, 50). When they differentiated 

these cells into microglia, astroglia, and neurons, expression of BIN1 was only affected in microglia 

(50). 

 

The AD field really struggles to generate good models that reproduce all features of disease 

(see Fig.3). Double and even triple transgenic mice overexpressing human TAU, PSEN and APP, all with 

FAD or FTD mutations, are needed to obtain amyloid plaques and tangles and it remains a tantalizing 

question to what extent cellular phenotypes induced in these mice mimic the situation in human. Sixty-
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five million years of evolution divergence cannot be ignored when modeling a human polygenic 

disease. In order to research human-specific cell biology, research on human iPSCs has taken a flight, 

including in vitro 3D (53) and organoid cultures (54). All are promising, but each approach comes with 

its own limitations (see Fig.3). For instance, the 3D in vitro cultures provide a very artificial 

conformation to grow the cells and uses high overexpression of the APP gene in the neurons to obtain 

AD phenotypes (53). The human organoid culture is promising but their usefulness to study non-

developmental disorders remains debated (54).  

The xenograft or chimeric, mouse model approach, where human iPSC-derived brain cells are 

transplanted into the mouse brain (55–57) provides an interesting alternative combining several 

advantages. The rodent brain functions as a superior “physiological” 3D matrix for human cells 

compared to other more artificial environments. Human neurons (55), microglia (56, 57) and astroglia 

have been grown in rodent brains for over one year and reproduce many human features. While the 

rodent brain background and the immune suppression are confounders in these experiments, 

microglia cells, even after exposure to a cell culture environment, fully regain their identity when 

returned to the CNS and transcriptionally closely resemble freshly isolated human microglia from 

surgical samples (57).  

In theory, human iPSCs and their derived models can be used to functionally evaluate the 

impact of PRS-defined risk in different cell types and AD-relevant contexts. Obviously, the genomic 

variants captured from different patients will be different, but, because the pathological phenotype of 

AD patients is very similar, it is assumed that the cellular pathology converges and that shared 

pathways leading to disease may be identified. Once a critical mass of PRS-defined iPSCs will have been 

analysed, one can also envision eQTL and regulatory landscape analyses to define how specific AD-

associated variants may exert their effects. This can subsequently refine the list of SNPs, including only  

core variants driving AD pathogenesis. Ultimately, such functional insights will lead to better and more 
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relevant PRS that will be used for diagnostics, stratification of patients for clinical trials, and 

personalized medicine based on genetic profile.  

 

 

Conclusions 

The genetic component in AD risk is surprisingly large for a late onset disorder. Tremendous 

progress has been made to map this genetic landscape, but now it becomes critically dependant on a 

better definition of AD and the underlying mechanisms of disease. “More” cases is never going to 

replace “quality” of cases and deeper clinical phenotyping and biomarkers are needed to better 

interpret the role of genetic variation in specific aspects of the AD phenotype.  

It is crucial, while working further along those lines, but also from therapeutic development 

perspective, to take into account the long preclinical phase of AD (23). At the functional level we need 

to get away from the classical molecular biology paradigms of gene-function-drug target. Gene variants 

affect gene function in specific genetic backgrounds (mice are not humans), in specific cell types, in 

specific cell states, and in specific stages of the disease. In silico predictions and simple cell biological 

experiments, although tempting because of the high throughput, can be very misleading and can bring 

a whole drug development campaign in jeopardy. Finding drugs for a complicated multifactorial 

disease like AD requires deep knowledge of the mechanisms that are targeted. The full mapping of the 

cellular phase of AD is now a priority for the field (23). 

One should, however, acknowledge the tremendous progress made in AD research. We can 

now further build on the many hints coming from genetic work over the last decade to generate the 

more sophisticated models that will better represent specific mechanisms underlying AD. This novel 

thinking will open many opportunities for drug development, 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 (AD). Whereas 35% of lifetime risk for AD 

is comprised of modifiable or environmental risk factors, 58-79% of AD risk is genetic. The genetics of 

AD can be broken down to SNP-based heritability, and other types of genetic variation, including rare 

variants, structural and copy-number variation, duplications, SNPxSNP interaction, dominance etc.  
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Fig.2. Emerging signaling pathways in AD. TREM2, SORL1 and ABCA7 interact with other genetic risk 

genes for AD (protein names highlighted in red), impacting microglial function and APP processing. A) 

AD pathway in microglia. TREM2 can bind amyloid-β (Aβ) that may need to be lipidated by ApoE or 

ApoJ (CLU) and associates with DNAX-activating protein of 12 kDa (DAP12) to constitute intracellular 

signaling via its immunoreceptor tyrosine-based activating motif (ITAM). The ITAM domain undergoes 

double phosphorylation by the SRC family kinases (SFK, e.g. LYN) to allow binding of spleen tyrosine 

kinase (Syk). Syk can phosphorylate phosphoinositide 3-kinase (PI3K) and PLCγ2. Activation of these 

proteins ultimately leads to calcium and mitogen-activated protein kinase (MAPK) signaling and 

nuclear factor kappa β (NF-κβ) transcription. Protein kinase C (PKC) can also activate proline-rich 

tyrosine kinase 2 (Pyk2; PTK2B), which can activate MAPK signaling, but also associates with Cas 

scaffold protein family member 4 (CASS4) and focal adhesion kinase (FAK; PTK2) to affect actin 

polymerization, as does Abelson interactor family protein 3 (ABI3). Overall these signaling pathways 

affect cytoskeletal rearrangements associated with microglial motility and increase phagocytosis. B) 

Endocytosis and Alzheimer genes. SORL1 can transfer APP to the trans-Golgi network and late 

endosomes where it undergoes amyloidogenic processing to Aβ. SORL1 can also directly bind Aβ and 

facilitate its degradation in the lysosomes. Although ABCA7 is involved in cellular lipid homeostasis, 

e.g. regulating the efflux of lysophosphatidyl choline (LPC) and phosphatidyl choline (PC), ABCA7 can 

also impact amyloidogenic proteolysis by affecting beta-site APP cleaving enzyme 1 (BACE1) expression 

levels. Several other AD risk genes involved in endocytic pathway are indicated in red. 
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Fig.3. The opportunities and limitations of commonly used models in AD research. 
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Box 1 – Glossary 

 Heritability: the proportion of phenotypic variance that is due to genetic factors.  

 Missing heritability: the difference between the genetic heritability observed in families and 

the estimated heritability of identified genetic variants in the population. 

 Core gene: a mutation in this gene will directly impact disease 

 Peripheral gene: a mutation in this gene will only indirectly impact disease, most likely through 

a trans-regulatory effect on core genes  

 Core disease pathway genes: genes directly impacting pathways that determine disease onset 

 Master regulatory gene: a peripheral gene that regulates the expression or function of several 

core genes in the disease. Examples include transcription factors, regulatory RNAs or enzymes, 

or chromatin modifiers.  

 Genotype-phenotype dose-response: several alleles of a gene impact disease risk, possibly to 

different degrees, e.g. common and rare, or loss- and gain-of-function variants. Either multiple 

alleles can affect the same gene or causal alleles are present in different genes that cooperate 

within the same disease pathway. An example is the amyloid-β pathway, where mutations in 

APP, the presenilins and α-secretase impact the same pathway and both protective and risk 

variants have been identified.  

 Polygenic risk score: a single genetic score indicating a person’s risk of developing a trait. 

Calculated by summing the number of risk alleles present and multiplying this by their effect 

size, i.e. the weight of disease risk. 

 Linkage disequilibrium: the observation that specific alleles at a particular genomic locus or 

region are more often co-inherited within the population than expected by chance.  
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