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Abstract

There is ample pathological and biological evidence for endo-lysosomal dysfunction in
Alzheimer’s disease (AD) and emerging genetic studies repeatedly implicate endo-lysosomal
genes as associated with increased AD risk. The endo-lysosomal network (ELN) is essential for
all cell types of the central nervous system (CNS), yet each unique cell type utilizes cellular
trafficking differently (see Fig. 1). Challenges ahead involve defining the role of AD associated
genes in the functionality of the endo-lysosomal network (ELN) and understanding how this
impacts the cellular dysfunction that occurs in AD. This is critical to the development of new
therapeutics that will impact, and potentially reverse, early disease phenotypes. Here we review
some early evidence of ELN dysfunction in AD pathogenesis and discuss the role of selected
AD-associated risk genes in this pathway. In particular, we review genes that have been replicated
in multiple genome-wide association studies(Andrews et al., 2020; Jansen et al., 2019; Kunkle
etal., 2019; Lambert et al., 2013; Marioni et al., 2018) and reviewed in (Andrews et al., 2020)
that have defined roles in the endo-lysosomal network. These genes include SORL 1, an AD risk
gene harboring both rare and common variants associated with AD risk and a role in trafficking
cargo, including APP, through the ELN; B/NJ, a regulator of clathrin-mediated endocytosis whose
expression correlates with Tau pathology; CDZAP, an AD risk gene with roles in endosome
morphology and recycling; PICALM, a clathrin-binding protein that mediates trafficking between
the trans-Golgi network and endosomes; and Ephrin Receptors, a family of receptor tyrosine
kinases with AD associations and interactions with other AD risk genes. Finally, we will discuss
how human cellular models can elucidate cell-type specific differences in ELN dysfunction in AD
and aid in therapeutic development.
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1. Introduction

Alzheimer’s disease (AD) is a progressive degenerative disease that affects upwards of

5 million people in the United States alone and is one of the top 10 causes of death
(Alzheimer’s disease facts and figures. Alzheimers Dement, 2020; Collaborators, 2019).
Clinically, AD is characterized by progressive memory decline, language and speech
defects, impairment of executive function and a progressive impairment of the execution

of routine daily activities(Cappa, 2018; Graham et al., 2017; Masters et al., 2015; Querfurth
and LaFerla, 2010; Scheltens et al., 2016). Neuropathologically, senile plaques and
neurofibrillary tangles comprise the hallmark features of AD. Although several classes of
medications are currently approved to treat AD symptoms, there are currently no treatments
that substantially reverse or affect the progression of the disease, no reliable early diagnostic
approaches for AD, and no effective preventative approaches (Alzheimer’s disease facts and
figures. Alzheimers Dement, 2020; Cummings et al., 2019). The lack of effective therapies
is, at least in part, related to the fact that biology of AD is only incompletely understood.

Genome-wide association studies (GWAS) have identified dozens of loci associated with
increased disease risk for developing AD(Bis et al., 2020; Gao et al., 2018; Jansen et

al., 2019; Kunkle et al., 2019; Lambert et al., 2013; Marioni et al., 2018). These studies
strongly point to aberrations in the endolysosomal pathway, immune response, and lipid
processing as contributing to AD risk(Pimenova et al., 2018). Furthermore, recent and larger
GWAS studies continue to identify additional risk loci. The genetic details and implications
of GWAS to AD have been extensively reviewed and many of these reviews provide a

broad overview of these biological pathways(Andrews et al., 2020; Karch and Goate, 2015;
Pimenova et al., 2018). In this review, we aim to provide a focused discussion on key loci
implicated in endolysosomal trafficking. The ELN is dynamic and its function overlaps with
both immune response and lipid processing, therefore, there are many loci that may overlap
between the ELN and other pathways. We have chosen to discuss five genes that have been
extensively replicated in genetic studies with defined roles specifically in endolysosomal
trafficking(Andrews et al., 2020; Jansen et al., 2019; Kunkle et al., 2019; Lambert et al.,
2013; Marioni et al., 2018). In addition, one of these genes, SORL 1, harbors rare coding
variants that may be causal for AD(Scheltens et al., 2021).

We provide a detailed introduction to the biology of ELN trafficking and we summarize

the literature related to the pathogenetic role of the ELN dysfunction in AD. Within the
cells of the brain, enlarged endosomes in neurons are an early cytopathological hallmark

of AD(Cataldo et al., 2000) along with synaptic alterations and inflammatory pathologies

in glial cells(Small and Petsko, 2020). We and others have recently shown that human
induced pluripotent stem cells (iPSC) models of AD can recapitulate some of the endosomal
trafficking defects phenotypes that impact these pathologies and we have observed that there
are important cell-type specific differences in endolysosomal phenotypes (Hung et al., 2021;
Knupp et al., 2020). Changes in cellular pathology may occur decades prior to the onset of
clinical symptoms(Cataldo et al., 2000). Thus, it is important to dissect these phenotypes

in cell-type specific models that can capture early stages of cellular dysfunction, therfore
we end this review by commenting on human models to further study the ELN and other
biological pathways implicated in AD genetics.
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2. The endo-lysosomal network

The ELN consists of intracellular membranous organelles which interconvert in a dynamic
fashion. Proteins associated with these organelles in the ELN can distinguish the main
components such as early endosomes (EES), recycling endosomes (REs), late endosomes
(LEs), autophagosomes and lysosomes. These proteins are widely used as markers for
discreet structures within the ELN, although the network itself is fluid and dynamic.

Cellular cargo are internalized into the cell in a process called endocytosis. Internalized
cargo is then sorted through various vesicles or sorting complexes to either the cell surface
(via recycling endosomes), to lysosomes for degradation (via late endosomes), or to the
trans-Golgi for additional sorting (via the multiprotein complex retromer)(Bonifacino and
Rojas, 2006; Luzio et al., 2007; Maxfield and McGraw, 2004; Poteryaev et al., 2010).
Additionally, the ELN is involved in the release of selected cellular contents into the
extracellular environment through a process called exocytosis(Chieregatti and Meldolesi,
2005) and involved in the specialized degradative process, macroautophagy, wherein
damaged cellular contents are ensconced in a doublemembrane bound organelle then fused
with lysosomes and degraded (Gatica et al., 2018).

Endocytosis regulates several processes initiated at the plasma membrane including receptor
mediated cell signaling and nutrient uptake. Here we will review clathrin-mediated
endocytosis (CME), a common type of endocytosis that internalize a wide range of cargo,
usually <200 nm in diameter. Clathrin-independent pathways also exist (Mayor et al., 2014;
Sandvig et al., 2018; Shafag-Zadah et al., 2020) but will not be reviewed here. CME starts
with cargo recognition, which leads to membrane bending and the formation of specialized
‘pits’ called clathrin coated pits. Clathrin forms a complex lattice like structure around
vesicles formed by membrane invaginations(Marsh and McMahon, 1999; Merrifield et al.,
2005; Pearse, 1976; Ungewickell and Hinrichsen, 2007). Several AD risk genes are involved
in the mechanisms of CME. Formation of vesicles and the linking of cargo to the clathrin
coat requires adaptor and scaffold proteins. CD2-associated protein (CD2AP) supports an
important link between vesicle formation and the actin cytoskeleton(Kadlecova et al., 2017,
Kelly et al., 2014) and Phosphatidylinositol Binding Clathrin Assembly Protein (PICALM)
is a monomeric adaptor protein that recruits clathrin to the cell membrane(Meyerholz et

al., 2005; Miller et al., 2015). Scission of these clathrin coated pits from the plasma
membrane is caused by a large GTPase, dynamin(van der Bliek et al., 1993) along with
dynamin partners including Bin, amphiphysin and Rvs (BAR) domain proteins, including
BIN1(Daumke et al., 2014; McPherson et al., 2013; Takei et al., 1999). These vesicles then
fuse with pre-existing EEs for subsequent intracellular trafficking (Choudhury et al., 2005;
Ungewickell et al., 2004).

After endocytosis, the early endosome (EE) receives cargo and serves as a sorting
hub(Huotari and Helenius, 2011). EEs are marked by the GTP-binding protein Rab5 and/or
its effector protein, early endosome antigen 1 (EEA1)(Behnia and Munro, 2005; Zerial and
McBride, 2001). After rapid sorting at the EE, cargo is either directed to late endosomes
(LEs) and lysosomes(Luzio et al., 2007; Poteryaev et al., 2010) for degradation or recycled
back to the plasma membrane(Maxfield and McGraw, 2004). Recycling can occur either
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directly from the EE to the plasma membrane or via specialized vesicles called recycling
endosomes (REs) marked by the GTPase Rab11(Pasqualato et al., 2004; Sonnichsen et

al., 2000). Conversion of EEs to downstream endosomal compartments in the ELN occurs
through endosomal maturation that involves a gradual acidification of the lumen(Huotari and
Helenius, 2011). LEs are a varied class of endosomes that transport selected cargo from

EE into lysosomes(Rink et al., 2005), newly synthesized lysosomal hydrolases from the
trans-Golgi network (TGN) into lysosomes, and selected cargo from LE to TGN(Zhang et
al., 2009). Transport from LE and EE to the TGN occurs via the large multiprotein complex
retromer(Rojas et al., 2008) or, alternatively via a LE class marked by Rab9(Bonifacino and
Rojas, 2006). LEs are typically marked by the GTPase Rab7 and biogenesis of these vesicles
depends on activity of receptors of certain signaling pathways, suggesting that this process is
subject to alterations depending on cellular activity (Research in Medical Education, 1992).
LEs eventually form the most acidic intracellular compartments of the ELN, lysosomes,
which are marked by membrane proteins such as lysosomal-associated membrane proteins
1and 2 (LAMP1 and LAMP2) and have a lumen composition comprised of enzymes

called acid hydrolases that are active only at acidic pH (Maxfield and Yamashiro, 1987).
While LAMP1/2 are commonly used as lysosome markers, a recent study demonstrated

that these markers alone do not always label degradative lysosomes and can be associated
with LEs and EES(Cheng et al., 2018). Therefore, when measuring degradative lysosomes,

it is important to also consider organelles containing lysosomal hydrolases such as the
cathepsins, the most abundant lysosomal proteases. Continuous endocytic trafficking of
cargo to lysosomes is crucial to maintain lysosome morphology, pH and intracellular
localization(Bucci et al., 2000).

In addition to endocytosis, compartments of the ELN also participate in formation of
exosomes, involved in the process of exocytosis. Exosomes have an endosomal origin
formed from multivesicular endosomes or multivesicular bodies (MVBSs) with several intra-
luminal vesicles (ILVs)(Hessvik and Llorente, 2018; van Niel et al., 2018). Exosomes aid
in maintaining cellular homeostasis by eliminating unwanted cellular contents and also
contributing to intercellular communication, since exosomal contents of one cell can be
taken up by neighboring cells (Mathieu et al., 2019; Yuyama and lgarashi, 2016). The

ELN also contributes to macroautophagy, a pathway where internal substrates are enclosed
within specific membranes and degraded. This process begins with the formation of
autophagosomes that have an endosomal origin (Puri et al., 2018) and proceed to fuse with
lysosomes to form autolysosomes that degrade any damaged cellular material(Nakatogawa,
2020).

Overall, through coordination of these multiple complex intracellular pathways, the ELN
maintains cellular homeostasis and dysfunction of this network can result in disease
phenotypes in distinct cell types. For more in-depth reviews of the ELN we refer to
excellent reviews(Gautreau et al., 2014; Hu et al., 2015; Hyttinen et al., 2013; Inpanathan
and Botelho, 2019; Klumperman and Raposo, 2014; Kumari et al., 2010; Luzio et al., 2014).
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3. The endo-lysosomal network in Alzheimer’s disease

Early reports of ELN dysfunction in AD were closely associated with the trafficking and
cleavage of the amyloid precursor protein, APP. Studies showed that APP localizes within
vesicle-like structures in cells (Ferreira et al., 1993) and these vesicles and endocytic
pathways were identified as locations where APP cleavage could occur, increasing amyloid
beta (Ap) peptides and plaque formation(Roher et al., 1988). Early clinical studies suggested
a pathogenic role for the ELN in AD. Schwagerl et al., measured the levels of Cathepsin

D (Cat-D), a major lysosomal protease, in the cerebrospinal fluid (CSF) of patients with
AD. Cat-D was presumed to enter the CSF following neuronal death and measured levels
were approximately 4-times higher than healthy control levels, and also higher than the
corresponding levels in patients with other neurodegenerative diseases such as Huntington’s
disease(Schwagerl et al., 1995). This study, and others performed at the time(Cataldo and
Nixon, 1990; Cataldo et al., 1991), suggested that dysfunction of the lysosome could lead to
neuronal cell death associated with various neurodegenerative diseases including AD(Nixon
and Cataldo, 1995). Further work showed hippocampal and prefrontal cortex cells from

AD patients contained 2-8-fold more hydrolase-positive vacuolar compartments than healthy
control brains, suggestive of distinct physiologic differences in ELN components in AD that
were unrelated to normal aging(Cataldo et al., 1996). More recent work has suggested that
Cat-D is upregulated in the AD neocortex and that Cat-D immunoreactivity was colocalized
with neurofibrillary tangles(Chai et al., 2019). Interestingly, this study compared Cat-D
staining between AD, Parkinson’s Disease Dementia and Lewy Body Dementias (LBD) but
only observed an upregulation of Cat-D in AD(Chai et al., 2019). In contrast, Kim et al.,
recently reported decreased levels of Cat-D in plasma collected from AD patients(Kim et
al., 2021). More recent studies have also looked at ELN proteins in biospecimens of AD
patients. Morena et al., found a significant reduction of hexosaminidase isoenzymes A and
B in the PBMCs of mild AD patients, along with an increase in the secretion of HexA and
HexB in the plasma of severe AD patients. Higher levels of beta-galactosidase were also
found in the plasma of severe AD patients, indicating a differential expression of lysosomal
enzymes in both mild and severe cases of AD(Morena et al., 2017). Sjodin et al. analyzed
the concentration of ELN proteins within the CSF of Alzheimer’s and Parkinson’s patients.
They found an increase in the CSF concentrations of proteins such as AP2B1, CTSB, CTSF,
LAMP1, and LAMP2 in AD patients and a subset set of these proteins were altered in

PD patients(Sjodin et al., 2019). Taken together, these studies show that the ELN has long
been and continues to be an attractive target for biomarker development in AD. However,
these findings also underscore the complexity of ELN molecules and suggest that different
processes may occur in the periphery versus the CNS.

Enlarged EEs, indicative of delayed maturation or a block in the endocytic pathway(Kaur
and Lakkaraju, 2018), are also markers of ELN dysfunction. Elegant work in the late 1990s
and early 2000s demonstrated that enlarged EEs preceded canonical AD pathology in patient
brains, indicating that ELN dysfunction occurs early in the course of disease(Cataldo et al.,
1997; Cataldo et al., 2004; Cataldo et al., 2000). Further studies have shown alterations in
genes that regulate endosomal pathways in both autosomal dominant familial AD (FAD) and
in late-onset sporadic AD (SAD). In FAD, mutations in the Amyloid Precursor Protein gene
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(APP) and the catalytic components of the -y-secretase complex, Presenilin 1 and Presenilin
2 (PSENI1, and PSENZ2) genes disrupt various components of the ELN. APP is trafficked
throughout the ELN and its processing by B and y secretases occurs in various ELN
compartment (Haass et al., 2012; Thinakaran and Koo, 2008) and reviewed in (Winckler

et al., 2018). FAD mutations in APP lead to enlarged EEs, can alter interactions between
APP and BACEZ1 in endocytic compartments, affect intracellular sorting and ultimately
increase amyloidogenic processing(Kwart et al., 2019). Presenilins, especially presenilin 2,
are localized to endolysosomal vesicles and this localization may be altered in AD(Deaton
and Johnson, 2020; Pasternak et al., 2003; Sannerud et al., 2016). PSEN1/2 mutations
disrupt lysosome function, alter autophagy, and also result in enlarged EEs(Bhalla et al.,
2012; Das et al., 2016; Fedeli et al., 2019; Hung and Livesey, 2018; Kwart et al., 2019;

La Rosa et al., 2015; Lee et al., 2010; Mecozzi et al., 2014; Nixon, 2017; Reddy et al.,
2016; Sannerud et al., 2016; Zhang et al., 2012). As we mentioned in the introduction, for
late-onset SAD, GWAS have consistently implicated endo-lysosomal loci with increased
genetic risk for disease development, including the genes we discuss below (Bellenguez,
2020; Gao et al., 2018; Karch and Goate, 2015; Schwartzentruber et al., 2021; Van Acker et
al., 2019). Thus, endosomal trafficking and recycling has been referred to as a “hub” that can
reconcile multiple cellular pathologies in both FAD and SAD(Small and Petsko, 2020).

4. AD risk genes in the endo-lysosomal network

4.1. SORL1

SORL 1 encodes the protein SORLA and was originally identified as a member of the LDL
family of receptors(Yamazaki et al., 1996). Subsequent studies also classified SORLA as
one of five mammalian sorting receptors that contain a vacuolar protein sorting domain
(VPS10) (Jacobsen et al., 2001; Jacobsen et al., 1996; Willnow et al., 2008; Yamazaki

et al., 1996). Prior to genetic associations with AD, early studies described loss of

SORLA expression in neurons in SAD brains (Dodson et al., 2006; Scherzer et al., 2004).
Further biochemical characterization revealed a direct interaction between SORLA and APP
and characterized SORLA as a sorting receptor that protected APP from amyloidogenic
processing(Andersen et al., 2005). Functionally, SORLA is now well-characterized as a
receptor that serves as an adaptor protein for the retromer complex(Andersen et al., 2016;
Fjorback et al., 2012). SORLA has also been reported to traffic AR peptides to lysosomes
(Caglayan et al., 2014), and manipulating SORLA expression in non-neuronal and neuronal
cells directly impacts APP processing to Ap peptides(Rogaeva et al., 2007; Young et al.,
2015). In addition to a direct role in APP processing, SORLA traffics receptors for the
neurotrophins BDNF and GDNF (Geng et al., 2011; Glerup et al., 2013; Rohe et al., 2013)
and SORLA expression may impact synaptic function. Synapsins are a family of proteins
that are involved with the regulation of neurotransmitter release at synapses, and thus are
essential in the processes of endo- and exocytosis. Deletion of SORLA in mice resulted

in an accumulation of phosphorylated synapsins in various regions of the brain, indicating
that SORLA may have a direct effect on the degradation of synapsins, which, in turn,

could impact on synaptic vesicle endocytosis (Hartl et al., 2016). Additionally, Huang and
colleagues used SORLA transgenic mice to demonstrate an interaction with the ephrin
receptor EphA4, which is important for synaptic structure and function(Huang et al., 2017).
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Aberrant EphA4 activation by AP has been described in AD (Fu et al., 2007; Vargas et al.,
2018) and SORLA association with EphA4 was shown to suppress synaptotoxic activation
of this receptor(Huang et al., 2017).

In 2007, a candidate gene study implicated two haplotypes in SORL 1 that were associated
with increased AD risk in several population groups (Rogaeva et al., 2007), indicating

that SORL 1 might be considered an AD risk gene. Exome sequencing studies in 2012
identified rare coding variants in SORL 1 present in families with early-onset AD without
known mutations in APP or PSEN1/2 and subsequent larger exome studies have revealed
multiple coding variants in many domains of the protein(Holstege et al., 2017; Pottier et
al., 2012). SORL 1is a large gene and while this in-depth analysis has also found variants
that occur in controls, frameshift variants that lead to premature stop codons and therefore
haploinsufficiency of SORL 1 appear, thus far, to only occur in in AD cases(Holstege et al.,
2017; Raghavan et al., 2018). A large GWAS in 2013 associated SORL1 as a susceptibility
locus in AD and this association has been consistently replicated(Lambert et al., 2013;
Miyashita et al., 2013; Raghavan et al., 2018).

Both genetic and functional studies have continued to indicate the important role SORL 1
plays in AD pathogenesis, supporting the further study of this gene. Recently, our group
has investigated the effect of CRISPR/Cas9-mediated depletion of SORL 1 expression in
human induced pluripotent stem cells in the context of AD pathogenesis. We found that
the neurons lacking SORLA expression developed a significant degree of EE enlargement,
which was concomitant with an altered APP localization within the ELN(Knupp et al.,
2020), indicating a critical role for SORL1 in endosomal trafficking. Taken together, the
above studies clearly suggest that the SORL 1 gene and SORLA protein may have a direct
role in ELN function and in AD pathogenesis and may have the potential to lead to future
diagnostic or therapeutic approaches in AD.

BIN1 (Bridging Integrator-1) was originally characterized as a mycinteracting protein,
structurally related to amphiphysin(Sakamuro et al., 1996). Further studies showed that that
Bin1 was involved in dynamin recruitment to clathrin-coated pits at nerve terminals(Wigge
etal., 1997). BIN1is repeatedly associated with increased AD risk in multiple genome-
wide studies with an association second after APOE (Harold et al., 2009; Kunkle et al.,
2019; Lambert et al., 2013; Seshadri et al., 2010). BIN1 is part of the BAR domain

protein family that regulates membrane dynamics(De Rossi et al., 2016; Prokic et al.,
2014). It undergoes alternative splicing to generate several cell type specific isoforms.

All the isoforms contain two functional domains, BAR and the Src-homology (SH3)
domains and regulate membrane invaginations and interactions with dynamin. However,
the neuronal isoform has an additional domain, called the clathrin and adaptor binding
domain (CLAP) domain suggesting that BIN1 participates in clathrin mediated endocytosis
in neurons. Loss of B/NI in rodent cortical and hippocampal neurons results in increased
endocytosis and enlarged Rab5-positive EEs, leading to endosomal membrane damage and
tau leakage(Calafate et al., 2016). Loss of B/NI in rodent neurons also impaired trafficking
of the type | transmembrane aspartyl protease enzyme, BACE1, required for Ap production
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to lysosomes. (Miyagawa et al., 2016). Interestingly, studies in human neurons report that
BIN1 overexpression resulted in increased EE size and loss of B/NI resulted in decreased
EE size(Lambert et al., 2021)(). Taken together, these studies suggest that the role of B/N1,
although different in rodents and humans, is crucial in regulating ELN function in neurons
especially at the level of EEs. The BAR domain in B/NI is responsible for vesicle budding
and hence it is possible that BIN1 is required for maturation of EEs to LEs. Loss of B/INI
alters this process resulting in changes to EE size, which may affect downstream trafficking
pathways.

Targeted, quantitative RT-PCR studies using RNA isolated from postmortem brain tissue
demonstrated that levels of B/NI expression are associated with AD progression and age of
onset, while expression of neuronal isoforms of B/NI were associated with duration of the
disease (Karch et al., 2012). Further evidence in post-mortem brain tissue shows neuronal
isoforms of B/NI decreased in AD(Holler et al., 2014). Novel computational strategies
enabled Marques-Coelho et al. to perform differential gene expression analysis of several
genes including B/NI and determine that B/NI expression in different cell types is capable
of isoform switching in early- and late-stage AD brains(Marques-Coelho et al., 2021).

BIN1 expression correlates with Tau pathology(Holler et al., 2014) and BIN1 protein

may interact directly with Tau, although this interaction may be disrupted by Tau
phosphorylation(Sottejeau et al., 2015). This further underscores a role for B/N1in
molecular regulation of Tau. Axonal sorting of BACE1 by BIN1 can alter whether Ap

is generated in the somatodendritic or axonal compartments in neurons(Ubelmann et al.,
2017). Together, this work suggests that B/NZ may impact both neuropathologies of AD, AB
and hyperphosphorylated Tau. However, other studies have reported no association between
BIN1 with neurofibrillary tangles and senile plaques(De Rossi et al., 2016) and shown that
reduction of B/NI expression does not regulate Ap in 5XFAD mice (Andrew et al., 2019).

Interestingly, Crotti et al., showed that AD-associated SNPs in B/ may promote increased
BIN1 expression in microglia and that this, in turn, may affect expression of chaperones
that participate in Tau clearance as well as increased release of tau in extracellular
vesicles (Crotti et al., 2019). This data further implicates microglia in Tau spreading

and could indicate a cell-type specific role for altered expression of B/NI1. Exosomes
released from neurons may also be involved in cellular crosstalk between neurons and
microglia, thereby influencing pathophysiological functions of microglia in the brain.
Indeed, McAvoy et al. recently highlighted non-cell autonomous effects of neuronal BIN1
on microglia demonstrating that genetic ablation of B/N in excitatory neurons modulates
the transcriptome of microglia, activating pathways involved in neuroinflammation and
reactive-oxygen species production(McAvoy et al., 2019). However, whether this effect
was mediated via exosomes was not studied. B/NI is highly expressed in other brain cell
types such as oligodendrocytes and plays a role in myelination(De Rossi et al., 2016). It
is not known if this is mediated through an endocytic mechanism but this concept will be
interesting to explore because intracellular trafficking of myelin through the ELN within
oligodendrocytes is crucial for the process of myelination (Winterstein et al., 2008).
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CD2AP was described in 1998 as an adaptor protein; initially its proposed role was to

link specific adhesion receptors to the cytoskeleton of the cell(Dustin et al., 1998; Tao et
al., 2019). Further studies demonstrated a role for CD2APin endocytosis and endosome
morphology in conjunction with RAB4, a marker of fast recycling endosomes(Cormont

et al., 2003), growth-factor induced endocytosis (Kobayashi et al., 2004), and lysosomal
trafficking(Furusawa et al., 2019). Beginning in 2011, multiple studies have linked CD2AP
to increased AD risk(Hollingworth et al., 2011; Kamboh et al., 2012), including a recent
GWAS of AD risk loci in African American individuals (Kunkle et al., 2021). Functionally,
reduction of expression of CD2AP reduces AP peptides and lowers the AB42:40 ratio in
neuroblastoma cell lines and transgenic mice(Liao et al., 2015). Interestingly, CDZAP was
also shown to impact APP degradation where reduced expression of CD2AP in neurons
led to accumulation of APP in early endosomes (Ubelmann et al., 2017) preventing

local degradation by lysosomes. Furthermore, overexpression of CD2AP increased APP
colocalization in late endosomes, stimulating APP degradation(Furusawa et al., 2019).
These findings are consistent with a model in which CD2AP protein could function to
increase the degradation rate of APP, thus reducing amyloidogenic cleavage. CD2APis
ubiquitously expressed and is also implicated in non-neuronal mechanisms that contribute
to AD pathogenesis. CDZAP expression is enriched in brain microvascular endothelial
cells(Dustin et al., 1998) and Cochran et al., found reduced blood-brain barrier (BBB)
integrity in CD2AP null mice(Cochran et al., 2015). CDZAP may also play a role in
immune function and immune cell migration(Srivatsan et al., 2013). Microglia also express
CDZ2AP(Tao et al., 2019) and, as endocytosis and phagocytosis proceed through similar
cellular mechanisms, it is plausible that CDZAP could regulate microglial function as well,
although this has not yet been directly tested. However, these studies indicate that CD2AP
could have distinct roles in CNS cells that impact multiple aspects of AD pathogenesis.

4.4. PICALM

PICALM was identified in 1996 as CALM (Clathrin-assembly lymphoid myeloid), a gene
involved in a chromosomal translocation found in leukemias(Dreyling et al., 1996). Further
studies demonstrated that PICALM is a clathrin-binding protein that mediates endocytosis
and trafficking between the TGN and endosomes(Tebar et al., 1999). Mutations in

PICALM that result in truncated proteins led to defects in hematopoiesis, iron metabolism,
and bone growth in mice, underscoring the importance of endocytic function in these
processes(Klebig et al., 2003). GWAS first associated P/ICALM with AD in 2009(Harold

et al., 2009) and this association has been replicated in several studies(Corneveaux et al.,
2010; Jun et al., 2010). In 2013, Ando et al., provided immunohistochemical evidence

of increased PICALM expression in the AD brain. Interestingly PICALMwas highly
upregulated in both SAD and FAD neurons, but only upregulated in SAD microglia(Ando
et al., 2013). Furthermore, they documented a high association of PICALM protein with
neurofibrillary tangles but not with amyloid plaques(Ando et al., 2013). Recent work

using both baker’s yeast and human induced pluripotent stem cell (hiPSC) models has
uncovered high conservation between P/ICALM and its yeast homolog Yap1802p. This study
showed that expression of human APOE &4 in yeast induced EE abnormalities including
disrupted localization of the RAB5 homologs in yeast, YPT5 and VPS21. They also showed
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that hiPSC-derived astrocytes expressing APOE e4 had reduced EEAL levels and reduced
internalization of the cell surface ligands transferrin and the epidermal growth factor (EGF).
In both models, the endosomal defects were rescued by increasing expression of PICALM/
Yap1802p(Narayan et al., 2020). This study shows a functional interaction between to
AD-linked genes, APOE e4 and PICALM, and highlights the biological conservation of
endocytic processes across organisms.

4.5. Ephrin receptors

Ephrin receptors belong to a large receptor tyrosine kinase family that is involved in
interactions between cells and the extracellular matrix to regulate morphology and cellular
behavior(YYamazaki et al., 2009). Ephrin receptors are endocytosed, sometimes as a complex,
to regulate signaling events necessary for proper synapse formation and maturation in
neurons(Pitulescu and Adams, 2010). Common variants in EPHAI have been associated
with increase AD risk by GWAS(Hollingworth et al., 2011) and replicated in a case-control
study(Carrasquillo et al., 2011). Several models show reduction of Ephrin receptors in AD
mouse models(Simon et al., 2009) and increasing expression of these receptors may rescue
ApB-induced neurotoxicity(Geng et al., 2013). Although not associated with AD by GWAS,
EphA4 receptor levels were shown to be decreased in the hippocampus of patients with
AD(Simon et al., 2009). Interestingly, a more recent study showed that the AD-risk gene
SORL1/SORLA interacts with the EphA4 receptor and attenuates Ap-mediated EphA4
activation(Huang et al., 2017) thus impacting neurotoxicity and synaptic function. Together
this work reinforces the connections between endocytic trafficking and neuronal synaptic
function.

5. Human models for AD risk genes

For many genes implicated in AD risk, cell type specific expression and function will

be both a biological phenomenon and a challenge for therapeutic development. Recent
studies have identified cell-type specific expression quantitative trait loci in blood and
brain(Patel et al., 2021)as well as AD risk enhancers that may regulate cell-type specific
expression(Novikova et al., 2021). Gene expression is important to consider outside of the
CNS as well, as many GWAS disease variants are enriched in the brain vasculature(Yang
etal., 2021). The ELN is an essential cellular pathway that is present in every cell type.
However, the function of the ELN and the expression of the genes and proteins that regulate
it may be very different in the diverse cell types of the CNS. This challenge impacts both
basic mechanistic studies, which need to perform experiments in relevant cell types, as well
as pre-clinical drug testing studies, which need to apply potential therapeutic compounds to
relevant cell types. To fully understand the biology of AD risk genes, including those that
function in the ELN, we require dynamic cellular models to understand the mechanisms
that lead to neurodegeneration. hiPSCs derived from patients, controls, or autopsy tissue
have provided insights into disease pathogenesis in brain-relevant cell types. For the past
~15 years, hiPSC-derived neural cell models have uncovered important insights into disease
mechanism in both familial AD (FAD) and sporadic AD (SAD) models(Mungenast et

al., 2016; Penney et al., 2020; Qian and Tcw, 2021; Raman et al., 2020; Riemens et

al., 2020). The inherent power in this model is the ability to finely manipulate genomic
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variants that are associated with disease risk via genomeediting as well as generate cell lines
that encompass the genomes of AD patients, which can begin to ascertain the biological
effects of polygenic disease risk. hiPSCs can be differentiated into all cell types of the
central nervous system and periphery, thus generating dynamic living models to visualize
human disease pathogenesis (See Fig. 1). This technology is increasingly important as we
uncover more evidence of cell-type specific expression of genes. Multiple protocols exist
to generate cell types of interest, although as with any lab model, certain limitations exist.
These limitations include immaturity of cells and lack of exact ratios of cell types to

mimic the human brain. However, advances in differentiation technology, direct conversion
or transdifferentiation of cells, and organoid technology are moving to overcome these
challenges(D’Souza et al., 2021). For SAD in particular, given its genetic complexity,
understanding the biological underpinnings of how ELN genes increase AD risk is crucial.
Although GWAS-identified loci are common and have low-effect sizes in a population,
subtle changes in ELN function may have strong cellular effects in human neural cells over
the course of a decades-long disease such as AD. Cellular systems, both patient-derived
and gene-edited, can identify early phenotypes due to AD risk genes, prior to modification
by the environment. This is particularly important in understanding early stages of AD
pathogenesis and identifying which processes are potentially modifiable for therapeutic
development.

6. Conclusion

Understanding the genetic underpinnings of late-onset, sporadic AD and related dementias
(ADRD) is a challenging and rapidly progressing field. Recently, large GWAS study has
reported 42 novel loci linked to increased risk for ADRD(Bellenguez, 2020) which include
novel hits in ELN-related genes, including SORT1 (Sortilin), SNX1 (Sorting nexin 1) and
CTSB (Cathepsin B) among others. We fully expect that future studies will continue to
implicate the ELN as a relevant biological pathway. The ELN is a highly conserved network,
essential for proper function of all cell types. Disruptions to the ELN are apparent in
neurodegenerative disorders, underscoring the importance of protein trafficking in the brain.
As we have discussed above, ELN genes associated with increased AD risk have complex
and often cell-type specific roles, some of which are integrated with AD neuropathology
and some of which are independent of amyloid or Tau pathology. Despite this complexity,
alteration in ELN function are likely early events in disease pathogenesis, making it an
attractive target for development of diseasemodifying therapeutics.
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Fig. 1.

AI?) risk genes in the ELN function in diverse cell types in the brain. In microglia, BIN1
regulates Tau propagation via its role in in mediating extracellular vesicle release and
may also be involved in extracellular cross-talk between neurons and microglia. CD2AP
regulates APP transport from early endosomes to lysosomes and may contribute to APP
degradation in neurons and other cell types as well as functioning in growth-factor mediated
endocytosis in neurons which may stimulate pathways involved in learning and memory.
SORL1 can mediate trafficking from the early endosome through various arms of the
ELN and, in conjunction with EPHAA4, play an important role in synaptic structure and
function. PICALM is a clathrin-binding protein that mediates trafficking between early
endosomes and the TGN. Furthermore, PICALM may interact with APOE in astrocytes
to control internalization of cell surface ligands. In brain endothelial cells, multiple ELN
associated genes function in roles of AP clearance, maintenance of BBB integrity and
cerebral blood flow through regulation of early endosomes, recycling endosomes, and the
autophagy pathway. (Image created with BioRender.com).
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