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Abstract
Amyloid-β (Aβ) peptide accumulation in the brain is central to the pathogenesis of Alzheimer’s
disease (AD). Aβ is produced through proteolytic processing of a transmembrane protein, β-amyloid
precursor protein (APP), by β- and γ-secretases. Mounting evidence has demonstrated that alterations
in APP cellular trafficking and localization directly impact its processing to Aβ. Members of the low-
density lipoprotein receptor family, including LRP, LRP1B, SorLA/LR11, and apoER2, interact with
APP and regulate its endocytic trafficking. Additionally, APP trafficking and processing are greatly
affected by cellular cholesterol content. In this review, we summarize the current understanding of
the roles of lipoprotein receptors and cholesterol in APP trafficking and processing and their
implication for AD pathogenesis and therapy.
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1. Amyloid-β peptide and Alzheimer’s disease
Alzheimer’s disease (AD) is the most common cause of dementia in the elderly. The
characteristic pathological lesions found in AD are the deposition of extracellular amyloid
plaques and intracellular neurofibrillary tangles [1]. The major component of the amyloid
plaques is the ~4 kDa amyloid-β (Aβ) peptide, which is a cleavage product of the β-amyloid
precursor protein (APP) [2,3]. Aβ ranges in size from 37 to 43 amino acids; however, Aβ42
(43) may act as a pathogenic seed for Aβ aggregation and amyloid plaque formation because
they are more hydrophobic compared to the shorter Aβ peptides. One current hypothesis known
as the “amyloid hypothesis” postulates that increased Aβ production or reduced Aβ clearance
results in the formation of aggregated Aβ deposits leading to AD dementia [1,4,5].
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Non-amyloid assemblies of Aβ are now considered as the primary cause of neuronal injury,
synaptic loss, and the eventual dementia associated with AD. Soluble Aβ42, isolated from
brain, plasma, and cerebral-spinal fluid (CSF), correlates with the severity of
neurodegeneration in AD [6,7]. In vitro, soluble Aβ is neurotoxic and inhibits
electrophysiological activity that may be necessary for the formation and maintenance of
memory [8–11]. Although the importance of soluble Aβ species in neuronal and synaptic
toxicity in AD is well documented/supported, the precise biochemical form in which toxic
Aβ assemblies exist remains controversial. For example, a soluble, SDS-stable dodecamer
known as Aβ*56 was identified as the toxic species of Aβ in brain extracts of certain APP
transgenic mice [12], yet Aβ dimers isolated directly from human AD brains were found to be
the only toxic species of Aβ that impairs synaptic plasticity and memory [13]. The relevance
of these Aβ assemblies in the pathogenesis of AD, particularly their in vivo roles, requires
further investigation.

Genetic studies have revealed that the processing of APP to Aβ is important for AD
pathogenesis [4,14]. Mutations in the APP gene, as well as presenilin 1 (PS1) and PS2 genes,
whose products are major constitutes of the γ-secretase complex, can directly result in familial,
often early-onset, AD (FAD). However, although FAD genetics and mouse models have
generated tremendous insights into AD pathogenesis, the vast majority of AD cases are
sporadic with late-onset. For this reason, it is of great interest to study the proteins, lipids, and
microenvironments that modulate APP processing to Aβ.

2. APP biology and processing
2.1. APP structure and function

APP is a type I transmembrane protein with characteristics of a cell surface receptor despite
the lack of a known bona fide ligand. The function of APP is further complicated by the
presence of two APP-related genes, APLP1 and APLP2 [3]. Deletion of Aplp2 and either
App or Aplp1 in mice results in early postnatal lethality [3,15], suggesting redundancy between
APLP2 and the other two family members. Only APP contains the Aβ region and produce the
AD-associated Aβ peptide. The APP gene is alternatively spliced to produce three major
isoforms of 695, 751, and 770 amino acids in length. The longer APP isoforms, APP751 and
APP770, contain a 56 amino acid Kunitz Protease Inhibitor (KPI) homology domain within
their extracellular regions. APP is expressed throughout the body, but APP695, which lacks
the KPI domain, is the predominant form found in neurons. APP ectodomain has been shown
to participate in cell adhesion, neurite outgrowth, and synaptogenesis [3]. The APP intracellular
domain (AICD), featuring a motif that interacts with an array of adaptor proteins that modulates
cell migration, axonal transport, and cell signaling [3,16]. By modulating APP expression in
developing embryos, a recent study has demonstrated a critical role of APP in neuronal
migration during development [17].

2.2. APP processing to Aβ
APP has a relatively short half life [18,19], largely due to its proteolytic processing through
two alternative pathways [1,3]. In the amyloidogenic pathway, APP is first cleaved at a β-
secretase site by the enzyme BACE (β-site APP cleaving enzyme) [20], which releases a soluble
β-cleaved APP fragment (sAPPβ) and leaves a 99 amino acid C-terminal fragment (CTF),
known as C99, attached to the membrane. C99 is subsequently cleaved by a γ-secretase
complex [21] within its intramembrane region to release the Aβ peptide. In the non-
amyloidogenic pathway, APP is processed by an α-secretase [22] that clips within the Aβ
region, which results in the release of a soluble ~110–120 kDa α-cleaved APP fragment
(sAPPα). This pathway also releases a CTF that is 83 amino acids in length known as C83.
C83 can also be cleaved by γ-secretase to release p3. In both the amyloidogenic and non-
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amyloidogenic pathways, the γ-secretase cleavage of APP also releases an APP intracellular
domain fragment (AICD). The processing of APP to these various components may have
important consequences in both disease and normal physiology [3,16].

2.3. Endocytic trafficking of APP
APP and APP cleavage products are found in clathrin-coated vesicles, suggesting that the
amyloidogenic processing of APP could occur in the endocytic pathway [23]. In 1994, Koo
and Squazzo showed that cell surface radiolabeled APP releases Aβ and that endocytosis of
APP is also necessary for Aβ production. Inhibiting endocytosis of cell surface APP by
potassium depletion, which disrupts the formation of clathrin lattices, or by C-terminal deletion
of the APP tail, which removes important internalization motifs, leads to a decrease in Aβ
production as well as an increase in cell surface APP and sAPPα secretion [24]. By site-directed
mutagenesis analysis, it was found that the dominant endocytosis motif within the APP tail is
the tetrapeptide YENP [19]. Cell secreted Aβ was greatly reduced when this endocytosis motif
was functionally disrupted.

A tight correlation between APP endocytosis and Aβ secretion was further established based
on studies that show secretase localization/compartmentalization. β-secretase (BACE)
localizes to the Golgi and endosomes in HEK cells and has optimal activity at the acidic pH
found within the endosomal compartments [20,25]. Components of the γ-secretase complex
have been localized to the endoplasmic reticulum (ER), TGN, cell surface and also in
endosomes and lysosomes [26–28], whereas α-secretase activity is found primarily at the cell
surface [29]. Since the secretases responsible for APP proteolysis have optimal enzymatic
activity or distribution within specific cellular compartments, shifting APP to these
compartments leads to an increased probability that APP will be cleaved by that secretase.
Therefore, when cell surface APP is internalized into endosomes, it is cleaved primarily at the
β-secretase site by BACE. Subsequent cleavage by γ-secretase produces Aβ. On the other hand,
if APP accumulates at the cell surface, it is more likely to be cleaved by α-secretase to
sAPPα via the non-amyloidogenic pathway.

Although a large amount of work has been devoted to the study of APP trafficking within the
endocytic pathway, there is only emerging evidence that APP-interacting proteins and lipids
such as cholesterol can affect its trafficking and processing. The remainder of this review will
focus on discussing the roles of several members of the low-density lipoprotein receptor
(LDLR) family and cholesterol in the cellular localization and trafficking of APP and how
these events in turn affect APP processing to Aβ.

3. Roles of LDLR family members in APP trafficking and processing
3.1. The LDLR family

The LDLR family consists of a large class of cell surface receptors of diverse function [30,
31]. The family includes the LDLR, LDLR-related protein 1 (LRP1, also known as LRP), LDL
receptor-related protein 1B (LRP1B), megalin/LRP2, the very low density lipoprotein receptor
(VLDLR), apoE receptor 2 (apoER2), LRP4/MEGF7, LRP5, LRP6, and sorting protein-related
receptor containing LDLR class A repeats (sorLA) or LR11 (Figure 1). Although members of
the LDLR family perform a variety of functions from cholesterol metabolism to cellular
signaling, they share several structural and functional features: 1) ligand-binding complement-
type repeats, 2) epidermal growth factor (EGF) receptor-like repeats, 3) YWTD β-propeller
domains, 4) one or more endocytic motifs within their cytoplasmic domains, and 5) binding
of apolipoprotein E (apoE), a protein involved in cholesterol transport. Interestingly, apoE
exists in three isoforms (E2, E3, and E4) in humans, and the presence of the ε4 allele represents
a genetic risk factor for late-onset AD [32]. Ligand binding to LDLR family members is
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antagonized by receptor-associated protein (RAP), an ER chaperone that assists their proper
folding and prevents premature ligand binding to these receptors during their trafficking along
the secretory pathway [33]. Recombinant RAP is an excellent pharmacological tool because
its exogenous application was found to universally antagonize ligand binding to LDLR family
members. At least four members of the LDLR family interact with APP and regulate its
trafficking - LRP1, LRP1B, SorLA/LR11, and apoER2.

3.2. LRP1 promotes APP endocytosis and its processing to Aβ
LRP1 is a 600 kDa multi-functional endocytic receptor that is highly expressed in the brain.
LRP1 is synthesized as a single polypeptide precursor and is cleaved by furin in the TGN to
produce a non-covalently associated heterodimer: a heavy chain (515 kDa) containing four
putative ligand binding domains, and a light chain (85 kDa) containing the transmembrane
domain and the cytoplasmic tail [30,34]. LRP1 was initially identified as a receptor for apoE
[35] and activated alpha-2-macroglobulin (α2M) [36]. Since then, LRP1 has been shown to
bind and endocytose over 40 structurally and functionally diverse ligands [30,37]. The function
of these ligands can be divided into many classes, including lipoproteins, proteinases,
proteinase-inhibitor complexes, blood coagulation factors, growth factors, extracellular matrix
proteins, chaperones, and bacteria/viral proteins. The majority of LRP1 ligands, including apoE
and RAP, have been shown to bind to Domains II and IV of LRP1 with similar affinities
[38–40].

A unique feature of LRP1 is its rapid endocytosis rate, with half of the receptors at the cell
surface able to internalize within 30 seconds (t1/2<0.5 min) [41]. Site-directed mutagenesis
revealed that the YATL sequence and the distal di-leucine are the major endocytic motifs within
the LRP1 tail [41]. LRP1 rapidly endocytoses a wide variety of ligands suggesting that it
primarily functions as a cargo transporter; however, several studies have found that LRP1 also
regulates several signaling pathways that impact diverse cellular functions such as cell
proliferation, synaptic plasticity, and glutamate receptor scaffolding [30,37].

LRP1 has been linked to AD in several ways. First, LRP1 binds to several ligands that are
genetically related to AD including α2M, lactoferrin, APP, and Aβ in addition to apoE [30].
Second, LRP1 mediates the clearance of Aβ in vitro either by binding to Aβ itself or Aβ
complexed to these ligands [42,43]. Third, LRP1 and its ligands are found in amyloid plaques
in AD brains [44]. Finally, several polymorphisms within the LRP1 gene have been linked to
the risk for AD [45,46]. Together, these findings suggest that LRP1 could play a pivotal role
in AD pathogenesis.

Mounting evidence demonstrates that LRP1 is a major APP binding partner and regulates it
trafficking and processing to Aβ. Initial studies reported that both sAPP and cell surface APP
containing the KPI domain bind to and are internalized by LRP1 [47,48]. An intracellular
interaction also exists between LRP1 and non-KPI containing APP through the cytoplasmic
adaptor protein, FE65. Specifically, pull-down experiments demonstrated that the amino-
terminal PTB1 of FE65 binds to LRP1 and the carboxyl-terminal PTB2 of FE65 binds to APP
[49], suggesting that FE65 likely acts as an adaptor to complex these two proteins. A
cytoplasmic interaction between APP and LRP1, bridged by FE65, could further strengthen
the association between LRP1 and KPI-containing forms of APP and also account for an
association between non-KPI containing APP and LRP1. These interactions between APP and
LRP1 have been substantiated with cell surface biotinylation, co-immunoprecipitation, and
fluorescence resonance energy transfer (FRET) techniques [50,51].

A report by Ulery et al. [52] showed that long-term treatment of cells with RAP to disrupt the
extracellular interaction between LRP1 and APP increases cell surface APP and decreases
Aβ production. In the same study, co-transfection of APP and LRP1 in LRP1-deficient cells
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led to a ~3-fold increase in Aβ levels in the media compared to media from cells transfected
with APP alone. These data demonstrate that LRP1 expression and function can influence APP
processing to Aβ. The role of LRP1 in promoting APP processing to Aβ is further confirmed
in several subsequent studies [53,54]. Most importantly, the rapid endocytosis rate of LRP1
was found to be directly responsible for increased APP internalization and processing to Aβ
[53–55]. Interestingly, studies by Ye et. al (2005) demonstrated that application of apoE4 to
cells expressing KPI-lacking APP increases APP endocytosis and Aβ levels in a manner that
depends on LRP1 function [56]. Although this study provides an interesting link between the
pathogenic alleles of apoE, LRP1, and APP, it is unclear how the binding of apoE4 to LRP1
influences APP processing. Future studies are needed to determine if apoE binding to LRP1
alters LRP1 endocytosis, localization, or its ability to interact with APP.

LRP1 interacts with BACE and presenilin 1 and is a substrate for β- andγ-secretase [57–60],
suggesting that the alterations in APP processing by LRP1 could be more complex than
originally considered. LRP1 may influence APP access to secretases through interactions with
the secretases themselves or by changing the compartmentalization of APP. In the case of γ-
secretase activity, LRP1 C-terminal fragments may compete with APP as a substrate for
cleavage [59]. In the case of β-secretase activity, LRP1 may cooperatively aid interactions
between APP and BACE [57]. Together, these studies demonstrate that LRP1 and APP not
only interact with one another but also are functionally related in cellular trafficking and
processing pathways.

3.3. LRP1B inhibits APP endocytosis and reduces Aβ production
LRP1B was first identified as a LDLR family member with extensive homology to LRP1
[61]. LRP1B shares 59% amino acid identity with LRP1 and the two receptors also exhibit
similar overall structural modules (Figure 1). There are two major structural differences
between LRP1 and LRP1B. First, LRP1B contains one additional ligand binding repeat within
its fourth ligand binding domain. Second, LRP1B has a unique 33 amino acid sequence within
its cytoplasmic tail [61,62]. LRP1B was initially named LRP-deleted in tumors (LRP-DIT)
because the LRP1B gene was deleted or inactivated in 40% of the non-small cell lung cancer
cell lines (NSCLC) [61]. Since then, inactivation of the LRP1B gene has been described in
several types of human cancers [63,64], suggesting a role for LRP1B as a tumor suppressor.
Indeed, studies have shown that LRP1B impairs urokinase receptor regeneration on the cell
surface and inhibits cell migration [65]. By using LRP1B minireceptor containing its fourth
ligand binding domain, the Bu laboratory has demonstrated that several LRP1 ligands also
bind to LRP1B [62]; however, LRP1B has a very slow endocytosis rate (t1/2~8 min) compared
to LRP1 [62] likely by using a less efficient endocytosis signal [66]. The distinction between
endocytosis properties of LRP1B and LRP1 suggests that these two receptors likely antagonize
each other’s function by competing for binding of common ligands and thereby inhibit or
promote their cellular catabolism.

Because of high degree of homology between LRP1B and LRP1, we investigated whether
LRP1B could also interact with APP. Using an LRP1B minireceptor, we found that mLRP1B4
and APP form an immunoprecipitable complex [67]. Furthermore, mLRP1B4 bound and
facilitated the degradation of a soluble form of APP containing a KPI domain. A functional
consequence of mLRP1B4 expression was a significant accumulation of APP at the cell
surface, which is likely related to the slow endocytosis rate of LRP1B, and a concomitant
reduction of Aβ production [67]. Using a LRP1B specific antibody, we confirmed the
expression LRP1B at the protein level in the cortex, hippocampus, and cerebellum [67]. Since
these studies suggest its expression may decrease the extracellular release of Aβ, examination
of the regulation of LRP1B may have important applications to AD therapy.
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3.4. SorLA/LR11 regulates APP trafficking and reduces its processing to Aβ
SorLA/LR11 is a ~250 kDa receptor containing ligand-binding complement-type repeats and
YWTD domains. Unique in the LDLR family, it contains a vacuolar protein sorting 10 protein
(vps10p) domain, which is homologous to a yeast receptor that transports proteins between the
late Golgi and a prevacuolar endosome-like compartment [68]. Abundant mRNA expression
of sorLA was found in human brain, spinal cord, and testis [69]. SorLA shares similarity with
other members of the LDLR family by binding to RAP, apoE, and lipoprotein lipase [69,70];
however, its endocytosis rate is much slower than LRP1. Since sorLA is also part of the family
of VPS10 domain-containing receptors, its main role may be to chaperone proteins as an
intracellular sorting receptor. SorLA does not appear to play an important role in development
since sorLA receptor-deficient mice were viable and fertile [71].

The first clue that sorLA might play an important role in AD pathogenesis was the finding that
expression of sorLA/LR11 is significantly reduced in AD brains [72]. Soon after, studies by
Andersen et al. [71] demonstrated a direct interaction between sorLA/LR11 and APP. Similar
to LRP1 binding to APP, the extracellular cluster of ligand-binding repeats in sorLA is required
for this interaction, although the KPI domain is not required [54,73]. Over-expression of sorLA
in neurons shifted APP redistribution to the Golgi compartment and decreased its processing
to Aβ. More importantly, a deletion of the Sorla gene in mice resulted in increased levels of
Aβ in the brain, reminiscent of what was observed in AD patients [71]. Thus, sorLA acts as a
sorting receptor that protects APP from processing into Aβ. SorLA expression also
significantly reduced Aβ levels in cells expressing endogenous APP [74]. Interestingly, sorLA
also interacts with BACE and competes with interactions between APP and BACE in the Golgi
apparatus [75]. In addition, sorLA is also proteolytically processed by the γ-secretase and this
intramembrane proteolysis likely modulates a sorLA-mediated signaling event [76].
Altogether these findings indicate that sorLA regulates APP trafficking into discrete
intracellular compartments and also influences its interactions with secretases. Decreased
levels of sorLA as found in AD could result in increased interactions between APP and BACE
which would enhance its processing to Aβ. More direct evidence that links sorLA to AD came
from a recent study demonstrating that inherited variants in the SORL1 gene are associated
with late-onset AD [77]. Taken together, although the exact mechanism by which sorLA
expression is decreased in AD brains is still not clear, sorLA is clearly a potential target that
can be explored for AD therapy.

3.5. ApoER2 reduces APP endocytosis and is able to promote or inhibit its processing
ApoER2 is highly expressed in the hippocampus and the cortex [78]. Along with the VLDLR,
apoER2 has a pivotal role in neuronal migration during brain development [79]. In addition,
apoER2 has important roles in adults as a receptor for soluble ligands apoE, reelin, and F-
spondin [78,80,81], and interacts and/or regulates membrane proteins, such as APP [82,83]
and NMDAR [84,85]. Reelin binding initiates a signaling pathway through the binding and
phosphorylation of the adaptor protein Dab1 to the NPxY motif of apoER2, which activates
SRC family tyrosine kinases [86] and PKB/AKT, and ultimately inactivating GSK3β and
blocking tau hyperphosphorylation [79]. ApoE binding also mediates the entrance of
cholesterol to the cell [78] as well as signaling pathways related to cell survival or apoptosis,
depending on the apoE isoform [87–89]. APP levels and Aβ are significantly increased in the
frontal cortex and hippocampus of apoER2 KO mice [90] and the apoER2 ligand reelin is
significantly reduced in the enthorinal cortex of AD model of mice and in human AD brains
[91]. Moreover, a genetic polymorphism in the LRP8 (APOER2) gene has been associated with
AD [92].

ApoER2 is expressed as several splice variants in a tissue specific manner [93], which
determines the ligand repertoire and cell responses. One of the splicing variants includes exon
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19 that encodes for a 59 amino acid proline-rich insert in the cytoplasmic domain of the receptor
that binds to JNK interacting proteins (JIPs) [87,94,95]. The presence of this variant is
responsible for the positive role of reelin on the NMDAR activation and calcium entrance
through the binding of PSD95 and of X11α/β/Mint1/2 [96]. ApoER2 strongly associates with
lipid raft (LR) independent of the presence of the proline-rich insert [97,98], and is
constitutively endocytosed by the clathrin-mediated pathway, which is dependent on the NPxY
motif in its cytoplasmic domain and the adaptor protein Dab2 [98]. However, compared with
the other members of the LDLR family, its internalization efficiency is significantly slower
[98,99] and does not depend on the presence of the proline-rich insert in the cytoplasmic tail
[98]. This indicates that a significant amount of apoER2 is normally present at the plasma
membrane.

Like APP, apoER2 also undergoes proteolytic processing by α- and γ-secretases [83,100]. The
extent of this processing is regulated by ligand binding for both APP and apoER2 [82,101,
102]. F-spondin binds simultaneously to APP and apoER2, inducing the formation of a
complex that stabilizes the proteins at the cell surface, thus inhibiting APP amyloidogenic
processing [82]. Reelin also induces APP and apoER2 processing, most likely by α-secretase
[102]. The resulting apoER2 ICD is able to traffic to the nucleus and regulates transcription
[100].

APP and apoER2 bind common cytoplasmic adaptor proteins. Dab1 binds through its
phosphotyrosine-binding (PTB) domain to NPxY motif of both APP [103] and apoER2, and
overexpression of the full-length Dab1 or of its PTB domain augments the α-secretase
processing of both APP [102,104] and apoER2 processing [102]. Similarly, Dab2 binds to the
NPxY motif of APP and apoER2 and mediates their endocytosis [18,98], leading to an increase
in amyloidogenic processing [18]. X11/Mint family proteins containing PTB and PDZ domains
bind to APP (to the YENPTY motif) [105] and apoER2 (to the sequence YDRPLW within the
59-residue insert [96]) but with different effects on APP processing and Aβ production.
Expression of the neuron-specific X11α and β correlates with a stabilization of APP, an increase
in APP’s half-life, and a reduction of Aβ production [105,106]. However, in the presence of
apoE, X11/APP complex is endocytosed along with BACE, thus increasing Aβ40. This effect
is more pronounced with apoE4 and depends on the co-expression of apoER2 [96], thus
creating a link between the disease related isoform of apoE with it receptor in the amyloidogenic
pathway. Fe65 also binds to APP and apoER2, and probably connects them. The final effect
is an increase of both proteins at the cell surface and the promotion of α-secretase processing
[107].

ApoER2 and APP also interact directly in the absence of ligand binding and independently of
the cytoplasmic domain of the proteins [83], giving an additional level of regulation. This could
imply apoER2 in a yet described role in the neurotrophic effect of soluble APP [3]. As apoER2
exhibits a slower endocytic rate than APP, the co-expression of both proteins increases APP
at the cell surface and decreases APP endocytosis rate [83]. However, the final effect of this
co-expression is an increase in both Aβ40 and Aβ42 [83]. How could this observation be
reconciled with the idea that a more efficient internalization would increase the amyloidogenic
pathway that takes place intracellularly in endocytic compartments? Since apoER2 is an LR-
associated protein, its interaction with APP results in a localization shift of APP to the LR
domains [83], where the proteolytic enzymes BACE and γ-secretase are also present, thus
favoring amyloidogenic processing (see below, section 4). In addition, the expression of
apoER2 was found to significantly increase γ-secretase activity [83] and in the presence of
apoE, induced the internalization of APP along with BACE [96].
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4. Role of Cholesterol in APP trafficking and processing
A number of findings indicate a connection between lipid metabolism and AD [108]. The
genetic association of apoE ε4 allele with late-onset AD was established more than a decade
ago [109], but the molecular mechanisms involved are still unclear. Increased plasma
cholesterol is an important risk factor for AD [110–112]. Statins, cholesterol-lowering drugs,
decrease Aβ levels and plaque formation in vivo, and clinical studies suggest that these drugs
decrease the risk of AD [110,111,113,114]. However, conflicting data were also reported
[115,116], illustrating the complexity of cholesterol in Aβ metabolism. There is also evidence
indicating an anti-inflammatory role of statins in AD [117,118]. Furthermore, one recent study
suggested that cholesterol homeostasis is altered in AD brains, resulting in higher β- and γ-
secretase activity and total cholesterol levels [119]. In vitro studies, however, show that the γ-
secretase product AICD downregulates LRP1 expression, thus decreasing cholesterol levels,
indicating a regulatory role for APP and γ-secretase in cholesterol metabolism [120].

4.1. Linking the amyloidogenic pathway to the association of APP and the secretases to lipid
rafts membrane domains

Several evidence indicates [121,122] that the amyloidogenic pathway takes place in membrane
microdomains rich in cholesterol and glycosphingolipids, or LR, contrary to the non-
amyloidogenic pathway, which is mediated by α-secretase localized mostly at the cell surface
and out of LR domains [123]. Amyloidogenic activity is linked to cholesterol levels; β-secretase
[124] and γ-secretase [125] activity is positively regulated by cholesterol and inhibited by low
levels of cholesterol [126].

As was previously discussed, both β-secretase and γ-secretase can be found in the endosomal
compartments, including early [127] and late [128,129] endosomes, as well as in recycling
compartments [130]. Recycling endosomal compartments and multivesicular domains contain
the majority of cholesterol in the endocytic pathways [131,132]. Non-processed full-length
APP is localized mostly in non-raft membrane [122], and under some conditions it is shifted
to LR domains, thus increasing Aβ production [83]. Even if the majority of APP is in non-raft
domains, once processed by β-secretase (which is found in raft and non-raft membranes
[122]), the β-CTFs concentrate in LR domains [122], allowing efficient processing by β-
secretase. According to this model, cholesterol depletion disrupts β- and γ-secretase association
to LRs and causes a decrease in Aβ production [122,133,134], indicating again that LRs are
relevant sites for amyloidogenic processing of APP. In addition, cholesterol reducing drugs
increase sAPPα secretion with a concomitant decrease in Aβ formation, which might occur by
shifting APP localization from LRs to α-secretase-containing regions [121,123] and/or
decreasing the activity of the amyloidogenic enzymes.

4.2. Cholesterol biosynthesis and its intermediates in the APP trafficking and processing
HMG-CoA reductase, the target of statins, is the rate-limiting enzyme in cholesterol
biosynthesis that catalyzes the production of mevalonate [135]. Therefore the role of statins in
lowering neosynthesized cholesterol has been implicated as their major mechanism that
explains their anti-amyloidogenic effect. For example, in vitro studies showed that atorvastatin
stimulates APP α-secretase processing in a neuroblastoma cell line [136], while in primary
hippocampal and cortical neurons, lovastatin inhibits the amyloidogenic secretases (β and γ)
but does not necessarily increase APP α-secretase derived products [126]. Mevalonate is also
a precursor of isoprenoids, including farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) [135]. Low doses of statins that do not decrease cholesterol levels block
isoprenoids synthesis, which results in an inhibition of the amyloidogenic APP processing by
different mechanisms, one of which is to decrease the isoprenylation of small GTPases involved
in vesicular trafficking [137]. As a result of this process, APP accumulates intracellularly. Low
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doses of statins also inhibit β- and γ-secretases [138,139] and change APP distribution in LR
[138]. Direct addition of GGPP increases γ-secretase activity as well as its distribution in LR
[139]. Overall the evidence indicates that statins prevent the amyloidogenic process by
inhibiting cholesterol and isoprenoid synthesis.

4.3. Subcellular distribution and transport of cholesterol in APP processing
4.3.1. Cholesterol intracellular distribution and trafficking in APP processing—
Several lines of evidence implicate intracellular cholesterol distribution, rather than total
cholesterol levels, as the relevant factor in the regulation of Aβ generation. Blocking the activity
of the acyl-coenzyme A: cholesterol acyltransferase (ACAT), which regulates the equilibrium
between free cholesterol and cholesteryl esters (CE), has an important effect on the
amyloidogenic pathway, both in vitro and in vivo [140,141]. Cholesterol overproduction, in
the absence of ACAT activity, almost completely blocks Aβ production, while increases in CE
levels have the opposite effect. The mechanisms involved in this dramatic effect of CE are not
clear but could relate to the activity of secretases [141]. In vivo inhibition of ACAT with the
drug CP-113,818 in AD model mice had a remarkable effect on the reduction of Aβ in brains.
This correlates with some improvements in special learning, making ACAT a possible
therapeutically target for AD treatment [140].

In the inherited neurodegenerative condition of Niemann-Pick C (NPC) disease, exogenous
cholesterol internalized in lipoproteins is unable to incorporate into the metabolically active
cholesterol pool [142,143]. NPC1 or NPC2 mutant proteins are associated with cholesterol
accumulation in late endosomes and lysosomes, with concomitant blocking of cholesterol
esterification by ACAT in the ER [144]. A similar cholesterol accumulation is induced in
vitro by using the agent U18666A [144]. Brains from NPC mice have Aβ40 and 42 levels
subtly increased [145]. However, the most relevant alteration is the stimulation of γ-secretase
along with a change in PS1 distribution from the ER, where most of the neuronal PS1 is found
[146], to a rab5-endosomal compartment [145]. After loading neurons with LDL-cholesterol,
PS1 and PS2 redistribute to a rab7 compartment, close to the late-endosomal compartment
where cholesterol is trapped and the γ-secretase activity is increased [147]. The change of PS1
in NPC models is associated with an accumulation of insoluble Aβ42, [147,148] consistent
with the observed increase in intraneuronal Aβ in human NPC brains [149]. Interestingly, in
human and mouse NPC brains, βCTFs are increased [145,149] but the in vitro studies show
differing effects on the β-secretase-mediated APP processing [147,149]. Since β-secretase
activity is related to cholesterol levels in neurons [150] and is more active when in LR [134],
it is conceivable that an alteration in cholesterol distribution in NPC affects the β-secretase-
mediated APP processing. Other proteins that regulate APP processing and are raft-associated
(e.g. apoER2) could also be altered in its function or distribution. Overall, this evidence
indicates that cholesterol intracellular trafficking and distribution are relevant in the APP
processing pathways.

4.3.2. Oxysterols and their protein partners, LXR and OSBP1, in AD—Oxysterols
are cholesterol-derived ligands of the liver X receptor (LXR) and of oxysterol binding protein
1 (OSBP1) that have protective roles in AD [151,152]. The nuclear receptor LXR regulates
the expression of several genes related to cholesterol transport and metabolism [153], and
ultimately has an impact on APP processing and the inflammatory responses related to AD
[154,155]. Brains from AD patients have lower levels of LXRβ [119]. The in vivo protective
role of LXR in AD pathogenesis is evidenced in the negative effect of the global deletion of
LXRα or LXRβ in APP transgenic mice, which results in increased amyloid plaque load
[154]. The genes for apoE and ABCA1 (ATP-binding cassette transporter A1), a major
regulator of cholesterol efflux to apoAI and apoE as acceptors, are LXR targets [156,157].
ABCA1 deficiency increases Aβ deposition in APP transgenic mice along with a significant
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reduction in total brain apoE [158,159]. Brain overexpression of ABCA1 is related to an
increase in the levels of lipidated-apoE and a reduction of Aβ deposits in APP transgenic mice
[160]. Similarly, treating AD model mice with LXR agonists induces an upregulation of the
expression of ABCA1 and apoE in astrocytes and microglia, and a reduction of Aβ levels as
well as proteins related to inflammatory response and apoptosis [155]. In cells overexpressing
hAPP, oxysterols decrease the cellular cholesterol content by the expression of ABCA1 and
the induction of apoA-I-mediated cholesterol efflux, thereby significantly reducing Aβ levels
[151,152]. This reduction likely results from a blocking of both β- and γ-secretase-mediated
processing of APP [151].

Oxysterols are also ligands for Oxysterol Binding Protein 1 (OSBP1), a cytosolic protein
belonging to a family of sterol-binding proteins. OSBP1 binds both 25-hydroxy cholesterol
and cholesterol, and has been linked to APP processing [161]. OSBP1 overexpression or
silencing reduces or increases, respectively, APP processing, likely by regulating APP
trafficking [161].

5. Summary and future directions
Alterations in APP processing to favor Aβ production and its accumulation in the brain are key
pathogenic events in AD. A number of cell surface proteins, including members of the LDLR
family discussed here, interact with APP and regulate its trafficking and processing to Aβ.
Several APP-interacting intracellular adaptor proteins not discussed here, including FE65,
X11, Dab1/2, and sorting nexin 17 [18], also regulate APP trafficking and processing to Aβ.
A schematic diagram illustrating the roles of some of these proteins in APP trafficking and
processing is shown in Figure 2. Although we have focused primarily on the APP trafficking
roles, these LDLR family members themselves are also regulated by alternative splicing and
subjected to proteolysis that can further influence their interactions with APP and intricate
intracellular signaling pathways [60,162]. Because the production of AD-related Aβ occurs in
a very polarized cell type, the neurons, the distribution of associated proteins adds an additional
level of complexity. This consideration in their polarized sorting and distribution should lead
to a better understanding on precise roles of the LDLR family member in APP trafficking and
processing. Future studies are needed to determine if interactions between these receptors,
ligands, APP, and/or co-receptors can activate downstream signaling cascades that may
ultimately affect the pathogenesis of AD. Further, the exact role of these receptors in Aβ
metabolism in vivo requires unique animal models that delete these receptors in specific brain
regions and/or cell types. Finally, the impact and the underlying mechanisms of cholesterol in
APP trafficking and processing require further investigation. APP processing to Aβ is an
inherently complex process. The study of LDLR family members and cholesterol that affect
APP processing is an important step to uncover new therapies to reduce Aβ and its associated
dementia.
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LRP  
LDLR-related protein

apoER2  
apoE receptor 2

sorLA  
sorting protein-related receptor containing LDLR class A repeats

AD  
Alzheimer’s disease

Aβ  
amyloid-β peptide

APP  
β-amyloid precursor protein

APLP1  
amyloid precursor like proteins-1

APLP2  
amyloid precursor like proteins-2

sAPP  
soluble APP fragment

CTF  
c-terminal fragment

LR  
lipid rafts

RAP  
receptor-associated protein
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Fig. 1.
Schematic representation of members of the LDLR family. Members of the LDLR family have
diverse functions from cholesterol metabolism, Reelin and Wnt signaling, to intracellular
transport. Despite multiple functions, they share common structural motifs, including ligand-
binding repeats, epidermal growth factor repeats, YWTD spacer domains, a single
transmembrane domain, and a short cytoplasmic domain containing conserved endocytic
motifs. Four APP-interacting receptors, LRP1, LRP1B, apoER2, and sorLA/LR11, interact
with APP and are discussed in this review.
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Fig. 2.
Model of APP processing pathways regulated by LDLR family members. LRP1 fast
endocytosis enhances APP endocytosis and processing to Aβ, whereas LRP1B and apoER2
slow endocytosis rates retain APP at the cell surface. LRP1B decreases APP processing to
Aβ whereas apoER2 has differential effects depending on ligand binding. SorLA/LR11 may
shuttle APP to the Golgi compartments and reduce its processing by β-secretase in the early
endosome, thus decreasing processing to Aβ. Adaptor proteins Dab2 and sorting nexin 17
(SNX17), which also regulate APP trafficking but not discussed in this review, are also depicted
here.
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