
LDLR Family

The low-density lipoprotein receptor
(LDLR) family comprises at least 10 members,
in mammals: the LDLR itself, the apolipopro-

tein E receptor 2 (apoER2), the very low den-
sity lipoprotein receptor (VLDLR), the LDLR-
related protein (LRP), LRP1B, megalin, LRP3,
LRP4, LRP5, and LRP6 (1–8). Receptors in this
family are recognized by the presence of sev-
eral structural modules that are present in their
extracellular regions (Fig. 1). These modules
include ligand-binding repeats of ~40 amino
acids, which include six cysteine residues
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Abstract

The low-density lipoprotein receptor (LDLR) family is composed of a class of single transmem-
brane glycoproteins, generally recognized as cell surface endocytic receptors, which bind and
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LDLR family members in endocytosis and signal transduction. The relationship of these functions
to the development of the neuronal system and in the pathogenesis of Alzheimer’s disease is
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forming three disulfide bonds; epidermal
growth factor (EGF) precursor repeats, which
also contain six cysteines residues each; and
modules of ~50 amino acids with a consensus
tetrapeptide, Tyr-Trp-Thr-Asp (YWTD). In
addition to these extracellular modules, each

of these receptors also contains a single trans-
membrane domain and a relatively short cyto-
plasmic tail with endocytosis signals (1–8).

Ligand-binding to members of the LDLR
family is mediated by clusters of ligand-bind-
ing repeats, which form ligand-binding
domains. Each of the three large members of
the LDLR family (LRP, megalin, and LRP1B)
contains four putative ligand-binding
domains; other members generally contain
only one. The organization of the ligand-bind-
ing repeats, EGF precursor repeats, and YWTD
repeats in LRP5 and LRP6 is unique among the
LDLR family members (4,5), i.e., each contains
only three ligand-binding repeats, and their
positions are very close to the transmembrane
domain. Thus, the arrangement of the EGR
precursor repeats and the ligand-binding
repeats in the extracellular regions of LRP5
and LRP6 is reversed, relative to other mem-
bers of the LDLR family (4,5). Finally, all mem-
bers of the LDLR family but one are type I
transmembrane receptors: The exception is
LRP4, which appears to be a type II transme-
brane receptor, with its N-terminal region
located within the cytoplasmic side of the
plasma membrane (8). The significance of
LRP4’s unique structure is not clear, at present.

Although the molecular determinants in lig-
and recognition are still not clear, both the pri-
mary structure within individual
ligand-binding repeats and the overall spatial
arrangement of these repeats are generally
believed to contribute to ligand specificity for
each member of the LDLR family (1–3). Within
the endosomes, following endocytosis, the
EGF precursor homology repeats and YWTD
repeats are found to play roles in ligand disso-
ciation from the receptors (9,10). A unique fea-
ture, shared by members of the LDLR family, is
that ligand interactions with these receptors
can be antagonized by a 39-kDa receptor-asso-
ciated protein (RAP), which functions intracel-
lularly as a molecular chaperone, by
facilitating receptor folding, and by preventing
premature ligand interaction with the recep-
tors during their trafficking within the early
secretory pathway (11). Because of its ability to
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Fig. 1. Schematic representation of LDLR family
members. Members of the LDLR family share com-
mon structural motifs, including ligand-binding
repeats, epidermal growth factor precursor repeats,
YMTD spacer domains, a single transmembrane
domain, and a relatively short cytoplasmic tail. LRP
and LRP1B are heterodimers produced by prote-
olytic cleavage of single-chain precursor molecules.



universally inhibit ligand interaction with the
receptors, RAP has been used frequently as a
tool in the study of ligand–receptor interaction
(11).

Although the characteristics of the extracel-
lular domains of the LDLR family members are
well-documented, information regarding the
structural and functional elements within their
cytoplasmic tails has just begun to emerge.
Here, this review centers on the structural and
functional aspects of the cytoplasmic tails of
the LDLR family members, and their relation-
ship to endocytosis and signal transduction
pathways, which plays a role in neuronal
development and the pathegenesis of
Alzheimer’s disease (AD).

Cytoplasmic Tails of LDLR 
Family Members

Compared to “signaling” receptors, which
often contain large intracellular domains with
kinase activities, the cytoplasmic tails of the
LDLR family members are relatively short,
with no kinase domains. However, recent stud-
ies indicate that, in addition to the endocytosis
signals, the cytoplasmic tails of these receptors
contain critical elements for interaction with a
set of cytoplasmic adaptor and scaffold pro-
teins, and mediate signal transduction.

Endocytosis Signals
Cell surface receptors, which traffic between

the plasma membrane and the endocytic com-
partments, contain signals within their cyto-
plasmic tails that allow their efficient
recruitment into endocytic vesicles. To date,
four classes of endocytosis signals have been
identified, which target surface proteins to
clathrin-coated vesicles. The two Tyr-based
signals, NPXY and YXXØ (where X can be any
amino acid and ∅ is an amino acid with a
bulky hydrophobic group), were initially iden-
tified within the cytoplasmic tails of the LDLR
and transferrin receptor, respectively (12,13).

In many cases, these signals are constitutively
active, i.e., receptors undergo continuous
rounds of endocytosis and recycling, indepen-
dent of ligand binding. The di-leucine motif is
another well-known endocytosis motif that is
present within many transmembrane cell sur-
face proteins (14). The third type of endocyto-
sis signal is serine phosphorylation. For
several members of the G-protein-coupled
receptor family, ligand-induced phosphoryla-
tion of Ser residues serves as a signal for recep-
tor endocytosis (15). In CD4 and CD3γ, the
di-Leu motif acts in cooperation with a neigh-
boring phosphorylated Ser residue, to mediate
endocytosis (16,17). Finally, the attachment of
ubiquitin moieties has recently been identified
as another regulator of the endocytosis of sev-
eral membrane receptors (18–20).

A common characteristic of most members
of the LDLR family is that at least one copy of
the NPXY sequence is found within their cyto-
plasmic tails. For LDLR, this NPXY motif
serves as a signal for receptor endocytosis,
through coated pits (12). Therefore, it is gener-
ally believed that the NPXY sequences in these
receptors categorically serve as endocytosis
signals. However, the authors’ recent study
showed that the YXXL motif, but not the two
NPXY sequences, within the cytoplasmic tail
of LRP, serves as the dominant signal for recep-
tor-mediated endocytosis (21). In addition, the
authors showed that the distal di-Leu motif
within the LRP tail contributes to receptor
endocytosis (21). These results suggest that
each member of the LDLR family may utilize
different signal(s) within their cytoplasmic
tails for receptor-mediated endocytosis.

The cytoplasmic tails of apoER2 and the
VLDLR show high homology to that of the
LDLR. Thus, it is possible that the NPXY
motifs within the VLDLR and apoER2 tails
also function as their dominant endocytosis
signals. The cytoplasmic tails of LRP5 and
LRP6 are comprised of 207 and 218 amino acid
residues, respectively. Unlike other members
of the LDLR family, LRP5 and LRP6 lack the
conserved NPXY motif. However, these two
receptors contain putative di-Leu motifs (4,5),
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which may serve as endocytosis signals. Obvi-
ously, the exact definition of the endocytosis
signals for these LDLR family members
requires further experimental analysis.

Phosphorylation
Phosphorylation of cell surface receptors is

one of the most important mechanisms by
which receptor trafficking and/or signal trans-
duction is regulated (15,22,23). Until recently,
little was known regarding phosphorylation
and its function for members of the LDLR gene
family. Studies by Kishimoto et al. (24) demon-
strated that the cytoplasmic tail of the LDLR
could be phosphorylated on a Ser residue, by a
LDLR kinase that was purified from the
cytosol of bovine adrenal cortex, and shared
several properties with casein kinase II. How-
ever, this phosphorylation event occurs only in
vitro, because neither cultured human fibrob-
lasts nor A431 carcinoma cells were able to
incorporate [32P]orthophosphate into the
LDLR (24). Recently, Sakthivel et al. reported
that the ligand-binding activity of the human
VLDLR is regulated by protein kinase C
(PKC)-dependent phosphorylation (25). The
binding activity of the VLDLR in several cell
types was diminished following treatment
with the PKC stimulator, phorbol 12-myristate
13-acetate (PMA). Furthermore, the authors
found that PKC inhibitors, including a specific
inhibitor of the PKC βII isoform, blocked this
response to PMA. Finally, it was shown that
this VLDLR phosphorylation is associated
with Ser residues within the cytoplasmic tail of
the receptor (25).

LRP is another member of the LDLR family
that can be phosphorylated (26,27). Recent in
vitro and in vivo phosphorylation analyses
from this laboratory have demonstrated that
LRP is phosphorylated by protein kinase A
(PKA) (28). By using specific protein kinase
inhibitors, truncated LRP minireceptors, and
site-directed mutagenesis techniques, the
authors showed that Ser 76 (the first amino
acid, following the transmembrane domain, is
numbered 1) within the cytoplasmic tail of

LRP is the major phosphorylation site. Muta-
tion of Ser 76 to either alanine or Thr, which
abolished LRP phosphorylation by PKA,
resulted in a decrease in both the initial endo-
cytosis rate of LRP and the efficiency of ligand
delivery for degradation, which suggests that
LRP phosphorylation regulates receptor-
mediated endocytosis (28). These results are
consistent with those from of Goretzki and
Mueller (29), which demonstrated that LRP-
mediated endocytosis is inhibited by specific
PKA inhibitors, H-89 and PKI.

Interactions with Cytosolic Adaptor 
and Scaffold Proteins
A set of cytoplasmic adaptor and scaffold

proteins containing protein interaction domain
(PID) or PSD-95/Dlg/ZO-1 (PDZ) domains,
including mammalian Disabled-1 (mDab1),
mDab2, FE65, c-Jun N-terminal kinase-interact-
ing proteins (JIP-1) and JIP-2, PSD-95, CAPON,
and SEMCAP-1, bind to the cytoplasmic tails of
members of the LDLR family (30–35). These
new findings suggest that members of the
LDLR family may participate in several signal
transduction pathways, including the regula-
tion of mitogen-activated protein kinases
(MAPKs), cell adhesion, vesicle trafficking,
neurotransmission, and neuronal migration.
Many of these analyses were performed using
apoER2 and the VLDLR. Although apoER2
shares high structural homology with both the
LDLR and the VLDLR, including the positions
of the exon/intron boundaries of the genes (36),
the cytoplasmic tail of apoER2 contains an
insertion of 59 amino acid residues encoded by
a separate exon (37). This region of the apoER2
tail has recently been reported to interact with
two members of the JUK-interacting protein
family, JIP-1 and JIP-2, which belong to a group
of MAPK scaffolding proteins (33,34). The
interaction with JIPs is specific for apoER2,
since neither the LDLR nor the VLDLR bind to
these adaptor proteins (34). These results sug-
gest that apoER2 may have unique roles in
intracellular signal transduction that are not
currently defined.
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mDab1 is a cytosolic adaptor protein that
binds to all members of the LDLR family that
contain NYXP motif(s) within their cytoplas-
mic tails. Gotthardt et al. (33) have recently
shown that binding of mDab1 to the cytoplas-
mic domain of the LDLR impedes its interac-
tion with the endocytic machinery (33). Thus,
the receptor endocytosis may be regulated by
interactions between the receptor cytoplasmic
tails and the cytosolic adaptor and scaffold
proteins, via competition for common struc-
tural elements.

Signaling via Members 
of LDLR Family

Traditionally, all members of the LDLR fam-
ily have been regarded as cell surface endocy-
tosis receptors that function in delivering their
ligands to lysosomes for degradation (1–3).
However, recent studies have revealed new
roles for these receptors in several signal trans-
duction pathways.

Reelin/Disable Signaling Pathway
One molecular pathway that regulates the

cortical layering and positioning of neurons
involves a large extracellular protein, Reelin,
which acts autonomously on the cell (38), and
a cytoplasmic protein, mDab1 (39). Reelin, the
product of the reeler gene (40), is synthesized
and secreted in the cerebral cortex, predomi-
nantly by the Cajal-Retzius cell of the mar-
ginal zone, the outermost layer of the
developing cortex (40,41). In reeler mice, in
which the gene encoding Reelin is defective,
the disorganized cortex is approximately
inverted, with early-born neurons occupying
abnormal superficial positions and later-born
neurons adopting abnormal deep positions
(42). The cytoplasmic adaptor protein,
mDab1, is predominantly expressed in neu-
rons, and has been shown to function down-
stream of Reelin. mDab1-deficient mice
develop a phenotype that is indistinguishable

from that of reeler mice (43,44). In addition,
mDab1 accumulates in the absence of Reelin,
suggesting that Reelin may promote degrada-
tion of Dab1 (44,45). Furthermore, addition of
Reelin to primary neuronal cultures results in
an increase of Tyr phosphorylation of mDab1
(46). Thus, mDab1 is thought to function
downstream of Reelin in a signal transduction
cascade that controls appropriate cell posi-
tioning during brain development.

The linkage between extracellular Reelin and
cytosolic mDab1 was not clear until recently,
when Trommsdorff et al. (31) showed that mice
lacking both VLDLR and apoER2 precisely
mimic the phenotype of those with Reelin or
mDab1 deficiency. Subsequently, Reelin was
demonstrated to be a ligand for both VLDLR
and apoER2 (47,48). Additionally, in a yeast
two-hybrid system, VLDLR and apoER2 were
shown to interact with mDab1 through the
NPXY motif of these receptors and the protein
interaction/phosphotyrosine-binding (PI/PTB)
domain of mDab1. Finally, binding of Reelin to
its receptors was found to induce mDab1 phos-
phorylation and this phosphorylation was abol-
ished when Reelin binding to its receptors on
neurons was blocked by RAP or by apoE
(47,48). Thus, these findings indicate that Reelin
acts, via cell-surface VLDLR and apoER2, to
induce mDab-1 Tyr phosphorylation, which in
turn regulates neuronal migration.

Wnt Signaling Pathway
The Wnt family of secreted molecules func-

tions in cell-fate determination and morpho-
genesis during development, in both
vertebrates and invertebrates (49). Mutational
analysis in mice has shown the importance of
Wnts in controlling diverse developmental
processes, such as patterning of the body axis,
central nervous system, and limbs, and the
regulation of inductive events during organ
genesis. Although many components of the
Wnt signaling pathway have been identified,
little is known about how Wnts and their cog-
nate Frizzled (Fz) receptors signal to down-
stream effector molecules. Recently, however,
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studies from several labs have demonstrated
that LRP6 is a critical component for Wnt sig-
naling (50–52).

In Drosophila, arrow phenocopies the wing-
less (DWnt-1) phenotype, and encodes a trans-
membrane protein that is homologous to two
members of the mammalian LDLR family,
LRP5 and LRP6 (52). In mouse, embryos
homozygous for an insertional mutation in the
LRP6 gene, developmental defects are seen
that display a striking composite of those
caused by mutations in individual Wnt genes
(50). In Xenopus embryos, LRP6 activates Wnt-
Fz signaling, and induces Wnt-responsive
genes, dorsal axis duplication, and neural crest
formation (51). Biochemical studies showed
that the extracellular domain of LRP6 bound
Wnt-1, and associated with Fz in a Wnt-depen-
dent manner. An LRP6 mutant, lacking the car-
boxyl intracellular domain, blocked signaling
by Wnt or Wnt-Fz, and inhibited neural crest
development (51). Together, these studies thus
demonstrate that LRP6 functions as a co-recep-
tor for Wnt signal transduction.

Signaling via LRP
LRP is a widely expressed endocytic recep-

tor that is highly expressed in neurons, in
hepatocytes, and in fibroblasts. LRP is
regarded as a clearance receptor for more
than 15 structurally and functionally distinct
ligands, which include apoE/lipoprotein, β-
amyloid precursor protein (APP), α2-
macroglobulin (α2M), and tissue-type
plasminogen activator (tPA) (1–3). In addition
to receptor-mediated endocytosis, recent
studies from several labs have implicated this
receptor in direct transmission of extracellular
signals across the plasma membrane.

Goretzki and Mueller (53) demonstrated
that the cytoplasmic tail of LRP interacts with
a guanosine triphosphate-binding protein,
and that treatment of LRP-expressing cells
with LRP ligands, lactoferrin and the uroki-
nase/plasminogen activator inhibitor type-I
complex, resulted in a significant increase in
intracellular cyclic adenosine monophosphate

(cAMP) level and PKA activity. More recently,
Bacskai et al. (54) showed that LRP is a signal-
ing receptor in neuronal calcium signaling via
N-methyl-D-aspartate receptors (NMDAR). A
robust, spatially and temporally discrete cal-
cium signal is observed in neurons treated
with ligand-competent α2M. The calcium
influx is blocked by RAP, and by an antago-
nist of the NMDAR (54). However, the physi-
ological significance of these two signaling
pathways via LRP is poorly understood, at
present.

Recently, studies from this lab demon-
strated that interactions between tPA and LRP
are important for hippocampal long-term
potentiation (LTP) (55). LTP is one of the best
models for investigating cellular and molecu-
lar mechanisms for memory formation and
storage (56). In the CA1 region of the hip-
pocampus, LTP has two distinct phases: early-
phase LTP and late-phase LTP. One unique
feature, which makes late-phase LTP different
from early-phase LTP, is that it requires new
protein synthesis, activity of cAMP-depen-
dent PKA, and transcription (57). It has been
reported that induction of tPA expression may
contribute to activity-dependent synaptic
plasticity in the hippocampus and cerebel-
lum, and that LTP is significantly decreased in
mice lacking tPA (58–60). Metabolic labeling
and ligand-binding analysis indicate that both
tPA and LRP are synthesized by hippocampal
neurons, and that LRP is the major cell sur-
face receptor that binds tPA (55). Perfusion of
hippocampal slices with RAP significantly
reduced late-phase LTP. In addition, RAP also
blocked the enhancing effect of synaptic
potentiation, by exogenous tPA in hippocam-
pal slices prepared from tPA knockout mice
(55). tPA binding to LRP in hippocampal neu-
rons was found to enhance the activity of
PKA, a key molecule known to be involved in
late-phase LTP (55). Taken together, interac-
tion between tPA and cell surface LRP is likely
to initiate intracellular signal transduction
pathway(s), which include an increase in PKA
activity, which in turn regulates late-phase
LTP.
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LRP and AD

AD is a neurodegenerative disease that
results in impaired memory and cognition. The
main neuropathological hallmarks of AD are
amyloid plaques and neurofibrillary tangles
deposited throughout the brain. The major
components of amyloid plaques are aggregates
of the 40–42-amino-acid amyloid β-peptides
(Aβ40 or Aβ42) (61). These are proteolytically
derived from the APP. Although Aβ is gener-
ated as a normal product of cellular metabo-
lism (62), substantial data indicate that
progressive accumulation of Aβ plays a central
role in AD pathogenesis (63). Thus, it has been

hypothesized that the clearance of Aβ is
decreased, and/or the processing of APP to Aβ
is increased, in AD (63).

Several lines of evidence indicate that LRP
may have an influential role in the pathogene-
sis of AD (Fig. 2). First, several LRP ligands,
such as apoE, lactoferrin, and α2M, have been
shown to bind Aβ, and to mediate its clearance
and degradation through LRP (64–67). LRP
levels decrease with age, and also are drasti-
cally reduced in AD (68). Thus, the loss of LRP
function to clear ligands complexed to Aβ may
contribute to the emergence of amyloid
plaques in AD and aging populations. Second,
presenilin, another protein that is pathologi-
cally associated with AD, can also affect LRP
expression; LRP levels are decreased in both
presenilin transgenic mice and presenilin-
transfected cells (69). These data suggest that
presenilin may indirectly influence Aβ clear-
ance through LRP. Third, LRP may also con-
tribute to AD pathogenesis, by influencing the
processing of APP to Aβ, through extracellular
and intracellular association with APP. LRP
can form extracellular complexes with the
Kunitz protease inhibitor (KPI) domain-con-
taining forms of APP (70,71). In addition, LRP
may potentially affect APP processing, through
intracellular interactions bridged by neuronal
adaptor proteins, such as FE65 (30). Toward
this hypothesis, it has recently been demon-
strated that expression of LRP favors amy-
loidogenic processing of APP (72). Finally, a
role of LRP in AD has been demonstrated in
genetic association studies, as several groups
have reported a genetic association between a
silent polymorphism within the LRP gene and
late-onset AD (73–77).

Role of LRP in A� Clearance
Carriers of the E4 isoform of apoE are at a

greater risk for developing AD (78,79), com-
pared to E2 and E3 carriers. ApoE has also
been localized to amyloid plaques (80). Aβ has
been hypothesized to form a complex with
apoE, and thereafter is endocytosed via LRP,
preventing the accumulation of amyloid.
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Fig. 2. Schematic representation of interactions
between LRP and APP. LRP may associate with the
full-length, membrane-anchored APP containing the
Kunitz protease inhibitor domain. In addition, FE65
and Dab1 may bind simultaneously to the cytoplas-
mic tails of APP and LRP, then modulate APP traffick-
ing, although such interaction remains to be
demonstrated. Furthermore, LRP can regulate Aβ
clearance via internalization of α2M* – Aβ complex
and apoE – Aβ complex.



Transgenic mouse models support the function
apoE in Aβ clearance. Mice expressing a
mutant form of APP, and lacking mouse apoE,
have less early deposition of fibrillar Aβ, when
crossed with human apoE-transgenic mice
(81). possibly the isoform-related risk of AD
results from differences in the binding affinity
to Aβ. In support of this hypothesis, apoE4 iso-
forms have been shown to bind Aβ with lower
affinity, compared to other apoE isoforms (82).
Since LRP is the major apoE receptor in the
brain (83,84), these data emphasize the impor-
tant function LRP may play in Aβ clearance
and AD pathogenesis.

Activated α2M (α2M*) also binds Aβ
(65–67), and has been found in amyloid
plaques (85). Blacker et al. (86) reported an
increased risk of AD in carriers of an exon 18
splice-site deletion near the bait region of
α2M. A separate study by Liao et al. (87)
examined a Val1000 (GTC)/lle1000(ATC)
polymorphism within α2M, near the active
site of the molecule. Their study found the
G/G genotype overrepresented in AD. These
data suggest α2M plays an influential role in
AD pathophysiology. In support of this
hypothesis, a study by Du et al. (88) demon-
strated that α2M could attenuate fibrillar Aβ
formation and its toxicity toward neurons.
Clearance of α2M by LRP also appears to be
important in mediating Aβ toxicity. Van Uden
et al. (89) demonstrated that Aβ toxicity, and
associated cell death, is decreased in the pres-
ence of α2M*. More cell death was observed in
the presence of RAP, and also in cells that
have decreased expression of LRP, suggesting
that the protective role of α2M* is dependent
on LRP.

Another LRP ligand, lactoferrin, was also
able to reduce soluble Aβ levels in culture. This
effect was also attenuated by RAP, indicating
that both α2M and lactoferrin clear Aβ via LRP
(67). Although how these ligands act in concert
to clear Aβ under normal circumstances, and
in AD, is still not clear, LRP appears to be the
common pathway by which these ligands reg-
ulate cellular degradation of Aβ. Possibly in
AD, these ligands compete for LRP-mediated

clearance, and are less successful at clearing
their Aβ cargo. Recently, Kang et al. (68) quan-
tified LRP expression in the midfrontal cortex
of control and AD subjects, and found that LRP
expression was decreased during aging in nor-
mal subjects, and was severely decreased in
patients with AD. These data support the
hypothesis that impeded clearance of LRP lig-
ands, complexed with Aβ, may increase AD
susceptibility.

LRP and Presenilin
Recent data suggest that presenilin may also

function to regulate LRP expression, and thus
LRP-mediated clearance of Aβ. Mutations
within the presenilin-1 and 2 genes lead to an
increase in Aβ42, but do not change levels of
Aβ40 (90,91). Since the mechanism by which
increased Aβ occurs is unknown, Van Uden et
al. (69) explored whether LRP expression was
affected by presenilin-1. In transgenic mice
expressing the presenilin M146L mutation or
L286V mutation, they found less LRP expres-
sion in neuronal populations. Furthermore,
overexpression of wild-type or mutant prese-
nilin-1 in cell culture resulted in decreased LRP
mRNA and protein. Functionally, downregula-
tion of LRP by presenilin-1 has been shown to
influence the toxicity of Aβ toward cells in the
presence of α2M* (89). Cells with decreased
expression of LRP exhibited more cell death in
the presence of α2M and Aβ.

LRP and APP Processing to A�

Kounnas et al. (70) first reported an associa-
tion between LRP and APP. Their data demon-
strated that a secreted form of APP751, which
contains a KPI domain, is a ligand for LRP.
They found that soluble APP751 was degraded
by LRP-expressing, but not LRP-deficient,
fibroblasts. The KPI domain was necessary for
APP degradation, because non-KPI-containing
APP was not degraded by these cells. The
interaction between APP and LRP appears to
be mediated in some way by cell-surface
heparan sulfate proteoglycan, since both RAP
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and heparin blocked the degradation of APP.
Knauer et al. (71) later demonstrated that cell-
surface KPI-containing APP can also complex
to EGF-binding protein, and be internalized by
LRP. The internalization of cell-surface APP
was inhibited by RAP, indicating a common
pathway of degradation with secreted APP
through LRP. Since it had been established that
cell surface APP could be processed to Aβ in
the endocytic pathway (92), these findings sug-
gest that LRP may influence APP endocytic
trafficking, and, thus, the processing of APP to
Aβ. Such a hypothesis was tested recently by
Ulery et al. (72), who showed that long-term
treatment of cells with the LRP antagonist,
RAP, decreased Aβ production. In addition,
they found that expression of LRP, via transfec-
tion in LRP-deficient cells, increased Aβ pro-
duction.

Although KPI-containing species of APP
are the major isoform of APP in nonneuronal
cells (93), non-KPI-containing APP is the pre-
dominant neuronal species (94,95). The cyto-
plasmic domains of LRP and APP may
interact through neuronal adaptor proteins,
such as FE65. An intracellular interaction
between LRP and APP would not require the
presence of a KPI domain. Using GST-fusion
protein pull-down experiments, Trommsdorff
et al. (30) showed that the N-terminus of FE65
interacts with the cytoplasmic tail of LRP; the
C-terminus of FE65 can bind to the cytoplas-
mic tail of APP. Thus, a potential interaction
between APP and LRP tails may bridge non-
KPI-containing APP with LRP, and may fur-
ther strengthen the association between LRP
and KPI-containing forms of APP. In this
manner, LRP could influence the trafficking
and processing of APP in both neuronal and
nonneuronal cells.

Although LRP is primarily a neuronal recep-
tor expressed in the cortex and hippocampus,
it is also expressed in activated astrocytes
(85,96,97), glia (98), and microglia (99). Thus,
increased LRP expression in these cell types
could possibly lead to increased APP process-
ing to Aβ in AD. Whether this occurs in vivo
still remains to be determined.

Genetic Association of LRP with AD
Genetic studies have provided additional

evidence that LRP is associated with AD. Kang
et al. (73) first reported a silent polymorphism
(C776T) within exon 3 of the LRP gene on chro-
mosome 12. This polymorphism was under-
represented in AD, and associated with a later
age of disease onset. This association was later
confirmed in four independent studies (74–77).
Since this polymorphism does not appear to
affect the protein itself, it is believed that the
polymorphism may exist in linkage disequil-
brium with another portion of the gene (68). A
polymorphism within exon 6 of the LRP gene
(A216V) has also been reported (100), although
this polymorphism appears to be negatively
associated with AD.

Genetic studies have identified the LRP gene
as an important susceptibility locus for AD;
however, how these LRP polymorphisms con-
tribute to AD is not clear, at present. From bio-
chemical and histological studies, LRP may
possibly play a dual role in AD pathology. In
neurons, LRP may function in clearing Aβ via
its ligands, such as apoE and α2M. In the dis-
eased state, LRP expression may decrease (68),
which would in turn lead to reduced Aβ clear-
ance, and eventually Aβ deposition. In acti-
vated astrocytes and microglia, LRP expression
may increase, which would cause an increase
in amyloidogenic processing of APP to Aβ.
Thus, these pathways suggest that differential
LRP expression in neurons and glia may well
influence extracellular Aβ levels, which in turn
may contribute to the pathogenesis of AD.

Concluding Remarks

Recent understanding of the functions of the
LDLR family has been expanded from recep-
tor-mediated endocytosis to signal transduc-
tion. Although these receptors contain various
endocytosis signals that mediate their interac-
tions with the endocytic machinery, the cyto-
plasmic tails of these receptors appear to bind
many cytosolic adaptor and scaffold proteins
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that contribute to signal transduction. The
functions of these receptors in neuronal devel-
opment are highlighted by recent studies on
the apoER2 and the VLDLR in Reelin/mDab1
pathway, and by LDR6 in Wnt signaling. One
common feature in the transmission of extra-
cellular signals across the plasma membrane
by the LDLR family members is that they may
collaborate with other molecules on the cell
surface. For example, LDR6 functions as a co-
receptor for Wnt signaling (50–52); LRP is a
signaling receptor in neuronal calcium signal-
ing via NMDAR (54). In the Reelin signaling,
other molecules, such as α3β1 integrin and
members of cadherin-related neuronal recep-
tor family, have recently been identified as
Reelin-binding proteins (101,102). Studies on
macrophages suggest that α2M* binds two
types of cell surface receptors, LRP and a α2M
signaling receptor. Stimulation of the latter
triggers typical signaling cascades, which reg-
ulate cell proliferation (103,104). The expres-
sion and function of the α2M signaling
receptor in other types of cells is unclear.

Studies in the past few years have demon-
strated that members in the LDLR family func-
tion from neuronal development to aging and
AD. The roles of the LDLR family members in
AD are best represented by LRP, which medi-
ates the clearance of Aβ via its physiological lig-
ands, and may potentially influence the
endocytic trafficking of APP and its processing
to Aβ. Future studies will be directed to under-
standing the molecular mechanisms underlying
these functions, and identifying novel functions
of these receptors in the neuronal system.
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