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The Lipoprotein Receptor LR11 Regulates Amyloid ␤
Production and Amyloid Precursor Protein Traffic in
Endosomal Compartments
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive cognitive decline and neuropathological changes,
including the deposition of amyloid ␤ (A␤) in senile plaques. The mechanisms causing the disease and A␤ accumulation are not well
understood, but important genetic associations with apolipoprotein E genotype and involvement of lipoprotein receptors have become
apparent. LR11 (also known as SorLA), a member of the low-density lipoprotein receptor family, has been identified previously as an
altered transcript in microarray analyses of samples from human AD cases. Here, we show neuronal expression of the lipoprotein
receptor LR11 in control brain in regions vulnerable to AD neuropathology and marked reduction of LR11 expression in these regions in
AD brains before cell death. Overexpression of LR11 drastically reduces levels of extracellular A␤ and also lowers levels of total cellular
amyloid precursor protein (APP). LR11 colocalizes with APP and regulates its trafficking in endocytic compartments, which are important intracellular sites for APP processing and A␤ generation. Endogenous LR11 localizes to neuronal multivesicular bodies in both rat
and human brain. The robust correlation between reduced LR11 expression and AD neuropathology and its potent effects on extracellular A␤ levels suggest that this neuronal lipoprotein receptor could play an important role in AD pathogenesis.
Key words: LR11; sorLA; VPS10; lipoprotein receptors; amyloid ␤; amyloid precursor protein; Alzheimer’s disease; endocytic pathway

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most common cause of dementia in adults. The
mechanisms underlying the disease are still poorly understood,
but deposition of senile plaques composed of fibrillar aggregates
of amyloid ␤ peptide (A␤) is a characteristic hallmark of the
disease and believed to play a fundamental role in disease pathogenesis (Selkoe, 2000, 2001).
A␤ is produced by two sequential proteolytic cleavages of the
amyloid precursor protein (APP): cleavage by ␤-secretase releases a large N-terminal APP ectodomain fragment (APPs␤),
and subsequent action of ␥-secretase on the membrane-bound
C-terminal portion of APP produces A␤. Alternatively, APP can
be processed by ␣-secretase, which releases APPs␣ and cleaves
within the A␤ sequence, thus precluding A␤ formation. The processing of APP along these pathways is determined by its intracellular trafficking and exposure to secretase activities. Although
APPs␣ is mostly produced at or near the cell surface, both the
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early secretory pathway and the endosomal system have been
reported as sites of A␤ production (Sisodia, 1992; Koo and
Squazzo, 1994; Hartmann et al., 1997; Xu et al., 1997).
Several molecules involved in lipid metabolism have been implicated in AD and, more specifically, in the regulation of A␤
levels. Apolipoprotein E (ApoE) is the main lipoprotein expressed in the brain, and the APOE ⑀4 allele is a major genetic risk
factor for AD (Corder et al., 1993; Strittmatter et al., 1993). Members of the low-density lipoprotein receptor (LDLR) family,
which bind ApoE, have also been genetically associated with AD
risk, and the LDLR-related protein (LRP) interacts with APP and
ApoE (Okuizumi et al., 1995; Kang et al., 1997, 2000; Ulery et al.,
2000; Pietrzik et al., 2002). LR11 is another member of the LDLR
family with a unique multidomain structure including 11 LDLR
class A ligand binding repeats (Yamazaki et al., 1996). Structural
elements in LR11 also place it in the vacuolar protein sorting 10
protein (VPS10p) homology domain family of intracellular sorting receptors (Jacobsen et al., 1996), and LR11 appears to interact
with GGA adaptor proteins, which are important in Golgi to
endosome trafficking (Jacobsen et al., 2002). LR11 is expressed
primarily in the brain (Taira et al., 2001), and we have previously
shown LR11 transcript downregulation in lymphoblasts of AD
patients using a cDNA microarray study (Scherzer et al., 2004).
Here, we show that LR11 protein in control brain concentrates in neurons in regions vulnerable to AD neuropathology
and that neuronal LR11 expression in these regions is markedly

Offe et al. • LR11 Regulates A␤ and APP

reduced in AD brains. Furthermore, manipulating LR11 levels
results in dramatic changes in levels of extracellular A␤, which are
accompanied by substantial effects of LR11 on APP distribution
in the endosomal/lysosomal system. Additionally, ultrastructural
studies localize endogenous LR11 to neuronal multivesicular
bodies (MVBs). Its impact on APP and A␤ identifies LR11 as a
regulator of APP processing. Together with the observed changes
in LR11 expression in vulnerable brain regions, these findings
suggest that LR11 may play a major role in the pathogenesis of
AD.

Materials and Methods
Antibodies. The primary antibodies used were against LR11 [monoclonal
mLR11 to VPS10 domain, kindly provided by Drs. H. Bujo (Department
of Genome Research and Clinical Application, Graduate School of Medicine, Chiba University, Chiba, Japan) and W. J. Schneider (Division of
Molecular Genetics, Department of Medical Biochemistry, Medical University Vienna, Vienna, Austria) (Hirayama et al., 2000), and polyclonal
3850.7 to LR11 C terminus, kindly provided by Dr. C. Schaller (Zentrum
für Molekulare Neurobiologie, Universität Hamburg, Hamburg, Germany) (Hampe et al., 2000)], C8 [APP C terminus, polyclonal; a gift from
Dr. D. Selkoe (Center for Neurologic Diseases, Harvard University, Boston, MA) (Selkoe et al., 1988)], 22C11 (APP N terminus, monoclonal;
Chemicon, Temecula, CA), EEA1 and GM130 (monoclonals; Transduction Laboratoris, San Diego, CA), and EF-1␣ (monoclonal; Upstate Biotechnology, Lake Placid, NY).
Immunohistochemistry. Blocks of the hippocampus, frontal cortex,
basal ganglia, and cerebellum from 13 AD cases and eight controls were
fixed for 24 – 48 h in 4% paraformaldehyde, embedded in paraffin or
cryoprotected in 30% sucrose, and frozen. Paraffin-embedded blocks
were cut into 8 m sections, deparaffinized, and pretreated with pepsin
(Biomeda, Foster City, CA). Frozen blocks were cut into 50 m sections.
Sections were treated with hydrogen peroxide, washed in Tris buffer,
blocked with normal serum, and incubated with anti-LR11 antibodies
overnight at 4°C. On day 2, sections were incubated with biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA), followed by
avidin– biotin–peroxidase complex (Elite ABC kit; Vector Laboratories).
Color development was performed with 3,3⬘-diaminobenzidine.
Paraffin-embedded sections were counterstained with hematoxylin.
Control sections incubated without primary antibody showed negligible
staining.
Semiquantitative reverse transcription-PCR. Human embryonic kidney
293 (HEK293) cells were transfected with an LR11 expression vector or
empty vector (pcDNA3) as a control. Total RNA was isolated 72 h after
transfection TRIzol (Sigma, St. Louis, MO) according to the manufacturer’s recommended protocol. RNA was precipitated with isopropanol,
resuspended in diethylpyrocarbonate-water, and treated with Turbo
DNase Free (Ambion, Austin, TX) to remove any contaminating
genomic DNA. Single-stranded cDNAs were generated with the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA) using oligo(dT). Subsequent PCR was performed using 2 l of the
first-strand cDNA in a reaction mixture containing 50 M of sense and
antisense primers, 200 mM dNTPs, and 1 U of TaqDNA polymerase
(Promega, Madison, WI) in reaction buffer containing 2.5 mM MgCl2.
Thermocycling was performed using the following protocol: (1) 95°C for
7 min; (2) designated cycles of 94°C for 1 min, 57°C for 2 min, and 72°C
for 2 min; and (3) 72°C for 5 min. A suitable PCR cycle number for
quantitative analysis of gene expression was determined by titrating from
18 to 40 cycles. For APP, 27 cycles of PCR were performed using 5⬘AGGAGGGCATCCTGCAGTATTGCCAAGAAG-3⬘ (sense) and 5⬘TGGCGACGGTGTGCCAGTGA-3⬘ (antisense) as primers to yield a 267
bp product. For LR11, 28 cycles of PCR were performed using 5⬘AAGCTCTTTCAGGCTATCACCATGGGGACG-3⬘ (sense) and 5⬘AACGCAGGCTGC CAGATCTACGGAT-3⬘ (antisense) as primers to
yield a 273 bp product. For ␤-actin, 21 cycles of PCR were performed
using 5⬘-GGGGAGGTGATAGCATTGCTTTCGTG-3⬘ (sense) and 5⬘CCGAATGGACACTGGTCTCAAGTCAGTGTA-3⬘ (antisense) as
primers to yield a 219 bp product. PCR products were separated on a 1%
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agarose gel and stained with ethidium bromide. The bands were quantified using a Flurochem 8800 gel documentation system densitometry
software suite (Alpha Innotech Corporation, San Leandro, CA).
Double-labeling immunofluorescence and colocalization analysis. Control and LR11-transfected HEK293 cells were fixed in 2% paraformaldehyde. Rats were perfused with 4% paraformaldehyde, and frozen brains
were cut into 50 m sections and treated with 3% hydrogen peroxide.
Samples were rinsed, blocked, and incubated with both primary antibodies overnight. Secondary antibodies (Jackson ImmunoResearch, West
Grove, PA) were either directly conjugated to fluorophores or biotinylated, followed by avidin– biotin–peroxidase complex and tyramideconjugated fluorophores (PerkinElmer, Boston, MA). Control samples
incubated with no or only one primary antibody demonstrated no significant cross-reactivity or background staining. Images were captured
using a LSM510 confocal microscope (Zeiss, Thornwood, NY), and colocalization analysis was performed as described previously (Volpicelli et
al., 2001).
Immunogold electron microscopy. After treatment with primary antibody (see above, Immunohistochemistry), sections were incubated with
secondary antibody conjugated to ultra small gold particles (Aurion,
Wageningen, The Netherlands). After rinsing, sections were fixed in glutaraldehyde for 1 h, enhanced with R-gent SE-EM (Aurion), and postfixed in OsO4. Sections were dehydrated, embedded in Epon, and cut
into ultra thin sections (60 –70 nm). Thin sections were counterstained
with uranyl acetate, followed by lead citrate, and examined using a Hitachi (Tokyo, Japan) H-7500 electron microscope.
Western blotting. Cell extracts were separated by SDS-PAGE and transferred overnight to Immobilon-P membranes (Millipore, Bedford, MA).
Blots were blocked at room temperature for 30 min, probed with primary
antibodies overnight at 4°C, rinsed, and incubated with secondary antibodies (1:10,000) conjugated to fluorophores (Molecular Probes, Eugene, OR) for 1 h at room temperature. Images were captured, and band
intensities were quantified using an Odyssey Image Station (LI-COR,
Lincoln, NE). Band intensities were normalized to loading controls.
A␤ ELISA. HEK293 cells were transfected with an LR11 expression
vector or empty vector (pcDNA3) as a control. For endogenous A␤ measurements, medium was conditioned for 48 h beginning 24 h after transfection. Seventy-two hours after transfection, conditioned medium was
collected and cells were harvested. A␤ levels were measured using the
human ␤ amyloid 1– 40 ELISA kit (Biosource, Camarillo, CA) according
to the manufacturer’s instructions and normalized to total cellular protein. Measurement of A␤1– 42 was attempted, but the levels of endogenously produced A␤1– 42 were below reliable detection limits. Plates
were read at 450 nm on a Spectra Max Plus plate reader (Molecular
Devices, Sunnyvale, CA). Experiments were performed in triplicate. Cell
extracts were blotted for LR11 and APP and conditioned media samples
were blotted for APPs as described above (see Western blotting).

Results
We have previously reported downregulation of LR11 expression
in AD patients (Scherzer et al., 2004). To identify potentially
important regional differences, we examined LR11 expression
patterns in the brain with respect to regions vulnerable in AD.
LR11 immunostaining was evaluated in two regions strongly affected by AD pathology, the hippocampal formation and frontal
cortex, and two less affected regions, the basal ganglia and cerebellum. In control brain, strongly immunolabeled cytoplasmic
puncta were observed in CA1–CA3 pyramidal neurons extending
through the cell body and into basal dendrites (Fig. 1 A). Similar
staining was present throughout the cytoplasm of dentate granule
cells (Fig. 1 B). In the frontal cortex, intense punctate staining was
found in cytoplasm and proximal dendrites of large pyramidal
neurons (Fig. 1C). In the cerebellum, only Purkinje cells showed
significant LR11 immunoreactivity (Fig. 1 D), and little or no
detectable staining was found in most basal ganglia neurons (data
not shown).
In striking contrast to control brain, CA1–CA3 pyramidal
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Figure 2. LR11 reduces levels of cellular APP and extracellular A␤. A, Western blots of
control and LR11-overexpressing cells show high LR11 expression in LR11-transfected cells and
a decrease in total APP in cell extracts. Secreted APPs in conditioned media is not altered,
whereas levels of cellular CTFs are increased. Loading control EF-1␣ is unchanged. B, Quantification of bands shows a significant difference between control and LR11-transfected cells for
APP (LR11 mean, 68.5 ⫾ 11.7% of control; p ⫽ 0.0432) and CTFs (LR11 mean, 278 ⫾ 47.39%
of control; p ⫽ 0.0228) but not for APPs (LR11 mean, 127.9 ⫾ 20.33% of control; p ⫽ 0.2342).
C, Western blots show increasing levels of LR11 protein expression after transfection with
pcDNA or increasing amounts of LR11 DNA. The numbers reflect the copy number of LR11
plasmid used relative to control plasmid. Levels of extracellular A␤1– 40 significantly correlate
with LR11 protein expression (R 2 ⫽ 0.8975; p ⬍ 0.0001). D, Semiquantitative RT-PCR shows
that mRNA levels of LR11 are increased after LR11 transfection, but levels of APP and ␤-actin
(control) mRNA remain unchanged. Data are shown as percentage of control. Error bars represent SD.
Figure 1. LR11 is selectively lost in neurons and vulnerable brain regions in AD. A–C, In
control brains, strong punctate immunolabeling was found in CA1–CA3 pyramidal neurons (A),
dentate granule cells (B), and frontal cortex pyramidal neurons (C). D, LR11 immunoreactivity
was also detected in Purkinje cells of the cerebellum. E–G, In AD brains, LR11 immunoreactivity
is absent in CA1–CA3 pyramidal neurons (E), dentate granule cells (F ), and frontal cortex
pyramidal neurons (G). Hematoxylin counterstain shows otherwise healthy appearing neurons.
H, LR11 is preserved in Purkinje cells of the cerebellum in AD patients. Scale bars, 10 m.

neurons in AD brain exhibited scarce LR11 immunoreactivity
(Fig. 1 E), and staining was nearly absent in dentate granule cells
(Fig. 1 F). In the frontal cortex, LR11 immunoreactivity was
barely detectable in pyramidal neurons (Fig. 1G). This loss of
immunoreactivity was not simply attributable to cell loss, because hematoxylin counterstaining showed many otherwise
healthy appearing hippocampal and cortical neurons (Fig. 1 E–
G). As in control brains, AD brains showed good immunolabeling in cerebellar Purkinje cells (Fig. 1 H) and little or no staining
in basal ganglia neurons (data not shown). These findings were
remarkably consistent across all AD and control brains and indicate selective loss of LR11 expression in AD brain in regions
vulnerable to the disease, the hippocampal formation and frontal
cortex, whereas staining in relatively unaffected regions, the cerebellum and basal ganglia, was unchanged.
To assess the functional importance of LR11, we studied the
effect of LR11 overexpression on levels of full-length APP,
C-terminal APP fragments (CTFs), APPs, and A␤. Although
these experiments involved artificial overexpression of LR11 in
cells that normally express very little endogenous receptor, the

impact on APP and A␤ were measured using endogenously expressed APP to avoid potential artifacts from overexpression of
exogenous APP. HEK293 cells were transiently transfected with
LR11 or control DNA, cell extracts were blotted for APP and total
CTFs, and conditioned media were blotted for total APPs. Most
of the APPs and CTFs produced by these cells result from
␣-secretase cleavage (data not shown), and the relatively low endogenous levels of APP expression did not allow us to separately
measure the ␤-cleaved forms. In this study, we therefore report
total levels of APPs and CTFs. Cells were monitored for accumulation of endogenously produced A␤1– 40 in the media using an
ELISA. LR11 overexpression significantly changed levels of fulllength APP, CTFs, and A␤. Levels of full-length APP in the cell
extracts of LR11-transfected cells were reduced by 30% ( p ⫽
0.0432), whereas levels of secreted APPs in the conditioned media
were not significantly altered ( p ⫽ 0.1407) when normalized to
cellular APP. Levels of CTFs in LR11-overexpressing cells were
increased ⬃2.5-fold after normalization to full-length APP ( p ⫽
0.0228) (Fig. 2 A, B). A major change between LR11 and control
conditions was observed in the levels of extracellular A␤. A␤1– 40
levels were reduced by ⬃50% in the media samples collected
from LR11-transfected cells compared with controls (LR11
mean, 57.3 ⫾ 3.5% of control; p ⫽ 0.0023). Transfection efficiency in these cells is ⬃60%, suggesting that the effects on individual LR11-expressing cells is likely substantially greater than
the overall effects measured in these experiments. To more firmly
establish a relationship between LR11 expression and A␤ levels,
we transiently transfected HEK293 cells with control DNA or
increasing amounts of LR11 DNA. Endogenous A␤ levels in the
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(Fig. 2C). To assess whether the difference
in cellular APP was attributable to a downregulation of APP gene expression, we
compared levels of APP mRNA using
semiquantitative reverse transcriptionPCR (RT-PCR) (Fig. 2 D). APP mRNA expression was unchanged between control
and LR11-transfected cells, indicating that
the observed reduction in APP levels occurs posttranscriptionally. These results
show that LR11 expression regulates levels
of both secreted A␤ and cell-associated
full-length APP and CTFs, suggesting an
important dose-dependent effect of LR11
on APP processing.
To gain insight into the mechanism
by which LR11 might regulate APP and
A␤, we analyzed the subcellular localization of LR11 and the effects of LR11 expression on APP distribution. Both
LR11 and APP localize to intracellular
vesicular structures in LR11-transfected
HEK293 cells (Fig. 3A). Quantitative
analysis of confocal images revealed that
22.6% of LR11 staining overlapped with
APP and, conversely, 32.4% of the APP
staining in these cells colocalized with
LR11. Analysis of its subcellular localization showed significant colocalization of
LR11 with early endosomal autoantigen
1 (EEA1), a marker of early endosomes
(Fig. 3B), and quantification of staining
distribution revealed that 24.0% of LR11
was present in EEA1-positive compartments. In contrast to previous studies
(Jacobsen et al., 1996, 2001; Andersen et
al., 2005), we found poor colocalization
of LR11 immunoreactivity with Golgi
markers (Fig. 3B). Because APP processing depends on its exposure to the different secretases in various subcellular
compartments, we tested the possibility
that expression of LR11 may affect the
trafficking of APP. In control transfected
cells, 3.6% of endogenous APP colocalized with EEA1, but after LR11 transfection, colocalization of APP and EEA1 increased to 9.5% ( p ⫽ 0.0064; n ⫽ 12).
Similarly, 4.5% of EEA1 colocalized with
APP in control cells compared with
16.8% in LR11-transfected cells ( p ⫽
Figure3. LR11colocalizeswithAPPandaltersAPPlocalizationtotheendosomalsystem.A,LR11stainingintransfectedHEK293cellsshowsa 0.0005) (Fig. 3C). Although the total
punctate pattern (green), immunoreactivity for endogenous APP also shows intracellular punctate staining (red), and the merged image shows percentage of APP colocalization with
substantialcolocalization(yellow)ofLR11andAPP.B,LR11(red)colocalizeswiththeendosomalmarkerEEA1(green)asshownbyyellowlabeling EEA1 is low, LR11 overexpression reinthemergedimage,butnocolocalizationofLR11wasfoundwiththeGolgimarkerGM130.C,APPstaining(red)showslittleoverlapwithEEA1 sulted in a twofold to threefold increase
(green)staininginpcDNA-transfectedHEK293cells.Colocalization(yellow)isincreasedsignificantlyafterLR11transfectionforbothAPPcolocaliza- in colocalization showing its ability to
tionwithEEA1(pcDNAmean,3.6⫾0.8%;LR11mean,9.5⫾6.0%;p⫽0.0064)andEEA1colocalizationwithAPP(pcDNAmean,4.5⫾1.1%; potently alter APP trafficking within
LR11mean,16.8⫾8.8%;p⫽0.0005).Scalebars,10 m.
early endosomes.
Because the overlap with EEA1 acmedia were measured by ELISA, and LR11 expression levels were
counts for a minority of LR11, we sought to identify additional
determined by Western blot. LR11 expression increased with the
compartments, in which LR11 might function to influence APP
plasmid copy number, whereas A␤ levels decreased and negaprocessing. In addition to altering APP distribution in the endotively correlated with LR11 expression (R 2 ⫽ 0.8975; p ⬍ 0.0001)
somal system, another frequently observed effect of LR11 over-
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expression is the formation of large vesicular structures (⬃1–5 m diameter) in
transfected cells (Fig. 3B). Many of these
show colocalization of immunoreactivity
for LR11, APP, and EEA1 (data not
shown). These structures were not seen in
control transfected HEK cells or in human
brain, where LR11 immunoreactivity consistently shows a staining pattern of small
cytoplasmic puncta (Fig. 1). These exaggerated vacuoles are clearly linked to overexpression of LR11, similar to structures
seen under other conditions in which normal trafficking is disrupted by overexpression of key endosomal trafficking proteins
(Komada et al., 1997; Ceresa et al., 2001).
To more precisely define the normal
subcellular localization of LR11, we first
used double-labeling immunofluorescence on rat cortical sections. Using antibodies for LR11 and markers for subcellular compartments, we again found
colocalization of LR11 with EEA1 (Fig.
4 A). Next, we performed immunogold
electron microscopy on rat and human
brain sections. In both the rat and human
cortex, immunogold particles revealed
LR11 distribution within neuronal somata. Clusters of immunogold particles
frequently concentrated around vesicular
structures (⬃300 –500 nm diameter) containing smaller intralumenal vesicles,
identifying them as MVBs (Fig. 4 B). LR11
staining using an antibody directed to the
C terminal of the protein consistently labeled the cytoplasmic face of the limiting
membranes of MVBs but not internal
membranes, suggesting association with Figure 4. LR11 is localized to the endosomal system in the brain. A, Endogenous LR11 in a rat cortical neuron shows intracelrecycling membranes (Felder et al., 1990). lular punctate staining (red) that colocalizes with EEA1 staining (green), as indicated by yellow staining in the merged image. B,
These ultrastructural observations sup- immunogold electron microscopy of the rat and human cortex shows LR11 labeling on MVBs. Scale bars: A, 10 m; B, 500 nm.
port the light microscopic findings showically in affected regions suggests that LR11 reduction may play
ing LR11 distribution in endosomal compartments and suggest
an important role in AD pathogenesis.
that a substantial portion of cellular LR11 is found in late endoThe observed loss of LR11 in AD brains is particularly insomes. Our subcellular localization studies indicate a functionteresting
in the context of its ability to reduce levels of extraally important endosomal distribution of LR11, and the impact of
cellular
A
␤ in experimental systems. The fact that LR11 overLR11 on APP processing may be mediated through regulation of
expression
also reduces levels of full-length APP and increases
APP trafficking in endosomal compartments.
levels of CTFs, without affecting APP transcript levels, suggests that the reduction in A␤ levels is attributable to effects on
Discussion
APP processing. Several attempts to identify altered clearance
Our findings link the lipoprotein receptor LR11 to AD pathologof extracellular A␤ based on LR11 expression have yielded
ically based on its highly consistent region-specific reduction in
negative results (K. Offe, data not shown). The proteolytic
vulnerable regions of AD brains, and its potent effects on A␤
processing of APP depends on its exposure to three secretase
production link it to a fundamental mechanism of AD pathogenactivities, each with its own complex subcellular distribution.
esis. In agreement with previous studies (Motoi et al., 1999), we
ADAM10, a metalloprotease shown to exhibit ␣-secretase acdetected LR11 expression in neurons in the neocortex, limbic
tivity is found primarily at the plasma membrane (Lammich et
cortex, and cerebellum and less prominent expression in brain
al., 1999) in accordance with previous reports of ␣-secretase
regions such as the thalamus and basal ganglia. In AD brains,
activity at this site (Sisodia, 1992). An aspartyl protease named
LR11 immunoreactivity was selectively lost with remarkable conBACE (␤-site APP cleaving enzyme) has been identified as the
sistency before cell death in neuronal populations of brain reprimary ␤-secretase in the brain (Sinha et al., 1999; Vassar et
gions most severely affected in AD, such as the hippocampus,
al., 1999; Yan et al., 1999), and it localizes mainly to the transwhereas it was preserved in unaffected brain regions such as the
Golgi network and endosomes (Vassar et al., 1999; Huse et al.,
cerebellum. The consistency and magnitude of LR11 loss specif2000; Walter et al., 2001; Yan et al., 2001; Kinoshita et al.,
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2003). The third secretase activity, ␥-secretase, responsible for
the final cleavage that releases A␤, is mediated by a large multiprotein complex, which includes presenilin-1 (De Strooper
et al., 1998; Wolfe et al., 1999) (for review, see Iwatsubo,
2004). The intracellular localization, maturation, and trafficking of ␥-secretase is particularly complex, but its functional
distribution includes activity in endosomal compartments
(Lah and Levey, 2000). Because of this complex distribution of
the secretases in various subcellular compartments, the trafficking of APP to these compartments is of great importance in
regulating the production of A␤. In addition, regulation of
intracellular traffic in endosomal/lysosomal compartments
also plays a crucial role in the degradation of APP and A␤.
The colocalization of LR11 with APP in early endosomes suggests that LR11 regulates APP processing through effects on its
trafficking in endosomal/lysosomal compartments. Endosomes
have been shown to be a major site of A␤ generation, and A␤
produced in endosomes can subsequently be recycled to the cell
surface where it is secreted (Koo and Squazzo, 1994). Disruption
of the endosomal system, specifically the enlargement of early
endosomes, is one of the earliest neuronal changes seen in AD
brains and occurs before A␤ deposition (Cataldo et al., 1996,
1997, 2000; Troncoso et al., 1998). LR11 expression strongly alters APP trafficking within early endosomes, dramatically increasing colocalization of APP and EEA1 when LR11 is overexpressed (Fig. 3). However, although the effect is substantial,
distribution in EEA1-positive early endosomes only accounts for
a portion of the cellular pools of LR11 and APP, and additional
details of the role of LR11 in regulating endosomal/lysosomal
trafficking of APP remain to be defined.
Our immunogold electron microscopic data reveal a strong
association of endogenous LR11 with MVBs in the rat and human
cortex, an intermediate compartment of the endosomal/lysosomal system. Recent evidence identifies MVBs as a key intracellular compartment in A␤ metabolism. Although ␤- and
␥-secretases have not specifically been identified in these structures, immunoelectron microscopic studies have localized
A␤1– 42 and oligomeric A␤ to MVBs in the human brain and
Tg2576 transgenic mice (Takahashi et al., 2002, 2004), and both
A␤ and APP CTFs were localized to MVBs in APP/PS1 doubletransgenic mice (Langui et al., 2004). Aside from these links to A␤
metabolism, MVBs play a key role in sorting internalized receptors, which proceed from MVBs to lysosomes for degradation
(Futter et al., 1996).
Based on its localization to MVBs, its effects on endosomal
APP trafficking, and its ability to regulate A␤ levels, we propose that LR11 modulates APP processing and A␤ production
by enhancing the flow of APP and APP CTFs toward MVBs.
Trafficking of APP and APP CTFs to MVBs rather than recycling endosomal compartments would alter their interactions
with secretases and reduce A␤ secretion into the extracellular
space. This effect of LR11 is consistent with both the observed
accumulation of CTFs in cell extracts and the reduction in A␤
in the conditioned medium. Such a trafficking function for
LR11 is supported by its unique multidomain structure, which
suggests a potential role as an intracellular sorting receptor
(Jacobsen et al., 1996). In addition to motifs common to LDLR
family members, LR11 contains a Vps10p-homology domain
and a GGA-binding domain, both of which are usually involved in trafficking from the Golgi to the endosomal/lysosomal system (Marcusson et al., 1994; Jacobsen et al., 1996, 2002;
Yamazaki et al., 1996; Puertollano et al., 2001). Additional
studies will need to address whether the interaction between
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LR11 and APP occurs in the Golgi to endosome pathway or by
altering the trafficking of APP after delivery and internalization from the cell surface.
Connections between sporadic AD and lipid metabolism
have become increasingly apparent. These include the robust
genetic susceptibility conferred by the APOE ⑀4 allele as well as
epidemiological studies showing the potential effect of certain
cholesterol-lowering drugs on disease risk (Wolozin et al.,
2000). Our studies of the ApoE receptor LR11 have now established that (1) neuronal LR11 expression is diminished in patients with AD (Scherzer et al., 2004), (2) there is selective loss
of LR11 in regions that are vulnerable to AD pathology, (3)
endogenous brain LR11 concentrates in MVBs, (4) LR11 influences APP trafficking in endosomes, and (5) LR11 expression inversely correlates with A␤ levels. These findings echo
results from the study of LRP, which established strong associations between this ApoE receptor and AD (Kang et al., 1997,
2000; Ulery et al., 2000; Pietrzik et al., 2002). Although additional research is needed, the identification of two distinct
ApoE receptors, which appear to regulate amyloidogenesis by
influencing intracellular trafficking of APP suggests that this
represents a generally important mechanism in the pathogenesis of common sporadic forms of AD.
Collectively, our findings have important implications for AD
pathogenesis. The ability of LR11 to lower A␤ levels along with
the dramatic loss of LR11 in vulnerable brain regions in AD suggest that changes in LR11 promotes amyloid deposition and may
play a central role in disease pathogenesis. Shortly after submission of this study, another report was published, in which interactions between LR11 (alternatively referred to as sorLA) and
APP were examined (Andersen et al., 2005). This study corroborated our previous observation that LR11 protein is lost in the
brains of AD patients. In addition, Anderson et al. (2005) offer
nice data indicating interactions between LR11 and APP. The few
relatively minor inconsistencies between our studies, including
differences in subcellular localization of the LR11–APP interactions, may be attributable to the cell types used and effects introduced by overexpression of target proteins. Importantly, Anderson et al. (2005) reach the same fundamental conclusion that
interactions with LR11 produce significant changes in APP processing and amyloid production. Together, the available data
support an important role for LR11 in AD pathogenesis and identify this receptor as a potential novel therapeutic target for treatment of late-onset sporadic AD.
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