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BACEL1 (B-site B-amyloid precursor protein (APP)-cleaving
enzyme 1) mediates the first proteolytic cleavage of APP, lead-
ing to amyloid B-peptide (AB) production. It has been reported
that BACEL1 intracellular trafficking, in particular endosome-
to-TGN sorting, is mediated by adaptor complexes, such as
retromer and Golgi-localized vy-ear-containing ARF-binding
proteins (GGAs). Here we investigated whether sortilin, a
Vps10p domain-sorting receptor believed to participate in ret-
romer-mediated transport of select membrane cargoes, contrib-
utes to the subcellular trafficking and activity of BACE1. Our
initial studies revealed increased levels of sortilin in post-mor-
tem brain tissue of AD patients and that overexpression of sorti-
lin leads to increased BACE1-mediated cleavage of APP in cul-
tured cells. In contrast, RNAi suppression of sortilin results in
decreased BACE1-mediated cleavage of APP. We also found
that sortilin interacts with BACE1 and that a sortilin construct
lacking its cytoplasmic domain, which contains putative retro-
mer sorting motifs, remains bound to BACE1. However, expres-
sion of this truncated sortilin redistributes BACE1 from the
trans-Golgi network to the endosomes and substantially
reduces the retrograde trafficking of BACEL. Site-directed
mutagenesis and chimera experiments reveal that the cytoplas-
mic tail of sortilin, but not those from other VPS10p domain
receptors (e.g. SorCslb and SorLA), plays a unique role in
BACE] trafficking. Our studies suggest a new function for sorti-
lin as a modulator of BACEL1 retrograde trafficking and subse-
quent generation of Af.

Alzheimer disease (AD)? is a progressive and fatal neurode-
generative disorder characterized pathologically in part by the
extracellular deposit of the 40-42-amino acid-long amyloid
B-peptide (AB). AB is derived from the B-amyloid precursor
protein (APP) via the action of two proteolytic enzymes: 3- and
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y-secretase (1, 2). BACE1 (B-site APP-cleaving enzyme 1) is
a transmembrane aspartyl protease that mediates the first
B-secretase cleavage, resulting in a soluble ectodomain and a
membrane-tethered fragment that subsequently undergoes
presenilin-mediated y-secretase cleavage (3, 4). The y-secre-
tase cleavage generates AB and the APP intracellular domain
(5).

Various subcellular sites for APP proteolytic processing have
been identified. AP production has been localized to the trans-
Golgi network (and/or Golgi-associated vesicles), to the endo-
somal/lysosomal system (following APP endocytosis), and to a
small degree (AB42 only) to the endoplasmic reticulum/inter-
mediate compartments (6 —9). The protease BACE1 has been
shown to transit through the secretory pathway and target the
endosomal system, cycling between endosomes and the cell
surface probably by way of the TGN (10, 11). There is also
speculation that BACEL1 can traffic from the trans-Golgi net-
work (TGN) directly to endocytic compartments (12). Endo-
somal trafficking of BACE1 appears to be at least partially gov-
erned by an acidic cluster-dileucine motif in its cytoplasmic tail
(12—-14). This motif has been shown to interact with the VHS
domain of GGAL, -2, and -3 (Golgi-localized y-ear-containing
ARF binding proteins), adaptor proteins that mediate sorting
between the TGN and endosomes (13, 15). Recently, it has been
shown that GGA3 can bind BACE1 via the ubiquitin sorting
machinery and regulate BACE1 degradation (16). It is well doc-
umented that GGAs mediate anterograde trafficking from the
TGN to endosomes, but recent studies have suggested that
GGAs might also act in retrograde trafficking of proteins, spe-
cifically of BACE1 (15, 17). Furthermore, GGAs have recently
been implicated in APP processing (18 —20).

A better characterized mechanism for retrograde trafficking
involves a protein complex called retromer. Initially identified
in yeast, retromer is a pentameric complex consisting of two
“subcomplexes.” The first subcomplex consists of Vps35p and
Vps29p, which interacts with Vps10p to drive cargo selection.
Vps10p is a sorting receptor for carboxypeptidase Y and is func-
tionally equivalent to the cation-independent mannose 6-phos-
phate receptor (CI-MPR) in mammals. The second subcomplex
consists of Vps5p and Vps17p, which drives budding through
the self-assembly activity of Vps5p. These two subcomplexes
are in turn linked by Vps26p (21). The components of retromer
all have mammalian homologues that can act in the endosome-
to-Golgi retrieval of the CI-MPR, including Vps35, Vps29,
Vps26, and various sorting nexins (SNXs), a family of mem-
brane-associated proteins whose common characteristic prop-
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erty is a Phox homology domain (21, 22). Many retromer com-
ponents appear to modulate APP cleavage. Evidence suggests
that SNX6 associates with BACEL and regulates APP cleavage
(23). Furthermore, RNAi and overexpression studies on the
mammalian retromer components, Vps35 and Vps26, have
suggested a role for retromer in APP processing (24, 25).

Sortilin is a transmembrane protein that belongs to a family
of type I receptors with homology to the yeast receptor Vps10p,
the sorting receptor that interacts with retromer (26). It has
been demonstrated that the sortilin cytoplasmic domain can
convey Golgi localization and Golgi-endosome transport. Such
asorting and trafficking role for sortilin can be attributed to two
motifs, a tyrosine-based YSVL motif and an acidic cluster-
dileucine motif, both appearing to contribute to the endocyto-
sis and intracellular trafficking of sortilin (27-30). These motifs
are likewise found within the CI-MPR (the functional equiva-
lent of Vps10p), which is responsible for transporting lysosomal
enzymes from the Golgi to the lysosome and subsequently
undergoes retrograde transport via retromer (31-33). Given
that the cytoplasmic tail of sortilin binds GGAs and given that
sortilin appears to mimic the trafficking patterns of the CI-
MPR, it is highly plausible that sortilin participates in retro-
grade trafficking via GGAs or in association with the retromer
complex; SNX1 and Vps26 have been implicated in sortilin
retrograde trafficking (33-35). We suspect that BACE1 may
interact with sortilin, given that BACE1 endosomal traffick-
ing (like sortilin) is governed by GGAs and given that BACE1
(like sortilin) has been shown to undergo retrograde trans-
port (15, 17, 27, 33).

The intracellular trafficking of BACE1 between endosomes
and the TGN appears to be tightly regulated and potentially
influential on APP processing and the subsequent generation of
AB. The convergence of APP and BACEL in the endosomal
pathway is significant and suggests a possible role for various
sorting proteins in modulating their proximity. Interestingly, it
has been recently found that SorLA/LR11, another member of
the Vps10p family of receptors, can regulate the intracellular
transport and subsequent processing of APP (36, 37). Further-
more, it was recently reported that inherited variants in SorLA
and SorCS1 (a third member of the Vps10p family) are associ-
ated with late onset AD (38—-40). Given the similar motifs,
binding partners, and trafficking characteristics of sortilin and
BACE], as outlined above, we set out to investigate a potential
role of sortilin in AD pathogenesis. Our studies indicate that the
sortilin cytoplasmic domain, which harbors two identifiable
sorting signals, is required for BACE1 subcellular localization
and also modulates BACE1-mediated cleavage of APP. The
effect of the sortilin cytoplasmic tail on BACEL trafficking
appears to be unique among other Vps10p domain receptors
implicated in AD.

EXPERIMENTAL PROCEDURES

Expression Constructs—Full-length human sortilin cDNA
was purchased from Origene Technologies (Rockville, MD).
For V5- and GFP-tagged fusion proteins, full-length sortilin
¢DNA was amplified by PCR and cloned in frame to the pEF6/
V5-His TOPO vector (Invitrogen) or the pcDNA3.1/CT-
GFP-TOPO vector (Invitrogen), respectively. Primers were also
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designed to PCR-amplify a truncation of sortilin lacking the cyto-
plasmic tail but maintaining the transmembrane domain. These
PCR products were cloned into the above mentioned vectors. To
create untagged full-length and C-terminal truncated sortilin con-
structs, sortilin was PCR-amplified with the appropriate 3’ prim-
ers encoding stop codons and subsequently cloned into the
pEF6/V5-His TOPO vector. BACE1 expression vectors include
pCDNA3.1/Myc-His(—) (Invitrogen), pECFP-N1 (Clontech), and
pEGFP-N1 (Clontech). The expression construct encoding
BACEI1-HA was kindly provided by Robert W. Doms (University
of Pennsylvania, Philadelphia, PA). Chimeric constructs contain-
ing the luminal and transmembrane domains of sortilin and the
cytoplasmic domains of either SorLA or SorCS1b were made by a
standard PCR technique using primers generating an Xbal site at
the 5'-end and 3'-end. These PCR products were then digested
and subcloned into the C-terminal Xbal site of the
¢DNA3.1/CT-GFP-TOPO vector containing truncated sortilin.

Site-directed mutagenesis was performed using the
QuikChange Lightning site-directed mutagenesis kit following
the manufacturer’s instructions (Stratagene). All mutations
were introduced into full-length sortilin that was previously
subcloned into the cDNA3.1/CT-GFP-TOPO vector. Missense
mutations were introduced with the following primers: Y14A/
L17A, 5'-GGTTCCTGGTGCATCGAGCCTCTGTGCTGC-
AGCAG and 5'-CTGCTGCAGCACAGAGGCTCGATGCA-
CCAGGAACKC, followed by 5'-CATCGAGCCTCTGTGGC-
GCAGCAGCATGCAGAGG and 5'-CCTCTGCATGCTGC-
TGCGCCACAGAGGCTCGATG; F9A/L10A, 5 -GTCTGTG-
GGGGAAGGGCCCTGGTGCATCGATAC and 5'-GTATC-
GATGCACCAGGGCCCTTCCCCCACAGAC, followed by
5-GTCTGTGGGGGAAGGGCCGCGGTGCATCGATAC-
TCTG and 5'-CAGAGTATCGATGCACCGCGGCCCT-
TCCCCCACAGACG; and L51A/L52A, 5'-GATGACTCAG-
ATGAGGACGCCGCGGAAAAAGGGCAATTCTGC and
5'-GCAGAATTGCCCTTTTTCCGCGGCGTCCTCATCT-
GAGTCATC.

Analysis of Post-mortem Brain Tissue—Human brain tissue
of the temporal cortex was obtained from the New York Brain
Bank at Columbia University. Human brain tissues (diagnosed
by histological analysis in the Neuropathology Core) were
snap-frozen and stored at —80 °C until required. Tissue sam-
ples were soaked with 5 volumes of ice-cold Solution A (0.32 M
Sucrose, 0.5 mm CaC,,, 1 mm MgCl,, and 10 mm HEPES, pH
7.4), supplemented with a protease inhibitor mixture (Roche
Applied Science) for 30 min, and homogenized using a Teflon
pestle homogenizer. Homogenate was centrifuged at 1,500 rpm
for 10 min at 4 °C, and 30 pg of the supernatant (S1) was sub-
jected to SDS-PAGE. The blots were sequentially incubated
overnight with anti-sortilin (BD Biosciences), anti-SorLA (BD
Biosciences), anti-SorSC1b (a gift of Dr. Guido Hermey), anti-
B-actin (Sigma), anti-neuronal class III B-tubulin (TUJ1)
antibody (Covance, Berkeley, CA), and anti-neuronal nuclei
(NeuN) antibody (Millipore, Billerica, MA). Fluorescently
labeled secondary antibody was detected and analyzed using
the Odyssey infrared imaging system (LI-COR Biotechnology,
Lincoln, NE).

Cell Culture—HEK293 and HeLa cells were maintained
in DMEM (Invitrogen), supplemented with 10% FBS, 100
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units/ml penicillin, 100 units/ml streptomycin, and 2 mm L-glu-
tamine. HEK293 cells stably expressing vector, V5-tagged sorti-
lin (sort-V5), or sortAC-V5 were additionally maintained with
10 ug/ml blasticidine (Invitrogen). Cells were incubated at
37 °C under 6% CO.,.

Immunoprecipitation of Conditioned Media—In triplicate,
HEK?293 cells that stably express vector, sort-V5, or sortAC-V5
were incubated for 48 h. Immunoprecipitation of sAPPf3 was
performed using sBwt antibody and detected using anti-22C11
(Chemicon, Temecula, CA). The antibody spwt, a sAPPBwt
cleavage site-specific antibody, was described previously (23).
Immunoprecipitation of total A was performed using anti-
4G8 (Covance) and detected using Signet’s anti-6E10 antibody
(Covance).

Western Blot Analyses of Overexpression Assays—V5-tagged
sortilin was resolved via SDS-PAGE using 4-12% Tris/glycine
gels, transferred to PVDF, and probed for expression with
anti-V5 (Invitrogen). Blots were developed using HRP-conju-
gated secondary antibodies. Expression of APP and C99 were
resolved via SDS-PAGE using 4-12% Tris/glycine gels. APP
and C-terminal fragments were probed with APP-CTmax anti-
body (41) and detected using the Odyssey infrared imaging sys-
tem (LI-COR Biotechnology).

RNA Interference—shRNA vectors targeting human sortilin
(and a non-silencing shRNA vector) were purchased from
Open Biosystems (Huntsville, AL). Transfection was per-
formed using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol.

Co-immunoprecipitation—Reciprocal co-immunoprecipita-
tion of sortilin and BACE-HA was performed using monoclonal
primary antibodies against sortilin (BD Biosciences) and HA
(Covance). HeLa cells were co-transfected with sortilin and/or
HA-tagged BACEL, incubated for 48 h, and then lysed with 1%
Nonidet P-40 lysis buffer (50 mm Tris-Cl, 150 mm NaCl, 1%
Nonidet P-40). Cell lysates were precleared, incubated with
anti-sortilin or anti-HA at 4 °C overnight, and subsequently
pulled down with protein G Plus/protein A-agarose suspension
(Calbiochem). Samples were resolved via SDS-PAGE and
Western blotting. Co-immunoprecipitations of full-length
sortilin or truncated sortilin and BACE1 were performed using
polyclonal antibodies against Myc (Upstate Inc., Charlottes-
ville, VA) or HA (Covance), as well as monoclonal anti-BACE-
catl antibody (42), a gift of Dr. Robert Vassar. Samples were
resolved via Western blotting using anti-V5 (Invitrogen) or
anti-sortilin (BD Biosciences). Co-immunoprecipitation of
endogenous HEK293 cells was accomplished using 1% Nonidet
P-40 lysis buffer and pulling down with anti-BACE-cat1 anti-
body. An unrelated control antibody, anti-pLCy2 (Abcam,
Cambridge, MA), was included. Samples were resolved via
Western blotting using anti-sortilin (BD Biosciences). Co-im-
munoprecipitation of human post-mortem brain tissue was
performed using human brain tissue of the temporal cortex,
obtained from the New York Brain Bank at Columbia Univer-
sity. Human brain tissues were snap-frozen and stored at
—80 °C until required. Following the preparation of P2 fraction
via differential centrifugation, P2 was resuspended in solution B
(0.32 M sucrose, 1 mM NaHCO,) and lysed with 2% Nonidet
P-40 2X lysis buffer. Lysed P2 was precleared and incubated
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with anti-BACEL (Affinity Bioreagents, Golden, CO) at 4 °C
overnight and subsequently pulled down with protein G Plus/
protein A-agarose suspension (Calbiochem). Samples were
resolved via SDS-PAGE and probed with anti-sortilin (BD
Biosciences).

Immunocytochemistry—HeLa cells were transiently trans-
fected with GFP-tagged sortilin constructs or untagged SorLA,
along with CFP-tagged BACEL. After 24 h, cells were fixed in
4% paraformaldehyde, permeabilized, and blocked for 1 h in
10% normal goat serum or 10% fetal bovine serum. Primary
antibodies were diluted in 10% normal goat serum or fetal
bovine serum containing 0.1% Triton X-100 and incubated
overnight at 4 °C. Organelle localization was detected using
anti-syntaxin 6 (BD Biosciences), anti-TGN46 (Novus Biologi-
cals, Littleton, CO), or anti-EEA1 (BD Biosciences). Following
incubation of primary antibody, cells were washed and incu-
bated for 1 h at room temperature in Alexa Fluor 568-conju-
gated secondary antibody (Invitrogen). Immunostained cells
were mounted, using Vectashield mounting medium (Vector
Laboratories, Burlington, CA), and imaged using the Nikon C1
digital confocal system.

Antibody Uptake Assay—HEK293 cells stably expressing
vector, sort-V5, or sortAC-V5 were transiently transfected with
BACE]. After incubation for 24 h, cells were washed and incu-
bated for 15 min on ice with ice-cold PBS. Subsequently, cells
were incubated for 30 min on ice with OptiMEM (Gibco)
containing an antibody against the ectodomain of BACEL1 (Cal-
biochem). Cells were then incubated at 37 °C in OptiMEM for
various time periods and fixed with 4% paraformaldehyde
before being processed for immunocytochemistry.

Chloroquine Assay—HEK293 cells stably expressing vector,
sort-V5, or sortAC-V5 were treated overnight with 75 um chlo-
roquine (Sigma). Immunoprecipitation of conditioned media
was performed as described above. Immunoprecipitation of
intracellular APP 3 was performed on cells lysed with 1% Triton
X-100 buffer. Immunoprecipitates were resolved via SDS-
PAGE using 4—12% Tris/glycine gels and detected with anti-
22C11 (Chemicon). CTFs were detected with APP-CTmax
antibody (41).

RESULTS

The Analysis of Vps10p Domain Family Members in AD Post-
mortem Brain Tissue—Regions of the temporal cortex in AD
undergo major pathological changes involving A deposition,
neurofibrillary tangles, and marked neuronal loss (43, 44). All
Vps10p domain family members are highly enriched in neurons
of the mammalian brain, and sortilin is particularly enriched in
neurons of the temporal cortex (45, 46). We began our investi-
gations by analyzing the protein expression of sortilin and other
major VpslOp domain family members, including sorCS1 and
sorLA, in the temporal cortex of patient-derived post-mortem
brain tissue using quantitative Western blot analysis. Given
that neuronal loss is a particular neuropathological change in
the AD brain, it is necessary to normalize our findings to rele-
vant markers to account for neuron-specific cell loss. In order
to account for total cell loss in the post-mortem brain tissue, we
normalized our results to B-actin. In order to account for neu-
ron-specific cell loss, we utilized the markers TUJ1 and NeuN.
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Using infrared-based quantitative Western blotting, we ana-
lyzed brain homogenate from the temporal cortex of 12 control
subjects and 12 subjects diagnosed with late stage AD. All tissue
samples had an average cold post-mortem interval of less than
5 h. Mean age at the time of death was 76.6 years (range, 62—90
years) for control subjects and 79.9 years (range, 71-90 years)
for AD subjects (supplemental Fig. 1). Sortilin was detected as a
~100-kDa protein in human brain tissue as recognized by two
independent antibodies, anti-sortCT and anti-sortilin, directed
against the C terminus and N terminus of sortilin, respectively
(data not shown).

Upon normalization to both TUJ1 and NeuN, we found a
significant increase in sortilin (~25%) as compared with con-
trol (Fig. 1, A and B). Additionally, we found an increase in
SorLA expression in AD brains, as compared with control
(~15%) but no change in SorCS1b levels (supplemental Fig. 2).
Normalization to B-actin levels yielded no significant changes
in any of the Vps10p family members. Our results suggest that
neuronal expression of sortilin and SorLA, but not that of
SorCS1b, is increased in the post-mortem brain tissue of AD.

Sortilin Modulates BACE1-mediated Cleavage of APP—
Given the elevated levels of sortilin in the post-mortem AD
brain tissue, we next investigated the possible consequences of
increased sortilin levels in the proteolytic processing of APP.
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We were able to detect endogenous proteolytic products in
HEK293 cells in which we stably overexpressed either
V5-tagged empty vector (vector) or sort-V5 (Fig. 2A). The pro-
teolytic products we assessed include sAPPf (the N-terminal
fragment of APP that is secreted into the medium following
BACEI] cleavage) and A (the end product of APP processing,
which involves cleavage of APP by both - and y-secretases).

Using our HEK293 cells stably overexpressing sortilin, we
found, via immunoprecipitation, a 78% increase in sSAPP3 upon
sortilin overexpression (Fig. 2, A and B). These results suggest
that sortilin is affecting the first step in APP proteolysis, medi-
ated by B-secretase. We next analyzed secreted Af levels in the
media using immunoprecipitation. We found that sortilin over-
expression increased total secreted AB by ~30% (Fig. 2, A and
C). Our data imply that sortilin mediates BACE1 cleavage of
APP and resultant A production.

Given that overexpression of sortilin increases BACE1 cleav-
age of APP, we theorized that a decrease in sortilin expression
would harbor the opposite results. To test this, we performed
an RNAi experiment in which we transiently transfected
HEK293 cells with sortilin-directed shRNA. Sortilin protein
levels were substantially reduced compared with cells express-
ing non-silencing control shRNA (7.s.) (Fig. 3A). To analyze the
secreted APP derivatives in sortilin-reduced cells, conditioned
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medium was subjected to immunoprecipitation using either
sAPPB-specific antibody or antibody against total AB. Secre-
tion of sSAPPS was significantly reduced in sortilin knockdown
cells compared with control (Fig. 3, A and B). Similarly, total A3
was reduced by ~30% (Fig. 3, A and C). Our data indicate that
reducing sortilin leads to a reduction in BACE1l-mediated
cleavage of APP.

The Interaction and Subcellular Distribution of Sortilin and
BACEI—The above data suggest that sortilin modulates
BACE1-mediated cleavage of APP. Furthermore, both sortilin
and BACE] follow a similar trafficking pattern in which both
proteins are subjected to the retromer pathway (10, 27, 30). We
therefore wanted to determine whether sortilin and BACE1
interact and exhibit similar subcellular distribution. Using
HeLa cells transiently transfected with HA-tagged BACEI1
(BACE1-HA) and sortilin (sort), we performed reciprocal co-
immunoprecipitation. Negative controls included mock-trans-
fected cells (no), sortilin expressed alone, and BACE1-HA
expressed alone (Fig. 44). Cell lysates were immunoprecipi-
tated with either anti-sortilin or anti-HA antibodies, and
immunoprecipitates were resolved via Western blotting and
probed with either anti-HA or anti-sortilin, respectively (Fig.
4B). Co-immunoprecipitation of sortilin and BACE1 was
detected in cells co-expressing sortilin and BACE1-HA but not
in cells expressing sortilin or BACE1-HA alone. As an addi-
tional negative control, we also performed reciprocal co-immu-
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noprecipitation between sortilin and HA-tagged Notchl and
found no evidence of binding (data not shown). We also found
similar results showing the interaction of endogenous sortilin
and stably expressed BACE1 in neuro2a cells (data not shown).
Our data collectively suggest an interaction between sortilin
and BACEL.

We next sought to confirm this interaction between sortilin
and BACE1 utilizing endogenously expressed proteins. We
accomplished this in two ways: first via co-immunoprecipita-
tion of HEK293 cell lysate and then using homogenized post-
mortem brain tissue. Cell lysates were immunoprecipitated
with either anti-BACE1 antibody, beads alone, or a negative
control mouse-derived antibody against an unrelated protein.
Co-immunoprecipitates were then resolved via Western blot-
ting and probed with anti-sortilin (Fig. 4C). Our results indicate
that sortilin and BACE1 are co-immunoprecipitated, suggest-
ing a specific interaction. To further confirm our endogenous
results, post-mortem brain tissue was homogenized and sub-
jected to co-immunoprecipitation using no antibody (beads)
or anti-BACE1. Immunodetection of sortilin shows that anti-
BACE] is able to pull down sortilin in post-mortem human
brain tissue (Fig. 4D). This finding further indicates an interac-
tion between BACE1 and sortilin.

Deletion of the Cytoplasmic Tail of Sortilin Preserves the
Interaction but Alters the Subcellular Distribution of BACEI
and Sortilin—The cytoplasmic tail of sortilin harbors various
sorting motifs by which sortilin directs its bound cargo.
Hypothesizing that BACE1 might act as cargo for sortilin, it is
likely that the sortilin cytoplasmic tail modulates BACE1 sub-
cellular distribution. In order to address this question, we gen-
erated truncated sortilin constructs in which we deleted the
cytoplasmic tail. We first wanted to test whether the truncation
of sortilin’s cytoplasmic tail would affect its interaction with
BACEL. To this end, we performed co-immunoprecipitation
assays using two sortilin deletion constructs, one tagged with
V5 (sortAC-V5) and one untagged (sortAC). For the first co-
immunoprecipitation, we transiently transfected HeLa cells
with Myc-tagged BACE1 (BACE1-Myc) along with either
sort-V5 or sortAC-V5. Negative controls included mock-trans-
fected cells (n0), sort-V5 expressed alone, and sortAC-V5
expressed alone (Fig. 54, top). Cell lysates were immunopre-
cipitated with anti-Myc and subsequently probed with anti-V5
(Fig. 54, bottom). Both sort-V5 and sortAC-V5 immunopre-
cipitated with BACE1-Myc, suggesting that the sortilin deletion
construct is still able to interact with BACEL. To confirm these
results, we performed an additional co-immunoprecipitation
assay in which we transiently transfected HeLa cells with
BACE-HA along with either untagged full-length sortilin (sort)
or untagged sortAC. Negative controls included mock-trans-
fected cells (n0), sort expressed alone, and sortAC expressed
alone (Fig. 5B, top). Cell lysates were immunoprecipitated with
anti-HA and subsequently probed with anti-sortilin (Fig. 5B,
bottom). Again we found that both full-length sortilin and trun-
cated sortilin were able to interact with BACE1. These results
suggest that deletion of the sortilin cytoplasmic domain retains
the ability to form a complex with BACE].

To determine the specific subcellular localization of full-
length sortilin with BACEL as well as truncated sortilin, we
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FIGURE 4. Co-immunoprecipitation analysis of exogenously and endogenously expressed sortilin and BACE1. A, Western blot analysis of co-
immunoprecipitation input. HelLa cells were transiently co-transfected with sortilin (sort) and/or HA-tagged BACE1 (BACE1-HA). Negative controls
include a mock transfection (no), sortilin transfection alone, and BACE1-HA transfection alone. B, co-immunoprecipitation (/P) results. Cells were lysed
and subjected to co-immunoprecipitation using anti-sortilin or anti-HA. Samples were resolved via Western blotting using anti-HA and anti-sortilin,
respectively. *, IgG. C, co-immunoprecipitation of HEK293 lysate by anti-BACE1 antibody. Negative controls include no antibody (beads) and a control
antibody (mouse-derived) against an unrelated protein. Samples were resolved via Western blotting using anti-sortilin. D, human post-mortem brain
tissue was co-immunoprecipitated with either no antibody (beads) or anti-BACE1. Samples were resolved via Western blotting using anti-sortilin.
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performed immunocytochemistry analysis. To accomplish this,
we utilized antibodies against the TGN (anti-syntaxin 6) and
early endosomes (anti-EEA1). Following co-transfection of
HelLa cells with BACE1-CFP and either sortFL-GFP or sortAC-
GEFP, we further stained with anti-syntaxin 6 against the TGN
(Fig. 5C). We found that full-length sortilin co-localized greatly
with BACEL1 in the perinuclear region, specifically within the
TGN. Truncated sortilin likewise co-localized with BACEL, but
the co-localization showed more peripheral and cell surface
staining than with full-length sortilin. Importantly, we
observed that truncated sortilin and BACE1 co-localization
showed little coincidence with the TGN (Fig. 5C). This was in
contrast to full-length sortilin and BACE1 co-localization,
which almost fully overlapped with the TGN. We next stained
with anti-EEA1 against the early endosomes and found that
full-length sortilin and BACE1 co-localization only partially
overlapped with the early endosomes (Fig. 5D). In contrast,
truncated sortilin and BACE1 almost fully overlapped with the
early endosomes (Fig. 5D). Furthermore, upon immunocyto-
chemistry analysis of truncated sortilin, the redistribution of
sortilin and BACE1 did not appear to coincide with the lyso-
somes as identified by the anti-lamp2 lysosomal marker (sup-
plemental Fig. 3). Our immunocytochemistry analyses suggest

APRIL 8,2011+VOLUME 286+NUMBER 14

that sortilin might play a role in trafficking BACE1 from the early
endosomes to the TGN. Upon truncation of the sortilin cytoplas-
mic tail, sortilin and BACE1 expression is decreased in the TGN
and increased in the early endosomes. This is consistent with the
fact that the sortilin cytoplasmic domain is required for retromer-
and/or GGA-mediated transport from the endosome to the TGN
(27, 30). To substantiate our immunocytochemistry results and
verify a biochemical interaction using the same constructs that we
used for confocal analyses, we performed a further co-immuno-
precipitation experiment utilizing the GFP-tagged sortilin con-
structs (sortFL-GFP and sortAC-GFP) and CFP-tagged BACE1
(BACE1-CFP) (supplemental Fig. 4). We found that this system
again showed an interaction between sortilin and BACE1. We the-
orize that our results indicate failed retrograde trafficking of
BACE1 by truncated sortilin.

In order to investigate the hypothesis that sortilin partici-
pates in retrograde trafficking of BACE1, we performed an anti-
body uptake experiment, which monitors the endocytic trans-
port of antibody-bound cell surface proteins (23). We
compared the kinetics of BACE1-antibody transport from the
cell surface to the TGN (as identified by anti-TGN46 antibody)
using three HEK293 stable cell lines expressing either vector alone,
sort-V5, or sortAC-V5 and transiently transfected BACE1 (Fig.
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6A4). Cell surface-located BACE1 was labeled by N-terminal
BACELI antibody at 4 °C and allowed to internalize at 37 °C from 8
to 32 min. Immunocytochemistry revealed that in cells expressing
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the vector alone, BACEL internalized to peripheral vesicles, sug-
gestive of early endosomal structures, and showed maximal TGN
localization after 24 min. The sort-V5-expressing stable line like-

BACE1-CFP

Syntaxin 6

BACE1-CFP sortAC-GFP
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FIGURE 6. Deletion of the cytoplasmic tail of sortilin leads to delayed retrograde trafficking of BACE1. A, following transient transfection of BACE1 in HEK293
cells stably expressing vector, sort-V5, and sortAC-V5, BACE1 at the cell surface was labeled by N-terminal BACE1 antibody on ice (green). The labeled BACE1 was
allowed tointernalize at 37 °Cand subsequently chased for the indicated time periods. Following fixation and permeabilization, the cells were stained with anti-TGN46
antibody (red). Representative confocal images are shown. Magnification was X 100. B, quantitative analysis using ImageJ image analysis software was performed to
measure the co-localization of BACE1 with the TGN, revealing the percentage of BACE1 successfully delivered to the TGN (n = 5).

wise showed BACE] internalization to peripheral vesicles but
showed maximal TGN localization after only 16 min. Finally, the
sortAC-V5 stable line was internalized, but even after 32 min, it
never appeared to reach TGN capacity. These results suggest that
by deleting the sortilin cytoplasmic domain, BACE1 retrograde
trafficking is severely compromised (Fig. 6B). It appears that sorti-
lin is responsible for endosome to TGN trafficking, dependent
upon the sortilin cytoplasmic domain.

Mutagenesis Analysis of Sortilin Reveals Two Cytoplasmic
Motifs That Regulate the Trafficking of BACEI—Nielsen et al.
(27) identified a 9-residue stretch (HDDSDEDLL) in the cyto-
plasmic tail of sortilin bearing homology to the extreme C ter-

minus of MPR. This stretch contains the recognizable acidic
cluster dileucine (DEDLL) motif that mediates protein inter-
nalization and TGN-endosomal sorting. They also reported a
second motif in the cytoplasmic tail, YSVL, abiding by the con-
sensus motif YXX®, where @ represents a bulky hydrophobic
residue. This consensus motif is likewise found in MPR and
other transmembrane proteins and mediates rapid internaliza-
tion and intracellular transport (27). Recently, another highly
conserved motif was found that could potentially mediate the
intracellular transport of sortilin and MPR. This tripeptide
motif (W/F)L(M/V), FLV in sortilin, was found to be necessary
for endosome to Golgi retrieval (49).

FIGURE 5. A and B, truncated sortilin and BACE1 maintain binding affinity. A, co-immunoprecipitation (/P) of tagged full-length and truncated sortilin. HeLa cells
were transiently co-transfected with either V5-tagged full-length sortilin (sort-V5), a cytoplasmic truncation of sortilin tagged with V5 (sortAC-V5), and/or
Myc-tagged BACE1 (BACET-myc). Western blot analysis of input is depicted in the top panel. Negative controls include a mock transfection (no), sort-V5 alone,
and sortAC-V5 alone. The cells were lysed and subjected to immunoprecipitation using anti-Myc antibody. Samples were resolved via Western blotting using
anti-V5. B, co-immunoprecipitation of untagged full-length and truncated sortilin. HeLa cells were transiently co-transfected with full-length sortilin (sort), a
cytoplasmic truncation of sortilin (sortAC), and/or HA-tagged BACE1 (BACE1-HA). Western blot analysis of input is depicted in the top panel. Negative controls
include a mock transfection (no), sort alone, and sortAC. The cells were lysed and subjected to immunoprecipitation using anti-HA. Samples were resolved via
Western blotting using anti-sortilin. *, nonspecific band. C, truncated sortilin redistributes BACE1 from the TGN to peripheral punctate structures. C, left panels,
distribution of full-length sortilin. HeLa cells were transiently transfected with sort-GFP and BACE1-CFP. Following fixation and permeabilization, the cells were
stained with anti-syntaxin 6. C, right panels, distribution of truncated sortilin. HeLa cells were transiently transfected with sortAC-GFP and BACE1-CFP. Follow-
ing fixation and permeabilization, the cells were stained with anti-syntaxin 6. Magnification was X 100. D, truncated sortilin redistributes BACE1 from the TGN
to the early endosomes. D, left panels, distribution of full-length sortilin. HeLa cells were transiently transfected with sort-GFP and BACE1-CFP. Following
fixation and permeabilization, the cells were stained with anti-EEA1. D, right panels, distribution of truncated sortilin. HeLa cells were transiently transfected
with sortAC-GFP and BACE1-CFP. Following fixation and permeabilization, the cells were stained with anti-EEA1. Magnification was X 100.
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In order to investigate the relevance of these motifs in the
redistribution of BACEL by sortilin, we introduced various
mutations within these regions to determine the contribution
of each motif to BACEL trafficking, as analyzed by immunocy-
tochemistry (Fig. 7A). The mutations we introduced to each
motif have been previously identified as the key residues
involved in their respective trafficking roles (27, 49). The muta-
tions we analyzed included a double mutation in the dileucine
motif (L51A/L52A), a double mutation in the YSVL motif
(Y14A/L17A), both of these alterations together (LL & YSVL),
and a double mutation in the FLV motif (F9A/L10A). The con-
structs were all tagged with GFP and compared with sort-GFP
and sortAC-GFP (supplemental Fig. 54). The immunocyto-
chemistry involved the transient co-transfection of HeLa cells
with each of these constructs along with BACE1-CFP. We then
utilized the organelle markers, EEA1 and TGN46, to examine
the exact subcellular redistribution of our sortilin double
mutants and BACE1 (Fig. 7, Band C). Like sort-GFP (and unlike
sortAC-GFP), the dileucine mutation is able to effectively endo-
cytose BACEL from the plasma membrane. It is also likely that
this mutation also targets BACEL to the TGN, where it co-lo-
calizes with the marker TNG46. However, there is much
greater early endosome accumulation as compared with sort-
GEFP, suggesting an interruption in endosome to TGN retro-
grade trafficking. The YSVL double mutation, however, fails to
undergo endocytosis, although it still shows mild co-localiza-
tion with BACE1 (mainly intracellularly). This interaction,
however, does not occur in either the early endosomes or the
TGN. It appears that BACE1 intracellular trafficking by sortilin
first necessitates the endocytosis of sortilin via the YSVL motif.
The combined mutations of the dileucine and YSVL motifs (LL
& YSLV) have a plasma membrane phenotype equivalent to
that of the YSVL mutation alone. As such, it appears that the
dileucine motif cannot exert its effects on BACE1 localization
without sortilin first being internalized by the YSVL motif. In
turn, the specific contribution of the YSVL motif cannot be
adequately assessed because, without this motif, sortilin fails to
internalize and have any further downstream effects on BACE1
trafficking. Interestingly, the FLV mutation appears to have no
effect on either sortilin or BACE1 subcellular localization. The
FLV mutation distribution phenotype is equivalent to sort-
GFP, where sortilin and BACE1 primarily co-localize to the
TGN. Supplemental Fig. 5B summarizes these immunocyto-
chemistry results.

The Cytoplasmic Tails of Vps10p Domain Family Members
Are Not Functionally Redundant—Sortilin is one of five known
members of the Vps10p domain receptor family, additionally
containing SorLA (also known as LR11), SorCS1, SorCS2, and

Sortilin Mediates the Trafficking of BACE1

SorCS3 (50). All contain a single Vps10p domain, which can act
as a protein interaction motif, at the N terminus of their luminal
moiety, but all five members exhibit different combinations of
known consensus motifs in their cytoplasmic domains respon-
sible for adaptor protein/trafficking interactions (Figs. 74 and
8A). The known motifs include YXX®, DXXLL, XXXL(L/I),
PWXXD (where W represents Asp, Glu, or phosphoserine). As
stated previously, sortilin contains YXX® (for rapid internaliza-
tion and intracellular transport), DXXLL (for TGN-endosomal
sorting and minimally for protein internalization), and the
newly identified (W/F)L(M/V) (potentially for endosome to
Golgi transport). SorLA contains WWXX® (a reported GGA
binding domain) and an acidic cluster LL-like motif (for endo-
cytosis). SorCS1b, SorCSle, and SorCS3 display no consensus
motifs. Like sortilin, SorCSla contains YXX® and DXXLL.
However, it is the DXXLL motif that regulates its internaliza-
tion (the function of YXX® is unknown). Finally, SorCS1c also
contains YXX® and two LL-like motifs. Their function is unde-
termined (46, 49, 51-54).

Functional redundancy between VpslOp domain receptors
has been suggested, particularly between sortilin and SorLA. In
order to address this question and further characterize the
functional motifs involved in BACE1 redistribution by the
sortilin cytoplasmic tail, we generated two chimeric receptors
harboring the luminal and transmembrane domains of sortilin
and the cytoplasmic domains of either SorLA or SorCS1b (sort-
CS1b and sort-SorLA, respectively) (Fig. 84). This was accom-
plished by ligation of the respective cytoplasmic domains into
the sortAC-GFP construct. Upon confirming the expression of
the chimeric receptors (supplemental Fig. 6, A and B), we tran-
siently co-transfected HeLa cells with BACE1-CFP and either
sort, sortAC, sort-CS1b, or sort-SorLA. We then stained with
organelle markers, EEA1 or TGN46, to confirm subcellular
location (Fig. 8, Band C). We found that the sort-CS1b chimera
resembled the sortAC construct, in that lacking the dileucine
and YXX® motifs, sort-CS1b chimera redistributed BACE1
from the TGN to the early endosomes and plasma membrane.
In contrast, the sort-SorLA chimera redistributed BACE1 to
structures not associated with EEA1 or the TGN46. Although
BACELI and the sort-SorLA chimera continue to largely co-lo-
calize, their subcellular distribution more closely resembles
SorLA distribution; namely wild-type SorLA has been shown to
accumulate in a more dispersed vesicular pattern than the peri-
nuclear distribution of wild-type sortilin (51). Thus, our data
suggest that the cytoplasmic domains of neither sorLA nor
SorCS1b can replicate the function of the sortilin cytoplasmic
tail. These data, as summarized in supplemental Fig. 6C, rein-
force the distinctive contributions of the Vps10p domain family

FIGURE 7. A, comparison of the cytoplasmic sorting motifs in Vps10p domain-sorting receptors. The luminal domains all contain at least one Vps10p domain.
The sorting motifs in the short cytoplasmic tails are highlighted and differ between receptors. In the case of SorCS1b, no known sorting motifs have been
identified. Their functions are indicated below the amino acid sequences. B, distribution of BACE1 with sortilin mutants in the early endosomes. HelLa cells were
transiently co-transfected with BACE1-CFP along with either GFP-tagged full-length sortilin (sort), truncated sortilin (sortAC), or various sortilin cytoplasmic
motif double mutations. The mutation constructs harbor double mutations in the dileucine motif (L51A/L52A), a double mutation in the YSVL motif (Y14A/
L17A), both of these alterations together (LL & YSVL), and a double mutation in the FLV motif (FOA/L10A). The cells were further stained with anti-EEA1 antibody
(red) and analyzed via confocal microscopy. Magnification was X 100. C, distribution of BACE1 with sortilin mutants in the TGN. Hela cells were transiently
co-transfected with BACE1-CFP and either GFP-tagged full-length sortilin (sort), truncated sortilin (sortAC), or various sortilin cytoplasmic motif double
mutations. The mutation constructs harbor double mutations in the dileucine motif (L51A/L52A), a double mutation in the YSVL motif (Y14A/L17A), both of
these alterations together (LL & YSVL), and a double mutation in the FLV motif (FOA/L10A). The cells were further stained with anti-TGN46 antibody (red) and
analyzed via confocal microscopy. Magnification was X 100. TM, transmembrane domain.
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FIGURE 8. A, schematic illustration of sortilin cytoplasmic domain chimeras.
Two chimeric receptors harboring the luminal and transmembrane domains
of sortilin and the cytoplasmic domains of either SorLA or SorCS1b. The con-
structs express GFP. B, analyses of BACE1 redistribution by sortilin chimerasin
the early endosomes. Immunocytochemical analyses of sort-CS1b chimera
and sort-SorLA chimera as compared with sortFL and sortAC constructs. HeLa
cells were transiently co-transfected with BACE1-CFP and either GFP-tagged
sort, sortAC, sort-CS1b chimera, or sort-SorLA chimera. Following fixation and
permeabilization, cells were stained with anti-EEA1 and analyzed via confocal
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of receptors to subcellular trafficking and demonstrate that
their cytoplasmic tails are not functionally equivalent.

Our chimera results appear to demonstrate that the sortilin
cytoplasmic domain serves as a functional determinant for
BACE]1 localization and that this role is unique to sortilin versus
other VpslOp family members. In order to substantiate this
claim, we wanted to examine the distribution of wild type
SorLA and BACE], given that SorLA is widely implicated in
AD-relevant cell biology.

There are conflicting data as to whether SorLA and BACE1
interact via Co-IP analysis (38, 55), so we performed ICC in
which we transiently transfected GFP-tagged BACE1 and full-
length SorLA in HeLA cells. As noted in our previous experi-
ments, BACE1 localizes predominately to the perinuclear
region of the TGN. Full-length SorLA, however, distributes to
cytoplasmic punctate regions and minimally co-localizes with
BACEI] (supplemental Fig. 7). It appears that sortilin is indeed
unique in its effects on BACE1 subcellular distribution.

Truncated Sortilin Decreases SAPPB and Has the Indepen-
dent Function of Increasing C99 and AP by Inhibiting CTF
Degradation—Our results thus far indicate that sortilin and
BACEL interact and that sortilin modulates BACE1-mediated
cleavage of APP. Given our immunocytochemistry data, it is
likely that sortilin exerts its effect on APP processing by altering
BACEL1 subcellular distribution. Specifically, the cytoplasmic
tail of sortilin appears to be the regulatory domain. As such, we
wanted to examine the effects of the cytoplasmic domain on
APP processing. To this end, we compared the endogenous
levels of APP proteolytic products generated by our three
HEK?293 stable cell lines expressing either empty-V5, sort-V5,
or sortAC-V5 (Fig. 9A4). Immunoprecipitation of sAPPf3
revealed that overexpressed sortilin increases SAPP by ~75%
as compared with the empty vector cells, whereas truncated
sortilin decreases levels of sAPPS by ~50%, (Fig. 9, A and B).
We saw no significant changes in sAPPa (data not shown). As
expected, C99 levels likewise increase in cells overexpressing
sortilin, but interestingly, truncated sortilin further increases
these levels, by ~75% over the empty vector cells. Furthermore,
ApBlevels (the direct product of C99 cleavage) also increase (Fig.
9, A, C,and D). We likewise see increases in C89 and C83 levels
(the CTFs generated by B'- and a-cleavages). The increases in
all of the CTFs generated suggest that because BACEL1 activity
appears to decrease upon transfection of truncated sortilin (as
indicated by decreased sAPPf levels), it might be that CTF
degradation is being hindered. Another possibility is that sorti-
lin is affecting the secretion of APP, in that the appearance of
decreased sAPPB might actually be a decrease in its secretion,
not its generation.

To explore these issues, we treated our stable cell lines with
75 um chloroquine to inhibit lysosomal degradation and ana-
lyze both secreted and intracellular sAPPS. Chloroquine is a

microscopy. Magnification was X 100. C, analyses of BACE1 redistribution by
sortilin chimeras in the TGN. Immunocytochemical analyses of sort-CS1b chi-
mera and sort-SorLA chimera as compared with sort and sortAC constructs.
HelLa cells were transiently co-transfected with BACE1-CFP and either GFP-
tagged sort, sortAC, sort-CS1b chimera, or sort-SorLA chimera. Following fix-
ation and permeabilization, cells were stained with anti-TGN46 and analyzed
via confocal microscopy. Magnification was X 100.
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FIGURE 9. A, truncated sortilin decreases sAPP 3 but leads to the accumulation of APP CTFs and increased AB. HEK293 cells stably expressing either V5-tagged
empty vector (vector), V5-tagged sortilin (sort-V5), or V5-tagged truncated sortilin (sortAC-V5) were compared. A, top three panels, representative data showing
lysate subjected to SDS-PAGE and immunoblotted with anti-V5 or anti-APP. Full-length APP, C99 levels, and C89/C83 levels are shown. A, bottom two panels,
immunoprecipitation of SAPPB and A from conditioned media. B, infrared quantification of immunoprecipitated sAPP. C, infrared quantification of immu-
noprecipitated C99. D, chemiluminescent quantification of immunoprecipitated total AB. Medium quantifications are normalized to total protein. Each bar
represents the average of two experiments assayed in triplicate (lanes 1-3 in A). **, p < 0.01. E, truncated sortilin decreases sAPP and has the independent
function of increasing C99 and AR by inhibiting CTF degradation. HEK293 cells stably expressing either V5-tagged empty vector (vector), V5-tagged sortilin
(sort), or V5-tagged truncated sortilin (sortAC) were compared for protein degradation. The left panels show untreated cells. The right panel shows cells treated
with 75 um chloroquine. Full-length APP was resolved via chemiluminescent Western blotting. Immunoprecipitated intracellular (arrow) and extracellular
APP are shown in the second and third rows. Dark and light exposures of CTFs (arrowhead denotes C99) were resolved via quantitative infrared Western

blotting.

weak base that, upon cellular uptake, neutralizes acidic organ-
elles, such as the lysosomes. It has been previously reported that
chloroquine has no effect on APP maturation or secretion of
N-terminal APP fragments but is able to inhibit CTF degrada-
tion (56). By blocking the degradation of the CTFs, we sought to
inhibit the possible effects of sortilin on CTF degradation and
compare our three stable lines with untreated cells. We also
immunoprecipitated intracellular, unsecreted APPS (from the
lysate) along with secreted APPS (from the media) to examine
the effects of sortilin on APPf release. Upon immunoprecipi-
tation of intracellular APP, we still found that overexpressed
sortilin increased APPR levels and that truncated sortilin
decreased APPp over the stable line expressing the empty vec-
tor (Fig. 9E, top arrow). The pattern of intracellular and extra-
cellular APP generation remains the same. These results indi-
cate that sortilin is unlikely to be affecting secretion of APP.
We then examined the cells treated with chloroquine to see any
changes in the pattern of CTF generation. In fact, when CTF
degradation is blocked by chloroquine, we see that the levels of
CTF generation by truncated sortilin mimic the generation of
APPp, both intracellular and secreted. Truncated sortilin now
appears to decrease C99, C89, and C83 (Fig. 9E, arrowhead
denotes C99). These results suggest that in untreated cells,
sortilin is regulating CTF degradation and, in turn, A produc-
tion. Overexpressed sortilin results in increased BACEL1 cleav-
age of APP, increased sAPPS, increased C99, and a resultant
increase in Af. Upon truncation of the cytoplasmic tail, sortilin
decreases BACEL cleavage of APP. However, this decreased
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activity of BACEL does not translate to a decrease in C99 or A
because the sortilin cytoplasmic tail appears to have a further
function in degrading C99. Therefore, upon deleting the cyto-
plasmic tail, sortilin is not able to degrade C99, and Af
increases.

DISCUSSION

Our studies suggest that the sortilin cytoplasmic domain can
regulate the subcellular distribution of BACE1 and subse-
quently affect BACE1-mediated proteolytic processing of APP.
It has been demonstrated that sortilin undergoes rapid endocy-
tosis and directed transport to the TGN with little recycling,
where it circulates between the endosomes and the TGN (10,
11). This directed TGN transport appears to be governed by
two motifs within its cytoplasmic tail: a tyrosine-based YSVL
motif and an acidic cluster-dileucine motif (27). Like sortilin,
BACE] also undergoes endocytosis and directed transport to
the TGN, from where it can be recycled back to the cell surface
(11, 12). Lacking a necessary phosphorylation event, BACE1
appears to get trapped in the early endosomes following endo-
cytosis or re-sorted directly to the plasma membrane (unable to
be retrogradely trafficked to the TGN).

Our immunocytochemistry and co-immunoprecipitation
studies suggest that sortilin may mediate the retrograde traf-
ficking of BACEL. Sortilin and BACE1 appear to co-localize via
confocal microscopy, and our co-immunoprecipitation data
suggests that sortilin and BACEL interact. Furthermore, upon
truncation of the sortilin cytoplasmic tail, sortilin and BACE1
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together appear to redistribute from the TGN to the early endo-
somes and other peripheral vesicles. The two proteins continue
to interact via co-immunoprecipitation. These data suggest
that BACE], transported by truncated sortilin, is being misdi-
rected from the TGN to the early endosomes, other peripheral
endosomal structures (possibly recycling vesicles), and the
plasma membrane. BACE1 is accumulating in these endosomal
structures because truncated sortilin is unable to retrogradely
transport BACE1 from the endosomes to the TGN. Based on
these results, we hypothesize that sortilin mediates the retro-
grade trafficking of BACE1, and the cytoplasmic domain of
sortilin is required for the interaction with trafficking cargo
adaptors, such as the retromer complex or GGA proteins. Fur-
thermore, the action of the sortilin cytoplasmic domain appears
to be unique, in that the cytoplasmic domains of other Vps10p
domain family members are not functionally redundant.

We theorize that by overexpressing sortilin, more BACE1 is
being retrogradely transported from the endosomes into the
TGN, allowing for more BACEL to be recycled and kept in
circulation for prolonged activity upon APP within both the
endocytic and TGN recycling pathways. Upon expression of
truncated sortilin, however, BACE1 recycling is halted, because
sortilin is unable to retrogradely transport it out of the endo-
somes to the TGN for recycling. As such, BACE1 activity upon
APP might likewise be halted, resulting in decreased BACE1
cleavage activity in the TGN. This decreased BACEL1 cleavage
results in decreased levels of sAPPS; however, the additional
effect of sortilin on CTF degradation leads to increased levels of
C99 and AB.

In addition to its role in BACEL trafficking, our data suggest
that sortilin is also regulating CTF degradation. Specifically, the
deletion of the sortilin cytoplasmic domain appears to enhance
C99, leading to an increase in AB. Sortilin has been widely
implicated in protein delivery to the lysosome. Interestingly,
some studies of sortilin lysosomal trafficking have been shown
to involve GGA adaptor proteins (27, 28). It is possible that
directly, or indirectly, sortilin interacts with the CTFs and pro-
motes their degradation in the lysosome. As such, sortilin might
have multiple roles in the production of Af.

Interestingly, in our analysis of AD post-mortem brain tissue,
we found increased levels of sortilin, which might play a role in
the development of AD-related pathological changes. In con-
trast to our findings, Lah and colleagues (47, 48) have found
decreased expression of SorLA in AD brains upon Western blot
analysis. Such a discrepancy might be explained by a difference
in both experimental and analytical assessment. Whereas our
studies focused on protein expression within the temporal cor-
tex, Lah and colleagues (47, 48) examined protein levels within
the frontal cortex. Differential expression within various brain
regions might account for our dissimilar results. In addition to
experimental differences, our analytical assessments also
diverge. In order to account for neuronal cell loss in our West-
ern blot analysis, we normalized our Vps10p protein levels to
neuron-specific cell markers. In comparison with normaliza-
tion with B-actin, our results normalized to either TUJ1 or
NeuN clearly elucidate Vps10p protein level changes between
control versus AD subjects, despite neuronal cell loss incurred
by the AD brain.

12614 JOURNAL OF BIOLOGICAL CHEMISTRY

BACE1

sortilin
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FIGURE 10. Model for sortilin-mediated BACE1 trafficking. Trafficking of
BACE1 by full-length sortilin. BACE1 and sortilin are endocytosed from the
plasma membrane (PM) into the early endosome (EE). BACE1 gets retro-
gradely trafficked from the early endosome to the TGN by sortilin. We specu-
late that GGAs or retromer are involved in sortilin retrograde trafficking of
BACET. Sortilin cycles between the early endosome and the TGN. BACE1 is
recycled to the plasma membrane via the TGN, forgoing degradation. Also
depicted is the trafficking of BACE1 by truncated sortilin. BACE1 and
sortilinAC are endocytosed to the early endosome. Truncated sortilin is
unable to retrogradely traffic BACE1 to the TGN, so sortilin and BACET1 traffick-
ing are halted at the early endosome. It s likely that unphosphorylated BACE1
and truncated sortilin enter a direct recycling pathway, back to the plasma
membrane, forgoing the TGN.

We propose our model for sortilin-mediated trafficking of
BACEL in Fig. 10. Full-length sortilin transports BACE1 from
the endosome to the TGN. Endocytosis of BACEL1 by sortilin is
probably minimal, in which case we see little sortilin and
BACE1 co-localization in the early endosomes. Furthermore,
sortilin undergoes little recycling to the cell surface, and BACE1
recycling to the cell surface primarily occurs after TGN local-
ization. This could explain why we see little full-length sortilin
and BACE] in the early endosomes and peripheral vesicular
structures. In contrast, upon deletion of the sortilin cytoplas-
mic domain, neither sortilin nor its BACEL cargo is able to
undergo endosome-TGN transport. As a result, both sortilin
and BACE1 accumulate within the endocytic pathway and on
the plasma membrane. It is possible that this occurs because the
proteins simply get “backed up,” unable to traffic through to the
TGN. It is likely that truncated sortilin and its BACE1 cargo are
being redirected to the cell surface, bypassing the TGN and
thereby localizing to peripheral recycling endosomes and the
plasma membrane. Sortilin is failing to retrieve BACEL from
the early endosomes to the TGN for recycling to the plasma
membrane, and sortilin itself is possibly unable to travel back to
the early endosomes from the TGN to retrieve more BACE1.

The specific retrograde transport of BACE1 from endosomes
to the TGN probably occurs as a result of sorting motifs con-
tained within the sortilin cytoplasmic tail. Two reported mech-
anisms for retrograde trafficking include GGA proteins and ret-
romer complex. Both sortilin and BACE1 have been found to
bind GGAs, and recent studies have suggested that GGAs
might act in retrograde trafficking of proteins, specifically of
BACEI1 and sortilin (10, 17, 27). Given that sortilin and BACE1
appear to bind, GGA adaptor proteins may be involved in the
retrograde trafficking of BACELI indirectly, as GGAs transport
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sortilin to the TGN via its cytoplasmic domain. Furthermore, it
has recently been found that sortilin interacts with retromer
and is responsible for sortilin retrograde trafficking to the TGN
(30). Evidence suggests that BACE1 also undergoes retrograde
trafficking from the early endosomes to the TGN (10, 30).
Given that the sortilin cytoplasmic tail contains similar sorting
motifs as the CI-MPR and appears to mimic the trafficking
patterns and function of CI-MPR, which itself undergoes retro-
mer transport, it is highly plausible that sortilin also partici-
pates in retrograde trafficking of specific cargo, interacting with
the Vps35 or Vps26 component of the retromer complex to
drive cargo selection (much like the Vps10p and retromer in
yeast). Such sortilin-retromer cargo could include BACEI.

Our studies introduce sortilin as an additional VpslOp
domain receptor associated with the neuropathology of AD.
SorLA has been found to interact directly with APP and co-lo-
calize primarily in the Golgi (36, 37). The effect of SorLA on
APP appears to be the sequestration of APP to the TGN, inhib-
iting APP exit to the cell surface, as mediated by the SorLA
cytoplasmic domain (36, 57). Whereas SorLA appears to regu-
late APP distribution and processing through its interaction
with APP, sortilin appears to regulate APP processing by its
interaction with BACE1 and modulation of BACE1 trafficking.
Thus, among several representative members of the VPS10p
domain receptors, sortilin plays a unique role in regulating
BACE1-mediated cleavage of APP through regulating the sub-
cellular distribution of BACEL.
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