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Members of the vacuolar protein sorting 10 (Vps10) family of receptors (including sortilin, SorL1, SorCS1, SorCS2, and SorCS3) play
pleiotropic functions in protein trafficking and intracellular and intercellular signaling in neuronal and non-neuronal cells. Interactions
have been documented between Vps10 family members and the retromer coat complex, a key component of the intracellular trafficking
apparatus that sorts cargo from the early endosome to the trans-Golgi network. In recent years, genes encoding several members of the
Vps10 family of proteins, as well as components of the retromer coat complex, have been implicated as genetic risk factors for sporadic
and autosomal dominant forms of neurodegenerative diseases, including Alzheimer’s disease, frontotemporal lobar degeneration, and
Parkinson’s disease, with risk for type 2 diabetes mellitus and atherosclerosis. In addition to their functions in protein trafficking, the
Vps10 family proteins modulate neurotrophic signaling pathways. Sortilin can impact the intracellular response to brain-derived neu-
rotrophic factor (BDNF) by regulating anterograde trafficking of Trk receptors to the synapse and direct control of BDNF levels, while
both sortilin and SorCS2 function as cell surface receptors to mediate acute responses to proneurotrophins. This mini-review and
symposium will highlight the emerging data from this rapidly growing area of research implicating the Vps10 family of receptors and the
retromer in physiological intracellular trafficking signaling by neurotrophins and in the pathogenesis of neurodegeneration.

Introduction
A number of neurodegenerative diseases including Alzheimer’s
disease (AD), Parkinson’s disease (PD) and frontotemporal lobar
degeneration (FTLD, or, simply FTD) are characterized by the
misprocessing and missorting of intracellular proteins [amyloid
precursor protein (APP), �-synuclein, tau] within endosomal-
lysosomal pathways. Dysfunction within these pathways is pro-
posed to be a major contributing factor to disease progression.
Recently, a number of genome-wide association studies (GWAS)
and biochemical studies have identified members of the vacuo-
lar protein sorting-10 (Vps10) family of receptors (including
SORT1, SORL1, SORCS1, SORCS2 and SORCS3) and core com-

ponents of the retromer (VPS35 and VPS26) that regulate endo-
somal sorting as risk factors for neurodegenerative diseases.
SORL1, SORCS1 and VPS35 have been linked to AD (Small et al.,
2005; Rogaeva et al., 2007; Liang et al., 2009; Lane et al., 2010; Will-
now et al., 2010; Reitz et al., 2011c;), VPS35 has additionally been
linked to PD (Vilariño-Güell et al., 2011; Zimprich et al., 2011), and
SORT1 (sortilin) has been linked to FTD (Carrasquillo et al., 2010;
Hu et al., 2010). Interestingly, SORCS1 and VPS26a have also been
linked to type 2 diabetes mellitus (T2DM) (Goodarzi et al., 2007;
Kooner et al., 2011) and SORT1 has been linked to cardiovascular
disease (CVD) (Musunuru et al., 2010), both independent risk fac-
tors for late-onset AD. In addition to their regulation of retrograde
trafficking, the Vps10 family members have been implicated in neu-
rotrophin signaling through anterograde trafficking of Trk receptors
(Vaegter et al., 2011), the primary receptors for brain-derived neu-
rotrophic factor (BDNF) signaling as well as in regulation of BDNF
levels (Chen et al., 2005; Evans et al., 2011) and proneurotrophin
signaling (Deinhardt et al., 2011).

The VPS10 receptor family also interacts with APOE (APOE
gene; apoE, protein), a well characterized risk factor for late-onset
AD (LOAD) and CVD. SorL1 was first identified as a receptor for
apoE in the brain and has subsequently, together with sortilin,
been implicated in systemic lipoprotein metabolism and as risk
factors for CVD (for review, see Willnow et al., 2011). GWAS
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support the interaction of APOE and VPS10 family members in risk
for AD and CVD, in part based on data suggesting that SORCS1 and
APOE interact in the development of AD (Wang et al., 2012).
SORCS1 was also highlighted in GWAS for T2DM (Goodarzi et al.,
2007) as was the retromer component, Vps26a (Kooner et al., 2011).
CVD and T2DM are established risk factors for LOAD, and elucida-
tion of the biology of Vps10 family of receptors may shed light on
molecular mechanisms linking these common systemic metabolic
diseases with equally common neurodegenerative diseases. Since
much of the attention recently drawn to this family of proteins has
resulted from their linkage to neurological diseases, we will begin this
mini-review and symposium with highlights of Vps10 family-based
and retromer-based pathogenesis before turning to a discussion of
their normal physiological actions in intracellular sorting pathways,
including their contribution to proneurotrophin signaling path-
ways, apoptosis, and acute retraction of neuronal processes in re-
sponse to stress.

The roles of the Vps10 receptors in neurodegenerative
diseases
Overwhelming evidence points to endosomes as the primary
compartment for misprocessing of APP and for the production of

amyloid � (A�). The acidic nature of the endosomal compart-
ments promotes production and aggregation of A� (for review,
see Small and Gandy, 2006), and dysfunction within the endo-
somal pathway is implicated early in disease progression (Cataldo
et al., 1997, 2000, 2004). Activity of BACE1, the �-site APP cleav-
age enzyme, is optimized within acidic environments and is the
initial APP cleavage event in the amyloidogenic cascade that re-
sults in the production of A� (Fig. 1; for review, see Small and
Gandy, 2006). Proteins that modulate internalization of APP and
APP C-terminal fragments (CTFs) into and between endosomal
compartments and from endosome to lysosome remain to be
fully characterized. In the last few years, however, in the last few
years, a number of studies have provided evidence that disrup-
tion in endosome to trans-Golgi network (TGN) trafficking con-
tributes to the formation of toxic protein species, often involving
molecules of the Vps10 receptor family. Since several of these
pathways converge on the retromer coat complex, we will begin
with a review of that macromolecular assembly.

The retromer coat complex
The retromer is a coat complex that regulates retrograde sorting
from the endosome to TGN (for review, see Small, 2008). The

Figure 1. APP trafficking and processing. 1, Upon exit from the TGN, APP is sorted into either constitutive secretory vesicles to the plasma membrane or into clathrin-coated vesicles into the
endosomal pathway dependent on AP4. Within the secretory pathway and primarily at the plasma membrane (PM), APP is cleaved by the �-secretases (ADAM10, ADAM17) into the soluble APP�
(sAPP�) fragment and a membrane-bound �CTF. The �CTF is subsequently cleaved by the �-secretase machinery resulting in generation of the p3 fragment and the APP intracellular domain
(AICD). 2, Following residence at the PM, some unprocessed APP escapes �-secretase cleavage and is internalized into the endosomal pathway. Within low pH endosomal compartments, APP is
cleaved by BACE, resulting in generation of sAPP� and the �CTF. Cleavage of the �CTF by �-secretase occurs initially at the �-site. This is subsequently followed by additional C-terminal cleavage
events to the �-secretase site (N terminal to the �-site) resulting in formation of the A� peptide (of varying lengths) and the AICD. 3, 4, APP is recycled from the early endosomal compartments [early
endosomes (EE), late endosomes (LE), recycling endosomes (RE)] to the TGN via the retromer complex and its receptors, the Vps10 family members. To date, SorL1 has been shown to regulate APP
exit from EE and sorting from EE to the TGN via an interaction with core components of the retromer. While the retromer has been additionally implicated in retrograde trafficking between recycling
endosomes and the TGN, direct evidence has not yet been provided for this compartment in retromer regulation of APP trafficking. Evidence suggests SorCS1 trafficking within endosomal
compartments is dependent on SorL1 and the retromer (4 ).
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retromer was first identified in yeast as a trafficking complex
required for recycling of Vps10, a molecule required for efficient
function of the yeast vacuole, from the endosomal-lysosomal
pathway to the TGN. This pathway is analogous to sorting of the
mannose 6 phosphate receptor in mammalian systems (for re-
view, see Small, 2008; Burd, 2011). Retromer coat complexes are
macromolecular assemblies, consisting of two subcomplexes: the
Vps subunit (Vps26a or Vps26b, Vps35, Vps29) and a dimer of
sorting nexins (SNX), including combinations of SNX 1, 2, 5, or
6 (Bonifacino and Hurley, 2008). The Vps subunit of the retro-
mer plays a role in cargo specificity, with Vps26a and Vps26b
subunits demonstrated to play regulatory roles in this selection,
while the SNX complex provides a structural role, tubulating and
recruiting the Vps subunits to early endosomal membranes
(Bonifacino and Hurley, 2008).

The retromer was first linked to LOAD by model guided mi-
croarray analysis of the dentate gyrus and entorhinal cortex from
AD tissue (Small et al., 2005). Reduced protein levels of the core
retromer components, Vps35 and Vps26, were identified within
regions of the brain that are selectively vulnerable to AD (Small et
al., 2005). Most recently, SNX1, SNX3, and RAB7A, essential for
membrane association of the retromer, were also identified as
possible AD risk genes (Vardarajan et al., 2012). Interestingly,
autosomal dominant mutations in VPS35 are also causative of a
late-onset form of PD (Vilariño-Güell et al., 2011; Zimprich et al.,
2011). Some in vitro and in vivo models demonstrate that the
retromer negatively regulates A� production, with Vps35-
deficient mice exhibiting increased A�40 and A�42 production
(Muhammad et al., 2008). However, in other models, some in-
vestigators have demonstrated that retrograde trafficking is re-
quired for efficient A�40 production (Sullivan et al., 2011; Choy
et al., 2012). Interestingly, Sullivan et al. (2011) also demon-
strated increased secretion of APP CTFs via exosomes, suggesting
that retromer deficiency might redirect trafficking of APP CTFs
into exosomes, providing a previously unknown, alternative
pathway for secretion of APP fragments. Conceivably, exosome-
secreted APP CTFs could be a source of extracellular A�. Further
investigation is required to determine the relative contribution of
exosomal APP fragment release to A� production and to address
what appear to be contradictory data on the effects of retromer
deficiency that are observed in different model systems.

The Vps10 receptor family
The Vps10 receptor family members are typical type 1 transmem-
brane proteins, characterized by a Vps10 homology domain
within their N terminus that represents a site for ligand binding.
While the Vps10 receptor family members are characterized by
canonical internalization and sorting motifs within their cyto-
plasmic tails that mediate rapid internalization and intracellular
sorting of ligands (Jacobsen et al., 2001; Nielsen et al., 2001), these
molecules are also implicated in proneurotophin signaling path-
ways. They are abundantly expressed in the developing brain;
they show differential distribution within hippocampal struc-
tures; and they are induced by neuronal activity (Hermey et al.,
2001, 2004).

SorL1. SORL1 was the first member of the family of Vps10
proteins to be genetically linked with LOAD (Rogaeva et al.,
2007), and SORL1 mutations have now also been suggested as
causes of familial AD (Pottier et al., 2012). Numerous studies
have replicated the association of SORL1 with AD in different
datasets, and a recent comprehensive meta-analysis confirmed
that multiple SORL1 variants are associated with AD risk (Reitz et
al., 2011a). Furthermore, this analysis demonstrated that several

SORL1 single nucleotide polymorphisms (SNPs) are associated
with AD endophenotypes including white matter hyperintensity,
hippocampal atrophy, CSF A�42 levels, and SORL1 expression in
the brain (Reitz et al., 2011a). SORL1 transcripts are decreased in
the brains of patients with mild cognitive impairment (Sager et
al., 2007) and AD (Dodson et al., 2006), and a synthesis of the
possible roles of Vps35 and SorL1 in AD pathogenesis led to the
proposal that Sorl1 might link APP to the retromer coat complex
(Small et al., 2005; Small and Gandy, 2006). Subsequent in vitro
and in vivo studies have now shown that SorL1 is indeed required
for endosome to TGN trafficking of APP (Vieira et al., 2010;
Fjorback et al., 2012). Disruption of the Vps26 binding motif
within the SorL1 cytoplasmic tail results in increased localization
of APP to endosomal compartments and increased amyloido-
genic processing of APP to produce A� (Fjorback et al., 2012).
One should note that this might or might not be the sole site for
intracellular regulation of APP metabolism by SorL1. SorL1 has
also been demonstrated to regulate exit of APP from the TGN
(Schmidt et al., 2007), exit of APP from early endosomal com-
partments (Offe et al., 2006), and oligomerization of APP which
regulates its affinity for the secretases (Lao et al., 2012; Schmidt et
al., 2012).

While evidence suggests that disruption of the retromer and
the retromer-SorL1 interaction impacts APP metabolism and A�
production in several in vitro and in vivo models (Muhammad et
al., 2008; Vieira et al., 2010; Fjorback et al., 2012), the role of the
retromer in long-distance trafficking of APP within neuronal
processes was, until recently, relatively uncharacterized. Using
cultured hippocampal neurons, Small and colleagues (Bhalla et
al., 2012) have demonstrated that the core retromer components,
Vps35 and Vps26, partially colocalize with SorL1 and APP to
distinct puncta that are positive for early endosome markers and
are localized within neuronal processes.

Investigation into the kinetics of Vps35- and APP-positive
vesicles in hippocampal neurons have demonstrated that, like
other polarized cell models, the neuronal retromer, while not
present within long-range moving vesicles, is nonetheless re-
quired for long-range retrograde transport of APP I-containing
vesicles (Bhalla et al., 2012). Under Vps35 knockdown condi-
tions, APP long-range transport was reduced, resulting in a more
static behavior of APP-positive vesicles, indicating that Vps35
may also be required for the regulated exit of APP from early
endosomes in distal processes. This block of APP exit from early
endosomes paralleled an increase in endosomal size and A� pro-
duction (Bhalla et al., 2012), potentially consistent with previous
observations of enlarged endosomes during the earliest stages of
AD before amyloid deposition (Cataldo et al., 1997, 2000, 2004)
and in patient derived stem cells (Qiang et al., 2011; Israel et al.,
2012). Together, these studies suggest that retromer dysfunction
leads to increase clustering of APP in early endosomes (more so
in distal processes than in the soma) thereby contributing to A�
generation.

SorCS1. A second member of the Vps10 family, SORCS1, was
additionally identified as a potential risk factor for LOAD (Liang
et al., 2009), and recent independent studies from the Gandy and
Mayeux labs have highlighted a role for SorCS1 in regulation of
APP metabolism and A� generation (Lane et al., 2010; Reitz et al.,
2011c). Initial studies by Lane et al. (2010) described a role for
SorCS1 in the regulation of A� generation and implicated the
retromer in this regulation. Complexes containing SorCS1, APP,
Vps35 and SorL1 were isolated from mouse brain tissue, and
Vps35 and SorL1 protein levels were reduced in the brains of
Sorcs1-deficient mice, suggesting disruption of the retromer in
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the absence of SorCS1. Analysis of APP metabolites and A� in the
brains of female Sorcs1-deficient mice revealed increased process-
ing of endogenous APP as shown by elevated levels of �/� CTF
and A� production (Lane et al., 2010). The sexual dimorphism
observed in APP metabolism parallels genetic data showing that
the SORCS1 linkage to both AD and T2DM is stronger for fe-
males (Liang et al., 2009). Mayeux and colleagues subsequently
reported genetic association of 16 SORCS1 SNPs with LOAD
(Reitz et al., 2011c) and identified variations in intron 1 of
SORCS1 to be associated with changes in memory retention in
the National Institute on Aging-LOAD dataset (Reitz et al.,
2011b). Reitz et al. (2011) confirmed the original observations of
Lane et al. (2010), in the demonstration that, in cultured cells,
SorCS1 interacts with APP and regulates A� generation. Reitz et
al. (2011c) went on to suggest �-secretase as the point of SorCS1
action on A� generation.

Interestingly, SORCS1, was first identified as the quantitative
trait locus for T2DM in rats and mice (Clee et al., 2006; Granhall
et al., 2006) and was subsequently identified in GWAS as a risk
factor for type 1 diabetes (Paterson et al., 2010) and T2DM (Goo-
darzi et al., 2007). Epidemiological studies demonstrate an asso-
ciation between T2DM and AD (Ott et al., 1996). While the
mechanism through which SORCS1 contributes to T2DM re-
mains uncharacterized, the interaction with the retromer pro-
vides a potential point of convergence between AD and T2DM,
not only for SorCS1 but also for other Vps10 receptors including
sortilin and SorL1. The role for sortilin has been well described in
regulation of trafficking of Glut4-containing, insulin-responsive
vesicles (IRVs), and a screen to identify additional components of
IRVs identified both SorL1 and Vps35 in rat adipocytes (Jedry-
chowski et al., 2010). Recycling of Glut4-containing IRVs from
endosomal compartments to the TGN is dependent on retro-
grade trafficking pathways and is essential for correct Glut4 traf-
ficking in response to insulin (Vassilopoulos et al., 2009). Genetic
data now also point toward the retromer in T2DM with VPS26a
recently identified as a novel susceptibility locus (Chambers et al.,
2011). Together, these data point toward the retromer as a po-
tential point of convergence between the two diseases.

Sortilin. Sortilin, a third member of the Vps10 family of
receptors, has been implicated in FTD (Hu et al., 2010), CVD
(Musunuru et al., 2010), and several psychiatric disorders includ-
ing depression and bipolar disorder (Dubé et al., 2011; Nykjaer
and Willnow, 2012). Sortilin is implicated as a major risk factor
for CVD (Musunuru et al., 2010). However, the role of sortilin in
CVD pathogenesis, and vice versa, remains to be elucidated in
detail. Sortilin has also been implicated in intracellular sorting of
BACE1. In vitro, sortilin interacts with BACE1 and appears to
positively regulate BACE1 cleavage of APP and A� production.
Deletion of the sortilin intracellular domain, containing the
putative retromer binding domain, resulted in increased en-
dosomal localization of sortilin and BACE1 (Finan et al.,
2011). While the impact on A� production was not assessed,
these data appear to conflict with the model for negative reg-
ulation of A� production via the SorL1-retromer interaction.
In the AD brain, increased sortilin expression (Finan et al.,
2011), together with a positive correlation between temporal
cortex sortilin levels and severity of pathology has been re-
ported (Mufson et al., 2010).

Recently, an additional role for sortilin has been described in
the pathogenesis of FTD. Haploinsufficiency of progranulin is a
common genetic cause of FTD with TDP-43 aggregates (FTD-
TDP). Expression cloning of cell surface progranulin binding
sites identified sortilin as a receptor for progranulin in neurons

(Hu et al., 2010). Independently, GWAS identified SORT1 as a
regulator of plasma progranulin levels (Carrasquillo et al., 2010).
Progranulin was demonstrated to localize extensively with sorti-
lin at the plasma membrane with binding dependent on the sorti-
lin �-propeller domain (Hu et al., 2010). In vitro and in vivo
models demonstrate that sortilin regulates extracellular pro-
granulin levels through endocytosis and lysosomal accumulation
of progranulin (Hu et al., 2010; Fig. 2). Deletion of sortilin results
in a 2.5- to 5-fold increase in progranulin levels and reversal of
progranulin deficiency in the GRN�/� FTD model. Together,
these data highlight a role for sortilin in the uptake and targeted
delivery of progranulin to the endosomal-lysosomal pathway at
levels relevant to the clinical disease (Hu et al., 2010).

The roles of specific Vps10 receptors in proneurotrophin
signaling pathways
Sortilin. In addition to the roles highlighted here for the Vps10
family of receptors in protein trafficking of ligands linked to sev-
eral neurodegenerative diseases and to T2DM, several members
of this family are implicated as cell surface receptors that regulate
proneurotrophin signaling. To date, the neurotrophin (NT) fam-
ily members, consisting of nerve growth factor (NGF), BDNF,
neurotrophin 3 (NT3) and neurotrophin 4 (NT4), are known to
signal through two complexes: p75 NTR-sortilin and the p75 NTR-
Trk receptor complexes (for review, see Teng et al., 2010).
Neurotrophins including NGF and BDNF are synthesized as pre-
cursor proteins (proneurotrophins) that are cleaved of their
prodomains during maturation. However, following injury, or in
neurodegenerative disease, pro-NGF is induced. Numerous
studies have indicated that pro-NTs (NGF and BDNF) bind the
p75 NTR-sortilin complex to signal proapoptotic pathways while
mature NTs bind the Trk receptor complexes to signal growth
cone tuning, extension, and neuronal survival (for review, see
Teng et al., 2010). While sortilin functions directly in apoptotic
signaling pathways when complexed with p75 NTR, sortilin has

Figure 2. Model of sortilin function in trafficking of neurotrophins and Trk receptors. Sortilin
(gray bar) functions as a coreceptor for the p75NTR receptor (blue) in proneurotrophin signaling
pathways. In addition to a role in proneurotrophin signaling, sortilin functions as a trafficking
receptor for both Trk receptors and BDNF through the secretory pathway. In BDNF trafficking,
the soluble sortilin ectodomain, cleaved of its intracellular sorting signals in the cytoplasmic tail
(not membrane associated), rescues BDNF from lysosomal degradation pathways and redirects
BDNF through the secretory pathways. Holo sortilin, however, has been demonstrated to me-
diate BDNF endocytosis and targeting to the lysosome for degradation. Another ligand, pro-
granulin (orange), is targeted to the endosomal-lysosomal pathway through a sortilin-
dependent mechanism.
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also been implicated in anterograde trafficking of the Trk recep-
tors from the soma to the nerve terminal, thereby positively reg-
ulating neurotrophin signaling and cell survival (Vaegter et al.,
2011), regulation of BDNF levels through regulating both antero-
grade and lysosomal trafficking (Chen et al., 2005; Evans et al.,
2011; Fig. 2).

Disruptions in NGF and BDNF signaling have been demon-
strated to contribute to AD pathology. Aberrant processing of
pro-NGF and/or altered axonal trafficking resulting in an imbal-
ance of pro-NGF to mature NGF has been implicated in disease
progression and decreased BDNF has been reported in AD. How-
ever, the fact that no NT or NT receptor has been genetically
linked to any neurodegenerative disorder means that no primary
cause– effect relationship has been defined in human disease
pathogenesis. In addition to implications in neurodegeneration,
pro-NGF and p75NTR are acutely increased following acute ax-
onal and spinal cord injuries that result in acute degeneration of
neuronal projections (for review, see Teng et al., 2010).

SorCS2. Most recently, a role for a fourth member of the
Vps10 family of receptors, SorCS2, was identified as a receptor
that binds to pro-NGF, thereby mediating acute collapse of
growth cones of hippocampal neurons (Deinhardt et al., 2011).
In E18 primary hippocampal neurons, Hempstead and col-
leagues (Deinhardt et al., 2011) demonstrated that pro-NGF
induced rapid growth cone collapse of neurons expressing
endogenous-p75 NTR, but not sortilin. Through a proteomics ap-
proach, Deinhardt et al. (2011) identified the scaffold Rac-
GTPase exchange factor (GEF) protein, Trio, as an intracellular
protein that binds to the SorCS2-p75 NTR complex. They went on
to show that pro-NGF can induce displacement of Trio from the
SorCS2-p75 NTR complex. Displacement of Trio resulted in local
inactivation of Rac and subsequent growth cone collapse. In
addition, the authors identified fascin, an actin binding pro-
tein that regulates the formation of stable actin bundles and is
negatively regulated by a PKC phosphorylation event, as a
second interacting protein that mediates growth cone col-
lapse. Pro-NGF induces PKC activation, phosphorylation of
fascin, and retraction of actin filaments (Deinhardt et al.,
2011; Fig. 3). Collectively, these results suggest dual synchro-
nized mechanisms by which pro-NGF mediates acute neuro-
nal remodeling. This increase in p75 NTR in injured neurons,
and the increase in pro-NGF in AD suggests that SorCS2/
p75 NTR may play a role in disease pathogenesis.

Conclusions
Data from multiple genetic and cell biology studies indicate that
proteins involved in intracellular trafficking play critical roles in
the generation of toxic protein species common to a number of
neurodegenerative diseases. Importantly, while a number of
studies now also correlate these genetic and cell biology studies
with disease endophenotypes, including white matter hyperin-
tensity, hippocampal atrophy, and memory retention (Reitz et
al., 2011a,b) confirmation of the pathogenic nature of SNPs iden-
tified from GWAS analysis is required. Evidence suggests that the
Vps10 family of receptors regulate trafficking of proteins central
to several neurodegenerative diseases within endosomal-
lysosomal compartments through their interaction with the ret-
romer complex (itself implicated in AD, PD, and T2DM).
Importantly several of the Vps10 family additionally regulate
neurotrophic survival and apoptotic signaling pathways. In con-
sidering these molecules as targets for drug discovery, the “drug-
gability” of these pathways is complicated by this intricate
balance of functions. However, further research into this evolving

field has the potential to identify common targets for therapeutic
intervention with utility in a number of indications including the
most common neurological, cardiovascular, and metabolic
diseases.
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