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Abstract

The sortilin family of Vps10p-domain receptors includes sortilin, SorLA, and

SorCS1–3. These type-I transmembrane receptors predominate in distinct neu-

ronal tissues, but expression is also present in certain specialized non-neuronal

cell populations including hepatocytes and cells of the immune system. The

biology of sortilins is complex as they participate in both cell signaling and in

intracellular protein sorting. Sortilins function physiologically in signaling by

pro- and mature neurotrophins in neuronal viability and functionality. Recent

genome-wide association studies have linked members to neurological disorders

such as Alzheimer’s disease and bipolar disorder and outside the nervous system

to development of coronary artery disease and type-2 diabetes. Particularly well

described are the receptor functions in neuronal signaling by pro- (proNT) and

mature (NT) neurotrophins and in the processing/metabolism of amyloid

precursor protein (APP).
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1 The Vps10p Domain Receptor Family: Sortilins

Sortilins, also denoted Vps10p domain receptors, are emerging as critical regulators

of neuronal survival and function (Fig. 1). They partake in a multitude of functions

from anterograde and retrograde protein sorting to signal transduction induced by

neurotrophic factors (Willnow et al. 2008). The mammalian sortilin family includes

sortilin, SorLA, and SorCS1–3 and appears to have evolved with increasing

demand for cellular complexity. The unifying structural Vps10p domain, short for

vacuolar protein sorting 10 protein, was first identified in the yeast (Marcusson

et al. 1994). Vps10p is a type I receptor with two copies of the domain in its

extracellular part that participates in a mannose-6-phosphate receptor-independent

pathway for sorting of proteins targeted for the yeast vacuole. Human sortilin and

SorLA were first isolated from brain homogenates by receptor-associated protein

(RAP) affinity chromatography in an attempt to discover novel low density lipo-

protein receptor-related proteins (Jacobsen et al. 1996; Petersen et al. 1997).

Sortilin is the prototype family member as its entire extracellular domain consists

of a single copy of the ~700 amino acids Vps10p domain followed by a transmem-

brane domain and a short cytoplasmic tail. In contrast, SorLA is a mosaic receptor

with a large extracellular part. In SorLA, the Vps10p domain is followed by an EGF

precursor-type repeat, a cluster of 11 complement repeats, and six fibronectin type-

III repeats (Fig. 1). Interestingly, SorLA appears to have originated in the first

organism with a nervous system, the hydra, where it acts as a receptor for the

neuropeptide head activator (Hampe et al. 2000).

The homologues SorCS1, SorCS2, and SorCS3 were identified by database mining

(Hampe et al. 2000; Hermey 2009; Rezgaoui et al. 2001), and contain in their

extracellular domains in addition to the Vps10p domain, a polycystic kidney disease

(PKD) module, and a juxtamembrane leucine-rich region (Fig. 1). The global

sequence identity between SorCS1 and SorCS3 proteins is 70%, whereas their identity

with SorCS2 is much lower ranging from 45 to 47 % with highest conservation found

in the Vps10p domain and lowest identity in their propeptides and cytoplasmic tails.

The composition of the yeast Vps10p with two luminal copies of the domain is

only found in fungi whereas a sortilin-like composition is conserved in protozoans,

echinoderms, and vertebrates. Highly conserved orthologues of all the mammalian

family members are found in birds and fish, but no Vps10p orthologues have been

identified in species such as flies, nematodes, and plants (Hermey 2009).

In mammals, sortilins prevail in most regions of the developing and adult

nervous system. However, receptors are also expressed in a dynamic manner in a

number of non-neuronal cell types. Sortilin and SorLA, for example, are abundant

in tissues such as embryonic lung, kidney, liver, and several developing glands. In

the adult organism expression persists in most tissues and now also appears in cells

of the immune system (Hermans-Borgmeyer et al. 1999; Sarret et al. 2003;

Fauchais et al. 2008; Wahe et al. 2010; Kjolby et al. 2010). While expression of

sortilin and SorLA mostly overlap, SorCS1, -2, and -3 show a much more restricted

and complementary pattern of expression. For instance, SorCS1 and SorCS3 are

highly expressed in CA1 of the hippocampus, whereas SorCS2 displays the highest
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expression in the CA2 and dentate gyrus. Of note, the hippocampal expression of

SorCS1 and SorCS3 is dynamically regulated as both can be induced by neuronal

activity, suggesting their potential participation in activity-dependent synaptic

modifications (Hermey et al. 2004).

2 The Vps10p Domain Structure

Sortilins bind a wide variety of ligands through the Vps10p domain, ranging from

transmembrane receptors to soluble proteins involved in processes as diverse as

lipid metabolism and signaling by neurotrophic factors. Mammalian sortilin and

yeast Vps10p show low amino acid sequence identity, yet they are both predicted to

adopt a beta-propeller fold. The crystal structure of sortilin in complex with the

small neuropeptide ligand neurotensin (Table 1) was recently solved and revealed a

completely novel fold (Quistgaard et al. 2009) (Fig. 2). The domain forms an

unusually large ten-bladed beta-propeller structure creating a large tunnel with

multiple ligand-binding sites formed by loops protruding from the beta-strand

ends into the tunnel cavity. The beta-propeller is followed C-terminally by a
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Fig. 1 The Vps10p domain receptor family. Sortilin represents the prototype family member

containing an N-terminal propeptide followed by the Vps10p domain that constitutes the entire

extracellular part of the mature receptor. The receptor also contains a transmembrane region and a

short cytoplasmic domain containing several functional sorting motifs. The propeptide is cleaved

off by furin during processing of the receptor in the Golgi. In the extracellular part of SorLA, the

Vps10p domain is followed by an EGF precursor homology domain, a series of complement

repeats originally known from the low-density lipoprotein receptor and a series of fibronection

type III repeats. SorCS1-3 are global homologues and contain in addition to the Vps10p domain,

a polycystic kidney disease (PKD) domain and a leucine-rich domain
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small domain designated 10CC. This domain has no secondary structure but

comprises ten cysteine residues forming five disulfide bonds. 10CC interacts

extensively with one side of the propeller and is believed to stabilize the tunnel

while restricting the access of ligands to this side of the tunnel.

Neurotensin inhibits the binding of most sortilin ligands in a competitive manner,

and the co-crystal structure showed that the neurotensin binding site resides inside

the tunnel cavity. This suggests that different binding sites for soluble ligands are

formed within the tunnel likely by differential combinations of the protruding loops.

Most Vps10p domain ligands compete with each other for binding, but this ability

most likely relies on steric hindrance rather than on identical binding sites. The ten

blades of the Vps10p domain propeller results in a fourfold increase in the tunnel

Table 1 Known binding partners of sortilins

Ligands Sortilin SorLA SorCS1 SorCS2 SorCS3 Function

APP + Golgi retention (Andersen

et al. 2005)

ApoB100 + VLDL particle assembly (Kjolby

et al. 2010)

CLC/CLF-1 + Signaling (Larsen et al. 2010)

CNTF + Signaling (Larsen et al. 2010)

LPL + + Lysosomal sorting (Nielsen

et al. 1999)

Neurotensin + + Unknown (Mazella et al. 1998)

P75NTR + Apoptosis (Nykjaer et al. 2004)

PDGFβ + + + Unknown (Hermey et al. 2006)

ProBDNF + Apoptosis (Teng et al. 2005)

Progranulin + Lysosomal sorting (Hu et al. 2010)

ProNGF + + Apoptosis (Nykjaer et al. 2004)

ProNT3 + Apoptosis (Yano et al. 2009;

Tauris et al. 2011)

Prosaposin + Lysosomal sorting (Lefrancois

et al. 2003)

RAP + + Unknown (Petersen et al. 1997;

Jacobsen et al. 1996)

SorLA

propeptide

+ + Inhibition of premature ligand

binding (Jacobsen et al. 2001)

Sortilin

propeptide

+ + Inhibition of premature ligand

binding (Munck Petersen

et al. 1999)

TGFβ + Lysosomal sorting (Kwon and

Christian 2011)

Thyroglobulin + Recycling (Botta et al. 2009)

TrkA, -B, -C + Sorting (Vaegter et al. 2011)

APP amyloid precursor protein, CLC/CLF-1 cardiotrophin-like cytokine/receptor cytokine-like

factor-1, CNTF ciliary neurotrophic factor, LPL lipoprotein lipase, PDGFβ platelet-derived growth

factor-β, proBDNF pro-brain-derived neurotrophic factor, proNGF pro-nerve growth factor, proNT3
pro-neurotrophin-3, RAP receptor-associated protein, Trk tropomyosin-related kinase
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volume as compared to, for example, the eight-bladed propeller peptidase IV. Thus,

unlike smaller beta propellers, the sortilin tunnel can accommodate large protein

ligands and provide specific binding sites for an extended set of ligands. Also,

confining binding sites to the tunnel, rather than being scattered on an exposed

outer surface, ensures that sortilin accommodates only one ligand at a time.

Another interesting structural feature of the Vps10p domain is two protruding

hydrophobic loops (Quistgaard et al. 2009). These loops have been proposed to

interact directly with the cell membrane or with transmembrane receptor partners

such as the p75 neurotrophin receptor (p75NTR) or the tropomyosin-related kinase

(Trk) family of receptors (see below). Apart from the sortilin Vps10p domain, the

solution structures of the second SorLA fibronectin type III domain (PDB code:

2DM4) in addition to SorCS2 PKD (PDB code: 1WGO) have been solved by NMR.

The PKD structure related it to the immunoglobin superfamily.

3 Ligands of Sortilins

A number of both soluble and transmembrane ligands binding to the extracellular

domains of sortilin family members have been described, and those shown to bind

in a direct manner are listed in Table 1. Sortilin has the highest number of ligands

Fig. 2 Crystal structure of

the sortilin Vps10p domain in

complex with neurotensin.

The structure is visualized

using PyMOL
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followed by SorLA with many overlaps. Only two ligands have been identified for

SorCS1 and -3, whereas SorCS2 is so far an orphan receptor. The majority of

sortilin ligands are related to lipid metabolism such as lipoprotein lipase (LPL)

(Nielsen et al. 1999) and ApoB100 (Kjolby et al. 2010), or to neurotrophic factor

signaling, notably, the neurotrophin system and their receptors (Nykjaer et al. 2004;

Teng et al. 2005; Yano et al. 2009; Tauris et al. 2011; Vaegter et al. 2011) in

addition to a subset of helical type I cytokines (Larsen et al. 2010). SorLA is unique

in binding amyloid precursor protein (APP), and this interaction is considered

important to avoid pathological amyloid plaque formation (Andersen et al. 2005)

(see below).

4 Processing Conditions Sortilin and SorLA for
Ligand Binding

An additional unifying feature of Vps10p domain receptors throughout species is an

N-terminal propeptide containing an RXXR motif that defines the consensus

cleavage site for furin and other proprotein convertases. Sortilin, SorLA, and

SorCS1–3 are all synthesized as proproteins, and their ~50 amino acids propeptides

are removed late in the trans-Golgi network (TGN), possibly following internaliza-

tion and recycling of the newly synthesized receptor, as processing of mutated

sortilin lacking the cytoplasmic tail is slowed dramatically (Munck Petersen

et al. 1999; Nielsen et al. 2001). Furin cleavage results in dissociation of propeptide

from the mature receptor and in the case of sortilin and SorLA, this conditions the

receptors for ligand binding (Munck Petersen et al. 1999; Jacobsen et al. 2001).

Accordingly, mutation of the furin cleavage sites results in receptor variants that are

unable to bind Vps10p domain ligands (Munck Petersen et al. 1999; Jacobsen

et al. 2001). Also, recombinant soluble propeptides are potent antagonists of sortilin

and SorLA ligand binding, e.g., proneurotrophin binding by sortilin (Munck

Petersen et al. 1999; Jacobsen et al. 2001; Nykjaer et al. 2004; Teng et al. 2005;

Tauris et al. 2011). Neurotensin also completely inhibits this binding, implicating

that the tunnel cavity is critically involved in the interaction with proneurotrophins

(Nykjaer et al. 2004; Quistgaard et al. 2009). The above has important functional

implications as it indicates that prosortilin cannot interact with Vps10p domain

ligands prior to propeptide processing, whereas the SorCS3 propeptide appears to

have no effect on its ability to bind pro-nerve growth factor (proNGF) (Westergaard

et al. 2005). In the case of sortilin, SorLA, SorCS1, and SorCS3, it has been further

demonstrated that the propeptide acts as a chaperone in the endoplasmic reticulum

(ER) required for efficient folding of the newly synthesized receptors

(Munck Petersen et al. 1999; Jacobsen et al. 2001; Westergaard et al. 2005; Hermey

et al. 2003).
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5 Cellular Trafficking of Sortilins

Sortilin and SorLA are mainly found intracellularly in perinuclear vesicles and in

the TGN with less than 10 % of the receptor pool present on the cell surface

(Petersen et al. 1997; Jacobsen et al. 1996; Nielsen et al. 2001). In neurons, sortilin

and SorLA also show a vesicle-like staining in the soma, but receptors can also be

found in axons and dendrites and at the nerve terminals (Sarret et al. 2003; Hermey

et al. 2001). In contrast, SorCS3 is predominantly surface exposed (Westergaard

et al. 2005). Notably, SorCS1 is unique among the sortilins as it exists in several

distinct splice variants, denoted SorCS1-a, -b, and -c, that encode cytoplasmic

domains differing in length and sequence. While the SorCS1-a variant is almost

exclusively intracellular, the -b and -c isoforms mainly localize to the cell surface

(Hermey et al. 2003; Nielsen et al. 2008).

As mentioned above, sortilins are matured in the TGN (Munck Petersen

et al. 1999). This organelle is a sorting station important for distributing proteins

between various cellular compartments. From here, proteins are directed to the

constitutive or regulated secretory pathway, and to endosomes or lysosomes.

Neuronal TGN is also involved in axonal transport and in the formation of signaling

endosomes (Bonifacino and Rojas 2006). Trafficking between the TGN and the

different cellular compartments is assisted by specific adaptor proteins that directly

or indirectly connect the cytoplasmic tail of sortilins to the clathrin coat of transport

vesicles, to lipid membranes, or to the cytoskeleton (Nielsen et al. 2001, 2008)

(Fig. 3).

At the cell surface sortilin and SorLA are rapidly internalized into endosomes

through clathrin coated pits. For SorLA, this is mediated by adaptor protein

2 (AP-2) by binding to an acidic cluster dileucine-like site in the cytoplasmic tail

(Nielsen et al. 2007). In the case of sortilin, internalization is mediated by a

tyrosine-based internalization motif (Nielsen et al. 2001). SorCS1-c, SorCS2, and

SorCS3 also contain tyrosine-based internalization motifs, but their activity and

adaptor proteins remain to be determined. Internalized receptors exit endosomes

and are returned to the TGN through retrograde sorting pathways, thus escaping

lysosomal degradation (Nielsen et al. 2001, 2007). Four distinct complexes of

cargo adaptor proteins have been implicated in this transport pathway including

the AP-1 complex that links cargo to the clathrin coat of endosomal and TGN

vesicles, the clathrin adaptors Golgi-localizing, γ-adaptin ear homology domain,

ARF-interacting proteins (GGA-1, -2, -3), the retromer complex, and the

phosphofurin acidic cluster sorting protein (PACS1). The existing data suggest a

model in which AP-1 and the GGAs transport sortilin and SorLA from the Golgi to

endosomes whereas the retromer and possibly AP-1 mediate their return from the

tubular endosomal network of early endosomes to the TGN (Nielsen et al. 2001,

2007). In the case of SorLA, PACS1 also appears to be implicated in TGN transport

(Schmidt et al. 2007). At present, no data are available for SorCS1–3.

At the cell surface, sortilins are subject to events other than endocytosis as they

can also be cleaved by ADAM10 or -17 and released from the cell surface (Hermey

et al. 2006). Whether the soluble receptor product, which is capable of ligand
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binding, serves as a decoy receptor is currently unclear. However, the remaining

transmembrane fragment can undergo regulated intramembrane proteolysis (RIP)

by the gamma-secretase complex. The fate of the resulting intracellular fragment is

unclear, but in the case of the SorLA cytoplasmic tail, it is targeted to the nucleus

where it possibly can induce gene expression as proposed by use of a reporter gene

assay (Bohm et al. 2006). Whether RIP of sortilin is implicated signaling by

neurotrophic factors remains to be determined, but the role of p75NTR RIP is

well described in neuronal survival and death (see below).

6 Sortilin in Proneurotrophin-Induced Apoptosis

Contrasting their inherent name “neurotrophins,” literally meaning “nerve

nourishments,” these molecules not only elicit neuronal survival, growth, and

differentiation but are also capable of apoptotic signaling. The trophic signals are

governed by binding of the neurotrophins (NT) to their respective Trk receptor.

Nerve growth factor (NGF) binds to TrkA, brain-derived neurotrophic factor

(BDNF) and neurotrophin-4 (NT-4) to TrkB, and neurotrophin-3 (NT-3) to TrkC,

respectively. Co-expression with p75NTR fortifies the trophic activities as it

strengthens both affinity and specificity of the NTs towards their cognate Trk

receptor. Intriguingly, p75NTR is also required for NTs to stimulate apoptosis,

suggesting that this receptor is able to switch between survival and death signaling

depending on the cellular context. For some time this was a puzzling observation,

but an indication of the underlying mechanism came with the recognition that while

trophic activities are mediated by mature NTs, their proform, denoted proneuro-

trophins (proNT), can provoke apoptosis in a Trk-independent manner

SorLA
KHRRLQSSFT10AFANSHYSSR20LGSAIFSSGD30DLGEDDEDAP40MITGFSDDVP50MVIA

Sortilin
KKYVCGGRFL10VHRYSVLQQH20AEANGVDGVD30ADLDTASHTN40KSGYHDDSDE50DLLE

SorCS1a
KFKRCVSLYP10RSPTPDLFLL20PDRFRSMCYS30DVHSSDGFY

SorCS1b
KFKRRVALPS10PPSPSTQPGDS20SLQRARHATPP30STPKRGSAGA40QYAI

SorCS1c
KFKRKIPGIN10VYAQMQNEKE20QEMISPVSHS30ESRPNVPQTE40LRRPGQLIDE50KVESQLIGK

SorCS2
KFKRKRPGRT10VYAQMHNEKE20QEMSTPVSHS30EDVQGAVQGN40HSGVVLSINS50REMHSYLVS

SorCS3
KFKRKIPWIN10IYAQVQHDKE20QEMIGSVSQSE30NAPKITLSDF40TEPEELLDKE50LDTRVIGGIA60TIANSESTKE70IPNCTSV

   
   internalisation (AP-2: YXXB, [DE]XXXL[LI])
   TGN   endosome   TGN (AP-1: YXXB, [DE]XXXL[LI])
   TGN   endosome (GGA: C-terminal DXXLL)
   TGN   post-synaptic densities (PDZ domain proteins: S/TXF) 
   signalling (SH3 domain proteins: PXXP)
   endosome   TGN (retromer complex) 

Fig. 3 Cytosolic adaptor sites in sortilins. Both putative and experimentally confirmed sites are

indicated together with the type of trafficking they conduct. The responsible adaptor proteins and

their consensus recognition motifs are listed in parenthesis (Nielsen et al. 2001, 2007, 2008;

Schmidt et al. 2007; Hermey et al. 2003)
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(Lee et al. 2001). Earlier studies had reported that NT binding to p75NTR can induce

apoptosis in cultured neurons and oligodendrocytes lacking the corresponding Trk

receptor. However, the non-physiologically high ligand concentrations required

suggests that proNTs most likely are accountable for the pro-apoptotic activity

in vivo (Bamji et al. 1998; Casaccia-Bonnefil et al. 1996; Kenchappa et al. 2006;

Yoon et al. 1998).

It has been intensively debated whether proNTs are merely intracellular

precursors that require processing by pro-convertases in the TGN to mature before

their secretion, or whether they can indeed be secreted in their unprocessed form.

Recent reports have now settled this dispute by the demonstration of proNGF

release from cultured sympathetic (Hasan et al. 2003) and cortical (Bruno and

Cuello 2006; Hasan et al. 2003) neurons, microglia (Srinivasan et al. 2004), and

astrocytes (Domeniconi et al. 2007). Likewise, release of proBDNF has been

demonstrated in prenatal (Mowla et al. 1999; Teng et al. 2005) and postnatal

(P0) (Yang et al. 2009) derived hippocampus cultures. Perhaps more convincing,

in pathological conditions characterized by neurodegeneration such as Alzheimer’s

disease (AD), spongiform encephalomyelopathy, spinal cord injury, and seizures,

proNT levels are increased (Fahnestock et al. 2001; Stoica et al. 2008; Harrington

et al. 2004; Beattie et al. 2002; Volosin et al. 2006), and inhibitory antibodies

against the proNTs significantly attenuate neuronal cell death associated with the

latter two conditions (Harrington et al. 2004; Volosin et al. 2008).

Initially believed that p75NTR by itself was sufficient to bind and transmit the

apoptotic signal, subsequent studies revealed a critical role of sortilin in this

process. When analyzed separately, p75NTR and sortilin both bind proNGF with

estimated affinities (Kd) of ~5–15 nM, but upon their co-expression in cells the

affinity increases to ~160 pM (Nykjaer et al. 2004). This binding cooperativity is

accomplished in part by a direct interaction between the two receptors, and in part

by formation of a ternary receptor complex enabled by the simultaneous binding of

the proNT pro-domain with sortilin and the mature part of the molecule with

p75NTR. In accordance with the dimeric confirmation of neurotrophins, a recent

structural study revealed that proNGF shapes a 2:2 complex with p75NTR and that

the binding of proNGF to sortilin is enhanced when proNGF is in a preformed

complex with p75NTR (Feng et al. 2010). Although most ligands have been

demonstrated to occupy sortilin in the tunnel (see above), p75NTR is unlikely to

do so as its interaction with sortilin is not inhibited by the tunnel-specific inhibitor

neurotensin. In contrast, the binding of proNGF is abolished by neurotensin,

suggesting that sortilin potentially may bind proNT and p75NTR simultaneously

by engaging different binding epitopes.

The important role of sortilin in neuronal cell death has been substantiated by

in vivo studies demonstrating increased expression of sortilin as well as increased

co-expression of sortilin with p75NTR following seizure (Volosin et al. 2006), facial

nerve and spinal cord injury (Harrington et al. 2004; Provenzano et al. 2008; Jansen

et al. 2007), retinal ischemia (Wei et al. 2007), spongiform encephalomyelopathy

(Stoica et al. 2008), or aging (Al-Shawi et al. 2008), conditions where proNGF is

also upregulated (see above). However, studies in mice deficient in sortilin
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expression have provided the most compelling evidence. Cultured knockout

neurons that lack sortilin (Sort1�/�) but still express p75NTR are resistant specifi-

cally to proNT-induced cell death. In vivo, Sort1�/� mice are characterized by

reduced apoptosis in the developing retina that is indistinguishable from that

observed in p75NTR knockout mice, and upon aging deficiency for sortilin protects

sympathetic neurons against degeneration. Finally, in a neuronal injury protocol,

lesioned corticospinal neurons were fully rescued from death in the Sort1�/�mice,

a phenotype shared with mice treated with inhibitory antibodies to proNGF (Jansen

et al. 2007; Harrington et al. 2004).

7 Sortilins and Proneurotrophin Signaling

What might be the molecular mechanisms by which sortilin affects proNT signaling

in neurons? As described above, modulation of proNT affinity towards p75NTR

would be a qualified suggestion as sortilin is required for high-affinity proNT

binding to p75NTR. Whereas this obviously appears to be the simplest mechanistic

explanation, additional mechanisms could indeed be involved such as regulation of

adaptors to p75NTR or modulation of p75NTR cleavage-dependent signaling. Finally,

direct signaling by sortilin can also be envisioned.

While some p75NTR signaling pathways are initiated from the cell surface upon

ligand binding (e.g., JNK activation (Reichardt 2006)), other signaling pathways

require p75NTR internalization and subsequent receptor sorting from early to

recycling endosomes, forming p75NTR-signaling endosomes (Bronfman

et al. 2003). The molecular mechanisms involved in p75NTR internalization and

intracellular sorting are poorly characterized, and as previous studies have

described the function of sortilin in internalization and intracellular sorting events,

it is not unreasonable to speculate that sortilin could be involved. Thus, proNGF is

rapidly internalized in cells expressing p75NTR and sortilin, whereas endocytosis of

proNGF is absent in sortilin-deficient cells (Nykjaer et al. 2004). Interestingly, the

expression of sortilin on the neuronal cell surface also appears to be positively

regulated, thereby increasing responsiveness to proNT during specific developmen-

tal stages correlating with cell apoptosis (Nakamura et al. 2007). Thus, a mamma-

lian p75NTR homologue NRH2 was reported to interact with sortilin and function as

a trafficking switch, redistributing sortilin from the predominant TGN/perinuclear

localization to the cell surface and promoting p75NTR–sortilin receptor complex

formation. Accordingly, knock down of NRH2 in sympathetic neurons significantly

reduced proNT-induced apoptosis in these cells (Kim and Hempstead 2009).

The intracellular signaling cascades initiated by the sortilin–p75NTR complex

upon proNT binding remain largely elusive. However, several signaling pathways

activated following NT binding to p75NTR are mediated through the binding

of adaptor proteins to the cytoplasmic domain of p75NTR, including Traf6,

neurotrophin receptor-interacting factor (NRIF), melanoma-associated antigen

(MAGE), and neurotrophin receptor p75 interacting MAGE homologue

(NRAGE) (Yamashita et al. 2005; Reichardt 2006). As the mechanisms that govern
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ligand-induced adaptor docking to p75NTR are still largely unknown, it can be

speculated whether the formation of a complex between p75NTR and sortilin is

able to modulate/enhance adaptor binding to p75NTR. Interestingly, Teng

et al. (2005) investigated whether complexes of proBDNF and the soluble extracel-

lular domain of sortilin was capable of initiating apoptosis of sympathetic neurons

that express endogenous p75NTR and sortilin. Although a ternary complex likely

forms between sortilin, p75NTR, and proNT with only the extracellular domains of

the receptors present (Feng et al. 2010), Teng and colleagues found no induction of

apoptosis using a preformed, soluble sortilin–proBDNF complex (Teng et al. 2005).

This argues that the transmembrane or intracellular part of sortilin is critical in

p75NTR- and proNT-mediated apoptosis, perhaps by contributing to the correct

stoichiometry of the receptor–ligand complex to allow signaling. So far there has

been no description of whether sortilin has any signaling property in its own right.

However, it has been described how SorLA under certain circumstances can be

processed by TNF-α converting enzyme (TACE) and subsequently by the

γ-secretase, releasing both intra- and extracellular fragments. The cytoplasmic tail

is subsequently translocated to the nucleus where it acts as a transcriptional activa-

tor and enhances proliferation of neuronal precursor cells (Bohm et al. 2006).

Another indication that members of the Sortilins may directly signal came from

the finding that SorLA interacts with the kinase Ste20-related proline–alanine-rich

kinase (SPAK) in the distal nephron of the kidney. Intracellular trafficking of SPAK

by SorLA is crucial in the regulation of Na+-K+-Cl� cotransporter 2 (NKCC2) and

hence in the maintenance of renal ion balance (Reiche et al. 2010).

Finally, a potential regulatory function of sortilin is upon p75NTR cleavage. On

the cell surface and/or in the endosomal compartments, p75NTR is subject to

cleavage by gamma-secretase (Bronfman 2007), and proNGF and proBDNF are

reported to induce such cleavage in several neuronal systems, including sympa-

thetic neurons, Schwann cells, and photoreceptors. The intracellular domain (ICD)

of p75NTR is consequently released, and the p75NTR adaptor neurotrophin receptor

interacting factor (NRIF) translocates to the nucleus to induce apoptosis

(Kenchappa et al. 2006; Volosin et al. 2008; Srinivasan et al. 2007; Podlesniy

et al. 2006). The binding of sortilin (and proNT) to p75NTR could potentially affect

p75NTR cleavage as conformational changes upon complex formation might

increase the affinity of p75NTR for the gamma-secretase (Fig. 4).

8 Potentiation of Neurotrophic Factor Signaling by Sortilins

As mentioned, the first evidence for a role of sortilin in proNT-mediated apoptosis

was described in 2004 (Nykjaer et al. 2004), and this concept has subsequently been

confirmed in numerous other studies. Surprisingly, recent data suggest that sortilin,

like p75NTR, may also engage in trophic signaling by mature neurotrophins. Thus,

endogenous sortilin and Trks were found not only to be co-expressed in subgroups

of sensory neurons as well as hippocampal and cortical neurons but also to be

physically associated as determined by coimmunoprecipitation analysis and
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fluorescence resonance energy transfer (FRET) microscopy. Studies in neuron

cultures and in knockout mice revealed that sortilin facilitates efficient anterograde

axonal transport and synaptic targeting of the Trks. However, the mechanism by

which sortilin links to the microtubule motor is currently unknown. Somewhat

surprisingly, the sortilin-deficient mice do not appear to be seriously affected by the

reduction in peripheral Trk levels, at least when assessing sensory nerve morphol-

ogy and functionality (Vaegter et al. 2011). These observations are, however, in

accordance with previous work on Trk heterozygote mice which display reductions

in Trk levels and activity of approximately 50 % (comparable to observations in the

sortilin-deficient mouse) but are phenotypically normal (Ernfors et al. 1994; Klein

et al. 1993; Minichiello et al. 1995) (Fig. 5).

The combined observations suggest the tripartite model for neurotrophin signal-

ing illustrated in Fig. 6 (“the neurotrophin triangle”): Sortilin is essential to form a

death complex with p75NTR activated by proNT. Signaling by Trk receptors,

conversely, requires p75NTR on the plasma membrane to facilitate binding of NT

and to strengthen trophic signals. To complete this triangular interaction, sortilin

supports and fine-tunes trophic signaling by facilitating anterograde Trk transport

along the axonal path.

Yet another function of sortilin in NT signaling was put forward by Chen and

colleagues, who showed that sortilin is involved in sorting of BDNF from the TGN

into the pathway for regulated secretion (Chen et al. 2005). In untreated primary

hippocampal neurons and the neuroblastoma cell line PC12, (pro)BDNF

Nucleus

21

3 4

Sortilin

p75NTR

Apoptotic signaling

proNGF Adaptors

Signaling
endosome

Fig. 4 Potential mechanisms of sortilin in p75NTR-dependent proNT apoptotic signaling. (1)
Sortilin and p75NTR constitute a high-affinity binding site for proNT, strongly increasing proNT

binding to the cell surface. (2) Signaling of p75NTR depends on the binding of adaptors molecules

to the cytoplasmic tail of p75NTR, and the formation of a complex between p75NTR and sortilin

might modulate/enhance adaptor binding to p75NTR. (3) Some signaling pathways are reported to

require p75NTR internalization with the formation of p75NTR-signaling endosomes, perhaps

assisted by sortilin. (4) p75NTR can be cleaved upon proNT binding, with the C-terminal fragment

and adaptors translocating to the nucleus to induce apoptosis
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colocalized with secretogranin II that labels vesicles destined for regulated secre-

tion. Inhibiting sortilin activity by siRNA knockdown or overexpression of

dominant-negative receptor mutants redistributed proBDNF from the regulated to

the constitutive secretory pathway and reduced depolarization-induced (pro)BDNF

secretion with a concomitant increase in constitutive release (Chen et al. 2005).

Biochemical mapping subsequently identified a conserved binding motif in the

pro-domain of BDNF that is capable of binding the luminal domain of sortilin. A

recent study further supports the role of sortilin in vesicular transport and stabiliza-

tion of proBDNF. Yang and colleagues found that proBDNF forms complex with

sortilin and Huntingtin-associated protein-1 (HAP1) and that this complex is impor-

tant for the transport of proBDNF/BDNF-containing vesicles to facilitate synaptic

targeting of proBDNF in neurites of cortical neurons. Furthermore, the association

of sortilin to the proBDNF/HAP1 complex prevents proBDNF degradation and

facilitates the furin cleavage to release mature BDNF (Yang et al. 2011). How

sortilin affects vesicular transport is unclear, but it is noteworthy that KIF1A, a

subunit of kinesin-3 that transports synaptic vesicles, has been identified as a sortilin

interaction partner (Vaegter et al. 2011) (Peder Madsen, personal communication).

Signaling by neurotrophic factors other than neurotrophins have also been

reported to be positively regulated by sortilin. Ciliary neurotrophic factor (CNTF)

belongs to the family of helical type 1 cytokines, which also includes interleukin-6

(IL-6), IL-11, leukemia inhibitory factor (LIF), and others. CNTF was initially

identified (and named) for its ability to maintain survival of parasympathetic

neurons of chicken ciliary ganglia (Adler et al. 1979). Since then it has been

reported to support the survival of a variety of neuronal cell types, including

sensory (Simon et al. 1995) and motor (Oppenheim et al. 1991) neurons. Further-

more, it is believed to act as a lesion factor released from tissues subjected to trauma

as several studies have reported a marked change in the localization and expression

of CNTF (Rudge et al. 1995; Sendtner et al. 1992; Friedman et al. 1992). CNTF

signaling is elicited by the formation of a trimeric receptor complex composed of

cis-
Golgi trans-

Golgi

Endoplasmic
reticulum

Pro-Sortilin Sortilin

Immature Trk Mature Trk

Sortilin pro-domain

Fig. 5 Schematic model of sortilin involvement in Trk receptor trafficking. Prior to the trans-

Golgi network (TGN), the pro-domain of sortilin inhibits binding of ligands to sortilin. However,

following furin-mediated pro-convertase cleavage in the TGN, mature sortilin is now able to bind

fully glycosylated Trk and facilitate anterograde transport of this receptor, assuring sufficient

peripheral Trk levels to sustain efficient neurotrophin signaling by neurotrophins released from

target tissues
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the GPI-anchored CNTF receptor α (CNTFRα), the signaling subunit 130-kDa

glycoprotein (gp130), and the LIF receptor β (LIFRβ) (Davis et al. 1993). However,
CNTFRα is not an absolute requirement for signaling because CNTF at relatively

high concentrations is able to activate the gp130/LIFRβ heterodimer (Gearing

et al. 1994). Interestingly, Larsen and colleagues demonstrated that sortilin interacts

with LIFRβ, thereby facilitating CNTF signaling and mediating CNTF-dependent

proliferation through the gp130/LIFRβ heterodimeric complex (Larsen et al. 2010).

It will be interesting for future studies to investigate the effect of sortilin upon

CNTF signaling in relation to, e.g., motor neuron regeneration following nerve

injury in vivo.

9 Sortilins and Neuronal Disease

The first member of the family to be associated with a neurodegenerative disease

was SorLA, with the finding of low levels of SorLA gene expression (SORL1) in
patients with sporadic AD (Scherzer et al. 2004). Whereas several subsequent

association studies confirmed this connection, some failed to do so. However, a

recent comprehensive and unbiased meta-analysis of all published and unpublished

data from studies on SORL1 SNPs, including approximately 12,000 cases of AD

and 17,000 controls, significantly substantiated the involvement of SORL1 gene

variants in AD and further suggested multiple causative gene variants in distinct

regions of SORL1 (Reitz et al. 2011a). Neuronal processing of amyloid-precurser

protein (APP) by the β-secretase, with formation of the cleavage product Aβ and

subsequently development of neurotoxic Aβ oligomers and senile plaques, are

pathological hallmarks of AD. The involvement of SorLA in APP processing was

described by Andersen and colleagues in 2005, demonstrating that the proteins

colocalize in Golgi compartments and early endosomes. Further studies

demonstrated that the neuronal production of Aβ inversely correlated with the

level of SorLA, as APP is retained in the TGN by SorLA and thereby impairs

transit to the plasma membrane or late endosomes for β-secretase cleavage

(Andersen et al. 2005; Schmidt et al. 2007).

Deathp75NTR

Sortilin

Trk Survival

N
eurotrophinsNeurotrophins

Proneurotrophins

Fig. 6 Schematic illustration of “the neurotrophin triangle” concept, linking sortilin and key

receptors in survival and death signaling by mature/pro-neutrophins

178 S. Glerup et al.



Intriguingly, another member of the sortilins has been associated with

AD. Association of SorCS1 with AD was suggested approximately concurrently

with the genetic association between SorLA and AD (Rogaeva et al. 2007; Grupe

et al. 2006). A later study substantiated the association and found significantly

lower SorCS1 expression in AD brains, suggesting an inverse correlation between

SorCS1 levels and Aβ production, and this correlation was further supported by

biochemical studies in cell lines (Reitz et al. 2011b). However, while genetic and

biochemical data support a relationship between SorCS1 and AD, the mechanisms

by which SorCS1 modulates Aβ is currently not clear.

Although AD is characterized by Aβ plaque formation, neurotrophins are likely

involved in the subsequent process with loss of neurons. The cortex of AD brain is

characterized by an increase in proNGF levels during disease progression and stable

levels of p75NTR and sortilin but reduced levels of TrkA (Mufson et al. 2010;

Counts et al. 2004; Al-Shawi et al. 2008; Peng et al. 2004; Fahnestock et al. 2001).

As the balance of pro-survival versus pro-apoptotic signaling may depend on the

stoichiometry of these proteins (Masoudi et al. 2009; Capsoni et al. 2010), the shift

in ratio may very well change the functional outcome of proNGF on neurons in the

brain. Because TrkA is necessary for NGF pro-survival signaling, this shift in NGF

receptor stoichiometry paralleled with increased proNGF may favor the trimeric

interactions of proNGF with p75NTR and sortilin, activating pro-apoptotic pathways

during the early stages of AD. Further, although some studies indicate that proNGF

can bind to TrkA (albeit with less with less affinity than NGF) to induce

neurotrophic response (Fahnestock et al. 2004), the lower levels of TrkA may not

be sufficient to initiate proNGF-induced cell survival signaling in the AD brain.

Sortilin has recently been functionally linked to frontotemporal lobar degenera-

tion with ubiquitin-positive inclusions (FTLD-U), a form of frontotemporal demen-

tia (FTD) characterized by neuronal loss within, and atrophy of, the frontal and

temporal lobes of the brain. FTLD-U cases are caused by haplo-insufficiency due to

mutations in the GRN gene encoding progranulin (PGRN), a common feature in

FTD with about 50 identified mutations in GRN linked to these disorders

(Mackenzie et al. 2010). Despite intense investigation, the normal and pathological

roles of PGRN within the CNS are still largely unknown. Apparently, PGRN can

function as a nerve growth, protective, or survival factor (Bateman and Bennett

2009), and the reduction of PGRN levels observed in, e.g., FTLD-U would indeed

be consistent with the observed neurodegeneration. Hu and colleagues identified

sortilin as a major neuronal receptor for the PGRN, providing an important mecha-

nistic link to understand normal CNS functions of PGRN and how partial loss of

PGRN function may lead to neurodegenerative disease. Importantly, they showed

that sortilin regulates PGRN levels as mice lacking sortilin had elevated brain and

serum PGRN levels and further that PGRN binds sortilin and colocalizes with

sortilin in endocytic vesicles and eventually with Lamp1, a marker for lysosomes

(Hu et al. 2010). Together with the finding that mice lacking PGRN develop

lysosomal dysfunction, this might implicate a normal role of PGRN in the lysosome

(Ahmed et al. 2010).
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A further hallmark of FTLD-U is the loss of nuclear localization of TAR DNA

binding protein (TDP-43) but the presence of cytosolic accumulation of

ubiquitinated inclusions of TDP-43. Two studies show that TDP-43 binds many

target RNAs, approximately 30 % of the mouse transcriptome and preferably within

the intron, suggesting a function in splicing regulation. Intriguingly, knock-down of

TDP-43 affected in particular splicing of sortilin, suggesting another possible

regulatory link between sortilin and key molecules in FTLD-U (Tollervey

et al. 2011; Baum et al. 2008).

A single nucleotide polymorphism in the bdnf gene resulting in a valine (Val) to
methionine (Met) mutation at amino acid 66 in the BDNF prodomain has been

linked to neuropsychiatric disorders including depression, bipolar disorders, and

memory impairment (Sen et al. 2003; Neves-Pereira et al. 2002; Sklar et al. 2002;

Egan et al. 2003; Hariri et al. 2003; Rybakowski et al. 2003). The molecular

mechanisms underlying the altered-variant function is not understood, but the

Met-variant has been reported to have reduced activity-dependent (or regulated)

secretion (Egan et al. 2003; Chen et al. 2004). Interestingly, Chen and colleagues

reported in 2005 that the binding site of sortilin within the prodomain of BDNF is

overlapping the region containing the Val–Met substitution and that the Met-variant

has decreased interaction with sortilin (Chen et al. 2005). Thus, identification of the

sortilin–BDNF interaction in regulated secretion of BDNF provides a possible

molecular model in the attempt to understand the effect of the BDNF polymorphism

in the selective impairment of CNS function.

Lastly, it should be noted that recent genome-wide association studies (GWAS)

implicated SorCS2 in the etiology of bipolar disorder. Generally, the diagnosis and

lack of quantitative physiological parameters in this disorder makes genomic

studies challenging. However, a number of independent studies have now described

association of the same three SNPs in the SORCS2 gene to the risk of bipolar

disorder, and SORCS2 is in fact one of the top candidate genes to emerge from these

GWAS (Baum et al. 2008; Christoforou et al. 2011; Ollila et al. 2009).

10 The Role of Sortilins in Metabolic Disorders

Although expression of sortilin family members predominates in neuronal tissues,

they are also present in specific cell types in tissues outside the nervous system

(skeletal muscle, pancreas, thyroid, liver, lung, heart) (Petersen et al. 1997; Hermey

2009; Jansen et al. 2007; Vaegter et al. 2011). The functions of the receptors outside

the nervous system are still only beginning to be unraveled but appear to embrace

involvement in many apparently unrelated molecular pathways. In particular,

sortilin and SorCS1 have recently attracted attention due to their proposed roles

in metabolic disorders such as regulation of plasma cholesterol levels/coronary

heart disease (sortilin) and insulin metabolism/type 2 diabetes (sortilin and

SorCS1).

Genome-wide association studies of large human cohorts showed a strong

correlation between single-nucleotide polymorphisms (SNPs) in the chromosome
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1p13.3 locus (that harbors the sortilin gene) and hypercholesterolemia as well as

coronary heart disease (Kathiresan et al. 2008; Willer et al. 2008; Sandhu

et al. 2008; Dube et al. 2011; Willnow et al. 2011). Effort has subsequently been

mobilized to identify the mechanistic basis of this association, and independent

groups have recently described their findings after focusing on the sortilin gene

(SORT1), located at this locus. However, these studies find opposite effects of how

sortilin might affect plasma cholesterol level. A study by Kjolby and colleagues

found that loss of sortilin in a transgenic mouse model results in a reduction of

plasma cholesterol. Furthermore, sortilin bound apoB100 containing lipoproteins in

the secretory pathway, suggesting a stimulatory involvement in very-low-density

lipoproteins (VLDL) secretion (Kjolby et al. 2010). In opposition to these findings,

Musunuru and colleagues used a very different mouse model and reported that

sortilin levels inversely correlate with plasma cholesterol, as sortilin impaired

VLDL secretion from hepatocytes (Musunuru et al. 2010). While these contradic-

tory findings may appear incompatible, they perhaps rather demonstrate that the

specific function of regulatory proteins might significantly differ depending on the

genetic background and chow and hence molecular conditions in which they are

studied. Therefore, sortilin may partake in a broader range of functions in lipopro-

tein sorting/secretion depending on the overall metabolic milieu in vivo.

Other studies have linked sortilin and SorCS1 to insulin/glucose metabolism and

the risk of type 2 diabetes development. Thus, SorCS1 was identified as a diabetes

susceptibility gene, affecting fasting insulin and glucose plasma levels in mice

(Clee et al. 2006; Stoehr et al. 2000). Genetic variants of the SORCS1 gene were

subsequently associated with diabetes risk and age of onset of diabetes in a human

genetic association study (Goodarzi et al. 2007), reducing in vivo insulin secretion

and hence interfering with compensatory mechanism when type 2 diabetic patients

become severely insulin resistant. Insulin resistance in fat and skeletal muscle

tissues may be caused not only by defective insulin signaling but also by abnormal

glucose transporter Glut4 regulation. Under basal conditions, Glut4 is present in

multiple subcellular compartments but majorly in a distinct population of vesicles

named insulin-responsive vesicles (IRV) or alternatively Glut4 storage vesicles

(GSV). Upon insulin stimulation, glucose uptake in fat and skeletal muscle tissues

is achieved by translocating Glut4 from the intracellular storage pool to the plasma

membrane. In this context it is therefore interesting that sortilin shows a high degree

of colocalization with Glut4 and represents one of the major component proteins of

Glut4 vesicles (Lin et al. 1997; Morris et al. 1998). Furthermore, sortilin has been

demonstrated to be essential for biogenesis of IRVs and for the acquisition of

insulin responsiveness in adipose cells (Shi and Kandror 2005).

References

Adler R, Landa KB,ManthorpeM, Varon S (1979) Cholinergic neuronotrophic factors: intraocular

distribution of trophic activity for ciliary neurons. Science 204(4400):1434–1436

Sortilins in Neurotrophic Factor Signaling 181



Ahmed Z, Sheng H, Xu YF, Lin WL, Innes AE, Gass J, Yu X, Wuertzer CA, Hou H, Chiba S,

Yamanouchi K, LeissringM, Petrucelli L, NishiharaM,HuttonML,McGowan E,DicksonDW,

Lewis J (2010) Accelerated lipofuscinosis and ubiquitination in granulin knockout mice suggest

a role for progranulin in successful aging. Am J Pathol 177(1):311–324

Al-Shawi R, Hafner A, Olsen J, Chun S, Raza S, Thrasivoulou C, Lovestone S, Killick R,

Simons P, Cowen T (2008) Neurotoxic and neurotrophic roles of proNGF and the receptor

sortilin in the adult and ageing nervous system. Eur J Neurosci 27(8):2103–2114

Andersen OM, Reiche J, Schmidt V, Gotthardt M, Spoelgen R, Behlke J, von Arnim CA,

Breiderhoff T, Jansen P, Wu X, Bales KR, Cappai R, Masters CL, Gliemann J, Mufson EJ,

Hyman BT, Paul SM, Nykjaer A, Willnow TE (2005) Neuronal sorting protein-related receptor

sorLA/LR11 regulates processing of the amyloid precursor protein. Proc Natl Acad Sci U S A

102(38):13461–13466

Bamji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, Kohn J, Causing CG, Miller FD (1998)

The p75 neurotrophin receptor mediates neuronal apoptosis and is essential for naturally

occurring sympathetic neuron death. J Cell Biol 140(4):911–923

Bateman A, Bennett HP (2009) The granulin gene family: from cancer to dementia. Bioessays 31

(11):1245–1254

Baum AE, Akula N, Cabanero M, Cardona I, Corona W, Klemens B, Schulze TG, Cichon S,

Rietschel M, Nothen MM, Georgi A, Schumacher J, Schwarz M, Abou Jamra R, Hofels S,

Propping P, Satagopan J, Detera-Wadleigh SD, Hardy J, McMahon FJ (2008) A genome-wide

association study implicates diacylglycerol kinase eta (DGKH) and several other genes in the

etiology of bipolar disorder. Mol Psychiatry 13(2):197–207

Beattie MS, Harrington AW, Lee R, Kim JY, Boyce SL, Longo FM, Bresnahan JC, Hempstead BL,

Yoon SO (2002) ProNGF induces p75-mediated death of oligodendrocytes following spinal

cord injury. Neuron 36(3):375–386

Bohm C, Seibel NM, Henkel B, Steiner H, Haass C, Hampe W (2006) SorLA signaling by

regulated intramembrane proteolysis. J Biol Chem 281(21):14547–14553

Bonifacino JS, Rojas R (2006) Retrograde transport from endosomes to the trans-Golgi network.

Nat Rev Mol Cell Biol 7(8):568–579

Botta R, Lisi S, Pinchera A, Giorgi F, Marcocci C, Taddei AR, Fausto AM, Bernardini N,

Ippolito C, Mattii L, Persani L, de Filippis T, Calebiro D, Madsen P, Petersen CM, Marino

M (2009) Sortilin is a putative postendocytic receptor of thyroglobulin. Endocrinology 150(1):

509–518

Bronfman FC (2007) Metalloproteases and gamma-secretase: new membrane partners regulating

p75 neurotrophin receptor signaling? J Neurochem 103(Suppl 1):91–100

Bronfman FC, Tcherpakov M, Jovin TM, Fainzilber M (2003) Ligand-induced internalization of

the p75 neurotrophin receptor: a slow route to the signaling endosome. J Neurosci 23(8):

3209–3220

Bruno MA, Cuello AC (2006) Activity-dependent release of precursor nerve growth factor,

conversion to mature nerve growth factor, and its degradation by a protease cascade.

Proc Natl Acad Sci U S A 103(17):6735–6740

Capsoni S, Tiveron C, Vignone D, Amato G, Cattaneo A (2010) Dissecting the involvement of

tropomyosin-related kinase A and p75 neurotrophin receptor signaling in NGF deficit-induced

neurodegeneration. Proc Natl Acad Sci U S A 107(27):12299–12304

Casaccia-Bonnefil P, Carter BD, Dobrowsky RT, Chao MV (1996) Death of oligodendrocytes

mediated by the interaction of nerve growth factor with its receptor p75. Nature 383(6602):

716–719

Chen ZY, Patel PD, Sant G, Meng CX, Teng KK, Hempstead BL, Lee FS (2004) Variant brain-

derived neurotrophic factor (BDNF) (Met66) alters the intracellular trafficking and activity-

dependent secretion of wild-type BDNF in neurosecretory cells and cortical neurons.

J Neurosci 24(18):4401–4411

182 S. Glerup et al.



Chen ZY, Ieraci A, Teng H, Dall H, Meng CX, Herrera DG, Nykjaer A, Hempstead BL, Lee FS

(2005) Sortilin controls intracellular sorting of brain-derived neurotrophic factor to the

regulated secretory pathway. J Neurosci 25(26):6156–6166

Christoforou A, McGhee KA, Morris SW, Thomson PA, Anderson S, McLean A, Torrance HS,

Le Hellard S, Pickard BS, StClair D, Muir WJ, Blackwood DH, Porteous DJ, Evans KL (2011)

Convergence of linkage, association and GWAS findings for a candidate region for bipolar

disorder and schizophrenia on chromosome 4p. Mol Psychiatry 16(3):240–242

Clee SM, Yandell BS, Schueler KM, Rabaglia ME, Richards OC, Raines SM, Kabara EA, Klass

DM, Mui ET, Stapleton DS, Gray-Keller MP, Young MB, Stoehr JP, Lan H, Boronenkov I,

Raess PW, Flowers MT, Attie AD (2006) Positional cloning of Sorcs1, a type 2 diabetes

quantitative trait locus. Nat Genet 38(6):688–693

Counts SE, Nadeem M, Wuu J, Ginsberg SD, Saragovi HU, Mufson EJ (2004) Reduction of

cortical TrkA but not p75(NTR) protein in early-stage Alzheimer’s disease. Ann Neurol 56(4):

520–531

Davis S, Aldrich TH, Stahl N, Pan L, Taga T, Kishimoto T, Ip NY, Yancopoulos GD (1993)

LIFR beta and gp130 as heterodimerizing signal transducers of the tripartite CNTF receptor.

Science 260(5115):1805–1808

Domeniconi M, Hempstead BL, Chao MV (2007) Pro-NGF secreted by astrocytes promotes motor

neuron cell death. Mol Cell Neurosci 34(2):271–279

Dube JB, Johansen CT, Hegele RA (2011) Sortilin: an unusual suspect in cholesterol metabolism:

from GWAS identification to in vivo biochemical analyses, sortilin has been identified as a

novel mediator of human lipoprotein metabolism. Bioessays 33(6):430–437

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B,

Goldman D, Dean M, Lu B, Weinberger DR (2003) The BDNF val66met polymorphism

affects activity-dependent secretion of BDNF and human memory and hippocampal function.

Cell 112(2):257–269

Ernfors P, Lee KF, Kucera J, Jaenisch R (1994) Lack of neurotrophin-3 leads to deficiencies in the

peripheral nervous system and loss of limb proprioceptive afferents. Cell 77(4):503–512

Fahnestock M, Michalski B, Xu B, Coughlin MD (2001) The precursor pro-nerve growth factor is

the predominant form of nerve growth factor in brain and is increased in Alzheimer’s disease.

Mol Cell Neurosci 18(2):210–220

Fahnestock M, Yu G, Michalski B, Mathew S, Colquhoun A, Ross GM, Coughlin MD (2004) The

nerve growth factor precursor proNGF exhibits neurotrophic activity but is less active than

mature nerve growth factor. J Neurochem 89(3):581–592

Fauchais AL, Lalloue F, Lise MC, Boumediene A, Preud’homme JL, Vidal E, Jauberteau MO

(2008) Role of endogenous brain-derived neurotrophic factor and sortilin in B cell survival.

J Immunol 181(5):3027–3038

Feng D, Kim T, Ozkan E, Light M, Torkin R, Teng KK, Hempstead BL, Garcia KC (2010)

Molecular and structural insight into proNGF engagement of p75NTR and sortilin. J Mol Biol

396(4):967–984

Friedman B, Scherer SS, Rudge JS, Helgren M, Morrisey D, McClain J, Wang DY, Wiegand SJ,

Furth ME, Lindsay RM et al (1992) Regulation of ciliary neurotrophic factor expression in

myelin-related Schwann cells in vivo. Neuron 9(2):295–305

Gearing DP, Ziegler SF, Comeau MR, Friend D, Thoma B, Cosman D, Park L, Mosley B (1994)

Proliferative responses and binding properties of hematopoietic cells transfected with

low-affinity receptors for leukemia inhibitory factor, oncostatin M, and ciliary neurotrophic

factor. Proc Natl Acad Sci U S A 91(3):1119–1123

Goodarzi MO, Lehman DM, Taylor KD, Guo X, Cui J, Quinones MJ, Clee SM, Yandell BS,

Blangero J, Hsueh WA, Attie AD, Stern MP, Rotter JI (2007) SORCS1: a novel human type

2 diabetes susceptibility gene suggested by the mouse. Diabetes 56(7):1922–1929

Grupe A, Li Y, Rowland C, Nowotny P, Hinrichs AL, Smemo S, Kauwe JS, Maxwell TJ,

Cherny S, Doil L, Tacey K, van Luchene R, Myers A, Wavrant-De Vrieze F, Kaleem M,

Hollingworth P, Jehu L, Foy C, Archer N, Hamilton G, Holmans P, Morris CM, Catanese J,

Sortilins in Neurotrophic Factor Signaling 183



Sninsky J, White TJ, Powell J, Hardy J, O’Donovan M, Lovestone S, Jones L, Morris JC,

Thal L, OwenM,Williams J, Goate A (2006) A scan of chromosome 10 identifies a novel locus

showing strong association with late-onset Alzheimer disease. Am J Hum Genet 78(1):78–88

Hampe W, Riedel IB, Lintzel J, Bader CO, Franke I, Schaller HC (2000) Ectodomain shedding,

translocation and synthesis of SorLA are stimulated by its ligand head activator. J Cell Sci 113

(Pt 24):4475–4485

Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, Egan MF, Weinberger DR

(2003) Brain-derived neurotrophic factor val66met polymorphism affects human memory-

related hippocampal activity and predicts memory performance. J Neurosci 23(17):6690–6694

Harrington AW, Leiner B, Blechschmitt C, Arevalo JC, Lee R, Morl K, Meyer M, Hempstead BL,

Yoon SO, Giehl KM (2004) Secreted proNGF is a pathophysiological death-inducing ligand

after adult CNS injury. Proc Natl Acad Sci U S A 101(16):6226–6230

Hasan W, Pedchenko T, Krizsan-Agbas D, Baum L, Smith PG (2003) Sympathetic neurons

synthesize and secrete pro-nerve growth factor protein. J Neurobiol 57(1):38–53

Hermans-Borgmeyer I, Hermey G, Nykjaer A, Schaller C (1999) Expression of the 100-kDa

neurotensin receptor sortilin during mouse embryonal development. Brain Res Mol Brain Res

65(2):216–219

Hermey G (2009) The Vps10p-domain receptor family. Cell Mol Life Sci 66(16):2677–2689

Hermey G, Riedel IB, Rezgaoui M, Westergaard UB, Schaller C, Hermans-Borgmeyer I (2001)

SorCS1, a member of the novel sorting receptor family, is localized in somata and dendrites of

neurons throughout the murine brain. Neurosci Lett 313(1–2):83–87

Hermey G, Keat SJ, Madsen P, Jacobsen C, Petersen CM, Gliemann J (2003) Characterization of

sorCS1, an alternatively spliced receptor with completely different cytoplasmic domains that

mediate different trafficking in cells. J Biol Chem 278(9):7390–7396

Hermey G, Plath N, Hubner CA, Kuhl D, Schaller HC, Hermans-Borgmeyer I (2004) The three

sorCS genes are differentially expressed and regulated by synaptic activity. J Neurochem 88

(6):1470–1476

Hermey G, Sjogaard SS, Petersen CM, Nykjaer A, Gliemann J (2006) Tumour necrosis factor

alpha-converting enzyme mediates ectodomain shedding of Vps10p-domain receptor family

members. Biochem J 395(2):285–293

Hu F, Padukkavidana T, Vaegter CB, Brady OA, Zheng Y, Mackenzie IR, Feldman HH,

Nykjaer A, Strittmatter SM (2010) Sortilin-mediated endocytosis determines levels of the

frontotemporal dementia protein, progranulin. Neuron 68(4):654–667

Jacobsen L, Madsen P, Moestrup SK, Lund AH, Tommerup N, Nykjaer A, Sottrup-Jensen L,

Gliemann J, Petersen CM (1996) Molecular characterization of a novel human hybrid-type

receptor that binds the alpha2-macroglobulin receptor-associated protein. J Biol Chem 271

(49):31379–31383

Jacobsen L, Madsen P, Jacobsen C, Nielsen MS, Gliemann J, Petersen CM (2001) Activation and

functional characterization of the mosaic receptor SorLA/LR11. J Biol Chem 276(25):

22788–22796

Jansen P, Giehl K, Nyengaard JR, TengK, Lioubinski O, Sjoegaard SS, Breiderhoff T, GotthardtM,

Lin F, Eilers A, Petersen CM, Lewin GR, Hempstead BL, Willnow TE, Nykjaer A (2007)

Roles for the pro-neurotrophin receptor sortilin in neuronal development, aging and brain injury.

Nat Neurosci 10(11):1449–1457

Kathiresan S, Melander O, Guiducci C, Surti A, Burtt NP, Rieder MJ, Cooper GM, Roos C,

Voight BF, Havulinna AS, Wahlstrand B, Hedner T, Corella D, Tai ES, Ordovas JM,

Berglund G, Vartiainen E, Jousilahti P, Hedblad B, Taskinen MR, Newton-Cheh C, Salomaa V,

Peltonen L, Groop L, Altshuler DM, Orho-Melander M (2008) Six new loci associated with

blood low-density lipoprotein cholesterol, high-density lipoprotein cholesterol or triglycerides in

humans. Nat Genet 40(2):189–197

Kenchappa RS, Zampieri N, Chao MV, Barker PA, Teng HK, Hempstead BL, Carter BD (2006)

Ligand-dependent cleavage of the P75 neurotrophin receptor is necessary for NRIF nuclear

translocation and apoptosis in sympathetic neurons. Neuron 50(2):219–232

184 S. Glerup et al.



Kim T, Hempstead BL (2009) NRH2 is a trafficking switch to regulate sortilin localization and

permit proneurotrophin-induced cell death. EMBO J 28(11):1612–1623

Kjolby M, Andersen OM, Breiderhoff T, Fjorback AW, Pedersen KM, Madsen P, Jansen P,

Heeren J, Willnow TE, Nykjaer A (2010) Sort1, encoded by the cardiovascular risk locus

1p13.3, is a regulator of hepatic lipoprotein export. Cell Metab 12(3):213–223

Klein R, Smeyne RJ, Wurst W, Long LK, Auerbach BA, Joyner AL, Barbacid M (1993)

Targeted disruption of the trkB neurotrophin receptor gene results in nervous system lesions

and neonatal death. Cell 75(1):113–122

Kwon S, Christian JL (2011) Sortilin associates with transforming growth factor-{beta} family

proteins to enhance lysosome-mediated degradation. J Biol Chem 286(24):21876–21885

Larsen JV, Hansen M, Moller B, Madsen P, Scheller J, Nielsen M, Petersen CM (2010) Sortilin

facilitates signaling of ciliary neurotrophic factor and related helical type 1 cytokines targeting

the gp130/leukemia inhibitory factor receptor beta heterodimer. Mol Cell Biol 30(17):

4175–4187

Lee R, Kermani P, Teng KK, Hempstead BL (2001) Regulation of cell survival by secreted

proneurotrophins. Science 294(5548):1945–1948

Lefrancois S, Zeng J, Hassan AJ, Canuel M, Morales CR (2003) The lysosomal trafficking of

sphingolipid activator proteins (SAPs) is mediated by sortilin. EMBO J 22(24):6430–6437

Lin BZ, Pilch PF, Kandror KV (1997) Sortilin is a major protein component of Glut4-containing

vesicles. J Biol Chem 272(39):24145–24147

Mackenzie IR, Rademakers R, Neumann M (2010) TDP-43 and FUS in amyotrophic lateral

sclerosis and frontotemporal dementia. Lancet Neurol 9(10):995–1007

Marcusson EG, Horazdovsky BF, Cereghino JL, Gharakhanian E, Emr SD (1994) The sorting

receptor for yeast vacuolar carboxypeptidase Y is encoded by the VPS10 gene. Cell 77(4):

579–586

Masoudi R, Ioannou MS, Coughlin MD, Pagadala P, Neet KE, Clewes O, Allen SJ, Dawbarn D,

Fahnestock M (2009) Biological activity of nerve growth factor precursor is dependent upon

relative levels of its receptors. J Biol Chem 284(27):18424–18433

Mazella J, Zsurger N, Navarro V, Chabry J, Kaghad M, Caput D, Ferrara P, Vita N, Gully D,

Maffrand JP, Vincent JP (1998) The 100-kDa neurotensin receptor is gp95/sortilin, a non-G-

protein-coupled receptor. J Biol Chem 273(41):26273–26276

Minichiello L, Piehl F, Vazquez E, Schimmang T, Hokfelt T, Represa J, Klein R (1995) Differential

effects of combined trk receptor mutations on dorsal root ganglion and inner ear sensory

neurons. Development 121(12):4067–4075

Morris NJ, Ross SA, Lane WS, Moestrup SK, Petersen CM, Keller SR, Lienhard GE (1998)

Sortilin is the major 110-kDa protein in GLUT4 vesicles from adipocytes. J Biol Chem 273

(6):3582–3587

Mowla SJ, Pareek S, Farhadi HF, Petrecca K, Fawcett JP, Seidah NG, Morris SJ, Sossin WS,

Murphy RA (1999) Differential sorting of nerve growth factor and brain-derived neurotrophic

factor in hippocampal neurons. J Neurosci 19(6):2069–2080

Mufson EJ, Wuu J, Counts SE, Nykjaer A (2010) Preservation of cortical sortilin protein levels in

MCI and Alzheimer’s disease. Neurosci Lett 471(3):129–133

Munck Petersen C, Nielsen MS, Jacobsen C, Tauris J, Jacobsen L, Gliemann J, Moestrup SK,

Madsen P (1999) Propeptide cleavage conditions sortilin/neurotensin receptor-3 for ligand

binding. EMBO J 18(3):595–604

Musunuru K, Strong A, Frank-Kamenetsky M, Lee NE, Ahfeldt T, Sachs KV, Li X, Li H,

Kuperwasser N, Ruda VM, Pirruccello JP, Muchmore B, Prokunina-Olsson L, Hall JL,

Schadt EE, Morales CR, Lund-Katz S, Phillips MC, Wong J, Cantley W, Racie T, Ejebe KG,

Orho-Melander M, Melander O, Koteliansky V, Fitzgerald K, Krauss RM, Cowan CA,

Kathiresan S, Rader DJ (2010) From noncoding variant to phenotype via SORT1 at the 1p13

cholesterol locus. Nature 466(7307):714–719

Sortilins in Neurotrophic Factor Signaling 185



Nakamura K, Namekata K, Harada C, Harada T (2007) Intracellular sortilin expression pattern

regulates proNGF-induced naturally occurring cell death during development. Cell DeathDiffer

14(8):1552–1554

Neves-Pereira M, Mundo E, Muglia P, King N, Macciardi F, Kennedy JL (2002) The brain-derived

neurotrophic factor gene confers susceptibility to bipolar disorder: evidence from a family-

based association study. Am J Hum Genet 71(3):651–655

Nielsen MS, Jacobsen C, Olivecrona G, Gliemann J, Petersen CM (1999) Sortilin/neurotensin

receptor-3 binds and mediates degradation of lipoprotein lipase. J Biol Chem 274(13):

8832–8836

NielsenMS,Madsen P, Christensen EI, Nykjaer A, Gliemann J, KasperD, PohlmannR, Petersen CM

(2001) The sortilin cytoplasmic tail conveys Golgi-endosome transport and binds the VHS

domain of the GGA2 sorting protein. EMBO J 20(9):2180–2190

Nielsen MS, Gustafsen C, Madsen P, Nyengaard JR, Hermey G, Bakke O, Mari M, Schu P,

Pohlmann R, Dennes A, Petersen CM (2007) Sorting by the cytoplasmic domain of the

amyloid precursor protein binding receptor SorLA. Mol Cell Biol 27(19):6842–6851

Nielsen MS, Keat SJ, Hamati JW, Madsen P, Gutzmann JJ, Engelsberg A, Pedersen KM,

Gustafsen C, Nykjaer A, Gliemann J, Hermans-Borgmeyer I, Kuhl D, Petersen CM, Hermey

G (2008) Different motifs regulate trafficking of SorCS1 isoforms. Traffic 9(6):980–994

Nykjaer A, Lee R, Teng KK, Jansen P, Madsen P, Nielsen MS, Jacobsen C, Kliemannel M,

Schwarz E, Willnow TE, Hempstead BL, Petersen CM (2004) Sortilin is essential for proNGF-

induced neuronal cell death. Nature 427(6977):843–848

Ollila HM, Soronen P, Silander K, Palo OM, Kieseppa T, Kaunisto MA, Lonnqvist J, Peltonen L,

Partonen T, Paunio T (2009) Findings from bipolar disorder genome-wide association studies

replicate in a Finnish bipolar family-cohort. Mol Psychiatry 14(4):351–353

Oppenheim RW, Prevette D, Yin QW, Collins F, MacDonald J (1991) Control of embryonic

motoneuron survival in vivo by ciliary neurotrophic factor. Science 251(5001):1616–1618

Peng S, Wuu J, Mufson EJ, Fahnestock M (2004) Increased proNGF levels in subjects with mild

cognitive impairment and mild Alzheimer disease. J Neuropathol Exp Neurol 63(6):641–649

Petersen CM, Nielsen MS, Nykjaer A, Jacobsen L, Tommerup N, Rasmussen HH, Roigaard H,

Gliemann J, Madsen P, Moestrup SK (1997) Molecular identification of a novel candidate

sorting receptor purified from human brain by receptor-associated protein affinity chromato-

graphy. J Biol Chem 272(6):3599–3605

Podlesniy P, Kichev A, Pedraza C, Saurat J, Encinas M, Perez B, Ferrer I, Espinet C (2006)

Pro-NGF from Alzheimer’s disease and normal human brain displays distinctive abilities to

induce processing and nuclear translocation of intracellular domain of p75NTR and apoptosis.

Am J Pathol 169(1):119–131

Provenzano MJ, Xu N, Ver Meer MR, Clark JJ, Hansen MR (2008) p75NTR and sortilin increase

after facial nerve injury. Laryngoscope 118(1):87–93

Quistgaard EM, Madsen P, Groftehauge MK, Nissen P, Petersen CM, Thirup SS (2009) Ligands

bind to Sortilin in the tunnel of a ten-bladed beta-propeller domain. Nat Struct Mol Biol 16(1):

96–98

Reichardt LF (2006) Neurotrophin-regulated signalling pathways. Philos Trans R Soc Lond B Biol

Sci 361(1473):1545–1564

Reiche J, Theilig F, Rafiqi FH, Carlo AS, Militz D, Mutig K, Todiras M, Christensen EI, Ellison

DH, Bader M, Nykjaer A, Bachmann S, Alessi D, Willnow TE (2010) SORLA/SORL1

functionally interacts with SPAK to control renal activation of Na(+)-K(+)-Cl(�) cotransporter

2. Mol Cell Biol 30(12):3027–3037

Reitz C, Cheng R, Rogaeva E, Lee JH, Tokuhiro S, Zou F, Bettens K, Sleegers K, Tan EK,

Kimura R, Shibata N, Arai H, Kamboh MI, Prince JA, Maier W, Riemenschneider M,

Owen M, Harold D, Hollingworth P, Cellini E, Sorbi S, Nacmias B, Takeda M, Pericak-

Vance MA, Haines JL, Younkin S, Williams J, van Broeckhoven C, Farrer LA, St George-

Hyslop PH, Mayeux R (2011a) Meta-analysis of the association between variants in SORL1

and Alzheimer disease. Arch Neurol 68(1):99–106

186 S. Glerup et al.



Reitz C, Tokuhiro S, Clark LN, Conrad C, Vonsattel JP, Hazrati LN, Palotas A, Lantigua R,
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