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Abstract

The proteolytic processing of amyloid precursor protein (APP) to generate the neurotoxic amyloid � (A�) peptide is central to the pathogenesis
of Alzheimer disease (AD). The endocytic system mediates the processing of APP by controlling its access to secretases that cleave APP. A key
mediator of APP localization is SorL1—a membrane protein that has been genetically linked to AD. The retromer complex is a conserved protein
complex required for endosome-to-Golgi retrieval of a number of physiologically important membrane proteins including SorL1. Based on the
prior suggestion that endocytosis and retromer sorting pathways might be involved, we hypothesized that variants in other genes in this pathway
might also modulate AD risk. Genetic association of AD with 451 polymorphisms in 15 genes encoding retromer or retromer-associated proteins
was tested in a Caucasian sample of 8309 AD cases and 7366 cognitively normal elders using individual single nucleotide polymorphism (SNP)-
and gene-based tests. We obtained significant evidence of association with KIAA1033 (VEGAS p � 0.025), SNX1 (VEGAS p � 0.035), SNX3
(p � 0.0057), and RAB7A (VEGAS p � 0.018). Ten KIAA1033 SNPs were also significantly associated with AD in a group of African Americans
(513 AD cases, 504 control subjects). Findings with four significant SNX3 SNPs in the discovery sample were replicated in a community-based
sample of Israeli-Arabs (124 AD cases, 142 control subjects). We show that Snx3 and Rab7A proteins interact with the cargo-selective retromer
complex through independent mechanisms to regulate the membrane association of retromer and thereby are key mediators of retromer function.
These data implicate additional AD risk genes in the retromer pathway and formally demonstrate a direct link between the activity of the retromer
complex and the pathogenesis of AD.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The localization of membrane proteins to discrete and
specific compartments within eukaryotic cells is governed
by a complex interplay of protein–protein interactions in
which a sorting motif(s) in the cytoplasmic tail of a mem-
brane protein is recognized by membrane-associated “coat”
proteins to direct the respective membrane proteins into a
tubule or vesicle for transport to another compartment. A
failure in the fidelity of sorting processes can lead to a range
of pathologies. Sometimes the failure occurs when a sorting
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motif is mutated—a notable example being the mutation of
the NPXY motif identified as causal in familial hypercho-
lesterolemia by Brown and Goldstein (Anderson et al.,
1977). Alternatively the molecular machinery that recog-
nizes sorting motifs is at fault, for example, patients with
deficient adapter protein-3 (AP-3) function in Hermansky-
Pudlack syndrome (Dell’Angelica et al., 1999).

There has been a growing appreciation recently of the
importance of correct protein sorting in regulating the process-
ing of amyloid precursor protein (APP) and therefore the
proteins that function in mediating localization to the post-
Golgi endocytic system have been of great interest to studies of
the underlying causes of late-onset Alzheimer disease (AD).
Recently the retromer complex, an endosomally localized pro-
tein complex, has been implicated in regulating APP process-
ing (Fig. 1) (Burd, 2011; Sullivan et al., 2011).

The retromer complex is a conserved endosome-associ-
ated protein complex that was first identified in yeast as
essential for the endosome-to-Golgi retrieval of the car-
boxypeptidase Y (CPY)-sorting receptor, Vps10p. The stud-
ies first conducted in yeast revealed that retromer comprises
five proteins, (encoded by vacuole protein sorting—VPS—
genes) that are arranged into two functionally distinct sub-
complexes; a cargo-selective trimer of Vps35p, Vps29p,
and Vps26p and a structural complex proposed to drive
vesicle or tubule formation made of a dimer of the yeast
sorting nexin proteins, Vps5p and Vps17p (Seaman et al.,
1998). The retromer complex is conserved across all eu-
karyotes, underscoring its vital role in mediating endosomal
protein sorting (Koumandou et al., 2011).

Since retromer was first identified in yeast, studies in a
variety of systems have identified cargo proteins that require

retromer for their localization, and accessory proteins that
function with retromer in endosomal protein sorting. For
example, the small GTPase Rab7A associates with the
cargo-selective retromer complex to mediate its localization
to endosomes (Rojas et al., 2008). Other retromer-associ-
ated proteins include Tre, Bub2, cdc16 domain, family
member 5 (TBC1D5), a rab GTPase-activating protein,
Eps15 homology domain-containing protein-1 (EHD1), and
the Wiskott-Aldrich syndrome homologue (WASH) com-
plex (Gokool et al., 2007; Harbour et al., 2010; Seaman et
al., 2009).

Membrane proteins that depend on retromer for their
proper localization, and therefore are considered to be ret-
romer cargo proteins, now include the cation-independent
mannose 6-phosphate receptor (CIMPR); Wntless, a protein
required for the secretion of the Wnt morphogen; divalent
metal-ion transporter 1 (DMT1), a divalent cation trans-
porter; and the Vps10-family members sortilin and SorL1
(also known as SorLA) (Arighi et al., 2004; Canuel et al.,
2008; Eaton, 2008; Nielsen et al., 2007; Seaman, 2004,
2007; Tabuchi et al., 2010). Since SorL1 has been shown to
associate with APP and regulate the processing of APP (Lee
et al., 2008a), it has been of interest to studies directed at
understanding the pathology of AD. The pathophysiological
importance of the physical association of SorL1 and its four
type I membrane homologs (sortilin, sorCS1, sorCS2, and
sorCS3) with APP has been elevated by the identification of
AD-linked single nucleotide polymorphisms (SNPs) in the
genes encoded by these loci (Lee et al., 2007; Reitz, unpub-
lished results; Reitz et al., 2011a, 2011b; Rogaeva et al., 2007).

Retromer is required to mediate the localization of
SorL1, and loss of retromer results in increased production

Fig. 1. Schematic diagram of the endocytic pathway and the role of retromer in sorting APP and SorL1. The SorL1 protein associates with APP. The
cargo-selective retromer complex interacts with SorL1 to direct the APP-SorL1 complex into an endosome-to-Golgi retrieval pathway. Aberrant APP
localization to late endosomal compartments increases processing to the neurotoxic A� peptide.
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