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Retromer Dysfunction and Neurodegenerative Disease
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Abstract: In recent years, genomic, animal and cell biology studies have implicated deficiencies in
retromer-mediated trafficking of proteins in an increasing number of neurodegenerative diseases in-
cluding Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and Frontotemporal Lobar Degeneration

(FTLD). The retromer complex, which is highly conserved across all eukaryotes, regulates the sorting
of transmembrane proteins out of endosomes to the cell surface or to the trans-Golgi network. Within
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retromer, cargo selection and binding are performed by a trimer of the Vps26, Vps29 and Vps35 pro-
teins, named the “Cargo-Selective Complex (CSC)”. Sorting of cargo into tubules for distribution to
the trans-Golgi network or the cell surface is achieved through the dimeric sorting nexin (SNX) com-
ponent of retromer and accessory proteins such as the WASH complex which mediates the formation
of discrete endosomal tubules enabling the sorting of cargo into distinct pathways through production
of filamentous actin patches. In the present article, we review the molecular structure and function of
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the retromer and summarize the evidence linking retromer dysfunction to neurodegenerative disease.
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1. INTRODUCTION

Eukaryotic cells comprise numerous organelles vital for
cellular function. To maintain the function of these organ-
elles, cellular homeostasis - achieved through the efficient
sorting of specific proteins through the individual intracellu-
lar compartments - must be maintained. A crucial sorting
machinery organizing the intracellular trafficking of proteins
in eukaryotic cells is the endosomal network, a series of
linked membrane-bound compartments. A transmembrane
protein enters the Early Endosome (EE) - a dynamic tubular-
vesicular membranous compartment enriched in phosphati-
dylinositol 3-monophosphate (PtdIns(3)P) [1, 2] - through
endocytosis from the plasma membrane or through traffick-
ing from the Trans-Golgi Network (TGN) [3, 4]. Once in the
EE, a protein can either be recycled for reuse or be retained
for lysosomal degradation (Fig. 1). Unbalanced sorting of
proteins into recycling or degrading pathways can lead to
cellular dysfunction and disease. Central to the recycling of
cargo proteins from endosomes to the plasma membrane and
the TGN is the retromer, a heteropentameric protein complex
linked to the endosomal membrane (Fig. 1). In the present
article, we review the morphology and function of the retro-
mer and summarize the rapidly growing evidence linking the
retromer to loss of cellular homeostasis and neurodegenera-
tive disease.

*Address correspondence to this author at the Gertrude H. Sergievsky Cen-
ter, 630 West 168" Street, Columbia University, New York, NY 10032,
USA; Tel: 212-305-0865; Fax: 212-305-2518;

E-mail: cr2101@columbia.edu

1389-2029/18 $58.00+.00

2. COMPOSITION OF THE RETROMER COMPLEX

The retromer complex is composed of two main sub-
components, the Cargo Selective Complex (CSC) and the
SNX-BAR complex. Retromer was first identified in Sac-
charomyces cerevisiae as a system essential for trafficking
the vacuolar protein sorting 10 protein (Vps10p) receptor, a
protein transporting soluble acid hydrolases to the yeast
vacuole, between the endosomes and the TGN [5, 6]. In
yeast, the CSC which recognizes, selects and binds cargo
proteins, [6] is composed of a heterotrimer of Vps35-Vps29-
Vps26 proteins. A dimer of sorting nexin (SNX) proteins
VpsS and Vpsl7 [5-7] containing Bin/Amphiphysin/Rvs
(BAR) domains constitutes the SNX-BAR complex which
induces tubulation of the endosomal membrane [8, 9]
thereby enabling distinct trafficking of cargo to the cell sur-
face or the TGN. The Vps35-Vps29-Vps26 CSC is highly
conserved between species [10], although as opposed to
yeast, in mammals Vps26 is expressed as two orthologs,
(Vps26a and Vps26b) [11]. Whether Vps26a and Vps26b
form distinct cargo recognition cores [12] or exert a similar
function [13] remains to be clarified. How exactly the CSC
recognizes cargo, has yet to be disentangled but as both
VPS35 and VPS26 are globular, it has been suggested that
the cytoplasmic tails of transmembrane cargo proteins play a
prominent role in recognition by the CSC [14]. The SNX-
BAR complex differs between species: SNX1 and SNX2 are
the mammalian homologs of Vps5; SNX5 and SNX6 (and
possibly SNX32) are homologs of Vpsl7. Any combination
of SNX1 or SNX2 with SNX5 or SNX6 forms the mammal-
ian heterodimeric subcomplex [15, 16]. The mammalian
retromer also functions as a hub for recruiting accessory pro-
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Fig. (1). Endosomal transport routes mediated by retromer. Retromer-mediates protein trafficking out of the endosome via the retrograde
pathway to the Trans-Golgi Network (TGN), or through the recycling pathway back to the cell surface. The degradation pathway, through
which cargo is trafficked from endosomes to lysosomes for degradation, is not mediated by retromer.

teins to endosomal membranes that are crucial to the regula-
tion of membrane tubule dynamics [17], including the
WASH complex (consisting of FAM21, strumpellin,
KIAA1033 (SWIP) and WASH1), EHD1, FKBP15 and
TBCIDS (see below). Fig. (2) shows a schematic diagram of
the retromer complex and associated factors in endosomal
protein sorting.

In mammals, the family of SNX proteins comprises 33
members [2], which can be divided into 17 subfamilies based
on the architecture of the C-terminal domain [18]. Common
to all SNX proteins is a phospholipid-binding (PX) motif
[18], which allows recruitment to the phosphatidylinositol 3-
phosphate (PI3P)-rich membranes of the EE. As described
above, SNX1, SNX2, SNX5 and SNX6 (and possibly
SNX32) [18] form the SNX-BAR subcomplex associating
with the CSC of the mammalian retromer [16]. These pro-
teins harbor, in addition to the PX-motif, a C-terminal Bin-
Amphiphysin-Rvs (BAR) domain [18]. BAR domains are
highly conserved, banana shaped protein dimerization do-
mains that are present in many proteins involved in cell
membrane dynamics, [19] bind to membrane via their con-
cave side [19] and are capable of sensing and stabilizing
membrane curvature [19]. By bending the endosomal mem-
brane, the SNX-BAR subcomplex prompts tubulation and
directs the spatial organization of the endosomal network
enabling sorting of cargo for trafficking to the cell surface or
the TGN [8, 9]. By associating with the C-terminal domain
of p150£™d component of dynactin (DCTN1), SNX5 and
SNX6 recruit the dynein-dynactin motor complex [20] which
facilitates the transport of cargo molecules along the en-
dosomal microtubules [21]. Detachment of cargo from the
dynein motor at the TGN is facilitated by negative regulation

of the association between SNX5/6 and p1502"® through
Phosphotidylinositol-4-phosphate (PtdIns(4)P) [22]. In addi-
tion to these BAR domain containing members of the SNX
family, SNX27 containing a FERM domain, and SNX3 con-
taining only the PX motif are SNX proteins essential for
proper retromer function. Both these peptides are crucial for
recruitment of retromer to the endosomal membrane (see
below) [18].

3. RECRUITMENT OF RETROMER TO THE EN-
DOSOMAL MEMBRANE

The retromer complex is essential for several protein
export pathways out of the endosome. Cargo export occurs
throughout endosomal maturation [8], requiring a stable as-
sociation of retromer to the endosomal membrane through-
out the maturation process. Recruitment and stabilization of
the association of retromer to the endosomal membrane are
mediated through bivalent recognition of SNX3 [23] and the
small GTPases RAB5 and RAB7 [24] by Vps35. Rab
GTPases play essential roles in several steps of membrane
trafficking, including vesicle formation, vesicle movement
along actin and tubulin networks, and membrane fusion [25].
Like other GTPases, Rabs switch between two conforma-
tions, an inactive form bound to GDP (guanosine diphos-
phate), and an active form bound to GTP (guanosine triphos-
phate). A GDP/GTP Exchange Factor (GEF) catalyzes the
conversion from GDP-bound to GTP-bound form, thereby
activating the Rab. Inherent GTP hydrolysis of Rabs en-
hanced by a GTPase-Activating Protein (GAP) leads to Rab
inactivation. In the EE, Rab5 recruits PI3K to generate PI3P
which in turn recruits the retromer recruitment factor SNX3
(see below). As EEs mature into Late Endosomes (LEs),
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Fig. (2). Schematic depiction of the role of the retromer complex in mediating endosomal protein sorting. Recruitment and stabilization of
the association of retromer to the endosomal membrane is mediated through bivalent recognition of SNX3 and the GTPases RABS and

RAB7 by Vps35 (not shown).

they undergo an Rab conversion in which active Rab7-
family GTPases are recruited and Rab5-family GTPases are
inactivated and extracted from the membrane [26]. TBC1D5,
a Rab7 GAP (GTPase-activating protein) which associates
with the CSC by binding to VPS29, causes Rab7 to dissoci-
ate from the membrane and downregulates CSC recruitment
to the membrane [27] A mutation in VPS29, L152E, inhibits
TBC1DS5 binding to the CSC [27].

SNX3 is a small protein of 162 amino acids containing
only the characteristic PX motif. Linked to Vps35, [24]
SNX3 facilitates recruitment of the CSC to the EE through
bivalent binding of its PX motif to PI3P (recruited by RABS)
in the endosomal membrane [28]. In addition to recruiting
retromer to the EE, SNX3 is essential for retrograde en-
dosome-to-TGN transport of the Wnt-binding protein
Whntless (Wls) [23]. WIs transports Wnt proteins - lipid-
modified glycoproteins that play a central role in develop-
ment, adult tissue homeostasis and disease - from the Golgi
network to the cell surface for release. SNX3 interacts di-
rectly with the CSC to sort Wls into a morphologically dis-
tinct retrieval pathway that is independent of the retromer
sorting nexins SNXI1-SNX2 and SNXS5-SNX6, indicating
that SNX3 is part of an alternative retromer complex
(“SNX3-retromer complex”) that functionally dissociates the
retrograde transport of Wls from other retromer cargo [23].
This independence of WLS trafficking from the mammalian
retromer SNX-BARs also suggests that the SNX-BAR sub-
complex is a retromer accessory rather than a component of
the retromer CSC.

4. ADDITIONAL RETROMER ACCESSORY PRO-
TEINS

In addition to the SNX-BAR complex, there are several
accessory proteins that are crucial for proper protein sorting
mediated by the retromer CSC.

4.1. The Wash Complex

Critical for accurate protein sorting into distinct pathways
is the accurate formation of endosomal sub-compartments

through tubulation. A vital step for this tubulation is the as-
sembly of actin filaments in the endosomal membrane into
branched networks through the Arp2/3 complex [29-31].
This localized actin polymerization provides a structural or
force-generating scaffold for the formation of endosomal
sub-compartments, which separate the different trafficking
pathways enabling differential sorting [32]. Inhibition of
actin polymerization results in protein missorting and im-
paired endosomal maturation [33].

Closely resembling the structure of monomeric actin,
ARP2 and ARP3 serve as nucleation sites for new actin
filaments. The Arp2/3 complex binds to the sides of existing
("mother") filaments and initiates the growth of new
("daughter") filaments at a distinctive 70 degree angle
thereby creating branched actin networks [34]. The Arp2/3
complex is activated through Nucleation Promoting Factors
(NPFs) [35]. The major NPF on the endosomal surface, and
thus a key regulator of F-actin-mediated endosomal traffick-
ing, is the pentameric WASH complex [36] consisting of the
five subunits WASH]1 featuring a VCA domain promoting
actin polymerization by the Arp2/3 complex, Strumpellin
(KIAA0196), KIAA1033(SWIP), CCDC53 and FAM2I.
The WASH complex is recruited to the endosomal mem-
brane through association of FAM21 with the Vps35 sub-
component of the CSC [17], as well as through interaction
with SNX27 [37, 38]. Loss of F-actin or WASH results in
endosomal enlargement, loss of the compartmentalization,
and loss of all three major endosomal trafficking pathways
(i.e. endosome-to-TGN, endosome-to-membrane, and
endolysosomal pathway) [38-40].

4.2. RME-8

Besides associating with Vps35, the FAM21 component
of the WASH complex also binds to the DnaJ Domain-
containing receptor-mediated endocytosis-8 (RME-8/DNAJ
C13) protein, which in turn also associates with the SNX-
BAR complex subunit SNX1 [41]. Dnal proteins are highly
preserved across species and are involved in translation,
folding, unfolding, translocation and degradation of proteins,
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primarily through stimulating the ATPase activity of associ-
ated chaperones (Hsp70s) [42]. Loss of RME-8 alters the
membrane association of SNX1 and leads to a significant
increase in branched retromer-positive endosomal tubules
[41]. Localization of membrane proteins to endosomal tu-
bules is dependent on WASH complex activity suggesting
that the interaction between RME-8, SNX1 and FAM21 en-
ables coordination of the activity of the WASH complex
with the membrane-tubulating function of the sorting nexins.
RME-8 colocalizes with several endosomal markers includ-
ing cation-independent mannose 6-phosphate receptor (CI-
MPR) and epidermal growth factor receptor (EGFR); [43,
44] loss of RME-8 disrupts endosmal trafficking.

4.3. VARP

VARP, a VPS9-domain protein with ankyrin repeats, is a
Guanine nucleotide Exchange Factor (GEF) for Rab2l, a
GTPase required for endosome-to-cell surface recycling
[45]. Similar to TBC1D5, VARP binds to VPS29 and needs
retromer for its membrane association [46]. The fact that the
L152E mutation in VPS29, which inhibits TBC1D5 binding,
also prevents VARP binding to VPS29 suggests that
TBC1DS5 and VARP may compete for the same binding site
in VPS29 [46]. As binding of TBC1DS5 by retromer leads to
retromer dissociation from the endosomal membranes
through increasing GTP hydrolysis of Rab7A [27], VARP
association with retromer may increase stability of retromer
association and sorting into the recycling pathway by inhibit-
ing CSC binding of TBC1D5 [46].

4.4. EHD1

The Epsl5-homology domain 1 (EHD1) protein has been
shown to associate with the CSC although it remains to be
clarified how this association is mediated [47]. EHD1 stabi-
lizes SNX1-positive membrane tubules. Loss of function of
EHDI, its paralogue EHD3 or the EHD1-interacting protein
rabankyrin-5 (Rank-5/ANKFY1) results in a decrease in
SNX1-positive membrane tubules and impaired endosome-
to-Golgi trafficking [47-49]. As EHDI is required for en-
dosome-to-cell surface recycling of transferrin receptor and
Major Histocompatibility Complex (MHC) class I, neither of
which is regarded a retromer cargo molecule, EHD proteins
may exert a more generic effect, for example as scaffolding
proteins involved in membrane bending contributing to tu-
bule scission or tubule stabilization [50].

5. ROLE OF RETROMER DYSFUNCTION IN DIS-
EASE

In line with the vital role of the retromer complex in en-
dosomal trafficking, it has been shown in animal studies that
loss function can be embryonically lethal, and that retromer
dysfunction, its subcomponents or accessory factors can re-
sult in a variety of disorders (including several neurodegen-
erative diseases) in humans. Knocking out the CSC compo-
nents Vps35 or Vps26a in animal models is embryonically
fatal [51, 52]. Knockout of Vps26b does not lead to signifi-
cant health defects although Vps26b-deficient mice show a
significant reduction of expression of Vps29 and Vps35 due
to absence of the Vps26b-Vps29-Vps35 CSC, and an in-
crease in the expression of sortilin, which is regulated by
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retromer [53]. These findings indicate that Vp26a and Vp26b
may have different functions in vivo.

In the neurodegenerative disease spectrum, over the past
5 years retromer dysfunction has been linked to a number of
diseases including Alzheimer’s Disease (AD) and Parkin-
son’s disease (PD) [52, 54-80]. In AD, the accumulation of
extracellular B-amyloid (AP) protein in diffuse and neuritic
plaques, produced through successive cleavage of the Amy-
loid Precursor Protein (APP) through - (BACEl) and Y-
secretase, is considered a key pathological mechanism [81,
82]. APP is a type-l transmembrane protein that is sorted
through multiple membranous compartments of the cell.
APP trafficked to the plasma membrane is predominantly
cleaved by a-secretase into nontoxic products (soluble APPa
(sAPPa) secreted into the extracellular space and an 83
amino-acid membrane-associated C-terminal fragment
(C83)). Unprocessed APP, however, can enter the amyloi-
dogenic pathway by internalization into the EE, which har-
bor BACE]1 and feature an optimal pH for BACEI cleavage.
BACEl cleavage results in generation of a membrane-
associated C-terminal fragment (C99), which can subse-
quently be shuttled back to the endosomal reticulum (ER) to
be processed into neurotoxic AP peptides by Y-secretase [83,
84], sorted to the plasma membrane where Y-secretase is
also present, or processed to AP within the endosome/
lysosome system. The neuronal refromer prevents amyloi-
dogenic processing of APP by directing it away from the
endosomes to the TGN or to the cell surface. Retromer cargo
molecules through which APP is linked to the CSC are the
Vps10-containing transmembrane proteins SORL1, SORCS1
and SORTI1. Retromer dysfunction results in reduced traf-
ficking of APP out of the endosomes and increased APP
cleavage through BACEL [85, 86]. In in vitro and in vivo
experimental studies, silencing of the cargo molecules
SORLI [87-89] or SORCS1 [90] or the Vps35 [91, 92] or
Vps26 [87, 92] CSC components results in increased
amounts of toxic AP peptides. Manipulation of protein sort-
ing motifs within the SORL1 or SORCS1c cytoplasmic tail
interacting with the CSC results in increases AP production
through missorting of APP and its fragments to endosomal
compartments and decreased retrograde TGN trafficking [93,
94]. There is also evidence for an increased secretion of APP
C-terminal fragments (APP CTFs) via exosomes, suggesting
that retromer dysfunction might redirect trafficking of APP
CTFs into exosomes leading to an alternative pathway for
secretion of APP fragments and a potential source of ex-
tracellular AP [95, 96]. Finally, in addition to their role in
tubule formation, SNX proteins may negatively regulate ret-
rograde trafficking of BACE!I from EE to the TGN, keeping
BACE]! in the EE increasing APP processing [97].

The retromer has also been linked to AD in human stud-
ies. In the AD disease process, the entorhinal cortex and the
dentate gyrus subregions of the hippocampus are strongly
affected. In microarray gene expression analysis of dentate
gyrus and entorhinal cortex tissue from AD patients, Vps35
and Vps26 levels are reduced [91]. In several genetic asso-
ciation studies, genes encoding SNX1, SNX3 and RAB7
essential for tubule formation and membrane association of
the CSC [98] as well as genes encoding the retromer cargo
molecules SORLI [87, 99-101], SORCS1 [73, 90, 102-104],
SORCS2 [105] and SORCS3 [105] have been associated
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with AD, and sequencing analyses identified three disease-
associated coding mutations in SORLI [101]. The locus for
human VPS26A4 has been genetically associated with type 2
diabetes (T2D) [106], an established risk factor for AD [107,
108].

Retromer dysfunction and genetic variation in retromer-
related genes have also been linked to Parkinson’s Disease
(PD). The D620N (c.1858G>A) missense variant in VPS35,
which shows incomplete, age-dependent penetrance, was
originally shown to segregate with PD in Swiss and Austrian
families, and has now been identified in a number of PD
subjects and families worldwide [78, 109, 110] D620N leads
to an autosomal dominant form of PD by blunting WASH
recruitment to endosomes leading to abnormal trafficking of
the autophagy protein ATG9A and thereby autophagy dys-
function, [111] and impairing trafficking of cathepsin D, a
CI-M6PR ligand and protease degrading o-synuclein [60]. In
line with this notion, in a viral-mediated gene transfer rat
model, [112] VPS35 D620N expression resulted in a marked
degeneration of dopaminergic neurons in the substantia nigra
and axonal pathology, key pathological changes in PD. A
mutation in RMES, DNAJC13 (p.Asn855Ser) coordinating
the activity of the WASH complex with the function of the
retromer SNX dimer to control endosomal tubulation is as-
sociated with a toxic gain-of-function and impairs endoso-
mal transport [77]. PD-associated variants in RAB7LI (the
PARK16 locus gene) impair endolysosomal and Golgi appa-
ratus trafficking and lead to Vps35 deficiency [113]. Expres-
sion of wild-type Vps35 rescues these defects. Additional
mutations that have been reported but remain to be validated
in PD include R524W, P316S and p.E787K in VPS35 [114],
p.K93E in VPS26A4 and p.N72H in VPS29 [54, 56, 75, 78,
109].

Finally, genetic variants in retromer-related genes have
also been associated with closely related neurodegenerative
diseases. In a recent study, the RME-8/DNAJC13
¢.2564A>G (p.(N855S)) variant has been linked to essential
tremor [115]. A recent experimental study showed that loss
of SNX27 contributes to excitatory synaptic dysfunction and
learning and memory deficits by modulating glutamate re-
ceptor recycling in Down's syndrome [116]. SNX27 interacts
with these receptors through its PDZ domain, regulating
their recycling to the plasma membrane. Upregulating
SNX27 in the hippocampus of Down syndrome mice rescued
synaptic and cognitive deficits [116]. Genetic variants in the
gene encoding the WASH complex component strumpellin
(KIAA0196), cause autosomal dominant Hereditary Spastic
Paraplegia (HSP) characterized by degeneration of cortico-
spinal tract axons [117]. Due to the burden on membrane
traffic imposed by their exceptionally long axons, cortico-
spinal neurons might be particularly vulnerable to reductions
in functional WASH complex. A mutation of the KI441033
(Strumpellin And WASH-Interacting Protein (SWIP)) com-
ponent of the WASH complex (¢.3056C > G), which leads to
significantly reduced SWIP levels and destabilization of the
entire WASH complex, is associated with autosomal reces-
sive intellectual disability [118]. Mutations in R4B7, regulat-
ing retromer recruitment to endosomes, have been linked in
Charcot-Marie-Tooth hereditary neuropathy [119], a group
of disorders characterized by a chronic motor and sensory
polyneuropathy. Finally, genetic variants in the retromer-
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cargo-binding molecule SORCS?2 have been reported in psy-
chiatric diseases including schizophrenia [57] and bipolar
disorder [57, 120].

6. RETROMER AS A TARGET FOR PREVENTION
AND TREATMENT OF NEURODEGENRATIVE DIS-
EASE

The findings summarized above nominate the retromer
complex and its associated factors as potential targets for
prevention and treatment of neurodegenerative disease char-
acterized by retromer dysfunction. That this notion may hold
promise has been demonstrated by recent studies which
showed that increasing the levels of the CSC through retro-
mer-stabilizing pharmacological chaperones can enhance
retromer function [121]. While there is valid concern
whether enhancement of retromer function leads to toxic
adverse effects, increasing retromer levels in yeast, neuronal
cultures, and animal studies reversed neurotoxic effects of
pathogenic mutations without causing adverse effects, sug-
gesting that increasing the normal flow of proteins out of the
endosome may be tolerated [58, 85, 113, 121]. These studies
further indicate that retromer-enhancing drugs may be bene-
ficial even in the absence of retromer dysfunction. For ex-
ample, in AD, retromer enhancing drugs might decrease the
processing of APP into neurotoxic fragments by reducing the
endosomal residing time of APP [121].

CONCLUSION AND FUTURE DIRECTIONS

In recent years, evidence from human, animal and cell
biology studies has accumulated linking retromer-mediated
intracellular sorting and trafficking of transmembrane pro-
teins as a key pathological mechanism to several age-related
neurodegenerative diseases including AD and PD. While
recent studies have demonstrated that pharmacological chap-
erones can stabilize the CSC, increase retromer levels in neu-
rons, and direct disease-causing proteins away from a patho-
genic and toward a neuroprotective processing pathway, sev-
eral points remain to be clarified on how the individual
retromer components function in endosomal sorting and
what consequences arise when these processes are perturbed.
The subcomponents of the CSC, its accessory proteins and
its interacting pathways need to be fully characterized, both
structurally and functionally. In addition, modulating up- and
downstream pathways need to be mapped. It needs to be
characterized, how and through which protein domains the
cargo recognition at the CSC occurs. Finally, retromer de-
fects seem to differentially target the nervous system sug-
gesting that the nervous system is differentially dependent on
retromer for its normal function. Studies are required that
clarify the mechanisms by which endosomal transport and
trafficking affect the cellular properties of neurons and syn-
aptic biology. It has to be clarified why retromer dysfunction
seems to show regional vulnerability, i.e. why it seems to
target specific neuronal populations, but at the same time can
cause diseases stemming from distinct regions of the nervous
system. Identification of causative genomic variants through
genomic next generation technologies could help to clarify
several of these issues and could further inform in silico and
functional studies to identify possible drug-binding sites. If
drugs targeting the retromer without harmful adverse effects
can be successfully developed, they hold strong therapeutic
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promise for neurodegenerative diseases characterized by
retromer dysfunction.
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