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Abstract

The retromer is a highly conserved multimeric protein complex present in all eukaryotic cells
whose activity is essential for regulating the recycling and retrieval of numerous protein cargos
from the endosome to trans-Golgi network or the cell surface. In recent years, molecular and
genomic studies have provided evidence that aberrant regulation of endosomal protein sorting and
trafficking secondary to a dysfunction of the retromer complex could be implicated in the
pathogenesis of several neurodegenerative diseases. Thus, deficiency or mutations in one or more
protein components of the retromer leads to increased accumulation of protein aggregates as well
as enhanced cellular neurotoxicity. In this review, we will discuss the structure and function of the
retromer complex and its neurobiology, its relevance to key molecules involved in
neurodegeneration and the potential role that it plays in the development of two major
neurodegenerative disorders, Parkinson’s disease and Alzheimer’s disease. Lastly, we will discuss
the viability of targeting the retromer via pharmacological chaperones or genetic approaches to
enhance or restore its function as a novel and unifying disease-modifying strategy against these
diseases.

Introduction

A common feature of a large variety of neurodegenerative diseases is the progressive
accumulation of protein aggregates inside neurons and glial cells as well as their
extracellular deposition within distinct brain regions, which ultimately is responsible for the
clinical phenotype of that particular disorder. In most cases, these inclusions can be formed
by the mutant version of a particular protein, or a wild type but abnormally modified protein,
which in both cases, by becoming misfolded, loses its natural solubility and becomes highly
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cytotoxic. These series of events are thought to occur in many neurodegenerative diseases
and are considered as the biochemical signature of a significant alteration in protein
homoeostasis, which characterize them. Among the systems in place to maintain the
integrity of a functional proteome, or proteostasis, recent studies have demonstrated that
efficient sorting and trafficking of different proteins, (i.e, membrane proteins, cytosolic
proteins, receptors, transporters) via the endosomal-lysosomal system within cells, plays a
crucial role.

The system is an intricate but interconnected network designed to traffic cargos, such as
proteins and lipids to be recycled or degraded for proper cellular function [1-3]. Some of the
cargo can enter the system via the plasma membrane, others via the ribosomal pathway, but
in both scenarios cargo follows three major routes: the degradation pathway to the
lysosomes, the recycling pathway to the cell surface, or the endocytic pathway to the trans-
Golgi network (TGN).

Physiologically, protein recycling and degradation is crucial for cell homeostasis. Molecules
at the plasma membrane destined for degradation are trafficked via three distinct pathways
in the endosomal-lysosomal network: endocytosis, autophagy, or phagocytosis [4,5]. For the
purposes of this review, we will focus only on the endocytic pathway and its prevalence in
neurodegenerative diseases, specifically through an evolutionary conserved, multimeric
protein system known as the retromer complex. We will discuss the evidence linking
dysregulation of this endosomal-lysosomal pathway to the pathogenesis of
neurodegenerative diseases and the relevance of studying the retromer complex both from a
molecular and pharmacological point of view with the ultimate goal to exploit the system as
a novel therapeutic target against those diseases.

Endosomal-lysosomal trafficking: role of the retromer complex

The endocytic pathway is crucial for uptake of nutrients, cell surface receptor signaling, and
several other key cellular processes [5-7]. According to their specific roles in the system,
distinct compartments, such as early endosome, recycling endosome, late endosome, and
lysosome, all function in tandem to support protein recycling and degradation [8]. The early
endosome functions as a major sorting hub, permitting receptor recycling back to the cell
surface or to the late endosome for reuse and eventually to the lysosome, the final
destination for protein degradation and host organelle for key hydrolases [9]. Similarly,
protein cargo is transported between the endosome and the TGN, thereby bypassing cell
surface recycling. For example, many of the hydrolases stationed in the lysosome are
recycled via this endosome-TGN transport system [10,11]. Newly synthesized hydrolases
are trafficked from the TGN to endosome for eventual transport to the lysosome, while
hydrolase receptors travel from endosome to TGN for reuse. This retrograde transport of
cargo between endosome and TGN is mediated by a highly conserved eukaryotic complex,
called the retromer complex [12,13]. Whether genetic or sporadic, alterations or
dysfunctions of this protein sorting machinery have been tightly associated with
neurodegenerative diseases. For the purposes of this review, we will focus on retrograde
recycling of proteins via the retromer complex and its potential link to neurodegeneration.
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The retromer complex: structure and function

Retromer was first discovered in yeasts in 1998 and was aptly named due to its function in
transporting protein cargo in the retrograde direction from the endosome to the TGN [13].
Retromer is a hetero-pentameric protein complex, comprised of a sorting nexin (SNX) and a
cargo-recognition core composed by the vacuolar protein sorting 35 (Vps35)/ Vps26/ Vps29
trimer, which sorts cargo for delivery to the TGN [14-16]. Cargo are sorted via the retromer
in three distinct pathways: 1) the recycling pathway involves transporting cargo from
endosome to plasma membrane, which is particularly important in neurons, as for example,
synaptic plasticity is dependent on proper delivery of glutamatergic receptors to the plasma
membrane, 2) the retrograde transport of proteins to the TGN, which is critical for proper
delivery of lysosomal proteases and hydrolases, and 3) the degradation pathway which
involves internalization of cargo from the plasma membrane or the cytosol into the early
endosome, which eventually fuses with lysosomes [17,18]. Under physiological conditions,
there is a balanced coordination between the three above mentioned sorting pathways;
however, if any of these mechanisms are dysregulated, aberrant protein sorting in the
endosomal-lysosomal pathway could lead to cell toxicity and ultimately neurodegeneration
[19,20].

Among the central components of retromer complex is the cargo-recognition core composed
of trimeric Vps35/Vps26/Vps29 proteins, which binds to transmembrane endosomal
proteins to be transported (Figure 1). Vps35 serves as structural backbone for Vps26 and
Vps29 [14]. Second, the ‘tubulation’ component of the retromer, which bind to the cargo
recognition core, consists of the sorting nexin (SNX) family of proteins characterized by the
inclusion of a carboxy-terminal BIN-amphiphysin—-RVS (BAR) domain. Such proteins
include SNX1, SNX2, SNX3, SNX5 and SNX6, which are recruited to the endosomal
membrane by Rab5-GTP and Rab7-GTP proteins [21]. Third, retromer complex contains a
recruitment module for stabilizing the cargo recognition core once it reaches the plasma
membrane. Such proteins include SNX3, the RAS-related protein RAB7A, and TBC1
domain family member 5 (TBC1D5), which is a member of the TRE2-BUB2-CDC16
(TBC) family of RAB GTPase-activating proteins (GAPs) [22,23]. Recently, studies have
found that another sorting nexin, SNX27, is linked to retromer and functions to recognize
and select specific cargo, such as beta adrenergic receptor, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARSs) and N-methyl-D-aspartate receptors
(NMDARS), to be transported to the plasma membrane [24-26]. Lastly, the WAS protein
family homologue 1 (WASH1), FAM21, strumpellin, coiled-coil domain-containing protein
53 (CCDC53) and KIAA1033 (also known as WASH complex subunit 7) collectively called
the WASH complex, and function to direct cargo to the retromer pathway instead of the
degradative pathway (Figure 1) [27]. Cargo for the retromer include cation-independent
mannose 6-phosphate receptor (CIMPR), Vps10-member sortilin, sortilin-related receptor 1
(SORL1; also known as SORLA), glutamate receptors, phagocytic receptors that mediate
the clearing function of microglia, and the Wnt transport protein, Wntless [21, 28-30].
Retromer binding specific cargo and implementing proper protein sorting is essential to
cellular homeostasis. For example, CIMPR-recycling via retromer influences delivery of
lysosomal hydrolases to the endosomal-lysosomal system, whereas beta-adrenergic receptor
recycling affects synaptic transmission [31].
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Retromer dysfunction has recently been linked to several neurodegenerative diseases.
Deficiency or mutations in one or several components of the retromer complex has been
shown to be directly involved in the pathogenesis of these disorders, implicating the
regulation of endosomal trafficking and protein recycling as a crucial molecular target in
their pathogenesis [32]. For this review, we will discuss the relevance and potential
mechanisms of retromer complex dysfunction and dysregulation in two neurodegenerative
conditions: Parkinson’s disease and Alzheimer’s disease, as well as therapeutic implications
of using pharmacological intervention to target this complex for their treatment.

Retromer complex and Parkinson’s disease

Parkinson’s disease (PD), marked by accelerated loss of dopaminergic neurons in the
substantia nigra and accumulation of alpha synuclein-containing Lewy Bodies, is the second
most common human neurodegenerative disease following Alzheimer’s disease.
Predominantly, PD manifests as a sporadic disease, with aging as a primary risk factor;
however in 10% of cases, autosomal dominant and recessive transmission of familial PD
occurs [33,34].

PD was first linked to the retromer complex in 2011 when exome sequencing revealed a
mutation in residue 620 (D620N) in the Vps35 orthologue (Figure 2A) [35]. Additionally,
post-mortem analysis of brain tissues revealed decreased protein levels of Vps35 in the
substantia nigra of PD patients [36]. Although this disease-associated mutation suggests that
retromer dysfunction may be a contributing factor to PD development, the exact role of the
retromer in the disease pathogenesis is incomplete.

Nevertheless, data from cellular and /n vivo models have begun to tease apart the
relationship between Vps35 dysfunction and endosomal-trafficking perturbations in PD.
First, global genetic knockout of Vps35 causes early death in embryonic stages in mice [37].
However, using a Drosophila model, one study found that RNAi-mediated VVps35
knockdown led to aberrant alpha-synuclein degradation in the lysosome, specifically, via
impaired CIMPR recycling and subsequently, improper delivery of its ligand, cathepsin D, to
the lysosome (Figure 2A) [38]. Importantly, accumulation of insoluble alpha-synuclein in
the lysosome was concurrent with PD-associated locomotor deficits, suggesting that defects
in retromer sorting may decrease proper degradation of aggregated alpha-synuclein in the
Lewy Bodies. In cellular models, studies indicate that D620N Vps35 mutation resulted in
defective CIMPR sorting as well as altered localization of the AMPA glutamate receptor,
Glul, indicating a link between retromer and post-synaptic transmission [39]. Collectively,
the majority of studies suggests that the D620N mutation in VPS35 associated with late-
onset PD, causes a loss of function in the retomer complex (Table 1) [40,41]. Notably,
mutations in Vps35 do not disrupt its association with the cargo recognition core; i.e. Vps26
and Vps29, nor alters Vps35 localization, but rather seems to affect the affinity of retromer
cargo to associate with their respective complexes. Specifically for PD, studies suggest that
mutations in Vps35 reduce the Vps35-WASH complex association leading to deficient
trafficking of autophagy protein (Atg9A) in addition to impacting the retrograde transport of
CIMPR to the TGN [34].
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Some studies suggest that Vps35 deficiency or mutation can cause loss of dopaminergic
neurons due to impaired retrieval of lysosome associated membrane glycoprotein 2a
(LAMP2a) and thus impaired alpha-synuclein degradation, while other studies suggest that
this Vps35 deficit causes impaired dopaminergic neuronal function via mitochondrial fusion
[42,43]. More recently, in vivo analysis using a mutated Vps35 knock-in mouse model
demonstrated impairment in dopamine release at an early age time-point, before classical PD
neuropathology arises [44]. Taken together, these studies support the concept that D620N
mutation in VVps35 is indicative of a loss-of-function of the retromer complex pathway;
however, conflicting reports of neurodegeneration by a gain-of-function mechanism
following Vps35 mutation indicate the need for further elucidation of the exact role that
Vps35 deficiency or mutation could play in the pathogenesis of this disease [45]. For a
complete list of the papers published so far on the retromer complex and PD see Table 1.

Retromer complex and Alzheimer’s disease

Alzheimer’s disease (AD) is the leading cause of dementia worldwide and is characterized
by progressive accumulation of amyloid beta (AB) peptides and hyper-phosphorylated tau
protein deposition leading to eventual development of Ap plaques and tau neurofibrillary
tangles, respectively [46]. Toxic AP formation and subsequent accumulation is produced via
sequential cleavage of the Ap precursor protein (APP) by the B-secretase 1 (BACEL)
enzyme, followed by the gamma secretase complex cleavage [3]. It is important to note that
AP conversion from APP usually occurs in the Golgi, while continuous production of A
occurs in organelles such as the early/late endosomes and lysosomes [7]. While the non-
amyloidogenic pathway leads to release of soluble APP from the plasma membrane, under
pathological conditions, APP may be sequestered in the endosomes, where BACE1 and
gamma secretase cleavage induce formation of Ap 40 and Ap42 peptides, which are the
precursors to Ap plaque deposition (Figure 2B) [47].

As mentioned previously, endosomal trafficking vulnerability in neurons is vastly prevalent
in neurodegenerative disordered such as AD. The first indication of this fact stemmed from
post-mortem brain tissue analysis from AD patients, indicating aberrant enlargement of early
endosomes, a phenotype now considered prototypical of endosomal trafficking dysfunction
[48]. Specifically, the retromer complex was first implicated in AD in 2005, when
microarray profile analysis revealed that Vps35 and Vps26 are reduced in the entorhinal
cortex, a region particularly vulnerable to AD and neurodegeneration even in the preclinical
stages, indicating an early perturbation in retromer function [49]. Guided by this finding,
studies have investigated several transmembrane proteins that display correlative expression
levels with Vps35, including SNX3 and Rab7 [50], but the most promising of which, was
SORL1 also known as SORLA, a member of the VPS10-containing receptor family, now
known to bind APP in the endosome [51-53]. Transcriptionally, SORLA expression is
downregulated in AD and likely is a molecular mediator between APP and BACEL,
inhibiting the interaction between the two in the Golgi, thereby reducing APP cleavage.
While /n vivo and in vitro studies confirm that SORLA is essential for APP trafficking from
endosome to TGN, disruption of its cytoplasmic binding motif results in increased APP
localization in the endosome and subsequent increased APP processing into Ap peptides.
SORLA has additionally been shown to affect APP exiting from the early endosome and the
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oligomerization state of APP, which influences the affinity of this protein to interact with
secretases [54]. It is important to point out that some human studies also have provided
conflicting data on SORLA and AD, with some papers showing an inverse correlation
between A levels and SORLA, whereas others reporting no differences between AD and
controls (Table 2) [55,56]. Another member of the VVPS10-containing receptor family is
SORCS1 which has also been associated with late-onset AD and reported to be decrease in
AD brains [57]. Additionally, genome wide analysis studies have associated SORCS1 with
type 2 diabetes [58]. Supporting an involvement of the system in APP sorting and
metabolism, initial studies reported that endogenous murine Ap1-40 and AB1-42 were
increased in the brains of females but not males SORCS1 knock-out mice, and this effect
involved an interaction with the Vps35 component of the retromer complex [59]. However,
in a recent paper by Knight and colleagues the authors did not find significant changes in
brain levels of total and oligomeric AP peptides [60]. While no obvious explanation exist for
this unexpected biologic effect, we believe that the observation reported in this paper is very
important since it clearly underscore the complexity of the mechanisms that regulate such an
important cellular function: membrane protein sorting and trafficking. To this end further
studies are warranted to better understand this aspect of the cell biology of the retromer
complex.

Similarly, Vps35 hemizygous deletion in the Tg2576 mouse model of brain amyloidosis
resulted in increased BACEL activity in the hippocampus, whereas downregulation of Vps26
as well as Vps35 decreased BACEL localization to the TGN [37]. Furthermore, deletion of
sortilin, which is required for retromer-mediated delivery of BACE1 from the endosome to
TGN, increased localization of BACEL1 in the endosome. Additionally, SNX27, an important
module for retromer recruitment, binds to gamma-secretase, the key enzyme involved in
pathogenic cleavage of APP and inhibits its effect on APP proteolysis [37]. Thus,
dysregulation of SNX27 could result in increased pathogenic APP cleavage via this
secretase. Together, these data implicate the retromer as a crucial player in Ap production by
mediating secretase localization/affinity as well as time-dependent sequestration of APP to
the endosome. Interestingly, our group has recently shown that the expression levels of the
retromer system are reduced in an age- and brain region-dependent manner in a mouse
model expressing human mutant APP, the Tg2576 mice [61].

Akin to Ap neuropathology, another key characteristic of AD, as well as a subset of other
neurodegenerative disorders known as tauopathies, is the pathogenic accumulation of highly
phosphorylated microtubule-associated protein tau (MAPT) and progressive neurofibrillary
tangle formation [62]. Although a clear link between tau pathology and endosomal
dysfunction has yet to be elucidated, recent advances in tau neurobiology has revealed
several plausible hypotheses worth addressing further. Tau protein was originally thought to
reside only intracellularly; however, studies as recent as 2013, have demonstrated that tau
can be released via endocytosis and enter the neuronal endosome [63, 64]. Notably,
pathogenic tau processing may initiate upon tau sequestration in the endosome, although it is
still unclear whether tau cleavage or tau aggregation necessitates tauopathy neurotoxicity.

Since tau can be transported via endocytosis, it follows that a dysfunction in any of the
endocytic trafficking mechanisms could initiate pathogenic tau production. As mentioned
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previously, the retromer complex functions to deliver cathepsin D (CTSD), a lysosomal
protease, through the endosomal-lysosomal system via sortilin or CIMPR. Interestingly,
alterations in CTSD protein and mRNA level is apparent in AD and other lysosomal storage
diseases [65,66]. Indeed complete loss of cathepsin D results in the lysosomal storage
disorder, neuronal ceroid lipofuscinosis, characterized by accelerated neurodegeneration and
abnormal storage material in the lysosome. CTSD deficiency was shown to elevate tau
neurotoxicity in several animal models, likely through a mechanistic defect in endosomal-
lysosomal trafficking. However, The question if abnormal processing of tau is occurring in
the endosome or downstream of aberrant caspase activation remains still unanswered [67].
Interestingly, a recent study by Rodriguez et al. suggests that Rab7A may regulate tau
secretion. Rab7A, a small GTPase, is implicated in lysosome biogenesis as well as
regulation of endosome, autophagosome, and lysosome trafficking [68, 69]. Importantly,
Rab7 as well as Rab5 are required for proper retromer complex recruitment to endosomes
[70]. /n vitro data demonstrate partial co-localization of tau and Rab7A in neurons and
suggests a potential role of the late endosome in tau secretion [68]. For a complete list of the
papers published so far on the retromer complex and PD see Table 2.

Retromer and neurodegeneration: influence on synaptic plasticity

Retromer complex has also been implicated in neuronal health, cell polarity, and synaptic
plasticity, such that deficits in the retromer complex function may result in reduced integrity
at the synapse level. Knockdown of Vps35 may influence presynaptic neurotransmitter
release by reducing both NMDA and AMPA excitatory currents [71]. Vps35 also contributes
to AMPA receptor (AMPAR) trafficking and localization on the synapse. Specifically,
D620N-mutated Vps35 in murine neurons results in altered synaptic transmission and
AMPAR recycling, with a selective effect on excitatory but not inhibitory transmission.
Additionally, a recent study suggests that retromer is essential in regulating AMPAR
delivery to synapses during long-term potentiation in mature neurons [72]. This finding
reiterates the importance of understanding retromer complex neurobiology in pathological
conditions as its dysfunction may directly influence synaptic activity in association with the
typical hallmark protein aggregation. This fact suggests a possible biologic and mechanistic
link between disruption of early endosomal trafficking events and subsequent cognitive
decline in AD, PD, and other neurodegenerative disorders.

Retromer and neurodegeneration: influence on glia

Compelling evidence supports the concept that not only neurons but also glial cells are
highly vulnerable to neurodegenerative insults. For example, astrocytes function as
metabolic support for neurons, but also modify synaptic signaling, recycling of
neurotransmitters, and regulation of the blood brain barrier. Also, astrocytes respond to
pathological situation by converting to a reactive and pro-inflammatory state, referred to as
astrogliosis [73-75]. Astrocytes are particularly essential for protein clearance by ingesting
large amounts of dead cells, synapses, and accumulated protein aggregates, especially under
pathological conditions [76]. However, excess accumulation of aggregated proteins, such as
toxic AP, can alter their phagocytic function resulting in dysfunctional lysosomal machinery
and enlargement of endosomes in the astrocytes. While the contribution of endosomal/
lysosomal mechanisms of clearance within the astrocyte in the context of neurotoxic protein
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fragments has only recently been appreciated, it is plausible that defects in endosomal
trafficking, potentially through the retromer complex system, may not only influence
neuronal physiology but also astrocytes neurobiology.

Further validation for this hypothesis stems from the link between the retromer complex and
microglial abnormalities, particularly supported by the observation that microglia isolated
from AD brain tissue show significant deficiency in Vps35 [30]. Under physiological
conditions, retromer regulates the delivery of phagocytic receptors to the microglial surface,
specifically the triggering receptor expressed on myeloid cells 2 (TREM2), which is found
in the CNS exclusively in microglia [77]. Mutations in TREM2 are linked to late onset AD
pathogenesis as well as frontotemporal-lobar degeneration with dementia and other
neurodegenerative disorders and result in reduced delivery of the receptor to the cell surface,
indicating a potential dysfunction of the recycling mechanism [78]. Importantly, TREM2
function seems to be VVps35-dependent, such that, a loss-of-function or an AD-linked
mutation in TREM2 results in an improper recycling of TREM2 back to the plasma
membrane as well as its accelerated degradation in the lysosome [79]. TREMZ2 receptors
function to clear protein debris from the extracellular space; however, it is becoming more
clear that TREM2 neurobiology is rather complex. For example, inflammatory stimuli
decreases TREM2 expression /in vitro; however, /n vivo, expression is increased. Moreover,
in the context of AD, studies have found contradictory results regarding the role of TREM2
deficiency and AP pathology progression, while a recent study suggests that this
phenomenon could be explained by a disease-progression dependent mechanism [77,80].
Likewise, TREM2 neurobiology has recently been investigated in the context of tau
pathology, though also producing conflicting results. Bemiller, et a/. found that TREM2
deficiency in a model of tauopathy, the Htau mice, worsens tau pathology via increased tau
phosphorylation and aggregation [81]. Contrastingly, another group found that TREM2
deficiency in another model of tauopathy, the P301S transgenic mouse model, does not alter
tau phosphorylation or levels of insoluble tau [82]. Additionally, they posit that TREM2
deficiency, in fact, is protective and attenuates tau-induced neuroinflammatory responses.
Taken together, these studies implicate TREM2 in the pathogenesis of both A and tau
neuropathology, suggesting a potential role for Vps35 and the retromer complex in both
these proteinopathies, though greater detail regarding the mechanisms of these interactions is
necessary.

implications of the retromer: use of pharmacological chaperones

A novel approach to dissect the mechanism surrounding the retromer complex neurobiology
and its involvement in neurodegenerative processes has recently turned to the use of
pharmacological chaperones to stabilize this complex. As we alluded to above, increasing
the levels of one or several components of the retromer complex enhances its stability and
trafficking function. On the other hand, it is now also clear that from a molecular point of
view down-regulation of just one of the three components of the core (Vps35, Vps29, or Vps
26) results in a significant decrease in the other members, further supporting the idea that the
interaction of these 3 elements is important both for the function as well as the stability of
the complex. To this end, a chaperone is a molecule that typically stabilizes a folded
macromolecule (i.e., protein) by directly binding to it and protecting it against degradation
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and denaturation [83, 84]. Recently, Mecozzi et al. by performing a computerized virtual in
silico screen identified a group of small molecules that the analysis predicted to bind at the
level of the retromer core complex [85]. Among them, they have identified and characterized
two thiophene thiourea derivatives that selectively bind, stabilize the retromer complex
against thermal denaturation and increase the retromer levels in hippocampal neurons [85].
Importantly, the increase in retromer function was associated with enhanced APP trafficking
out of endosomes and less neurotoxic AP fragments in neurons. Small pharmacological
chaperons present a novel, interesting and potentially viable therapeutic strategy to target
retromer since several studies confirm that increasing retromer levels does not lead to any
toxic events in cellular models as well as animal models [31,61]. Since retromer complex
dysfunction has been implicated in a variety of neurodegenerative diseases, small molecules
targeting this system represent a viable therapeutic niche for these diseases.

Conclusions

The neurobiology of the retromer complex represents a novel area of research in the
neurodegenerative field. Several diseases, such as AD and PD, have been linked to a
dysfunction in retromer trafficking and overall, abnormalities in the endosomal-lysosomal
transport system. While studies have mainly focused on the role of the retromer complex
system in the development of amyloidosis, it is essential to also understand the relationship
between retromer dysfunction and other aspects of neurodegeneration such as tau pathology,
synaptic dysfunction and neuroinflammation, particularly in the context of microglial
clearance of aggregated proteins. Enhancement or restoration of retromer complex function
using pharmacologic probes has recently been investigated as well and has provided us with
very exciting new therapeutic opportunities.

Interestingly, these small molecule chaperones present a novel and viable therapeutic avenue
substantially different from the current ones in the field that typically target a specific
molecule (a secretase such as BACE1, or a kinase such as cdk5 kinase), or aim at
neutralizing Ap/tau toxicity. Thus, by contrast with those approaches, the pharmacologic
retromer chaperones by targeting a defect in the cell biology would modulate a common and
unifying cellular mechanism in the context of neurodegeneration and for this reason could
be a more desirable and at the same time reliable strategy for targeting these diseases at the
core of their pathogenesis.

Acknowledgment

Domenico Pratico is the Scott Richards North Star Charitable Foundation Chair for Alzheimer’s research. The work
from the author’s lab presented in this paper was in part supported by grants from the National Institute of Health
(AG055707, AG056689).

References

1. Miaczynska M, Pelkmans L, Zerial M Not just a sink: endosomes in control of signal transduction.
Curr. Opin. Cell Biol 2004; 16:400-406. [PubMed: 15261672]

2. Neefjes J, van der Kant R. Stuck in traffic: an emerging theme in diseases of the nervous system.
Trends Neurosci 2014; 37:66-76. [PubMed: 24411104]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vagnozzi and Pratico

Page 10

. Small SA, Simoes-Spassov S, Mayeux R, Petsko GA. Endosomal Traffic Jams Represent a

Pathogenic Hub and Therapeutic Target in Alzheimer’s Disease. Trends in Neurosciences 2017;
40:592 — 602. [PubMed: 28962801]

. Lamb CA, Dooley HC, Tooze SA. Endocytosis and autophagy: Shared machinery for degradation.

Bioessays 2013; 35:34-45. [PubMed: 23147242]

. Scott CC, Vacca F, Gruenberg J. Endosome maturation, transport and functions. Semin Cell Dev

Biol 2014; 31:2-10. [PubMed: 24709024]

. Hurley JH, Emr SD. The ESCRT complexes: structure and mechanism of a membrane-trafficking

network. Annu. Rev. Biophys. Biomol. Struct, 2006; 35: 277-298. [PubMed: 16689637]

. Kimura N, Yanagisawa K. Traffic jam hypothesis: Relationship between endocytic dysfunction and

Alzheimer’s disease. Neurochem Int 2017; 17:30249-302508.

8. Huotari J, Helenius A. Endosome maturation. EMBO J 2011; 30:3481-3500. [PubMed: 21878991]

10
11

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

. Chi RJ, Harrison MS, Burd CG. Biogenesis of endosome-derived transport carriers. Cell Mol Life

Sci 2015; 72:3441-3455. [PubMed: 26022064]

. Bonifacino JS, Hurley JH. Retromer. Curr Opin Cell Biol 2008; 20:427-436. [PubMed: 18472259]
. McGough 1J, Cullen PJ. Recent advances in retromer biology. Traffic 2011; 12:963-971. [PubMed:
21463457] Seaman MN. The retromer complex - endosomal protein recycling and beyond. J Cell
Sci 2012; 125:4693-4702. [PubMed: 23148298]

Lucas M, Hierro A. Retromer. Curr Biol 2017; 27: R687-R689. [PubMed: 28743009]

Seaman MN, McCaffery JM, & Emr SD. A membrane coat complex essential for endosome-to-
Golgi retrograde transport in yeast. J. Cell Biol 1998; 142: 665-681. [PubMed: 9700157]

Haft CR, de la Luz Sierra M., Bafford R., Lesniak MA, Barr VA, Taylor SI. Human orthologs of
yeast vacuolar protein sorting proteins VVps26, 29, and 35: assembly into multimeric complexes.
Mol. Biol. Cell 2000; 11:4105-4116. [PubMed: 11102511]

Seaman MN. Cargo-selective endosomal sorting for retrieval to the Golgi requires retromer. J. Cell
Biol 2004; 165:111-122. [PubMed: 15078902]

Burd C, Cullen PJ: Retromer: a master conductor of endosome sorting. Cold Spring Harb Perspect
Biol 2014; 6(2): a016774. [PubMed: 24492709]

Wassmer T, Attar N, Harterink M, van Weering JR, Traer CJ, Oakley J, Goud B, et al. The retromer
coat complex coordinates endosomal sorting and dynein-mediated transport, with carrier
recognition by the trans-Golgi network. Dev. Cell 2009; 17:110-122. [PubMed: 19619496]
Harbour ME, Breusegem SY, Antrobus R, Freeman C, Reid E, Seaman MN. The cargo-selective
retromer complex is a recruiting hub for protein complexes that regulate endosomal tubule
dynamics. J. Cell Sci 2010; 123:3703-3717. [PubMed: 20923837]

Wang S, Bellen HJ. The retromer complex in development and disease. Dev. Camb. Engl 2015;
142:2392-2396.

Sadigh-Eteghad S, Askari-Nejad MS, Mahmoudi J, Majdi A. Cargo trafficking in Alzheimer’s
disease: The possible role of retromer. Neurol. Sci 2016; 37:17-22. [PubMed: 26482054]
Harterink M, Port F, Lorenowicz MJ, McGough 1J, Silhankova M, Betist MC, et al. A SNX3-
dependent retromer pathway mediates retrograde transport of the Wnt sorting receptor Wntless and
is required for Wnt secretion. Nat Cell Biol 2011; 13:914-923. [PubMed: 21725319]

Hierro A, Rojas AL, Rojas R, Murthy N, Effantin G, Kajava AV, et al. Functional architecture of
the retromer cargo-recognition complex. Nature 2007; 449:1063-1067. [PubMed: 17891154]
Klinger SC, Siupka P, Nielsen MS. Retromer-Mediated Trafficking of Transmembrane Receptors
and Transporters. Membranes 2015; 5:288-306. [PubMed: 26154780]

Temkin P, Lauffer B, Jager S, Cimermancic P, Krogan NJ, von Zastrow M. SNX27 mediates
retromer tubule entry and endosome-to-plasma membrane trafficking of signalling receptors. Nat.
Cell Biol 2011; 13:715-721. [PubMed: 21602791]

McGough 1J, Steinberg F, Gallon M, Yatsu A, Ohbayashi N, Heesom KJ, et al. Identification of
molecular heterogeneity in SNX27-retromer-mediated endosome-to-plasma-membrane recycling.
J Cell Sci 2014; 127:4940-53. [PubMed: 25278552]

Li C, Shah SZ, Zhao D, Yang L. Role of the Retromer Complex in Neurodegenerative Diseases.
Front Aging Neurosci 2016;8:42. [PubMed: 26973516]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vagnozzi and Pratico

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 11

Harbour ME, Breusegem SY, Seaman MN. Recruitment of the endosomal WASH complex is
mediated by the extended “tail” of Fam21 binding to the retromer protein VVps35. Biochem. J
2012; 442:209-220. [PubMed: 22070227]

Arighi CN, Hartnell LM, Aguilar RC, Haft CR, Bonifacino JS. Role of the mammalian retromer in
sorting of the cation-independent mannose 6-phosphate receptor. J. Cell Biol 2004; 165:123-133.
[PubMed: 15078903]

Kim E, Lee Y, Lee HJ, Kim JS, Song BS, Huh JW, et al. Implication of mouse Vps26b-Vps29-
Vps35 retromer complex in sortilin trafficking. Biochem. Biophys. Res. Commun 2010; 403:167-
171. [PubMed: 21040701]

Lucin KM, O’Brien CE, Bieri G, Czirr E, Mosher KI, Abbey RJ, et al. Microglial beclin 1
regulates retromer trafficking and phagocytosis and is impaired in Alzheimer’s disease. Neuron
2013; 79:873-886. [PubMed: 24012002]

Small SA, Petsko GA. Retromer in Alzheimer disease, Parkinson disease and other neurological
disorders. Nat Rev Neurosci 2015; 16:126-132. [PubMed: 25669742]

Abubakar YS, Zheng W, Olsson S, Zhou J. Updated Insight into the Physiological and Pathological
Roles of the Retromer Complex. Int J Mol Sci 2017; 18: 1601.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation in the
alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997; 276:2045—
2047. [PubMed: 9197268]

Williams ET, Chen X, Moore DJ. VPS35, the Retromer Complex and Parkinson’s Disease. Journal
of Parkinson’s Disease 2017; 7:219-233.

Vilarino-Guell C, Wider C, Ross O, Dachsel J, Kachergus J, Lincoln S, et al. VPS35 mutations in
Parkinson disease. Am J Hum Genet 2011; 89: 162-167. [PubMed: 21763482]

MacLeod DA, Rhinn H, Kuwahara T, Zolin A, Di Paolo G, McCabe BD, et al. RAB7L1 interacts
with LRRK2 to modify intraneuronal protein sorting and Parkinson’s disease risk. Neuron 2013;
77: 425-439. [PubMed: 23395371]

Wen L, Tang FL, Hong Y, Luo SW, Wang CL, He W, et al. VPS35 haploinsufficiency increases
Alzheimer’s disease neuropathology. J Cell Biol, 2011; 195:765-779. [PubMed: 22105352]
Miura E, Hasegawa T, Konno M, Suzuki M, Sugeno N, Fujikake N, et al. VPS35 dysfunction
impairs lysosomal degradation of alpha-synuclein and exacerbates neurotoxicity in a Drosophila
model of Parkinson’s disease. Neurobiol Dis 2014; 71:1-13. [PubMed: 25107340]

Munsie LN, Milnerwood AJ, Seibler P, Beccano-Kelly DA, Tatarnikov I, Khinda J, et al. Retromer-
dependent neurotransmitter receptor trafficking to synapses is altered by the Parkinson’s Disease
VPS35 mutation p. D620N. Hum Mol Genet 2015; 24:1691-1703. [PubMed: 25416282]

Follett J, Norwood SJ, Hamilton NA, Mohan M, Kovtun O, Tay S, et al. The Vps35 D620N
mutation linked to Parkinson’s disease disrupts the cargo sorting function of retromer. Traffic
2014; 15:230-244. [PubMed: 24152121]

Linhart R, Wong SA, Cao J, Tran M, Huynh A, Ardrey C, et al. Vacuolar protein sorting 35
(Vps35) rescues locomotor deficits and shortened lifespan in Drosophila expressing a Parkinson’s
disease mutant of leucine-rich repeat kinase 2 (LRRK2). Mol. Neurodegener 2014; 9:23.
[PubMed: 24915984]

Tang FL, Erion JR, Tian Y, Liu W, Yin DM, Ye J, et al. VPS35 in dopamine neurons is required for
endosome-to-Golgi retrieval of Lamp2a, a receptor of chaperone-mediated autophagy that is
critical for alpha-synuclein degradation and prevention of pathogenesis of Parkinson’s disease. J
Neurosci 2015; 35:10613-10628. [PubMed: 26203154]

Tang FL, Liu W, Hu JX, Erion JR, Ye J, Mei L, Xiong WC. VPS35 deficiency or mutation causes
dopaminergic neuronal loss by impairing mitochondrial fusion and function. Cell Rep 2015;
12:1631-1643. [PubMed: 26321632]

Ishizu N, Yui D, Hebisawa A, Aizawa H, Cui W, Fujita Y, et al. Impaired striatal dopamine release
in homozygous Vps35 D620N knock-in mice. Hum Mol Genet 2016; 25:4507-4517. [PubMed:
28173004]

Tsika E, Glauser L, Moser R, Fiser A, Daniel G, Sheerin UM, et al. Parkinson’s disease-linked
mutations in VPS35 induce dopaminergic neurodegeneration. Hum Mol Genet 2014; 23:4621—
4638. [PubMed: 24740878]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vagnozzi and Pratico

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 12

Klaips CL, Jayaraj GG, Hartl FU. Pathways of cellular proteostasis in aging and disease. J Cell
Biol 2018; 217:51-63 [PubMed: 29127110]

Sowade RF, Jahn TR. Seed-induced acceleration of amyloid-p mediated neurotoxicity in vivo. Nat
Commun 2017; 8:512. [PubMed: 28894090]

Cataldo AM, Peterhoff CM, Troncoso JC, Gomez-Isla T, Hyman BT, Nixon RA. Endocytic
pathway abnormalities precede amyloid beta deposition in sporadic Alzheimer’s disease and Down
syndrome: differential effects of APOE genotype and presenilin mutations. Am J Pathol 2000;
157:277-286. [PubMed: 10880397]

Small SA, Kent K, Pierce A, Leung C, Kang MS, Okada H, et al. Model-guided microarray
implicates the retromer complex in Alzheimer’s disease. Ann Neurol 2005; 58:909-919. [PubMed:
16315276]

Vardarajan BN, Bruesegem SY, Harbour ME, Inzelberg R, Friedland R, St George-Hyslop P, et al.
Identification of Alzheimer disease-associated variants in genes that regulate retromer function.
Neurobiol Aging 2012; 33:2231.

Andersen OM, Reiche J, Schmidt V, Gotthardt M, Spoelgen R, Behlke J, et al. Neuronal sorting
protein-related receptor sorLA/LR11 regulates processing of the amyloid precursor protein. Proc
Natl Acad Sci USA 2005; 102:13461-13466. [PubMed: 16174740]

Schmidt V, Sporbert A, Rohe M, Reimer T, Rehm A, Andersen OM, Willnow TE. SorLA/LR11
regulates processing of amyloid precursor protein via interaction with adaptors GGA and PACS-1.
J Biol Chem 2007; 282:32956-32964. [PubMed: 17855360]

Mehmedbasic A, Christensen SK, Nilsson J, Riietschi U, Gustafsen C, Poulsen AS, et al. SorLA
complement-type repeat domains protect the amyloid precursor protein against processing. J Biol
Chem 2015; 290:3359-3376. [PubMed: 25525276]

Lao A, Schmidt V, Schmitz Y, Willnow TE, Wolkenhauer O. Multi-compartmental modeling of
SORLA’s influence on amyloidogenic processing in Alzheimer’s disease. BMC Syst Biol 2012;
6:74. [PubMed: 22727043]

Caglayan S, Takagi-Niidome S, Liao F, Carlo AS, Schmidt V, Burgert T, et al. Lysosomal sorting
of amyloid-B by the SORLA receptor is impaired by a familial Alzheimer’s disease mutation. Sci
Transl Med 2014; 6:223ra20.

Sager KL, Wuu J, Herskowitz JH, Mufson EJ, Levey Al, Lah JJ. Neuronal LR11 expression does
not differentiate between clinically-defined Alzheimer’s disease and control brains. PLoS One
2012; 7:e40527. [PubMed: 22927900]

Liang X, Slifer M, Martin ER, Schnetz-Boutaud N, Barlett J, Anderson B, et al. Genomic
convergence to identify candidate genes for Alzheimer’s disease on chromosome 10. Hum Mutat
2009; 30:463-471. [PubMed: 19241460]

Goodarzi MO, Lehaman DM, Taylor KD, Guo X, Cui J, Quinones MJ, et al. SORCS1: a novel
human type 2-diabetes susceptibility gene suggested by the mouse. Diabetes 2007; 56:1922-1929.
[PubMed: 17426289]

Lane RF, Raines SM, Steele JW, Ehrlich ME, Lah JA, Small SA, et al. Diabetes-associated SorCS1
regulates Alzheimer’s amyloid-beta metabolism: evidence for involvement of SorL1 and the
retromer complex. J Neurosci 2010; 30:13110-13115. [PubMed: 20881129]

Knight EM, Ruiz HH, Kim SH, Harte JC, Hsieh W, Glabe C, Klein WL, Attie AD, Buettner C,
Ehrlich ME, Gandy S. Unexpected partial correction of metabolic and behavioral phenotypes of
Alzheimer’s APP/PSEN1 mice by gene targeting of diabetes-Alzheimer’s-related Sorcsl. Acta
Neuropath Commun 2016; 4:16.

Chu J, Pratico D. The retromer complex system in a transgenic mouse model of AD: influence of
age. Neurobiol Aging 2017; 52:32-38. [PubMed: 28110103]

Wang Y, Mandelkow E. Tau in physiology and pathology. Nat Rev Neurosci 2016; 17:5-21.
[PubMed: 26631930]

Wu JW, Herman M, Liu L, Simoes S, Acker CM, Figueroa H, et al. Small misfolded Tau species
are internalized via bulk endocytosis and anterogradely and retrogradely transported in neurons. J
Biol Chem 2013; 288:1856-1870. [PubMed: 23188818]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vagnozzi and Pratico

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 13

Michel CH, Kumar S, Pinotsi D, Tunnacliffe A, St George-Hyslop P, Mandelkow E, et al.
Extracellular monomeric tau protein is sufficient to initiate the spread of tau protein pathology. J
Biol Chem 2014; 289:956-967. [PubMed: 24235150]

Siintola E, Partanen S, Stromme P, Haapanen A, Haltia M, Maehlen J, et al. Cathepsin D
deficiency underlies congenital human neuronal ceroid-lipofuscinosis. Brain 2006; 129:1438-45.
[PubMed: 16670177]

Steinfeld R, Reinhardt K, Schreiber K, Hillebrand M, Kraetzner R, Bruck W, et al. Cathepsin D
deficiency is associated with a human neurodegenerative disorder. Am J Hum Genet 2006;
78:988-998. [PubMed: 16685649]

Khurana V, Elson-Schwab I, Fulga TA, Sharp KA, Loewen CA, Mulkearns E, et al. Lysosomal
dysfunction promotes cleavage and neurotoxicity of tau in vivo. PLoS Genet 2010; 6:1001026.
[PubMed: 20664788]

Rodriguez L, Mohamed NV, Desjardins A, Lippé R, Fon EA, Leclerc N Rab7A regulates tau
secretion. J Neurochem 2017; 141:592-605. [PubMed: 28222213]

Bucci C, Thomsen P, Nicoziani P, McCarthy J, van Deurs B. Rab7: a key to lysosome biogenesis.
Mol Biol Cell 2000; 11:467-480. [PubMed: 10679007]

Rojas R, van Vlijmen T, Mardones GA, Prabhu Y, Rojas AL, Mohammed S, et al. Regulation of
retromer recruitment to endosomes by sequential action of Rab5 and Rab7. J Cell Biol 2008;
183:513-526. [PubMed: 18981234]

Choy RW-Y, Park M, Temkin P, Herring BE, Marley A, Nicoll RA, von Zastrow M Retromer
mediates a discrete route of local membrane delivery to dendrites. Neuron 2014; 82:55-62.
[PubMed: 24698268]

Temkin P, Morishita W, Goswami D, Arendt K, Chen L, Malenka R. The retromer supports AMPA
receptor trafficking during LTP. Neuron 2017; 94:74-82. [PubMed: 28384478]

Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuropathol 2010; 119:7-35.
[PubMed: 20012068]

Eroglu C, Barres BA. Regulation of synaptic connectivity by glia. Nature 2010; 468:223-231.
[PubMed: 21068831]

Pekny M, Wilhelmsson U, Pekna M. The dual role of astrocyte activation and reactive gliosis.
Neurosci Lett 2014; 565:30-38. [PubMed: 24406153]

Séllvander S, Nikitidou E, Brolin R, Séderberg L, Sehlin D, Lannfelt L, Erlandsson A.
Accumulation of amyloid-f by astrocytes result in enlarged endosomes and microvesicle-induced
apoptosis of neurons. Mol Neurodegener 2016; 11:38. [PubMed: 27176225]

Jay TR, von Saucken VE, Landreth GE. TREM2 in Neurodegenerative Diseases. Mol.
Neurodegener 2017; 12:56. [PubMed: 28768545]

Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E, Cuyvers E, et al. TREM2
mutations implicated in neurodegeneration impair cell surface transport and phagocytosis. Sci
Transl Med 2014; 6:243ra86

Yin J, Liu X, He Q, Zhou L, Yuan Z, Zhao S. VVps35-dependent recycling of Trem2 regulates
microglial function. Traffic 2016; 17:1286-1296. [PubMed: 27717139]

Yuan P, Condello C, Keene CD, Wang Y, Bird TD, Paul SM, et al. TREM2 haplo-deficiency in
mice and humans impairs the microglia barrier function leading to decreased amyloid compaction
and severe axonal dystrophy. Neuron 2016; 92:252-264. [PubMed: 27710785]

Bemiller SM, McCray TJ, Allan K, Formica SV, Xu G, Wilson G, et al. TREM2 deficiency
exacerbates tau pathology through dysregulated kinase signaling in a mouse model of tauopathy.
Mol Neurodegener 2017; 12:74. [PubMed: 29037207]

Leyns CEG, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J, et al. TREM2
deficiency attenuates neuroinflammation and protects against neurodegeneration in a mouse model
of tauopathy. Proc Natl Acad Sci USA 2017; 114:11524-11529. [PubMed: 29073081]

Ringe D, Petsko GA. What are pharmacological chaperones and why are they interesting? J Biol
2009;9: 80.

Oh M, Lee JH, Wang W, et al. Potential pharmacological chaperones targeting cancer-associated
MCL-1 and Parkinson disease-associated a.-synuclein. Proc Natl Acad Sci USA 2014; 111:11007-
11012. [PubMed: 25024216]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vagnozzi and Pratico

Page 14

85. Mecozzi VJ, Berman DE, Simoes S, Vetanovetz C, Awal MR, Patel VM, et al. Pharmacological
chaperones stabilize retromer to limit APP processing. Nat Chem Biol 2014; 10:443-449.
[PubMed: 24747528]

Mol Psychiatry. Author manuscript; available in PMC 2019 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vagnozzi and Pratico Page 15

IEREEREEREEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEERE]

Cargo protein
i.e. Vps10, CIMPR

Endosomal membrane

HNEHHHHHHHHHmﬂ
©
i
‘9"\*}" BAR domains
CCDC53
| Cargo recognition core
WASH complex

Golgi

Figure 1. Structure and function of the retromer complex in the endocytic system.
Intracellular trafficking of endocytosed material can follow two distinct pathways via the

retromer complex: the recycling pathway (indicated by the red arrow) which shuttles cargo
from the endosome to the plasma membrane for reuse, or the retrograde pathway (indicated
by the blue arrow), which transports material from the endosome to the Trans-Golgi
Network (TGN). The mammalian retromer consists of two major subdomains: a vacuolar
protein sorting-associated protein 35 (VPS35)-VPS26-VPS29 trimeric complex, known as
the cargo-recognition core, and a membrane-associated sorting nexin (SNX) dimer, known
as the tubulation component. Intracellular transport of many transmembrane proteins and
cargo depend on proper function of the retromer complex such as VVPS10 receptors and
cation-independent mannose 6-phosphate receptor (CIMPR). The SNX dimer is composed
of SNX1, SNX2, SNX5, and SNX6, which all have a SNX-phox-homology (SNX-PX)
domain and a C-terminal Bin/Amphiphysin/Rvs (BAR) domain and function as a binding
partner to the cargo recognition core. The WASH complex consisting of WAS protein family
homologue 1 (WASH1), FAM21, strumpellin, coiled-coil domain-containing protein 53
(CCDC53) and KIAA1033, directs cargo to the retromer complex and away from the
degradation pathway.
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