Chapter 5 ®)
Retromer and Its Role in Regulating oo
Signaling at Endosomes

Matthew N. J. Seaman

Contents

5.1 Introduction—Retromer and Endosomal Protein Sorting .......................... 138
5.2 VPS26—An a-Arrestin .......... . 139
5.3 Retromer Accessory Proteins: The WASH Complex and SNX27 ................... 140
5.4 Retromer-Mediated Regulation of Neuronal Signaling ........................ ... 142
5.5 A Role for Retromer in Regulating Bone Remodeling ............................ 143
5.6 Retromer Regulation of Wnt-Mediated Morphogenic Signaling .................... 144
5.7 Retromer-Mediated Regulation of Signaling in the Immune System ................ 144
5.8 Concluding Remarks . ......... ..o e 146
References .. ... 146

Abstract The retromer complex is a key element of the endosomal protein sorting
machinery being involved in trafficking of proteins from endosomes to the Golgi
and also endosomes to the cell surface. There is now accumulating evidence that
retromer also has a prominent role in regulating the activity of many diverse signaling
proteins that traffic through endosomes and this activity has profound implications
for the functioning of many different cell and tissue types from neuronal cells to cells
of the immune system to specialized polarized epithelial cells of the retina. In this
review, the protein composition of the retromer complex will be described along with
many of the accessory factors that facilitate retromer-mediated endosomal protein
sorting to detail how retromer activity contributes to the regulation of several distinct
signaling pathways.
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5.1 Introduction—Retromer and Endosomal Protein
Sorting

Signaling events initiated at the plasma membrane by a receptor binding its respective
ligand may be modulated by the receptor being endocytosed and then delivered to an
endosome. A classical example of this process is the downregulation of the epidermal
growth factor receptor (EGFR) after binding of ligand, ubiquitylation, and uptake
into clathrin-coated vesicles. Following endocytosis and arrival at a structure termed
a signaling endosome, the activation of the tyrosine kinase domain of the EGFR
can occur. Once in an endosome, the activated EGFR is sorted by the endosome
sorting complex required for transport (ESCRT) machinery into nascent intralumenal
vesicles which results in the EGFR being effectively removed from the cytoplasm
of the cell silencing the active tyrosine kinase in the cytoplasmic tail of the EGFR.
The subsequent proteolytic destruction of the EGFR in a lysosome finishes the task
of modulating the signaling cascade initiated by ligand binding at the cell surface
(for review, see Schuh and Audhya 2014). It is noteworthy that some cancers have
been linked to mutations in the ESCRT-1 complex that operates to recognize the
ubiquitin tag added to the activated EGFR underscoring the biological importance
of endosomally localized sorting machinery in signal modulation. It is also now well
established that other receptor tyrosine kinases (RTKs) such as the platelet-derived
growth factor receptor (PDGFR) and insulin receptor (IR) are similarly silenced by
ESCRT-mediated sorting into endosomal intralumenal vesicles.

While the role of ESCRT proteins in modulating signaling is now well established
and has been covered in depth in other reviews, there is now growing evidence of
the importance of additional endosomally localized sorting machinery—namely the
retromer complex—in the modulation of signaling events. The retromer complex was
first identified several years ago from studies in yeast focused on the endosome-to-
Golgi pathway. The yeast retromer complex was shown to mediate the retrieval of a
vacuolar hydrolase receptor protein, Vps10p from endosomes to the Golgi complex.
The yeast retromer complex was revealed to comprise five proteins, all encoded by
vacuolar protein sorting (VPS) genes, that assemble to form a stable heteropentamer
(Seaman et al. 1997, 1998). The five retromer proteins are: Vps35p, Vps29p, Vps26p,
Vps17p, and Vps5Sp. It has been shown that Vps35p forms a stable trimer with Vps29p
and Vps26p which functions in selecting membrane proteins, e.g., Vps10p (cargo)
for retrieval to the Golgi. The Vps5p and Vps17p are both members of the sorting
nexin (SNX) family and form a stable dimer that can assemble on membranes to
drive tubulation (Horazdovsky et al. 1997). The ability of the VpsSp—Vps17p dimer
to tubulate membranes is derived from their carboxy-terminal Bin—amphiphysin—Rvs
(BAR) domains, and hence Vps5p and Vps17p are referred to as SNX-BAR proteins
(reviewed in Van Weering and Cullen 2014). Loss of any of the retromer components
results in a defect in endosome-to-Golgi retrieval and can also lead to instability and
rapid degradation of the remaining proteins.

The retromer complex is conserved in all eukaryotes, and in mammalian cells a
cargo-selective trimer of VPS35, VPS29, and VPS26 operates with a sorting nexin
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dimer (containing SNX-BAR proteins) of SNX1 or SNX2 paired with either SNXS5
or SNX6 to mediate the retrieval of various proteins from endosomes to the Golgi
including lysosomal hydrolase receptors such as the cation-independent mannose
6-phosphate receptor (CIMPR) and the Vps10p homologue, sortilin (Haft et al. 2000;
Seaman 2004; Arighi et al. 2004; Carlton et al. 2004). It is worth noting, however,
that in higher eukaryotes such as humans, the cargo-selective trimer forms only a
loose association with the sorting nexin dimer (Swarbrick et al. 2011; Harbour and
Seaman 2011) and thus the mechanisms that govern endosome-to-Golgi retrieval
may be subtly different from yeast to humans. One major difference between yeast
and humans is that, in humans and other higher eukaryotes, retromer has a promi-
nent role to play in the endosome-to-cell surface retrieval pathway. This is because
the mammalian retromer complex is able to associate with a host of additional
‘accessory’ factors that play a key role in endosomal protein sorting, especially the
endosome-to-cell surface pathway (reviewed in Seaman 2012). This means that the
retromer complex can regulate the cell surface levels of many different proteins,
some of which function as signaling receptors. Recent data have also implicated
retromer in directly regulating the activity of signaling receptors by displacing key
signaling intermediates from the cytoplasmic domains of signaling receptors.

5.2 VPS26—An o-Arrestin

The first clues that retromer may play a direct role in regulating signaling events
came from the determination of the structure of the VPS26 protein. Once the crystal
structure of VPS26 was solved through X-ray diffraction, it was realized that VPS26
was structurally highly related to the f-arrestin family of proteins (Shi et al. 2006;
Collins et al. 2008). The similarity of VPS26 to the B-arrestin family of proteins was
such that VPS26 has been termed an a-arrestin (for reviews, see Aubry and Klein
2013; Gurevich and Gurevich 2014). The B-arrestin proteins are primarily involved
in the uptake of activated G protein-coupled receptors (GPCRs) by linking GPCRs
to the endocytic machinery that forms clathrin-coated pits at the cell surface. Once
GPCRs have reached an endosome, their signaling activity is downregulated and they
are then recycled to the cell surface. The recycling of the f2-adrenergic receptor—a
classical GPCR—from endosomes to the cell surface requires the function of a sorting
nexin protein, specifically SNX27 in conjunction with retromer (Temkin et al. 2011).
Importantly, SNX27 differs from the SNX-BAR proteins (e.g., SNX1 and SNX2)
by lacking a BAR domain and thus is not believed to mediate membrane tubulation.
Although lacking a BAR domain, SNX27 does possess other functional domains,
namely a PDZ (PSD95, Dlg1, zo-1)-binding domain and a FERM (4.1, ezrin, radixin,
moesin) domain—both of which have important roles in how SNX27 links retromer
to signaling proteins.
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5.3 Retromer Accessory Proteins: The WASH Complex
and SNX27

The SNX27 protein associates with the retromer cargo-selective trimer by bind-
ing to VPS26 (Gallon et al. 2014). In addition to binding to VPS26, the SNX27
protein also interacts with a protein called FAM21 (also now known as WASHC2)
which is a component of the WASH complex (Temkin et al. 2011; Freeman et al.
2014). Like retromer, the WASH complex is comprised of five proteins, namely
WASHI1, KIAA1033 (now WASHC3), strumpellin (now WASHC4), CCDC53 (now
WASHCS), and FAM21 (Derivery et al. 2009), but unlike retromer the WASH com-
plex is not universally conserved being absent in many organisms including yeast.
The WASH complex mediates formation of branched filamentous (F-) actin on endo-
somes and is required for sorting many endosomal proteins to their destination but
is generally more prominently required for endosome-to-cell surface recycling [see
Seaman et al. (2013) for review]. Indeed, it has been reported that FAM21 can prevent
the endosome-to-Golgi retrieval of proteins such as the Glut-1 glucose transporter
and direct it into a SNX27-retromer-mediated endosome-to-cell surface pathway
(Lee et al. 2016). In mammals, the WASH complex is recruited to endosomes by the
direct interaction of FAM21 with VPS35 (Harbour et al. 2012; Jia et al. 2012; Helfer
et al. 2013).

Thus, there is a complex and dynamic network of protein—protein interactions that
underlie the mechanism of endosome-to-cell surface recycling and revolve around
the cargo-selective retromer trimer of VPS35-VPS29-VPS26 (see Fig. 5.1). One way
retromer may, through the WASH complex, contribute to regulating signaling events
on endosomes is through the creation of actin-stabilized microdomains that poten-
tiate signaling initiated by specific receptors. This suggestion, while conceptually
attractive, currently lacks strong experimental evidence.

The importance of the retromer trimer in regulating GPCR signaling goes beyond
that of providing binding sites for the WASH complex and SNX27. The VPS26 pro-
tein can, due to its similarity to $-arrestin, displace p-arrestin from certain GPCRs
and thereby modulate the signaling activity. For the parathyroid hormone receptor
(PTHR), activation by ligand binding while at the cell surface triggers the production
of cyclic AMP (cAMP) and results in binding of the PTHR by p-arrestin. Follow-
ing endocytosis of the PTHR with B-arrestin, the production of cyclic adenosine
monophosphate (cCAMP) continues until the p-arrestin is displaced from the cyto-
plasmic domain of the PTHR by retromer—an action believed to be driven by VPS26
(Feinstein et al. 2011). Subsequently, the PTHR is recycled back to the cell surface
through an association with SNX27 mediated through the PDZ domain of SNX27
binding to a PDZ ligand in the cytoplasmic domain of the PTHR (Chan et al. 2016;
McGarvey et al. 2016). This process effectively silences the signaling activity of
the PTHR, ‘resets’ the system ready for another round of ligand binding, receptor
activation, and signaling, and thus is quite different to the downregulation of, for
example, the EGFR by the ESCRT complex.
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Fig. 5.1 Schematic of the retromer complex and key accessory proteins. The retromer complex
comprises two functional units: a cargo-selective trimer of VPS35, VPS29, and VPS26 (often
referred to as the cargo-selective complex—CSC) and a membrane bending/tubulating dimer of
SNX1 or SNX2 with either SNXS5 or SNX6. The VPS26 protein is structurally related to p-arrestin
and can modulate GPCR signaling at endosomes. SNX27 interacts with both VPS26 and the FAM21
subunits of the WASH complex that promotes F-actin formation on endosomes. The PDZ and
FERM domains of SNX27 both play important roles in trafficking membrane proteins (including
those involved in signaling) from endosomes to the cell surface. The SNX27 PX domain binds to
phosphatidylinositol 3-phosphate (PtdIns3P) in endosomal membranes

PX domain

The role of retromer and its associated proteins in regulating the activity and
localization of GPCRs such as the f2-adrenergic receptor and the PTHR is now well
established. How the control of signaling and localization of these GPCRs precisely
affects the operation of tissues and organs, however, remains to be determined. There
is now an example where retromer function in regulating a specific GPCR does have
profound implications for the operation of a specific tissue—namely the retina of
the eye. The rhodopsinl protein is a GPCR that functions as a light sensor in pho-
toreceptor cells which is endocytosed upon activation by light. Studies in drosophila
have shown that, following its endocytosis, the retromer complex is required to
mediate the endosome-to-cell surface recycling of rhodopsinl (Wang et al. 2014).
Loss of retromer function results in mistrafficking of activated rhodopsinl to a lyso-
some resulting in its destruction. This, in turn, leads to light-induced degeneration of
photoreceptor cells, although mechanistically it is not clear why this happens. Addi-
tionally, whether the recycling of rhodopsinl by retromer also involves a drosophila
homologue of SNX27 also remains to be determined, but it appears that there is
homologue of SNX27 in flies encoded by the CG32758 gene.

In addition to binding to both VPS26 and also the FAM21 subunit of the WASH
complex, the SNX27 protein also has the ability to interact with Ras (Ghai et al.
2011). Ras can be considered to be the archetypal small GTPase and is associated
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with multiple signaling events/pathways that have long been implicated in onco-
genic signaling mechanisms (for review, see Herrero et al. 2016). The SNX27-Ras
interaction occurs through the FERM domain of SNX27 that has also been impli-
cated in binding to cargo proteins containing the NPXY sorting motif (Burden et al.
2004; Ghai et al. 2011). One of the cargo proteins that depends on an intact SNX27
FERM domain for its localization is a class of potassium channels that are important
for regulating neuronal excitability—namely the G protein-regulated inward recti-
fying potassium (GIRK) channels (Balana et al. 2013)—although other domains in
SNX27 may also be important for potassium channel trafficking (Lunn et al. 2007).
In cells expressing a dominant negative Ras protein that cannot bind GTP, the abil-
ity of SNX27 to regulate cell surface levels of the GIRK potassium channels was
compromised (Balana et al. 2013).

These findings raise some intriguing possibilities and questions: For example, does
SNX27 associate with Ras while also interacting with retromer (via VPS26) and the
WASH complex? Is cargo-binding by SNX27 affected by an interaction between
SNX27 and Ras? Does the SNX27-Ras interaction modulate the role and/or func-
tion of Ras in various signaling pathways? Answers to these questions have yet to be
reported, but there is indeed a rich vein of research to be mined for functional links
between the retromer-centered endosomal sorting machinery and the Ras protein.
Adding to the questions posed by the SNX27-Ras association is the recent identi-
fication of an interaction between the VPS35 component of retromer and N-Ras, a
version of the Ras protein that is farnesylated rather than being palmitoylated and
is generally found to be cytoplasmic (Zhou et al. 2016). The interaction between
retromer and N-Ras appears to be restricted to cytoplasmic retromer which would
not be regarded as functional as retromer must be localized to endosomes to operate
in endosomal protein sorting. Thus, it is possible that the retromer—N-Ras interaction
may represent a means of regulating the activity of retromer, while it is cytoplasmic
although this hypothesis has yet to be proven.

5.4 Retromer-Mediated Regulation of Neuronal Signaling

SNX27 plays a key role in regulating the trafficking of several membrane proteins
that can function as receptors (e.g., thodopsin, a light receptor) or channels (e.g.,
the GIRK channels) and does indeed seem to have a preference for multi-membrane
spanning proteins as cargo, another notable example being the Glut-1, glucose trans-
porter protein (Steinberg et al. 2013). Indeed, it has also been reported that SNX27
mediates the endosome-to-cell surface recycling of the AMPA (a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptor (Wang et al. 2013; Loo et al. 2014;
Hussain et al. 2014)—a receptor for glutamate in neuronal cells that is implicated in
long-term potentiation (LTP), a process intricately linked with memory and learning.
In a study of AMPA receptor trafficking, it was shown that following stimulation
of LTP, K-Ras is recruited to endosomes that are enriched in SNX27 and that this is
necessary for synaptic delivery of GluAl, a glutamate receptor. Studies in neuronal
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cells have revealed a role for retromer in trafficking proteins to dendritic spines (Choy
et al. 2014), and interestingly, localization and trafficking of GluA1 receptors have
been shown to be inhibited in cells expressing a mutant of VPS35 that is responsible
for a rare form of inherited Parkinson’s disease (PD). The PD-causing allele of
VPS35 is a mutation of aspartate at position 620 to glutamate and results in reduced
binding of the WASH complex by VPS35 (Zavodszky et al. 2014; McGough et al.
2014) which, in turn, leads to mistrafficking of many WASH complex-dependent
cargo proteins including the Glut-1 glucose transporter and the GluA1l glutamate
receptor (Munsie et al. 2015; Tian et al. 2015). It is currently not known how the
PD-causing VPS35 D620N mutant might affect the signaling pathways that depend
upon the retromer—WASH complex association, but it seems likely that several
distinct pathways may be affected. Not only does mutation of VPS35 affect transport
of AMPA receptors such as GluAl, but loss of SNX27 can also lead to deficient
transport of excitatory receptors. In a small number of patients, mutations in SNX27
cause a form of epilepsy associated with additional neurological abnormalities
(Damseh et al. 2015). These observations demonstrate the key role that retromer,
along with its accessory proteins such as the WASH complex and SNX27, plays
in mediating the localization of neuronally important proteins such as the AMPA
receptors and thereby illustrates how retromer contributes to signaling events that are
key to the function of the brain such as the establishment of long-term potentiation.

5.5 A Role for Retromer in Regulating Bone Remodeling

The trafficking of glutamate receptors in neuronal cells is an example of how retromer
function can influence relatively rapid signaling events that may, in some circum-
stances, lead to longer-term alterations in cell-cell contacts which can influence
processes such as synaptic plasticity. Another example of how retromer can influ-
ence signaling that controls large-scale changes is the regulating of the localization
and trafficking of the RANK protein by retromer. The receptor activator of NF-kB
(RANK) protein functions in bone remodeling—osteoclastogenesis—and as such is
important in maintaining bone density and structure. Loss of VPS35 function results
in mislocalization of RANK which causes dysregulation of signaling from the RANK
ligand and leads to decreased bone formation and a condition similar to osteoporosis
(Xia et al. 2013). Precisely, how VPS35 (and presumably retromer) contributes to
RANK localization has yet to be determined, but these data illustrate how important
it is for normal signaling to be maintained and the key role that retromer plays in this
form of homeostasis.
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5.6 Retromer Regulation of Wnt-Mediated Morphogenic
Signaling

Another example of how retromer function can influence signaling events in the
longer term or over longer distances is the requirement for retromer to control the
localization of the Wntless protein. The secretion of the Wnt morphogen that regu-
lates some key developmental processes requires the Wntless protein—a multi-pass
membrane protein that traffics between the cell surface and the TGN. While in the
TGN, Whntless can bind to Wnt and then facilitate the secretion of Wnt at the cell
surface. Wntless is subsequently endocytosed and then recycled back to the TGN
via retromer-mediated endosome-to-Golgi retrieval (Franch-Marro et al. 2008; Port
et al. 2008; Belenkaya et al. 2008; Yang et al. 2008; Pan et al. 2008). In this instance,
retromer operates with another sorting nexin that, like SNX27, is not a SNX-BAR
protein involved in membrane tubule formation. Here, retromer operates with SNX3,
a small sorting nexin that comprises a phosphatidylinositol 3-phosphate binding
domain and little more (Harterink et al. 2011; Zhang et al. 2011). SNX3 is conserved
and functions with retromer in endosome-to-Golgi retrieval in yeast, although it is
known as Grd19p in yeast (Strochlic et al. 2007). Failure of recycling of Wntless by
retromer leads to reduced Wnt secretion due to a lack of Wntless in the TGN much
like loss of retromer leading to reduced TGN localization of the CIMPR which in
turn results in a failure of delivery of lysosomal hydrolases (e.g., Cathepsin D) to
the lysosome (see Fig. 5.2). The reduction in Wnt secretion following inhibition of
retromer function results in developmental abnormalities.

5.7 Retromer-Mediated Regulation of Signaling
in the Immune System

One of the tissue types often associated with complicated signaling pathways is
the immune system—specifically signaling in T cells in response to the various
cytokines. Recently, it has been reported that retromer can modulate the signaling
response initiated by binding of type I interferons to their receptor. The type I family
of interferons is typically associated with the response to bacterial or viral infections.
Once ligand (i.e., the type I interferon) has bound to a receptor comprising two sub-
units (IFNAR1 and IFNAR?2), the receptor is internalized through clathrin-mediated
endocytosis and delivered to an endosome where signaling via JAK/STAT is initiated.
The two receptor subunits then dissociate with the IFNAR?2 being recycled to the cell
surface, while the IFNARI1 is directed to the lysosome for degradation. Recycling
of IFNAR?2 to the cell surface requires retromer (Chmiest et al. 2016). Interestingly,
retromer association with IFNAR2 may facilitate the dissociation of the interferon
receptor and thereby downregulate the signaling by JAK/STAT as loss of VPS35
leads to increased localization of the [IFNAR1 and IFNAR2 proteins at the endosome
and prolonged activation of JAK/STAT with increased downstream events as well
such as transcription of specific genes associated with the immune response.
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Fig. 5.2 Involvement of retromer and accessory proteins in trafficking pathways from endosomes.
The retromer cargo-selective complex (CSC) along with SNX27 functions to sort proteins into tubu-
lar carriers for the endosome-to-cell surface recycling pathway. Cargo proteins sorted by retromer
with SNX27 include GPCRs where the VPS26 subunit of retromer can displace p-arrestin from the
cytoplasmic tail of the GPCR. Other membrane proteins involved in signaling that rely on retromer
include the interferon receptor subunit, IFNAR2. At the endosome, retromer causes the IFNAR1
and IFNAR?2 proteins to dissociate and directs the IFNAR?2 protein back to the cell surface, while the
IFNARI1 will be degraded in the lysosome. Retromer also functions in endosome-to-Golgi retrieval
and maintains a pool of receptors in the TGN including Wntless, the morphogen receptor required
for Wnt secretion

Thus, although at the beginning of this review I suggested that retromer can
modulate signaling pathways in very different ways to the mode of action of the
ESCRT machinery, there are some similarities depending on the mechanism of action
of the proteins that initiate the signaling event. For GPCRs (e.g., the parathyroid
hormone receptor), retromer can modulate signaling by displacing the B-arrestin
protein from the activated GPCR, thereby silencing the signaling prior to directing
the GPCR into an endosome-to-cell surface recycling pathway. But for activated
interferon receptors, retromer downregulates the receptor by causing the two subunits
to dissociate: One is then degraded and the other recycled.



146 M. N. J. Seaman

5.8 Concluding Remarks

In conclusion, endosomal protein sorting mediated by the retromer complex along
with associated proteins such as the WASH complex and SNX27 has been clearly
shown to be critical for trafficking and recycling of membrane proteins from endo-
somes to the Golgi and also from endosomes to the cell surface. There are now
numerous examples of how retromer contributes to regulating signaling events by
controlling the trafficking and localization of membrane proteins that initiate sig-
naling events. In some instances, retromer can directly participate in the signaling
activity of a pathway, for example when the VPS26 subunit of retromer displaces
the B-arrestin from an activated GPCR thereby bringing to a halt the signaling path-
way initiated when the GPCR was activated. In other reports, retromer has been
shown to control the cell surface localization of important neuronal receptors, (e.g.,
GluA1) and hence retromer function contributes to signaling events that are instru-
mental in neuronal processes such as long-term potentiation. Retromer may also
indirectly affect signaling pathways by regulating the localization of a protein that
is involved in secretion of a morphogen that operates over relatively long distances
and timescale—as is the case for the Wnt morphogen and the influence that retromer
plays in its secretion via the Wntless protein.

It seems likely that further examples of how retromer function contributes to the
regulation of signaling pathways and events that may be initiated at the cell surface
but are modulated at endosomal membrane will be reported in the near future. For
cell biologists interested in understanding how protein localization contributes to
signaling, these are interesting and exciting times.
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