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SUMMARY

Complex mechanisms govern the sorting of membrane (cargo) proteins at endo-
somes to ensure that protein localization to the post-Golgi endomembrane
system is accurately maintained. Endosomal retrieval complexes mediate sorting
by recognizing specific motifs and signals in the cytoplasmic domains of cargo
proteins transiting through endosomes. In this review, the recent progress in
understanding the molecular mechanisms of how the retromer complex, in
conjunction with sorting nexin (SNX) proteins, operates in cargo recognition
and sorting is discussed. New data revealing the importance of different SNX
proteins and detailing how post-translational modifications can modulate cargo
sorting to respond to changes in the environment are highlighted along with
the key role that endosomal protein sorting plays in SARS-CoV-2 infection.

THE IMPORTANCE OF ENDOSOMAL PROTEIN SORTING

Endosomal protein sorting is a highly dynamic process where integral membrane proteins, their associated

lipids, along with proteins transiting endosomes are concentrated in themembrane, packaged into tubulo-

vesicular carriers, and then delivered to distinct destinations (Burd and Cullen, 2014; Cullen and Steinberg,

2018; Wang et al., 2018) (Figure 1). Those membrane proteins, referred to as cargoes, could be either re-

cycled back to trans-Golgi-network (TGN), the plasma membrane for reuse, or targeted to lysosomes for

degradation. As a consequence, endosomal sorting not only determines the fate of cell surface proteins

but also impacts a wide range of cellular and physiological activities, including signal transduction, cellular

polarity, nutrient uptake and immune response. Endosomal retrieval complexes (ERCs) are responsible for

recognizing specific signals in the cytoplasmic domains of cargo proteins, thereby preventing delivery into

the endosomal degradation pathway (Figure 1B). Dysregulation of ERCs has been linked with a variety of

diseases, most notably, neurodegenerative diseases (Small and Petsko, 2015; Vagnozzi and Pratico, 2019).

Furthermore, multiple pathogenic bacteria and viruses, including the emerging severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2), have been shown to directly target ERCs for their survival and repli-

cation (Daniloski et al., 2020; Zhu et al., 2021; Yong et al., 2021b; Zhang et al., 2018; Personnic et al., 2016).

RECOGNITION OF ENDOSOMAL SORTING SIGNALS

SNX-BAR-retromer

The best characterized ERC is retromer, which was identified in yeast S. cerevisiae over 20 years ago

(Seaman et al., 1998). The yeast retromer is composed of the trimeric Vps26p-Vps29p-Vps35p

complex, which can recognize cargo, and the Vps5p-Vps17p dimer, which binds the membrane and drives

vesicle/tubule formation. Vps5p and Vps17p belong to the conserved sorting nexin (SNX) family and

encompass a membrane-bending BAR (Bin-Amphiphysin-Rvs) domain, in addition to the phospholipid

PI(3)P-interacting p40 phox-homology (PX) domain. All five genes of retromer are needed for the endo-

some-to-TGN delivery of cargoes, such as Vps10p, the receptor for vacuolar hydrolase carboxypeptidase

Y (CPY), and in yeast, the retromer complex operates as a stable heteropentamer. Vps10p contains a

bipartite recycling signal (1428-FGEIRL-1433 and 1492-YSSL-1495), which is recognized by Vps35p and

Vps26p (Suzuki et al., 2019). Similar to Vps10p, another known cargo of retromer, Ear1p, also contains

two separate motifs, although different regions of Vps26p are required to recognize Ear1p (Suzuki et al.,

2019).

Cryo-EM tomography studies of retromer from the thermophilic fungus C. thermophilum, reported by

Kovtun et al., have provided important new insights into how fungal retromer assembles on membranes

(Kovtun et al., 2018). Recombinant proteins, purified and then incubated with artificial membranes in the
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Figure 1. Endosomal protein sorting and cargo recognition

(A) Model depicting endosomal protein sorting in mammals.

(B) Endosomal sorting. Motifs and their cargo adaptors in fungi and mammals.

F, hydrophobic amino acids; x, any amino acids; �, negatively charged residues.
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form of liposomes, revealed that fungal retromer forms a two-layer coat, analogous to the classical clathrin

and COP-II coats. The inner layer is formed by the SNX-BAR component Vps5p, which directly contacts the

lipid membrane via both the PX and BAR domains; the Vps26p-Vps29p-Vps35p complex does not directly

contact the membrane but forms an arch-like structure over the SNX-BAR layer. Two Vps35p molecules

form a dimer and make up the legs of the arches. Vps26p, via dimerization, connects two neighboring

SNX-BARs and anchors the arches. Such a conformation places Vps29p at the apex, making it accessible

to diverse regulators. The study by Kovtun et al. employed retromer lacking Vps17p and created a

homodimer of Vps5p instead (Kovtun et al., 2018). Therefore, the arrangement of the SNX-BAR dimer

and retromer arch reported by Kovtun et al. may overemphasize the lack of membrane contact by

Vps26p (see below). In yeast, the SNX-BAR dimer and retromer trimer form a stable pentameric

complex due to interactions between Vps29p and the N-terminal region of Vps5p which are not conserved

in mammals. The SNX-BAR dimer and retromer trimer only loosely associate in mammals, and therefore, it

remains unclear how mammalian proteins assemble and arrange on cargo-containing membranes (Burd

and Cullen, 2014).

SNX-BARs

Mammalian SNX-BARs consist of a heterodimer formed by SNX1 or SNX2 with either SNX5 or SNX6.

Although these proteins share a similar domain architecture with yeast Vps5p and Vps17p, they differ

from their fungal counterparts in several ways. First, yeast SNX-BARs and retromer form a stable pentame-

ric complex, whereas mammalian SNX-BARs only loosely interact with the retromer trimer. Second, unlike

yeast Vps17p, the PX domains of mammalian SNX5 and SNX6 contain a long insertion and do not to bind

endosomal PI(3)P.

Recent studies reveal that mammalian SNX-BARs directly recognize a conserved bipartite motif, termed

the SNX-BAR-binding motif (SBM), within the cytoplasmic tails of many cargo proteins, and retrieve

them from endosomes to the TGN or the plasma membrane (Simonetti et al., 2017, 2019; Kvainickas

et al., 2017; Yong et al., 2020). Structural studies have revealed how the PX domains of SNX5/SNX6 recog-

nize SBMs (and why Vps17p does not) (Simonetti et al., 2019). Briefly, the SBM peptide forms a b-hairpin

structure and binds to the extended PX domain of SNX5 (or SNX6). Residues from the upstream b-strand

fit a strictly conserved Fx[F/Y/V]x[F/Y] consensus, where F and x represent aliphatic and any residues,

respectively. Residues from the downstream b-strand (bB) fit a less conserved FxF or FF motif. Those

aromatic and aliphatic residues from both strands dock into a complementary hydrophobic pocket of

SNX5/SNX6. Experimentally confirmed cargoes transported by SNX-BARs include the cation-independent
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mannose-6-phosphate receptor (CI-MPR), semaphorin4C (SEMA4C), insulin-like growth factor 1 receptor

(IGF1R), and TNF-related apoptosis-inducing ligand receptor 1 (TRAILR1) (Simonetti et al., 2017, 2019;

Kvainickas et al., 2017; Yong et al., 2020). Interactions between SNX-BARs and many more potential

cargoes, identified through proteomic or bioinformatics studies, remain to be confirmed experimentally

(Simonetti et al., 2019; Yong et al., 2020).

SNX3-retromer

In addition to SNX-BARs, another member of the SNX family, SNX3 participates in endocytic recycling

together with retromer in both yeast and mammals. SNX3 interacts with retromer and mediates

endosome-to-TGN retrieval of a large set of cargoes, including CI-MPR, divalent metal transporter 1-II

(DMT1-II), and Wntless, a critical regulator for the Wnt signaling pathway (Harrison et al., 2014; Harterink

et al., 2011; Seaman, 2007). All these cargoes share a consensus sequence Øx[L/M/V], where Ø is a bulky

aromatic residue. Thus, there are some notable similarities between the motifs recognized by the

SNX-BAR-retromer and SNX3-retromer ERCs, and it is likely that there will be many cargoes that can be

sorted by either complex—one such cargo is the CI-MPR (Cui et al., 2019). Structural studies reveal that

SNX3, via its N-terminal flexible region, binds to both Vps26 and Vps35 (Lucas et al., 2016). As a result of

the binding, a hydrophobic groove is formed by amino acids from both Vps26 and SNX3, which accommo-

dates the Øx[L/M/V] motif.

Unlike SNX-BARs, SNX3 does not contain a BAR domain and thus does not bend membrane on its own.

Recent in vitro cryo-EM tomography studies suggest that both metazoan and fungal SNX3-retromer

form an arch-like structure onmembranes, similar to the SNX-BAR-retromer (Leneva et al., 2021). Strikingly,

the two structures display distinct modes of membrane interaction. In the SNX-BAR-retromer structure

reported by Kovtun et al. (2018), SNX-BARs (represented by Vps5p) are solely responsible for contacting

membrane; in contrast, in the SNX3-retromer structure, both SNX3 and Vps26 dock directly to the

membrane, with Vps26 playing a dominant role. These observations indicate that SNX3-retromer is

sufficient to induce membrane curvature and tubulation without classical membrane curvature drivers,

such as BAR-domain-containing proteins, and suggest that retromer operates in a highly versatile manner

by incorporating different types of membrane adaptors and cargoes. Currently however, it is not yet estab-

lished that SNX3 with the retromer trimer is sufficient for tubule formation in vivo. The close association of

Vps26p with the membrane in yeast retromer also will enable Vps26p to play a key role in cargo selection.

Mammalian Vps26 can also directly interact with cargo consistent with the retromer trimer functioning to

sort cargo at endosomes (Cui et al., 2019; Lucas et al., 2016; Fjorback et al., 2012).

SNX27-retromer

Metazoan-specific SNX27 is another member of the SNX family that associates with retromer (Steinberg

et al., 2013). Unlike the SNX-BAR-retromer, or SNX3-retromer, SNX27-retromer selectively recycles

numerous cargoes exclusively to the plasmamembrane and is not required for endosome-to-TGN retrieval

(Steinberg et al., 2013). Prominent cargoes include the glucose transporter GLUT1, SEMA4C, many

G-protein-coupled receptors (GPCRs) such as the b2 adrenergic receptor (b2AR), and parathyroid hormone

receptor (PTHR) (Temkin et al., 2011; Steinberg et al., 2013). Aside from the PX domain, SNX27 has two

more domains: the PDZ (postsynaptic density 95-discs large-zonula occludens) and the FERM (band4.1-ez-

rinradixin-moesin) domains. The PDZ domain of SNX27 binds type-I PDZ-bindingmotifs (PDZbms), with the

consensus sequence [S/T]xF, located at the C-terminus of many cargoes (Clairfeuille et al., 2016). Interac-

tion with the Vps26 subunit of retromer enhances the binding with PDZbms (Gallon et al., 2014). As SNX27,

like SNX3, does not have a BAR domain, it will be very interesting to determine how SNX27-retromer as-

sembles on the membrane. It is possible that an arrangement similar to SNX3-retromer is adopted by

SNX27-retromer.

SNX-BAR-SNX27-retromer

A key advance in the field is the recent observation that SNX-BARs directly interact with SNX27 (Yong et al.,

2021c; Chandra et al., 2021; Simonetti et al., 2022). The interaction is mediated by the Asp-Leu-Phe (DLF)

motifs located within the N-termini of SNX1/SNX2 and the FERM domain of SNX27 (Yong et al., 2021c;

Chandra et al., 2021; Simonetti et al., 2022). Both SNX1 and SNX2 harbor more than one DLF motif, which

could be used to promote and stabilize the formation of vesicular/tubular structures. As SNX27 is known to

interact with retromer, it has been proposed that SNX-BARs, SNX27, and retromer form a ‘‘supercomplex’’

to promote the endosome-to-plasma membrane recycling of cargoes containing SBM, PDZbm, or both
iScience 25, 104254, May 20, 2022 3
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(Yong et al., 2020, 2021c) (Figure 2). The notion of an endosomal retrieval supercomplex could explainmany

contradictory observations in the field. For instance, GLUT1 contains a PDZbm, but its trafficking is regu-

lated by not only SNX27 and retromer but also by SNX-BARs (Yong et al., 2020, 2021c). Conversely,

SNX27 is critical for the endocytic retrieval of TRAILR1, which only contains an SBM (Yong et al., 2020,

2021c). The three types of SNX (SNX-BAR, SNX3, and SNX27) are only similar in their PX domains and their

ability to associate with the retromer trimer, perhaps hinting at some form of convergent evolution of the

SNX—retromer machinery. The different combinations of SNX and retromer trimer may facilitate the sort-

ing of a diverse set of cargo proteins to multiple destinations and/or lead to kinetic differences in rates of

recycling and retrieval that reflect how rapidly tubule-vesicular transport intermediates can form.
Connections of SNX-BARs with SNX27-retromer

Why do SNX27-retromer, the complex responsible for transporting PDZbm-containing cargoes, associate

with SNX-BARs, the complex for SBM-containing cargoes? Currently, two different—but not competing—

models have been proposed. In the first model (concurrent model), we suggest that the formation of the

SNX27-SNX-BAR-retromer supercomplex aids its membrane recruitment to different types of cargoes,

which contain an SBM, PDZbm, or both (Yong et al., 2021c) (Figure 2A). In the second model (sequential

model), Cullen & colleagues proposed that cargoes possessing a PDZbm are first recognized by

SNX27-retromer and then ‘‘handed over’’ to SNX-BAR-decorated tubulovesicular carrier due to the

SNX-BAR-SNX27 interaction (Simonetti et al., 2022) (Figure 2B). Tubule maturation and fission may be

further aided by actin polymerization and recruitment of motor proteins (Figures 2A and 2B). Although

the two models differ in details, the recent studies collectively provide new insights into the role of

sequence-dependent endosome sorting and demonstrate the complexity of ERCs in higher eukaryotes.
SNX17-commander

SNX27 belongs to the PX-FERM subfamily which also contains SNX17. The two proteins share a

FERM domain, along with the PX domain. However, the two proteins have distinct functions in regulating

endosomal trafficking. SNX27 associates with retromer and regulates endosome-to-plasma membrane

retrieval of PDZbm-containing cargoes; in contrast, SNX17 couples with the commander complex and

mediates endosome-to-plasma membrane recycling of cargoes belonging to a different class (McNally

et al., 2017). Commander is composed of two subcomplexes: the CCC (CCDC22-CCDC93-COMMD)

complex and retriever (VPS35L-VPS26C-VPS29) which shares a structure similar to retromer (McNally

et al., 2017; Mallam and Marcotte, 2017; Phillips-Krawczak et al., 2015). The association between comman-

der and SNX17 is mediated by the disordered C-terminal tail of SNX17 and retriever subunit VPS26C

(McNally et al., 2017).

SNX17-commander recognizes NPxY/NxxY-containing cargoes via the FERM domain of SNX17 (Ghai et al.,

2013). Notable cargoes include integrins, lipoprotein receptor family members, and amyloid precursor

protein (McNally et al., 2017; Bottcher et al., 2012; Steinberg et al., 2012; Stockinger et al., 2002). Recent

studies have revealed why the FERM domains of SNX17 and SNX27 have distinct binding specificities

(Yong et al., 2021c). Although the two FERM domains share a similar overall structure, they differ from

each other in many key details (Yong et al., 2021c). Specifically, multiple residues in the NPxY/NxxY-binding

pocket of SNX17 are not conserved in SNX27. Conversely, SNX27 possesses a unique hydrophobic ‘‘cave’’

surrounded by positively charged residues, which accommodates the DLF motif from SNX1/SNX2. Taken

together, SNX17-commander represents a distinct type of ERC and transports a separate class of cargoes.
SNX4 and SNX8

SNX4 (Snx4p in yeast) and SNX8 (Mvp1p in yeast) are members of the SNX-BAR subfamily. Both genes are

involved in retromer-independent membrane trafficking in yeast (Suzuki and Emr, 2018; Suzuki et al., 2021).

Snx4p forms a complex with either Snx41p or Snx42p and is required for the vacuole-to-endosome

recycling of autophagy protein Atg27p (Suzuki and Emr, 2018). Atg27p is a type-I transmembrane protein

critical for autophagosome formation (Backues et al., 2015). Snx4p interacts with the cytoplasmic tail of

Atg27p, although exact sequence constraints for the interaction remain to be established (Suzuki and

Emr, 2018). Depletion of the Snx4p complex leads a defect in Atg27p trafficking and autophagy. Although

the SNX4 complex is conserved in mammals, it remains to be determined whether mammalian SNX4

complex has a similar function.
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Figure 2. Two different models explaining how SNX-BAR, SNX27, and retromer function together to mediate

endosomal protein sorting

(A) The SNX-BAR-SNX27-retromer supercompex is recruited to membrane by phospholipid and membrane proteins

containing SBM, PDZbm, or both motifs. Cargoes containing both SBM and PDZbm are most effective in recruiting the

supercomplex as they contain multiple binding sites.

(B) SNX27 is first recruited to membrane by PDZbm-containing cargoes. Interaction with retromer further promotes the

formation the retrieval sub-domain. SNX27 cargoes are handed over SNX-BAR-coated tubulovesicular carriers via the

interaction between SNX27 and SNX1/SNX2. In both cases, the cargo-enriched tubulo-vesicular carriers are pinched off

from endosomes and deliver to the plasma membrane with the aid of actin cytoskeleton and motor proteins.
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A more recent study further identifies that Mvp1p mediates another endosomal recycling pathway, inde-

pendent of retromer and Snx4p (Suzuki et al., 2021). Mvp1p binds to endosomal membrane protein

Vps55p via its ‘‘YXTXXFM’’ motif and is responsible for Vps55p delivery to the Golgi (Suzuki et al., 2021).

The sorting motif recognized byMvp1p is distinct from those of retromer and Snx4p.SNX8, the mammalian

homolog of Mvp1p, could mediate the formation of endosomal tubules. However, it remains elusive

whether mammalian SNX8 functions in endosomal recycling as well, and if it does, what kinds of cargo it

recognizes and transports.

MODULATION OF THE INTERACTION BETWEEN CARGOES AND CARGO ADAPTORS

Another important aspect of cargo sorting is that both cargo and ERCs are subjected to a variety of post-

translational modifications (PTMs), notably ubiquitination and phosphorylation. These modifications could

regulate membrane recruitment of ERCs, alter the interaction between cargoes and cargo adaptors, and

modulate the ERC assembly, thereby shifting the balance of recycling versus degradation of cargoes.

PTMs of cargoes

Cargoes destined for the degradative pathway are often subjected to Lys63-linked polyubiquitination,

sorted by the ESCRT assemblies, and targeted to lysosomes (Cullen and Steinberg, 2018; Weeratunga

et al., 2020). In addition to ubiquitination, phosphorylation could also modulate the interaction between

cargoes and ERCs, e.g., the interaction between the SNX27 PDZ domain and PDZbm. Phosphorylation

of serine/threonine residues within the PDZbm ([S/T]xF) impairs its interaction with SNX27 PDZ domain.On

the other hand, phosphorylation of residues upstream of the [S/T]xF motif results in negatively charged

residues which may pair with the positively charged residues in the SNX27-binding pocket with increased

affinity (Clairfeuille et al., 2016).

PTMs of ERCs

Phosphorylation of a conserved serine within the PI(3)P-binding pocket is known to switch membrane local-

ization of many SNX proteins (Lenoir et al., 2018). Phosphorylation could also modulate the dimerization of

SNX5 (or SNX6) with SNX1 and SNX2, thus impacting endocytic recycling (Itai et al., 2018). More recently, it

was shown that a variety of extracellular stimuli, including starvation, LPS, and IL-6 promote SNX27 phos-

phorylation at S51 via MAPK11 and MAPK14 (Mao et al., 2021). This alters the conformation of the SNX27

cargo-binding pocket, reducing its interaction with cargoes and thereby inhibiting endocytic recycling

(Mao et al., 2021). These studies demonstrate that the endosomal sorting processes can be dynamically

modulated in response to extracellular stimuli via PTMs of cargoes or ERCs. Additional regulation of endo-

somal protein sorting may occur through PTMs of associated machinery such as the WASH complex. The

ubiquitination of theWash1 protein modulates its activity at themembrane, and several components of the

WASH complex, including Fam21, are phosphorylated at multiple sites (https://www.phosphosite.org/)

(Hao et al., 2013; Jia et al., 2010; Tsarouhas et al., 2019).

KEY ROLES OF ENDOSOMAL SORTING IN SARS-COV-2 INFECTION

Pathogenic bacteria and viruses often harness or hijack host endosomal sorting pathways to facilitate their

survival and replication (Yong et al., 2021b). Emerging evidence shows that SARS-CoV-2 targets the endo-

somal sorting pathway during infection. Genome-scale CRISPR screens have identified SNX27, retromer,

and several other key components of the endosomal sorting pathways as required for SARS-CoV-2 infec-

tion (Daniloski et al., 2020; Zhu et al., 2021). Proteomic studies have also identified extensive interactions

between viral proteins and host proteins that regulate endosomal sorting, such as SNX27 and the

WASH complex (Gordon et al., 2020; Stukalov et al., 2021).

Endosomal sorting complexes could regulate SARS-CoV-2 infection via multiple mechanisms. First, angio-

tensin-converting enzyme 2 (ACE2), the key host receptor for SARS-CoV-2, harbors a PDZbm in its cyto-

plasmic tail. The complex structure of ACE2-PDZbm/SNX27-PDZ reveals that the ACE2 peptide adopts

an extended b strand and interacts with SNX27 via backbone hydrogen bonds, similar to other PDZbms

(Yang et al., 2022). SNX27, retromer, and multiple components of the endosomal sorting pathways

likely regulate the surface expression of ACE2 through endosomal recycling pathways (Zhu et al., 2021).

Second, SNX27 directly interacts with cytoplasmic tail of the SARS-CoV-2 spike protein (Zhao et al.,

2021; Cattin-Ortola et al., 2021). This interaction promotes surface localization of the spike protein and

transduction efficiency of spike-bearing pseudovirus (Zhao et al., 2021). Remarkably, although the spike
6 iScience 25, 104254, May 20, 2022
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protein binds to the PDZ domain of SNX27—similar to many PDZbm-containing cargoes—the spike

protein does not contain a canonical PDZbm. It will be interesting to determine the molecular basis of

the spike protein-SNX27 interaction and determine whether SNX27 regulates the trafficking of the spike

protein in a manner similar to host proteins.

SUMMARY AND OUTLOOK

There are a great many cargo proteins that traffic through endosomes to their destination, be it the cell

surface, the TGN, or a lysosome. The different ERCs that operate at endosomes all contribute to ensuring

the process occurs with efficiency and high fidelity. It is worth noting however that simple eukaryotes such

as yeast employ a more modest array of ERCs which reflects the fact that there are both fewer cargoes and

also fewer destinations as yeast do not recycle proteins directly from endosomes to the cell surface but

retrieve first to the TGN/Golgi.

The strides made in understanding how cargoes are recognized have led to a much more profound

knowledge of the mechanisms of endosomal protein sorting. Although SNX17-commander and SNX-BARs

have been recently identified as direct cargo recognition modules, it remains to be determined whether

there are additional complexes responsible for cargo recognition and retrieval. Another major challenge

in the field is to dissect the molecular determinants for distinct sorting itineraries. For instance, as retro-

mer-linked SNX-BARs mediate both endosome-to-TGN and endosome-to-plasma membrane trafficking

of cargo proteins, how is the destination of a particular cargo determined? The association of SNX-BARs

with SNX27 suggests a potential synergy between different ERCs. It will be a major challenge moving

forward to dissect how the SNX-BAR-SNX27-retromer supercomplex is assembled on membrane and

how the supercomplex differs from SNX-BARs and SNX27-retromer alone in regulating sequence-depen-

dent sorting (Yong et al., 2021a). Finally, the modulation of sorting by PTMs is a new avenue opened up for

exploration.
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