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Sorting nexin-21 is a scaffold for the endosomal recruitment

of huntingtin

Chris M. Danson’, Neil Pearson’, Kate J. Heesom? and Peter J. Cullen’*

ABSTRACT

The endo-lysosomal network serves an essential role in determining
the fate of endocytosed transmembrane proteins and their associated
proteins and lipids. Sorting nexins (SNXs) play a central role in the
functional organisation of this network. Comprising over 30 proteins in
humans, SNXs are classified into sub-groups based on the presence of
additional functional domains. Sorting nexin-20 (SNX20) and sorting
nexin-21 (SNX21) comprise the SNX-PXB proteins. The presence of a
predicted protein-protein interaction domain, termed the PX-associated
B (PXB) domain, has led to the proposal that they function as
endosome-associated scaffolds. Here, we used unbiased quantitative
proteomics to define the SNX21 interactome. We reveal that the
N-terminal extension of SNX21 interacts with huntingtin (Htt) whereas
the PXB domain appears to associate with septins, a family of
cytoskeletal- and membrane-associated proteins. In establishing that
these interactions are sufficient for SNX21 to recruit Htt and septins on
to an endosomal population, we reveal a scaffolding function for this
sorting nexin. Our work paves the way for a more-detailed mechanistic
analysis of the role(s) of the SNX-PXB proteins in endosomal biology.
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INTRODUCTION
The human genome is estimated to encode in excess of 5000
transmembrane proteins (Fagerberg et al., 2010; Babcock and
Li, 2014). It is essential that these proteins are efficiently sorted and
transported to their correct subcellular location in order to establish
and maintain the function of numerous membrane-bound organelles.
Equally, for cells, tissues and organisms to adapt to a changing
environment, these sorting and transport events must be controlled, to
allowing re-modelling of the transmembrane content and hence
functionality of the specified organelle. One series of inter-connected
membranous compartments that serves an essential and evolutionarily
conserved role in the sorting and transport of numerous transmembrane
proteins is the endosomal network (Huotari and Helenius, 2011;
Burd and Cullen, 2014; Klumperman and Raposo, 2014).
Classically, the endosomal network receives transmembrane
proteins and their associated proteins and lipids, together termed
cargos, primarily from two sources: the plasma membrane via the
process of endocytosis, and the biosynthetic pathway through direct
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transport from the trans-Golgi network (TGN) (Maxfield and
McGraw, 2004; Johannes and Popoff, 2008; Grant and Donaldson,
2009; Huotari and Helenius, 2011; Johannes and Wunder, 2011;
Hsuetal., 2012). These pathways converge at the sorting endosome,
where sorting events are initiated that determine the fate of
individual cargos. Cargos can be sorted into forming intraluminal
vesicles (ILVs) that bud from the limiting membrane of the
endosome (Henne et al., 2011; Schoneberg et al., 2016). Through
iterative rounds of sorting and ILV biogenesis coupled with the
maturation of the endosome into a compartment that becomes
competent to fuse with the lysosome, those ILV-associated cargos
undergo lysosomal-mediated degradation (Kummel and Ungermann,
2014). Alternatively, cargo can be retrieved from this destructive
fate before being transported to the plasma membrane (Maxfield
and McGraw, 2004; Hsu et al., 2012; Burd and Cullen, 2014), to
the biosynthetic pathway (Johannes and Wunder, 2011; Burd and
Cullen, 2014) or to a variety of other destinations that include
lysosome-related organelles and elements of the autophagic
pathway (Luzio et al., 2014; Carlsson and Simonsen, 2015).
Underpinning the importance of the network is an increasing body
of evidence suggesting that perturbed endosomal sorting and
transport is a contributing factor in various human diseases, most
notably neurodegenerative diseases (Schreij et al., 2016).

Sorting nexins (Kurten et al., 1996) are an ancient evolutionarily
conserved family of proteins that play a central role in the functional
organisation of the endosomal network (Carlton et al., 2004; Cullen,
2008; Cullen and Korswagen, 2012; Teasdale and Collins, 2012;
Chietal.,2015; van Weering et al., 2010; Gallon and Cullen, 2015).
Comprising over 30 proteins in humans, the defining feature of all
sorting nexins is the presence of a phox homology (PX) domain
(Teasdale and Collins, 2012). This modular domain typically
functions to bind phosphoinositides, most commonly the early
endosome-enriched  phosphatidylinositol 3-monophosphate
[PtdIns(3)P] (Cheever et al., 2001; Ellson et al., 2001; Xu et al.,
2001; Kanai et al., 2001) — an interaction that serves to aid the
targeting of the peripheral sorting nexins to the cytosolic surface of
endosomes (Teasdale et al., 2001; Cozier et al., 2002; Stockinger
et al.,, 2002; Zhong et al., 2002). Sorting nexins are further
classified into sub-groups based on the presence of additional
functional domains, that including BAR, PDZ, FERM-like, RGS
and SH3 domains (Florian et al., 2001; Worby et al., 2001; Zheng
etal., 2001; Burden et al., 2004; Carlton et al., 2004; Joubert et al.,
2004; Wassmer et al., 2009; van Weering et al., 2012b).

One SNX sub-group that in humans comprises sorting nexin-20
(SNX20) and sorting nexin-21 (SNX21) are the SNX-PXB proteins
(Zeng et al., 2002; Schaff et al., 2008; Teasdale and Collins, 2012).
These proteins possess a C-terminal PX-associated B (PXB) domain
which displays a tetratricopeptide repeat (TPR) fold that is typically
involved in protein-protein interactions (Clairfeuille et al., 2015).
While SNX20 and SNX21 share the same overall domain
organisation and approximately 40% sequence conservation at the
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amino acid level, they are distinguished by an N-terminal extension
in SNX21 that is predicted to include a short a-helical structure
(Clairfeuille et al., 2015). Both proteins conform to the classical
view of sorting nexins, as they associate with the endosomal
network through the interaction of their respective PX domains with
endosome-enriched phosphoinositides (Clairfeuille et al., 2015).
The prevailing view, therefore, is that the SNX-PXB proteins serve a
role as endosome-associated scaffolds (Clairfeuille et al., 2015).

That being said, little is known of the functional role of
SNX-PXB proteins. One study has proposed a role for SNX20 in the
endosomal trafficking of the integral adhesion receptor for P-selectin
glycoprotein ligand 1 (PSGL-1, also known as SELPLG), although
an SNX20-knockout mouse displayed no phenotype relating to
PSGL-1 function in endothelial cell adhesion (Schaff et al., 2008).
In addition, the ability of SNX20 to directly associate with the
cytosolic domain of PSGL-1 has recently been questioned
(Clairfeuille et al., 2015). In an RNA1 loss-of-function screen,
suppression of SNX21 expression had a minor effect on the
degradative sorting of internalised EGF receptor, although the
mechanistic basis of this modest effect remains unclear (Danson
et al., 2013). Finally, the SNX20 gene locus has recently been linked
to inflammatory bowel disease, in particular Crohn’s disease, through
genome-wide association in African Americans (Brant et al., 2016).

In the present study we have used unbiased quantitative proteomics
to define those proteins that associate with SNX21, revealing that the
SNX21 N-terminal extension interacts with the Huntington’s disease
protein huntingtin (Htt) (Saudou and Humbert, 2016) whereas the
PXB domain appears to associate with various members of the septin
family of cytoskeletal- and membrane-associated proteins (Mostowy
and Cossart, 2012): an interaction that is also observed in SNX20.
In establishing that these interactions are sufficient for SNX21 to
recruit Htt and septins on to an endosomal population, we reveal a
scaffolding function for this sorting nexin. Our work paves the way
for a more detailed mechanistic analysis of the role(s) of the SNX-PXB
proteins in endosomal biology.

RESULTS

SNX21 is associated with the endocytic network

The available structural data are consistent with a potential scaffolding
role for SNX21 (Clairfeuille et al., 2015). For other sorting nexins
with scaffolding roles, we used stable isotope labelling of amino acids
in cell culture (SILAC)-based quantitative proteomics coupled with
high-affinity GFP-nanotrap immunoisolation of GFP fusion proteins
to reveal functionally relevant protein-protein interactions (Steinberg
et al., 2013; McGough et al., 2014a,b; McMillan et al., 2016;
McNally et al., 2017; Simonetti et al., 2017). As a prelude to applying
this methodology to SNX21, we first isolated a cDNA encoding full-
length human SNX21. This was cloned into a lentiviral vector to
encode an N-terminal GFP-tagged SNX21 chimera (GFP-SNX21).
Titration of the resultant lentivirus generated a population of HeLa
cells displaying high levels of transduction in which GFP-SNX21
was associated with dispersed and dynamic cytosolic puncta
(Fig. 1A). Recently, Clairfeuille and colleagues established that
SNX21 is recruited to early endosomes through the binding of its PX
domain to phosphatidylinositol 3-monophosphate [PtdIns(3)P] and
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,] (Clairfeuille
et al., 2015). To validate our GFP-SNX21 chimera, we therefore first
introduced a mutation into a conserved arginine residue within the
SNX21 PX domain, arginine 171, the equivalent residue of which
is essential for phosphoinositide binding to the PX domain of
other sorting nexins (Fig. 1B) (Teasdale and Collins, 2012). The
resultant SNX21(R171A) mutant failed to localise to cytosolic

punctac and instead was distributed throughout the cytosol
(Fig. 1C). A similar loss of punctate association was observed
with wild-type SNX21 following incubation with the PI3-kinase
inhibitor wortmannin (Fig. 1C).

Next, we performed a series of confocal imaging experiments
where we co-stained GFP-SNX21 expressing HeLa cells with
standard markers for early endosomes (EEA1), early-to-late
transition endosomes (SNX1, VPS35), late endosomes (LAMP1,
CD63) and the ftrans-Golgi network (TGN38) (Fig. 1D).
Quantification of the resultant images through Pearson
co-localisation and correlation coefficients confirmed that the
GFP-SNX21-labelled punctae were predominantly early endocytic in
character, extending from early endosomes through to early-to-late
transition endosomes (Fig. 1E; Table S4). We extended this analysis
through a similar co-localisation analysis with mCherry-tagged
versions of Rab4, Rab5, Rab7 and Rab11, again quantifying images
by means of Pearson analysis (Fig. 2A; Table S5). Co-localisation
was observed with Rab5-labelled early endosomes and Rab7-labelled
late endosomes, as well as elements of the Rab4/Rabl1 recycling
endosomes (Fig. 2B). Together, these data confirm and extend the
characterisation of the association of SNX21 with early elements of
the maturing endo-lysosomal network (Clairfeuille et al., 2015), and
establish that the N-terminal tagging of SNX21 with GFP does not
adversely affect its ability to associate with, and localise to, these
endocytic compartments.

Quantitative proteomics-based identification of the

SNX21 interactome

To perform SILAC-based quantitative proteomics, we cultured GFP-
and GFP-SNX21-expressing RPE-1 cells in light (ROKO) and
medium (R6K4) media for at least six doublings to ensure steady-
state protein labelling. Immuno-isolation of the GFP tag was achieved
through GFP-nanotrap prior to mixing of the two samples and protein
resolution on SDS-PAGE and protein identification by LC-MS/MS
(Fig. 3A). The resultant data (Table S2) were filtered first by exclusion
of those proteins identified through a single peptide and secondly, the
exclusion of proteins that showed a quantified enrichment ratio of
GFP-SNX21:GFP of less than 20. This resulted in a list of 287
proteins (Table S3), of which the top two hits were Huntingtin (Htt)
and sacsin, proteins that when mutated lead to the neurodegenerative
diseases Huntington’s disease (HD) and autosomal-recessive spastic
ataxia of Charlevoix-Saguenay (ARSACS), respectively (Saudou and
Humbert, 2016). A string analysis of the top hits (defined by those
proteins 100-fold enriched and with a protein score of >50) identified a
network of experimentally defined associations within the interactome
(Fig. 3B). Most notable was the presence of SEPT2, SEPT6, SEPT7,
SEPT8, SEPT10 and SEPT11, all members of the septin family of
filamentous heteromeric GTPases (Mostowy and Cossart, 2012).
Septins are associated with the cytoskeleton and with cellular
membranes, and have emerging roles in a number of membrane-
based processes, including poorly defined functions within the
endocytic network (Baust et al., 2008; Baumann et al., 2014; Traikov
et al., 2014; Dolat and Spiliotis, 2016; Song et al., 2017).

To initially validate the proteomic data, we turned to quantitative
western analysis to probe the presence of huntingtin (Htt) and selected
septins (SEPT2, SEPT7 and SEPT9) in a series of GFP-nanotrap
immunoprecipitates from RPE-1 cells expressing GFP-tagged
versions of the SNX-BAR proteins SNX1 and SNX9, the SNX-
FERM-like protein SNX17, and SNX21 (Fig. 3C). This validated
the association of these proteins with SNX21 and revealed the specific
nature of these interactions, at least within the context of this sorting
nexin cohort (Table S6). Finally, immunoprecipitation of endogenous
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Fig. 1. The PX domain of SNX21 is required for its targeting to highly dynamic PtdIns(3)P-enriched early endosomes. (A) HelLa cells stably expressing a
plasmid encoding eGFP-SNX21 were imaged live. A selected frame of a live movie depicting the localisation of GFP-SNX21 to highly dynamic, peripherally
localised punctae. Scale bar: 40 um. (B) Protein sequence alignments between SNX1, SNX3 and SNX21 reveal the conserved arginine residues in the PX
domain of SNX21 implicated in the binding to phosphoinositides. (C) HeLa cells were transfected with DNA encoding eGFP-SNX21, fixed and imaged: wild-type
SNX21 localises to peripheral punctae, SNX21 R171Ais cytosolic, as is wild-type SNX21 upon inactivation of PI3-kinase via treatment with wortmannin (200 nM).
Scale bars: 20 pm. (D) Hela cells were virally transduced to express GFP-SNX21 and co-immunostained for endogenous proteins representative of various
trafficking compartments and imaged using confocal microscopy. Scale bars: 20 ym. (E) Quantitative colocalisation analysis between GFP-SNX21 and
endogenous compartment markers. Graph represents the mean of >22 cells quantified; error bars show s.e.m.

SNX21 confirmed its ability to associate with endogenous Htt The N-terminal region of SNX21 is required for

(Fig. 3D; Table S7). However, we were unable to reproducibly Htt association

quantify a robust immunoprecipitation of endogenous SEPT2, SEPT7  To validate the association of SNX21 with Htt, we co-expressed
and SEPT9 with endogenous SNX21 (data not shown). in RPE-1 cells GFP-SNX21 alongside FLAG-tag chimeras of
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Fig. 2. GFP-SNX21 is highly enriched on early elements of the maturing endo-lysosomal network. (A) HelLa cells were virally transduced to express
GFP-SNX21 and various mCherry-Rabs that associate with temporally and spatially segregated sorting compartments, prior to fixation and imaging
using confocal microscopy. Scale bars: 20 um. (B) Quantitative colocalisation analysis between GFP-SNX21 and mCherry-Rab markers using Volocity. Graph

represents the mean of >15 cells quantified from each. Error bars show s.e.m.

full-length Htt or a truncated Htt mutant encoding the first 588
amino acids (Fig. 4A). This established that SNX21 associated with
the Htt N-terminal region. This region of Htt includes the pathogenic
mutations of exon 1 within the H7T gene that through expansion
of multiple CAG trinucleotide repeats leads to the encoding of
a polyglutamine tract (polyQ) (Saudou and Humbert, 2016).
Expansion of the polyQ tract beyond 40 or more repeats leads to
pathogenicity through mechanisms that are generally considered to
arise from perturbed protein-protein interactions leading to toxic
gains of function and the possible loss or modification of normal Htt
function (Saudou and Humbert, 2016). Inclusion of a 116-residue
polyglutamine expansion in either full-length Htt or the N-terminal
1-588 aa region did not adversely affect the ability of SNX21 to bind
to Htt (Fig. 4A).

To map the binding site(s) required for SNX21 association with
Htt, we first designed a series of truncation mutants based on the
known domain architecture of SNX21 (Clairfeuille et al., 2015).
Residues 1-129 encode the unique N-terminal domain, while

residues 129-240 and 245-372 encode the PX and PXB domains,
respectively (Fig. 4B). Transient transfection of HEK-293 cells
with plasmids encoding GFP-tagged fusion of each of these
regions followed by GFP-nanotrap immunoisolation revealed that
although GFP-SNX21 PX (residues 129-240) and GFP-
SNX21PX/PXB (residues 129-373) failed to associate with Htt, a
fusion encoding the N-terminal domain, GFP-SNX21(1-129)
displayed robust Htt binding that was quantitatively (Table S8)
more pronounced than that observed with the wild-type GFP-
SNX21 (Fig. 4C,D). Further analysis of this region, in particular its
sequence relationship to SNX20 (Fig. 4B), revealed that residues 1-
53 encode an extension unique to SNX21, while residues 53-129
display a very low level of sequence homology with SNX20
(Fig. 5A). Consistent with this low level of similarity, transient
transfection of plasmids encoding GFP-tagged fusions of full-
length SNX20 or the N-terminal 1-66 residues of SNX20
immediately preceding the PX domain, established that SNX20
does not associate with Htt (Fig. 4E).
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Fig. 3. See next page for legend.

Acidic clusters in the SNX21 N-terminus are required for

Htt association

To further define the binding of the N-terminal region of SNX21 to
Htt, we next transiently transfected HEK-293 cells with plasmids
encoding GFP-tagged fusions of residues 1-52 and 53-129 of

SNX21 followed by GFP-nanotrap immunoisolation. This revealed
that neither fusion protein was able to associate with Htt (Fig. 5B).

While studying the 1-129 region of SNX21 further, our attention
was drawn to two acidic clusters within residues 41-79 in the
N-terminal region of SNX21 (Fig. 5A). As one cluster,
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Fig. 3. SILAC and western blot analyses of the SNX21 interactome reveals
interactions between SNX21, huntingtin and septins. (A) RPE1 cells were
virally transduced to express GFP-SNX21 or GFP; the GFP-expressing cells
were cultured in normal (ROKO) medium, whereas the GFP-SNX21-expressing
cells were grown in ‘medium’-isotope labelled medium (R6K4), prior to lysis
and GFP-nanotrap-mediated precipitation of the GFP tags. Precipitates were
pooled, separated by SDS-PAGE and subjected to gel walking LC-MS/MS
analysis on an ORBITRAP mass spectrometer. (B) Using the criteria referred to
in the Materials and Methods, we used an algorithm (https:/string-db.org/) to
search for functional groupings within the SNX21 interactome. Both lines
represent known interactions from curated databases (pink) and those that
have been experimentally determined (purple). The dashed lines represent
previously published experimental links between proteins, which have not been
detected via STRING analysis. Larger nodes represent proteins of known or
predicted 3D structure. (C) Representative western analysis of HEK293-T cells
transiently transfected to express GFP-tagged SNXs and the resultant
immunoprecipitates from the corresponding GFP-nanotrap isolates probed with
antibodies against the respective endogenous proteins. Quantification of western
analysis confirming the specific nature of these interactions with respects to
SNX21. Graphs represent the mean of three biological replicates with error bars
indicating s.e.m. Values for the amount of co-immunoprecipitated protein with
respective GFP-SNXs were normalised relative to that of the GFP tag alone
and two-tailed unpaired t-tests were used to compare the significance of change
with respect to Htt or septin binding between SNX21 and the other SNXs
analysed (P<0.05). (D) Representative western analysis of endogenous SNX21
and rabbit IgG co-immunoprecipitation of huntingtin. Graph represents the mean
of three biological replicates with error bars indicating s.e.m. Within each
biological repeat, Htt binding to SNX21 was set at 100% and values for binding to
IgG adjusted accordingly. Significance of change (*P<0.05) was determined
using unpaired two-tailed t-tests and values for precipitated Htt were normalised
relative to the intensity of the respective 1IgG bands.

41E-S-S-E-L-E-D-D-D-A-E*°, lay within residues 1-52 and the
other, ®’E-D-D-E-D-D-E-D-E-D-D-E-E”°, lay within residues
53-129, and as neither of the two clusters was conserved in SNX20,
we reasoned that these acidic clusters may constitute an important
element in the binding of SNX21 to Htt. To explore this, we derived
two GFP-tagged deletion mutants targeting each individual cluster,
GFP-SNX21(A41-49) and GFP-SNX21(A67-79). GFP-nanotrap
immunoisolation of corresponding proteins expressed in HEK-293
cells established that both deletions reduced the level of Htt
binding with the most pronounced effect being observed with
GFP-SNX21(A41-49), where a complete loss of binding was
observed (Fig. 5C). Further revealing the importance of this acidic
cluster, site-directed mutagenesis designed to engineer a double
Asp48Lys and Asp49Lys charge switch, GFP-SNX21(D48K, D49K),
also led to a complete loss of Htt binding, while reduced binding
was observed with the single GFP-SNX21(D48K) mutant (Fig. 5C).
For the second acidic cluster, a single GFP-SNX21(D68K) mutant
displayed a reduced level of Htt binding, which was further
reduced, but not completely lost, when combined with the GFP-
SNX21(D48K) mutant to form the GFP-SNX21(D48K, D68K)
double mutant (Fig. 5C). Given that the N-terminal 1-129 region
of SNX21 is not predicted to contain an overall structural fold
apart from an o-helix at residues 10-23 (Clairfeuille et al., 2015),
one interpretation of these data is that SNX21 binding to Htt
comprises a multivalent association that drives an avidity-based
mode of interaction.

Finally, we performed confocal microscopy on all of the deletion
and site-directed mutants to examine the relationship between
Htt binding and their subcellular distribution. All of the mutants
retained their ability to associate with endosomes, establishing that
their ability to bind Htt occurs independently of their endosomal
association (Fig. 5SD). Indeed, the GFP-SNX21(1-129) truncation,
which robustly associates with Htt (Fig. 4C,D), is entirely cytosolic,
as would be expected given that it lacks the functional PtdIns(3)P- or

PtdIns(4,5)P,-binding PX domain (Fig. 5D). Together, these data
suggest that the association of SNX21 with Htt is mediated through
multivalent binding to two acidic clusters present within the unique
N-terminal domain of SNX21, of which the N-terminal proximal
cluster is the most dominant.

The PXB domain of SNX21 is required for binding to septins
In performing an equivalent analysis to map the binding of SNX21
to septins, we observed that those SNX21 site-directed mutants
defective in their ability to bind Htt, namely GFP-SNX21(D48K,
D49K) and GFP-SNX21(D49K), retained their association with
SEPT2 and SEPT7 (Fig. 6A). Further evidence of a distinct mode of
binding arose from analysing the SNX21 deletion mutants. While
the Htt-binding N-terminal region of SNX21 failed to associate with
these septins, the isolated SNX21 PXB domain (residues 273-373)
displayed clear binding (Fig. 6A). Consistent with binding
being mediated through the PXB domain, a less robust but still
apparent association was observed between GFP-tagged SNX20
and septins (Fig. 6A). Interestingly, binding of SNX21 to septins
was dependent on the endosomal association, as binding was lost
with the GFP-SNX2I1(R171A) mutant that lacks endosome
association (Fig. 6A).

The SNX21 PXB domain consists of TPR a-helical repeats
displaying the typical helix-turn-helix motif of TPR proteins
(Clairfeuille et al., 2015). The initial six o-helical folds form three
TPR repeats, with the seventh and C-terminal a-helical fold looping
atypically back across the core TPR structure (Clairfeuille et al., 2015).
This unusual conformation leads on the one hand to the exposure
of a hydrophilic surface but on the other hand occludes a conserved
surface of hydrophobic residues, both surfaces comprising potential
sites for protein-protein interactions (Clairfeuille et al., 2015).
To further map the binding of septins, we engineered a series of
site-directed mutants targeting conserved residues that generally
located to the surface-exposed faces of the TPR repeats (Fig. 6B).
Within human SNX21, L260 and E270 lie on the o2 helix, E307,
L310 and L313 residues on the o4 helix, L332 the a5 helix, and
L363, K364, E365, 1368 and E370 are all located along the a7
helix. Mutagenesis of these residues, either to the small hydrophobic
alanine residue or by introduction of positive and negatively charged
amino acids [glutamic acid (E) and lysine (K)], followed by their
expression in RPE-1 cells as N-terminal-tagged GFP fusions
established that all mutants, after GFP-trap immunoisolation,
retained binding to SEPT2, SEPT7 and SEPT9 with the exception
of GFP-SNX21(L363A) and GFP-SNX21(K364E) where the
level of septin binding was clearly reduced (Fig. 6C). Introduction
of these mutations did not globally affect the SNX21 fold as
binding to Htt was retained (Fig. 6C) and all mutants localised to
intracellular cytosolic punctae, consistent with endosomal association
(Fig. 6D). Overall, these data establish that the organisation and/or
properties of the o7 helix are an important feature necessary for
septin binding.

SNX21 recruits endogenous Htt on to endosomes

At the heart of the proposed scaffolding role of SNX21 is the notion
that this sorting nexin serves to recruit and assemble functional
protein complexes onto the endosomal membrane (Clairfeuille
et al., 2015). In RPE-1 cells, indirect immunofluorescence staining
of'endogenous Htt revealed a general cytosolic distribution whereas
staining of endogenous SEPT7 and SEPT9 displayed the
previously documented association with actin stress fibres
(Fig. 7A,B) (we were unable to detect endogenous SEPT2 using
immunofluorescence in these cells). In contrast, when these cells
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Fig. 4. A putative binding region in the N-terminus of SNX21 facilitates an association with the N-terminal region of both wild-type and mutant (polyQ)
huntingtin. Unless otherwise stated, all interactions were analysed through GFP-nanotrap precipitations from transiently transfected HEK293T cells followed by
SDS-PAGE and western blotting. (A) HEK293-T cells expressing GFP-SNX21 or GFP, were co-expressed with either Flag-tagged variants of full-length Htt, the
first 588 amino acids of Htt [Hit (1-588aa)], full-length Htt containing a polyQ expansion [Htt-polyQ (full length)] or the corresponding expansion in the first 588 amino
acids [Htt-polyQ (1-588aa)]. Each of the huntingtin variants expressed were co-immunoprecipitated by SNX21. Data are representative of three biological replicates.
(B) Domain organisation of SNX21 and SNX20. Both proteins have predicted PX and PXB domains, however SNX21 has an extended region N-terminal of

the PX domain. (C) The indicated GFP fusions of SNX21 and various truncations were analysed for the ability to precipitate endogenous Htt. The association of
Htt was intensified when the N-terminal extension of SNX21 was used as bait. Data are representative of three biological replicates. (D) Fluorescence-based
quantitative western blotting was used to access the relative increase in binding to Htt to the SNX21 N-terminus over the wild-type protein (graph represents

the mean of three biological replicates and error bars are s.e.m). Significance of change was accessed using unpaired t-test and values for Htt were normalised
relative to the intensity of the respective precipitated GFP tags. (E) Cells transiently transfected to express GFP-tagged chimeras of full-length SNX21, SNX20
and SNX17, or the N-terminal region of SNX21 (residues 1-129) or SNX20 (residues 1-66) were processed as above. Htt precipitation is highly specific to SNX21 and
occurs through the N-terminal extension preceding the PX domain. Data are representative of three biological replicates.

were transiently transfected to express GFP-SNX21, Htt and the
septins showed a steady-state association with the SNX21-positive
endosomal population (Fig. 7A,B). Under these conditions, the
SNX21-driven endosomal recruitment of Htt was dependent upon
binding to SNX21 as expression of the Htt loss-of-binding GFP-
SNX21(D48K, D49K) mutant did not elicit the quantitative
recruitment of endogenous Htt to those GFP-SNX21(D48K,
D49K)-positive endosomes (Fig. 7C; Table S9). In a similar

manner, the septin loss-of-binding GFP-SNX21(L363A) mutant
failed to drive the quantitative association of SEPT7 or SEPT9
with those GFP-SNX21(L363A)-positive endosomes (Fig. 7D,E;
Tables S10, S11). Together, these data establish that under these
conditions, the expression of SNX21 leads to a reconfiguration of the
steady-state localisation of Htt and septins to endosomes in a
manner that is consistent with its proposed role as an endosomal
scaffold (Clairfeuille et al., 2015).
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Fig. 5. Co-immunoprecipitation of Htt with SNX21 requires negatively
charged residues in the SNX21 N-terminus, but does not require SNX21 to
be endosomally localised. (A) Adaptation of SNX20 and SNX21 protein
alignment previously generated by Clairfeuille and colleagues (Clairfeuille et al.,
2015). Green boxed regions represent clusters of negatively charged amino
acids not present in the SNX20 N-terminal extension. Red boxes denote
conserved amino acids within SNX20 and SNX21 sequences and asterisks
countevery ten residues starting with the fist methionine of SNX20. (B) HEK293-
T cells were transiently transfected to express GFP, GFP-tagged full-length
SNX21 and two truncation mutants representing the two halves of the
N-terminal region of SNX21. Precipitates from the GFP-nanotrap-isolated
variants were analysed by western blotting and demonstrate the necessity fora
full N-terminal extension in order to facilitate Htt binding. Data are representative
of three biological replicates. (C) Site-directed mutagenesis was used to
engineer a variety of charge swap mutants targeting the negatively charged
clusters of amino acids, prior to probing for Htt binding as above. Two aspartic
acid residues in the first N-terminal cluster are essential for precipitation of Htt
with SNX21. (D) Both the point mutated GFP-SNX21 and truncation variants
were expressed in Hela cells prior to fixation and immunolabelling with anti-
EEA1. Except for the N-terminal 1-129 construct, which lacks a PX domain, all
mutants retained an endosomal localisation. Scale bars: 20 um.

Here, we utilised unbiased quantitative proteomics to provide an
initial molecular insight into the scaffolding role of the SNX-PXB
subfamily (Clairfeuille et al., 2015). Through a focused analysis of
SNX21, we have established that its unique N-terminal region is
required to associate with Htt while its PXB domain appears to engage
members of the septin family of small GTPases. In an in vitro
cell-culture-based expression system, we present evidence that
these individual interactions are required to recruit endogenous Htt
and endogenous septins to SNX21-decorated early endosomal
populations. With the ever-increasing body of evidence suggesting
that septins (Baust et al., 2008; Traikov et al., 2014; Dolat and
Spiliotis, 2016) and Htt (Pal etal., 2006; Lietal., 2009; Li et al., 2010;
Caviston etal.,2011; Nath etal., 2015) play important functional roles
in endosomal biology, our study paves the way for a more-focused
analysis of the potential role of SNX21 (and SNX20) in these events.

The major SNX21 interactor characterised in our study is Htt, an
interaction that was also recently identified in a large-scale human
proteomic analysis (Huttlin et al., 2017). Htt has been implicated in
the function of the endo-lysosomal network (Kegel et al., 2005; Pal
etal., 2006; Li et al., 2009), in particular through its association with
microtubules motors. Htt associates with the minus-end-directed
microtubule motor, dynein (Caviston et al., 2007) and through
the Htt-associated protein 1 (HAP1) kinesin-1 and the p1509ued
subunit of dynactin (Engelender et al., 1997; Li et al., 1998;
McGuire et al., 2006; Twelvetrees et al., 2010). These associations
facilitate the anterograde and retrograde movement of a variety of
organelles that include endosomes and lysosomes (Caviston et al.,
2011; Liot et al., 2013), autophagosomes (Wong and Holzbaur,
2014) and vesicles containing SNAREs, APP (amyloid precursor
protein), BDNF (brain-derived neurotrophic factor) and GABA
receptors (Colin et al., 2008; Gauthier et al., 2004; Her and Goldstein,
2008; Twelvetrees et al., 2010). In addition, Htt engages with Rab
GTPases to regulate endosomal function. Htt regulates Rab11 in order
to promote vesicle recycling, especially in the context of epithelial
polarity (Li et al., 2008; Elias et al., 2015), and forms complexes with
Rab5 and Rab8 to modulate actin- versus microtubule-based vesicle
motility (Hattula and Peranen, 2000; Sahlender et al., 2005; Pal et al.,
2006). Given the importance of microtubule- and actin-based motors
in the short- and long-range movement of transport carriers (Granger
et al., 2014), our data suggest that the association of SNX21 with Htt
may serve to coordinate the directed movement of a specific set of
cargo-enriched transport carriers. That SNX21 binding to Htt is
neither enhanced nor perturbed by inclusion of a pathogenic polyQ

expansion establishes that the interaction reflects a ‘normal” mode
of Htt function rather than a gain or loss of function.

The other SNX21 interactors identified from our proteomic
analysis are septins, a family of proteins that share a central GTPase
domain through which they hetero-oligomerise to form apolar
filaments and higher-ordered assemblies. There are 13 human
septins classified into the SEPT2, SEPT3, SEPT6 and SEPT7
subgroups (Kinoshita, 2003). Septins associate with the cytosolic
surface of membranes and this may serve to support their filamentous
assembly (Bridges et al., 2014). Septin filaments are considered to
function by restricting the lateral mobility of integral membrane
proteins and to scaffold the assembly of functioning complexes via
recruitment of additional protein factors (Caudron and Barral, 2009).
In the SEPT2-SEPT6-SEPT7 complex, bending of the filament
allows the sensing and induction of positive membrane curvature, that
is the remodelling of the membrane towards the cytosol as observed
in, for example, membrane tubules (Tanaka-Takiguchi et al., 2009;
Bridges et al., 2016). Besides roles in endocytic carrier formation
at the cell surface, septins engage a number of elements known to
play important roles in the endo-lysosomal network including the
AP-3 adaptor, SNARE proteins and the exocyst complex (Hsu
etal., 1998; Beites et al., 1999; Taniguchi et al., 2007; Baust et al.,
2008; Ito et al., 2009; Traikov et al., 2014; Dolat and Spiliotis,
2016). In describing the association of septins with the early-
endosomal-resident SNX21, we have added to this increasing
body of evidence reporting a link between septins and the endo-
lysosomal network. Our evidence showing that overexpressed
SNX21 can recruit endogenous septins to early endosomes, in a
manner that is dependent on the membrane association of SNX21
for its septin interaction, hints at a potential role in aiding the formation
of endosome-associated septin filaments. That the association is
mediated through the organisation and/or properties of the o7
helix is consistent with the recently proposed model for protein-
protein interaction within the PXB domain (Clairfeuille et al.,
2015). Here, the o7 helix regulates the exposure of a conserved
hydrophobic pocket (Clairfeuille et al., 2015). Overall, taken
alongside evidence that SNX-PXB proteins can bind to integral
membrane cargo proteins (Schaff et al., 2008), we suggest that
SNX21 may serve to coordinate the process of cargo recognition
via the formation of septin filaments in order to restrict lateral
mobility of the captured cargo and aid the biogenesis of cargo-
enriched transport carriers.

In sum, our identification of the association of SNX21 with Htt and
septins coupled with our initial analysis of these interactions provides
a framework from which to further explore the endosomal scaffolding
role of the SNX-PXB proteins. Further ongoing experiments are
aimed at providing a more detailed functional analysis of SNX21 in
endo-lysosomal cargo sorting and the importance of its association
with Htt and possibly septins.

MATERIALS AND METHODS

Antibodies

Primary antibodies employed in this study were: mouse anti-EEA1 (BD
Biosciences #610456, IF 1:200), mouse anti-SNX1 (BD Biosciences
#611482, IF 1:200), rabbit anti-VPS35 (Abcam #ab97545, IF 1:400),
sheep anti-TGN38/46 (Genetex #GTX74290, IF 1:400), mouse anti-CD63
(Santa Cruz #MEM259, IF 1:250), mouse anti-LAMP1 (Hybridoma Bank
#H4A3, IF 1:400), rabbit anti-Huntingtin (Abcam #ab109115, IF 1:400
and WB 1:1000), mouse anti-Huntingtin (Thermo Fisher 3-19, IF 1:200)
rabbit anti-Septin 2 (Abcam #ab179436, WB 1:1000), rabbit anti-Septin 7
(Proteintech #13818, IF 1:200 and WB 1:1000), rabbit anti-Septin 9
(Proteintech # 10769, IF 1:200 and WB 1:1000), mouse anti-GFP (Roche
#11 814460001, WB 1:2000), rabbit anti-SNX21 (Proteintech #22193-1-AP,

9

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




RESEARCH ARTICLE Journal of Cell Science (2018) 131, jcs211672. doi:10.1242/jcs.211672

D
A GFP-IP
N
oX
"3
N 9 &
'(\'\?. b?)?“ @‘l‘\ ~\g,\ ,\,'\
& 9\ Q Q" &
R RN RN R
S‘@Q Q’%eQ’et\ %eQ’%t\Q'%eQ’%e 5
SRR AN AR ANCARIC RC RS
— — " == anti - Htt
anti - Sept 7
anti - GFP

C
GFP-IP
) D D DA D DO P D
'5\61‘ ‘g’p %@4‘6%&%6%?“%%«&%\%?‘%@?%@*‘ q,/\g‘?‘ S
IRAICAOCCION "@w\@fﬁ& .
q?\o\ + 6%"\@%%"‘3’ ép’%ép’%e‘p’%e"p’%e"\g’%e'p’ é“%é*' ‘_oe"p’

@ 3 3 S
SR &7 Q7 R R7R7ERTR7R7 RV Q7R R
FEFESFSFFSFSFSFSE S S S S S

—— — — — — — g g— o o= 20 - Hit

e
— SSeSEi

o - e— e - — G e G e @mn eme  aNti- Septin 7

anti - Septin 9

anti - GFP

Fig. 6. See next page for legend.

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-

10



RESEARCH ARTICLE

Journal of Cell Science (2018) 131, jcs211672. doi:10.1242/jcs.211672

Fig. 6. Co-immunoprecipitation of septins with SNX21 requires a surface
exposed leucine in the PXB domain. (A) HEK293-T cells were transiently
transfected with constructs encoding GFP, GFP-SNX20, GFP-SNX21 and
various SNX21 point mutants. After GFP-nanotrap immunoisolation, precipitates
were analysed by SDS-PAGE and western blotting. GFP-SNX21 precipitates
both septin 2 and septin 7, an interaction that occurs via the SNX21 PXB domain
and appears to require the endosomal localisation of SNX21. Data are
representative of three biological replicates. (B) Amino acid residues mutated in
the current study mapped onto the published structure of the mouse SNX21
(Clairfeuille et al., 2015). (C) Site-directed mutagenesis of the SNX21 PXB
domain, targeting predicted surface exposed residues. Constructs encoding
GFP-tag chimeras of the various SNX21 mutants were transiently expressed in
HEK293-T cells prior to GFP-nanotrap, SDS-PAGE and western blotting.
Mutation of an evolutionarily conserved leucine (L363A) and a neighbouring
lysine (K364E) is sufficient to perturb association with both septin 2 and

septin 7. Data are representative of three biological replicates. (D) GFP-SNX21
mutants were expressed in Hela cells prior to fixation and immunolabelling
with anti-EEA1. Each of the mutants analysed retained an endosomal
localisation in accordance with the wild-type protein. Scale bars: 20 ym.

WB 1:1000), mouse anti-rabbit conformation specific (Cell Signaling #3678,
WB 1:1000) and rabbit IgG (EPR25A) isotype control (Abcam #172730).
Jackson ImmunoResearch Alexa-Fluor680/800-conjugated secondary
antibodies were used for quantitative detection of proteins by western blot at
1:18,000 and Invitrogen Alexa-Fluor secondary antibodies for detection of
primary antibodies in immunofluorescence experiments at 1:400.

Cell culture

HeLa, HEK293-T and RPEI cells were cultured at 37°C and 5% CO, in
DMEM supplemented with 10% FCS and 1% penicillin-streptomycin.
For SILAC experiments, RPE1 cells were cultured with labelled amino acids
(R6K4 or ROKO) contained in SILAC-DMEM (Sigma) supplemented with
10% dialysed FCS (Sigma).

Viral and transient expression of tagged constructs

RNA was isolated from HeLa cells using the RNeasy (Qiagen) kit prior to
cDNA generation using QuantiTect Reverse Transcription Kit (Qiagen)
both in accordance with manufacturer’s instructions. Using primers
designed against the wild-type SNX21 sequence, the ORF of SNX21 was
cloned into pEGFP-C1 (Clonetech). Subsequently, eGFP-C1-SNX21 was
used as template to generate point mutations into the wild-type ORF by site-
directed mutagenesis using the Agilent Quik-Change Kit, oligonucleotide
mutagenic primers (see Table S1) both contained the desired mutation and
were designed to anneal at overlapping sequences on the opposing strands.
SNX21 was divided into its sub-domains in accordance with the boundaries
defined by Clairfeuille and colleagues (Clairfeuille et al., 2015). From
pEGFP-C1 we sub-cloned the ORF of SNX21 into the lentiviral expression
plasmid pXLG3; HEK293-T cells were then transiently transfected with
pXLG3-GFP-SNX21 in combination with viral helper plasmids and viral
medium harvested after 48 h growth. HeLa or RPEI cells were exposed to
decreasing titres of lentivirus for 72 h and virally transduced cells expressing
low levels of eGFP-SNX21 were selected for subsequent experimentation.
All other SNX-containing plasmids were generated in the lab previously and
were also expressed from the eGFP-C1 vector. Full-length huntingtin variants
were cloned into pTRE2hyg-FLAG and DNA encoding Huntingtin 1-588 into
pC1-FLAG, both of which were kind gifts from Professor David Rubinstein
(Cambridge Institute for Medical Research, Cambridge, U.K.). For transient
expression in HEK-293-T, we cultured cells in Optimem containing plasmid
DNA with polyethylenimine (PEI) at a 3:1 ratio (3 ug DNA:1 pg PEI) for 4 h
prior and processed after growth for a further 24 h. Transient transfection of
plasmid DNA in HeLa and RPEI cells was performed using Lipofectamine
LTX according to the manufacturer’s protocol.

SILAC experiments

SILAC reagents were purchased from Thermo Fisher with the exception of
FCS and SILAC DMEM from Sigma. RPE1 cells virally expressing selected
plasmids were seeded in six-well plates in SILAC labelling medium
supplemented with dialysed FCS and cultured over a minimum of six

passages to achieve full labelling with respective isotopes and a minimum of
two confluent 20 cm dishes for generation of lysates. GFP-expressing
control cells were grown in unlabelled medium with standard arginine
and lysine (ROKO) and GFP-SNX21-expressing cells were grown in
medium supplemented with ‘medium’-mass isotopes [!3Cg4]-arginine and
4,4,5,5-D4-Lysine (R6K4). Cells were lysed in immunoprecipitation
buffer [50 mM Tris-HCI (pH 7.4), 0.5% NP40, 1 mM PMSF, 200 uM
Na3;VO, and a Roche mini complete protease inhibitor tablet] and the
GFP tags were precipitated with GFP-nanotrap beads (Chromotek) for 1 h
at 4°C then combined prior to three washes in wash buffer (50 mM
Tris-HCI, pH7.4, 0.2% NP40). Proteins were isolated in sample
buffer, separated using NuPAGE (4-12%) pre cast gels (Invitrogen),
visualised using All Blue protein stain (Invitrogen) and analysed by
LC-MS-MS on an Orbitrap Velos (Thermo) spectrophotometer
(Steinberg et al., 2012; Steinberg et al., 2013; McGough et al., 2014a,b;
McMillan et al., 2016).

Immunoprecipitation experiments

For GFP-nanotrap, HEK293-T cells were transfected with respective
GFP constructs as described above, lysed in immunoprecipitation buffer
(50 mM Tris-HCI, pH 7.4, 0.5% NP40, 1 mM PMSF, 200 uM Na;VO,
and a Roche mini complete protease inhibitor tablet) and the GFP tags
were precipitated with GFP-nanotrap beads (Chromotek) for 1 h at 4°C,
washed three times in wash buffer (50 mM Tris-HCI, pH 7.4, 0.2% NP40),
prior to separation by SDS-PAGE and western blotting. For the endogenous
immunoprecipitations; HEK293-T cells were lysed in immunoprecipitation
buffer (50 mM Tris-HCL, pH 7.4, 0.5% NP40, 1 mM PMSEF, 200 uM
Na3; VO, and a Roche mini complete protease inhibitor tablet). Cleared lysates
were separated into two fractions prior to the addition of 2 pg of either
anti-SNX21 or rabbit IgG control antibody and incubated at 4°C for 2 h.
Protein-G agarose beads (Pierce) were then washed three times in
lysis buffer and added to the respective lysates prior to a further incubation
at 4°C for 1 h. Beads were washed three times in wash buffer (50 mM
Tris-HCI, pH 7.4, 0.2% NP40), prior to separation by SDS-PAGE and
western blotting.

Western blotting

Western blots were performed using standard procedures; proteins were
detected and quantified on a LI-COR Odyssey infrared scanning system via
recognition of fluorescently labelled secondary antibodies.

Image acquisition and quantification

HeLa or RPE1 cells virally transduced to express low levels of GFP-SNX21
(co-localisation assays) or transiently transfected with plasmid DNA
(Htt and septin endosomal recruitment assays) were plated on glass
coverslips, fixed with 4% (w/v) PFA and permeabilised using 0.1% Triton
X-100 (Sigma) for 4 min, except for visualisation of septins, where cells
were fixed and permeabilised in ice-cold methanol for 4 min at 4°C. Cells
were blocked in PBS supplemented with 2% BSA (P-BSA) for 20 min at
room temperature, incubated on droplets of 0.2% P-BSA containing primary
antibody for 1 h, washed in PBS, prior to incubation on droplets of 0.2%
P-BSA containing Alexa Fluor secondary antibodies (Invitrogen) and DAPI
reagent. All cells were imaged using a Leica SP5 confocal laser-scanning
microscope with a 63x1.40-0.60 PL Apo ABL oil immersion objective. For
quantitative co-localisation measurements, we performed the same analyses
as described previously (van Weering et al., 2012a).

Statistical analysis

For quantification of western blots, all data represent the mean of three
independent experiments, which in each case provided adequate power to
determine the statistical significance of any changes observed. The raw
data from the quantitative western blotting was normalised relative to the
level of the respective precipitated GFP tag. For all analyses the mean and
standard error were calculated followed by a two-tailed, unpaired #-test for
determination of statistical significance and P<0.05 was determined as
significant. Data points for all quantified experimentation and statistical
analyses are included in Tables S4-S11. All graphs were generated using
PRISM-GraphPad. Quantitative co-localisation analyses were performed
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Fig. 7. The endosomal localisation of Htt and septins are perturbed in HeLa cells expressing GFP-SNX21 binding mutants. (A,B) HelLa cells were
transiently transfected with constructs encoding GFP-SNX21 or respective GFP-SNX21 mutants that do not bind to Htt or septins. Cells were fixed and
immunostained for endogenous Htt, septin 7 or septin 9. (C-E) Pearson’s correlation co-efficients between GFP-SNX21 and endogenous proteins were
quantified from digital confocal images using Volocity. GFP-SNX21 (D48K, D49K) demonstrated a quantifiable loss in Pearson’s correlation with Htt when
compared with the wild-type protein, as was observed for GFP-SNX21 (L363A) with respect to septin 7 and septin 9. Graphs represent the mean of three
biological replicates, with >7 cells quantified from each. Error bars indicate s.e.m; scale bars: 20 um. An unpaired t-test was used to compare the significance
of change with respect to the amount of Htt, septin 7 or septin 9 precipitated with wild-type and mutant SNX21.
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using Volocity; a minimum of 22 cells were analysed for comparison of
localisation with endogenous markers and a minimum of 15 cells were
used for Rab co-expression studies.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: C.M.D., P.J.C.; Methodology: C.M.D., K.J.H.; Validation: C.M.D.;
Formal analysis: C.M.D., N.P., K.J.H.; Investigation: C.M.D., N.P., K.J.H.;
Resources: C.M.D., K.J.H.; Writing - original draft: C.M.D., P.J.C.; Writing - review &
editing: C.M.D., N.P., P.J.C.; Visualization: C.M.D.; Supervision: P.J.C.; Project
administration: P.J.C.; Funding acquisition: P.J.C.

Funding

Research in the Cullen laboratory is supported from grants awarded by the
Wellcome Trust (104568/Z/14/Z) and the Medical Research Council
(MR/P018807/1). Deposited in PMC for immediate release.

Supplementary information
Supplementary information available online at
http://jcs.biologists.org/lookup/doi/10.1242/jcs.211672.supplemental

References

Babcock, J. J. and Li, M. (2014). Deorphanizing the human transmembrane
genome: a landscape of uncharacterised membrane proteins. Act. Pharmacol.
Sin. 35, 11-23.

Baumann, S., Koniig, J., Koepke, J. and Feldbriigge, M. (2014). Endosomal
transport of septin MRNA and protein indicates local translation on endosomes
and is required for correct septin filamentation. EMBO Rep. 15, 94-102.

Baust, T., Anitei, M., Czupalla, C., Parshyna, l., Bourel, L., Thiele, C., Krause, E.
and Hoflack, B. (2008). Protein networks supporting AP-3 function in targeting
lysosomal membrane proteins. Mol. Biol. Cell. 19, 1942-1951.

Beites, C. L., Xie, H., Bowser, R. and Trimble, W. S. (1999). The septin CDCrel-1
binds syntaxin and inhibits exocytosis. Nat. Neurosci. 2, 434-439.

Brant, S. R., Okou, D. T., Simpson, C. L., Cutler, D. J., Haritunians, T.,
Bradfield, J. P., Chopra, P., Prince, J., Begum, F., Kumar, A. et al. (2016).
Genome-wide association study identifies African-specific susceptibility loci
in African Americans with inflammatory bowel disease. Gastroenterology
152, 206-217.e2.

Bridges, A. A., Zhang, H., Mehta, S. B., Occhipinti, P., Tani, T. and
Gladfelter, A. S. (2014). Septin assemblies form by diffusion-driven annealing
on membranes. Proc. Natl. Acad. Sci. USA 111, 2146-2151.

Bridges, A. A,, Jentzsch, M. S., Oakes, P. W., Occhipinti, P. and Gladfelter, A. S.
(2016). Micron-scale plasma membrane curvature is recognized by the septin
cytoskeleton. J. Cell Biol. 213, 23-32.

Burd, C. and Cullen, P. J. (2014). Retromer: a master conductor of endosome
sorting. Cold Spring Harb. Perspect. Biol. 6, pii: a016774.

Burden, J. J., Sun, X.-M., Garcia, A. B. and Soutar, A. K. (2004). Sorting motifs in
the intracellular domain of the low density lipoprotein receptor interact with a novel
domain of sorting nexin-17. J. Biol. Chem. 279, 16237-16245.

Carlsson, S. R. and Simonsen, A. (2015). Membrane dynamics in autophagosome
biogenesis. J. Cell Sci. 128, 193-205.

Carlton, J., Bujny, M., Peter, B. J., Oorschot, V. M. J., Rutherford, A., Mellor, H.,
Klumperman, J., McMahon, H. T. and Cullen, P. J. (2004). Sorting nexin-1
mediates tubular endosome-to-TGN transport through coincidence sensing of
high- curvature membranes and 3-phosphoinositides. Curr. Biol. 14, 1791-1800.

Caudron, F. and Barral, Y. (2009). Septins and the lateral compartmentalization of
eukaryotic membranes. Dev. Cell 16, 493-506.

Caviston, J. P., Ross, J. L., Antony, S. M., Tokito, M. and Holzbaur, E. L. F.
(2007). Huntingtin facilitates dyenin/dynactin-mediated vesicle transport. Proc.
Natl. Acad. Sci. USA 104, 10045-10050.

Caviston, J. P., Zajac, A. L., Tokito, M. and Holzbaur, E. L. F. (2011). Huntingtin
coordinates the dyenin-mediated dynamic positioning of endosomes and
lysosomes. Mol. Biol. Cell 22, 478-492.

Cheever, M. L., Sato, T. K., de Beer, T., Kutateladze, T. G., Emr, S. D. and
Overduin, M. (2001). Phox domain interaction with PtdIns(3)P targets the Vam7
t-SNARE to vacuole membranes. Nat. Cell Biol. 3, 613-618.

Chi, R. J., Harrison, M. S. and Burd, C. G. (2015). Biogenesis of endosome-
derived transport carriers. Cell Mol. Life Sci. 72, 3441-3455.

Clairfeuille, T., Norwood, S. J., Qi, X., Teasdale, R. D. and Collins, B. M. (2015).
Structure and membrane binding properties of the endosomal tetratricopeptide
repeat (TPR) domain-containing sorting nexin SNX20 and SNX21. J. Biol. Chem.
290, 14504-14517.

Colin, E., Zala, D., Liot, G., Rangone, H., Borrell-Pagés, M., Li, X.-J., Saudou, F.
and Humbert, S. (2008). Huntingtin phosporylation acts as a molecular switch for
anterograde/retrograde transport in neurons. EMBO J. 27, 2124-2134.

Cozier, G. E., Carlton, J., McGregor, A. H., Gleeson, P. A., Teasdale, R. D.,
Mellor, H. and Cullen, P. J. (2002). The phox homology (PX) domain-dependent,
3-phosphoinositide-mediated association of sorting nexin-1 with an early sorting
endosomal compartment is required for its ability to regulate epidermal growth
factor receptor degradation. J. Biol. Chem. 277, 48730-48736.

Cullen, P. J. (2008). Endosomal sorting and signalling: an emerging role for sorting
nexins. Nat. Rev. Mol. Cell Biol. 9, 574-582.

Cullen, P. J. and Korswagen, H. C. (2012). Sorting nexins provide diversity for
retromer-dependent trafficking events. Nat. Cell Biol. 14, 29-37.

Danson, C., Brown, E., Hemmings, O. J., McGough, I. J., Yarwood, S.,
Heesom, K. J., Carlton, J. G., Martin-Serrano, J., May, M. T., Verkade, P. et al.
(2013). SNX15 links clathrin endocytosis to the PtdIns3P early endosome
independently of the APPL1 endosome. J. Cell Sci. 126, 4885-4899.

Dolat, L. and Spiliotis, E. T. (2016). Septins promote macropinosome maturation
and traffic to the lysosome by facilitating membrane fusion. J. Cell Biol.
214, 517-527.

Elias, S., McGuire, J. R, Yu, H. and Humbert, S. (2015). Huntingtinis required for
epithelial polarity through Rab11A-mediated apical trafficking of PAR3-aPKC.
PLoS ONE 13, e1002142.

Ellson, C. D., Gobert-Gosse, S., Anderson, K. E., Davidson, K,
Erdjument-Bromage, H., Tempst, P., Thuring, J. W., Cooper, M. A, Lim, Z.-Y.,
Holmes, A. B. et al. (2001). PtdIns(3)P regulates the neutrophil oxidase complex
by binding to the PX domain of p40(phox). Nat. Cell Biol. 3, 679-682.

Engelender, S., Sharp, A. H., Colomer, V., Tokito, M. K., Lanahan, A., Worley, P.,
Holzbaur, E. L. and Ross, C. A. (1997). Huntingtin-associated protein 1 (HAP1)
interacts with the p150glued subunit of dynactin. Hum. Mol. Genet. 6, 2205-2212.

Fagerberg, L., Jonasson, K., von Heijne, G., Uhlén, M. and Berglund, L. (2010).
Prediction of the human membrane proteome. Proteomics 10, 1141-1149.

Florian, V., Schliiter, T. and Bohnensack, R. (2001). A new member of the sorting
nexin family interacts with the C-terminus of P-selectin. Biochem. Biophys. Res.
Commun. 281, 1045-1050.

Gallon, M. and Cullen, P. J. (2015). Retromer and sorting nexins in endosomal
sorting. Biochem. Soc. Trans. 43, 33-47.

Gautbhier, L. R., Charrin, B. C., Borrell-Pagés, M., Dompierre, J. P., Rangone, H.,
Cordeliéres, F. P., De Mey, J., MacDonald, M. E., Lessmann, V., Humbert, S.
et al. (2004). Huntingtin controls neurotrophic support and survival of neurons by
enhancing BDNF vesicular transport along microtubules. Cell 118, 127-138.

Granger, E., McNee, G., Allan, V. and Woodman, P. (2014). The role of the
cytoskeleton and molecular motors in endosomal dynamics. Semin. Cell Dev.
Biol. 31, 20-29.

Grant, B. D. and Donaldson, J. G. (2009). Pathways and mechanisms of endocytic
recycling. Nat. Rev. Mol. Cell Biol. 10, 597-608.

Hattula, K. and Perédnen, J. (2000). FIP-2, a coiled-coil protein, links huntingtin to
Rab8 and modulates cellular morphogenesis. Curr. Biol. 10, 1603-1606.

Henne, W. M., Buchkovich, N. J. and Emr, S. D. (2011). The ESCRT pathway.
Dev. Cell 21, 77-91.

Her, L.-S. and Goldstein, L. S. (2008). Enhanced sensitivity of striatal neurons
to axonal transport defects induced by mutant huntingtin. J. Neurosci.
28, 13662-13672.

Hsu, S.-C., Hazuka, C. D., Roth, R., Foletti, D. L., Heuser, J. and Scheller, R. H.
(1998). Subunit composition, protein interactions, and structures of the
mammalian brain sec6/8 complex and septin filaments. Neuron 20, 1111-1122.

Hsu, V. W, Bai, M. and Li, J. (2012). Getting active: protein sorting in endocytic
recycling. Nat. Rev. Mol. Cell Biol. 13, 323-328.

Huotari, J. and Helenius, A. (2011). Endosome maturation. EMBO J.
30, 3481-3500.

Huttlin, E. L., Bruckner, R. J., Paulo, J. A,, Cannon, J. R,, Ting, L., Baltier, K.,
Colby, G., Gebreab, F., Gygi, M. P., Parzen, H. et al. (2017). Architecture of the
human interactome defines protein communities and disease networks. Nature
545, 505-509.

Ito, H., Atsuzawa, K., Morishita, R., Usuda, N., Sudo, K., Ilwamoto, I.,
Mizutani, K., Katoh-Semba, R., Nozawa, Y., Asano, T. et al. (2009). Sept8
controls the binding of vesicle-associated membrane protein 2 to synaptophysin.
J. Neurochem. 108, 867-880.

Johannes, L. and Popoff, V. (2008). Tracing the retrograde route in protein
trafficking. Cell 135, 1175-1187.

Johannes, L. and Wunder, C. (2011). Retrograde transport: two (or more) roads
diverged in an endosomal tree? Traffic 12, 956-962.

Joubert, L., Hanson, B., Barthet, G., Sebben, M., Claeysen, S., Hong, W.,
Marin, P., Dumuis, A. and Bockaert, J. (2004). New sorting nexin (SNX27) and
NHEREF specifically interact with the 5-HT4a receptor splice variant: roles in
receptor targeting. J. Cell Sci. 117, 5367-5379.

Kanai, F., Liu, H., Field, S. J., Akbary, H., Matsuo, T., Brown, G. E., Cantley, L. C.
and Yaffe, M. B. (2001). The PX domains of p47phox and p40phox bind to lipid
products of PI(3)K. Nat. Cell Biol. 3, 675-678.

Kegel, K. B., Sapp, E., Yoder, J., Cuiffo, B., Sobin, L., Kim, Y. J., Qin, Z.-H.,
Hayden, M. R., Aronin, N., Scott, D. L. et al. (2005). Huntingtin associates with
acidic phospholipids at the plasma membrane. J. Biol. Chem. 280, 36464-36473.

Kinoshita, M. (2003). Assembly of mammalian septins. J. Biochem. 134, 491-496.

13

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



http://jcs.biologists.org/lookup/doi/10.1242/jcs.211672.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.211672.supplemental
http://dx.doi.org/10.1038/aps.2013.142
http://dx.doi.org/10.1038/aps.2013.142
http://dx.doi.org/10.1038/aps.2013.142
http://dx.doi.org/10.1002/embr.201338037
http://dx.doi.org/10.1002/embr.201338037
http://dx.doi.org/10.1002/embr.201338037
http://dx.doi.org/10.1091/mbc.e08-02-0110
http://dx.doi.org/10.1091/mbc.e08-02-0110
http://dx.doi.org/10.1091/mbc.e08-02-0110
http://dx.doi.org/10.1038/8100
http://dx.doi.org/10.1038/8100
http://dx.doi.org/10.1053/j.gastro.2016.09.032
http://dx.doi.org/10.1053/j.gastro.2016.09.032
http://dx.doi.org/10.1053/j.gastro.2016.09.032
http://dx.doi.org/10.1053/j.gastro.2016.09.032
http://dx.doi.org/10.1053/j.gastro.2016.09.032
http://dx.doi.org/10.1073/pnas.1314138111
http://dx.doi.org/10.1073/pnas.1314138111
http://dx.doi.org/10.1073/pnas.1314138111
http://dx.doi.org/10.1083/jcb.201512029
http://dx.doi.org/10.1083/jcb.201512029
http://dx.doi.org/10.1083/jcb.201512029
http://dx.doi.org/10.1101/cshperspect.a016774
http://dx.doi.org/10.1101/cshperspect.a016774
http://dx.doi.org/10.1074/jbc.M313689200
http://dx.doi.org/10.1074/jbc.M313689200
http://dx.doi.org/10.1074/jbc.M313689200
http://dx.doi.org/10.1242/jcs.141036
http://dx.doi.org/10.1242/jcs.141036
http://dx.doi.org/10.1016/j.cub.2004.09.077
http://dx.doi.org/10.1016/j.cub.2004.09.077
http://dx.doi.org/10.1016/j.cub.2004.09.077
http://dx.doi.org/10.1016/j.cub.2004.09.077
http://dx.doi.org/10.1016/j.devcel.2009.04.003
http://dx.doi.org/10.1016/j.devcel.2009.04.003
http://dx.doi.org/10.1073/pnas.0610628104
http://dx.doi.org/10.1073/pnas.0610628104
http://dx.doi.org/10.1073/pnas.0610628104
http://dx.doi.org/10.1091/mbc.e10-03-0233
http://dx.doi.org/10.1091/mbc.e10-03-0233
http://dx.doi.org/10.1091/mbc.e10-03-0233
http://dx.doi.org/10.1038/35083000
http://dx.doi.org/10.1038/35083000
http://dx.doi.org/10.1038/35083000
http://dx.doi.org/10.1007/s00018-015-1935-x
http://dx.doi.org/10.1007/s00018-015-1935-x
http://dx.doi.org/10.1074/jbc.M115.650598
http://dx.doi.org/10.1074/jbc.M115.650598
http://dx.doi.org/10.1074/jbc.M115.650598
http://dx.doi.org/10.1074/jbc.M115.650598
http://dx.doi.org/10.1038/emboj.2008.133
http://dx.doi.org/10.1038/emboj.2008.133
http://dx.doi.org/10.1038/emboj.2008.133
http://dx.doi.org/10.1074/jbc.M206986200
http://dx.doi.org/10.1074/jbc.M206986200
http://dx.doi.org/10.1074/jbc.M206986200
http://dx.doi.org/10.1074/jbc.M206986200
http://dx.doi.org/10.1074/jbc.M206986200
http://dx.doi.org/10.1038/nrm2427
http://dx.doi.org/10.1038/nrm2427
http://dx.doi.org/10.1038/ncb2374
http://dx.doi.org/10.1038/ncb2374
http://dx.doi.org/10.1242/jcs.125732
http://dx.doi.org/10.1242/jcs.125732
http://dx.doi.org/10.1242/jcs.125732
http://dx.doi.org/10.1242/jcs.125732
http://dx.doi.org/10.1083/jcb.201603030
http://dx.doi.org/10.1083/jcb.201603030
http://dx.doi.org/10.1083/jcb.201603030
http://dx.doi.org/10.1371/journal.pbio.1002142
http://dx.doi.org/10.1371/journal.pbio.1002142
http://dx.doi.org/10.1371/journal.pbio.1002142
http://dx.doi.org/10.1038/35083076
http://dx.doi.org/10.1038/35083076
http://dx.doi.org/10.1038/35083076
http://dx.doi.org/10.1038/35083076
http://dx.doi.org/10.1093/hmg/6.13.2205
http://dx.doi.org/10.1093/hmg/6.13.2205
http://dx.doi.org/10.1093/hmg/6.13.2205
http://dx.doi.org/10.1002/pmic.200900258
http://dx.doi.org/10.1002/pmic.200900258
http://dx.doi.org/10.1006/bbrc.2001.4467
http://dx.doi.org/10.1006/bbrc.2001.4467
http://dx.doi.org/10.1006/bbrc.2001.4467
http://dx.doi.org/10.1042/BST20140290
http://dx.doi.org/10.1042/BST20140290
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1016/j.semcdb.2014.04.011
http://dx.doi.org/10.1016/j.semcdb.2014.04.011
http://dx.doi.org/10.1016/j.semcdb.2014.04.011
http://dx.doi.org/10.1038/nrm2755
http://dx.doi.org/10.1038/nrm2755
http://dx.doi.org/10.1016/S0960-9822(00)00864-2
http://dx.doi.org/10.1016/S0960-9822(00)00864-2
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1016/j.devcel.2011.05.015
http://dx.doi.org/10.1523/JNEUROSCI.4144-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.4144-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.4144-08.2008
http://dx.doi.org/10.1016/S0896-6273(00)80493-6
http://dx.doi.org/10.1016/S0896-6273(00)80493-6
http://dx.doi.org/10.1016/S0896-6273(00)80493-6
http://dx.doi.org/10.1038/nrm3332
http://dx.doi.org/10.1038/nrm3332
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1038/nature22366
http://dx.doi.org/10.1038/nature22366
http://dx.doi.org/10.1038/nature22366
http://dx.doi.org/10.1038/nature22366
http://dx.doi.org/10.1111/j.1471-4159.2008.05849.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05849.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05849.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05849.x
http://dx.doi.org/10.1016/j.cell.2008.12.009
http://dx.doi.org/10.1016/j.cell.2008.12.009
http://dx.doi.org/10.1111/j.1600-0854.2011.01200.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01200.x
http://dx.doi.org/10.1242/jcs.01379
http://dx.doi.org/10.1242/jcs.01379
http://dx.doi.org/10.1242/jcs.01379
http://dx.doi.org/10.1242/jcs.01379
http://dx.doi.org/10.1038/35083070
http://dx.doi.org/10.1038/35083070
http://dx.doi.org/10.1038/35083070
http://dx.doi.org/10.1074/jbc.M503672200
http://dx.doi.org/10.1074/jbc.M503672200
http://dx.doi.org/10.1074/jbc.M503672200
http://dx.doi.org/10.1093/jb/mvg182

RESEARCH ARTICLE

Journal of Cell Science (2018) 131, jcs211672. doi:10.1242/jcs.211672

Klumperman, J. and Raposo, G. (2014). The complex ultrastructure of the
endolysosomal system. Cold Spring Harb. Perspect. Biol. 6, a016857.

Kummel, D. and Ungermann, C. (2014). Principles of membrane tethering and
fusion in endosome and lysosome biogenesis. Curr. Opin. Cell Biol. 29, 61-66.
Kurten, R. C., Cadena, D. L. and Gill, G. N. (1996). Enhanced degradation of EGF

receptors by a sorting nexin, SNX1. Science 272, 1008-1010.

Li, S.-H., Gutekunst, C.-A., Hersch, S. M. and Li, X.-J. (1998). Interaction of
huntingtin-associated protein with dynactin p150Glued. J. Neurosci. 18, 1261-1269.

Li, X., Sapp, E., Valencia, A., Kegel, K. B., Qin, Z.-H., Alexander, J., Masso, N.,
Reeves, P., Ritch, J. J., Zeitlin, S. et al. (2008). A function of huntingtin in
guanine nucleotide exchange on Rab11. Neuroreport 19, 1643-1647.

Li, X., Standley, C., Sapp, E., Valencia, A., Qin, Z.-H., Kegel, K. B., Yoder, J.,
Comer-Tierney, L. A., Esteves, M., Chase, K. et al. (2009). Mutant huntingtin
impairs vesicle formation from recycling endosomes by interfering with Rab11
activity. Mol. Cell Biol. 29, 6106-6116.

Li, X., Valencia, A., Sapp, E., Masso, N., Alexander, J., Reeves, P., Kegel, K. B.,
Aronin, N. and Difiglia, M. (2010). Aberrant Rab11-dependent trafficking of the
neuronal glutamate transporter EAAC1 causes oxidative stress and cell death in
Huntington’s disease. J. Neurosci. 30, 4552-4561.

Liot, G., Zala, D., Pla, P., Mottet, G., Piel, M. and Saudou, F. (2013). Mutant
Huntingtin alters retrograde transport of TrkB receptors in striatal dendrities.
J. Neurosci. 33, 6298-6309.

Luzio, J. P., Hackmann, Y., Dieckmann, N. M. G. and Griffiths, G. M. (2014).
The biogenesis of lysosomes and lysosome-related organelles. Cold Spring Harb.
Perspect. Biol. 6, a016840.

Maxfield, F. R. and McGraw, T. E. (2004). Endocytic recycling. Nat. Rev. Mol.
Cell Biol. 5, 121-132.

McGough, I. J., Steinberg, F., Jia, D., Barbuti, P. A.,, McMillan, K. J.,
Heesom, K. J., Whone, A. L., Caldwell, M. A,, Billadeau, D. D., Rosen, M. K.
etal. (2014a). Retromer binding to FAM21 and the WASH complex is perturbed by
the Parkinson disease-linked VPS35(D620N) mutation. Curr. Biol. 24, 1670-1676.

McGough, I. J., Steinberg, F., Gallon, M., Yatsu, A., Ohbayashi, N.,
Heesom, K. J., Fukuda, M. and Cullen, P. J. (2014b). Identification of
molecular heterogeneity in SNX27-retromer-mediated endosome-to-plasma
membrane recycling. J. Cell Sci. 127, 4940-4953.

McGuire, J. R., Rong, J., Li, S.-H. and Li, X.-J. (2006). Interaction of
Huntingtin-associated protein-1 with kinesin light chain: implications in
intracellular trafficking in neurons. J. Biol. Chem. 281, 3552-3559.

McMillan, K. J., Gallon, M., Jellett, A. P., Clairfeuille, T., Tilley, F. C., McGough, I.,
Danson, C. M., Heesom, K. J., Wilkinson, K. A., Collins, B. M. et al. (2016).
Atypical parkinsonism-associated retromer mutant alters endosomal sorting of
specific cargo proteins. J. Cell Biol. 214, 389-399.

McNally, K. E., Faulkner, R., Steinberg, F., Gallon, M., Ghai, R., Pim, D.,
Langton, P., Pearson, N., Danson, C. M., Nagele, H. et al. (2017). Retriever is a
multiprotein complex for retromer-independent endosomal cargo sorting. Nat. Cell
Biol. 19, 1214-1225.

Mostowy, S. and Cossart, P. (2012). Septins: the fourth component of the
cytoskeleton. Nat. Rev. Mol Cell Biol. 13, 183-194.

Nath, S., Munsie, L. N. and Truant, R. (2015). A huntintin-mediated fast
stress response halting endosomal trafficking is defective in Huntington’s
disease. Hum. Mol. Genet. 24, 450-462.

Pal, A., Severin, F., Lommer, B., Shevchenko, A. and Zerial, M. (2006).
Huntingtin-HAP40 complex is a novel Rab5 effector that regulates early
endosome motility and is up-regulated in Huntingtin’s disease. J. Cell Biol.
172, 605-618.

Sahlender, D. A., Roberts, R. C., Arden, S. D., Spudich, G., Taylor, M. J.,
Luzio, J. P., Kendrick-Jones, J. and Buss, F. (2005). Optineurin links myosin VI
to the Golgi complex and is involved in Golgi organization and exocytosis. J. Cell
Biol. 169, 285-295.

Saudou, F. and Humbert, S. (2016). The biology of huntingtin. Neuron 89, 910-926.

Schaff, U. Y., Shih, H. H., Lorenz, M., Sako, D., Kriz, R., Milarski, K., Bates, B.,
Tchernychev, B., Shaw, G. D. and Simon, S. I. (2008). SLIC-1/sorting nexin
20: a novel sorting nexin that directs subcellular distribution of PSGL-1.
Eur. J. Immunol. 38, 550-564.

Schoneberg, J., Lee, I.-H., Iwasa, J. H. and Hurley, J. H. (2016). Reverse-topology
membrane scission by the ESCRT proteins. Nat. Rev. Mol. Cell Biol. 18, 5-17.
Schreij, A. M. A., Fon, E. A. and McPherson, P. S. (2016). Endocytic membrane

trafficking and neurodegenerative disease. Cell Mol. Life Sci. 73, 1529-1545.

Simonetti, B., Danson, C. M., Heesom, K. J. and Cullen, P. J. (2017).
Sequence-dependent cargo recognition by SNX-BARs mediates retromer-
independent transport of CI-MPR. J. Cell Biol. (in press) 216, 3695-3712.

Song, K., Russo, G. and Krauss, M. (2017). Septins as modulators of
endo-lysosomal membrane traffic. Font. Cell Dev. Biol. 4, 124.

Steinberg, F., Heesom, K. J., Bass, M. D. and Cullen, P. J. (2012). Sorting nexin-
17 protects integrins from degradation by sorting between lysosomal and
recycling pathways. J. Cell Biol. 197, 219-230.

Steinberg, F., Gallon, M., Winfield, M., Thomas, E., Bell, A. J., Heesom, K. J.,
Tavaré, J. M. and Cullen, P. J. (2013). A global analysis of SNX27-retromer
assembly and cargo specificity reveals a function in glucose and metal ion
transport. Nat. Cell Biol. 15, 461-471.

Stockinger, W., Sailler, B., Strasser, V., Recheis, B., Fasching, D., Kahr, L.,
Schneider, W. J. and Nimpf, J. (2002). The PX-domain protein SNX17 interacts
with members of the LDL receptor family and modulates endocytosis of the LDL
receptor. EMBO J. 21, 4259-4267.

Tanaka-Takiguchi, Y., Kinoshita, M. and Takiguchi, K. (2009). Septin-mediated
uniform bracing of phospholipid membranes. Curr. Biol. 19, 140-145.

Taniguchi, M., Taoka, M., Itakura, M., Asada, A., Saito, T., Kinoshita, M.,
Takahashi, M., Isobe, T. and Hisanaga, S. (2007). Phosphorylation of adult
type Sept5 (CDCrel-1) by cyclin-dependent kinase 5 inhibits interaction with
syntaxin-1. J. Biol. Chem. 282, 7869-7876.

Teasdale, R. D. and Collins, B. M. (2012). Insight into the PX (phox-homology)
domain and SNX (sorting nexin) protein families: structures, functions and roles in
disease. Biochem. J. 441, 39-59.

Teasdale, R. D., Loci, D., Houghton, F., Karlsson, L. and Gleeson, P. A. (2001).
A large family of endosome-localized proteins related to sorting nexin 1. Biochem.
J. 358, 7-16.

Traikov, S., Stange, C., Wassmer, T., Paul-Gilloteaux, P., Salamero, J.,
Raposo, G. and Hoflack, B. (2014). Septin 6 and Septin 7 GTP binding
proteins regulate AP-3 and ESCRT-dependent multivesicular body biogenesis.
PLoS ONE 9, e109372.

Twelvetrees, A. E., Yuen, E. Y., Arancibia-Carcamo, |. L., MacAskill, A. F.,
Rostaing, P., Lumb, M. J., Humbert, S., Triller, A., Saudou, F., Yan, Z. et al.
(2010). Delivery of GABAARs to synapses is mediated by HAP1-KIF5 and
disrupted by mutant huntingtin. Neuron 65, 53-65.

van Weering, J. R. T., Verkade, P. and Cullen, P. J. (2010). SNX-BAR proteins in
phosphoinositide-mediated, tubular-based endosomal sorting. Semin. Cell Dev.
Biol. 21, 371-380.

van Weering, J. R. T., Verkade, P. and Cullen, P. J. (2012a). SNX-BAR-mediated
endosome tubulation is co-ordinated with endosome maturation. Traffic 13,
94-107.

van Weering, J. R. T., Sessions, R. B., Traer, C. J., Kloer, D. P., Bhatia, V. K.,
Stamou, D., Carlsson, S. R., Hurley, J. H. and Cullen, P. J. (2012b). Molecular
basis for SNX-BAR-mediated assembly of distinct endosomal sorting tubules.
EMBO J. 31, 4466-4480.

Wassmer, T., Attar, N., Harterink, M., van Weering, J. R. T., Traer, C. J.,
Oakley, J. D., Goud, B., Stephens, D. J., Verkade, P., Korswagen, H. C. et al.
(2009). The retromer coat complex co-ordinates endosomal sorting and dynein-
mediated transport with carrier recognition by the trans-Golgi network. Dev. Cell
17, 110-122.

Wong, Y. C. and Holzbaur, E. L. F. (2014). The regulation of autophagosome
dynamics by huntingtin and HAP1 is disrupted by expression of mutant huntingtin,
leading to defective cargo degradation. J. Neurosci. 34, 1293-1305.

Worby, C. A., Simonson-Leff, N., Clemens, J. C., Kruger, R. P., Muda, M.
and Dixon, J. E. (2001). The sorting nexin, DSH3PX1, connects the axonal
guidance receptor, Dscam, to the actin cytoskeleton. J. Biol. Chem.
276, 41782-41789.

Xu, Y., Hortsman, H., Seet, L., Wong, S. H. and Hong, W. (2001). SNX3 regulates
endosomal function through its PX-domain-mediated interaction with Ptdins(3)P.
Nat. Cell Biol. 3, 658-666.

Zeng, W., Yuan, W., Wang, Y., Jiao, W., Zhu, Y., Huang, C., Li, D., Li, Y., Zhu, C.,
Wu, X. et al. (2002). Expression of a novel member of sorting nexin gene
family, SNX-L, in human liver development. Biochem. Biophys. Res. Commun.
299, 542-548.

Zheng, B., Ma, Y. C., Ostrom, R. S., Lavoie, C., Gill, G. N, Insel, P. A,,
Huang, X. Y. and Farquhar, M. G. (2001). RGS-PX1, a GAP for Gas and sorting
nexin in vesicular trafficking. Science 294, 1939-1942.

Zhong, Q., Lazar, C. S., Tronchere, H., Sato, T., Meerloo, T., Yeo, M.,
Songyang, Z., Emr, S. D. and Gill, G. N. (2002). Endosomal localisation and
function of sorting nexin 1. Proc. Natl. Acad. Sci. USA 99, 6767-6772.

14

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://dx.doi.org/10.1101/cshperspect.a016857
http://dx.doi.org/10.1101/cshperspect.a016857
http://dx.doi.org/10.1016/j.ceb.2014.04.007
http://dx.doi.org/10.1016/j.ceb.2014.04.007
http://dx.doi.org/10.1126/science.272.5264.1008
http://dx.doi.org/10.1126/science.272.5264.1008
http://dx.doi.org/10.1523/JNEUROSCI.18-04-01261.1998
http://dx.doi.org/10.1523/JNEUROSCI.18-04-01261.1998
http://dx.doi.org/10.1097/WNR.0b013e328315cd4c
http://dx.doi.org/10.1097/WNR.0b013e328315cd4c
http://dx.doi.org/10.1097/WNR.0b013e328315cd4c
http://dx.doi.org/10.1128/MCB.00420-09
http://dx.doi.org/10.1128/MCB.00420-09
http://dx.doi.org/10.1128/MCB.00420-09
http://dx.doi.org/10.1128/MCB.00420-09
http://dx.doi.org/10.1523/JNEUROSCI.5865-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5865-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5865-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5865-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.2033-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.2033-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.2033-12.2013
http://dx.doi.org/10.1101/cshperspect.a016840
http://dx.doi.org/10.1101/cshperspect.a016840
http://dx.doi.org/10.1101/cshperspect.a016840
http://dx.doi.org/10.1038/nrm1315
http://dx.doi.org/10.1038/nrm1315
http://dx.doi.org/10.1016/j.cub.2014.06.024
http://dx.doi.org/10.1016/j.cub.2014.06.024
http://dx.doi.org/10.1016/j.cub.2014.06.024
http://dx.doi.org/10.1016/j.cub.2014.06.024
http://dx.doi.org/10.1242/jcs.156299
http://dx.doi.org/10.1242/jcs.156299
http://dx.doi.org/10.1242/jcs.156299
http://dx.doi.org/10.1242/jcs.156299
http://dx.doi.org/10.1074/jbc.M509806200
http://dx.doi.org/10.1074/jbc.M509806200
http://dx.doi.org/10.1074/jbc.M509806200
http://dx.doi.org/10.1083/jcb.201604057
http://dx.doi.org/10.1083/jcb.201604057
http://dx.doi.org/10.1083/jcb.201604057
http://dx.doi.org/10.1083/jcb.201604057
http://dx.doi.org/10.1038/ncb3610
http://dx.doi.org/10.1038/ncb3610
http://dx.doi.org/10.1038/ncb3610
http://dx.doi.org/10.1038/ncb3610
http://dx.doi.org/10.1038/nrm3284
http://dx.doi.org/10.1038/nrm3284
http://dx.doi.org/10.1093/hmg/ddu460
http://dx.doi.org/10.1093/hmg/ddu460
http://dx.doi.org/10.1093/hmg/ddu460
http://dx.doi.org/10.1083/jcb.200509091
http://dx.doi.org/10.1083/jcb.200509091
http://dx.doi.org/10.1083/jcb.200509091
http://dx.doi.org/10.1083/jcb.200509091
http://dx.doi.org/10.1083/jcb.200501162
http://dx.doi.org/10.1083/jcb.200501162
http://dx.doi.org/10.1083/jcb.200501162
http://dx.doi.org/10.1083/jcb.200501162
http://dx.doi.org/10.1016/j.neuron.2016.02.003
http://dx.doi.org/10.1002/eji.200737777
http://dx.doi.org/10.1002/eji.200737777
http://dx.doi.org/10.1002/eji.200737777
http://dx.doi.org/10.1002/eji.200737777
http://dx.doi.org/10.1038/nrm.2016.121
http://dx.doi.org/10.1038/nrm.2016.121
http://dx.doi.org/10.1007/s00018-015-2105-x
http://dx.doi.org/10.1007/s00018-015-2105-x
http://dx.doi.org/10.1083/jcb.201703015
http://dx.doi.org/10.1083/jcb.201703015
http://dx.doi.org/10.1083/jcb.201703015
https://doi.org/10.3389/fcell.2016.00124
https://doi.org/10.3389/fcell.2016.00124
http://dx.doi.org/10.1083/jcb.201111121
http://dx.doi.org/10.1083/jcb.201111121
http://dx.doi.org/10.1083/jcb.201111121
http://dx.doi.org/10.1038/ncb2721
http://dx.doi.org/10.1038/ncb2721
http://dx.doi.org/10.1038/ncb2721
http://dx.doi.org/10.1038/ncb2721
http://dx.doi.org/10.1093/emboj/cdf435
http://dx.doi.org/10.1093/emboj/cdf435
http://dx.doi.org/10.1093/emboj/cdf435
http://dx.doi.org/10.1093/emboj/cdf435
http://dx.doi.org/10.1016/j.cub.2008.12.030
http://dx.doi.org/10.1016/j.cub.2008.12.030
http://dx.doi.org/10.1074/jbc.M609457200
http://dx.doi.org/10.1074/jbc.M609457200
http://dx.doi.org/10.1074/jbc.M609457200
http://dx.doi.org/10.1074/jbc.M609457200
http://dx.doi.org/10.1042/BJ20111226
http://dx.doi.org/10.1042/BJ20111226
http://dx.doi.org/10.1042/BJ20111226
http://dx.doi.org/10.1042/bj3580007
http://dx.doi.org/10.1042/bj3580007
http://dx.doi.org/10.1042/bj3580007
http://dx.doi.org/10.1371/journal.pone.0109372
http://dx.doi.org/10.1371/journal.pone.0109372
http://dx.doi.org/10.1371/journal.pone.0109372
http://dx.doi.org/10.1371/journal.pone.0109372
http://dx.doi.org/10.1016/j.neuron.2009.12.007
http://dx.doi.org/10.1016/j.neuron.2009.12.007
http://dx.doi.org/10.1016/j.neuron.2009.12.007
http://dx.doi.org/10.1016/j.neuron.2009.12.007
http://dx.doi.org/10.1016/j.semcdb.2009.11.009
http://dx.doi.org/10.1016/j.semcdb.2009.11.009
http://dx.doi.org/10.1016/j.semcdb.2009.11.009
http://dx.doi.org/10.1111/j.1600-0854.2011.01297.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01297.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01297.x
https://doi.org/10.1038/emboj.2012.283
https://doi.org/10.1038/emboj.2012.283
https://doi.org/10.1038/emboj.2012.283
https://doi.org/10.1038/emboj.2012.283
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1016/j.devcel.2009.04.016
http://dx.doi.org/10.1523/JNEUROSCI.1870-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.1870-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.1870-13.2014
http://dx.doi.org/10.1074/jbc.M107080200
http://dx.doi.org/10.1074/jbc.M107080200
http://dx.doi.org/10.1074/jbc.M107080200
http://dx.doi.org/10.1074/jbc.M107080200
http://dx.doi.org/10.1038/35083051
http://dx.doi.org/10.1038/35083051
http://dx.doi.org/10.1038/35083051
http://dx.doi.org/10.1016/S0006-291X(02)02695-5
http://dx.doi.org/10.1016/S0006-291X(02)02695-5
http://dx.doi.org/10.1016/S0006-291X(02)02695-5
http://dx.doi.org/10.1016/S0006-291X(02)02695-5
http://dx.doi.org/10.1126/science.1064757
http://dx.doi.org/10.1126/science.1064757
http://dx.doi.org/10.1126/science.1064757
http://dx.doi.org/10.1073/pnas.092142699
http://dx.doi.org/10.1073/pnas.092142699
http://dx.doi.org/10.1073/pnas.092142699

J. Cell Sci.: doi:10.1242/jcs.211672: Supplementary information

Supplementary Table 1 - Primer sequences used for site-directed mutagenesis.

Mutation Primer Sequence (5’-3’)
D48K (sense) ggccctcggegtecttgtcctccagctct
(antisense) agagctggaggacaaggacgccgagggcec
D68K (sense) cgtcgtcctegtecttctcggegcetggtg
(antisense) caccagcgccgagaaggacgaggacgacg
D48K, D49K (sense) ctcagagctggaggacaagaaggccgagggcctgtect
(antisense) aggacaggccctcggccttcttgtcctccagcetctgag
D68K,D71K,D74K,D77K (sense) ccagcctcctccttgtcctecttetegtecttctegtecttetcggegetgg
(antisense) ccagcgccgagaaggacgagaaggacgagaaggaggacaaggaggaggctgg
A41-49 (sense) acaggccctcggecggaaactgctcg
(antisense) cgagcagtttccggeccgagggcectgt
AG7-69 (sense) ggtcagggccagcggcegcetggtgaag
(antisense) cttcaccagcgccgcetggcecctgacc
L260A (sense) ccagagtgccgcagcctcacgatagaggcca
(antisense) tggcctctatcgtgaggetgeggceactetgg
Q270A (sense) gcccagctgggctgccagcetgecaggea
(antisense) tgcctggcagcetggcageccagetgggce
E307K (sense) gggccticttacagcatgcccgggect
(antisense) aggcccgggcatgctgtaagaaggecc
L310A (sense) ccccaagcagcetgcgceggccttctcacage
(antisense) gctgtgagaaggccgegeagcetgettgggg
L313A (sense) gctcttgtccccagccagcetgcagggcec
(antisense) ggccctgcagcetggcetggggacaagagce
L332E (sense) ccaggcgccaggactcccggacatgggcec
(antisense) ggcccatgtccgggagtcetggegectgg
L363E (sense) ttgatgagcaattctttggcactggggggtggtgtgg
(antisense) ccacaccaccccccagtgccaaagaattgctcatcaa
K364E (sense) tccttgatgagcaattcctcgagactggggggtggtg
(antisense) caccaccccccagtctcgaggaattgctcatcaagga
E365K (sense) ctccttgatgagcaattttttgagactggggggtg
(antisense) caccccccagtctcaaaaaattgctcatcaaggag
1368K (sense) ccttagtccagcacctccttctcgagcaattctttgagactgg
(antisense) ccagtctcaaagaattgctcgagaaggaggtgctggactaagg
E370K (sense) gtaccttagtccagcaccttcttgatgagcaattctttg
(antisense) caaagaattgctcatcaagaaggtgctggactaaggtac
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Supplementary Table 2 - Unfiltered SNX21 interactome obtained from RPE-1 cells
GFP and GFP-SNX21 expressing RPE-1 cells were respectively cultured in light (ROK0) and

medium (R6K4) media for at least six doubling to ensure steady-state protein labelling.
Thereafter, immuno-isolation of the GFP tag was achieved through GFP-nanotrap prior to
mixing of the two samples and protein resolution on SDS/PAGE and protein identification
by LC-MS/MS. The unfiltered data shows the presence of around 4,400 proteins. Parameter

definitions are:
Accession: Uniprot accession number of the protein
Coverage: Percentage of protein sequence covered by identified peptides

# Peptide Spectrum Matchs (PSMs): Total number of peptides identified (including

multiples of same peptide sequence)

# Peptides: Total number of unique peptides identified (multiples of same peptide sequence

count as single peptide)

# AAs: Number of amino acids in the protein
[kDa]: Mass of the protein

calc. pl: Calculated isoelectric point of the protein

Score: Combines several parameters; a high score generally indicates high protein

abundance and a high confidence of the software in the detection and quantification.

Medium/Light: Ratio of the quantification values of the medium (GFP-SNX21) and light

(GFP) quantification channels
Medium/Light Count: Number of peptides quantified used to calculate Medium/Light ratio

Medium/Light Variability (%): Variability of the protein ratios used to calculate the
Medium/Light ratio

Description: Name of the protein

Click here to Download Table S2
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Supplementary Table 3 - Filtered SNX21 interactome

The raw unfiltered data from Supplementary Table 2 was subjected to filtration based on
two criteria: more than 2 peptides detected for an individual protein, and a Medium/Light
enrichment ratio (i.e. GFP-SNX21/GFP) of greater than 20. This defined that the SNX21
interactome in RPE-1 cells is comprised of 287 proteins. Parameter definitions are as in the

legend to Supplementary Table 2

Click here to Download Table S3

Supplementary Table 4

Raw data; Quantitative analysis of GFP-SNX21 co-localisation (Pearson’s correlation) with

endogenous markers of the endosomal network.

Click here to Download Table S4

Supplementary Table 5
Raw data; Quantitative analysis of GFP-SNX21 co-localisation (Pearson’s correlation) with

mCherry-tagged Rab proteins.
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Supplementary Table 6
Raw data; Quantitative analysis of co-localisation (Pearson’s correlation) between GFP-

tagged Sorting Nexins and endogenous Huntingtin, Septin 2, 7 and 9.

Click here to Download Table S6

Supplementary Table 7
Raw data; Quantitative analysis of Huntingtin co-immunoprecipitation with endogenous

SNX21.

Click here to Download Table S7

Supplementary Table 8
Raw data; Quantitative analysis of endogenous Huntingtin co-immunoprecipitation

with GFP-SNX21 (WT) and GFP-SNX21 (aal-129).

Click here to Download Table S8
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Supplementary Table 9
Raw data; Quantitative analysis of endogenous Huntingtin co-localisation with GFP-

SNX21 (WT) and GFP-SNX21 (D48K, D49K).

Click here to Download Table S9

Supplementary Table 10
Raw data; Quantitative analysis of endogenous Septin 7 co-localisation with GFP-

SNX21 (WT) and GFP-SNX21 (L363A)

Click here to Download Table S10

Supplementary Table 11
Raw data; Quantitative analysis of endogenous Septin 9 co-localisation with

GFP-SNX21 (WT) and GFP-SNX21 (L363A)

Click here to Download Table S11
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