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Retromer has a selective function in cargo sorting via
endosome transport carriers

Yi Cuit, Julian M. Carosi?**, Zhe Yang™, Nicholas Ariotti“@, Markus C. Kerr*@®, Robert G. Parton*®, Timothy J. Sargeant®, and Rohan D. Teasdale!®

Retromer is a peripheral membrane protein complex that coordinates multiple vesicular trafficking events within

the endolysosomal system. Here, we demonstrate that retromer is required for the maintenance of normal lysosomal
morphology and function. The knockout of retromer subunit Vps35 causes an ultrastructural alteration in lysosomal
structure and aberrant lysosome function, leading to impaired autophagy. At the whole-cell level, knockout of retromer
Vps35 subunit reduces lysosomal proteolytic capacity as a consequence of the improper processing of lysosomal hydrolases,
which is dependent on the trafficking of the cation-independent mannose 6-phosphate receptor (CI-M6PR). Incorporation of
CI-M6PR into endosome transport carriers via a retromer-dependent process is restricted to those tethered by GCC88 but not
golgin-97 or golgin-245. Finally, we show that this retromer-dependent retrograde cargo trafficking pathway requires SNX3,
but not other retromer-associated cargo binding proteins, such as SNX27 or SNX-BAR proteins. Therefore, retromer does
contribute to the retrograde trafficking of CI-M6PR required for maturation of lysosomal hydrolases and lysosomal function.

Introduction

Lysosomes are dynamic organelles primarily associated with
the degradation of macromolecules from the endocytic and au-
tophagic pathway (Saftig and Klumperman, 2009; Settembre et
al., 2013). The proteolytic activity of lysosomes requires the con-
tinuous delivery of newly synthesized acid hydrolases, which is
achieved through multiple trafficking pathways. One of these is
the mannose 6-phosphate receptor (M6PR)-dependent pathway,
in which newly synthesized soluble acid hydrolase precursors ac-
quire the mannose 6-phosphate sorting signal and are recognized
by M6PR at the TGN (Saftig and Klumperman, 2009). Upon de-
livery to the endosome, the M6PR-hydrolase complexes disso-
ciate owing to the acidic pH, and hydrolases are released to the
lumen, whereas unoccupied M6PRs are retrieved to the TGN via
the retrograde trafficking pathways. Defects in the M6PR traf-
ficking itinerary lead to the inappropriate sorting and secretion
of hydrolase precursors and, therefore, impair the degradative
capacity of lysosomes (Ghosh et al., 2003).

The endosome-to-TGN retrieval of cargo molecules via endo-
some transport carriers (ETCs) is spatially and temporally coor-
dinated by multiple protein regulators. One of these is retromer,
a protein complex assembled from a high-affinity heterotrimeric
core complex composed of Vps35, Vps29, and one of two Vps26

subunits, Vps26A or Vps26B (Kerr et al., 2005; Gokool et al., 2007;
Hierro et al., 2007; Collins et al., 2008; Bugarcic et al., 2011). Ret-
romer functions in exporting endosomal cargoes through molec-
ular interactions with a range of associated proteins (Seaman,
2012). Several studies have shown that the retrograde transport
of the cation-independent (CI)-M6PR relies on the coordination
of retromer, and reduced levels of the retromer Vps35 or Vps26A
subunits result in CI-M6PR mistrafficking (Arighi et al., 2004;
Seaman, 2004, 2007, 2018; Wassmer et al., 2007; Bulankina et
al., 2009; Kingston et al., 2011; McKenzie et al., 2012; McGough
et al., 2014; Miura et al., 2014; Osborne et al., 2015; Tammineni
etal., 2017; Hirst et al., 2018). Bugarcic et al. (2011) first observed
that distinct subtypes of retromer, as defined by the Vps26 sub-
unit incorporated, showed the distinct capacity to interact with
and facilitate retrograde trafficking of CI-M6PR (Bugarcic et al.,
2011). It is well established that numerous other non-retromer-
associated proteins also contribute to the retrograde trafficking
of CI-M6PR through direct or indirect mechanisms (Carlton et
al., 2004; Wassmer et al., 2007; Hara et al., 2008; Breusegem and
Seaman, 2014; Kvainickas et al., 2017; Simonetti et al., 2017). It
remains controversial as to how many independent types of ret-
rograde ETCs are formed from endosomes and what their relative
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contribution to CI-M6PR trafficking is. Recent studies have even
suggested that retromer does not contribute to this retrograde
trafficking at all (Kvainickas et al., 2017; Simonetti et al., 2017).

Also required for the delivery of vesicles through the retro-
grade transport pathway are the TGN-located tethering proteins,
which capture and direct the incoming cargo-loaded ETCs toward
the TGN. A range of proteins including multi-subunit protein
complexes and trans-Golgi-anchored long coiled-coil proteins
have been shown to coordinate the tethering process (Brécker et
al., 2010; Munro, 2011). Recent studies reported that three GRIP
domain-containing trans-golgins including GCC88, golgin-97,
and golgin-245 are able to selectively capture a specific class of
ETCs loaded with CI-M6PR and other retrograde cargoes (Wong
and Munro, 2014). The vesicular tethering domains within gol-
gin-97 and golgin-245 are closely related, whereas that in GCC88
is distinct, suggesting that trans-golgins capture different classes
of ETCs (Gillingham and Munro, 2016).

In this study, we reveal that retromer is required for the main-
tenance of endolysosomal dynamics. Loss of retromer Vps35 sub-
unit induces enlarged lysosomes at the ultrastructural level and
leads to perturbations in autophagy and lysosomal proteolytic
processes. The targeting and processing of M6PR-dependent hy-
drolases are impaired in the absence of retromer, which is consis-
tent with CI-M6PR mistrafficking detected in retromer-depleted
cells. Using the previously established mitochondria targeting
assay (Wong and Munro, 2014), we further show that the retro-
grade sorting of CI-M6PR-loaded ETCs mediated by retromer is
selectively tethered by GCC88, but not golgin-97 or golgin-245.
This trafficking pathway requires SNX3-retromer association
and is independent of the SNX27 or the SNX-BAR proteins.

Results

Ultrastructural alteration of lysosomal structures and
elevated autophagy upon retromer deficiency

Aberrant lysosomal morphology and function were previously
reported upon Vps35 knockdown in Drosophila melanogaster
larva fat body cells (Maruzs et al., 2015). Using CRISPR/Cas9-
mediated gene editing technology, clonal Vps35 knockout (KO)
HelLa cells were generated, in which the core retromer subunit
Vps35 was depleted, as determined by immunoblotting (Fig. 1A).
As expected, the absence of Vps35 prevents the formation of the
trimeric retromer complex, resulting in reduced levels of the
other two subunits, Vps26A and Vps29 (Fig. 1 A). Stable rescue
cell lines were generated by the expression of GFP-tagged wild-
type Vps35 in the Vps35 KO cell lines. By immunoblotting with
Vps35, Vps26A, and Vps29 antibodies, we failed to detect any
cell clones demonstrating full rescue of the expression for the
retromer complex subunits (Fig. 1 A). Therefore, we selected the
highest expressing clone for comparison. To determine whether
the deficiency of retromer affects lysosomal compartments, we
analyzed control HeLa cells and Vps35 KO cells using EM. Late
endosomal/lysosomal structures, defined as large circular and
electron-dense organelles, occupied ~3% of the total cytoplasmic
volume in the control HeLa cells (Fig. 1 B). In comparison, the ly-
sosomes of Vps35 KO cells showed an almost threefold increase in
volume (Fig. 1B), which is similar to that described in Drosophila
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models (Maruzs et al., 2015). Rescue of the Vps35 KO cells by ex-
pression of Vps35-GFP was able to fully restore this phenotype
(Fig. 1 B). HeLa and Vps35 KO cells were next treated with Ly-
soTracker Red, a fluorescent dye labeling acidic endolysosomal
compartments. Flow cytometry revealed comparable levels of
fluorescence intensities for LysoTracker-Red between HeLa and
Vps35 KO cells (Fig. 1 C), which indicates similar levels of acidic
endolysosomal compartments and further suggests that a pro-
portion of the observed enlarged and electron-dense lysosomal
compartments within Vps35 KO cells are not acidic and might
represent lysosomes that are functionally impaired.

Functional lysosomes are required to fuse with autophago-
somes for the final stages of autophagy. During this step, mem-
brane bound LC3-II that exists on the luminal membrane of the
autophagosome is degraded in the new autolysosomal environ-
ment. To determine whether retromer deficiency affects this
process, the subcellular distribution of LC3-II was examined.
HeLa, Vps35 KO, and Vps35-GFP rescue cells were coimmuno-
labeled with antibodies against the endogenous LC3 and LAMPI,
a late-endosome/lysosome marker. As indicated by confocal mi-
croscopy, Vps35 KO cells showed more membrane-bound LC3-1I,
with an increased colocalization with LAMP], relative to HeLa
and Vps35-GFP rescue cells (Ryera = 0.4983; Rypsss ko = 0.7217;
Ryps3s-Gep rescue = 0.3133; Fig. 1D), suggesting reduced degradation
of autophagic cargo caused by retromer deficiency. Changes in
the basal levels of autophagy may be due to alterations in the ki-
netics of autophagy initiation (i.e., autophagosome formation)
or the maturation of autophagosomes by fusion with lysosomes
to generate functional degradation compartments, referred to
as autophagic flux. These two processes can be uncoupled by
chloroquine treatment, which selectively blocks the autophagic
degradation function by preventing autophagosome-lysosome
fusion (Mizushima et al., 2010). HeLa and Vps35 KO cells were
treated with chloroquine for 6 h, and cell lysates were collected
for immunoblotting. As expected, with chloroquine treatment,
an increased level of LC3-1I (approximately fivefold) was de-
tected in HeLa cells (Fig. 1 E), consistent with a blockage of
autophagic degradation. Vps35 KO cells exhibited higher basal
levels of LC3-1I (Fig. 1 E), which is in agreement with the immu-
nofluorescent observations. Upon treatment with chloroquine,
the LC3-1I level increased slightly (~1.5-fold) in Vps35 KO cells,
which was still higher than that in treated HeLa cells (Fig. 1 E).
These observations indicate that autophagosomes formed in
Vps35 KO cells still undergo autophagic flux, which is inhibited
by chloroquine treatment of these cells.

To further determine whether the induction of autophagy is
affected by retromer deficiency, we investigated the intracellular
activity of the mTORCI signaling pathway, which is antagonistic
to the induction of autophagy. As revealed by confocal micros-
copy, under amino acid-starved conditions, mTORCI displayed
a diffuse, cytoplasmic distribution in HeLa cells, whereas stim-
ulation with essential amino acids promoted the recruitment of
mTORCI from the cytosol to lysosomal compartments, as demon-
strated with colocalization with LAMPI (Fig. 1 F). In Vps35 KO
cells, although essential amino acid stimulation still resulted in
the lysosomal recruitment of mTORCI, colocalization analysis
indicated a significantly decreased recruitment compared with
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Figurel. Ultrastructural alteration of lysosomal structures and elevated autophagy in Vps35 KO cells. (A) Generation of CRISPR/Cas9-mediated Vps35
KO Hela cells and Vps35-GFP rescue cells. Equal amounts of cell lysates from Hela, Vps35 KO, and Vps35-GFP rescue cells were subjected to SDS-PAGE and
immunoblotted with antibodies against Vps35, Vps26A, Vps29, and tubulin. (B) Electron micrographs of HeLa, Vps35 KO, and Vps35-GFP rescue cells. Enlarged
circular structures are indicated as late endosomal/lysosomal structures. Scale bars, 2,000 nm; in zoomed images, 500 nm. Graph represents the percentage
volume density of lysosomal compartments relative to the cytoplasm in Hela, Vps35 KO, and Vps35-GFP rescue cells (means + SEM). Two-tailed Student’s t
test was used to determine the statistical significance. **, P < 0.01; ***, P < 0.001. n = two independent experiments with 10 images each. (C) Flow cytometric
analysis of cellular acidification based on LysoTracker fluorescence in HelLa and Vps35 KO cells. Graph represents the mean fluorescent intensity within HelLa
and Vps35 KO cells (means + SEM). Two-tailed Student’s t test was used to determine the statistical significance (n = 3). (D) HeLa, Vps35 KO, and Vps35-GFP
rescue cells were fixed and coimmunolabeled with antibodies against LC3-1l and LAMPL, followed by Alexa Fluor-conjugated fluorescent secondary antibodies.
Scale bars, 5 um. The colocalization between LC3-1l and LAMP1 was quantified by the Pearson’s correlation coefficient (means + SEM). Two-tailed Student’s t
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HeLa control, suggesting decreased mTORCI signaling activity.
The decreased mTORCI recruitment to lysosome by amino acid
stimulation in Vps35 KO cells was rescued in Vps35-GFP rescue
cells (HeLa: R, = 0.1967, R, , = 0.4933; Vps35 KO: R, = 0.1333,
R.aa = 0.3000; Vps35-GFP rescue: R ,, = 0.1467, R,,, = 0.4417;
Fig. 1 F). To further confirm this finding, treatment of AZD8055,
apan-mTOR inhibitor, was used to examine the rate of autophagy
initiation. HeLa and Vps35 KO cells were treated with AZD8055
for 25 h, and cell lysates were collected for immunoblotting. As
expected, AZD8055-treated HeLa cells demonstrated increased
LC3-1I levels, consistent with an elevation in autophagy induc-
tion (Fig. 1 G). In contrast, mTORCI inhibition in Vps35 KO cells
did not increase the LC3-1I level further compared with untreated
cells, indicating little response in autophagy induction upon
mTORC1 inhibition (Fig. 1 G). Taken together, these observations
indicate that retromer deficiency induces dysfunctional autoph-
agy by causing an elevated autophagy initiation and potentially
altering the autophagic flux.

Retromer deficiency affects lysosomal activity

Because lysosomes play important roles in protein degradation,
we compared intracellular proteolytic kinetics using DQ-BSA, a
self-quenched dye conjugated with BSA, which enters into the
endosomal system through endocytosis and generates a strong
fluorescent signal upon proteolytic cleavage within lysosomal
compartments. Initially, cells were treated with Alexa Fluor 647-
conjugated BSA for 1h at 37°C to measure the delivery efficiency
of endocytosed material to endosomes. Fluorescence imaging
showed no difference in fluorescent BSA conjugate staining be-
tween HeLa and Vps35 KO cells (Fig. 2 A), indicating comparable
equilibrium rates of endocytosis/exocytosis for BSA trafficking.
HeLa, Vps35 KO, and Vps35-GFP rescue cells were treated with
DQ-BSA overnight, fixed, and immunolabeled with antibodies
against the lysosome marker, LAMPI. Confocal microscopy and
fluorescence intensity analysis revealed strong DQ-BSA fluo-
rescence signal in both HeLa and Vps35-GFP rescue cell lines,
which was largely overlapping with LAMP1 staining, indicating
efficient proteolysis of DQ-BSA within lysosomes (Fig. 2 B). In
contrast, Vps35 KO cells had a significantly lower DQ-BSA fluo-
rescence within LAMPI-positive lysosomes, indicating impaired
lysosomal proteolysis (Fig. 2 B).

Efficient lysosomal proteolysis is achieved through the ac-
tion of various lysosomal enzymes. To determine whether ly-
sosomal enzyme activities are affected by retromer deficiency,
lysosomal subfractions from HeLa and Vps35 KO cells were
purified and used to investigate the levels of four common en-

zymes [-hexosaminidase, acid phosphatase 2, f-galactosidase,
and B-glucocerebrosidase. As indicated by immunoblotting,
the mature forms of all four enzymes were detectable in lyso-
somal subfractions from control cells. In comparison, lysosomal
subfractions from Vps35 KO cells demonstrated unchanged lev-
els of B-glucocerebrosidase and acid phosphatase 2 (Fig. 2 C),
both of which are targeted to lysosomes independent of M6PR
(Markmann et al., 2015). B-Galactosidase and B-hexosaminidase
depend on M6PR for delivery to lysosomes (Markmann et al.,
2015), but only B-galactosidase displayed a moderate decrease in
lysosome protein levels in Vps35 KO cells compared with HeLa
control (Fig. 2 C). In addition, fluorometric analysis was used
to examine the hydrolytic activity of the four enzymes in lyso-
somal subfractions from HeLa and Vps35 KO cells. In comparison
to control cells, lysosomes purified from Vps35 KO cells demon-
strated the same levels of enzyme activity for B-hexosaminidase,
acid phosphatase, and B-glucocerebrosidase, but significantly re-
duced activity of B-galactosidase (Fig. 2 D), consistent with the
observed protein levels. Collectively, these data suggest that the
absence of retromer can selectively reduce the lysosomal target-
ing of M6PR-dependent enzymes, thereby affecting their func-
tional levels within lysosomes. We next monitored the changes
in enzyme targeting and activities within live intact cells using
Magic Red cathepsin-B assay. HeLa and Vps35 KO cells were
treated with Magic Red cathepsin-B, a cell-permeant fluorogenic
substrate, which becomes fluorescent when cleaved by cathepsin
enzymes in lysosomes. Live-cell time-lapse imaging and fluor-
escent intensity analysis revealed that Magic Red fluorescence
in HeLa cells increased rapidly during the first 30 min, then
maintained at relatively stable levels after that (Fig. 2 E). In con-
trast, fluorescence intensities for Magic Red in Vps35 KO cells
were ~40% lower than that in control cells, suggesting reduced
cathepsin enzyme activity in the absence of retromer (Fig. 2 E).
In contrast to other results, the Vps35-GFP rescue cells showed
only a partial rescue of this phenotype, suggesting this aspect
of endosome function is more sensitive to the level of retromer
present in these cell models.

Retromer deficiency causes defects in CI-M6PR trafficking and
its downstream cathepsin-D processing

Because the lysosomal activities of M6PR-dependent hydrolases
were affected upon retromer KO, we next used cycloheximide
chase experiments to investigate the processing and secretion of
newly synthesized cathepsin-D, a well-characterized hydrolase
relying on CI-M6PR for lysosomal delivery (Rojas et al., 2008;
Bugarcic et al., 2011; Follett et al., 2014). HeLa and Vps35 KO cells

test was used to determine the statistical significance among Hela, Vps35 KO, and Vps35-GFP rescue cells upon amino acid stimulation (n = 3). ***, P < 0.001;
*¥%% P < 0.0001. (E) Hela and Vps35 KO cells were treated with chloroquine (CQ, 50 uM) for 6 h. Cells were harvested, and equal amounts of protein samples
were used for SDS-PAGE and immunoblotting with antibodies against LC3-1I, Vps35, and GAPDH. Graph represents the level of LC3-Il normalized to GAPDH
(mean + SEM). Two-tailed Student’s ttest was used to determine the statistical significance (n = 3). *, P < 0.05; **, P < 0.01. (F) Amino acid-starved Hela, Vps35
KO, and Vps35-GFP rescue cells were treated with 2x essential amino acid solution for 30 min, fixed with ice-cold methanol, and coimmunolabeled with anti-
bodies against mTORC1 and LAMP1, followed by Alexa Fluor-conjugated fluorescent secondary antibodies (means + SEM). Scale bars, 5 um. The colocalization
of mTORC1 with LAMP1 was quantified by Pearson’s correlation coefficient. Two-tailed Student’s t test indicates the difference between Hela and Vps35 KO
cells upon amino acid stimulation (n = 3). ***, P < 0.001; ****, P < 0.0001. (G) HeLa and Vps35 KO cells were treated with AZD8055 (1 uM) for 25 h before being
subjected to SDS-PAGE and immunoblotted with antibodies against LC3-1I, Vps35, and GAPDH. Graph represents the expression level of LC3-1l normalized to
GAPDH (mean + SEM). Two-tailed Student’s t test was used to determine the statistical significance (n = 3). *, P < 0.05.
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Figure 2. Deficiency of retromer causes reduced lysosomal activity. (A) HeLa and Vps35 KO cells were treated with AF647-conjugated BSA (200 pg/ml) in
complete medium at 37°C for 1 h. Cells were then fixed and subjected to fluorescence microscopy. Graph represents the fluorescent intensity of endocytosed
BSA conjugate within HelLa and Vps35 KO cells (means + SEM). Two-tailed Student’s t test was used to determine the statistical significance (n = 3). (B) HelLa,
Vps35 KO, and Vps35-GFP rescue cells were treated with DQ-BSA Red (10 ug/ml) in complete medium at 37°C overnight. Cells were fixed and immunolabeled
with antibodies against LAMP1, followed by Alexa Fluor-conjugated fluorescent secondary antibodies. Scale bars, 10 um. Graph represents the fluorescent
intensity of DQ-BSA Red within HeLa, Vps35 KO, and Vps35-GFP rescue cells (means + SEM). Two-tailed Student’s t test was used to determine the statistical
significance (n = 3). ¥, P < 0.05; ***, P < 0.001. (C) Lysosomal subfractions from HelLa and Vps35 KO cells were prepared, and the protein levels of lysosome
enzymes B-hexosaminidase, acid phosphatase 2, B-galactosidase, and B-glucocerebrosidase were determined by immunoblotting. Ponceau S staining of the
relevant area of the blot was included as a loading control. Graph represents the level of B-galactosidase within the lysosome-enriched fraction of HeLa and
Vps35 KO cells (means + SEM). Two-tailed Student’s t test was used to determine the statistical significance (n = 3). *, P < 0.05. (D) Lysosomal enzyme activities
from lysosome-enriched fractions were analyzed by fluorometric analysis using a 4-MU detection system and were calculated in nmol - min™! - mg~! of input
protein. Graph represents the fold difference of enzyme activities between Hela and Vps35 KO cells (means + SEM). Two-tailed Student’s t test was used to
determine the statistical significance (n = 3). *, P < 0.05. (E) HeLa, Vps35 KO, and Vps35-GFP rescue cells were treated with Magic Red Cathepsin-B in complete
medium at 37°C and imaged by time-lapse video microscopy performed with the inverted Nikon Ti-E microscopy with Hamamatsu Flash 4.0 sSCMOS camera.
Graph represents the Magic Red Cathepsin B fluorescence intensity within Hela, Vps35 KO, and Vps35-GFP rescue cells at the indicated time (means + SEM).
n = two independent experiments with eight random points each. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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were treated with cycloheximide, and medium samples were col-
lected from cell monolayers containing equal number of cells at
0, 3, 6, and 9 h post-chase. As indicated by immunoblotting, the
secreted cathepsin-D precursor was detected at 3 h post-chase in
HelLa cells (Figs. 3 A and S1 A). In comparison, the secretion level
of cathepsin-D precursor was significantly higher in the medium
from Vps35 KO cells at 3 h post-chase, and further increased at
6 and 9 h post-chase (Figs. 3 A and S1 A). Immunoblotting of cell
lysates to quantify tubulin levels confirmed that the secreted
material was collected from equivalent numbers of cells (Fig. S1
A). Analysis of the cathepsin-D precursor in the untreated cell
monolayer lysates indicates a higher level of precursor within
Vps35 KO cells (Fig. S1, A and B). The ratio of secreted cathepsin-
D precursor to the basal amount in the cell lysates showed that
more than half of the precursor was secreted to the medium at
6 h post-chase in Vps35 KO cells, whereas only ~30% precursor
was secreted in HeLa cells (Fig. S1 C). Collectively, these data in-
dicate that retromer deficiency perturbs the intracellular pro-
cessing of the cathepsin-D precursor, leading to its increased
secretion rather than delivery to endosomes.

Impairment of M6PR-dependent lysosomal enzymes is most
likely due to improper intracellular trafficking of CI-M6PR.
Dysregulation of retromer has been previously shown to per-
turb the endosome-to-TGN delivery of CI-M6PR (Arighi et al.,
2004; Seaman, 2004; Wassmer et al., 2007; Bugarcic et al., 2011;
Kingston et al., 2011; McKenzie et al., 2012; Miura et al., 2014;
Osborne et al., 2015; Tammineni et al., 2017; Hirst et al., 2018).
To examine whether the retrograde transport of CI-M6PR is
perturbed in the Vps35 KO cells, we performed a series of co-
localization experiments using TGN and endosome markers.
HeLa and Vps35 KO cells were coimmunolabeled with antibod-
ies against endogenous CI-M6PR together with individual or-
ganelle markers. As expected, CI-M6PR was observed to tightly
localize to perinuclear regions in control cells at steady state and
displayed high levels of colocalization with p230-positive TGN,
EEAl-positive early endosomes, and transferrin receptor (TfR)-
positive recycling endosomes, but with minor or no overlap with
LAMPI-positive lysosomes (Fig. 3 B). However, its intracellular
distribution was clearly altered in Vps35 KO cells, displaying a
relatively dispersed peripheral pattern (Fig. 3 B), in agreement
with previously observations (Arighi etal., 2004; Seaman, 2004;
Wassmer et al., 2007; Bugarcic et al., 2011; Kingston et al., 2011;
McKenzie et al., 2012; Miura et al., 2014; Osborne et al., 2015;
Tammineni et al., 2017; Hirst et al., 2018). In fact, colocalization
analysis revealed a reduced overlap of CI-M6PR with p230, but
a mildly increased overlap with EEA1 and TfR in Vps35 KO cells
(p230: Rygera = 0.4005, Rypsas ko = 0.3264; EEAL Ryer, = 0.4220,
Rypsas ko = 0.5219; TfR: Rygera = 04229, Rypgas ko = 0.5007; Fig. 3B),
suggesting impaired CI-M6PR retrograde transport in the ab-
sence of retromer. To further confirm the disrupted trafficking
itinerary caused by retromer deficiency, we next used a CD8a
internalization assay to investigate the intracellular trafficking
of CI-M6PR. HeLa and Vps35 KO cells transiently transfected
with the CD8a-CI-M6PR reporter were incubated with antibod-
ies against CD8a on ice for 30 min and washed twice with acid
solutions. CD8a internalization was then chased at 37°C for up
to 60 min, fixed, and immunolabeled with antibodies against
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golgin-97, a TGN marker, or Rabb, an early endosome marker.
As revealed by confocal microscopy and colocalization analysis,
antibodies bound to CD8a-CI-M6PR were internalized following
endocytic pathways and delivered to the golgin-97 positive TGN
compartment at 60 min post-chase in control cells, suggesting the
efficient retrograde transport of the reporter (Fig. 3 C). In con-
trast, reduced CD8a-CI-M6PR delivery to the TGN was observed
in Vps35 KO cells, which was correlated with a significantly in-
creased colocalization with early endosomal compartments at
60 min post-chase (Golgin-97: Ryera = 0.3908, Ryys35 ko = 0.2340;
Rab5: Ryera = 0.1960, Rypgas ko = 0.2453; Fig. 3 C). These data indi-
cate that retromer is required for the efficient retrograde trans-
port of CI-M6PR, and its deficiency induces increased receptor
retained in endosomal compartments.

A subset of CI-M6PR-containing endosome-derived transport
vesicles that are tethered by GCC88 depend on retromer for
their generation

Retrograde transport of CI-M6PR is achieved by multiple intra-
cellular pathways engaging a range of intracellular machinery.
For example, GRIP domain-containing golgin proteins including
GCC88, golgin-97, and golgin-245 have all been implicated as
the tethering proteins for ETCs incorporating CI-M6PR (Lieu et
al., 2007; Wong and Munro, 2014). We have applied a recently
developed rerouting and capture assay, by which mitochon-
drial targeted golgins capture and relocate ETCs loaded with
specific classes of cargoes to the mitochondria instead of the
TGN (Wong and Munro, 2014). HeLa and Vps35 KO cells were
transiently transfected with individual HA-tagged golgin-MAO
constructs, in which the golgin’s C-terminal Golgi-targeting
domain was engineered to be replaced by the mitochondria-
targeting transmembrane domain of monoamine oxidase (MAO;
Wong and Munro, 2014). Transfected cells were fixed and coim-
munolabeled against HA and endogenous CI-M6PR. Confocal
microscopy revealed a filamentous, mitochondrial pattern for
CI-M6PR in control cells when expressing GCC88-MAO, golgin-
97-MAO, or golgin-245-MAO construct, whereas cells express-
ing the cis-golgin, GM130-MAO, demonstrated little relocation
of CI-M6PR to the mitochondria (Fig. 4 A), consistent with pre-
vious observations (Wong and Munro, 2014). Indeed, colocal-
ization analysis indicated significant overlap of CI-M6PR with
HA-labeled golgin-MAO in HeLa cells expressing GCC88-MAO,
golgin-97-MAO, or golgin-245-MAO (HeLa: Rgcessmao = 0.3911,
Ryolgin-97-ma0 = 0.6186, and Ryyigin-245-ma0 = 0.3564), compared with
that of cells expressing GM130-MAO (HeLa: Rgyuso-mao = 0.1516;
Fig. 4 B). Retromer deficiency did not affect the relocation of CI-
M6PR-loaded ETCs captured by golgin-97-MAO and golgin-245-
MAQO, but it did perturb the relocation of CI-M6PR ETCs tethered
by GCC88 (Fig. 4 A). In support of this, colocalization analysis
revealed a high level of overlap of CI-M6PR with golgin-97-MAO
or golgin-245-MAO in Vps35 KO cells (Vps35 KO: Reolgin-97-Ma0 =
0.5890 and Ryigin-245-ma0 = 0.2906), which was similar to con-
trol HeLa, but a significant reduction in the colocalization of CI-
M6PR with GCC88-MAO (Vps35 KO: Rgccss-mao = 0.1772; Fig. 4 B).
Taken together, these data indicate that retromer is selectively
required for the incorporation of CI-M6PR into a subset of ETCs
defined by their capacity to be tethered by GCC88. To determine
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whether retromer can be retained on the released ETCs and po-
tentially function as part of the GCC88 tethers, confocal micros-
copy and colocalization analysis revealed little overlap of Vps35
with GCC88-MAO or the other mitochondrial targeted golgins
(Fig. S2 A), suggesting that retromer is not associated with the
ETCsreleased from the endosomes, which is consistent with pre-
vious reports (Arlt et al., 2015).

To further test the specificity for GCC88-tethered retromer-
sorted ETCs, we performed the rerouting assay to investigate
the trafficking of cation-dependent (CD)-M6PR, proposed
to be a retromer-independent retrograde cargo (Arighi et al.,
2004; Seaman, 2004). HeLa and Vps35 KO cells were transiently
transfected with individual HA-tagged golgin-MAO constructs,
fixed, and immunolabeled with antibodies against HA and en-
dogenous CD-M6PR. Confocal microscopy revealed relocation of
CD-M6PR-loaded ETCs to the mitochondria in both control HeLa
and Vps35 KO cells transfected with the GCC88-MAO, golgin-97-
MAQO, or golgin-245-MAO construct (Fig. 4 C and Fig. S3). This
observation was further supported by the colocalization analysis
(HeLa: Rgeess-mao = 03973, Reolgin-o7-Ma0 = 06798, Ryolgin-2a5-Ma0 =
0.5045, and Rganzo-mao = 0.1183; Vps35 KO: Rgcess-mao = 0.2783,
Rgolgin-o7-Ma0 = 0.7056, Ryglginaas-mao = 0.5537, and Reamso-mao =
0.0796; Fig. 4 C). Collectively, these data suggest that the absence
of retromer has no impact on GCC88-captured ETCs loaded with
cargoes that traffic in a retromer-independent manner. These
observations are consistent with retromer functions involving a
direct action in ETC formation and protein trafficking, through
binding with its associated cargoes, including CI-M6PR.

To confirm this phenotype, two additional cell models were
generated. First, a stable WT Vps35 rescue cell line was generated
by the expression of untagged WT Vps35 in the Vps35 KO cell
lines (Fig. S2 B). Second, a second retromer subunit, Vps26A KO
cell line, was independently generated using the same approach.
These cell lines were used for the rerouting assay to investigate
the trafficking of CI-M6PR vesicles (Figs. 4 D and S2 B). Vps35
KO, Vps35-GFP rescue, Vps35-wt rescue, and Vps26A KO cells
were transiently transfected with GCC88-MAO or GM130-MAO,
fixed, and coimmunolabeled with antibodies against HA and en-
dogenous CI-M6PR. As expected, CI-M6PR staining in both Vps35
rescue cell lines showed a significantly increased colocalization
with HA-GCC88-MAO compared with Vps35 KO cell line (Vps35-
GFP rescue: Rgcegs-mao = 0.4363; Vps35-wt rescue: Rgeess-mao =
0.3634; Vps35 KO: Rgccss-mao = 0.1548; Fig. 4 D). The Vps26A KO
cells showed the same phenotype as the Vps35 KO cells with a
reduced colocalization of CI-M6PR with HA-GCC88-MAO, com-
pared with control cells (HeLa: Rgeessmao = 0.4258; Vps26A
KO: Rgcess-mao = 0.1789; Fig. S2 C). These results further verify
the essential action of retromer in the retrograde transport of
GCC88-tethered CI-M6PR vesicles.

SNX3 associates with retromer to coordinate the trafficking of
GCC88-tethered CI-M6PR-containing ETC

Current models propose that within endosomes, the retromer
contributes to the sorting and transport of a range of cargoes via
interactions with distinct cargo-binding proteins. To determine
which of these are contributing to retromer-dependent traf-
ficking of CI-M6PR, we generated a series of KO cells depleted
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for the following cargo binding retromer complexes: SNX3-
Retromer, SNX-BAR-Retromer, and SNX27-Retromer. Initially,
we used the CRISPR/Cas9-based targeting plasmids to generate
clonal SNX1/2 double knockout (dKO), SNX3 KO, and SNX27 KO
cell lines. HeLa SNX27 KO was generated as described previously
(Clairfeuille et al., 2016). Immunoblotting revealed the absence
of SNX1and SNX2 in SNX1/2 dKO cell line (Fig. 5 A), further re-
sulting in the loss of SNX5 and SNX6 expression, whose stabil-
ity and endosome recruitment is dependent on the formation of
the functional SNX-BAR dimers (Kerr et al., 2006). On the other
hand, the depletion of SNX1/2, SNX3, or SNX27 had no effect on
the levels of Vps35 and Vps26A (Fig. 5 A). The rerouting assay was
then performed using these KO cell lines to investigate the traf-
ficking of GCC88-tethered CI-M6PR vesicles. HeLa, SNX1/2 dKO,
SNX3 KO, and SNX27 KO cells were transiently transfected with
HA-tagged GCC88-MAO or GM130-MAO, fixed, and coimmuno-
labeled with antibodies against HA and endogenous CI-M6PR.
Colocalization analysis was performed to quantify the reloca-
tion of CI-M6PR to the golgin-positive mitochondria. CI-M6PR
isredistributed to the mitochondria in GCC88-MAO-transfected
HeLa cells (HeLa: Rgecss.mao = 0-3804; Figs. 5 Band S4 A). Similar
levels of overlap between CI-M6PR and GCC88-MAO were ob-
served in both SNX1/2 dKO cells and SNX27 KO cells, compared
with the control cells (SNX1/2 dKO: Rgcess-mao = 0.4340; SNX27
KO: Rgcess-mao = 0.3950; Figs. 5 Band S4 A). In contrast, a signifi-
cantly decreased colocalization of CI-M6PR with GCC88-MAO
was detected in SNX3 KO cells (SNX3 KO: Rgccss-mao = 0.1556;
Figs. 5 B and S4 A), which was similar to that observed in Vps35
KO cells. These data indicate that apart from the retromer, the en-
dosomal transport of the subset of CI-M6PR vesicles captured by
GCC88 also depends on the coordination of SNX3, but not SNX-
BAR proteins and SNX27. Like retromer, SNX3 was not redistrib-
uted to the mitochondria in HeLa cells expressing GCC88-MAO,
indicating it is not associated with these mature ETCs which are
recognized and tethered by GCC88 (Fig. S2 C). The possibility
that SNX proteins might directly coordinate CI-M6PR retrieval
independent of retromer has been recently suggested (Elwell et
al., 2017; Kvainickas et al., 2017; Simonetti et al., 2017). Given this,
we further examined the trafficking of CI-M6PR ETCs tethered
by golgin-97 or golgin-245 in SNX KO cell lines. As indicated by
confocal microscopy and colocalization analysis, SNX1/2 dKO,
SNX3 KO, and SNX27 KO cells all showed comparable levels of
colocalization between CI-M6PR and golgin-97-MAO, compared
with the HeLa control cells (HeLa: Ryolgin-97-ma0 = 0.7330; SNX1/2
dKO: Ryqigin o7-ma0 = 0.7562; SNX3 KO: Ryojgin.07.ma0 = 0.7431; SNX27
KO: Ryolgin-07-ma0 = 0.7323; Figs. 5 Band S4 B). In contrast, SNX1/2
dKO cells demonstrated a decreased colocalization level between
CI-M6PR and golgin-245-MAO, whereas SNX3 KO and SNX27
KO cells remained at a similar colocalization level with HeLa
cells (HeLa: Ryoigin-245-ma0 = 0.4796; SNX1/2 dKO: Ryolgin-245-ma0 =
0.2580; SNX3 KO: Ryjgin-245-ma0 = 0.5747; SNX27 KO: Rygin-245-m0
= 0.4660; Figs. 5 B and S4 C), indicating that SNX-BAR proteins
contribute to the trafficking of the subset of CI-M6PR ETCs that
are captured by golgin-245.

We next examined the transport of CD-M6PR, a retromer-
independent cargo, in the SNX KO cell lines, through the rerout-
ing assay. As indicated by the colocalization analysis, SNX1/2
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Figure 5. SNX3 is required for the retrograde transport of CI-M6PR
GCC88-tethered ETCs. (A) Equal amounts of cell lysates from Hela, SNX1/2
dKO, SNX3 KO, and SNX27 KO cells were subjected to SDS-PAGE and immu-
noblotted with antibodies against Vps35, Vps26A, SNX1, SNX2, SNX5,
SNX6, SNX27, SNX3, and tubulin. (B and C) Hela, SNX3 KO, SNX1/2 dKO,
and SNX27 cells were transiently transfected with HA-tagged mitochondria-
targeting golgin constructs GCC88-MAO, Golgin-97-MAO, Golgin-245-MAQ,
or GM130-MAQO; fixed; and coimmunolabeled with antibodies against HA
and endogenous CI-M6PR (B) or CD-M6PR (C), followed by Alexa Fluor-
conjugated secondary antibodies. The intensity plots of the fluorescent inten-
sity (y-axis) against distance (x-axis) represent the overlap between channels.
The colocalization of CI-M6PR (B) or CD-M6PR (C) with HA-tagged golgin-mito
proteins was quantified by Pearson’s correlation coefficient (means + SEM).
Two-tailed Student’s t test was used to determine the statistical significance
(n=3).**, P<0.0L; **** P<0.0001.
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dKO, SNX3 KO, and SNX27 KO cells all demonstrated consider-
able overlap of CD-M6PR with GCC88-MAO that was similar to
control cells (HeLa: Rgcgss-mao = 0-3285; SNX1/2 dKO: Rgecss-mao
= 0.3383; SNX3 KO: Rocess mao = 0.3530; SNX27 KO: Racess.mao
= 0.4306; Figs. 5 C and S5 A). In addition, the redirection of CD-
M6PR ETCs captured by golgin-97 or golgin-245 was not affected
in SNX3 KO and SNX27 KO cells, as well as in SNX1/2 dKO cells
(HeLa: Rygjgin.or-ma0 = 0.6899 and Rygjgin 245.ma0 = 0.4899; SNX1/2
dKO: Rgglgin-97-ma0 = 0.6536 and Rygigin-2as-ma0 = 0.4262; SNX3
KO: Ryoigin o7 mao0 = 0.7145 and Rygigin 45 ma0 = 0.4928; SNX27
KO: Ryolgin-97-ma0 = 0.6505 and Rygigin-245-ma0 = 0.4973; Figs. 5 C
and S5, B and C). Therefore, these data suggest that the absence
of SNX3, SNX1/2, and SNX27 has no essential role in the pro-
tein trafficking of CD-M6PR within ETCs captured by GCC88,
golgin-97, or golgin-245.

Discussion

The endolysosomal system represents a dynamic set of intracel-
lular compartments that play a critical role in the protein traf-
ficking and degradation of transmembrane and soluble cargoes
within the cell. The maintenance of endolysosomal homeostasis
is achieved via the temporally and spatially coordination of mul-
tiple protein machineries. Enlarged lysosomal structures were
observed in the absence of Vps35, which is consistent with previ-
ous reports in retromer-depleted Drosophila photoreceptor cells
and larva fat body cells (Wang et al., 2014; Maruzs et al., 2015), as
well as mammalian cells (Arighi et al., 2004). We propose that the
enlarged lysosomal structures observed in the absence of Vps35
are caused by the improper trafficking of newly synthesized ly-
sosomal enzymes by CI-M6PR, which decreases the lysosomal
degradative activities and therefore results in an accumulation
of undegraded materials within lysosomal compartments. It re-
mains to be determined whether the absence of retromer directly
affects the recently observed lysosome maturation cycle (Bright
et al., 2016). Changes of lysosomal functions upon depletion of
Vps35 are in agreement with the roles of lysosome in the regu-
lation of autophagy and other signaling cascades. The levels of
LC3-1I, an adaptor and cargo for the autophagosome, were greatly
increased upon the depletion of Vps35. This is partially due to the
decreased lysosomal proteolytic activity but also reflected by the
contribution of the interaction between retromer and TBCID5 in
the controlling of LC3 shuttling (Roy et al., 2017). Lysosomal com-
partments, in contrast, appear to act as a central scaffold in the
lysosomal recruitment of mTORC1 and the subsequent mTORC1
activation through various mechanisms (Goberdhan etal., 2016).
Consistent with this concept, mTORCI recruitment to the lyso-
some in response to amino acid stimulation in Vps35 KO cells was
greatly diminished, indicating that impaired lysosomal function
impairs mTORCI recruitment and activation.

Since being initially identified (Arighi et al., 2004; Seaman,
2004), retromer has been considered to function in the coor-
dination of the endosomal protein sorting and trafficking of
a variety of cargo molecules. It is well established that the en-
dosome-to-TGN retrieval of CI-M6PR is mediated by retromer.
Previous studies demonstrate an impaired trafficking itiner-
ary of CI-M6PR upon the depletion of Vps35 (Wassmer et al.,
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2007; Miura et al., 2014; Osborne et al., 2015; Hirst et al., 2018)
or Vps26A (Arighi et al., 2004; Seaman, 2004; Wassmer et al.,
2007; McKenzie et al., 2012) in mammalian cells, indicating a re-
quirement for the retromer in the retrograde pathway. Our ob-
servations reconfirm the functional role of the retromer in the
endosome-to-TGN retrieval of CI-M6PR. In cells with a complete
knockout of Vps35, we observed a redistribution of CI-M6PR
from the TGN to peripheral endosomal structures, causing defec-
tive lysosomal targeting and processing of CI-M6PR-dependent
enzymes such as cathepsin-D and B-galactosidase. Intriguingly,
we found that only a subset of CI-M6PR-containing ETCs sorted
from endosomes to the TGN depend on retromer. Using the re-
cently developed rerouting assay, which enables dissection of
retrograde ETCs (Wong and Munro, 2014), we showed that the
absence of Vps35 impairs the transport only of CI-M6PR ETCs
that are captured by the trans-Golgi-anchored tethering factor
GCC88, rather than other tethering factors such as golgin-97 or
golgin-245. Our observations suggest a more limited but defined
role of retromer in the CI-M6PR retrograde transport to the TGN,
in support of the hypothesis that multiple types of machinery
are involved in this retrograde trafficking (Diaz and Pfeffer, 1998;
Meyer et al., 2000; Saint-Pol et al., 2004; Scott et al., 2006). This
is consistent with the observation that Vps26B-containing ret-
romer does not coprecipitate CI-M6PR (Bugarcic et al.,, 2011),
which indicates that not all retromer complexes engage with
the CI-M6PR. Likewise, a range of other endosome-associated
proteins, including many associated with retromer, have been
implicated in CI-M6PR retrograde trafficking. We observed that
the CI-M6PR protein levels at the steady state were unchanged
in the absence of Vps35 (unpublished data), consistent with
other studies using the Vps35-depleted cells (Osborne et al.,
2015; Hirst et al., 2018), indicating that retromer-independent
retrograde trafficking of CI-M6PR still occurs. Recently, ret-
romer having any role in the CI-M6PR retrograde trafficking has
been questioned, based on observations that CI-M6PR was not
redistributed in retromer KO cell lines (Kvainickas et al., 2017;
Simonetti etal., 2017) and that its trafficking was dependent only
on SNX-BAR proteins. With respect to retromer, the observations
in these studies directly conflict with the data presented in this
paper. Likewise, these studies conflict with the researchers’ own
earlier work in which efficient RNAi depletion identified that
SNX5 and SNX6 alter CI-M6PR trafficking in the same way that
suppression of known retromer subunits did (Wassmer et al.,
2007). This difference with what we presume involves a consis-
tent methodology was not discussed in their recent publications
(Kvainickas et al., 2017; Simonetti et al., 2017). One explanation
for the failure to observe a difference in CI-M6PR trafficking is
that both studies (Kvainickas et al., 2017; Simonetti et al., 2017)
determined changes in CI-M6PR trafficking based on correla-
tion/colocalization relative to TGN46 only. Before these studies,
it was already well established that TGN46 is incorporated in the
ETCs (Wong and Munro, 2014) and that its retrograde trafficking
was dependent on retromer (Lieu and Gleeson, 2010) and SNX-
BAR proteins (Wassmer et al., 2007). Therefore, both CI-M6PR
and TGN46 would be expected to change cellular distribution
in the absence of the retromer. Furthermore, these studies with
respect to retromer would be considered incomplete, as neither
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includes the standard assay used for CI-M6PR trafficking which
is the mistrafficking of newly synthesized lysosomal hydrolases.

We also demonstrated that the retrograde transport of CI-
M6PR through ETCs tethered by GCC88 was perturbed in the
absence of SNX3. This observation is consistent with previous
reports that RNAi knockdown of SNX3 alters CI-M6PR retro-
grade transport (Harbour et al., 2010; Priya et al., 2017). SNX3
interacts with the retromer subunits Vps35 and Vps26 via multi-
ple interfaces through its N-terminal tail, and this molecular in-
teraction enables the endosomal recruitment of retromer via the
SNX3 PX domain (Harterink et al., 2011; Vardarajan et al., 2012;
Harrison et al., 2014; Lucas et al., 2016; Lenoir et al., 2018). Re-
cent structural studies determined that at the interface between
Vps26 and SNX3, there is a binding site for a canonical sorting
signal, @X(L/M) consensus motif (where @ can be any hydropho-
bic amino acid) for cargo recognition by retromer (Tabuchi et al.,
2010; Lucas etal., 2016). The recycling motif of the divalent metal
transporter 1 isoform II (DMT1-II), a retromer cargo that cycles
between the endosome to the cell surface, has been shown to fit
in this binding mode, demonstrating the role of SNX3-retromer
interaction in cargo sorting and membrane recruitment (Lucas et
al.,2016). CI-M6PR has a related sorting motif with the structural
properties that would enable it to interact with SNX3-retromer
(Seaman, 2007; Lucas et al., 2016), which supports this as the
molecular mechanism by which SNX3 contributes to retromer-
dependent CI-M6PR retrograde transport.

Apart from SNX3, we also examined other cargo-binding
retromer associated proteins including SNX-BAR and SNX27.
Intriguingly, our data demonstrate that the dKO of SNX-BAR
proteins, SNX1 and SNX2, which results in the endosomal dis-
sociation of SNX5 and SNX6, has no impact on the intracellular
trafficking of GCC88-tethered CI-M6PR vesicles, suggesting that
the SNX-BAR dimer is not required for this endosomal sorting
process. We did observe, however, that the trafficking of gol-
gin-245-tethered CI-M6PR vesicles was affected in SNX1/2 dKO
cells, raising the possibility that the SNX-BAR dimer may func-
tion independently of retromer in the retrograde transport of CI-
MG6PR vesicles. These observations are consistent with previous
reports demonstrating that the deficiency of SNX-BAR dimer al-
ters CI-M6PR retrieval (Carlton et al., 2004; Wassmer et al., 2007;
Hara et al., 2008; Hong et al., 2009) and are supported by recent
studies suggesting the direct interaction between SNX5 and CI-
M6PR (Elwell et al., 2017; Kvainickas et al., 2017; Simonetti et al.,
2017). It has been identified that golgin-97 and golgin-245 cap-
ture ETCs that are decorated with the WASH complex through a
vesicle-golgin adaptor protein TBC1D23 (Shin et al., 2017). Given
the established association between the WASH complex and ret-
romer (Gomez and Billadeau, 2009; Harbour et al., 2012; Jia et al.,
2012), it is difficult to reconcile why the knockout of retromer
does not disrupt the trafficking of CI-M6PR vesicles captured
by golgin-97 and golgin-245. However, as proposed by Shin et al.
(2017), it is plausible that a redundant tethering mechanism is
acting in parallel that may not be dissected by our experimental
approaches (Shin et al., 2017). Recent reported proteomics data
indicate that SNX27, another retromer accessory protein that
functions in the recycling of cargo from endosomes to the plasma
membrane, also associates with the CI-M6PR (Kvainickas et al.,
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2017). However, we show that SNX27 is not required for the sort-
ing and generation of retromer-mediated CI-M6PR ETCs. Hence,
given that retromer function is restricted to CI-M6PR incorpo-
ration into ETCs tethered by GCC88, and that other endosomal
proteins clearly also modulate CI-M6PR retrograde trafficking
independent of the retromer, it is critical in future studies to
determine how CI-M6PR is temporally and spatially organized
on endosomes relative to these various proteins associated with
distinct retrograde transport pathways.

Overall, we demonstrate the requirement of retromer in
the retrograde trafficking of a subset of CI-M6PR-containing
ETCs, which are defined by their capability to be tethered by the
trans-golgin, GCC88. The sorting and generation of retromer-
dependent CI-M6PR ETCs require SNX3, which is consistent with
the structural features of the SNX3-retromer complex in cargo
signal recognition and membrane recruitment (Lucasetal., 2016).
Our working model is that the retromer is recruited to endosomal
membranes through a direct interaction with SNX3 via its PI(3)
P-binding PX domain (Harrison et al., 2014; Lucas et al., 2016;
Priyaetal., 2017; Lenoiretal., 2018). Although other regulators of
retromer recruitment have been identified, including Rab7 (Rojas
etal., 2008; Seaman et al., 2009) and SNX12 (Priya et al., 2017), a
direct requirement for this retromer-dependent pathway needs
to be determined given retromer’s requirement to be distinctly
spatially and temporally recruited for each of its multiple mem-
brane transport pathways. Once recruited to the cargo-enriched
endosomes, SNX3-retromer appears to selectively interact with
the cytoplasmic domains of transmembrane cargoes including CI-
MG6PR. Retromer’s direct role in the formation of ETCs isless clear,
as we still observed the formation of GCC88-tethered ETCs which
contain CD-M6PR in the absence of retromer. Retromer function
may be restricted to the recruitment of cargo into the forming
ETC, or alternatively, the ETC containing CD-M6PR observed
are a distinct type of ETC that are also tethered by GCC88. After
release from endosomes, the ETCs are recognized by tethering
factors anchored at the TGN which capture the specific classes of
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Figure 6. Evidence for two independent
types of ETC responsible for the endosome-
to-TGN transport of CI-M6PR in mamma-
lian cells. In mammalian cells, CI-M6PR can be
sorted into ETCs that depend on retromer/SNX3
and are tethered by GCC88 at the TGN. Alterna-
tively, CI-M6PR can be sorted into ETCs that are
independent of retromer but depend on SNX-
BAR proteins and are tethered by golgin-245 at
the TGN. The recently identified bridging protein
TBC1D23 (Shin et al.,, 2017) is not required for
tethering of the GCC88-dependent ETCs but is
required for the tethering of ETC by golgin-245.

ETCs (Wong and Munro, 2014). The retromer-dependent subset of
CI-M6PR ETCs are specifically recognized by GCC88, rather than
golgin-97 or golgin-245. This specificity is consistent with observa-
tions that the tethering domains within golgin-97 and golgin-245
are related and quite different from that in GCC88 (Wong et al.,
2017), and that the tethering of ETCs by GCC88 is independent
of the bridging factor TBC1D23, which connects ETC-associated
WASH with golgin-245 (Shin et al., 2017). We present a working
model outlining the molecular evidence for at least two indepen-
dent pathways for the formation and tethering of ETCs (Fig. 6).
In conclusion, we have identified that retromer is involved in the
sorting and generation of retrograde ETCs, and this pathway is
critical for the efficient targeting of lysosomal enzymes, which
contributes to the maintenance of lysosomal function.

Materials and methods

Chemicals, DNA constructs, and antibodies

Magic Red Cathepsin B Kit (938) was from ImmunoChemistry
Technologies. DQ Red BSA (D12051) was purchased from Thermo
Fisher Scientific. Cycloheximide (66-81-9) and AZD8055 (16978)
were purchased from Cayman Chemical. Chloroquine (C6628)
and Hepes (H3375-250G) were purchased from Sigma-Aldrich.
TCA (T6399) was obtained from Sigma-Aldrich. 4-Methylum-
belliferone (4-MU) standard (M333100) was obtained from To-
ronto Research Chemicals. 4-MU-acid phosphatase substrate
(4-MU-phosphate; M8883), 4-MU-B-hexosaminidase substrate
(4-MU-N-acetyl-B-glucosaminide; M2133), 4-MU-B-galacto-
sidase substrate (4-MU-B-p-galactopyranoside; M1633) and
4-MU-B-glucocerebrosidase substrate (4-MU-B-glucopyrano-
side; M3633) were obtained from Sigma-Aldrich. Ponceau S
solution (P7170) was purchased from Sigma-Aldrich. EDTA (180-
500G) and sucrose (530-2KG) were from Univar. Protease inhib-
itor cocktail EDTA-free tablets (04 639 132 001) were obtained
from Roche. Percoll (17-0891-01) was sourced from GE Health-
care. Glycine (010119.0500) was sourced from AnalaR.
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Mitochondria-targeting golgins, including trans-golgins GC-
C88AC-term-HA-monoamine oxidase A (MAO), golgin-97AC-
term-HA-MAQO, and golgin-245AC-term-HA-MAO, and cis-golgin
GMI30AC-term-HA-MAO, were obtained from S. Munro (Wong
and Munro, 2014). The pCMU-CD8a-CI-M6PR construct was de-
scribed previously (Lieu et al., 2007). The Vps35 CRISPR/Cas9
KO plasmid was purchased from Santa Cruz. The SNX3 CRISPR
guide RNA (gRNA) plasmid (gRNA targeting sequence: 5'-CGG
CCGACCCCCACCGTTTG-3'), SNX1 CRISPR gRNA plasmid (gRNA
targeting sequence: 5-AAATCATCCTACCATGTTAC-3'), and the
SNX2 CRISPR gRNA plasmid (gRNA targeting sequence: 5'-TGA
TGGCATGAATGCCTATA-3') were synthesized by Genscript. The
pEGFP-N1-Vps35 plasmid has been described previously (Follett
etal., 2014). To generate untagged WT Vps35 plasmid, full-length
human Vps35 was amplified from the pEGFP-N1-Vps35 construct
as a template using a 5’ primer (5-CCCACCCGGTACCATGCCTAC
AACACAGCAG-3') and a 3’ primer (5-CCCACCCCTCGAGTTAAA
GGATGAGACCTTCAT-3') and subcloned into pcDNA3.1 (+) vector
using Kpnl and Xhol multicloning sites. The resulting construct
was confirmed by DNA sequencing.

Mouse monoclonal anti-CI-M6PR (clone 2G11; ab2733), rab-
bit monoclonal anti-CI-M6PR (clone EPR6599; ab124767), mouse
monoclonal anti-SNX27 (clone 1C6; ab77799), rabbit monoclo-
nal anti-B-hexosaminidase/HEXB (clone EPR7978; ab140649),
rabbit monoclonal anti-B-galactosidase-1 (clone EPR8250;
ab128993), rabbit polyclonal anti-acid phosphatase 2 (ab84896),
rabbit polyclonal anti-B-glucocerebrosidase/GBA antibody
(ab92997), rabbit polyclonal anti-SNX3 (ab56078), rabbit poly-
clonal anti-LC3A/B (ab128025), and rabbit polyclonal anti-Vps26
(ab23892) were purchased from Abcam. Goat polyclonal an-
ti-Vps35 (NB100-1397) was purchased from Novus Biologicals.
Mouse monoclonal anti-CD-M6PR (22d4) was purchased from
the Developmental Studies Hybridoma Bank. Mouse monoclonal
anti-HA (clone 16B12; 901513) was purchased from BioLegend.
Rabbit monoclonal anti-HA (clone C29F4; 3724), rabbit monoclo-
nal anti-golgin-97 (clone D8P2K; 13192), rabbit monoclonal an-
ti-Rab5 (clone C8BI; 3547), rabbit monoclonal anti-LC3B/LC3-II
(clone D11; 3868), and rabbit monoclonal anti-mTOR (clone
7C10; 2983) were purchased from Cell Signaling Technology.
Mouse monoclonal anti-CD8a (OKTS; 14-0086) was purchased
from eBioscience. Mouse monoclonal anti-EEA1 (clone 14/EEAL,
610457), mouse monoclonal anti-p230 (clone 15/p230; 611280),
and mouse monoclonal anti-LAMP1 (clone H4A3; 555798) were
purchased from BD Biosciences. Mouse monoclonal anti-TfR
(clone H68.4; 13-6800) was purchased from Life Technologies.
Goat polyclonal anti-cathepsin-D (AF1014) was purchased from
R&D Systems. Mouse monoclonal anti-a-tubulin (clone DMI1A;
T9026) and mouse monoclonal anti-GAPDH (clone GAPDH-71.1;
G8795) were purchased from Sigma-Aldrich. Secondary donkey
anti-mouse IgG Alexa Fluor 488 (A21202), donkey anti-mouse
IgG Alexa Fluor 555 (A31570), donkey anti-rabbit IgG Alexa
Fluor 488 (A21026), and donkey anti-rabbit IgG Alexa Fluor 555
(A31572) were purchased from Thermo Fisher Scientific.

Cell culture and transfection
HelLa cells (CCL-2; ATCC) were maintained in high-glucose
DMEM (Thermo Fisher Scientific) supplemented with 10% FBS,
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2 mM L-glutamine (Thermo Fisher Scientific), and 5 mg/ml pen-
icillin and streptomycin (Thermo Fisher Scientific) in a humid-
ified 37°C incubator with 5% CO,. Transfection was performed
using Lipofectamine 2000 (Thermo Fisher Scientific) according
to manufacturer’s instructions.

Generation of CRISPR/Cas9 KO cell lines

CRISPR/Cas9 KO cell lines were generated as previously described
(Kerr et al., 2017). These cell lines were authenticated and con-
firmed to be mycoplasma free (CellBank Australia). Briefly, HeLa
cells stably expressing mCherry-Cas9 were transiently transfected
with the CRISPR gRNA plasmids targeting to Vps35, SNX1, SNX2,
or SNX3 in a 60-mm dish. 48 h after transfection, cells were col-
lected for FACS. GFP-positive cells were collected and allowed to
grow until confluent. Cells were then diluted as 1 cell per well
into 96-well plates until single colonies formed. CRISPR/Cas9-
mediated knockout of targeted genes was confirmed by indirect
immunofluorescence assay and immunoblot analysis. HeLa SNX1
KO cell line was transfected with CRISPR gRNA plasmid targeting
to SNX2, and then subjected to the second round of single-cell sort-
ing to generate SNX1/SNX2 dKO cell line. The SNX27 CRISPR/Cas9
KO cell line was previously generated (Clairfeuille et al., 2016).

Cell treatment procedure

For lysosomal degradation inhibition experiments, cells were
treated with 50 uM chloroquine for 6 h; to inhibit mTORC1 ac-
tivation, cells were treated with AZD8055, a mTORCI inhibitor,
for 25 h. To induce mTORC] activation by essential amino acid,
cells were starved in amino acid-free DMEM medium (D9800-13;
USBiological) for 2 h before stimulated by MEM essential amino
acid solution (final concentration: 2x; 11130051; Thermo Fisher
Scientific) for 30 min.

Purification of lysosomal fractions

For lysosomal fraction purification, confluent cells were pelleted
and resuspended in sucrose buffer (250 mM sucrose, 10 mM
Hepes, and 1 mM EDTA, pH 7, supplemented with protease inhibi-
tor cocktail). Cell lysates were homogenized and subjected to cen-
trifugation at 1,000 rpm for 10 min at 4°C to separate the heavy
membrane fraction (plasma and nuclear membranes) from the
light membrane (endosomes, lysosomes, and ER, etc.) and cyto-
solic fractions. The light membrane and cytosolic fractions were
then collected and layered onto an 18% (vol/vol) Percoll/sucrose
buffer cushion and further subjected to centrifugation at 20,000
rpm for 1h at 4°C. 16 fractions were collected and assayed for the
activity of various lysosomal enzymes to confirm the enrichment
of lysosomal vesicles.

Enzyme activity assay

The enzyme activity assay has been described previously
(Leaback and Walker, 1961; Kolodny and Mumford, 1976). Briefly,
each subcellular fraction was incubated with the respective
4-MU-linked substrate at 37°C for 30 min or 1 h. 4-MU-linked
substrate only was used as a blank control. Reactions were
stopped by 200 mM glycine buffer, and enzyme activity was
assessed by fluorometric analysis (355/460 nm for 1.0 s) using
the VICTOR? 1420 multilabel counter (PerkinElmer) and Wallac
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1420 workstation software (PerkinElmer). The enzyme activity
within each subfraction was normalized to input protein of the
light membrane and cytosolic fraction.

Secretion assay

The secretion assay was performed as previously described
(Follett et al., 2014). HeLa cells were seeded onto a 6-well plate
24 h before use. Cells were incubated with serum-free DMEM
containing cycloheximide (100 pg/ml; Sigma-Aldrich) at 37°C
for the indicated time points. Medium samples were collected,
concentrated by using 10% TCA (Sigma-Aldrich) at 4°C overnight,
and analyzed using Western blotting.

SDS-PAGE and Western immunoblotting

SDS-PAGE and Western blotting were performed as previously
described (Yang et al., 2016). In brief, cell lysates were harvested
in a lysis buffer containing protease inhibitor cocktail. Protein
concentrations were quantified by Pierce bicinchoninic acid
assay (Thermo Fisher Scientific). Equal amounts of protein sam-
ples were resolved on SDS-PAGE and transferred onto the PVDF
membrane (Millipore) according to the manufacturer’s instruc-
tions. Western blotting was developed either by enhanced che-
miluminescent system using Clarity ECL substrate (Bio-Rad) or
Odyssey infrared imaging system (LI-COR).

Internalization assay

HeLa cells grown on coverslips were cotransfected with the
CD8a-M6PR reporter and individual mitochondria-targeting
golgins for 24 h. Transfected cells were washed with ice-cold
PBS twice and incubated in fresh serum-free medium contain-
ing anti-CD8a antibody (5 pg/ml) on ice for 30 min. After wash-
ing with ice-cold PBS and the low-pH solution containing 0.1 M
glycine and 0.15 M NaCl, pH 3.0, to remove unbound antibodies,
cells were then chased in serum-free medium for indicated time
points at 37°C to allow the internalization of bound antibodies. At
indicated time points, cells were fixed with 4% PFA and subjected
to indirect immunofluorescence.

DQ Red BSA assay

HeLa cells grown on coverslips were incubated with culture me-
dium containing 10 pg/ml DQ Red BSA (Thermo Fisher Scientific)
at 37°C overnight. Cells were washed with PBS three times, fixed,
and subjected to indirect immunofluorescence.

Magic Red Cathepsin-B assay

HeLa cells were seeded onto 96-well imaging plates at 30,000
cells per well 24 h before use. To measure lysosomal cathepsin
B activity, cells were incubated with Magic Red Cathepsin-B Kit
(ImmunoChemistry Technologies) according to the manufactur-
er’s instructions, and live-cell time-lapse imaging was recorded
using the Nikon Ti-E inverted microscope equipped with a 40x
Plan Apochromatic objective.

Indirect immunofluorescence and colocalization analysis
Cells on coverslips were routinely fixed with 4% PFA in PBS for
15 min then permeabilized with 0.1% Triton X-100 in PBS for

Cuietal.
Retromer sorts CI-M6PR into a subset of ETC

10 min. Alternatively, for LC3 and mTORCI staining, coverslips
were fixed in ice-cold methanol for 5 min at -20°C. Fixed and
permeabilized cell monolayers were blocked with 2% BSA in
PBS for 30 min to reduce nonspecific binding. Cells were then
labeled with diluted primary antibodies and corresponding
secondary antibodies sequentially for 1 h at room temperature.
Coverslips were mounted on glass microscope slides using Fluor-
escent Mounting Medium (Dako), and the images were taken at
room temperature using the Zeiss LSM 710 Meta confocal laser
scanning microscope or the Leica DMi8 SP8 Inverted confocal
equipped with 63x Plan Apochromatic objectives. For quanti-
fication, images were taken from multiple random positions
for each sample.

Images were processed using Image] software. Colocaliza-
tion analysis was performed using the Image] JACoP plugin
(Bolte and Cordeliéres, 2006). Transfected cells were segregated
from fields of view containing both transfected and nontrans-
fected cells by generating regions of interest. The selected re-
gion of interest was cropped, split into separated channels, and
applied for threshold processing. Colocalization analysis was
conducted on three independent experiments. Colocalization
values were exported to GraphPad Prism 7 software and tabu-
lated accordingly.

EM

EM was performed as previously described (Kerr et al., 2017).
Briefly, cells seeded onto 35-mm dishes were fixed in 2.5% glu-
taraldehyde in PBS and processed for flat embedding in resin.
Upon curing, the resin containing cells was broken away from
the plastic dish. Ultrathin sections (60 nm) were cut and im-
aged using a Jeol 1011 transmission electron microscope at 80
kV fitted with a Morada Soft Imaging camera (Olympus) at two-
fold binning. The volume density of lysosomal compartments
(defined by size and electron dense/multivesicular content)
relative to the cytoplasmic volume was determined by point
counting using a double lattice grid as described previously
(Parton et al., 1989).

Statistics

All statistical analyses were completed using GraphPad Prism
software 7 and described in the appropriate figure legends.
Error bars on graphs were represented as +SEM. P values were
calculated using two-tailed Student’s t test. P < 0.05 was consid-
ered significant.

Online supplemental material

Fig. S1 shows the full scan of the Western blot shown in Fig. 3 C
and quantification data. Fig. S2 shows additional data for Figs.
4 and 5. Fig. S3 shows that the absence of retromer has no im-
pact on the trafficking of CD-M6PR ETCs captured by golgin-97
or golgin-245. Fig. S4 shows that the retrograde transport of CI-
M6PR ETCs captured by GCC88 and golign-245 requires the co-
ordination of SNX3 and SNX-BAR proteins, respectively. Fig. S5
shows that the retrograde transport of CD-M6PR ETCs captured
by GCC88, golgin-97, or golgin-245 is not affected by the absence
of SNX-BAR, SNX3, and SNX27 proteins.
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