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Abstract

RAB GTPases are central modulators of membrane trafficking. They
are under the dynamic regulation of activating guanine exchange
factors (GEFs) and inactivating GTPase-activating proteins (GAPs).
Once activated, RABs recruit a large spectrum of effectors to
control trafficking functions of eukaryotic cells. Multiple proteomic
studies, using pull-down or yeast two-hybrid approaches, have
identified a number of RAB interactors. However, due to the in vitro
nature of these approaches and inherent limitations of each tech-
nique, a comprehensive definition of RAB interactors is still lacking.
By comparing quantitative affinity purifications of GFP:RAB21 with
APEX2-mediated proximity labeling of RAB4a, RAB5a, RAB7a, and
RAB21, we find that APEX2 proximity labeling allows for the
comprehensive identification of RAB regulators and interactors.
Importantly, through biochemical and genetic approaches, we
establish a novel link between RAB21 and the WASH and retromer
complexes, with functional consequences on cargo sorting. Hence,
APEX2-mediated proximity labeling of RAB neighboring proteins
represents a new and efficient tool to define RAB functions.
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Introduction

Membrane trafficking, the vesicular transport of cellular constitu-
ents, is fundamental to cellular and organismal homeostasis [1-3].
The sequential transport of cargos between intracellular compart-
ments occurs through multi-step processes that are actively regu-
lated [4]. One important class of regulators controlling vesicular

traffic and membrane compartment identity is the RAB GTPase
family [5].

RAB GTPases form the largest family of small GTPases with
nearly 70 members in humans [6]. RABs are involved at every step
of vesicular trafficking where they regulate sorting, fission, trans-
port, tethering, and fusion events [7]. RABs cycle between their
inactive (GDP-bound) and active (GTP-bound) states through the
action of guanine exchange factors (GEFs), and are conversely
converted from their GTP-bound state to their GDP state by GTPase-
activating proteins (GAPs) [8]. RABs are often targeted by multiple
GEFs and GAPs [9,10]. The differential actions of these GEFs or
GAPs can potentially direct a RAB to alternate compartments or
specify particular functions [11]. Once recruited and activated at
their target membranes, RABs bind effectors in order to mediate
various functions [12]. RAB effectors recruit multiple classes of
proteins ranging from adaptor coat proteins to myosins, dyneins,
and signaling kinases [12]. Moreover, RABs also interact with vari-
ous cargos, tethering complexes and cargo sorting complexes [13].
One such example is the role of RAB7 in the recruitment of the
retromer complex at endosomes [13,14]. The retromer complex is
an evolutionary conserved complex [15], which regulates endo-
some-to-Golgi retrograde transport [16] as well as endosome-to-
plasma membrane trafficking [17]. The core retromer complex is
constituted of two subcomplexes, namely the VPS and SNX
complexes. The VPS complex (or cargo sorting complex) comprises
VPS26, VPS29, and VPS35 [18] and interacts with various cargos
either directly or through binding with various SNXs and accessory
proteins [17,19,20]. The SNX subcomplex interacts with endosomes
through PtdIns(3)P [21] and also modulates cargo sorting [22,23] as
well as membrane tubulation [24]. In addition, the retromer inter-
acts with the WASH complex, through an interaction between
VPS35 and the WASH complex subunit FAM21 [19,25,26]. The
WASH complex generates F-actin at endosomes to mediate cargo
sorting and tubule scission [27-30]. It is now acknowledged that the
retromer/WASH complex forms heterogeneous “subcomplexes”
with various interacting proteins to specifically and temporally regu-
late a large array of cargos [17,20,31-33]. Given the role of RAB
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GTPases in membrane traffic, it is likely that other RABs are
involved in various aspects of retromer/WASH functions.

RAB interactors have mostly been defined through in vitro pull-
down and yeast two-hybrid approaches [34-37]. Pull-down experi-
ments are a powerful tool to assess direct binding between a RAB
and a specific protein, and have been successfully used to identify
interactors for multiple RABs [35]. However, they preclude identifi-
cation of context-specific RAB GEFs, GAPs, or effectors, since the
temporal aspects of effector recruitment are lost. On the other
hand, yeast two-hybrid approach allows for the identification of
RAB GEFs, GAPs, and effectors. However, yeast two-hybrid
approach only monitors binary interactions, and as a result,
complexes interacting with RABs through multiple proteins cannot
be identified. Recently, a pull-down-based RAB-interactome screen
was performed in Drosophila enabling identification of a large
number of RAB effectors [37]. Unfortunately, harder to purify RABs
showed very limited number of interactors [37]. Ongoing
proteome-wide studies aimed at defining the human proteome [38]
have also tested numerous RAB GTPases. Unfortunately, these
studies used C-terminal tags for affinity purifications, which are not
appropriate for RABs, due to RAB C-terminal prenylation. The
suboptimal tagging of the RABs in these studies yielded a low
number of interactors for most of the twenty-five RABs tested. This
was particularly evident given the strong prevalence for enzymes
linked to RAB prenylation in the interactome (i.e., CHM, CHML,
RABGGTA/B) [38]. Hence, in order to understand how RABs
exhibit different cellular functions, it is imperative to accurately
and extensively define their associated proteome in the appropriate
setting. In an effort to develop new approaches to map RAB
GTPase interactors, we have combined quantitative mass spectrom-
etry and APEX2 proximity labeling techniques. Herein, we describe
APEX2-mediated proximity labeling as a new highly efficient
method to rapidly map RAB regulators/effectors. This approach
notably allowed defining a novel RAB21 interaction with the
WASH/retromer complexes and a RAB21 role in endosomal sorting
of a subset of clathrin-independent cargos.

Results

Quantitative mass spectrometry defines potential RAB
interactors

Early endosomal RAB21 has well-described roles in mediating inte-
grin internalization to control cell migration, anoikis resistance, and
cell division [39,40]. RAB21 also regulates aspects of VAMP7 and
VAMPS trafficking to control neurite growth and autophagy, respec-
tively [41,42]. Unfortunately, a low number of specific interactors
were identified for RAB21 in a recent pull-down study [37]. Given
the importance of RAB21-associated functions, and the difficulty in
identifying RAB21 interactors through conventional approaches,
RAB21 represents a good RAB on which to establish novel method-
ologies aimed at identifying RAB-associated proteins. Hence, a
quantitative SILAC-based affinity purification (AP-MS) approach
was devised to map RAB21 interactors.

The Flp-In/T-REx system [43] was used to generate stable HeLa
and HCT116 cell lines expressing N-terminally GFP-tagged wild-type
(WT), GTP-locked (Q78L), or GDP-locked (T33N) forms of human
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RAB21. Various RAB21 variants were chosen in order to maximize
the recovery of GEFs, GAPs, and effectors. GFP:RAB21 variants
were expressed and properly localized in both HeLa and HCT116
cells, except for T33N that showed weaker early endosomal localiza-
tion with a concomitant Golgi relocalization (Fig EV1A-D), consis-
tent with earlier findings [44].

Duplicate SILAC experiments for each GFP:RAB21 variants iden-
tified a vast spectrum of potential direct and indirect RAB21 interac-
tors (Figs EV1E and EV2A-C, Dataset EV1). Surprisingly, functional
annotations in Reactome of individual cell lines did not show an
enrichment toward membrane trafficking (Fig EV2D and E) and
were reminiscent of those observed from a recently published GST:
RAB21-interactome pull-down study (Fig EV2F) [45]. Since the
interactome was generated in two cell lines, we hypothesized that
proteins concomitantly enriched from both cell lines would likely
represent RAB21 interactors. Hence, the HeLa and HCT116 RAB21
networks generated with all of the various RAB21 variants were
merged. This resulted in 29 proteins present altogether (Fig EV1E),
which interacted to different degrees with the WT, Q78L, or T33N
RAB21 variants (Fig EV2C and Dataset EV1). When organized into a
network (Fig EV1F), multiple membrane trafficking regulators or
potential cargos were observed. Reactome pathway analysis
revealed an enrichment in membrane and vesicular transport
processes (Fig EV1G), strengthening these core proteins as prospec-
tive RAB21 interactors. While this quantitative AP-MS interactome
yielded a highly relevant network of RAB21 binding proteins, it was
nonetheless variable between repeats and cell lines and required the
use of GDP-/GTP-locked constructs. Therefore, other approaches
were sought to identify RAB regulators and interactors.

APEX2:RABs are properly localized in HelLa cells

One caveat of AP-MS and pull-down approaches is that cell lysis
influences protein—protein interactions. To circumvent this issue,
APEX2:RAB fusions were used to perform proximity labeling
(Fig 1A) [46]. APEX2 is an engineered peroxidase that biotinylates
proteins, mostly on tyrosine [47], in a 10-20 nm radius [48]. It uses
biotin—phenol as its substrate, and the reaction is catalyzed by a 1-
min H,O, treatment, enabling the rapid covalent labeling of neigh-
boring proteins.

A concern with proximity labeling approaches is that they often
lead to the identification of large arrays of proteins [49]. We
rationalized that by using three early endosomal RABs as baits, we
could (i) validate the technique, (ii) identify general and specific
early endosomal neighbors for the three RABs, and (iii) refine the
RAB21 proteome established by AP-MS. Moreover, given the known
segregation of RAB5 and RAB4 at endosomes [50,51], we hypothe-
sized that APEX2 labeling would also identify RAB-specific microdo-
mains (Fig 1B). APEX2, APEX2:RAB21, APEX2:RABSa, and APEX2:
RAB4a HeLa Flp-In/T-REx cells were thus generated. APEX2-fused
RABs were able to biotinylate endogenous proteins. Strong biotiny-
lation was observed in the presence of H,0, and biotin—phenol,
whereas weak biotinylation was noted when H,0, was omitted
(Fig 1C). Immunofluorescence analyses revealed that biotinylated
proteins in APEX2:RAB21, RABS, and RAB4 cells localized on EEA1-
positive puncta and also in a cytosolic/reticular pattern, while
APEX2-only cells showed diffuse cytosolic and nuclear staining with
no EEA1 colocalization (Fig 1D). Together, these results indicate
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Figure 1. APEX2:RAB expression lead to endosomal biotinylation.

RAB21 regulates CIE cargo sorting ~ Tomas Del Olmo et al

A Diagram representing APEX2:RAB-mediated endosomal biotinylation of endogenous proteins.

B Illustrative representation of APEX2:RAB endosomal microdomains.

C APEX2 only or APEX2:RAB were found to biotinylate endogenous proteins. Streptavidin Western blotting of total biotinylated proteins in APEX2:RAB or APEX2 only

Flp-In/T-REx Hela cells.

D APEX2:RAB biotinylated proteins (streptavidin) are partially colocalized with EEAL in Hela cells, n = 2 independent experiments. Scale bars: 10 um or 5 um in

enlarged views.

that APEX2 is active when fused with RABs and that APEX2:RAB
can biotinylate proteins at EEA1-positive endosomes.

APEX2:RAB proximity labeling is enriched for trafficking
regulators/effectors

Three label-free independent proximity labeling experiments for
each RABs and the APEX2 control were performed. In order to
statistically identify interactors/neighbors and to remove cytosolic/
reticular contaminants, the SAINT software was used for filtering
and the ProHits-viz suite for data representation [52,53]. Using a
very strict SAINT filtering score of > 0.95, which corresponds to a
false discovery rate of < 1%, 1,173 proteins were identified in
APEX2:RAB21, 819 in APEX2:RABS, and 469 in APEX2:RAB4 when
normalized to APEX2 only (Fig 2A and Dataset EV2). Importantly,
biotinylation was equivalent between APEX2:RABs (Fig EV3A).
Therefore, the different number of interactors/neighbors between
the various RABs most probably reflects different degrees of proxim-
ity with endosomal proteins, rather than variable protein expression
levels between baits. RABS5 and 21 showed 57% overlap between
their neighboring proteins (666 proteins), while RAB21/RAB4 and
RAB5/RAB4 had 35% (412 proteins) and 51% overlap (415
proteins), respectively (Fig 2A). When all RAB21, RABS, and RAB4
neighbors were analyzed for gene ontology (GO) term enrichment,
molecular functions related to trafficking events were highly signifi-
cant and overlapped extensively (Fig 2B). Of significance, the
APEX2:RAB approach highlighted cellular functions related to traf-
ficking, something that both GST pull-down and AP-MS approaches
failed to achieve without heavy filtering and the use of numerous
RAB variants and cell lines.

Wild-type APEX2:RABs identify known GEFs, GAPs, and effectors

Given the large number of proteins identified in the APEX2:RAB21,
5, and 4 datasets, the type of neighbors detected through this
methodology was explored. A comparative analysis of the various
RABs (Fig 2C) on ProHits-viz was performed. Strikingly, GEFs,
GAPs, and effectors/interactors were identified from wild-type RABs
with mostly specific enrichments toward their predicted target.
Using published interactors (without exhaustively listing them all,
Fig 2C and Dataset EV2), preferential associations between RAB21
and MTMR2 were observed, as shown in Drosophila [54] and with
VAMP? [41]. An association between RAB21 and integrin(s) was
also detected, although integrins were rather variable in their prox-
imity with early endosomal RABs, as could be expected from previ-
ous reports [55]. APPL1/2 and EEA1, which are known RAB21 and
RABS effectors, were also highly recovered with both RAB21 and
RABS, while weak in RAB4. APEX2:RABS5-mediated proximity liga-
tion also identified other known RABS effectors, including VPS34
and KIF13A. It also enriched HOOK1/3, UHRF1BP1L, CC2DI1A,
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FAM160A1, and Ccdcl128, which represent previously identified
RABS effectors [37]. Surprisingly, Rabenosyn-5, which binds both
RABS and 4, was mostly enriched with RAB5 compared to RAB4.
RABIP4, RAB11FIP11, and VPS45, which are functionally mostly
linked to RAB4, were also more prominently found with RABS or
RAB21 compared to RAB4, while only GRASP-1 was notably
observed with RAB4. Nonetheless, all of these known RAB4 interac-
tors, although less abundant with RAB4, were recovered at an < 1%
FDR in APEX2:RAB4 experiments.

The APEX2 approach also identified known RAB21 and RAB5
GEFs (Fig 2C). VARP, a RAB21 GEF, was highly abundant with
RAB21, while the more general RABGEF1 was observed at a low
FDR (< 1%) with RAB21 and 5. RAB GAPs were also recovered by
APEX2:RABs (Fig 2C). Of note, TBC1D2, previously described with
RABS GAP activity in C. elegans [56], was abundant with RABS,
while GAPCENA, a known RAB4 GAP, was present with RAB4 [57].
No RAB21 GAPs have been described in the literature, although
TBC1D17 was shown to have weak catalytic activity toward RAB21
in vitro [57]. TBC1D4 and/or TBC1D15, a close relative of TBC1D17,
could potentially act on RAB21 given their respective high abun-
dance with RAB21.

To confirm that APEX2:RAB-identified proteins were recovered
due to their close proximity to RABs, and not merely the result of
their general endosomal localization, the RAB21 dataset was
compared to a previously published APEX2:2xFYVE dataset [58].
The data were normalized using ProHits-viz and compared. After
analysis, most proteins were only found with RAB21 (Fig EV3B),
while those shared between the 2xFYVE probe and RAB21 were, for
the most part, known PtdIns(3)P binding or associated proteins
(Fig EV3C). Thus, proteins identified through APEX2:RAB were not
simply observed due to their endosomal localization. To further
ensure the specificity of the APEX2:RAB-identified proteins, early
endosomal RABs were compared to APEX2:RAB7a, a late endoso-
mal RAB. APEX2:RAB7 localized appropriately and led to biotinyla-
tion at late endosomes/lysosomes as detected with LAMP1
(Fig EV3E). APEX2:RAB7-identified proteins had a limited overlap
with early endosomal RABs as expected (Figs 2A-C and EV3D).
Importantly, the well-described RAB7 GAP TBCIDS [14] and
the known RAB?7 interactor VPS35 [59] were highly enriched with
RAB7 (Fig 2C). Altogether, these experiments strengthen APEX2:
RAB proximity labeling as an efficient method to identify RAB
interactors/neighbors.

Another important aspect of the APEX2:RAB proximity labeling
approach was that it successfully enriched whole protein complexes
with single RABs (Fig 2C). This approach, using a single purification
step, effectively identified all subunits of the EARP complex with
RAB4. This complex was recently identified as an early endosomal
sorting complex interacting with RAB4 [60,61]. EARP is highly simi-
lar to the Golgi GARP complex, which does not interact with RAB4
[37]. Of note, all EARP-specific subunits were identified with strong

© 2019 The Authors
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enrichment with RAB4, while the GARP complex-specific subunit
was not recovered. Also, the WASH [62] complex was strongly
enriched with RAB21, while a few subunits were observed with
RABS and RAB7 (Fig 2C). Interestingly, VPS retromer subunits [18]
were strongly enriched with RAB7, compared to early endosomal
RABs (Fig 2C), as expected from previous work [13,14]. Although
early endosomal RABs were statistically enriched with the VPS
retromer subunit, they showed stronger proximities to various SNXs
and other retromer subunits (i.e., SNX2, SNX6).

RAB GTPases are known to be functionally linked to phospho-
inositides [5]. Thus, their proximity to phosphoinositide regulatory
enzymes was investigated. RAB21 and RAB5 were found to interact
or be in close proximity to a wide range of phosphoinositide phos-
phatases and kinases (Fig EV4A). In accordance with previous stud-
ies [63], APEX2 proximity labeling identified INPP4a and OCRL as
strong RABS interactors/neighbors. Interestingly, multiple Myotubu-
larin family members were specifically identified with RAB21. More-
over, PIKFYVE was also exclusively found in APEX2:RAB21 cells
(Fig EV4A). These associations imply that RAB21 could potentially
impact three phosphoinositide pools, namely PtdIns(3)P, PtdIns(5)
P, and PtdIns(3,5)P,. Altogether, APEX2:RAB proximity labeling
allowed identifying a wide array of known regulators/interactors of
RAB GTPases.

APEX2:RABs identify novel RAB interacting proteins

Most of the aforementioned proteins represent known interactions
and complexes. Consequently, the extent of the interactors/neigh-
bors identified by the APEX2 technique validated the APEX2
approach. However, in addition, we also assessed whether APEX2:
RABs proximity labeling could identify novel regulatory interac-
tions. In order to identify RAB21 interactors/neighbors, APEX2:
RAB21 enriched baits were filtered (Fig EV4B). This led to the iden-
tification of (i) PLEKHM2, which has known roles in lysosomal posi-
tioning and autophagy [64], (ii) SLC7A11, which interacts with
SLC3A2 to control amino acid transport [65], and (iii) USP7, a
recently identified WASH complex modulator [66]. Other identified
RAB21 interactors/neighbors showed potential roles in TGF-f, in
adherent junctions, and in cohesin functions. To assess whether
proteins detected by mass spectrometry could be validated by other
approaches, APEX2 and APEX2:RAB21 proximity labeling in GFP:
SARA transfected cells was performed. After cell lysis and GFP:
SARA immunoprecipitation, biotinylated SARA was only observed
in APEX2:RAB21 cells (Fig EV4C). Moreover, co-immunoprecipita-
tion (CoIP) experiments performed between FLAG:RAB21WT- and
HA:PLEKHM2- or HA:SLC7A11-expressing cells allowed highlight-
ing reproducible interactions between RAB21 and PLEKHM2 or
SLC7A11 (Fig EV4D). These examples further strengthen the APEX2
proximity labeling technique and corroborate these newly estab-
lished neighbors as novel RAB21 interactors.

RAB21 interacts and colocalizes with the WASH and
retromer complexes

In order to further build from the APEX2 proximity labeling
approach and define novel molecular functions for RAB21, its prox-
imity to the WASH and retromer complexes was studied in further
detail. Mass spectrometry data were confirmed by performing an
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anti-biotin immunoprecipitation [67] on APEX2:RAB-expressing
cells, and the presence of WASH- and retromer-associated proteins
was tested. Using this approach, Strumpellin was more prevalent
with APEX2:RAB21, while similar amounts of VPS35 between RABS
and RAB21 (Fig 3A) were detected. This trend is in accordance with
the mass spectrometry approach (Fig 2C).

Specific interactions between RAB21 and WASH/retromer
complexes subunits were further tested by ColIP. Endogenous
VPS26, FAM21, Strumpellin, and VPS35 immunoprecipitated with
GFP:RAB21 (Fig 3B and C). Although weak, these interactions were
highly reproducible and associated with different degrees with the
various RAB21 variants. This is similar to RAB21 association with
integrins [68]. Of particular note, VPS35 was also observed in the
AP-MS SILAC experiments (Dataset EV1). Lastly, pull-down experi-
ments on HeLa cell lysates with bacterially purified GST:RAB21 [54]
were performed to assess a more direct interaction between the
WASH/retromer complexes and RAB21. FAM21, Strumpellin and
CAPZo, three WASH complex components, and VPS35, a core
retromer subunit (Fig 3D), were detected. The efficiency of the pull-
down was confirmed by the presence of APPL1 (Fig 3D). While
these pull-down results do not allow concluding that RAB21 directly
interacts with the WASH or retromer complexes, they nevertheless
strongly suggest that RAB21 binds to these complexes either directly
or indirectly. Finally, as expected from the interaction data, partial
colocalization between RAB21 and the WASH and retromer
complexes was observed (Fig 3E and F), further indicating that
RAB21 interacts with the WASH and retromer complexes.

RAB21 is required for complete endosomal WASH/retromer
complex recruitment

To functionally assess whether RAB21 affects WASH/retromer func-
tions, polyclonal RAB21 knockout HeLa cell populations were
generated using CRISPR/Cas9 [69]. To ensure the specificity of the
assayed phenotypes, two cell populations using independent guide
RNAs targeting distinct genomic regions were generated. Thus, simi-
lar phenotypes in both cell populations would strongly argue for a
specific effect. RAB21 knockout was confirmed through sequencing
of the targeted genomic regions, with various indels or insertions
observed for each gRNA in the polyclonal populations (Fig EV4E).
Some non-edited cells were observed in the gRNA-2 cell population
compared to the gRNA-3 population (Fig EV4E), which correlated
with RAB21 protein levels detected by Western blotting (Fig 4A).
Importantly, as expected from previous studies [42], the number of
LC3 puncta was increased in the two RAB21 knockout cell popula-
tions (Fig EV4F). Morphological analysis of various membrane
compartments did not identify major defects in compartment size
and localization (Fig 4B), aside from transferrin uptake being slower
in RAB21 KO cells (Fig EV4G and H) in accordance with previous
work [44].

RAB21 knockout led to a slight reduction in VPS35 and VPS26
protein levels, while it did not affect VPS29. On the opposite, WASH,
Strumpellin, and CAPZa proteins levels showed a slightly increasing
trend (Fig SA and B), indicating that RAB21 may regulate the local-
ization or stability of these complexes. Significantly, loss of RAB21
reduced VPS35 recruitment to endosomes detected both by a
decreased number of VPS35 puncta per cells and by a reduced colo-
calization between VPS35 and EEA1 (Fig 5C-E). Decreased

© 2019 The Authors
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Figure 3. RAB21 interacts and colocalizes with the WASH and retromer complexes.

A

B, C

Strumpellin and VPS35 are in close proximity to RABS and RAB21. Anti-biotin immunoprecipitation and immunoblot of endogenous Strumpellin and VPS35. Lysates
correspond to 1% of input, n = 3 independent experiments.

RAB21 can be seen interacting with various WASH and retromer complexes subunits. GFP-Trap IP of WT, Q78L, and T33N RAB21 variants in Hela cells followed by
GFP immunoblot and endogenous (B) VPS26 immunoblot and (C) FAM21, Strumpellin, and VPS35 immunoblots. Lysates correspond to 5% of input, n > 3
independent experiments.

RAB21 actively pulls down WASH and retromer complex subunits. Bacterially purified and GTP-loaded GST:RAB21 pull-down of Hela cell lysates followed by
Strumpellin, FAM21, CAPZa, and VPS35 immunoblots. Ponceau staining reveals the purity of the GST and GST:RAB21 used for the pull-downs, n = 3 independent
experiments.

RAB21 colocalizes with the WASH and retromer complexes. Transiently expressing GFP:RAB21 Hela cells were fixed and stained for endogenous EEAL, FAM21,
WASH, and VPS26. Boxed region is magnified, and single channels are depicted. Scale bars: 10 pm or 5 pm in enlarged view.

Pearson’s correlation per cell between RAB21 and the various markers. Error bars are SEM, n = 2 independent experiments.
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A Low RAB21 expression levels in two independent RAB21 KO cell populations. Immunoblot analysis of endogenous RAB21, RABS, RAB7, and GAPDH.
B Endo-lysosomal compartments are unaffected by the loss of RAB21. Immunofluorescence of APPL1, TfR, RAB7, and LAMP1 in parental Hela cells and in the two RAB21

knockout cell populations. Scale bars: 10 um, n = 3 independent experiments.

colocalization between SNX1 and EEA1 was also observed, although
the number of endosomal SNX1 puncta was not affected by RAB21
deletion (Fig EVSA-C), suggesting that the cargo sorting complex is
more affected by the loss of RAB21 than the sorting nexin complex.
WASH and FAM21 also showed, albeit to a weaker extent than
VPS35, decreased endosomal colocalization with EEA1 (Figs SF-H
and EV5D). Altogether, these results demonstrate that RAB21 is
required for the full recruitment of the WASH and retromer
complexes at EEA1-positive endosomes. To assess whether RAB21
was required for a specific WASH-mediated process, endosomal F-
actin was monitored since it is believed to be mostly controlled by
the WASH complex [27,28,70]. Importantly, endosomal F-actin was
decreased in RAB21 KO cells compared to controls (Fig 5I and J)
demonstrating the importance of RAB21 for proper WASH function.
This was not a global loss of F-actin, since cortical actin was present
equally in parental and RAB21 knockout cells (Fig 5I).

RAB21 regulates trafficking of a subset of retromer cargos

The interaction and impact of RAB21 on WASH/retromer localiza-
tion and actin polymerization suggest that RAB21 may regulate
the trafficking of a larger proportion of cargos than initially
believed [39,42]. WASH/retromer complexes regulate endosome-
to-Golgi retrograde pathways and cargo recycling between endo-
somes and plasma membrane [17,29]. Thus, given that both
CI-MPR and GLUT1 proteins represent two well-defined retromer
cargos undergoing retrograde or endosome-to-plasma membrane
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sorting, respectively [17,71], the localization of these two proteins
was therefore assessed. Surprisingly, in RAB21 knockout cells, no
defects were observed for either cargos (Fig 6A-C), thereby indi-
cating that RAB21 is not required for general retromer sorting
events, and consistent with the observed partial endosomal loss of
WASH/retromer complexes (Fig SC-H). Given the recently
reported heterogeneity of retromer complexes [20], it is possible
that RAB21 modulates the sorting of a defined set of cargos.
Indeed, VARP was recently identified as a retromer interacting
protein and shown to be involved in regulating a subset of VPS35-
dependent cargos. Since RAB21 KO did not impact CI-MPR or
GLUT1 trafficking, the VARP-dependent cargo MCT1 was assessed.
RAB21 KO notably affected MCT1 protein levels (Fig 6D and E).
This defect is reminiscent of what was observed in VARP-depleted
cells [20], thus indicating that RAB21 modulates a subset of
retromer cargos.

Interestingly, MCT1 (SLC16A1) was present in both GFP-Trap
and APEX2:RAB21 datasets. Since SLC3A2, Basigin (CD147), and
SLC16A3 were also observed in both datasets (Datasets EV1 and
EV2), this could indicate that their trafficking may be regulated by
RAB21, similar to MCT1. The interaction between RAB21 and
SLC3A2 (Fig 6F) was thus first validated. Confirming the proteomic
data, FLAG:RAB21 efficiently immunoprecipitated HA:SLC3A2.
Given the available reagents, only SLC3A2 and Basigin trafficking
were subsequently investigated. Importantly, these two cargos
represent “direct CIE cargos” [72], which are characterized by their
rapid sorting into tubular endosomes in HeLa cells [73]. As a result

© 2019 The Authors
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Figure 5. RAB21 modulates WASH and retromer endosomal recruitment and WASH activity.

A The stability of the retromer cargo sorting complex is affected in RAB21 KO cells. Immunoblot analysis of VPS35, VPS26, VPS29, GAPDH, and RAB21 in parental and
the two RAB21 KO cell populations. Ratio of VPS35, VPS26, and VPS29 integrated densities to GAPDH of four independent experiments. *P < 0.05.

B WASH complex proteins are not affected by RAB21 deletion. Immunoblot of Strumpellin, WASH, FAM21, CAPZa, GAPDH, and RAB21. Ratio of WASH, FAM21,
Strumpellin, and CAPZa integrated densities to GAPDH of four independent experiments.

C-E RAB21 knockout decreases VPS35 localization at endosomes. (C) Immunofluorescence of endogenous VPS35 and EEAL in RAB21-depleted cells. Boxed region is
magnified, and single-channel images are depicted. (D) Pearson’s correlation per cell between VPS35 and EEAL, n = 3 independent experiments. (E) Average number

of VPS35 puncta per cell, n = 3 independent experiments.

F-H RAB21 loss impairs endosomal recruitment of the WASH complex. (F) Immunofluorescence of endogenous WASH and EEAL in RAB21-depleted cells. Boxed region is
magnified, and single-channel images are depicted. (G) Pearson’s correlation per cell between VPS35 and EEAL and (H) FAM21 and EEAL, n = 2 independent

experiments.

I,] RAB21 knockout reduces endosomal F-actin levels. (I) Immunofluorescence of endogenous F-actin using Alexa 488-conjugated phalloidin and EEAL in RAB21-
depleted cells. Boxed region is magnified, and single-channel images are depicted. (J) Pearson’s correlation per cell between internal F-actin and EEAL n = 3

independent experiments.

Data information: In (C, F, 1), scale bars represent 10 um or 2.5 pm in enlarged views. Statistical tests used are as follows: (A and B) one-sample t-tests, (D) unpaired
t-tests, (E and J) Mann-Whitney tests. All error bars are SEM. Number of cells presented on each graph represents the total number of cells analyzed for all repeats.

of this feature, their tubular endosomal localization was monitored
through a well-defined antibody uptake assay [74]. As expected,
SLC3A2 and Basigin both localized to endosomal tubules in control
cells (Fig 6G and H). Conversely, in RAB21 KO cells, both failed to
reach tubular endosomes and were observed in a vesicular pattern
(Fig 6G and H). Importantly, SLC3A2 presence on tubules was
partially rescued by transient overexpression of FLAG:RAB21 WT
(Fig EVSE). CD44, another well-defined “direct CIE cargo”, which
was not observed in either the AP-MS or APEX2 datasets, was also
followed in order to monitor whether RAB21 only affected interact-
ing cargos or rather acted more generally in tubular endosome sort-
ing events. CD44, similar to SLC3A2 and Basigin, failed to reach
endosomal tubules in RAB21 KO cells (Fig 6G and H). These find-
ings thus suggest a more general role of RAB21 in mediating fast
endosomal sorting of “direct CIE cargos”.

Finally, to further corroborate that the loss of RAB21 affects the
sorting of these cargos, steady-state SLC3A2 protein levels were
followed, with the prediction that the latter would decrease due to
lysosomal degradation, as observed for many retromer-dependent
cargos [17]. In accordance with a sorting defect, an increased colo-
calization between SLC3A2 and late endosomes (RAB7) and lyso-
somes (LAMP1; Fig EVSF and G) was detected. Moreover, SLC3A2
total protein levels were decreased in RAB21 KO cells, as assessed
by both FACS and immunoblotting (Fig EV5H and I). Altogether,
these findings illustrate a new role for RAB21 in controlling endoso-
mal sorting of direct clathrin-independent cargos.

Both WASH and retromer complexes are required for SLC3A2 and
Basigin sorting and for full RAB21 activity

To confirm that SLC3A2 and Basigin sorting to endocytic tubules
require the WASH and retromer complexes, knockout HeLa cell
populations for FAM21 (WASH), VPS29 (retromer), and VARP
(retromer subcomplex; Fig 7A) were generated. Of note, both
complexes were needed for full sorting of SLC3A2 and Basigin into
endosomal tubules (Fig 7B and C). Although the effect was weaker
compared to RAB21 (Fig 6H), there was a clear drop in the number
of cells harboring SLC3A2- and Basigin-labeled tubules in FAM21,
VPS29, and VARP knockout cells (Fig 7B and C). Importantly,
SLC3A2 total protein levels were also downregulated in WASH and
retromer knockout cells (Fig 7A and D). This latter finding is also in
accordance with previous proteomic studies [17,75] and argues for
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a common trafficking pathway essential for both SLC3A2 and
Basigin sorting and requiring RAB21, WASH, and the retromer.

RAB21 interaction with the WASH/retromer complexes was inde-
pendent of RAB21 GTP status (Fig 3C), thus suggesting that these
complexes are unlikely to act as RAB21 effectors. Hence, it is possi-
ble that the retromer may additionally regulate RAB21 activity,
given its association, through VPS29, with VARP, a RAB21 GEF
[20,32,76]. This would provide a potential feedforward, or amplify-
ing loop, to ensure concomitant RAB21 activation and retromer/
WASH recruitment at specific endosomal cargos. To assess this, we
monitored RAB21 endosomal localization in VPS29 and VARP KO
cells. Interestingly, colocalization between RAB21 and EEAl or
VPS26 (Fig 7E-G) decreased in KO cells. Overall, these colocaliza-
tion studies suggest that the retromer also regulates RAB21 func-
tions, most likely through its interaction with VARP.

Discussion

Defining a global picture of RAB GTPase interactors/neighbors has
been hampered by inherent limitations related to the techniques
used. Through the use and comparison of AP-MS and APEX2 prox-
imity labeling, the present data show that APEX2:RAB proximity
labeling was efficient at identifying RAB interacting/neighboring
proteins ranging from GEFs, GAPs, effectors, and protein
complexes. While important novel interactions were uncovered
through the AP-MS technique, the APEX2 approach outperformed
the former in terms of specificity and coverage. In addition, a new
link between RAB21 and the WASH and retromer complexes was
established from analysis of the proteomic datasets. As such, RAB21
was found to be required for complete recruitment of the WASH
and retromer complexes to endosomes and for WASH-mediated
actin polymerization. Moreover, RAB21 deletion compromised the
trafficking of specific clathrin-independent cargos. This impairment
was also observed in retromer or WASH complex-deleted cells. In
light of the above, it is proposed that RAB21 and the retromer/
WASH complexes operate in a feedforward loop to ensure their
respective appropriate endosomal recruitment in order to mediate
efficient cargo sorting (Fig 8).

By comparing the neighboring proteomes of three early endoso-
mal RABs, a strong overlap between the latter was observed, in
addition to specific enriched neighbors for each of these RABs, in

© 2019 The Authors
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A-C RAB21 is not required for CI-MPR or GLUT1 trafficking. (A) Immunofluorescence of endogenous CI-MPR and TGN46 or GLUT1 with LAMP1 in RAB21 knockout cells.
Boxed region is magnified. (B) Pearson’s correlation per cell between CI-MPR and TGN46 or (C) GLUT1 and LAMPL, n = 3 independent experiments.
D, E MCT1 trafficking requires RAB21. (D) Immunofluorescence of endogenous MCT1 in wild-type or RAB21-depleted cells. (E) Integrated MCT1 intensity per cell (in

relative fluorescence unit), n = 2 independent experiments.

F RAB21 interacts with SLC3A2. FLAG immunoprecipitation of FLAG:RAB21 and immunoblot of co-expressed SLC3A2:HA. Lysates correspond to 5% input, n = 3

independent experiments.

G, H RAB21 is required for appropriate SLC3A2, Basigin, and CD44 trafficking. (G) Antibody uptake assays in parental or knockout RAB21 cells. Cells were stained with an

Alexa 488-conjugated anti-mouse antibody. Arrowheads point to endosomal tubules. Note that non-internalized antibodies were removed by an acid wash, which
was not fully efficient for CD147 and CD44, explaining plasma membrane labeling. (H) Percentage of cells with tubules in parental or RAB21 knockout cells, n = 3

independent experiments.

Data information: In (A), scale bars represent 20 um or 5 um in enlarged views for CI-MPR, while they represent 10 pm in enlarged views for GLUT1. (D and G) Scale bars
represent 20 um or 5 pum in enlarged views. Statistical tests used are as follows: (B) unpaired t-tests and (C and H) Mann-Whitney tests. All error bars are SEM. Number
of cells presented on each graph represents the total number of cells analyzed for all repeats.
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Figure 7. WASH and retromer complexes are required for SLC3A2 and Basigin sorting, and for full RAB21 activation and endosomal localization.

A Validation of WASH and retromer knockouts and SLC3A2 protein levels. Immunoblots of parental or FAM21, VARP, and VPS29 knockout cell populations.
B Antibody-uptake assays in parental or knockout FAM21, VARP, and VPS29 cells. Cells were stained with an Alexa 488-conjugated anti-mouse antibody. Arrowheads

point to endosomal tubules.

C Percentage of cells with tubules in parental or in various knockout cells; n = 3 independent experiments.
Ratio of SLC3A2 integrated densities to GAPDH; n = 3 independent experiments.

Retromer is required for endosomal localization of RAB21. Immunofluorescence of transiently expressed GFP:RAB21 with endogenous (E) EEA1 or (F) VPS26 in

parental or VARP- and VPS29-deleted cells. Boxed region is magnified underneath. (G) Pearson’s correlation per cell between GFP:RAB21 and EEAL or VPS26; n = 3

independent experiments.

Data information: (B) Scale bars represent 20 pum, (E and F) scale bars represent 10 pm or 2.5 um in enlarged views. Statistical tests used are as follows: (C) unpaired
t-tests, (D) one-sample t-tests, (G) Mann—Whitney tests. All error bars are SEM. Number of cells presented on each graph represents the total number of cells analyzed

for all repeats.
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RAB21 is required for endosomal sorting of direct clathrin-independent cargos. RAB21 associates with WASH/retromer subcomplexes at endosomes. RAB21 could either
(i) recruit WASH/retromer or (i) be recruited by WASH/retromer or (iii) be part of a positive feedback loop that would allow WASH/retromer and RAB21 recruitment at
endosomes. Endosomal RAB21 would be required for WASH-mediated F-actin polymerization. Although the data do not directly demonstrate a direct link between
F-actin generation and cargo sorting, we propose that RAB21-dependent F-actin generation would be required for sorting of a CIE cargo subclass (MCT1, SLC3A2, Basigin, and
CD44), while it would not be required for other cargos (CI-MPR or Glutl). In RAB21 knockout cells, decreased WASH/retromer endosomal localization is observed, which
results in reduced endosomal F-actin and direct CIE cargo misrouting. This ultimately leads to the lysosomal degradation of these misrouted cargos (demonstrated for
SLC3A2). Dotted line between VARP and RAB21 indicates that their coregulation with the retromer is speculative.

accordance with the concept of RAB microdomains [50,51]. These
observations support the use of APEX2 as an efficient tool to identify
RAB regulators/effectors. One caveat however with APEX2 is that it
does not discriminate between direct and indirect interactors, nor
with bystander proteins. In general, proximity labeling often leads
to the identification of a large quantity of proteins [49]. Indeed,
there are a large number of statistically enriched proteins for all
RABs, thus rendering their follow-up study prioritization difficult.
Over 1,375 significant proteins were identified herein when combin-
ing four RABs. While they most probably not all represent direct
interactors or direct RAB/protein complexes, the present data indi-
cate that they reflect the protein environment associated with each
RAB and that mining through these neighbors will likely be helpful
for generating new hypotheses on RAB functions. However, because
of the large number of identified proteins, it will be important to
combine multiple approaches or datasets to help in establishing
priorities. Here, the combination of GFP-Trap and APEX2 led us to
identify a novel link between RAB21 and sorting of a subset of
clathrin-independent cargos.

Given the vast amount of proteins recovered by APEX2:RAB, it is
important to use appropriate controls to identify biologically rele-
vant candidates. In our hands, normalization to APEX2 and the

© 2019 The Authors

direct comparison of related RABs yielded more valuable informa-
tion than an ectopically endosomal-enriched probe. Moreover, when
using a previously published APEX2:2xFYVE dataset [58], we
observed that certain RAB interactors would have been filtered out,
since they are also associated with PtdIns(3)P binding proteins (i.e.,
EEA1 [77]). Another approach that could define proteins more
directly associated with RABs would be to use anti-biotin immuno-
precipitation of trypsin-digested APEX2:RAB lysates in order to
directly map biotinylated peptides [67]. Comparing the latter over a
general streptavidin enrichment would in principle allow mapping
of more direct interactions, as recently shown [78], and would most
probably significantly reduce the number of identified proteins.
Finally, we believe that expanding the repertoire of APEX2:RAB to
each cell compartment will help toward identifying specific neigh-
bors as already performed for phosphatases [49], and as observed
herein when comparing APEX2:RAB7 to the three early endosomal
RABs (Fig 2).

Since RAB21 proximity labeling enriched WASH and retromer
complex members, the functional role between RAB21 and the
WASH/retromer complexes was further investigated. Importantly,
results from the co-immunoprecipitation and pull-down experiments
showed that RAB21 interacts with multiple endogenous WASH and
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retromer subunits. These findings strongly argue in favor of RAB21
binding to the WASH and retromer complexes. The fact that
FAM21, Strumpellin, and CAPZo were observed in pull-down stud-
ies further suggests that RAB21 directly interacts with the full WASH
complex [79]. Nevertheless, the data do not allow to firmly
conclude on this latter aspect and more defined structure—function
studies will be required to map the WASH interaction site, as is also
the case for VPS35 pull-down. It will be furthermore important in
future studies to define which WASH- or retromer-specific subunit
(s) is/are bound by RAB21 and to map the binding domains. Finally,
congruent with our co-immunoprecipitation and pull-down results,
RAB21 depletion partially impaired endosomal recruitment of the
WASH and retromer complexes and also led to a decrease in endo-
somal F-actin and cargo trafficking impairments (Fig 8).

Given the observed role of RAB21 for WASH/retromer functions,
one could have expected broader defects in RAB21 KO cells. No
endosomal collapse, as observed in WASH or FAM21-depleted cells
[80], or ectopic endosomal tubulation was observed in RAB21-defi-
cient cells [19,28]. This is probably due to the fact that the WASH
and retromer complexes are recruited at endosomes through multi-
ple pathways. Both SNX3 and RAB7 have been shown to mediate
endosomal retromer recruitment [13,14,81], while FAM21 binding
to VPS35 has been found to be an important determinant of WASH
endosomal recruitment [19,25,82]. However, recent studies have
found that WASH can be recruited to endosomes independently of
VPS35 [33,83]. Since only a partial reduction in retromer/WASH
endosomal association was observed herein in RAB21 KO cells, a
model in which RAB21 would be required for endosomal recruit-
ment of a specific (or several)] WASH/retromer complex(es)
involved in the sorting of a subset of cargos is more in accordance
with the observed data. This latter view is in agreement with newer
models indicating heterogeneity in retromer sorting decisions and
complexes [20,22,23]. Hence, while necessitating further confirma-
tion, an appealing hypothesis would be that RAB21 could act in
addition to RAB7 and SNX3, and directly recruit the WASH and
retromer complexes to specific cargos. Another interesting possibil-
ity would be that RAB21 could function with either SNX3 or RAB?7
in a co-incidence detection mechanism in order to recruit WASH/
retromer complexes at endosomes, again to a subset of cargos. In
this model, RAB21 would specify the type of WASH/retromer
subcomplexes involved.

Another important aspect of this study is the decrease in detect-
able endosomal F-actin observed in RAB21-depleted cells. The exact
mechanism by which RAB21 regulates WASH actin generation is
unclear, given that WASH endosomal localization was only mildly
affected in RAB21 KO cells. To draw an analogy with the WAVE
complex [84,85], one could speculate that the WASH complex also
requires the action of multiple inputs to drive full activation and
actin polymerization. Ubiquitination was shown to regulate WASH
activity [70], and it is conceivable that RAB21 could modulate this
process, given its proximity to USP7 (Fig EV4B). Alternatively, it is
also possible that RAB21 could modulate endosomal F-actin inde-
pendently of WASH, through recruitment of another RAB21 interact-
ing protein. Although outside the scope of this study, it would be
interesting to test whether RAB21 can modulate WASH activation
directly or indirectly. In keeping with the role of RAB21 in the endo-
somal tubule sorting of SLC3A2 and Basigin, it is worth noting that
F-actin was shown to be required for formation and sorting of
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“direct CIE cargos” [86]. This may also explain why RAB21 was also
required for CD44 sorting, even though it did not interact with
CD44. Given our findings that RAB21 and the WASH/retromer
complexes are required for “direct CIE cargos” sorting, it could be
suggested that these sorting events require F-actin generation, most
probably for enrichment of cargos in tubules as previously reported
for R2AR [30] or for the formation of the tubules. Since loss of
RAB21 had a stronger effect on CIE cargo tubule sorting, it is also
possible that RAB21 plays a structural role by recruiting other effec-
tors involved in the generation of these tubules, as also observed for
RAB22 and RAB35 [74,87].

Of the various cargos tested herein, only “direct CIE cargos” were
strongly impaired along with MCT1, a recently identified VARP-
dependent cargo [20]. Our data thus suggest that MCT1 might also
represent a “direct CIE cargo”, a possibility worth testing. The
requirement of RAB21 for MCT1 trafficking also further strengthens
our working model in which RAB21 would be involved in recruiting
specific WASH/retromer subcomplexes to direct endosome-to-
plasma membrane cargo trafficking. These “specific” WASH/
retromer subcomplexes would most probably include VARP while
excluding TBC1DS since VARP and TBC1D5 binding sites on VPS29
share the same interface and are thought to be mutually exclusive
[19,32].

Another noteworthy finding from the current proteomic experi-
ments was the specific presence of TBC1D23 in APEX2:RAB21 prox-
imity labeling. Recent work has identified TBC1D23 as a bridge
factor for endosomal-to-Golgi carriers [88]. In this study, TBC1D23
was shown to interact directly and simultaneously with either
golgin-97 or golgin-245 and the WASH complex [88]. Importantly,
TBC1D23, like the WASH complex, was required for TGN46 endo-
some-to-Golgi trafficking. It was also proposed that another factor
could act together with FAM21 to increase the specificity of captured
vesicles. Given our demonstrated interaction with the WASH
complex and the presence of TBC1D23 in APEX2:RAB21, RAB21
could represent such a factor. However, we did not observe strong
defects in either CI-MPR or TGN46 trafficking in RAB21 KO cells.
While this latter observation argues against RAB21 playing a
predominant role in this retrieval pathway, RAB21 could nonethe-
less still be involved in specifying vesicle subtypes that are different
from CI-MPR- and TGN46-containing vesicles.

The WASH complex has also been recently associated with the
retriever complex [33]. This VPS29-, Cl160rf62-, DSCR3-containing
core complex, akin to the VPS35, VPS29 and VPS26 cargo retromer
complex, functions with SNX17 to regulate the sorting of a large
array of cargos. Importantly, proteomic analyses showed distinct
and overlapping cargos with the retromer [33]. In the present study,
Cl6orf62 was enriched in RAB21 proximity labeling whereas DSCR3
and SNX17 were not, while CCC complex members were observed
with variable enrichment ratios (Dataset EV2). Hence, RAB21 could
possibly be involved in regulating WASH and retriever complex
formation and/or sorting. Our experimental validation of RAB21
was specifically focused on the shared roles of RAB21 with the
WASH and retromer complexes. In the present instance, retromer-
versus retriever-specific functions were not discriminated due to the
use of a VPS29 knockout. Given the role of VPS29 with the retriever
complex, certain observed phenotypes could have been caused by a
loss of retriever activity. However, our demonstration that RAB21
functionally interacts with the WASH and retromer complexes is
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robust given that all knockouts shared similar SLC3A2 and Basigin
trafficking impairments. Significantly, loss of VARP function, which
is independent of retriever activity and associated with the retromer,
shared the same RAB21 phenotypes on cargos. Importantly, endoso-
mal cl160rf62 localization was not decreased by RAB21 deletion, but
rather increased (Fig EVSJ), thus suggesting that RAB21 could
potentially modulate the balance between retromer and retriever
complex association with endosomes, possibly through RAB21 inter-
action with the WASH complex or through VARP. Again, this repre-
sents an exciting new possibility which will require further
validation.

In summary, through the use of unbiased proteomics, the present
study allowed uncovering novel functional roles for RAB21 in direct
clathrin-independent sorting events. Results also demonstrate the
robustness and ease of APEX2-mediated proximity labeling and its
applicability to efficiently identify novel RAB-specific functions. This
approach may be further extended to temporally generate dynamic
findings on RAB GTPases under various cellular stimulations,
thereby leading to a better definition of RAB GTPase regulation and
their association with their respective effectors.

Materials and Methods

Cell culture

HCT116 and HeLa Flp-in/T-REx cells and HeLaM cells (gift from T.
Yoshimori) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (Wisent) at
37°C and 5% CO,. FT cells were maintained under selection with
100 pg/ml Zeocin and 5 pg/ml blasticidin. FT control cells are the
non-recombined parental cells and were used as control in all
SILAC experiments, as performed previously [43,89]. All cells were
routinely screened for mycoplasma contaminations, and experi-
ments were excluded if contamination was observed. To recombine
the various GFP:RAB21 variants, APEX2:RAB4a, 5a, 7a, and
APEX2:RAB21 in cells, FT cells were transfected with jetPRIME
(Polyplus), according to manufacturer’s instruction. A RAB/pOG44
DNA ratio of 1-10 was used, such that 0.1 ug of pGLAP:RAB was
cotransfected along with 0.9 pg of pOG44 (Thermo Fisher) in indi-
vidual wells of a 6-well plate. Twenty-four hours following trans-
fection, recombinant cells were selected with 5 pg/ml blasticidin
and 100 pg/ml hygromycin (150 pg/ml for HeLa cells). Following
selection, cells were pooled and a polyclonal population was
expanded and used for all subsequent experiments. RAB21, RAB4,
RABS, RAB7 expression was achieved through addition of doxycy-
cline at 10 ng/ml final concentration for 24 h prior to all experi-
ments.

For SILAC experiments, FT cells were maintained in light DMEM
(ROKO: Arg0, Sigma, A5006; Lys0, Sigma, L5501), while GFP:RAB21
variants were grown in medium (R6K4: Arg6, Cambridge Isotope
Lab (CIL), CNM-2265; Lys4, CIL, DLM-2640) or heavy (R10KS8:
Argl0, CIL, CNLM-539; Lys8, CIL, CNLM-291) DMEM depleted of
arginine and lysine (Life Technologies A14431-01), and supple-
mented with 10% dialyzed fetal bovine serum (FBS; Invitrogen,
26400-044), called SILAC medium. Cells were passaged 5 times to
ensure proper incorporation of all heavy amino acids, prior to SILAC
experiments.
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Generation of DNA constructs

GFP:RAB21 variants were PCR-amplified from previously published
pcDNA3 variants [42] and ligated using the In-Fusion HD kit (Clon-
tech) into a PCR-amplified modified pGLAP1 vector [43] where GFP
was placed N-terminally to the fusion protein. APEX2:RAB21-WT
was generated by PCR amplification of RAB21-WT from pCDNA3-
GFP:RAB21-WT and subcloned by In-Fusion HD in pGLAP1-APEX2.
This vector is a modified version of N-terminal pGLAP1 vector,
where the GFP was replaced with Myc:APEX2 [90]. APEX2:RAB4a,
APEX2:RABS5a, and APEX2:RAB7a were generated by PCR amplifi-
cation of RAB4a, 5a, and 7a from HeLa cell cDNA. cDNA was gener-
ated with the SuperScript III First-Strand Synthesis kit (Thermo
Fisher Scientific) and PCR performed with the Phusion enzyme
(New England Biolabs). PCR fragments were cloned by In-Fusion
HD in pGLAP1-APEX2. All clones were subsequently sequenced and
validated.

Immunoprecipitations, mass spectrometry, pull-downs,
and immunoblots

A total of 8 x 10° cells were plated in 150-mm plates and grown for
2 days in appropriate SILAC medium, followed by a 24-h doxycy-
cline induction (10 ng/ml). Cell lysis was performed in 2.2 ml of
ColP buffer (25 mM Tris-HCI pH 7.4, 1 mM EDTA, 0.1 mM EGTA,
15 mM MgCl,, 150 mM NaCl, 2 mM Na3zVO,4, 10% glycerol, 1%
IGEPAL CA-630, 2x protease inhibitors) per plate, and cells were
incubated for 20 min on ice. Lysates were cleared by centrifugation
at 16,000 g for 10 min at 4°C. Cell lysates were quantified through a
BSA assay (Pierce), and equal amounts were immunoprecipitated in
individual tubes with 20 pl of GFP-Trap beads (ChromoTek) and
incubated on a rotator for 2.5 h at 4°C. Beads were washed twice
with full lysis buffer and twice again with lysis buffer lacking
IGEPAL CA-630. This was followed by five washes of 20 mM
NH,HCO;. Following these washes, GFP-Trap beads from three inde-
pendent immunoprecipitations (light, medium, and heavy) were
mixed equally and processed for on-beads digestion and mass spec-
trometry analysis following these steps. Proteins were reduced
30 min with 10 mM DTT and alkylated 1 h with 15 mM iodoac-
etamide. After iodoacetamide quenching with 15 mM DTT, proteins
were digested overnight with 1 pg trypsin. Digestion was stopped by
acidification with 1% formic acid, supernatant was collected, and
residual peptides were eluted with 60% acetonitrile and 0.1% formic
acid. Samples were then dried, resuspended in 0.1% TFA solution,
and desalted on a Zip Tip. Trypsin-digested peptides were loaded
and separated using an Ultimate 3000 nanoLC (Thermo Fisher Scien-
tific Inc). Ten microliters of the sample (2 pg) resuspended in 1%
(v/v) formic acid was loaded onto a trap column (Acclaim
PepMap100 C18 column, 0.3 mm id x 5 mm, Dionex Corporation,
Sunnyvale, CA), and the peptides were separated by a PepMap C18
nanocolumn (75 pm x 50 cm, Dionex Corporation) with a linear
gradient of 5-35% solvent B (90% acetonitrile with 0.1% formic
acid) over a 4 h gradient with a constant flow of 200 nl/min. Acqui-
sition of the full-scan MS survey spectra (m/z 350-1,600) in profile
mode was performed in a Q Exactive Orbitrap (Thermo Fisher Scien-
tific Inc) at a resolution of 70,000 using 1,000,000 ions. All unas-
signed charge states as well as singly, 7 and 8 charged species for
the precursor ions were rejected. To improve the mass accuracy of
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survey scans, the lock mass option was enabled. Data acquisition
was performed using Xcalibur version 2.2 SP1.48.

GST and GST:RAB21 were purified exactly as described in Ref.
[91] for GST:APPLI1, and pull-downs were carried out with equal
amounts of GST or GST:RAB21. Pull-downs were performed as
follows. 3.5 x 10° HeLa cells were plated in 100 mm plates, and
24 h later, cells were lysed for 20 min on ice with 1 ml of MLB
modified buffer (25 mM HEPES, 150 mM NaCl, 1% IGEPAL CA-
630, 10% glycerol, 20 mM MgCl,, 1 mM sodium orthovanadate,
100 uM EGTA and 100 uM GTP) supplemented with protease inhi-
bitors. Lysates were cleared by centrifugation at 16,000 g for 10 min
at 4°C. In the meantime, GST and GST:RAB21 sepharose beads were
washed three times in MLB modified buffer minus IGEPAL CA-630
and incubated for 20 min at 4°C with rotation in modified MLB
buffer without IGEPAL CA-630. Beads were then washed three times
with MLB modified buffer and incubated with 900 pl of lysates for
1 h at 4°C with rotation. Finally, lysates were discarded and beads
were washed three times with MLB modified buffer containing
0.2% IGEPAL CA-630. Media were removed, and 30 ul of 2x SDS
loading buffer was added to each sample.

For immunoblots, protein extracts were separated on 4-20%
TGX precast gels (Bio-Rad) and transferred on PVDF (Millipore)
membranes. Antibodies used for immunoblotting were anti-GFP
(1:500, Roche #11814460001), anti-RAB21 (1:1,000, Sigma #R4405
or 1:1,000, Invitrogen #PAS5-34404), anti-RAB4 (1:1,000, Cell Signal-
ing #2167), anti-RAB5 (1:1,000, Cell Signaling #3547), anti-RAB7
(1:1,000, Cell Signaling #9367), anti-GAPDH-HRP (1:1,000, Cell
Signaling #8884), anti-Myc (1:1,000, Cell Signaling #2278), anti-HA
(1:1,000, Cell Signaling #3724), anti-SLC3A2 (1:800, Cell Signaling
#13180), anti-Strumpellin (1:500, Santa Cruz #377146), anti-VPS35
(1:500, Santa Cruz #374372), anti-VPS26 (1:500, Santa Cruz
#390304), anti-VPS29 (1:500, Santa Cruz #398874), anti-FAM21 and
anti-WASH (1:10,000, gift from D. Billadeau), anti-CAPZa (1:500,
Santa Cruz #374302), anti-APPL1 (1:1,000, Cell Signaling #3858),
anti-VARP (1:500, Bethyl Laboratories #A302-997A), anti-tubulin
(1:2,500, Sigma #T9026), streptavidin-HRP (1:1,000, Thermo Fisher
#N100), and anti-rabbit and mouse HRP (1:10,000, Jackson Labora-
tories #115-035-144 and #115-035-146, respectively). Luminata Forte
(Millipore) or Clarity Max chemiluminescent substrates were used,
and membranes imaged on a Bio-Rad Chemidoc XR station.

APEX2

A total of 8 x 10° HeLa cells were plated in 150 mm plates and
induced 24 h later with 10 ng/ml doxycycline for 24 h. Freshly
prepared biotin—phenol was added to full DMEM to yield a final
concentration of 500 uM. After renewal of the culture medium, cells
were incubated in DMEM—biotin—phenol—for 30 min at 37°C.
Biotinylation was achieved by adding freshly prepared H,0, at a
final concentration of 2 mM for exactly 1 min. Reactions were
halted by removing the media, transferring the cells on ice, and
performing five washes, each wash for 1 min, in freshly prepared
quencher buffer [1x PBS containing 10 mM sodium azide, 10 mM
sodium ascorbate, and 5 mM Trolox (Sigma)]. Cells were then
processed as detailed for co-immunoprecipitations (CoIPs), with the
following changes. Protein lysates were incubated with 20 pl of
streptavidin agarose beads (GE Life Sciences) or 20 ul of biotin anti-
body agarose beads (ImmuneChem Pharmaceuticals) for 2.5 h at
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4°C on a rotating wheel. Beads were then washed twice in ColIP
buffer containing 1% IGEPAL CA-630, twice in CoIP buffer minus
IGEPAL CA-630 and five times with 20 mM NH4HCO;. Lysates were
analyzed by immunoblots, and affinity-purified biotinylated proteins
were processed for Western blots or for on-beads digestion and
mass spectrometry analysis as described above.

Experimental design and statistics

For SILAC experiments, two biological repeats were performed in
each cell line for each RAB21 variant, yielding a total of four inde-
pendent samples per variant analyzed when HeLa and HCT116 data
were combined. For APEX2 experiments, results were obtained from
three independent biological repeats. Controls (FT) were included in
all SILAC mass spectrometry experiments. Hence, a total of six inde-
pendent FT controls were used in SILAC experiments and three
APEX2-alone controls in APEX2 experiments. Statistical analyses of
objects count or colocalization results were performed using Prism
7 software. Endosomal tubules were assessed manually. Briefly, the
number of cells per field was established using DAPI staining, and
cells harboring > 2 tubules were counted as positive. An average
per field was established, and multiple fields of at least two indepen-
dent experiments were pooled and analyzed using Prism software.
For all analysis, the average number of object puncta or tubules or
the average Pearson correlation per cell was tested for normality
using a D’Agostino—Pearson omnibus normality test. Samples that
showed normal distribution were analyzed through unpaired ¢-tests,
while samples showing a non-normal distribution were compared
through nonparametric Mann-Whitney tests to assess the signifi-
cance between the various conditions. All graphs display SEMs to
assess variations within each group. For Western blot quan-
tifications, bands were quantified on the Image Lab software (Bio-
Rad) and normalized to parental cells. One-sample t-tests were
performed for statistical analyses.

Mass spectrometry hit selection and network generation

After analysis by nanoLC-MS/MS, peptides and proteins were identi-
fied by MaxQuant version 1.5.2.8 using UniProt (Homo sapiens, 16/
07/2013, 88354 entries, Datasets EV1 and EV2). Trypsin/P was the
set enzyme, with no cleavages on arginines or lysines preceding a
proline, with a maximum of two miscleavages being allowed. Mass
tolerance of 7 and 20 ppm was used for precursor and fragment
ions, respectively. Fixed carbamidomethyl modification on cysteine
and variable oxidation on methionine and N-terminal acetylation
were settled. For reliable identification, all proteins needed to
complete a false discovery rate (FDR) inferior to 1%: All proteins
whose hits from the forward database were not 100-fold superior to
hits from the reverse database were discarded. For SILAC condi-
tions, the re-quantification option was selected. A minimum of two
quantified peptides was settled for proteins to be considered. For a
peptide, following its identification, MaxQuant used the median
ratio to approximate a SILAC value for that particular peptide. Like-
wise, in order to establish a protein-SILAC ratio, MaxQuant used
the median ratio of all identified peptides, a method shown to be
appropriate for estimation of SILAC ratios [92]. To determine the
RAB21 interactome from SILAC GFP-Trap experiments, only
proteins with an intensity (RAB21-expressed condition)/intensity
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(FT control condition) ratio > 2 in both experimental repeats were
considered as potential RAB21 interactors [43,89]. In the case of
APEX2 affinity purification-mass spectrometry (AP-MS) experi-
ments, the ProHits software suite [93] was used to compare all
samples (APEX2, APEX2:RAB4a, APEX2:RAB5a, APEX2:RAB7a,
APEX2:RAB21, and APEX2:2xFYVE (the raw MS data for APEX2:2x-
FYVE were downloaded from the ProteomeXchange Consortium).
First, SAINTexpress was run on the Crapome platform to establish
high probability interactors. Default settings were used to compare
user control, in this instance, APEX2 to each APEX2:RABs [52].
Only proteins with SAINT scores above 0.95 were selected. There-
after, SAINT raw results were extracted and used to generate dot
plots or cluster plots on a ProHits-viz platform. In order to account
for experimental variations, all samples were normalized on
ProHits-viz for dot plot representations. Once RAB21 potential inter-
actors were identified, RAB21 protein interaction networks were
generated on Cytoscape. Results were combined by cell lines (HeLa
or HCT116), and once interaction networks were created, proteins
were sorted based on their Genecard and UniProt subcellular local-
ization data. Each color corresponds to a different localization.
Cytoscape platform was used to generate biological Reactome
process enrichments using Reactome plugging among specific gener-
ated networks. To compare differential protein enrichments depend-
ing on RAB21 status, SILAC RAB21-variant mean ratios were
transformed in log2(x) and 0 was imputed to non-available data.
Default settings from the Perseus software [94] were used to gener-
ate hierarchical clustered heat maps.

Immunofluorescence, colocalization, and transferrin or
antibody uptake

A total of 70,000 HeLa or HCT116 cells were plated on glass cover-
slips (#1.5) and grown for 24 h followed by GFP:RAB21 variant
induction as performed above. Cells were then washed twice with 1x
PBS and fixed for 15 min at room temperature in 4% paraformalde-
hyde in PBS or, depending on the antibody, in 100% methanol at
—20°C for 20 min. Cells were then washed three times with PBS for
S min each, blocked, and permeabilized for 60 min at room tempera-
ture in PBS containing 5% goat serum and 0.3% Triton X-100. Cells
were then incubated in primary antibodies overnight at 4°C in PBS
containing 1% BSA and 0.3 % Triton X-100. Primary antibodies were
washed three times for 5 min in PBS at room temperature and incu-
bated at room temperature for 1 h in secondary antibodies diluted in
antibody dilution buffer. Following secondary antibody incubation,
three 5-min washes in PBS at room temperature were performed and
cells were mounted in DAPI-containing mounting media (Sigma)
and subsequently imaged. Antibodies used were anti-EEA1 (1:100,
Cell Signaling #3288; or 1:1,000 BD Biosciences #610456), anti-
SLC3A2 (1:800, Cell Signaling #13180; or 1:400 Santa Cruz
#376815), anti-transferrin receptor (1:100, Cell Signaling #13113),
anti-RAB7 (1:250, Santa Cruz #376362), anti-LAMP1 (1:250, Santa
Cruz #20011), anti-LC3B (1:100, Cell Signaling #3868), anti-APPL1
(1:100, Cell Signaling #3858), streptavidin—-Alexa 647 (1:500,
Thermo Fisher #S21374), anti-FAM21 or anti-WASH (1:1,000, gift
from D. Billadeau), anti-VPS26 (1:100, Abcam #23892), anti-VPS35
(Santa Cruz, 1:100 #374372), anti-SNX1 (1:100, Abcam #ab995),
phalloidin-Alexa 488 (1:1,000, Invitrogen #A12379), anti-CI-MPR
(1:100, Bio-Rad #MCA2048T), anti-TGN46 (1:100, Novus Biological
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#NBP1-49643SS), anti-Glutl (1:500, Abcam #115730), anti-MCT1
(1:100, Genetex #GTX631643), and goat anti-mouse or rabbit Alexa
488 or 546 (1:250, Thermo Fisher #A11030, A11035, A11029, and
A11034). DAPI was used to unbiasedly identify fields where images
were acquired.

For transferrin uptake, cells were plated at a density of 40,000
cells on (#1.5) glass coverslips and grown for 24 h. Cells were
serum-starved for 30 min in DMEM. Alexa 647-labeled transferrin
was added at 25 pg/ml and allowed to bind to the receptor for
15 min on ice. Cells were washed with cold PBS and incubated in
FBS-supplemented DMEM for 0-60 min at 37°C. Cells were washed
in PBS and fixed with 4% PFA for 15 min at room temperature and
mounted for imaging. SLC3A2 (clone MEM-108, Biolegend), Basigin
(clone HIM6, Biolegend), and CD44 (clone BJ18, Biolegend) uptake
assays were performed exactly as previously described [74].

Figures 1D, 4B, EVIC, EV4G, and EVSF were acquired on an
Olympus FV1000 confocal microscope equipped with a 60x/1.42NA
Plan Apo N objective at a 1x zoom (colocalization) or a 40x/1.3NA
UPLANFLN objective (LC3 counts). Single Z-sections were acquired,
and acquisition settings were set to avoid pixel saturation to ensure
proper colocalization and intensity quantification. Images were
adjusted similarly between conditions to accurately represent the
raw data. Figures 3E, 5C, F, and [, 6A, D, and G, and 7B, E, and F,
EVSA, D, and J were acquired on a ZEISS LSM880 equipped with a
40%x/1.4NA Plan Apo objective at a 1.6x zoom. For colocalization
experiments, single Z-sections were acquired and gain/offset
settings were similarly adjusted between conditions. For some anti-
bodies, offset was utilized in order to remove non-specific intracel-
lular background signal and to facilitate endosomal localization
visualization. For endosomal tubule imaging, three Z-sections were
acquired at 0.36 um each and maximum intensity projections were
generated. These maximum intensity projections were used for data
quantification and representation. Finally, only linear modifications
of levels were performed on Photoshop CC2017. Cropping and reso-
lution changes to 300 dpi were also performed on Photoshop for
data presentation. Image colocalization was achieved with CellPro-
filer [95]. Briefly, GFP:RAB21 cells were identified manually or
through a primary object identification module and the correlation
coefficient (Pearson) was measured on original images using the
measure correlation module. Number of object puncta per cells was
also achieved using CellProfiler. For both colocalization and objects
count, all measurements were exported to Prism for statistical
analyses.

Generation of knockout Hela cells

RAB21 knockout HeLa cell populations were engineered using the
CRISPR/Cas9 technique. Briefly, guide RNAs were selected based on
Ref. [96]. Two independent gRNAs (gRNA-2 “AGTAAATTGGACC-
CAATGCA” and gRNA-3 “CCACCTTGAACGAGTAGGCT”) were
selected and cloned into pSPCas9(BB)-2A-Puro. A total of 1 x 10°
HeLa cells were plated in 100-mm dishes and transfected with indi-
vidual plasmids. After 24 h, transfected cells were selected with
1.5 pg/ml puromycin for 5 days, with media renewed every 48 h.
Selected cells were amplified and frozen at low passages. Deletion
of the RAB21 gene was verified by PCR and sequencing. Briefly,
genomic DNA isolated from each gRNA-selected cell population was
isolated. Amplicons encompassing predicted cut sites were
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amplified by PCR (using Phusion polymerase) and ligated into
pBluescript using T4 DNA ligase. Individual bacterial clones were
selected and sequenced, and the representation of the cutting events
is depicted in Fig EV4E. All experiments performed on knockout
cells were performed at low passages to avoid competition from
potential non-targeted wild-type HeLa cells.

HeLa FAM21, VPS29, and VARP knockout cell populations were
performed as in Ref. [97]. Briefly, three independent gRNAs cloned
into the PX330A plasmid were cotransfected with the pEGFP-Puro
plasmid (addgene #45561) at a ratio of 1:1:1:0.25. Transfections
were performed as detailed above. Twenty-four hours after the
transfections, cells were selected for 24 h with 2 pg/ml puromycin.
Cells were amplified and used at low passages for all experiments.
gRNA sequences for VPS29 and FAM21 have been published in Ref.
[97], while gRNAs for VARP were AAGAGCCACTCACGTCCTCG,
CAGCACGGCTACTGACTATG, and TAAATACGTGGGGACCATGG.
Knockout efficiencies were monitored by Western blot.

FACS analysis

A total of 1 x 10° HeLa parental and gRNA KO 2 and 3 cells were
trypsinized, collected, and washed with cold PBS. Cells were fixed
15 min with PFA 4% and permeabilized with methanol 90%, for
30 min. Cells were labeled (or not) with SLC3A2 rabbit antibody
(dilution 1:800, Cell Signaling #13180) in PBS/BSA 0.5% incuba-
tion buffer for one hour. After two PBS washes, cells were incu-
bated for 30 min in secondary Alexa Fluor 488 antibody (dilution
1:250) diluted in incubation buffer. For each condition, Alexa Fluor
488 signal intensity was measured with a BD LSR Fortessa cytome-
ter. Acquisition was made using BD FACSDiva software, and graph-
ics and analysis using Flowing software 2.5.1. Mean 488 intensity
signal ratios from SLC3A2 labeled cells versus non-labeled cells
were used to compare SLC3A2 expression levels between the dif-
ferent cell lines. Signal intensity distributions from each cell line
were overlapped on the same frequency histogram. In order to opti-
mize visualization, data were submitted to virtual gain, such that
f(x) = 60x + 15,000, with x being the intensity signal. The
displayed diagram (Fig EVSH) reflects one representative experi-
ment from the three performed repeats and represents 10,000
counted cells per cell line.

Data availability

The SILAC and APEX2 mass spectrometry proteomic data from this
publication have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository (https://www.ebi.ac.uk/
pride/archive/) and assigned the dataset identifier PXD010950.

Expanded View for this article is available online.
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