




with TMED10 as evidenced by immunoprecipitation analysis,
proximity ligation assays and pull-down data. We further show that
RAB21 is required for TMED10 localization in the Golgi and that
RAB21 influences TMED10 and TMED2 protein expression.
TMED10 is mostly observed at the cis-Golgi (Pastor-Cantizano

et al., 2016), compared to RAB21, which is mostly endosomal.
However, RAB21 has been observed at the Golgi in neurons
where it regulates, through VARP, the sorting of VAMP7 (Burgo
et al., 2012). Hence, it is possible that another function of VARP
would be regulation of RAB21 interaction with TMED10. The

preferential interaction of TMED10 with activated RAB21 thus
suggests that TMED10 could act as a RAB21 effector or that
activated RAB21 could influence the interaction between TMED10
and its specific cargo. The data from RAB21 knockout cells
indicates that both possibilities are plausible. However, it is unlikely
that TMED10 would act as a RAB21 effector, due to the lack of a
direct interaction between the two proteins. Hence, a Golgi-
associated RAB21 pool could retain TMED10 at the Golgi by
interacting with TMED10, possibly through an unknown protein.
Alternately, RAB21 could strengthen or weaken TMED10

Fig. 2. RAB21 nucleotide status modulates the interaction with TMED10. (A) PLA immunofluorescence showing respective proximities between
TMED10:HA and either V5:RAB21 WT, Q78L or T33N variants. TMED10:HA and V5:RAB21 only are controls. PLA puncta are stained in red and nucleus in
blue. Dotted lines define individual cells. Scale bars: 10 µm, n=2 independent experiments. (B) Quantification of PLA controls shown in A. Histogram
represents average number of PLA puncta per cell, error bars are s.e.m. No statistical analysis was performed. (C) Quantification of PLA experiments shown
in A. Histogram represents average number of PLA dots per cell in each RAB21 variant condition, error bars are s.e.m. Mann–Whitney tests were used for
statistical analysis. n.s., not significant.

Fig. 3. TMED10 Golgi localization is altered in RAB21 knockout cells. (A) TMED10:GFP colocalization with endogenous GM130 in parental and RAB21
knockout cells. gRNA-2 and -3 are two independent populations of RAB21 knockout HeLa cells. TMED10:GFP is stained in green, GM130 in red and
nucleus in blue. Dotted squares are magnified on the right, arrows show TMED10:GFP-only-labeled vesicles. n=3 independent experiments. Scale bars:
10 µm; 5 µm in zoom. (B) Quantification of TMED10 and GM130 colocalization. Histogram represents average Pearson correlation per cell, error bars are
s.e.m. Mann–Whitney tests were used for statistical analysis.
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interaction with cargo, as observed for ARF1 (Luo et al., 2007) and
RAB10 (Wang et al., 2010).
TMED10 has been observed to be localized at other intracellular

compartments such as the ER, the ERGIC compartment, on
secretory vesicles and at the plasma membrane (Pastor-Cantizano
et al., 2016). Given the known functions of RAB21 in endocytosis
and protein sorting (Jean et al., 2015; Pellinen et al., 2006; Del
Olmo et al., 2019), and considering the observed RAB21-dependent
TMED10 localization at the Golgi, it is also possible that RAB21
could be involved in TMED10 recycling from the plasma

membrane to the Golgi. A recent study suggests that TMED10
cycles through the plasma membrane with improperly folded GPI-
anchored proteins (Zavodszky and Hegde, 2019). Hence, an
interesting possibility would be that RAB21 is involved in
regulating the trafficking and degradation of improperly folded
GPI-anchored proteins, and as such RAB21 depletion would lead to
improper TMED10 localization.

In our recent proteomic studywherewe noticed RAB21/TMED10
interaction, we did not observe any significant enrichment of
TMED10 in APEX2:RAB21-mediated proximity labeling. This was

Fig. 4. RAB21 knockout reduces TMED10 and TMED2 protein levels. (A) Western blotting showing TMED10 and TMED2 protein levels in parental and
RAB21 knockout cells. Endogenous TMED10, TMED2, RAB21 and Tubulin were blotted. Tubulin was used as a housekeeping gene, n=4 independent
experiments. (B,C) Quantification of relative protein expression shown in A. TMED10/Tubulin (B) and TMED2/Tubulin (C) protein ratios were normalized to
parental cells, error bars are s.e.m. One-sample t-tests were used for statistical analysis. (D,E) Quantitative PCR analysis of TMED10 and TMED2
transcripts, respectively, n=4 independent experiments, error bars are s.e.m. Unpaired t-tests were used for statistical analysis. No statistical differences were
observed and are thus not displayed. (F,G) TMED10 stability assay. Cycloheximide chases were performed to monitor TMED10 stability in parental and
RAB21 gRNA-3 KO HeLa cells, n=3 independent experiments. (F) Endogenous TMED10, RAB21 and GAPDH were assessed through western blotting.
(G) Quantification of relative protein expression shown in F, error bars are s.e.m. Unpaired t-tests were performed and no statistical differences were
observed and therefore are not displayed.
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rather surprising given the large number of proximal RAB21
proteins identified in that study (Del Olmo et al., 2019). We believe
that this could be explained by the fact that APEX2 biotinylation
occurs mostly on tyrosine residues (Lee et al., 2017), and p24 family
members contain only short cytosolic domains with no tyrosine
(Pastor-Cantizano et al., 2016). Therefore, although TMED10 could
still be proximal to APEX2:RAB21 in these experiments, it might
not be biotinylated and hence detected. This indicates the necessity
to combine experimental approaches to define protein interactomes.
In this regard, both SILAC and proximity labeling approaches will
complement each other in future studies.
RAB21 modulates TMED10 and TMED2 protein levels.

TMED10 was found to have a half-life of 3 h in the neurons (Liu
et al., 2008), while TMED2 was shown to have a very long half-life
in Vero cells (Füllekrug et al., 1999). TMED10 degradation in
neurons was mostly through the proteasome, while the mechanism
in Vero cells has not been characterized. Hence, it remains unclear
whether a common pathway is responsible for the degradation of
p24 family members. From our data, we could not identify the
mechanism which contributes to the decreased abundance of
TMED10 and TMED2. We observed that TMED10 had a long half-
life in HeLa (>7 h) and we could not detect a shorter half-life in
RAB21 knockout cells. Furthermore, proteasome or lysosome
inhibition for 16 h did not strongly affect TMED10 levels. We did
observe a slight increase in TMED10 levels upon lysosome
inhibition (Fig. S3B), but this observation was not consistent over
the various repeats. Hence, decreased protein levels of TMED10
and 2 could be attributed to an indirect effect on other p24 family
members or to a slight increase in degradation kinetics that could not
be observed in the timescale of our experiment. We ruled out a
general effect on global protein translation, since multiple
proteins are not downregulated in RAB21 knockout cells (Del
Olmo et al., 2019).
TMED10 plays a dual role in cargo trafficking. By itself,

TMED10 is involved in specific secretion of GPI-anchored proteins
(Theiler et al., 2014) or PAR-2 (Zhao et al., 2014) towards the
plasma membrane. On the other hand, TMED10 has been shown to
retain cargo such asMHC class I (Jun and Ahn, 2011) in the ER, and
PKC-δ in Golgi-like structures (Wang et al., 2011), thus inhibiting
their activities. Similarly, TMED10 is responsible for direct
γ-secretase inhibition (Pardossi-Piquard et al., 2009). We
hypothesized that RAB21 could modulate general TMED10-
regulated cargo trafficking by disturbing TMED10 localization
and stability. With respect to this hypothesis, RAB21 has been
shown to interact with Presenilin 1, reducing APP synthesis through
γ-secretase inhibition (Sun et al., 2017). Hence, it would be
interesting to investigate if the involvement of RAB21 and
TMED10 in γ-secretase inhibition are linked or independent.
Moreover, inhibition of TMED10 expression is involved in ATG4-
mediated autophagy activation (Shin et al., 2019). Hence, in
addition to its published role in modulating autophagosome-
lysosome fusion through VAMP8 trafficking (Jean et al., 2015),
RAB21 could also influence other steps of autophagy via its
interaction with TMED10.
In this study, we validated the interaction between RAB21 and

TMED10, a cargo adaptor, and showed the role of RAB21 in
modulating TMED10 localization. Considering that RAB21 and
TMED10 are involved in the regulation of autophagy and
γ-secretase activity, respectively, and the fact that both of these
pathways are associated with Alzheimer’s disease, it would be
interesting to further investigate the functional relationship between
these two trafficking proteins in Alzheimer’s disease. We believe

that this study provides a framework for further studies on the
association between the early endosomal RAB GTPase RAB21 and
p24 family members.

MATERIALS AND METHODS
Cell culture
All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with penicillin, streptomycin and 10% fetal bovine serum
(Wisent) under 5%CO2 at 37°C. HeLa and HCT116 Flp-In/T-REx cells and
RAB21 knockout cell populations were described previously in (Del Olmo
et al., 2019).

Generation of DNA constructs
PCDNA3-TMED10:3xHAwas generated by amplifying TMED10 by PCR
from HeLa cDNA generated using the Superscript III First-Strand synthesis
kit. The TMED10 PCR fragment was ligated into pCDNA3-3xHA using the
In-Fusion cloning kit (Clontech). The GFP:TMED10 plasmid was a kind
gift of Robert Blum (Blum and Lepier, 2008). All constructs were validated
by sequencing.

Immunoprecipitations
3.5×106 HCT116 or HeLa cells were plated in 100 mm dishes and grown for
24 h with 11 ng/ml of doxycycline to allow GFP:RAB21 induction.
HCT116 cells were washed twice with cold PBS and lysed on ice for 20 min
with 1 ml CoIP Buffer (1% IGEPALCA-630, 1 mMEDTA, 150 mMNaCl,
0.1 mM EGTA, 25 mM Tris–HCl pH 7.4, 15 mM MgCl2, 2 mM Na3VO4,
10% glycerol, 2× protease inhibitors) per plate. HeLa cells were fixed for
15 min at room temperature with 0.5% formaldehyde with gentle rocking,
following which formaldehyde was quenched for 5 min with 125 mM
glycine at room temperature. Fixed HeLa cells were washed twice with cold
PBS and lysed for 15 min at 4°C on a rotator with 1 ml of lysis buffer
(1% IGEPAL CA-630, 1 mM EDTA, 150 mM NaCl, 25 mM Tris pH 7.4,
5% glycerol). For both HeLa and HCT116 cells, remaining membrane
aggregates and DNAwere removed by centrifugation at 16,000 g for 12 min
at 4°C. Protein concentrations were determined using a BSA assay (Pierce),
and immunoprecipitations were performed in individual tubes with
equivalent quantities of proteins. 15 µl of GFP-Trap beads (ChromoTek)
were used for individual IPs. For HCT116 cells, immunoprecipitations were
performed on a rotator for 2.5 h at 4°C. Beads were then washed twice with
CoIP buffer and twice again with CoIP buffer lacking IGEPAL CA-630.
Immunoprecipitations in HeLa cells were carried out for 4 h on a rotator at
4°C. Following this incubation, beads were washed three times with lysis
buffer. Finally, for both HCT116 and HeLa cells, excessive wash buffer was
removed from the beads at the end of the immunoprecipitation protocol and
25 µl of 2× SDS loading buffer was added to each sample to elute proteins
from beads.

Pulldown assays
3.5×106 HeLa cells were grown for 24 h in 100 mm plates, after which cells
were lysed for 20 min on ice using 1 ml of MLB modified buffer (1%
IGEPAL CA-630, 10% glycerol, 100 µM EGTA and 100 µM GTP, 25 mM
HEPES, 150 mM NaCl, 20 mM MgCl2 and 1 mM sodium orthovanadate)
supplemented with 2× protease inhibitors. Lysates were cleared by
centrifugation at 16,000 g for 12 min at 4°C. GST and GST:RAB21 were
purified following this (Jean et al., 2012). Prior to the pulldowns, GST and
GST:RAB21 beads were washed three times in MLBmodified buffer minus
IGEPAL CA-630 and incubated on a rotator at 4°C for 20 min in MLB
modified buffer lacking IGEPAL CA-630. Beads were further washed three
times in complete MLBmodified buffer and 900 µl of HeLa cell lysates was
added to the beads for each pulldown, this was incubated for 1 h at 4°C on a
rotator. Following this incubation, beads werewashed three times withMLB
modified buffer containing 0.2% IGEPAL CA-630. Protein were eluted
with 30 µl of 2× SDS loading buffer.

Immunoblots
For immunoblot analyses, 3×105 parental HeLa cells and 4.5×105 HeLa
RAB21 KO cells were grown for 24 h in six-well plates. Cells were lysed
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with 200 µl of CoIP buffer as described above for immunoprecipitations.
Lysates were quantified and the same amounts of proteins were used for
analysis. Proteins were separated on 4–20%TGX precast gels (Bio-Rad) and
transferred onto PVDF membranes (Millipore) using the trans-blot turbo
system from Bio-Rad. Antibodies used for immunoblotting were anti-
RAB21 (1:1000, Invitrogen #PA5-34404), anti-GFP (1:500, Santa Cruz
#9996), anti-TMED10 (1:1000, Abcam #134948), anti-TMED2 (1:1000,
Santa Cruz #376458), anti-GAPDH (1:8000, Cell Signaling #8884), anti-
LC3B (1:1000, Cell Signaling #3868), anti-TGN38 (1:1000, Santa Cruz
#166594), anti-Ubiquitin (1:1000, Cell Signaling 3933), anti-Vps35 (1:500,
Santa Cruz #374372) and anti-rabbit and mouse HRP (1:10,000, Jackson
Laboratories #115-035-144 and #115-035-146, respectively). Membranes
were imaged on a Bio-Rad ChemidocXR station following 5 min incubation
with Luminata Forte (Millipore) or ClarityMax chemiluminescent substrates
(Bio-Rad). On specific occasions,membraneswere cut to allow probingwith
multiple antibodies simultaneously.

TMED10 stability experiments were performed by incubating cells in full
media containing either 25 µg/ml cycloheximide or 10 µM MG132 for the
indicated amount of time. For Bafilomycin A1 treatments, 0.2 µg/ml and
0.1 µg/ml were used for the 4 h and the 16 h time point, respectively. A
lower concentration was used for the 16 h time point due to Baf A1 toxicity.
Cells were lysed and proteins immunoblotted as described above.

Immunofluorescence, colocalization and proximity
ligation assay
A total of 20,000 wild-type HeLa or 30,000 RAB21 knockout cells
were plated on glass coverslips (#1.5) in 24-wells plate and cultured
overnight. The following day, pcDNA3-GFP:TMED10 or pcDNA3-
TMED10:3xHA with or without pcDNA3-V5:RAB21 were transfected
using Jetprime (Polyplus) following manufacturer’s instructions. 24 h
following transfection, cells were washed twice with 1× PBS and fixed for
15 min at room temperature with 250 µl of 4% paraformaldehyde in PBS.
Cells were then washed three times 5 min each with 1× PBS. Fixed cells
were blocked, and permeabilized for 60 min with 300 µl of 5% goat serum
and 0.3% Triton X-100 in PBS. Cells were then incubated overnight in a
humidified chamber at 4°C with primary antibody in 1× PBS containing
0.3% Triton X-100 and 1% BSA. The following day, primary antibodies
were washed three times 5 min with 1× PBS. For immunofluorescence, cells
were incubated for 1 h in a humidified chamber with secondary antibody at
room temperature in the same buffer as the primary antibody. Secondary
antibodies were washed three times for 5 min with 1× PBS at room
temperature and cells were mounted in DAPI-containing mounting media
(Sigma-Aldrich). For PLA, after having washed the primary antibodies, cells
were incubated in a humidified chamber for 1 h at 37°Cwith Sigma probes (+)
and (−) in the 1×Sigma dilution solution. Sigma probeswerewashed twice for
5 min with 1× wash buffer A. The ligation step was performed at 37°C for
30 min followed by two washes with buffer A. Amplification was performed
for 100 min at 37°C in the dark. Cells were washed at room temperature twice
for 10 min each with 1× wash buffer B and finally for 1 min in 0.01× wash
buffer B and mounted in DAPI-containing mounting media (Sigma-Aldrich).
Antibodies used for immunofluorescences were anti-GM130 (1:100, Cell
Signaling #12480), anti-ciMPR (1:100, Bio-Rad #MCA2048T) and anti-
TGN46 (1:100, Novus Biological #NBP1-49643SS) and for PLA were anti-
HA (1:1000, Cell Signaling #3724) and anti-V5 (1:5000, Sigma-Aldrich
#V8012).

Image analysis and statistics
All images were acquired on an Olympus FV1000 using a 63× 1.42NA plan
Apo N objective or on a Zeiss LSM880 using a 40× 1.4NA plan Apo
objective. Imaging settings were selected to minimize pixel saturation and to
ensure proper Pearson correlation calculation. For figure preparation, all
microscopy images were tresholded and cropped on Adobe Photoshop and
assembled using Adobe Illustrator. All images were treated similarly, and
only linear modifications were performed. The number of PLA puncta per
cell was established using Cell Profiler. Briefly, a pipeline allowing
transfected cell identification (using GFP signal from cotransfection of a
small amount of pEGFP-C1 together with the other plasmids) was used and
the number of PLA puncta per EGFP-positive cell was established using the

relate and filter modules of Cell Profiler. Pearson correlations were also
generated using Cell Profiler, with the distinction that cells were manually
identified. Immunoblot data densitometry and image processing were
performed using Image Lab (Bio-Rad). Immunoblot images were cropped
and assembled using Photoshop and Illustrator respectively. For statistical
analyses of images or immunoblots, every sample was first subjected to a
normality test (if a sufficient number of values were present), following
which either unpaired t-test, Mann–Whitney tests or one-sample t-tests
were performed.

Quantitative PCR analysis
Wild-type or RAB21 knockout cells were grown to 80% confluency in full
media. CDNAs were prepared using the Maxima First Strand cDNA
synthesis kit for RT-qPCR with dsDNAse (Thermo Fisher Scientific)
following the manufacturer’s instructions. Luna Universal qPCR Master
Mix was used for amplification and the reactions were performed on a Roche
LightCycler 96. Relative mRNA levels were calculated using the ΔΔCt
method and normalized to GAPDH. TMED10, 2 and GAPDH primers were
predesigned qPCR primers obtained from IDT.
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