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A novel ER-localized transmembrane protein,
EMC6, interacts with RAB5A and regulates cell
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Yanjun Li,"? Yuanbo Zhao,"? Jia Hu," Juan Xiao,'? Liujing Qu,"? Zhenda Wang,'? Dalong Ma"? and Yingyu Chen'*

'Key Laboratory of Medical Immunology; Ministry of Health; Peking University Health Science Center; Beijing, China; 2Peking University Center for Human Disease Genomics;

Peking University; Beijing, China

Keywords: EMC6, autophagy, RAB5A, BECNI, endoplasmic reticulum

Abbreviations: EMC6, ER membrane protein complex subunit 6; Atg, autophagy-related; GFP, green fluorescent protein;
LC3, microtubule-associated protein 1 light chain 3 (MAP1LC3); 3-MA, 3-methyladenine; EBSS, Earle’s balanced salt solution;
PtdIns3K, phosphatidylinositol 3-kinase; PIK3C3, PtdIns3K class I1I; PIK3R4, PtdIns3K regulatory subunit 4;
PtdIns3P, phosphatidylinositol 3-phosphate; BECNI, Beclin 1; TEM, transmission electron microscopy; ZFYVEI, zinc finger
FYVE domain-containing protein 1; EEA1, early endosome antigen 1

Autophagy is mediated by a unique organelle, the autophagosome, which encloses a portion of the cytoplasm for
delivery to the lysosome. Phosphatidylinositol 3-phosphate (PtdIns3P) produced by the class Il phosphatidylinositol
3-kinase (PtdIns3K) complex is essential for canonical autophagosome formation. RAB5A, a small GTPase localized to
early endosomes, has been shown to associate with the class Ill PtdIns3K complex, regulate its activity and promote
autophagosome formation. However, little is known about how endosome-localized RAB5A functions with the class
Il PtdIns3K complex. Here we identified a novel endoplasmic reticulum (ER)-localized transmembrane protein, ER
membrane protein complex subunit 6 (EMC6), which interacted with both RAB5A and BECN1/Beclin 1 and colocalized
with the omegasome marker ZFYVE1/DFCP1. It was shown to regulate autophagosome formation, and its deficiency
caused the accumulation of autophagosomal precursor structures and impaired autophagy. Our study showed for the
first time that EMC6 is a novel regulator involved in autophagy.

Introduction

Autophagy is a catabolic process involving the degradation of
cytoplasmic materials (e.g., proteins, lipids, glycogens and organ-
elles). During this process, damaged organelles and long-lived
proteins are sequestered in a double-membrane vesicle, known as
the autophagosome or autophagic vacuole (AV), and delivered to
lysosomes for degradation.™?

Several signaling complexes and pathways are involved in the
development of the autophagic response, including the Atgl/
ULKI complex, the Vps34/PIK3C3/class I1I PtdIns3K complex
and two ubiquitin-like conjugation systems, involving ATG12—
ATGS and Atg8/LC3.%¢ In yeast, the Atgl and Vps34 complexes
are required for initiation and nucleation of a cup-shaped mem-
brane sac, termed the phagophore.! The localized production
of PtdIns3P by Vps34 can recruit proteins containing FYVE
and PX domains, such as the WD40 repeat PtdIns3P effector
Atgl8 to the phagophore assembly site (PAS), the yeast-specific
site of autophagosome formation.” The ubiquitin-like conju-
gation systems are required for expansion and completion of
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autophagosomes. Ubiquitin-like Atgl2 is activated by the El-like
activating enzyme Atg7, transferred to the E2-like enzyme Atgl0
and eventually conjugated to the target protein Atg5, which
interacts with a small coiled-coil protein, Atgl6. Atgl2—Atg5-
Atgl6 then forms a multimeric complex via homo-oligomeriza-
tion of Atgl6.® The Atg8 C terminus is proteolytically removed
by the cysteine protease Atg4, activated by Atg7, transferred to
the E2-like enzyme Atg3 and eventually conjugated to PE.® The
Atgl2—Atg5 conjugate apparently has an E3-like activity for
Atg8 lipidation.®

In mammalian cells, the role of ATG proteins in auto-
phagosome formation is largely unknown. The class III PtdIns3K
complex, consisting of at least PIK3C3/Vps34, PIK3R4/Vpsl5
and BECN1/Vps30/Atgb, is essential for the formation of auto-
phagosomes.? The endoplasmic reticulum (ER)-localized ATG14
is responsible for recruiting the class III PtdIns3K complex to
the ER and generating a PtdIns3P-rich ER subdomain, termed
the omegasome.*>® PtdIns3P generated by the class IIT PtdIns3K
complex recruits the zinc finger FYVE domain-containing pro-
tein 1 (ZFYVEI) and mammalian Atgl8 homologs, WIPII and
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WIPI2, to the omegasome, which provides a platform for the
accumulation of other ATG proteins."

PIK3C3 is also required for several other vesicular trafficking
processes, including sorting of hydrolytic enzymes to the lyso-
some/vacuole and early steps in the endocytic pathway. PtdIns3P
produced by PIK3C3 results in the endosomal recruitment of
FYVE domain-containing proteins, including EEA1, which is
necessary for endosomal trafficking.!! RABSA, a small GTPase
localized to early endosomes, regulates the fusion between
endocytic vesicles and early endosomes, as well as the homo-
typic fusion between early endosomes.”? It has been reported
that both PIK3C3 and PIK3R4 are RAB5A effectors.’> RABSA
binds directly with PIK3R4 and regulates the localization of the
PIK3C3-PIK3R4 complex.”” RAB5A also associates with the
BECNI1-PIK3C3 complex and promotes autophagosome forma-
tion." This result is consistent with the findings of a later study
indicating that RABSA and PIK3C3 are involved in NS4B-
induced autophagy.”

In our human genomics project, we have cloned hundreds of
functionally unknown human open-reading frames (ORFs) by
searching the human Refseq and expressed sequence tag (EST)
databases in GenBank. Using a cell-based functional screening
platform based on an automated fluorescence microscopy system,
which enables acquiring and quantitatively analyzing images of
LC3 signals in cotransfected cells,'®
genes associated with cell autophagy, including EMC6 (also
known as transmembrane protein 93, TMEM93). Here, we
report the identification and characterization of EMC6 as a novel
ER-localized protein, which interacts with RAB5A and BECNI,
facilitates RABSA ER localization, and modulates autophago-
some formation.

we identified several novel

Results

Bioinformatic analysis and expression profile of human
EMC6. Transcription of the human EMC6 genewhich is
located on chromosome 17p13.2, produces two different
mRNAs (EMC6-vI and EMC6-v2), both of which encompass
two exons and one intron and share the same ORF (Fig. 1A).
The full-length EMC6-v1 and EMC6-v2 are 805 and 693 base
pairs long, respectively. The ORF encodes a predicted 12.2 kDa
protein of 110 amino acids with an isoelectric point of 10.08.
The full-length cDNA and predicted amino acids are shown in
Figure 1B. EMC6 is conserved in cow, mouse, chicken, zebrafish
and Xenopus (Fig. 1C). Transmembrane (TM) analysis (www.
cbs.dtu.dk/services/s TMHMM-2.0/) suggests that there are two
conserved TM domains near the C-terminal end of the protein
(Fig. 1B, dashed lines). A functional domain (www.ebi.ac.uk/
Tools/InterProScan/) search suggests that EMC6 is a potential
member of the RABS5A interacting protein (RAB5AIP) super-
family. To our knowledge, no functional studies have been per-
formed on this hypothetical gene.

The presence of the EMC6 mRNA was confirmed by RT-PCR
analysis in a variety of normal human tissues, including pan-
creas, kidney, heart, liver, skeletal muscle, spleen, thymus, small
intestine, colon, prostate, testis, peripheral blood lymphocytes
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(PBL), lung, placenta and ovary (Fig. 1E). EMC6 mRNA was
also detected in various cell lines by RT-PCR (Fig. 1F). For
subsequent experiments, a rabbit anti-EMC6 specific antibody
was prepared by using chemically synthesized EMC6 peptides
(Fig. 1B, gray highlighted sequence) and validated by western
blot and immunofluorescence (Fig. S1A and S1B).

EMCG is localized in the ER. To examine the subcellular
localization of EMC6, U20S cells were cotransfected with GFP-
EMC6 and DsRed-ER, DsRed-Golgi or DsRed-Mito plasmids
and analyzed by confocal microscopy. GFP-EMC6 primarily
colocalized with DsRed-ER (Fig. 2A), but not with DsRed-
Golgi (Fig. 2B) or DsRed-Mito (Fig. 2C). The C-terminal GFP-
fused EMC6 (EMCG6-GFP) also colocalized with DsRed-ER
(Fig. 2D). Using indirect immunofluorescence, we confirmed
that overexpressed EMC6 and N-terminal FLAG-tagged EMC6
(FLAG-EMC6) colocalized with DsRed-ER (Fig. 2E and F).
Together, these results indicate that EMCG is localized in the ER.

EMC6 regulates autophagy. EMC6 was originally identified
as an autophagy-related gene through a high-throughput, cell-
based functional screening.'® We then confirmed that overexpres-
sion of EMC6 resulted in punctate distribution of GFP-LC3 by
fluorescence microscopy analysis (Fig. S2A and S2B). Western
blot analysis revealed that overexpression of EMCG6 also increased
the level of GFP-LC3-II and free GFP in GFP-LC3 transfected
cells (Fig. S2C). It is proposed that free GFP fragments result
from the degradation of GFP-LC3 within autolysosomes; thus,
an increased level of free GFP fragments indicated that EMC6
may promote autophagy flux. To further study the role of EMC6
in cell autophagy, bafilomycin A, a lysosome inhibitor, was
employed to monitor the autophagy flux in our studies. 3-MA, a
PIK3C3 inhibitor was employed to indicate whether EMC6 acts
upstream or downstream of the class III PtdIns3K complex. It
was confirmed that the overexpression of EMC6 increased dot
distribution of endogenous LC3 by immunofluorescence stain-
ing and fluorescence microscopy analysis, in contrast to the dif-
fuse pattern in control cells (Fig. 3A and B, left). Bafilomycin
A, treatment caused accumulation of the LC3 dots in both
EMC6 and vector-transfected cells, but the abundance of LC3
dots in EMC6-transfected cells was much greater than that in
vector-transfected cells (Fig. 3A and B, middle). 3-MA treatment
decreased the accumulation of LC3 dots in both EMC6 and vec-
tor-transfected cells in the presence of bafilomycin A, (Fig. 3A
and B, right). We further analyzed the level of the membrane-
bound LC3-phospholipid conjugate LC3-1I by western blot. The
LC3-II band was weak in both the EMC6 and vector groups,
while it seemed more distinct in the EMC6 group (Fig. 3C and
D, lane 2 vs. lane 1). Bafilomycin A treatment caused accumu-
lation of LC3-II in both EMC6 and vector-transfected cells,
and the LC3-II band of the EMC6 group was much stronger
than that of the vector group (Fig. 3C and D, lane 4 vs. lane 3).
3-MA treatment decreased the accumulation of LC3-II in both
EMC6 and vector-transfected cells treated with bafilomycin A,
(Fig. 3C and D, lanes 5 and 6). Transmission electron micros-
copy (TEM) analysis revealed that EMCG6 overexpression resulted
in the appearance of autophagosome-like structures, unlike in
the vector-transfected cells (Fig. 3E). These results indicated
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Figure 1. |dentification, sequence analysis and expression profile of EMC6. (A) Schematic of gene and cDNA structures of EMC6. There are two
validated transcript variants of EMC6, and EMC v2 was cloned by RT-PCR. The boxes show the exons of these two variants with their relative sizes and
positions in the EMC6 gene. (B) Nucleotide sequence and predicted amino acid sequences of human EMC6. The sequence eliminated in EMC6-v2 is
boxed. The start and stop codons are underlined. Sequences of the two peptides used for generating the polyclonal antibody against EMC6 are high-
lighted in gray. The putative TM domains are indicated with dashed lines. (C) Phylogenetic analysis of EMC6. (D) Schematic representation of EMC6 and
constructs used in this study. (E) EMC6 mRNA expression was analyzed by RT-PCR in human normal tissues and cell lines (F). GAPDH expression was

that EMCG6 overexpression could induce autophagy, which may
involve the activation of the class III PtdIns3K complex.

To confirm the essential role of EMC6 in autophagy, fur-
ther analysis was performed in EMC6-silenced U20S cells. The
shRNA against EMC6 (EMC6 shRNA) was demonstrated to be
effective by both RT-PCR and western blot (Fig. $3). We then
examined the dot distribution of endogenous LC3 in EMC6-
silenced cells. It was found that the accumulation of LC3 dots
caused by either bafilomycin A, alone or together with EBSS was
hindered in EMC6-silenced cells compared with control cells
(Fig. 4A and B, middle and right). Western blot analysis also
revealed that the accumulation of LC3-II caused by bafilomycin
A, alone or together with EBSS was decreased in EMC6-silenced
cells compared with control cells (Fig. 4C and D, lane 4 vs. lane
3 and lane 6 vs. lane 5). We further performed TEM analysis
to confirm the impact of EMC6 knockdown on autophagy. The
level of autophagosome induction by EBSS treatment in the
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EMC6-silenced cells was significantly lower than that in the con-
trol cells, most EMC6-silenced cells displayed anomalous double-
membrane structures that looked like enlarged autophagosomal
precursors still connected to the ER (Fig. 4E, red star). These
results implied that the knockdown of EMC6 may block auto-
phagosome formation and then cause accumulation of autopha-
gosomal precursors.

To further investigate the regulation of autophagy by EMC6,
we examined degradation of polyQ aggregates formed by a stretch
of 80 glutamine residues (polyQQ80) known to be an autophagy
substrate.”"” Degradation of polyQ19 was also monitored and
served as an internal control. The results showed that degradation
of polyQ was impaired in EMC6-silenced cells and enhanced in
EMC6-overexpressing cells (Fig. 4F), indicating that EMC6 is
required for autophagic degradation of cellular components. We
further employed mTagRFP-mWasabi-tandemly tagged LC3
(mTagRFP-mWasabi-LC3) to monitor autophagosome-lysosome
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Figure 2. EMC6 is localized in the ER. Confocal microscopy images are shown of U20S cells: cotransfected with GFP-EMC6 and DsRed-ER (A), DsRed-
Golgi (B) or DsRed-Mito (C); cotransfected with EMC6-GFP and DsRed-ER (D); cotransfected with EMC6 and DsRed-ER and then immunostained with
an anti-EMC6 antibody after 24 h (E); cotransfected with FLAG-EMC6 and DsRed-ER and then immunostained with an anti-FLAG antibody after 24 h (F).

fusion.?’ mWasabi is more sensitive to acidic pH than mTagRFP,
which retains fluorescence even at acidic pH. Therefore, colo-
calization of mWasabi and mTagRFP fluorescent signals indi-
cates a compartment that has not fused with a lysosome, such
as the phagophore or an autophagosome. In contrast, a strong
mTagRED signal with absent or low mWasabi corresponds to
an amphisome or autolysosome. In this study, the cells were
cotransfected with mTagRFP-mWasabi-LC3 and shRNA vector
or EMC6 shRNA, then treated with EBSS for 4 h and analyzed
using flow cytometry. As shown in Figure 4G, the percentage of
mTagRFPY"mWasabi'" cells was significantly decreased in cells
transfected with EMC6 shRNA, compared with control cells
(p < 0.05). The cells cotransfected with mTagRFP-mWasabi-LC3
and vector or EMCG6 expression plasmid were also analyzed; it
was shown that the percentage of mTagRFP"ie"mWasabi-LC3""
cells was significantly increased in EMC6 overexpressing cells
(Fig. 4G). These observations indicated that autophagic flux
was impaired in EMC6-silenced cells and promoted in EMC6-
overexpressing cells.

We also performed a rescue experiment by cotransfection of
the EMCG6 expression plasmid with EMC6 shRNA. HCT116
cells were transfected as indicated in Figure 4H and then treated
with bafilomycin A . Western blot analysis showed that the level
of endogenous LC3-II was significantly decreased (Fig. 4H,
lane2) in cells transfected with EMC6 shRNA. Simultaneously,
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those cells overexpressing EMC6 exhibited increased accumu-
lation of endogenous LC3-II (Fig. 4H, lane3). The polyQ80
degradation assay further demonstrated that EMCG6 rescued the
EMC6 shRNA-induced inactivation of autophagy and disabled
degradation of polyQ80 (Fig. 4I), indicating that endogenous
EMC6 is required for autophagy.

Knockdown of EMC6 impairs autophagosome formation.
To further investigate the step at which the autophagy process
is interrupted in EMC6-silenced cells, we examined the forma-
tion of omegasomes, which can be specifically labeled by the
ER-associated PtdIns3P-binding protein ZFYVEL. U20S cells
were cotransfected with GFP-ZFYVEL and EMC6 shRNA or
shRNA vectors and observed under a fluorescence microscope.
Compared with shRNA vector transfected cells, EMC6 shRNA-
transfected cells displayed abnormally enlarged GFP-ZFYVEL-
labeled structures, which seemed to result from the aggregation
of small GFP-ZFYVEIl-labeled vesicles (Fig. 5A, right). The
percentage of cells with enlarged GFP-ZFYVEL structures in
EMC6 shRNA-transfected cells was significantly higher than
that in control cells (Fig. 5B, ***p < 0.001). Furthermore, those
enlarged GFP-ZFYVEl-labeled structures were partially colocal-
ized with the ER (Fig. $4), suggesting that they may be caused by
accumulation of omegasomes. We then detected the formation of
ATG5-labeled membrane structures, which were also considered
as autophagosomal precursors. As shown in Figure 5C, a larger
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Figure 3. EMC6 overexpression promotes cell autophagy. (A) Representative fluorescence microscopy images of the dot distribution of endogenous
LC3 obtained from U20S cells transfected with vector or EMC6 for 18 h, which were treated with 10 nM bafilomycin A, (Baf. A) for the last 4 h and/or
10 mM 3-MA for the last 6 h. (B) Quantification of LC3 dots in control or EMC6-overexpressing cells treated with reagents as indicated in (A). Data are
means + SD of at least 100 cells scored (**p < 0.01, ***p < 0.001, N.S: not significant). (C) Western blot analysis of endogenous LC3-Il levels in U20S cells
treated as in (A). (D) Quantification of the amounts of LC3-Il relative to ACTB treated as in (C). The average value in the vector-transfected cells without
Baf. A treatment was normalized as 1. Data are the means + SD of results from three experiments (*p < 0.05, **p < 0.01, N.S: not significant). (E) TEM
analysis of U20S cells transfected with vector or EMC6. Note the autophagosome-like structure (black star) and autolysosome-like structure (red star)
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number of membrane-binding GFP-ATGS structures could be  that in control cells (Fig. 5D, ***p < 0.001). Subsequently, we
observed in cells transfected with EMC6 shRNA but not in con-  analyzed the level of ATG12-ATGS5 conjugation in U20S cells
trol cells. The percentage of cells with GFP-ATGS5 aggregates in  transfected with EMC6 shRNA or shRNA vector. As shown
EMC6 shRNA transfected cells was significantly higher than in Figure 5E and F, compared with control cells, the levels of
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Figure 4 (See previous page). Knockdown of EMC6 impairs cell autophagy. (A) Representative fluorescence microscopy images of the dot distribu-
tion of endogenous LC3 obtained from U20S cells transfected with shRNA vector or EMC6 shRNA, which were cultured for 30 h and treated with 10 nM
bafilomycin A, (Baf. A) and/or EBSS for the last 4 h. (B) Quantification of LC3 dots in control or EMC6-silenced cells treated with reagents as indicated in
(A). Results are means + SD of at least 100 cells scored (**p < 0.01). (C) Western blot analysis of LC3-Il levels in U20S cells treated as in (A). (D) Quantifi-
cation of the amounts of LC3-Il relative to ACTB treated as in (C). The average value in the shRNA vector-transfected cells without Baf. A, treatment was
normalized as 1. Data are the means + SD of results from three experiments (*p < 0.05). (E) TEM analysis of U20S cells transfected with shRNA vector or
EMC6 shRNA for 24 h and then incubated in EBSS for 2 h. The autophagosome-like structures are shown with a black star, and an anomalous double-

membrane structure is shown with a red star. (F) U20S cells were cotransfected with polyQ80-luciferase (or polyQ19-luciferase) and the indicated
plasmids for 24 h; firefly luciferase activity was measured using the Dual Luciferase Reporter System (means + SD; *p < 0.05, **p < 0.01). (G) HCT116
cells were cotransfected with mTagRFP-mWasabi-LC3 and the indicated plasmids for 24 h, and then incubated with or without EBSS for 4 h. The per-
centages of mTagRFP"9"mWasabi'" cells were detected using flow cytometry (means + SD; *p < 0.05, **p < 0.01). (H) HCT116 cells were cotransfected
with the indicated plasmids for 24 h, and then treated with Baf. A, for 4 h. LC3-Il and EMC6 levels were analyzed by western blot. (I) HCT116 cells were
cotransfected with polyQ80-luciferase (or control polyQ19-luciferase), vector (or EMC6) and shRNA vector (or EMC6 shRNA) as indicated for 24 h, and
then firefly luciferase activaty was measured using the Dual-Luciferase Reporter System (means + SD; *p < 0.05, **p < 0.01).

conjugated ATG12-ATG5 were decreased in EMC6 shRNA-
transfected cells, indicating that the ATG12-ATGS5 conjugation
essential for autophagosome formation was impaired in EMC6-
silenced cells. Taken together, these results indicate that EMC6
may regulate autophagosome formation.

EMC6 is associated with RAB5A and BECNI1 in the
autophagosomal membrane. To determine whether EMC6 is
a component of the autophagosomal membrane, we analyzed
the colocalization of overexpressed EMC6 with GFP-ZFYVEL1
(Fig. 6A) and FLAG-EMC6 with GFP-BECNI1 (Fig. 6B) by
confocal microscopy. In addition, the N-terminal GFP-BECN1
could be pulled down with glutathione S-transferase (GST)-
EMC6 from whole cell lysates (Fig. 6C, lane 3). These results
suggest that EMC6 may associate with the BECNI complex
localized on the autophagosomal membrane.

EMC6 was predicted to interact with RAB5A by bioin-
formatic analysis. To verify this association, we also observed
the colocalization of FLAG-EMCG6 with N-terminal GFP-
fused RAB5A (GFP-RAB5A) (Fig. 6D) and C-terminal GFP-
fused EMC6 (EMC6-GFP) with DsRed-RAB5A (Fig. 6E) by
confocal microscopy. Co-immunoprecipitation (Co-IP) and
GST-pull-down analysis were also applied to confirm the asso-
ciation of EMC6 and RAB5A in mammalian cells. U20S cells
were transfected with FLAG-EMC6, lysed and then subjected
to immunoprecipitation (IP) with an anti-FLAG antibody.
Western blot analysis revealed that endogenous RAB5A copre-
cipitated with FLAG-EMC6 (Fig. GF, lane 3). This interaction
was considered specific, since the control IgG failed to bind
RAB5A (Fig. 6F, lane 2). The interaction between EMC6 and
RABS5A could also be observed by using the pull-down approach
(Fig. 6G). In vitro binding study was also performed with recom-
binant proteins, and it was shown that GST-EMC6 could bind
His-RAB5A loaded with GTPyS but not that loaded with GDP
or His-RAB5A alone (Fig. 6H), indicating that EMC6 interacts
directly with activated RAB5A. We also captured the colocal-
ization of FLAG-EMC6 with another early endosome-localized
protein EEAL1 (Fig. 61), suggesting that EMC6 may interact with
early endosome-localized RABSA.

EMC6 modulates the ER localization of RAB5A and EEAL.
Although RABSA is an important regulator of the endocytic
pathway, it was reported to modulate aggregation and toxicity of
a polyglutamine expansion mutant through macroautophagy, as
well as suggested to modulate the formation of autophagosomes
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via regulating PIK3C3 activity."* However, it is widely thought
that ER localization of the class III PtdIns3K complex is essen-
tial for autophagy. This idea is supported by the ER localization
of ATGI4, an essential regulator of autophagosome formation,
which interacts with BECN1.%° Thus, to exert its positive role in
autophagy, RABSA may need to be in close proximity to the ER
in order to activate PIK3C3. In this study, we demonstrated that
EMC6 regulates autophagy by localizing to the ER and associat-
ing with RAB5A and BECNI. Hence, it is reasonable to assume
that EMCG6 may be involved in recruiting RAB5A to the ER.

To confirm the above assumption, we monitored the local-
ization of RAB5A and EEA1 by confocal microscopy. In cells
cotransfected with the vector, GFP-RAB5A and DsRed-ER,
no obvious colocalization of GFP-RAB5A and DsRed-ER was
observed (Fig. 7A, upper panel). In cells cotransfected with the
EMC6-expressing plasmid, GFP-RABSA and DsRed-ER, most
cells displayed apparent colocalization of GFP-RAB5A, EMC6
and DsRed-ER near the nucleus (Fig. 7A, lower panel). We also
found that unlike the control cells (Fig. 7B, upper panel), most
EMCG6 overxpressing cells exhibited obvious colocalization of
EEAL1 with DsRed-ER (Fig. 7B, lower panel). These results sug-
gest that EMCG6 may regulate the recruitment of RAB5A and
EEAL to the ER or bridge the contacts between the ER and early
endosomes. The colocalization of GFP-RAB5A and DsRed-ER
was also observed in cells under starvation conditions (Fig. 7C,
middle panel), but not in control cells (Fig. 7C, upper panel),
coincident with the upregulation of EMC6 protein in starved
cells (Fig. 7D; Fig. S5A and S5B). Furthermore, starvation-
induced colocalization of GFP-RAB5A and DsRed-ER was not
observed in EMC6-silenced cells (Fig. 7C, lower panel), suggest-
ing that the defective autophagy in EMC6-deficient cells may be
caused by the absence of ER-localized RAB5A. We also observed
that EMCG6 protein was upregulated in the presence of rapamy-
cin (Fig. S5C and S5D). It was noted that the upregulation of
EMC6 induced by both starvation and rapamycin was not sensi-
tive to wortmannin (Fig. S5), indicating that it is upstream of
the PtdIns3P requirement. This conclusion is coincident with
the observation that EMC6 overexpression-induced autophagy is
sensitive to 3-MA.

EMCG6,,,, suppresses cell autophagy. As mentioned
above, EMC6 is predicted to be a membrane protein with two
TM regions at the C terminus. Thus, the C-terminal region
of EMC6 may be essential for its ER localization, and the
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Figure 5. Knockdown of EMC6 impairs autophagosome formation. (A) U20S cells cotransfected with GFP-ZFYVE1 and shRNA vectors or EMC6 shRNA
for 24 h were observed under a fluorescence microscope. Nuclei were stained with H33342. (B) Percentages of cells with enlarged GFP-ZFYVE1 struc-
tures of the total GFP-ZFYVE1 cells were quantified (means + SD, ***p < 0.001). (C) U20S cells cotransfected with a plasmid expressing GFP-ATG5 and
shRNA vectors or EMC6 shRNA for 24 h were extracted using 0.02% saponin and fixed with 4% paraformaldehyde. Nuclei were stained with H33342.
Cells were observed under a fluorescence microscope. (D) Percentage of cells with accumulated GFP-ATGS5 structures was quantified by scoring at
least five random fields (means + SD, ***p < 0.001). (E) Western blot analysis of ATG12-ATG5 conjugates in U20S cells transfected with shRNA vectors or
EMC6 shRNA for 24 h. (F) Quantification of the amounts of ATG12-ATG5 conjugates relative to ACTB. The average value in the shRNA vector-transfected
cells was normalized as 1. Data are the means + SD of results from three experiments (*p < 0.05).

N terminus may play a role in binding RAB5A. We constructed a
truncated mutant of EMC6 (EMCG6, ) in which 65 C-terminal
amino acids were deleted (Fig. 1D) and then investigated its
location and function. U20S cells were cotransfected with GFP-
EMCG6,,,, and DsRed-ER or DsRed-RAB5A. Instead of local-
izing to the ER, GFP-EMCG,,, displayed a diffuse cytoplasmic
expression pattern in the confocal images (Fig. 8A, upper panel),
indicating that the C-terminal TM domain of EMC6 is required
for its specific localization. However, GFP-EMCG6, ., distinctly
colocalized with DsRed-RABSA (Fig. 8A, lower panel), suggest-
ing that the N terminus of EMC6 may play a role in binding
RAB5A. We also observed that the accumulation of LC3 dots
caused by bafilomycin A, was hindered in EMCG6,, -expressing
cells compared with control cells (Fig. 8B and C). Western blot
analysis revealed that the rate of LC3-1I accumulation slowed
in EMCG6ATM-overexpressing cells (Fig. 8D, lane 4 vs. lane 3
and lane 6 vs. lane 5) in the presence of bafilomycin A . After
3 h of bafilomycin A treatment, EMC6ATM overexpressing
cells showed a notable downregulation in LC3-II accumulation
compared with control cells (Fig. 8D and E, lane 8 vs. lane 7).
Furthermore, we cotransfected GFP-ZFYVEL and EMCG6,,, or

www.landesbioscience.com

vector plasmids into U20S cells and analyzed the distribution
of GFP-ZFYVEL. As shown in Figure 8F, unlike the control
vector group, cotransfection of EMCG, ., resulted in enlarged
ZFYVEI structures similar to those observed in EMC6-silenced
cells. The percentage of cells with enlarged GFP-ZFYVEI struc-
tures was significantly higher in EMCG6, , transfected cells than
that in control cells (Fig. 8G). These results indicate that the
putative C-terminal TM domain of EMC6 is necessary for the
localization and biological function of EMCG6, and EMC6,,,,
may function as an antagonist of EMC6 to inhibit autophagy
activity.

Discussion

Macroautophagy is initiated by the formation of phagophores.
Although it has been studied for several decades, the origin of
the autophagic membrane remains unclear. Several investiga-
tions have indicated that the phagophore is unique, with an
autophagosomal membrane that is relatively protein poor with
a lack of known organelle markers.??> Meanwhile, contradic-
tory data from several other laboratories support the notion
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that the phagophore, while being unique, may arise from the
# Gratifyingly, the subcellular localiza-
tion of several Atg proteins provides us with more information
about the source of the autophagic membrane. Atg9 is the only
membrane-associated Atg protein described thus far that is abso-
lutely required for autophagosome formation, and it has not
been well studied. However, A#¢9 knockout mice are unable to

ER or Golgi complex.
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survive after birth,” and the identical phenotype has been found
in mice lacking Azg5, Atg7 and Atg3, suggesting a crucial role of
ATG9 in autophagy. In yeast, Atg9 cycles between the PAS and
a peripheral pool consisting of clusters of vesicles and tubules.?®
Mammalian ATGY transits between the endosome and Golgi
compartment in normal cultured cells, while it delocalizes to a
peripheral compartment after starvation.”” These results support
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Figure 7. EMC6 modulates the ER localization of RAB5A and EEAT. (A-C) Indirect immunofluorescence analysis by confocal microscopy was performed
on cells, and nuclei were stained with H33342 as indicated. (A) U20S cells were cotransfected with vector (or EMC6), and plasmids expressing GFP-
RABS5A and DsRed-ER at a ratio of 3:1:1 for 24 h, stained with anti-EMC6 antibody and APC-conjugated anti-rabbit secondary antibodies. (B) U20S cells
were cotransfected with vector (or EMC6) and a plasmid expressing DsRed-ER at a ratio of 3:1 for 24 h, stained with anti-EEA1 antibody and FITC-con-
jugated anti-rabbit secondary antibodies. (C) U20S cells were cotransfected with EMC6 shRNA (or shRNA vector), and plasmids expressing GFP-RAB5A
and DsRed-ER at a ratio of 3:1:1 for 24 h and then incubated with or without EBSS for 2 h. (D) U20S cells were incubated in EBSS for the indicated time,

and EMC6 was detected by western blot.

a role of the Golgi and/or endosomal compartment in phago-
phore formation.

PtdIns3P production is essential for autophagosome forma-
tion.”® Upon starvation, PtdIns3P production is induced in cellular
compartments dynamically connected to the ER, which is thought
not to normally have high levels of PtdIns3P.* ATG14, a compo-
nent of the class III PtdIns3K complex is essential for PtdIns3P
synthesis and autophagosome formation, as ATG14 knockdown
results in disappearance of the omegasome.' It has been shown
that ATGI14 localizes to the ER as well as the phagophore, and that
the ER localization of ATG14 is essential for its function in regu-
lating autophagosome formation,'>* indicating that the ER may

be the site of phagophore formation. This idea is further supported
by the localization of a non-ATG protein, ZFYVEI, which binds
PtdIns3P through its FYVE domains.”” ZFYVEI is associated
with the Golgi complex in normal cultured cells and translocates
to an ER-associated membrane (omegasome) upon starvation. The
ATGS complex, LC3, ATG14 and WIPI2, have all been observed
to be recruited to the omegasome, suggesting that the omegasome
may function as a platform for autophagosome formation.”’

In contrast to the idea that the phagophore originates from
the ER, a recent study shows that ATG5 and LC3 colocalize with
the mitochondria and that a protein anchored in the outer leaf-
let of mitochondria can be found on forming autophagosomes.?

Figure 6 (See opposite page). EMC6 is associated with the RAB5A-BECN1 complex. (A, B, D, E and H) Direct or indirectimmunofluorescence analysis
by confocal microscopy was performed on cells, and nuclei were stained with H33342 as indicated. (A) U20S cells were cotransfected with EMC6- and
GFP-ZFYVE1-expressing plasmids for 24 h and then stained with an anti-EMC6 antibody. (B) U20S cells were cotransfected with plasmids express-

ing FLAG-EMC6 and GFP-BECNT1 for 24 h and stained with an anti-FLAG antibody. (C) GST-EMC6 fusion protein and the GST protein immobilized

on Glutathione-Sepharose beads were incubated with GFP-BECN1-transfected HCT116 cell lysates at 4°C for 4 h. GFP and GST were detected in the

washed beads by western blot. (D) U20S cells were cotransfected with plasmids expressing FLAG-EMC6 and GFP-RAB5A for 24 h and then stained with
an anti-FLAG antibody. (E) U20S cells were cotransfected with plasmids expressing EMC6-GFP and DsRed-RAB5A for 24 h. (F) HCT116 cells were trans-
fected with a plasmid expressing FLAG-EMC6 for 24 h. Total cell extracts were subjected to IP using either an anti-FLAG or a nonspecific control mlgG,
as indicated. RAB5A was detected in the IP proteins by western blot. (G) GST-EMC6 fusion protein and the GST protein immobilized on Glutathione-
Sepharose beads were incubated with GFP-RAB5A-transfected HCT116 cell lysates at 4°C for 4 h. GFP and GST were detected in the washed beads by
western blot. (H) The GST-EMC6 fusion protein or the GST protein immobilized on Glutathione-Sepharose beads were incubated with His-RAB5A or
His-RAB5A loaded with GDP or GTPyS. His-RAB5A and GST were detected in the washed beads by western blot. (I) U20S cells were transfected with
FLAG-EMC6 for 24 h and then stained with anti-EMC6 or anti-EEA1 antibody.
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Figure 8. EMC6, suppresses cell autophagy. (A) U20S cells were cotransfected with plasmids expressing GFP-EMC6,,,, and DsRed-ER or DsRed-RA-
B5A for 24 h and observed by confocal microscopy. (B) Representative fluorescence microscopy images obtained from U20S cells cotransfected with
GFP-LC3 and vector or EMC6,,, for 30 h and treated with or without 10 nM bafilomycin A, (Baf. A) for the last 4 h. (C) Quantification of GFP-LC3 dots in

control or EMC6 ., -expressing cells treated with reagents as indicated in (B). Results are means + SD of at least 100 cells scored (***p < 0.001). (D) U20S

cells were transfected with vector or EMC6, for 24 h, and incubated with or without 10 nM Baf. A, for the indicated times. The levels of endogenous

LC3-I and LC3-Il were analyzed by western blot. (E) Quantification of the amounts of LC3-Il relative to ACTB treated as in (D). The average value in the
vector-transfected cells without Baf. A, treatment was normalized as 1. Data are the means + SD of results from three experiments (**p < 0.01).

(F) U20S cells were cotransfected with GFP-ZFYVE1 and EMC6,,, or vector for 24 h and observed by fluorescence microscopy. (G) Numbers of cells
with enlarged GFP-ZFYVET1 structures were quantified (means + SD) by scoring at least five random fields. **p < 0.01.

Thus, the true origin of the autophogic membrane remains to be  provide a platform for phagophore formation. We also found
determined. that a mutated EMC6 was unable to localize to the ER and

Here we have demonstrated that EMC6, a newly identified  did not induce autophagosomes but instead hindered auto-
ER-localized transmembrane protein, was essential for auto- phagosome formation, indicating that ER localization of EMC6
phagy progression, which supports the idea that the ER may was essential for its ability to regulate autophagy and EMC6,,,
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may function as an antagonist of EMC6. In this study, we
observed the accumulation of LC3-labeled structures, ATG5
structures, unconventional ZFYVEI1 structures and anomalous
double-membrane structures that looked like enlarged autopha-
gosomal precursors in EMC6-silenced cells. The accumulation
of ATGS structures was also observed in RAB5A-inhibited and
PIK3C3-defective cells."* EMCG6 seemed to function upstream
of the class III PtdIns3K complex, as EMC6 overexpression-
induced autophagy was sensitive to the PIK3C3 inhibitor 3-MA,
while EBSS-and rapamycin-induced upregulation of EMC6
was insensitive to the PIK3C3 inhibitor wortmannin. Thus,
a defect of EMCG6 function may result in inactivation of the
class III PtdIns3K complex and then impaired autophagosome
formation.

RABSA is a small GTPase localized to early endosomes,
which regulates endocytic traffic. It was also shown to associate
with the BECN1-PIK3C3 complex and promote autophagosome
formation." This observation is consistent with the findings of
an earlier study reporting that RAB5A interacts with PIK3C3
and modulates its activity."® Even so, the question remains as to
how RABSA interacts with the ER-localized BECN1-PIK3C3
complex.

The ER is a large, singular, membrane-bound organelle,
which performs a variety of functions in eukaryotic cells. It is in
contact with almost every membrane-bound organelle, includ-
ing mitochondria, endosomes, Golgi and peroxisomes.** Recent
work has illustrated the direct contacts between ER and early
endosomes. It was shown that the ER-localized protein tyro-
sine phosphatase PTP1B interacts directly with the endocytic
cargo EGFR at the ER-endosome contact sites.® However, the
factors mediating ER-endosome contact and the functions of
these contacts are still unknown. Here we demonstrated that
EMC6, a newly identified ER-localized transmembrane protein,
could interact with RAB5A and modulate the ER localization of
RAB5A and EEA1. We also found that EMC6 colocalized with
BECNI and played an essential role in the autophagy pathway.
EMC6 controls the degradation of polyQ80, which is known
as an autophagy substrate. EMCG6 silencing also resulted in the
accumulation of ATGS5 structures and unconventional enlarged
ZFYVEI1 structures. All these results were consistent with the
phenotype observed in RAB5A-inhibited and PIK3C3-defective
cells. There are two possible roles of EMC6 in autophagy regula-
tion: on the one hand, EMC6 may regulate the recruitment of
RAB5A to the ER and then facilitate the interaction between
RAB5A and PIK3C3, thereupon promoting autophagosome
formation; the recruitment of EEAI to the ER may be medi-
ated by the PtdIns3P produced in the omegasome membrane.
On the other hand, the interaction between EMCG6 and
RAB5A may bridge contacts between the ER and early
endosomes, therefore leading to the recruitment of the PIK3C3-
PIK3R4 complex originally located on the early endosome
membrane; such a complex may further interact with BECNI
and ATGI14 located on the ER membrane and form another
stable complex contributing to autophagosome formation.
Alrogether, our findings provide new insights into the regulation
of autophagy.
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Materials and Methods

Antibodiesand reagents. The specific polyclonal antibody against
EMCG6 was prepared by immunizing rabbits with chemically syn-
thesized EMC6 peptides (Fig. 1A, gray highlighted sequences),
purified by peptide affinity chromatography via CNBr-activated
Sepharose™ 4 Fast Flow (GE Healthcare, 17-0981-01) accord-
ing to the manufacturer’s instructions. Other antibodies used in
this study were: anti-LC3B (Sigma Aldrich, L7543), anti-EEA1
(Cell Signaling Technology, 3288), anti-ATG5 (Cell Signaling
Technology, 8540), anti-FLAG (Sigma Aldrich, F3165), anti-B8-
actin/ACTB (Sigma Aldrich, A5316), anti-RAB5A (Santa Cruz,
s¢-309) and anti-GST (Santa Cruz, sc-459) antibodies; IRDye
800-conjugated anti-GFP antibody (Rockland, 600-432-215),
DyLight 800/DyLight 680-conjugated secondary antibodies
against mouse (Rockland, 610-145-002/610-144-002) or rab-
bit (Rockland, 611-145-002/611-144-002) IgG; FITC/RBITC/
APC-conjugated secondary antibodies against mouse (Bioss
Inc., bs-0296G-FITC/bs-0296G-RBITC/bs-0296G-APC)
or rabbit (Bioss Inc., bs-0295G-FITC/bs-0295G-RBITC/bs-
0295G-APC) IgG. Other reagents used in this study were: cDNA
libraries of human normal adult tissues (Clontech, 636742), The
Dual-Luciferase® Reporter (DLR™) Assay System (Promega,
E1910), guanosine gamma thio-phosphate (GTPyS, Sigma,
G8634), bafilomycin A, (Sigma Aldrich, B1793), wortman-
nin (Sigma Aldrich, W1628), Hoechst 33342 (Sigma Aldrich,
14533), saponin (Sigma Aldrich, $7900) and 3-methyladenine
(3-MA, Sigma Aldrich, M9281).

Plasmid construction. The EMC6 cDNA was amplified from
a human kidney cDNA library (Clontech, 637204) by PCR with
the forward primer P1 (5-CGT CTG AGG GAA CGC TAA
GT-3") and reverse primer P2 (5-GAA TGA GGA GCA GGG
AGA G-3'). The insert was released by EcoRI and subcloned
into the EcoRI site of pcDNA.3.1/myc-His (-) B (Invitrogen,
V85520) to construct the pcDB-EMC6 plasmid, abbreviated
EMC6 in this study. Based on this plasmid, we constructed
the following plasmids in succession: FLAG-EMC6, GFP-C3-
EMCG6 (abbreviated GFP-EMC6), EMCG6-N1-GFP (abbrevi-
ated EMC6-GFP), GST-EMC6, EMCG,,,, and GFP-EMC6,
(see Fig. 1D for details). GFP-BECNI1, GFP-RAB5A, DsRed-
RAB5A, GFP-ZFYVEL and FLAG-ATGI2 plasmids were also
constructed in our laboratory. All plasmids were confirmed by
DNA sequencing,.

DsRed-ER, DsRed-Golgi and DsRed-Mito plasmids were
kindly provided by Quan Chen (Chinese Academy of Sciences,
China). The GFP-ATGS5 plasmid was a gift from Weiguo Zhu
(Peking University, China). The mTagRFP-mWasabi-LC3 plas-
mid was kindly provided by Jian Lin (Peking University, China).
The PolyQ80-luciferase and polyQl9-luciferase plasmids were
kindly provided by Conrad C. Weihl (Washington University
School of Medicine, USA). Specific shRNA mediating EMC6
gene knockdown with the targeting sequence, 5-GCC TCT
TCA CCT ACG TCC TGT TCT GGA CG-3, and nonsilenc-
ing shRNA vector were constructed by ORIGEN Corporation.
The shRNA vector sequence with no sequence homology to any
known human gene was used as the control.
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Cell culture, transfections and treatments. U20S and
HCT116 cell lines were maintained in DMEM (Invitrogen,
12800-017) supplemented with 10% fetal bovine serum (FBS).
Other cell lines used for RT-PCR were cultured routinely in
our laboratory. Cells were transfected using MegaTran 1.0
Transfection Reagent (ORIGEN, TT200004) according to the
manufacturer’s instruction. All experiments were performed on
logarithmically growing cells. Cell autophagy was induced by
nutrient deprivation, through incubation in Earle’s balanced salt
solution (EBSS, Sigma Aldrich, E7510). Autophagy inhibition
was achieved by treating cells with 10 nM of bafilomycin A, a
vacuolar-type H*-ATPase inhibitor, which can block the fusion
of autophagosomes with lysosomes.

RT-PCR assay. Different cell lines were cultured to the expo-
nential phase, and total RNA samples were extracted with the
TRIzol reagent (Invitrogen, 15596-026). RT-PCR was per-
formed using the ThermoScript RT-PCR System (Invitrogen,
11146-024). Primers used for amplifying EMC6 were 5-CGT
CTG AGG GAA CGC TAA GT-3' and 5-GAA TGA GGA
GCA GGG AGA G-3'.

Poly Q degradation assay. U20S cells were cotransfected
with polyQ80-luciferase (or control polyQ19-luciferase) con-
structs and indicated plasmids using MegaTran 1.0 Transfection
Reagent according to the manufacturer’s protocol. Twenty-
four h later, firefly luciferase activity was measured using the
Turner Biosystems Veritas Microplate Luminometer (Bio-Rad)
by dispensing Luciferase Assay Buffer II (LAR II) from the
Dual-Luciferase® Reporter Assay System according to the manu-
facturer’s protocol.

Immunofluorescence, fluorescence and confocal micros-
copy. U20S cells were cultured in confocal dishes and treated
as indicated, fixed with 4% paraformaldehyde and permeabi-
lized with 0.2% Triton X-100. The dishes were then incubated
with FBS overnight and exposed to primary antibody for 1 h
at 4°. After being washed three times with PBS, the dishes
were immersed with FITC/RBITC/APC-conjugated second-
ary antibody solution. Nuclei were stained with Hoechst 33342
(H33342). Morphological alterations in the cells were observed
and documented with an Olympus FV1000 confocal microscope
(Olympus).

To observe the endogenous LC3 puncta, cells were fixed with
4% paraformaldehyde, permeabilized with 0.2% Triton X-100,
incubated with FBS overnight, exposed to LC3 antibody, stained
with FITC-conjugated secondary antibody and then observed by
fluorescence microscopy.

Cells transfected with GFP-LC3 or GFP-ZFYVEI plas-
mids were observed by fluorescence microscopy. The num-
ber of GFP-LC3 puncta per cell or the percentage of enlarged
GFP-ZFYVEI structures was assessed in five non-overlapping
fields, and statistical data were obtained from three independent
experiments.

To observe the accumulated GFP-ATGS5 structures in U20S
cells, transfected cells were treated with 0.02% saponin prepared
using PHEM buffer (60 mM Na-PIPES, 25 mM Na-HEPES,
10 mM EGTA, 2 mM MgCl,, pH 6.9) supplemented with
0.19 M NaCl and fixed with 4% paraformaldehyde. Cells were
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then observed under a fluorescence microscope. The percentage
of accumulated GFP-ATGS structures was assessed in five non-
overlapping fields, and statistical data were obtained from three
independent experiments.

Transmission electron microscopy. Treated U20S cells were
initially fixed in 0.1 M sodium phosphate buffer containing 3%
glutaraldehyde (pH 7.4) and fixed in 0.1 M sodium phosphate
buffer containing 1% OsO4 (pH 7.2) for 2 h at 4°C. The cells
were then dehydrated in a graded series of ethanol. Cells were
embedded into Ultracut (LEICA ULTRACUT R) and sliced
into 60-nm sections. Ultrathin sections were stained with uranyl
acetate and lead citrate and observed under a JEM-1230 trans-
mission electron microscope (JEOL).

Flow cytometry. HCT116 cells were cotransfected with a
plasmid expressing mTagRFP-mWasabi-LC3 and shRNA vector,
EMC6 shRNA, vector or EMC6 expression plasmid at a ratio
of 1:3 for 24 h, followed by culture in EBSS for 4 h (vector and
EMCG6 expression plasmid-transfected cells were not treated with
EBSS). The cells were then harvested and resuspended in ice-cold
PBS. mTagRFP and mWasabi fluorescent signals were analyzed
on a FACS Calibur flow cytometer (Becton Dickinson). Both
fluorescences were excited at 488 nm, while the mWasabi signal
was detected at 509 nm, and the mTagRFP signal was detected
at 584 nm. The percentage of mTagRFP"s"mWasabi' cells was
assessed from three independent experiments.

IP and western blot analysis. For IP analysis, cells were col-
lected and disrupted in lysis buffer (300 mM NaCl, 50 mM Tris
pH 8.0, 0.4% NP-40, 10 mM MgCl,, and 2.5 mM CaCl,) con-
taining protease inhibitors (Roche Diagnostics, 04693116001).
Total cell extracts (1 mg per sample) were mixed with pre-cleared
protein G sepharose™ Fast Flow (GE Healthcare, 17-0618-01)
and appropriate antibodies, and then incubated for 4 h at 4°C.
The beads were collected by centrifugation, washed five times
using washing buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.4%
NP-40, and 5 mM MgCl), resuspended in 2 x SDS loading buf-
fer and then analyzed by western blot as described previously.
The protein bands were visualized using DyLight 800/DyLight
680-conjugated secondary antibodies, and the infrared fluores-
cence image was obtained using an Odyssey infrared imaging
system (LI-COR Biosciences).

GST pull-down assay. Recombinant GST or GST fusion pro-
teins were expressed in Escherichia coli strain BL21 (DE3) and
purified. Equal amounts of these proteins were mixed with whole
cell lysates extracted from transfected cells and Glutathione-
Sepharose™4B (GE Healthcare, 17-0756-01) for 4 h at 4°C.
After five washes, the beads were resuspended in 2 x SDS loading
buffer and analyzed by western blot.

In vitro binding studies with recombinant proteins.
Recombinant His fused RAB5SA was expressed in Escherichia
coli strain BL21 (DE3) and purified. His-RAB5A (2 mM) was
then used for GST-pull down assay directly or preincubated
with 10 mM GDP or GTPyS in 20 mM HEPES, pH 7.2,
100 mM K-acetate, 0.5 mM MgCl,, 2 mM EDTA and 1 mM
dithiothreitol for 30 min at 25°C. The mixture was then added
to Glutathione-Sepharose beads containing 0.1 nM of GST or
GST-EMC6 and left at 4°C for 60 min. Finally, the beads were
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washed three times with the same buffer containing 15 mM
MgCl, and 0.05% TX-100, and protein associated with the beads

was detected by SDS-PAGE followed by immunoblotting with
anti-RAB5A antibodies.

between  groups

Statistical analysis. Data are presented as the mean =

SD. Differences were

analyzed using

the Student’s t-test for continuous variables. Statistical signifi-

cance in this study was set at p < 0.05. All reported p values

are two-sided. All analyses were performed with GraphPad

Prism 5.
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