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The Golgi-associated retrograde protein (GARP) complex mediates tethering and fusion of endosome-derived transport
carriers to the frans-Golgi network (TGN). In the yeast Saccharomyces cerevisiae, GARP comprises four subunits named
Vps51p, Vps52p, Vps53p, and Vps54p. Orthologues of the GARP subunits, except for Vps51p, have been identified in all
other eukaryotes. A yeast two-hybrid screen of a human ¢cDNA library yielded a phylogenetically conserved protein,
Ang?/Fat-free, which interacts with human Vps52, Vps53 and Vps54. Human Ang?2 is larger than yeast Vps51p, but
exhibits significant homology in an N-terminal coiled-coil region that mediates assembly with other GARP subunits.
Biochemical analyses show that human Ang2, Vps52, Vps53 and Vps54 form an obligatory 1:1:1:1 complex that strongly
interacts with the regulatory Habc domain of the TGN SNARE, Syntaxin 6. Depletion of Ang2 or the GARP subunits
similarly impairs protein retrieval to the TGN, lysosomal enzyme sorting, endosomal cholesterol traffica and autophagy.

These findings indicate that Ang?2 is the missing component of the GARP complex in most eukaryotes.

INTRODUCTION

A multiprotein complex known as Golgi-associated retrograde
protein (GARP; Conibear and Stevens, 2000; Conibear et al.,
2003) or Vps fifty-three (VFT; Siniossoglou and Pelham, 2001),
originally identified in the yeast Saccharonyces cerevisiae, is a
key component of the eukaryotic vacuolar/lysosomal protein-
sorting machinery. S. cerevisine GARP comprises four subunits
named Vps5lp, Vps52p, Vps53p and Vps54p (Conibear and
Stevens, 2000; Siniossoglou and Pelham, 2001, 2002; Conibear et
al., 2003; Reggiori ef al., 2003). A GARP complex composed of
orthologous Vps52, Vps53, and Vps54 subunits has recently
been described in humans (Liewen et al., 2005; Pérez-Victoria et
al., 2008). To date, however, bioinformatics analyses have failed
to identify orthologues of S. cerevisize Vps51 in humans and
most other eukaryotes, with the exception of some fungi of the
Saccharomycotina and Pezizomycotina subphyla (our analysis).
In both S. cerevisine and humans, GARP localizes to the
trans-Golgi network (TGN), where it functions as a tethering
factor for retrograde transport carriers that recycle vacuo-
lar /lysosomal sorting receptors from endosomes to the TGN
(Conibear and Stevens, 2000; Siniossoglou and Pelham, 2001;
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Pérez-Victoria et al., 2008). The function of GARP in this
process appears to involve both the initial attachment and
the subsequent fusion of retrograde transport carriers with
the TGN (Siniossoglou and Pelham, 2001; Conibear et al.,
2003; Pérez-Victoria and Bonifacino, 2009). This latter step is
mediated by direct interaction of GARP with SNARE pro-
teins that are specifically involved in TGN-to-endosome
transport (Conibear and Stevens, 2000; Siniossoglou and
Pelham, 2001; Pérez-Victoria et al., 2008). Accordingly, de-
pletion of GARP subunits by gene deletion in S. cerevisiae or
RNAI in human cells precludes fusion of retrograde trans-
port carriers with the TGN, blocking the recycling of vacu-
olar/lysosomal sorting receptors and eventually leading to
missorting of their cargo vacuolar/lysosomal hydrolases to
the periplasmic/extracellular space (Conibear and Stevens,
2000; Siniossoglou and Pelham, 2001; Pérez-Victoria et al.,
2008). The function of GARP at the TGN is not limited to the
recycling of vacuolar/lysosomal sorting receptors but is also
required for the retrograde transport of other recycling pro-
teins such as the yeast processing peptidases Kex2p and
Stel3p (Conibear and Stevens, 2000) and human TGN46
(Pérez-Victoria et al., 2008), as well as the B-subunit of Shiga
toxin (Pérez-Victoria et al., 2008). The essential nature of
GARP function in retrograde transport is underscored by the
embryonic lethality of mice with ablation of the Vps54 gene
and the motor neuron degeneration phenotype of “wobbler”
mice bearing a hypomorphic, missense substitution in Vps54
(Schmitt-John et al., 2005; Pérez-Victoria ef al., 2010).

In view of the conservation of GARP function from yeast
to mammals, we were intrigued by the apparent absence of
a Vpsblp homolog in most eukaryotes. To determine
whether a more distantly related protein could fulfill a sim-
ilar role, we performed a yeast two-hybrid (Y2H) screen of a
human HeLa cell cDNA library using human Vps53 as a
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MATERIALS AND METHODS

Plasmid DNAs

Complementary DNAs encoding human Vps52 (full-length), Vps53 (full-
length) and Vps54 (residues 1-535) were cloned into pGAD-T7 and pGBK-T7
(Clontech, Mountain View, CA). Full-length cDNA encoding human Ang2
was purchased from Open Biosystems (Huntsville, AL) and used as a tem-
plate for subsequent cloning into pEF6-V5-His (Invitrogen, Carlsbad, CA;
Ang2-V5), pcDNA-FOS (Morita et al., 2007; Ang2-OSF), pGAD-T7 or pGBK-
T7. Human Vps45 cDNA was amplified by RT-PCR from HeLa cell RNA and

bait. We identified a protein known as Ang2 (Another new
gene 2 protein) in humans (Lemmens et al., 1998) and Ffr
(Fat-free) in zebrafish (Ho ef al., 2006) as a structural and
functional homolog of Vps51p and a phylogenetically con-
served component of GARP. We also found that Ang?2 as
well as the other GARP subunits are required for the main-
tenance of protein retrieval from endosomes to the TGN,
acid hydrolase sorting, lysosome function, endosomal cho-
lesterol traffic and autophagy.
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Figure 1. Alignment and coiled-coil prediction of Ang2 orthologues. (A) Amino acid sequence alignment of the N-terminal regions of
human (Homo sapiens, Hs; AAF21627), zebrafish (Danio rerio, Dr; NP_001036200), Drosophila melanogaster (Dm; NP_611363), Caenorhabditis
elegans (Ce; NP_001020972) and Arabidopsis thaliana (At; NP_192112) Ang2, and of full-length Yarrowia lipolytica (Y1; XP_500348) and S.
cerevisiae (Sc; NP_012945) Vps51p. Alignments were performed with CLUSTALW and BOXSHADE using a 0.3 fraction for shading. Black and
gray boxes indicate identical and conserved residues, respectively. A longer, 812-amino acid form of human Ang2 (EAW?74347) was also
found in protein databases. (B) Coiled-coil prediction (Lupas et al., 1991) in full-length human and zebrafish Ang2, and S. cerevisiae Vps51p.
The graph displays the probability of coiled-coils (y-axis) versus amino acid number (x-axis).
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also cloned into pEF6-V5-His. V5-, One-STrEP/FLAG (OSF)- and green fluo-
rescent protein (GFP)-tagged GARP-subunit constructs were previously de-
scribed by Pérez-Victoria et al. (2008, 2009).

Yeast Two-Hybrid Screen

AHI109 yeast transformed with pGBK-T7-Vps53 was mated with Y187 yeast
transformed with a HeLa cDNA library (Clontech). Mated yeast were plated
on 40 150-mm plates of synthetic minimal medium lacking leucine, trypto-
phan, histidine and adenine, and containing 0.5 mM 3-aminotriazole (3-AT) to
increase the stringency of the screen. Colonies grown after 10 d at 30°C were
expanded, plasmid DNA isolated and sequenced.

RNAi

For depletion of Ang?2 in HeLa cells, we used the C110RF2 ON-TARGET plus
small interfering RNA (siRNA) (GCUAUUCUCUGAACGUAUU, J-020697—
09; Dharmacon, Lafayette, CO). HeLa cells were treated twice with siRNA at
48-72-h intervals and analyzed 48-72 h after the last treatment. Vps52 de-
pletion was performed as previously described (Pérez-Victoria et al., 2008).

Antibodies

All antibodies were previously described (Pérez-Victoria et al., 2008), except
for mouse monoclonal antibodies to the FLAG epitope (Sigma, St. Louis, MO)
and p62 (BD Biosciences, San Jose, CA), and rabbit polyclonal antibodies to
the human AP-3 ¢3 subunit (Dell’Angelica et al., 1997), Cog8 (gift of Monty
Krieger, MIT, Cambridge, MA), golgin-97 (Invitrogen) and LC3 (Sigma).

Filipin Staining and Imaging

Cells were fixed in 4% paraformaldehyde, stained with 1 pg/ml filipin
(Sigma) in PBS, and imaged by two-photon excitation on a Zeiss LSM 510
META NLO system (Carl Zeiss, Thornwood, NY) using a 63X oil objective
and a Chameleon near infrared tunable Ti:Sapphire laser (725 nm excitation;
Coherent, Santa Clara, CA).
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Sedimentation Velocity and Gel Filtration

Sedimentation velocity on 5-20% glycerol gradients was performed as previ-
ously described (Pérez-Victoria ef al., 2008). Sedimentation coefficients (s, .,)
were estimated using the following markers: thyroglobulin (19.3 S), catalase
(11.3 S), bovine serum albumin (BSA; 4.6 S) and ovalbumin (3.6 S). Gel
filtration was performed on a Superose 6 10/300 GL column (GE Healthcare,
Piscataway NJ), equilibrated in 50 mM Tris HCl, and 1 M NaCl, pH 8.0. Stokes
radii (in A) were estimated using the following standards: thyroglobulin (85.0
A), ferritin (61.0 A), catalase (52.2 A), BSA (35.5 A), and chymotrypsin (20.9
A). The molecular mass of GARP was calculated assuming a partial specific
volume of 0.72-0.75 cm®/g. The frictional ratio (f/f,) was estimated on the
basis of the Stokes radius and molecular mass (Siegel and Monty, 1966).

Other Methods and Reagents

DQ Red BSA was from Molecular Probes (Eugene, OR). The following meth-
ods and corresponding reagents have been previously described: Y2H assays
(Shi et al., 2006; Burgos et al., 2010), cell culture, transfection, coimmunopre-
cipitation (Magadan et al., 2010), StrepTactin affinity purification, glutathione
S-transferase (GST)-SNARE pulldown, subcellular fractionation, cathepsin D
processing, SDS-PAGE, immunoblotting, Cy3-conjugated Shiga toxin B-sub-
unit internalization, confocal fluorescence microscopy (Mardones et al., 2007;
Pérez-Victoria et al., 2008; Pérez-Victoria and Bonifacino, 2009; Pérez-Victoria
et al., 2010), and electron microscopy (Rojas et al., 2008). All images within
each fluorescence microscopy panel were acquired with identical settings.

RESULTS

Identification of Human Ang2/Ffr as a Structural
Homolog of Vps51

A Y2H screen of a HeLa cell cDNA library yielded 40 clones
encoding proteins that interacted with human Vps53. Four
of these clones corresponded to Vps52, verifying the speci-

o

Figure 2. Identification of Ang2 as a compo-
nent of the human GARP complex. (A) Y2H
analysis of binary interactions among human
Ang?2, Vps52, Vps53, and Vps54. All constructs
were full-length, except for Vps54, which com-
prised residues 1-535 from the 977-residue
protein. Two concentrations of 3-AT were used
to suppress self-activation by some constructs.
The SV40 large T antigen (T Ag) and p53 were
used as controls. Growth in the absence of
histidine (—His) is indicative of interactions. (B
and C) Coassembly of Ang2 with Vps52,
Vps53, and Vps54. (B) HeLa cells were cotrans-
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fected with plasmids encoding One-STrEP/
FLAG (OSF)-tagged human Ang2 (full-length
or an N-terminal fragment spanning residues
1-299) and Vb5-tagged versions of Vps52,
Vps53, and Vps54. Tags were at the C-termini.
Cell extracts were incubated with StrepTactin-
Sepharose, and the lysate (L; 5% of the total),
bound (B), and unbound (U) fractions were
analyzed by SDS-PAGE and immunoblotting
with antibodies to the V5 and FLAG tags. (C)
HeLa cells were cotransfected with plasmids
encoding the combinations of OSF- or Vb5-
tagged Ang2, Vps52, Vps53, and/or Vps54 in-
dicated in the figure. After isolation on Strep-
Tactin-Sepharose, lysate (10% of the total) and
bound fractions were analyzed as in C. Molec-
ular-mass markers (in kDa) are indicated on
the left. (D) HeLa cells were transfected with
an empty vector (—) or plasmids encoding V5-
tagged Vps45 (negative control) or Ang2 (1-
299). At 12 h after transfection, cells were lysed
and subjected to immunoprecipitation with an
antibody to the V5 epitope (top panel). Total
levels (bottom) and coprecipitation of endoge-
nous Vps52 and Vps53 with Ang?2 (1-299; mid-
dle) were detected by immunoblotting with
antibodies to Vps52 and Vps53, respectively.
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ficity of the screen. Another clone corresponded to Ang2
(also known as chromosome 11 open reading frame 2), a
predicted 782-amino acid protein previously shown to ex-
hibit low but significant homology to the Cog8 subunit of
the COG (conserved oligomeric Golgi) complex and the Sec5
subunit of the exocyst complex (22-25% amino acid se-
quence identity; E = 001-0.14; BLASTP algorithm; http://
blast.ncbi.nlm.nih.gov/Blast.cgi; Whyte and Munro, 2001).
Like GARP, both COG and the exocyst are multisubunit
tethering factors that play roles in vesicular transport (Cai et
al., 2007). Most eukaryotes, including fish, fruit flies, nema-
todes, amoebae, plasmodia, trypanosomae, and plants, have
a single ortholog of human Ang2 (Whyte and Munro, 2001;
Figure 1A and Supplementary Figure S1), except for some
fungi, which instead have a protein that is most closely
related to S. cerevisine Vps51p (our analysis). The zebrafish
ortholog of Ang2 is known as Ffr because its mutation
impairs lipid absorption and/or mobilization in enterocytes
(Ho et al., 2006). A BLASTP search of the S. cerevisiae protein
database using human Ang2 as a query yielded Sec5p but
not Vps5lp as a hit. A similar search of fungi protein data-

A _ % Pellet extraction
[} e —
8 € NaCl  Triton
- e —
O & 8 P S P
Vps54-V5
100 — Vps53-V5
Ang2-V5
5= Vps52-V5
D
100 —
75—
E
o
&
Vps54-V5
100 — Vps53-V5
Ang2-V!
75— Vp552-V5
Vps54-V5
100 — Vps53-V5
75— Vp552-v5

Ang2 Is a Subunit of the GARP Complex

bases, however, identified a probable Ang2 ortholog in sev-
eral species, including the vyeast Yarrowia lipolytica
(YALIOB00550p; 36% identity over a 55-amino acid N-termi-
nal region; E = 0.019; Figure 1A). Interestingly, use of this Y.
lipolytica sequence as a query in an iterative PSI-BLAST
search of the S. cerevisine protein database produced the
164-amino acid Vps51p as the top hit (22% identity over a
146-amino acid N-terminal region; E = 0.02 after one itera-
tion; Figure 1A). A similar analysis using the yeast Schizo-
saccharomyces pombe as a phylogenetic intermediate also
yielded Vps51p as the most closely related Ang2 homolog in
S. cerevisine. Moreover, the conserved domain database
(CDD; Marchler-Bauer et al., 2009) classifies both human
Ang?2 and S. cerevisine Vps5lp as members of the Vps51
superfamily. Finally, the N-terminal regions of Ang2 from
various species and the whole of S. cerevisiae Vps51p com-
prise predicted coiled-coils (Figure 1B), similar to those
found in the N-terminal regions of Vps52, Vps53, and Vps54
(Liewen et al., 2005), which mediate assembly of the GARP
complex (Siniossoglou and Pelham, 2002; Pérez-Victoria and
Bonifacino, 2009). Thus, by all of these criteria, human Ang?2
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Figure 3. Properties of the complete GARP complex including Ang2. (A) Subcellular fractionation of HeLa cells expressing V5-tagged
versions of Ang2, Vps52, Vps53, and Vps54. Postnuclear supernatants were separated by ultracentrifugation into cytosol and membrane
fractions. Membranes were extracted with either 1 M NaCl or 1% Triton X-100 and further separated into supernatant (S) and pellet (P)
fractions. (B) The supernatant of the NaCl extraction was loaded on a linear 5-20% glycerol gradient and ultracentrifuged for 16 h. Arrows
indicate the migration of standard proteins on the gradient (s, ,, values in Svedberg unlts) (C) The same salt extract was analyzed by gel
filtration on a Superose 6 column. Arrows indicate the elution positions of molecular size markers (Stokes radii in A). (A=C) Fractions were
analyzed by SDS-PAGE and immunoblotting with antibodies to the V5 epitope, endogenous Vps53, and various proteins used as controls
for membrane association (A) or as standards of known hydrodynamic properties (B and C). (D and E) Detergent extracts of HeLa cells
expressing V5-tagged versions of Ang?2 alone (D), Vps52, Vps53, and Vps54 (E, bottom) or the four proteins together (E, top) were incubated
with the indicated GST-SNARE fusion proteins. Bound proteins were analyzed by SDS-PAGE and immunoblotting with antibody to the V5
epitope. In all electrophoretograms, molecular-mass markers (in kDa) are indicated on the left.
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and its orthologues are structural homologues of S. cerevisiae
Vps5l1p.

Ang2 Is a Stoichiometric Component of the Human GARP
Complex

Further Y2H analyses showed that Ang?2 interacted not only
with Vps53, but also with Vps52 and Vps54 (Figure 2A).
Interaction of Ang2 was strongest with Vps52 (Figure 2A,
+10 mM 3-AT). Affinity purification of proteins coexpressed
in HeLa cells showed complete recovery of V5-tagged forms
of Vps52, Vps53, and Vps54 with OSF-tagged Ang?2 isolated
on StrepTactin-Sepharose beads (Figure 2B). The N-terminal
coiled-coil region of Ang2 (residues 1-299; Figure 1B) was
sufficient to coisolate virtually all Vps52, Vps53, and Vps54

Vps54-GFP.

:
L
R

B
Control

D Cells

in this assay (Figure 2B), indicating that this is the part of
Ang? that assembles with GARP subunits. Use of this assay
with different permutations of V5- and OSF-tagged proteins
confirmed the interactions among all of them (Figure 2C).
Notably, Ang2 improved the recovery of Vps52 with the
complex (Figure 2C, compare lanes 1-3 and 4-6). The V5-
tagged N-terminal region of Ang2, but not V5-tagged Vps45
(control), was also found to bring down endogenous Vps52
and Vps53 in coprecipitation assays (Figure 2D).
Subcellular fractionation of cells expressing V5-tagged
forms of Ang2, Vps52, Vps53, and Vps54 showed that these
proteins were mostly associated with a membrane pellet,
from which they could be extracted with 1 M NaCl but not
1% Triton X-100 (Figure 3A). Analysis of the salt-extracted

Figure 4. TGN localization and requirement
of Ang? for retrograde transport and acid hy-
drolase sorting to lysosomes. (A) Colocaliza-
tion of V5-tagged Ang?2 (red) and GFP-tagged
Vpsb4 (green) in HelLa cells stained with anti-
body to the V5 epitope. (B) Redistribution of
endogenous CI-MPR (green) and TGN46 (red)
upon Ang?2 knockdown (KD) in HeLa cells.
Yellow in the merged panels indicates overlap-
ping localization in the green and red channels.
(C) Control and Ang2 KD HeLa cells were
placed on ice and incubated with 1 ug/ml
Cy3-conjugated B-subunit of Shiga toxin
(STxB; red) for 30 min and chased in complete
medium for 60 min before fixation and immu-
nostaining for TGN46 (green) and giantin
(blue). Overlaps in the merged panels are
shown in yellow (green and red channels),
cyan (green and blue channels), magenta (red
and blue channels) and white (all three chan-
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fraction by sedimentation velocity on linear 5-20% glycerol
gradients showed comigration of V5-tagged Ang2, Vps52,
Vps53, and Vps54 as a monodisperse species with a sedi-
mentation coefficient of 9.3 S (Figure 3B). Gel filtration of the
same salt extract showed coelution of the four proteins at
fractions corresponding to a Stokes radius of 91 A (Figure
3C). These observations are consistent with the occurrence of
V5-tagged Ang2, Vps52, Vps53, and Vpsb4 as part of the
same complex. No subcomplexes were detected in these
analyses (Figure 3, B and C), demonstrating that only the
complete complex associates with membranes. The mem-
brane association and hydrodynamic properties of the V5-
tagged complex were similar to those of the endogenous
GARP complex detected with an antibody to Vps53 (Figure
3, A-C), and distinct from those of the endogenous COG
complex detected with an antibody to Cog8 (Figure 3, B and
C). The parameters derived from the sedimentation velocity
and gel filtration experiments allowed us to calculate the
molecular mass of the complex as 360 * 20 kDa, correspond-
ing to a 1:1:1:1 assembly of Ang2, Vps52, Vps53, and Vpsb4.
We also calculated a frictional ratio of 1.9 = 0.1 for the
complex, indicating that it has an asymmetric shape (Siegel
and Monty, 1966). Taken together, all of these experiments
demonstrated that Ang2 assembles with Vps52, Vps53, and
Vps54 as part of the human GARP complex.

Preferential Interaction of Ang2 and of the GARP
Complex with the Habc Domain of Syntaxin 6

Next, we examined the functional properties of Ang2. S.
cerevisiae Vps51p has been shown to interact with the N-
terminal, regulatory Habc domain of the t-SNARE, Tlglp
(Conibear et al., 2003; Fridmann-Sirkis et al., 2006). We found

A CatD: ;

gl e

Contro'i: sl

Figure 5. Lysosomal defects in Ang2-KD cells.
(A) Endogenous cathepsin D (CatD; green) and
CD63 (red) in control and Ang2-KD HeLa cells.
(B) Control or Ang2-KD Hela cells were incu-
bated overnight with 10 pug/ml DQ Red BSA
(red) in complete medium before fixation and
staining with antibody to CD63 (green). Colocal-
ization is indicated as described in the legend to
Figure 4. Imaging was performed by confocal
fluorescence microscopy. Bars, 10 um.
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that this function is phylogenetically conserved, as V5-
tagged human Ang?2 expressed in the absence of the other
GARP subunits bound to GST fused to the Habc domain of
Syntaxin 6, the human ortholog of Tlglp (Figure 3D). Ang2
also bound to full-length Syntaxin 6, but not to two other
SNAREs, Syntaxin 8 and Vamp4 (Figure 3D). As previously
reported (Pérez-Victoria and Bonifacino, 2009), V5-tagged
Vps52, Vps53, and Vps54 bound Vamp4 as well as full-
length Syntaxin 6 and the Syntaxin 6 Habc domain (Figure
3E). However, the latter two interactions were greatly en-
hanced by coexpression of Ang2 (Figure 3E). This indicated
that Ang2 mediates the strongest and most conserved inter-
action of GARP with a SNARE, Syntaxin 6. Therefore, strong
interactions of the complete GARP complex with the Habc
domain of Syntaxin 6 and weaker interactions with other
SNAREs such as Vamp4 might underlie the function of
GARP in promoting fusion of endosome-derived transport
carriers with the TGN.

Lysosomal Dysfunction in Cells Depleted of Ang2

Confocal fluorescence microscopy showed that V5-tagged
Ang?2 colocalized with GFP-tagged Vps54 at the TGN (Fig-
ure 4A), in agreement with the previously reported TGN
localization of a zebrafish Ffr-GFP fusion protein (Ho et al.,
2006). Ang2 knockdown (KD) using a specific siRNA re-
sulted in depletion of not only Ang2 but also Vps52 and
Vps53 (Figure S2, A and B), as would be expected for sub-
units of the same complex. In contrast, the levels of the
Golgi-associated Cog8 and p230 proteins were not affected
by Ang2 KD (data not shown). We observed that Ang2 KD
caused partial dispersal of the cation-independent mannose
6-phosphate receptor (CI-MPR; peripheral cytoplasmic
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staining: 56 * 5%, n = 20, in control cells vs. 88 * 3%, n =
20, in Ang2 KD cells) and complete dispersal of TGN46 from
a juxtanuclear to a more peripheral location (Figure 4B).
These phenotypes were similar to those observed upon KD
of other GARP subunits, which resulted from impaired de-
livery of recycling proteins from endosomes to the TGN
(Pérez-Victoria et al., 2008). Consistent with a block in retro-
grade transport, internalized Shiga toxin B-subunit was not
delivered to the TGN and instead accumulated in vesicles
scattered throughout the cytoplasm in Ang2 KD cells (Fig-
ure 4C), as previously observed in Vps52 KD cells (Pérez-
Victoria ef al., 2008). The distribution of other Golgi tethers
such as giantin (Figure 4C), p230 and golgin-97 (data not
shown) was not altered in Ang2 KD cells, other than due to
the more compact appearance of the Golgi complex.

The altered distribution of the CI-MPR in Ang2-KD cells
had the expected consequence of missorting of its cargo, the
acid hydrolase cathepsin D, as evidenced by impaired pro-
teolytic maturation of the precursor (pCatD) to the mature
(mCatD) form, and secretion of the precursor form into the
culture medium (Figure 4D). Accordingly, immunofluores-
cence microscopy showed disappearance of cathepsin D
from lysosomes identified by staining for the lysosomal
membrane protein, CD63 (Figure 5A). Notably, CD63-con-
taining structures were more abundant and enlarged in
Ang?2-KD cells (Figure 5A). Electron microscopy confirmed a
proliferation of large vacuoles filled with membranous ma-
terial (Figure 6A; Vac), many of which labeled for CD63
(Figure 6B; Vac). Finally, the fluorogenic protease substrate
DQ Red BSA (Reis et al., 1998) became fluorescent upon
endocytosis in control but not Ang2-KD cells (Figure 5B),
demonstrating that Ang2 depletion impaired lysosomal pro-
teolysis. These observations indicated that the role of Ang2
in enabling CI-MPR recycling to the TGN is essential for acid

ol
CD63 10

Figure 6. Electron microscopy showing aberrant vacuolar struc-
tures in Ang2-KD cells. (A) Ultrathin sections of Epon-embedded
control and Ang2-KD cells. (B) Ultrathin frozen sections of control
and Ang2-KD cells immunolabeled with antibody to CD63 and
protein A-gold (10-nm diameter). GA, Golgi apparatus; End, endo-
some; m, mitochondria; MVB, multivesicular body; Vac, vacuole.
Bars, 500 nm.
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hydrolase sorting to lysosomes and for maintenance of ly-
sosomal morphology and function.

Defective Autophagy in Cells Depleted of Ang2 or other
GARP Subunits

The characteristics of the CD63-containing structures in
Ang?2-KD cells are reminiscent of lysosomal-storage disor-
ders (LSD), in which acid hydrolase defects lead to intraly-
sosomal accumulation of undegraded materials and, sec-
ondarily, to defects in endosomal lipid transport (Walkley
and Vanier, 2009) and autophagy (Ballabio, 2009). Indeed,
staining of Ang2-KD cells with the fluorescent cholesterol
probe, filipin, revealed increased accumulation of unesteri-
fied cholesterol within endosomes (Figure 7A). In addition,
immunofluorescence microscopy showed increased staining
for the autophagic markers, LC3 (Kabeya et al., 2000; Figure
7B) and p62 (Bjorkoy et al., 2005; Figure 7C), on similar
structures within the cytoplasm of Ang2-KD cells. This cor-
related with increased levels of the processed LC3-II form
(>25-fold) and p62 (about twofold), as detected by immu-
noblotting (Figure 7, D and E). Approximately one quarter
(28 = 2%, n = 250 foci) of LC3 foci colocalized with CD63
foci, identifying them as autolysosomes (i.e., the fusion
product of autophagosomes and lysosomes; Figure 7B, in-
set). The remaining LC3 foci were adjacent to or separate
from CD63 foci and likely corresponded to autophago-
somes. Similar results were obtained upon depletion of
Vps52 (Figures 7, A, D, and E, and 8). These observations
indicated that Ang2/GARP deficiency results in defective
autophagy.

DISCUSSION

Our findings demonstrate that Ang2 is a structural and
functional homolog of S. cerevisize Vps5lp, and that the
GARP complex has a conserved heterotetrameric structure
from yeast to humans. Structurally, Vps51p (125-315 amino
acids in various fungi) resembles a shortened version of
Ang? (741-1634 amino acids in most other eukaryotes). The
N-terminal coiled-coil region involved in assembly with the
other GARP subunits is conserved among all eukaryotes,
whereas the C-terminal region is missing in fungi. The size
and coiled-coil distribution of Ang2 are more similar to
those of the other GARP subunits, suggesting that they all
have a similar overall structure. The distant sequence rela-
tionship of human Ang2 and S. cerevisiae Vps51p is compa-
rable to that of the Mvb12 component of the ESCRT-I com-
plex in both species. Because of this, Mvb12 in higher
eukaryotes was also identified biochemically and not in
silico (Audhya et al., 2007; Morita et al., 2007). Hydrody-
namic analyses show that Ang2 is not a component of COG,
despite early sequence analyses that identified Cog8 as the
most closely related homolog (Ho et al., 2006). The function
of Ang? is similar to that of Vps51p, in that it participates in
retrograde transport of acid hydrolase receptors, likely by
promoting tethering and SNARE-dependent fusion of endo-
some-derived carriers to the TGN. This transport step is
essential for receptor retrieval to the TGN and for continued
sorting of acid hydrolases to the lysosomes/vacuole.

Ffr, the zebrafish Ang?2 ortholog, was identified in a mu-
tant screen using a quenched phospholipid compound that
becomes fluorescent upon uptake and hydrolysis in entero-
cytes, and that is eventually incorporated into lipoprotein
particles for delivery to the lymphatic system (Farber et al.,
2001; Ho et al., 2006). Efr mutants show defects in the traffic
of not only these phospholipid compounds by also analo-
gous cholesterol and long-chain fatty acid compounds (Far-
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Filipin

Control

Control

Control

Figure 7. Accumulation of cholesterol and
autophagic structures in cells depleted of Ang2
or other GARP subunits. (A) Filipin staining of D
unesterified cholesterol in control, Ang2-, or
Vps52-KD Hela cells. (B and C) Immunofluo- P
rescence microscopy of control or Ang2-KD
HelLa cells grown in complete medium and
costained with antibodies to LC3 (green) and
CD63 (red; B) and LC3 (green) and p62 (red;
C). Colocalization is indicated as described in
the legend to Figure 4. Bars, 10 um. (D) Lysates
of control or Ang2- or Vps52-KD HeLa cells
were analyzed by SDS-PAGE and immuno-
blotting with antibodies to LC3, p62 and actin.
Molecular-mass markers (in kDa) are indicated
on the left. (E) Quantification from several ex-
periments such as that in D. Values are the
mean * SD from four independent experi-
ments. **p < 0.01.
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49 —

ber et al., 2001; Ho et al., 2006). We think that these pheno-
types might result from the lysosomal enzyme and lipid
transport defects observed in our studies of Ang2-KD cells.
Because Vps52-depleted cells display similar defects, main-
tenance of endocytic lipid traffic requires the function of the
whole GARP complex.

Our study also reveals a connection of human Ang?2 and
GARP to autophagy. The increased cytoplasmic staining and
total levels of LC3 and p62 in Ang2/GARP-deficient cells
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could result from enhanced generation or reduced turnover
of autophagic structures. The accumulation of both autopha-
gosomes (LC3*CD63 ™) and autolysosomes (LC3"CD63 ") in
Ang?2/GARP-deficient cells suggests impairment of more
than one step, including autophagosome-lysosome fusion
and autolysosome resolution. This latter defect could be a
consequence of the depletion of acid hydrolases from lyso-
somes. Other direct or indirect roles of human GARP in
trafficking events contributing to autophagy are also possi-
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ble. In this regard, S. cerevisite GARP mutants have been
found to exhibit defective autophagy, probably due to im-
paired cycling of the autophagy protein Atg9p between
preautophagosomal membranes and mitochondria (Reg-
giori and Klionsky, 2006).

Defective autophagy could underlie the pathogenesis of
motor neuron degeneration in the Vps54 mutant wobbler
mouse, an animal model for the human disease, amyotro-
phic lateral sclerosis (ALS; also known as Lou Gehrig’s
disease) (Schmitt-John et al., 2005; Pérez-Victoria ef al., 2010).
Indeed, suppression of autophagy in neural cells of mice
causes a neurodegenerative disorder (Hara et al., 2006; Kom-
atsu et al., 2006) with similarities to that of the wobbler
mouse. Furthermore, mutations in the ESCRT-III subunit,
CHMP2B, result in accumulation of autophagosomes in cul-
tured neurons (Lee et al., 2007) and are associated with some
forms of ALS (Parkinson et al., 2006). In all of these cases,
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Figure 8. Lysosomal and autophagic dysfunc-
tion in Vps52-KD cells. (A-C) Immunofluores-
cence microscopy of control or Vps52-KD HeLa
cells grown in complete medium and costained
with antibodies to CD63 (green; A), LC3 (green)
and CD63 (red; B), and LC3 (green) and p62 (red;
Q). In A, cells were incubated overnight with 10
ng/ml DQ Red BSA (red) in complete medium
before fixation and immunostaining. Colocaliza-
tion is indicated as described in the legend to
Figure 4. Bars, 10 um.

ubiquitinated aggregates accumulate in the cytoplasm of
neurons (Watanabe et al., 2001; Hara et al., 2006; Komatsu et
al., 2006; Parkinson et al., 2006; Dennis and Citron, 2009;
Johnson ef al., 2009), suggesting that defective autophagic
clearance of such aggregates might be a common cause of
neuronal degeneration. These findings highlight the impor-
tance of further studies on the relationship of GARP and
autophagy in neurodegenerative disorders.
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