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ArfGAP1 is a prototype of GTPase-activating proteins for
ADP-ribosylation factors (ARFs) and has been proposed to be
involved in retrograde transport from the Golgi apparatus to the
endoplasmic reticulum (ER) by regulating the uncoating of coat
protein I (COPI)-coated vesicles. Depletion of ArfGAP1 by RNA
interference, however, causes neither a discernible phenotypic
change in the COPI localization nor a change in the Golgi-to-ER
retrograde transport. Therefore, we also examined ArfGAP2
and ArfGAP3, closely related homologues of ArfGAP1. Cells in
which ArfGAP1, ArfGAP2, and ArfGAP3 are simultaneously
knocked down show an increase in the GTP-bound ARF level.
Furthermore, in these cells proteins resident in or cycling
through the cis-Golgi, including ERGIC-53, B-COP, and
GM130, accumulate in the ER-Golgi intermediate compart-
ment, and Golgi-to-ER retrograde transport is blocked. The
phenotypes observed in the triple ArfGAP knockdown cells are
similar to those seen in B-COP-depleted cells. Both the triple
ArfGAP- and B-COP-depleted cells accumulate characteristic
vacuolar structures that are visible under electron microscope.
Furthermore, COPI is concentrated at rims of the vacuolar
structures in the ArfGAP-depleted cells. On the basis of these
observations, we conclude that ArfGAP1, ArfGAP2, and Arf-
GAP3 have overlapping roles in regulating COPI function in
Golgi-to-ER retrograde transport.

The ADP-ribosylation factors (ARFs)> are a family of small
GTPases. Once associated with organellar membranes in their
GTP-bound form, these proteins trigger formation of coated
carrier vesicles, e.g. coat protein I (COPI)-coated vesicles. ARFs
cycle between a GDP-bound inactive state and a GTP-bound
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active state; in the latter form they recruit various effectors,
including the COPI coat (1, 2). Exchange of bound GDP for
GTP is catalyzed by guanine-nucleotide exchange factors,
which constitute a large family of proteins that share a Sec7-like
catalytic domain (3, 4). GTP hydrolysis in turn is stimulated by
GTPase-activating proteins (GAPs), which constitute a large
family that share a zinc finger-like catalytic domain (3, 5).

COPI-coated vesicles mediate retrograde transport from the
cis-Golgi or endoplasmic reticulum (ER)-Golgi intermediate
compartment (ERGIC) to the ER and probably intra-Golgi
transport as well. In budding yeasts two ARF-GAPs, Gesl and
Glo3, have been shown to play overlapping roles in COPI-me-
diated transport processes (6, 7). According to the prevailing
view, ARF-GAPs (in particular, ArfGAP1, which is the found-
ing member of mammalian ARF-GAPs and the counterpart of
yeast Gesl) (8) either induce dissociation of the coat from
COPI-coated vesicles or antagonize formation of vesicles (for
review, see Ref. 5). This view is based on several lines of evi-
dence; first, blocking GTP hydrolysis on ARF1 by adding
GTPS or a GTPase-defective ARF1 mutant inhibits uncoating
of COPI-coated vesicles in a cell-free reconstitution system (9),
indirectly suggesting a role for ARF-GAP in vesicle uncoating;
second, overexpression of the GTPase-defective ARF1 mutant
stabilizes the COPI coat on Golgi membranes (10); third, over-
expression of ArfGAP1 results in a phenotype similar to that
induced by inhibiting ARF-guanine-nucleotide exchange fac-
tors; that is, cytosolic distribution of the COPI coat and disin-
tegration of the Golgi apparatus (11); fourth, the addition of
ArfGAP1 to an in vitro system inhibits formation of COPI-
coated vesicles and induces uncoating of pre-existing vesicles
(12); finally, ArfGAP1-mediated GTP hydrolysis is stimulated
by the addition of the COPI coat in vitro (13, 14).

However, additional evidence suggests roles of ArfGAP1
beyond that of a simple inactivator of ARFs (for review, see Ref.
5); first, GTP hydrolysis on ARF is required for proper sorting of
cargo molecules into COPI-coated vesicles (15-17); second,
ArfGAP1 promotes COPI-coated vesicle formation by cou-
pling cargo sorting to vesicle formation (18 —20); third, imaging
studies have suggested that ArfGAP1 undergoes ARFI1-
dependent cycling between the cytosol and Golgi membranes
independent of vesicle budding (21, 22); finally, Antonny and
co-workers (23, 24) have proposed a model in which ArfGAP1
and Gesl sense the curvature of budding vesicles through a
motif outside of their catalytic domain.

Despite the critical roles of ArfGAP1 in COPI-coated vesicle
formation, most of the available data regarding their function
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have been obtained by in vitro experiments. We, therefore,
attempted to determine the function of ArfGAP1 in the cell by
exploiting RNA interference (RNAi). However, we could not
detect any phenotypic change in ArfGAP1 knockdown cells.
Because there are two poorly characterized mammalian Arf-
GAPs, ArfGAP2 and ArfGAP3 (25), both of which are more
similar to Glo3 than Ges1 (26 —29), we then set out to deter-
mine the intracellular roles of these ArfGAPs. Here, we show
that ArfGAP1, ArfGAP2, and ArfGAP3 play overlapping
roles in COPI-mediated transport and in maintaining Golgi
organization.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, and Plasmids— Antiserum to human
ArfGAP1 was raised in rabbits against a synthetic peptide
(amino acid residues 377-390) conjugated to keyhole limpet
hemocyanin and affinity-purified using the immunized peptide
immobilized on Sulfolink beads (Pierce). Antisera to human
ArfGAP2 and ArfGAP3 were raised against their polypeptide
regions (amino acid residues 329-430 and 329 —426, respec-
tively) fused to glutathione S-transferase and affinity-purified
using the fusion proteins immobilized on Sulfolink beads.
Monoclonal mouse anti-ERGIC-53 antibody (30) was originally
provided by Hans-Peter Hauri (University of Basel) and later
purchased from Alexis Biochemicals. Polyclonal rabbit anti-
bodies to golgin-97 (31) and to GM130 (32) were kindly pro-
vided by Nobuhiro Nakamura (Kanazawa University, Japan)
and Yoshio Misumi (Fukuoka University), respectively. Mono-
clonal mouse antibodies to golgin-245, GM130, and green flu-
orescent protein (GFP) were purchased from BD Biosciences.
Monoclonal mouse anti-ARF1 antibody (3F1) was from
Affinity Bioreagents. Polyclonal rabbit and monoclonal
mouse anti-B3-COP antibodies were from Affinity Biore-
agents and Sigma-Aldrich, respectively. Polyclonal rabbit
anti-syntaxin 5 antibody was from Synaptic Systems. Alexa-
Fluor- and horseradish peroxidase-conjugated secondary
antibodies were from Molecular Probes and Jackson Immuno-
Research Laboratories, respectively.

An expression vector for N-terminal EGFP-tagged VSVG
tsO45 (pClpreEGFP-VSVG) was constructed by exchanging
the mature VSVG tsO45 segment from pcDNA3-VSVG-
EGFP (33) for the cation-independent mannose 6-phosphate
receptor cDNA segment of pClpreEGFP-CIMPRtail (34).
Construction of an expression vector for C-terminal HA-
tagged ARFRP1 was described previously (35). An expres-
sion vector for N-terminal EGFP+VSVG-tagged KDELR
(pClpreEGFP-VSVG-KDELR) was constructed by exchang-
ing a cDNA segment of the mature human KDELR?2 region
(kindly provided by Victor Hsu, Harvard Medical School)
(36, 37) for the region covering the transmembrane and cyto-
plasmic regions of VSVG in pClpreEGFP-VSVG.

Cell Culture, RNAi Suppression, VSVG Transport Experi-
ments, and Immunofluorescence Analysis—Culture of HelLa
cells and transfection of expression plasmids were performed as
described previously (35, 38). Knockdown of ArfGAPI1, Arf-
GAP2, ArfGAP3, or B-COP was performed as previously
described (39). Briefly, pools of siRNAs directed for the mRNA
regions covering nucleotide residues 328-947, 400-1542,
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397-1530, and 321-1040 (when the A residue of the initiation
Met codon is assigned as residue 1) were prepared using a
BLOCK-iT RNAi TOPO Transcription kit and a BLOCK-iT
Dicer RNAi kit (Invitrogen). Cells were transfected with the
siRNAs using Lipofectamine 2000 (Invitrogen) and incubated
overnight. The transfected cells were then transferred to a cul-
ture dish containing coverslips, further incubated for up to 120
and 48 h in the case of ArfGAP knockdown and B-COP knock-
down, respectively, and processed for immunofluorescence and
immunoblot analyses and transport assays.

Transport of EGFP-VSVG from the ER to the cell surface was
examined as described previously (35). HeLa cells transfected
with pCIlpreEGFP-VSVG were incubated at 40 °C overnight,
then at 32 °C for up to 60 min. Retrograde transport of the
EGFP-VSVG-KDELR chimera was assayed as follows; HeLa
cells transfected with pClpreEGFP-VSVG-KDELR were incu-
bated at 40 °C overnight and at 20 °C for 3 h to accumulate the
KDELR chimera in the Golgi. The cells were then incubated at
40 °Cagain for 2 h and processed for immunofluorescence anal-
ysis. Internalization of extracellularly applied transferrin was
examined as described previously (38).

Determination of Intracellular Level of GTP-bound ARF—To
determine the level of GTP-bound AREF, lysates of control cells
or of siRNA-treated cells were subjected to pulldown assays
using the GAT domain of GGAL, as described previously (40,
41). Briefly, lysates were pulled down with the glutathione
S-transferase-GGA1(GAT) domain, pre-bound to glutathione-
Sepharose 4B beads (GE Healthcare Biosciences), and bound
materials were electrophoresed on a 12.5% SDS-polyacrylam-
ide gel and subjected to immunoblot analysis with anti-ARF1
antibody (3F1).

Electron Microscopy—For conventional electron micros-
copy, control and siRNA-treated cells were fixed with 2%
paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate
buffer. They were post-fixed with 1% OsO,, embedded in
Epon812, and sectioned as previously described (42). Small ves-
icles/tubules near vacuoles were counted in 1.6 X 1.6-um
regions that were randomly selected within perinuclear region
(40 areas from 20 cells). The count was normalized to the total
area, excluding the vacuolar area, measured using the Meta-
Morph image processing software (Universal Imaging Corpo-
ration; West Chester, PA), and expressed as the number of ves-
icles/tubules per 1 um® Immunoelectron microscopy on
ultrathin cryosections was performed as described previously
(35, 42).

RESULTS

Knockdown of ArfGAPI1 Alone Has No Discernible Effect—In
the prevailing model (5) ArfGAP1 is involved in cargo selection
and formation of COPI-coated vesicles, as well as in their
uncoating through inactivating ARFs. To explore the role of
ArfGAP1 in COPI-mediated transport, we looked for pheno-
typic changes in cells depleted of ArfGAP1 by RNAi. By trans-
fecting HeLa cells with a pool of siRNAs targeted against Arf-
GAP1, the ArfGAP1 protein was depleted by more than 95%
(supplemental Fig. S1A, top panel), and a typical Golgi-like
staining for ArfGAP1 was eliminated (supplemental Fig. S1B).
We then compared subcellular localization of various proteins
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FIGURE 1. Disorganization of the Golgi apparatus in cells simultaneously depleted of ArfGAP1, ArfGAP2,
and ArfGAP3. Hela cells were treated for 120 h with siRNAs for LacZ (A-D) or for ArfGAP1+ArfGAP2 (E-H),
ArfGAP1+ArfGAP3 (I-L), ArfGAP2+ArfGAP3 (M—-P), or ArfGAP1+ArfGAP2+ArfGAP3 (Q-T) and stained for pro-
tein disulfide isomerase (A, E, I, M, and Q), ERGIC-53 (B, F, J, N, and R), B-COP (C, G, K, O, and S), or GM130 (D, H, L,

P,and 7).
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FIGURE 2. Increase in the GTP-bound ARF level in cells simultaneously
knocked down of ArfGAP1, ArfGAP2, and ArfGAP3. Lysates were prepared
from Hela cells treated for 120 h with siRNAs for LacZ (lanes 1,6,and 11) or for
ArfGAP1 (lanes 2, 7, and 12), ArfGAP2 (lanes 3, 8, and 13), ArfGAP3 (lanes 4, 9,
and 74), or ArfGAP1+ArfGAP2+ArfGAP3 (lanes 5, 10,and 15) and subjected to
pulldown with glutathione S-transferase (GST)-GGA1(GAT) (lanes 6-10) or
GST (lanes 11-15). The data are representatives of five independent experi-
ments for the control and triple ArfGAP knockdown cells and two independ-
ent experiments for the single ArfGAP knockdown cells.

between cells depleted of ArfGAP1 (supplemental Fig. S2B) and
control cells transfected with siRNAs for LacZ (supplemental
Fig. S2A). However, we failed to detect a significant difference
between the knockdown and control cells in the localization of
proteins. The proteins examined included: B-COP (top panels),
a COPI subunit; ERGIC-53 (middle panels), which is a major
type I membrane protein containing a C-terminal di-lysine
motif and which cycles between the cis-Golgi and ER (43);
GM130 (bottom panels), a cis-Golgi matrix protein (44). We
also examined the effects of ArfGAP1 knockdown on retro-
grade and anterograde transport of model cargo proteins.
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siGAP2+3

siGAP1+2+3  However, ArfGAP1 knockdown
affected neither retrieval of a
VSVG-KDELR construct from the
cis-Golgi to the ER nor anterograde
transport of a GFP-VSVG construct
from the ER to the plasma mem-
brane through the Golgi (data not
shown; see below).

Simultaneous Depletion of Arf-
GAPI, ArfGAP2, and ArfGAP3 Dis-
organizes the Golgi Structure—We
then examined a possibility that
there might be another ARF-
GAP(s) that also participates in the
COPI-mediated process. In mam-
mals there are less well characterized
paralogs (ArfGAP2 and ArfGAP3) of
ArfGAPI. At the sequence level, Arf-
GAP1 is similar to yeast Gcsl,
whereas ArfGAP2 and ArfGAP3 are
more similar to Glo3 (26 -29).

We raised and affinity-purified
polyclonal antibodies to ArfGAP2
and ArfGAP3 and used them to
compare protein localization with
that of various marker proteins. As
shown in supplemental Fig. S14, the
antibodies each recognize a single
band in immunoblot analysis; band
intensities were specifically de-
creased by the appropriate siRNA treatment. When HeLa cells
were doubly stained for any one of the ArfGAPs and GM130,
the staining for ArfGAPs overlapped almost completely with
the GM130 staining in the perinuclear Golgi region (supple-
mental Fig. S3, A-C). In contrast, the ArfGAP staining was
juxtaposed to, but not significantly overlapping with staining
for golgin-245 (supplemental Fig. S3, D—F), a protein associ-
ated with the trans-Golgi (45). To unequivocally show cis-
Golgi localization of these ArfGAPs, HeLa cells were treated
with nocodazole to fragment the Golgi structure; the frag-
mented Golgi structures are composed of mini-stacks and
are suitable for examining cis and trans polarity (46). In the
fragmented Golgi structures, the staining for any ArfGAP
overlapped almost completely with that for GM130 (supple-
mental Fig. S3, G-I) but juxtaposed to that for golgin-245
(supplemental Fig. S3, J-L), indicating that these three Arf-
GAPs are associated predominantly with the cis-Golgi.

We then examined whether depletion of ArfGAP2 or Arf-
GAP3 affected the localization of Golgi proteins and transport
between the ER and Golgi. Despite the successful depletion of
ArfGAP2 or ArfGAP3 by RNAI (supplemental Fig. S1), how-
ever, we failed to detect any difference in either the subcellular
localization of Golgi proteins examined, anterograde transport
of GFP-VSVG from the ER to the Golgi, or retrograde transport
of VSVG-KDELR from the cis-Golgi to the ER (data not shown)
between control cells and cells knocked down of ArfGAP2 or
ArfGAP3.
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FIGURE 3. Two distinct phenotypic stages in cells triple-depleted of ArfGAP1, ArfGAP2, and ArfGAP3.
A, Hel a cells treated for 120 h with siRNAs for ArfGAP1+ArfGAP2+ ArfGAP3 were double-stained for ERGIC-53
(a-c) and B-COP (a’-¢'). Cells with normal distribution of ERGIC-53 and 3-COP (a and a’) or with typical stage
1 (b and b') or stage 2 (c and ¢') distributions are shown. B, Hela cells treated with siRNAs for
ArfGAP1+ArfGAP2+ArfGAP3 for 96 or 120 h were classified as having normal, stage 1, and stage 2
distributions of ERGIC-53, and the number of cells with each distribution was counted. The number (n) is the
sum of counted cells in three independent experiments. C, Hela cells treated with siRNAs for
ArfGAP1+ArfGAP2+ArfGAP3 for 96 h were transfected with an expression vector for C-terminal-HA-tagged
ArfGAP2 (a-a") or ArfGAP3 (b-b") and incubated for 24 h, then triply stained for HA (a and b), ERGIC-53 (a" and
b’) and B-COP (a’ and b’). Cells overexpressing ArfGAP2-HA or ArfGAP3-HA are indicated by asterisks. D, the
number of cells with normal, stage 1, and stage 2 distribution of ERGIC-53 in mock-transfected cells or cells
overexpressing either ArfGAP2-HA or ArfGAP3-HA. The number (n) is the sum of counted cells in three inde-
pendent experiments.
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However, in a subpopulation
(~30%) of cells in which ArfGAP1,
ArfGAP2, and ArfGAP3 were
simultaneously knocked down, we
found significant changes in the dis-
tribution of the Golgi proteins.
ERGIC-53 disappeared from reticu-
lar ER-like structures and instead
became predominant in punctate
ERGIC-like structures (Fig. 1R). In
contrast, the reticular staining for
protein disulfide isomerase, an ER
marker, was unchanged in the triple
knockdown cells (Fig. 1Q), indica-
tive of the integrity of the ER. These
observations suggest that retrieval
of ERGIC-53 from the ERGIC/cis-
Golgi to the ER is blocked in cells
simultaneously depleted of Arf-
GAP1, ArfGAP2, and ArfGAP3.
Furthermore, B-COP and GM130
were redistributed from perinuclear
Golgi-like structures to punctate
ERGIC-like structures in a sub-
population of the triple knock-
down cells (Fig. 1, S and T).

To support the hypothesis that
these phenotypic changes are
indeed induced by ArfGAP deple-
tion, we then compared levels of
GTP-bound active ARF in the con-
trol and knockdown cells. To this
end we employed a pulldown assay
using the GAT domain of GGA1,
which specifically interacts with
GTP-bound but not GDP-bound
ARF (38, 47) under the assumption
that GTP hydrolysis on ARF would
be slowed (i.e. that the level of GTP-
bound ARF would be increased) if
the ArfGAP levels were decreased.
As shown in Fig. 2, the level of GTP-
bound ARF was not significantly
changed in cells depleted of single
ArfGAP (lanes 7-9) as compared
with the control cells (lane 6). In
striking contrast, the level of GTP-
bound ARF was robustly increased
in the triple ArfGAP knockdown
cells (lane 10). Thus, the phenotypic
changes observed in the triple
knockdown cells are correlated with

We next examined effects of depletion of any pairwise com- an increase in the level of GTP-bound AREF, i.e. with a decrease

bination of ArfGAPs but failed to detect any significant differ- in the ArfGAP levels.

ence in the subcellular distribution of the Golgi proteins, In the course of these experiments, we noticed that the triple
including ERGIC-53, B-COP, and GM130, between control knockdown cells showed two distinct phenotypes in terms of
cells and double-depleted cells (ArfGAP1 + 2, ArfGAP1 + 3,or  subcellular distribution of ERGIC-53 and 3-COP. As shown in
ArfGAP2 + 3) (Fig. 1). Fig. 34, a fraction of these cells showed a punctate ERGIC-like
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FIGURE 4. Redistribution of Golgi proteins in cells triple-depleted of ArfGAPs. Hela cells were treated for 120 h with siRNAs for LacZ (A) or
ArfGAP1+ArfGAP2+ArfGAP3 (B) and processed for double staining for 8-COP (a and d), GM130 (b), or golgin-97 (c), and either ERGIC-53 (a’-¢’) or Sec31A (d’).
Merged images are shownin a”’-d". Boxed regions are enlarged and shown in the corresponding insets. C, colocalization of the indicated proteins in cells treated
with siRNAs for LacZ and ArfGAP1+ArfGAP2+ArfGAP3 was estimated using an IPLab 4.0 software (Solution Systems) and expressed as a Pearson coefficient.

**,p <0.0001; % p <0.001.

distribution of ERGIC-53 and B-COP (stage 1), whereas a
minor fraction showed perinuclear aggregates of ERGIC-53
and B-COP (stage 2). Extending the period of siRNA treatment
(96 to 120 h) resulted in a significant increase in the fraction of
both the stage 1 (21-34%) and stage 2 (4—11%) cells (Fig. 3B),
suggesting that the stage 2 phenotype is the more severe of the
two. However, further siRNA treatment resulted in a decrease
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in the stage 1 and stage 2 populations (data not shown), proba-
bly because of the death of cells completely depleted of all the
three ArfGAPs, as reported previously (27), and because of
selective growth of cells incompletely depleted of any of the
three ArfGAPs. For the following experiments we, therefore,
used cells treated for 120 h with siRNAs for ArfGAP1, Arf-
GAP2, and ArfGAP3.
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knockdown cells (Fig. 4B, c¢-c"),
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counted cells in two independent experiments.

The stage 1 and 2 phenotypes observed in the triple ArfGAP
knockdown cells were restored by overexpressing HA-tagged
ArfGAP2 or ArfGAP3 (Fig. 3, C and D). These results indicate
that the phenotypes result from simultaneous depletion of
these three ArfGAPs but not from off-target effects. The fact
that the overexpression of any one of the three ArfGAPs is
able to restore the triple knockdown phenotypes is consistent
with the lack of significant effects observed in the single or
double knockdown cells (Fig. 1 and supplemental Fig. S2).
However, we could not examine the effects of ArfGAP1 over-
expression because overexpression of ArfGAP1 on its own
induces disintegration of the Golgi structure as reported previ-
ously (11). The differential effects of overexpressing ArfGAP1
and of overexpressing ArfGAP2 and ArfGAP3 on the Golgi
organization may be because of their structural difference out-
side of the catalytic domain; namely, the former, but not the
latter two, has a membrane curvature-sensing motif (23, 24).

When we compared the subcellular distributions of
ERGIC-53 and B-COP, we observed an almost complete over-
lap between the two proteins on punctate ERGIC-like struc-
tures in the stage 1 population of the triple knockdown cells
(Fig. 4B, a—a"), in contrast to a rare overlap on punctate struc-
tures in the control cells (Fig. 44, a—a"; also see Fig. 4C). In the
triple ArfGAP knockdown cells, staining for ERGIC-53 showed
significant, albeit not complete, overlap with that of GM130
(Fig. 4B, b—b"; also see Fig. 4C). The staining for golgin-97, a
trans-Golgi marker, was also fragmented but not significantly
overlapping with the punctate ERGIC-53 staining in the triple
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ERGIC-53 distribution
in SIArfGAP1+2+3 cells

FIGURE 5. Block in Golgi-to-ER transport in cells triple-depleted of ArfGAPs. Hela cells were treated with
siRNAs for LacZ (A, a- c) or ArfGAP1+ArfGAP2+ArfGAP3 (A, d-f,and B, f-f") and transfected with the expression
vector for the EGFP-VSVG-KDELR chimera. After transfection, the cells were incubated at 40 °C overnight (A, a
and d), successively incubated at 20 °C for 3 h (A, b and e) and 40 °Cfor 2 h (A, cand e, and B) in the presence of
50 ng/ml cycloheximide, and processed for staining for ERGIC-53. Note that panels Af and Bf represent the
same single image. C, after the final 40 °C incubation, the cells were scored for ER distribution of the EGFP-
VSVG-KDELR chimera. The bar graph represents the percentage of cells with ER distribution of the chimera
among all cells expressing the chimera. The number (n) is the sum of counted cells in two independent
experiments. D, the cells triple-knocked down of ArfGAPs were classified as having normal, stage 1, and stage
2 distributions of ERGIC-53 (for example, see a cell indicated by an asterisk in B). The bar graph represents the
percentage of cells with ER distribution of the chimera in each cell population. The number (n) is the sum of

proteins did not overlap signifi-
cantly but were often juxtaposed
with each other in the triple knock-
down cells. It is likely that in the tri-
ple ArfGAP-depleted cells COPI-
coated intermediates were arrested
in the vicinity of the ER exit sites for
block in the uncoating process.
These observations together are
consistent with the assumption that
these ArfGAPs are all responsible
for inactivation of ARFs and,
thereby, for uncoating of the COPI coat. Thus, preventing the
COPI uncoating through interfering with ARF inactivation by
depletion of ArfGAPs might result in accumulation of COPI-
coated intermediates.

Simultaneous Depletion of ArfGAP1, ArfGAP2, and ArfGAP3
Blocks Retrograde Transport from the Golgi to the ER—Given
the punctate ERGIC-like distribution of ERGIC-53 in cells
simultaneously depleted of ArfGAP1, ArfGAP2, and ArfGAP3,
in contrast to its ER- and Golgi-like distribution in control cells,
we speculated that retrograde transport from the Golgi to the
ER is blocked in the triple knockdown cells. To address this
speculation, we examined retrograde transport of a KDELR chi-
mera. The chimera we utilized is a modified version of the orig-
inal VSVG-KDELR chimera (36, 37), which contains (sequen-
tially from the N terminus) a signal peptide sequence, GFP, the
exoplasmic domain of a temperature sensitive (tsO45) form of
the vesicular stomatitis virus G protein (VSVG), and KDELR2
(see “Experimental Procedures”). The GFP-VSVG-KDELR chi-
mera accumulates in the ER at the non-permissive temperature
(40 °C; Fig. 5Aa) because of misfolding of the VSVG segment
and is delivered to the Golgi at the permissive temperature
(<32 °C, Fig. 5Ab at 20 °C). However, upon shifting again to the
non-permissive temperature, the chimera is redistributed from
the Golgi to the ER (Fig. 5Ac; see Refs. 36 and 37) because the
misfolded VSVG segment prevents ER exit of the GFP-VSVG-
KDELR chimera, which has once returned to the ER from the
Golgi. As shown in Fig. 5Ae, the chimera successfully escaped
from the ER at the permissive temperature in the triple knock-
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FIGURE 6. Block in anterograde transport through the Golgi in cells triple-depleted of ArfGAPs. Hel a cells
were treated with siRNAs for LacZ (A, a and b) or ArfGAP1+ArfGAP2+ArfGAP3 (A, c and d, and B, d-d") and
transfected with the expression vector for EGFP-VSVG. After transfection the cells were incubated at 40 °C
overnight (A, aand ¢), and subsequently at 32 °C for 60 min in the presence of 50 ng/ml cycloheximide (A, band
d,and B). The cells were then stained for ERGIC-53. Note that panels Ad and Bd represent the same single image.
G, after the 32 °Cincubation, the cells were scored for cell surface delivery of EGFP-VSVG. The bar graph repre-
sents the percentage of cells with surface EGFP-VSVG expression among all cells expressing EGFP-VSVG. The
number (n) is the sum of counted cells in two independent experiments. D, the cells triple-knocked down of
ArfGAPs were classified as having normal, stage 1, and stage 2 distributions of ERGIC-53 (for example, see the
cellindicated by an asterisk in B). The bar graph represents the percentage of cells in each cell population with
surface expression of EGFP-VSVG. The number (n) is the sum of counted cells in two independent experiments.

32 °C for 60 min (Fig. 6Ab). In con-
trast, in a fraction of cells triply
knocked down of ArfGAPs (Fig.
6Ad; a cell marked by an asterisk),
GFP-VSVG was transported to the
Golgi but not farther to the plasma
membrane. The epifluorescence of
intracellular GFP-VSVG showed a
superimposition to the ERGIC-53
staining (Fig. 6B; d—d"), indicating
that anterograde transport was
blocked at the ERGIC and/or cis-
Golgi level. Although ~30% cells
simultaneously knocked down of
the three ArfGAPs showed a block
in VSVG transport (Fig. 6C), almost
all the cells exhibiting the stage 1 or
stage 2 phenotype of ERGIC-53
showed the VSVG transport block
(Fig. 6D).

Simultaneous Depletion of Arf-
GAPI1, ArfGAP2, and ArfGAP3 Does
Not Affect Endocytosis—We then
examined whether the triple Arf-
GAP knockdown affected compart-
ments beyond the Golgi. The triple
knockdown had no discernible
effects on localization of an endoso-
mal marker, EEA1 (data not shown).
Furthermore, as shown in supple-

down cells. However, in a fraction of triple ArfGAP knockdown
cells we found that the chimera could not undergo retrograde
transport to the ER at the non-permissive temperature (Fig.
5Af; a cell marked by an asterisk) and instead accumulated in
the ERGIC-53-positive compartments (Fig. 5B, f~f'; compare
the cell marked by an asterisk with cells surrounding it having
normal ERGIC-53 distribution), in contrast to the observations
of the control cells (Fig. 54, a—c). Although the retrograde
transport of the KDELR chimera was blocked in ~20% of cells
subjected to simultaneous knockdown of the three ArfGAPs
(Fig. 5C), almost all the cells exhibiting a stage 1 or stage 2
phenotype of ERGIC-53 showed a considerable retrieval block
(Fig. 5D); this is probably because of incomplete depletion of
any one of the three ArfGAPs in any given cell. These observa-
tions indicate that the Golgi-to-ER retrograde transport of
KDELR is blocked in the cells simultaneously depleted of Arf-
GAP1, ArfGAP2, and ArfGAP3.

Simultaneous Depletion of ArfGAPI, ArfGAP2, and ArfGAP3
Block Anterograde Transport of VSVG—Because ArfGAP
depletion affects the morphology of Golgi compartments, we
next assessed the functional integrity of the exocytic pathway
through the Golgi. To this end we followed trafficking from the
ER to the plasma membrane of a GFP-VSVG tsO45 construct,
which is a well characterized marker for the exocytic pathway
(48). In control cells the GFP-VSV@G construct accumulated in
the ER at the non-permissive temperature (40 °C, Fig. 6Aa) was
transported to the plasma membrane after temperature shift to
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mental Fig. S4, internalization of
extracellularly applied AlexaFluor488-conjugated transferrin
through early endosomes (10 and 30 min) to recycling endo-
somes (30 and 60 min) was not significantly altered in the stage
1 or stage 2 cells (marked by I and 2, respectively, in the middle
panels) as compared with the normal phenotype cells (cells
with no mark in the middle panels) and the control siRNA-
treated cells (fop panels). These observations together indicate
that the ArfGAP depletion specifically affect the early secretory
and retrieval pathways.

Phenotypic Similarity between Cells Depleted of ArfGAPs and
Those Depleted of COPI—In the course of the present study we
noticed that the phenotypes observed in the triple-ArfGAP-
depleted cells resembled those in COPI-depleted cells (49, 50);
namely, B-COP depletion by siRNA resulted in redistribution
of ERGIC-53 and giantin to large globular structures scattered
throughout the cytoplasm. These structures are reminiscent of
the stage 2 phenotype of ERGIC-53 distribution observed in the
ArfGAP-depleted cells (Fig. 3Ac). As shown in supplemental
Fig. S5, we confirmed that the number of cells with stage 1 and
stage 2 phenotypes of ERGIC-53 distribution increased in a
time-dependent manner (12 and 24 h) upon treatment with
B-COP siRNAs. Longer treatment of cells with B-COP siRNAs
resulted in cell death (data not shown) as noted previously (49).

Efficient depletion of B-COP by RNAi was confirmed by
immunoblot and immunofluorescence analyses (Fig. 7, A and
B). As observed for cells with triple ArfGAP depletion (Fig. 4),
the B-COP-depleted cells with the stage 1 phenotype showed

SN
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We then performed immuno-
electron microscopic analysis of the
triple ArfGAP knockdown cells
using anti-B-COP antibody. In the
control cells (Fig. 94), B-COP was
localized mainly on vesicles around
the Golgi stacks, a subset of which
might possibly represent the cis-
Golgi compartments. In striking
contrast, B-COP signals were found
mainly on the rims of vacuoles
(arrowheads) and on vesicles in
regions surrounded by the vacuoles
in the triple ArfGAP knockdown
cells (Fig. 9, B-D). These observa-
tions suggest that the vacuolar
structures are accumulated through
perturbation of COPI function
caused by the ArfGAP depletion.

DISCUSSION

Although ArfGAP1 has been
shown to be responsible for COPI-
mediated trafficking between the
Golgi and ER, the roles of ArfGAP2
and ArfGAP3 have remained poorly

FIGURE 7. Cells depleted of COPI show phenotypes similar to those of cells triple-depleted of ArfGAPs.
HelLa cells were treated with siRNAs for LacZ (A, lane 1, and Ba) or 3-COP (A, lane 2, Bb, C, and D) for 24 h. A, cell
extracts were prepared and subjected to immunoblot analysis using antibody against 3-COP, ArfGAP1, Arf-
GAP2, or ArfGAP3. B, the cells were immunostained for 3-COP. C, 3-COP-depleted cells were doubly stained for
either syntaxin 5 (a), GM130 (b), or golgin-97 (c) and ERGIC-53 (a’-c’). D, B-COP-depleted cells were subjected
to retrograde transport assay as described under the legend for Fig. 5, A and B. Asterisks indicate cells showing

understood. In the present study we
observed no significant phenotypic
changes in cells depleted of any one
of the three ArfGAPs or any two in

stage 1 and 2 distribution of ERGIC-53.

significant colocalization of ERGIC-53 and cis-Golgi markers
(syntaxin 5 and GM130) on punctate ERGIC-like structures
(Fig. 7C, a—a" and b-b") and juxtaposition of ERGIC-53 and
golgin-97, a trans-Golgi marker (Fig. 7C, c—¢"). Furthermore,
retrieval of the VSVG-KDELR chimera from the Golgi to the ER
was blocked in the B-COP-depleted cells, and the chimera was
accumulated in the ERGIC-53-positive structures (Fig. 7D).
Thus, cells with triple ArfGAP depletion and those with COPI
depletion showed similar phenotypes, both with regard to pro-
tein localization and protein transport.

We then examined the similarity in the morphological
changes between the cells triple-depleted of ArfGAPs and those
depleted of B-COP at the electron microscopic level. Although
typical Golgi stacks were observed in control cells (Fig. 84),
they were poorly observed in cells triple-depleted of ArfGAPs
(Fig. 8B) and in those depleted of B-COP (Fig. 8C). Instead, both
in the ArfGAP and B-COP knockdown cells, clusters of vacu-
oles were often found in the perinuclear region. It is noteworthy
that the vacuoles often contained internal membranes, some of
which were continuous with their outermost membranes. We
also noticed that the triple ArfGAP knockdown cells possessed
many vesicular or tubular structures in the vicinity of the vacu-
oles, often closely associated with them (Fig. 8B’); in contrast,
such structures were barely detectable in the 3-COP knock-
down cells (Fig. 8, C’" and D; see “Discussion”).
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pairwise combinations. However,

simultaneous depletion of the three

ArfGAPs has considerable impacts
on Golgi morphology and trafficking between the Golgi and ER.
Specifically, in the triple ArfGAP knockdown cells, we observe
accumulation of cis-Golgi proteins, including COPI, in ERGIC-
like structures and a concomitant block in retrograde transport
from the Golgi to the ER. A substantial elevation in the level of
GTP-bound ARFs in the triple knockdown cells supports the
hypothesis that these phenotypic changes are indeed caused by
depletion of these ArfGAPs. These observations indicate that
the three ArfGAPs, at least in part, have overlapping functions;
the data are in line with previous findings that neither deletion
of GCSI nor GLO3 has an effect on yeast growth, whereas dele-
tion of both genes is lethal (7). In the context of the overlapping
ArfGAP functions, it is interesting to note that when any one of
the three ArfGAPs (or any pairwise combination) was depleted,
the level of the other ArfGAP(s) was disposed to increase (see sup-
plemental Fig. S1A4), although we have not further addressed this
issue in the present study. Thus, the ArfGAPs could compensate
for each other under conditions where the level of any one of the
ArfGAPs is somehow decreased.

The other notable finding in the present study is that the
phenotypes observed in cells with triple ArfGAP depletion
closely resemble those in B-COP-depleted cells, which show
accumulation of cis-Golgi proteins in ERGIC-like structures
and a block in Golgi-to-ER retrograde transport. Moreover, at
the electron microscopic level, both the triple ArfGAP- and
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FIGURE 8. Electron microscopic analyses of cells triple-depleted of Arf-
GAPs and those depleted of B-COP. Hela cells treated for 120 h with siRNAs
for LacZ (A) or ArfGAP1+ArfGAP2+ArfGAP3 (B) or for 48 h with siRNAs for
B-COP (C) were processed for electron microscopic analysis. Boxed regions are
enlarged and shown in A", B’,and C'. Bars: 5 um in A-C; 1 um in A’-C’. D, the
number of vesicular and tubular structures surrounded by vacuoles was
counted. *, p < 0.001 (n = 40).

B-COP-depleted cells accumulate characteristic vacuolar
structures. Based on these observations, it is likely that pheno-
typic changes induced by the triple ArfGAP knockdown result
largely, if not completely, from perturbation of COPI functions.
In this context it is worth mentioning that numerous vesicles and
tubules associated with vacuoles are present in triple-ArfGAP-de-
pleted cells but are barely detectable in 3-COP-depleted cells (Fig.
8D). Because B-COP is found on these vesicles/tubules as well as
on rims of the vacuoles by immunoelectron microscopy, it is likely
that a fraction of the vesicles represents COPI-coated vesicles.
These observations are consistent with early in vitro reconstitution
experiments suggesting that COPI vesicles can be formed in the
absence of ArfGAPs (9). However, more recent studies have indi-
cated that ArfGAPs positively regulate COPI-coated vesicle for-
mation by coupling cargo selection and vesicle uncoating through
ARF inactivation (18-20). In the triple-ArfGAP-depleted cells,
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FIGURE 9. Association of 3-COP with vacuolar structures in cells triple-de-
pleted of ArfGAPs. Hela cells treated for 120 h with siRNAs for LacZ (A) or
ArfGAP1+ArfGAP2 +ArfGAP3 (B-D) were processed forimmunoelectron micro-
scopic analysis. Ultrathin cryosections were stained with polyclonal anti-B-COP
antibody (1:10) followed by goat anti-rabbit IgG conjugated with 10-nm colloidal
gold. Note that B-COP is localized on vesicles near the Golgi (Go) in the control
cells (A), whereas it is found on rims (arrowhead) of the vacuoles (asterisks) and
vesicular structures in the triple knockdown cells (B-D). Bars, 0.2 wm.

COPI-coated vesicles might be formed with very low efficiency
because of substantial, but not complete depletion of ArfGAPs by
RNAI. Once formed, however, COPI-coated vesicles might be
accumulated for the inefficient uncoating process.

A recent study (27) reported that ArfGAP2 and ArfGAP3,
but not ArfGAP1, associate with COPI-coated vesicles in the
presence of GTPYS in vitro, in good agreement with data per-
taining to yeast Gesl and Glo3 (6). Furthermore, while this
manuscript was in preparation two independent groups (51, 52)
showed biochemically that although ArfGAP1 is recruited
directly onto membranes via its membrane curvature-sensing
motif as previously shown (23, 24), ArfGAP2 and ArfGAP3 are
recruited onto membranes in the presence of coatomer and ARF,
and their GAP activities are highly stimulated by coatomer. These
studies suggest differential roles of ArfGAP1 and ArfGAP2/Arf-
GAP3; ArfGAP2 and ArfGAP3 are COPI coat-dependent ARF-
GADPs, whereas ArfGAP1 has a more general role.

How can we reconcile our cell biological data and yeast
genetic data, suggesting overlapping functions of ArfGAP1-
(Gesl) and ArfGAP2/ArfGAP3(Glo3) in COPI-mediated traf-
ficking, with biochemical data suggesting differential roles? The
most likely explanation is that ArfGAP2 and ArfGAP3 reg-
ulate COPI-dependent trafficking, whereas ArfGAP1 is
involved in both COPI-dependent and -independent pro-
cesses and shares COPI-independent functions, such as
clathrin/AP-1-mediated transport, with other ARF-GAPs.
For example, AGAP2 and SMAP2 have been suggested to
function in AP-1-dependent transport (53, 54). Another
intriguing possibility is that formation of COPI-coated vesi-
cles is optimized by the concerted actions of ArfGAPI,
which senses membrane curvature (23, 24), and ArfGAP2/
ArfGAP3, which interact with coatomer (27, 51) even
though vesicle formation requires a single ArfGAP.

Finally, it remains possible that ArfGAP2 and ArfGAP3 favor
distinct populations of COPI-coated vesicles, as the appendage
domain of y-COP (y1-COP) has been reported to bind strongly to
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ArfGAP2 but only weakly to ArfGAP3 (55). In mammals there are
two isoforms of y-COP (y1 and y2) and two isoforms of {-COP ({1
and ¢2) (56) which are incorporated into coatomer in any combi-
nation (57) and show differential localization within the Golgi
apparatus (58). Our future studies will, therefore, focus on poten-
tial differences between ArfGAP2 and ArfGAP3 functions.

In the present study we have established a system in which Arf-
GAP1, ArfGAP2, and ArfGAP3 are simultaneously knocked
down. In this system phenotypic changes induced by the triple
knockdown can be recovered by exogenous expression of any one
of these ArfGAPs. The system will be helpful in future studies
aimed at understanding both the common and specific functions
of these ArfGAP:s.
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