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The mammalian intracellular phospholipase A1 (iPLA1) fam-
ily consists of three members, iPLA1�/PA-PLA1, iPLA1�/p125,
and iPLA1�/KIAA0725p.Although iPLA1�has been implicated
in organization of the ER-Golgi compartments, little is known
about the physiological role of its closest paralog, iPLA1�. Here
we show that iPLA1� mediates a specific retrograde membrane
transport pathway between the endoplasmic reticulum (ER) and
the Golgi complex. iPLA1� appeared to be localized to the
cytosol, the cis-Golgi, and the ER-Golgi intermediate compart-
ment (ERGIC). Time-lapse microscopy revealed that a popula-
tion of GFP-iPLA1�was associatedwith transport carriersmov-
ing out from the Golgi complex. Knockdown of iPLA1�
expression by RNAi did not affect the anterograde transport of
VSVGts045 but dramatically delayed two types of Golgi-to-ER
retrograde membrane transport; that is, transfer of the Golgi
membrane into the ER in the presence of brefeldin A and deliv-
ery of cholera toxin B subunit from theGolgi complex to the ER.
Notably, knockdownof iPLA1� did not impair COPI- andRab6-
dependent retrograde transports represented by ERGIC-53
recycling and ER delivery of Shiga toxin, respectively. Thus,
iPLA1� is a novelmembrane transport factor that contributes to
a specific Golgi-to-ER retrograde pathway distinct from pres-
ently characterized COPI- and Rab6-dependent pathways.

Phospholipase A1 (PLA1)3 is an enzyme that hydrolyzes an
acyl group from phospholipids at the sn-1 position. Although

PLA1 activity had been detected widely in many cells and tis-
sues, its physiological function and the molecules responsible
for this enzymatic activity had been unclear for a long time (1,
2). In the late 1990s, the first intracellular PLA1was purified and
cloned from bovine testis. It exhibited PLA1 activity toward
phosphatidic acid (PA) and was named PA-preferring PLA1
(PA-PLA1) (3–5). Similar PLA1 activity was observed in brain
and testis by two other independent groups (6, 7). From the
study of Uchiyama et al. (7), it is likely that PA-PLA1 exhibits
PLA1 activity toward not only PA but also other phospholipids
depending on the assay conditions employed. Molecular clon-
ing of PA-PLA1 revealed that intracellular PLA1 (iPLA1) forms
a protein family well conserved throughout eukaryotes (5, 8, 9),
suggesting their fundamental roles in eukaryotic cells. How-
ever, their physiological substrates as well as their functions are
not well understood.
Mammals have three intracellular PLA1 homologs: PA-

PLA1, p125, andKIAA0725p. p125was originally identified in a
search for a newmembrane transport factor that interacts with
Sec23p (10). KIAA0725p was afterward identified as a close
paralog of p125 by a database search (11). Because these pro-
teins were identified in different studies with different strate-
gies, they were named based on discrete properties such as in
vitro substrate, the molecular size, and the gene number in the
cDNA screening project. For clarification, we propose here a
unified nomenclature for these mammalian iPLA1s (PA-PLA1
as iPLA1�, p125 as iPLA1�, and KIAA0725p as iPLA1�),
according to the order of their identification. Hereafter we
adopt this new nomenclature.
In addition to the three mammalian iPLA1s, iPLA1 genes are

found in various eukaryotic model organisms. Studies of these
homologs suggest that iPLA1 family proteins contribute to
diverse biological processes but are generally regulators of
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membrane dynamics. For example, SGR2, an iPLA1 homolog in
Arabidopsis thaliana, was reported to be involved in plant
shoot gravitropism probably through regulating vacuolar
membrane dynamics in gravity-sensing cells (9). ipla-1 of Cae-
norhabditis elegans regulates stem cell division and genetically
interacts with genes involved in endosome-to-Golgimembrane
transport (8). Mammalian iPLA1� has been implicated in the
ER-Golgi organization as shown by the following. 1) iPLA1�
physically interacts with Sec23p, a component of COPII com-
plex that plays a crucial role in vesicle formation at the ER exit
sites and is also localized to these compartments. 2) Overex-
pression of iPLA1� disrupts the structures of theGolgi complex
and the ERGIC. 3) Knockdown of iPLA1� by RNAi causes
changes in distribution of the ER exit sites (10, 12).
iPLA1� is the closest paralog of iPLA1� (40.3% amino acid

sequence homology). Because iPLA1� shows high homology to
iPLA1� and because overexpression of iPLA1�, like overexpres-
sion of iPLA1�, leads to disorganization of ER-Golgi compart-
ments (11), iPLA1� and -� appear to play similar roles in ER-
Golgi membrane transport ormaintenance. However, it should
be noted that iPLA1� does not interact with Sec23p, to which
iPLA1� binds (11). In addition, iPLA1� exhibits extensive PLA1
activity toward various phospholipids in vitro (10, 11, 13),
whereas iPLA1� has not yet been shown any detectable PLA1
activity. Thus, the physiological role of iPLA1� has remained
obscure.
Phospholipid is a major constituent of biomembranes, and

phospholipid and its metabolism have been proposed to play
important roles in regulation of membrane dynamics (14–20).
Particularly, Brown and co-workers (21–24) have shown using
phospholipid metabolism inhibitors that specific phospholipid
metabolisms are involved in the ER-Golgimembrane transport.
For example, phospholipase A2 (PLA2) inhibitors such as
ONO-RS-082 and BEL blocked the constitutive Golgi-to-ER
retrograde transport. CI-976, an inhibitor of lysophospholipid
acyltransferase, caused Golgi membrane tubulation and trans-
fer into the ER. These studies predicted that phospholipid
deacylation promotes and, conversely, reacylation inhibits ret-
rograde transport between the ER and theGolgi complex.How-
ever, the enzyme responsible for these phenomena has not been
identified. It does not appear to be cytosolic or intracellular
PLA2 because cytosolic and intracellular PLA2 knock-out mice
are viable and grow normally. It must be also noted that the
inhibitors used in the experiments above affect a broad range of
phospholipases or acyltransferases. Thus, it is possible that
PLA1 contributes to the Golgi-to-ER retrograde transport.
The presently best characterized Golgi-to-ER pathways in-

volve the COPI complex and Rab6. COPI is a coatomer com-
plex that mediates vesicle formation at the ERGIC/cis-Golgi
compartments. COPI-coated vesicles retrieve ER-resident pro-
teins with specific signals (KKXX for membrane proteins and
KDEL for luminal proteins) from the post-ER compartments
and carry themback to the ER (25, 26). Rab6 is a small G protein
localized to the Golgi membranes and has recently been shown
to mediate COPI-independent Golgi-to-ER transport of a
Golgi-resident enzyme and a protein toxin, Shiga toxin (Stx)
(27, 28). OtherGolgi-to-ER retrograde pathways have been also
suggested (29), although their components are unknown.

In this study we demonstrate that iPLA1� is localized to the
cis-Golgi and ERGIC and involved in Golgi-to-ER retrograde
transport.Moreover, we show that this pathway is distinct from
the previously characterized COPI- and Rab6-dependent path-
ways. Our results provide not only new information on iPLA1
family but also insights into a novel retrograde transport path-
way regulated by a newly emerging lipid-metabolizing enzyme.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-iPLA1� rat monoclonal
antibodies (3G1 and 8F12) were generated as follows. Briefly,
a polypeptide (amino acid number 368–486 of human
iPLA1�) was expressed as a glutathione S-transferase fusion
protein in Escherichia coli, and the purified protein was used to
immunize rats (WKY/Izm). Themedial iliac lymph nodes from
the rats were used for cell fusion with mouse myeloma cells,
PAI. Two hybridoma clones were established, 3G1 and 8F12.
3G1 recognized human andmouse iPLA1� inWestern blotting.
8F12 was reactive to human, mouse, and Chinese hamster
iPLA1� in both Western blotting and immunocytochemistry.
The following antibodies were also used: mouse anti-GS28 and
anti-GM130monoclonal antibodies (BDTransduction Labora-
tories), mouse anti-�-COP antibodymaD (Sigma), mouse anti-
ERGIC-53 monoclonal antibody (kindly donated by Dr. H. P.
Hauri, University of Basel, Switzerland), anti-GFP antibody
(kindly provided by Dr. N. Nakamura, Kanazawa University,
Japan), mouse anti-�-tubulin monoclonal antibody DM1A
(Sigma). Stx and rabbit anti-Stx polyclonal antibody were
kindly donated by Dr. K. Nishikawa and Dr. Y. Natori (Interna-
tional Medical Center of Japan). All fluorescent Alexa-labeled
secondary antibodies andAlexa 594-conjugated cholera toxinB
subunit (CtxB) were obtained from Molecular Probes. Horse-
radish peroxidase-labeled secondary antibodies were obtained
from either GE Healthcare or American Qualex. Brefeldin A
and Geneticin were obtained from Sigma and Invitrogen.
Fluorescent Protein Fusion Constructs—cDNAs encoding

human iPLA1� and human �COP were cloned into pEGFP-C3
vector (Clontech) to generate GFP-iPLA1� and GFP-�COP.
cDNA encoding amino acids 1–60 of mouse GT was cloned
into pEGFP-N1 vector to generate GFP-tagged galactosyltrans-
ferase (GT-GFP). To generate GFP-ERGIC-53, pssGFP vector
was first established by inserting the signal sequence of Chinese
hamster ERGIC-53 (p58) in front of the cDNA for EGFP in
pEGFP-C1. The cDNA encoding Chinese hamster ERGIC-53
lacking the signal sequence was then inserted into the multi-
cloning site of pssGFP vector. The cDNAencodingGFP-tagged
ts045 vesicular stomatitis virus protein (VSVGts045-GFP) was
a gift from Dr. J. Lippincott-Schwartz (National Institutes of
Health).
Cell Culture, Transfection, and Establishment of GFP-iPLA1�

Stably Expressing Cells—HeLa cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum,
100 units/ml penicillin, and 100 �g/ml streptomycin. Stably
transfected CHO cells were cultured in Ham’s F-12 medium
containing 10% fetal bovine serum, 100 units/ml penicillin, 100
�g/ml streptomycin, and 300�g/mlGeneticin. Cells at subcon-
fluency were transfected with plasmids carrying the indicated
cDNAs using FuGENE 6 (Roche Diagnostics) or Lipofectamine
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2000 (Invitrogen) according to themanufacturer’s instructions.
For iPLA1� knockdown experiments, HeLa cells at subcon-
fluency were transfected with siRNA against iPLA1� mRNA
(GGAUGAGUAUGGACCUUAAGAACAA) and either
scrambled siRNA (UGGAUAUGUACACAAGAGAUAG-
GAC) or SilencerTMNegative Control #1 siRNA (Ambion) as a
control using Lipofectamine 2000. The day after, transfection
cells were passaged to fresh dishes and allowed to grow for
another 48 h before experiments were started. To establish
GFP-iPLA1� stably expressing CHO cells, GFP-iPLA1� was
transfected to CHO cells, and stably expressing cells were
selected in complete medium containing 300 �g/ml Geneticin.
Immunofluorescence and Time-lapse Microscopy—For im-

munofluorescent staining, cells were grown on either 35-mm
glass-bottomed dishes (Iwaki) or glass coverslips and fixed with
3% paraformaldehyde in 100 mM Pipes-KOH, pH 7.2, 3.6 mM

CaCl2, 2 mM MgCl2 for 30 min. After permeabilization with
0.5% Triton X-100 in PBS, cells were blocked in 3% bovine
serum albumin-containing PBS for 1 h. After blocking, cells
were incubated with primary antibodies for 2 h and subse-
quently with fluorescence-labeled secondary antibodies for 1 h.
The samples were observed with a confocal microscope,
LSM510 (Carl Zeiss).
Time-lapse imaging was also performed with the same con-

focal microscope system. Sequential images were acquired
every 3 s by scanning the specimen with a low powered laser
(3%) at room temperature.
Immunoelectron Microscopy—Cells cultured on plastic cov-

erslips (Celldesk LF1, Sumitomo Bakelite) were fixed with 4%
paraformaldehyde in PBS for 2 h and then subjected to the
pre-embedded gold enhancement immunogold method using
an anti-GFP antibody as previously described (30). Ultra-thin
sections were prepared and observed with H-7600 (Hitachi).
VSVGTransportAssay—Cellswere transfectedwithVSVGts045-

GFP followed by incubation at 39 °C for 16 h to allow
VSVGts045 to accumulate in the ER. Then the cells were trans-
ferred to 32 °C to start the transport of VSVGts045. After incu-
bation for various times, cells were fixed with 3% paraformal-
dehyde for 30 min and examined by confocal microscopy.
Quantitative analysis was carried out by counting cells in which
VSVGts045-GFPwas localized at the ER, the Golgi complex, or
the plasma membrane. Localization of VSVGts045-GFP at the
ER and the Golgi complex was judged by its nuclear ring plus a
network pattern typical for the ER and stacked Golgi pattern at
the perinuclear region.
CtxB and Stx Transport Assay—CtxB and Stx transport

assays were performed with essentially the same procedure.
Cells were incubated in medium containing Alexa 594-conju-
gated CtxB or non-labeled Stx on ice for 30 min to bind the
toxins to the cell surface. After extensive washing with PBS to
remove the unbound toxins, the cells were incubated in normal
medium at 37 °C to allow the toxins to transport from the
plasma membrane to the ER via the Golgi complex. After incu-
bation for various time periods, the cells were fixed with 3%
paraformaldehyde for 30 min, and then the localization of the
toxins were examined. Alexa 594 conjugated to CtxB was
detectable by confocal microscopy after fixation. Stx taken up
by the cells was immunostained using an anti-Stx antibody to

visualize its localization. For examining localization of the tox-
ins at the Golgi complex, the cells were co-stained with an anti-
GM130 antibody as aGolgimarker. Localization of the toxins at
ER was judged by the appearance of the nuclear ring pattern.
Induction of theGolgiMembraneTransfer to the ER by Brefel-

din A (BFA) Treatment—The Golgi membrane was visualized
by transfecting cDNA for GT-GFP. GT-GFP-transfected cells
were treated with 10 �g/ml BFA for the indicated times and
fixed with 3% paraformaldehyde for 30 min. The cells were
observed under confocal microscopy. For morphometric anal-
ysis, the appearance of the Golgi membrane was classified into
four stages: (a) Golgi, (b) Golgi� tubules, (c) tubules� ER, and
(d) ER. The percentages of the cells in each stage were quanti-
fied at each time point.
Fluorescence Recovery after Photobleaching (FRAP) Analysis—

Cells expressing GFP-�COP or GFP-ERGIC-53 were grown
on 35-mm glass-based dishes (Iwaki) and set on a stage of a
Zeiss LSM 510 confocal microscope. The Golgi area was
repeatedly photobleached (50 scans) using an argon laser (488
nm) with 100% laser power. After bleaching, sequential images
were acquired to monitor the fluorescence recovery by scan-
ning with low laser power (1%). The fluorescence intensity of
the bleached Golgi area wasmeasured using the Zeiss software.
The resulting fluorescence recovery rates of ERGIC-53 and
�COP represent the recycling speed between the Golgi and the
ER/ERGIC and the recruiting speed between a membrane and
cytosolic pool, respectively.

RESULTS

iPLA1� Is Associated with the ERGIC/cis-Golgi Com-
partments—To define subcellular localization of iPLA1�, we
first examined the biochemical distribution of iPLA1� in frac-
tionated HeLa cell lysates. 70–80% of the total iPLA1� was in
the soluble fraction, and the rest was in the detergent-soluble
membrane fraction (Fig. 1A). Because iPLA1 family proteins
lack a signal sequence at the N terminus, iPLA1� is deduced to
be a cytosolic and peripheral membrane protein. The localiza-
tion of iPLA1� was further analyzed by immunofluorescence
microscopy. iPLA1� appeared to be localized mainly to the
cytosol and the Golgi complex, which was confirmed by colo-
calization with a Golgi marker GS28 (Fig. 1B, top). To examine
the cellular localization of iPLA1� in living cells, we established
a CHO cell line stably expressing GFP-tagged iPLA1� (CHO-
GFP-iPLA1�). In these cells the protein expression level of
GFP-iPLA1� was more than 30-fold that of the endogenous
iPLA1� level of wild-type CHO cells (supplemental Fig. S1).
However, the Golgi complex and the ERGIC were not per-
turbed in these cells as revealed by immunofluorescence of
GM130, GS28, and ERGIC-53 (supplemental Fig. S2). In addi-
tion, distribution patterns of ER-Golgi membrane transport
factors such as �-COP, Rab6, and ERGIC-53 were not changed
in these cells (supplemental Fig. S2). Thus, it seems that trans-
port between the ER and the Golgi complex is intact in CHO-
GFP-iPLA1�. Like the endogenous iPLA1� in HeLa cells,
GFP-iPLA1� was localized to the Golgi complex and the
cytosol in these cells (Fig. 1B, bottom). Notably, GFP-iPLA1�
was additionally found in punctate structures of various sizes
(0.2–0.8 �m) that did not contain the Golgi marker GS28 (Fig.
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1B, bottom inset). To characterize
these structures, CHO-GFP-iPLA1�
cells were stained with antibodies
against four organelle markers;
EEA1 for early endosomes, cation-
dependent mannose 6-phosphate
receptor for late endosomes/lyso-
somes, transferrin receptor for recy-
cling endosomes, and ERGIC-53 for
the ERGIC. Among these markers,
ERGIC-53 overlapped with some of
the GFP-iPLA1�-positive puncta
(Fig. 1C).
To further determine the precise

localization of iPLA1�, we performed
electron microscopic analysis of
CHO-GFP-iPLA1� cells using an
anti-GFP antibody. Consistent with
the immunofluorescence observa-
tions, immunogold-labeled GFP-
iPLA1�was found both in the cytosol
and on the Golgi membranes. In the
Golgi complex, the signal was spe-
cifically concentrated on the cis-
side (Fig. 1D, left and middle). The
Golgi stacks with high expression of
GFP-iPLA1� were often swelled
(Fig. 1D, left), probably reflecting
the disorganizing effect of iPLA1�
overexpression. Strong signals
were also detected at clusters of
tubules and vesicles near the ER.
These structures represent the
ERGIC, which is also known as the
vesicular tubular complex based
on its appearance at the ultra-
structural level (31–34). The ER
tubules around these clusters,
however, did not show significant
positive signals (Fig. 1D, right),
corroborating that iPLA1� is asso-
ciated with the ERGIC but not
with the ER exit sites.
Although GFP-iPLA1� was local-

ized to the ERGIC, endogenous
iPLA1� did not appear to be distrib-
uted to the ERGIC in the immunoflu-
orescence observations (Fig. 1B). To
address the association of endoge-
nous iPLA1�with theERGIC,weana-
lyzed its localization at low temper-
ature. At 15 °C, delivery of proteins
from the ERGIC to the Golgi is
blocked, resulting in accumulation
of ER-Golgi recycling proteins in
the ERGIC (33, 35). As shown in Fig.
2A, endogenous iPLA1� showed
marked colocalization with ERGIC-

FIGURE 1. iPLA1� is localized to the cytosol, the cis-Golgi, and the ERGIC. A, iPLA1� distributes to both the
cytosolic and the membrane fractions. Total homogenates of HeLa cells were fractionated into soluble, deter-
gent-soluble, and detergent-insoluble fractions as described under “Experimental Procedures.” Each fraction
was subjected to Western blotting using anti-iPLA1� antibody. B, localization of iPLA1� under light microscopy.
HeLa cells were fixed and double-stained with anti-iPLA1� and anti-GS28 antibodies. iPLA1� appeared to be
localized to the cytosol and the Golgi complex (top). CHO-GFP-iPLA1� cells were stained with an anti-GS28
antibody. GFP-iPLA1� was localized not only to the Golgi complex and the cytosol but also to the dot-like
structures (bottom). Bars, 20 �m. C, CHO-GFP-iPLA1� cells were stained with an anti-ERGIC-53 antibody. The
bottom images are higher magnification of the boxed region in the top. GFP-iPLA1�-positive small dots were
partly colocalized with ERGIC-53. Bar, 20 �m. D, the localization of GFP-iPLA1� stably expressed in CHO cells
examined by silver/gold enhanced immunogold electron microscopy using an anti-GFP antibody. G indicates
the Golgi complex. The gold particles showing the presence of GFP-iPLA1� were detected on the cis side of the
Golgi complex (left and middle) and the ERGIC, which is also known as vesicular tubular complex (arrows). The
Golgi cisternae facing toward the vesicular tubular complex were identified as the cis-Golgi. High expression of
GFP-iPLA1� causes swelling of the Golgi stacks (left). Bars, 500 nm.
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53 after 3 h of incubation at 15 °C, supporting the idea that
endogenous iPLA1� associates with the ERGIC. A similar dis-
tribution pattern was observed for GFP-iPLA1� in CHO cells at
15 °C (Fig. 2B).
We next performed live imaging of GFP-iPLA1� using con-

focal microcopy. The GFP-iPLA1� localized to a Golgi region,
punctate or globular structures (0.50 � 0.13 �m) with low or
little mobility, and highly mobile dot-like structures (0.35 �
0.16 �m), which are likely transport carriers (Fig. 3A and a
supplemental movie). It appears that some of these mobile
structures have tubular protrusions that are small and very
transient. Notably, we occasionally observed GFP-iPLA1�-pos-
itive structures (0.35 � 0.05 �m) that arose from the Golgi
region and traveled toward the cell periphery (Fig. 3B and a
supplemental movie). Most of these structures disappeared in
the peripheral region, possibly representing a release of iPLA1�
from the membrane upon a fusion of the carrier with target
organelles. These data suggest that iPLA1� is associated with
not only the cis-Golgi and the ERGIC but also highly dynamic
transport carriers.
iPLA1� Is Not Involved in theAnterogradeTransport of VSVG

butContributes to the RetrogradeTransport between the ERand

theGolgi—Given the association of iPLA1�with the ERGIC and
cis-Golgi, we tested whether iPLA1� plays a role in membrane
transport between the ER and the Golgi complex by examining
both anterograde and retrograde transports in iPLA1�-knock-
down HeLa cells. Expression of iPLA1� was suppressed by
transfecting the cells with siRNA against iPLA1�. The expres-
sion of iPLA1� protein was decreased to less than 10% that of
control siRNA-treated cells as shown byWestern blotting (Fig.
4A). The structures of the ER, the ER exit sites/ERGIC, and
Golgi compartments were not obviously altered by iPLA1�
knockdown as revealed by staining for organelle markers for
these compartments (KDELR, ERGIC-53, and GM130, supple-
mental Fig. S3).
As a marker for anterograde transport, we used VSVGts045-

GFP. VSVGts045 is a temperature-sensitive protein that accu-
mulates in the ER at nonpermissive temperatures. Upon shift-
ing to a permissive temperature, VSVGts045 starts to be
transported along the secretory pathway via the Golgi complex
(Fig. 4B), allowing the anterograde transport to be monitored
(36, 37). iPLA1� knockdown cells showed a similar time course
ofVSVGts045-GFP transport from the ER to theGolgi complex

FIGURE 2. iPLA1� accumulates in the ERGIC at 15 °C. A, HeLa cells were
cultured at either 37 or 15 °C for 1 h followed by a double immunostaining
with anti-iPLA1� and anti-ERGIC-53 antibodies. Endogenous iPLA1� did not
appear to be localized to the ERGIC at 37 °C. At 15 °C, however, iPLA1� showed
marked colocalization with ERGIC-53. Bars, 20 �m. B, GFP-iPLA1� stably
expressed in CHO cells also showed colocalization with ERGIC-53 at 15 °C
similarly to endogenous iPLA1�. Bar, 20 �m.

FIGURE 3. GFP-iPLA1� is associated with transport carriers traveling from
the Golgi complex to the cell periphery. A, a CHO-GFP-iPLA1� cell observed
under confocal microscopy. Bar, 10 �m. B, the time lapse images of the boxed
region in A. Elapsed time in seconds is shown in each frame. A GFP positive
structure arose from the Golgi complex and moved to the cell periphery
(arrow) (see the supplemental movie).
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and plasmamembrane to control cells (Fig. 4C), indicating that
iPLA1� is not involved in the anterograde transport.

For analysis of the retrograde transport between the ER and
theGolgi complex, we performed two assays. First we used BFA
to induce Golgi membrane transfer into the ER. BFA is an
inhibitor of guanine nucleotide exchanging factors of Arf and
causes tubulation of the Golgi membrane and the following
fusion of the tubules into the ER, resulting in redistribution of
the Golgi membrane components into the ER (38–40). These
Golgi membrane behaviors can be visualized by GT-GFP, a
transmembrane Golgi-resident glycosylation enzyme (Fig. 5A)
(41, 42). We introduced GT-GFP into control and iPLA1�
knockdown cells and monitored the Golgi membrane behavior
in the presence of BFA. In control cells GT-GFP was redistrib-
uted in the ER pattern by 30 min after the commencement of
BFA treatment, indicating that most of the Golgi membrane
was transferred to the ER within 30 min in these cells (Fig. 5B,
left). In iPLA1� knockdown cells, however, GT-GFP-labeled
tubules, which are intermediates of the membrane transport to

the ER, were frequently observed even after 30 min of BFA
treatment (Fig. 5B, right). After 30min of BFA treatment, 86.5%
of the control cells showed GT-GFP redistributed throughout
the ER, whereas 63.8% of the iPLA1� knockdown cells still
retained GT-GFP-labeled tubular structures in the cytoplasm
(Fig. 5C). These results demonstrate that iPLA1� knockdown
caused a delay in Golgi membrane transport to the ER. It was
also noted that in more than 90% of both control and iPLA1�
knockdown cells the GT-GFP-labeled Golgi structures quickly
collapsed and tubulated within 5 min (Fig. 5C). This suggests
that this early step is normal in the iPLA1� knockdown cells
and, therefore, that the subsequent steps, such as fusion of the
tubules with the target membrane, were specifically impaired

FIGURE 4. Knockdown of iPLA1� does not affect the anterograde trans-
port of VSVG. A, HeLa cells were transfected with iPLA1�-specific or control
siRNAs, and three days later expression of iPLA1� protein was examined by
Western blotting with an anti-iPLA1� antibody. The protein level of iPLA1�
was suppressed to less than 10% that in control cells by siRNA against iPLA1�.
B, VSVG transport assay. In HeLa cells, VSVGts045-GFP accumulated in the ER
at the restrictive temperature (39 °C). However, at the permissive tempera-
ture (32 °C), VSVGts045-GFP was rapidly transported to the Golgi complex
and then to the plasma membrane along the secretory pathway. Bars, 20 �m.
C, 2 days after siRNA transfection, the cells were retransfected with
VSVGts045-GFP and cultured at 39 °C for 16 h. The cells were transferred to
32 °C to allow the transport of VSVGts045-GFP and fixed at various time
points. The percentages of cells in which VSVGts045-GFP was localized at the
Golgi complex (left) and the plasma membrane (PM, right) were quantified.
For the left graph, data represent the mean � S.D. (n � 2).

FIGURE 5. Knockdown of iPLA1� causes a delay in BFA-induced Golgi
membrane transfer to the ER. A, the processes of the Golgi membrane
transfer to the ER induced by BFA. The Golgi membrane was visualized by
GT-GFP (a– d). a shows the Golgi structure in the steady state. The Golgi com-
plex rapidly tubulates upon BFA treatment (b), and these tubules fuse with
the ER, resulting in complete disappearance of the perinuclear Golgi structure
(c). Eventually, all the Golgi membrane is redistributed in the ER, and GT-GFP
exhibits the nuclear ring and network pattern, which is a typical appearance
of the ER (d). B, two days after siRNA transfection, the cells were retransfected
with GT-GFP. 20 h later, the cells were treated with 10 �g/ml BFA for indicated
times and were fixed. The localization of GT-GFP was observed under confo-
cal microscopy. After 30 min of BFA treatment, GT-GFP completely trans-
ferred to the ER in control cells. However, in iPLA1� knockdown cells, tubules
containing GT-GFP (arrows) still remained after 30 min of BFA treatment. Bars,
20 �m. C, morphometric analysis of the Golgi membrane transport visualized
by GT-GFP in control and iPLA1� knockdown cells in the presence of BFA.
Control and iPLA1� knockdown cells expressing GT-GFP were treated with 10
�g/ml BFA for indicated times. The appearances of GT-GFP were classified
into four stages as the typical images shown in A: Golgi (a), Golgi � tubules
(b), tubules � ER (c), and ER (d). Data represent the mean � S.D. (n � 2).
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by iPLA1� knockdown. After the addition of BFA, iPLA1�
translocated from the Golgi complex to punctate structures in
the cell periphery, which is a typical distribution pattern for
cis-Golgi resident proteins (Fig. 6A). These puncta were exten-

sively overlapped with the ERGIC spots stained with an anti-
ERGIC-53 antibody (Fig. 6B), which have been thought to serve
as an entrance for ER-destined carriers (43, 44). Double labeling
of iPLA1� and the Golgi membrane with an anti-iPLA1� anti-
body and GT-GFP revealed that these iPLA1�-containing
puncta were also overlapped with the Golgi membrane tubules
in cells treated with BFA (Fig. 6C). These results show that
iPLA1� is present at the site of entrance of Golgi-derived tubu-
lar membranes into the ER.
Next, to analyze the retrograde transport without disturbing

organelle integrity, we used CtxB as a transport marker in the
second assay. Ctx is a protein toxin that invades cells by endo-
cytosis and is further delivered to the ER via the trans-Golgi
network (45, 46). It consists of an A subunit, which possesses
toxic activity, and a B subunit, which binds to the cell surface
receptor, a glycolipid GM1, and serves as a carrier for the A
subunit to the ER. Thus, the B subunit, CtxB, can be used as a
nontoxic retrograde transport marker. In both control and
iPLA1� knockdown cells, CtxB similarly bound to the plasma
membrane during incubation on ice and reached the Golgi
complex after 1 h of incubation at 37 °C (Fig. 7, A and B, left),
indicating that endocytosis and the subsequent delivery to the

FIGURE 6. iPLA1� translocates from the Golgi complex to the ERGIC upon
BFA treatment. A, HeLa cells were treated with 10 �g/ml BFA for the indi-
cated times and immunostained with an anti-iPLA1� antibody. iPLA1�
showed a rapid translocation upon BFA treatment from the Golgi complex to
dot-like structures dispersed throughout the cells. Bar, 50 �m. B, HeLa cells
treated with 10 �g/ml BFA for 0 or 5 min were double-stained with anti-
iPLA1� and anti-ERGIC-53 antibodies. After 5 min of BFA treatment, iPLA1�
was colocalized with ERGIC-53 in the dot-like structures, indicating that
iPLA1� translocated from the Golgi complex to the ERGIC. Bars, 20 �m. C, HeLa
cells were transfected with GT-GFP and treated with 10 �g/ml BFA for 0 or 5
min followed by immunostaining with an anti-iPLA1� antibody. The iPLA1�-
positive dots appeared to connect with the Golgi membrane tubules visual-
ized by GT-GFP. Bars, 20 �m.

FIGURE 7. Knockdown of iPLA1� causes a delay in CtxB transport from the
Golgi complex to the ER. A, control and iPLA1� knockdown cells were incu-
bated with CtxB containing medium on ice for 30 min to allow CtxB to bind to
the plasma membrane. After unbound CtxB was removed by washing with
PBS, these cells were cultured in normal medium at 37 °C for indicated times
and were then fixed. CtxB reached the Golgi complex at 1 h in both the control
and iPLA1� knockdown cells. CtxB reached the ER at 6 h in the control cell,
which was confirmed by the nuclear ring pattern of CtxB (arrow). In contrast,
in the iPLA1� knockdown cell CtxB showed no nuclear ring pattern and
mostly remained in the Golgi complex at 6 h. Bars, 20 �m. B, quantification of
cells in which CtxB was localized to the Golgi complex (left) and the ER (right).
iPLA1� knockdown significantly delayed CtxB arrival in the ER. Error bars for
control are hidden by the symbols. Data represent the mean � S.D. (n � 2).
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Golgi complex were not affected in iPLA1� knockdown cells.
On the other hand, the arrival of CtxB to the ERwas remarkably
delayed in iPLA1� knockdown cells. In control cells, CtxB
reached the ER in 6 h, as judged by the nuclear ring pattern
characteristic for the ER. In contrast, in more than 50% of the
iPLA1� knockdown cells CtxB still remained in the Golgi com-
plex and showednoER-like pattern at 6 h (Fig. 7,A andB, right).
Together, these results suggest that iPLA1� specifically contrib-
utes to Golgi-to-ER retrograde transport.
The Retrograde Pathway Involving iPLA1� Is Distinct from

Both COPI- and Rab6-dependent Pathways—Given the
involvement of iPLA1� in retrograde transport between the
Golgi complex and the ER and the existence of multiple path-
ways from the Golgi complex to the ER, we next addressed in
what pathway iPLA1� takes part. First, we examined whether
iPLA1� knockdown affects COPI-dependent transport. One of
the proteins that is transported via COPI is ERGIC-53, which is
a cargo receptor for glycoproteins and constitutively cycles
between the ER/ERGIC and the Golgi complex (31, 47). Using
the FRAP technique against the Golgi region of GFP-ERGIC-
53, we evaluated the transport speed of ERGIC-53 in control
and iPLA1� knockdown HeLa cells. iPLA1� knockdown and
control cells had similar distributions of GFP-ERGIC-53 (Fig.
8A), suggesting that the structures of the ER-Golgi compart-
ments were not affected. FRAP analysis showed no significant
difference in the time course of the fluorescence recovery
between control and iPLA1� knockdown cells (Fig. 8B). These
results suggest that iPLA1� is not involved in the cycling of
ERGIC-53.
We also examined whether knockdown of iPLA1� alters the

behavior of COPI itself. To visualize COPI, we expressed GFP-
tagged �COP (GFP-�COP), a component of COPI, inHeLa cells

(48). COPI distributes to the ERGIC and the cis-Golgi, where it
is recruited from the cytoplasm and functions as a coatomer to
form vesicles. iPLA1� knockdown and control cells had similar
distributions of GFP-�COP (Fig. 8C). In addition, the fluores-
cence recovery rate of the Golgi region of GFP-�COP in the
FRAP analysiswas not affected by iPLA1� knockdown (Fig. 8D),
suggesting that the recruiting speed of GFP-�COP was unal-
tered by iPLA1� knockdown.These results indicate that iPLA1�
is not involved in the COPI-dependent retrograde pathway.
Another possible retrograde pathway in which iPLA1� is

involved is the Rab6-dependent pathway (27, 28). In iPLA1�
knockdown cells, the expression of Rab6proteinwas reduced to
40–60% that of control (Fig. 9A). If this moderate reduction in
Rab6 level is causative of the iPLA1� knockdown phenotype,
Rab6-dependent pathway should be impaired in iPLA1� knock-
down cells. To test this possibility, we performed Stx transport
assay in iPLA1� knockdown cells. Stx is a protein toxin trans-
ported from the plasmamembrane to the ER via theGolgi com-
plex in a Rab6-dependent and COPI-independent manner (27,
49). InHeLa cells, Stx reaches theGolgi complex in 1 h and then
reaches the ER in �6 h (Fig. 9B). In iPLA1� knockdown cells,
Stx was found to be transported in a similar time course to

FIGURE 8. Knockdown of iPLA1� does not affect the recycling speed of
ERGIC-53 and the behavior of COPI complex. A, control and iPLA� knock-
down HeLa cells expressing GFP-ERGIC-53. Bars, 20 �m. B, FRAP analysis of
GFP-ERGIC-53. The Golgi regions were photobleached, and the fluorescence
recovery was monitored. Data represent the mean � S.D. (n � 3– 4). C, control
and iPLA� knockdown HeLa cells expressing GFP-�COP. Bars, 20 �m. D, FRAP
analysis was performed as in A (n � 5).

FIGURE 9. Knockdown of iPLA1� does not affect the transport of Stx. A, 3
days after siRNA transfection, expression level of each protein was examined
by Western blotting. Rab6 protein was reduced in iPLA1� knockdown cells.
B, the transport of Stx from the plasma membrane to the ER via the Golgi
complex. Stx was bound to the surface of HeLa S3 cells on ice, and its trans-
port was started by shifting the temperature to 37 °C. The cells were fixed
after incubation for indicated times and immunostained with an anti-Stx anti-
body. Stx localized in the ER showed nuclear ring pattern (arrow). Bars, 10 �m.
C, quantification of cells in which Stx localized to the Golgi complex (left) and
the ER (right). At least two separate experiments were performed for both
Golgi and ER arrivals of Stx, and typical results are presented here. The trans-
port speed of Stx was not altered by iPLA1� knockdown.
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control cells (Fig. 9C), indicating that knockdown of iPLA1�
does not functionally affect Rab6-dependent transport. Thus, it
is likely that iPLA1� does not directly participate in the Rab6-
dependent pathway. Together, our results indicate that iPLA1�
is involved in a specific Golgi-to-ER retrograde transport path-
waydistinct fromthepreviously characterizedCOPI-andRab6-
dependent pathways.

DISCUSSION

Transport Pathway and ProcessesMediated by iPLA1�—Pre-
vious studies have suggested the existence of distinct Golgi-
to-ER pathways other than the COPI- and Rab6-dependent
pathways. However, very little is known about retrograde fac-
tors other than COPI and Rab6. In this study we have shown
evidence suggesting that iPLA1� contributes to a specificGolgi-
to-ER retrograde transport distinct from the presently charac-
terized COPI- and Rab6-dependent pathways.
Although knockdown of iPLA1� did not affect the efficiency

of Rab6-dependent transport of Stx, we detected an �60%
reduction of Rab6 protein in iPLA1� knockdown cells. It has
been reported that adequate suppression of Rab6 results in not
only a delay in Stx transport but also structural defects of the
Golgi complex such as compaction or disassembly (50, 51).
However, we never found changes in structures of the ER-Golgi
compartments in iPLA1� knockdown cells. Therefore, it is
assumed that the 60% reduction of Rab6 in iPLA1� knockdown
cells is not enough to cause defects and, rather, is a secondary
effect of suppression of iPLA1� functions.

We demonstrated that knockdown of iPLA1� delayed ER
delivery of CtxB. CtxB specifically binds to the glycosphingo-
lipid GM1, which is concentrated in lipid rafts and is often used
as a raftmarker (45). Because the interaction betweenCtxB and
GM1 is maintained throughout the transport from the plasma
membrane to the ER (52), it is thought that CtxB follows the
endogenous intracellular flow of lipid rafts. Recent studies
using lipid binding toxins and lipid raft markers suggested that
a retrograde pathway transports lipid raft components from the
plasma membrane to the ER via the Golgi complex (45, 52, 53).
However, little is known about the molecular machineries that
regulate this pathway. It has been proposed that this pathway
does not involve protein-based sorting but is solely dependent
on lipid-based machinery (45). Based on our results, it is possi-
ble that iPLA1� is one of the factors that contributes to this
lipid-based transport in the Golgi-to-ER part.
iPLA1� knockdown also delayed Golgi membrane transfer

into the ER in the presence of BFA, as was observed in cells
treated with PLA2 inhibitors (22). Although it is unclear
whether the tubule formation and their transport induced by
BFA reflect the physiological retrograde membrane transport,
our results provide some information about the transport proc-
ess mediated by iPLA1�. iPLA1� knockdown cells displayed
Golgi membrane tubules still remaining in the cytoplasm after
BFA treatment, whereas tubulation and collapse of the Golgi
structure appeared normal in these cells. This suggests that
iPLA1� is not involved in the tubulation step but contributes to
the later step, promoting the entrance of the membranes into
the ER. Consistent with this idea, iPLA1� was colocalized with
Golgi membrane tubules at ERGIC spots, which are thought to

be an entrance for ER-destined tubules or vesicles. Thus, it is
conceivable that iPLA1� directly regulates the entrance of car-
rier membranes at the ERGIC.
Under normal conditions iPLA1� was associated with the

cis-Golgi and the ERGIC. The ERGIC serves as an intermediate
compartment between the ER and the Golgi complex, where
cargos are sorted into both anterograde and retrograde trans-
port pathways (31, 54). It is thought that the retrograde vesicles
or tubules that have departed from theGolgi complex fuse with
the ERGIC, and the cargos are then repackaged into newly
formed carriers that subsequently travel to the ER. Considering
the presence of iPLA1� on transport carriers that emerged from
the Golgi complex and the result that iPLA1� knockdown
inhibited not the tubulation step but the later step in Golgi
membrane tubular transport in the presence of BFA, it is highly
likely that iPLA1� mediates the fusion step between the Golgi-
derived retrograde carriers and the ERGIC membranes. At the
sites ofmembrane fusion, both the carriers and the targetmem-
branes have to undergo dynamic changes. In such situations,
iPLA1� might contribute to modification of membranes possi-
bly through phospholipid hydrolysis.
Possible Roles of Phospholipid Hydrolyzing Activity of iPLA1�—

We recently showed that ipla-1, the sole iPLA1 family protein in
C. elegans, requires its catalytic activity to normally organize
asymmetric cell division (8). Thus, it is likely that iPLA1� also
functions through phospholipid metabolizing. The key ques-
tion here is how iPLA1� regulates membrane transport events
through its catalytic activity to hydrolyze phospholipid mole-
cules. PLA1 reaction produces saturated free fatty acids and
unsaturated lysophospholipids. Because unsaturated lysophos-
pholipids aremuchmore hydrophilic than their precursor, dia-
cyl phospholipids, they can be relatively easily released into the
aqueous phase. We previously demonstrated that iPLA1� in
vitro hydrolyzes various phospholipids including phospho-
inositides, which contribute to diverse cellular events including
membrane transport. Thus, it is possible that iPLA1� eliminates
these functional phospholipids frommembranes (13). Another
prominent aspect of PLA1 reactions is that their products, lyso-
phospholipids, generally have an inverted cone shape with a
bulky polar head and a smaller fatty acid moiety and, therefore,
generate positive membrane curvature (55, 56). A number of
studies have suggested that phospholipid hydrolysis induces
morphological changes of membranes in vitro including fusion
(57–59). However, it remains to be determined whether lipid-
metabolizing enzymes have such roles in vivo. Based on our
present study, iPLA1� is a likely candidate for the lipid-metab-
olizing enzyme that regulates membrane shapes in vivo. Deter-
mining the physiological substrate of iPLA1�would verify these
possibilities and more clearly define the function of its phos-
pholipid metabolism.
Differences between the Three Mammalian iPLA1s—iPLA1�

and -� had been expected to have similar functions because 1)
they showed high homology with each other, and 2) overex-
pression cause similar structural defects to the Golgi complex
and the ERGIC (10, 11). However, our results strongly sug-
gested that iPLA1� has a distinct function from that of iPLA1�.
It has been reported that iPLA1� is localized specifically in the
ER exit sites, and knockdown of iPLA1� leads to disorganiza-
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tion of the ER exit sites (12). On the other hand, as we have
shown in this study, iPLA1� is associated with the ERGIC/cis-
Golgi compartments but not with the ER exit sites. In addition,
knockdown of iPLA1� does not affect the apparent organiza-
tion of the ER exit sites/ERGIC, corroborating its distinct local-
ization and function. Whereas the middle and C-terminal
regions of iPLA1� and -� are highly homologous, their N-ter-
minal regions show very low homology. iPLA1� interacts with
Sec23p through this region, whereas iPLA1� does not. This dif-
ference may be responsible for their distinct localization and,
togetherwith the difference in PLA1 activity, contribute to their
eventual functions.
The third mammalian iPLA1, iPLA1�, shows less homology

to iPLA1� and -� (15.9% and 18.8%, respectively). It neither
binds to Sec23p in vitro nor causes disorganization of the ER-
Golgi compartments when overexpressed. Although little is
known about the physiological function of iPLA1�, the in vitro
substrate preference of iPLA1� and its distribution between the
soluble and the membrane fractions are similar to those of
iPLA1�,4 raising the possibility that iPLA1� contributes to
membrane transport in a similar manner to that of iPLA1�.
Conclusion—In this study we focused on one of the three

mammalian iPLA1s, iPLA1�, and found that iPLA1� is localized
to the cis-Golgi and the ERGIC and is involved in Golgi-to-ER
retrograde membrane transport. Importantly, the iPLA1�-de-
pendent pathway was distinct from the previously character-
ized COPI- and Rab6-dependent pathways. Further studies will
establish the physiological substrate of iPLA1�, the functional
mechanism of its enzymatic activity, and the precise processes
mediated by iPLA1�.
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