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Actin dynamics and membrane trafficking influence cell commitment to programmed cell death through largely undefined
mechanisms. To investigate how actin and recycling endosome (RE) trafficking can engage death signaling, we studied the
death program induced by the adenovirus early region 4 open reading frame 4 (E4orf4) protein as a model. We found that
in the early stages of E4orf4 expression, Src-family kinases (SFKs), Cdc42, and actin perturbed the organization of the
endocytic recycling compartment and promoted the transport of REs to the Golgi apparatus, while inhibiting recycling of
protein cargos to the plasma membrane. The resulting changes in Golgi membrane dynamics that relied on actin-
regulated Rab11a membrane trafficking triggered scattering of Golgi membranes and contributed to the progression of
cell death. A similar mobilization of RE traffic mediated by SFKs, Cdc42 and Rab11a also contributed to Golgi fragmen-
tation and to cell death progression in response to staurosporine, in a caspase-independent manner. Collectively, these
novel findings suggest that diversion of RE trafficking to the Golgi complex through a pathway involving SFKs, Cdc42,
and Rab11a plays a general role in death signaling by mediating regulated changes in Golgi dynamics.

INTRODUCTION

Cell death (CD) mechanisms rely on the orderly remodeling
of the cell cytoskeleton and membranes through the traffick-
ing of proteins and lipids to distinct cellular organelles
(Garofalo et al., 2007; Tembe and Henderson, 2007). This
movement of proteins and lipids from one compartment to
another serves to relay death signals in part through modi-
fications of organelle dynamics. Growing evidence indicates
that different organelles can sense specific stress and initiate
CD signaling once a critical threshold of damage has been
reached (Ferri and Kroemer, 2001). For example, the Golgi
complex has been shown to undergo major changes in struc-
tural organization associated with the release of peripheral
proteins that seems to acquire death-inducing functions
(Hicks and Machamer, 2005). Hence, different organelles are
simultaneously engaged in dynamic changes induced by

death signaling, and interorganellar cross-talks have emerged
as a fundamental issue in the field of CD. Little is known,
however, regarding how such dynamic changes are orches-
trated. Considering the key function of actin in membrane
trafficking and in the maintenance of organelle integrity
(Egea et al., 2006; Lanzetti, 2007), it is conceivable that local
changes in the dynamic state of actin play a role. Such a
function for actin has remained enigmatic, owing to the lack
of a CD model involving organelle-based actin dynamics.

We have shown that the 14-kDa protein encoded by the
early region 4 open reading frame 4 (E4orf4) of human
adenoviruses triggers CD in part through regulated changes
in actin dynamics (Robert et al., 2006). When expressed in a
wide variety of transformed and cancer cell lines, E4orf4
activates a CD pathway associated with apoptotic hall-
marks, including dynamic blebbing, chromatin condensa-
tion and pyknosis; however, CD resists to a variety of
caspase inhibitors and does not depend on the function of
p53 and Bcl-2-family of proteins (Lavoie et al., 1998; Marcellus
et al., 1998; Shtrichman et al., 1999; Lavoie et al., 2000; Livne
et al., 2001; Robert et al., 2002, 2006; Smadja-Lamere et al.,
2008). It was shown that E4orf4 accumulation on cortical and
perinuclear membranes marks the onset of a polarized re-
modeling of the actin cytoskeleton, which is associated with
massive recruitment of recycling endosomes (REs) and a
lethal increase in cell tension (Robert et al., 2006; Smadja-
Lamere et al., 2008). These dynamic cytoskeletal changes are
controlled by several pathways involving Rho GTPases, in-
cluding the Cdc42/N-Wasp/Arp2/3 signaling axis that
stimulates the formation of dynamic actin particles associ-
ated with REs (Robert et al., 2006). Src-family kinases (SFKs)
also play a key role in activating the death program, through
their binding to E4orf4 and phosphorylation of discrete Tyr
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motifs (Lavoie et al., 2000; Gingras et al., 2002; Champagne et
al., 2004). In turn, phosphorylated E4orf4 diverts SFK-depen-
dent signaling, favoring the tyrosine phosphorylation of a
subset of targets that presumably contribute to deregulate
endosomal actin dynamics (Robert et al., 2006). However, the
relationship between SFKs and Cdc42 and their impact on
RE trafficking remain unclear, like the functional relevance
of RE trafficking to the death process. Hence, E4orf4 offers a
unique model for studying the role of actin-regulated mem-
brane trafficking in CD signaling. Given that E4orf4 is one of
a family of proteins exhibiting a so-called tumor cell-selec-
tive killing activity, the mechanism involved is of great
interest (Shtrichman et al., 1999; Bruno et al., 2009).

The REs are a heterogeneous population of tubulovesicu-
lar endosomes typically condensed in the pericentriolar re-
gion, which forms the endocytic recycling compartment
(ERC) (Saraste and Goud, 2007). The traffic of REs is con-
trolled by the small GTPase Rab11 and is mainly involved in
the slow retrieval of internalized membranes and signaling
molecules to the plasma membrane or to the trans-Golgi
(TGN) via retrograde membrane transport (van Ijzendoorn,
2006). The ERC seems to represent a center integrating ve-
sicular transport with signaling modules controlling actin
remodeling and could provide an intracellular reservoir of
membranes that would be readily recruited during dynamic
rearrangement of the cell (Jones et al., 2006; Saraste and
Goud, 2007). For example, the actin polymerization complex
Cdc42/N-Wasp is assembled at the ERC (Parsons et al.,
2005) and Src activation (which has potent effects on actin) is
tightly linked to its transport from the ERC to peripheral
membrane sites through a pathway involving Rab11, actin,
and Rho GTPases (Sandilands et al., 2004; Sandilands and
Frame, 2008). It is currently unknown, however, whether
SFKs and Rho GTPases can contribute to mobilize REs dur-
ing cell activation processes. Indeed, studies of the function
of Rab11 suggest that cells mobilize REs for delivering mem-
branes, actin and signaling molecules to membrane regions
subjected to a dynamic reorganization (van Ijzendoorn,
2006). It has been shown recently that death receptor signal-
ing leads to an accumulation of REs in the peri-Golgi region
in T cells (Degli Esposti et al., 2009), suggesting that REs
could be mobilized during CD. Whether REs could contrib-
ute to the remodeling of actin and organelles taking place
during the execution of CD pathways has not been explored
(Ndozangue-Touriguine et al., 2008).

In the present study, we have investigated whether regu-
lated changes in actin associated with RE trafficking could
modulate CD by influencing organelle dynamics, by using
E4orf4 as a prototype model and staurosporine as a classical
apoptotic trigger. Moreover, we have explored the connect-
ing route between REs and the Golgi complex as a mecha-
nism coupling RE trafficking to CD signaling via structural
changes of the Golgi. We present evidence for a model in
which a pathway involving SFKs, Cdc42, actin, and Rab11a
controls the mobilization of REs during CD, promoting the
transport of REs to Golgi membranes that in turn trigger
caspase-independent changes in Golgi dynamics involved in
the progression of cell death.

MATERIALS AND METHODS

Expression Vectors, Antibodies, and Chemicals
Expression vectors used in this study are described in Supplemental Data.
Those described previously and the chemicals used are listed in Supplemental
Table S1. The commercial antibodies used are listed in Supplemental Table S2.
The rabbit anti-TOM20 was a gift from G. Shore (McGill University, Montreal,
QC, Canada), and the rabbit anti-extracellular signal-regulated kinase (ERK)
2 was described previously (Huot et al., 1995).

Cell Culture, Transfection, and Small Interfering RNA
(siRNA)
HeLa (Jones et al., 1971) and MCF7 (Soule et al., 1973) cell lines were main-
tained in �-minimal essential medium (MEM) and 10% fetal bovine serum,
and 293T cells (Graham et al., 1977) were grown in DMEM and 10% fetal
bovine serum. MCF7 and HeLa cells were transfected with Lipofectamine
2000 (Invitrogen, Carlsbad, CA), according to the manufacturer’s recommen-
dations. 293T cells were transfected by the calcium-phosphate method
(Lavoie et al., 2000). For siRNA experiments, HeLa and MCF7 cells were
transfected overnight by the calcium-phosphate method or using the TransIT-
TKO reagent (Mirus Bio, Madison, WI), split for subsequent transfection 48 h
later, and examined 72 h later. The commercial siRNA oligonucleotides used
in this study are listed in Supplemental Table S2. For experiments in E4orf4-
expressing cells, chemical inhibitors SKI-1 (10 �M), PP2 (10 �M), SU6656
(5 �M), NSC23766 (100 �M), Q-VD-OPh (10 �M), and zVAD-FMK (50 �M) or
the vehicles were added to the culture medium 4–5 h after transfection, but
before the onset of E4orf4 expression. For experiments using staurosporine
(STS), caspase inhibitors and other drugs were added to culture medium 1 h
before and remained during STS treatment (1 �M). Latrunculin A (LatA) was
used at 1 �M or at a lower concentration (0.5 �M) that inhibits actin dynamics
without disrupting the actin cytoskeleton. Brefeldin-A was used at 5 �g/ml to
induce the massive Golgi-to-endoplasmic reticulum (ER) retrograde transport
of membranes.

Cell Fractionation and Western Blot
For isolation of heavy/light membranes, cells were suspended at 50 � 106

cells/ml in sucrose buffer (20 mM HEPES, pH 7.5, 250 mM sucrose, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 15 �g/ml leupeptin, 5 �g/ml
aprotinin, 1 �g/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride, and 1
mM Na3VO4), swollen on ice for 1 h, and forced through a 27-gauge needle
50–60 times (Robert et al., 2006). Post nuclear supernatants (PNSs) were
pelleted at 700 � g and further fractionated by serial centrifugation (heavy
membranes, 8000 � g; light membranes, 170,000 � g). For analysis of Rab11a
distribution, the homogenized cells were centrifuged at 5000 � g, and super-
natants were centrifuged at 170,000 � g for 30 min to obtain the membrane
and cytosolic fractions. To obtain a 10–20-30% linear gradient of Opti-Prep
(iodixanol), the homogenized cells were centrifuged at 700 � g, and PNSs
(1 ml) were mixed with Opti-Prep (1.5 ml of 50% solution) to reach a final
concentration of 30% iodixanol. The mixtures were layered under 1.3 ml of
20% iodixanol and 1.2 ml of 10% iodixanol, respectively, as described previ-
ously (Chen et al., 2006). The gradient was spun at 360,000 � g for 3 h at 4°C
and collected into 20 fractions. Equal volumes of fractions were loaded on
SDS-polyacrylamide gel electrophoresis gels, and Western blots were per-
formed as described previously (Lavoie et al., 2000). Protein concentrations
were determined with the DC Protein Assay (Bio-Rad Laboratories, Hercules,
CA), and densitometric analyses were performed from FluorS MAX Multi-
imager–captured images using Quantity 1-D software, version 4.6.0 (Bio-Rad
Laboratories).

Immunofluorescence and Membrane Trafficking Assays
DNA was stained with cell-permeable Hoechst before cell fixation. Caspase
activities were visualized in a single cell by using a cell-permeant generic
rhodamine-based caspase substrate (D2-R110; Invitrogen), which is converted
to a fluorescent R110 cleavage product by caspases. The D2-R110 caspase
substrate was added to a concentration of 50 �M 2 h before visualization in
live cells by epifluorescence. Cells fixation was performed in 3.7% formalde-
hyde in Luftig buffer [0.2 M sucrose, 35 mM piperazine-N,N�-bis(2-ethanesul-
fonic acid), pH 7.4, 5 mM EGTA, and 5 mM MgSO4] for 20 min at 37°C, and
fixation-induced fluorescence was quenched with 50 mM NH4Cl for 15 min at
room temperature (RT). Immunostaining was performed as described previ-
ously (Lavoie et al., 2000). For Rab11a staining, cells were fixed and incubated
in 30% sucrose for 2 h before permeabilization by four cycles of freeze/thaw
(30 s in liquid nitrogen followed by 1 min at room temperature). Analyses of
mitochondrial transmembrane potential (��m) were performed by incubat-
ing cells with 25 nM MitoTracker Deep Red for 20 min at 37°C before cell
fixation. To determine an average ��m/cell, the ratio between mitochondrial
total fluorescence intensity over the total area of the mitochondrial network
was measured from confocal image stacks by using the Measure Integrated
Density function of the ImageJ software (National Institutes of Health, Be-
thesda, MD). The average loss of ��m (in percent) was obtained from the
ratio between the average ��m/cell of E4orf4-expressing cells over the aver-
age ��m/cell of E4orf4-negative cells for each individual experiment (sam-
ple) to minimize the variability due to differences in staining intensity. For the
labeling of ERC with Tf, cells were starved 30 min in �-MEM containing 0.5%
bovine serum albumin and incubated with 5 �g/ml Alexa-647– or 488–
conjugated Tf (Invitrogen) for 1 h in complete culture media. Under these
conditions, Tf was predominantly localized to Rab11-positive REs. Recycling
of transferrin (Tf) and MHCI from the ERC to the plasma membrane was
measured as described previously (Weigert and Donaldson, 2005). HeLa cells
were serum starved for 30 min at 37°C in �-MEM containing 0.5% bovine
serum albumin and incubated with 5 �g/ml Alexa-488-Tf or 50 �g/ml MHCI
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antibody for 30 min at 37°C. To remove protein cargos that were not inter-
nalized, cells were incubated at RT for 30 s with stripping buffer (0.5% acetic
acid and 0.5 M NaCl, pH 3.0). Cells were washed twice in Luftig buffer, twice
in �-MEM, and fixed (T � 0 min) or incubated in complete MEM for 30 min
at 37°C (T � 30 min). Recycled cargos were removed by a second incubation
with stripping buffer to reveal the internal pools only. MHCI antibody was
immunodetected with an Alexa-488—conjugated goat anti-mouse in the
presence of 0.2% saponin. The total fluorescence intensity of Tf or MHCI
internal pools within individual cells was quantified from confocal image
stacks covering the depth of the cell, using the Measure Integrated Density
function of the ImageJ software. Recycling of cargos is expressed as the loss
of internal fluorescence intensity (Tf or MHCI) at T � 30 min over the total
fluorescence intensity at T � 0 min (in percent). The retrograde transport from
early endosome (EE)/RE to the TGN was measured using recombinant
B-subunit of Shiga toxin as protein cargo (StxB), as described previously
(Mallard et al., 1998). HeLa cells were incubated with 1 �g/ml Alexa-488-
conjugated-STxB (kindly provided by Dr. L. Johannes (Institut Curie, Paris,
France) for 45 min at 4°C, washed three times with ice-cold medium to
remove unbound STxB, and shifted to 37°C. A short internalization period
was used (20 min) to measure an increase in the rate of STxB transport to the
TGN. The localization of STxB to the TGN was determined by immunostain-
ing of endogenous golgin-97. To determine the fraction of TGN-associated
STxB (in percent), the ratio between total fluorescence intensity in the TGN
area over whole cell total fluorescent contents was measured from confocal
image stacks using the Measure Integrated Density function of the ImageJ
software. Post-Golgi transport was measured using a temperature-sensitive
(ts) mutant of the vesicular stomatitis virus G protein as protein cargo
(VSVG-ts-green fluorescent protein [GFP]) (Presley et al., 1997). In brief, cells
transfected with the VSVG-ts-GFP were incubated at 39.5°C for 16 h to allow
the accumulation of VSVG protein at the ER. Cells were shifted to the
permissive temperature (31.5°C) for the indicated time in the presence of
cyclohexamide (75 �M) and processed for immunofluorescence of markers of
the ER (calnexin) or cis-Golgi (GM130). The fraction of juxtanuclear/Golgi-
associated VSVG-ts-GFP was estimated (in percent) by measuring the ratio
between the average fluorescence intensity in the juxtanuclear area over total
cell fluorescence intensity using the Measure Average Intensity function of
the ImageJ software.

Microscopy, Quantitative Cellular Imaging, and Image
Processing/Analyses
Epifluorescence microscopy was performed with a Nikon TE-2000 inverted
microscope (60� oil 0.6–1.25 numerical aperture [NA], CoolSNAP HQ cooled
charge-coupled device camera; Photometrics, Tucson, AZ) driven by Meta-
Morph software, version 7.14 (Molecular Devices, Sunnyvale, CA). Confocal
microscopy of live and fixed cells was performed with an FV1000 confocal
microscope (100� oil 1.4 NA) driven by FluoView software (Olympus, Tokyo,
Japan), or with an Ultraview spinning disk confocal imaging system (100� oil
1.4 NA, 60� oil 1.4 NA, or 40� oil 1.3 NA with 1.5� Optovar; PerkinElmer
Life and Analytical Sciences, Boston, MA) equipped with a cooled electron
multiplying charge-coupled device camera at �50°C (Hamamatsu Photonics
K.K., Hamamatsu-shi, Japan) and driven by ImageSuite software, version 3.1
(PerkinElmer Life and Analytical Sciences). Both systems were equipped with
a humidified, 5% CO2 thermoregulated chamber. For quantitative cellular
imaging, acquisitions were taken on separate channels using the same pa-
rameters (gain and laser power) optimized to keep fluorescent signals in the
dynamic range. For confocal image stacks, three-dimensional (3D) and four-
dimensional (4D) imaging, confocal z-sections covering the entire depth of the
cell were acquired with z-step of 0.5–1.0 �m. Processing and analyses of 3D
and 4D image data were performed on Volocity 4 or 5.0 software (Improvi-
sion; PerkinElmer Life and Analytical Sciences). When indicated, confocal
z-stacks were deconvolved with Volocity 5.0. Subcellular colocalization anal-
yses (object-based analysis, threshold Mander’s overlap coefficient, Pearson’s
coefficient; Bolte and Cordelieres, 2006) and quantitative analyses of organelle
dynamic changes (loss of ERC integrity [Horgan et al., 2007], loss of Golgi
integrity) are described in Supplemental Data. MetaMorph, version 4.5; Pho-
toshop, version 7.0 (Adobe Systems, Mountain View, CA); and ImageJ 1.41
(National Institute of Health) were used for processing of entire images before
cropping to emphasize the main point of the image; processing was limited to
background subtraction and brightness/contrast adjustments, unless other-
wise indicated.

Statistical Analyses
One-way analyses of variance were used, with p values of �0.05 considered
significant (*p � 0.05, **p � 0.01, and ***p � 0.001). Prism 5.0 software
(GraphPad Software, San Diego, CA) was used to compare mean values of
individual experiments, whereas SAS/STAT 9.1 software (SAS Institute,
Cary, NC) was used to compare all single-cell measurements from individual
experiments.

RESULTS

Loss of ERC Structural Integrity as a Result of Increased
SFK Activity at REs
The death-promoting activity of E4orf4 has been linked to
the assembly of a peculiar ring of actin-myosin at the jux-
tanuclear region requiring the ability of E4orf4 to modulate
SFKs and Cdc42-dependent actin polymerization (Robert et
al., 2006) (Supplemental Figure S1A, F-actin). The actin
structures were shown to be associated with REs exhibiting
a striking polarization to the peri-Golgi region where the
contractile ring is formed (Supplemental Figure S1A, Rab11a).
Based upon this, we have proposed that E4orf4 may perturb
RE trafficking as a result of deregulated SFKs and Cdc42
activity, promoting actin remodeling and cell death. Yet,
functional links between SFKs, Cdc42, and changes in RE
trafficking have not been explored.

As a first step toward this goal, we looked at the effect of
E4orf4 on the structural integrity of the ERC in MCF7 or
HeLa cells by fluorescent confocal microscopy after cotrans-
fecting them with E4orf4-mRFP and GFP-Rab11a. We rea-
soned that changes in the morphology of the ERC could
reflect alterations in RE trafficking. The ERC consists of an
extensive network of tubules that is found predominantly in
the pericentrosomal region of MCF7 cells (Figure 1A, Ctl) or
more dispersed in the cytoplasm of HeLa cells (see Figure
4A, Tf, Ctl) (Ullrich et al., 1996; Casanova et al., 1999; Wilcke
et al., 2000). Confocal image stacks (Figure 1A, grayscale)
provided a global view of RE distribution, whereas three-
dimensional reconstruction of image stacks (Figure 1A, 3D:
green) allowed a better visualization of the tubular morphol-
ogy of pericentrosomal ERC elements. In both cell lines,
E4orf4 induced a loss of pericentrosomal Rab11a associated
with fragmentation of Rab11a tubular structures that
adopted a dot-like vesicular morphology contrasting with
the tubulovesicular organization of REs in control cells (Fig-
ure 1A, E4orf4). This phenotype was observed in �68% of
E4orf4-expressing cells compared with �30% of control cells
(Figure 1B) and largely preceded the typical reorganization
of the actin cytoskeleton (data not shown). ERC reorganiza-
tion was also revealed by labeling the transferrin receptor
(TfR) that traffics through the ERC (by uptake of fluorescent
Tf, or with anti-TfR; data not shown) (Maxfield and
McGraw, 2004), indicating that E4orf4 did not simply mis-
localize Rab11a. We concluded that the peculiar polarization
of REs in response to E4orf4 was preceded by disruption of
the ERC.

To determine whether ERC structural changes were
linked functionally to SFK signaling, we used characterized
E4orf4 mutants defective in their ability to modulate SFKs,
SFK inhibitors (PP2, SKI-1), or siRNAs to deplete the three
ubiquitously expressed SFKs Src, Yes, and Fyn. Remarkably,
E4orf4 mutants unable to interact with SFKs (E4orf4[6R-A])
(Champagne et al., 2004) or displaying Y-F substitutions at
tyrosine-phosphorylated motifs (E4orf4[4Y-F]) (Gingras et al.,
2002) had no effect on ERC organization (Figure 1B). Fur-
thermore, inhibition of SFKs by using PP2 or SKI-1, or by
depletion of Src or Yes, reduced the ability of E4orf4 to
perturb ERC organization by �30–55% (Figure 1B, siSrc,
siYes). Under such conditions, Src and Yes were depleted
by �80% in both MCF7 and HeLa cells (Figure 1C; data
not shown). In marked contrast, control siRNA or siRNA
to Fyn had no effect (Figure 1B, siCtl, siFyn), despite the
�80% depletion of Fyn (Figure 1C), suggesting a selective
requirement for Src and Yes in the context of HeLa and
MCF7 cells.
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Based on these data, we reasoned that changes in ERC
organization could occur as a consequence of the ability of
E4orf4 to divert SFK-dependent signaling to REs. To deter-
mine whether this was so, we examined the cellular distri-
bution of phospho-Src in cells expressing equivalent levels
of transfected Src, in the presence or absence of E4orf4.
Catalytically active Src and REs were probed by immuno-
fluorescence with anti-p416 SFK and anti-TfR, respectively,
and the relative distribution of phospho-Src at REs was quan-
tified by analysis of deconvolved confocal image stacks. Using
a 3D object-based analysis (Bolte and Cordelieres, 2006), we
found that E4orf4-expressing cells displaying polarized REs
exhibited a �1.8-fold increase in the percentage of phospho-

Src signal that overlapped with TfR-labeled REs compared
with control cells (Figure 1D). Consistently, a threshold ap-
proach to evaluate pixel colocalization (Costes et al., 2004)
revealed a 1.8-fold increase in the mean value for Mander’s
coefficient of phospho-Src over TfR-labeled REs in cells
expressing E4orf4 (Supplemental Figure S1B, tM) and the
Pearson’s index of overall colocalization also showed a sig-
nificant increase (Supplemental Figure S1B, Rtot, 1.4-fold).
Crude cell fractionation further indicated that E4orf4
stimulated protein tyrosine phosphorylation within endo-
membranes in 293T, a transformed cell line highly sensi-
tive to the SFK-regulated death-promoting activity of
E4orf4 (Champagne et al., 2004). In agreement with our

Figure 1. SFK-dependent changes in ERC orga-
nization and endosomal SFK signaling in re-
sponse to E4orf4. (A) Confocal image stacks
(grayscale) of MCF7 cells transfected with GFP-
Rab11a and mRFP (Ctl) or E4orf4-mRFP, treated
or not with SKI-1. 3D reconstructions of images
stacks (green, cells designated by arrows) show
the tubulovesicular morphology of Rab11a carri-
ers in control cells (arrowheads). Bar, 10 �m. (B)
Left, graph depicts the percentages of MCF7 cells
showing loss of ERC integrity in response to
mRFP (Ctl), or E4orf4 proteins: WT, wild type;
4Y-F, nonphosphorylatable; 6R-A, defective in Src
binding. Data are the means 	SD of three exper-
iments, n � 600 cells. Right, graph depicts the
percentages of control cells (monomeric red fluo-
rescent protein [mRFP]) or of E4orf4 cells that
have been exposed to PP2 or SKI-1 or transfected
with the indicated siRNAs, which show ERC dis-
persal and fragmentation; siCtl, control siRNA.
The data are the means 	 SD of two experiments
performed on MCF7 and HeLa cells, n � 200 cells.
Dashed lines delineate the background level of
ERC dispersal. (C) Western blots of HeLa extracts
harvested 72 h after transfection with siRNAs.
The estimated percentages of reduction of SFK
protein levels are indicated; �-actin levels: loading
controls. (D) Single-plane views from decon-
volved z-stacks of HeLa cells expressing Src alone
or with FLAG-E4orf4, showing active SFKs (p416
SFK) and TfR staining (REs). The relative percent-
ages of p416 SFKs within TfR-positive endosomes
are indicated and were estimated from 3D images
by using an object-based analysis function of the
Volocity software (described in Supplemental
Data); means 	SE, n � 8, p � 0.01. Complemen-
tary analyses of coincident pixels are available in
Supplemental Figure 1B. XZ reconstructions of
deconvolved image stacks (arrowhead: x-axis). N,
nucleus, Bar, 10 �m. (E) Western blots of fractions
from control (Ctl) or E4orf4-expressing 293T cells:
HM, heavy membranes; LM, light membranes; C,
cytosol; anti-phosphotyrosine (PY20), anti-GM130
(cis-Golgi), anti-phospho-SFK (p416 SFK), anti-
ERK2 (cytosol), anti-Rab11a (REs), anti-FLAG
(E4orf4), and anti-Tom20 (mitochondria). Red *,
proteins showing E4orf4-induced tyrosine phos-
phorylation. Dividing lines indicate grouping of
images from parts of the same gel.
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Figure 2. ERC dispersal as a result of SFK-dependent RE-based Cdc42 signaling. (A) Single-plane views of HeLa cells transfected with
GFP-wCRIB and mRFP (Ctl) or E4orf4-mRFP, showing tails and puncta of GFP-wCRIB in E4orf4-positive cells associated with REs, as seen
by immunostaining of Rab11a, whose formation is abolished by SKI-1 or by depletion of Src and Yes (siSrc
siYes); siCtl, control siRNA.
Arrowheads in enlarged images of the boxed regions designate Rab11a endosomes embedded in tail and coat structures labeled by the
GFP-wCRIB. (B) XZ reconstructions of deconvolved image stacks showing the overlapping distributions of Rab11a endosomes and tail-like
structures labeled by GFP-wCRIB in E4orf4-expressing cells (asterisks). Bar, 10 �m. (C) Western blots of extracts of MCF7 cells harvested 72 h
after transfection with the indicated siRNAs with or without myc-Cdc42. The estimated percentages of reduction of Cdc42 protein levels are
indicated; calreticulin levels: loading controls. Dividing lines indicate grouping of images from parts of the same gel. (D) Confocal image
stacks (grayscale) of MCF7 cells transfected with GFP-Rab11a and mRFP (Ctl) or E4orf4-mRFP, after transfection with the indicated siRNAs.
Cells indicated by arrows are shown in high-magnification 3D reconstructions of image stacks (green). Bar, 10 �m. (E) Graph depicting the
percentages of mRFP (Ctl) or E4orf4-mRFP–expressing cells, which have been transfected with the indicated siRNAs or with GFP-wCRIB,
which show loss of ERC integrity; means 	 SD of at least three experiments, n � 300 cells. (F) 3D reconstruction of image stacks of a HeLa

Death Signaling by Endosome Trafficking

Vol. 20, September 15, 2009 4095



previous findings, the modest increase in phospho-SFKs in
response to E4orf4 (Figure 1E, p416 SFK) was associated
with a clear change in the tyrosine phosphorylation pattern
of cellular proteins (Figure 1E, PY20, asterisks), which we
have shown to rely on SFKs (Lavoie et al., 2000; Champagne
et al., 2004). However, proteins that showed a major increase
in phosphorylation were largely recovered in a fraction en-
riched in Rab11a endosomes (Figure 1E, heavy membranes
[HM], PY20), whereas little change was observed in the
profile of tyrosine-phosphorylated proteins recovered in the
light membrane (LM) fraction (Figure 1E, LM). Increased
endosomal Src signaling in response to E4orf4 was further
corroborated by a more refined cell fractionation protocol
that showed higher levels of endogenous phospho-Src asso-
ciated with Rab11a-enriched membranes relative to TGN
membranes (golgin-97) in cells expressing E4orf4 (see Figure
5E). Hence, the data were consistent with a role for endoso-
mal SFK signaling in ERC disruption.

ERC Disruption by Cdc42-mediated Actin Polymerization
Downstream of SFKs
Given that the activity of both SFKs and Cdc42 is required
for actin remodeling and that Cdc42 mediates the assembly
of RE-associated actin particles in response to E4orf4 (Lavoie
et al., 2000; Robert et al., 2006), we sought to address whether
SFK signaling could regulate Cdc42 activation at REs. We
used the Cdc42/Rac interactive binding (CRIB) domain of
N-Wasp fused to GFP (GFP-wCRIB) to probe Cdc42 activa-
tion in cells treated with SKI-1 or transfected with a combi-
nation of siRNA to Src and Yes, as we did to confirm Cdc42
activation by E4orf4 in situ previously (Robert et al., 2006).
When expressed at a moderate level GFP-wCRIB serves as a
reporter probe for active Cdc42, whereas at high levels it
blocks Cdc42 signaling to the actin polymerization machin-
ery (Moreau et al., 2000; Scaplehorn et al., 2002). In E4orf4-
expressing cells, we observed the accumulation of robust
GFP-wCRIB–labeled tails and coats in the vicinity of Rab11a
endosomes, which were reminiscent of the actin structures
generated by Cdc42 (Figure 2A, insets, arrowheads) and
were not labeled by GFP alone (data not shown). XZ recon-
structions of deconvolved image stacks revealed a striking
overlap between the GFP-wCRIB structures and Rab11a en-
dosomes, reflecting the activation of Cdc42 at REs (Figure
2B, asterisks). In contrast, E4orf4 cells exposed to SKI-1 or
transfected with siRNAs to Src and Yes displayed a more
uniform distribution of GFP-wCRIB just like that seen in
control cells, with no significant increased accumulation to
Rab11a endosomes (Figure 2, A and B). Because we ob-
served that E4orf4 also localized within some of the GFP-
wCRIB structures (Supplemental Figure S1C) and based on
our previous findings of a physical interaction between
E4orf4 and SFKs (Lavoie et al., 2000; Champagne et al., 2004),
we concluded that a local association between E4orf4 and
SFKs at REs could promote Cdc42 activation and actin as-
sembly.

To next determine whether Cdc42 could contribute to the
SFK-dependent changes in ERC organization, we used
siRNA sequences that achieved �75% depletion of Cdc42 in

both MCF7 and HeLa cells (Figure 2C, siCdc42 #1 and #4), or
we overexpressed GFP-wCRIB to inhibit Cdc42 signaling
(Robert et al., 2006). Remarkably, the siRNAs to Cdc42, but
not control siRNAs (siCtl), almost ablated E4orf4-induced
ERC disruption, just as overexpression of GFP-wCRIB (Fig-
ure 2, D and E). Rescue experiments with a siRNA-resistant
Cdc42 cDNA ruled out off-target effects (Figure 2, C and E,
siCdc42#1
Cdc42). In contrast, depletion of RhoA or inhi-
bition of Rac1 that were also involved in E4orf4-induced
actin remodeling and cell death (Robert et al., 2006) had no
effect on ERC disruption (Supplemental Figure S1, D and E),
supporting a specific role for Cdc42 signaling at REs.

To then examine the relationship between Cdc42-medi-
ated actin assembly and fragmentation of REs in response to
E4orf4, we performed 4D analyses to follow the dynamic
behavior of actin and REs in cells transfected with E4orf4,
RFP-actin, and yellow fluorescent protein (YFP)-Rab11a, by
using spinning disk confocal microscopy (SDCM). RE re-
modeling was a very dynamic process and hardly experi-
mentally tractable; nonetheless as seen in the 3D-time se-
quence in Figure 2F, we repeatedly observed the occurrence
of interactions between RFP-tagged actin puncta and Rab11a
tubular structures rapidly followed by fragmentation of the
tubules. We concluded that actin assembly as a result of
E4orf4-mediated SFK and Cdc42 signaling at REs could
contribute to ERC disruption, possibly by promoting the
scission of Rab11a-positive carriers.

Changes in RE Trafficking Contribute to the Progression
of E4orf4-mediated Cell Death
Changes in Rab11 activity influence ERC organization, be-
cause overexpression of Rab11 mutants can exacerbate or
decrease the tubular morphology of ERC elements (Wilcke et
al., 2000). Therefore, ERC structural changes as a conse-
quence of SFK-Cdc42–dependent signaling could reflect al-
teration of Rab11 endosomal traffic that would drive the
massive recruitment of REs associated with E4orf4-induced
actin remodeling and cell death (Supplemental Figure S1A).
To determine whether changes in RE trafficking could con-
tribute to the death-promoting activity of E4orf4, we first
used RNA interference for depleting the ubiquitously ex-
pressed Rab11 isoform Rab11a (Sakurada et al., 1991). HeLa
cells were transfected with a previously characterized
Rab11a-specific siRNA (siRab11a #1) (Wilson et al., 2005) or
with a smart pool of siRNAs to Rab11a (siRab11a #2) that
both achieved �80% depletion (Figure 3A). The siRNAs to
Rab11a, but not control siRNA, reduced the number of
E4orf4-expressing cells exhibiting the perinuclear actin net-
work (Figure 3, B and C) and nuclear condensation (Figure
3D) by �55–65%. The progressive caspase-independent loss
of mitochondrial transmembrane potential associated with
E4orf4 expression (Lavoie et al., 1998) was similarly im-
paired by Rab11a depletion (Figure 3E, ��m). We were
unable to measure long-term cell survival under these con-
ditions, because the depletion of Rab11a led to a marked loss
of clonogenic survival (�50% inhibition in MCF7 and 293T
cells; data not shown). Nonetheless, cell fractionation re-
vealed that E4orf4 increased the association of Rab11a with
cellular membranes (Figure 3F). Because membrane inser-
tion of Rabs is coupled to GDP-GTP exchange (Grosshans et
al., 2006), the results were consistent with a functional role
for Rab11a-regulated membrane trafficking in the progres-
sion of cell death.

We next sought to measure the transport of protein cargos
from the ERC to target compartments to determine the effect
of E4orf4 on RE trafficking. Rab11 has been shown to medi-
ate the recycling of internalized protein cargos from the ERC

Figure 2 (cont). cell transfected with FLAG-E4orf4, RFP-actin, and
YFP-Rab11a. Confocal z-sections were taken at 6.6-s intervals. En-
larged images of the boxed region show the dynamic association of
actin with Rab11a tubular RE followed by scission of the tubule at
that site (arrowhead). YZ-views show the spatial superposition of
RFP-actin and YFP-Rab11a (dashed lines: y-axis). Bar, 5 �m.
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to the plasma membrane and to regulating a direct retro-
grade transport pathway between EE/RE and the TGN
(Ullrich et al., 1996; Wilcke et al., 2000; Maxfield and
McGraw, 2004). To examine whether E4orf4 could perturb
the recycling of protein cargos back to the plasma mem-
brane, cells were incubated with fluorophore-labeled Tf or

with antibody to MHCI to load the endosomal compartment
and recycling was measured by comparing the emptying of
the Tf or MHCI internal pools within cells after a 30-min
chase period. Under such conditions, between 90 and 60% of
internalized Tf and MHCI were recycled in control HeLa
cells (Figure 4, A and B) (Weigert and Donaldson, 2005), but
cells expressing E4orf4 were markedly impaired in recycling
of both TfR and MHCI. Indeed, recycling was decreased to
�50% of the recycling exhibited by control cells, whereas the
amounts of internalized cargos were not significantly af-
fected (Figure 4, A and B). In contrast, it was found that
E4orf4 stimulated EE/RE-to-TGN transport of STxB, an ex-
ogenous cargo protein that is transported to the ER by way
of the TGN/Golgi membranes (Wilcke et al., 2000; Johannes
and Popoff, 2008). In agreement with previous studies
(Mallard et al., 1998), control cells exhibited �15% of total
cell-associated STxB-specific labeling concentrated in the
TGN after 20 min of internalization at 37°C (Figure 4C). In
the early stages of E4orf4 expression, however, the fraction
of TGN-associated STxB was reproducibly increased by 1.5-
fold, suggesting that RE-to-TGN membrane transport was
enhanced.

Golgi Remodeling as a Result of Cdc42-regulated
Transport of REs to the Golgi Complex
So far, the data argued that changes in RE trafficking could
be coupled to death signaling via alteration of Golgi dynam-
ics, given that RE-to-TGN membrane transport has been
linked to the structural integrity of the Golgi (Derby et al.,
2007), which in turn has been involved in stress sensing and
cell death (Hicks and Machamer, 2005). To investigate this
possibility, we first performed 4D analyses using SDCM to
track the dynamic behavior of REs and the relationship to
Golgi membranes in cells transfected with Rab11a-YFP (RE)
and GalT-mRFP (medial-trans-Golgi) in the presence or ab-
sence of E4orf4. 3D-time sequences revealed that Rab11a
vesicles interacted dynamically with Golgi membranes,
showing transient contacts followed by the disappearance of
Rab11a staining, which was presumably diluted upon mem-
brane fusion (Figure 5A, arrowheads in frames 1:10–1:40;
and Supplemental Video 1). Although such interactions
were observed in control cells, they were increased by ap-
proximately twofold in E4orf4-expressing cells (Figure 5, A
and B), corroborating an enhanced transport of STxB to the
TGN in response to E4orf4. RE–Golgi interactions often co-
incided with stretching and fission of Golgi elements at
those sites, and in E4orf4-expressing cells the incidence of
RE–Golgi interactions that were followed by fission of Golgi
elements was increased by �2.5-fold (Figure 5A, frames
1:50, 2:00; and C; and Supplemental Video 1). RE–Golgi
membrane interactions were not stochastic; instead, several
cycles of interactions occurred at the same site and likely
reflected a regulated membrane mixing process affecting
Golgi dynamics (Supplemental Figure S2A). We further ob-
served that membrane fission was taking place concomi-
tantly with the emergence of actin structures (Supplemental
Figure S2B and Supplemental Video 2), suggesting that RE-
mediated delivery of actin remodeling factors could pro-
mote Golgi membrane fission. An increase in RE–Golgi
interactions was also observed by labeling REs with fluo-
rescent Tf, which was correlated with a 2.2-fold increase in
the localization of Tf to the Golgi (tM) (Figure 5, B and D).
Since Tf is not normally transported to the Golgi complex
with high efficiency, E4orf4 seemed to mobilize REs to the
Golgi, thereby perturbing both Golgi membrane dynamics
and recycling of cargos to the plasma membrane. Impor-
tantly, depletion of Cdc42 impaired E4orf4-induced RE–

Figure 3. Rab11a membrane trafficking contributes to the progres-
sion of E4orf4-induced cell death. (A) Western blots of extracts from
HeLa cells transfected with control siRNA (siCtl) or Rab11a siRNAs
(siRab11a #1 or #2). Estimated percentages of reduction of Rab11a
protein levels are indicated; calreticulin levels: loading controls.
(B–E) Analyses of actin remodeling (F-actin staining with phalloi-
din), nuclear condensation (DNA staining with Hoechst), and ��m
(MitoTracker Deep Red) in HeLa cells transfected with the indicated
siRNAs before transfection with mRFP (Ctl) or E4orf4-mRFP. (B)
Single-plane views of F-actin phenotypes. Bar, 10 �m; N, nucleus.
Graphs depict the percentages of control or E4orf4-positive cells
showing a juxtanuclear actin ring (C) or nuclear shrinkage and
chromatin condensation (D); means 	 SD of three experiments for
siCtl and siRab11a#1 (n � 425 cells) and two experiments for
siRab11a#2 (n � 230 cells). The dashed line delineates the back-
ground level of nuclear condensation. (E) The graph shows the
ratios in percent between the average ��m/per cell of E4orf4-
expressing cells over the average ��m/cell of E4orf4-negative cells,
means 	 SE were calculated from 10 cells from a representative
experiment. (F) Western blots of membrane (M) and cytosolic (C)
fractions isolated from 293T cells transfected with the vector (Ctl) or
with FLAG-E4orf4. TfR and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) levels are shown as loading controls for M and C
fractions, respectively. A reproducible �1.5- to 2.0-fold increase in
the M/C ratio of Rab11a was observed in E4orf4-expressing cells.
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Golgi membrane interactions (Figure 5, B and C), just as it
prevented ERC fragmentation and presumably the changes
in RE trafficking in response to E4orf4 (Figure 2, D and E).
However, Cdc42 depletion did not affect RE-Golgi associa-
tions occurring at low frequency in control cells, suggesting
that Cdc42 could control a retrograde pathway for the mo-
bilization of REs in response to cell rearrangement that was
stimulated by E4orf4-SFK signaling.

To further analyze the impact of E4orf4 on the distribution
of REs and Golgi membranes, PNSs were fractionated using
a self-generated Opti-Prep gradient. In control cells, RE
markers (Rab11a, TfR) were enriched in low density frac-
tions (peak 1), whereas Golgi markers were found either in
high-density fractions (golgin-97, TGN marker, peak 2) or
distributed between both (GM130, cis-Golgi marker) (Figure
5E). Remarkably, E4orf4 induced the scrambling of REs and
Golgi membranes, as reflected by the codistribution of TfR,
Rab11a, and GM130 in a peak of intermediate density frac-
tions (Figure 5E, red dashed lines). The phosphorylation/
activation of SFKs was selectively elevated in intermixed
membranes (Figure 5E, p416 SFKs), whereas little change in
the levels of Src and Yes was detected, further suggesting
that endosomal SFK signaling could regulate the transport
of REs to the Golgi. Significant levels of E4orf4 were also
detected within intermixed membranes (Figure 5E, FLAG-
E4orf4), corroborating colocalization analyses (Supplemen-
tal Figure S1C) and supporting an E4orf4 endosomal activ-
ity. Thus these results were consistent with those of cell
imaging, and further suggested that the polarization of RE
traffic to the Golgi induced Golgi membrane remodeling.

RE-mediated Loss of Golgi Integrity Contributes to the
Progression of Cell Death
The above-mentioned data suggested that an increase in
RE-to-Golgi membrane transport could perturb Golgi struc-
tural integrity. Actually, �55% of MCF7 or HeLa cells ex-
pressing E4orf4 exhibited scattering of both cis- and trans-
Golgi membranes (Figure 6A, arrows 2; and D), whereas
�80% of control cells showed a typical compact juxtanuclear
staining of Golgi membranes (Figure 6A, arrowheads 1; and
D). The Golgi fragments contained both cis- and trans-mark-
ers, suggesting that E4orf4 induced the disjoining of the
Golgi ribbon (Supplemental Figure S3A). Golgi membrane
scattering occurred after ERC fragmentation (Figure 6B) but
before nuclear condensation (Supplemental Figure S3B). No-
tably, the wide-spectrum caspase inhibitors zVAD-FMK and
QVD-OPh had no impact on the extent or the incidence of
Golgi fragmentation (Supplemental Figure S3B), despite
their efficient inhibition of caspases in response to STS (Sup-
plemental Figure S5C). The use of both zVAD-FMK and
QVD-OPh to determine the caspase dependency has been
validated both in vitro and in vivo, because the latter is a
potent inhibitor of caspase-2 and -6 (Chauvier et al., 2007).
Thus, we concluded that loss of Golgi integrity in response
to E4orf4 was a caspase-independent event, in agreement
with previous work showing the absence of active caspases
in most cancer cell lines expressing E4orf4 (Lavoie et al.,
1998; Robert et al., 2002; Li et al., 2009).

We further found that Golgi membrane scattering was
associated with a defect in the transport of nascent proteins

Figure 4. E4orf4 impairs the recycling of protein cargos back to the plasma membrane, whereas it stimulates endosome-to-TGN transport
of STxB. (A) Confocal image stacks of HeLa cells transfected with mRFP (Ctl) or E4orf4-mRFP showing internalized Alexa-488–labeled-Tf
after 30 min at 37°C (T � 0 min), compared with the remaining internal pool after a 30-min chase at 37°C (T � 30 min). (B) Recycling of
internalized Alexa-488–labeled-Tf or of MHCI (after loading cells with antibody to MHCI) was measured by comparing the emptying of
protein cargos internal pools within cells after a 30-min chase by quantitative fluorescence analyses of image stacks. Data are the means
calculated from �10 cells from a representative experiment. (C) Confocal image stacks of HeLa cells transfected with mRFP (Ctl) or
E4orf4-mRFP incubated with Alexa-488–conjugated-STxB for 20 min at 37°C, which show internalized STxB reaching the TGN revealed by
immunostaining of golgin-97. The graph shows ratios in percent between total fluorescence intensity in the TGN area over whole cell total
fluorescent contents; means 	 SD of three experiments, n � 34 cells. Bars, 10 �m.
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from the Golgi. This was revealed using VSVG-ts-GFP as
protein cargo, which was retained in the ER at the restrictive
temperature (39.5°C) and transported through the Golgi
upon shifting to a permissive temperature (31.5°C) (Supple-
mental Figure S3C). Although VSVG-ts-GFP reached the
plasma membrane by 30 min in control cells, it was still
retained in Golgi fragments in E4orf4-expressing cells show-
ing scattered Golgi membranes (Supplemental Figure S3C).
This looked like a block in protein exit from the Golgi
because by 3 h, there was a 1.8–3.0-fold increase in VSVG
protein accumulating in the perinuclear region (Figure 6C).
Under such conditions, E4orf4 had little impact on ER–Golgi
protein transport kinetics or on the retrograde transport of
proteins between the Golgi and ER, as suggested by the
effect of brefeldin A, a drug inducing the resorption of Golgi
membranes into the ER (Doms et al., 1989; Lippincott-
Schwartz et al., 1990) (Supplemental Figure S3, C and D).

This suggested that normal Golgi to plasma membrane pro-
tein transport was interrupted as a result of the changes in
Golgi membrane dynamics induced by deregulated RE traf-
ficking.

We next attempted to confirm the functional relationship
between alterations of RE trafficking and Golgi dynamic
changes by interfering with SFK or Cdc42 signaling so as to
prevent the polarization of RE traffic. Consistent with their
lack of effect on the ERC, E4orf4 mutants unable to modulate
SFKs were incapable of inducing efficient Golgi membrane
scattering (Figure 6D). Furthermore, inhibition of SFK activ-
ities or depletion of Src or Yes, but not Fyn, reduced E4orf4-
dependent Golgi disassembly by �50–70% (Figure 6, E and
F) just like depletion of Rab11a (�55–80% inhibition) (Figure
6, E and G), depletion of Cdc42 (�80% inhibition) (Figure 6,
E and G), or inhibition of actin polymerization using a low
concentration of LatA (Figure 6G). Under such condition, no

Figure 5. Remodeling of Golgi membranes by
Cdc42-mediated increase in RE-to-Golgi mem-
brane transport and scrambling of RE–Golgi
membranes. (A) 3D reconstructions of image
stacks of HeLa cells transfected with the vector
only (Ctl) or with FLAG-E4orf4 together with
�-1,4-galactosyl transferase (GalT)-mRFP and
YFP-Rab11a. E4orf4 cells exhibiting ERC frag-
mentation were selected for 4D analyses. En-
larged images of the boxed region show a rep-
resentative 3D-time sequence from confocal
z-sections taken at �10-s intervals (Supplemen-
tal Video 1). XZ views show the spatial super-
position of YFP-Rab11a-RE and GalT-mRFP-
Golgi tubules and mixing of membrane markers
(arrowheads in frames 1:10–1:40) followed by
fragmentation of the Golgi element (frames 1:50,
1:60); dashed lines: x-axis. N, nucleus; Bars, 10
�m. (B) The average number of RE–Golgi mem-
brane associations per cell were determined
from analyses of 3D reconstructions of image
stacks of HeLa cells transfected with the indi-
cated siRNAs before transfection with the vector
only (Ctl), or with FLAG-E4orf4 together with
GalT-mRFP and YFP-Rab11a (open bars); RE
were also visualized with Tf-Alexa-488 (striped
bars). Data are the means 	 SD from three ex-
periments using YFP-Rab11a, n � 14 cells and of
six or more cells by using Tf-Alexa-488. (C) The
average incidence of RE–Golgi interactions fol-
lowed by fission of the Golgi element was deter-
mined from 3D sequences; means 	 SD from
five or more cells. Dashed lines delineate the
average incidence of RE–Golgi membrane asso-
ciations (B) or of RE-Golgi dynamic interactions
followed by Golgi fission (C) in control cells. (D)
3D reconstructions of image stacks of HeLa cells
transfected with GalT-mRFP and the vector only
(Ctl) or FLAG-E4orf4. REs were visualized after
a 45-min uptake assay with Tf-Alexa-488 and
confocal z-sections were acquired for no �15
additional minutes. Enlarged images of the
boxed regions show Tf-positive carriers embed-
ded in Golgi membranes, seen at a higher fre-
quency in E4orf4 cells (arrowheads). Threshold-
adjusted Mander’s coefficients (tM) of Tf over
GalT are indicated; means 	 SE calculated from
six or more cells from a representative experi-
ment. Bars, 10 �m. (E) PNS from 293T cells trans-
fected with the vector (Ctl) or FLAG-E4orf4 were
fractionated using a linear 10–20-30% Opti-Prep gradient. Fractions (equal volumes) were analyzed by Western blot using the indicated
markers; Peak 1, low-density fractions; peak 2, high-density fractions; red dashed lines, intermediate density fractions composed of mixed
RE and Golgi membranes in E4orf4 cells.
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gross disruption of the actin cytoskeleton or the Golgi was
observed in control cells (Supplemental Figure S4A), sup-
porting a role for actin dynamics per se that relied on Cdc42,
but no on RhoA or Rac1 (Supplemental Figure S4B).

We then sought to explore the functional relevance of
Golgi membrane scattering by using RNA interference to
deplete syntaxin 6, a TGN-associated trafficking factor in-
volved in the fusion of EE/RE with Golgi membranes
(Johannes and Popoff, 2008). We reasoned that if the scatter-
ing of Golgi membranes was relying in part on retrograde
transport to the TGN, depletion of syntaxin 6 should prevent
loss of Golgi integrity by interfering with the outcome of

RE–Golgi interactions, without affecting upstream signaling
events at the ERC. As predicted, knockdown of syntaxin 6
expression inhibited Golgi fragmentation, but not ERC dis-
ruption in E4orf4-expressing cells (Figure 7, A–D, siStx6).
Remarkably, in these cells the frequency of nuclear conden-
sation and the loss of mitochondrial transmembrane poten-
tial were also inhibited by �50–70% (Figure 7E). To obtain
further support for a role for Golgi dynamics, complemen-
tary experiments were designed to examine the effect of
Golgi matrix proteins that were associated with Golgi dy-
namic changes during apoptosis (golgin-160) (Mancini et al.,
2000; Hicks and Machamer, 2002; Maag et al., 2005) or during

Figure 6. Loss of Golgi integrity via a pathway
involving SFKs, Cdc42, actin, and Rab11a membrane
trafficking (A) Confocal image stacks of HeLa cells
transfected with E4orf4-mRFP, showing staining of
cis-Golgi (GM130 staining) and TGN (golgin-97
staining). Arrowheads and arrows designate stain-
ing patterns in control (high magnifications, marked
1) and in E4orf4 cells (high magnifications, marked
2). Bars, 10 �m. (B) Image stacks of HeLa cells trans-
fected with E4orf4-mRFP and GFP-Rab11a, showing
ERC fragmentation and incomplete Golgi disassem-
bly (golgin-97). Bar, 10 �m. (C) Single-plane views of
HeLa cells expressing VSVG-ts-GFP and mRFP (Ctl)
or E4orf4-mRFP, shifted to 31.5°C for 3 h in the
presence of cycloheximide; N, nucleus; Bar, 10 �m.
Graph shows the ratios of the average intensity of
VSVG protein in the juxtanuclear region over that in
the entire cell; means 	 SD of three experiments. (D)
Graph depicts the percentages of HeLa cells trans-
fected with mRFP (Ctl) or the indicated E4orf4 con-
structs which show loss of Golgi integrity; means 	
SD of three experiments, n � 360 cells. (E–G) HeLa
cells were transfected with mRFP (Ctl) or E4orf4-
mRFP after transfection with the indicated siRNAs,
or in the presence of SFK inhibitors (PP2, SKI-1) or
LatA. (E) Single-plane views showing protection of
Golgi integrity (GM130 staining) by depletion of Yes,
Cdc42, or Rab11a; N nucleus, Bar, 10 �m. (F–G)
Graphs depicting the percentages of cells displaying
scattered Golgi membranes; means 	 SD of two
experiments (siSrc, siYes, siFyn, siRab11a#2, and
LatA, n � 200 cells) and five experiments (siCtl,
siCdc42#1 and siRab11a#1, n � 450 cells). Dashed
line delineates the background level of Golgi mem-
brane scattering.
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mitosis (golgin-84) (Diao et al., 2003). It was found that a
moderate expression of golgin-160 or golgin-84 neither in-
duced Golgi fragmentation in control cells nor affected ERC
disruption in response to E4orf4 (Figure 7, C and D). Intrigu-
ingly golgin-160, but not golgin-84, reduced the occurrence
of Golgi fragmentation and nuclear condensation, as well
as the loss of mitochondrial transmembrane potential in

E4orf4-expressing cells, to a level similar to that observed in
syntaxin 6-depleted cells (Figure 7, A, D, and E). The mech-
anism by which golgin-160 interfered specifically with
E4orf4-induced Golgi membrane scattering is currently un-
clear, but we observed that it prevented E4orf4-mediated
RE-Golgi interactions and presumably membrane fusion
(Figure 7F), in agreement with the idea that deregulated

Figure 7. Changes in Golgi membrane dynamics as a result of RE-to-Golgi membrane transport contribute to the progression of
E4orf4-induced cell death. HeLa cells were transfected with mRFP (Ctl) or E4orf4-mRFP after transfection with the indicated siRNAs (siCtl,
control siRNA; siStx6, syntaxin 6 siRNA), or together with golgin-160-GFP or golgin-84-GFP. (A) Epifluorescence images of E4orf4 cells,
showing a marked protection of Golgi structure (GM130 staining) and of nuclear morphology (Hoechst staining) after depletion of syntaxin
6 or in the presence of golgin-160, but not golgin-84. Arrows designate E4orf4-expressing cells displaying typical Golgi membrane scattering
associated with nuclear condensation. Bars, 10 �m. (B) Western blots of HeLa extracts harvested 72 h after transfection with siRNAs. The
estimated percentage of reduction of syntaxin 6 protein levels is indicated; cal: calreticulin levels are shown as loading controls. (C–E) The
mean percentages of cells displaying the indicated phenotypes were calculated from �30 cells from a representative experiment (C) or (D and
E) from four experiments for golgin-160 (n � 600 cells) and two experiments for golgin-84 or siRNAs (n � 200 cells) (means 	 SD) or from
�10 cells from a representative experiment (loss of ��m; means 	 SE). (F) Graph depicting the number of RE-Golgi membrane associations
estimated from 3D reconstructions of image stacks of HeLa cells transfected with YFP-Rab11a and GalT-CFP, together with mRFP (Ctl) or
E4orf4-mRFP with GFP or golgin-160-GFP; means 	 SD of five or more individual cells. The dashed lines in graphs delineate background
levels of Golgi membrane scattering (D), nuclear condensation (E), or RE–Golgi associations (F).

Death Signaling by Endosome Trafficking

Vol. 20, September 15, 2009 4101



retrograde transport of REs was bound to Golgi fragmenta-
tion. Hence, the results suggested that Golgi dynamic
changes were not simply a consequence of deregulated RE
trafficking, but rather contributed to the death process.

RE-mediated Caspase-independent Golgi Fragmentation
and Cell Death in Response to STS
Having identified a novel cross-talk between the ERC and
the Golgi during E4orf4-mediated cell death, we attempted
to explore its relevance by investigating whether this path-
way could regulate other death programs. To do so, we used
STS as a prototype apoptotic inducer. We found that Golgi
disassembly in response to STS only partially relied on
caspases, because caspase inhibitors did not abolish Golgi
fragmentation but reduced it by �50% in MCF7 or HeLa
cells exposed to STS for 4 h (Figure 8, A, D, and F; and
Supplemental Figure S5, A and B). Under such conditions,
the frequency of apoptotic nuclear fragmentation was inhib-
ited by �90% (Supplemental Figure S5A), and caspase ac-
tivities were efficiently reduced in most cells, especially in
the presence of QVD-OPh (Supplemental Figure S5C). We
were also unable to detect active caspase-3 in HeLa cells
exhibiting Golgi membrane scattering in the presence of
QVD-OPh (Supplemental Figure S5D), further indicating
that persistent Golgi fragmentation occurred in the absence
of efficient activation of effector caspases. These cells exhib-
ited a marked dispersal and fragmentation of ERC elements
that strikingly overlapped with scattered Golgi elements
(Figure 8A, siCtl QVD
 STS; and C and E), suggesting that
like E4orf4, STS triggered the scrambling of REs and Golgi
membranes along with disorganization of Golgi mem-
branes. Actually, the retrograde transport of STxB to the
TGN was increased by �2.5-fold (Figure 8B). Remarkably,
depletion of Src, Yes or Cdc42 or inhibition of actin dynam-
ics with LatA significantly impaired STS-induced ERC dis-
ruption (�50–80% reduction) (Figure 8, A, C, and E; data
not shown) and provided a similar protection of Golgi struc-
tural integrity (Figure 8, A, D, and F), just like depletion of
Rab11a or syntaxin 6 and overexpression of golgin-160 (Fig-
ure 8, E and F). Thus, this corroborated our findings using
E4orf4 and strongly suggested that SFKs-Cdc42-actin–regu-
lated changes in the traffic of REs could contribute to apo-
ptotic Golgi disassembly.

To obtain further support for a role for SFKs to STS-
mediated death signaling, we analyzed the pattern of ty-
rosine-phosphorylated proteins before and after exposure of
cells to STS in the presence of QVD-OPh. As expected, STS
reduced the tyrosine phosphorylation of several cellular
proteins in both MCF7 and HeLa cells, in line with its
activity as a wide-spectrum kinase inhibitor. Nonetheless,
some proteins reproducibly displayed selective and persis-
tent phosphorylation in response to STS, in a manner that
relied on SFKs (Figure 9A, arrows). This was observed for
protein bands with apparent molecular weight similar to
those whose tyrosine phosphorylation was induced by
E4orf4, notably for �p200 and �p90 proteins (Figure 1E,
asterisks; and 9A, arrows), suggesting that selective SFK
substrates could regulate both E4orf4- and STS-induced cell
death through their effect on organelle dynamic changes. In
support of this idea, inhibition of SFKs (SU6656) or depletion
of Src or Yes reduced STS-induced caspase-independent
nuclear condensation by �30–50%, just like depletion of
Cdc42, Rab11a, or syntaxin 6 and overexpression of golgin-
160 (Figure 9, B and C).

DISCUSSION

This study conveys two novel and interrelated messages:
first, CD signaling induces changes in RE trafficking en-
gaged in the transmission of death signals through a path-
way involving SFKs, Cdc42, actin, and Rab11a; second, di-
version of RE traffic to the Golgi apparatus promotes the
intermixing of RE and Golgi elements and Golgi dynamic
changes that contribute to the progression of cell death.
These findings were substantiated using two unrelated trig-
gers of caspase-independent CD and are presented in a
working model in Figure 10 in which the coordinated ac-
tions of SFKs, Cdc42, and Rab11a at REs may define a novel
regulatory mechanism whereby actin-regulated membrane
trafficking influences cell commitment to death. These find-
ings have important implications in RE trafficking and CD
signaling that are discussed below.

Mobilization of the ERC has been reported in many acti-
vation processes requiring organelle plasticity and mem-
brane rearrangements (van Ijzendoorn, 2006; Saraste and
Goud, 2007), but the mechanisms have remained enigmatic.
Here, we obtained strong evidence that the ERC is mobilized
in response to death signals through a pathway involving
RE-based SFKs and Cdc42 signaling that leads to ERC struc-
tural changes reflecting enhanced RE trafficking to the Golgi
and decreased recycling of protein cargos back to the plasma
membrane. Such a process was found to regulate cell death
induced by E4orf4 and by a general apoptotic trigger (STS),
providing strong support for a prevalent role. The require-
ment for Rab11a indicated that alterations of RE trafficking
were not simply a consequence of death signaling but rather
reflected the activation of a retrograde membrane trafficking
pathway controlled by Rab11a. Hence, cell killing induced
by E4orf4 could follow its ability to hijack a novel pathway
directing the mobilization of an intracellular pool of mem-
branes that could contribute to the changes in organelle
dynamics regulating death programs. E4orf4 has been
shown to interact with the kinase domain of SFKs and to
redirect SFK signaling to a subset of targets involved in
actin remodeling (Lavoie et al., 2000; Gingras et al., 2002;
Champagne et al., 2004; Robert et al., 2006; Smadja-Lamere et
al., 2008). Here, we found that E4orf4 acts by diverting SFK
signaling to REs and promoting RE transport to selected
compartments, notably to the Golgi, where they may facili-
tate the dynamic rearrangement of membranes. Hence, as-
sembly of the peculiar perinuclear actin network in response
to E4orf4 is probably the outcome of the polarized traffic of
membranes, which might promote a massive delivery of
actin-remodeling factors. Whether E4orf4 has evolved the
ability to exploit RE trafficking for the purpose of promoting
the transport of viral components during adenovirus infec-
tion remains to be determined.

The detailed molecular mechanism whereby E4orf4 hi-
jacks RE trafficking remains to be clarified, but could entail
E4orf4’s ability to associate with lipid raft constituents that
traffic through the ERC (unpublished data) in addition to
SFK binding and phosphorylation of E4orf4. It is currently
unclear why Src and Yes and not Fyn were involved in the
retrograde trafficking of REs in the context of HeLa and
MCF7 cells. SFKs were found to show distinct modes of
spatial activation and membrane delivery that rely partly on
endosome subtype requirements (Sandilands et al., 2007b).
Although we cannot rule out a cell-type–specific contribu-
tion of SFKs, Src and Yes could share a common mode of
activation in Cdc42-Rab11a–positive endosomes and cellular
targets, such as the proteins of �90 and �200 kDa whose
tyrosine phosphorylation was found here to be stimulated
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by E4orf4 and STS. Regardless of the mechanism, our find-
ings further highlight the emerging function of SFKs in
endosomal trafficking, which has been linked with various
Rho proteins and with the actin-dependent transport of
Rab11-endosomes to the peripheral membrane (Sandilands
et al., 2004, 2007a; Sandilands and Frame, 2008). Here, we

provided strong evidence that SFKs control the activation of
Cdc42 at REs, which in turn regulates the local actin assem-
bly stimulating the transport of REs from the ERC to the
Golgi complex. Besides the likely contribution of actin to the
budding and fission of ERC-derived membrane carriers
(Figure 10) (Lanzetti, 2007), the polarity function of Cdc42

Figure 8. STS-induced caspase-independent fragmentation of the ERC and the Golgi complex involves SFKs, Cdc42, actin, and Rab11a
membrane trafficking. (A) Confocal image stacks of MCF7 cells (grayscale) transfected with the indicated siRNAs before transfection with
GFP-Rab11a and GalT-mRFP. Cells were exposed to STS for 4 h in the presence of caspase inhibitor (QVD-OPh). Arrows designate the
peri-Golgi regions shown in high-magnification 3D reconstructions of image stacks, emphasizing Rab11a and GalT staining patterns. Bar, 10
�m. (B) Confocal image stacks of HeLa cells exposed to STS 
 QVD-OPh for 4 h and incubated with Alexa-488–conjugated STxB for 20 min
at 37°C, which show internalized STxB concentrated in the TGN revealed by immunostaining of golgin-97. The graph shows ratios in percent
between total fluorescence intensity in the TGN area over whole cell total fluorescent contents; means 	 SD were calculated from a
representative experiment, n � 11 cells. Bar, 10 �m. (C–F) Graphs depicting the percentages of QVD (Ctl) and of STS 
 QVD-treated MCF7
and HeLa cells transfected with the indicated siRNAs, GFP-wCRIB, golgin-160-GFP, or with golgin-84-GFP or pretreated for 1 h with the
indicated drugs that displayed fragmentation of the ERC (C and E) or Golgi disassembly (D and F). Data are the means 	 SD of two
experiments, n � 200 cells (C and D) or three experiments, n � 340 cells (E and F) except for siStx6, golgin-160, and golgin-84, whose means
were calculated from �100 cells from one experiment. Dashed lines delineate background levels of ERC or Golgi fragmentation.
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could also contribute to the recruitment of REs to the Golgi
based on evidence supporting a role for Cdc42-Par-aPKC
complex in the localization of RE-associated proteins (Balklava
et al., 2007; Georgiou et al., 2008; Harris and Tepass, 2008;

Leibfried et al., 2008). To our knowledge, however, the
present study provides the first evidence for a role for Src,
Yes and Cdc42 in the retrograde transport of endosomes to
the Golgi complex (Johannes and Popoff, 2008).

Another important finding of this study concerns the re-
direction of RE trafficking in response to death signals and
its role in Golgi dynamic changes. Changes in endosomal
traffic during CD have been described mainly in response to
death receptor signaling. In so-called type II cells requiring
mitochondrial amplification of apical caspase signals, an
initial wave of enhanced endocytosis is followed by a
caspase-dependent dispersal of secretory membranes and in
that context, apoptotic cell death was found to rely on en-
dosomal traffic (Ouasti et al., 2007; Degli Esposti, 2008;
Matarrese et al., 2008). Yet, evidence has been reported that
receptor-independent death mechanisms induced by drugs
such as STS neither stimulate endocytosis nor depend on the
endosomal compartment (Matarrese et al., 2008), the latter
point being in apparent contradiction with our results.
Those findings, however, were focused on changes in endo-
cytosis and caspase-mediated cell death in human T cells
(Matarrese et al., 2008), whereas in our study, membrane
trafficking from the ERC was found to regulate a more
delayed caspase-independent death response in cancer cells.
It is conceivable that the contribution of caspases and RE
trafficking depends on the cellular context and that RE traf-
ficking would substitute for caspases in the remodeling of
the Golgi in cancer cells bearing dysfunctions in caspase
pathways. Given that golgin-160, a caspase target involved
in apoptotic Golgi disassembly (Mancini et al., 2000), was
found here to negatively regulate RE–Golgi interactions and

Figure 9. Regulation of STS-mediated caspase-independent cell
death by SFK and Cdc42 signaling, Rab11a membrane trafficking, and
Golgi membrane dynamics (A) Western blots of MCF7 and HeLa cell
extracts showing phosphotyrosine patterns by using antibody PY20
after exposure of cells to STS 
 QVD-OPh for 4 h with or without
pretreatment with PP2, representative of at least three experiments.
Arrows designate proteins bands exhibiting SFK-dependent phosphor-
ylation in STS-treated cell extracts. Grb2 protein levels: loading con-
trols. (B and C) HeLa cells were transfected with the indicated siRNAs,
or with golgin-160-GFP or golgin-84, or pretreated with SU6656 before
exposure to DMSO
QVD-OPh or STS
QVD-OPh for 36 h. (B) Epi-
fluorescence images of the nuclear morphology (Hoechst staining)
showing that the caspase-independent death phenotype (chromatin
condensation and nuclear shrinkage, arrows) is dramatically impaired
by all conditions which inhibit ERC and Golgi fragmentation (arrow-
heads point to a typical interphase nucleus). Bar 10 �m. (C) Graph
depicts the percentage of cells displaying apoptotic nuclei; means 	 SD
of three experiments (siCtl, siCdc42, and siRab11a; n � 1300 cells) or
values from one experiment (siSFKs, siStx6, SU6656, and golgin-
84, n � 150 cells; and golgin160, n � 30 cells).

Figure 10. Working model: mobilization of REs in response to death
triggers. We propose that the mobilization of REs via the coordinated
actions of SFKs and Cdc42 at REs, which would control an actin-
regulated Rab11a retrograde route at the endosome–Golgi interface,
could be part of the upstream events that relay death signals to cellular
organelles. REs could deliver signaling moieties controlling actin dy-
namics, which in turn would contribute to the remodeling of Golgi
membranes (Golgi membrane scattering) whose dynamic changes reg-
ulate the progression of cell death. See Discussion for details.
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the ensuing scattering of Golgi membranes, it seems that RE
trafficking and caspases could act on overlapping pathways
for triggering death-promoting changes in Golgi dynamics.
It is currently unclear how golgin-160 would intervene in
RE-to-Golgi membrane transport and whether, like other
golgins, it could regulate membrane tethering events that
would limit vesicle fusion at the Golgi (Short et al., 2005), as
suggested here by a reduction of RE–Golgi interactions. Yet,
the recent discovery of a role for golgin-160 in Golgi posi-
tioning, directed secretion and cell polarity (Yadav et al.,
2009), together with evidence supporting its death-promot-
ing activity (Maag et al., 2005) emphasize the existence of
novel cross-talks between the cell polarity machinery and
death-promoting pathways. Furthermore, Cdc42 was also
involved in Fas-enhanced membrane traffic leading to a
polarization of REs around the Golgi (Degli Esposti et al.,
2009). Together with our data, these suggest that Cdc42
plays a prevalent and unrecognized role in CD by virtue of
its ability to control cell polarity and membrane traffic at
numerous sites (Duncan and Peifer, 2008).

Elucidation of the mechanism whereby the increased RE-
to-Golgi membrane transport and the ensuing changes in
Golgi membrane dynamics can engage cell death is an im-
portant focus of future work. Protein transport by the retro-
grade route to the TGN is believed to provide a mechanism
to establish pools of cargo for polarized secretion from spe-
cific regions of the cell (Johannes and Popoff, 2008). There-
fore, the enhanced transport of REs to the Golgi complex
could contribute to create connections between endocytic
elements and exocytosis that could be instrumental for re-
laying death signals. RE-to-Golgi membrane transport was
found here to stimulate Golgi membrane dynamics (fission),
presumably as a result of a local delivery of remodeling
factors that could promote actin assembly and ultimately
Golgi membrane scattering (Carreno et al., 2004; Dubois et
al., 2005). We are currently investigating the possibility that
the ensuing release of Golgi-localized effectors could convey
death signals, by analogy to the role of mitotic Golgi disas-
sembly in cell division (Colanzi and Corda, 2007). Given that
proteins and lipids with death-promoting activities are en-
riched at the Golgi membrane, it is conceivable that regu-
lated changes in membrane dynamics allow their transloca-
tion to target compartments (Tembe and Henderson, 2007).

In conclusion, we propose that the mobilization of RE traf-
ficking through a pathway involving SFKs, Cdc42, and Rab11a
is part of the upstream core signaling networks that regulate
CD by acting on the traffic of signaling moieties controlling the
actin-dependent apoptotic remodeling of organelles.
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