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Different classes of endosomes exhibit a characteristic intracellular steady-state distribution governed by interactions
with the cytoskeleton. Late endosomes, organelles of the degradative lysosomal route, seem to require associated actin
filaments for proper localization and function. We show here that the F-actin and phospholipid binding protein annexin
A8 is associated specifically with late endosomes. Altering intracellular annexin A8 levels drastically affected the
morphology and intracellular distribution of late endosomes. Trafficking through the degradative pathway was delayed
in the absence of annexin A8, resulting in attenuated ligand-induced degradation of the epidermal growth factor receptor
and prolonged epidermal growth factor-induced activation of mitogen-activated protein kinase. Depletion of annexin A8
reduced the association of late endosomal membranes with actin filaments. These results indicate that the defective cargo
transport through the late endocytic pathway and the imbalanced signaling of activated receptors observed in the absence
of annexin A8 results from the disturbed association of late endosomal membranes with the actin network, resulting in

impaired actin-based late endosome motility.

INTRODUCTION

Surface receptors destined for degradation typically are re-
moved from the plasma membrane after ligand binding and
are routed toward the late endosomal/lysosomal system.
For the epidermal growth factor (EGF) receptors (EGFRs),
this process requires a specific sorting onto the membrane of
internal vesicles of multivesicular endosomes that eventu-
ally fuse with lysosomal structures (Katzmann et al., 2002).
The sorting event also sequesters the EGFR-associated ty-
rosine kinase activity from the cytosol, thereby shutting off
downstream signaling. Several components required for in-
ward budding and sorting in multivesicular endosomes
have been identified, mainly through the initial work on
vacuolar protein sorting in yeast. They include the three
endosomal sorting complexes required for sorting, ESCRT I to
11T, and the Vps27 protein Hrs in mammalian cells that recruits
the sequentially acting ESCRT complexes to endosomal mem-
branes (for reviews, see Gruenberg and Stenmark, 2004; van
der Goot and Gruenberg, 2006; Piper and Katzmann, 2007;
Piper and Luzio, 2007).

EGFR sorting requires the receptor-associated tyrosine
kinase activity, and EGF has been shown to stimulate the
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biogenesis of a certain subpopulation of multivesicular en-
dosomes that contain the sequestered EGFR (White et al.,
2006). This kinase-dependent sorting involves the cytosolic
protein annexin Al, which serves as an EGFR substrate
during this event (White et al., 2006). Although annexin Al
thereby participates in the inward vesiculation process, a
structurally related protein, annexin A2, has been implicated
in the actual formation of multivesicular endosomes at the
endosomal sorting compartment (Mayran et al., 2003).

Annexins Al and A2 are members of a multigene family
of Ca**-regulated membrane binding proteins that partici-
pate in different membrane-related processes. All annexins
share a conserved protein core that serves as a membrane
docking module mediating the binding to membrane phos-
pholipids with different annexins showing different phos-
pholipid specificities. The second principal annexin do-
main is the N-terminal head region that is unique for each
member and can serve as an interaction site for different
protein ligands. This two domain structure enables annex-
ins to recruit interacting proteins to certain membrane sites.
Some annexins harbor binding sites for cytoskeletal pro-
teins, and these members of the family have been implicated
in membrane-cytoskeleton interactions (for reviews, see
Hayes ef al., 2004; Rescher and Gerke, 2004; Gerke et al.,
2005). Annexin A8 is a so far poorly characterized annexin
able to interact with phosphatidylinositides and F-actin in a
Ca?*-dependent manner, suggesting that it might function
in coupling membranes to the actin cytoskeleton. In line
with this property, it is specifically recruited to membrane
sites that are associated with dynamic actin rearrangements
in HeLa cells infected with enteropathogenic Escherichia coli
(Goebeler et al., 2006).

Here, we present evidence that annexin A8 is involved in
the maintenance and physiological function of the late en-
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dosomal/lysosomal compartment. Annexin A8 overexpres-
sion caused an increase in the average diameter and a clus-
tering of late multivesicular endosomes in the perinuclear
region, whereas depletion of endogenous annexin A8 re-
sulted in a reduced average diameter of late endosomes and
their relocation to the cell periphery. Importantly, annexin
A8 depletion impaired EGF degradation and EGF-induced
degradation of EGFR, resulting in sustained activation of
extracellular signal-regulated kinase (ERK)1/2. Reduced
copelleting of late endosomal membranes with F-actin in the
annexin A8-depleted cells suggests that annexin A8 is in-
volved in late endosome function by coupling endocytic
membranes to the actin network.

MATERIALS AND METHODS

Mammalian Expression Constructs and Small Interfering
RNAs (siRNAs)

The expression construct annexin A8-green fluorescent protein (GFP) (full-length
human annexin A8 cDNA fused C terminally to GFP) has been described
previously (Goebeler et al., 2006). The annexin A8-specific siRNA duplex with
2-nt (2'-deoxy)-thymidine 3’ overhang corresponding to nucleotides 848—866 of
the coding sequence of human annexin A8 was from Sigma —Aldrich (St. Louis,
MO). Nontargeting control siRNA (siGenome nontargeting siRNA) and fluores-
cent control siRNA (siGLO) as a transfection indicator were obtained from
Dharmacon RNA Technologies (Lafayette, CO).

Cell Culture, Transfection, and Drug Treatment

HeLa cells were maintained in DMEM with 10% fetal calf serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin in a 7% CO,
incubator at 37°C. Cells were transfected with siRNA by using Oligofectamine
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol and
further cultivated for 48 h. Transfection frequency was routinely assessed by
microscopic detection of cells transfected with fluorescent siGLO control
siRNA (Dharmacon RNA Technologies) added to the siRNA transfection
reactions and was typically >90%. For plasmid transfection, Effectene (QIA-
GEN, Valencia, CA) was used according to the manufacturer’s protocol. For
treatment with the actin-perturbing drugs latrunculin A (LTNA) and cytocha-
lasin D (CD), cells were incubated for 10 min with 0.5 uM LTNA or for 15 min
with 1 uM CD in culture medium at 37°C.

Labeling with Fluorescent Endocytosed Probes

HeLa cells expressing annexin A8-GFP for 24 h were incubated in internal-
ization medium (minimal essential medium, 20 mM HEPES, pH 7.2, 0.8
mg/ml sodium bicarbonate, and 1 mg/ml bovine serum albumin [BSA])
containing 0.15 mg/ml DQ Red-BSA (Invitrogen) for 1 h and then chased
overnight in culture medium. The bright fluorescence of this pH insensitive,
strongly self-quenched dye is only seen after proteolytic cleavage in late
endosomes. For visualizing EGF transport, cells were serum starved over-
night and incubated with 2 pg/ml rhodamine-conjugated EGF (Invitrogen)
for 10 min in serum-free culture medium, washed with phosphate-buffered
saline (PBS), and either fixed immediately or chased for 4 h and then fixed. All
incubations were carried out at 37°C.

Immunocytochemistry and Confocal Fluorescence
Microscopy

Goat polyclonal anti-human annexin A8 antibody (c-20) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-actin antibody clone AC-15 was from
Sigma-Aldrich. The mouse monoclonal antibodies against human lysosome-
associated membrane protein (LAMP) 1 and LAMP3/CD63, clones H4A3 and
H5C6, respectively, were obtained from the Developmental Studies Hybrid-
oma Bank (University of Towa, Iowa City, IA). Mouse monoclonal antibody
(mADb) against LBPA (Kobayashi et al., 1998) was kindly provided by Jean
Gruenberg (University of Geneva, Geneva, Switzerland). HeLa cells grown on
coverslips were fixed with methanol (—20°C) for 2 min followed by an
additional fixation step with 4% paraformaldehyde (PFA) in PBS for 10 min.
Fixed cells were blocked with 2% BSA in PBS for 20 min and then incubated
with primary antibodies at room temperature for 60 min. The cells were then
washed with PBS and incubated at room temperature for 40 min with the
appropriate secondary antibody coupled to Texas Red or Cy2. Confocal
microscopy was performed using an LSM 510 META microscope (Carl Zeiss,
Jena, Germany) equipped with a Plan-Apochromat 63X /1.4 oil immersion
objective. For the size of LAMP1-positive endosomes, for each experimental
condition, 10 cells were randomly chosen, and the diameter of 20 LAMP1-
positive vesicles/cell was measured using the LSM3.2 software (Carl Zeiss).
Giant vesicles were defined by a diameter size =1.6 wm. Statistical signifi-
cance of the results was evaluated by unpaired Student’s ¢ tests. To quantify
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the association of annexin A8-GFP with the endosomes and the plasma
membrane, digital images were imported in MetaMorph (Molecular Devices,
Sunnyvale, CA) and thresholded for each cell to define and exclude cytosolic
background pixel intensity. For each cell, the outlines were defined, and all
pixels of the annexin A8 signal with intensities above the threshold were
recorded. Nuclear signals were subtracted to obtain the integrated gray value
intensity of total cellular membrane-bound annexin A8-GFP. Next, the inte-
grated gray value intensities of the plasma membrane regions were recorded
and subtracted from the total membrane intensity, resulting in the endosomal
gray value of annexin A8-GFP association. Signals of the different compart-
ments were calculated as percentage of total membrane-bound annexin A8-
GFP for a given cell. Data were collected from 20 cells out of >10 independent
transfection experiments. The statistical significance of the results was eval-
uated by unpaired ¢ tests.

Cryoimmunoelectron Microscopy

Cells were prefixed in 4% PFA and 0.4% glutaraldehyde (GA) in 0.1 M
phosphate buffer, pH 7.4, for 10 min. Subsequently, cells were fixed using 2%
PFA and 0.2% GA in 0.1 M phosphate buffer, pH 7.4, for 2 h at room
temperature. Fixed cells were washed with PBS, and free aldehyde groups
were quenched with 50 mM glycine in PBS. Cells were scraped in PBS
containing 1% gelatin and pelleted in 12% gelatin. The cell pellets were
solidified on ice and cut into small blocks, which were incubated for cryo-
protection overnight at 4°C in 2.3 M sucrose. Blocks were mounted on
aluminum pins and frozen in liquid nitrogen. Ultrathin cryosectioning and
immunogold labeling were done as described using a polyclonal antibody
against GFP from Invitrogen (Slot et al., 1991; Liou et al., 1996).

EGF Degradation Assay

Cells were serum starved overnight and incubated with 1 ng/ml ?5I-EGF
(PerkinElmer Life and Analytical Sciences, Boston, MA) for 10 min at 37°C in
serum-free medium, acid stripped at 4°C to remove surface-bound EGF (0.1
M glycine, pH 3.0, and 0.9% NaCl), and further chased for the indicated
periods. Determination of '2°I-EGF degradation was carried out essentially as
described previously (White et al., 2006). Briefly, incubation media were col-
lected and proteins were precipitated with 20% trichloroacetic acid (TCA). Cells
were lysed with 1% Triton X-100 for 10 min at 4°C. >°I-EGF degradation was
determined as ratio of TCA-soluble counts in the medium (degradation prod-
ucts) to total counts in the lysates. Statistical significance of the results from four
independent experiments was evaluated by unpaired Student’s ¢t tests.

Analysis of Annexin A8 RNA Interference (RNAi), EGFR
Degradation, and ERK1/2 Activation

To analyze EGFR degradation, cells were serum starved overnight and incu-
bated with 100 ng/ml EGF (BIOMOL Research Laboratories, Plymouth Meet-
ing, PA) and 10 pg/ml cycloheximide for the indicated periods. Cells were
then scraped in ice-cold PBS, pelleted, resuspended in 8 M urea, and soni-
cated. Equal amounts of total cellular protein were analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE) and subsequent immunoblotting us-
ing rabbit polyclonal anti-EGF receptor antibody (sc-03; Santa Cruz
Biotechnology). To investigate activation of the mitogen-activated protein
(MAP) kinases ERK1/2, the membranes were probed with rabbit anti-phos-
pho-ERK1/2 antibodies and subsequently stripped and reprobed for total
ERK (mouse monoclonal phospho-p42/44 and rabbit polyclonal p42/44; Cell
Signaling Technology, Danvers, MA) as described previously (Lange et al.,
2007). Remaining EGFR levels after stimulation were analyzed by quantifying
the intensities of the 180-kDa band representing the mature EGFR. Phospho-
ERK1/2 levels were normalized to total ERK levels in the corresponding
samples. RNAIi efficiency was assessed with goat polyclonal anti-human
annexin A8 antibody from Santa Cruz Biotechnology. Detection of vimentin
using monoclonal anti-vimentin antibody (Dianova, Hamburg, Germany)
was included as internal loading control. Signal intensities were quantified by
densitometric analysis using the Image] software (National Institutes of
Health, Bethesda, MD). Statistical significance of the results obtained from
five independent experiments was evaluated by unpaired Student’s ¢ test.

Subcellular Fractionation

Cells expressing annexin A8-GFP were lysed in 10 mM Tris-HCL, pH 7.4,
with added protease inhibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many) by passage through a 23-gauge needle. When indicated, Ca?* was
added to a final concentration of 500 uM. Postnuclear supernatants (PNS)
were prepared by centrifugation of the lysates for 10 min at 1000 X g.
Membranes were pelleted by centrifugation of PNS for 60 min at 100,000 X g.
Equal protein amounts of PNS, the resuspended membrane pellets, and the
final supernatants were analyzed by SDS-PAGE and subsequent immuno-
blotting using goat polyclonal anti-human annexin A8 antibody (c-20; Santa
Cruz Biotechnology) and anti-LAMP2 antibody (clone H4B4; Developmental
Studies Hybridoma Bank). Amounts of annexin A8-GFP in the different
fractions were quantified by densitometric scanning using the ImageJ soft-
ware (National Institutes of Health) and calculated as percentage of total
annexin A8-GFP detected in the fractionation. Statistical significance of the
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Figure 1. Annexin A8-GFP localizes to mul-
tivesicular late endosomes. (A) HeLa cells ex-
pressing annexin A8-GFP were stained with
either anti-LAMP1 or anti-LBPA antibodies.
Bars, 10 um, insets show a 2.5-fold magnifica-
tion. To visualize endosomes with proteolytic
activity, cells shown in B were loaded for 1 h
with DQ Red-BSA, washed, and incubated
overnight in culture medium. The pH-insen-
sitive dye coupled to BSA is strongly self-
quenched and only fluoresces upon proteo-
lytic cleavage and release of single peptides.
Bar, 5 um. All panels show single confocal
sections.

anxA8-GFP

results obtained from at least five independent experiments was evaluated by
unpaired Student’s t test.

Fractionation of Actin-associated Membranes

The actin-associated late endosomal membrane fraction was prepared essen-
tially as described previously (Richardson et al., 2004; Holtta-Vuori et al.,
2005). Briefly, postnuclear supernatants were prepared by lysing cells in 10
mM Tris-HCl, pH 7.4, 1 mM magnesium acetate, and protease inhibitor
cocktail (Roche Diagnostics) by passage through a 23-gauge needle and
centrifugation for 15 min at 600 X g. Nocodazole (100 uM) was added for 30
min at 37°C to depolymerize microtubules. Membranes were pelleted at
100,000 X g for 5 min. Amounts of actin, LAMP2, and tubulin in the postnuclear
supernatants as well as in the membrane fractions were detected by immuno-
blotting using the respective antibodies (anti-actin, clone AC-15 [Sigma-Aldrich];
anti-LAMP2, clone H4B4 [Developmental Studies Hybridoma Bank]; anti-tubu-
lin, clone YL1/2) and quantified by densitometric scanning using the Image]J
software (National Institutes of Health). To normalize the different experiments,
LAMP?2 and actin signals in the pelleted membranes were calculated as percent-
age of input. Bars represent the mean amount + SEM of actin-associated LAMP2
in the pellets of 11 independent experiments. Statistical significance of the results
was evaluated by unpaired Student’s ¢ test.

RESULTS

Annexin A8-GFP Localizes to Multivesicular Late
Endosomes

To visualize the subcellular localization and identify the
specific cellular target membranes of annexin A8, we ex-
pressed annexin A8 C terminally fused with GFP (Goebeler
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et al., 2006) in HeLa cells. In these cells, low levels of endog-
enous annexin A8 are detectable (our unpublished data).
Confocal laser scanning microscopy revealed that, in addi-
tion to some diffuse background signal of apparently non-
membrane-associated protein, annexin A8-GFP localized to
the plasma membrane and to large ring-shaped vesicular
structures (Figure 1). These vesicles were distributed
throughout the whole cell but seemed more concentrated in
the perinuclear region, a pattern reminiscent of late endoso-
mal compartments. Therefore, we used well-established
markers for late endosomal organelles. Annexin A8-GFP-pos-
itive vesicles largely colocalized with LAMP1 and LAMP2,
membrane glycoproteins that are two of the most abundant
proteins found both in late endosomes and lysosomes (Griffiths
et al., 1988), and the late endosomal tetraspanin LAMP3
(Escola et al., 1998) (Figure 1A; our unpublished data). Im-
munofluorescence staining of the endogenous annexin A8
protein revealed a similar colocalization (our unpublished
data). Annexin A8-GFP also showed a high degree of colo-
calization with LBPA, a poorly degradable phospholipid
found exclusively on the internal membranes of multive-
sicular late endosomes (Kobayashi et al., 1998; Matsuo et al.,
2004), with the ring-shaped annexin AS8-GFP signal sur-
rounding LBPA-positive smaller sphere-shaped internal
vesicles (Figure 1A). In contrast, we observed only a very
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limited colabeling with early endosomal antigen 1, Rab11, or
transferrin receptor, established markers of the early/recy-
cling endosomal compartment (data not shown). Thus, in
addition to the plasma membrane, annexin A8 seems to be
specifically associated with the limiting membranes of mul-
tivesicular late endosomes. To confirm that the annexin A8-
GFP-positive vesicles are accessible to cargo destined for
degradation in the lysosomal pathway, we used DQ Red-
BSA, a substrate that heavily self-quenches and requires
enzymatic cleavage in an acidic intracellular compartment to
generate a fluorescent product. As shown in Figure 1B, DQ
Red-BSA was found in annexin A8-GFP-surrounded endo-
somes further supporting the conclusion that these vesicles
were of late endosomal origin.

To analyze the endosomal annexin A8 localization in more
detail, we performed double immunogold labeling on ultra-
thin cryosections of HeLa cells for electron microscopy anal-
ysis. Cells were transfected with the annexin A8-GFP ex-
pression plasmid, and the fusion protein was detected by
immunolabeling the GFP moiety. As shown in Figure 2A,
the annexin A8-GFP signal (10-nm protein A gold) was
found at the limiting membrane of endosomes containing
internal vesicular and lamellar structures, a pleiomorphic
structural appearance typically found in the late endosomal
compartment. These multivesicular endosomes also proved
positive for LBPA (Figure 2B, 15-nm protein A gold), further
indicating the late endosomal origin. In contrast to the clear
labeling of the endosomal compartment seen by immuno-
fluorescence, in the cryosections the majority of annexin
A8-GFP is cytosolic. This difference is due to the methanol
extraction of the cells used for immunofluorescence, which
reduces the cytosolic pool (Figure 1). To address the annexin
A8 distribution directly and to obtain a more quantitative
analysis, we analyzed the Ca?*-dependent cellular distribu-
tion of annexin A8-GFP by using subcellular fractionation.
The membrane fraction and the cytosol were separated and
analyzed for their respective amounts of the late endoso-
mal/lysosomal marker LAMP2 and annexin A8-GFP (Fig-
ure 3A). As shown in Figure 3B, quantitative analysis of the
annexin A8-GFP distribution revealed that ~13% of the
ectopically expressed protein is found in the membrane
pellet, whereas the majority (>80%) is found in the cytosolic
fraction. Addition of Ca?* during the cell lysis led to a
significant translocation of annexin A8-GFP from the cytosol
to the membrane fraction, a characteristic feature of annex-
ins. To further discriminate between the different pools of
the membrane bound annexin A8-GFP observed by fluores-
cence microscopy, we established single cell analysis of the
annexin A8-GFP ratio associated with the plasma membrane
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Figure 2. Annexin A8-GFP is found on the
limiting membrane of late endosomes. Ultra-
thin cryosections of HeLa cells were immuno-
gold labeled for annexin A8-GFP and LBPA.
(A) Annexin A8-GFP can be found on the
limiting membranes of late endosomes (ar-
rows). (B) Annexin A8-GFP (10-nm protein A
gold; arrows) localized to the limiting mem-
branes of late endosomes that contained
LBPA-enriched internal vesicles (15-nm pro-
tein A gold). Bars, 200 nm.

and endosomes, respectively. As shown in Figure 3C,
plasma membrane bound annexin AS8-GFP represented
roughly 10% of all annexin A8-GFP signals found associated
with membranes within a single cell, and >80% were found
on endosomes.

Annexin A8 Controls the Morphological Appearance of the
Multivesicular Late Endosomal Compartment

To investigate a possible role of annexin A8 in late endo-
some morphology and maintenance of the late endosomal
compartment, we used RNA interference to reduce the ex-
pression of endogenous annexin A8. Transfection of HeLa
cells with an annexin A8-specific siRNA duplex targeted to
nucleotides 848-866 of the human annexin A8 ¢cDNA se-
quence consistently resulted in an 80-90% reduction in the
annexin A8 protein level after 48 h. Expression levels of
other annexins, namely, those that have also been reported
to play a role in endosomal dynamics, annexins Al and A2,
or the unrelated gene product vimentin, were not affected
(Figure 4A; our unpublished data). Depending on the intra-
cellular annexin A8 levels, we observed a marked difference
in the localization and average size of LAMP1-positive en-
dosomes. As shown in Figure 4B, LAMP1-positive endo-
somes in mock-transfected cells were slightly concentrated
in the perinuclear region, whereas in annexin A8-depleted
cells they were smaller and more scattered throughout the
cell. In annexin A8-GFP-expressing cells, the LAMP1-posi-
tive endosomes seemed to be more condensed in the perinu-
clear region, with a significant increase in the average size of
these endosomes and the appearance of a significant number
of atypical “giant” vesicles (Figure 4, B and C). As shown in
Figure 4D, quantitative analysis revealed that in annexin
A8-GFP-expressing cells the average diameter of the
LAMP1-positive endosomes (1.1 wm, on average, without
the endosomes classified as “giant”) increased by ~25%,
whereas RNAi-mediated depletion of annexin A8 led to
smaller endosomes with the average size (0.65 um) being
decreased to ~70% of LAMP1-positive endosomes in the
respective control cells (0.9 um). Expression of GFP alone
neither affected the distribution nor the size of the late
endosomes. The observed phenotype on the morphology of
LAMP1-positive endosomes was also observed on down-
regulation of annexin A8 with a second independent an-
nexin A8-specific siRNA duplex (data not shown), arguing
for the specificity of the phenotype.

To confirm that the smaller and more dispersed appear-
ance of LAMP1-positive endosomes was a direct conse-
quence of annexin A8 depletion, we performed rescue ex-
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100,000 X g to obtain the membrane fraction. Equal protein amounts of PNS, membrane pellets, and supernatants were analyzed by
SDS-PAGE and immunoblotting for LAMP2 and annexin A8-GFP. (B) Amounts of annexin A8-GFP in the pelleted membranes and the
supernatants were calculated as percentage of total annexin A8-GFP by densitometric scanning of the immunoreactive bands. Bars represent
the mean amount = SEM of at least five independent experiments. **p < 0.0005. (C) To analyze the intracellular membrane association of
annexin A8-GFP, quantitative single-cell analysis of digital fluorescence images was performed. The amount of annexin A8-GFP bound to
the specific membranes was quantified by determining signal intensities from 20 cells, with the total membrane-bound annexin A8-GFP set

as 100%. Bars represent the mean amount = SEM **p < 0.0005.

periments analyzing the appearance of LAMP1-positive
endosomes in annexin A8-depleted cells re-expressing an-
nexin A8-GFP. Cells that had been treated with annexin A8
siRNA for 2 d were transfected with annexin A8-GFP and
analyzed for both their amounts of endogenous annexin A8
and the ectopically expressed GFP-tagged version by West-
ern blotting with the anti-annexin A8 antibody. As shown in
Figure 5A, 24 h after annexin A8-GFP transfection the pool
of endogenous annexin A8 was still depleted, but high
amounts of annexin A8-GFP were detected. Morphological
analysis revealed that annexin A8 re-expressing cells
showed a distribution of the LAMP1-positive endosomes
similar to that observed in nondepleted cells, whereas in
cells that had escaped annexin A8-GFP transfection the ab-
normal dispersed distribution was still visible (Figure 5B).
These results confirm that annexin A8 is a critical compo-
nent for the maintenance of the correct distribution of the
late endosomal/lysosomal compartment.

Immuno-electron microscopy (EM) analysis of the CD63/
LAMP3-positive late endosomal compartment also reflected
the size irregularity caused by altered cellular annexin A8
levels. To detect late endosomes, we immunolabeled the
tetraspanin CD63/LAMP3, which is present on the limiting
membrane as well as on the internal membranous structures
of late endosomes. As shown in Figure 6A, the LAMP3-
positive multivesicular late endosomes in annexin A8-GFP-
expressing cells were considerably enlarged compared with
those of GFP-transfected cells, with the diameters of these
enlarged endosomes measured in random EM profiles cor-
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responding to those established by light microscopy (see
above). The control cells showed LAMP3-positive vesicles of
normal size generally found in nontransfected HeLa cells
(Figure 6B; our unpublished data). In annexin A8-depleted
cells, the size of LAMP3-positive vesicles was markedly
reduced (Figure 6C).

Annexin A8 Depletion Results in the Dispersal of Late
Endosomes, the Delay of Late Endosomal Cargo
Transport, and the Impairment of Ligand-induced
Degradation of the EGF Receptor

We next examined whether the uptake and transport of
cargo destined to enter the degradation pathway was altered
in annexin A8 down-regulated cells. We therefore investi-
gated the degradation of ligand-activated EGFR. On binding
of the cognate ligand EGF, this receptor is rapidly endocy-
tosed and sorted to internal vesicles of LBPA-positive mul-
tivesicular late endosomes to be ultimately degraded in late
endosomes/lysosomes. We first evaluated the influence of
annexin A8 levels on the internalization and degradation of
EGF. Serum-starved cells were allowed to internalize rho-
damine-conjugated EGF for different periods. As shown in
Figure 7A, labeled EGF was detected in a scattered vesicular
pattern upon an initial exposure for 10 min. No obvious
difference in the localization of EGF could be observed at
this time in the annexin A8-depleted cells. However, when
control cells were further chased for 4 h, the signal accumu-
lated in LAMP3-positive organelles clustered in the perinu-
clear region, whereas in annexin A8-depleted cells, labeled
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Figure 4. Annexin A8 controls the morphological appearance of the multivesicular late endosomal compartment. (A) Lysates of cells
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EGF was found in smaller LAMP3-positive vesicles that
seemed more scattered throughout the cell (Figure 7B). This
indicates that annexin A8 does not control early stages of the
endosomal pathway but functions in the regulation of trans-
port to late endosomal compartments.

To determine the effect of this altered late endosomal
positioning on the actual degradation of internalized EGF,
we treated the cells with *°I-EGF and followed the rate of
degradation by measuring the amount of TCA-soluble '*°IL
Delayed degradation of radiolabeled EGF in the annexin
A8-depleted cells could be observed as early as 60 min after
EGF incubation. Differences in the amount of degraded EGF
became statistically significant 120 min after '*°I-EGF treat-
ment (Figure 7C). Next, we analyzed the ligand-induced
EGEFR degradation to examine whether the observed differ-
ences in EGF degradation were due to altered EGFR degra-
dation kinetics. HeLa cells transfected with either control or
annexin A8-specific siRNA were serum starved overnight to
accumulate EGFR at the plasma membrane. Cells were then
stimulated with EGF for varying periods in the presence of
cycloheximide to inhibit protein synthesis. Total cellular
lysates were immunoblotted with anti-EGFR antibody (Fig-
ure 8A). Quantitative densitometric analysis revealed that a

5272

significant loss in mature EGFR levels was detectable after
60 min of EGF stimulation in mock transfected cells, whereas
in the annexin A8-depleted cells mature EGFR immunore-
activity was not decreased in this time interval (Figure 8B).
After a chase period of 240 min, only minimal levels of intact
mature EGFR could be detected in mock-transfected cells,
whereas annexin A8 depleted cells still showed substantial
amounts of nondegraded receptor.

Amnnexin A8 Depletion Results in Prolonged EGF-induced
ERK1/2 Activation

Down-regulation of activated signaling receptors through
endocytosis is an important means to regulate the strength
and duration of signal transduction. Because EGFR degra-
dation has a major impact on the regulation of EGF signal-
ing, we next examined whether the observed delay in EGFR
degradation is reflected in MAP kinase signaling. Because
the half-life of EGF-bound activated EGFR was estimated to
be ~60 min (Wiley, 2003), we focused on longer ligand
exposure times. As shown in Figure 9, the delayed degra-
dation of the EGFR observed in annexin A8 deficient cells
resulted in a sustained ERK signaling. In mock-transfected
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Figure 5. Re-expression of annexin A8-GFP in
cells depleted of endogenous annexin A8 restores
the perinuclear localization of LAMP1-positive en-
dosomes. (A) Western blotting of total cell lysates
shows that in cells depleted of endogenous an-
nexin A8, annexin A8-GFP is expressed at a high
level. (B) Annexin A8 siRNA-treated cells re-ex-
pressing annexin A8-GFP (asterisks) showed
LAMP1-positive endosomes predominantly in the
perinuclear region, whereas the nonrescued cell
next to them still shows the dispersed distribution
typically found in annexin A8-depleted cells. Bar,
10 uM.

HeLa cells, EGF-induced ERK phosphorylation is markedly
declining within 120 min of EGF exposure. In contrast, sub-
stantial ERK activation could still be observed at that time
point in annexin A8-depleted cells (Figure 9B).

Annexin A8 Depletion Decreases the Association of Late
Endosome-associated Endocytic Membranes with Actin

We have shown previously that annexin A8 interacts with
F-actin in vitro and is recruited to membrane areas associated
with dynamic actin rearrangement (Goebeler et al., 2006). Al-
tering annexin A8 levels did not change the overall appearance
of the actin cytoskeleton (data not shown), arguing against a
general role of the protein in the organization of the cellular
actin network. Because annexin A8 specifically affects proper-
ties of late endosomes and because many observations link the
actin cytoskeleton to late endosomal distribution, morphology,
trafficking, and fusion (Jahraus ef al., 2001; Eitzen et al., 2002;
Kjeken et al.,, 2004), we next analyzed whether annexin A8
regulates the association of actin with late endosomes.

As shown in Figure 104, actin patches localized to many of
the perinuclear annexin A8-GFP-positive endosomes in cells
expressing annexin A8-GFP. To assess whether the actin cy-
toskeleton participates in mediating the effect of annexin A8 on
the appearance of LAMP1-positive endosomes, we perturbed
the actin filaments with the actin-interfering drugs latrunculin
A and cytochalasin D, both potent inhibitors of actin polymer-

Figure 6. Overexpression and suppres-
sion of annexin A8-GFP affect the size of late
endosomes. Late endosomal compartments
were labeled with CD63/LAMP3 antibodies
followed by 15-nm protein A gold. Anti-
GFP antibodies and 10-nm protein A gold
was used to detect GFP. (A) CD63/LAMP3-
positive late endosomes found in annexin
A8-GFP-expressing cells are considerably
enlarged. (B) A normal-sized lysosome of
HeLa cells transfected with a GFP vector
without insert. (C) Smaller CD63/LAMP3-
positive late endosomes are found in an-
nexin A8-depleted cells. Bars, 200 nm.
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ization. Latrunculin A still permits lysosomes to move rapidly,
but it impairs directed transport, leading to random move-
ments (Cordonnier ef al., 2001). In cells that were treated with
latrunculin A for 10 min, the annexin A8-positive vesicles
seemed more disperse and were found closer to the plasma
membrane (Figure 10B shows a representative image). This
could be due to a decreased association of these endosomes
with actin filaments, resulting in randomly directed move-
ments. Cytochalasin D has been shown to decrease the ability
of lysosomes to move by trapping them in actin patches
throughout the cell (Cordonnier et al., 2001). In line with the
published observations, cells that were treated with cytochala-
sin D for 15 min showed a more dispersed distribution of
LAMP1-positive endosomes (Figure 10C, top). In contrast, cells
that were depleted of annexin A8 did not show further disper-
sion of LAMP1-positive endosomes upon cytochalasin D treat-
ment (Figure 10C, middle and bottom).

Next, we determined the amount of actin-associated late
endosomal membranes in annexin A8-depleted versus mock-
transfected control cells, making use of cosedimentation assays
described previously (Holtta-Vuori et al., 2005). LAMP2-posi-
tive membrane fractions were pelleted from the postnuclear
supernatants of cell lysates and analyzed for the amount of
LAMP2, which is highly enriched in late endosomes/lyso-
somes (Escola et al., 1998), and actin. To exclude the pelleting of
microtubule-associated membranes, lysates were treated with
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nocodazole. As reported previously (Holtta-Vuori et al., 2005),
addition of cytochalasin D that served as an internal control of
the assay caused a significantly reduced recovery of LAMP2 in
the pellet (data not shown). Significantly less actin-associated
LAMP2 was also recovered from annexin A8-depleted cells
compared with mock-transfected cells (Figure 11, A and B),
indicating that annexin A8 as an F-actin and membrane-bind-
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Figure 7. Annexin A8 depletion impairs EGF trans-
port and degradation. Annexin A8-depleted
(anxA8siRNA) cells were serum-starved overnight.
(A) Rhodamine-coupled EGF was internalized for 10
min. (B) EGF uptake was followed by a 4-h chase
period. Fixed cells were stained for LAMP3. Images
represent single confocal sections. Bars, 10 pm. (C)
Cells were incubated for 10 min with radiolabeled
EGF and then chased for the indicated periods. EGF
degradation was detected by measuring the release
of TCA-soluble degradation products in the me-
dium. Data are mean values = SEM from four inde-
pendent experiments. *p < 0.05, **p < 0.005.

ing protein might function in regulating the association of late
endosomes with actin filaments.

DISCUSSION

Endosomal organelles move actively along cytoskeletal ele-
ments to maintain their respective spatial organization in the

Molecular Biology of the Cell
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Figure 8. Depletion of annexin A8 impairs ligand-induced EGFR
degradation. HeLa cells transfected for 48 h with control siRNA (ct)
or annexin A8-specific siRNA (anxA8siRNA) were serum starved
overnight and then treated with 100 ng/ml EGF in the presence of
cycloheximide for the indicated periods. Degradation of EGFR was
analyzed by immunoblotting cell lysates with anti-EGFR antibodjies.
In A, a representative immunoblot from five independent experi-
ments is shown. Vimentin was used as a control to ensure equal
loading of total cellular proteins. (B) Kinetics of EGFR degradation
was assessed by densitometric quantification of the 180-kDa band
corresponding to mature EGFR, and expressed as the percentage of
the EGFR level of cells at 0 min. Data represent mean values = SEM
from five independent experiments. *p < 0.02.

cell. The proper localization of the endocytic compartments
is thought to be critically important for their proper physi-
ological functions. Microtubules mediate long-range transport
of organelles of the degradative pathway, whereas actin fila-
ments are thought to be also required for the proper distribu-
tion, probably supporting efficient fusion (for reviews, see Gru-
enberg and Stenmark, 2004; Piper and Katzmann, 2007).
These processes are particularly relevant in the endocytic
down-regulation of ligand-activated receptors to decrease
the levels of signaling receptors and thereby ensure proper
termination of signal transduction. Inappropriate persis-
tence of stimulation of such receptors is implicated in the
development of diseases such as cancer and autoimmune
disorders. Here, we identified the F-actin and phospholipid
binding protein annexin A8 as specifically associated with
endosomal vesicles that contain specific markers for mul-
tivesicular late endosomes (Gruenberg and Stenmark, 2004).
In addition, electron microscopy of the annexin A8-positive
organelles revealed the pleiomorphic structure of multive-
sicular, tubular, and cisternal regions seen in late endo-
somes, comprising internal vesicles and membrane sheets of
different densities. Altering intracellular annexin A8 levels
altered the localization of the LAMP-positive vesicles as well
as late endosomal diameter, suggesting that annexin A8
contributes to the correct positioning and morphological
appearance of the late endosomal compartment.

Annexin A8 belongs to the annexin protein family of Ca?"-
binding proteins. Their highly conserved so-called “core” mod-
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Figure 9. Annexin A8 depletion results in sustained EGF-medi-
ated ERK1/2 activation. HeLa cells transfected for 48 h with control
siRNA (ct) or annexin A8-specific siRNA (anxA8siRNA) were se-
rum starved overnight and then treated with 100 ng/ml EGF for the
indicated times. The activation state of the MAP kinases ERK1/2
was assessed by immunoblotting the cell lysates with phospho-
specific ERK1/2 antibodies. Total levels of ERK and annexin A8 in
the lysates were detected with anti-ERK and anti-annexin A8 anti-
bodies, respectively. In A, a typical blot is shown. (B) The time
course of EGF-induced MAP kinase activation is presented after
normalizing for total ERK loading. Data represent mean values *
SEM from five independent experiments. *p < 0.05.

ule bears the unique Ca?*-binding sites that mediate a Ca®*-
dependent, reversible binding to cellular membranes
(Gerke et al., 2005). Some annexins also interact with
F-actin filaments and certain phosphatidylinositides such
as phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P,]
(Hayes et al., 2004; Rescher and Gerke, 2004). Due to their
properties, they might form membrane scaffolds that orga-
nize and/or stabilize certain membrane domains and in
some cases link them to the underlying actin cytoskeleton
(for review, see Hayes et al., 2004). Recent studies demon-
strated that annexin A2 and annexin Al function in the
endocytic pathway (Mayran et al., 2003; Zobiack et al., 2003;
White et al., 2006), although their precise mechanism of
action is not known. Our finding that annexin A8 is involved
in the late endosomal-associated actin dynamics provides a
mechanistic explanation of the observed annexin A8 effects.

Interestingly, altering annexin A8 levels did not cause
obvious changes in early endocytic events such as EGF
uptake. However, trafficking along the degradative pathway
was slowed down in annexin A8-depleted cells and this
correlated with defective degradation of both the EGFR and
its cognate ligand. The observation that EGFR degradation
was delayed in annexin A8-depleted cells for ~60 min but
then seemed to proceed at a rate comparable with control
cells suggests that a transport step rather than receptor
degradation per se was affected.

The EGF/EGEFR system is a well-studied model system for
the coupling of ligand-induced endocytic down-regulation
to the signaling potential. In contrast to other members of
the ErbB family, EGFR signaling occurs from within the
endosomes. Thus, trafficking of the receptor-ligand complex
through the different compartments not only regulates the
levels of activated signaling receptor but also ensures proper
temporal and spatial control of EGF-mediated signaling to
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anxA8-GFP

Figure 10. Perturbation of the actin cytoskeleton af-
fects the annexin A8-mediated alterations in late endo-
somal appearance. (A) Actin patches visualized with
anti-actin antibody are often found in proximity to
clustered annexin A8-GFP—positive endosomes in an-
nexin A8-GFP-expressing cells. In B, cells were treated
with LTNA to interfere with actin polymerization. Note
the more dispersed distribution of annexin A8-GFP-
positive endosomes compared with untreated cells.
Compared with the actin stain shown in A, the image
shown in B was recorded with a longer exposure time
to visualize the remaining actin-positive structures. (C)
Distribution of LAMP1-positive endosomes in cells
treated with CD. In contrast to control cells that dis-
play dispersed LAMP1-positive endosomes upon CD
treatment (ct; top) CD does not affect the localization
of LAMP1-positive endosomes in annexin AS8-de-
pleted cells (anxA8siRNA, middle and bottom). Bars,
10 pm. Insets show a twofold magnification of the
boxed regions.

various downstream effectors (Jorissen et al., 2003; Wiley, result in prolonged and sustained MAP kinase signaling.
2003). Accordingly, changes in the EGFR degradation kinet- Consistently, we observed that the delayed transport and
ics, as has been achieved through manipulating mediators of degradation of activated EGFR in annexin A8-depleted cells
vesicular trafficking, such as dynein and Rab?7 (Taub et al., correlated with prolonged EGF-induced ERK activation. In-
2007), or by expression of EGFR mutants, were shown to terestingly, annexin A8 overexpression did not cause detect-
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Figure 11. Annexin A8 depletion reduces the association of
LAMP2-positive membranes with F-actin. Membranes from post-
nuclear supernatants (input) of cells transfected with control (ct) or
annexin A8-specific siRNA (anxA8siRNA) were pelleted by centrif-
ugation and analyzed for their actin and LAMP2 contents. To ex-
clude the pelleting of microtubule-associated membranes, lysates
were treated with nocodazole and the recovered membrane frac-
tions were probed for tubulin. (A) A representative blot. (B) To
normalize the different experiments, LAMP2 and actin signals in the
pelleted membranes were calculated as percentage of input by
densitometric scanning of the respective immunoreactive bands.
Bars represent the mean amount + SEM of actin-associated LAMP2
in the pellets of 11 independent experiments. *p < 0.03.

able changes in the kinetics of EGF degradation and EGFR
down-regulation, although the morphology of the late en-
dosomes was severely altered in these cells. It is likely that
the increase in diameter observed in annexin A8 overex-
pressing cells is caused by homotypic fusion of late endo-
somes. This could occur following annexin A8-mediated
clustering of these organelles resulting in increased proxim-
ity and fusion probability without affecting EGFR degrada-
tion within the fused organelles.

The characteristic perinuclear steady-state localization of
late endosomes and lysosomes is thought to depend both on
microtubules as well as actin filaments (Matteoni and Kreis,
1987; Cordonnier et al., 2001; Taunton, 2001). Whereas sev-
eral components of the microtubule-dependent movement
of late endosomes have been identified, such as the GTPase
Rab7, the effector RILP that attaches late endosomes to the
dynein/dynactin complex of motor proteins (Jordens et al.,
2001; Progida et al., 2007), or kinesins (Hoepfner et al., 2005),
actin-dependent late endosomal transport is less well under-
stood. Pharmacological disruption of the actin cytoskeleton
impairs receptor degradation in several cellular models (van
Deurs et al., 1995; Durrbach et al., 1996) and relocalizes late
endosomes to the cell periphery. Perinuclear aggregation
and both fusion of late endosomes with each other or with
lysosomes, critically depend on actin (van Deurs et al., 1995;
Jahraus et al., 2001; Kjeken et al., 2004). Likewise, homotypic
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vacuole fusion in yeast that is analogous to mammalian late
endosomal/lysosomal fusion requires actin (Eitzen et al.,
2002). Further emphasizing a link to the actin cytoskeleton,
late endosomes/lysosomes can nucleate F-actin on their
membranes (Taunton et al., 2000; Jahraus et al., 2001; Kjeken
et al., 2004), thereby presumably assembling actin filaments
to facilitate fusion with neighboring organelles. Based on
our results, we propose that annexin A8 present on the
limiting membrane of late endosomes might link late endo-
somes to the actin cytoskeleton through either direct inter-
action or through the organization of specific membrane/
actin attachment sites. Disruption of this action, for example
by annexin A8 depletion, interferes with the proper local-
ization of late endosomes and, as a consequence, impairs
cargo transport through the endocytic pathway resulting in
imbalanced signaling patterns.
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