
Molecular Biology of the Cell
Vol. 15, 4877–4891, November 2004

Protein KinaseC�-Calmodulin Crosstalk Regulates
Epidermal Growth Factor Receptor Exit from Early
Endosomes
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We have recently shown that calmodulin antagonist W13 interferes with the trafficking of the epidermal growth factor
receptor (EGFR) and regulates the mitogen-activated protein kinase (MAPK) signaling pathway. In the present study, we
demonstrate that in cells in which calmodulin is inhibited, protein kinase C (PKC) inhibitors rapidly restore EGFR and
transferrin trafficking through the recycling compartment, although onward transport to the degradative pathway remains
arrested. Analysis of PKC isoforms reveals that inhibition of PKC� with rottlerin or its down-modulation by using small
interfering RNA is specifically responsible for the release of the W13 blockage of EGFR trafficking from early endosomes.
The use of the inhibitor Gö 6976, specific for conventional PKCs (�, �, and �), or expression of dominant-negative forms
of PKC�, �, or � did not restore the effects of W13. Furthermore, in cells treated with W13 and rottlerin, we observed a
recovery of brefeldin A tubulation, as well as transport of dextran-fluorescein isothiocyanate toward the late endocytic
compartment. These results demonstrate a specific interplay between calmodulin and PKC� in the regulation of the
morphology of and trafficking from the early endocytic compartment.

INTRODUCTION

The early endosome is a highly complex and dynamic intra-
cellular compartment involved in the sorting of endocytosed
receptors and ligands, for receptor recycling or targeting to
lysosomes; in addition, it participates in endosome–endo-
some fusion and fission events (Gruenberg, 2001). The iden-
tification of microdomains in early endosomes, together
with specific molecular activities (i.e., phosphorylation of
signaling proteins or ubiquitylation of receptors), suggests
that sorting and exit (budding) from this compartment are
finely regulated and further indicates that our knowledge of
its molecular machinery is incomplete. Thus, in addition of
proteins that might be involved in the formation of specific
domains (domain organizers) such as Rab5, Rab4, or an-
nexin 2, other components are also likely to be important for
the integrated function of endosomal sorting and trafficking.

In a previous study, we demonstrated the importance of
calmodulin in the regulation of early endocytic compart-
ment morphology as well as in the trafficking and signaling
of the epidermal growth factor receptor (EGFR) in this struc-
ture (Tebar et al., 2002). Now, we analyze the molecular
mechanisms and the function of calmodulin in EGFR exit
from early endosomes.

Calmodulin specifically interacts with the EGFR in a cal-
cium-dependent manner (Martin-Nieto and Villalobo, 1998;

Li et al., 2004). Mutations in the juxtamembrane domain
(calmodulin-binding site) of the EGFR, or deletion of the
basic segment (645–660 amino acids), inhibit this interaction;
interestingly, this region contains the threonine 654, the
target of protein kinase C (PKC). Calmodulin binding inhib-
its EGFR tyrosine kinase activity in vitro (San José et al.,
1992) and PKC-induced phosphorylation at Thr654 (Lund et
al., 1990; Bao et al., 2000); conversely, EGFR phosphorylation
by PKC inhibits calmodulin binding.

Interfering with PKC phosphorylation seems to be a
rather general mechanism for calmodulin action (as occurs
with other PKC substrates: MARCKS, MacMARCKS,
AKAP79, adducins, or GAP 43) (Jaken and Parker, 2000),
which has at least two important consequences: first, a de-
crease in the free calmodulin concentration locally and sec-
ond, the regulation of intracellular signaling.

However, PKC takes account of ubiquitous large family of
serine/threonine protein kinases (PKC isoforms) whose ac-
tivity is dependent upon lipid cofactors and regulators and
that have been broadly involved in many cellular regulatory
processes, including cytoskeleton rearrangements (Keenan
and Kelleher, 1998), membrane trafficking, ion transport,
signaling, and cell adhesion (Newton, 1997). In fact, as
shown with calmodulin antagonists W7 and W13, it has
been reported that activation of PKC with 12-O-tetradeca-
noylphorbol-13-acetate (TPA) leads to production of en-
larged endosomes in the cell via a mechanism involving
Rab5 and the homotypic fusion of endosomes (Aballay et al.,
1999). Compared with W13, TPA does not affect the sorting
rate of molecules from endosomes (Klausner et al., 1984).
Apparently, the PKC-induced phosphorylation of the EGFR
at threonine 654 is sufficient to direct incoming receptors to
the recycling endosomes, whereas phosphorylation at ty-
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rosine residues directs the receptor to the multivesicular
bodies (MVB)/late endosomal compartment, in agreement
with the close relationship between endocytosis, trafficking,
sorting, and signaling events (Bao et al., 2000).

Various PKC isoforms have been implicated in the control
of vesicle trafficking in the GLUT4 and Fc� R systems
(Anderson and Olefsky, 1991; Liu et al., 2001) and also more
recently PKC� and � were shown to be required for Fc� R
(CD89) trafficking to MHC class II compartments and Fc�
R-mediated antigen presentation (Chen et al., 2004). Further-
more, different isoforms of PKC have been located in intra-
cellular structures related to intracellular trafficking such as
in caveolae, along the structures of the endocytic compart-
ment, the Golgi complex and in lysosomes. The role of PKC
in endocytosis, sorting, and/or trafficking is not completely
understood but its activity seems important (Sanchez et al.,
1998; Bao et al., 2000; Prevostel et al., 2000; Larocca et al., 2002;
Ridge et al., 2002; Becker and Hanunn, 2003). In the present
study, the activated form of PKC� has been located in en-
dosomal fractions isolated from COS cells, and by using
inhibitors and/or the small interfering RNA (siRNA)-medi-
ated down-regulation we demonstrate that in the absence of
calmodulin, PKC� is specifically involved in the regulation
of EGFR exit from the early endocytic compartment.

MATERIALS AND METHODS

Reagents
Mouse receptor-grade epidermal growth factor (EGF), peroxidase type VI
from horseradish (HRP), brefeldin A (BFA), and W13 were purchased from
Sigma Chemical (Madrid, Spain). TPA, bisindolylmaleimide I (BIM), Gö 6976,
and rottlerin were from Calbiochem (Merck Eurolab, Darmstadt, Germany).
EGF, dextran, and transferrin conjugated with tetramethylrhodamine B iso-
thiocyanate (TRITC) or fluorescein isothiocyanate (FITC) were from Molecu-
lar Probes (Eugene, OR). A monoclonal antibody against the extracellular
domain of the EGFR was obtained from American Type Culture Collection
(Rockville, MD); anti-PKC� and early endosomal antigen 1 (EEA1) monoclo-
nal antibodies were from BD Transduction Laboratories (Lexington, KY);
anti-actin monoclonal antibodies were from ICN Iberica, Barcelona, Spain; the
rabbit polyclonal PKC� and anti-Rab5 antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA); and the rabbit polyclonal phospho-PKC�
(Ser643) antibody was from Cell Signaling Technology (New England Biolabs,
Hitchin, United Kingdom). The mouse monoclonal anti-lysobisphosphatidic
acid (LBPA) was kindly donated by Dr. Jean Gruenberg (University of Ge-
neva). Peroxidase-labeled antibodies and SDS-PAGE molecular weight mark-
ers were from Bio-Rad (Hercules, CA). 125I-EGF was prepared as described in
Carter and Sorkin (1998) or purchased from Amersham Biosciences UK (Little
Chalfont, Buckinghamshire, England).

Cell Culture
Green monkey kidney cells (COS-1) were grown in DMEM containing 10%
fetal calf serum (FCS), pyruvic acid, antibiotics, and glutamine. DMEM and
FCS were purchased from Biological Industries (Beit Haemek, Israel). Cells
were grown to �90% confluence for cellular fractionation or radioactivity
experiments, or 50% confluence for immunofluorescence experiments. In
some experiments, we also used porcine aortic endothelial (PAE) (EGFR-
green fluorescent protein [GFP]) cells or HeLa cells (when siRNAs were used).

Transfection of EGFR-GFP, GFP-Dominant-Negative PKC
Isoforms, and siRNAs
Expression vector encoding kinase-inactivated GFP-PKC� (K378R) was a gift
of Dr. C. Larsson (Lund University, Lund, Sweden) (Ling et al., 2004). The
generation of plasmids containing dominant-negative PKC�, �, and � (kindly
provided by Dr. Jorge Moscat, Centro deBiologı́a Molecular, Severo Ochoa,
Madrid, Spain) has been described previously (Diaz-Meco et al., 1993; Diaz-
Meco et al., 1996; Uberall, 1996). To obtain a GFP-dominant-negative atypical
PKC (aPKC), an EcoRI/ApaI fragment was excised from pcDNA3-dominant
negative aPKC and ligated to EcoRI/ApaI digested pEGFP-N2. Similarly, to
generate GFP-dominant-negative PKC�, an EcoRI fragment was excised from
pcDNA3-dominant negative novel PKC (nPKC)� and ligated to EcoRI di-
gested pEGFP-N2. Transient expression was performed using Polyfect or
Effectene (QIAGEN, Valencia, CA) and the cells were used for experiments
24–48 h after transfection.

A cell line of PAE cells stably expressing GFP-EGFR wt was established
using standard single-cell cloning and G418 selection procedures (Carter and

Sorkin, 1998). PAE cell lines were grown in F-12 medium containing 10% fetal
bovine serum, antibiotics, pyruvic acid, and glutamine.

siRNAs duplexes were synthetized and purified by QIAGEN as described
by Yoshida et al. (2003). The siRNA sequences for targeting PKC� were PKC�
siRNA1 (5�-GAUGAAGGAGGCGCUCAGTT-3�) and PKC� siRNA2 (5�-
GGCUGAGUUCUGGCUGGACTT-3�). We found that optimal conditions
were achieved using 10 �l of 20 �M solution of the PKC� siRNA2 and
transfecting HeLa cells in six-well plates (40–50% confluence; 2 ml of DMEM
� 10% FCS/well) with 5 �l of Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA) in 250 �l of Opti-MEM medium for 6 h, following protocols
provided by the manufacturer. Experiments were conducted 72 h after trans-
fection. GFPsiRNA was used as a negative control (Hirai and Wang, 2002).

Immunofluorescence Staining
Cells grown on coverslips were incubated in binding medium (DMEM �
0.1% bovine serum albumin [BSA]) with different treatments, fixed with
freshly prepared 4% paraformaldehyde for 12 min at room temperature and
mildly permeabilized with phosphate-buffered saline (PBS) containing 0.1%
Triton X-100, 0.1% BSA at room temperature for 3 min. Coverslips were then
incubated in the same buffer, in which Triton X-100 was omitted, at room
temperature for 1 h with the primary antibody, washed extensively, and then
incubated with appropriate secondary antibodies labeled with FITC (Jackson
Immunoresearch Laboratories, West Grove, PA) or Alexa Fluor 488 or 546
(Molecular Probes). Both primary and secondary antibody solutions were
precleared by centrifugation at 14,000 � g for 10 min. After staining, the
coverslips were mounted in Mowiol (Calbiochem). Images were collected
using an inverted epifluorescence Axiovert 200M microscope (Carl Zeiss,
Göttingen, Germany) equipped with a Photometric Cool Snap HQ camera, all
controlled by Slide-Book 3.0.10.5 software (Intelligent Imaging Innovation,
Denver, CO). Final analysis of deconvoluted images was performed using
Adobe Photoshop software.

To ascertain the degree of colocalization of dextran-FITC (10,000 mol wt)
and the late endosomal marker LBPA, after the treatment with W13 and
rottlerin, double labeling was performed in cells fixed for 2 h at room
temperature with 4% paraformaldehyde in 40 mM sodium phosphate/75 mM
lysine buffer, pH 7.4, containing 9.1 mM sodium periodate and permeabilized
with 0.1% saponin in 0.5% BSA/PBS-20 mM glycine for 10 min. Cells were
processed for indirect immunofluorescence microscopy as described above.
This procedure improves the retention of the fluid phase marker with the
immunocytochemical detection (Pons et al., 2000).

Time-Lapse Fluorescence Confocal Microscopy
Time-lapse fluorescence confocal microscopy experiments were carried out
using a Leica TCS SL laser-scanning confocal spectral microscope (Leica
Microsystems Heidelberg, Manheim, Germany) with argon and HeNe lasers
attached to a Leica DMIRE2 inverted microscope equipped with an incuba-
tion system with temperature and CO2 control. For visualization of EGFR-
GFP in EGF � W13 � BIM experiments, confocal images were acquired using
a 63� oil immersion objective lens (numerical aperture 1.32), 488-nm laser
line, excitation beam splitter RSP 500, and an emission range detection 500–
610 nm. Images were acquired at 30-s intervals for 1–2 h, and optical section-
ing was necessary to capture the whole signal. The excitation intensity was
attenuated to 5% of the half-laser power to avoid significant photobleaching.
Image treatment and movie assembly were performed using the Image Pro-
cessing Leica Confocal Software.

Recycling and Degradation of 125I-EGF
125I-EGF recycling and degradation was measured as described previously
(Kornilova et al., 1996). Briefly, cells in 35-mm culture dishes were incubated
with 5 ng/ml 125I-EGF for 7 min at 37°C and washed in cold DMEM.
Noninternalized 125I-EGF was removed from the cell surface by a 2.5-min acid
wash (0.2 M sodium acetate, 0.5 M NaCl, pH 4.5). At this point cells are
referred to as “125I-EGF–loaded cells.” Trafficking of 125I-EGF-receptor com-
plexes in these loaded cells was then initiated by incubating the cells in fresh
binding medium containing 100 ng/ml unlabeled EGF and other reagents
DMSO, W13 (10 �g/ml), BIM (5 �M), Gö 6976 (1 �M), and rottlerin (5 �M) at
37°C for 0–60 min. Excess of unlabeled EGF in the medium and at the cell
surface prevented rebinding and reinternalization of recycled 125I-EGF. At the
end of the chase incubation, the medium was collected to measure the amount
of intact and degraded 125I-EGF by precipitation with trichloroacetic acid
(TCA), and cells were incubated for 5 min with 0.2 M acetic acid (pH 2.8)
containing 0.5 M NaCl at 4°C to determine the amount of surface-bound
125I-EGF. Finally, cells were solubilized in 1 N NaOH to measure the amount
of intracellular 125I-EGF. The amount of recycled 125I-EGF was estimated by
summing the radioactivity counted on the cell surface and the TCA-precipi-
tated radioactivity in the medium during chase incubation; the recycling rate
was expressed as the ratio of this sum to the total EGF molecules. The
degradation rate was calculated as the ratio of the amount of degraded
125I-EGF (TCA soluble) in the medium to the amount of total radioactivity at
each time point.
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Ultrastructural Analysis
Two different approaches were undertaken to study the ultrastructure of
endosomes in COS-1 cells in control and after the different treatments. First,
cell monolayers on P100 dishes were rinsed with PBS and fixed with 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer for 1 h
at room temperature. Cells were gently scraped, collected into the same
buffer, and pelleted by centrifugation (5 min, 500 � g). After three rinses in 0.1
M phosphate buffer, pellets were postfixed in 1% OsO4-0.8% FeCNK for 1 h
30 min. Finally, samples were embedded in Spurr (Sigma Chemical). Images
taken from these samples were used for the stereological analysis. Similar to
in our previous study (Apodaca et al., 1994), structures of interest were
considered those low-dense vacuolar structures clearly distinguishable from
the rest of intracellular organelles (mitochondria, Golgi, and lysosomes).

Second, we also loaded the cells with HRP for 7 min to ascertain that
enlarged aberrant structures (in COS cells treated with W13 or W13 � TPA)
were early endosomes. After internalization of HRP, the cells were washed
and immediately fixed by adding ice-cold 0.5% (vol/vol) glutaraldehyde in
200 mM cacodylate, pH 7.4, 1 mM CaCl2, 0.5 mM MgCl2, for 30 min at room
temperature. Cells were rinsed with cacodylate buffer and then incubated for
�30 min with diaminobenzidine acid, dissolved in cacodylate buffer contain-
ing H2O2, at room temperature in the dark. Then, samples were rinsed,

osmicated with 1% OsO4, and embedded as described above (Apodaca et al.,
1994). Ultrathin sections were analyzed with a Jeol1010 electron microscope.

Procedures for Stereological Analysis of Endocytic Structures in COS Cells.
Because the cells were pelleted and embedded in Spurr, which was randomly
cut and mounted, the sections are considered to be isotropic, uniformly
random sections. Grids were systematically screened, and �80 regions with
structures of interest (endosomes) were imaged, irrespective of their intracel-
lular location. All structures were photographed at a primary magnification of
10,000�. For the measure of the area, we used the Quantity-One software
(Bio-Rad) that calculates the area of profiles by following the perimeter of
each endosome.

Calculation of the Mean Volume. The volume of individual objects may be
calculated from transection data by the method described by Lindberg and
Vorwerk (1970). The computing formula is:

v���A� 3/2

where v� is the mean volume and A� is the mean transection area. The values
of � (choice of shape factor) for ellipsoids of various axial ratios b/a (b,

Figure 1. Calmodulin antagonist W13 and PKC activator TPA exert a synergistic effect on enlarged EGFR-positive endosome formation.
Starved COS-1 cells were preincubated with W13 (10 �g/ml) and/or TPA (100 nM) for 30 min before EGF treatment (100 ng/ml) for 30 min
at 37°C. (A) Cells grown on coverslips were fixed and stained with anti-EGFR (Ab225) followed by a goat anti-mouse secondary antibody
labeled with FITC. Bar, 10 �m. After 7 min of 125I-EGF (5 ng/ml) internalization, COS-1 cells were incubated in the presence of W13 (10
�g/ml) and/or TPA (100 nM) for 30 and 60 min to measure recycling (B) and degradation (C), respectively. Data in the histograms shows
a mean of two independent experiments. Statistical significances of differences between controls and corresponding W13 treatments were
determined using the Student’s t test. *P � 0.05, **P � 0.01.
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correspond to the width [minor axis] and a, the height [major axis] in mi-
crometers) have been published in Aherne and Dunnill (1982).

Cellular Fractionation
Cells grown in 100-mm dishes, after different treatments, were rinsed with
PBS and mildly permeabilized by scraping with a rubber policeman in buffer
A (150 mM KCl, 2 mM MgCl2, 20 mM HEPES, 10% glycerol, pH 7,2, 1 mM
dithiothreitol, 1 mM EGTA, 1 mM EDTA, 1 mM NaVO4, 10 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 10 �g/ml aprotinin)
supplemented with 0.02% saponin and incubated for 15 min at 4°C to allow
the release of cytosolic proteins. The saponin homogenate was then centri-
fuged at 14,000 � g for 10 min. This centrifugation was sufficient to pellet the
saponin-permeabilized cells without loss of membranes. Aliquots (25–50 �g
of protein) of soluble and insoluble saponin fraction were processed for
electrophoresis and Western blot analysis. Then 8%-SDS-PAGE was per-
formed as described by Laemmli (1970). Electrophoresed proteins were trans-
ferred to Immobilon-P transfer membranes (Millipore, Billerica, MA). PKC�
and actin were detected using corresponding primary antibodies diluted in
Tris-buffered saline with 0.05% Tween 20 and sheep anti-mouse IgG second-
ary antibodies (Bio-Rad) conjugated with horseradish peroxidase coupled to
the enhanced chemiluminescence system (Amersham Biosciences UK).

Endosomes were prepared essentially as described previously (Grewal et
al., 2000). Briefly, 4–6 � 107 COS cells were used for each gradient. After
removal of the medium, cells were washed two times with cold PBS and
scrapped. Pooled cells were centrifuged at 200 � g for 5 min and then gently
collected in homogenization buffer (250 mM sucrose, 3 mM imidazol, pH 7.4,
and protease inhibitors) and centrifuged at 1500 � g for 10 min. The pellets
were homogenized by 20 passages through a 22-gauge needle. Complete
homogenization was confirmed under the phase microscope. The homoge-
nate was centrifuged for 15 min at 1000 � g. The postnuclear supernatant
(PNS) was brought to a final 40.2% sucrose (wt/vol) concentration by adding
62% sucrose (3 mM imidazol, pH 7.4) to PNS and loaded at the bottom of a
SW50.1 centrifugation tubes. Then, 35% sucrose, 25% sucrose, and finally
homogenization buffer were poured stepwise on top of the PNS. The gradient
was centrifuged for 90 min at 120,000 � g. After centrifugation the endosomal
fraction, from 25–35%, corresponding to late and early endosomes were
pooled (crude endosomes), and a plasma membrane fraction was collected at
the interface of 35/40.2%. The samples were pelleted, and the protein content
was measured (Bradford, 1976) using bovine serum albumin as standard.

RESULTS

We already reported the effect of W13 on endocytic com-
partment morphology and in the blockage of trafficking
from this structure, in Madin-Darby canine kidney and
COS-1 cells (Apodaca et al., 1994; Tebar et al., 2002). The use
of W13 has been demonstrated to be highly specific for
calmodulin, and it does not mimic the effect shown by
inhibitors of calmodulin-dependent protein kinases
(CaMPKs) or PKC. In the present study, the relationship
between calmodulin and PKC was studied to determine
their coordinated role in the exit of the EGFR from early
endosomes.

Morphology of the Early Endocytic Compartment in Cells
Treated with W13 and TPA
As shown previously, in cells treated with W13 (10 �g/ml)
almost all EGFR was observed in randomly distributed large
endocytic structures (Fig. 1A), compared with control cells
(nontreated) and/or cells treated with W12 (our unpub-
lished data). These aberrant endosomes contained early en-
dosomal markers (EEA1 and internalized transferrin or
EGF) (Tebar et al., 2002).

Because PKC is also actively involved in the signaling and
trafficking events leading to the early endocytic compart-
ment, we used TPA to activate PKC in cells previously
treated with W13. TPA treatment, alone, already produced
enlarged endosomes containing EGFR, but when TPA was
combined with W13 an increased/synergistic effect on the
size of the early endosomes was observed (Figure 1A). This
likely synergistic morphological effect was confirmed by
electron microscopy; when ultrathin sections of cells treated
with W13 and/or TPA were analyzed by electron micros-
copy and the average profile area and volume were calcu-

lated by morphometric means, a significant increase in the
endosomal area and volume after TPA or W13 treatments (5-
to 8-fold) and a 20-fold increase in response to the combined
application of both TPA and W13, was demonstrated (Table 1).

Previously, we have shown that these aberrant endo-
somes can be loaded with a short pulse of HRP (Apodaca et
al., 1994) and more recently by immunofluorescence con-
firmed to contain EGF, transferring, and EEA1 (Tebar et al.,
2002). The ultrastructure of 7-min HRP-loaded endocytic
structures (control and W13-treated cells) was analyzed and
showed the typical pleiomorphic early endosomes (our un-
published data).

Also, we have determined whether the activation of PKC
(by TPA alone), which causes a similar enlargement of early
endosomes (as shown for W13), affected the rate of recycling
and/or degradation of EGF; in Figure 1, B and C, it can be
observed that no changes in the recycling or degradation
rates occurred. These results indicate that calmodulin antag-
onists as well as PKC activators exert an effect on the mor-
phology of the early endocytic compartment involved in
EGFR sorting.

PKC Inhibition Selectively Releases W13 Blockage of
Ongoing Recycling from the Early Endocytic
Compartment
To elucidate the role of PKC upon the arrest of EGFR traf-
ficking induced in the absence of calmodulin, a broad-spec-
trum, highly specific PKC inhibitor, BIM, was first used.
Immunofluorescence analysis of cells treated with W13 re-
vealed accumulation of EGFR (Figure 2A) and transferrin in
early endosome-like vesicles, many of them being enlarged.
Whereas incubation with BIM (5 �M) did not alter the
staining pattern of the EGFR in control cells, it impaired the
formation of W13-enlarged endosomes, either when BIM
was incubated before or after W13 (Figure 2A). The same
effect was observed with another general PKC inhibitor,
staurosporine (100 nM) (our unpublished data).

Electron microscopy showed the morphology of endo-
somes after W13 and BIM treatments and clearly pointed on

Table 1. Morphological alterations of early endosomes

Area
(�m2)

Width
(�m)

Height
(�m) �

Volume
(�m3)

Control 0.065 0.333 0.325 1.382 0.023 � 0.002***
TPA 0.185 0.559 0.471 1.394 0.111 � 0.009*
W13 0.267 0.575 0.632 1.386 0.192 � 0.018
W13 � TPA 0.483 0.727 0.853 1.401 0.471 � 0.049***
W13 � BIM 0.107 0.371 0.374 1.382 0.048 � 0.008***

Quantification was performed using standard stereological proce-
dures (Weibel, 1979; Aherne and Dunnill, 1982). The electron mi-
croscopy images obtained were used to perform the measures of
endosomes (endosomal profile area) with the Quantity-One soft-
ware (Bio-Rad). Data in the table correspond to the mean � SE of
200 endosomal areas counted from five grids for each experiment
and a minimum of 60 different cells. The structures were randomly
distributed in the cytoplasmic region of COS-1 cells from grids
corresponding to control (cells treated with W12 � EGF) and cells
after different treatments (TPA, W13, W13 � TPA, and W13 � BIM),
always considering that measured structures were clearly separated
from the plasma membrane (see Material and Methods for details).
Statistical significances of differences between W13 and correspond-
ing treatments were determined using the Student’s t test with *P �
0.05, ***P � 0.001.
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Figure 2. PKC is required for W13-induced endosomal enlargement. BIM restores recycling after W13 but inhibits EGFR degradation. (A)
COS-1 cells were incubated for 30 min with W13 (10 �g/ml) and then treated with a general PKC inhibitor (BIM, 5 �M) and EGF-TRITC (200
ng/ml) for 30 min at 37°C. After 7 min of 125I-EGF (5 ng/ml) internalization, COS-1 cells were incubated in the presence of W13 (10 �g/ml)
and/or BIM (5 �M) for 1–60 min to measure recycling (B) or degradation (C). Results are shown as the mean of three independent
experiments; values did not vary �10% for recycling and 15% in degradation experiments. (D) PAE/EGFR-GFP cells were preincubated with
W13 (5 �g/ml) for 60 min at 37°C. After BIM addition, images of GFP labeling were obtained in living cells for 60 min; a selection is shown.
Bar (A and E), 10 �m.
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their reduction in area and volume when both reagents were
added together (Table 1).

To correlate morphology with the function of these aberrant
endosomes, we assessed the effect of BIM (after W13 treatment)
on the exit of EGFR from early endosomes to plasma mem-
brane (recycling) or their degradation by using 125I-EGF.

To directly measure recycling rates, cells were loaded with
125I-EGF for 7 min at 37°C, the remaining surface 125I-EGF
was removed by mild acid wash and the recycling of 125I-
EGF was measured by the appearance of intact 125I-EGF in
the medium and at the cell surface, as described previously

(Kornilova et al., 1996; see Materials and Methods). Because
the mechanism of recycling is believed to be the same for
unoccupied and occupied EGF receptors, we analyzed the
effect of W13 in the presence of BIM on the recycling as well
as the degradation of 125I-EGF. Recycling of 125I-EGF was
inhibited (by 40%) in the presence of W13. On the other
hand, degradation of 125I-EGF was completely blocked in
cells incubated with W13 (Figure 2, B and C), in agreement
with our previous data (Tebar et al.2002).

Interestingly, BIM restored the recycling but not the deg-
radation pathway inhibited by W13 (Figure 2, B and C). In

Figure 3. Conventional PKC isoforms are not responsible for the W13 blockage of EGFR trafficking. (A) Equal amounts of protein (50 �g)
from COS-1 cell lysates were electrophoresed and the different PKC isoforms (�, �, �, �, �, �, and �) detected by Western blotting with the
respective specific antibodies. Lysates from rat cerebrum were run in parallel as controls. (B) After 30 min of W13 (10 �g/ml) treatment,
COS-1 cells were incubated with a conventional PKC inhibitor (Gö 6976, 1 �M) and EGF (100 ng/ml) for 30 min at 37°C. EGFR was detected
with Ab225 and an anti-mouse secondary antibody labeled with Alexa Fluor 546. (C and D) Experiments were performed as explained in
Figure 2, C and D, with the Gö 6976 inhibitor instead of BIM. As in Figure 2, values did not vary �10%. Bar (B), 10 �m.
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controls using BIM alone to measure the internalization,
recycling, and degradation of 125I-EGF, we observed that
BIM did not modify either internalization (our unpublished
data) or recycling; however, it partially inhibited EGFR deg-
radation rates. This was confirmed by the analysis in vivo in
PAE cells stably expressing GFP-EGFR, which showed that
addition of BIM after W13 restored regular EGFR trafficking
to the perinuclear, Golgi-lysosomal area (Figure 2D). To-
gether, these results indicate that the effect of calmodulin on
EGFR trafficking/sorting at the level of early endosomes is
significantly dependent on PKC.

Dissection of the Role of PKC Isoforms in the Regulation
of Recycling from the Early Endocytic Compartment:
PKC� Is Involved in the Exit from Endosomes
The presence of different PKC isoforms (�, �, �, �, �, �, and
�) in cell lysates of COS-1 cells was demonstrated by West-
ern blotting with specific antibodies (Figure 3A). Because
these different members of the PKC superfamily have been
shown to be involved in a variety of physiological processes,
we wished to determine which of these isoforms is specifi-
cally required in the early endocytic compartment for sort-
ing of the EGFR.

To ascertain the identity of the PKC isoform implicated in
the inhibition of EGFR trafficking/sorting from early endo-
somes in the absence of calmodulin, Gö6976, a specific in-
hibitor of conventional PKCs (cPKC; �, �, and �) as well as
for the novel PKC-�(PKD) was tested.

COS-1 cells treated with W13 revealed accumulation of
EGFR (Figure 3B) in enlarged early endosomes. The addition
of Gö 6976 (1 �M) did not modify the staining pattern of
EGFR in control cells, nor did it impair the formation of
W13-enlarged endosomes (Figure 3B). Quantitative analyses
were performed to confirm the immunofluorescence data:
addition of Gö 6976 did not affect the recycling process, in
the presence or absence of W13; nevertheless, it diminished
125I-EGFdegradation by 30% in control cells (Figure 3, C and
D). These results showed that neither conventional PKC
isoforms nor PKC� are implicated in the effect of W13.

Next, we focused on the atypical PKC isoforms (aPKC, �
and �), which do not respond to either DAG (diacylglycerol)
or calcium, although they still require PS (phosphatidylser-
ine) as cofactor. Atypical PKC isoforms have been involved
in vesicular transport (Sanchez et al., 1998). COS-1 cells,
transiently expressing dominant-negative forms of PKC� or
PKC� were incubated with W13 and then EGF. Figure 4
shows that neither PKC� nor PKC� dominant-negative ex-
pression interfered with W13 effects.

Finally, we studied the novel PKC subfamily. nPKC iso-
forms are activated by DAG and require phosphatidilserine
as a cofactor, but are Ca2� independent. This subfamily is
composed of �, �, 	, and 
. Figure 5 shows the effect of
expression of a dominant-negative form of PKC� in COS-1
cells treated with W13; no effect on the distribution of EGFR
could be observed in those cells expressing the dominant-
negative form (Figure 5A). However, its implication cannot
be ruled out because overexpression of this mutant caused,
in some cases, a considerable decrease in EGFR expression
and also altered EGFR trafficking (our unpublished data).
Indeed, the EGFR was mislocalized in small vesicle-like,
structures randomly distributed in the cytosol.

Next, we used rottlerin, a specific inhibitor of the PKC�
isoform (Kikkawa et al., 2002). It has been demonstrated that
at low concentration (3–6 �M) rottlerin only inhibits the
PKC� isoform. At high concentration (30–50 �M), it can
inhibit the cPKCs and at higher concentration (100 �M)
PKC�, 	, and � (Gschwendt et al., 1994). Rottlerin also can be

used to discriminate PKC�. Starved COS-1 cells, preincu-
bated with W13 to allow the enlarged endosome formation,
were incubated with rottlerin (1–5 �M) and EGF (100 nM)
for 30 min at 37°C. The EGFR distribution was assessed
using an anti-EGFR antibody (Ab225) and the correspond-
ing secondary labeled with Cy3. Although rottlerin did not
modify the subcellular localization of EGFR in control cells
(our unpublished data), it inhibited the effect produced by
W13 (Figure 5B). Because at low concentration (2 �M) rot-
tlerin also inhibits PRAK (Davies et al., 2000), a p38 inhibitor
(SB 203580) was used to rule out PRAK (p38-regulated or
-activated kinase) involvement; no interference was ob-
served with the W13 response (our unpublished data).

To confirm the effect of rottlerin, as shown previously for
BIM, a quantitative assay to measure the recycling and deg-
radation of EGF by using 125I-EGF was performed. Rottlerin
almost completely restored recycling inhibited by W13 (Fig-
ure 5C) but did not recover EGF degradation (Figure 5D). As
with other inhibitors tested, rottlerin also inhibited EGF
degradation in control cells, in this case the effect being more
pronounced (45%).

In agreement with the result exposed with rottlerin, Fig-
ure 6A shows the effect of expression of a dominant-negative
PKC� in COS-1 cells treated with W13; cells expressing the
dominant-negative form did not reveal the accumulation of
EGF-TRITC or the formation of enlarged early endocytic
structures labeled with EEA1. The effect of rottlerin upon the
reversion of the W13 was observed in a large number of cells
compared with the dominant-negative that was detected in
	60% of the transfected cells.

Finally, to investigate whether PKC� had a direct role to
play in the recycling of EGF from the early endosomes, in
the absence of calmodulin, two different siRNAs oligonucle-

Figure 4. Expression of dominant-negative forms of atypical PKC
does not interfere with W13 effect. COS-1 cells transiently expressing
GFP-dominant-negative aPKC� or � were incubated for 60 min with
W13 (10 �g/ml) and the final 20 min with EGF-TRITC (200 ng/ml) at
37°C. Atypical dominant-negatives and EGF images were acquired
through the GFP and TRITC channel, respectively. Bar, 10 �m.
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otides complementary to two regions of human PKC� were
transfected into HeLa cells (siRNA2 was used in Figure 6).
The expression of PKC� was significantly reduced (	85%)
by siRNA2 after 72 h (Figure 6B). Down-modulation of
PKC� was specific and the amounts of other early endoso-

mal proteins such as EEA1 or Rab5, remained unchanged
(Figure 6B).

We then measured the recycling and degradation of in-
ternalized 125I-EGF after siRNA-mediated down-regulation
of PKC�, in HeLa cells. Figure 6C shows the percentage of

Figure 5. PKC�, but not PKC�, is necessary for W13-enlarged endosomes. (A) COS-1 cells transiently expressing GFP-dominant-negative
nPKC� were incubated for 45 min with W13 (10 �g/ml), and afterward, 20 min with EGF-TRITC (200 ng/ml) at 37°C. (B) After a 30-min
pretreatment with W13 (10 �g/ml), COS-1 cells were incubated with a PKC� inhibitor (rottlerin, 5 �M) and EGF (100 ng/ml) for 30 min at
37°C. EGFR was detected with Ab225 and an anti-mouse secondary antibody labeled with Alexa Fluor 488. Bar, 10 �m. (C and D) After 7
min of 125I-EGF (5 ng/ml) internalization, COS-1 cells were incubated in the presence of W13 (10 �g/ml) and/or rottlerin (5 �M), for 1–60
min to measure recycling (C) or degradation (D). Results are shown as the mean of three independent experiments (triplicates) and values
did not vary �10%.
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inhibition of recycling in cells treated with W13 for 30 min after
72 h of siRNA2 transfection; down modulated of PKC� in-
volved a release of recycling of 	50%. On the other hand (as
for rottlerin; Figure 5D), in siRNA2-transfected untreated cells
degradation was inhibited by 35% (our unpublished data).

Cytosolic and particulate fractions were isolated from
COS-1 cells, and the amount of PKC� after different treat-
ments was analyzed by Western blotting. PKC� translocates
from the cytosol to the particulate fraction after TPA activa-
tion (20 min) (Figure 7A). In the presence of W13, a signif-
icant increase in PKC� was detected in this particulate
(membrane-rich), compared with control untreated samples.
However, because the specific cellular location is important,
we have isolated endosomes and plasma membrane from
COS-1 cells after different treatments. Figure 7B shows that
total and the active PKC�, determined using the antibody
that recognize the phosphorylation at the serine-643 (Li et al.,
1997; Stempka et al., 1999), were present in endosomes (en-
riched in Rab5) independently of the treatment.

Role of Calmodulin and PKC� in Tubulation from the
Early Endosomes
To understand the molecular mechanism by which the
concerted action of calmodulin and PKC� regulate bud-

ding (to the recycling pathway) from the early endosomal
compartment, we investigated the membrane tubulation,
a process that has been directly involved in the endosomal
recycling (Lippincott-Schwartz et al., 1991). It has been
suggested that calmodulin is a regulator of membrane
tubulation and therefore is capable of influencing the
morphology and function of several organelles (de
Figueiredo and Brown, 1995).

BFA promotes tubulation from Golgi cisternae and also
from early endosomes (Wood and Brown, 1992). W13 was
shown to inhibit BFA-mediated endosome tubulation (de
Figueiredo and Brown, 1995). Interestingly, this effect (inhi-
bition of tubulation) was completely reversed by the addi-
tion of rottlerin, as shown using transferrin-TRITC, in COS-1
cells (Figure 8A); BFA-mediated endosome tubulation also
was observed in TPA-stimulated cells as well as after BFA �
rottlerin treatment (i.e., stimulation of PKC by TPA did not
block the BFA-induced tubulation in endosomes). The same
can be observed for EGFR by using GFP-EGFR in PAE cells
(Figure 8B).

Finally, we studied whether rottlerin was able to restore
the traffic to late endosomal compartments (despite its
inhibition of EGF degradation). To this end, transport of
dextran-TRITC was followed along the endocytic route.

Figure 6. PKC� down-modulation releases W13 blockage of recycling. (A) COS-1 cells transiently expressing GFP-dominant-negative PKC�
were incubated for 45 min with W13 (10 �g/ml), and afterward, 20 min with EGF-TRITC (200 ng/ml) at 37°C. A also shows a transfected
cell immunolabeled with anti-EEA1. (B) HeLa cells were transfected for 72 h with siRNA2 or GFPsiRNA and analyzed by SDS-PAGE and
Western blotting, by using antibodies against PKC�, EEA1, and Rab5. (C) HeLa cells were incubated in the presence of W13 (10 �g/ml), for
30 min; the percentage of inhibition of recycling in siRNA-transfected is shown. Data in the histograms shows a mean of two independent
experiments. Statistical significances of differences between PKC� siRNA and the corresponding controls were determined using the
Student’s t test. *P � 0.05, **P � 0.01. Control, no transfection.
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COS-1 cells were preincubated with W13 (for 45 min) and
loaded with dextran-TRITC for 15 min to label the en-
larged endosomes formed. Subsequently, rottlerin was
applied and the time course of dextran-TRITC subcellular
localization was studied. Rottlerin partially restored the
traffic of dextran from the aberrant endosomes, where it
was trapped, to the perinuclear Golgi area (Figure 8C).
Some of these perinuclear-labeled structures colocalized
with LBPA-positive endosomes (LBPA is a specific late
endosomal marker) (Figure 8D). Together, these results
clearly show that PKC� and calmodulin coordinately reg-
ulate budding/exit from early endosomes.

DISCUSSION

Calmodulin antagonists have been previously shown to ex-
ert a severe effect on endocytic trafficking at the level of early
endosomes (Tebar et al., 2002). Now, in this study we have
demonstrated that, in the absence of functional calmodulin,
PKC� is responsible to inhibit the recycling of the EGFR
from the early endocytic compartment.

Calmodulin antagonists have proved to be very useful to
study its role in different physiological processes, including
membrane trafficking. Other groups and ourselves, have
studied the involvement of calmodulin in the various pro-
cesses of membrane traffic such as: endocytosis (Apodaca et
al., 1994; Llorente et al., 1996; Della: Rocca et al., 1999),
recycling (Apodaca et al., 1994; de Figueiredo and Brown,
1995; Huber et al., 2000), transcytosis (Apodaca et al., 1994;
Hunziker, 1994) and at the completion of docking and the
late steps of vacuole fusion (Peters and Mayer, 1998) or in
endosome fusion (Lawe et al., 2003).

In general, there is an agreement that the morphology of the
early endocytic compartment is modified by the calmodulin
antagonists (Apodaca et al., 1994; de Figueiredo and Brown,
1995; Llorente et al., 1996; Tebar et al., 2002). It was proposed
that calmodulin antagonists could inhibit the transport of re-
ceptors out of endosomes by inhibiting the formation of the
tubular recycling structures (de Figueiredo and Brown, 1995).

However, the mechanisms of W13 inhibition of endo-
somal function remain to be investigated and several
possibilities can be considered. First, the effects of W13
could be mediated by components of the fusion-budding
machinery, such as annexins, EEA1, synaptobrevin (vesi-
cle-associated membrane protein 2) or phosphoinositide
3-kinase, which are either Ca2� or calmodulin binding
proteins (Mayorga et al., 1994; Mu et al., 1995; Colombo et
al., 1997; Quetglas et al., 2000; Burgoyne and Clague, 2003;
Lawe et al., 2003). Second, calmodulin may control the
endosomal apparatus via the actin cytoskeleton, through
GTPases of the Rho or ARF subfamilies (e.g., Rac and
ARF6) (Hall, 1994; Schmidt and Hall, 1998; Ridley, 2001)
or through different actin-associated calmodulin binding
proteins (e.g., myr4) (Huber et al., 2000). In addition, the
effect of calmodulin antagonists on the lipidic environ-
ment should be taken into account, as in the regulation of
a lipid binding domain in the v-SNARE synaptobrevin,
for vesicular fusion/fission events (De Haro et al., 2003),
or in the perturbation of polyphosphoinositide metabo-
lism, which might be important in the organization of the
actin cytoskeleton via phosphatidylinositol (4,5)-biphos-
phate synthesis (Desrivieres et al., 2002). Furthermore,
changes in lipid composition, caused by alterations in the
protein–protein interactions as a consequence of calmod-
ulin depletion, may induce the formation of membrane
domains that can recruit other molecules, such as annex-
ins or PKC, which eventually might contribute to the
functioning of endocytic structures. Finally, it has been
recently shown that calmodulin seems to be required to
maintain a stable interactions of EEA1 with the endoso-
mal membrane and therefore be essential for the fusion
machinery (Lawe et al., 2003).

PKC and the Endocytic Compartment
In addition to the known role of PKC as a mediator of
transmembrane signaling initiated at the plasma membrane,
there is now significant evidence to suggest that sustained
PKC activity regulates a variety of long-term cellular pro-

Figure 7. Active PKC� in the endocytic
compartment. (A) Starved COS-1 cells were
treated with TPA (100 nM), EGF (100 ng/
ml), and/or W13 (10 �g/ml). The saponin
soluble (cytosolic) and insoluble (particu-
late) fractions were obtained as described
in Materials and Methods and resolved by
SDS-PAGE. PKC� and actin were detected
by Western blotting with specific monoclo-
nal antibodies and a representative experi-
ment is shown. Densitometric analysis of
the PKC� chemiluminescence intensity was
corrected by actin signal and the histogram
shows the ratio of particulate to cytosolic
labeling of three independent experiments.
(B) Western blot analysis of total and active
PKC� (P-S643-PKC�) in isolated endo-
somes (End) and plasma membrane
(Memb) fractions from COS-1 cells after
indicated treatments. Rab5 indicated the
enrichment of early endosomes in this
crude endosomal fraction.
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Figure 8. In the absence of cal-
modulin, PKC� inhibits tubulation
and late endosomal transport from
early endosomes. (A and B) The
effect of rottlerin on BFA-tubula-
tion, in early endosomes, was ex-
amined. (A) COS-1 cells were pre-
incubated for 45 min with W13 (10
�g/ml) and/or 15 min with TPA
(100 nM). After 15 min with trans-
ferrin-TRITC, cells were incubated
with BFA (10 �g/ml) and/or rot-
tlerin (5 �M) for 10 min and fixed.
Images were acquired through the
Red filter channel. (B) PAE/GFP-
EGFR cells were treated as ex-
plained in A, and images were ac-
quired through the GFP filter
channel. Insets, high magnification
of the selected white rectangle area.
Insets show a detail of tubulation
after rottlerin treatment. (C) COS-1
cells were incubated with W13 (10
�g/ml) and dextran-TRITC (5 mg/
ml) for 60 and 15 min, respectively.
The effect of rottlerin (5 �M) on
subcellular localization of dextran
was visualized at the indicated
times in fixed cells. (D) Double la-
beling of dextran-FITC and anti-
LBPA (with the corresponding sec-
ondary anti-IgG-cy3) to visualize
the late endocytic structures loaded
with dextran-FITC after W13 and
rottlerin (45 min) treatment. Ar-
rows show the colocalization. Bar,
10 �m.
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cesses. Nevertheless, subcellular location and translocation
are of particular significance; treatment of cells with a vari-
ety of PKC agonists/phorbol esters led to localization of
PKC to the Golgi complex, nuclear envelope, mitochondria,
and/or the cytoskeleton (Saito et al., 2002). Besides, the
endosomal compartments (early and late endosomes as well
as lysosomes) are becoming emerging targets for different
isoforms of PKC (Cardone, Mochly-Rosen, and Enrich, un-
published data; Prevostel et al., 2000; Le et al., 2002).

At the plasma membrane, PKC-induced phosphorylation
of the EGFR at Thr654 is sufficient to direct internalized
receptors to the recycling endosomes (Bao et al., 2000). How-
ever, it is not known whether PKC� phosphorylates the
threonine 654 of EGFR; the activity of a purified PKC
isozyme mixture (�, �, �, �, and �) can be inhibited by the
substrate peptide RKRCLRRL, that is part of the calmodulin
binding domain of EGFR in which T (is threonine 654) was
change by C (Ward et al., 1995, 1996). This could be extrap-
olated as if they could act upon the Thr654 of EGFR, al-

though this has not been confirmed in in vivo or for the
PKC� isoform. However, although PKC� has been impli-
cated in the delivery to early endosomes via a caveolae-
mediated process (Prevostel et al., 2000) or in the regulation
of endocytosis and recycling of E-selectin (Le et al., 2002),
little is known about the specific roles of PKC in regulating
recycling pathway.

Biochemical and immunocytochemical studies have indi-
cated that the biological activity of PKC is intimately regu-
lated by its subcellular localization; especially, those cPKC
and less nPKC that translocate to the plasma membrane in
response to DAG and tumor-promoting phorbol esters.
Phosphorylation and autophosphorylation of PKC are criti-
cal for the regulation of its cellular distribution or enzymatic
activity and for the dynamic cellular trafficking, most prob-
ably by enhancing reverse translocation (Ohmori et al., 1998;
Feng et al., 2000; Iwabu et al., 2004).

Becker and Hanunn (2003) recently demonstrated a coin-
cident cPKC translocation into a juxtanuclear compartment

Figure 9. Schematic representation of calmodulin-PKC�–regulated EGFR trafficking along the early endocytic compartment. Briefly, 1) W13
treatment (depletion of calmodulin) involves a rapid and reversible morphological alteration in early endosomes containing activated-PKC�
plus other proteins (and/or protein complexes: CaMBPs, RICKs, and RACKs) with the inhibition of tubulation and the blockage of recycling
of EGFR and transferrin and the transport to late endosomes, i.e., the exit from this endocytic compartment. 2) However, in cells depleted
of calmodulin and with inactive PKC� (W13 plus rottlerin or expression of dominant-negative PKC�), the tubulation was reestablished and
the recycling and the fluid phase transport were restored. EE, early endosome; LE, late endosome.
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with a sequestration of membrane-recycling components,
this occurred in a PKC kinase activity-dependent manner,
suggesting a role for cPKC in the endosome recycling com-
partment. This recycling compartment was Rab11 positive
and contained transferrin.

Calmodulin and Anchoring Proteins for PKC� Can Be
Involved in the Regulation of Protein–Protein Interactions
and the Exit from the Early Endocytic Compartment
In the present study, we have shown that, in the absence of
calmodulin, active PKC� blocks the exit of EGFR toward the
recycling pathway. It is believed that some membrane re-
ceptors concentrate into endosome tubular extensions, be-
fore recycling back to the plasma membrane (Geuze et al.,
1984). Consequently, the exit/budding from a donor mem-
brane compartment depends on tubulation, and it has been
shown that inhibition of this process blocks recycling (de
Figueiredo et al., 2001, and references therein). Thus, al-
though it is a rather general process, occurring at the Golgi,
the endoplasmic reticulum and from endosomal structures,
the molecular machinery and the underlying mechanism(s)
is not known. Tubule formation from endosomes requires, at
least, cytosolic Ca2�-independent phopholipase A2 activity
(de Figueiredo et al., 2001) and myr4, an actin-based mecha-
noenzyme, which binds calmodulin and is involved in re-
cycling endosomes (Huber et al., 2000).

The regulation by calmodulin is extremely fine and the
local arrangement of protein complexes in each intracellular
compartment is central for the overall regulatory process. It
has been recently demonstrated (for Ca2� channels) that
crucial to calmodulin function is the number of (calmodulin)
molecules regulating a particular calmodulin binding pro-
tein (CaMBP) (Mori et al., 2004).

Finally, it should be consider the complexity of the regu-
lation of PKC by lipids and proteins that may establish
spatiotemporal interactions in a particular location (i.e., the
endocytic compartment); both inactive and active PKC
isoenzymes are localized to specific anchoring molecules:
RACK, for receptor activated C-kinase and RICKs, receptors
for inactive C-kinase isoenzymes. It seems that each isoen-
zyme may have several different proteins that anchor it to
different subcellular sites in the inactive (RICKs) or activated
states (RACKs). It is likely that the unique cellular functions
of PKCs are determined by the binding of isoenzymes to
specific anchoring molecules in proximity to particular sub-
sets of substrates and away from others (Mochly-Rosen and
Gordon, 1998).

Therefore, the model that is proposed from the data is
summarized in Figure 9. In early endosomes from control
cells, calmodulin, activated PKC�, CaMBPs, RICKs, and
RACKs are present; then, depletion of calmodulin (�W13)
prevents tubulation and promotes the enlargement of early
endosomes and the blockage of intracellular trafficking
(along the recycling and degradation pathways), activated
PKC� is present in these aberrant early endosomes. In cells
depleted of calmodulin, but with the PKC� inactive, the
recycling of EGFR and fluid phase transport to the late
endosomes was significantly restored; this can be in part due
to alternative interactions with RICKs.

Together, calmodulin-PKC� cross talk seems to be a crit-
ical event for the exit from the early endocytic compartment
but also could be a more general mechanism controlling
other intracellular trafficking pathways. In addition, we
have provided evidence that PKC� can be considered as part
of the molecular machinery in processes of membrane tubu-
lation such as in endosome recycling.
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