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Multiparametric image analysis reveals role of Caveolin1 in endosomal
progression rather than internalization of EGFR
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Endosomes constitute a central layer in the regulation of growth factor signaling. We applied flow
cytometry, confocal microscopy and automated image quantification to define the role of Caveolin1
(Cav1) in epidermal growth factor (EGF) receptor (i) internalization and (ii) endosomal trafficking.
Antisense-downregulation of Cav1 did not affect internalization of EGF:EGFR-complexes from the
plasma membrane. Instead, Cav1-knockdown had a profound effect on endosomal trafficking and
caused a shift in EGF vesicle distribution towards Rab7-negative compartments at late timepoints.
Moreover, image quantification with single-endosome resolution revealed that EGF:Cav1-complexes
undergo a maturation pattern reminiscent of late endosomes. Our data suggest a model in which
Caveolin1 acts upon EGF endosomes internalized via the Clathrin-pathway and functions at the
transition from early to late endosomes.

� 2012 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
1. Introduction

Endocytosis constitutes an important regulatory layer for recep-
tor tyrosine kinases (RTKs) (reviewed in [1,2]). The EGF receptor
(EGFR), a member of the ErbB family of receptors, is one of the
best-characterized RTKs [3]. In response to ligands, ErbB receptor
tyrosine kinases induce a variety of cellular responses, including
proliferation, differentiation and motility [4]. EGF-binding induces
receptor homodimeriztaion and activation of tyrosine kinase activ-
ity, which results in the initiation of intracellular signal transduc-
tion pathways [5,4]. Within minutes after activation, ligand–
receptor complexes undergo endocytosis [6,7]. Endocytosis can
be subdivided into two steps: the initial step is internalization, that
is, translocation of cargo from the cell surface into intracellular
vesicles. Internalization mainly controls the number of cell surface
receptors and thus the sensitivity of the cell to incoming signal. In
the subsequent phase of endocytic trafficking, internalized recep-
tors are sorted through a complex system of intracellular vesicle
compartments, known as endosomes (reviewed in [1,5,8]). From
early endosomes, which are characterized morphologically by
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small size and proximity to the plasma membrane [9], incoming
ligand–receptor complexes are sorted to different recycling or
degradation compartments. Endosomes carry active receptors
[6,10], implying that the exact location and timely progression
through endocytic compartments is critical for controlling signal
specificity and duration [6,11,12]. Dysfunctional regulation of
EGFR endocytosis can promote uncontrolled growth, most likely
by enhancing steady state EGFR signaling and proliferation [2].
Thus, the dissection of the endosomal network is a primary need
in order to understand signaling control. Since biochemical meth-
ods fail to separately analyze the different types of vesicles, quan-
titative imaging is needed to properly analyze the intracellular
steps followed by internalized receptors.

Several internalization pathways have been postulated for EGFR
[13,14]. Clathrin-mediated internalization, also known as the
coated pit pathway [15–17], is the major mechanism for the initial
internalization step. A number of essential adaptor proteins such
as AP180 [18] recruit receptors to clathrin-coated vesicles
[17,19], which pinch off by action of the GTPase dynamin [20].

A second putative internalization pathway relying on Caveolae
has been described [21]. Caveolae-mediated endocytosis describes
a clathrin-independent internalization pathway, in which Caveo-
lin-1 (Cav1) containing vesicles traffic between the plasma mem-
brane and intracellular pools [22,23]. Two Caveolae-trafficking
pean Biochemical Societies.
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routes have been described so far: in a short loop, Cav1-vesicles
cycle between the plasma membrane and cytosol, but remain re-
stricted to a small volume underneath the cell surface. In a second
mode, certain cues can trigger the long-range cellular transport, in
which Cav1-vesicles can associate with early endosomes in a
process regulated by small GTPases [24,25].

The following lines of evidence argue for a role of Caveolae-
endocytosis as an independent internalization pathway for EGFR:
(i) residual EGFR internalization occurs upon inhibition of
clathrin-dependent endocytosis [13,14,26,27], (ii) co-localization
between endosomal EGFR and Cav1 has been observed [13,28],
(iii) treatment of cells with filipin, a cholesterol-depleting drug dis-
rupting Caveolae, reduces EGFR internalization [14]. Nevertheless,
conflicting results have been published reporting that downregula-
tion of clathrin heavy chain efficiently prevents EGFR internaliza-
tion [26,29,30]. It is, however, difficult to conclude whether
incomplete block of internalization stems from incomplete clathrin
knockdown or from the existence of alternative pathways.

An intriguing alternative for the role of Cav1 in EGFR endocyto-
sis is suggested by observations about the trafficking behaviour of
certain viral ligands. Cholera Toxin virus and JC virus enter cells via
Clathrin-mediated internalization and are sorted intracellularly
from early endosomes to the caveolar trafficking pathway [31,32].

Thus, it is of great interest to understand the role of Cav1 in the
regulation of growth factor receptor processing. A large body of
evidence implies Cavl in the downregulation of growth factor
signaling and suggests that it acts as a tumor suppressor [33,34].
Antisense downregulation of Cav1 is sufficient to induce cell trans-
formation [35]. Conversely, ectopic expression of wild type Cav1 in
oncogene transformed cell lines suppresses anchorage-indepen-
dent growth and invasiveness [36,37]. Further, downstream
signaling of the EGFR is negatively regulated by Cav1 in pancreatic
cancer cells [38]. These observations strongly suggest that Cav1
plays a role in the attenuation of growth factor signaling.

To this date, the role of Caveolae-endocytosis has not beend
studied level in the context of endosomal trafficking of the EGFR
rather than related to EGFR internalization. Here, we developed a
quantitative single-endosome imaging framework and applied it
to analyze the role of Caveolin-1 in EGF endosomal trafficking.
We show that Cav1 plays a role in late endosomal progression of
internalized EGF.
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Fig. 1. Cavl is not required for efficient internalization of the EGFR. (A) Inhibition of
Clathrin-mediated endocytosis, but not Caveolin1 depletion decreases EGFR inter-
nalization. Flow cytometric detection of surface EGFR. HeLa cells were co-
transfected with BFP and shCav1-plasmid in a 1:2 ratio (blue), a control vector
(gray) and AP180mut-IRES-GFP vector (red), respectively. Cells were stimulated
with 100 ng/ml EGF continuously for indicated time points and surface EGFR was
determined by antibody staining followed by flow cytometry (see Section 4). Per
measurement, 10,000 cells were evaluated. To select Cav1-KD cells, BFP-positive
cells were gated for. To select AP180mut-expressing cells, GFP-positive cells were
gated for. Shown is mean value of two measurements, error bars denote standard
deviation. (B) Inhibition of Clathrin-mediated endocytosis, but not Caveolin1
depletion decreases uptake of Rhodamine-EGF Flow cytometric detection of
Rhodamine-EGF. HeLa cells were transfected as in A. Cells were stimulated with
100 ng/ml Rhodamine-EGF continuously for indicated time points, washed with
acid buffer and uptake of Rhodamine-EGF was determined by flow cytometry (see
Section 4). Per measurement, 10,000 cells were evaluated. Shown is mean value of
two measurements, error bars denote standard deviation. (C) Flow cytometric
detection of Rhodamine-EGF after 20 min. HeLa cells were transfected as in A. Cells
were stimulated with 100 ng/ml or 1.5 ng/ml Rhodamine-EGF for 20 min and
subjected to flow cytometry. Shown is mean value of two measurements, error bars
denote standard deviation.
2. Results

2.1. Cav1 is not required for efficient internalization of the EGFR

A clathrin-independent internalization mechanism via caveo-
lin-enriched plasma membrane domains has been proposed for
EGFR [13,14,28]. In order to determine the role of Caveolin1
(Cav1) in EGFR internalization, we downregulated Cav1 using
shRNA [32] and determined surface-EGFR using flow cytometry.
In order to estimate the single-cell efficiency of the knockdown,
we performed immunoflourescence against Cav1 in control- or
shCav1-transfected cells and quantified the staining intensity from
whole-cell confocal microscopy image stacks (Fig. S1A–C). The
estimated efficiency of the shRNA-mediated knockdown of Cav1
was 75% (Fig. S1D). In order to be able to select transfected cells
in the flow cytometric measurement, we co-transfected cells with
a BFP-marker and the control or Cav1 shRNA plasmid. The reliabil-
ity of BFP to serve as a marker for shCav1 expression was tested for
in a co-transfection assay in HeLa cells stably expressing GFP-Cav1
and verified by flow cytometry (Fig. S1E).

Analysis of the EGF-induced downregulation of surface-EGFR in
Cav1 knockdown cells (Fig. 1A, blue) revealed no difference to the
cells expressing a control vector (Fig. 1A, black). We also performed
the complementary experiment and monitored uptake of Rhoda-
mine-labeled EGF using flow cytometry (Fig. 1B). For this, we fol-
lowed the acid-wash protocol previously described [7], which
allows to discriminate between surface-bound and internalized
EGF. Again, Cav1 knockdown cells (Fig. 1B, blue) showed the same
amount of internalized EGF up to 30 min as control cells (Fig. 1B,
black). This data shows that reduction of Caveolin1 levels does
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not affect the initial internalization step in EGFR endocytosis. We
found this result to be independent of the EGF concentration used.
In Fig. 1C we plot the amount of internalized Rhodamine-EGF after
20 min of stimulation with 100 ng/ml or 1.5 ng/ml. While, expect-
edly, the total amount of internalized Rhodamine-EGF is lower
when stimulated with low amounts, no difference is seen between
control or Cav KD cells (Fig. 1C, right).

AP180 is an essential adaptor of the clathrin-mediated internal-
ization pathway [18]. In order to verify the sensitivity of our inter-
nalization assay we expressed a dominant-negative mutant of
AP180 (AP180mut). We found that: (i) internalization of surface
EGFR was strongly delayed in AP180mut-expressing cells
(Fig. 1A, red) and (ii) the strength of this delay was more pro-
nounced in cells expressing higher levels of AP180 (not shown).
The latter conclusion could be drawn from the fact that our expres-
sion vector contains an AP180mut-IRES-GFP-sequence so that GFP-
expression scales with expression of the AP180-mutant. Similarly,
we found that uptake of Rhodamine-EGF was strongly impaired in
AP180mut-expressing cells using flow cytometry (Fig. 1B, red).
This data confirms the sensitivity of our internalization assay.

Together, this shows that inhibition of Clathrin-mediated inter-
nalization, but not downregulation of Cav1 lowers the rate of EGF-
induced EGFR-internalization.

2.2. Specific colocalization between EGF endosomes and Cav1-vesicles
increases during endocytic trafficking

Even though Cav1 is not required for EGF-induced internaliza-
tion of EGFR, it might still be involved in endosomal trafficking
of internalized EGF:EGFR complexes. To investigate this, we evalu-
ated co-localization between Rhodamine-labeled EGF and Cav1 in
HeLa cells stably expressing GFP-Cav1 (GFP-Cav1 cells) (see
Fig. 2). Fig. 2A shows GFP-Cav1 expressing cells, which were fixed
after different durations of stimulation with Rhodamine-EGF. It can
be seen that after 2 or 5 min of stimulation, no or little co-localiza-
tion between EGF- and Cav1-vesicles is observed. In contrast, after
10 and 20 min, a much more pronounced co-localization between
EGF- and Cav1- vesicles (indicated in yellow) is seen.

To gain more quantitative insight into the temporal evolution of
co-localization, we applied automated image analysis. For this, we
detected vesicles from segmented microscopy images in an auto-
mated manner (see Section 4). A central problem in co-localization
studies is specificity. To address this, we performed three control
experiments. As a positive control, we stimulated HeLa cells trans-
fected with GFP-EGFR by Rhodamine-EGF and determined colocal-
ization between detected vesicles from both color channels (see
Section 4 for details of co-localization analysis). We found that
up to 20 min, about 85% of EGF vesicles colocalized with a GFP-
EGFR vesicle (Fig. 2B, dark gray; Fig. S2A), confirming that our mea-
sure captures true co-localization events. As a negative control for
co-localization, we stimulated GFP-Cav1 expressing cells with
Alexa546-Transferrin and determined colocalization between ves-
icles at different timepoints for up to 20 min (Fig. 2B, light gray).
Transferrin is known to internalize exclusively via the clathrin-
dependent pathway [39]. In a time-invariant manner less than
10% of transferrin-vesicles showed co-localization with Cav1 vesi-
cles (Fig. 2B, light gray; Fig. S2B). We conclude that our method of
co-localization detection is able to discriminate between specific
and unspecific colocalization. As a final control, we analyzed the
temporal evolution of co-localization between Rhodamine-EGF
and GFP-clathrin in HeLa cells stably expressing GFP-clathrin hea-
vy chain (HC) [40]. The clathrin protein forms cage-like structures,
which disassemble immediately after internalization [41]. As ex-
pected, colocalization between EGF and Clathrin-HC was transient
and occurred in the early (<=10 min) phase of internalization
(Fig. 2C, Fig. S3A and S3B). This is consistent with EGF-induced
EGFR-internalization being complete after 10–15 min in HeLa cells
[7]. Having established the reliability of our co-localization assay,
we analyzed the fate of vesicles containing Cav1 and/or EGF. In
contrast to Clathrin, Caveolin1 colocalization with EGF occurs late
in endocytosis. Whereas after 2 min of stimulation only about 15%
of EGF vesicles co-localize with Caveolin1, this fraction increases
progressively to about 58% after 20 min of stimulation (Fig. 2C,
black).

It was proposed in previous studies that Caveolae-mediated
endocytosis of EGF occurs specifically when cells are stimulated
with high concentrations of EGF [13,42]. To test this, we stimulated
GFP-Cav1 expressing cells with increasing amounts of EGF from 1
to 100 ng/ml and evaluated co-localization after 20 min of stimula-
tion. We found that, while the overall number of EGF endosomes
increases with increasing stimulation, the fraction of co-localiza-
tion with Cav1 is independent of EGF-concentration (Fig. S4).
Taken together, the presented data show that colocalization be-
tween EGF- and Caveolin1-vesicles is specific and increases as
endocytic trafficking progresses.

2.3. EGF/Cav1-colocalization shows a spatial gradient towards the
perinuclear region

Previous work indicated that the Caveolae-pathway can act as
long-range transport device for internalized ligands [43,44]. In this
trafficking mode, Cav1-vesicles are internalized from the plasma
membrane pool to intracellular organelles and traffic away from
the periphery towards the perinuclear region [24]. In contrast,
Caveolin1 trafficking in unstimulated cells is restricted to a small
volume underneath the cell surface [22,43]. We therefore hypoth-
esized that Cav1 vesicles co-localizing with EGF are shifted to the
perinuclear region when compared to Cav1 vesicles not associated
with EGF.

To investigate this possibility in detail, we gated Cav1-vesicles
into EGF-positive (EGF-colocalizing) or EGF-negative (non-colocal-
izing) and determined the distance to nucleus center for these two
subpopulations (see Section 4 for details on image quantification).
We found that the EGF-positive subpopulation of Cav1-vesicles
shows a significant shift towards the perinuclear region upon
EGF stimulation (Fig. 3A, blue bars). In contrast, the EGF-negative
sub-population shows no such tendency (Fig. 3A, red bars).

This indicates that a specific subpopulation of Cav1-vesicles
associates with EGF endosomes and traffics towards the perinu-
clear region.

Since EGF vesicles translocate towards the perinuclear region as
well (cf. Figs. 2A and S5, [30]), we reasoned that Cav-1 may prefer-
entially associate with perinuclear (but not peripheral) EGF endo-
somes. In other words, a spatial gradient of Cav1-association may
exist within the EGF endosome population. To test for this hypoth-
esis, we gated EGF endosomes into a perinuclear and a peripheral
subpopulation and compared the degree of Cav1-colocalization
(Fig. 3B). For this analysis, we selected the timepoint t = 5 min of
stimulation, because at this timepoint, EGF vesicles are distributed
approximately equally between the perinuclear and peripheral re-
gion (cf. Fig. 2A, and not shown). As a cutoff value to classify endo-
somes as perinuclear we used a distance from nucleus center of 9.5
urn, as at early timepoints (<=5 min) most vesicles fell above this
values, whereas as late timepoints (>=10 min) most vesicles fell be-
low this value (cf. Fig. S5). Indeed, when comparing the fraction of
vesicles co-localizing with Cav1 after 5 min of stimulation, we
found that approximately 40% of those EGF endosome classified
as perinuclear, but only 20% of those classified as peripheral, co-
localized with Cav1. The difference between perinuclear and
peripheral was statistically significant ðp ¼ 0:018Þ, and was quali-
tatively preserved even if different values were chosen for the
distance-to-nucleus cutoff.
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Fig. 2. Specific colocalization between EGF endosomes and Cavl-vesicles increases during endocytic trafficking (A) Confocal microscopy of GFP-Caveolin1 HeLa cells
stimulated with Rhodamine-EGF. HeLa cells stably expressing GFP-Cavl were stimulated with 10 ng/ml with Rhodamine-EGF for the indicated duration, fixed and imaged on
a confocal microscope. (B) Control of co-localization analysis. HeLa cells were transfected with GFP-EGFR and stimulated with 10 ng/ml Rhodamine-EGF (dark gray); GFP-
Cav1 expressing cells were stimulated with 5 lg/ml Alexa546-Transferrin for the indicated duration (light gray). Prior to imaging, cells were fixed and co-localizing vesicles
from both color channels were evaluated from segmented images (see Section 4). In both cases the percentage of ligand vesicles co-localizing with at least one vesicle from
the other color channel are shown. Plotted is the mean value of three independent measurements, with 10 cells each. (C) Quantification of co-localization between
Rhodamine-EGF and GFP-Cav1 or GFP-clathrin-HC. HeLa cells stably expressing GFP-Cav1 (black) or GFP-clathrin-HC (gray) were stimulated with 10 ng/ml Rhodamine-EGF
for the indicated timepoints and co-localization was evaluated as in (B). Plotted is the mean value of three independent measurements, with 10 cells each.

1182 H. Schmidt-Glenewinkel et al. / FEBS Letters 586 (2012) 1179–1189
Fig. 3C exemplifies this finding: the pink box marks EGF/Cav1-
co-localizing vesicles, which tend to be larger and closer to the nu-
cleus, than non-colocalizing EGF-vesicles, which tend to be small
and close to the cell periphery (marked by gray box).

Together, this data shows that a specific subset of Cav1- and
EGF-vesicles co-accumulate in growing perinuclear structures.

2.4. Cav1 knockdown perturbs EGF trafficking pattern in late phase of
endocytosis

The sustained co-localization that we observed between EGF-
endosomes and Cav1-vesicles (cf. Figs. 2 and 3) suggested that
Cav1 regulates endosomal trafficking of EGF. To further test this
hypothesis, we examined the effect of Cav1 knockdown on mor-
phology and subcellular distribution of EGF vesicles. Indeed, eval-
uation of microscopy images revealed that in Cav1-KD cells EGF
endosomes showed a markedly different pattern in the late
(>10 min) phase of endocytosis, compared to control cells. Fig. 4
shows a time-series of confocal microscopy images of HeLa cells
expressing a control vector (upper row) or antisense Cav1 (lower
two rows). We provide false-color images of EGF vesicles (upper
row-control; middle row – Cav1 KD) to aide the visual comparison
of vesicle trafficking patterns. The scale bar on the right indicates
pixel intensity – with dark blue being low, and red/orange being
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Fig. 3. EGF/Cav1-colocalization shows a spatial gradient towards the perinuclear
region (A) HeLa cells stably expressing GFP-Cav1 were stimulated with 10 ng/ml
Rhodamine-EGF for the indicated timepoints, fixed and subjected to confocal
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significance of a two-sided t-test at 0.01% level. (B) HeLa cells stably expressing
GFP-Cavl were stimulated with 10 ng/ml Rhodamine-EGF for 5 min, fixed and
subjected to confocal microscopy. Images were segmented and EGF-vesicles were
classified into two subpopulations ‘perinuclear’ or ‘peripheral’ depending on their
subcellular location (see Section 4 on details how distance to nucleus center was
determined for vesicles). An EGF-vesicle was classified as ‘perinuclear’ if it was
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expressing HeLa cell stimulated with 10 ng/ml Rhodamine-EGF for 10 min. The cell
outline is marked in white.
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high intensity. It can be seen that after 5 min of stimulation, the
distribution and size of endosomes is similar in control and
Cav1-KD cells. However, at later time points, the trafficking pattern
in Cav1-KD cells deviates from that in control cells. Whereas in
control cells, EGF-vesicles progressively accumulate and cluster
in the perinuclear region, vesicles remain dispersed throughout
the cytosol in cells lacking Caveolin. This is highlighted in Fig. 4
at timepoints t = 30 min, 45 min and 60 min with arrows pointing
at EGF vesicles that remain dispersed in the cytosol. We conclude
that Cav knockdown alters the spatio-temporal dynamics of late
endosomal trafficking of EGF.

2.5. Characterization of EGF endosomal trafficking pattern

To gain more insight into how EGF endosome distribution is af-
fected by Caveolin-depletion, we wished to quantify endosome
parameters from microscopy images of cells transfected with a
control vector or Cav1-shRNA. To facilitate interpretation, we first
conducted a comprehensive analysis of EGF trafficking patterns in
unperturbed cells. For this, we extracted the following set of sin-
gle-endosome or endosome-population parameters from micros-
copy images at different time points of stimulation: the number
of endosomes per cell, endosome distance to nucleus, endosome
dispersal (as a measure to reflect the degree of clustering of an
endosomes) and endosome EGF content (see Section 4 for details
on parameter definition and image analysis). We followed two
strategies to describe EGF endosomal trafficking pattern. First, we
considered the temporal evolution of mean endosome population
values (Fig. S5A–D). We established the following pattern: The
mean EGF content per vesicle increased monotonously up to
30 min of stimulation (Fig. S5A). This increase in vesicle cargo con-
tent was accompanied by a monotonous decrease of the number of
endosomes per cell (Fig. S5B). Together, this suggests that EGF
endosomes undergo fusion events, as noted previously [30]. At
the same time, EGF vesicles showed a characteristic spatial redis-
tribution: Within 30 min after stimulation, EGF vesicles form clus-
ters in the perinuclear region, visible by a drop in the mean
endosome distance to nucleus and in the dispersal of endosomes
(Fig. S5C and D).

The temporal evolution of endosome parameters above de-
scribes fusion and translocation processes on the endosome popu-
lation level. However, it is not clear how these events correlate on
the level of individual endosomes. To understand the multivariate
relationships between parameters on the single-endosome level
we applied Bayesian network modeling (see Supporting Text S1
and Fig. S6A). Modeling revealed a robust network of positive
and negative parameter dependencies which describes the transi-
tion from a population of (i) peripheral vesicles, which are charac-
terized by a small vesicle size, low EGF content, high distance to
the nucleus and high degree of dispersal, to (ii) a perinuclear pop-
ulation, characterized by large vesicle size, high EGF content, low
distance to the nucleus and low degree of dispersal (see Supporting
Text S1 and Fig. S6A and S6B illustrates the pattern of EGF vesicle
trafficking as revealed by Bayesian modeling; Fig. S7 shows the his-
tograms of EGF endosome parameters used for modeling). We con-
clude that in unperturbed conditions, EGF endosomes exhibit a
well-defined trafficking pattern.

2.6. Large peripheral EGF endosomes accumulate in Cav1-KD cells

We next analyzed how Cav1 knockdown alters endosomal traf-
ficking of EGF. We first analyzed the temporal evolution of mean
endosome parameters. Compared to control cells, the number of
EGF vesicles decreased only slightly and not significantly over time
in Cav1-depleted cells (Fig. 5A). Thus, in agreement with the flow
cytometry results (Fig. 1), the early steps of internalization are
unaffected by Caveolin1-depletion: up to 10 min of stimulation,
which is when internalization is largely completed, the number
of EGF vesicles was comparable between control and Caveolin1-
knockdown cells. However, whereas in control cells the number
of EGF vesicles had dropped by about 75% after 60 min of stimula-
tion, the number of EGF vesicles in Caveolin1-depleted cells did not
change significantly (Fig. 5A).
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Quantification of the number of EGF vesicles per cell in one confocal plane in control (black) or Caveolin-depleted (blue) cells. Cells were stimulated with 100 ng/ml
Rhodamine-EGF for indicated timepoints, fixed and images were acquired on a confocal microscope. Images were quantified and the number of EGF vesicles per cell was
determined. Shown is the mean value of 15 cells, errorbars denote standard deviation between cells from a representative measurement. (B) Trafficking towards perinuclear
region is halted in Cav1-depleted cells. Quantification of the distance to nucleus center of EGF vesicles in control (black) or Caveolin-depleted (blue) cells (same data as in A).
Shown are histograms and function fits of the distance to nucleus of EGF vesicles after 10 (left) or 60 (right) minutes of stimulation. The number of vesicles for each histogram
were: 10 min: 1137 (control) and 1106 (shCav); 60 min: 451 (control) and 901 (shCav). p-value indicates significance level of a paired t-test. (C) Large perinuclear EGF vesicles
accumulate in Cav1-depleted but not in control cells. EGF vesicles were gated into four classes according to size and distance to Nucleus center (distToNuc), covering the
complete vesicle population: small peripheral (size < 0.45 lm2, distToNuc >9.5 lm), small perinculear (size < 0.45 lm2, distToNuc < 9.5 lm), large perinculear
(size > 0.45 lm2, distToNuc < 9.5 lm) and large peripheral (size > 0.45 lm2, distToNuc > 9.5 lm). See Section 4 for selection criteria of threshold values. Shown are the
number of vesicles at indicated time points of stimulation for the three classes small peripheral (left), large perinuclear (middle) and large peripheral (right). Two stars denote
a p-value <0.01 in a paired test.
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We next quantified the subcellular distribution of EGF endo-
somes in Cav1-depleted and control cells (Fig. 5B). As expected
from the visual inspection of the microscopy images (cf. Fig. 4)
EGF endosomes fail to accumulate in a perinuclear region in
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Caveolin-depleted cells (Fig. 5B). In control cells, the average dis-
tance to nucleus center of EGF vesicles decreased from 10.6 lm
after 10 min to 7.4 lm after 60 min of stimulation. Moreover, the
distribution became narrower, as the coefficient of variation
(COV) decreased from 0.41 after 10 min to 0.27 after 60 min of
stimulation, indicating that endosomes homogenously accumu-
lated in the perinuclear region in control cells. In Cav1-depleted
cells the vesicle distribution was similar to control cells after
10 min (mean = 10.2 lm, COV = 0.42). However, in contrast to con-
trol cells the mean distance to nucleus center had not decreased
significantly after 60 min (mean = 10.1 lm) in Cav1-KD cells. Fur-
thermore, the distribution had not narrowed, meaning that EGF
endosomes remained dispersed throughout the cell (COV = 0.4).
This suggests that in Cav1-depleted cells, the progression of endo-
somes from an early phase, characterized by small size and high
distance to the nucleus, to a late stage, characterized by big size
and small distance to nucleus, was impaired.

To further investigate, whether a specific subpopulation of EGF
vesicles could be identified which was more abundant in Caveolin1
knockdown cells, we gated vesicles into four distinct subpopula-
tions based on their size and subcellular localization. We distin-
guished the following subpopulations of EGF vesicles: small
peripheral, small perinuclear, large peripheral, and large perinu-
clear (see Section 4 for details on threshold selection). As expected,
in control cells EGF vesicles shifted from small peripheral to large
perinuclear vesicles within 10 min (Fig. 5C, left and middle panel,
black). Similarly, in Caveolin-depleted cells, the population of small
peripheral EGF endosomes quickly decreased and large perinuclear
endosomes accumulated within 10 min (Fig. 5C, left and middle
panel, blue). However, a significant difference emerged in the sub-
class of large peripheral vesicles, that is, vesicles that have in-
creased in size but have failed to traffic towards the cell interior
(Fig. 5C, right panel). Whereas in control cells (black), this class
of vesicles practically does not exist, in Caveolin-depleted cells
(blue) large peripheral vesicles started to accumulate after
10 min of stimulation. Moreover, the number of vesicles in this
class further increased from 30 to 60 min of stimulation. This data
demonstrates that Cav1-KD affects the progression of EGF endo-
somes from small peripheral to large perinuclear endosomes.

We next performed Bayesian modeling on the Cav1-KD endo-
some data. Bayesian modeling suggested that in Cav1-KD cells,
endosome fusion is de-coupled from trafficking towards the
nucleus (see Supporting Text S1 and Fig. S6C. S6D illustrates the
perturbation of EGF vesicle trafficking as revealed by Bayesian
modeling).

In addition, to test how abundance level of Cav1 affects these
results, we expressed the Cav1-shRNA vector in the HeLa cell line
stably expressing GFP-Cav1 (Fig. S8A and B). This cell line ex-
presses GFP-Cav1 at levels of approximately 50% of the endoge-
neous protein [24]. We confirmed that even in this environment
of Cav1-overexpression, expression of antisense Cav1 resulted in
(i) failed perinuclear accumulation (Fig. S8C) and (ii) failed reduc-
tion of numbers of EGF vesicles (Figs. S8D and S9).

Together, the presented data demonstrates that Cav1-knock-
down perturbs EGF endocytic trafficking and that it leads to the
accumulation of large perinuclear endosomes.

2.7. Cav1 KD causes a shift in EGF vesicle distribution towards Rab7-
negative compartments at late timepoints

Cav-1 knockdown blocks endosomal progression after 30–
45 min of EGF stimulation, a time window where the majority of
EGF endosomes is normally found in late endosomal compart-
ments [9,45]. We therefore reasoned that caveolin may control
the transition of EGF from an early to a late endosomal
compartment.
To analyze the kinetics of late endosome formation in our cells,
we co-transfected HeLa cells with a GFP-tagged version of the late
endosomal marker Rab7 and imaged cells following stimulation
with Alexa555-EGF (Fig. 6A). Since it is possible that Rab7 overex-
pression affects the flux of EGF endosomes through the endocytic
compartments, we attempted to select cells with a low to moder-
ate GFP-Rab7 signal. Substantial co-localization between EGF and
Rab7 started to occur after about 10–20 min of stimulation. Thus,
EGF-Rab7 colocalization occurs with slower kinetics than EGF-
Cav1 colocalization (cf. Fig. 2), supporting that Cav-1 may indeed
control the formation of late endosomes.

To confirm acts upstream of Rab7, we analyzed EGF-Rab7 colo-
calization in HeLa cells harbouring Cav1-shRNA. Similar to control,
co-localization between EGF and Rab7 started to occur after about
10–20 min in Cav1 KD cells (Fig. 6B). Evaluation of co-localization
revealed that after 45 min of stimulation, EGF vesicles in Cav-1
knockdown cells were equally distributed between Rab7-positive
and Rab7-negative structures (Fig. 6D). In contrast, the majority
of EGF vesicles was Rab7-positive in control cells, supporting
that Cav1-shRNA partly blocks the formation of Rab7-positive
endosomes.

Importantly, Rab7 overexpression did not affect the Cav-1
knockdown phenotype, as many dispersed EGF vesicles could be
detected in Cav1 knockdown cells (see Fig. 6B and C), while control
cells exhibited only few EGF vesicles at 45 min (cf. Fig. 5). Further,
we ensured that the analyzed cells showed a similar degree of GFP-
Rab7 level between control and Cav1-KD cells.

Taken together, this data shows that Cav1-KD causes an accu-
mulation of EGF endosomes at late timepoints also under Rab7-
overexpression conditions. In addition, Cav1-KD causes a shift in
EGF vesicle distribution towards Rab7-negative compartments at
late timepoints.
3. Discussion

We provided evidence that Caveolin1 is required for proper pro-
gression of EGF endosomes but not for EGFR internalization. The
presented data suggest a model (cf. Fig. 7) in which EGF:EGFR-
complexes are internalized via clathrin-mediated endocytosis into
early endosomes and are then sorted into intracellular Cav1-posi-
tive vesicles. Expression of a dominant-negative AP180, which is
an essential adaptor for clathrin-mediated endocytosis [18], effi-
ciently inhibited EGFR-internalization, and, conversely, EGF-up-
take (cf. Fig. 1). In the same line and expectedly, we found that
clathrin heavy chain-GFP showed co-localization with small,
peripheral EGF-vesicles in a transient manner during the internal-
ization phase (<=10 min after stimulation, cf. Fig. 2C, Fig. S3A and
S3B). In contrast, Cav1-vesicles associate only with internalized
EGF endosomes after 2–5 min of stimulation.

We used automated image analysis to characterize EGF endo-
somes and Cav1-vesicles based on a range of parameters such as
size and distance to nucleus. The trafficking properties we ex-
tracted from images are in accordance with the description of
the long-range Caveolae-trafficking mode previously described
[31]. First, we found that EGF-positive Cav1-vesicles translocate
towards the perinuclear region as EGF endocytic trafficking
progresses (cf. Fig. 3A). Moreover, perinuclear EGF endosome
co-localize with Cav1 with a higher frequency than peripheral
EGF endosomes (cf. Fig. 3B), demonstrating a spatial gradient of
co-localization towards the perinuclear region.

Our automated image analysis revealed that Cav1-KD cells dras-
tically affects the EGF trafficking pattern in the late phase of endo-
cytosis (cf. Figs. 4 and 5). Cav1-KD results in (i) failed reduction of
endosome numbers (cf. Fig. 5A) and (ii) failed perinuclear accumu-
lation of EGF endosomes (cf. Fig. 5B). Instead, large peripheral
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Fig. 6. Cav1-KD causes a shift in EGF vesicle distribution towards Rab7-negative compartments at late timepoints. HeLa cells were co-transfected with GFP-Rab7 and control
vector (A) or Cav1-shRNA (B) in a 1:2 ratio, stimulated with 100 ng/ml Alexa-EGF and (live-) imaged on a confocal microscope. Shown are the GFP-Rab7 channel (upper row)
or EGF channel (middle row). In the lower row of each panel the overlay images are shown, with co-localization indicated in white. For this visualization of co-localization the
ImageJ Plugin ‘Colocalization Highlighter’ was used. (C) HeLa cells co-transfected with GFP-Rab7 and control (upper) or Cav1-shRNA (lower row) after 45 min of EGF
stimulation. The left column shows false-color images of Alexa-EGF, cell outline in white, to facilitate the recognition of differences in number and distribution of EGF vesicles.
The second column shows overlay with GFP-Rab7, with colocalization in white. (D) Quantification of EGF/Rab7-colocalization after 45 min of stimulation. Plotted are the
number of EGF vesicles that do (left, Rab7+) or do not (right, Rab7�) co-localize with Rab7 in control (black) or Cav1-KD cells (blue). Quantification of co-localization was
done using the same code as for Figs. 2 and 3. Shown is the average of 10 cells of a representative experiment, errorbars denote standard deviation between cells.
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endosomes emerge, which are not observed in control cells (cf.
Fig. 5C). Moreover, we found that Cav1 KD affects the distribution
of EGF vesicles between endosomal compartments after 45 min of
stimulation: whereas in control cells the majority of EGF vesicles
colocalizes with the late endosome marker Rab7, in Cav KD cells,
EGF vesicles are equally distributed between Rab7-positive and -
negative compartments.

Given this evidence, we suggest that Cav1 marks the late endo-
somal pathway of EGF-trafficking. Support for our conclusion
comes from a recent publication, which demonstrated that the
intracellular organelles which are marked by the presence of
Cav1 and which were originally termed ‘caveosome’ are in fact
identical with late endosomal structures, as judged from co-local-
ization with late endosomal markers Rab7 and Lamp1 [46].

To this date a controversy revolves around the question
whether or not a Clathrin-independent Caveolae-internalization
pathway exists for EGF:EGFR-complexes. The striking co-localiza-
tion between EGF/EGFR-endosomes and intracellular Cav1-vesicles
has been observed before [13,28]. Based on visual inspection of
microscopy images, this prompted the conclusion that EGF:EGFR-
complexes internalize via the Caveolae-pathway from the plasma
membrane [13,21]. Previous studies addressing the role of Caveo-
lae-mediated trafficking in EGF:EGFR-endocytosis have used nys-
tatin or filipin, which deplete cholesterol from membranes, to
disrupt Caveolae-regions [13,14,29]. It was reported that nystatin
or filipin treatment reduces uptake of EGF [13,14], which would
argue for the existence of internalization pathways that rely on
lipid-raft compounds.

However, other studies challenged this observation and re-
ported that nystatin has no effect on EGF-internalization [29]. In
contrast to these studies, we specifically addressed the role of
Caveolin1, the principal marker of Caveolae-trafficking [22,23,43],
by downregulating it using an shRNA. Our automated image anal-
ysis approach allowed us a more subtle investigation of (i) the tem-
poral evolution of co-localization, which we found to occur late in
endocytosis and (ii) the type of endosomes that Cav1 co-localized
with. This revealed that it is not small, peripheral EGF endosomes
which co-localize with Cav1, but rather the large, perinuclear
endosomes, reminiscent of late endosomes [9,46]. Thus, in contrast
to previous studies we conclude that Cav1 marks only the late
phase of EGF endosomal trafficking instead of an independent
internalization pathway. Together with the observation that inhi-
bition of Clathrin-mediated endocytosis efficiently inhibits EG-
F:EGFR internalization as measured in single-cell techniques (cf.
Fig. 1A [30]), this suggests that internalized EGF:EGFR-complexes
are sorted to the Caveolae-pathway intracellular from endosomes
emanating from the Clathrin-pathway (cf. Fig. 6). This trafficking
pattern has been observed for certain viral ligands. Cholera Toxin
virus and JC virus enter cells via Clathrin mediated internalization
and are sorted intracellularly from early endosomes to the caveolar
trafficking pathway [31,32], thus showing that the clathrin/endo-
somal pathway and the Caveolae-trafficking pathway intersect.

Internalization, i.e., translocation of active receptors into the
cellular cytosol serves to establish a refractory period in which
cells remain insensitive to incoming signal [3]. In addition, exper-
imental evidence suggests that not only internalization, but the
subsequent endocytic trafficking of activated EGFR constitutes ma-
jor regulatory steps in signal regulation (reviewed in [1,47]). This
signal-modulating role of endocytic proteins may stem from its
function in placing the active receptors in contact with intracellu-
lar signaling complexes [48].

Receptors remain active in endosomes and proper trafficking is
often required for sustained signaling [14]. Consequently it is likely
that a delay in the progression through the correct endosomal
compartment will corrupt and potentially enhance normal signal-
ing. Caveolin1 is known to attenuate growth factor signaling, but
the mechanistic basis as to how it acts on growth factor signaling
has not been investigated. Cellular regulation of caveolin expres-
sion levels strongly correlates with growth inhibition [35,49]. Cells
grown to confluency as well cells deprived of growth factors upreg-
ulate caveolin expression, with lowest caveolin levels found during
exponential growth phase [35]. Importantly, Cav1 expression has
been found to be greatly reduced in many human cancer cells [7]
and a mutant form of Cav1 has been identified in 16% of primary
human breast cancers [50]. Loss of stromal caveolin-1 expression
predicts poor clinical outcome in certain types of breast cancers
[51]. We propose that the failure of EGF endosomes to progress
to the perinuclear region, the increased total number of EGF endo-
somes and the changed morphology of EGF endosomes form a
mechanistic basis for the observations that Cav1-deletion or muta-
tions results in enhanced growth factor signaling.
4. Material and methods

4.1. Cell culture and treatment

HeLa cells were grown at 37 �C in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin (P/S) and were maintained in a humidified incu-
bator with 5% CO2. To synchronize the cells before stimulation with
EGF, cells were serum starved over night when they reached 80%
confluence. EGF was added to a final concentration indicated for
different times at 37 �C in a humidified and 5% CO2 atmosphere.
After treatment the cells were washed twice with ice-cold phos-
phate-buffered saline (PBS) and further analyses were performed.

4.2. Detection of EGF:EGFR internalization (flow cytometry)

Internalization of Rhodamine-EGF was detected using flow
cytometry as described previously [7]. Briefly, to measure EGF-up-
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take, cells were stimulated with Rhodamine-EGF directly in the
starvation medium at the indicated concentration, followed by
wash with acid stripping buffer (50 mM glycine, 150 mM NaCl, pH
3.0), then washed with PBS, followed by trypsination and resuspen-
sion in full medium prior to flow cytometric analysis.

To detect surface-EGFR using flow cytometry, cells were treated
and stimulated with EGF as described above.

After removal of EGF by washing with ice-cold PBS, the cells were
trypsinized and fixed in 3% paraformaldehyde for 15 min. After
washing twice with PBS, the cells were incubated with 50 mM
ammoniumchlorid/PBS for 10 min to saturate free aldehyde-groups
followed by a next washing step. Cells were blocked with 0.03% BSA/
PBS for 30 min at room temperature and incubated with mouse
anti-EGFR (1:50) for 1 h at room temperature. The cells were
washed again and goat anti-mouse IgG conjugated with Alexa 594
(1:600) for 1 h at room temperature. Samples were measured on a
modified flow cytometer: FC500/MPL (Beckman Coulter).

4.3. Microscopy

Cells were imaged on a confocal laser scanning microscope TCS
SP5 (Leica Microsystems, Wetzlar, Germany) using a 63x oil
immersion objective.

A helium/neon (A = 543 nm) laser was used for excitation of
Rhodamine or Alexa555, an argon laser (A = 488 nm) for excitation
of GFP and a UV-laser (A = 405 nm) for excitation of BFP. For fixa-
tion, cells were washed in PBS once, fixed in 4% PFA for 10 min
on ice and then returned to PBS for imaging.

4.4. Antibodies and chemicals

Mouse anti-EGFR (1005) antibody was from Santa Cruz.
Secondary antibody for indirect immunofluorescence was goat
anti-mouse Alexa 488 from molecular probes. Tetramethylrhod-
amine-EGF (Rh-EGF), Alexa-555-EGF and Alexa-555-Transferrin
were from Invitrogen, Carlsbad.

4.5. Cell transfection and plasmids

Cells were transfected using lipofectamine transfection agent
following the standard protocol. To generate AP180mut-IRES-
GFP, we cloned the cDNA coding for the truncated form of AP180
[18] in the multiple cloning site of the pIRES-Neo3 vector (Clon-
tech) and replaced the neomycin phosphotransferase coding se-
quence of the vector with the one of EGFP. For co-transfection
assays, plasmid DNA was mixed in a 1:2 ratio and then the stan-
dard transfection protocol was used. The construct of truncated
AP180 was a kind gift from Harvey McMahon [18]. Caveolin1-
shRNA was a kind gift from Walter Atwood [32].

4.6. Image processing

4.6.1. Image segmentation and vesicle detection
Microscopy images were segmented using a watershed algo-

rithm, involving the following steps: first, background noise was
subtracted using a rolling ball median filter with a radius of 7 pix-
els. Next, a watershed-segmentation was performed [52] and ves-
icles were detected according to the parameters: X/Y-coordinate of
center of mass, size and integrated pixel intensity. For segmenta-
tion and vesicle detection, existing methods from the open-source
software ImageJ [52] were used and arranged in a custom-made
macro (available upon request).

4.6.2. Definition of vesicle parameters
From an endosome’s X/Y-coordinates (see above), the endo-

somes’s (i) distance to nucleus center and (ii) dispersal were
calculated. An endosome’s distance to nucleus center was calcu-
lated as follows: For each cell analyzed, a transmission image
was recorded in addition to the fluorescence channel. From this
transmission image, the center of nucleus was taken and for each
endosome of this cell, the distance to nucleus center was calcu-
lated as the euclidean distance. Endosome dispersal was defined
as the median value of all (n � 1)-pairwise distances of an endo-
some to all other endosomes from the same cell. For these calcula-
tions, MATLAB scripts were written.

4.6.3. Detection of co-localization
Co-localization between vesicles from different color channels

was calculated from the segmented images. Two vesicles were
judged as co-localized, if their respective centers of mass were
localized less than 0.3 lm apart. Co-localization analysis was done
in MATLAB.

4.6.4. Gating of vesicles
EGF endosomes were gated into four distant subpopulations

based on size and distance to nucleus (D). Endosomes were catego-
rized as ‘small’ when their area was less than 0.45 lm2, which has
been found as the typical size of late endosomes [53]. Endosomes
were classified as peripheral, when their distance to nucleus center
(D) was larger than 9.5 lm, which we found a good discriminator
to distinguish between the early endosome population and the
late, perinuclear population. Specifically, endosomes were classi-
fied: Small peripheral: size < 0.45 lm2 and D > 9.5 lm. Large
peripheral: size >0.45 lm2 and D > 9.5 lm. Large perinuclear: si-
ze > 0.45 lm2 and D < 9.5 lm. Small perinuclear: size < 0.45 lm2

and D < 9.5 lm.

4.6.5. Bayesian modeling of endosome parameters
Inducing a Bayesian network model from data consists of two

procedures: (a) learning a network structure by searching in space
of possible graphical models consistent with conditional indepen-
dencies suggested by the data and (b) inferring the parameters of
the conditional probabilities encoded in the network structure
found. The first procedure uses a scoring function that evaluates
each candidate model by its posterior probability given the data
(Bayesian approach). We learned 2 Bayesian networks for control
and Caveolin1 knockdown cells at 10 min of EGF stimulation from
the data on endosome parameters size, EGF content, distance to
nucleus.

Dispersal, number of endosomes per cell. Parameters were dis-
cretized into two values ‘‘low’’ and ‘‘high’’. Discretization thresh-
olds were determined based on histograms of distributions of the
endosome parameters (Fig. S7), as well as on the literature values.
Further thresholds were: EGF content: 8000 (pixel intensity), Dis-
tance to nucleus center: 9.5 lm, Dispersal: 9 lm, number of endo-
somes: 55. For network learning we used the R package deal
(http://cran.r-project.org/) and our own implementation, which is
available upon request. As search strategy a greedy search with
random restarts was used. To increase the degree of confidence
in the network learning, we generated 100 Bayesian Networks
and selected the best scoring network.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2012.02.041.
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