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commentary

Eukaryotic cells display an asymmet-
ric distribution of cellular compart-

ments relying on their adhesion and the 
underlying anisotropy of the actin and 
microtubule cytoskeleton. Studies using 
a minimal cell culture system based on 
confined adhesion on micropatterns have 
illustrated that trafficking compartments 
are well organized at the single cell level 
in response to the geometry of cellular 
adhesion cues. Expanding our analysis on 
cellular uptake processes, we have found 
that cellular adhesion additionally defines 
the topology of endocytosis and signaling. 
During endocytosis, transferrin (Tfn) and 
epidermal growth factor (EGF) concen-
trate at distinct cellular sites in micropa-
tterned cells. Tfn is enriched in adhesive 
sites during uptake, whereas EGF endo-
cytosis is restricted to the dorsal cellular 
surface. This unexpected dorsal/ventral 
asymmetry is regulated by uptake mecha-
nisms and actin dynamics. Interestingly, 
restricted EGF uptake leads to asymmetry 
of EGF receptor activation that is required 
to sustain downstream signaling. Based 
on our results, we propose that differential 
sorting begins at the plasma membrane 
leading to spatially distinct intracellular 
trafficking routes that are well defined in 
space. We speculate that the intracellular 
positioning of trafficking compartments 
sustains an important coupling between 
the endocytic and signaling systems that 
allows cells to sense their environment.

Introduction

Cellular polarity is instrumen-
tal for normal cell function and tissue 

homeostasis. It is defined by an asymmet-
rical distribution of cellular constituents 
along a polarity axis. Many mechanisms 
have been implicated in the establish-
ment of cell polarity.1,2 Important roles are 
played by cell-matrix as well as cell-cell 
interactions, gradients of external stimuli 
and underlying signal transduction cas-
cades. Additionally, intracellular traffick-
ing events have been implicated in cell 
polarity establishment and maintenance. 
The polarized localization of receptors 
and downstream signaling components 
arise from the targeted delivery and recy-
cling of vesicles toward spatial clues. For 
instance, it has been shown that the small 
GTPase Rab5 is required for apico-basal 
polarity maintenance in Drosophila.3 
Another example is the preferential deliv-
ery of secretory vesicles toward the lead-
ing edge of migrating fibroblasts.4 Cells 
in epithelium layers, migrating cells and 
antigen-presenting cells as well as neurons 
are mammalian cellular polarity models, 
since the repetitive presence of spatial cues 
allows one to define a polarity axis and a 
conserved cell organization within a given 
cell type (Fig.  1A). However, because 
polarity establishment and maintenance is 
complex, the assignment of the role that 
different factors play in this process is 
challenging.

Then again, generic cultured animal 
cells display an intrinsic internal orga-
nization. Although they are considered 
non-polarized, many cell types reveal 
a perinuclear positioning of the Golgi 
apparatus and the endosomal recycling 
compartment (ERC). Moreover, secretory 
vesicles have been observed to concentrate 
at filopodia. Therefore, it seems that the 
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presence of intrinsic cell organization is 
basic to all cells (Fig.  1B). How intrin-
sic cell organization and cell polarity are 
related is not clear. Importantly, it is not 
known whether the mechanisms that sus-
tain single cell organization and polarity 
within a population of cells are similar.

To dissect the mechanisms involved 
in single cell organization or polarity, 
we used a minimal cell culture system 
based on micropatterning (Fig.  1C). 
Micropatterns reveal a given geometry 
and impose cells to spread on adhesive 
and non-adhesive areas. In body tissues, 
all cells are restrained in their adhesion 

geometry and space,5 thus cultures on 
micropatterns mimic restrained cellular 
adhesion in vitro,6 yet, reduce the complex-
ity. Because generic cell lines are employed 
that are considered non-polarized, this 
system allows us to study the mechanisms 
involved in intrinsic cell organization that 
might be important for the establishment 
of cell polarity. Using a population-based 
mathematical method termed “density 
estimation,” we have shown previously 
that trafficking compartments are well 
organized at the single cell level7 and that 
cell internal polarity in micropatterned 
cells is highly reproducible and responds 

to the geometry of cellular adhesion cues.7 
Our recent work reveals that uptake of 
different cargos is asymmetric.8 We find 
an unexpected dorsal/ventral asymmetry 
in both clathrin-dependent and clathrin-
independent endocytosis that predefines 
uptake of transferrin (Tfn) and epidermal 
growth factor (EGF) at distinct cellular 
sites.

Single Micropatterned Cells 
Show Asymmetric Uptake  

of Different Ligands

Endocytosis is the fundamental pro-
cess for eukaryotic cells to internalize 
cell surface receptors, parts of the plasma 
membrane, and soluble molecules from 
the extracellular medium. Several endo-
cytic mechanisms exist for a molecule 
to enter the cell.9 Despite the large body 
of scientific publications on proteins 
involved in endocytosis, only few studies 
have addressed whether endocytic events 
occur randomly distributed around the 
cell or whether the cellular microenviron-
ment, such as cell-matrix interactions, 
determines the sites of uptake. It has 
been observed previously that clathrin-
dependent endocytosis is polarized at 
the cell leading edge in migrating cells.10 
Interestingly, accumulations of endocytic 
sites or “hot spots” of endocytosis are 
found in a variety of specialized cells such 
as neurons and hepatocytes11,12

We studied the distribution of Tfn and 
EGF, two ligands of receptor-mediated 
endocytosis, one-minute after their addi-
tion to cells using “density estimation” 
that allows quantification of spatial orga-
nization. We made the unexpected obser-
vation that ligands were not distributed 
equally all around the cell but concen-
trated at different sites of the cell during 
uptake. Tfn was enriched in adhesive areas 
on the top of micropatterns. In contrast, 
EGF (at high concentrations) was strongly 
concentrated on the dorsal surface of the 
cell and no EGF was located at the cell 
bottom (Fig.  2). Surprisingly, the corre-
sponding receptors were uniformly dis-
tributed over the entire cell surface, thus 
not explaining the polarization of ligand 
uptake. This indicated that the presence 
of receptors at the plasma membrane was 

Figure 1. Model of cell polarity and internal cell organization. Cell polarity may be regarded as a 
gradual change in cell appearance that is regulated by a complex interplay between intrinsic cell 
organization, cell-matrix interactions, cell-cell interactions, gradients of external stimuli, traffick-
ing pathways and signal transduction cascades. (A) Polarity in cellular organization is observed in 
epithelial cells (apico-basal polarity), in migrating cells (front-rear polarity) and neurons (cell body- 
axon polarity). The corresponding polarity axes are represented with black flashes. The nucleus, 
centrosome and Golgi apparatus are often oriented along this axis. Further, different membrane 
domains with distinct and mutual exclusive lipid compositions are characteristic for cell polariza-
tion (represented schematically with a red and blue line). Nuclei are blue, the Golgi apparatus is 
purple, the centrosome is green and stress fibers are in orange. (B) Single cells in unconstrained 
culture condition show an intrinsic cell organization that is however non-directional. Since the 
internal polarity axes of single cells are not aligned, cells are considered non-polarized. No distinct 
membrane domains have been observed in unconstrained cultured cells. (C) Micropatterned cells 
reveal a constant shape due to restrained adhesion that mimic, in vitro, a simplified restriction in 
space typical for cells in body tissues. On micropatterns, the cell internal polarity axis is aligned 
along a front-rear orientation.
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not sufficient to initiate endocytosis after 
cargo binding. We found that asymmetric 
Tfn uptake depended on specific recruit-
ment of adaptor protein AP2 and clath-
rin to adhesive areas. Thus, Tfn, and by 
extension, clathrin-dependent endocytosis 
was enriched at sites of cell-matrix inter-
actions. Because the actin cytoskeleton is 
intimately linked to the adhesion geom-
etry of a cell,13 actin dynamics was altered 
using drugs which disrupt actin organiza-
tion or gene silencing of actin nucleation 
regulatory proteins such as Arp2/3. Under 
these conditions, ligand uptake was redis-
tributed throughout the entire surface. 
Additionally, we found that myosin con-
tractility regulated asymmetry in endo-
cytosis, since inhibition of myosin 2 by 
blebbistatin led to similar results.

Together these results showed that 
single micropatterned cells reveal a dor-
sal/ventral asymmetry in both clathrin-
dependent and clathrin-independent 
endocytosis and that the topology of 
endocytosis was regulated by actin organi-
zation. We concluded that actin integrates 
the cell with its extracellular environment 
using a delicate balance between restric-
tion and propagation of endocytosis.

Is There a Functional Coupling 
Between Entry Sites, Uptake 

Mechanisms and Intracellular 
Trafficking Pathways?

One questing that arises from the 
observation of asymmetric uptake is 
whether endocytosis at different sites pre-
disposes the downstream intracellular fate 
of trafficking. The ligands used, Tfn and 
EGF, are taken up by constitutive and 
induced endocytosis, respectively, that 
follow different intracellular trafficking 
routes: Tfn is mainly recycled back to the 
plasma membrane14 and EGF is mainly 
degraded in lysosomes.15 It has been noted 
previously, that these two cargos are not 
found in the same populations of early 
endosomes.16,17 In agreement, we found 
that Tfn and EGF pass through different 
cell volumes during intracellular traffick-
ing as visualized by probabilistic density 
maps8 (Fig. 2). This indicates that differ-
ent trafficking routes are spatially distinct 
within the cellular space and that ligand 

sorting begins at the plasma membrane. 
Interestingly, different mechanisms of 
endocytosis seem to be employed to sort 
ligands at the plasma membrane: clath-
rin-dependent uptake preferentially at 
adhesive surfaces and clathrin-indepen-
dent at the dorsal cellular side. A func-
tional coupling between different uptake 
mechanisms and intracellular trafficking 
pathways has been proposed about ten 
years ago.18 An emerging picture is that 
although different ligands can probably be 

sorted from all given compartments, the 
majority of ligands will not completely be 
mixed in the early endocytic compartment 
but will be separated before. Similarly, it is 
important to point out that although dif-
ferent ligands are separated during endo-
cytosis, a minority of them will enter into 
the same endocytic carrier and will reach 
the same intracellular compartment. For 
instance, clathrin-dependent endocy-
tosis was enriched above the micropat-
tern but was not restricted to these sites 

Figure 2. Uptake of transferrin (Tfn) and epidermal growth factor (EGF) in micropatterned cells. 
(A) Maximum intensity projection (MIP) of fluorescently marked Tfn in single crossbow-shaped 
micropatterned cells at 1 min, 5 min, 10 min and 30 min after ligand addition (upper panel) and 
corresponding 3D density maps of the 50% probability contour for n cells (lower panel). Density 
maps represent the smallest regions in which 50% of fluorescent structures are found. (B) MIP of 
fluorescently marked EGF in single crossbow-shaped micropatterned cells at 1 min, 5 min, 10 min 
and 30 min after ligand addition (upper panel) and corresponding 3D density maps of the 50% 
probability contour for n cells (lower panel). Density maps represent the smallest regions in which 
50% of fluorescent structures are found. (C) Merged 3D density maps of fluorescently marked Tfn 
(green) and EGF (red) at different time points. For ease of visualization, the height (Z axis) has been 
stretched 5-fold.
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and found on the dorsal surface of the 
cell, where some clathrin-coated pits co-
localized with EGF. Taken together, we 
propose that different ligands will enter 
the cell at different sites by distinct “site-
specific” mechanisms that will predispose 
ligands for defined trafficking routes. A 
minority of ligands will enter at random 
sites by unspecific mechanisms and will 
be further sorted during intracellular traf-
ficking. This exemplifies the observed 
specificity described for several ligands 
on the one hand, and the adaptability 
of cellular trafficking pathways on the 
other hand. To test a functional coupling 
between entry sites, uptake mechanisms 
and intracellular trafficking pathways, it 
will be critical to study the sites of endo-
cytosis of different ligands (such as other 
growth factors, cytokines, lectins, toxins) 
and their receptors.

Asymmetric Endocytosis  
of EGF is Accompanied  

by Spatial Restriction of EGF 
Receptor Activation

Different from prokaryotes, for which 
most chemical messengers traverse the cell 
membrane and bind directly to receptors 
in the cytoplasm,19 complex eukaryotes 

acquire and integrate information dur-
ing endocytosis that involves membrane-
bound structures.20 After signal initiation 
at the plasma membrane, the signal is 
maintained, propagated, amplified or 
modified during the successive steps of 
intracellular trafficking.21 The concept of 
the ‘signaling endosome’ demonstrates this 
important interconnection.22 Therefore, 
signal transduction is inseparably linked 
to trafficking pathways in eukaryotic 
cells. Despite tight connection and a large 
body of scientific publications, little is 
known about how signaling cascades and 
intracellular trafficking are integrated and 
coordinated within the topological rela-
tionships between the numerous intracel-
lular compartments.

EGF-initiated signal transduction is 
probably the best-understood intracellular 
signaling cascade regulating cell prolif-
eration, differentiation, motility and cell 
death.23 Upon binding to its receptor, EGF 
is rapidly and efficiently internalized.24 
Simultaneously, EGF binding results in 
phosphorylation of EGF receptor (EGFR) 
that leads to the assembly and subse-
quent phosphorylation of distinct down-
stream scaffold complexes and effectors, 
activating signaling via the extensively 
studied mitogen-activated protein kinase 
(MAPK) pathways25 whose effectors, are 

found at the plasma membrane as well as 
on endosomes.26

We asked whether asymmetry in EGF 
uptake is translated into asymmetry in sig-
nal transduction. For this, EGF-induced 
signal initiation was directly monitored in 
living cells using a fluorescence resonance 
energy transfer (FRET)-based probe that 
monitors phosphorylation of the EGFR 
due to changes in FRET ratio.27 We found 
that addition of EGF decreased FRET 
ratio at the cell periphery at the upper 
and middle part of the cells but did not 
change FRET ratio at the central bottom 
region of the cells. This demonstrated 
that asymmetry in EGF endocytosis leads 
to asymmetric EGFR phosphorylation 
in micropatterned cells. Similar analyses 
were performed in cells whose actin orga-
nization was altered using cytochalasin 
D. Under this condition that redistributes 
EGF uptake throughout the entire sur-
face, EGFR stimulation was detected in 
all parts of the cell. These results directly 
demonstrated that actin dependent asym-
metry in EGF uptake leads to asymme-
try in EGFR activation. Additionally, we 
found that redistribution of EGF uptake 
throughout the cell reduced downstream 
signaling, because phosphorylation 
of downstream MAPK and AKT was 
decreased when either actin organization 
was disturbed or myosin 2 was inhibited. 
Our results reveal that EGF-dependent 
signal propagation is spatially regulated 
and suggest that asymmetry in endocytosis 
/ signaling is required to sustain appropri-
ate signal transduction (Fig. 3) by regulat-
ing the spatial and temporal distribution 
of activated receptors along intracellular 
trafficking. We conclude that the cellular 
cytoskeleton integrates the cell with its 
extracellular environment, restricting and 
propagating endocytosis and signaling. 
We proposed that the observed heteroge-
neity of endocytic mechanisms allows cells 
to sense their environment and respond to 
stimulations in a polarized fashion.

Cell Organization/Polarity  
as Integrator of Trafficking  

and Signaling Pathways?

Evidence is accumulating that sig-
nal transduction cascades are regulated 

Figure 3. Cellular model of how actin based asymmetry in endocytosis may determine polarized 
downstream signaling. (A) The “fence and picket” model36 predicts that the actin cortex partitions 
the plasma membrane into domains with potentially variable molecular properties. As a conse-
quence, differences in the actin cytoskeleton may be present at the dorsal and ventral side of 
the cell due to the presence or absence of spatial cues (as adhesion surfaces). The actin network 
defines uptake mechanisms that will be preferentially employed at distinct sites. Different ligands 
(at different concentrations) show a preference for different uptake mechanisms and thus will be 
endocytosed asymmetrically. Ligand internalization initiates signaling cascades that will only be 
sustained when downstream effectors are locally higher concentrated than the total average cell 
concentration (are polarized). As a consequence, polarized endocytosis of ligands concentrates 
distribution of downstream signaling gradients, thus propagating signals from the extracellular 
into the intracellular space and allowing cells to sense their environment. (B) Upon disruption of 
the actin cytoskeleton effectors downstream of membrane receptors are recruited to the entire 
surface of the plasma membrane. This recruitment to a larger surface leads to a decrease in the 
local concentration of downstream effectors, not allowing signal propagation.
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by the cell’s internal organization.20,28-30 
Several studies indicate that changes in 
the steady-state positioning of intracellu-
lar compartments impact signaling. For 
instance, it has been shown that cluster-
ing of late endosomes at the cell periphery 
decreased epidermal growth factor (EGF) 
receptor degradation and prolonged sig-
naling whereas lysosomal clustering in 
the cell center accelerated EGF receptor 
degradation and decreased signaling.31,32 
Additionally, cellular nutrient responses 
have been shown to be regulated by the 
positioning of lysosomes.33 Thus, a tempt-
ing hypothesis is that internal cell orga-
nization allows integration of trafficking 
pathways with signal transduction cas-
cades to resolve the tremendous amount 
of information that cells need to interpret 
in a precise spatial and temporal code.

We propose that cell internal organiza-
tion determines the spatial distribution of 
signaling pathways, thus propagating sig-
nals from the extracellular into the intra-
cellular space. This may provide a cellular 
mechanism for the maintenance of spa-
tial memory that will allow cells to sense 
their environment. An important task in 
the future will be to resolve whether and 
how the topological relationships between 
the numerous intracellular compartments 
connect trafficking pathways and signal 
transduction.

Cell internal organization seems to 
be instrumental for normal cell function 
and tissue homeostasis, because the loss of 
normal cell organization is a common fea-
ture of pathologic conditions, including 
advanced malignant cells and pathogen-
infected cells.34,35 It is not well understood 
how alterations in inner cell organization 
alter cell function. Thus, increasing the 
understanding of molecular mechanisms 
regulating these processes will be critical 
for the full understanding of cellular phys-
iology and pathogenesis as well as current 
approaches of tissues engineering.
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