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Cell signaling and endocytosis.
In order to function, cells need to communicate with each other and get information about
their environment. This information gets processed and induces a response, a process called
cell signaling that is the central communication system in an organism. Cells can receive
signals in the form of mechanical inputs or biochemical products, such as peptides, proteins,
ions, lipids and gases.
Signals from the extracellular space are received via a special type of proteins called
receptors that are located inside or on the surface of the target cell. Upon binding of these
signals, called ligands, receptors get activated and initiate signaling cascades inside the cell
that can lead to short term alterations, e.g. changes in the cytoskeleton or adhesion to the
substrate, or long term alterations, e.g. changed gene expression patterns. Therefore, signal
transduction is a highly regulated process, and its deregulation can lead to diseases such as
cancer and autoimmunity 1.

1

Receptor Tyrosine Kinases (RTKs).
One type of cell surface receptors, RTKs, are enzymes that phosphorylate proteins by
attaching a phosphate group to the amino acid tyrosine on the target protein. RTKs
span the cell membrane a single time and have a catalytic kinase domain and regulatory
C-terminal and juxtamembrane regions in the cytoplasm, and a ligand binding domain in the
extracellular space 2,3. On the plasma membrane of cells inactive RTKs exist as monomers,
dimers or oligomers 2. There, they bind polypeptide ligands which induce their dimerization
and structural changes that lead to their activation 4. Ligand binding induces the dimerization
of the extracellular regions, which in turn guide the dimerization of the intracellular
domains. In some cases, a bivalent ligand interacts with two receptors, crosslinking their
extracellular regions and thereby inducing dimerization. In other cases, ligand binding
induces a conformational change that leads to dimerization of the extracellular regions.
In this case, the ligand does not contribute to the dimerization interface. Finally, receptor
dimerization can occur via the combination of both mechanisms 2. The dimerization of RTKs
leads to the autophosphorylation in trans of tyrosine residues. The tyrosine residues in the
tail of each receptor are phosphorylated by the tyrosine kinase domain of its counterpart
in the dimer. Phosphorylation of tyrosine residues takes place in a precise order. First-phase
autophosphorylation events enhance the catalytic kinase activity and maintain the active
conformation of the dimer, second-phase events create the docking sites to recruit intracellular
second messenger proteins containing Src homology-2 (SH2) and phosphotyrosine-binding
(PTB) domains and, in some RTKs, third-phase autophosphorylation events further enhance
the phosphorylation of downstream targets 2,4.
There are 58 known types of RTKs in humans 2 and they activate important signaling
pathways that lead to cell growth, survival, migration and differentiation; both during
embryonic development and adult homeostasis 3,4.
The Epidermal Growth Factor receptor (EGFR) belongs to the ErbB family of RTKs which
includes Her1 (EGFR, ErbB1), Her2 (Neu, ErbB2), Her3 (ErbB3) and Her4 (ErbB4). The four
members of the family share similar structure 4. Ligand binding to ErbB receptors induces
their homo or heterodimerization and cross-phosphorylation. However, ErbB2 contains
a unique extracellular domain and lacks a known ligand, and ErbB3 lacks intrinsic kinase
activity making heterodimerization with other members of the family necessary in order to
signal. EGFR was the first discovered member and is the most studied one. To date, there
are 8 known EGFR ligands: epidermal growth factor (EGF), transforming growth factor-α
(TGF-α), heparin-binding EGF-like growth factor (HB-EGF), betacellulin (BTC), amphiregulin
(AR), epiregulin (EPI), epigen and neuregulin2-β. They differ in their affinity for the receptor
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Figure 1. Simplified scheme of EGF activated
EGFR signaling pathways. a) Upon activation
by its ligand EGF, EGFR dimerizes (if not already
a dimer) and undergoes a conformational
change that induces its auto-phosphorylation
in trans. The phosphorylated residues (P)
recruit proteins that trigger signaling cascades,
leading to activation of the JAK-STAT, AKT
and ERK pathways, which in turn activate
transcription of genes encoding proteins
involved in cell survival, proliferation and
migration in a cell specific manner.

G-protein coupled receptors (GPCR).
GPCRs are another type of membrane receptors that sense biochemical (and other types of)
cues. They comprise the largest group of membrane receptors with more than 900 members
in humans 12 and they have diverse functions. GPCRs are divided in five families, based on
sequence similarities: rhodopsin, adhesion, frizzled, glutamate and secretin families 13. They
have seven transmembrane domains, linked by loops inside and outside of the cell –hence
they are also called seven-transmembrane receptors. Their extracellular N-terminal portion
and loops are ligand binding domains. However, some hydrophobic ligands bind to a pocket
formed by the transmembrane domains 14. Their cytoplasmic C-terminal and loops are
important for signal transduction and have high variation between GCPRs 14. Activation by
their cognate ligand induces a conformational change that exposes cytoplasmic sequences
that interact with G-proteins or increases their affinity for them. G-proteins are heterotrimers present at the plasma membrane, composed of Gα, Gβ and Gγ subunits. Activated
GPCRs act as guanine nucleotide exchange factors (GEFs) promoting the exchange of
GDP for GTP in the Gα subunit of inactive G-proteins. The exchange for GTP leads to the
dissociation of the GTP-bound Gα subunit from the βγ dimer. Both Gα and the βγ dimer
stimulate downstream effectors that begin signaling cascades 12,15,16. Once the Gα subunit
exchanges GTP for GDP it becomes inactive, and can reassociate with the βγ dimer 17.
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and their capability to induce heterodimerization of EGFR with other members of the
ErbB family 7,8. Moreover, different ligands produce different biological effects, even in the
same cell line. For example, it has been shown that TGF-α stimulates cell proliferation more
strongly than EGFR and HB-EGF, and that EGF stimulates cell migration and MAPK activation
through different signaling proteins than TGF-α or BTC, probably by inducing different
tyrosine phosphorylation patterns 7,9,10.
Activation of EGFR starts signaling cascades that promote cell proliferation, survival and
migration (Sorkin and von Zastrow, 2009). Therefore, it is not surprising that its signaling is
commonly deregulated in cancers such as non-small cell lung, ovarian, breast, colorectal,
head and neck and pancreatic cancer, where it is found overexpressed and/or mutated
5,6
. Aberrant signaling of EGFR is currently clinically targeted with antibodies against the
external ligand binding domain as well as with small molecules that inhibit the intracellular
tyrosine kinase domain 5,6,11
5-7
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Figure 2. Simplified scheme of LPAR1 signaling
pathways. a) Upon activation by its ligand LPA,
LPAR1 starts a signaling cascade by activating
heterotrimeric G-proteins. LPAR1 can signal
through various G-proteins: Gα12/13, Gαi/O and Gαq/11.
Gα12/13 activates the Rho-associated kinase (ROCK)
pathway, which is mainly involved in cell shape
and migration. Gαq/11 activates the phospholipase
C (PLC) – protein kinase C (PKC) pathway which
leads to cell proliferation, and induces Ca++ release.
Gαi/O also signals to the PLC-PKC and Ca++ pathways
and in addition it activates the extracellular signalregulated kinases (ERK, also known as mitogenactivated protein kinases, MAPK) and AKT pathways
that promote cell proliferation and survival.
Additionally, some crosstalk routes have been
described which have been omitted in this scheme.

Some GPCRs, like the LysoPhosphatidic Acid (LPA) receptors, can couple to various types of
G-proteins and trigger diverse signaling pathways. LPA is a bioactive phospholipid found in
serum that plays roles in wound healing, cell proliferation and survival, neurite retraction,
cytoskeletal changes, changes in cell adhesion, and cell migration 18,19. It binds and activates
LPA receptors 1 (LPAR1) to 6. LPAR1 was the first identified LPA receptor and it is the most
widely expressed GPCR 20,21. Activation of LPA receptors can stimulate tumorigenesis and
metastasis in some types of cancers 22,23
Signaling and endocytosis.
Activation of receptors and signaling cascades must be tightly regulated in order to avoid
aberrant gene activation or metabolic alterations. Activation of signaling cascades can be
controlled by regulating the composition and abundance of receptors at the membrane.
Indeed, endocytosis of receptors from the plasma membrane is an important process by
which cells regulate signal transduction. Activated receptors also recruit adaptor proteins
of endocytic pathways that route them to special internalization domains. Internalized
receptors are no longer available for activation by ligands 1,5. However, although the role of
endocytosis of receptors has classically been considered the restriction of their signaling, it
is now known that once inside the cell activated receptors sorted in internal endosomes can
continue to signal to specific pathways 1,5,24. Endocytosis is therefore not only a mechanism
by which certain signals are attenuated but also allows the spatial distribution of activation
of some signaling pathways. For example, certain GPCRs remain associated to β-arrestins in
endosomal compartments, where β-arrestins activate MAPK. In the same line, it has been
shown that RTKs continue to signal to MAPK and Akt from early endosomes (Sorkin and von
Zastrow, 2009. It has also been proposed that the shorter distance from endosomes to the
nucleus would allow more efficient activation of transcriptional pathways 25.
Receptors can be removed from the membrane through a number of different endocytosis
mechanisms such as clathrin mediated endocytosis, caveolae dependent endocytosis, the
CLIC/GEEC pathway, phagocytosis, micropinocytosis 26. The most common and best studied
of these pathways is clathrin mediated endocytosis (CME) 26. There is evidence that all
families of membrane receptors are internalized via CME 1. Some receptors, such as LPAR1,
have only been shown to be internalized via CME 1,12,27, while others, such as EGFR, are
internalized both via CME and clathrin-independent endocytosis mechanisms, depending
on which ligand activates the receptor and its concentration 24,28-30.
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Figure 3. Clathrin mediated endocytosis. a) Clathrin molecules assemble in trimers, called triskelia, that are
composed of three clathrin heavy chains and three clathrin light chains. b) Activated receptors are targeted for
endocytosis by the binding of adaptor proteins. b) Adaptor proteins in turn recruit clathrin triskelia that polymerize
to form a cage that coats the region of the membrane that will be internalized. c) Once the coated vesicle is formed
by invagination, the GTPase Dynamin is recruited to its neck where it induces the scission of the vesicle.
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Clathrin mediated endocytosis.
Forty years ago clathrin coated vesicles were purified for the first time from pig brain extracts
31
. Since then, thanks to a combination of biochemical, structural and microscopy data,
clathrin mediated endocytosis (CME) has become one of the best understood processes in
cell biology. However, perhaps due to flexibility in the process, some uncertainty remains
on how formation of endocytic sites is initiated (Godlee and Kaksonen, 2013). It is thought
that the first step in the formation of a clathrin coated pit (CCP), called nucleation, is the
interaction on the membrane of phosphatidylinositol-4,5-bisphosphate (PIP2), the clathrin
adaptor AP2, and clathrin 32 Coccuci et al., 2012). However, some studies have shown that
AP2 is not always necessary for the initiation of clathrin sites (Godlee and Kaksonen, 2013).
Other clathrin adaptors, such as Eps15 and intersectins, and membrane curvature inducing
proteins, such as the F-BAR domain proteins FCHo1 and 2, have also been proposed to
initiate clathrin spots (Henne et al., 2010) and are thought to play a role in nucleation.
There is a large list of clathrin adaptors identified to date and these may well be capable of
initiating endocytic spots with different specificities and efficiency (Godlee and Kaksonen,
2013). On the other hand, the cargo, another important component of CCPs, appears to have
no role in nucleation 33,34. Studies using viruses which bind to and cluster specific membrane
receptors showed that CCP nucleation occurred at sites of binding, arguing in favor of a
cargo dependent initiation process in this particular case. However, several more studies
using fluorescent receptors showed that upon ligand binding receptors travel to pre-formed
clathrin sites, acting merely as passive cargoes. Cargo might play a role at later stages in
the maturation process of clathrin coated pits, defining the productivity of the endocytic
event (Godlee and Kaksonen, 2013), as initiated endocytic sites that do not recruit cargo are
generally aborted 35.

After nucleation, the CCP grows by recruitment of more adaptor proteins and clathrin. The
CCP recruits cargo and invaginates towards the cytoplasm of the cell until it forms a clathrin
coated vesicle (CCV). CCVs pinch off the membrane with the help of the GTPase Dynamin,
which forms a spiral ring that contracts around the neck of the vesicle 34. Once internalized,
the clathrin coat dissociates from the vesicle and the internalized cargo is sorted in internal
endosomes, from where it can be recycled back to the membrane or targeted for degradation
26
.

1

Clathrin mediated endocytosis of EGFR.
In general, phosphorylated RTKs are removed from the plasma membrane through different
endocytic pathways. The most common RTK endocytosis mechanism is CME. Activation and
auto cross-phosphorylation of RTKs creates interaction sites for ubiquitin ligase proteins
that modify lysine residues. RTKs are ubiquitinated by ubiquitin ligase proteins, such as Cbl,
which ubiquitinates EGFR, FGFR, PFGFR, VEGFR and others 36. Ubiquitination of RTKs serves
as a sorting signal as well as a degradation targeting signal. Ubiquitinated RTKs are recruited
to CCPs by adaptor proteins such as Epsin, Eps15 and Eps15R which bind to clathrin or AP2.
Active EGFR recruits the adaptor protein growth factor receptor-bound protein (Grb2),
which binds the phosphorylated residues Y1068 and Y1086 through its SH2 domain. In turn,
Grb2 recruits Cbl 37 which leads to EGFR ubiquitination and recruitment to CCPs by Epsin and
Eps15. Cbl is also recruited to EGFR independently of Grb2, via the phosphorylated tyrosine
Y1045. Cbl recruitment to EGFR, and the level of its ubiquitination, depend directly on the
dose of the ligand. Ultimately, the level of ubiquitination determines the fate of the receptor
29,38
. Moreover, EGFR can also interact directly with the clathrin adaptor protein AP2 39, but
AP2 is not required for CME of EGFR 40. Once internalized, EGFR can continue to signal to
specific pathways from endosomes. Eventually, it is recycled to the plasma membrane or
travels to late endosomes and lysosomes, where it gets degraded. The regulation of these
pathways determines the continuation of signaling through endocytic signaling or receptor
activation on the plasma membrane, or the attenuation or termination of signaling if the
degradation route is followed 5.
Clathrin mediated endocytosis of LPAR1.
Activated GPCRs are phosphorylated on multiple residues by GPCR kinases (GRKs) which
induces their interaction with β-arrestins, due to a conformational change in both proteins
41
. This interaction terminates the GEF activity of the receptors, and therefore further
activation of G-proteins. Furthermore, β-arrestins bind to clathrin and AP2 41 recruiting the
GPCR to CCPs. Other clathrin mediated endocytosis adaptors such as Epsins, CALM, HIP1
and HIP1R, Numb and Dab2 have been shown to play roles during the endocytic process of
some GPCRs. After internal trafficking, GPCRs can continue to signal and they are eventually
recycled to the membrane or targeted for degradation 12 .
LPA bound LPAR1 is phosphorylated by GRK2, binds β-arrestin 20 and undergoes CME.
Moreover, LPAR1, like some but not all GPCRs, can also be phosphorylated by PKC. This
unconventional phosphorylation also induces endocytosis of LPAR1, although independently
of β-arrestin binding. Both GRK and PKC induced LPAR1 endocytosis are AP2 dependent
21
. Once in internal compartments, LPAR1 has been shown to signal to Akt from Adaptor
protein, Phosphotyrosine interaction, PH domain and Leucine zipper-containing (APPL)
endosomes 42, an early endosome subpopulation that contain Rab5 but lack EEA1 43.
Flat clathrin plaques (FCPs).
It is a matter of debate if clathrin coated pits are always formed de novo or if they can also
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Figure 4. Types of clathrin coated
structures. a) Super-resolution images of
clathrin coated pits and vesicles on the
basal membrane of HeLa cells. Cells were
fixed and stained for clathrin heavy chain
b) Super-resolution images of clathrin
coated plaques on the basal membrane
of HeLa cells. Cells were treated as
in (a). c) Super-resolution images of
clathrin coated vesicles in proximity or
juxtaposed to flat clathrin plaques on the
basal membrane of HeLa cells. Cells were
treated as in (a). Scale bar: 500 nm.

There are indications that FCPs could be sites of formation of clathrin vesicles. In electron
microscopy images coated vesicles are often found juxtaposed to FCPs 44,45,50 and live
cell studies using a system to detect bona-fide scission events have shown that discrete
vesicle-like puncta invaginate from clathrin plaques 35,46,51, at least with the resolution of
the conventional light microscope. Clathrin coats are lattices formed by combinations of
hexagons and pentagons (much like the parts of a leather football) made by triskelia. Triskelia
are native non assembled clathrin molecules that exist in the cytoplasm of cells as trimers.
The relative combination of hexagons and pentagons on a clathrin lattice is related to the
curvature of the coated membrane. On a flat surface, such as FCPs, the lattice is formed
exclusively by hexagons. Some authors argue that the triskelia forming a FCP of hexagons
would have to undergo too complex rearrangements to coat a curved vesicle, made of
hexagons and pentagons, rendering this transition unlikely 32. However, computational
modeling has shown that these rearrangements are indeed possible 52. Moreover, in the
80s Heuser 45,53 already proposed that the different forms of clathrin that can be observed
in electron microscopy images, a few of them flat, corresponded to stages in the formation
of CCVs. A recent study showed, using correlative electron microscopy and fluorescence
microscopy, that clathrin endocytic sites begin with a small planar clathrin lattice that is
continuously bent and remodeled into a curved vesicle as it matures 54, suggesting that flat
clathrin plaques can also become curved and could therefore be sources of CCVs.
The role of actin in clathrin mediated endocytosis.
Actin plays variable roles in CME 55. It is thought that polymerization of actin in the form of
fibers (F-actin) against the membrane generates a force that drives the final CCV invagination
towards the cytoplasm 56, counteracting membrane tension when it is high 57,58. Indeed,
in yeast, where cell wall rigidity and internal pressure are high, it is well established that
actin plays an essential role in CME 58,59. Moreover, actin might regulate CME indirectly by
regulating local membrane tension, which determines the efficiency of the fission reaction
60
.
It this line, actin polymerization is not absolutely essential for CME in mammalian cells, but
when needed it is thought to play a role in the late stages of vesicle maturation by helping
vesicle budding and inward movement 34,58,59. Hindering the dynamic actin polymerization
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pre-exist on the inner leaflet of the plasma membrane. In the early 80s, electron microcopy
(EM) images revealed that clathrin triskelia not only coated CCPs and CCVs, but also large
flat portions of the plasma membrane of cells 44,45. FCPs have been proposed to be endocytic
hotspots 35,46, endocytic (non-curved) structures 47 or even inactive non-endocytic sites 48.
Moreover, they have also been associated with substrate adhesion 33,49.

process by genetic or biochemical means negatively affects CME 47,50,61,62, although with
variable effects reported. Indeed, actin and some actin polymerization activators, including
Neural Wiskot Aldrich Syndome Protein (N-WASP), cortactin and the Actin related protein
(Arp) 2/3 complex, are recruited to clathrin coated structures (CCS) at different stages of the
endocytic process 46,51,63. However, how actin and its regulatory proteins are recruited and
regulated at clathrin endocytic sites is still under exploration. F-actin might be recruited to
CCSs by the Huntingtin interacting protein 1 (HIP-1) and its relative HIP-1R. HIP-1 binds to
clathrin heavy chain 55 and HIP-1R. In turn HIP-1R binds to F-actin. In fact, these proteins
colocalize with actin in CCSs (Mooren et al., 2012). Dynamin II interacts with cortactin, an
actin polymerization activator 64. Moreover, Dynamin binds N-WASP 58 and interacts with
Intersectin, a RhoGEF for cdc42, which activates N-WASP 65. Finally, F-BAR proteins that are
present in sites of clathrin endocytosis, FBP17, syndapin, FCHo and others have been linked
to recruitment of actin regulatory proteins 58.

1

N-WASP and the Arp2/3 complex.
Actin polymerization and de-polymerization into filaments is a tightly controlled process
that involves many actin regulating proteins. The Arp2/3 complex is an important actin
polymerization regulator that induces the formation of branched actin filaments on the
sides of existing “mother” filaments 66,67. Arp2/3 complex induced actin filaments grow in
a 70 degree angle on the sides of mother filaments. It has been shown that, at least in
ruffles, the mother filaments are recently polymerized by mDia1 68. The Arp2/3 complex acts
by mimicking the conditions that are necessary for the beginning of actin polymerization.
Spontaneous polymerization of actin filaments is initiated by the formation of an actin
nucleus consisting of three actin monomers, a process called nucleation. Two subunits of
the Arp2/3 complex, the actin-related protein subunits ARP2 and ARP3, are structurally
related to actin monomers. Binding of these subunits to an actin monomer mimics the actin
nucleus facilitating the beginning of polymerization 69. For the polymerization to begin, the
Arp2/3 complex needs to be activated by nucleation promoting factors (NPF). NPFs are
divided in two subclasses, type I NPFs such as the Neural Wiskott–Aldrich syndrome protein
(N-WASP) and WASP family verprolin-homologous protein (WAVE), and type II NPFs, such as
cortactin 66,67,70. Type I NPFs are modular proteins that contain a C-terminal VCA (verprolinhomology, cofilin or central-homoly and acidic) region, where the Arp2/3 complex and the
actin monomer bind to form the actin nucleus. Binding of Arp2/3 to the CA domain induces
a conformational change that activates the complex. Furthermore, the V domain binds actin,
thereby mimicking the actin nucleus 69. The Arp2/3 complex is also activated by the type II
NPF cortactin. Type II NPFs bind Arp2/3 through acidic domains in their C-terminus and
F-actin through tandem repeats (Rotty et al., 2013). Cortactin activates the Arp2/3 complex
in synergy with N-WASP, by accelerating the release of the VCA from the junction of the
growing branch which accelerates nucleation rates. Cortactin then remains in the junction
of the growing branch 66 and blocks debranching (Rotty et al., 2013).
The Arp2/3 complex plays important roles in the cell. In cell migration, Arp2/3 localizes in
ruffles, lamellipodia and pseudopodia where it is activated by SCAR/WAVE. Moreover, in
endocytosis, the Arp2/3 complex has a role in phagocytosis, activated by WASP which is the
specific NPF expressed in haematopoietic cells; and a role in clathrin mediated endocytosis,
where it is activated by N-WASP and cortactin. In invadosomes, the Arp2/3 complex is
present in the core along with N-WASP and cortactin 69.
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Figure 5. Domains and binding partners of N-WASP. a) Depiction of domains of N-WASP, indicating their binding
partners. N-WASP is a modular protein that contains four domains involved in its regulation. The N-terminal WASP
homology-1 (WH1) domain is bound by WASP interacting protein (WIP) which stabilizes N-WASP in an autoinhibited conformation. Next to WH1 is the basic region (B) that binds phosphoinositides (specifically, PtdIns(4,5)
P2), followed by the G-protein binding domain (GBD) to which small GTPases bind. Binding of phosphoinositides and
cdc42, or other small GTPases, induces the activation of N-WASP. Next to the GBD is the proline-rich region (PRD)
that binds to Src-homology-3 (SH3) domain-containing proteins and profilin, further contributing to the activation
of N-WASP. Finally, the C-terminal VCA (verprolin homology, central, acidic) region binds actin monomers and the
Arp2/3 complex. b) N-WASP in the auto-inhibited state. In the closed conformation, the GBD and surrounding
regions inhibit the binding of the Arp2/3 complex to the CA region hindering its activation.

In the resting state, N-WASP is in an auto-inhibited conformation, folded due to the
interaction of the VCA region with the GBD and surrounding regions, such as the B region.
Activation of N-WASP by binding of small GTPases, such as cdc42, to the GBD domain
releases it from auto-inhibition. Other small GTPases bind the GBD domain, such as Tc10,
RhoT and Chp (Rotty et al., 2013). The binding of phosphoinositides (such as PIP2) to the B
region synergizes with cdc42 binding. Moreover, Src family proteins phosphorylate N-WASP
close to the GBD domain and release the autoinhibition. This phosphorylation is enhanced
by activation of cdc42 (Rotty et al., 2013). The Arp2/3 complex then becomes activated
by binding simultaneously with actin to the VCA region of activated N-WASP. Moreover,
activation of the Arp2/3 complex can be further enhanced by binding of SH3 domaincontaining proteins such as Nck and Grb2 to the PRD, with different levels of N-WASP activity
depending on the SH3 domain protein bound 70,71 (Rotty et al., 2013).
WIP family proteins bind the WH1 domain in a stable manner, which stabilizes N-WASP
in its inhibited conformation and suppresses its activity. However, WIP also links N-WASP
to adaptor proteins such as CrkL and Nck. However, CrkL and Nck can also bind the PRD
domain of N-WASP independently of WIP. Thus, auto-inhibited N-WASP is recruited to
places of active actin polymerization 71 where it integrates signaling cascades that lead to
actin polymerization 70. In summary, the release from auto-inhibition of N-WASP and the
activation of the Arp2/3 complex is a consequence of the combined effects of various
signaling molecules. Within the cell, activation of N-WASP is locally optimized for the many
different processes in which it plays a role.
Super-resolution microscopy.
Fluorescence microscopy is a type of optical microscopy that allows the study of the
spatial distribution of molecules by labeling them with fluorescent dyes. Optical or light
microscopes achieve magnification by using visible light and a system of lenses. Due to the
wave nature of light and the lens system, two objects –e.g. organelles, vesicles or moleculesthat are closer than ~250 nm cannot be seen as separate entities. This phenomenon, called
the diffraction limit, is the reason why fluorescently labeled molecules inside a cell, which
are discrete entities, merge together into a single blur 72. In the last few years, a number of
approaches have been developed that circumvent this limit, and they are named together
super-resolution microscopy. These techniques include stimulated emission depletion
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Microscopy (STED) 73, photo-activation localization microscopy (PALM) 74, stochastic optical
reconstruction Microscopy (STORM) 75, direct STORM (dSTORM) 76 and ground state
depletion followed by individual molecule return (GSDIM) 77, and others.
Among the various super-resolution techniques, STORM, dSTORM, PALM and GSDIM
can yield the best improvements in resolution. These techniques belong to the group of
stochastic single molecule localization microscopy (SMLM) techniques and all of them use
the same trick of separating molecules in time, as they cannot be separated in space. To
achieve this separation, fluorescent molecules are stochastically switched on and off in
time, like the lights of a Christmas tree. In this way, molecules that are “on” while the ones
surrounding them are “off” can be seen as discrete entities. Due to diffraction of light, these
discrete light spots still appear blurred, but their centers can be precisely determined by
computer algorithms. The process of switching on molecules, localizing their centers and
switching them off is repeated until many localizations have been collected. The resulting
high resolution image is created by depicting all the localized centers.

1

GSDIM.
In GSDIM and dSTORM, the switching of molecules is achieved by taking advantage of
basic state transitions of conventional dyes 77. Excitation causes fluorescent molecules to
jump from the resting state (S0) to the excited (S1) state, from where they return to S0
while emitting a photon: this is the principle of fluorescence. Besides to the S1 state, these
molecules can also jump to additional states such as the triplet (T) and other metastable
states. These states are longer-lived than S1 and more importantly, they are “dark”, i.e.,
no light is emitted when the molecules fall back to S0. In GSDIM molecules will switch on
and off in time by stochastically jumping to and from S0, S1 or dark states, a process called
blinking, that can be induced by exciting them with very high laser power.
Blinking and artifacts.
The blinking characteristics of a fluorophore determine the super-resolution image quality,
in particular the blink brightness and duty cycle. The brightness is the photon count of a
fluorophore when it is on, and it determines the precision with which it can be localized
and therefore the obtainable resolution 78. The on-off duty cycle is the fraction of time that
a fluorophore spends in the on state 78. In a sample labeled with a fluorophore with a low
duty cycle only a few molecules will be on per frame, enabling the proper localization of
their centers 79-81.
On the other hand, if the duty cycle of a fluorophore is high, two or more fluorophores that
are close together might be on at the same time, causing overlap of their diffraction-limited
images. Thus, these fluorophores will be seen as a single blink, leading to miss-localization
at a point that is actually between them. This will lead to artefacts in the final reconstructed
image. Moreover, high duty cycles also give rise to structured details in the background
intensity. Structured background strongly affects the localization precision, reducing the
resolution of the image and leading to artifacts in the final reconstructed image.
Fortunately, the intrinsic molecular properties of fluorophores that allow us to switch
them on and off can be manipulated. Fluorophore blinking is improved by the addition of a
reducing agent, in general 2-Mercaptoethylamine (MEA), and for some types of fluorophores,
removal of oxygen by addition of an oxygen scavenging system is beneficial 78,82.
To date, only a limited number of fluorophores with good blinking properties is available.
Moreover, different types of fluorophores benefit from different types of buffers, making
the choice of combinations for two or more color images challenging. Large efforts are being
made to develop buffer conditions that enhance blinking and are compatible with multiple
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fluorophores 83,84. Moreover, new background subtraction and localization algorithms are
developed to localize centers more accurately, even at suboptimal conditions.
a)

1

b)
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Figure 6. Effect of suboptimal blinking on localization and image outcome. a) Two fluorophores that are closer
together than the resolution limit must be sequentially switched on for their centers to be localized. If they blink
simultaneously (for example due to high on-off duty cycles) they will be detected as one single event, and the
calculated center will be localized in a position between the molecules. b) Depiction of the resulting calculated
localizations of a circular object labeled with fluorophores with low (up) or high (down) on-off duty cycles.
Fluorophores with high duty cycles will often be on simultaneously, causing multiple incorrect localizations.
Super-resolution images (right) of a clathrin coated vesicle labeled with AlexaFluor647 (top, low duty cycle) and
AlexaFluor532 (bottom, high duty cycle) show the different image outcomes of two fluorophores with different
switching rates.

Sample preparation and fixation-induced artifacts.
In most cases samples need to be fixed to be labeled for immunofluorescence. The purpose
of fixation is to preserve a sample for observation without altering its morphological
characteristics. Fixation artifacts, i.e. changes in the appearance of samples caused by
imperfect fixation processes, are common. Therefore, optimization of the fixation process
to preserve sample structure is of crucial importance.
There are several ways to fixate cells that differ in how well they preserve different structures.
Fixatives immobilize proteins by forming covalent chemical bonds or precipitating them. The
most common type of fixatives are aldehydes, such as formaldehyde and glutaraldehyde,
and they fixate cells by crosslinking proteins. Formaldehyde primarily links proteins via
their lysine residues and glutaraldehyde crosslinks proteins in a stronger manner because
it contains two aldehyde moieties that can link more distant pairs of proteins. The latter is
predominantly used in electron microscopy (EM). However, although the fixating properties
of glutaraldehyde are better than those of formaldehyde, its rate of diffusion across
membranes is slower, making it necessary to pre-extract the sample before fixation. Preextraction can induce loss of soluble or weakly bound proteins. Moreover, glutaraldehyde
often disrupts antibody binding sites (epitopes), making immunolabeling inefficient or
unfeasible.
Besides the type of fixatives, important factors to take into account for the fixation are the pH,
temperature and osmolality of the fixation solution, which help maintain the characteristics
of the sample during the process. The duration of the fixation process can also affect the
outcome. Short fixation times can be insufficient, depending on the thickness of the sample,
while long fixation times can affect epitope binding.
In the electron microscopy community, fixation protocols have been optimized for many
years, yielding excellent structure preservation in fixed samples. Protocols borrowed from
EM for super-resolution microscopy therefore have the potential to provide excellent
results, but they haven’t been optimized for immunofluorescence, and they commonly
employ glutaraldehyde, which can damage antibody epitopes and causes sparse labeling.
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In contrast, sample preparation guidelines from conventional fluorescence microscopy
often lead to dense labeling but sample preservation is not sufficient for SR microscopy.
While in the last few years much effort has been put into the optimization of blinking for SR
microscopy, the effects of sample preparation on image quality have only recently begun to
be explored 85,86.
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d)

e)

f)

Figure 7. Super-resolution images showing the effect of different fixatives in the preservation of filamentous
cell structures. a) Tubulin in HeLa cells fixed with Methanol. b) Tubulin in HeLa cells fixed with formaldehyde (in
PBS, room temperature). c) Vimentin in HeLa cells fixed with glutaraldhyde. d) Vimentin in HeLa cells fixed with
formaldehyde (in PBS, room temperature) e) F-actin in HeLa cells fixed with glutaraldehyde. d) F-actin in HeLa cells
fixed with formaldehyde (in PBS, room temperature). In all panels: zoomed-in images on the right of the panel are
depicted with dashed lines in original images on the left of the panel. Scale bar: 5 µm, scale bar zoomed-in images:
1 µm.

Quantitative super-resolution microscopy.
Since the development of super-resolution microscopy a large number of studies have been
published that provided beautiful high-resolution images as well as new scientific insights.
To name a few, super-resolution microscopy has been applied to study the nuclear pore
complex 87, mechanosensory podosomes 88, the ESCRT machinery at HIV assembly sites 89,
the actin cytoskeleton in axons 90, among many others.
Super-resolution microscopy can yield a large number of multicolor high-resolution
images allowing quantitative analysis of protein colocalization. The several methods for
quantification of color colocalization that already exist for conventional microscopy are not
optimal for super-resolution microscopy since they are based per definition on quantification
of 2-color signal overlap. In super-resolution, the signals of two molecules typically do not
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overlap, but rather appear in close proximity. Therefore, new tools for the quantification of
“colocalization” must be developed. Analysis of colocalization of proteins in super-resolution
data has been replaced by modeling of relative distributions 87,89, normalized density or
brightness profiles 48,88, the Hopkins index 48 and recently, a method developed to use the
coordinates of the localizations to calculate their proximity 91,92.
Another quantitative application of super-resolution microscopy is the study of protein
clustering. In a cell, molecules often associate in groups to make processes more efficient 93.
Signaling molecules assemble in small clusters to enhance their signals 94,95 or may become
clustered by adaptors in order to be internalized 34, and so on. As with colocalization studies,
many super-resolution publications focus on quantifying the arrangement of proteins in
clusters by using different approaches, e.g.96-100. To quantify clustering, the analysis method
is of crucial importance, since in stochastic SMLM, fluorophores may be localized more
than once due to blinking and molecules are labeled with more than one fluorophore (6
to 7 fluorophores per secondary antibody, according to manufacturers). These multiple
localizations per protein will form a small cluster, a phenomenon that we call intrinsic
clustering. Intrinsic clustering will generate ‘false positives’ when conventional clustering
analysis methods are used on super-resolution data, and it needs to be either controlled
for, or factored out. Most published clustering analysis studies in super-resolution are based
on Ripley’s K function (e.g., 100,101), which does not take into account the intrinsic clustering
component and can thus produce erroneous results. Therefore, new methods that are better
suited for data from stochastic SMLM and that take the intrinsic clustering component into
account have been developed in the past few years 102,103. These methods are especially
suited for the study of small clusters of proteins that could be masked by intrinsic clustering
when using Ripley’s K function.

Thesis outline
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In the last years, after the commercialization of super-resolution microscopes, several
studies have been published that apply super-resolution microscopy to answer biological
questions. However, super-resolution microscopy is still in its infancy and optimization of
labels, buffers, sample preparation methods, methods for visualization and correct data
analysis are still being developed. In this thesis we present two studies that focus on the
improvement of the quality of super-resolution images. We then apply improved superresolution microscopy to study the processes of cell signaling and endocytosis.
In Chapter 2 we focus on the correction of structured background that comes from cellular
auto-fluorescence, out-of-focus fluorescence or fluorophores with high blinking duty cycles.
We show that this type of background can be corrected for with a temporal median filter
that preserves the short and bright blinking events. Subtracting the estimated background
is a very simple procedure that can highly improve the quality of super-resolution
data, especially when a fluorophore shows suboptimal blinking. This strategy therefore
expands possibilities for multicolor super-resolution microscopy.
When satisfactory blinking and data processing are achieved, the resolution obtained will
depend ultimately on the level of conservation of the sample. In Chapter 3 we explore
fixation methods that are compatible with immunolabeling and help achieving high
resolution images of the actin cytoskeleton and its regulatory and binding proteins.
The first biological application concerns endocytosis, which regulates the lipid and protein
composition of the plasma membrane, and therefore the interaction of cells with their
environment. Microscopy has played an important role in unraveling the mechanism of clathrin
mediated endocytosis (CME), the most common and best studied of internalization routes.
Live-cell microscopy and electron microscopy studies were instrumental for deciphering the
different stages of clathrin vesicle formation and budding from the membrane. Electron
microscopy also revealed the two existing types of clathrin coated structures: clathrin
coated pits (CCPs) and flat clathrin lattices (FCLs). Moreover, the recruitment of actin and
actin binding proteins to sites of endocytosis was shown using fluorescence microscopy.
However, both the role of actin in CME and the difference between CCPs and FCLs are not
yet completely understood. In Chapter 4 we use super-resolution microscopy to shed light
into the function of FCLs. We find that they are hubs from which clathrin coated vesicles
emerge, regulated by actin polymerization via N-WASP and the Arp2/3 complex. Moreover,
we show that FCLs recruit receptors such as EGFR and LPAR1, and that they are crucial in the
regulation of the signaling of LPAR1.
Finally, in Chapter 5 we study the effect of Perifosine, a synthetic lipid, on EGFR. We show
that Perifosine induces the internalization of EGFR via an unconventional mechanism,
specifically in cells that highly express the receptor. To try to elucidate the rationale for this
specificity of Perifosine, we examine the status of EGFR in the plasma membrane of these
cells, and of cells with low EGFR expression, using an improved clustering analysis method
suited for super-resolution data.
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