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Abstract

Rho GTPases are small signalling G-proteins that are central regulators of cytoskeleton 
dynamics, and thereby regulate many cellular processes, including the shape, adhesion 
and migration of cells. As such, Rho GTPases are also essential for the invasive behaviour 
of cancer cells, and thus involved in several steps of the metastatic cascade, including 
the extravasation of cancer cells. Extravasation, the process by which cancer cells leave 
the circulation by transmigrating through the endothelium that lines capillary walls, is an 
essential step for metastasis towards distant organs. During extravasation, Rho GTPase 
signalling networks not only regulate the transmigration of cancer cells but also regulate 
the interactions between cancer and endothelial cells and are involved in the disruption 
of the endothelial barrier function, ultimately allowing cancer cells to extravasate into the 
underlying tissue and potentially form metastases. Thus, targeting Rho GTPase signalling 
networks in cancer may be an effective approach to inhibit extravasation and metastasis. 
In this review, the complex process of cancer cell extravasation will be discussed in detail. 
Additionally, the roles and regulation of Rho GTPase signalling networks during cancer cell 
extravasation will be discussed, both from a cancer cell and endothelial cell point of view.

Introduction
The multistep process of metastasis formation

Metastasis is the process by which tumour cells disseminate 
from the primary tumour and spread towards distant sites 
to form secondary tumours. Of all cancer-related deaths, 
the great majority is caused by metastases (1). Strikingly, 
despite all advances that have been made in cancer 
treatment, the 5-year survival rate of metastatic disease  
has barely increased in the last two decades and remains 
under 30% for most cancer types (2). Yet, the complex 
process of metastasis remains incompletely understood. 
To target this process and improve patient outcome, it is 
essential to better understand each step and the molecular 
players involved.

Formation of metastases involves multiple steps  
(Fig. 1A). First, tumour cells disseminate from the 
primary tumour by activating an epithelial-mesenchymal 
transition (EMT) programme (3), followed by local invasion 
of the surrounding tissue and extracellular matrix (ECM). 
Next, cancer cells can penetrate a nearby blood vessel wall 
(intravasation) and are transported through the circulation. 
While in the circulation, cancer cells are referred to as 
circulating tumour cells (CTCs). At a distant site, CTCs can 
get trapped, which often occurs in small capillaries, and 
subsequently transmigrate through the capillary wall, a 
process called extravasation (4, 5). Cancer cells that have 
extravasated are frequently unable to survive, but may, in 
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rare cases, form a micro-metastasis by activating a reversed 
EMT programme, known as a mesenchymal-epithelial 
transition (MET) programme, which can even occur after 
years of dormancy (2). The formation of a micro-metastasis 
can be followed by metastatic colonization, ultimately 
resulting in a secondary tumour in a distant organ (6).

Extravasation, also known as transendothelial 
migration (TEM), is an essential step for metastasis towards 

distant organs. Similar to leukocyte extravasation, CTCs 
form many selectin- and integrin-mediated interactions 
with endothelial cells (ECs) that line capillary walls (5, 7) 
(Fig. 1B). Upon these interactions, intracellular signalling 
is induced in ECs, which contributes to local disruption 
of the endothelial barrier. Additionally, CTCs secrete 
factors that increase vascular permeability or induce 
apoptosis or necroptosis in ECs (5, 7, 8, 9). CTCs can 

Figure 1
Schematic overview of metastasis formation to distant organs. (A) Metastasis formation is a complex process consisting of multiple steps: dissociation 
from the primary tumour (1), local invasion (2), intravasation (3), extravasation (4), formation of a micrometastasis (5) and metastatic colonization (6). 
Given its complexity, only a small fraction of disseminated tumour cells may ultimately form a metastatic lesion. (B) Extravasation involves many 
interactions between endothelial cells (ECs) and invasive circulating tumour cells (CTCs). These interactions are mediated by cell-adhesion molecules such 
as selectins and integrins expressed on their cell surfaces (step 1–3 rolling, adhesion and docking), which may ultimately result in the transmigration of 
CTCs into the underlying tissue (step 4 transmigration).
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subsequently transmigrate through the barrier by forming 
membrane protrusions such as invadopodia (10). Despite 
its importance in metastatic disease, the complex process 
of cancer cell extravasation and the molecular mechanisms 
involved remain incompletely understood. A better 
understanding of these mechanisms may result in novel 
targeting strategies to reduce extravasation and metastasis.

The family of Rho GTPases

During the process of extravasation, CTCs need to 
continuously induce changes in their cell shape to adhere 
and transmigrate through the endothelium. Similarly, 
ECs form protrusions and alter their cell–cell adhesion to 
create an opening in the barrier. These processes require 
remodelling of the actin cytoskeleton, which is centrally 
regulated by Rho GTPase signalling networks (5). Rho 
GTPases form a family of 20 small signalling G-proteins and 
are a part of the Ras GTPase superfamily that is known for its 
central role in cancer (11). Rho GTPases are active at cellular 
membranes, where they function as signal transducers to 
activate downstream effector pathways (11). In this way, 
Rho GTPases not only regulate cancer cell extravasation but 
are involved in many other aspects of cancer development, 
including cell transformation and growth (12), cancer cell 
motility and invasion (13) and angiogenesis (12, 14). In 
addition, Rho GTPases are involved in the regulation of 
the cell cycle, cellular adhesion and cellular polarity (15). 
Because of their wide variety of functions, Rho GTPases are 
tightly regulated.

In fact, ‘typical’ Rho GTPases are regulated in a cycle, in 
which they are either in an active GTP-bound conformation 
or in an inactive GDP-bound conformation (15). Three 
types of molecules regulate the activity of ‘typical’ Rho 
GTPases. Guanine nucleotide exchange factors (GEFs) 
activate Rho GTPases by catalysing the exchange of GDP 
for GTP. GTPase-activating proteins (GAPs) inactivate Rho 
GTPases by a GTP-hydrolysis reaction. Guanine nucleotide 
dissociation inhibitors (GDIs) solubilize Rho GTPases in the 
cytosol, thereby preventing it to be localized at membranes 
(16). Rho GTPases, their effectors and their regulating GEFs, 
GAPs and GDIs are dysregulated in many types of cancer 
(17) and are considered as promising therapeutic targets in 
metastatic disease (18).

In this review, the mechanisms by which cancer 
cells extravasate through the endothelial barrier will be 
discussed in detail. Additionally, the roles and regulation of 
Rho GTPase signalling networks in cancer cell extravasation 
will be discussed, both from a cancer cell and endothelial 
cell point of view.

The multistep process of cancer 
cell extravasation

Extravasation (or TEM) not only occurs during metastasis 
but is also the process by which leukocytes transmigrate 
through the endothelium towards sites of infection. 
The process of cancer cell extravasation is to a great 
extent similar to that of leukocytes. In fact, CTCs exploit 
the mechanisms by which leukocytes adhere to and 
transmigrate through ECs (7, 19). Therefore, in this part, 
the current knowledge on cancer cell extravasation will be 
discussed and compared to leukocyte extravasation.

Extravasation of both leukocytes and CTCs can 
be divided into four steps: selectin-mediated primary 
attachment/rolling, integrin-mediated firm adhesion, 
docking/formation of protrusions and transmigration (20, 
21) (Fig. 1B).

Step 1: The first step, primary attachment/rolling, 
involves many low-affinity interactions, allowing 
leukocytes or CTCs to ‘roll’ over the endothelium (7, 21) 
(Fig. 2A). It functions as a primary attachment and slow 
down leukocytes or CTCs in the circulation. This process 
is mainly mediated by E-selectin and P-selectin expressed 
on ECs (19, 21). Leukocytes can bind to these selectins via 
the expression of L-selectin and PSGL-1 on their surfaces 
(21, 22). PSGL-1 was also shown to mediate extravasation 
of multiple myeloma cells by interacting with P-selectin 
expressing ECs (23). However, CTCs generally do not 
express these E- and P-selectin ligands and instead, express 
a wide variety of cell-adhesion molecules (CAMs) that have 
binding affinity for the selectins present on ECs. The CAMs 
expressed by CTCs to mediate this first step vary per type 
of cancer. Rolling of colon carcinoma cells is, for example, 
mediated via isoforms of CD44 that are ligands for P-, L 
and E-selectin (24). In breast carcinoma cells, CD24 acts as 
a ligand for P-selectin (25), and in pancreatic cancer cells, 
MUC16 and PODXL are E- and L-selectin ligands to mediate 
rolling (26). In addition, N-cadherin expressed on both 
ECs and CTCs can act as a mediator of rolling, for example 
during extravasation of breast carcinoma cells (27). As 
another mechanism, CTCs can use their CAMs to bind to 
P-selectin expressing platelets. These platelets subsequently 
adhere to ECs, thereby functioning as an intermediate to 
allow primary attachment of CTCs (19, 28) (Fig. 2A).

It should be noted that rolling over ECs is essential 
during leukocyte extravasation, but it does not always 
seem to occur in cancer cell extravasation. Although many 
in vitro studies show that selectin-mediated rolling of 
CTCs over ECs does occur (25, 26, 27, 29), in vivo evidence 
using microscopy techniques is lacking. For example, 
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multiphoton imaging could show a reduction of CTC 
velocity in capillaries followed by a complete arrest, but 
rolling was not observed (30, 31). Possibly, as CTCs usually 
arrest and extravasate in small capillaries, size restriction of 
the capillary rather than rolling over ECs functions to slow 
down and capture CTCs (31), followed by firm adhesion 
(step 2). In line with this hypothesis, it was shown that 
blocking E-, P- and L-selectin using monoclonal antibodies 
did not significantly affect metastatic deposit formation of 
the prostate and breast cancer cells in vivo (32), indicating 
that selectin-mediated attachment is not essential for 
extravasation of these cancer cells. Taken together, 
the occurrence of primary attachment/rolling and the 
selectins and CAMs involved differs per type of cancer cell 
and per type of endothelium and does not always appear to 
be essential for arrest and extravasation.

Step 2: Next, both leukocytes and CTCs need to firmly 
adhere to ECs (Fig. 2B). Whereas the first step functions 
as a primary attachment to capture leukocytes or CTCs, 
the second step is essential to form a strong interaction 
(21). Firm adhesion during extravasation is mediated by 
integrins. Integrins are heterodimeric transmembrane 
receptors consisting of α- and β-subunit. Ligands of 
integrins not only mainly include extracellular matrix 
proteins but also a few cell-adhesion molecules such as 
ICAM-1 and VCAM-1 (19). As such, ECs express ICAM-1 and 
VCAM-1 on their surfaces under inflammatory conditions, 
to which leukocytes can bind using integrins (21). These 
integrins are mainly β1- and β2-integrins, such as LFA-1 

(αLβ2; an ICAM-1 ligand), Mac-1 (αMβ2; an ICAM-1 ligand) 
and VLA-4 (α4β1; a VCAM-1 ligand), allowing leukocytes to 
firmly attach to ECs (19, 21) (Fig. 2B).

Firm adhesion of CTCs to ECs is also mediated by 
integrins but is slightly different compared to leukocytes 
and can be performed in multiple ways (Fig. 2B). First, CTCs 
express few integrins themselves, depending on the type 
of cancer. Several types of cancer cells have been shown 
to express VLA-4 (α4β1), a VCAM-1 ligand (19, 33). For 
instance, ovarian cancer cells express VLA-4 (α4β1), and its 
interaction with VCAM-1 facilitates peritoneal metastasis 
formation (34). Additionally, VLA-4-VCAM-1 interactions 
have been shown to enhance the extravasation of melanoma 
cells through endothelial cell layers (35) and are important 
for metastasis of breast cancer cells towards the brain (36).

Apart from VLA-4-VCAM-1 interactions, it has been 
shown that a wide variety of cancer cell types expresses 
β2-integrin and/or MUC1, both ICAM-1 ligands, allowing 
CTCs to adhere to ICAM-1 expressing ECs (37, 38). For 
instance, the expression of LFA-1 and ICAM-1 was shown 
to enhance the extravasation of melanoma cells through 
endothelial monolayers (39). However, not all CTCs 
express these ICAM-1 ligands. Instead, CTCs can express 
ICAM-1 themselves to bind to circulating leukocytes, 
such as neutrophil granulocytes (27). These leukocytes 
subsequently adhere to ECs, as they do express the required 
ICAM-1 ligands (19, 27). Finally, several types of CTCs have 
been shown to adhere to ECs via the interaction of L1-CAM 
with αVβ3 and/or α5β1 integrins (19). Taken together,  

Figure 2
Adhesion of leukocytes (upper part) and circulating tumour cells (lower part) to ECs during extravasation. (A) Step 1: rolling/primary attachment. This step 
is mediated by selectins. Leukocytes express PSGL-1 and L-selectin to directly roll over E- and P-selectin expressing ECs. CTCs, on the other hand, 
generally do not express these molecules and instead express a wide variety of CAMs to bind to selectins on ECs, or use P-selectin expressing platelets as 
intermediates. (B) Step 2: firm adhesion. Leukocytes express β1 or β2 integrins (LFA-1, Mac1, VLA-4) to directly firmly adhere to ECs. Some CTCs do 
express VCAM-1, ICAM-1 and L1-CAM ligands to directly firmly adhere to ECs, but CTCs can also use circulating leukocytes as intermediates by expressing 
ICAM-1 themselves. CAMs expressed by CTCs are shown in green, CAMs expressed by circulating leukocytes/platelets are shown in red, and CAMs 
expressed by ECs are shown in black.
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CTCs either express integrins themselves or exploit 
circulating leukocytes to firmly adhere to ECs. This 
integrin-mediated firm adhesion subsequently induces the 
next step, docking and formation of protrusions.

Step 3: The third step of extravasation involves the 
formation of protrusions by ECs. The ICAM-1- and VCAM-
1-mediated firm adhesion (step 2) of leukocytes triggers ECs 
to redistribute ICAM-1 and VCAM-1 in so-called ‘cup-like 
structures’ that are supported by the actin cytoskeleton (21, 
40). As such, ICAM-1 and VCAM-1-rich structures are formed 
around transmigrating leukocytes, providing a surface 
to which LFA-1/VLA-4-expressing leukocytes can adhere 
(also known as ‘docking’). Several types of such structures 
have been identified, including docking structures (41), 
transmigratory cups (42) and endothelial domes (43). 
Although uncertainty remains about the function of these 
structures, they appear to be directly involved in initiating 
the final transmigration step (21, 42). Similar protrusions 
were also recognized in cancer cell transendothelial 
migration, but the evidence is limited and very little is 
known about it. Using confocal microscopy, it was shown 
that the endothelium forms transient protrusions upon 
adhesion of breast cancer cells (44). These protrusions 
could subsequently form into cup-like structures and even 
engulf the CTC. More recently, using transmission electron 
microscopy, it was shown that brain endothelium forms 
protrusions that extend towards transmigrating CTCs both 
in vitro and in vivo (45). In some cases, this could lead to 
incorporation of the CTC into the endothelium, thereby 
possibly facilitating transmigration. Taken together, the 
formation of EC protrusions appears to play an important 
role in both leukocyte and cancer cell extravasation and 
initiation of the final step: transmigration.

Step 4: Lastly, leukocytes or CTCs must cross 
the endothelial barrier, a process called diapedesis or 
transmigration. Both leukocytes and CTCs can cross the 
endothelial barrier either via the paracellular route (through 
EC junctions) or via the transcellular route (through an EC 
body) (7, 21). The ‘decision’ about which route is taken is 
dependent on characteristics of both the endothelium 
and the invading cell; however, the paracellular route 
appears to be the most common (46, 47). For example, 
invading melanoma cells utilize the paracellular route to 
transmigrate through the brain epithelium, whereas breast 
cancer cells are also able to use the transcellular route (45).

Paracellular transmigration: For paracellular 
transmigration to occur, the EC junctions must be 
disrupted. Firm adhesion of leukocytes to ECs (step 2), 
supported by EC protrusions (step 3), involves many 
ICAM-1/VCAM-1-mediated interactions. Upon these 

interactions, ICAM-1 and VCAM-1 induce intracellular EC 
signalling, which often results in the activation of kinases, 
followed by phosphorylation of molecules involved 
in the endothelial barrier function (48). For instance, 
ICAM-1 signalling can induce tyrosine phosphorylation of 
VE-cadherin at Tyr658 and Tyr731 via the activation of two 
tyrosine kinases, Src and Pyk2 (49). VE-cadherin is a major 
constituent of adherens junctions and connects ECs by 
binding to the actin cytoskeleton (48). Phosphorylation of 
VE-cadherin at certain serine or tyrosine residues located 
in its cytoplasmic domain results in reduced binding to the 
actin cytoskeleton and disruption of EC junctions (48). For 
example, phosphorylation of Tyr685 results in increased 
vascular permeability, and phosphorylation of Tyr658 and 
Tyr731 facilitate leukocyte diapedesis (49, 50). Similarly, 
adhesion of neutrophils and monocytes can induce 
phosphorylation of myosin light chain (MLC) by myosin 
light chain kinase (MLCK) on Thr18 and Ser19, a process 
mediated by RhoA-ROCK signalling (21, 51, 52). MLC 
phosphorylation on Thr18 and Ser19 results in actomyosin 
contraction, potentially followed by retraction of ECs 
and thereby the formation of a gap (52, 53). Intracellular 
signalling in ECs is also important in the paracellular 
transmigration of CTCs. Like leukocytes, the adhesion 
of CTCs to ECs can trigger signalling events resulting in 
local disruption of the endothelial barrier function. For 
instance, phosphorylation of VE-cadherin and MLC is also 
involved in EC junction opening in cancer cell paracellular 
transmigration (5, 8, 54, 55, 56). In addition, it has been 
shown that transmigrating CTCs can downregulate cell 
adhesion molecules. For example, the highly invasive 
MDA-MB-231 breast cancer cells downregulate VE-cadherin 
and PECAM-1, which decrease cell–cell adhesion and result 
in a local breakdown of the endothelial barrier (57).

Finally, CTCs secrete a variety of factors that induce the 
opening of EC junctions, such as pro-apoptotic factors and 
chemokines (5). Importantly, in both leukocyte and cancer 
cell extravasation, the disruption of the endothelial barrier 
via intracellular signalling in ECs is centrally regulated by 
Rho GTPase signalling networks, which will be discussed in 
greater detail later.

Transcellular transmigration: The process of 
transcellular transmigration remains poorly understood. In 
leukocyte extravasation, it was shown that leukocytes form 
‘invasive podosomes’, both in vitro and in vivo, that extend 
through transcellular pores in ECs, which was one of the 
first in vivo evidence of transcellular transmigration (58). 
Additionally, it was shown that approximately one-third 
of lymphocytes transmigrate via the transcellular route 
on human dermal and lung microvascular endothelial 
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monolayers and approximately 10% on human umbilical 
vein endothelial monolayers (58). Another study showed 
that transcellular transmigration of lymphocytes occurred 
in the range of ~30–70% depending on the type of 
endothelium (46). The ‘decision’ about the preferred 
route could be based on the ‘route of least resistance’ 
idea, as high barrier function (e.g. brain epithelium) is 
associated with predominant transcellular transmigration 
(46). Another hypothesis is that the amount of ICAM-1 
expressed on the surface of inflamed ECs may determine 
which route is taken (47). This is supported by the finding 
that interfering with ICAM-1 expression preferentially 
inhibits transcellular transmigration (59). Nonetheless, it is 
clear that transcellular transmigration plays an important 
role in leukocyte extravasation. This raised the question 
of whether CTCs also use this route to transmigrate. Like 
leukocytes, the predominant route of transmigration 
appears to be the paracellular route, and in vivo evidence 
of CTCs transmigrating through EC bodies was lacking 
for a long time. Recently, however, it was shown that 
breast cancer cells are able to transmigrate through brain 
capillaries via the transcellular route in vivo (45, 60). This 
‘decision’ for the transcellular route may be caused by the 
idea that the EC junctions in the blood-brain barrier are 
too tight to effectively cross via the paracellular route (46, 
61). For transcellular transmigration, breast cancer cells 
formed filopodia-like structures that extended into the 
endothelium, followed by the incorporation of the CTC 
into the endothelium (45). The molecular mechanisms that 
regulate this process remain largely unknown; however, 
MLC phosphorylation appears to play an important role. 
Breast cancer cells were shown to activate endothelial MLCK 
upon adhesion to ECs, resulting in local phosphorylation 
of MLC, which induces endothelial myosin II contraction, 
followed by transcellular transmigration (44).

To sum up, extravasation or TEM is a very complex 
process that involves many interactions between the 
invasive cell and the endothelium. These interactions 
induce intracellular signalling in ECs that potentially 
disrupt the barrier, allowing invasive cells to transmigrate. 
The remainder of this review will zoom in on the central 
regulators of cancer cell (trans) migration: Rho GTPases.

Rho GTPase signalling in extravasation:  
a cancer cell point of view
Rho GTPase signalling networks

Rho GTPases are small (~21 kDa) signalling G-proteins and 
are a part of the Ras superfamily of small GTPases. Like Ras 
GTPases, Rho GTPases have the property to bind GDP and 
GTP. By cycling between their inactive, GDP-bound state 
and their active, GTP-bound state, Rho GTPases can act 
as ‘molecular switches’ (62). When localized at cellular 
membranes, Rho GTPases can get activated by extracellular 
stimuli and subsequently function as signal transducers 
(63). By doing so, Rho GTPases regulate many downstream 
pathways involved in various cellular functions, including 
motility, polarity, shape and adhesion of cells (63). ‘Typical’ 
Rho GTPases include the classical Rho GTPases, RhoA, Rac1 
and Cdc42, and RhoB, RhoC, RhoD, RhoF, RhoG, RhoJ, 
RhoQ, Rac2 and Rac3. The activity of ‘typical’ Rho GTPases 
is regulated by guanine nucleotide exchange factors 
(GEFs), GTPase-activating proteins (GAPs) and guanine 
nucleotide dissociation inhibitors (GDIs) (Fig. 3). GEFs 
catalyse the exchange of GDP for GTP, thereby activating 
the Rho GTPase. RhoGEFs can either be a part of the Dbl-
family or the DOCK-family. The Dbl-family comprises 
a total of 70 RhoGEFs, and the DOCK-family comprises 
a total of 11 (64). GAPs hydrolyse GTP to GDP, thereby 

Figure 3
The regulation of typical Rho GTPases. Rho 
GTPases are active at cellular membranes where 
they function as signal transducers. A guanine 
nucleotide exchange factor (GEF) exchanges GDP 
for GTP, thereby bringing Rho in its GTP-bound, 
active state. A GTPase-activating protein (GAP) 
hydrolyses Rho GTP, thereby cleaving off a 
phosphate group and bringing Rho in its 
GDP-bound, inactive state. A guanine nucleotide 
dissociation inhibitor (GDI) extracts RhoGDP from 
the membrane into the cytosol (sequestration), 
thereby preventing Rho GTPases to be active at 
cellular membranes. Post-transcriptional and 
post-translational modifications of Rho GTPases 
include phosphorylation, ubiquitinylation and 
miRNA silencing.
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inactivating the Rho GTPase. Although Rho GTPases 
have intrinsic GTPase activity to initiate the hydrolysis of 
GTP to GDP, the rate of this reaction is slow, therefore the 
activity of GAPs is essential (62). To date, approximately 80 
RhoGAPs are known, but only a small part has been studied 
in detail (63). GDIs solubilize Rho GTPases in the cytosol, 
thus preventing the localization of Rho GTPases at cellular 
membranes (16). To date, three RhoGDIs are known: 
RhoGDI 1–3(63). Taken together, the activity of Rho 
GTPases is thus not only regulated by GDP-GTP cycling but 
also by membrane association–dissociation cycling.

In the GTP-bound conformation, Rho GTPases can 
activate many (>100) effector proteins. Most of these 
effector proteins are kinases, of which the p21-activated 
kinases (PAKs) and Rho-associated protein kinases (ROCKs 
or ROKs) are especially involved in cancer cell migration 
and extravasation (63, 65, 66). These kinases contain 
domains that allow binding of Rho GTP, followed by 
activation of the kinase. For example, PAKs contain a 
Cdc42-and Rac-interactive binding (CRIB) domain, and 
ROCKs contain a coiled-coil domain to which Rho can 
bind (67, 68). Upon their activation by Rho GTPases, these 
kinases phosphorylate downstream molecules involved in 
various cellular processes. One of the major Rho GTPase-
mediated downstream processes is the regulation of the 
actin cytoskeleton and (trans) migration of cancer cells, 
will be discussed in the next part.

Rho GTPase-mediated regulation of the 
actin cytoskeleton

Membrane protrusions
During cancer cell extravasation, cancer cells continuously 
alter their actin cytoskeleton to form membrane 
protrusions, which are important for (trans) migration 
and adhesion to the endothelium. Many types of such 
protrusions exist, including invadopodia, lamellipodia, 
filopodia and podosomes. Invadopodia and podosomes 
are both F-actin-rich protrusions and together categorized 
as ‘invadosomes’. However, invadopodia are characterized 
by the invasiveness of cancer cells and degradation of 
extracellular matrix proteins, whereas podosomes generally 
function in biological processes unrelated to cancer (69). 
Lamellipodia are similar F-actin-rich sheet-like protrusions 
present at the leading edges of cells that are important for 
cell migration (70). Finally, filopodia are thin protrusions 
that extend at the end of lamellipodia to probe the 
environment during migration (70). The formation of each 
of these protrusions requires actin polymerization, which 
is centrally regulated by Rho GTPase signalling networks.

Actin polymerization and the role of Rho GTPases
Actin is present in cells either as monomers (G-actin) or 
multimers (F-actin). The first step in actin polymerization is 
the nucleation step, which involves the formation of actin 
multimers out of monomers. This process is stimulated by 
two types of actin-nucleating proteins: the actin-related 
protein 2/3 (Arp2/3) complex and the protein family of 
formins, both functioning via distinct mechanisms (63) 
(Fig. 4). Arp2/3-mediated nucleation is characterized by 
the formation of a branched actin network, present at the 
leading edges of invadopodia, lamellipodia and filopodia 
(71). In this way, a pushing force is generated that results 
in the migration of cells. During this process, nucleation-
promoting factors (NPFs) are required to enhance the 
activity of the Arp2/3 complex. These include Wiskott–
Aldrich syndrome protein (WASP), neuronal WASP 
(N-WASP) and the WASP and Verprolin homologous 
protein (WAVE) family. All NPFs share a characteristic 
WCA domain. This domain can bind a G-actin (monomer) 
with its ‘WH2 motif’ and can bind to the Arp2/3 complex 
with its ‘CA’ part (71). In this way, an NPF ‘delivers’ 
G-actin (monomer) towards the Arp2/3 complex (71). 
Next, the Arp2/3 complex binds to sides of pre-existing 
actin filaments, where it serves as a template that can be 
polymerized, thus forming a branch (72). Certain Rho 
GTPases can activate NPFs and thereby stimulate Arp2/3-
mediated cell migration (63) (Fig. 4). More specifically, it 
has been shown that Cdc42 in its GTP-bound conformation 
activates WASP (73) and N-WASP (74). Additionally, Rac1 
can bind to and activate N-WASP (75) and can also activate 
WAVEs via an intermediate, IRSp53 (76, 77). In this way, the 
Arp2/3 complex, stimulated by Rho GTPases, is essential 
for cancer cell migration and invasion (78).

Whereas the Arp2/3 complex stimulates the formation 
of a branched actin network, formins form large, linear 
actin filaments via elongation of pre-existing filaments  
(Fig. 4). Formins stimulate this process in various ways. First, 
all formins share a formin homology 2 (FH2) domain. This 
domain stabilizes actin dimers and trimers and thereby 
enhances the nucleation step (72). In addition, formins 
bind to filament ends with their FH2 domain, which allows 
subsequent elongation of the actin filament (79). Lastly, 
formins inhibit the binding of capping proteins. Capping 
is the process by which capping proteins bind to filament 
ends to block elongation. However, the binding of these 
capping proteins is inhibited when formins are associated 
to filament ends (72). Like NPFs, Rho GTPases are also 
involved in formin activation. Not all formins appear to 
interact with Rho GTPases; however, some members of the 
predominant diaphanous-related formins (DRF) family 
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contain a GTPase-binding domain (72, 80). Binding of 
the Rho GTPases Rho, Rac and/or Cdc42 to this domain, 
relieves the autoinhibition of these DRFs, thus resulting in 
activation (81) (Fig. 4).

On the contrary of actin polymerization, ADF/cofilin 
proteins are involved in actin depolymerization. ADF/
cofilin proteins form a family of actin-binding proteins that 
are known to increase actin dissociation at filament ends 
and to inhibit filament elongation (82). Cofilin has also 
been shown to dissociate pre-existing branches formed by 
the Arp2/3 complex (83). Cofilin can get phosphorylated 
at Ser3 by LIM-domain-containing kinases (LIMKs) and 
testis-specific kinases (TESKs), causing it to be inactivated 
(82, 84). The Rho effector ROCK (or ROK) and the  
Rac/Cdc42 effector PAK both activate LIMKs (63, 82, 
85). TESKs, on the other hand, are not activated by these 
Rho GTPases (86). Still, Rho GTPases inhibit ADF/cofilin 
proteins and actin depolymerization via the Rho-ROCK-
LIMK and Rac/Cdc42-PAK-LIMK pathways (Fig. 4).

In short, Rho GTPases (Rho, Rac, Cdc42) stimulate 
actin polymerization by activating NPFs and formins of 
the DRF family. Additionally, Rho, Rac and Cdc42 inhibit 
cofilin-mediated actin depolymerization via their effectors 

ROCK and PAK. Via these mechanisms, Rho GTPases 
stimulate the formation of membrane protrusions. Of 
these protrusions, invadopodia, lamellipodia and filopodia 
are especially involved in the migration and extravasation 
of cancer cells, as will be discussed in the next part.

Rho GTPase-mediated formation of invadopodia
During extravasation, invadopodia are formed for 
transmigration through the endothelium and subsequent 
degradation of the underlying extracellular matrix (ECM) 
(87). Furthermore, the formation of invadopodia has been 
shown to be essential for the successful extravasation 
of cancer cells (10, 88). As such, the inhibition of 
invadopodia formation results in an abrogation of cancer 
cell extravasation (10). Thus, invadopodia formation may 
be a promising therapeutic target to inhibit extravasation 
and metastasis.

Invadopodia are characterized by a branched actin 
network, which is formed by the Cdc42-N-WASP-
Arp2/3 pathway (‘Actin polymerization and the role of 
Rho GTPases’ section). Activation of this pathway in 
invadopodia is initiated upstream by Src-mediated tyrosine 
phosphorylation and thereby activation of an adaptor 

Figure 4
The role of Rho GTPases in actin polymerization 
and cancer cell (transendothelial) migration. Actin 
polymerization in cellular protrusions mediates 
migration and extravasation of cancer cells. Cdc42 
and Rac1 activate nucleation-promoting factors 
(NPF) and thus stimulate the formation of a 
branched actin network via Arp2/3. Cdc42, Rac 
and Rho activate certain members of the 
diaphanous-related formin (DRF) family and thus 
stimulate the formation of a linear actin network. 
Both Rho-ROCK and Rac/Cdc42-PAK inhibit the 
activity of cofilin via LIMK, thereby inhibiting  
actin depolymerization.
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protein, Tks5 (89, 90). Tks5, on its turn, together with 
Nck adaptor proteins, recruits and interacts with several 
key molecules required for invadopodia assembly, such 
as N-WASP (87, 89). Recently, it was shown that Tks5 also 
interacts with active Cdc42 (91), and an activating Cdc42-
GEF, FGD1 (92), thus providing a link between Src, Tks5 
and Cdc42-mediated actin polymerization in invadopodia. 
Additionally, when the activity of Src reaches a certain 
threshold, it recruits and forms a complex with PI3K and 
a RhoGEF, ARHGEF5 (93). The formation of this complex 
generates a positive-feedback mechanism, which enhances 
Src activation and results in the activation of ARHGEF5. 
Next, ARHGEF5 activates RhoA and Cdc42 (93, 94). Via 
these mechanisms, the Rho GTPases RhoA and Cdc42 
become activated in invadopodia, which can subsequently 
stimulate invadopodia maturation by regulating actin 
polymerization. Cdc42 mediates this process via the 
Cdc42-N-WASP-Arp2/3 pathway, thus forming a branched 
actin network (Fig. 4). N-WASP was shown to be only 
present at the base of invadopodia (95), which suggests 
that Cdc42-mediated actin polymerization is restricted to 
that area (94). Subsequent elongation of actin filaments 
at the base of invadopodia is regulated by formins of the 
DRF family, which can be activated by Cdc42, Rac and Rho 
(93, 94, 96) (Fig. 4). This generates a pushing force that is 
not only required for cancer cell invasion but also extends 
invadopodia through the endothelium of blood vessels or 
capillary walls during extravasation (10).

In addition, RhoC plays a crucial role in invadopodia 
formation. Interestingly, using a FRET-based biosensor, 
it was shown that RhoC activity is confined to the 
surroundings of invadopodia (85). This spatial-
regulated activity of RhoC is regulated by p190RhoGEF 
and p190RhoGAP. p190RhoGEF is localized around 
invadopodia to activate RhoC, whereas p190RhoGAP is 
localized within invadopodia to inactivate RhoC (85). 
In this way, RhoC is only active at the surroundings of 
invadopodia, where it activates the aforementioned Rho-
ROCK-LIMK pathway that results in phosphorylation and 
thus inhibition of cofilin (Fig. 4). Because of this, cofilin 
is only active within the centre of invadopodia, which is 
important for creating free actin filament ends that can 
subsequently be polymerized (85).

On the other hand, RhoG and a RhoG-GEF, SGEF 
(or ARHGEF26), appear to regulate the disassembly of 
invadopodia by modulating tyrosine phosphorylation 
of paxillin (97). Paxillin is an adhesion molecule that 
is an important component of invadopodia, and its 
phosphorylation at tyrosine residues was already shown 
to induce disassembly of invadopodia (98). Thus, the 

formation of invadopodia requires downregulation of 
RhoG activity, possibly by a RhoGAP, but this remains 
unknown (97). Similarly, the Trio-Rac1-PAK1 signalling 
pathway is involved in invadopodia disassembly by 
phosphorylating cortactin on Ser113 (99, 100). Cortactin 
promotes invadopodia formation by stimulating actin 
polymerization (101); however, phosphorylation of 
cortactin on Ser113 results in its release from F-actin 
(99, 102). Additionally, PAK1 regulates invadopodia 
disassembly by regulating cofilin and myosin light chain 
phosphorylation (102). This PAK1-mediated disassembly 
of invadopodia has an important implication for cancer 
cell extravasation. Invadopodia sense for chemotactic 
stimuli, and extravasate only at chemotactic-rich areas, 
as such areas may be more likely to permit metastatic 
colonization. However, in areas that are low in chemotactic 
stimuli and thus not optimal for metastasis, PAK1 
mediates invadopodia disassembly and thereby inhibits 
extravasation. In this way, invadopodia guide cancer cell 
extravasation during metastasis via PAK1 (102).

An important characteristic of invadopodia and cancer 
cell migration is the degradation of extracellular matrix 
(ECM). This is also important during the extravasation of 
cancer cells, as the ECM that underlies capillary walls is 
directly degraded during transmigration (94). Degradation 
of the ECM by invadopodia is mainly facilitated by 
membrane-type 1 matrix metalloproteinase (MT1-MMP 
or MMP-14) (94, 103). For this to occur, MT1-MMP must 
first accumulate at invadopodia, which is mediated by 
the vesicle-tethering exocyst complex and IQGAP1 (104). 
The vesicle-tethering exocyst complex and IQGAP1 were 
shown to be essential for the invasive behaviour of cancer 
cells, and their interaction is triggered by Rho GTPases 
Cdc42 and RhoA (104).

Taken together, Rho GTPases are involved in many 
stages of invadopodia formation, including the early stages 
(assembly of essential proteins), the later stages (actin 
polymerization) and even invadopodia disassembly. In 
this way, Rho GTPases regulate the formation of one of 
the essential structures for cancer cells to migrate and 
extravasate through capillary walls. Other important 
structures involved in cancer cell migration and 
extravasation are lamellipodia and filopodia.

Rho GTPase-mediated formation 
of lamellipodia/filopodia
During extravasation, cancer cells also form lamellipodia- 
and filopodia-like protrusions, which appear to be 
important for interaction with the microvasculature  
(30) and for interactions with ECM directly after 
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extravasation (5, 105). The formation of lamellipodia 
is dependent on the Rho GTPase Rac1 by stimulating 
actin polymerization (5, 106, 107). Like invadopodia, 
lamellipodia are formed by Arp2/3-mediated actin 
nucleation resulting in a branched actin network. Rac1 
mediates this process through the activation of WAVE via 
the intermediate IRSp53 (76, 107, 108) (Fig. 4). Importantly, 
Rac1, WAVE and IRSp53 localize at the tip of lamellipodia 
to trigger the formation of membrane protrusions (107). By 
inhibiting Rac1 using either the small molecule inhibitor 
NSC23766 or HMG-CoA reductase inhibitors (statins), it 
was shown that the adhesion of CTCs to ECs was reduced, 
as well as cancer cell extravasation and subsequent 
metastasis towards the lungs in vivo (109), indicating that 
Rac1 indeed is essential during extravasation of cancer 
cells. Filopodia arise at the leading edge of lamellipodia, 
and their formation is regulated by the Rho GTPase 
Cdc42. Cdc42 stimulates actin polymerization at the tip 
of filopodia via the Cdc42-WASP-Arp2/3 pathway (110)  
(Fig. 4). Additionally, Cdc42 activates IRSp53, which in 
turn recruits and activates the WASP-family proteins 
N-WASP and Mena, which further stimulates actin 
polymerization in filopodia (110, 111). Taken together, the 
classical Rho GTPases Rac1 and Cdc42 are central regulators 
of actin polymerization during lamellipodia and filopodia 
formation, respectively.

Rho GTPase-mediated regulation of cancer  
cell-endothelial cell interactions

Adhesion of cancer cells to the endothelium is an essential 
step in extravasation, a process in which several Rho GTPases 
are involved. Using an RNA interference screen for all 20 Rho 
GTPases, it was shown that depletion of RhoA, RhoC, Rac1, 
Rac3, Cdc42, Rnd2, RhoH and RhoBTB1 each significantly 
reduced the adhesion of prostate cancer cells to the 
endothelium (112). Some of these Rho GTPases, including 
RhoA, RhoC, Rac1 and Cdc42, promote cancer-endothelial 
cell interaction via the formation of F-actin-rich protrusions 
(‘Rho GTPase-mediated regulation of the actin cytoskeleton’ 
section). For instance, RhoC-ROCK-mediated formation 
of invadopodia is essential for cancer cell adhesion to the 
endothelium (10, 66). Rho-ROCK signalling was also shown 
to be responsible for the adhesion of melanoma cells to 
the blood–brain barrier, thereby promoting extravasation 
(113). Apart from this, Rho GTPases stimulate cancer cell-
endothelial cell interactions by regulating the expression 
of cell-adhesion molecules on their surfaces. For instance, 
Cdc42 regulates the transcription of β1-integrin via the 
activation of its transcription factor SRF (112). β1-integrin is 

an important adhesion molecule expressed on cancer cells 
to adhere to the endothelium (‘The multistep process of 
cancer cell extravasation’ section). As such, prostate cancer 
cells depleted of Cdc42 showed reduced adhesion to ECs, 
reduced extravasation and reduced metastasis formation 
in vivo (112). Similarly, Rac1 has been shown to stimulate 
the activation of β1-integrin and thereby mediate the 
interaction between prostate cancer cells and bone marrow 
ECs (114). Finally, Rac1 has also been implicated in the 
regulation of E-selectin expression, an important molecule 
for primary attachment/rolling of cancer cells to ECs (109) 
(‘The multistep process of cancer cell extravasation’ section).

Rho GTPase signalling in extravasation:  
an endothelial point of view

For a long time, the endothelium was thought to be a 
passive barrier for CTCs and leukocytes. However, in the 
past years, it has become clear that ECs are actively involved 
in regulating extravasation. In this part, the regulation 
of the endothelial barrier function will be discussed, 
including how CTCs alter the barrier to transmigrate and 
metastasize, with a specific focus on the role of Rho GTPase 
signalling networks during these processes.

The endothelial barrier

ECs that line blood vessel walls are connected via tight 
junctions (TJs) and adherens junctions (AJs), thereby 
forming a tight barrier that is supported by a basement 
membrane (115) (Fig. 5). These junctions consist of many 
transmembrane adhesive proteins. TJs connect ECs via 
claudins, occludins and junctional adhesion molecules 
(JAMs). AJs connect ECs mainly via VE-cadherin (48, 115). 
The adhesive proteins in TJs are attached to intracellular 
components such as zonula-occludens (ZO-1, ZO-2, 
ZO-3) and cingulin, that subsequently bind to the actin 
cytoskeleton (48, 115). In AJs, VE-cadherin is intracellularly 
attached to linker molecules such as β-catenin, α-catenin, 
p120 or plakoglobin, thereby forming a complex that is 
also subsequently attached to the actin cytoskeleton (116) 
(Fig. 5). In addition, other adhesive proteins connect ECs 
that are not directly a part of either TJs or AJs, such as 
PECAM-1 (48).

Cancer-cell induced disruption of the 
endothelial barrier

To cross this tight barrier via the paracellular route (in 
between ECs), junctions should be disrupted. Upon firm  
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adhesion of cancer cells to ECs, ECs get ‘activated’. 
Selectins and integrins that mediate firm adhesion 
subsequently induce intracellular signalling cascades in 
ECs that alter the dynamics of the barrier. These alterations 
include phosphorylation of VE-cadherin and myosin light  
chain, actomyosin-mediated tension and stress fibre 
formation (5, 8). Additionally, cancer cells secrete factors 
that decrease the endothelial barrier function or induce 
apoptosis or necroptosis in ECs (5, 9).

Phosphorylation of VE-cadherin
VE-cadherin, the major constituent of AJs (Fig. 5), can get 
phosphorylated by three types of kinases: p21-associated 
kinases (PAKs), focal adhesion kinases (FAKs) and Src 
(117). Phosphorylation of VE-cadherin can occur at several 
tyrosine and serine residues, of which some have been 
associated with vascular permeability and extravasation, 
including Ser665, Tyr658, Tyr685 and Tyr731 (48, 49, 
50, 54). Interestingly, these residues are all located in the 
cytoplasmic domain of VE-cadherin, which includes the 
juxtamembrane domain (which forms a binding site for 
p120) and the catenin-binding domain (which forms 
a binding site for β-catenin and plakoglobin) (49, 118). 
Phosphorylation of serine and tyrosine residues located 
in these domains thereby reduces p120-, β-catenin and 
plakoglobin-mediated attachment of VE-cadherin to the 
actin cytoskeleton (Fig. 5) and thus causes disruption of 

EC junctions (49, 119). This raised the question of whether 
phosphorylation of VE-cadherin could be a mechanism 
for cancer cells to locally disrupt the endothelium. 
Previous studies have already shown that the tyrosine 
phosphorylation status of the VE-cadherin complex was 
altered upon adhesion of cancer cells to ECs, but whether 
the adhesion molecules and molecular mechanisms are 
involved remained unknown (55, 120). Later, it was shown 
that VE-cadherin tyrosine phosphorylation is induced 
upon α2β1 integrin-mediated adhesion of breast, ovarian 
and prostate cancer cells to ECs, followed by retraction 
of ECs (121). Similarly, VE-cadherin phosphorylation in 
ECs is triggered by melanoma cells upon IL-8 secretion 
or VCAM-1/VLA-4 mediated adhesion that both induce 
the activation of Src (8, 54) (Fig. 6). Additionally, VEGF-
expressing cancer cells can induce FAK activation via Src, 
resulting in FAK-mediated phosphorylation of VE-cadherin 
at Tyr658 in ECs (122). As such, inhibition of FAK was 
shown to prevent VEGF-induced Tyr658 phosphorylation 
of VE-cadherin as well as cancer cell extravasation and 
formation of lung metastasis in vivo (122).

Phosphorylation of VE-cadherin is, for a part, regulated 
by Rho GTPase signalling. More specifically, Rac1 and its 
effector PAK have been shown to be involved in serine 
phosphorylation of VE-cadherin. As such, activation of 
Src in ECs by VEGF can induce activation of Rac1 via its 
regulating GEF, Vav2. Rac1 can subsequently induce serine 
phosphorylation of VE-cadherin via its effector PAK (48, 
123) (Fig. 6). In addition, IL-8 can activate Rac1 via CXCR2 
and PI3Kγ, also resulting in serine phosphorylation 
of VE-cadherin (124) (Fig. 6). However, thus far little 
remains known about the role of VE-cadherin serine 
phosphorylation in cancer cell extravasation. Whereas 
Rac1-PAK is involved in serine phosphorylation, RhoA 
has been shown to contribute to HRas-induced tyrosine 
phosphorylation of VE-cadherin (125).

Altogether, cancer cell-induced VE-cadherin 
phosphorylation is partially mediated by Rho GTPase 
signalling, which contributes to disruption of EC junctions 
and is thereby important for extravasation. However, 
VE-cadherin phosphorylation is by itself not sufficient to 
decrease the endothelial barrier function (126), additional 
dynamic alterations of the barrier are required for cancer 
cells to extravasate.

Phosphorylation of myosin light chain, stress 
fibre formation
Myosin II is part of the myosin superfamily of ATP-
dependent motor proteins that are involved in actin-
based motility and contractility of cells. Actin filaments 

Figure 5
The endothelial barrier. Tight junctions (TJs), adherens junctions (AJs) and 
additional adhesion molecules such as PECAM-1 form the endothelial 
barrier. TJs mainly consist of occludins, claudins and junctional adhesion 
molecules (JAMs). AJs mainly consist of VE-cadherin. Adhesion molecules 
in TJs or AJs are connected to the actin cytoskeleton in ECs via linker 
proteins, thereby forming a tight barrier that is supported by a  
basement membrane.
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and myosin II can bundle together in stress fibres, a 
process centrally regulated by RhoA and its effector, 
ROCK (21, 127). To generate stress fibres, ROCK activates 
mDia, a formin that mediates actin polymerization, 
and LIMK, a kinase that inhibits actin depolymerization 
via phosphorylation of cofilin (‘Rho GTPase-mediated 
regulation of the actin cytoskeleton’ section; Fig. 6) (127, 
128). The formation of stress fibres upon RhoA-ROCK 
activation induces actomyosin contraction in ECs, which 
disrupts the barrier function (129). Additionally, myosin II 
contains myosin light chains (MLCs); phosphorylation of 
MLCs is induced by myosin light chain kinase (MLCK) and 
dephosphorylation by myosin light chain phosphatase 
(MLCP) (129). Phosphorylation of MLC on Thr18 and Ser19 
residues increases the interaction of myosin with actin, 
leading to actomyosin contractility, potential retraction of 
ECs and the formation of a gap (21, 129).

Rho GTPases play a central role in the regulation of 
MLC phosphorylation, and thus, stress fibre formation. 
The Rac1 and Cdc42 effectors PAK1 and PAK2 can 
phosphorylate MLCK, thereby inhibiting its activity and 
decreasing actomyosin contractility (65). On the other 
hand, RhoA-ROCK signalling mediates phosphorylation 
of MLCP, thereby inhibiting its activity and increasing 
actomyosin contractility (130) (Fig. 6). This suggests that 
RhoA-ROCK signalling may be a mechanism for cancer 
cells to induce actomyosin contractility in ECs during 

extravasation, which was already shown to be the case for 
leukocytes (21, 131). Indeed, the adhesion of small cell lung 
cancer cells to human brain microvascular endothelial 
cells induces intracellular RhoA-ROCK activation in ECs, 
followed by increased MLC phosphorylation and increased 
extravasation (56). Similarly, stress fibre formation in 
vertebral microvascular endothelial cells (VMECs) is 
induced by CX3CL1-mediated activation of Src (132). Src 
subsequently leads to RhoA-ROCK signalling via activation 
of p115-RhoGEF, a GEF of RhoA. Activation of this pathway 
leads to barrier disruption via stress fibre formation and 
increased extravasation of the lung and renal cancer cells 
through VMECs (132) (Fig. 6).

Thus, phosphorylation of MLC is important for 
increasing actomyosin contractility and stress fibre 
formation in ECs. Upon adhesion to the endothelium, 
cancer cells can induce RhoA-ROCK signalling in ECs, 
thereby increasing phosphorylation of MLC and disrupting 
the endothelial barrier.

Secretion of factors
In addition to direct cancer cell-endothelial cell 
interactions via selectins and integrins, cancer cells can 
also alter intracellular signalling in ECs by secreting 
various factors (5). For instance, cancer cells secrete TGF-β, 
a factor that has especially been associated with increased 
breast cancer cell invasiveness and metastasis (7, 133). 

Figure 6
How cancer cells cross the endothelial barrier and the role of Rho GTPases. Cancer cells induce intracellular signalling in ECs upon adhesion and by 
secreting various factors, which together contribute to local disruption of the endothelial barrier. Additionally, cancer cells recruit circulating leukocytes 
and/or platelets, which also contribute to extravasation of cancer cells. Tyrosine and serine phosphorylation of VE-cadherin (left) by Src, FAK and/or PAK 
can be induced via the secretion of IL-8 and VEGF, combined with integrin-mediated adhesion of cancer cells. Stress fibre formation and actomyosin 
contractility are centrally regulated by Src and RhoA-ROCK signalling (right). Finally, necroptosis can be induced in ECs upon APP-DR6 interactions (right).
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TGF-β has also been shown to promote adhesion to ECs 
and extravasation of melanoma cells, potentially caused 
by a TGF-β-signalling induced endothelial-mesenchymal 
transition, a process dependent on Rho/ROCK signalling 
(134). Melanoma cells also secrete SPARC, which promotes 
extravasation, vascular permeability and lung metastasis 
formation in vivo (135). For this, SPARC was shown 
to interact with endothelial VCAM-1, which triggers 
activating phosphorylation of Src, p38MAPK and myosin 
light chain 2 (MLC2) (135). In addition, cancer cells secrete 
VEGF that induces VE-cadherin phosphorylation by 
stimulating kinases, such as PAK (48, 123) and FAK (122, 
136) (Fig. 6).

Chemokines are important secreted factors by cancer 
cells to recruit immune cells which promote extravasation. 
For instance, CCL2 is secreted by breast cancer cells to 
recruit CCR2+ inflammatory monocytes. Recruited 
monocytes were shown to subsequently stimulate 
cancer cell extravasation via VEGF secretion (137). 
Colon adenocarcinoma cells also secrete CCL2 which 
subsequently induces vascular permeability in CCR2+ 
ECs and metastasis formation in vivo, a process dependent 
on JAK2-Stat5 and p38MAPK signalling (138). Another 
secreted factor is 12(S) hydroxyeicosatetraenoic acid  
which is secreted by breast cancer cells and induces 
retraction of ECs (139). Finally, breast cancer cells secrete 
angiopoietin-like protein 4 (ANGPTL4) which interacts 
with endothelial α5β1-integrin, VE-cadherin and 
claudin-5 and induces Rac1-PAK signalling in ECs, which 
loosens cell–cell contacts and thereby facilitates lung 
metastazation in vivo (140).

Lastly, cancer cells can induce damage to the 
endothelium by inducing apoptosis or necroptosis. For 
instance, cancer cells can express amyloid precursor 
protein (APP), which binds to death receptor 6 (DR6) 
on ECs, thereby inducing necroptosis of ECs (9) (Fig. 6). 
However, since not all ECs express DR6, only 10% of ECs 
are estimated to be susceptible for cancer cell-induced 
necroptosis. Similarly, cancer cells have been shown 
to produce a wide variety of pro-apoptotic factors that  
induce apoptosis in ECs (5).

Rho GTPase-mediated formation of endothelial 
cell protrusions

Apart from invasive cancer cells and leukocytes, ECs also 
form membrane protrusions during extravasation. During 
leukocyte extravasation, it has been shown that inflamed 
ECs form filopodia or ‘finger-like’ membrane protrusions 
(141, 142), ‘docking structures’ (41) or ‘cup-like structures’ 

(42) that extend into the blood vessel lumen. The formation 
of EC protrusions is centrally regulated by Rho GTPase 
signalling networks.

A previous study showed that ECs started forming 
F-actin rich protrusions upon ICAM-1/LFA-1-mediated 
adhesion of leukocytes to ECs, which were named 
‘cup-like structures’, based on their structure (42). The 
formation of such protrusions was independent of Rho/
ROCK signalling, which suggested a major role for the 
Rho GTPases Rac1 and Cdc42 (21, 42). Although debate 
remains about the function of these protrusions, they are 
currently thought to initiate transmigration of leukocytes 
but appear not to be required for mediating adhesion to the 
endothelium (21, 142).

Rac1 and RhoG play a major role in the formation 
of cup-like structures by mediating remodelling of the 
actin cytoskeleton. Additionally, Rac1 appears to control 
ICAM-1 clustering in ring-like structures (143). Rac1 and 
RhoG get activated downstream of ICAM-1 upon adhesion 
of leukocytes. More specifically, SGEF (SH3-containing 
GEF), a RhoG-specific GEF, mediates colocalization of 
ICAM-1 and RhoG, which is followed by the activation of 
RhoG (144). Depletion of SGEF and RhoG both reduced 
the formation of protrusions and extravasation but did not 
alter the adhesion of leukocytes (144). The latter suggests 
that these cup-like structures indeed are important for 
initiating transmigration rather than mediating adhesion. 
Another GEF, Trio, also interacts with ICAM-1. Interaction 
of ICAM-1 with Trio results in the recruitment and 
activation Rac1 and RhoG (143). In this way, ICAM-1, Trio 
and SGEF signalling result in the activation of Rac1 and 
RhoG, which subsequently stimulate the formation of 
cup-like structures.

Another EC protrusion involved in extravasation is 
filopodia or ‘finger-like’ membrane protrusions, which 
are F-actin and ICAM-1 rich structures that are important 
for the adhesion of leukocytes, but dispensable for 
transmigration (141). Inflammatory signals such as TNF-α 
released during the initial stages of leukocyte extravasation 
result in the activation of endothelial Cdc42. Upon 
activation, Cdc42 reorganizes the actin cytoskeleton in ECs 
via its effector PAK4, resulting in the formation of parallel 
F-actin bundles (142, 145). Apart from Cdc42, the motor 
function of myosin-X is required to form these filopodia-
like structures (141). The dependency on both Cdc42 
and myosin-X indeed indicates that these endothelial 
protrusions can indeed be classified as filopodia.

These endothelial cell protrusions have thus far mainly 
been studied in the context of leukocyte extravasation. Much 
remains unknown about the presence and contribution 
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of such protrusions during cancer cell extravasation. Still, 
some studies provided evidence of ECs forming protrusions 
upon adhesion of cancer cells (44, 45, 146), even described 
as similar to filopodia or ‘finger-like’ protrusions and cup-
like structures (44, 45). As cancer cells can also adhere to ECs 
via ICAM-1 mediated interactions, and/or recruit ICAM-1 
expressing leukocytes (‘The multistep process of cancer 
cell extravasation’ section), it is possible that the formation 
of such protrusions functions via similar mechanisms as 
described above. However, more research is required about 
the presence, contribution and function of EC protrusions 
in the context of cancer cell extravasation.

Conclusion

Cancer cell extravasation is a complex process that 
involves many interactions between invasive cancer cells 
and the endothelium. Thus far, many selectins, integrins, 
other CAMs and secreted factors have been shown to 
contribute to the extravasation of cancer cells, yet the 
precise underlying mechanisms by which these molecules 
act remain incompletely understood. Furthermore, 
the mechanisms and molecular players that drive the 
extravasation of cancer cells differ per type of cancer and 
per type of endothelium, which add further complexity. In 
recent years, advances have been made, as a novel in vitro 
and in vivo systems have been developed to visualize and 
study extravasation (147). For instance, improvements in in 
vivo imaging techniques have allowed to track individual 
metastasizing cancer cells in real time, which has led to 
an increased understanding about the initial steps of 
extravasation (4, 10, 30). One of the major challenges 
of in vitro studies remains to closely resemble the in vivo 
vasculature that includes CTCs as well as immune cells 
and platelets, considering these cell types are known to 
contribute to the extravasation of cancer cells. Ultimately, 
such studies may result in the identification of novel 
inhibitors that reduce cancer-endothelial cell adhesion or 
extravasation of cancer cells, and hence, metastasis.

Rho GTPases are crucial regulators of cancer cell 
extravasation, and their role in metastasis has been 
recognized for years. However, whereas the classical Rho 
GTPases (RhoA, Rac, Cdc42) have been well studied in 
the context of cancer cell extravasation, little is known 
about the roles of the other family members during this 
process. Future challenges remain to better understand 
the regulation and spatiotemporal control of Rho GTPases 
by GEFs, GAPs and GDIs. The identification of RhoGEFs 
and Rho GTPase effectors specifically involved in cancer 

cell extravasation may lead to the identification of novel 
inhibitors that reduce extravasation and metastasis in  
the future.
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