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The aim of this thesis was to study regulatory pathways involved in endothelial barrier dysfunction. 

This is relevant, since increased understanding of the basis of vascular integrity may drive the 

development of effective treatments for endothelial barrier loss. In order to address this, we focused 

on the Rho family of small GTPases, key regulators of endothelial acto-myosin-based contractility and 

junctional integrity. The first part of this discussion addresses the role of RhoGTPases in endothelial 

barrier function. In the second part we highlight the role of post-translational modifications on 

RhoGTPase expression and -function, with specific focus on prenylation and ubiquitination. In the 

third part, we address the role of tyrosine kinases in endothelial barrier function.
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PART I - RHOGTPASES IN ENDOTHELIAL BARRIER 
FUNCTION 

The best described RhoGTPases in endothelial barrier function are Rac1, Cdc42 and RhoA. 

Although the function of these specific RhoGTPases in actin dynamics and cell-cell adhesion is 

relatively well understood, the function of closely related, highly homologous, family members of 

these RhoGTPases is little studied. Here we focused on RhoA and the highly homologous RhoB and 

RhoC, of which the function in endothelial barrier regulation has not been extensively investigated. 

We showed that RhoB, but not RhoA or RhoC, is a negative regulator of barrier integrity in resting 

EC. This was based, a.o. on the finding that siRNA-mediated loss of RhoB results in the accumulation 

of VE-cadherin at cell-cell contacts (Chapter 2)1. In a functional siRNA screen which comprised nearly 

300 Rho-associated genes, RhoB was also identified as a novel key regulator of endothelial barrier 

function2. A direct effect of RhoB on VE-cadherin stability was not detected, which suggests that 

indirect effects, induced by the loss of RhoB, drive accumulation of junctional VE-cadherin. 

Interestingly, siRNA-mediated loss of RhoA increased the expression of RhoB and RhoC in 

endothelial cells and vice versa. It is very likely that this effect involves the binding of some of 

these GTPases to RhoGDI. RhoGDIs act as a chaperone which protects inactive RhoGTPases from 

degradation while also providing a cytosolic pool of GTPases. From this pool, GTPases can be rapidly 

translocated and activated at any subcellular location in response to, for example, to vaso-active 

agents3. To bind to RhoGDIs, RhoGTPases need to be geranylgeranylated, as was shown for RhoA, 

RhoC, Rac1 and Cdc423. Although RhoB can either be geranylgeranylated or farnesylated, it does 

not bind to RhoGDIα4. Nevertheless, there are studies showing that decreased binding of RhoA to 

RhoGDI could stabilize RhoB and increase RhoB activation in a GDIα-dependent way, by increasing 

the half-life of the RhoB protein5. Similar effects were described for RhoA and RhoC. This could 

explain the mutual, compensatory effect observed upon downregulation of either RhoA or RhoC, 

albeit that both act in different signaling pathways6. Our results indicate that extensive crosstalk 

between RhoA, RhoB and RhoC exists, both at the level of expression as well as effector binding and 

downstream signaling (Chapter 2), likely as part of an intrinsic compensatory mechanism to ensure 

functional redundancy (Figure 1).  

An interaction between RhoA and its less homologous family member Rac1 at the levels of 

protein expression was also reported4,7, while other studies showed that the expression levels of 

Rac1 and Cdc42 did not change upon downregulation of RhoA6. These studies were performed in 

different cancer cell lines which suggests that RhoGTPases might crosstalk differently depending on 

cellular background. Since localization of RhoGTPases is important for their activation and function, 

increased or decreased expression of RhoGTPases does not necessarily mean that they are more 

or less active. Vega et al. showed that Rac1 output is different in RhoA-depleted cells compared to 

RhoC-depleted cells because RhoA and RhoC signal towards different downstream targets which 

may or may not inhibit the function of Rac18. 
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This type of crosstalk between RhoGTPases was also described for RhoA-Rac1, RhoA-Cdc42 and 

Cdc42-Rac19-12 (Figure 1). It is likely that such crosstalk becomes deregulated upon knockdown of 

one of these RhoGTPases, confounding the interpretation of studies in which the expression of 

individual RhoGTPases are reduced. 

In contrast to RhoA and RhoC, RhoB expression increases upon stimulation with TNF-α13,14. TNF-α 

induces mRNA translation of RhoB which results in increased RhoB expression, localized at vesicles15. 

In line with this, RhoB was found to be a regulator of Rac1 vesicular traffic during endothelial barrier 

recovery after thrombin stimulation16. It is known that RhoB is involved in endocytosis and can 

be present at both early and late endosomes17. Increased RhoB activity, for example after TNF-α 

stimulation, results in more RhoB to be localized at early endosomes. Rac1 shuttles between the early 

endosomes and the plasma membrane. However, Rac1 can also be targeted to RhoB-positive late 

endosomes.  High levels of RhoB displace Rac1 to endosomes, instead of to the plasma membrane, 

and prevents Rac1 recycling to the plasma membrane, making Rac1 less available activation and 

for barrier recovery after contraction. This effect was blocked upon siRNA mediated loss of RhoB16. 
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Figure 1: Cartoon of signaling events associated with RhoGTPase activity in endothelial barrier integrity, 
as proposed in this thesis. 
Under basal conditions (left panel) Rac1 and Cdc42 are the main RhoGTPases for stabilizing the barrier. Activity 
of Rac1 inhibits the function of RhoA. RhoA, RhoB and RhoC interact with each other, with a possible effect of 
RhoC on stabilizing adherens junctions. Endothelial stimulation with thrombin (middle panel) leads to activation 
of RhoA and RhoB which in turn leads to inhibition of Rac1 and activation of ROCK stimulating myosin-based 
contraction and actin-stress fiber formation. In the recovery phase after thrombin stimulation (left panel) Rac1 
is more active which in turn inhibits RhoA and RhoB and reduces contractility. RhoC possibly contributes to 
endothelial barrier recovery by activation of cofilin and FMNL3, which leads to increased activity of Rac1 (green 
= positive effect; red = negative effect).
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While RhoB negatively controls barrier function in resting endothelium, intercellular gap 

formation in thrombin-stimulated cells is mainly initiated by RhoA, with some contribution of RhoB. 

The combined loss of RhoA and RhoB decreased the thrombin-induced phosphorylation of MLC 

and increased VE-cadherin at cell-cell contacts (Chapter 2, Figure 5-8). RhoA and RhoB have been 

extensively linked to stress fiber formation18,19, however, their role in VE-cadherin stabilization is 

unclear. It is likely that downregulation of RhoA and RhoB leads to increased activity of Rac1 which 

is known to strengthen cell-cell contacts20 (Figure 1). Rac1 counteracts the acto-myosin tension and 

hereby reduces the VE-cadherin dissociation, which leads to increased density of VE-cadherin at the 

junctions21. 

RhoC is even more enigmatic in its control of barrier function, and has previously mainly been 

implicated in cell migration, for example of tumor cells22,23. In our hands, RhoC appears involved 

in the Rac1-induced restoration of the endothelial barrier after thrombin stimulation (Chapter 

2). In cancer cells, RhoC can increase Rac1 activity via the RhoC effector Formin like protein 3 

(FMNL3)8. FMNL3 was shown to be important for microtubule alignment and assembly of actin-

based protrusions in angiogenesis and cell-cell adhesion24,25. The effect of increased Rac1 activity 

following RhoC induced FMNL3 activation, was stronger when cells were depleted for RhoA8. Since 

loss of both RhoA and RhoB resulted in increased RhoC expression and increased VE-cadherin at 

cell-cell contacts, it is possible that RhoC promotes Rac1 activity. Moreover, RhoC co-localizes with 

VE-cadherin at cell-cell contacts13, although it remains to be investigated if and how this directly 

strengthens cell-cell adhesion. It has been shown that spatiotemporal RhoC activation regulates 

cofilin activity around invadopodia in migrating cancer cells26,27. In this way, RhoC can restrict actin 

polymerization and stabilize invadopodia. Previously it was also shown that cofilin translocates 

towards the cell periphery upon stimulation of cells with sphingosine-1 phosphate (S1P). Here 

phosphorylation of cofilin strengthens the endothelial barrier by reducing F-actin severing, 

although overexpression of cofilin attenuates the barrier-protective effect initiated by S1P28. Thus, 

RhoC activity and its downstream signaling towards FMNL3 and cofilin has been associated with 

barrier enhancing effects, further supporting the notion that RhoC is involved in barrier restoration 

after thrombin stimulation (Figure 1).        

In conclusion, RhoA, RhoB and RhoC play different roles in endothelial barrier function. RhoB 

has been identified as an important negative regulator of basal endothelial barrier function and 

our studies have identified a clear mutual interaction between RhoA, RhoB and RhoC, whereby 

increased or decreased expression probably leads to differential crosstalk with barrier-protecting 

GTPases such as Rac1 or Cdc42 (Chapter 2).
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PART II - REGULATION OF RHOGTPASES BY 
PRENYLATION AND UBIQUITINATION

In addition to the regulation of RhoGTPases by nucleotide (GDP/GTP) binding and by prenylation 

at the hypervariable C-terminus, there is increasing evidence for additional modes of regulation 

of RhoGTPases including phosphorylation29 and ubiquitination30 (See also Chapter 1, 3 and 4). 

F-box proteins are essential for the recognition of substrates for ubiquitination by Cullin-1 Really 

Interesting New Gene (RING) ubiquitin-ligase31. Previously, the F-box protein FBXL19 was identified 

as a substrate receptor for both RhoA and Rac1, mediating their ubiquitination by the Cullin-1 RING 

ligase, and identifying FBXL19 as a regulator of stress fiber formation and cell migration in epithelial 

cells32,33. Loss of the related substrate receptor FBXW7 was found to increase stress fiber formation 

in endothelial cells15. We therefore hypothesized that F-box proteins might also be important for 

endothelial barrier regulation. In Chapter 3, we analyzed the effects of loss of 62 individual F-box 

proteins on endothelial barrier function. We found that loss of FBXW7 results in markedly attenuated 

barrier function in both basal and thrombin-stimulated ECs, resulting from the accumulation of 

RhoB in ECs. Mechanistically, we found that loss of FBXW7 induced the expression of proteins which 

regulate cholesterol metabolism and, consequently, the prenylation of RhoGTPases. Together, these 

changes in cholesterol turnover resulted in differential RhoB prenylation and the accumulation of 

RhoB in endothelial cells. 

Besides FBXW7, we confirmed that FBXL19 acts as a negative regulator of endothelial barrier 

function. Previously, it was shown that FBXL19 targets both RhoA and Rac1 for degradation in 

epithelial cells32,33. In our hands, loss of FBXL19 resulted in increased barrier function, which suggests 

that FBXL19 is involved in the ubiquitination and degradation of Rac1 in endothelial cells. 

In addition to Cullin RING ligases, few other ubiquitin ligases have been implicated in RhoGTPase 

ubiquitination. HECT domain and Ankyrin repeat-containing E3 ligase 1 (HACE1) was found to 

catalyze the ubiquitination of active Rac1. HACE1 specifically binds GTP-bound Rac1 and marks it 

for degradation34. SMAD Specific E3 Ubiquitin Protein Ligase 1 (SMURF1) is a specific ubiquitin ligase 

for RhoA. Smurf1 binds to the inactive, GDP-bound form of RhoA and targets it for degradation. 

This degradation of RhoA induces the activation of Rac1 and Cdc4235. Most of the F-box proteins 

which we tested in our esiRNA experiments did not show significant effects on endothelial barrier 

function, which might indicate that these F-box proteins are functionally compensated for by other 

F-box proteins, that they are not expressed in endothelial cells, or that they are not essential for 

barrier function (Chapter 3). 

Prenylation of RhoGTPases
We observed accumulation of RhoB in endothelial cells upon knockdown of FBXW7 (Chapter 

3). Interestingly, this was not accompanied by a change in the ubiquitination level of RhoB which 

indicates that another mechanism underlies this observation. Previously, the role of FBXW7 was 

studied in vascular development and angiogenesis36,37, and FBXW7 was identified as a regulator of 
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lipid metabolism38,39. FBXW7 is involved in the stabilization of Sterol Regulatory Element Binding 

Protein (SREBP), which leads to (in)activation of HMG-CoA reductase gene, the rate-limiting step of 

cholesterol synthesis39. As a result, FBXW7 is an important regulator of cholesterol and fatty acids 

synthesis and receptor-mediated uptake of cholesterol39.

Precursors of cholesterol, the farnesyl and geranylgeranyl lipid anchors, are used to regulate the 

distribution, localized activity and stability of Rho and -related GTPases containing a C-terminal 

CAAX-domain, which is the site for lipid modification40. The CAAX-domain is preceded by the 

hypervariable region, and is located at the C-terminus of RhoGTPases. A lipid anchor is attached 

to the cysteine in the CAAX-domain and in this way the interaction of a GTPase with RhoGDI, the 

plasma membrane or intracellular vesicles is regulated41. RhoA and RhoC are geranylgeranylated 

which induces binding to RhoGDI and inactivation41. RhoB is unique and can either be farnesylated 

or geranylgeranylated, which determines the activity of RhoB. Farnesylated RhoB is signaling 

competent and located at the cell periphery, while geranylgeranylated RhoB is mostly signaling 

incompetent because it is located in vesicles42,43. Regulation of RhoGTPase prenylation is essential 

as differential prenylation might cause altered localization of RhoGTPases44. Previous work already 

showed that differential prenylation of RhoGTPases may lead to increased activity because 

without the geranylgeranyl group, RhoGTPases are unable to bind to RhoGDIs45. However, when 

they are unable to bind to RhoGDIs they are more susceptible for ubiquitination and subsequent 

degradation4. This indicates that geranylgeranylation is essential to keep the RhoGTPases stabile in 

the cytoplasm.   

Statins are widely used drugs which inhibit the function of HMG-CoA, the enzyme which 

regulates cholesterol levels in plasma and LDL-receptor levels in the liver46,47. Statins were prescribed 

to patients with risk for cardio-vascular diseases to reduce plasma cholesterol levels, however, more 

recently it became clear that statin inhibition of HMG-CoA can change the prenylation of intracellular 

GTPases, which might contribute to protection against cardio-vascular disease as well40. Previous 

studies showed that statins are able to induce the expression of RhoB48,49. This would predict that 

statins promote vascular permeability. However, other studies showed that statins may protect 

against stress fiber formation and vascular leakage in endothelial cells50. Recently, the more specific 

farnesyltransferase and geranylgeranyl transferase inhibitors have been tested for their effects on 

endothelium and other cell types. Duluc et al. showed that a farnesyltransferase inhibitor reduced 

stress fiber formation in lung endothelial cells51. Others showed that a geranylgeranyl transferase 

inhibitor  (GGTI) reduced cell proliferation in pancreatic cancer cells52. In agreement with these 

studies, we showed that a farnesyltransferase inhibitor protected partly from the barrier-reducing 

effects caused by the loss of FBXW7 in endothelial cells (Chapter 3, Figure 6). Farnesyltransferase 

inhibitors inhibit attachment of a farnesyl anchor to RhoB, which probably induces increased 

geranylgeranylation of RhoB, marking RhoB for translocation into vesicles and potentially for 

degradation (Figure 2). Together, this means that specific inhibition of prenylation of RhoGTPases 

might be a promising treatment for cardiovascular disease.  
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Ubiquitination of RhoGTPases
We described that loss of FBXW7, part of the Skp-Cullin1-F-box (SCF)-complex and essential for 

ubiquitination, altered prenylation of RhoB in endothelial cells, by modulation of the cholesterol 

synthesis pathway (Chapter 3). However, ubiquitination itself is another regulatory post-translational 

modification for RhoGTPases. Other than prenylation, ubiquitination targets a broader range of 

proteins in the cell and is therefore essential for, a.o., cell cycle progression and cell division, DNA 

repair, immune responses and inflammation and responses to stress and extracellular modulators53. 

Mono-ubiquitination of proteins is important for trafficking, activity and degradation of proteins, 

while poly-ubiquitination is mostly associated with proteasomal degradation of proteins54. 

Proteasome inhibitors are promising compounds targeting cancer, by inducing apoptosis of 

transformed cells55. Unfortunately, inhibition of the proteasome also causes toxicity, which is why 

more specific inhibitors were developed. MLN4924 (Pevonedistat) is currently in clinical trials in 

cancer patients as a specific inhibitor of Cullin activity, and thus of the ubiquitin proteasome system 

(UPS). Previously, we showed that inhibition of Cullin activity results in massive accumulation of 

RhoB in endothelial cells which results in endothelial barrier disruption15 (Figure 2). Recently, a Cop9 

signalosome inhibitor (CSN5i-3) was developed to prolong Cullin neddylation and activity. CSN5i-3 

treatment reduced cancer cell proliferation in vitro and in vivo56. We hypothesized that CSN5i-3 might 

strengthen the endothelial barrier, by increased Cullin-mediated degradation of, for example, RhoB. 

However, we unexpectedly found that prolonged Cullin neddylation, induced by CSN5i-3, resulted 

in increased expression of RhoB and consequent disruption of the endothelial barrier (Chapter 4). 

The explanation for this finding lies in the fact that CSN5i-3 induces degradation of IκB (Inhibitor of 

NF-κB) resulting in activation of the NF-κB pathway and upregulation of RhoB translation (Figure 2). 

We found that CSN5i-3 also induced in vivo vascular leakage in a zebrafish model. RhoB was again 

shown to be involved in the disruption of the endothelial barrier, however, in contrast to altering 

RhoB ubiquitination and degradation directly, the induction of RhoB expression was an indirect 

effect of activation of the NF-κB pathway. Nevertheless, this indicates that tight regulation of 

translation and post-translational modifications of RhoB is essential for endothelial barrier function. 

This is in agreement with recent findings, which showed that increased expression of RhoB can have 

detrimental effects in cancer and can also cause capillary leak syndrome57,58.

These studies elucidate the importance of RhoB in endothelial barrier function. First, we showed 

that loss of FBXW7 induced the cholesterol synthesis pathway and altered the prenylation state 

of RhoB. This resulted in RhoB accumulation and stress fiber formation in ECs (Chapter 3). Second, 

we showed that prolongation of Cullin activity resulted in activation of the NF-κB pathway, via 

increased ubiquitination and degradation of IκB. Subsequently increased RhoB translation and 

expression resulted in disruption of the endothelial barrier (Chapter 4). Since RhoB expression and 

activity is more dependent on prenylation and ubiquitination as compared to RhoA and RhoC, RhoB 

is a promising target for drug research (Figure 2). 
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PART III – THE ROLE OF TYROSINE KINASES IN 
ENDOTHELIAL BARRIER FUNCTION 

Activation of RhoGTPases usually results in downstream changes in cell-cell junctions and the 

actin cytoskeleton via signaling towards effector proteins such as phosphatases and kinases59. It 

is known that protein phosphorylation is important in the regulation of endothelial integrity. 

Protein phosphorylation can have differential effects on endothelial barrier function. For example, 

phosphorylation of myosin light chain (MLC) leads to contraction and stress fiber formation, while 

a specific phosphorylation of VE-cadherin is associated with reduced adhesion and opening of 

endothelial junctions60,61. 
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Figure 2: Schematic overview of the regulation of RhoB as proposed in this thesis.
RhoB activity can be regulated by the agonist-induced exchange of GDP to GTP via GEF and GAP activity, whereby 
GTP bound RhoB can signal towards downstream effectors. Isoprenylation is a second way of regulation of RhoB 
activity, farnesylated RhoB translocates to the cell membrane where it can signal towards downstream effectors. 
Geranylgernaylated and ubiquitinated RhoB are marked for lysosomal or proteasomal degradation. RhoB can be 
ubiquitinated through k63-linked poly-ubiquitination which leads to lyosomal degradation whereas k48-linked 
poly-ubiquitination leads to proteasomal degradation. RhoB mRNA and protein expression is upregulated 
following stimulation with TNF-α. Treatment with an inhibitor of ubiquitination (MLN4924) or an activator of 
ubiquitination (CSN5i-3) leads to massive accumulation of RhoB through direct and indirect regulation of RhoB 
levels. Altered prenylation of RhoB, induced by FBXW7 knockdown, leads to accumulation of RhoB as well, which 
can be counteracted by addition of FTI or GGPP. Inhibition of geranylgeranylation of RhoB leads to RhoB activity 
and is detrimental for endothelial barrier function.
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Focal Adhesion Kinase (FAK) regulates FA dynamics and exerts both positive and negative effects 

on endothelial barrier function62. Previous research showed that inhibition of Bcr/Abl tyrosine 

kinases by the drug imatinib protected against agonist-induced vascular leakage by strengthening 

of the FAs in the periphery of the cell63. In Chapter 5, we described that the second generation 

tyrosine kinase inhibitor bosutinib, which is a more specific Bcr-Abl tyrosine kinase inhibitor than 

imatinib, is a potent inhibitor of agonist-induced vascular leakage in vitro and in vivo. The protective 

effect of bosutinib was due to combined inhibition of Arg and MAP4K4 kinases, which resulted in 

decreased phosphorylation of Ezrin-Radixin-Moesin (ERM) proteins and increased number and size 

of FAs.  

Kinases are important regulators, downstream of activated RhoGTPases, in endothelial barrier 

function. Probably the best-described kinase in endothelial barrier integrity is Rho-associated 

coiled-coil containing kinases (ROCK), which phosphorylates and inactivates MLC phosphatases 

thereby inducing MLC phosphorylation after agonist-induced activation of RhoA, RhoB and 

RhoC41,64,65. Inhibition of ROCK by Y-27632 protects against endothelial barrier disruption65, however, 

ROCK inhibition also blocks the diapedesis of monocytes and neutrophils, which interferes with 

inflammatory responses66. 

Kinases do not only have in role in stress fiber formation but are also involved in cell-cell and 

cell-matrix adhesion. Since kinases are involved in both barrier-enhancing and barrier-disruptive 

signaling pathways, inhibition of kinases might cause unwanted side effects. A very important family 

of kinases acting downstream of RhoGTPases are the Src family tyrosine kinases. Src kinases are 

non-receptor tyrosine kinases localized on endosomes, which can interact with different receptors 

and many cellular targets67. The best described member of this kinase family in endothelial barrier 

function is Src. Src activity is a.o. associated with increased activation of MLC-kinase, resulting in 

cell contraction68; tyrosine phosphorylation of VE-cadherin, resulting in destabilized junctional 

integrity in both vascular leakage and leukocyte diapedesis69; tyrosine phosphorylation of FAK, 

resulting in FA formation and VE-cadherin dissociation70 and phosphorylation of moesin, which is 

mostly associated with cell contraction71. Besides these direct and mostly barrier-reducing effects, 

Src was shown to induce the activation of ARHGAP42 and in this way affect actin dynamics and 

promote cell spreading through RhoA inhibition72. Also, Src activation was shown to be induced 

upon stimulation with S1P and induces translocation of cortactin, necessary for cell migration and 

wound closing73. The downstream signaling events that follow Src activation depend on specific 

phosphorylation site and subcellular localization of Src67. Bosutinib was shown to be a potent 

inhibitor of Src. Although we did not focus on the effects of Src-induced signaling, it is plausible 

that Src inhibition also contributed to the protective effect against vascular leakage after bosutinib 

treatment. This is in agreement with previous research that showed that a specific Src inhibitor (PP2) 

protects against agonist induced endothelial barrier disruption71.

FAK is another kinase with a dual function in endothelial barrier function. FAK is involved in the 

remodeling of the actin cytoskeleton and junctional complexes during angiogenesis, adhesion and 

migration74. It has been shown that downregulation of FAK results in prolonged barrier disruption 

after thrombin stimulation, which means that FAK activity is important for barrier recovery75, and 
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also that induction of FAK leads to strengthening of the endothelial barrier76. Yet, FAK activity was 

also associated with barrier disruption upon VEGF stimulation77. The same counteracting effects 

were found for the Abl-kinases; inhibition of c-Abl and Arg activity by imatinib protected against 

vascular leak induced by thrombin, histamine and VEGF, with inhibition of Arg being mainly 

responsible for the protective effect63,78. On the other hand, activation of c-Abl after S1P stimulation 

leads to the formation of a c-Abl/MLC-kinase/cortactin complex, which induces peripheral actin 

polymerization79. Additionally, Abl  kinases play a role in Tie2 expression and in the downstream 

signaling of angiopoietin-1 which is a barrier enhancing agonist80. 

Previously, it was already shown that upon combined inhibition of c-Abl and Arg by imatinib, 

the protective effect outweighs the harmful effects of c-Abl inhibition63. In this study, it was shown 

that Arg inhibition leads to increased activity of Rac1, which strengthens cell-cell and cell-matrix 

interactions63. Most likely, these effects also occur upon bosutinib treatment. Since the protective 

effect of bosutinib was stronger than of imatinib, we propose that inhibition of an additional kinase 

promotes barrier stabilization. 

MAP4K4 was identified as the second important kinase which was inhibited by bosutinib, besides 

Arg. MAP4K4 is a serine/threonine kinase, and its inhibition appears an off-target effect of bosutinib 

which is a tyrosine kinase inhibitor. Nevertheless, bosutinib inhibits the function of MAP4K4 and 

the kinase was recently identified as being important for endothelial barrier function81-83. Until now, 

the only small GTPase which was found to act via MAP4K4 was Rap282. Rap2 activity is associated 

with decreased endothelial barrier function, probably though activation of MAP4K482. MAP4K4 

inhibition induces, similar to Arg inhibition, both the number and size of FAs. Recently, β1-integrin, 

a FA component was found to be essential for junctional integrity84. This is in agreement with our 

findings, since combined knockdown of Arg and MAP4K4 increased the number and size of FAs and 

protected against thrombin-induced barrier disruption (Chapter 5). In our work, we only focused 

on the effect of bosutinib on endothelial barrier function. The increased cell-matrix interaction 

which showed protection against thrombin-induced vascular leakage, might be inhibitory for 

EC migration or angiogenesis. Additional studies are needed to get more information about the 

mechanism underlying the bosutinib-induced strong stabilization of endothelial integrity.

LIMITATIONS OF THE WORK IN THIS THESIS

All the experiments in this thesis were performed with human umbilical vein endothelial cells 

(HUVECs). These cells were freshly isolated and are well characterized, however the use of these cells 

also has some disadvantages. HUVECs were isolated from umbilical veins, which means that they 

do not fully represent the vascular beds affected by diseases. Besides the fact that they are isolated 

from large veins instead of from capillary venules, they were also derived from healthy newborns 

instead of from adults which suffer from, for example, sepsis or acute lung injury. 
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Nevertheless, studies performed in HUVECs and microvascular lung endothelial cells often show 

comparable results, which make HUVECs a suitable model to study endothelial barrier function. The 

CSN5i-3 compound and bosutinib were examined both in an in-vitro setup and in a more relevant 

in vivo model. In both studies we found similar functional results in vivo as compared to the in vitro 

experiments. 

However, the way how the endothelial cells were cultured and stimulated in vitro is markedly 

different compared to conditions to which they are exposed in the human body. In the latter, 

endothelial cells are attached to the extracellular matrix and are exposed to pulsatile blood flow. 

In our culture systems, cells were grown on gelatin-coated plastic in serum-containing medium 

under static conditions. Therefore, the difference between physiological conditions and cell-culture 

conditions are significant. Yet, in these cell culture conditions we can, relatively easy investigate 

how cells react to inflammatory mediators or immune cells without the influence of surrounding 

cell layers. Moreover, to mimic activated endothelium, we mostly used thrombin to stimulate 

the endothelial cells. In the human body, endothelial activation is caused by the binding of a 

combination of several inflammatory mediators and immune cells. The use of only one vaso-active 

agent enables us to study more specific mechanisms in endothelial barrier function. Nevertheless, 

it is important to state that the findings described in this thesis need to be confirmed under (patho)

physiological conditions as well. 

Many experiments in this thesis contain data generated from cells in which a siRNA-mediated 

loss of proteins of interest was induced to obtain information about the roles of specific proteins 

in endothelial barrier function. This approach helps with acquiring information but also has some 

disadvantages. SiRNA-mediated loss of a target protein may lead to downregulation of other 

homologous proteins or induce protein expression of functionally compensating proteins. We 

always tested the expression of relevant proteins, to prevent drawing conclusions based on side 

effects. 
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GENERAL CONCLUSIONS 

In this thesis, we focused on regulatory pathways which are involved in endothelial barrier (dys)

function. Increased understanding of the mechanisms involved in endothelial barrier function 

may improve treatment options. Our in vitro studies have demonstrated that despite the high 

homology of RhoGTPases, they have differential roles in endothelial barrier function. We found that 

RhoB is of major importance in endothelial barrier function. This major role of RhoB arises from 

the fact that RhoB activity is more susceptible to post-translational modifications as compared to 

RhoA and RhoC. A crucial role is reserved for the post-translational prenylation of RhoB which can 

change upon upregulation of the cholesterol pathway. Activity of Cullin RING ligases is essential 

for the degradation of RhoB however, prolonged activation of Cullins induced by application of a 

synthetic compound leads to opposing results, through activation of the NF-κB pathway. Finally, 

bosutinib was found to be a strong inhibitor of thrombin-induced barrier disruption, by increasing 

primarily cell-matrix adhesions. The insights from these studies gave us more information about 

the regulation of endothelial barrier function, however, since the complexity of endothelial barrier 

function is large, the invention of effective therapies remains a challenge.  
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