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Abstract 

RhoJ is an endothelial expressed Rho GTPase which regulates cell migraƟon, protein trafficking and 

angiogenesis. Previous studies demonstrated that GTP-bound RhoJ acƟvated MAP kinases, 

interacted with the GIT-PIX complex, caused a retarded electromobility shiŌ of GIT2 and promoted 

focal adhesion disassembly. The aims of this study were to further characterise how RhoJ regulates 

MAP kinases and the GIT-PIX complex. The acƟvity of RhoJ was manipulated in human umbilical vein 

endothelial cells (HUVECs) by either lenƟviral transducƟon of consƟtuƟvely acƟve mutant form of 

RhoJ (daRhoJ) or transfecƟon with RhoJ-specific si-RNA duplexes, to acƟvate and inhibit it, 

respecƟvely. Expression of daRhoJ resulted in a small increase in ERK1/2, but not JNK, 

phosphorylaƟon in HUVECs cultured in complete media. In a Ɵme-course experiment, si-RNA-

mediated RhoJ knockdown significantly reduced levels of phospho-ERK1/2, this was parƟcularly 

evident aŌer 15 min sƟmulaƟon with VEGFA, FGF2 or complete growth media. Other groups had 

shown that the GIT-PIX complex interacted with and regulated the acƟvity of MEK1 and ERK1/2, and 

that ERK1/2 localised to focal adhesions; we therefore aimed to test how RhoJ affected this. 

Experiments demonstrated that very low levels of GIT1 co-precipitated with either MEK1 or ERK1/2, 

and there was no evident co-localisaƟon of ERK1/2 with vinculin, a focal adhesion protein. This low 

level of co-precipitaƟon combined with some technical difficulƟes hindered the assessment of how 

RhoJ affected this interacƟon. This, combined with the lack of focal adhesion localisaƟon of ERK1/2 

led to our hypothesising that the GIT-PIX complex was not involved in RhoJ’s regulaƟon of ERK1/2 in 

endothelial cells. One potenƟal alternaƟve mechanism is via p21-acƟvated kinases (PAK), kinases 

known to be both downstream of RhoJ and able to regulate RAF1. The role of PAKs in the daRhoJ-

mediated change in the electrophoreƟc mobility of GIT2 was assessed. Two PAK inhibitors were 

tested, and PF-3758309, but not IPA-3, abrogated GIT2’s mobility shiŌ in daRhoJ expressing 
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endothelial cells. This suggests that the electromobility shiŌ of GIT2 is due to serine and threonine 

phosphorylaƟon and the differenƟal effect of the inhibitors suggests that PAK4 acts downstream of 

RhoJ to affect phosphorylaƟon of GIT2. Data in this thesis further delineates the molecular pathways 

downstream of RhoJ and offers insight into the mechanisms by which RhoJ regulates its endothelial 

funcƟons. 

KEY WORDS: RhoJ, ERK, GIT, PAK, Angiogenesis. 
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1.1 Angiogenesis 

1.1.1 Vascular development 

1.1.1.1 overview 

The human vascular system is composed of a network of blood and lympha�c vessels. They func�on 

to ensure the stability of various physiological mechanisms inside the body such as the supply of 

oxygen and nutrients to �ssues/organs and removal of waste materials (Adams and Alitalo, 2007). 

Vascular dysfunc�on can lead to serious pathological consequences that alter blood pressure and 

�ssue perfusion (Carmeliet, 2003; Alitalo et al., 2005).  

Endothelial cells (ECs) form the inner lining of the vascular wall. They are responsible for media�ng 

angiogenesis (Risau, 1997), and have a number of other cri�cal func�ons as outlined below. ECs 

func�on as a barrier that separates blood from the adjacent �ssues allowing the selec�ve trans-

endothelial transport of gases and molecules (Cines et al., 1998). They have a secretory func�on 

producing vascular constric�ng/relaxing agents and Von Willebrand factor (VWF), involved in 

controlling blood pressure and haemostasis, respec�vely, during vascular injury (Dong et al., 2002). 

ECs also regulate the trafficking of leukocytes from blood into �ssues at sites of inflamma�on via the 

cell surface expression of cell adhesion molecules (Gonlugur and Efeoglu, 2004).  

1.1.1.2 Vasculogenesis 

The emergence of blood vessels starts at the very early stages of embryonic development by a 

process called vasculogenesis. During this process certain mesodermal precursor cells called 

angioblasts are recruited to the sites of ini�al blood vessel forma�on and these develop into ECs. 

These ECs then fuse and branch forming a primary vascular network (Carmeliet, 2003; Risau and 
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Flamme, 1995). Further growth and development of the vascular system is carried out by a second 

process called angiogenesis (Flamme et al., 1997). 

1.1.1.3 Angiogenesis 

Angiogenesis is a dynamic process in which new blood vessels are generated from the exis�ng 

vasculature. It consists of series of events that are mediated mainly by the angiogenic factors, one 

of the most potent is vascular endothelial growth factor (VEGF) A (Blanco and Gerhardt, 2013).  

1.1.1.3.1 Mechanisms of angiogenesis 

Tipping the equilibrium of the angiogenic switch such that vascular promo�ng agents are in excess 

of repressive agents results in angiogenesis. A key driver of this is �ssue hypoxia, which causes the 

expression of VEGFA and other angiogenic factors, and together these mediate new vessel forma�on 

by ECs (Adams and Alitalo, 2007; Carmeliet, 2003; Ferrara et al., 2003; Karamysheva, 2008). The 

angiogenic response is cri�cal during embryogenesis and also occurs physiologically during �ssue 

repair and in female menstrua�on (Carmeliet, 2003; Pandya et al., 2006). Angiogenesis can also 

occur aberrantly in ischemic ocular pathologies, chronic inflammatory condi�ons and in cancer 

(Crawford et al., 2009; Pape� and Herman, 2002). 

1.1.1.3.2 Types of angiogenesis 

A) intussusceptive/splitting angiogenesis

Intussuscep�ve angiogenesis occurs when there is intraluminal invagina�on and migra�on of the 

endothelium towards the centre, where cells from opposite sides meet and fuse forming a septum 

that divides each vessel into a pair of tubes. It is a rapid and an efficient form of angiogenesis that 
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occurs mainly during development when the local blood supply is insufficient for fast-growing Ɵssues 

or high energy metabolic processes. It also occurs during vascular remodelling to prune regressing 

malfuncƟoning vessels (Caduff et al., 1986; Mentzer and Konerding, 2014). 

B) Sprouting angiogenesis

Sprouting angiogenesis is the emergence of new capillaries from preformed vasculature (Hillen and 

Griffioen, 2007). In the initial stages of sprouting angiogenesis (Figure 1.1) the mural cells (pericytes) 

start to detach from the ECs and the inter-endothelial junctions loosen. This is followed by focal 

degradation of the basement membrane (BM) as well as the deposition of extracellular matrix (ECM) 

molecules to support endothelial sprout formation. Some ECs are selected as tip cells, these have 

filopodial processes which facilitate the growth of the sprout towards an increased concentration 

gradient of the chemoattractant/angiogenic factors. Cells behind the tip cells are specified as stalk 

cells. These are highly proliferative cells that divide rapidly to form columns behind the tip, and 

these subsequently form lumens. Elongating sprouts emerging from adjacent vessels meet and fuse, 

establishing blood flow, relieving the hypoxia, and reducing levels of pro-angiogenic factors. The 

newly formed vessels are stabilised through the production of a BM and the reattachment of the 

pericytes (Carmeliet, 2003). Tip and stalk cell selection is regulated primarily through Delta-Notch 

signalling which causes a differential response to VEGFA by these two endothelial subtypes; this 

results in vascular endothelial growth factor receptor (VEGFR) 2 rich filopodia in tip cells facilitating 

their directional migration towards VEGFA. Conversely, tip cell-mediated Notch signalling in stalk 

cells reduces filopodia formation and enhances the proliferation and extension of these cells (Blanco 

and Gerhardt, 2013). 
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Figure 1.1. Sprou�ng angiogenesis.  
Tissue ischemia switches the angiogeneic response. Mural cells (pericytes) 
detach, and the inter-endothelial (ECs) junc�ons break followed by focal 
destruc�on of the BM. Tip cells are selected and migrate on a scaffold of 
ECM towards a gradient of angiogeneic factors (VEGFA). Stalk cells are 
dividing and elonga�ng forming tubes that canalise and fuse with the 
adjacent vessels forming lumens. Final vascular stability and matura�on 
are reached by the reforma�on of the BM and reatachment of the 
pericytes. 
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1.1.1.3.3 S mulators and repressors of angiogenesis  

Most angiogenic promotors are growth factors (GFs) either secreted from ECs themselves or from 

the neighbouring cells and are someƟmes formed or stored in BM or ECM and released upon matrix 

disintegraƟon causing ECs acƟvaƟon (Kalluri, 2003). 

As previously menƟoned, VEGFA is the main driver of angiogenesis (Roy et al., 2006). VEGFA 

signalling is mediated by receptor tyrosine kinases (RTKs), VEGFR 1/2 and neuropilin, a cofactor 

bound to the endothelial membrane. During hypoxia VEGFA-VEGFR2 signalling predominates, 

promoƟng the angiogenic cascade listed above (Shweiki et al., 1992; Distler et al., 2003; Staton et 

al., 2007). VEGFA signal transducƟon was found to be essenƟal for vessel formaƟon during 

embryogenesis, the absence of VEGFA resulƟng in embryonic lethality (Breier and Risau, 1996; 

Carmeliet et al., 1996). Fibroblast growth factor2 (FGF2) was among the first characterised 

angiogenic promoƟng agents. It acts through fibroblast growth factor receptor2 (FGFR2) which is an 

RTK present on the ECs and sƟmulates ECM degradaƟon, endothelial proliferaƟon, specializaƟon and 

maturaƟon, moƟlity and promotes the secreƟon of matrix metalloproteinases (MMPs) and 

plasminogen acƟvator (SchoƩ and Morrow, 1993; Barkefors et al., 2008). 

There are many more regulators of angiogenesis which include AngiopoieƟn I and II, integrins 

(including αvβ3 and αvβ5), cytokines such as IL-8 and derivaƟves of cloƫng factors which typically 

have an inhibitory role (Lamalice et al., 2007; Karamysheva, 2008; Beck Jr and D'Amore, 1997; 

Papeƫ and Herman, 2002; Neufeld and Kessler, 2006; Rüegg et al., 2004). These different factors 

act in concert in a variety of physiological and pathological contexts to mediate the angiogenic 

process.
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1.2 RhoJ/TCL GTPase 

1.2.1 RhoJ overview 

RhoJ is a member of the Rho family of small guanosine triphosphatases (GTPases). Rho GTPases 

play a role in mulƟple cellular funcƟons including regulaƟng acƟn and focal adhesion (FA) 

dynamics, protein trafficking and gene expression. In addiƟon, they play a number of roles in 

angiogenesis including ECM degradaƟon, endothelial proliferaƟon and moƟlity and tubulo/

lumengenesis (Bryan and D’amore, 2007). RhoJ (TCL) was first cloned in 2000 and belongs to the 

CDC42 subfamily of Rho GTPases (Figure 1.2A) (Chiang et al., 2002; Heasman and Ridley, 2008; 

Vignal et al., 2000). Most Rho GTPases act as molecular switches that cycle between acƟve 

guanosine triphosphate (GTP)-bound and inacƟve guanosine diphosphate (GDP)-bound forms. 

Nevertheless, some atypical members as Rnd 1-3 and RhoH are not regulated by this switch 

mechanism; they are persistently found in an acƟve GTP-bound state (Heasman and Ridley, 2008). 

Guanine nucleoƟde exchange factors (GEFs) mediate exchange of GDP for GTP and GTPase-

acƟvaƟng proteins (GAPs) promote Rho GTPases’ intrinsic GTP hydrolysis acƟvity (Figure 1.2B) 

(Burridge and Wennerberg, 2004; Schmidt and Hall, 2002). 
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(A) 

(B) 

Effectors

Figure 1.2. Rho GTPase family subclassifica on and GDP/GTP switch mechanism for RhoJ 
ac va on.  
(A) A dendrogram showing the 23 small Rho GTPase members. They are further classified into
eight subclasses on the basis of their amino acid sequence and domain similariƟes. RhoJ (blue
star) belongs to CDC42 group of GTPases (orange). (B) RhoJ switches between acƟve GTP-bound
RhoJ and inacƟve GDP-bound RhoJ forms. The acƟvaƟon is mediated by GEF proteins which
promote the exchange of GDP for GTP. AcƟve RhoJ binds effector proteins to mediate
downstream funcƟons. GAPs enhance the hydrolysis of GTP to become GDP causing RhoJ
inacƟvaƟon. The dendrogram is adapted from Grise et al. (2009).
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1.2.2 RhoJ structure and func ons    

All Rho GTPases have a similar structure consisƟng of a Rho-like insert domain, an effector moƟf and 

some contain a carboxyl (C)-terminal CAAX region (C- cysteine, A- aliphaƟc amino acid, X- any amino 

acid) (Madaule and Axel, 1985; Jaffe and Hall, 2005). The CAAX sequence is subjected to 

isoprenylaƟon, proteolysis of AAX and methylaƟon of C (Foster et al., 1996; Liang et al., 2002) 

resulƟng in aƩachment to cellular membranes, in the case of RhoJ this moƟf is farnesylated in vitro 

and in vivo (Roberts et al., 2008). Proximal to the CAAX region, there is a hypervariable domain which 

contains a polybasic moƟf, predominantly consisƟng of arginine and lysine amino acid (aa) residues 

and the configuraƟon of these residues within this moƟf determines subcellular localisaƟon (Jack et 

al., 2008) (Figure 1.3). The amino (N)-terminal region of Rho GTPases, consisƟng of p-loop and switch 

I and II regions, mediates binding of GDP and GTP, and this is stabilised by Mg+2 which prevents the 

spontaneous GDP/GTP switching (Paduch et al., 2001). During Rho GTPase acƟvaƟon, the GEF binds 

to the p-loop, GDP detaches, the γ-phosphate of GTP binds the switch area and then the GEF 

dissociates (Cherfils and Chardin, 1999). The conformaƟonal change in the switch regions induced 

by GTP binding results in binding to effector proteins, and RhoJ, like CDC42 and Rac, binds effector 

proteins containing CDC42 and Rac-interacƟve binding (CRIB) domain (Vignal et al., 2000; 

Leszczynska et al., 2011). Signalling is switched off when GTP is hydrolysed to GDP, and this intrinsic 

acƟvity of Rho GTPases is promoted by GAPs (Cherfils and Zeghouf, 2013). 

Ackermann et al. (2016) determined that aa residues 17-20 (Asp-17, Glu-18, Lys-19 and Lys-20) are 

involved in directing localisation of RhoJ to the plasma membrane, and that this N-terminal region 

in concert with 121-129 aa residues are involved in the regulation of nucleotide exchange 

(Ackermann et al., 2016). As well as RhoJ’s aforementioned farnesylation, RhoJ contains two 
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putative palmitoylation sites at the C-terminus (Aicart-Ramos et al., 2011) (Figure 1.3) and indeed 

recently glutamine synthetase has been demonstrated to be involved in promoting and sustaining 

palmitoylation of RhoJ. This post-translation promotes membrane localisation and activation of 

RhoJ, which in turn positively regulates angiogenesis and cell migration (Eelen et al., 2018).  

 

Figure 1.3. Main structural domains of RhoJ GTPase. 
 RhoJ protein has GTP/GDP binding domains (G), an effector moƟf, a Rho-insert region, and a C- 
terminus hypervariable domain (HVR) with its polybasic moƟf (PBM) and a distal CAAX region 
that is farnesylated (F), promoƟng RhoJ membrane anchorage. Top box shows the carboxylic aa 
sequence with the potenƟal palmitoylaƟon sites (*) proximal to farnesylated cysƟne of RhoJ 
CAAX moƟf sequence (highlighted in green). PosiƟvely and negaƟvely charged aa residues are 
highlighted in blue and red, respecƟvely.  
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1.2.3 RhoJ plays a key role in endothelial biology and angiogenesis 

1.2.3.1 Endothelial expression of RhoJ 

When first characterised, RhoJ was idenƟfied as being involved in adipocyte differenƟaƟon, 

endocyƟc trafficking and acƟn organisaƟon (Nishizuka et al., 2003; Vignal et al., 2000; Abe et al., 

2003; de Toledo et al., 2003; Chiang et al., 2002). However, several subsequent studies by mulƟple 

groups have demonstrated that RhoJ is highly expressed in the endothelium of both normal and 

tumour vessels (Kaur et al., 2011; Takase et al., 2012) and its expression is regulated by ETS 

transcripƟon factor ERG (Yuan et al., 2011). In vivo, endothelial expression of RhoJ was observed in 

the intersegmental vessels (ISV) (the first angiogenic vessels) of mouse embryos at embryonic day 

(E) 9.5 (Kaur et al., 2011) as well as in the developing reƟnal vasculature of new-born mouse

(Fukushima et al., 2020). 

 Recent studies also showed that overexpression of transcripƟon factor ETV2 (ETS variant 2) resulted 

in enhanced expression of RhoJ in embryoid bodies and mouse embryonic fibroblasts, and using 

chromaƟn precipitaƟon this transcripƟon factor was found associated with the RhoJ promoter (Singh 

et al., 2020). This group showed that mouse endothelial progenitors at E7.75 and E8.75 expressed 

RhoJ, and its expression was also found in human hemogenic ECs as well as haematopoieƟc 

progenitor cells (Angelos et al., 2018). Another study looking at gene expression during human 

embryonic stem cell differenƟaƟon in vitro found that while RhoJ was not expressed in stem cells, it 

was strongly upregulated upon differenƟaƟon (Kim et al., 2014b). While RhoJ is clearly expressed 

during the development of the vasculature, it was also found in a primary tumour angiogenesis 

signature determined by analyses of 121 primary breast, renal clear cell and head and neck 

squamous cell carcinomas (Masiero et al., 2013). 
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1.2.3.2 Role of RhoJ in angiogenesis 

As well as its endothelial expression paƩern, there is considerable evidence indicaƟng a funcƟonal 

role for RhoJ in modulaƟng angiogenesis in vivo. RhoJ knockdown prevented tubule formaƟon in 

mice treated with RhoJ si-RNA–Matrigel plugs (Yuan et al., 2011).  

GeneƟcally modified mice have given considerable insight into the funcƟon of RhoJ in vessel 

formaƟon and stability. Global RhoJ gene deleƟon does not affect viability indicaƟng that RhoJ is not 

essenƟal for vessel development, however subcutaneously implanted tumours grew more slowly in 

RhoJ knockout mice and showed reduced vascular density compared to tumours in control mice 

(Wilson et al., 2014). This was also observed in a different tumour model, where tumour vessel 

integrity was impaired in mice lacking RhoJ; there was vascular wall distorƟon, intra-tumour 

haemorrhage and reduced expression of vascular endothelial (VE)-cadherin. The reducƟon in vessel 

integrity was associated with reduced metastasis (Kim et al., 2014a). 

 A number of studies have also invesƟgated how RhoJ affects the reƟnal vasculature in neonatal 

mice; condiƟonal deleƟon of RhoJ negaƟvely affected the number and radial arborisaƟon of these 

vessels and this was more pronounced in small frontal/peripheral blood vessels. This was associated 

with marked regression in isolecƟn B4-expressing ECs causing an increase in the BM empty sleeves 

(Takase et al., 2012). InvesƟgaƟon of the embryonic vasculature in RhoJ knockout mice has 

uncovered defects in addiƟonal vascular beds including abnormaliƟes in the intersegmental and 

cephalic vasculature (Fukushima et al., 2020). These data all indicate that RhoJ plays a role in vessel 

formaƟon and stabilisaƟon in vivo. 
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1.2.4 Molecular func ons of RhoJ 

Roles for RhoJ have been idenƟfied in regulaƟng cytoskeletal dynamics, cell polarisaƟon and protein 

trafficking and the integraƟon of direcƟonal cues in endothelial migraƟon (Fukushima et al., 2020; 

Yuan et al., 2011; Vignal et al., 2000; Aspenström et al., 2004). 

1.2.4.1 RhoJ regulates the cytoskeleton 

A number of studies have indicated that RhoJ plays a role in regulaƟng the acƟn cytoskeleton. 

ManipulaƟng RhoJ acƟvity has been shown to affect acƟn stress fibres, dorsal ruffles, lamellipodia 

and podosomes (Vignal et al., 2000; Aspenström et al., 2004; BilloƩet et al., 2008; Monypenny et 

al., 2009) all this is indicaƟve of a role for RhoJ in regulaƟng cell shape. Our group observed that 

RhoJ knockdown resulted in reduced endothelial moƟlity, increased actomyosin contracƟlity and FA 

numbers, whereas expression of dominant acƟve RhoJ (daRhoJ) had the converse effect (Kaur et al., 

2011). AddiƟonally, daRhoJ expression enhanced the FA instability and reduced disassembly Ɵme. 

AcƟve RhoJ co-immunoprecipitated with PAK interacting exchange factor (β-PIX) and with G protein 

coupled receptor kinase interacƟng target proteins (GIT1 and GIT2), and also co-localised with these 

proteins at FAs in ECs (Wilson et al., 2014). The GIT-PIX complex has been idenƟfied as having a role 

in regulaƟng FA turnover and this complex is discussed in more detail in secƟon 1.3.2 below (Feng 

et al., 2010; Zhao et al., 2000; Kuo et al., 2011; Nayal et al., 2006). AcƟve RhoJ interacted with the 

Spa homology domain (SHD) of GIT1 and together these findings suggest that RhoJ is recruited to 

FAs via its binding to GIT proteins and is involved in regulaƟng FA disassembly (Wilson et al., 2014), 

a model for RhoJ interacƟng with the GIT-PIX complex at FAs is shown in Figure 1.4.  
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 RhoJ’s regulaƟon of FAs has been shown to impact neutrophil transmigraƟon. Reducing RhoJ’s 

expression augmented basal FA formaƟon, which caused significant reducƟon in the basolateral 

mobility of transmigrated neutrophils, whereas the rate and velocity of apical migraƟon were not 

impacted (Arts et al., 2021). 
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Figure 1.4. A cartoon of RhoJ-GIT-PIX interac on at FA. 
GTP-RhoJ binds GIT-PIX through SHD of GIT protein. GIT associates with β-PIX (a GEF for Rac and 
CDC42) and paxillin. This enhances the recruitment of Rac and CDC42 to FAs via PAK and their 
subsequent acƟvaƟon by β-PIX causing FA dissociaƟon and enhancement of cell migraƟon. This 
is concomitant with reducƟon of RhoA acƟvity and inhibiƟon of actomyosin contracƟlity. 

βα

PIX

PAK

Paxillin FAK

RhoJ

Talin

SHD

G
IT

GTP

Focal adhesion

Extracellular matrix

15



1.2.4.2 RhoJ is involved in lumen forma on and cell polarisa on 

Early studies indicated a role for RhoJ in endocyƟc trafficking (de Toledo et al., 2003), and in an 

endothelial context RhoJ has been shown to play a role in lumen formaƟon and cell polarisaƟon. 

RhoJ was found to be involved CDC42/Rac1-mediated acƟvaƟon of PAK proteins 2 and 4 which were 

required for luminogenesis, with knockdown of RhoJ significantly inhibiƟng Rac1/CDC42 acƟvity and 

prevenƟng lumen formaƟon (Yuan et al., 2011). RhoJ was also involved in EC polarisaƟon, specifically 

it localised with FMNL3 (Formin Like 3) at the early apical surface, mediaƟng the assembly of acƟn 

filaments to facilitate the recruitment of podocalyxin to this cell locaƟon. Podocalyxin is a 

glycoprotein which is a major component of the glycocalyx, its localisaƟon to the apical membrane 

is an iniƟal key step in lumen formaƟon (Richards et al., 2015).   

RhoJ also regulates trafficking of alpha5 beta1 (αvβ1) integrin which in turn negaƟvely affects the 

assembly of fibrillar fibronecƟn. Specifically, RhoJ knockdown increased both levels of cell surface 

acƟve αvβ1 and deposiƟon of fibrillar fibronecƟn. An increase of  fibronecƟn formaƟon was also 

observed in vivo in the developing reƟna of the knockout mice, negaƟvely impacƟng angiogenesis. 

This acƟvity of RhoJ was mediated by the effector protein PAK3 (Sundararaman et al., 2020). 

1.2.4.3 RhoJ integrates endothelial response to migratory signals 

RhoJ is involved in regulaƟng the endothelial response to the aƩracƟve VEGFA and repulsive 

Semaphorin 3E (Sema3E) signals. VEGFA and Sema3E act through the VEGFR2 and PlexinD1 

receptors, respecƟvely, and these receptors form a complex at the cell surface (Bellon et al., 2010). 

RhoJ was found to regulate the composiƟon of this receptor complex and so enabled cells to 

differenƟally respond to different raƟos of VEGFA and Sema3E. At high VEGFA levels, RhoJ was 
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required for stabilising a complex of VEGFR2, Neuropilin-1 and PlexinD1, resulƟng in sustained 

VEGFR2 phosphorylaƟon, acƟvaƟon of downstream signalling proteins including ERK1 and driving 

forward migraƟon. High Sema3E levels caused RhoJ release from PlexinD1, an altered VEGR2 

complex, cell contracƟon and reverse migraƟon (Fukushima et al., 2020). Consistent with a role for 

RhoJ in migraƟon, is its recently idenƟfied funcƟon in the endothelial to mesenchymal transiƟon 

(EndMT). Silencing RhoJ in ECs cultured under hypoxic condiƟons reduced upregulaƟon of TWIST 

and SNAIL, transcripƟon factors involved in promoƟng mesenchymal gene expression; there was also 

less inhibiƟon of VE-cadherin expression. MechanisƟcally, it was determined that RhoJ was involved 

in the upregulaƟng WDR5, a core subunit of the histone H3 lysine 4 (H3K4) methyltransferase (Liu et 

al., 2018). As well as its role in regulaƟng endothelial moƟlity, a large number of studies have 

idenƟfied a role for RhoJ in promoƟng migraƟon and invasion of a number of different carcinoma 

types, this is discussed in secƟon 1.2.6.  

1.2.5 Regula on of RhoJ ac vity 

 RhoJ is a typical Rho GTPases that cycles between GTP-bound acƟve and GDP-bound inacƟve forms 

and this is mediated by GEFs and GAPs, currently GEFs and GAPs of RhoJ are unknown. β-PIX has 

shown direct GEF acƟvity for CDC42 (Feng et al., 2006). Our group showed that β-PIX knockdown 

caused modest reducƟon for GTP-RhoJ levels in HUVECs sƟmulated for 30 minutes (mins) with 

VEGFA in comparison to the control level (Wilson, 2014, pp. 174-176), suggesƟng that it may be a 

GEF for RhoJ. Color-Aparicio et al. (2020) determined that the GEF IntersecƟn (ITSN) 1 when co-

expressed with RhoJ in the Human embryonic kidney cell line (HEK293T) increased levels of acƟve 

GTP-bound RhoJ; they addiƟonally demonstrated that an acƟve membrane-anchored mutant of 

ITSN1 was retained in endosomal compartments when co-expressed with a dominant negaƟve form 
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of RhoJ, indica ng an interac on between these proteins (Color-Aparicio et al., 2020). Although 

these data are sugges ve of ITSN1 being a GEF for RhoJ, it is unclear whether endogenous ITSN1 

plays a key role as GEF for RhoJ in ECs. 

VEGFA has both been shown to both s mulate and reduce RhoJ ac va on, and it is likely that VEGF’s 

ac on on RhoJ is context dependent. Low levels of ac vated RhoJ were detected a er short 

treatment (2 mins) of HUVECs with a high dose of VEGFA (Fukushima et al., 2011; Kusuhara et al., 

2012). By contrast RhoJ was shown to be ac vated by VEGFA and FGF2 for a more prolonged 

s mula on (Kaur et al., 2011).  

1.2.6 Role of RhoJ in human pathology 

In addi on to RhoJ’s physiological roles in endothelial biology and angiogenesis, there is increasing 

evidence for non-endothelial expression of RhoJ contribu ng to various pathologies including cancer 

and cardiovascular disease.   

   RhoJ in cancer 

Expression of RhoJ has been reported in tumour cells in a number of types of cancer, including 

melanoma, glioblastoma, gastric cancer, breast cancer and sarcoma (Ruiz et al., 2017; Wang et al., 

2022; Kim et al., 2016; Chen et al., 2020; Mills et al., 2011) and its presence is typically associated 

with poor prognosis (Kim et al., 2016; Bai et al., 2020; Wang et al., 2020). As with its role in 

promoting endothelial migration, it has been associated with promoting migration and invasion of 

tumour cells. In some cancer types its mechanism of action has been explored and this has shown 

interactions and functions of RhoJ which may also be relevant to its role in EC biology. In melanoma, 
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glioblastoma and breast cancer, RhoJ was found to depend on PAK1 for promoting a more 

aggressive cancer cell phenotype (the interaction between RhoJ and PAK is discussed in section 

1.5.4). This included a role in mediating cytoskeletal rearrangement and enhanced motility (Ho et 

al., 2013) and also in altering responses to DNA damage and the induction of apoptosis (Ho et al., 

2012). In relation to melanoma, RhoJ was upregulated in melanocyte precursor cells treated with 

ultraviolet radiation, its upregulation was associated with increased motility of these cells, and it 

has been hypothesised that RhoJ is a regulator of melanogenesis (Goldstein et al., 2021). In contrast 

to the multiple reports of RhoJ expression being associated with poor prognosis, the converse has 

been reported in non-small cell lung carcinoma where low RhoJ expression was associated poor 

prognosis. In vitro experiments suggested that RhoJ was acting to suppress TGF-β-mediated 

epithelial to mesenchymal transition (Nozaki and Nishizuka, 2021). 

 It is not clear why RhoJ expression is upregulated in tumours, but at least two different transcription 

factors, EVI1 and c-jun have been implicated in promoting RhoJ expression in cancer cells (Wang et 

al., 2017; Wang et al., 2022). The large number of reports of RhoJ involved in cancer cells highlight 

a non-endothelial pathological role for this Rho GTPase. Its expression status within tumours may 

also help in treatment stratification, for example its expression levels relative to that of another 

gene CUGBP2 determined the level of cytotoxicity of sarcoma cells in response to histone 

deacetylase and DNA-methyltransferase inhibitor treatment (Mills et al., 2011).  
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RhoJ in cardiovascular disease 

A number of transcriptomics analyses suggest that RhoJ expression is altered in various cardiac 

pathologies. Studies of human heart samples indicated altered levels of RhoJ expression in dilated 

cardiac myopathy, but not ischaemic cardiac myopathy (Molina-Navarro et al., 2014), and RhoJ was 

also found to be part of gene signature associated with a mouse model of progressive 

cardiomyopathy (Auerbach et al., 2010). InvesƟgaƟng gene expression in leukocytes from paƟents 

with non-valvular atrial fibrillaƟon also demonstrated differences in RhoJ expression, but it is not 

clear what, if any, impact this might have on leukocyte biology in this pathology (Duzen et al., 2019). 

Analyses of MicroRNAs (miRNA; miR) in exosomes in plasma from paƟents with coronary artery 

disease, showed an increase in miR-146a-5p and miR-146b-5p compared with levels in plasma from 

control paƟents, this miRNA was found to target a number of genes encoding pro-angiogenic 

proteins, including the 3’ untranslated region of RhoJ. Consistent with this, expression of miR-146a-

5p or miR-146b-5p reduced migraƟon and tubulogenesis in endothelial progenitor cells, but the 

patho-physiological consequence of this is unclear (Chang et al., 2017). 

1.3 GIT proteins 

1.3.1 GIT overview   

GIT1 and GIT2 (GIT1/GIT2) are adaptor proteins that have mulƟple domains and cellular funcƟons 

(Figure 1.5). They are signal coordinators, cytoskeletal and protein trafficking regulators, have a GAP 

acƟvity for ADP-ribosylaƟon factor (ARF), and are scaffolds for many signalling molecules (Hoefen 

and Berk, 2006). Although there is a high degree of sequence homology between GIT1 and 2 (more 

than 80%), they are subject to different levels of RNA splicing (Premont et al., 2000; Lee et al., 2019) 
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as well as having different expression profiles. Using beta-galactosidase reporter mice GIT2 was 

found to be more ubiquitously expressed, whereas GIT1 was expressed in a more limited range of 

cell types including ECs and cells lining bronchi and bile ducts (Schmalzigaug et al., 2007).  

GIT proteins have been shown to play vital roles in cell migra�on through their interac�ons with 

RhoJ (Wilson et al., 2014), PIX (Premont et al., 2004; Zhao et al., 2000), Mitogen-ac�vated protein 

kinase kinase (MEK) 1 and ERK proteins (Yin et al., 2004; Yin et al., 2005) (Figure 1.5).  

ERK 1/2RhoJ/PIX

 MEK 1 

ARF Paxillin

Figure 1.5. The domain structure of GIT1 and GIT2. 
These schema�cs indicate the domain structure and show the ArfGAP domain, 3 ankyrin 
repeats (Ank), the Spa2 homology domain (SHD), a coiled-coil (CC) domain and focal adhesion 
targe�ng domain (FAT). The arrows show the interac�on of GIT1 domains to different proteins. 
RhoJ and PIX bind the SHD domain, while MEK1 mainly interacts with the SHD (thick arrow) 
with a smaller involvement of the CC (thin arrow), ERK binds the CC domain, paxillin interacts 
with the FAT domain and ARF binds ArfGAP domains.  A-E are the sites of GIT2 gene 
splicing. Adapted from Zhou et al. (2016).  
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1.3.2 The GIT-PIX complex 

The GIT-PIX complex is a scaffold for various cellular macromolecules and a regulator for a vast range 

of signalling pathways (Frank and Hansen, 2008). There are two PIX genes, which encode α-PIX and 

β-PIX protein isoforms (Premont et al., 2004; Ohara et al., 1997; Bagrodia et al., 1998). Like the GIT 

proteins, both α-PIX and β-PIX (GEFs for Rac/CDC42) have many domains and are involved in many 

protein-protein interacƟons (Zhou et al., 2016). PIX proteins bind the SHD of GIT1/2 (Premont et al., 

2004; Zhao et al., 2000) and this complex is found to play posiƟve roles in cell migraƟon by enhancing 

the FA formaƟon and disassembly cycles (Feng et al., 2010; Zhao et al., 2000; Kuo et al., 2011; Nayal 

et al., 2006). PAK is recruited to FA, by binding the proline containing src homology (SH) 3 sequence 

of β-PIX protein (Manser et al., 1998) which was shown to promote cell protrusion and mobility 

(Manabe et al., 2002; Zhao et al., 2000; West et al., 2001). PAK also phosphorylates paxillin and 

enhances its binding to GIT proteins stabilising the GIT-PIX complex at adhesion sites (Nayal et al., 

2006).  

AddiƟonally, GIT1-β-PIX-PAK1 play roles in regulaƟng microtubule synthesis (Oakley and Oakley, 

1989; Cernohorska et al., 2017). The funcƟon of PAK is considered in more detail in secƟon 1.5. 

Several studies showed the GIT-PIX complex is involved in endothelial permeability and vascular 

homeostasis. PIX and GIT1 geneƟc alteraƟons caused intracranial bleeding in zebrafish (Liu et al., 

2012). The GIT-β-PIX oligomer was an essenƟal mediator for the PAK-MEK-ERK dependant 

hyperpermeability response in the mouse lung endothelium during inflammaƟon (Stockton et al., 

2007). Conversely the interacƟon of GIT-β-PIX with SCRIB (an endothelial polarising and 

atheroprotecƟve protein) intensified the endothelial juncƟon integrity and restricted vascular 

permeability. Absence of SCRIB or β-PIX promoted endothelial hyperpermeability and inflammatory 
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responses both in vitro and in vivo (Donners and Biessen, 2019; Schürmann et al., 2019). Moreover, 

GIT proteins were specifically implicated in the regulaƟon of endothelial barrier funcƟons and 

vascular tone. Although it was demonstrated that GIT1 promoted endothelial hyperpermeability 

responses in HUVECs following growth factor sƟmulaƟon in one study (Stockton et al., 2007), several 

other studies showed that GIT1 sustained vascular integrity. GIT1 depleƟon was associated with 

increased permeability response in thrombin treated HUVECs (van Nieuw Amerongen et al., 2004) 

and GIT1/2 were found to be involved in cytoskeletal changes observed in sphingosine 1-phophate-

mediated enhancement of pulmonary endothelial monolayer integrity (Shikata et al., 2003). 

Roundabout Guidance Receptor (Robo4) acts via GIT1 to modulate endothelial protrusion and 

enhances vascular stabilisaƟon (Jones et al., 2009). 

In other vascular beds, GIT1 was found to be involved in the regulaƟon Endothelial nitric oxide 

synthase (eNOS) acƟvaƟon and nitric oxide producƟon (NO), a key vascular tone regulator. Liu et al. 

(2014) observed that GIT1 expression and tyrosine phosphorylaƟon were essenƟal for GIT1-eNOS 

interacƟon, which facilitated Src-AKT-mediated eNOS sƟmulaƟon and NO producƟon in the 

endothelium of hepaƟc sinusoids (Liu et al., 2014). It was also demonstrated that β-PIX was highly 

expressed in these sinusoids and interacted with eNOS-associated GIT1. The SHD of GIT1 was 

idenƟfied as a region essenƟal for trimer formaƟon and eNOS sƟmulaƟon. DepleƟon of GIT1 or β-

PIX altered the eNOS acƟvity (Liu et al., 2022). 
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1.4 Extracellular regulated kinase 1 and 2 (ERK1/2) mitogen ac vated protein 

(MAP) kinases  

1.4.1  ERK overview 

ERK1 and ERK2 are MAP kinases that are sƟmulated by a variety of agonists, and are involved in 

regulaƟng cell division, growth, survival, and differenƟaƟon (Buscà et al., 2016). There is 

accumulaƟng evidence that ERK is also involved in cell migraƟon and angiogenesis (Song and Finley, 

2018; Mavria et al., 2006; Lavoie et al., 2020). ERK is sƟmulated downstream of many signalling 

pathways including those mediated by RTK (Figure 1.6) and GPCR. ERK is acƟvated by MEK1 and 

MEK2, which mediates consecuƟve phosphorylaƟon of tyrosine 187 followed by threonine 185 

(Chang and Karin, 2001). ERK phosphorylates a variety of effector proteins including RSK (p90 

ribosomal S6) (Pearson et al., 2001) and these proteins mediate a variety of responses resulƟng in 

the acƟvaƟon of various structural and regulatory proteins (Tanimura and Takeda, 2017). 
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Figure 1.6. The MAP/ERK kinase signalling cascade.  
The interac on between RTKs and their cognate GFs cause their dimerisa on and subsequent 
phosphoryla on (P) of the partner receptor’s cytoplasmic tail. RTK phospho-tyrosine residues 
serve as docking sites for binding SH2 containing GRB2 (growth factor receptor-bound protein 
2). This in turn enhances GRB2-SOS (Son of Sevenless) interac on. SOS is a GEF for RAS GTPase. 
Ac ve RAS promotes the consecu ve ac va on of RAF, MEK, ERK MAP kinases. Ac vated ERK 
enhances the gene expression and phosphoryla on of various cytoplasmic substrates that are 
involved in vital cellular func ons.  
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1.4.2 Role of ERK in regula on of endothelial mo lity and angiogenesis  

MulƟple studies observed ERK’s funcƟons during angiogenesis in various species. In mice, 

endothelial specific deleƟon of ERK1 and ERK2 severely limited angiogenesis and was embryonically 

lethal (Srinivasan et al., 2009). Moreover, ERK was shown to be a VEGF target for inducing 

angiogenesis during zebrafish vascular development. ERK was selecƟvely upregulated and acƟvated 

in the sprouƟng ISV, but not in the terminally differenƟated vasculature. AddiƟonally, VEGF-ERK 

signal acƟvaƟon was found to be criƟcally involved the angiogenic cascade promoƟng vessel growth 

in zebrafish embryos. Expression of VEGFA or C promoted ERK acƟvaƟon in zebrafish ISV and 

acƟvated ERK promoted VEGFR3 expression. Consistent with these observaƟons, blockade of ERK 

acƟvity inhibited ISV elongaƟon, endothelial proliferaƟon and sprout formaƟon, VEGFR3, Delta4 and 

Notch1b expression in these vessels (Shin et al., 2016).   

Recently, Fukushima et al. (2020), showed that RhoJ acƟvity in mammalian ECs sustained VEGFR2 

phosphorylaƟon in response to high VEGFA levels, which caused acƟvaƟon of downstream signalling 

molecules including ERK1 promoƟng EC forward migraƟon (Fukushima et al., 2020). In tumour 

vessels, ERK was found to be involved in promoƟng angiogenic behaviour via negaƟve regulaƟon of 

Rho kinase (ROCK) (Mavria et al., 2006). Likewise, Kaur et al. (2011) demonstrated that RhoJ acƟvity 

reduced actomyosin contracƟlity, and this was associated with enhanced EC sprouƟng and migraƟon 

(Kaur et al., 2011). 

1.4.3 RhoJ and MAP kinase signalling func ons in ECs  

 Crosstalk between RhoJ-PAK and MAP kinase signalling pathway during angiogenesis and in cancer 

have been reported in various studies. Yun et al. (2011) observed the involvement of RhoJ in Rac1 

26



and CDC42 mediated-PAK2 and PAK4 acƟvaƟons in lumen formaƟon. It was also reported that 

acƟvaƟon of CDC42 is essenƟal for YES/Src-mediated PAK2 and PAK4 phosphorylaƟon in RAF-ERK 

acƟvaƟon during luminogenesis. Absence of ERG or RhoJ inhibited the acƟvity of CDC42, Rac1, PAK2 

and PAK4 and B-RAF proteins and caused suppression of lumen formaƟon (Koh et al., 2008; Yuan et 

al., 2011). 

1.4.4 GIT-MEK1-ERK 

In addiƟon to the roles of the GIT-PIX complex described above in ECs, acƟve GIT1 also scaffolds 

MEK1 during Angiotensin (Ang) II/EGF signalling in vascular smooth and in HEK293 cells causing ERK 

acƟvaƟon. The GIT1-MEK1 interacƟon was mediated by the SHD and to a lesser extent by the CC2 

domain of GIT1 (Figure 1.5). This interacƟon was found to be consƟtuƟve and not affected by 

exogenous agonist sƟmulaƟon and was essenƟal for ERK acƟvaƟon. MEK1 and ERK phosphorylaƟon 

were significantly increased in cells expressing wild type GIT1 compared to cells expressing GIT1 with 

mutant SHD (Yin et al., 2004). Subsequent studies showed that GIT1 was also needed for ERK 

recruitment and acƟvaƟon at FAs in response to growth signal sƟmulaƟon. This interacƟon was 

found to be mediated through the CC2 domain of GIT1 (Figure 1.5). ERK is involved in the 

phosphorylaƟon of FA proteins, and hence ERK may play role in promoƟng cell moƟlity through FA 

disassembly (Yin et al., 2005). GIT1 acted as an essenƟal pro-angiogenic mediator, with GIT1 

knockdown resulƟng in reduced VEGFA sƟmulated ERK1/2 phosphorylaƟon and GIT1 knockout mice 

showing defecƟve alveovascular development (Pang et al., 2009). 
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1.5 p21-ac vated kinases (PAKs) 

1.5.1 PAK overview 

PAKs are serine/threonine kinases (MarƟn et al., 1995) involved in numerous vital cellular funcƟons, 

including regulaƟon of cell division, shape, migraƟon, survival, angiogenesis, and gene expression 

(Yao et al., 2020). PAKs are divided into 2 main subgroups: Group I (PAK 1, 2 and 3) and Group II (PAK 

4, 5 and 6) and this classificaƟon is based on domain structure (Hofmann et al., 2004) (Figure 1.7). 

PAKs possess an N-terminal regulatory domain, proline-rich moƟfs and a C-terminal catalyƟc site. In 

Group I PAKs, the regulatory region consists of 2 overlapping domains: the p21-binding domain (PBD) 

(which harbours the CRIB region) and an autoinhibitory domain (AID). The N-terminus also has a 

basic moƟf for interacƟon with cell membrane phospholipids. Proline rich moƟfs bind the SH3 

domains of NCK, GRB2 and β-PIX. The proline region for β-PIX binding has a unique sequence 

(PxxxPR) which specifically potenƟates PAK-PIX interacƟon and was found to be essenƟal for PAK’s 

recruitment to FAs (Strochlic et al., 2010; Manser et al., 1998). The catalyƟc region is highly 

conserved, and its acƟvaƟon loop contains one phosphorylaƟon site at threonine 423 (Lei et al., 

2000; Zhao and Manser, 2012). 

In Group II PAKs, the regulatory region either consists of the conserved AID/PBD overlapping 

domains as in PAK5 or PBD and an atypical pseudosubstrate domain (PSD) as occurs in PAK4 and 

PAK6. The laƩer domain is located at the proline rich region of the N-terminus (Figure 1.7A). Group 

II PAKs preferenƟally bind CDC42 Rho GTPases and were found to be more catalyƟcally acƟve than 

Group I PAKs under basal condiƟons (Abo et al., 1998; Shao et al., 2016; Ha et al., 2015). 
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1.5.2 Regula on of PAK ac vity 

In the inhibited state of AID-containing PAKs, the molecules dimerise. These dimers are configured 

in an an parallel orienta on such that the AID of one monomer locks the ATP loading cle  

(ac va on site) of the other, forming a closed conforma on that halts PAK’s ac va on. When a 

cognate Rho GTPase becomes ac vated, it binds the PBD/CRIB domain, and causes structural 

altera ons promo ng the release of AID from the kinase region. This enables the phosphoryla on 

of the threonine 423 which is followed by autophosphoryla on of PAK at mul ple residues, allowing 

for the closed dimer to open into single monomeric structure with subsequent full ac va on and 

substrate phosphoryla on (Buchwald et al., 2001; Eswaran et al., 2008; Kumar et al., 2017) (Figure 

1.7B). Other studies challenged this mechanism for regula ng Group I PAK ac vity by showing that 

this group of proteins were consistently exist in a monomeric conforma on regardless of their 

ac va on status. It was also demonstrated that their ac va on follows a 2-step mechanism 

consis ng of a GTPase binding which induces cis/self-autophosphoryla on of the kinase domain. 

This is followed by a brief intermolecular interac on promo ng trans-phosphoryla on and 

amplifica on of PAK’s ac vity (Sorrell et al., 2019; Wang et al., 2011). 

In contrast, PSD-containing PAKs are not regulated by phosphoryla on as described above, instead 

they are persistently phosphorylated and their ac vity is autoinhibited by binding of PSD to the 

ac va on loop (while PAK is in a single monomeric conforma on), which blocks the substrate’s 

access to the kinase domain. Upon GTPase binding, PSD-containing PAKs are recruited to their 

targeted sites of ac on within the cell, where SH3-mediated signalling promotes the detachment of 

the PSD allowing PAK’s ac va on and subsequent substrate(s) phosphoryla on (Zhang et al., 2009; 

Ha et al., 2012; Ha et al., 2015; Won et al., 2019). 
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Proteoly c diges on of the N-terminus, Akt or RAS-mediated PAK phosphoryla on were other 

reported mechanisms for PAK ac va on (Walter et al., 1998; King et al., 2000; Menard and Ma ngly, 

2004). 
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Figure 1.7. Domain structure of Group I and II PAKs and a schema�c representa�on of the 
autoinhibi�on mechanism and GTPase-mediated ac�va�on. 
(A ) Group I and II PAKs consist of an N-terminal regulatory region and a conserved C-terminal 
kinase domain. A basic mo�f (red) for phospholipid dependent PAK s�mula�on, is also 
commonly found in the N-terminus of Group I PAKs and the proline rich mo�fs (purple) of this 
group bind SH3 residues of NCK, GRB2 and β-PIX (purple). The autoregulatory region of Group  
I PAKs and PAK 5 consists of PBD/CRIB that overlaps with AID, the former domain serves as a 
binding site for ac�vated Rho GTPases. Instead of an AID, PAK4 and 6 possess a PSD domain at 
their N-terminus which binds the kinase domain abroga�ng substrate interac�on and
ac�va�on. (B) An illustra�on of the mechanism of AID autoinhibi�on; PAKs forms a homodime r 
where AID of one subunit blocks the kinase domain’s ac�ve site of the other monomer. GTP-
bound Rho GTPase-CRIB binding promotes the dissocia�on of the AID from the cataly�c regi on 
allowing for monomer separa�on, T423 phosphoryla�on followed by autophosphoryla�on  of 
kinase domain at mul�ple sites and full PAK’s ac�va�on. When PAK becomes ac�vated,  it 
phosphorylates its substrates enabling them to perform various cellular func�ons.
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1.5.3 The func�on of PAKs in EC biology and angiogenesis 

Much evidence has shown various roles for PAK in EC biology, including in the regula�on of 

angiogenesis and in vascular integrity. In the later case PAKs are involved in the complex 

reorganisa�on of both junc�onal proteins and the cytoskeleton that are necessary for endothelial 

layers to modulate their permeability in response to a variety of environmental s�muli (Radu et al., 

2014).  

PAKs are also involved in vascular development, deple�on of PAK2 or PAK4 in mice during 

embryogenesis caused marked retarda�on in the vascular development and was associated with 

high lethality (Qu et al., 2003; Hofmann et al., 2004). PAK2 was reported to be the most highly 

expressed PAK in ECs, and specific endothelial dele�on of PAK2 was associated with global 

cardiovascular defects at E9.5 in mouse (Radu et al., 2015), this is a stage when the vasculature is 

developing and angiogenesis ac�vely occurring (Walls et al., 2008). Global PAK1 dele�on did not 

significantly affect new vessel forma�on or �ssue repair in mice subjected to limb vascular ischemia; 

however, there was a concomitant increase in PAK2 expression and ac�vity, which enhanced ERK2 

phosphoryla�on. Addi�onally, treatment of aor�c explants from both PAK1 knockout and wild type 

mice with the PAK inhibitor IPA-3 resulted in drama�c reduc�on of tubule sprou�ng; thus, PAK2 

could have been candidate target kinase for IPA-3 inhibitory effect in these experiments (Elsherif et 

al., 2014).  

In zebrafish, both β-PIX and PAK2a were shown to have essen�al roles in the development of brain 

vasculature, with reduced expression of any of these genes resul�ng in impairment of vascular 

integrity causing severe intracranial bleeding and hydrocephalus (Liu et al., 2007).  
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1.5.4 Role of RhoJ-PAK in regula�on of endothelial and non-endothelial func�ons  

Our laboratory and other research groups have shown RhoJ interacts with CRIB-containing proteins 

such as PAKs (Vignal et al., 2000; Leszczynska et al., 2011). Yuan et al. (2011) determined that si-

RNA-mediated knockdown of RhoJ markedly reduced levels of both ac�ve GTP-bound CDC42 and 

Rac1 as well as the ac�vated phosphorylated forms of PAK2 and PAK4 (Yuan et al., 2011). From these 

studies, however, it was not possible to discern whether RhoJ might be directly influencing PAK2 and 

PAK4 ac�va�ons, or whether it was working via CDC42 and Rac1. In another study, CDC42 and RhoJ 

were found to play opposing roles in regula�ng ECs’ forma�on of fibronec�n fibrils, with CDC42 

promo�ng and RhoJ inhibi�ng this process. This was found to be mediated by PAK3, an effector 

protein bound by both these Rho GTPases, and it was hypothesised that these GTPases which exhibit 

different localisa�on paterns both compete for limited pools of PAK3 to differen�ally modulate 

fibrillogenesis at different stages of angiogenesis (Sundararaman et al., 2020). There is thus a 

complex interac�on between RhoJ and PAKs in ECs which is yet to be fully elucidated.  

As noted earlier in Sec�on 1.2.6 RhoJ’s expression in tumour cells plays a role in the pathogenesis of 

cancer, these studies have also highlighted connec�ons between RhoJ and PAKs. In melanoma, RhoJ-

PAK1 signalling modulated cytoskeletal dynamics and DNA damage responses which enhanced 

tumour invasiveness and resistance to therapy (Ho et al., 2012; Ho et al., 2013). Also, in this cancer 

type inhibi�on of PAK1 interfered with RhoJ’s ability to promote an an�-apopto�c phenotype (Ruiz 

et al., 2017). In glioblastoma, RhoJ-PAK (2 and 4)-ERK signalling downstream of JNK (c Jun N 

terminal kinase) MAP kinase was found to be essen�al tumour neovascularisa�on and progression 

(Wang et al., 2022). 
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1.5.5 PAK inhibitors 

1.5.5.1 PAK inhibitors and their mechanism of ac on 

PAKs have been targeted with a range of small molecule inhibitors which typically fall into two main 

categories, ATP, and non-ATP compeƟƟve (allosteric) blockers. ATP-compeƟƟve inhibitors are a group 

of compounds that interact with the purine binding pocket, prevenƟng ATP access to the acƟvaƟon 

loop of PAK’s kinase domain (Semenova and Chernoff, 2017). An example of such an inhibitor is 

PF-3758309, a pyrrolopyrazole PAK inhibitor. It was iniƟally formulated to target PAK4 (IC50 1.3 nM -

4.7nM), however later studies demonstrated that it targets all PAK subtypes as well as showing some 

nonspecific inhibitory effects for other kinases (Murray et al., 2010). It has been shown to have a 

variety of effects on EC funcƟon including abrogaƟon of in vitro tube formaƟon (Gopal et al., 2016) 

and the potenƟaƟon of TNF- release of inflammatory secretory bodies in HUVECs (Zhang et al., 

2020). 

Allosteric inhibitors are small molecule inhibitors that interact with a site disƟnct from the acƟve 

site. An example of an allosteric inhibitor of PAK kinases is IPA-3 (also called 2,2ʹ-dihydroxy-1,1ʹ-

dinaphthyldisulfide), this is an allosteric inhibitor for Group I PAKs that showed specific potency 

against PAK 1. It modifies the regulatory region by forming chemical bonds with AID region to disable 

GTPase binding (Deacon et al., 2008; Viaud and Peterson, 2009). It has been demonstrated in a 

number of experimental systems to affect angiogenesis and endothelial barrier funcƟon (Yan et al., 

2013; Jagadeeshan et al., 2017; Hao et al., 2019). However, IPA-3 (IC50 2.5 μM) has been generally 

idenƟfied as a short acƟng inhibitor, showing less efficacy against GTPase pre-sƟmulated PAK1, and 

exerƟng its anƟ-PAK1 acƟvity only at high doses (30 μM) in Platelet-derived growth factor (PDGF) 

pre-treated murine fibroblasts. This is possibly due to the rapid reducƟon of its disulphide bonds in 
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the cell’s cytosol or in the presence of Dithiothreitol (DTT) rendering it structurally and funcƟonally 

unstable (Deacon et al., 2008). 

1.6 Hypothesis and aims 

The work described in this thesis aimed to invesƟgate the molecular mechanisms of RhoJ funcƟon 

in ECs and to address the following hypothesis: 

RhoJ posi vely regulates signalling pathways involved in EC mo lity, and specifically via its 

interac on with the GIT-PIX complex.  

The three overarching aims of this thesis are outlined below. 

Aim 1 – Inves gate how RhoJ ac vity modulates ac vity of kinases in ECs. 

Previous data from kinase arrays suggested that daRhoJ expressed in ECs resulted in the acƟvaƟon 

of a number of kinases including JNK, EGFR (epidermal growth factor receptor), AMPKα2, STAT5ab, 

Hck, MSK1/2, and PRAS40 kinases (Wilson, 2014, pp. 182-190). This formed the basis for the first 

aim which was to explore how RhoJ regulates the levels of acƟve ERK and JNK MAP kinases in ECs. 

RhoJ acƟvity was modulated by either transducing HUVECs to express daRhoJ or transfecƟng them 

with RhoJ specific si-RNA duplexes to reduce its expression and acƟvaƟon of ERK and JNK was 

assessed. 

Aim 2 – Inves gate how RhoJ regulates GIT2.  

Previous work has demonstrated that the expression of daRhoJ caused an upward electrophoreƟc 

mobility shiŌ of GIT2, potenƟally due to its increased phosphorylaƟon (Wilson et al., 2014). 

Preliminary data produced in the lab also idenƟfied serine and threonine residues that were 
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differen�ally phosphorylated in ECs expressing daRhoJ. This second aim used kinase inhibitors to 

inves�gate which kinase(s) were involved in this process. 

Aim 3 – Determine if RhoJ regulates interactions between MEK1, ERK1/2 and the GIT-PIX complex 

and the recruitment of ERK1/2 to FAs. 

Previously it was reported that GIT1 interacted with MEK1 and ERK1/2 in non-endothelial cells (Yin 

et al., 2004) and that ERK1/2 was localised to FAs (Yin et al., 2005; Zhang et al., 2009). Our group 

had also reported an interac�on between GIT1/2 and RhoJ and had observed that RhoJ affected the 

recruitment of the GIT1/2 and β-PIX to FAs (Wilson et al., 2014). The aim of this work was to 

determine using co-IP if RhoJ regulated the interac�on between MEK1 and ERK1/2. Fluorescence 

microscopy was also used to determine if RhoJ affected the localisa�on of ERK1/2 to FAs.  
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CHAPTER 2  

Materials and methods 
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2.1 Buffers and reagents 

The different buffers/reagents used in this study including their composi�on, if applicable, are 

detailed in Table 2.1 below. All reagents listed below were purchased from Sigma (UK) unless 

otherwise stated. The details of their usage are described in the relevant sec�ons in this chapter. 

Tables 2.2.1 and 2.2.2 list the primary and secondary an�bodies used in this study, respec�vely. 

 Table 2.1 Standard buffers 

Buffer/Reagent Ingredients 
NP40 lysis buffer -20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v)

nonidet P40 (NP40), 1 mM EDTA, 0.02% (w/v)
Sodium azide

-Mammalian protease inhibitor (Sigma) and
phosSTOP (Roche) were used according to
manufacturer’s instructions

2X SDS-PAGE sample buffer (Laemmli 
sample buffer) 

100 mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 20% (v/v) 
2-mercaptoethanol, 4% (w/v) SDS, 0.2% (w/v)
bromophenol blue

Tris-buffered saline (TBS) 150 mM NaCl, 20 mM Tris-HCl pH 7.5 

Tris-buffered saline Tween-20 (TBST) 150 mM NaCl, 20 mM Tris-HCl pH 7.5, 0.1% (v/v) 
Tween-20 

4X Stacking gel buffer 125 mM Tris-HCl pH 6.8, 0.1% (w/v) SDS 

4X Resolving gel buffer 375 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS 

SDS-PAGE running buffer 250 mM glycine, 25 mM Tris-base, 0.1% (w/v) SDS, pH 
8.3  
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Western blotting transfer buffer 47.6 mM glycine, 6 mM Tris-base, 20% (v/v) 
methanol, pH 8.3 

Western blotting blocking buffer 5% (w/v) dried skimmed milk in TBST 

Protogel 30% (w/v) Acrylamide: 0.8% (w/v) Bis-acrylamide in a 
proportion of (37.5:1) 

Western Blotting stripping buffer 62.5 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 100 µM 2-
mercaptoethanol 

1%(v/v) Triton X100 lysis buffer 1%(v/v) Triton X 100, 150 mM NaCl, 10 mM Tris HCl 
pH 7.5, 1 mM EDTA, 0.01% (w/v) NaN3  

Immunofluorescence (IF) blocking buffer 10% (v/v) foetal bovine serum, 3% (w/v) bovine 
serum albumin, 0.1% (v/v) Tween20, 0.01% (w/v) 
NaN3 

TEEND buffer 25 mM Tris-HCl, 2 mM EDTA, 5 Mm DTT, 10 mM Nacl 

NaCl/sucrose buffer 150 mM NaCl, 2 mM EDTA, 10 mM sodium azide, 20 
mM Tris base (pH 7.4), 0.25 M sucrose 

RIPA buffer -150 mM Sodium chloride, 50 mM Tris-base (pH 8.0),
0.5% Sodium deoxycholate, 0.1% SDS, 1 mM EDTA

-Mammalian protease inhibitor (Sigma) and
phosSTOP (Roche) were used according to
manufacturer’s instructions
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2.2 An�bodies 

 Table 2.2.1 Primary an�bodies 

Antibody Clone number/ 
product code 

Working 
concentration
/ dilution 

Manufacturer/Supplier 

Mouse monoclonal 
anti-GFP 

3E1 1: 1000 CRUK central services 

Rabbit polyclonal anti-
human phospho JNK 
(pJNK) 
(Thr183/Tyr185)  

Code 9251S 1: 1000 Cell Signalling Technology, UK 

Rabbit polyclonal anti-
human JNK 

Code 9252S 1: 1000 Cell Signalling Technology, UK 

Rabbit monoclonal 
anti-human phospho-
p44/42 MAPK  
(pERK1Thr202/Tyr20) 
(pERK2Thr185/Tyr187) 

D13.14.4E 

Code 4370P 

1: 1000 Cell Signalling Technology, UK 

Rabbit monoclonal 
anti-human p44/42 
MAPK (ERK or total ERK 
1/2) 

137F5 

Code 4695S 

1: 1000 (WB) 

1: 200 (IP) 

1: 400 (IF) 

Cell Signalling Technology, UK 

Rabbit monoclonal 
anti-human GIT2 

D11B8, 

Code 8072S 

1: 1000 Cell Signalling Technology, UK 

Rabbit polyclonal anti-
human α-Tubulin 

Code 2144S 1: 1000 Cell Signalling Technology, UK 
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Mouse monoclonal 
anti-human RhoJ 

1E4 

Code H00057381 

1: 1000 

(0.5 µg/ml) 

Abnova 

Mouse monoclonal 
anti-human MEK1 

25/MEK1 

 (RUO) 

1:1000 (WB) 
(0.25 µg/ml) 

1µg/ml (IP) 

BD Transduction Laboratories 

Mouse monoclonal 
anti-human vinculin 

hVIN-1 1:400 (IF) Sigma 

control IgG 1 μg/ml Sigma-Aldrich/Merck 

 Table 2.2.2 Secondary an�bodies 

Antibody Working 
concentration 
/dilution 

Manufacturer/Supplier 

Goat anti-mouse IgG HRP linked 1: 1000 Caymen Chemical 

Goat anti-rabbit IgG HRP linked 1: 1000 Cell Signalling Technology, UK 

Donkey polyclonal anti-  
rabbit conjugated to Alexa 
Fluor488 

4 μg/ml (IF) Invitrogen 
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2.3 si-RNA duplexes  

These consist of 2 RNA strands that have 19 complimentary base-pairs. Each strand has 

twoThymidine (dTdT) nucleo des overhangs at the 3’ end . RhoJ and nega ve control si-RNAs were 

supplied by Eurogentec. The nega ve control is a si-RNA duplex that is not complimentary to any 

mRNA sequence.  

  Table 2.3 si-RNA duplexes  

si-RNA duplex  Gene of interest  Sequence 

RhoJ si-RNA 1 Human RhoJ (bases155- 174) 5`-ccacuguguuugaccacuau-3` 

RhoJ si-RNA 2 Human RhoJ (bases 455-474) 5`-agaaaccucucacuuacgag-3` 

Negative control (si-Control) Non-specific to any known 

human gene sequences  

Undisclosed by Eurogentec 

2.4 Plasmids 

The plasmids listed in Table 2.4 used in this study had either been previously constructed in the 

laboratory or provided by other scien sts. 

 Table 2.4 Plasmids 

Plasmid Source

pWPXL-GFP-daRhoJ Dr.Katarzyna Lesczczynska (Leszczynska 

Katarzyna, 2011) 
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pWPXL-GFP Addgene deposited by Prof. Didier Trono 

Swiss Institute of Technology (EPSL)  
psPAX2  

pMD2G 
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2.5 Standard ssue culture techniques 

There were two sources of HUVECs: these were either isolated from umbilical cords obtained from 

University of Birmingham Human Biomaterials Resource Centre (project 16-266E1) and used in 

lenƟvirus transducƟon (see secƟon 2.8.1) or procured commercially from Promocell. Commercially 

sourced HUVECs (Promocell) were from pooled donors. HUVECs were approximately used between 

passage 2 and 6 and experiments repeated with HUVECs at similar passage numbers.  

HUVECs isolated in our laboratory were cultured in complete M199 (cM199): Medium 199 (Sigma) 

supplemented with 10% (v/v) foetal calf serum (FCS) (Gibco), 2 mM L-glutamine (Thermo Fisher 

ScienƟfic), 90 µg/ml heparin (Sigma) and 10.1% (v/v) bovine brain extract (BBE) purified as 

previously described (Maciag et al., 1979). For commercially sourced HUVECs, cM199 was prepared 

by supplemenƟng basal M199 with 10% (v/v) FCS and 1% (v/v) L-glutamine, as above and Endothelial 

Cell Growth Medium 2 Supplement Mix (Promocell) according to the manufacturer’s instrucƟons. 

AnƟbioƟcs consisƟng of I00 I.U of penicillin and 100 µg Streptomycin/ml (Invitrogen) were added 

when needed. Under complete asepƟc condiƟons, cM199 was sterilized using 0.22 µm pore size 

filters, kept at 4 0C and pre-warmed in water bath at 37 0C just prior use in cell culture. Plates for 

HUVECs culture were pre-coated with 0.1% gelaƟn (w/v) (Sigma- Aldrich) in phosphate-buffered 

saline (PBS) (Sigma). 2 ml or 4 ml were added to 6 or 10 cm dishes, respecƟvely, and incubated for 

20 mins at room temperature (RT), then aspirated.  

SV40 large T-anƟgen-transformed HEK293T cells (Lebkowski et al., 1985) were grown in complete 

growth media using Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma) with added 10% (v/v) FCS 

and 2 mM L-glutamine (cDMEM). Cells were incubated at 37 0C in a humidified incubator (Sanyo) 
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with 5% carbon dioxide (CO2). A Leica DM IL inverted phase contrast microscope (Leica 

Microsystems, Houston, USA) was used to regularly check cell culture condi ons. 

2.5.1 Cell Passage  

HUVECs were passaged approximately every 5 days (1:3 split) with cell feeding 2-3 days a er 

passaging; HEK293T cells were passaged approximately every 2-3 days (1:10 split). Cells from a 10 

cm dish were harvested as follows: first, adherent cells were washed with sterile PBS to remove all 

FCS-containing medium. Next, 3 ml (0.1% (v/v) of trypsin-EDTA (Ethylenediamine tetra ace c acid) 

diluted in PBS (Thermo Fisher Scien fic), was added to detach the cell monolayer. Cells were 

incubated with trypsin for few mins at RT and then promptly neutralised with cM199 or cDMEM to 

deac vate trypsin. Cells were then collected and centrifuged for 5 mins at 195 g (Biofuge Primo 

Heraeus centrifuge, Thermo Electron Corpora on) at RT. The cell pellet was then resuspended in the 

appropriate media and either passaged further or used in experiments. 

2.5.2 Cell Coun ng  

Cells were counted using a haemocytometer slide (Neubauer, Paul Marienfeld GmbH & CO), adding 

a 10 µl of cell suspension under the cover slip. The number of cells in haemocytometer grids were 

counted, averaged and the number of cells needed for seeding was then calculated.   

2.5.3 Cryopreserva on and thawing cells 

Cells were harvested and passaged as men oned in sec on 2.5.1. The cell pellet was resuspended 

in a freezing solu on consis ng of volumes of dimethyl sulfoxide (DMSO) (Sigma) and FCS (Thermo 

Fisher Scien fic) mixed at a ra o of 1: 9. Aliquots of the cell suspension were placed in cryovials, 
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frozen gradually using a Mr Frosty freezing container (NalgeneTM, Thermo Fisher   Scien�fic) and 

placed at -80 0C for short term storage, while for longer term storage, cells were placed in liquid 

nitrogen storage facili�es. Whenever needed, cells were thawed by briefly placing the cryovial in a 

warm water bath (37 0C) then washed with 10 ml growth media prior to pla�ng.  

2.6 Protein analysis 

2.6.1 Prepara�on of whole cell lysate (WCL) 

Prior to protein extrac�on, cells were washed once with PBS and then detached in a small volume 

of PBS using a cell scraper then transferred to a 1.5 ml tube. The cell suspension was then spun at 

2,500 g at RT for 2 mins to pellet the cells (Heraeus™ Pico™ 17 Microcentrifuge, Thermo Eectron LED 

Gmbh LR56495 D-37520, Osterode Germany). The supernatant was discarded, and the pellet was 

then resuspended in ice cold NP40 lysis or RIPA buffer containing protease and phosphatase 

inhibitors (Table 2.1). Samples were centrifuged at 16,602 g at 4 0C for 15 mins (Refrigerated 

Microfuge Sigma 1-14k, Sigma Laborzentrifugen GmbH, Germany). The supernatant (cell lysate) was 

then collected and if necessary, a small volume (5-10 μl) was used for protein quan�fica�on. The 

lysate was used either in immunoprecipita�on (IP) assays or for analysis by western blo�ng. In the 

later case, lysate was mixed with an equal volume of 2X Laemmli sample buffer (containing 5% (v/v) 

2-mercaptoethanol, Sigma) (Table 2.1). All samples were stored at -20 0C un�l further processing.

2.6.2 Bicinchoninic acid assay (BCA assay) for protein quan�fica�on 

The protein concentra�on in samples was measured using a BCA assay (ThermoFisher scien�fic) 

according to the manufacturer’s protocol for measuring protein in a 96 well plate. A standard curve 

was prepared using bovine serum albumin (BSA) (VWR chemicals) diluted in NP40 lysis buffer (Table 
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 2.1) at the following concentraƟons: 0, 0.25, 0.5, 1 and 2 mg/ml. NP40 lysis buffer served as blank 

(0 mg/ml) concentraƟon. Lysates of unknown protein concentraƟons were either diluted 1: 2 or 1: 5 

in NP40 lysis buffer (Table 2.1). In a 96 well plate, 10 μl of blank, BCA standards and samples of lysate 

were added in duplicate. BCA reagents were mixed and 200 μl were then added to the proteins in 

each well. The samples were incubated at 37 0C for half an hour to allow the purple coloraƟon to 

develop. Absorbance intensity (which correlates with protein concentraƟon) was measured using a 

Versamax microplate reader spectrophotometer (Molecular Devices, LLC, Silicon Valley, CA, United 

States) at a wavelength of 562 nm. Absorbance readings were then exported to MicrosoŌ Excel 

soŌware to enable generaƟon of a standard curve and subsequent calculaƟon the unknown protein 

concentraƟons.  

2.6.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

2.6.3.1 SDS-PAGE gel prepara on: 

For SDS gel preparaƟon, the resolving gel mix was first prepared, using the recipe listed in Table 2.5. 

The reagents were well-mixed in a tube then 6ml was added promptly to the gel casseƩe (Thermo 

ScienƟfic). The resolving gel was then overlayed with a small amount of ethanol (VWR chemicals) to 

exclude air. The gel was allowed to polymerise at RT for about 20 mins. The ethanol was then 

discarded, and the top of the resolving gel was rinsed with deionized water (dH2O). Then the stacking 

gel mix was prepared as indicated in Table 2.5, then and approximately 2 ml was added on top of 

the resolving gel. 10 or 12 well-combs were quickly inserted to form the gel’s lanes. The stacking gel 

was leŌ to polymerise for another 15 mins at RT. Gels were either used immediately or stored in 

humidified environment at 4 0C for 24 hours.  
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 Table 2.5 SDS-PAGE running gel ingredients and their suppliers 

Ingredients 6% 
resolving 
gel 

10% 
resolving 
gel 

12% 
resolving 
 gel 

Stacking 
 gel 

dH2O 5.2 ml 4 ml 3.2 ml 2.1 ml 

Protogel (30%) (National 

Diagnostics) 

2 ml 3.3 ml 4 ml 500 μl 

4X Resolving buffer (Table 2.1) 2.6 ml 2.6 ml 2.6 ml      _ 

4X Stacking buffer (Table 2.1)      _      _      _ 380 μl 

10% (w/v) ammonium persulphate 

(Sigma) 

100 μl 100 μl 100 μl 30 μl 

Tetramethylethylenediamine 

(TEMED) (Sigma) 

10 μl 10 μl 10 μl  3 μl 

2.6.3.2 SDS-PAGE 

Prior to gel loading, samples in Laemmli sample buffer were heated at 95 0C for 5 mins and briefly 

centrifuged. The gel cassete was then inserted into the X cell II™ Mini cell and X cell sure lock™ 

system (Invitrogen) and 1X running buffer (Table 2.1) was added. Equal amounts of protein were 

loaded in each lane (2-10 μg) in volumes ranging from 10-30 µl. 4 µl protein ladder (Page Ruler Plus 

Prestained Protein Ladder, Thermoscien�fic) was used with each gel. Electrophoresis was carried 

out at 100 V un�l the samples entered the resolving gel and then at 130 V.  
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2.6.4 Western blo�ng 

2.6.4.1 Protein Transfer 

Following gel electrophoresis, proteins were transferred to polyvinylidine difluoride (PVDF) 

membrane (ImmobilonTP, Millipore) using an X Cell II Blot Module (Invitrogen). Before carrying out 

protein transfer, the PVDF blo�ng membrane was incubated in 100% methanol for 30 seconds. The 

membrane was then washed with dH2O and immersed in transfer buffer (Table 2.1) together with, 

filter papers (Whatman) and transfer sponges. Gels were equilibrated in transfer buffer for 10-15 

mins before se�ng up the transfer procedure. This wet protein transfer was carried out at 30 V (4 

0C) for 2 hours. Protein transfer was checked by Ponceau S (Sigma) stain prior to immunoblo�ng.  

2.6.4.2 Immunoblo�ng, protein detec�on and analysis 

 A�er confirming successful transfer using Ponceau S staining as described above, the membrane 

was incubated in a blocking solu�on (5% (w/v)) non-fat milk powder (Marvel) or BSA in TBST (Table 

2.1) for 1 hour at RT with rocking. For immunoblo�ng, the primary an�body was first diluted in a 

solu�on consis�ng of 3% (w/v) BSA and 0.01% (w/v) sodium azide in TBST at concentra�ons listed 

in Table 2.1. Blots were incubated in primary an�body at 4 0C at concentra�ons/dilu�ons listed in 

Table 2.2.1 overnight. The membrane was then washed with TBST (6 washes, 5 mins each) and 

incubated with horseradish peroxidase (HRP) conjugated secondary an�body (Table 2.2.2) diluted in 

5% (w/v) non-fat milk powder in TBST for 1 hour at RT. The membrane was washed again as above 

and covered evenly with freshly prepared Enhanced chemiluminescence (ECL) solu�on (GE 

Healthcare life sciences) for 1 min. The ECL solu�on was prepared by mixing equal volumes of 

reagents prior adding it to the membrane. The excess solu�on was then discarded, and the 

membrane was gently placed between 2 transparent sheets. Further chemiluminescence detec�on 
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and imaging were carried out in the dark room a�er exposing the blot to Hyperfilm ECL (GE 

Healthcare life sciences). Where indicated, imaging and protein band quan�fica�on were carried out 

using an Odyssey® Fc Imaging System (LI-COR Biosciences-U.S.) and image Studio Lite so�ware 5.2. 

2.6.4.3 Membranes stripping and re-probing 

When indicated, membranes were stripped and re-probed with an alterna�ve an�body. The 

membrane was heated at 60 0C in 50 ml stripping buffer (Table 2.1) for half an hour with rocking. 

350 µl 2-mercaptoethanol was added to the buffer immediately before stripping. A�erwards, the 

membrane was washed and blocked as normal and then probed with the desired an�bodies. 

2.7 Transfec�on 

2.7.1 RNAiMAX transfec�on 

To knockdown RhoJ expression in HUVECs, a Lipofectanmine (Lipofectamine RNAiMAX; Invitrogen) 

based transfec�on technique was used to deliver RhoJ specific or nega�ve control si-RNA duplexes. 

The required volumes for each cell density per dish size are defined below in Table 2.6. The protocol 

for transfec�ng cells in 6 cm dishes is described in detail here, for this dish size 360,000 HUVECs were 

seeded into gela�n pre-coated dishes one day before transfec�on. Cells were transfected with a 

Lipofectamine RNAiMAX at a final concentra�on of 0.3% (v/v) and duplexes at a concentra�on of 20 

nM. This was performed as follows: ini�ally for each 6 cm plate, two mixes were set up. The first 

contained 1.44 µl si-RNA duplexes (at a stock concentra�on of 20 µM) in 243.5 µl Op�MEM (Thermo 

Fisher Scien�fic) and the second contained 4.3 µl Lipofectamine RNAiMAX in 38.7 µl Op�MEM. Both 

mixtures were flicked and incubated at RT for 10 mins, a�er which point the two mixes were 

combined, mixed by flicking and incubated for a further 10 mins at RT. Meanwhile, cells were washed 
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once with 5 ml PBS and then 1152 µl Op�MEM was added to each 6 cm plate. Once the incuba�on 

was complete, the transfec�on mixture was added dropwise to the dish and gently mixed by �l�ng 

in north-south-east-west direc�ons. The plates were incubated at 37 0C in 5% CO2 incubator for 4 

hours a�er which point the transfec�on mix was replaced cM199. HUVECs were used in assays 48 

hours a�er si-RNA transfec�on.  

  Table 2.6. Op�MEM and lipofectamine volumes needed for transfec�ng different HUVECs 

densi�es  

Dish size Cell density Duplex - OptiMEM 
Mixture Volumes 

Lipofectamine 
volume 

Optimem 
volume/ dish 

6 well 2X105 170 μl (1 μl +169 μl 

OptiMEM) 

3 μl + 27 μl OptiMEM 800 μl 

6 cm 3.6X106 245 μl (1.44 μl +243.5 μl 

OptiMEM) 

4.3 μl + 38.7 μl 

OptiMEM 

1152 μl 

10 cm 1X106 680 μl (4 μl +6.76 μl 

OptiMEM) 

12 μl+108 μl 

OptiMEM 

3200 μl 

2.7.2 Polyethylenimine (PEI) transfec�on for produc�on of len�virus 

To introduce plasmids DNA into HEK293T cells for len�virus produc�on, PEI transfec�ons were 

carried out. 106 HEK293T were seeded into 6 cm dishes 24 hours before transfec�on using cDMEM 

without an�bio�cs. The next day, cells were transfected with 3 μg len�virus plasmid DNA as follows; 

1.09 µg packaging plasmid (PsPAX2), 0.44 µg envelop plasmid (PMD2G) and 1.46 µg transfer plasmid 
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(pWPXL GFP/ pWPXL GFP-daRhoJ) were added to a 1.5 ml microcentrifuge tube containing 300 µl 

Op�MEM (Thermo Fisher, scien�fic). 12 μl PEI (made up to 1 mg/ml) (Sigma) was then added and 

the tubes were gently vortexed. The mixture was incubated at RT for 10 mins to allow the PEI-

plasmid complexes forma�on. Prior to adding the transfec�on mix, the media was replaced with 

fresh cDMEM without an�bio�cs. The transfec�on mix was then added drop by drop to HEK293T 

cells then the dishes were �lted in north, south, east, and west direc�ons to disperse the mix evenly 

throughout the plate. The cells were placed in a humidified 5% Co2 incubator at 37 0C for 2 days 

during which �me len�viral par�cles were produced.  

2.8 Gene transduc�on 

2.8.1 Viral transduc�on 

2.8.1.1 HUVECs transduc�on with len�virus 

To transduce HUVECs with len�virus par�cles generated by HEK293T cells a�er PEI transfec�on (see 

sec�on 2.7.2 above) the following steps were used. The day prior to transduc�on, 350,000 HUVECs 

were plated in sterile gela�n pre-coated 6cm dishes. The next day, the condi�oned media from the 

transfected HEK293T cells from each 6 cm dish containing virus par�cles was collected and filtered 

using 0.45 µm2 pore sized filters. This filtered media was added to a mixture of 400 µl cM199 

medium, 75 µl endothelial supplement mix 2 (Promocell) and 24 µl polybrene (1 mg/ml) (Sigma). 

The HUVECs growth media was then replaced by the virus and supplement mixture solu�on and 

incubated in CO2 incubator at 37 0C. A�er 24 hours, the virus containing media was discarded, 

HUVECs were then passaged and expanded into 10 cm dishes as in sec�on 2.5.1. Three days later, 

HUVECs were harvested and checked for successful transduc�on of GFP (green fluorescent protein)-

tagged genes by flow cytometry using CyAn™ADP Analyzer (Beckman Coulter, Fullerton, CA) and 
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Summit 4.3 acquisiƟons soŌware. Further cytometric data analysis was carried out by Flowing 2.5.1 

soŌware. Finally, the remaining cells were either plated for further experiments or were 

cryopreserved as per secƟon 2.5.3. 

2.9 HUVECs treatment with VEGFA/FGF2 or cM199 media 

To invesƟgate ERK1/2 acƟvaƟon dynamics in unmanipulated HUVECs treated with VEGFA /FGF2 or 

with cM199, 300,000 cells were seeded under normal culture condiƟons. AŌer 24 hours, cells were 

starved for one hour using serum-free media with M199, then either harvested directly form culture 

(0 mins) or sƟmulated with 50 ng/ml of VEGFA (Pepro Tech EC Ltd) or 50 ng/ml FGF2 (Life 

Technologies Ltd) or with cM199 (control sƟmulant) over a range of Ɵme periods. The pro-angiogenic 

agonist’s stock concentraƟons (100 µg/ml) were diluted in basal M199 media. 90 µg/ml heparin (LKT 

laboratories) was added to the diluted FGF2 soluƟon, to enhance agonist receptor binding. Where 

this procedure was combined with si-RNA-mediated knockdown of RhoJ, 250,000 cells were seeded 

under normal culture condiƟons. The next day, cells were either RhoJ or negaƟve control-si-RNAs 

transfected using the method described in secƟon 2.7.1 and aŌer 48 hours cells were starved and 

sƟmulated as describe above. For each sƟmulaƟon condiƟon, cell lysates were prepared as described 

above (in secƟon 2.6.1) using RIPA lysis buffer.  

2.10 Treatment of HUVECs with PAK inhibitors 

 To block PAK’s acƟvity, cells were treated with either vehicle control [0.1 % (v/v) DMSO (Sigma)] or 

with 2, 4 or 10 µM of PF-3758309 (Biotechne/Tocris) or with 20 µM of IPA-3 (Biotechne/Tocris) small 

molecule PAK Inhibitors. All inhibitors were prepared by diluƟng a stock concentraƟon of 20 mM in 
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cM199. The treated cells were incubated at 37 0C in 5% CO2 incubator for 24 hours before preparing 

cell extracts with RIPA lysis buffer as per secƟon 2.6.1. 

2.11 Co-immunoprecipita on (co-IP) 

 To determine the biochemical interacƟon between MEK1 or ERK with GIT1/2, co-IP experiments 

were carried out using protein A Sepharose beads (Sigma), protein A was selected because of the 

species and isotypes of the IP anƟbodies. Prior to co-IP, beads were briefly vortexed, 12-15 µl of the 

bead slurry 50 % (v/v) were added to microcentrifuge tubes, washed 3 Ɵmes in NP40 lysis buffer and 

kept on ice. Between each wash, the beads were pelleted by centrifugaƟon at 2,500 g at RT for 30 

seconds. Meanwhile, cell lysates were freshly prepared with RIPA lysis buffer (see secƟon 2.6.1), 20 

µl of the WCL was then added to equal volume of 2X sample buffer as a loading control. The 

remaining lysate was added to the washed beads together with 1 g of control IgG or anƟ-MEK1 or 

anƟ-ERK anƟbodies. The samples were allowed to rotate for 1-2 hours at 4 0C. AŌerwards, beads 

were washed again 3 Ɵmes with NP40 lysis buffer [supplemented with protease and phosphatase 

inhibitors (Table 2.1)]. To ensure that all excess wash buffer was removed aŌer all the washing steps, 

the beads were re-centrifuged aŌer removal of the third wash, and the small volume of remaining 

wash buffer was then aspirated with a thin gel loading Ɵp. The beads were then denatured in 20-30 

µl 2X sample buffer. The IP and WCL samples were either processed immediately for gel 

electrophoresis and western bloƫng or stored at -20 0C unƟl further processing. 
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2.12 Prepara�on of cellular cytoskeletal frac�on (CSF) 

 To isolate CSFs from HUVECs or HEK293T cells in order to interrogate interac�ons between ERK and 

the GIT-PIX complex, the following steps were performed. First, plated cells (either unmanipulated 

or treated with si-RNA transfec�on) were PBS-washed, collected, pelleted, and homogenised in 1ml 

TEEND buffer (Table 2.1) supplemented with protease and phosphatase inhibitors. The homogenate 

was then centrifuged (6000 g) (Refrigerated Microfuge Sigma 1-14k, Sigma Laborzentrifugen GmbH, 

Germany) for 10 mins at 4 0C, the supernatant was aspirated, homogenised and re-centrifuged at 

the same speed and dura�on. The supernatant was then transferred to an ultracentrifuge tube 

(Beckman Coulter Tube, Thick wall, Polyallomer, 1.0 mL, 11 x 34 mm, Thermo Fisher, scien�fic) and 

ultracentrifuged (100,000 g) for 1 hour at 4 0C (Beckman Op�ma MAX 130K Ultracentrifuge). A�er 

centrifuga�on, the supernatant (CSF) was removed, and the pellet was resuspended into 20 µl 

NaCl/sucrose buffer (Table 2.1) supplemented with protease and phosphatase inhibitors. Samples 

were incubated for 60 mins at 4 0C and then spun (2700 g) for 20 mins at 4 0C. The supernatant 

(membranes frac�on) was discarded and the pellet containing the cytoskeletal proteins were 

resuspended into 30 µl RIPA buffer supplemented with protease and phosphatase inhibitors (Table 

2.1). 10 µl of the frac�on was resuspended into an equal volume of 2X sample buffer to serve as 

input sample and for the IP the remaining volume was used for co-precipita�on. 

2.13 Immunofluorescence (IF) 

To inves�gate ERK localisa�on in FAs, HUVECs were plated on 13 mm coverslips (VWR Canlab, 

Canada), fixed, stained, and finally visualised with epifluorescence microscopy. Prior to usage, 

coverslips were incubated in 1 M HCl for 10 mins, washed 5 �mes in water and stored in 70% (v/v) 

ethanol. Before pla�ng HUVECs and under complete asep�c condi�ons, the coverslips were placed 
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on 6 well plates, washed 6 �mes with PBS and gela�n coated as in sec�on 2.5. For beter visualisa�on 

of FAs, cells were plated at low density (50,000 cells/ well) and incubated at 37 0C for 24 hours. Cells 

were then washed 3 �mes in PBS and fixed in 4% (w/v) paraformaldehyde (Thermofisher) in PBS for 

10 mins. Cells were washed again 3 �mes with PBS and then neutralised with 50mM ammonium 

chloride (NH4Cl) in PBS for another 10 mins to remove the fixa�ve’s free aldehyde groups which 

might interfered with the staining. All subsequent steps were performed on parafilm (Heathrow 

Scien�fic) at RT. For permeabiliza�on, coverslips were removed from the well, placed (cells facing 

downwards) on a 100 µl droplet of 0.1% (v/v) Triton X100 (Table 2.1) in PBS for 4 mins. Next, 

coverslips were rinsed 3 �mes in PBS and incubated with IF blocking buffer (Table 2.1) for 1 hour. 

Coverslips were then carefully removed, rinsed in PBS, and incubated with primary an�body (Table 

2.2.1) diluted in IF blocking buffer for 1 hour. A�erwards, Coverslips were gently removed, rinsed 

again in PBS 3 �mes, and incubated with Alexa fluor- conjugated secondary an�bodies (Table 2.2.2) 

diluted in IF blocking buffer for an hour. Coverslips were washed as per primary an�body incuba�on. 

For nuclear staining, coverslips were incubated with 2 µg/ml of 4ʹ,6-diamidino-2-phenylindole (DAPI) 

(Invitrogen) for 10 mins. They were then rinsed 3 �mes in PBS followed by 2 more rinses in d H20 to 

remove the excess salt before moun�ng. For moun�ng, the excess liquid was briefly and gently 

drained from the coverslips on a piece of �ssue. Coverslips with cells facing down were then slowly 

mounted on a clean glass slide containing a small drop of Hydromount medium (Na�onal 

diagnos�cs). The mounted coverslips were le� to dry for 15-30 mins RT and then the edges of the 

coverslips were sealed with clear nail varnish, wrapped in a piece of foil and stored at -20 0C. Imaging 

was performed with Zeiss AxioObserver.Z1 widefield with Apotome epifluorescence microscopy. 
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CHAPTER 3 

Role of RhoJ in the regulation of MAP kinase activation 
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3.1 Introduc on 

The involvement of RhoJ in MAP kinase regulaƟon in ECs was previously reported in a number of 

studies. For example, Yuan et al. (2011) showed that the absence of ERG or RhoJ Inhibited B-RAF 

acƟvaƟon (Koh et al., 2008; Yuan et al., 2011) and Fukushima et al. (2020) also showed that RhoJ 

acƟvaƟon was essenƟal for sustaining VEGFR2-ERK1 signalling which enhanced endothelial 

migraƟon (Fukushima et al., 2020). 

 In addiƟon, our laboratory had previously generated kinase array data which suggested that acƟve 

RhoJ may cause increased downstream signalling by affecƟng the phosphorylaƟon of several 

kinases. Wilson (2014) found that overexpression of daRhoJ in HUVECs caused a significant increase 

in the phosphorylaƟon of JNK MAP kinase and EGFR (Wilson, 2014, pp. 187), the laƩer being a key 

receptor in RAS-ERK MAP kinase signal acƟvaƟon (Klapper et al., 2000). The purpose of this work 

was to follow up these findings and invesƟgate how MAP kinase signalling cascades were regulated 

in HUVECs both expressing daRhoJ and with si-RNA-mediated reduced expression of RhoJ in 

response to various agonists. 

3.1.1 Len viral-mediated RhoJ hyperac va on  

To assess the effect of expressing an acƟve mutant of RhoJ, HUVECs were transduced with lenƟvirus 

to express either GFP only or GFP fused with consƟtuƟvely acƟve RhoJ (Q79L; GFP-daRhoJ). To 

establish the level of transducƟon, flow cytometry was used to determine the proporƟon of ECs 

expressing either GFP or GFP-daRhoJ. TransducƟon efficiencies were over 99 and 97 % for GFP and 

GFP-daRhoJ, respecƟvely, and representaƟve examples are shown in Figure 3.1A. In addiƟon, 

expression of the transduced proteins was confirmed by western blot (Figure 3.1B). As in previous 
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work, an upward shi� of GIT2 was detected in cells transduced with GFP-daRhoJ compared with 

those transduced with GFP (Figure 3.1B). This electrophore�c shi� may be due to phosphoryla�on 

of GIT2 mediated by kinases ac�vated by daRhoJ, the increased molecular weight of GIT2 retarding 

its electrophore�c mobility.  

3.1.2 DaRhoJ did not alter levels of phospho-JNK 

One of the kinases previously iden�fied in the kinase array to be ac�vated in HUVECs expressing 

daRhoJ was JNK. To inves�gate this further, the gene�cally manipulated HUVECs expressing GFP or 

GFP-daRhoJ were harvested directly from culture at confluency. Lysates were prepared and 

subjected to western blo�ng for phospho-JNK and as a loading control, blots were stripped and re-

probed to assay for total JNK levels. The blots showed that levels of phospho-JNK in HUVECs both 

expressing GFP and GFP-daRhoJ samples were low as shown Figure 3.2. These data indicated that in 

both samples there were low levels of phospho-JNK and that there was litle change in the cells 

transduced with GFP-daRhoJ. This was not pursued further, but it was decided instead to look at 

another MAP kinase, ERK. 
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Figure 3.1. HUVECs were successfully transduced with GFP/GFP-daRhoJ and expression of 
daRhoJ resulted in an electrophore c mobility shi  in GIT2. 
HUVECs were len virally transduced to express either GFP (transduc on control) or GFP-daRhoJ. 
(A) Cells were harvested 5 days a er the transduc on and analysed by flow cytometry. Live cells
were gated using forward and side sca er and histograms displayed showing FL1. Ga ng was
undertaken using un-transduced cells as a control and the percentages of GFP posi ve cells are
indicated on the figure. (B) Lysates were prepared, subjected to SDS-PAGE, and immunoblo ed
with GFP and GIT2 specific an bodies. This is a representa ve of three experiments.
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Figure 3.2. Expression of daRhoJ minimally affected JNK MAP kinase phosphoryla�on in 
HUVECs. 
HUVECs were transduced with len�virus to express either GFP or GFP-daRhoJ. When the cells 
were confluent, cell lysates were prepared and western bloted for phospho-JNK (pJNK), stripped 
and re-probed for total proteins (JNK). This is a representa�ve of two experiments. 
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3.1.3 Effect of expression of daRhoJ on ERK acƟvaƟon 

Based on this result, a similar experiment was performed bloƫng for phospho- and total ERK in 

HUVECs expressing GFP or GFP-daRhoJ, however chemiluminescence was captured using a LICOR 

Odyssey and this enabled more accurate quanƟtaƟon of the signal. The phospho-ERK readings were 

calculated as a raƟo relaƟve to total ERK. Although these data showed a modest 1.4-fold increase in 

phospho-ERK levels in HUVECs expressing GFP-daRhoJ compared to those expressing GFP alone, this 

difference was staƟsƟcally insignificant (p=0.1) (Figure 3.3).  

In order to explore ERK phosphorylaƟon kineƟcs in HUVECs expressing acƟve RhoJ, a Ɵme course 

experiment was performed in HUVECs transduced with either GFP or GFP-daRhoJ. Cells were starved 

for one hour using serum-free media with M199 then either harvested directly from culture (0 mins) 

or sƟmulated for 15 mins, 60 mins and 90 mins with cM199 medium. The later Ɵme points were 

parƟcularly of interest to determine if expression of daRhoJ might result in sustained acƟvaƟon. 

Protein extracts were collected from both groups and immunobloƩed to detect phospho-ERK, 

stripped and then re-probed to determine total ERK levels at each Ɵme point and the 

chemiluminescent signal quanƟfied using the LICOR as described above. First the raƟo of phospho-

ERK to total ERK was calculated, and then at each Ɵme point was normalised to the value of the GFP-

expressing HUVECs at 0 mins. This allowed fold acƟvaƟon to be assessed and to evaluate whether 

there were any changes in the basal level of phospho-ERK in the HUVECs expressing acƟve RhoJ. ERK 

phosphorylaƟon peaked at 15 mins aŌer sƟmulaƟon in both GFP and GFP-daRhoJ expressing 

HUVECs and declined thereaŌer (Figure 3.4).  
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There were some problems encountered with these experiments, the first was an observaƟon that 

in samples with high signals for the phospho-ERK, there were low signals for the total ERK. Since it 

was expected that total ERK should not change it was considered that there may have been 

incomplete stripping which affected the bloƫng for total ERK, and in turn affected the quanƟtaƟon 

(Figure 3.4A). The other problem was one of inconsistency, in some experiments there was an 

enhanced signal for phospho-ERK whereas this was not observed to the same extent in other 

repeats. These technical issues impacted the reproducibility of the results, and combined data 

analysis from 3 replicates showed that acƟve ERK levels were slightly increased in GFP-daRhoJ 

compared to GFP samples assayed simultaneously. However, the increase observed at each Ɵme 

point was staƟsƟcally insignificant (p>0.05) (Figure 3.4B). Overall these data are inconclusive, 

though there is some suggesƟon that daRhoJ may enhance ERK phosphorlaƟon 15 mins aŌer 

sƟmulaƟon. 

63



Figure 3.3. Expression of daRhoJ had a minor impact on ERK phosphoryla on in HUVECs 
under normal culture condi ons. 
HUVECs were transduced with lenƟvirus to express GFP or GFP-daRhoJ and were cultured unƟl 
confluency. Lysates were prepared subjected to SDS-PAGE and western bloƩed for phospho-ERK 
(pERK) and total ERK (ERK) levels were measured and quanƟfied using the LICOR. To combine 
data, the raƟo of phosphorylated-ERK1/2: total ERK1/2 was first calculated, data from different 
experiments (N=3) were normalised with basal GFP values set to 1, and then ploƩed with error 
bars, represenƟng the standard error of the mean (SEM). By paired t-test there is no staƟsƟcally 
significant difference (NS) between the two samples (p=0.1). 
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Figure 3.4. Expression of daRhoJ modulated ERK phosphoryla on in HUVECs in some 

experiments. 
(A)HUVECs were transduced with lenƟvirus to express either GFP or GFP-daRhoJ. Cells were starved

using serum-free media with M199 for 1 hour then either harvested directly from culture (0 mins)

or treated with cM199 for 15, 60, 90 mins before harvesƟng for preparaƟon of cells lysates. Samples

were probed for phospho-ERK and then blots were stripped and re-probed with total ERK

anƟbodies. Phospho- and total ERK1 and 2 levels were measured and quanƟfied using the LICOR.

(B)for each experiment, the raƟo of phosphorylated-ERK: total ERK was first calculated, and the

esƟmated values were normalised with the GFP Ɵme 0 value set to 1. Data from 3 replicates (N=3)
were then combined and ploƩed with error bars represent SEM. There are no staƟsƟcally significant

differences with controls assayed at the same Ɵme point by paired t-test (p>0.05).
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3.1.4 RhoJ silencing resulted in reduced ERK ac va on 

In order to determine how RhoJ knockdown affects ERK phosphorylaƟon, the efficacy of 2 different 

RhoJ si-RNA duplexes was first tested to determine which to use in further experiments. For that 

purpose, HUVECs were either mock transfected or transfected with 20 nM of 2 different RhoJ-

specific si-RNA duplexes (1 and 2) or a si-Control duplex (negaƟve control) using lipofectamine. AŌer 

48 hours, cells lysates were collected and probed with RhoJ specific anƟbody and with α-Tubulin as 

a loading control. The blot in Figure 3.5A shows that duplex 1 was more efficient in reducing the 

RhoJ level than duplex 2; accordingly, duplex 1 was used in the subsequent Ɵme course experiments. 

In order to detect how ERK phosphorylaƟon is modulated in cells with reduced levels of RhoJ, 

HUVECs were transfected with 20 nM of either RhoJ-specific (duplex 1) or negaƟve control (si-

Control) si-RNA duplexes using lipofectamine. AŌer 48 hours, cells were processed for a Ɵme course 

experiment as described above in secƟon 3.1.3. Lysates were prepared and subjected to western 

blot to assess levels of phospho- and total ERK.  In contrast to the Ɵme course experiments described 

pabove, there was no stripping of blots and lysates were directly and separately bloƩed for phospho- 

and total ERK. Successful knockdown was confirmed by western bloƫng for RhoJ. For the Ɵme 

course, a representaƟve blot is shown in Figure 3.5B.  The bands were quanƟfied and the graph in 

Figure 3.5C indicates the combined data from three independent experiments. At all-Ɵme points 

there was a staƟsƟcally significant reducƟon in ERK phosphorylaƟon in RhoJ si-RNA treated cells 

compared to those transfected with si-Control si-RNA. In parƟcular, there was a marked decline of 

~60% in ERK acƟvaƟon levels in RhoJ-silenced cells incubated with cM199 media for 15 mins 

compared to control si-RNA samples assayed at same Ɵme point. These data indicate that silencing 
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of RhoJ reduced ERK ac�va�on in response to cM199 growth media, and hence RhoJ plays role in 

modifying ERK phosphoryla�on; this was further inves�gated. 
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Figure 3.5. RhoJ si-RNA-mediated knockdown reduced ERK phosphorylaƟon in HUVECs.  
(A) HUVECs were either mock-transfected or transfected with 2 different RhoJ-specific si-RNA
duplexes (1and 2) or a si-Control duplex (negaƟve control). 48 hours later cells were lysed and
probed with RhoJ specific anƟbody and α-Tubulin that was used as a loading control. (B)
HUVECs were transfected with either RhoJ si-RNA (duplex 1) or negaƟve control (si-Control)
duplexes (20nM). AŌer 48 hours cells were incubated in serum-free with M199 media for 1 hour
then either assayed immediately (0 mins) or sƟmulated with cM199 media for 15, 60 and 90
mins. Samples were then lysed and immunobloƩed for detecƟon of RhoJ, phospho- and total
ERK1/2. (C) For each experiment, the raƟo of phosphorylated-ERK: total ERK1/2 was calculated,
normalised to the GFP Ɵme 0 value which was set to 1, and then data from 3 independent
experiments were combined. N=3, error bars represent SEM. There are staƟsƟcally significant
differences with controls assayed at the same Ɵme point by paired t-test (* p≤0.05).
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3.1.5 RhoJ gene silencing reduced ERK ac va on in VEGFA, FGF2 and cM199-s mulated 

HUVECs  

Data generated previously in our lab by Kaur, Leszczynska et al. (2011) showed that VEGFA and FGF2, 

[(prominent regulators of endothelial proliferaƟon, survival, moƟlity, and angiogenesis (Presta et al., 

2005; Olsson et al., 2006)] contributed to RhoJ acƟvaƟon in HUVECs (Kaur et al., 2011). Not only do 

growth factors acƟvate RhoJ, but Fukushima et al. (2020) determined that RhoJ was involved it 

regulaƟng ERK1 acƟvaƟon via RhoJ’s regulaƟon of VEGFR2 and its associaƟon with Neuropilin-1 and 

PlexinD1 (Fukushima et al., 2020). Thus, having also shown that RhoJ regulated ERK1 acƟvaƟon, we 

wanted to determine whether this occurred in response to a variety of sƟmuli.   

IniƟally unmanipulated HUVECs were treated with VEGFA and FGF2 and a Ɵme course experiment 

performed to determine the kineƟcs of ERK acƟvity in response to these agonists. Confluent HUVECs 

were incubated in serum-free media with M199 for 1 hour, then either harvested directly from 

culture (0 mins) or sƟmulated with 50 ng/ml of VEGFA, 50 ng/ml FGF2 or with cM199 for 5 mins, 15 

mins and 30 mins. Cells undergoing each treatment condiƟon were harvested, lysates were prepared 

and western bloƩed for phospho- and total ERK. At 5 mins there was robust acƟvaƟon of ERK with 

VEGFA and cM199, but acƟvaƟon of FGF2 was weaker. ERK was robustly phosphorylated aŌer 15 

mins of sƟmulaƟon by all agonists (Figure 3.6) and levels of acƟvated ERK were reduced at 30 mins 

for all the agonists. Because of the strong acƟvaƟon of ERK observed at 15 mins by all three agonists, 

this Ɵme point was chosen for the next experiments invesƟgaƟng how RhoJ-silencing would affect 

ERK acƟvaƟon by these different sƟmuli. 
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As previously, HUVECs were transfected with 20 nM of either RhoJ-specific (duplex 1) or negaƟve 

control (si-Control) si-RNA duplexes using lipofectamine. AŌer 48 hours, cells were incubated in 

serum-free with M199 media for 1 hour then either immediately harvested (0 mins) or further 

sƟmulated with 50 ng/ml of VEGFA/FGF2 or with cM199 media for 15 mins. Cells were harvested, 

lysates were collected and immunobloƩed for phospho- and total ERK. Samples were also probed 

with RhoJ specific anƟbody to confirm RhoJ knockdown (Figure 3.7A). Imaging and quanƟtaƟon of 

the chemiluminescent signal were performed using the LICOR. The raƟo of phosphorylated-ERK to 

total ERK was calculated for each Ɵme point of each condiƟon and then normalised to the control 

sample at 0 mins. For all agonists, there was a clear and staƟsƟcally significant reducƟon in ERK 

acƟvaƟon following RhoJ knockdown. It was clear that the different agonists acƟvated ERK to 

different levels, with cM199 media being the most potent and FGF2 the weakest across the four 

replicate experiments (Figure 3.7B). The differing levels of ERK acƟvaƟon in the RhoJ silenced 

samples mirrored this, suggesƟng that levels of aƩenuaƟon mediated by silencing of RhoJ occur 

proporƟonally to the level of acƟvaƟon. This data indicates a general role for RhoJ in regulaƟng ERK 

acƟvaƟon via a number of different agonists, including the angiogenic regulators VEGFA and FGF2 

angiogenic acƟvators. 
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Figure 3.6. VEGFA, FGF2 and cM199 media robustly enhanced ERK ac�va�on a�er 15 mins of 
s�mula�on in HUVECs.  
HUVECs cultured under normal condi�ons were starved in serum-free with M199 media for 1 
hour. Cells were either directly assayed (0 mins) or s�mulated with VEGFA, FGF2 or with cM199 
for 5,15 and 30 mins. Cell lysates were collected and western bloted for phospho- and total 
ERK1/2. This was performed once. 
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si-Control RhoJ si-RNA 

- 

Figure 3.7. RhoJ gene silencing reduced ERK ac va on in VEGFA, FGF2 and cM199-s mulated 
HUVECs.  
(A) HUVECs were transfected with either negaƟve control (si-Control) or RhoJ si-RNA (duplex 1)
duplexes (20nM). AŌer 48 hours cells were starved in serum-free with M199 media for 1 hour
then either assayed immediately at 0 mins (|) or sƟmulated with VEGFA, FGF2 or cM199 for 15
mins. Samples were then lysed and immunobloƩed for detecƟon of RhoJ, phospho- and total
ERK1/2. (B) The raƟo of phosphorylated-ERK: total ERK1/2 was calculated for each sample,
normalised to the si-Control Ɵme 0 value for that experiment which was set to 1 and data from
4 (N=4) independent experiments were combined and ploƩed. Error bars represent SEM.
StaƟsƟcal differences at each Ɵme point were compared by paired t-test (* p≤0.05 and **
p≤0.01).
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3.2 Discussion 

Data presented in this chapter shows the role of RhoJ in regulaƟng the acƟvity of different MAP 

kinases, with a focus on ERK1/2. We demonstrated that sustained RhoJ acƟvity modestly enhanced 

ERK MAP kinase phosphorylaƟon but had a small effect on JNK MAP kinase. Conversely, RhoJ 

knockdown caused a staƟsƟcally significant reducƟon of ERK phosphorylaƟon in response to 

sƟmulaƟon with cM199 media, VEGFA or FGF2. There were however technical difficulƟes which 

impacted the reproducibility of some experiments. Nevertheless, these findings indicate that RhoJ 

plays a role in modulaƟng ERK1/2’s acƟvity downstream of VEGFA or FGF2 angiogenic signal 

acƟvaƟon in HUVECs.  

This study followed up a phosphokinase screen by Wilson (2014) which showed that daRhoJ (a 

consƟtuƟvely acƟve form of RhoJ) enhanced the relaƟve phosphorylaƟon of JNK, EGFR, AMPKα2, 

STAT5ab, Hck, MSK1/2 and PRAS40 kinases (Wilson, 2014, pp. 182-190). We first explored whether 

the expression of daRhoJ would affect the acƟvity of JNK MAP kinase in HUVECs in standard culture 

condiƟons. In contrast to the significant rise of phosphorylated-JNK levels that were detected in 

Wilson’s study, our data did not consistently show that JNK phosphorylaƟon was increased as a result 

of expression of daRhoJ in HUVECs. This discrepancy may be due to differences in culture condiƟons 

and experimental techniques such as the use of SDS-PAGE and western bloƫng as opposed to a dot 

blot array. AlternaƟvely, this may be due to variaƟons in gene expression and the signalling 

behaviour of HUVECs isolated from different cord donors (Lorant et al., 1999; Wisgrill et al., 2018). 

InteresƟngly, signalling via JNK and the transcripƟon factor c-jun was found to upregulate expression 

of RhoJ (Wang et al., 2022), thus there might be reciprocal regulaƟon between RhoJ and JNK, with 

RhoJ modulaƟng JNK acƟvity and JNK regulaƟng levels of RhoJ protein.   
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A number of studies have indicated that RhoJ may affect ERK1/2 signalling, for example RhoJ si-RNA-

mediated knockdown reduced B-RAF phosphorylaƟon in ECs (Yuan et al., 2011). Based on these data 

and on our kinase array, which showed that EGFR was also significantly phosphorylated in the 

presence of daRhoJ, we decided to invesƟgate ERK MAP kinase. At first, we evaluated phospho-

ERK levels in GFP and GFP-daRhoJ-expressing HUVECs that were kept in standard culture 

condiƟons. Our data showed that ERK’s phosphorylaƟon was consistently elevated in HUVECs 

expressing daRhoJ, however aŌer repeaƟng this experiment three Ɵmes, the differences observed 

were small and not staƟsƟcally significant.  

The role of RhoJ in regulaƟon of ERK phosphorylaƟon kineƟcs was then tested in cM199 deprived 

then sƟmulated HUVECs, that were either transduced to express daRhoJ or transfected with RhoJ-

specific si-RNA to silence RhoJ’s expression. RhoJ knockdown consistently decreased the level of ERK 

phosphorylaƟon parƟcularly aŌer 15 mins of cM199 sƟmulaƟon, and at all Ɵme points the 

differences observed were staƟsƟcally significant. By contrast, overexpression of daRhoJ enhanced 

ERK’s acƟvaƟon only in some experiments. A problem was encountered with the western bloƫng of 

ERK in the Ɵme course experiments involving expression of daRhoJ. IniƟally membranes were 

probed with anƟbody specific to phospho-ERK, stripped and then re-probed with anƟbody to 

measure total ERK. AŌer a number of experiments with HUVECs transduced to express GFP or GFP-

daRhoJ, it was observed that in samples with high levels of phospho-ERK the signal for total ERK was 

lower. Since total levels were not expected to change, it was possible that the stripping was not 

complete and binding of anƟbody to total ERK was impeded. However, in the case of the si-RNA 

knockdown experiments, the protocol was modified such that the lysate was independently bloƩed 
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for phospho-ERK and total ERK. The �me course experiments involving daRhoJ would need to be 

repeated using this altered western bloted strategy to provide more reliable results.   

 We then further explored whether RhoJ influences ERK’s ac�vity in response to s�mula�on with 

different pro-angiogenic agonists. We first observed ERK phosphoryla�on dynamics in 

unmanipulated HUVECs; they were kept in serum-free with M199 for an hour then treated with 

VEGFA, FGF2 or with cM199 media for over a 30-minute �me course. ERK1/2 was robustly 

phosphorylated by all agonists a�er 15 mins of s�mula�on. Accordingly, this induc�on dura�on was 

selected in the subsequent experiments to explore whether RhoJ knockdown would impact the ERK’s 

ac�vity induced by these different s�muli. Interes�ngly, ERK’s phosphoryla�on was significantly 

reduced following RhoJ knockdown in response to all agonists. There were small varia�ons in the 

levels of ERK ac�va�on in response to the different agonists, where cM199 media and FGF2 induced 

the highest and lowest levels of ERK1/2 ac�va�on, respec�vely, and in RhoJ-silenced cells ERK 

phosphoryla�on was propor�onally reduced. Overall, these data suggest that RhoJ influences ERK’s 

ac�vity in response to mul�ple s�muli, including the pro-angiogenic growth factors VEGFA and FGF2. 

Recently, Fukushima et al. (2020) reported a specific mechanism through which RhoJ mediated ERK’s 

ac�vity in response to VEGFA s�mula�on. Their study suggested that RhoJ regulated a complex 

between VEGFR2, PlexinD1 and Neuropilin-1. When VEGFA’s level was rela�vely high, RhoJ became 

ac�vated, promoted the internalisa�on of VEGFR2 sustaining its signalling through downstream 

pathways including the ERK MAP kinase pathway. In knocking down RhoJ expression the VEGR2 

complex was less stable and less able to signal through ERK (Fukushima et al., 2020). Our data 

showed that the effect of RhoJ in modula�ng ERK’s ac�vity was not exclusively in response to VEGFA, 
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reduced levels of RhoJ also limited ERK’s ac�va�on induced by FGF2 or by complete media 

supplemented with serum and growth factors. This suggests that there might be a more general 

mechanism by which RhoJ regulates ERK1/2 ac�vity downstream of mul�ple s�muli.  

One possibility which is explored in the next chapter is that RhoJ regulates ERK1/2 via the GIT-PIX 

complex. Our laboratory has previously demonstrated an interac�on between RhoJ and GIT1 via 

yeast 2-hybrid. We observed that overexpressing RhoJ caused an increased electrophore�c mobility 

of GIT2 sugges�ng that RhoJ may be able to regulate the ac�vity of the GIT-PIX complex via post-

transla�onal modifica�on of GIT proteins. Consistent with this was our observa�on that si-RNA 

mediated silencing of RhoJ reduced recruitment of GIT1, GIT2 and β-PIX to FAs (Wilson et al., 2014). 

Yin et al. (2004) demonstrated a cons�tu�ve associa�on between GIT1 and MEK1 and observed that 

ERK1/2 ac�va�on in response to EGF and Ang II in a number of non-endothelial cell types depended 

on levels of GIT1 (Yin et al., 2004). This group went on to demonstrate that EGF s�mula�on promoted 

ERK1/2’s co-localisa�on with GIT1 in FAs and enhanced cell migra�on (Yin et al., 2005). They later 

determined that ERK1/2’s CC domain was necessary for binding to GIT1 (Zhang et al., 2009). Given 

these studies indica�ng a role for GIT1 in scaffolding and promo�ng agonist induced ERK1/2 

ac�va�on and our own studies linking RhoJ with the GIT-PIX complex, one hypothesis was that RhoJ 

is regula�ng the MEK1 and ERK1/2 scaffolding func�on of GIT1/2. Experiments to test this hypothesis 

are described in the next chapter. 

There are other poten�al mechanisms by which RhoJ may be able to more generally regulate the 

ERK MAP kinase pathway. One is via PAK kinase which is known to influence the ac�va�on of RAF1 

(King et al., 1998; Chaudhary et al., 2000; Alavi et al., 2003) and this is considered in the next chapter. 
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Recently β-Arres�n, first characterised for its role in termina�ng GPCR signalling, has been shown to 

act as a scaffold for ERK1/2-MEK1-C-RAF signalling (Kim et al., 2022). Thus, it is possible that RhoJ 

may influence ERK1/2 ac�va�on via modula�on of this func�on of β-Arres�n. RhoJ is also involved 

in protein trafficking and specifically its involvement in trafficking the transferrin receptor (de 

Toledo et al., 2003), podocalyxin (Richards et al., 2015) and αvβ1 integrin (Sundararaman et al., 

2020) has been demonstrated. Internalisa�on and recycling of RTKs are known to regulate their 

ac�va�on of downstream signalling pathways (Miaczynska, 2013). Gourlaouen et al. (2013) 

observed that internalisa�on of ac�vated VEGFR, FGFR2 or hepatocyte growth factor 

receptor (HGFR) were required for inducing of ERK ac�vity in ECs and for angiogenesis. This 

group also reported in an earlier study that RAB4A-mediated VEGFR2 recycling to plasma 

membrane (rather the internalisa�on process itself) in VEGFA s�mulated cells sustained the 

endothelial mobility and tumour’s neovascularisa�on (Reynolds et al., 2009; Gourlaouen et al., 

2013). Thus, RhoJ might be involved in the regula�on of RAB4-mediated vesicular uptake and 

plasma membrane trafficking of pro-angiogenic receptors, which in turn would augment ERK 

signalling during angiogenesis. It would be interes�ng to determine whether modula�ng the 

ac�vity of RhoJ affected the intracellular trafficking of RTKs such as FGFR2.  

In summary, we showed that RhoJ knockdown had impacted ERK1/2’s ac�vity downstream of the 

pro-angiogenic s�mulators VEGFA and FGF2. There are a variety of possible molecular mechanisms 

by which this could occur. The role of the GIT-PIX complex and the rela�onship between RhoJ and 

PAK are explored in the next chapter. 
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CHAPTER 4  

Investigating the role of RhoJ in regulating GIT2 phosphorylation 

and interaction between GIT1/2 and MEK1 and ERK1/2 

  in ECs 
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4.1 Introduc�on 

Previous data generated in our laboratory demonstrated that the expression of daRhoJ (an ac�ve 

mutant form of RhoJ) caused reduced GIT2 electrophore�c mobility, and this was likely due to post-

transla�onal modifica�ons. Wilson et al. (2014) showed that upwards shi� of GIT2’s electrophore�c 

mobility observed with daRhoJ expression was not due to tyrosine phosphoryla�on mediated by Src 

and focal adhesion kinase (FAK) (Wilson et al., 2014). Some preliminary data generated by our 

laboratory suggested that mul�ple serine and threonine residues in GIT2 protein were  

phosphorylated in daRhoJ-expressing HUVECs but not in HUVECs expressing GFP. Since studies have 

indicated that RhoJ is involved in the ac�va�on of PAK serine/threonine kinases (Yuan et al., 2011; 

Wang et al., 2022), one aim of this chapter was to test our hypothesis that RhoJ ac�vates PAK 

resul�ng in it phosphoryla�ng threonine and serine residues of GIT. To interrogate this, we 

determined how pan and selec�ve small molecule PAK inhibitors affected the daRhoJ-induced 

electrophore�c shi� of GIT2. 

As discussed in the previous chapter, GIT1 was shown to scaffold MEK1 and promoted signalling of 

MEK1-ERK1/2 in non-endothelial cells s�mulated with RTK and G protein coupled receptor (GPCR) 

agonists (Yin et al., 2004). Subsequent studies demonstrated that GIT1 specifically interacted with 

ERK2, and this enhanced ERK1/2’s localisa�on to FAs (Yin et al., 2005; Zhang et al., 2009). Prior data 

generated in our lab showed that RhoJ interacted with GIT1 in a yeast 2-hybrid assay, co-

immunoprecipitated with GIT1/2-β-PIX in HUVECs and promoted the localisa�on of GIT-PIX complex 

to FAs (Wilson et al., 2014). This led to the hypothesis that RhoJ modulates ERK1/2 ac�va�on via 

modula�on of the GIT-PIX complex. Thus, a second aim of the experiments described in this chapter 
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was to determine if modulaƟng RhoJ acƟvity affected the associaƟon of MEK1 and ERK1/2 with 

GIT1/2 by co-IP and ERK1/2’s localisaƟon to FAs using IF.  

4.2 The PAK inhibitor PF-3758309 prevented GIT2 mobility shi  in daRhoJ-

transduced HUVECs 

Data generated in this study, and previously reported in our lab, showed that GIT2 electrophoreƟc 

mobility was shiŌed upwards in GFP-daRhoJ-expressing HUVECs. To follow this up and to examine a 

potenƟal role for PAK kinases in mediaƟng this phosphorylaƟon, small molecule inhibitors were used 

to abrogate PAK kinase funcƟons in HUVECs. HUVECs were transduced with lenƟvirus to express 

either GFP (control) or GFP-daRhoJ. AŌer 24 hours, cells were either DMSO-treated (vehicle control) 

or treated with PF-3758309 (2, 4 and 10 µM) or with 20 µM IPA-3 PAK inhibitors for another 24 

hours. PF-3758309 is a compeƟƟve ATP inhibitor targeƟng all PAKs, while IPA-3 is an allosteric 

inhibitor with specificity for PAK1 (Deacon et al., 2008; Viaud and Peterson, 2009; Murray et al., 

2010). AŌer the drug treatment, cellular lysates were prepared, subjected to SDS-PAGE and western 

bloƫng using a GIT2 specific anƟbody to invesƟgate the electrophoreƟc mobility of GIT2 and the 

anƟ-GFP anƟbody to confirm expression of the transduced proteins. The expected higher shiŌ of 

GIT2 electromobility observed in DMSO-treated cells expressing daRhoJ, was abrogated following 

PF-3758309 treatment, but not aŌer IPA-3 treatment. This effect was found to occur with both 4 and 

10 µM PF-3758309 as shown in Figure 4.1 and also with 2 and 4 µM in 3 biological repeats. A high 

concentraƟon of 20 µM IPA-3 inhibitor treatment also failed to cause alteraƟon of the shiŌed GIT2 

electrophoreƟc mobility in daRhoJ-transduced HUVECs (Figure 4.1). 
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Figure 4.1. PAK inhibitors prevented the GIT2 mobility shi  in daRhoJ-transduced HUVECs. 
(A) HUVECs were transduced with lenƟvirus to express either GFP (control) or GFP-daRhoJ.
Protein extracts were immunobloƩed for GFP. (B) Transduced cells were either DMSO treated or
treated with different concentraƟons of PF-3758309 or with 20 µM IPA-3 PAK inhibitors for 24
hours. Cellular lysates from all treatment condiƟons in both cell groups were prepared and
western bloƩed for GIT2. Similar results were obtained from 2 more biological repeats on cells
treated with PF-3758309 or with 20 µM IPA-3 PAK inhibitors.

 85kDa  GIT2 



4.3   Inves ga ng whether RhoJ regulates interac ons between the GIT-PIX 

complex and the ERK MAP kinase signalling pathway 

Data presented in this thesis indicated that RhoJ regulates ERK acƟvaƟon downstream of mulƟple 

growth factor receptors, however the mechanism by which this was acƟng was not known. Previously, 

Yin et al. (2004) published data which suggested that GIT1 interacts with and provides a scaffold for 

MEK1 for ERK acƟvaƟon in vascular smooth-muscle cells and human embryonic kidney 293 cells- 

sƟmulated with AngII and EGF (Yin et al., 2004). Previous data generated in our lab also showed that 

daRhoJ was co-immunoprecipitated with GIT1 and GIT2 in HUVECs and interacted with GIT1 in a yeast 

2-hybrid assay (Wilson et al., 2014). Given RhoJ’s interacƟon with the GIT-PIX complex, it is possible

that RhoJ may affect the ability of GIT1/2 to interact with this MAP kinase signalling proteins, and this 

is what was invesƟgated in the next series of experiments. The experimental approach taken iniƟally 

was similar to that used by Yin et al. (2004) where co-IP of GIT1 or GIT2 with MEK1 and ERK1/2 was 

used. Once robust co-IP of these proteins was demonstrated then levels of RhoJ were manipulated to 

determine if this would affect the interacƟon. 

4.3.1 Selec on of HUVECs as the cell type to use for the biochemical inves ga on into RhoJ’s 

regula on of the interac on of GIT1/2 with the MAP kinase signalling proteins 

Given the large amounts of cell lysate that would be required for such a biochemical approach, iniƟal 

experiments were performed to determine whether an immortalised EC line might be suitable for 

these experiments. One such cell line is the human brain microvascular endothelial cell (hBMEC) line 

(SƟns et al., 2001) and since this was available in our laboratory, this was tested for expression of 

key proteins relevant to this invesƟgaƟon. Cell lysates were prepared from confluent hBMECs and 

HUVECs and protein levels in the lysates of both cell types were then quanƟfied; equal amounts of 
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protein were loaded on to an SDS-PAGE gel, transferred and western bloƩed for MEK1, phospho-

ERK, total ERK1/2, GIT1, GIT2 and RhoJ (Figure 4.2). Levels of GIT1 were similar in both cell types and 

higher levels of total ERK1/2, phospho-ERK1/2 and MEK1 were observed in HUVECs compared with 

hBMEC. Most notable, however, was a lack of RhoJ and GIT2 expression in hBMEC, the lack of RhoJ 

in parƟcular made this an unsuitable cell line to use to invesƟgate how RhoJ regulates the interacƟon 

of the GIT-PIX complex with the MAP kinase signalling pathway. On that basis, HUVECs were used 

for further biochemical invesƟgaƟons.  
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Figure 4.2. hBMECs do not express RhoJ or GIT2. 
HUVECs and hBMECs were cultured un�l confluency and cell lysates were prepared and protein 
concentra�on were quan�fied. 10 µg of protein extract was subjected to SDS-PAGE and western 
bloted for RhoJ, phospho-ERK, total ERK, MEK1, GIT1 and 2. This experiment was performed 
once. 
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4.3.2 MEK1 interacts with GIT1 and GIT2 in HUVECs 

Before assessing how RhoJ may affect an interacƟon between GIT1/2 and proteins of the MAP kinase 

cascade, it was first key to confirm whether MEK1 interacted with GIT1 and GIT2 in ECs. In order to 

do this, 10 confluent plates of HUVECs cultured under regular condiƟons were harvested and lysates 

prepared. A small amount of lysate was used to confirm the presence of the proteins of interest in 

the protein extracts. The remaining lysate was incubated with protein A Sepharose beads and either 

anƟ-MEK1 monoclonal anƟbody or mouse Immunoglobulin (Ig) G as a control, as described in 

secƟon 2.11. Samples were run on SDS-PAGE and then immunobloƩed with MEK1, GIT1 and GIT2 

specific anƟbodies (Figure 4.3). Data representaƟve of two experiments confirmed that MEK1 co-

precipitated with GIT1 and GIT2 in HUVECs, with bands evident for GIT1 and GIT2 in the MEK1 IP 

lane, but not in the control. Due to GIT1 being more abundant in HUVECs lysate and some difficulƟes 

in consistently demonstraƟng interacƟon between MEK1 and GIT2, only the interacƟon between 

GIT1 and MEK1 was probed in the next experiments. 

4.3.3 The effect of RhoJ knockdown in the interacƟon between GIT1 and MEK1 

To invesƟgate the role of RhoJ in mediaƟng this interacƟon, this co-IP approach was taken in HUVECs 

which had been transfected with si-RNA duplexes to silence RhoJ. HUVECs were transfected with 

either si-Control or RhoJ- specific si-RNA duplexes and aŌer 48 hours lysates were prepared. As 

before, a small amount of lysate was retained for confirming expression in the WCL and the 

remainder was divided between two IPs containing either control mouse IgG or anƟ-MEK1 anƟbody 

and protein A Sepharose beads. AŌer a 1-hour incubaƟon at 4 0C with rotaƟon, the beads were 

washed, and sample buffer was added. These were then subjected to SDS-PAGE and western bloƫng 

85



with GIT1 and MEK1 specific anƟbodies to examine the co-precipitaƟon (Figure 4.4A) and western 

bloƫng WCLs with anƟ-RhoJ anƟbodies confirmed RhoJ knockdown (Figure 4.4B).  

Unlike the co-IP experiment using untreated HUVECs, there was no interacƟon between MEK1 and 

GIT1 detected in either the control or RhoJ si-RNA-treated HUVECs. There was an expectaƟon that 

as with the unmanipulated HUVECs, GIT1 should have co-precipitated the control si-RNA treated 

HUVECs and it is not clear why this did not occur. A likely explanaƟon is that despite using similar 

numbers of plates, introducing the si-RNA transfecƟon protocol into the method resulted in 

insufficiently concentrated lysate to observe this interacƟon. In order to pursue this further, it was 

decided to instead invesƟgate the interacƟon between GIT1 and ERK1/2 and determine whether this 

interacƟon was more readily detectable. 
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Figure 4.3. MEK1 interacted with GIT1 and GIT2 in HUVECs. 
HUVECs were grown under standard culture condi�ons un�l confluency then harvested. Lysates 
were collected, added to prewashed protein A Sepharose beads along with an�-MEK1 an�body 
or mouse IgG and rotated for 1 hour at 4 0C. The beads were washed, and the captured immune 
complexes were denatured in 2X SDS sample buffer. Interac�ng partners (GIT1/2) of MEK1 were 
determined by western blo�ng using specific an�bodies. This is a representa�ve of 2 biological 
repeats. 
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Figure 4.4. The MEK1-GIT1 interacƟon was not detected in HUVECs following transfecƟon 
with control or RhoJ-specific si-RNA duplexes.  
(A) HUVECs were transfected with 20 nM of either RhoJ-specific si-RNA or si-Control (negaƟve
control) duplexes. AŌer 48 hours, cellular lysates were collected, incubated with prewashed
protein A Seaphrose beads together with MEK1 specific anƟbody or mouse IgG and rotated at 4
0C for 1 hour. Beads were washed and the captured protein complexes were eluted into 2X SDS

sample buffer. (B) WCL from si-Control and RhoJ si-RNA-treated cells were western bloƩed with
RhoJ specific anƟbodies to confirm RhoJ knockdown, as a loading control, lysates were bloƩed 
with α-Tubulin specific anƟbodies. This was performed once.  
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4.3.4 ERK1/2 could not be detected in cytoskeletal extracts 

Given the difficul�es in detec�ng interac�ons between the GIT proteins with MEK1, it was 

considered that the interac�on between GIT1 and ERK1/2 may be more readily detected from the 

enriched CSF of cells rather than in whole cell extract (Yin et al., 2005). To test this, both HEK293T 

cells and HUVECs were grown un�l confluent at which point, they were harvested, pelleted, and 

homogenised in hypotonic buffer. The homogenate was then centrifuged at low speed to pellet and 

remove the nuclei; the resul�ng supernatant was next centrifuged at a high speed to sediment the 

cytoskeletal and the cell membrane proteins. For final purifica�on of the CSF, samples were 

incubated in a buffer with a low concentra�on of sucrose for an hour and then centrifuged. The 

pellets containing the cytoskeletal proteins were then dissolved into RIPA lysis buffer, some was 

reserved for the input sample and the remainder incubated with Sepharose beads and either rabbit 

IgG or an�-ERK1/2 an�sera. These IPs were incubated at 4 0C with mixing for an hour and then the 

beads were washed, and bound proteins eluted into sample buffer. These samples were subjected 

to SDS-PAGE and western blo�ng for GIT1 for ERK1/2 and the blots were presented in Figure 4.5. 

These data show that both ERK1/2 and GIT1 were detectable in the CSF, however the ERK1/2 was 

not successfully precipitated by the an�-ERK an�sera, and this made it impossible to evaluate co-

precipita�on of GIT1 with ERK1/2. 

 It is not clear why the IP should have failed, but it may be due to poor solubility of the CSF such 

that there was insufficient soluble ERK1/2 available to bind the an�sera. Another problem evident 

in this blot is the background signal produced by the rabbit IgG, both the GIT1 western blo�ng 

an�body and the ERK1/2 IP an�body were generated in rabbits. This resulted in the secondary 

an�body detec�ng the control rabbit Ig, and it did so more readily than with the an�-ERK1/2 
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an�body despite equal amounts of each of the an�body being used. Because of the failure to 

immunoprecipitate ERK1/2 from the CSF, it was instead decided to repeat the experiment using 

WCL. 
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Figure 4.5. ERK1/2 protein was not precipitated from the CSF of HUVECs or HEK293T cells. 
HEK293T cells and HUVECs were homogenised and then subjected to cell frac�ona�on. The 
cytoskeletal pellets were resuspended in the buffer and a volume was added to SDS 2X sample 
buffer to serve as input sample (HUVECs and HEK293T’s CSF). The remaining amounts were 
incubated with prewashed protein A Seapharose beads and with an�-ERK or rabbit IgG for 1 
hour at 4 0C with rota�on. Bound protein complexes were eluted in SDS 2X sample buffer and 
immunobloted for GIT1 and ERK1/2 specific an�bodies. This experiment was performed once 
for HUVECs and twice for HEK293T cells. 
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4.3.5 Inves�ga�ng the effect of RhoJ knockdown on the interac�ons between GIT1 and ERK1/2 

To determine if ERK1/2 could be successfully immunoprecipitated from WCL, confluent HUVECs 

were lysed in RIPA buffer, a small amount of lysate was set aside for the input and the remaining 

lysate divided between two tubes, one containing protein A Sepharose and control rabbit Ig, and the 

other containing protein A Sepharose and an�-ERK an�body. A�er incuba�on for an hour at 4 0C 

with agita�on, the beads were washed, and the bound proteins were eluted in sample buffer. 

Samples were then run on SDS-PAGE gels and western bloted for ERK1/2 and GIT1. Unlike the IP 

from cytoskeletal extract, ERK was successfully immunoprecipitated from the WCL (Figure 4.6). 

There remained some difficul�es with high background in the control Ig IP lanes, however a band 

was present in the an�-ERK1/2 lane that was not evident in the control lane which was a size 

consistent with it being GIT1. 

To pursue this further and determine the effect of RhoJ knockdown on this interac�on, the co-IP 

experiment described above was repeated in HUVECs which had been transfected either with 20 nM 

control si-RNA or si-RNA duplexes specific for RhoJ. Twelve plates of HUVECs were used per 

condi�on. A�er 48 hours, cell lysates were prepared and IPs set up as described above, samples 

were subjected to SDS-PAGE and western blo�ng with an�bodies specific to ERK1/2 and GIT1 

(Figure 4.7A). Samples were also probed for RhoJ and α-Tubulin specific an�bodies to confirm 

knockdown of RhoJ, with α-Tubulin blo�ng being used as a loading control (Figure 4.7B). There were 

problems with background signal par�cularly in the control Ig IP lanes, but also in the an�-ERK1/2 

lanes which hampered iden�fica�on of any GIT1 specific signal. Unfortunately, due to constraints of 

�me it was not possible to pursue this further and considera�on of how this methodology could be 

improved will be included in the discussion. 
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Figure 4.6. GIT1 was co-immunoprecipitated with ERK1/2 in HUVECs a�er cell lysis in RIPA 
buffer.  
HUVECs were normally cultured in cM199 medium then harvested at confluency. Cell lysates 
were prepared with a por�on reserved for the WCL which was added to 2X SDS PAGE buffer 
(input). The remaining lysate was incubated with prewashed protein A Seapharose beads, an�-
ERK1/2 or rabbit IgG and agitated on a rotator for 1 hour at 4 0C. Samples were denatured in 
SDS 2X sample buffer, subjected to gel electrophoresis and probed with GIT1 and ERK1/2 
specific an�bodies. This was performed once. 
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Figure 4.7. Co-IP of GIT1 with ERK1/2 in control and RhoJ si-RNA-treated HUVECs. 
(A) HUVECs were transfected with RhoJ-specific si-RNA or a si-Control (nega�ve control)
duplexes (20 nM). A�er 48 hours lysates were collected, and IP set up with either an�-ERK1/2
or rabbit IgG (control) and were incubated for 1 hour at 4 0C with rota�on. Western blo�ng was
carried out on the WCL and immunoprecipitated samples using GIT1 and ERK1/2 specific
an�bodies. (B) RhoJ knockdown in WCL samples was confirmed by western blot using RhoJ
specific an�body and α-Tubulin was used as a loading control. This is a representa�ve of 2
biological replicates.
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4.4 Minimal localisa�on of ERK1/2 to FAs in HUVECs 

Previously, it had been demonstrated that GIT1 interacted specifically with ERK2 in fibronec�n-

seeded HeLa cells, and this in turn had enhanced the recruitment and phosphoryla�on of ERK at FAs 

(Yin et al., 2005; Zhang et al., 2009). In addi�on, our laboratory had demonstrated that expression 

of ac�ve RhoJ promoted the recruitment of GIT-PIX complex to FAs (Wilson et al., 2014), and so the 

aim of this experiment was to determine if RhoJ had any impact on the localisa�on of ERK1/2 to FAs. 

Before addressing this ques�on, it was first important to establish if ERK localised to FAs in HUVECs 

and set up an imaging protocol which would enable co-localisa�on to be examined. 

HUVECs were plated on gela�n-coated coverslips at a sub-confluent cell density. This was because 

previously we demonstrated that RhoJ ac�vity affected FA numbers in sub-confluent HUVECs. Cells 

were then paraformaldehyde fixed, permeabilised and incubated with an�bodies specific for ERK1/2 

and vinculin, the later was used as a marker for FAs. A�er washing, the coverslips were incubated 

with secondary an�bodies each conjugated to different Alexafluors. Prior to moun�ng, coverslips 

were incubated with DAPI to enable clear visualisa�on of nuclei. The stained cells were then imaged 

using epifluorescence microscopy (Figures 4.8A and B). The images acquired show strong localisa�on 

of ERK to the nucleus with some diffuse peri-nuclear staining. The vinculin staining clearly iden�fied 

FAs which were readily detectable in the lamellipodia. There was, however, litle co-localisa�on of 

ERK1/2 with FAs in these samples, in the expanded sec�ons it is evident that faint staining or ERK is 

observed in the lamellipodia, but it is not concentrated at the site of FAs. There is a small degree of 

co-localisa�on at the leading edge of the cell, observable in in the expanded sec�on of Figure 4.8A.  

95



Overall, the lack of evident ERK localisa�on at FAs meant that it was not going to be feasible to 

determine if RhoJ ac�vity affected this and so this line of inves�ga�on was not pursued. 

96



(A)

DA
PI

-E
RK

-V
in

cu
lin

 
ER

K 
Vi

nc
ul

in
 

DA
PI

 

DA
PI

DA
PI

 

97



(B) 

Figure 4.8. No evident localisa�on of ERK1/2 to FAs in HUVECs.
 HUVECs were cultured on gela�n coated coverslips. A�er 48 hours, cells were 
paraformaldehyde-fixed, stained with vinculin and ERK1/2 specific an�bodies and imaged by 
epifluorescence microscopy at 40X (A) and at 100X (B). Coverslips were incubated for 10 mins 
with DAPI for nuclear visualisa�on. Scale bar: 20, 10 μm for Figure A and B, respec�vely. 
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4.5 Discussion 

Data presented in this chapter show that PAK is potenƟally the RhoJ acƟvated kinase involved in 

causing the reduced electrophoreƟc mobility of GIT2 in ECs expressing an acƟve mutant of RhoJ 

(daRhoJ). We showed that blocking PAK acƟvity using the PF-3758309 pan-PAK inhibitor successfully 

prevented the upwards mobility shiŌ of GIT2 in HUVECs expressing daRhoJ. By contrast, the selecƟve 

Group I PAK inhibitor IPA-3 did not alter the electrophoreƟc mobility of GIT2. We have also 

demonstrated that MEK1 associated with GIT1 and GIT2 and ERK1/2 associated with GIT1 in 

unmanipulated HUVECs. However, it was not possible to demonstrate that RhoJ knockdown affected 

any of these interacƟons. In addiƟon, we did not find that ERK1/2 localised to FAs in ECs.  

Both in this study and in previous work published by our laboratory, it has been demonstrated that 

the expression of daRhoJ decelerated GIT2’s electrophoreƟc migraƟon. This was likely to be due to 

a post-translaƟonal modificaƟon and our hypothesis was that this was phosphorylaƟon. Src and FAK 

kinases have both been reported to phosphorylate tyrosine residues on GIT necessary for FA 

localisaƟon (Brown et al., 2005). However, we had previously demonstrated that Src and FAK 

inhibiƟon did not affect the daRhoJ-mediated electromobility shiŌ (Wilson et al., 2014). MulƟple 

phospho-serine and threonine sites have been idenƟfied in GIT1 (Webb et al., 2006) and preliminary 

mass spectrometry data generated by our laboratory also indicated that serine and threonine 

residues on GIT2 were differenƟally phosphorylated in daRhoJ-expressing HUVECs. As with RhoJ, 

PAK kinases were also shown to interact with the GIT-PIX complex (Nayal et al., 2006) and PAK kinases 

may be acƟvated by RhoJ, because like CDC42, in its acƟve form RhoJ interacts with CRIB-domain 

containing proteins such as PAK (Vignal et al., 2000; Leszczynska et al., 2011). Hence it is possible 

that RhoJ-acƟvated PAK is phosphorylaƟng GIT2. To pracƟcally test this, PF-3758309 (ATP-  
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compeƟƟve, pan PAK inhibitor) and IPA-3 (allosteric Group I) small molecule inhibitors were used to 

block PAK’s acƟvity in HUVECs expressing daRhoJ. Our data showed that PF-3758309, but not IPA-3, 

effecƟvely inhibited GIT2 mobility shiŌ in a dose dependent fashion. Since an experiment to test the 

acƟvity of the IPA-3 compound was acƟve was not included, we cannot rule out the possibility that 

the lack of effect of IPA-3 was due to a problem with this compound’s acƟvity. However, these data 

suggest that the Group II PAK kinases (PAK4/5/6) are mediaƟng the phosphorylaƟon. The Human 

Protein Atlas database indicates that at the transcriptomic level PAK4 is the most abundantly 

expressed Group II PAKs in ECs and is expressed at 25 Ɵmes the amount of PAK5 or PAK6 

(www.proteinatlas.org). The differenƟal effect of the PAK inhibitors and the endothelial abundance 

of PAK4, would suggest that PAK4 is most likely to be the candidate kinase phosphorylaƟng GIT2, 

and this could be explored by determining the effect of si-RNA knockdown of this PAK on GIT2 

phosphorylaƟon. It would also be important to definiƟvely demonstrate that the post-translaƟonal 

modificaƟons of GIT2 are indeed phosphorylaƟon, this could be done using IP and western bloƫng 

with phospho-serine and phospho-threonine specific anƟbodies or using mass spectrometry. 

Previously our group has demonstrated a role for RhoJ in promoƟng FA disassembly and it is highly 

likely that PAK is involved in this process. MulƟple studies have demonstrated that enhancement of 

PAK’s associaƟon with the GIT-PIX complex at FAs augments FA turnover, cell protrusion and 

movement (Zhao et al., 2000; West et al., 2001; Manabe et al., 2002; Nayal et al., 2006). A proline-

rich region in PAK interacts with β-PIX’s SH3 domain (Manser et al., 1998), and both β-PIX and acƟve 

GTP-bound RhoJ interact with the SHD of GIT1 (Schlenker and Riƫnger, 2009; Wilson et al., 2014). 

Thus, it is possible that the GIT-PIX complex is providing a scaffold required for RhoJ-mediated 

acƟvaƟon of PAK. IF microscopy could be used to invesƟgate co-localisaƟon of PAK with RhoJ and 
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the GIT-PIX complex in ECs, and it would be interesƟng to determine whether this is affected by 

modulaƟng the acƟvity of RhoJ. We have already demonstrated that RhoJ si-RNA knockdown

reduces the level of GIT1/2 and β-PIX localisaƟon to FAs (Wilson et al., 2014) and this may also be 

the case for PAK proteins.  

The majority of experiments in this chapter were then aimed to address our hypothesis that RhoJ 

was regulaƟng ERK1/2 acƟvity via the GIT-PIX complex, since interacƟons between MEK1 and ERK1/2 

and GIT1 had been previously reported (Yin et al., 2004; Yin et al., 2005). Two approaches were taken 

similar to what had been done in this original study, the first was a biochemical approach to 

determine if modulaƟng RhoJ acƟvity had any influence on co-precipitaƟon of GIT1/2 with MEK1 or 

ERK1/2 and the second was to use microscopy to invesƟgate the localizaƟon of ERK1/2 to FAs. 

Consistent with previous reports, it was possible to co-precipitate GIT1 with ERK1/2 and both 

GIT1 and GIT2 with MEK1 from the WCL of unmanipulated HUVECs. However, the co-precipitated 

signal of GIT1 or GIT2 was always weak even when using large amounts of lysate, and long 

exposure Ɵmes were required to reveal any signal. The large numbers of HUVECs required to 

demonstrate an interacƟon made the introducƟon of si-RNA knockdown into the protocol 

challenging, and these experiments might have been improved by beƩer establishing 

cell numbers and lysate concentraƟons needed for reliable co-precipitaƟon.  

Another challenge was the availability of suitable anƟbodies for IP. There were no anƟbodies 

available which successfully immunoprecipitated endogenous GIT1 or GIT2, and so instead MEK1 or 

ERK1/2 were precipitated. With the ERK1/2 IP, the fact that GIT1 western bloƫng anƟbodies were 

from the same species as the IP anƟbody gave rise to difficulƟes with background signal. This was 
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parƟcularly problemaƟc with the control Ig which both obscured the region of the blot where the 

weak signal from the GIT1 bloƫng was expected and introduced a series of background bands which 

hampered interpretaƟon. With more Ɵme and resources, it might have been possible to idenƟfy 

more suitable anƟbodies for these experiments. Some other approaches were aƩempted such as 

trying to idenƟfy suitable faster growing ECs lines expressing RhoJ or the purificaƟon cytoskeletal 

proteins to enrich for the relevant proteins, however they did not overcome the difficulƟes faced. 

 As noted above work in this chapter also invesƟgated the localisaƟon of ERK1/2 to FAs with an aim 

to idenƟfy how this might be affected by RhoJ acƟvity. Previously, Yin et al. (2005) and Zhang et al. 

(2009) demonstrated a co-localisaƟon of phospho-ERK1/2 and GIT1 in HeLa cells (Yin et al., 2005; 

Zhang et al., 2009). IniƟally we checked for the co-localisaƟon of ERK1/2 with the FA protein vinculin 

in sparsely cultured HUVECs by IF. We had previously shown that it was in sub-confluent migratory 

HUVECs where RhoJ acƟvity affected FA numbers and disassembly Ɵme (Wilson et al., 2014). In 

contrast what had been previously observed, we saw no co-localizaƟon of vinculin with ERK1/2 in 

sparsely plated HUVECs, with ERK1/2 being predominantly localised to the nucleus and peri-nuclear 

region of cells. There was some faint signal of ERK1/2 in lamellipodia, but it did not overlap with the 

strong vinculin staining. These data indicate that liƩle ERK1/2 are localised to FAs in HUVECs under 

the condiƟons invesƟgated and so there is liƩle evidence to support the noƟon that RhoJ may be 

regulaƟng the localisaƟon and hence acƟvity of ERK1/2 to FAs. This observaƟon is consistent with 

the very low level of ERK1/2 and MEK1 co-precipitaƟon with GIT proteins and because of the lack of 

ERK1/2 staining in FAs, the effect of RhoJ knockdown or expression of daRhoJ on ERK1/2 localisaƟon 

was not pursued.  
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 There are a number of possible reasons to which might explain the discrepancies between our data 

and that of Yin et al. (2005) and Zhang et al. (2009). We used primary vein ECs, while their studies 

involved EGF pre-treated immortalised HeLa cell line, and there may have been differences in the 

expression levels of GIT1 in these two cell types. Another difference was that Yin et al. (2005) and 

Zhang et al. (2009) seeded cells on fibronecƟn in some experiments which affected cell spreading 

and ERK acƟvaƟon at FAs, whereas our HUVECs were cultured on collagen. Hence it might be useful 

to consider invesƟgaƟng whether fibronecƟn versus collagen affects ERK localisaƟon to FAs in 

HUVECs. Another key difference between the two studies is that Yin et al. (2005) showed that 

phopho-ERK1/2 was localised to FAs (co-localised with either paxillin or vinculin) aŌer acute 

sƟmulaƟon with EGF, in contrast we were invesƟgaƟng steady-state localisaƟon of ERK in HUVECs in 

cM199 media. It would be interesƟng to determine if acute sƟmulaƟon of HUVECs with either VEGFA 

or FGF2 transiently affects ERK1/2 localisaƟon. 

Our observaƟon that levels of ERK1/2 at FAs are low suggests that RhoJ is not likely to be regulaƟng 

MEK1 or ERK1/2 via the GIT-PIX complex. An alternaƟve possibility is that RhoJ is acƟvaƟng the ERK 

MAP kinase pathway via PAK, indeed several studies have demonstrated that PAK can affect MAP 

kinase acƟvity via enhancing RAF phosphorylaƟon. For example, PAK3 was shown to mediate site-

specific RAF1 phosphorylaƟon (S338) required for RAS-RAF signal acƟvaƟon, and this effect was 

augmented by acƟvated CDC42 and Rac (King et al., 1998). A second study showed that FGF2 

acƟvated PAK1 which in turn resulted in RAF1 phosphorylaƟon and funcƟonally this prevented EC 

death (Alavi et al., 2003). Previously Koh et al. (2008) demonstrated that CDC42 promoted 

endothelial tubulogenesis via the acƟvaƟon of PAK2, PAK4, PKCϵ, Src, Yes, B-RAF, C-RAF and ERK1/2 

(Koh et al., 2008). These researchers went on to show that si-RNA-mediated knockdown of RhoJ 
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resulted in reduced Rac1 and CDC42 acƟvaƟon as well as diminished levels of phospho-PAK2, 

phospho-PAK4 and phospho-B-RAF (Yuan et al., 2011). It is not clear from these studies if RhoJ was 

acƟng directly via PAK2 and/or PAK4 to modulate RAF acƟvaƟon or whether this might be via CDC42 

or Rac1. These data are, however, consistent with our observaƟons that reduced RhoJ acƟvity 

impairs ERK1/2 acƟvaƟon. It would be interesƟng to determine how daRhoJ affects RAF 

phosphorylaƟon and to invesƟgate how inhibiƟng PAK with either inhibitors or si-RNA knockdown 

might affect this. 

Data presented in this chapter has suggested that PAK4 is the RhoJ acƟvated kinase involved in the 

daRhoJ-mediated increase GIT2 phosphorylaƟon, which causes the retarded electrophoreƟc 

mobility of GIT2. Although GIT1 co-precipitated with MEK1 and ERK1/2, there was no conclusive 

evidence that RhoJ knockdown influenced any of these interacƟons. Although some technical issues 

hampered these experiments, a lack of ERK1/2 localisaƟon at FAs likely provided an explanaƟon for 

the challenges that were encountered while invesƟgaƟng these interacƟons in IP experiments. In 

the future it would be important to delineate the molecular pathway connecƟng RhoJ with the ERK 

MAP kinase pathway. 
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CHAPTER 5  

General discussion 
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This project has clearly demonstrated a link between the ac�vity of RhoJ and the ac�vity of MAP 

kinases, and in par�cular ERK1/2. Silencing of RhoJ using si-RNA duplexes diminished the ac�va�on 

of ERK1/2 to a range of s�muli; though RhoJ’s modula�on of ERK1/2 in response to VEGFA had been 

previously reported (Fukushima et al., 2020), our observa�ons that this also occurred in response to 

FGF2, and complete medium are novel. The mechanism of ac�on, and in par�cular a link to the GIT-

PIX complex, was interrogated. Though we confirmed reports that MEK1 and ERK1/2 interact with 

the GIT-PIX complex, we were not able to establish whether this was affected by RhoJ. We also found 

that localisa�on of ERK1/2 to FAs that had been reported in other cell types was not observed in ECs 

under our culture condi�ons. Finally, we did demonstrate that the electromobility shi� of GIT2 

induced by an ac�ve mutant of RhoJ was sensi�ve to PAK inhibi�on. Given the sensi�vity to the 

different inhibitors used and endothelial expression paterns of Group II PAKs, this was likely 

mediated by PAK4. Other techniques such as si-RNA-mediated knockdown of the different PAK 

kinases would enable further delinea�on of this pathway and iden�fica�on of which PAK is involved. 

The iden�fica�on of PAK as a poten�al downstream mediator of RhoJ provides a poten�al 

mechanis�c link between RhoJ and its role in promo�ng FA disassembly which has been previously 

reported by our laboratory (Wilson et al., 2014). A number of studies have indicated a role for the 

GIT-PIX complex in regula�ng FA turnover (Feng et al., 2010; Zhao et al., 2000; Kuo et al., 2011; Nayal 

et al., 2006) and its localisa�on to FA depends on interac�ons between GIT and paxillin (Di Cesare et 

al., 2000; Turner et al., 1999; Zhao et al., 2000). Zhao et al. (2000) proposed a model whereby CDC42 

mediates ac�va�on and recruitment of PAK and PIX which in turn promotes the associa�on of GIT1 

with FAs. This then promotes the dissocia�on of paxillin from FAs because of interac�on of the C-

terminal region of GIT1 with Paxillin’s LD4 mo�f (Zhao et al., 2000). A subsequent study 
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demonstrated that phosphorylaƟon of GIT1 at serine 709 played a criƟcal role in its interacƟon with 

paxillin and effects on cell protrusion, and PAK was demonstrated to phosphorylate this residue using 

in vitro kinase assays (Webb et al., 2006). PAK is also able to modulate actomyosin contracƟlity via 

phosphorylaƟng and inhibiƟng myosin light chain kinase (MLCK) (Zhao et al., 2000); we have 

previously observed reduced contracƟlity in ECs expressing daRhoJ (Kaur et al., 2011) and so this 

acƟvity of RhoJ may also be mediated by PAK. Accordingly, we propose that acƟve GTP-bound RhoJ, 

like CDC42, is able to bind the CRIB of PAK and acƟvate its kinase acƟvity. AcƟve GTP-bound RhoJ 

interacts with GIT1/2 and together with PIX and PAK is recruited to FAs. This movement of GIT1/2 to 

FAs results in its interacƟon with paxillin which facilitates the dissociaƟon of paxillin from FAs and 

their disassembly. This dissociaƟon of paxillin is also promoted by the phosphorylaƟon of GIT1/2 by 

PAK which in turn is acƟvated by RhoJ. It is possible that β-PIX is also involved in this process by 

acƟng as the GEF for RhoJ, as it does for CDC42 (Feng et al., 2006). Whether β-PIX can act in this way 

would require the use of nucleoƟde exchange assays and the producƟon of recombinant RhoJ and 

β-PIX and could be subject of future studies. 

In this study we showed that RhoJ posiƟvely regulated ERK1/2 acƟvaƟon downstream of VEGFA, 

cM199 and FGF2. The fact that this occurred downstream of a variety of sƟmuli suggested that any 

mechanism was not likely to depend on complex regulaƟon of receptor internalisaƟon, but rather 

would uƟlise more direct interacƟon between RhoJ and MAP kinase signalling. Given RhoJ’s 

interacƟon with GIT1/2 and a reported scaffolding funcƟon of GIT proteins for MEK1 and ERK1/2 

(Yin et al., 2004; Yin et al., 2005; Zhang et al., 2009), our original hypothesis was that RhoJ was 

regulaƟng the interacƟon between GIT proteins and MEK1 and/or ERK1/2. Our experiments did not 

rule out this possibility, but we found very low levels co-precipitaƟon of GIT1/2 with MEK1 or ERK1/2 
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and a failure to localise ERK1/2 to FAs prompted other mechanisms to be considered. An alternaƟve 

mechanism could involve PAK which has been shown to modulate ERK MAP kinase signalling via 

both kinase-dependant and kinase-independent mechanisms. PAK can phosphorylate RAF1 at S338 

and MEK1 at S298, in both cases promoƟng their acƟvity (King et al., 1998; Chaudhary et al., 2000; 

Slack-Davis et al., 2003). Overexpression a kinase dead form of PAK was also able to potenƟate ERK 

MAP kinase signalling possibly through scaffolding interacƟons between the ERK MAP kinase 

signalling components (Radu et al., 2014). We demonstrated that pharmacological inhibiƟon of PAK 

abrogated the decreased electrophoreƟc mobility of GIT2, and it would be interesƟng to determine 

what effect it might have had on the acƟvaƟon levels of the components of the MAP kinase signalling 

cascade in cells expressing an acƟve mutant of RhoJ. An involvement of PAK in endothelial RhoJ 

biology was idenƟfied by Yuan et al. who demonstrated si-RNA knockdown of RhoJ resulted in 

reduced levels of phospho-PAK2, phospho-PAK4 and phospho-B-RAF (Yuan et al., 2011). DepleƟon 

of RhoJ also reduced the levels of GTP-bound Rac1 and CDC42. Moreover, their study also suggested 

that RhoJ may act on PAK via these other related Rho GTPases, which delineates the complex 

interplay between these different Rho GTPases and hence more invesƟgaƟon will be required to 

determine precisely how they act to regulate PAK. In our model we have proposed a direct link 

between RhoJ, PAK and RAF (Figure 5.1), but it may be that RhoJ acts on PAK via modulaƟon of other 

Rho GTPases. For example, RhoJ associates with the GIT-PIX complex, and β-PIX is a GEF for CDC42, 

thus RhoJ may influence CDC42 acƟvaƟon via its associaƟon with β-PIX. 

In conclusion, while there is considerable work sƟll to be done to fully elucidate its various funcƟons, 

this work adds to our understanding of the mulƟfaceted role of RhoJ in EC biology and gives a greater 
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insight into mechanisms by which it can modulate processes such as cell moƟlity which is 

fundamental in angiogenesis.   

Figure 5.1. A model illustra ng RhoJ-PAK regula on of FA disassembly and MAP kinase 
ac va on. 
AcƟve GTP-bound RhoJ binds the CRIB of PAK causing its acƟvaƟon. In addiƟon, acƟve RhoJ also 
binds the SHD of GIT proteins while PAK associates with PIX’s SH3 domain. This causes the 
recruitment of GIT to FAs, allowing its interacƟon with paxillin. RhoJ’s acƟvaƟon of PAK results in 
PAK phosphorylaƟng GIT (blue curved arrow), facilitaƟng the dissociaƟon of paxillin and FA 
disassembly. AcƟvated PAK also inhibits MLCK-mediated myosin II phosphorylaƟon (red curved 
line) reducing actomyosin contracƟlity. RhoJ’s GTP loading and acƟvaƟon could be mediated by 
PIX’s GEF acƟvity (black dashed curved arrow). AcƟve PAK phosphorylates S338 and S298 on RAF1 
and MEK1, respecƟvely (green arrows). This potenƟates signalling through the ERK1/2 MAP kinase 
pathway in response to pro-angiogenic receptor sƟmulaƟon. 
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