
 

Defining Signalling Pathways that 
Control the Response of 

Endothelium to Cancer Therapy 
 

MICHAEL YICHAO HE 
(ORCID IDENTIFIER: 0000-0002-2235-2758) 

 

Submitted in total fulfilment of the requirements of the 
degree of 

 

Doctor of Philosophy 
 

October 2018 

 

Tumour Angiogenesis and Microenvironment Program  

Peter MacCallum Cancer Centre  

and  

The Sir Peter MacCallum Department of Oncology  

The University of Melbourne  

  



 
II 

 

 

 

 

 

 

 

 

 

 

 

BLANK 

 

 

 

 

 

 

 

 

 

  



 
III 

 

 

 

 

 

 

 

 

 

“The journey of a thousand miles begins with a single step.” 

 

Laozi  

 

 

 

 

 

 

 

  



 
IV 

 

 

 

 

 

 

 

 

 

 

 

BLANK 

 

 

 

 

 

 

 

 

 

  



 
V 

Abstract 

Targeting non-transformed stromal components of the tumour microenvironment 
(TME) has become clinically attractive in treating cancer over the last few decades. 
On this basis, vascular endothelial growth factor A (VEGFA) inhibitors which suppress 
blood vessel sprouting (angiogenesis) by blocking VEGFA signalling have been 
developed and integrated into modern cancer treatment regimens. However, tumour 
response to VEGFA inhibitors is highly complex and variable. In addition to cancer 
cells, the TME is composed of various stromal cell types that play an important role in 
modifying the tumour response by, for example, supporting the development of 
resistance to VEGFA blockade. Moreover, the indiscriminate large-scale application of 
VEGFA inhibitors (with or without chemotherapeutic agents) in clinical oncology, 
resulting in overall modest patient benefit and the inevitable occurrence of resistance, 
has underscored a pressing need for rational use of these expensive agents. To 
address the challenges in deciphering the role of each TME component and thus the 
mechanisms of resistance, this Thesis focused on the main cellular target of VEGFA 
inhibitors — human microvascular blood endothelial cells (ECs).  

To identify molecular modifiers of the EC response to VEGFA inhibitors (in this 
Thesis bevacizumab, a humanised anti-VEGFA neutralising monoclonal antibody, was 
used), a pooled genetic screening platform was developed. This involved a three-
dimensional microcarrier-based culture system, CRISPR–Cas9-driven genetic loss-of-
function (LOF) and VEGFA-dependent serum-free culture conditions for applying 
selective pressure. A pooled kinome-wide CRISPR–Cas9-based screen identified 18 
candidate genes that upon LOF were significantly enriched or depleted in the 
bevacizumab versus control treatment arm. Candidate evaluation using small 
interfering RNA (siRNA) validated ACTR2, BRD2, BRD3, BRD4, TAOK1 and TRRAP 
LOF as mediators of EC resistance to bevacizumab; TLK1 and TLK2 LOF as 
sensitisers of ECs to bevacizumab.  

Further analysis of the most significant validated candidate genes BRD2, BRD3 
and BRD4 (encoding members of the bromodomain and extraterminal domain (BET) 
family of proteins) using the BET bromodomain inhibitors (BETi) JQ1 and I-BET762 
reproduced the effect of siRNA-mediated knockdown of BRD2, BRD3, or BRD4 on the 
EC response to bevacizumab. Markedly, a survival- and/or proliferation-inhibiting 
effect of BETi was observed regardless of the presence of bevacizumab. However, 
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this inhibitory effect was unexpectedly attenuated when cells were co-treated with 
bevacizumab under VEGFA-dependent culture conditions. These results collectively 
indicated an interaction between BETi and bevacizumab. Investigation of the 
mechanistic basis for such interaction using RNA sequencing suggested a role for 
epigenetic regulation of chromosomal activity in modifying the EC response to co-
treatment with BETi and bevacizumab.  

With development and application of a minimally biased and systematic screening 
approach, this Thesis identified and validated novel molecular modifiers of the EC 
response to bevacizumab. A previously unreported interaction between BET protein 
activity and VEGFA signalling in the context of bevacizumab treatment in ECs was 
revealed. Importantly, these observations will prompt further investigation of the role 
of epigenetic regulation in vascular biology, tumour angiogenesis and response to 
cancer therapy. These findings could facilitate clinical development of predictive and/or 
response biomarkers and strategies to overcome therapeutic resistance, ultimately 
enabling the rational use of VEGFA inhibitors.  
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1.1 Introduction  

Blood vessels pervade virtually every tissue in the body and play vital roles in 
development, physiology and pathophysiology (Potente and Makinen, 2017). During 
embryonic development, the first blood vessels are formed by vasculogenesis — a 
process whereby endothelial progenitor cells (EPCs, also known as angioblasts) 
differentiate into endothelial cells (ECs) which then assemble into vascular labyrinths 
(Potente and Makinen, 2017). The further formation of blood vessels is mainly 
promoted by angiogenesis which directs the sprouting of new blood vessels from the 
pre-existing vasculature (Potente and Makinen, 2017). Vascular expansion can also 
be achieved by intussusception (vessel splitting) but its cellular mechanisms are poorly 
understood (Gianni-Barrera et al., 2011). The angiogenic microvascular capillaries 
sprout, branch and remodel into large and complex functional vascular networks to 
facilitate blood transport to and from growing tissues that have large demands for 
nutrients and oxygen (Adams and Alitalo, 2007; Potente and Makinen, 2017). In 
contrast, dysregulation of the angiogenic process contributes to the pathogenesis of 
many diseases. For example, insufficient vascularisation leads to ischaemic conditions 
in cardiovascular diseases, stroke and neurodegeneration, whereas hyperactive 
angiogenesis is often observed in cancer, inflammation-related conditions and ocular 
diseases such as age-related macular degeneration (AMD) (Adams and Alitalo, 2007; 
Carmeliet and Jain, 2011a). Both promotion and inhibition of angiogenesis possess 
great therapeutic potential. Compared with therapeutic angiogenesis, there are more 
successful applications of anti-angiogenesis for treatment of cancer and ocular 
diseases in the clinical setting (Carmeliet and Jain, 2011a).  

This Chapter provides a Literature Review of angiogenesis regulation in vascular 
development and physiology, angiogenesis in cancer and anti-angiogenesis for 
treating cancer (using the most widely used class of anti-angiogenic therapy (AAT) — 
vascular endothelial growth factor A (VEGFA) inhibitors — as an example). Further 
discussion of VEGFA inhibitors in the treatment of cancer focuses on the molecular 
and cellular alterations in the tumour microenvironment (TME) upon treatment and how 
these affect the tumour response to VEGFA inhibitors. Approaches for improving the 
use of VEGFA inhibitors, e.g., understanding the mechanisms of resistance and 
developing biomarkers for predicting and/or monitoring patient response, are also 
discussed. Finally, the critical methodology used, the central hypothesis and aims of 
this Thesis, are described in later sections.   
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1.2 Angiogenesis and its Regulation in Vascular Development 
and Physiology  

Angiogenesis is vital for embryonic development as well as tissue homeostasis 
(Potente and Makinen, 2017). This process usually occurs in microvasculature such 
as capillaries and small vessels rather than large vessels such as arteries and veins 
(Adams and Alitalo, 2007). The angiogenic microvasculature is mainly comprised of 
microvascular blood ECs. They are fundamental for nutrient supply, exchange of 
gases and metabolic wastes and delivery of haematopoietic cells for functional 
immune surveillance (Carmeliet and Jain, 2011a). In addition, ECs establish vascular 
niches and produce angiocrine factors during embryogenesis to promote specific 
organ growth in a blood flow-independent manner (Butler et al., 2010). The angiocrine 
signalling also actively directs organ regeneration, for example, following injury and 
contributes to homeostasis and metabolism (Rafii et al., 2016).  

In normal physiology, the mature vascular architecture branches in a hierarchical 
fashion and is organised in a well-established network (Jain, 2003). ECs, lining the 
intima of the mature blood vessels in a healthy adult, are mostly quiescent and are 
transiently activated during certain physiological events such as wound healing and 
the female menstrual cycle (Adams and Alitalo, 2007; Carmeliet and Jain, 2011a; 
Chung et al., 2010; Folkman, 2007). In these contexts, angiogenesis is reciprocally 
regulated by a group of endogenous pro-angiogenic and anti-angiogenic molecules 
(Adams and Alitalo, 2007; Carmeliet and Jain, 2011a; Chung et al., 2010). The 
dynamic interactions between ECs and these signalling molecules initiate a cascade 
of molecular and cellular activities that are important for regulating angiogenesis 
(Carmeliet and Jain, 2011a). Furthermore, several regulators other than signalling 
molecules also play a role in regulating angiogenesis at different levels (Buysschaert 
et al., 2008). This Section discusses all of these important regulators and their key 
roles in vascular development and physiological angiogenesis.  

1.2.1 Endogenous signalling molecules that modulate angiogenesis 

1.2.1.1 VEGF signalling  

The VEGF family of secreted cysteine knot glycoproteins is at the core of angiogenesis 
regulation (Simons et al., 2016). In mammals, the VEGF ligands include VEGFA (also 
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known as VEGF and previously known as vascular permeability factor (VPF)), VEGFB, 
VEGFC, VEGFD and placental growth factor (PlGF; also known as PGF) (Simons et 
al., 2016). The VEGF ligands plays largely non-redundant roles by selectively binding 
to their cell surface receptors (VEGFRs) and co-receptors (Carmeliet and Jain, 2011a) 
(Figure 1.1). VEGFs bind to the receptor tyrosine kinases (RTKs) VEGFR1–3 with 
high affinity (Simons et al., 2016). Interaction between VEGFA and VEGFR2 
represents the principal signalling axis for regulation of angiogenesis by controlling EC 
survival, proliferation, migration, tube formation and vascular permeability (Simons et 
al., 2016). Inactivation of one or both Vegfa allele(s) (Vegfa+/– or Vegfa–/–, respectively) 
(Carmeliet et al., 1996; Ferrara et al., 1996) or deficiency of VEGFR2 (Kdr–/–) (Shalaby 
et al., 1995) is embryonic lethal in mice due to defects in vascular development. 
Alternative splicing of the VEGFA gene results in multiple isoforms in humans, of which 
the common ones include VEGFA121, VEGFA165, VEGFA189 and VEGFA206 (Ladomery 
et al., 2007; Simons et al., 2016). These isoforms differ in their size, extracellular matrix 
(ECM)- and/or co-receptor-binding ability and biological roles. For example, VEGF121 
contains 121 amino acid residues and is freely diffusible whereas VEGF165 and the 
longer isoforms are able to bind to the ECM and/or co-receptor with an increasing 
binding strength because of the additional binding sequences at their C-terminal 
domains (Simons et al., 2016). Generally, the soluble isoforms contribute to 
enlargement of vessels and the ECM-bound isoforms enhance vascular branching 
(Ladomery et al., 2007). VEGFA165 is the major angiogenic isoform of VEGFA (Lohela 
et al., 2009). Interestingly, VEGFA b-type isoforms, e.g., VEGFA165b with six unique 
C-terminal amino acid residues, have been reported to inhibit angiogenesis (Bates et 
al., 2002; Harper and Bates, 2008).  

VEGFA also binds to VEGFR1 with a much higher affinity (dissociation constant 
Kd, 10 pM) than to VEGFR2 (Kd, 100 pM) (Papadopoulos et al., 2012). However, the 
phosphorylation of VEGFR1 induced by VEGFA is weaker (Fischer et al., 2008; 
Simons et al., 2016). This weak kinase activity and high binding affinity between 
VEGFA and VEGFR1 reflect a negative regulatory role of VEGFR1 by sequestering 
VEGFA and attenuating VEGFA–VEGFR2 signalling (Fischer et al., 2008; Simons et 
al., 2016). In mouse embryos, deficiency of VEGFR1 (Flt1–/–) leads to lethality because 
of overgrowth of ECs and vascular disorganisation (Fong et al., 1999a; Fong et al., 
1995). VEGFB and PlGF selectively bind to VEGFR1 (Fischer et al., 2008; Olofsson 
et al., 1998). However, unlike VEGFA, both VEGFB and PlGF are dispensable for 
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angiogenesis in development (Simons et al., 2016). Downstream signal transduction 
post-VEGFR1 phosphorylation remains largely elusive, as does its exact biological role 
in angiogenesis (Fischer et al., 2008; Simons et al., 2016). Soluble VEGFR1 (resulting 
from alternative splicing and/or proteolytic cleavage) acts as a VEGF trap, thereby 
preventing VEGFA from binding to VEGFR2 (Fischer et al., 2008). Hence, both full-
length and soluble VEGFR1 are largely regarded as decoy receptors for VEGFA and 
negative regulators of angiogenesis (Simons et al., 2016). In addition, VEGFR1 is 
involved in regulation of gene expression in ECs (e.g. genes encoding matrix 
metalloproteinase 9 (MMP9) and hepatocyte growth factor (HGF)) and mediation of 
monocyte migration and proliferation of cancer cells when expressed by them (Ferrara 
and Adamis, 2016; Hattori et al., 2002).  

VEGFC and VEGFD, upon binding to VEGFR3, are critical regulators of 
lymphangiogenesis (Joukov et al., 1996; Lee et al., 1996; Stacker et al., 2014). In 
addition, the proteolytically processed forms of VEGFC and VEGFD can bind to and 
activate VEGFR2 and therefore can contribute to angiogenesis in humans (Achen et 
al., 1998; Hamada et al., 2000; Joukov et al., 1996; Stacker et al., 1999).  

The neuropilin (NRP) family glycoproteins NRP1 and NRP2 act as VEGF co-
receptors which interact with VEGFR2 or 3 (Simons et al., 2016). For example, NRP1 
interacts with VEGFA for enhancing its affinity to VEGFR2 and NRP2 interacts with 
VEGFR3 for regulation of lymphangiogenesis (Pan et al., 2007; Soker et al., 2002; Xu 
et al., 2010). In addition, both VEGFA and VEGFC induce interaction of NRP2 with 
VEGFR2 which can promote VEGFR2 activation (Favier et al., 2006). Nevertheless, 
VEGFA and PlGF can act independently of VEGFR2 via NRP1 (Olsson et al., 2006). 
Heparan sulfate proteoglycans (HSPGs), present on the cell surface or in the ECM, 
also act as VEGF co-receptors by enhancing binding of VEGFA to VEGFR2 and 
promoting VEGFR2 signalling (Olsson et al., 2006). In addition, posttranslational 
modifications (PTMs) can affect VEGFR activation, as exemplified by lysine 
methylation of VEGFR2 that enhances its activation (Hartsough et al., 2013).  
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1.2.1.2 FGF signalling  

Fibroblast growth factors (FGFs) and their receptors (FGFRs) mediate a wide range of 
biological functions in development and physiology in adults, including angiogenesis 
(Turner and Grose, 2010). Expressed by diverse cell types, FGFRs control cellular 
activities such as survival, proliferation, migration and differentiation (Turner and 
Grose, 2010). The FGF family in mammals consists of 18 ligands that bind to and 
activate four highly conserved RTKs (FGFR1–4) (Beenken and Mohammadi, 2009; 
Goetz and Mohammadi, 2013). Alongside embryogenesis, the role of FGF signalling 
in controlling cell proliferation and migration was recognised in wound healing where 
angiogenesis is a pivotal process (Werner and Grose, 2003; Werner et al., 1994). High 
levels of FGFR expression (mainly FGFR1 and FGFR2) have been observed in ECs 
and FGF1 and FGF2 are the FGFs that possess strong pro-angiogenic activities 
(Presta et al., 2005). FGFs regulate angiogenesis by controlling multiple cellular 
processes, including driving EC proliferation and migration, protecting from apoptosis, 
facilitating ECM degradation by upregulating urokinase-type plasminogen activator 
(uPA) and proteases (e.g. MMPs) expression, and mediating EC morphogenesis; 
modulating both active angiogenesis and vessel maturation by affecting cell–cell 
interaction and integrin expression (Beenken and Mohammadi, 2009; Presta et al., 
2005). Cell-surface HSPGs serve as co-receptors for FGFs and modulate their signal 
transduction; FGFs also bind to HSPGs in the ECM to form a growth factor reservoir 
for long-term stimulation of angiogenesis (Presta et al., 2005). 

Evidence suggests that there is a close cross-talk between the FGF and VEGF 
networks. For example, FGF2 signalling via FGFR1 and/or FGFR2 modulates VEGFA 
expression and mediates upregulation of FGFR and VEGFR expression in ECs (Presta 
et al., 2005). In addition, FGF2 and VEGFA can regulate angiogenesis synergistically 
but have distinct impacts on transcriptional patterns in ECs, vascular morphology and 
function during the angiogenic process (Pepper et al., 1992; Presta et al., 2005). 

Distinct to the haploinsufficient role of VEGFA in developmental angiogenesis, 
there is substantial signalling redundancy in the FGF family, rendering individual FGFs 
dispensable for vascular development (Presta et al., 2005). For example, mice 
deficient in FGF1 or FGF2 (Fgf1–/– or Fgf2–/–, respectively) or both (Fgf2–/–; Fgf1–/–) 
display normal vascularisation (Miller et al., 2000) and overexpression of FGF2 in mice 
does not produce vascular defects (Fulgham et al., 1999).  
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1.2.1.3 PDGF signalling  

The maturation of nascent blood vessels is essential for normal function of the vascular 
system. This requires recruitment of mural cells (including pericytes and/or vascular 
smooth muscle cells (VSMCs)) to the EC tube, generation of ECM and specialisation 
of the vessel wall to provide physical support (Adams and Alitalo, 2007; Jain, 2003). 
The platelet-derived growth factor (PDGF) family of proteins are structurally related to 
VEGFs (both belong to the PDGF/VEGF superfamily of secreted cysteine knot 
glycoproteins) and are important for mural cell coverage (Jain, 2003). ECs and mural 
cells communicate in a reciprocal manner (Franco et al., 2011). For example, 
angiogenic ECs secrete PDGFBB to chemoattract mural cells that express PDGF 
receptor b (PDGFRb) (Gaengel et al., 2009). The signalling through PDGFRb 
promotes proliferation, migration and recruitment of mural cells to growing vessels 
(Gaengel et al., 2009; Jain, 2003). Deficiency of mural cells as a result of ablation of 
PDGFBB or PDGFRb in mice results in vascular leakage and embryonic lethality 

(Gaengel et al., 2009). Moreover, pericytes activated by PDGFBB–PDGFRb signalling 
promote EC survival by secreting vitronectin (VTN) which interacts with av integrin on 
the surface of ECs (Franco et al., 2011). This activates nuclear factor k-light-chain-

enhancer of activated B cells (NF-kB) signalling in ECs to potentiate intracrine VEGFA 
signalling for pro-survival effects (Franco et al., 2011). PDGF also prompts mural cells 
to release pro-angiogenic factors to enhance angiogenesis (Greenberg et al., 2008). 
For example, PDGFBB alone has been shown to induce neovascularisation in models 
of angiogenesis such as the murine Matrigel plug assay and chick embryo 
chorioallantoic membrane (CAM) assay (Greenberg et al., 2008). Unexpectedly, such 
angiogenesis is massively suppressed by the combination of VEGFA and PDGFBB. 
This antagonistic relationship between VEGFA and PDGFBB reveals that VEGFA-
mediated VEGFR2 signalling depletes pericyte coverage and suppresses VSMC 

activity by forming a receptor complex with PDGFRb, thereby causing vessel instability 
(Greenberg et al., 2008).  

1.2.1.4 Angiopoietin and TIE signalling  

Endothelial angiopoietin (ANGPT)–TIE signalling plays an important role in regulating 
maturation of blood vessels, vascular integrity and vascular permeability (Eklund and 
Saharinen, 2013; Gamble et al., 2000; Yancopoulos et al., 2000). The human ANGPT 
family of secreted growth factors includes ANGPT1, ANGPT2 and ANGPT4 
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(Saharinen et al., 2005). The ANGPT receptors TIE1 and TIE2 (also known as TEK) 
are exclusively expressed in ECs (with a few exceptions, such as haematopoietic cells) 
(Batard et al., 1996; Dumont et al., 1992; Eklund and Saharinen, 2013; Hashiyama et 
al., 1996; Partanen et al., 1992). All ANGPTs bind to TIE2 whereas TIE1 is an orphan 
receptor which can be activated by ANGPT1 and ANGPT4 through heterodimeric 
interaction with TIE2 (Saharinen et al., 2005). Published studies mainly focus on 
ANGPT1 (acting as a TIE2 agonist) and ANGPT2 (acting as a context-dependent 
ANGPT1 antagonist); ANGPT4 has not been well studied but it is thought to function 
similarly to ANGPT1 (Saharinen et al., 2017). ANGPT1 is mainly expressed by mural 
cells but widely expressed in various tissues, whereas ANGPT2 is expressed 
principally by ECs and is associated with events such as vascular remodelling 
(Gaengel et al., 2009; Saharinen et al., 2017).  

Furthermore, cellular status dictates the subcellular localisation of ANGPT 
receptors which is in turn responsible for the subsequent EC responses (Saharinen et 
al., 2017). For example, in mobile angiogenic ECs, ECM-bound ANGPT1 induces TIE2 
translocation to EC–ECM attachment sites and activates TIE2 to promote EC 
adhesion, spreading and migration, which favours vascular remodelling (Saharinen et 
al., 2008). In confluent cultured ECs, ANGPT1-bound TIE2 is translocated to EC–EC 
junctions where an in trans-complex containing TIE2 from the neighbouring EC, TIE1 
and vascular endothelial protein tyrosine phosphatase (VE-PTP; which 
dephosphorylates TIE2 and VEGFR2) is formed. This promotes endothelial nitric oxide 
synthase (eNOS) phosphorylation, reduces paracellular permeability and establishes 
vascular integrity (Saharinen et al., 2008). ANGPT1 also promotes EC survival, 
stabilises vascular endothelial cadherin (VE-cadherin, also known as cadherin 5 
(CDH5) or CD144) in EC–EC junctions, supports mural cell coverage and basement 
membrane deposition (David et al., 2011; Gamble et al., 2000; Gavard et al., 2008; 
Koh, 2013). Excessive ANGPT2 in EC–EC junctions can counteract the ANGPT1-
mediated effects by competitively binding to TIE2 (Saharinen et al., 2008).  

TIE1, TIE2 and ANGPT1 are indispensable for vascular development (Gaengel et 
al., 2009). For example, deficiency of TEK (Tek–/–) in mouse embryos results in 
reduced mural cells around blood vessels and lack of normal hierarchical vascular 
networks, leading to death between embryonic day (E) 9.5 and E12.5 (Puri et al., 
1995). Deficiency of TIE1 (Tie1–/–) generates a milder phenotype (death occurs after 
E13.5) than Tek–/– but is also associated with defective vascular integrity (Puri et al., 
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1995). In addition, deficiency of ANGPT1 (Angpt1–/–) or overexpression of ANGPT2 in 
mice shows similar phenotypes with Tek–/– mice whereas deficiency of ANGPT2 
(Angpt2–/–) in mice is compatible with survival to adulthood in certain cases 
(Maisonpierre et al., 1997; Suri et al., 1996).  

1.2.1.5 TGFb signalling  

The transforming growth factor (TGF) b superfamily represents a group of 
multifunctional cytokines that are involved in regulation of growth, differentiation and 
migration in different cell types, including ECs and mural cells (Goumans et al., 2009; 

Pickup et al., 2013). In mammals, there are 33 members which include TGFb ligands, 
activins and bone morphogenetic proteins (BMPs) (Goumans et al., 2009). In general, 
activated type 2 receptors recruit and phosphorylate type 1 serine/threonine kinase 
receptors (also known as activin receptor-like kinases (ALKs)) to induce downstream 
signal transduction (Goumans et al., 2009; Pickup et al., 2013).  

Specific ligands of the TGFb superfamily engage with different heteromeric 
receptor complexes (Table 1.1). The effects of TGFb signalling on angiogenesis are 

context-dependent and biphasic. For example, TGFb ligands exert their effects on ECs 
through activation of two type 1 receptors — ALK5 (mediating prolonged effects which 
are maximal at higher ligand concentrations) or ALK1 (mediating transient effects 
which are maximal at lower ligand concentrations) (Goumans et al., 2002). Activation 
of ALK5 inhibits angiogenesis and maintains EC quiescence by suppressing cell 
proliferation, migration and tube formation whereas activation of ALK1 leads to the 
opposite results (Goumans et al., 2009; Jarad et al., 2017). BMP9-mediated activation 
of ALK1 has been shown to promote EC proliferation and angiogenesis (Li et al., 2016; 
Suzuki et al., 2010; van Meeteren et al., 2012). Other BMPs, such as BMP6 and BMP4, 
can promote angiogenesis by enhancing EC proliferation, migration and tube formation 
(Goumans et al., 2009).  

Endoglin is a type 3 TGFb co-receptor predominantly expressed in highly 
proliferating blood ECs and it has been shown to regulate ALK1 and ALK5 signalling 
as it promotes ALK1 signalling and thus indirectly inhibits ALK5 signalling (Lebrin et 
al., 2004; ten Dijke et al., 2008; Walshe et al., 2009). In addition to its role in ECs, 
TGFb signalling is also a potent stimulator of mural cell differentiation from progenitor 
cells (Adams and Alitalo, 2007; Gaengel et al., 2009; Goumans et al., 2009).  



 
10 

Table 1.1. TGFb superfamily ligand–receptor interactions  

Ligand Type 2 receptor* Type 1 receptor* 

TGFb TGFBR2 TGFBR1 (also known as 
ALK5) or ALK1 

Activin ACVR2A or ACVR2B ALK4 

BMP BMPR2 or ACVR2 ALK1, 2, 3 or 6 
*Majority of receptors are expressed in most cell types whereas ALK1 is specifically 
expressed in ECs (Goumans et al., 2009). The type 3 TGFb co-receptor endoglin is 
predominantly expressed in highly proliferating blood ECs and promotes ALK1 signalling.  
ACVR2, type 2 activin receptor; BMPR2, type 2 BMP receptor; TGFBR2, type 2 TGFb 
receptor. 

TGFb signalling is important for vascular development and function. In humans, 
mutations in ENG (encoding endoglin) or ACVRL1 (encoding ALK1) cause autosomal 
dominant hereditary haemorrhagic telangiectasia (HHT; also known as Osler-Rendu-
Weber syndrome) which is characterised by capillary dilation, local bleeding and 
vascular malformations in multiple organs (Berg et al., 2003; Johnson et al., 1996; 
McAllister et al., 1994; Sabba et al., 2007). Investigations using genetic mouse models 
suggest that the defective vascular phenotypes resemble the symptoms in human 

patients with HHT (Carmeliet and Jain, 2011a). Specifically, deficiency of TGFb1, 
ALK1, TGFBR1, TGFBR2 or ENG in knockout mice results in severe vascular defects 
featuring disorganised vascular formation, impaired mural cell coverage and leaky 
vessels, which leads to embryonic lethality (Pardali et al., 2010).  

1.2.1.6 NOTCH and WNT signalling  

The vessel-branching model of angiogenesis involves sprouting of blood vessels 
guided by migration of tip cells and followed by proliferation of stalk cells (Gerhardt et 
al., 2003; Potente et al., 2011). ECs constitutively compete for being selected as tip 
cells even though they represent a much smaller proportion than stalk cells (Carmeliet 
and Jain, 2011a). Hence, regulation of this reversible cell fate is important because 
indiscriminate tip cell specification can result in disorganised and dysfunctional 
vascular networks (Adams and Alitalo, 2007). NOTCH signalling is implicated in 
regulating this process (Bray, 2016). Expression of the cell surface Delta-like ligand 4 
(DLL4) is induced upon VEGFA–VEGFR2 signalling in tip cells (Carmeliet and Jain, 
2011a). This suppresses the tip cell phenotype in neighbouring stalk cells by DLL4-
mediated NOTCH activation which leads to downregulation of VEGFR2 but 
upregulation of VEGFR1 expression (Adams and Alitalo, 2007; Benedito et al., 2009). 
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Thus, stalk cells become less sensitive to VEGFA, more sensitive to PlGF and less 
prone to sprout (Adams and Alitalo, 2007; Benedito et al., 2009). In Dll4+/– mice, or in 
mice or zebrafish with functional blockade of DLL4 or NOTCH, increased formation of 
tip cells and excessive sprouting but non-productive angiogenesis (characterised by 
poor perfusion) has been observed (Benedito et al., 2009; Thurston et al., 2007). 
Overall, DLL4–NOTCH signalling acts as a negative regulator of vessel branching but 
contributes to formation of perfused vessels (Carmeliet and Jain, 2011a). Another 
NOTCH ligand, JAGGED1, which is highly expressed in stalk cells, can inhibit DLL4–
NOTCH signalling in stalk cells, promote the tip cell phenotype and enhance 
angiogenesis (Benedito et al., 2009). Furthermore, NOTCH signalling is essential for 
controlling arteriovenous differentiation by promoting the expression of arterial markers 
(Adams and Alitalo, 2007).  

WNT signalling, both b-catenin-dependent and -independent, is also important in 
regulating angiogenesis and there is a reciprocal relationship between NOTCH and 
WNT signalling (Olsen et al., 2017; Reis and Liebner, 2013; Zerlin et al., 2008). In stalk 
cells where basal WNT signalling is detected, activation of DLL4–NOTCH signalling 
causes upregulation of its own inhibitor, Notch-regulated ankyrin repeat protein 
(NRARP) (Phng et al., 2009). NRARP enhances Lef1-dependent WNT signalling 
which promotes cell proliferation despite the NOTCH-mediated anti-proliferative 
effects (Phng et al., 2009). However, when there is a sustained high level of WNT 
signalling, DLL4 is upregulated at the transcriptional level and activates NOTCH in the 
neighbouring tip cells, thereby reducing the angiogenic potential and promoting EC 
quiescence (Corada et al., 2010). A balance between NOTCH and WNT signalling is 
therefore important for supporting appropriate vascular development and maintaining 
normal physiology.  

1.2.1.7 HIF signalling  

The hypoxia-inducible factor (HIF) proteins are heterodimeric transcription factors that 
control cell response to reduced oxygen concentrations (i.e. hypoxia) (Choudhry and 
Harris, 2018; Keith et al., 2012; Pugh and Ratcliffe, 2003). The HIF heterodimer 

contains an oxygen-regulated a-subunit and a constitutively expressed HIF-1b subunit 
(also known as the aryl hydrocarbon receptor nuclear translocator (ARNT)) (Loboda et 
al., 2010). HIF-1a or HIF-2a complexes with HIF-1b to form HIF-1 or HIF-2, 
respectively, and induces transcriptional changes at direct HIF target genes (more than 
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800 according to Semenza (2012)) in response to hypoxia. HIF-1a and HIF-2a are 

structurally similar but differ in their expression patterns — HIF-1a is expressed 
ubiquitously whereas HIF-2a is restricted to certain tissues and cell types (e.g. kidney, 
lung, heart, small intestine, carotid body and ECs) (Loboda et al., 2010; Yang et al., 

2013). A third a-subunit HIF-3a is less explored but mainly thought to be an inhibitor 
of HIF-1a and HIF-2a through competitive binding to the HIF-1b subunit and reducing 
the level of HIF-1 and HIF-2 (Augstein et al., 2011; Hara et al., 2001). However, a 

recent study showed that HIF-3a can activate distinct transcriptional outcomes in 
response to hypoxia (Zhang et al., 2014).  

Expression of HIF proteins is highly regulated (Loboda et al., 2010). Under normal 
conditions where oxygen is sufficient (i.e. normoxia), HIF-1a and HIF-2a are 
hydroxylated by the oxygen-dependent prolyl hydroxylase domain (PHD) proteins 

PHD1–3 (Yang et al., 2013). The proline-hydroxylated HIFa proteins are bound by the 
von Hippel-Lindau protein (VHL) subunit of the elongin-C/elongin-B/cullin-2 E3 

ubiquitin ligase complex, leading to HIFa ubiquitylation and degradation by the 26S 
proteasome (Keith et al., 2012; Loboda et al., 2010). However, under hypoxic 
conditions (e.g. ischaemia), PHDs become less active and HIFa proteins escape prolyl 

hydroxylation (Loboda et al., 2010). This prevents HIFa proteins from binding to VHL 
and being marked for degradation (Loboda et al., 2010). Stabilised HIFa proteins are 
then transported into the nucleus and initiate transcription, leading to upregulation of 
many pro-angiogenic factors (e.g. VEGFA, PlGF, PDGFBB and ANGPTs) and 
enhanced angiogenesis to meet the oxygen demand (Pugh and Ratcliffe, 2003; 
Semenza, 2012; Yang et al., 2013). In addition, HIF signalling can be activated by 
hypoxia-independent factors such as growth-factor stimulation (Semenza, 2003) and 
PTMs such as phosphorylation (Loboda et al., 2010).  

Although critical in development (Hif1a–/– or Hif2a–/– genotypes cause embryonic 
lethality and vascular defects in mice) and sharing common target genes such as 

VEGFA, HIF-1a and HIF-2a play non-redundant roles in regulating angiogenesis and 
other biological activities (Keith et al., 2012; Loboda et al., 2010; Pugh and Ratcliffe, 

2003). For example, in regulation of vascular development, HIF-1a regulates genes 
important for EC proliferation, migration and vessel sprouting whereas HIF-2a plays 
an important role in EC morphogenesis and maintains vascular integrity (Fraisl et al., 
2009). Furthermore, HIF regulates both directly and indirectly the expression of many 
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noncoding RNAs (including microRNAs (miRNAs) and long noncoding RNAs 
(lncRNAs)) that modulate angiogenesis (Choudhry and Harris, 2018). In turn, these 
noncoding RNAs also affect HIF expression and stability (Choudhry and Harris, 2018).  

1.2.1.8 Integrins and proteases  

1.2.1.8.1 Integrins 

Positioned in a highly dynamic environment, vascular ECs constantly sense and 
respond to the changes in their immediate surroundings (Plow et al., 2014). This is 
largely accomplished by interactions between cell-surface adhesion receptors on ECs 
and their ligands in ECM or blood (Plow et al., 2014). The integrin family represents a 
major group of structurally related cell-surface adhesion receptors (heterodimers of 

transmembrane a- and b-subunits) that control cell adhesion to ECM and 
immunoglobulin (Ig) superfamily molecules (Giancotti and Ruoslahti, 1999). Integrin-
mediated signal transduction involves the co-clustering of kinases and adaptor 
molecules in focal adhesion complexes and is important in regulating cell migration, 
growth, differentiation and cell death during angiogenesis (Avraamides et al., 2008; 
Shattil et al., 2010). The integrins expressed by ECs include the fibronectin receptors 
a4b1 and a5b1; the collagen receptors a1b1 and a2b1; the laminin receptors a3b1, a6b1 

and a6b4; the osteopontin receptor a9b1 and the VTN receptors avb3 and avb5 (Silva et 
al., 2008). Nonetheless, many integrins bind other molecules apart from their major 
ligands because they recognise the common tripeptide Arg-Gly-Asp (RGD) (Plow et 

al., 2000). For example, avb3 integrin can bind fibronectin, VTN and osteopontin 
(Avraamides et al., 2008). These diverse integrin–ECM interactions mediate dynamic 
cell adhesion and positively regulate EC migration and survival (Carmeliet and Jain, 
2011a).  

Furthermore, integrins can regulate angiogenesis by means other than ligation 
with ECM components (Plow et al., 2014). Cross-talk between integrins and growth 
factor–receptor complexes is bidirectional (Plow et al., 2014). For example, growth 

factor-promoted upregulation of avb3, avb5, a1b1, a2b1, a4b1 and a5b1 integrins has been 
observed in ECs during vessel sprouting where cell migration and survival are 
enhanced by these integrins (Avraamides et al., 2008; Silva et al., 2008). Reciprocally, 
binding of the antagonist noncanonical BMP gremlin to VEGFR2 promotes interaction 

between VEGFR2 and avb3 integrin, which is important for VEGFA-induced 
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angiogenesis (Plow et al., 2014). In addition, b1 integrin forms a complex with VEGFR2 
through interaction with tetraspanin CD63 to synergise in VEGFR2 activation (Plow et 
al., 2014). Finally, integrin a4b1 expressed in proliferating ECs, enhances adhesion to 
pericytes to promote blood vessel formation (Garmy-Susini et al., 2005).  

1.2.1.8.2 Proteases  

The constraining basement membrane and the ECM components which have anti-
proliferative properties are natural barriers to the movement of ECs and pericytes and 
suppress initiation of angiogenesis (Carmeliet and Jain, 2011a). Pericellular proteases 
induce ECM degradation and remodelling as well as convert the immediate 
surroundings into a pro-angiogenic environment (e.g. by liberating angiogenic factors 
such as VEGFA and FGF2 from ECM) (Carmeliet and Jain, 2011a). These alterations 
not only remove the physical restriction and create space for cell movement but also 
facilitate cellular activities that promote angiogenesis such as migration, invasion and 
tube formation (Weijers and van Hinsbergh, 2013).  

The major protease classes responsible for regulating angiogenesis include serine 
proteases (e.g. the plasminogen activator–plasmin system), metalloproteinases 
(consisting of the MMP family, a disintegrin and metalloproteinase domain (ADAM) 
and ADAM with thrombospondin motifs (ADAMTS) families) and cysteine proteases 
(e.g. cysteine cathepsins) (van Hinsbergh et al., 2006; Weijers and van Hinsbergh, 
2013). Of these, membrane type 1-MMP (MT1-MMP), MMP2 and MMP9 play major 
roles in initiating angiogenesis (van Hinsbergh et al., 2006; Weijers and van Hinsbergh, 
2013). In addition to ECM degradation, proteases modulate angiogenesis by other 
mechanisms (van Hinsbergh et al., 2006; Weijers and van Hinsbergh, 2013). For 
example, MMP9 is involved in recruitment of angiogenesis-stimulating EPCs from 
bone marrow (Weijers and van Hinsbergh, 2013). Proteolytic activation and 
modification of growth factors, cytokines and their receptors are also an important 
mechanism (van Hinsbergh et al., 2006; Weijers and van Hinsbergh, 2013). The 
activation of HGF to a pro-angiogenic form is dependent on a serine protease related 
to plasminogen — HGF activating factor (Weijers and van Hinsbergh, 2013). Cleavage 
of ECM-bound VEGFA165 by MMP3 or MMP9 results in a shortened form that exerts 
similar effects to the soluble VEGFA121 (van Hinsbergh et al., 2006). An important 
chemokine, stromal-cell-derived factor 1 (SDF1; also known as C-X-C motif chemokine 
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12 (CXCL12)), and its receptor CXCR4, are cleaved and inactivated by MT1-MMP, 
MMP1, MMP2 and MMP13 (Weijers and van Hinsbergh, 2013).  

Although proteases are crucial for initiating angiogenesis, unlimited proteolysis 
prevents vascularisation because excessive ECM disruption diminishes matrix support 
that is essential for vessel sprouting (Blasi and Carmeliet, 2002). Hence, the activity of 
proteases must be strictly controlled. This is largely regulated by endogenous protease 
inhibitors such as tissue inhibitors of metalloproteinases (TIMPs) and plasminogen 
activator inhibitors (PAIs; e.g. PAI1) (Weijers and van Hinsbergh, 2013). Interestingly, 
not all proteolytic products promote angiogenesis. Proteases also modify ECM and 
circulating proteins to generate degradation products that act as endogenous inhibitors 
of angiogenesis (Weijers and van Hinsbergh, 2013). Some well-known molecules 
include ECM fragments such as thrombospondin1 (TSP1) and the type XVIII collagen 
fragment endostatin, as well as fragments of some circulating proteins such as the 
plasminogen fragment angiostatin and the fibrinogen fragment alphastatin (van 
Hinsbergh et al., 2006; Weijers and van Hinsbergh, 2013). These molecules inhibit 
angiogenesis by engaging with specific receptors or interacting with integrins (Weijers 
and van Hinsbergh, 2013).  

1.2.1.9 Junctional molecules  

Cell–cell communication, vascular integrity and vascular permeability are controlled by 
EC junctions (gap junctions, tight junctions and adherens junctions) (Carmeliet and 
Jain, 2011a; Dejana et al., 2009). Quiescent ECs are connected by junctional 
molecules at tight and adherens junctions and form a streamlined monolayer whilst 
activated ECs loosen their junctions to migrate (Carmeliet and Jain, 2011a). At tight 
Junctions, claudins, occludins, members of the junction adhesion molecule (JAM) 
family, and endothelial cell-selective adhesion molecule (ESAM) are important in 
maintaining barriers (e.g. the blood-brain barrier) whereas at adherens junctions, 
cadherins (VE-cadherin and N-cadherin) promote cell–cell adhesion and regulate 
cytoskeleton remodelling as well as intracellular signalling (Dejana et al., 2009). These 
junctional molecules influence angiogenesis using diverse mechanisms and may show 
different effects. For instance, the JAM members have pro-angiogenic properties 
(JAM-A), anti-angiogenic properties (JAM-B) or both pro- and anti-angiogenic 
functions (JAM-C) (Ebnet, 2017). In addition, VE-cadherin not only directly engages 
signalling molecules (e.g. those involved in phosphoinositide 3-kinase (PI3K) and 
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mitogen-activated protein kinase (MAPK) signalling) but also regulates signalling by 
indirectly modulating growth factor receptor activity (Dejana et al., 2009). For example, 
in quiescent ECs, VE-cadherin minimises cell proliferation and facilitates vessel 
stabilisation by complexing with VEGFR2 to inhibit its internalisation and signalling 
while promoting coupling of TGFBR2 and ALK1/5 to increase TGFb signalling 
(Lampugnani et al., 2006; Rudini et al., 2008). VE-cadherin has been shown to 
upregulate EC-specific genes encoding proteins that are important for vessel 
stabilisation (e.g. claudin-5, VE-PTP and von Willebrand factor (VWF)) via an 
epigenetic mechanism (Morini et al., 2018). The other cadherin member, N-cadherin, 
is important for the stabilisation of EC–mural cell junctions (Dejana et al., 2009). 
Furthermore, junctional molecules such as VE-cadherin sense haemodynamic stimuli 
(e.g. alterations in blood flow) to assist ECs to adapt to changing conditions by 
adjusting their junctions and cytoskeleton (Dejana et al., 2009).  

1.2.1.10 Chemokines and G-protein-coupled receptors  

Chemokines represent a group of 8–12 kilodaltons (kDa) chemoattractant cytokines 
(Ridiandries et al., 2016). Secreted chemokines are found at locations where 
inflammation is evident and attach to the EC surface to facilitate adhesion of pro-
angiogenic immune cells to the vessel wall (Dimberg, 2010; Ridiandries et al., 2016). 
Many of these immune cells, such as macrophages and neutrophils, subsequently 
secrete potent angiogenesis inducers (e.g. VEGFA and FGF2) to promote vascular 
functions (Dimberg, 2010). Furthermore, chemokines recruit EPCs to enhance 
angiogenesis (Ridiandries et al., 2016). In addition to these indirect effects, several 
chemokines directly activate G-protein-coupled chemokine receptors (GPCRs) 
expressed on ECs and induce complex pro- or anti-angiogenic responses (Dimberg, 
2010). Well-known examples of chemokines include SDF1 and sphingosine-1-
phosphate (S1P), a sphingolipid secreted by ECs (Carmeliet and Jain, 2011a). SDF1 
is a potent inducer of angiogenesis and its expression is upregulated by HIF1a in 
hypoxic conditions (Ceradini et al., 2004). It enhances angiogenesis by engaging with 
its receptor, CXCR4, on ECs or promoting chemotaxis and adhesion of circulating 
CXCR4+ haematopoietic cells and EPCs to the vascular niche (Dimberg, 2010). SDF1–
CXCR4 signalling is important for VEGFA- and FGF-mediated angiogenesis as 
inhibition of either the ligand or the receptor results in reduced VEGFA- and FGF-
induced EC tube formation (Dimberg, 2010). The S1P receptors (S1P1–5) cooperate 
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with PDGF and VEGF receptors to regulate EC barrier function, vessel integrity and 
angiogenesis (Adams and Alitalo, 2007; Gaengel et al., 2012; Mendelson et al., 2014). 
For example, deficiency in S1P1 leads to reduced numbers of mural cells and 
excessive sprouting in mice (Allende et al., 2003; Ben Shoham et al., 2012) and S1P1 
plays a major role in N-cadherin trafficking to the EC–mural cell junctions and thereby 
promotes vascular stabilisation (Paik et al., 2004).  

1.2.1.11 Guidance signals  

Proper branching morphogenesis is essential for normal vascular development. The 
vascular system utilises growth control mechanisms that also operate during 
neurogenesis to navigate vessel sprouting and control cell fate (Larrivee et al., 2009). 
Vessel branching is guided by endothelial tip cells which extend filopodia to the ECM 
and sense gradients of guidance cues in the tissue environment (Adams and Alitalo, 
2007; le Noble et al., 2008). These cells express receptors for guidance signals which 
are attractive or repulsive (le Noble et al., 2008). The relative intensity of these two 
competitive signals dictates the direction in which tip cells lead the sprouting vessels 
(le Noble et al., 2008).  

VEGFA is the most prominent attractive signal for ECs characterised so far. 
VEGFA isoforms contribute differentially to the strength and range of attraction (le 
Noble et al., 2008). For example, the soluble isoform VEGFA121 is a short-range 
attractant whereas the ECM-bound isoforms, including VEGFA165, are responsible for 
long-range attraction (le Noble et al., 2008). In addition, VEGFA affinity for NRP1 also 
affects the attraction signals because NRP1 acts as a guidance molecule as well 
(Larrivee et al., 2009). In contrast, the receptor uncoordinated-5B (UNC5B), which 
binds netrin, controls branching morphogenesis by mediating repulsive signalling 
(Larrivee et al., 2007). Activation of UNC5B or blocking VEGFR2 activity causes strong 
filopodia retraction and tip cell loss, leading to inappropriate vessel branching (Adams 
and Alitalo, 2007; le Noble et al., 2008).  

The semaphorin (SEMA) family represents another family of secreted guidance 
molecules and can regulate angiogenesis via different mechanisms (Neufeld et al., 
2012). SEMAs bind to the plexin receptor family and NRP co-receptors (Neufeld et al., 
2012; Tamagnone, 2012). PlexinD1–SEMA3E signalling acts similarly to netrin–
UNC5B signalling as a repulsive signal for tip cells (le Noble et al., 2008). Conversely, 
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a SEMA3E fragment (known as p61-SEMA3E) generated by proteolytic cleavage 
promotes angiogenesis by activating ERBB2 (Tamagnone, 2012). Other semaphorin 
members can promote (e.g. SEMA3C, SEMA4D, SEMA5A and SEMA6D) or inhibit 
(e.g. SEMA3A, SEMA3B, SEMA3D, SEMA3F and SEMA4A) angiogenesis (Neufeld et 
al., 2012). Specifically, SEMA4D activates plexinB1 and promotes angiogenesis via 
Rho-dependent mechanisms and SEMA3A binds NRP1 to inhibit angiogenesis by 
affecting VEGFA–NRP1 signalling (Neufeld et al., 2012). Furthermore, the EPH 
receptors and their ligands, ephrins, are important in vessel growth, sprouting, 
remodelling and morphogenesis by regulating ECs and mural cells (Barquilla and 
Pasquale, 2015; Kania and Klein, 2016). The development of blood vessels is 
dependent on ephrin-B2 and EPHB4 (Kania and Klein, 2016). In the early phase of 
vascular development, ECs in arterial territories are marked by high ephrin-B2 
expression (ephrin-B2+) and ECs in venous territories are EPHB4+ (Barquilla and 
Pasquale, 2015; Kania and Klein, 2016). Ephrin-B2–EPHB4 repulsive signalling 
enables segregation of the ephrin-B2+ arterial ECs and the EPHB4+ venous ECs and 
subsequently the proper formation of vessel patterns (Kania and Klein, 2016). Ephrin-
B2 also promotes angiogenesis by inducing clathrin-dependent VEGFR2 
internalisation which is required for VEGFA-activated extension of filopodia in tip cells 
and induction of sprouting (Kania and Klein, 2016; Lisabeth et al., 2013). Finally, 
ephrin-B2 also interacts with PDGF signalling and plays an important role in 
maintaining the normal function of mural cells which are critical for vessel stabilisation 
(Kania and Klein, 2016).  

1.2.1.12 Endogenous angiogenesis inhibitors  

To keep angiogenesis contained, proteins or protein fragments that are able to 
counteract the effects of pro-angiogenic factors are produced endogenously (Hanahan 
and Weinberg, 2011). Research since the late 1970s has discovered many anti-
angiogenic molecules that are generated intrinsically — so called “endogenous 
angiogenesis inhibitors” (Cao, 2001; Folkman, 2004; Hanahan and Weinberg, 2011; 
Rao et al., 2015). Many of these inhibitory molecules are the proteolytic degradation 
products of ECM or circulating proteins (see Section 1.2.1.8.2 for examples). 
Recently, many proteins of previously largely unknown function have been identified 
as novel endogenous angiogenesis inhibitors (Rao et al., 2015). In addition, it is 
suggested that some miRNAs (discussed in Section 1.2.2.3) can exert anti-angiogenic 
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effects and therefore may also be considered endogenous angiogenesis inhibitors 
(Rao et al., 2015).  

1.2.2 Genetic, epigenetic and other regulators of angiogenesis   

1.2.2.1 Genetic regulators  

Angiogenesis is a complex biological process which shows heterogeneity in different 
organs and between individuals. Variability in expression of many circulating 
angiogenic factors (e.g. VEGFA) is genetically determined (Pantsulaia et al., 2004). 
Specifically, gene mutations or single nucleotide polymorphisms (SNPs), 
chromosomal translocations and copy number variations (CNVs) are all implicated 
(Buysschaert et al., 2008). For example, mutations in TEK or genes related to the 

TGFb signalling pathway such as ENG or ACVRL1 cause aberrant vascular 
phenotypes which result in cutaneomucosal venous malformations or HHT, 
respectively (Johnson et al., 1996; Limaye et al., 2009; McAllister et al., 1994). Several 
SNPs are responsible for variations in angiogenesis. The most studied ones are those 
related to the VEGF signalling pathway. For example, rs699947 (−2578AA) and 
rs1570360 (−1154AA) are associated with decreased transcription of VEGFA whereas 
rs2010963 (−634CC) and rs3025039 (+936TT) increase VEGFA transcription 
(Buysschaert et al., 2008; Prakash et al., 2018). Other SNPs, such as rs2071559 
(−604CC) or rs11549465 (P582S) and rs11549467 (A588T), reduce KDR or enhance 
HIF1A transcription, respectively (Buysschaert et al., 2008).  

1.2.2.2 Epigenetic regulators   

Epigenetics involves heritable alterations that have impacts on gene expression 
without influencing the primary DNA sequence (Bird, 2007). Emerging evidence has 
revealed epigenetic control of angiogenesis. Mechanisms include regulation of histone 
modification and DNA methylation in genomic regions important for initiation of 
transcription (e.g. promoters and enhancers) or in intragenic regions (Yan and 
Marsden, 2015).  

Histone octamers (containing two H3–H4 and two H2A–H2B heterodimers) wrap 
DNA to form nucleosomes which are folded into more condensed chromatin structures 
(Luger et al., 1997). PTMs of histones change the structure of chromatin and affect its 
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accessibility to DNA-binding molecules such as transcription factors (Shiva Shankar 
and Willems, 2014). This process is exemplified by the dynamic regulation of histone 
(and non-histone proteins) acetylation on lysine residues (lysine acetylation (Kac)) 
near the N-termini by histone acetyltransferases (HATs) and histone deacetylases 
(HDACs) (Shiva Shankar and Willems, 2014; Verdin and Ott, 2015). In general, HATs 
interact with transcriptional activators to mediate histone acetylation, enhance DNA 
accessibility and promote transcription whereas HDACs interact with transcriptional 
repressors to remove the acetyl groups which results in reduced transcription due to 
chromatin condensation (Marmorstein and Zhou, 2014; Seto and Yoshida, 2014). 
Many studies have explored the role of histone modification by HATs and HDACs in 
vascular biology and angiogenesis (Yan and Marsden, 2015; Yan et al., 2018). 
Specifically, different classes of HDAC enzymes have been shown to exert diverse 
effects. For example, increased expression of HDAC1 (Class I) downregulates 
hypoxia-responsive tumour suppressor genes including TP53 and VHL to promote 
angiogenesis (Choudhry and Harris, 2018). Trichostatin A (TSA), a specific inhibitor of 
Class I and II HDACs, promotes TP53 and VHL transcription and TSP1 activity, while 
downregulating KDR and HIF1A, thereby inhibiting angiogenesis (Buysschaert et al., 
2008; Shiva Shankar and Willems, 2014). Several HDACs suppress angiogenesis. For 
example, phosphorylation and nuclear export of HDAC5 (Class IIA) mediated by 
VEGFR2-activated protein kinase D (PKD) signalling are required for EC migration and 
tube formation (Ha et al., 2008b). Similarly, VEGFA mediates PKD-dependent HDAC7 
(Class IIA) phosphorylation and nuclear export to induce expression of pro-angiogenic 
molecules (e.g. MT1-MMP and MMP10) and promote angiogenesis (Ha et al., 2008a; 
Wang et al., 2008). Overexpression of phosphorylation-resistant HDAC7-
S178A/S344A/S479A in ECs blocks VEGFA-induced EC proliferation, migration and 
tube formation (Ha et al., 2008a; Wang et al., 2008). Interestingly, knockdown of 
HDAC7 suppresses migration and tube formation of human umbilical vein ECs 
(HUVECs) and EPCs (Mottet et al., 2007; Yu et al., 2014) and leads to upregulation of 
an angiogenesis suppressor gene, AKAP12, in HUVECs (Turtoi et al., 2012). These 
findings reflect the complex activities of HDAC7 in angiogenesis since it represses 
expression of pro-angiogenic factors but is necessary for mediating angiogenic 
processes (Ha et al., 2008a). Another Class IIA HDAC (HDAC9) promotes 
angiogenesis by downregulating expression of anti-angiogenic miRNA-17-92 cluster 
in HUVECs (Kaluza et al., 2013).  
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In addition to proteins acting as epigenetic writers (e.g. HATs) and erasers (e.g. 
HDACs), the bromodomain (BRD)-containing proteins function as epigenetic readers 
that recognise and bind to acetyl-lysine residues on histones and non-histone proteins 
(e.g. transcription factors) to regulate transcription through various mechanisms 
(Fujisawa and Filippakopoulos, 2017; Marmorstein and Zhou, 2014). The human 
genome encodes 61 BRDs present in 42 different proteins (Fujisawa and 
Filippakopoulos, 2017). Of these, the bromodomain and extraterminal domain (BET) 
family of proteins consists of BRD containing 2 (BRD2), BRD3, BRD4 and BRD testis-
associated (BRDT) in humans (Fujisawa and Filippakopoulos, 2017). The role of BET 
proteins in regulating angiogenesis has been recognised in recent studies. For 
example, VEGFA-induced acetylation of the transcriptional regulator ETS1 promotes 
its binding to BRD4 which then recruits positive transcription elongation factor-b (P-
TEFb) and enhances RNA polymerase II (RNA Pol II) pause release for activation 
(Chen et al., 2017). Consequently, transcription of many genes that are involved in 
angiogenic processes is amplified and angiogenesis is initiated (Chen et al., 2017). 
Several small-molecule BET bromodomain inhibitors (BETi), which act as acetyl-lysine 
mimics (e.g. the thienodiazepine JQ1, the benzodiazepine I-BET762 and the isoxazole 
I-BET151), have been shown to have strong anti-angiogenic properties. For example, 
treatment with JQ1 causes profound inhibition of various in vitro EC activities such as 
proliferation, invasion, migration, tube formation and/or in vivo angiogenesis tested in 
Matrigel plug assays (Bid et al., 2016; Chen et al., 2017; Huang et al., 2016; Mumby 
et al., 2017).  

Another epigenetic modification that regulates angiogenesis is DNA methylation. 
DNA methylation in mammals occurs at the C5 position of cytosine in a CpG 
dinucleotide by DNA methyltransferase (DNMT) 1, DNMT3A and DNMT3B (Yan and 
Marsden, 2015). DNA methylation in promoter regions commonly causes repression 
of gene expression. For example, methyl-CpG-binding domain protein 2 (MBD2) 
recognises and binds to the methylated CpG sites in the promoter regions of two genes 
critical for angiogenesis — KDR and NOS3 — thereby repressing their transcription 
and affecting EC activities, vascular function and angiogenesis (Rao et al., 2011). Loss 
of MBD2 by gene knockdown in ECs promotes tube formation and protects EC from 
apoptosis, and deficiency of MBD2 (Mbd2–/–) enhances angiogenesis in mice (Rao et 
al., 2011). Methyl-binding proteins can further decrease DNA accessibility by recruiting 
HDACs and histone methyltransferases (Miranda and Jones, 2007). In addition, DNMT 
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inhibitor 5-aza-2’-deoxycytidine (DAC) covalently binds to DNMT1 to induce its 
proteasome-mediated degradation (Ghoshal et al., 2005) and shows anti-angiogenic 
activities in a mouse tumour model of melanoma (Lindner et al., 2013). Specifically, in 
human pulmonary microvascular ECs, DAC profoundly enhances expression of the 
anti-angiogenic b-type VEGFA189b to potentiate its anti-angiogenic activity (Miller-
Kasprzak and Jagodzinski, 2008).  

1.2.2.3 Noncoding RNAs  

Noncoding RNAs account for more than 98% of human transcriptional output but the 
exact functions of most of them still remain unknown (Choudhry and Harris, 2018). 
Evidence suggests that noncoding RNAs, including miRNAs and lncRNAs, can act as 
modulators of angiogenesis (Carmeliet and Jain, 2011a).  

miRNAs are short (18–22 nucleotides (nt)), single-stranded (ss) RNAs that 
negatively regulate gene expression at post-transcriptional levels by mediating 
messenger RNA (mRNA) degradation or inhibiting translation (Wang et al., 2018). ECs 
are known to express several miRNAs with pro- or anti-angiogenic properties. Some 
of these miRNAs affect angiogenesis through targeting growth factor receptor mRNAs 
expressed by ECs. For example, miR-128 and miR-497 target KDR to inhibit EC tube 
formation and induce apoptosis (Wang et al., 2018). miR-296, however, promotes 
angiogenesis by targeting hepatocyte growth factor-regulated tyrosine kinase 
substrate (HGS) mRNA to suppress HGS-induced degradation of VEGFR2 and 

PDGFRb (Wang et al., 2018). In addition, other miRNAs target the mRNAs of signalling 
molecules in ECs to inhibit or promote angiogenesis. For example, miR-125b inhibits 
EC tube formation by downregulating the mRNA of CDH5 (encoding VE-cadherin) and 
the anti-angiogenic miR-34a suppresses expression of several important pro-
angiogenic molecules including E2F3, sirtuin 1 (SIRT1), survivin and cyclin-dependent 
kinase 4 (CDK4) (Wang et al., 2018). In contrast, miR-132 acts on mRNA encoding a 
negative regulator of the Ras pathway — Ras p21 protein activator 1 (p120RasGAP)  
— and thereby de-represses Ras to stimulate EC proliferation and tube formation 
(Anand et al., 2010). miR-130a promotes angiogenesis by downregulating the 
homeobox genes GAX and HOXA5 which have been established to be angiogenesis 
inhibitors (Buysschaert et al., 2008; Wang et al., 2018). More examples of miRNAs 
implicated in regulating angiogenesis include miR-146a (pro-angiogenic), miR-126-3p 
and miR-126-5p (pro-angiogenic), miR17-5p and let-7b miRNAs (pro-angiogenic), 
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miR-27b (pro-angiogenic), miR-200b and miR-200c (anti-angiogenic) as well as miR-
221 and miR-222 (anti-angiogenic) (Buysschaert et al., 2008; Fraisl et al., 2009; 
Magenta et al., 2011; Sinha et al., 2015; Villain et al., 2018; Wang et al., 2018; Zhang, 
2010). Furthermore, some EC-expressed miRNAs also regulate gene expression and 
phenotype in VSMCs. For example, miR-221 and miR-222 act as pro-proliferative 
miRNAs in VSMCs (Zhang, 2010).  

Unlike miRNAs, lncRNAs are longer (> 200 nt) and their biological roles were 
underappreciated until recent application of large-scale transcriptomic analyses using 
technologies such as RNA sequencing (RNA-Seq) (Kumar and Goyal, 2017). Different 
lncRNAs exert distinct effects on angiogenesis. For example, a recent study identified 
an endothelial-enriched lncRNA, spliced-transcript endothelial-enriched lncRNA 
(STEEL), which promotes in vitro and in vivo angiogenesis (Man et al., 2018). In 
contrast, maternally expressed gene 3 (MEG3) lncRNA negatively regulates 
angiogenesis and deficiency of MEG3 in mice leads to activation of VEGF signalling 
and enhanced microvessel density (He et al., 2017a). Another lncRNA, metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1), is highly expressed by ECs 
and other cell types and is significantly induced by hypoxia (Michalik et al., 2014). 
siRNA-mediated knockdown of MALAT1 in vitro promotes EC migration but inhibits 
proliferation and compromises VEGFA-stimulated sprouting (Michalik et al., 2014). 
Malat–/– mice show reduced EC proliferation and neonatal retinal vascularisation 
(Michalik et al., 2014). In addition, lncRNAs also control VSMC functions. An 
angiotensin II-responsive lncRNA, lnc362, positively regulates VSMC proliferation and 
knockdown of lncRNA Linc-p21 is associated with enhanced proliferation and survival 
of VSMCs (Ballantyne et al., 2016). More examples of lncRNAs that regulate 
angiogenesis have been described in a recent review by Yu and Wang (2018).  

Emerging evidence shows that lncRNA–miRNA interactions are implicated in 
regulation of angiogenesis. The mechanisms by which lncRNA–miRNA interactions 
affect angiogenesis can be classified into three categories (Ballantyne et al., 2016). 
Firstly, lncRNAs can bind and sequester miRNAs, as sponges, to prevent their 
activities (Ballantyne et al., 2016). For example, the anti-angiogenic lncRNA MEG3 
has been shown to directly interact with and inhibit the pro-angiogenic miRNA miR-9 
(He et al., 2017a), and H19 lncRNA limits the availability of let-7 miRNAs which 
promote angiogenesis (Ballantyne et al., 2016). Secondly, some lncRNAs affect 
miRNA expression. These include lncRNAs which host miRNA genes within exons and 
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introns. One example of such a lncRNA is Linc-MD1, which can be processed to 
generate miR-133b and miR-206 — two miRNAs involved in regulating vascular 
functions (Ballantyne et al., 2016). Interestingly, Linc-MD1 also acts as a sponge to 
sequester its miR-133b product (Ballantyne et al., 2016). Knockdown of lnc362 leads 
to reduced levels of miR-221 and miR-222 which promote VSMC proliferation (Kumar 
and Goyal, 2017). Lastly, miRNAs can regulate lncRNA stability. For example, 
degradation of Linc-p21 is caused by its binding to let-7 miRNAs (Ballantyne et al., 
2016).  

1.2.2.4 Mechanical force  

Mechanical forces generated by, for example, cell–cell or cell–ECM interactions, blood 
flow (inducing shear stress) and pressure influence angiogenesis (le Noble et al., 2008; 
Potente and Makinen, 2017). There are many molecules in cells that can sense and 
convert mechanical information into biological signals (i.e. mechanotransduction). 
These mechnosensors include integrins, shear-responsive kinases, G proteins, 
receptors (e.g. VEGFR2 and GPCRs), ion channels, junctional proteins, membrane 
lipids, and glycocalyx components (Baeyens et al., 2016; le Noble et al., 2008; Zhou 
et al., 2014a). For example, shear stress increases tension on platelet endothelial cell 
adhesion molecule 1 (PECAM1) at cell–cell junctions (Tzima et al., 2005). Tension on 
PECAM1 activates the non-receptor tyrosine kinase SRC which causes ligand-
independent activation of VEGFR2 and downstream signalling including activation of 
the PI3K–AKT–eNOS pathway, leading to elevated nitric oxide (NO) production and 
vasodilation (Conway et al., 2013; Fleming et al., 2005). Upregulation of the 
transcription factor Krüppel-like factor 2 (KLF2) is initiated in a dose-dependent 
manner by shear stress and this promotes vessel stabilisation by inducing expression 
of multiple anti-inflammatory, anti-thrombotic and anti-oxidative proteins including 
eNOS (Baeyens et al., 2016; Zhou et al., 2014a). In addition, shear stress regulates 
EC gene expression by epigenetic modulation (e.g. affecting histone modification, 
chromatin remodelling and DNA methylation) (Dunn et al., 2015).  

The magnitude and pattern of shear stress also affect vessel specialisation and 
stability. For example, normal physiological shear stress ranges between 10–70 
dyn/cm2 in arteries and capillaries and approximately 10-fold lower in veins 
(Paszkowiak and Dardik, 2003). Upregulation of the arterial genes EFNB2, NRP1 and 
GJA5 (encoding connexin 40) is observed in ECs under high shear stress (Potente 
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and Makinen, 2017). Physiological laminar flow (mean stress, ≥	12 dyn/cm2 without 
oscillation) inhibits proliferation and inflammation and promotes EC quiescence and 
vessel stabilisation (Potente and Makinen, 2017; Zhou et al., 2014a). In contrast, 
inflammatory pathways are activated by oscillatory flow (mean stress, 0–0.5 dyn/cm2 
with oscillation) which downregulates KLF2 to suppress anti-inflammatory pathways 
(Baeyens et al., 2016; Zhou et al., 2014a).  

In addition to affecting signalling in ECs, shear stress also has impacts on EC–
mural cell communication and therefore vessel remodelling. For example, inhibited 
VSMC proliferation and migration as well as induced differentiation and contractile 
marker expression have been observed in co-culture models where ECs are exposed 
to laminar shear stress (e.g. 1.5 Pa, equivalent to 15 dyn/cm2), whereas the opposite 
results are observed under static conditions (Sakamoto et al., 2011; Sakamoto et al., 
2006; Wang et al., 2006). More specifically, ECs under shear stress secrete molecules 
such as NO, prostacyclin, PDGFBB, TGFb1 and miRNAs (e.g. miR-143/miR-145) to 
regulate gene expression and phenotypes of VSMCs (Zhou et al., 2014a).  

1.2.2.5 Metabolic stimuli  

Angiogenic processes not only require coordinated morphogenetic activities such as 
EC migration and proliferation, but also balanced metabolic states because 
angiogenesis is an energy- and biomass-demanding process (Eelen et al., 2018; 
Potente and Carmeliet, 2017). The important role of EC metabolism in angiogenesis 
is being increasingly recognised. In addition to hypoxia and angiogenic growth factors, 
EC metabolism is also a driver of angiogenesis (Eelen et al., 2018). For example, 
endothelial tip cells maintain their tip position and migrate using abundant glycolysis-
derived adenosine triphosphate (ATP), whereas stalk cells consume fatty acids 
through carnitine palmitoyltransferase 1A-modulated fatty acid b-oxidation (FAO) to 
generate ATP and biomolecules for nucleotide synthesis which is essential for DNA 
replication and proliferation (De Bock et al., 2013b; Eelen et al., 2018; Potente and 
Carmeliet, 2017). Importantly, ECs are heavily dependent on glycolysis to generate 
energy even when there is adequate oxygen (aerobic glycolysis; accounting for more 
than 80% of the total ATP generated), resembling cancer cell metabolism (De Bock et 
al., 2013a; Eelen et al., 2015; Verdegem et al., 2014). Glucose uptake as well as 
glycolytic flux are further enhanced upon EC activation by pro-angiogenic factors such 
VEGFA and FGF2 (De Bock et al., 2013b). Partial inhibition of glycolysis by blocking 
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the key glycolytic enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 
(PFKFB3) is sufficient to impair tip cell functions and reduce in vitro and in vivo 
angiogenesis (De Bock et al., 2013b; Schoors et al., 2014). In mature vessels, 
induction of KLF2 by laminar shear stress downregulates PFKFB3 and leads to a lower 
glycolysis rate and ECs that are metabolically quiescent (Eelen et al., 2018).  

In addition to providing energy for sprouting and the building blocks for synthesis 
of essential biomolecules, EC metabolism generates metabolites that are implicated in 
PTM of proteins. These may have impacts on epigenetic regulation, gene expression, 
protein activity, stability and localisation which all eventually affect angiogenic 
signalling in ECs (Potente and Carmeliet, 2017). For example, metabolism regulates 
acetylation of histones, transcription factors and other molecules (Potente and 
Carmeliet, 2017). On one hand, glycolytic flux generates the acetyl-group donor acetyl 
coenzyme A (acetyl CoA), the amount of which is increased by high nutrient levels and 
metabolic activation, and is directly proportional to the activity of acetyltransferases 
(Potente and Carmeliet, 2017). On the other hand, the activity of deacetylases is also 
controlled by metabolism. Low nutrient levels and metabolic rates result in higher 
activity of deacetylases of the sirtuin family (Class III HDACs) and more deacetylation 
events (Potente and Carmeliet, 2017). The sirtuin family member SIRT1 is inhibited in 
ECs under hyperglycaemic conditions where increased H3 acetylation is observed 
(Eelen et al., 2018). In addition, SIRT1 has been shown to affect NOTCH signalling 

and SIRT1, SIRT3 and SIRT6 reduce HIF-1a function (Potente and Carmeliet, 2017). 
Loss of SIRT1 impairs angiogenesis due to reduced deacetylation and consequent 
enhanced activity of the transcription factor FOXO1 (Potente and Carmeliet, 2017). 
Upregulation of FOXO1 by knockdown of VEGFA in ECs mediates events including 
fragmented mitochondria, suppressed metabolism and autophagy-induced cell death 
(Domigan et al., 2015). Furthermore, the metabolites UDP-N-acetylglucosamine and 
a-ketoglutarate are critical for glycosylation (affecting VEGF and NOTCH signalling) 
and as a cosubstrate for dioxygenases, respectively (Potente and Carmeliet, 2017).  

1.3 Tumour Angiogenesis as a Hallmark of Cancer  

To date, it is well appreciated that induction of angiogenesis in a tumour is one of the 
hallmarks of cancer (Hanahan and Weinberg, 2011). Indeed, tumour angiogenesis is 
critical for tumour growth at both the microscopic premalignant phase and the 
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macroscopic malignant phase (De Palma et al., 2017; Hanahan and Folkman, 1996; 
Quail and Joyce, 2013; Raica et al., 2009). Importantly, tumour vessels provide routes 
for metastatic spread of cancer cells to distant organs (Hanahan and Weinberg, 2011). 
This Section focuses on tumour angiogenesis by describing the dysregulation of 
angiogenic signalling in cancer with highlights of the angiogenic switch as well as its 
impact on tumour vessels, tumour development and response to therapeutics.  

1.3.1 The angiogenic switch in cancer  

EC activation and induction of angiogenesis are regulated by a group of pro- and anti-
angiogenic factors (e.g. VEGFA and TSP1, respectively), also referred to as activators 
and inhibitors of angiogenesis, respectively (Section 1.2). The relative activity of these 
angiogenic regulator classes determines the status of the “angiogenic switch” 
(Hanahan and Folkman, 1996) (Figure 1.2). In normal physiology, the angiogenic 
switch mostly remains off because of the absence of activators and/or a 
preponderance of inhibitors (Hanahan and Folkman, 1996). This renders ECs 
quiescent except when the angiogenic switch is occasionally and transiently turned on 
by increasing levels of activators during certain events (e.g. wound healing and female 
menstrual cycle) to fulfil tissue requirements (Hanahan and Folkman, 1996).  

However, actively growing tumours which contain highly proliferative cancer cells 
have a high metabolic demand and consume large amounts of nutrients and oxygen 
(De Sanctis et al., 2018). This creates a hostile TME which features hypoxia, acidosis 
and nutrient deprivation. Many pro-angiogenic factors (e.g. VEGFA, FGF2 and 
ANGPT2) are induced under such conditions and the angiogenic switch is activated to 
promote normally quiescent blood vessels to sprout (Weis and Cheresh, 2011) (Figure 
1.2). Of note, early and further activation of the angiogenic switch has various 
mechanisms and the ongoing neovascularisation shows diverse patterns (e.g. in highly 
angiogenic pancreatic neuroendocrine carcinoma versus hypovascularised pancreatic 
ductal adenocarcinoma) (Hanahan and Weinberg, 2011). These events are modulated 
by complex biological activities involving different cell types in the TME. For example, 
activation of oncogenes in cancer cells (e.g. RAS and MYC) leads to elevated 
expression and release of pro-angiogenic growth factors and cytokines whereas 
inactivation of tumour suppressor genes causes reduced expression of anti-angiogenic 
factors (Hanahan and Weinberg, 2011) (Figure 1.2). Furthermore, many cellular 
components in the stroma also produce growth factors and cytokines that regulate 
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angiogenesis. On one hand, infiltrating immune cells such as tumour-associated 
macrophages (TAMs), neutrophils, mast cells, eosinophils, regulatory T (Treg) cells, B 
cells and natural killer cells all produce VEGFA and other pro-angiogenic factors (De 
Palma et al., 2017; Hanahan and Coussens, 2012; Liang and Ferrara, 2016). In 
addition, cancer-associated fibroblasts (CAFs) and platelets enhance tumour 
angiogenesis by producing VEGFA, FGF2, PDGFs and cytokines such as SDF1 (De 
Palma et al., 2017). On the other hand, some of these stromal components also 
produce angiostatic and/or anti-angiogenic factors. For example, TAMs also produce 
angiostatic factors such as CXCL9, 10, 11 and tumour necrosis factor. Platelets also 
produce TSP1, PAI1, endostatin and ANGPT1 to inhibit angiogenesis (De Palma et 
al., 2017). There are a few cell types which only produce angiostatic and/or anti-
angiogenic factors. One example is T helper type 1 (TH1) cells which produce 

interferon-g that can induce CXCL9, 10, 11 in TAMs or exerts angiostatic or anti-
angiogenic effects directly on ECs (De Palma et al., 2017). Moreover, several miRNAs 
have been reported to regulate the angiogenic switch in cancer (Wang et al., 2018). 
For example, miR-192 cause downregulation of angiogenic pathways by targeting 
EGR1 (encoding early growth response protein 1) and the homeobox gene HOXB9 
(Wu et al., 2016).  

In summary, the angiogenic switch in cancer is persistently activated due to 
constant stimuli from the hostile TME. Importantly, the magnitude and quality of tumour 
angiogenesis are determined by the degree of angiogenic switch activation, which in 
turn depends on the relative activities of the pro- and anti-angiogenic factor classes. 
These can vary considerably because of the diversity of conditions in the TME and 
variation in the abundance and composition of stroma in individual tumours.  

1.3.2 Vascular remodelling in cancer and its consequences  

As discussed in Section 1.2, normal blood vessels in adults form a well-organised 
network and are lined with an adherent monolayer of quiescent phalanx ECs (Figure 
1.3A). The fragile EC channel is covered and stabilised by mural pericytes and this is 
enhanced by the basement membrane in which ECs and pericyte are tightly embedded 
(Figure 1.3A). In tumours, chronic activation of the angiogenic switch leads to 
abundant formation of new blood vessels that undergo constant remodelling and are 
abnormal in both structure and function (Carmeliet and Jain, 2011b).  
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In general, tumour vessels share common features such as leakiness, 
heterogeneity, tortuosity and chaotic branching in a disorganised network (Farnsworth 
et al., 2014) (Figure 1.3B). Pericyte coverage is often lost in tumour vessels and the 
associated pericytes usually have irregular morphology and show a more immature 
and less contractile phenotype (Raza et al., 2010). In addition, the basement 
membrane is poorly associated with tumour ECs and shows great variability in its 
properties (e.g. thickness in different cancer types) (Carmeliet and Jain, 2011b). These 
structural abnormalities contribute to extremely leaky tumour vessels which create high 
interstitial fluid pressure (IFP) which, in turn, impedes vessel perfusion (Carmeliet and 
Jain, 2011b). Consequently, these impair delivery of oxygen and nutrients and removal 
of metabolic wastes (e.g. CO2 and lactate), thereby reshaping the TME characterised 
by hypoxia, acidosis and nutrient deprivation which are all strong stimuli for 
angiogenesis (Goel et al., 2011). This triggers release of more pro-angiogenic factors 
and generates more abnormal vessels, and eventually perpetuates a “self-reinforcing 
vicious cycle” (Carmeliet and Jain, 2011b) (Figure 1.3B).  

Importantly, the poorly functional vessels can promote tumour progression and 
attenuate treatment efficacy (Figure 1.3B). For example, disruption of pericyte 
coverage, loss of basement membrane integrity and large gaps between tumour ECs 
create holes in the vessel walls which facilitate metastasis (Kienast et al., 2010). The 
hostile hypoxic and acidic TME further enhances cancer cell invasiveness by 
promoting epithelial-to-mesenchymal transition (EMT) and limits immune surveillance 
by re-educating immune cells to promote tumour invasion and angiogenesis (Nizet and 
Johnson, 2009; Radisky et al., 2005; Shibue and Weinberg, 2017). In addition, the 
compromised blood flow and leaky vessels largely impair the delivery of cytotoxic 
chemotherapeutics (Goel et al., 2011). The hypoxic conditions further reduce the 
efficacy of radiotherapy and certain chemotherapeutics which require reactive oxygen 
species to be effective (Barker et al., 2015).  

1.4 VEGFA Blockade as a Strategy for Treating Cancer  

In 1971, Judah Folkman first proposed that inhibition of angiogenesis (“anti-
angiogenesis”) could suppress growth and progression of solid tumours (Folkman, 
1971). Since then, a surge of research has been conducted to identify therapeutic 
targets in order to develop AAT for treating cancer. Approaches to anti-angiogenesis 
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in cancer have been mainly explored in three ways: inhibiting pro-angiogenic factors, 
targeting the abnormal features of tumour vessels, and boosting the endogenous anti-
angiogenic molecules (Thurston et al., 2007). Of these, blocking the VEGFA–VEGFR 
signalling pathway (VEGFA blockade) has been validated and several VEGFA 
inhibitors have been evaluated and widely used in the clinical setting (He et al., 2014). 
This Section describes the development and application of currently approved VEGFA 
inhibitors in clinical oncology and focuses on the clinical limitations of VEGFA inhibitors 
using the anti-VEGFA neutralising antibody bevacizumab as an example.  

1.4.1 Preclinical development and current application of VEGFA inhibitors 
in clinical oncology  

VEGFA is the prototypical angiogenic factor and loss of a single Vegfa allele in mice 
causes vascular abnormalities that result in embryonic lethality (Carmeliet et al., 1996; 
Ferrara et al., 1996). Overexpression of VEGFA in many human cancers is observed, 
which correlates with increased tumour microvascular density, invasiveness, 
metastasis and poor prognosis (Ferrara, 2002; Goel and Mercurio, 2013; Kerbel, 
2008). The therapeutic potential of anti-angiogenesis was limited until VEGFA 
blockade was correlated with tumour inhibition in preclinical evaluation (Ferrara, 2002).   

Anti-angiogenesis strategies using VEGFA inhibitors have been explored for 
treating cancer over almost the last three decades (Ferrara and Adamis, 2016). For 
example, in 1993, Ferrara and colleagues demonstrated that a murine monoclonal 
antibody (mAb) (A.4.6.1) that neutralised all bioactive isoforms of human VEGFA 
suppressed growth of human sarcoma and glioblastoma xenografts and reduced 
tumour vessel density in nude mice (Kim et al., 1993). Meanwhile, Ullrich and 
colleagues showed that a dominant-negative Kdr mutant in ECs inhibited the growth 
rate of a glioblastoma cell line using the same xenograft host (Millauer et al., 1994). 
Further studies validated these findings in additional tumour models using anti-VEGFA 
monoclonal antibodies or dominant-negative inhibition of VEGFR2 (Asano et al., 1995; 
Borgstrom et al., 1996; Liang et al., 2006; Melnyk et al., 1996; Millauer et al., 1996) 
and antisense-VEGFA has been shown to inhibit growth of rat C6 glioma cells in vivo 
(Saleh et al., 1996).  

In addition to targeting specific ligands or receptors, small-molecule tyrosine 
kinase inhibitors (TKIs) were developed as alternative approaches for VEGFA 
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blockade (Gschwind et al., 2004). These chemical compounds competitively block 
ATP binding to the highly conserved kinase domain in various RTKs and/or non-
receptor protein tyrosine kinases (PTKs), thereby inhibiting multiple targets (Ivy et al., 
2009). For example, many small-molecule TKIs of VEGFR2 also inhibit other 
structurally related RTKs such as PDGFRs, KIT, FLT3 and colony stimulating factor 1 
receptor (CSF1R) (Levitzki, 2013). Some of these inhibitors further target more 
distantly related RTKs including TIE2, RET, FGFRs and epidermal growth factor 
receptor (EGFR) (Wu et al., 2015). Hence, the multikinase inhibitory profile of these 
molecules potentially enables blocking independent signalling pathways which are 
important for tumour growth and metastasis (Ivy et al., 2009). From the early 2000s, 
many small-molecule TKIs targeting the VEGFA–VEGFR signalling pathway (e.g. 
semaxanib/SU5416, sorefenib/BAY 43-9006, sunitinib/SU11248) have been shown to 
reduce tumour angiogenesis and suppress growth of multiple cancer cell lines in vivo 
(Fong et al., 1999b; Mendel et al., 2003; Shaheen et al., 1999; Wilhelm et al., 2004). 

These preclinical discoveries using different approaches confirmed the principle 
of anti-angiogenesis in combating cancer and provided the foundation for developing 
VEGFA inhibitors as a therapeutic intervention to treat cancer in the clinical setting. 
The last two decades witnessed the evaluation of several VEGFA inhibitors in many 
human clinical trials and some of them demonstrated efficacy in improving 
progression-free survival (PFS) and/or overall survival (OS) in patients with different 
cancers (further details of these trials are described in a recent review by Ferrara and 
Adamis (2016)).  

To date, more than 10 VEGFA inhibitors have been approved by the US Food and 
Drug Administration (FDA) and/or the European Medicines Agency (EMA) for treating 
various (mostly advanced) cancer types (either in combination with chemotherapy or 
as monotherapy). These agents form two subclasses: (i) biologicals including 
neutralising antibodies and ligand traps for sequestering specific targets; and (ii) small-
molecule TKIs that broadly block multiple signalling molecules. Table 1.2 summarises 
these VEGFA inhibitors and their up-to-date indications in clinical oncology.  
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Table 1.2. VEGFA inhibitors approved for use in clinical oncology  

Active drug name 
(brand name)  Drug form  Drug targets  Disease indications  Comments  

Bevacizumab  
(Avastin®) 

Biological 
(humanised 
monoclonal 
antibody) 

All isoforms of 
VEGFA 

Metastatic colorectal cancer With chemotherapy, first- and second-line 
Unresectable, locally advanced, recurrent 
or metastatic non-squamous non-small 
cell lung cancer 

With chemotherapy, first-line 

Recurrent glioblastoma (FDA only) Single agent, first-line 
Metastatic renal cell carcinoma With interferon-a-2a, first-line 
Metastatic HER2-negative breast cancer 
(EMA only) With chemotherapy, first-line 
Persistent, recurrent, or metastatic 
cervical cancer With chemotherapy, first-line 

Epithelial ovarian, fallopian tube, or 
primary peritoneal cancer 

With chemotherapy, followed by bevacizumab as a 
single agent, for stage III or IV disease following 
initial surgical resection 

With chemotherapy for patients with platinum-
resistant recurrent disease who received no more 
than two prior chemotherapy regimes 

With carboplatin-containing chemotherapy, 
followed by bevacizumab as a single agent, for 
platinum-sensitive recurrent disease 

Ramucirumab  
(Cyramza®) 

Biological 
(fully human 
monoclonal 
antibody) 

VEGFR2 

Metastatic colorectal cancer With chemotherapy, second-line 
Platinum-resistant locally advanced or 
metastatic non-small cell lung cancer With chemotherapy, second-line 

Advanced gastric or gastro-oesophageal 
junction adenocarcinoma With or without chemotherapy, second-line 
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Aflibercept  
(Zaltrap®) 

Biological 
(ligand trap) 

VEGFA, 
VEGFB, PlGF Metastatic colorectal cancer With chemotherapy, second-line 

Axitinib  
(Inlyta®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRs, KIT Advanced renal cell carcinoma Single agent, second-line 

Pazopanib  
(Votrient®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRa, 
PDGFRb, 
FGFR1, FGFR3, 
KIT, ITK, LCK, 
CSF1R 

Advanced renal cell carcinoma Single agent, first-line 

Advanced soft tissue sarcoma Single agent, second-line 

Regorafenib  
(Stivarga®) 

Small-
molecule TKI 

All VEGFRs, 
RET, KIT, 
PDGFRa, 
PDGFRb, 
FGFR1, FGFR2, 
TIE2, DDR2, 
NTRK1, EPHA2, 
RAF1, BRAF, 
BRAF V600E, 
MAPK11, FRK, 
ABL1, CSF1R 

Metastatic colorectal cancer Single agent, second-line 
Locally advanced, unresectable or 
metastatic gastrointestinal stromal tumour Single agent, second-line 

Hepatocellular carcinoma Single agent, second-line 

Sorafenib  
(Nexavar®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRb, KIT, 
FLT3, RET, 
RET/PTC, 
RAF1, BRAF, 
BRAF V599E 

Unresectable hepatocellular carcinoma Single agent, first-line 
Advanced renal cell carcinoma Single agent, first-line (FDA) or second-line (EMA) 
Locally recurrent or metastatic, 
progressive, differentiated thyroid 
carcinoma 

Single agent, second-line 

Sunitinib  
(Sutent®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRa, 
PDGFRb, KIT, 
FLT3, CSF1R, 
RET 

Gastrointestinal stromal tumour Single agent, second-line 
Advanced renal cell carcinoma* Single agent, first-line 

Unresectable, locally advanced, or 
metastatic progressive, well-differentiated 
pancreatic neuroendocrine tumour 

Single agent, first-line 
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Vandetanib  
(Caprelsa®) 

Small-
molecule TKI 

All VEGFRs, 
EGFR, RET, 
PTK6, TIE2, 
EPHs, SRC 

Unresectable, locally advanced, or 
metastatic symptomatic or progressive 
medullary thyroid cancer 

Single agent, first-line 

Cabozantinib  
(Cometriq®) 

Small-
molecule TKI 

All VEGFRs, 
RET, MET, KIT, 
NTRK2, FLT3, 
AXL, ROS1, 
TYRO3, 
MERTK, TIE2 

Progressive, unresectable locally 
advanced or metastatic medullary thyroid 
cancer 

Single agent, first-line 

Lenvatinib  
(Lenvima®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRa, 
FGFR1–4, KIT, 
RET 

Locally recurrent or metastatic, 
progressive, radioactive iodine-refractory 
differentiated thyroid cancer 

Single agent, first-line 

Advanced renal cell carcinoma (FDA only) With everolimus following one prior anti-angiogenic 
therapy 

Nintedanib  
(Vargatef®) 

Small-
molecule TKI 

All VEGFRs, 
PDGFRa, 
PDGFRb, 
FGFR1–3, 
FLT3, LCK, 
SRC 

Locally advanced, metastatic or locally 
recurrent non-small cell lung cancer (EMA 
only) 

With chemotherapy, second-line 

*Sunitinib is also indicated for the adjuvant treatment of adult patients at high risk of recurrent renal cell carcinoma following nephrectomy (FDA only) 
CSF1R, colony stimulating factor 1 receptor; DDR2, discoidin domain receptor tyrosine kinase 2; EMA, European Medicines Agency; EGFR, EGF receptor; FDA, US 
Food and Drug Administration; FGFR, fibroblast growth factor receptor; FLT3, Fms-like tyrosine kinase-3; FRK, Fyn related Src family tyrosine kinase; ITK, interleukin-
2 receptor inducible T cell kinase; LCK, leukocyte-specific protein tyrosine kinase; MAPK11, mitogen-activated protein kinase 11; MERTK, MER proto-oncogene, 
tyrosine kinase; NTRK, neurotrophic receptor tyrosine kinase; PDGFR, platelet-derived growth factor receptor; PlGF, placental growth factor; PTK6, protein tyrosine 
kinase 6; TKI, tyrosine kinase inhibitor.  
 
Information was obtained from EMA and FDA in August 2018. For further details and updates, see EMA and FDA websites.  
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1.4.2 The implications of bevacizumab use in clinical oncology  

Bevacizumab is the humanised form of the murine anti-VEGFA antibody A.4.6.1 and 
has the same binding characteristics and similar potency and efficacy of inhibiting 
growth of human cancer cell lines in vivo (Presta et al., 1997). In 2004, a pivotal 
randomised Phase III clinical trial (AVF2107) showed that bevacizumab in combination 
with a standard chemotherapy regimen (irinotecan, fluorouracil and leucovorin), 
compared with chemotherapy alone, significantly improved PFS (10.6 months versus 
6.2 months; P-value < 0.001) and OS (20.3 months versus 15.6 months; P-value < 
0.001) in previously untreated patients with metastatic colorectal cancer (Hurwitz et 
al., 2004). These findings led directly to the FDA’s (in 2004) then the EMA’s (in 2005) 
approval of bevacizumab use with chemotherapy for first-line treatment of metastatic 
colorectal cancer, making it the first approved AAT in clinical oncology. The ECOG 
E3200 study later confirmed the improved PFS and OS in patients treated with the 
combination of bevacizumab and chemotherapy in second-line metastatic colorectal 
cancer (Giantonio et al., 2007). Furthermore, bevacizumab demonstrated efficacy in 
several other cancer types including metastatic non-squamous non-small-cell lung 
cancer (with chemotherapy) (Sandler et al., 2006), metastatic renal cell carcinoma 

(with interferon-a-2a) (Escudier et al., 2007; Rini et al., 2008), recurrent glioblastoma 
(as monotherapy) (Friedman et al., 2009; Kreisl et al., 2009), advanced cervical cancer 
(with chemotherapy) (Tewari et al., 2014), and advanced ovarian cancer (with 
chemotherapy) (Burger et al., 2011; Pujade-Lauraine et al., 2014). These promising 
results render bevacizumab the only AAT with approval for use in more than five 
advanced cancer types, although it often requires use in combination with 
chemotherapy because single agent bevacizumab has not shown efficacy in most 
indications (except in recurrent glioblastoma) (Table 1.2).  

However, more clinical trials indicate many other cancer types or settings where 
the use of bevacizumab failed to provide significant improvements in OS and/or PFS 
(Ferrara and Adamis, 2016). This has been implicated in the FDA’s decision to revoke 
its provisional approval of bevacizumab for use with chemotherapy in first-line 
metastatic breast cancer in 2011. Although the original accelerated approval was 
granted in 2008 based on the results from the randomised Phase III E2100 trial, which 
demonstrated a nearly six-month improvement in PFS but no significant effect on OS 
(Miller et al., 2007), subsequent studies all failed to detect this extent of improvement 
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in PFS (Brufsky et al., 2011; Miles et al., 2010; Robert et al., 2011). In addition, multiple 
randomised Phase III trials showed minimal or no benefit (i.e. only small improvements 
in PFS or no improvement in OS and PFS) of adding bevacizumab to standard 
chemotherapeutic regimens in both metastatic pancreatic and metastatic prostate 
cancer (Kelly et al., 2012; Kindler et al., 2010; Van Cutsem et al., 2009), indicating that 
these cancer types are intrinsically VEGFA-inhibitor-resistant (Jayson et al., 2016). 
Furthermore, two randomised Phase III trials (NSABP C-08 and AVANT) examining 
bevacizumab plus chemotherapy as adjuvant treatment in stages II to III colon cancer 
showed no improvement of disease-free survival from the combination (Allegra et al., 
2011; de Gramont et al., 2012), suggesting an outcome in contrast to the metastatic 
setting (Ferrara and Adamis, 2016).  

Clinical studies of bevacizumab often reported variable results which render the 
process of interpretation difficult. To address this, a meta-analysis of 47 high-quality 
randomised trials (involving almost 30,000 patients in total) assessing the use of 
bevacizumab in several advanced solid tumour types concluded that bevacizumab-
based regimens lead to improved PFS and OS in advanced colorectal, lung, ovarian 
and kidney (but not breast) cancer and such improvements in OS are limited overall 
(Roviello et al., 2017). Indeed, these statistically significant improvements in PFS 
and/or OS are modest overall (usually a few months in most cases) and resistance 
inevitably occurs (Jayson et al., 2016). Importantly, all of these conclusions were drawn 
from trials using unselected patient populations which may encompass great variability 
in disease heterogeneity and therefore the response to treatment (Halford et al., 2012; 
He et al., 2014). This may explain the variable results of clinical trials and the overall 
unsatisfactory patient benefit — as unselected patient populations mixed with 
individuals who have effective treatment, intrinsic refractoriness or acquired resistance 
(Bergers and Hanahan, 2008; Ebos and Kerbel, 2011) (Figure 1.4). Other VEGFA 
inhibitors including aflibercept and many small-molecule TKIs are also encountering a 
similar situation (Ferrara and Adamis, 2016; Jayson et al., 2016).  

Adverse effects of VEGFA inhibitors are usually associated with systemic delivery 
of these agents (Cao, 2014). Bevacizumab has a well-defined and generally 
manageable toxicity profile (Jayson et al., 2016). Although the spectrum varies from 
patient to patient with different diseases and/or treatment regimens, the most common 
adverse effects of bevacizumab (≥ 10%) are hypertension and mild proteinuria (Chen 
and Cleck, 2009; Ferrara and Adamis, 2016; Jayson et al., 2016). Other less frequent, 



 
37 

or rare but life-threatening adverse effects, include nephrotic syndrome, arterial 
thromboembolic events, cardiomyopathy, haemorrhage, wound complications, 
gastrointestinal perforation, fistula formation and reversible posterior 
leukoencephalopathy (Chen and Cleck, 2009; Eremina et al., 2008; Letarte et al., 
2013). When combined with chemotherapy, bevacizumab generally does not markedly 
enhance toxicity but may potentiate chemotherapy-associated adverse effects such as 
neutropenia and thrombocytopenia plus sensory neuropathy if chemotherapy is 
neurotoxic (Chen and Cleck, 2009). Compared with bevacizumab, small-molecule 
TKIs have a less favourable toxicity profile with additional adverse effects because 
they structurally mimic ATP and thereby inhibit many off-target protein kinases (Jayson 
et al., 2016). Therefore, the additional adverse effects may be with unclear correlation 
to VEGFA blockade (e.g. hypothyroidism and myelosuppression) or unrelated to 
VEGFA blockade (e.g. hand-foot syndrome, mucositis, skin reactions, 
hypophosphatemia and increased lipase) (Cao, 2014; Chen and Cleck, 2009). 
Enhanced toxicity has been reported when these small-molecule agents were used in 
combination with chemotherapy. For example, several randomised Phase III trials 
reported no survival benefit but an increased incidence of severe adverse effects and 
more toxicity-related mortalities were associated with sorafenib plus chemotherapy in 
advanced non-small-cell lung cancer (Scagliotti et al., 2010) or sunitinib plus 
chemotherapy in metastatic colorectal cancer (Carrato et al., 2013). These results 
indicate that small-molecule TKIs are poorly compatible with chemotherapy because 
of the poor outcomes of individual patients and the additive toxicity profiles of the two 
components (Ferrara and Adamis, 2016). The only exception so far is nintedanib which 
showed improvements in OS with chemotherapy in second-line advanced non-small-
cell lung cancer in the randomised Phase III LUME-lung 1 study (Reck et al., 2014). 
This use was then approved by the EMA in 2014 (Table 1.2).  

Taken together, although bevacizumab and other VEGFA inhibitors have 
demonstrated efficacy in advanced solid cancers, recent randomised Phase III trials 
have revealed several clinical limitations including highly variable patient responses, 
overall modest efficacy, inevitable resistance and treatment-associated toxicity, all of 
which restrict the rational use of these expensive drugs.  



 
38 

1.5 Challenges to the Rational Use of VEGFA Inhibitors  

Recent clinical experience has revealed the limited therapeutic value of VEGFA 
inhibitors in treating cancer (Section 1.4.2). To address this issue, strategies for the 
more cost-effective and safer use of VEGFA inhibitors are urgently required. However, 
several obstacles, including a lack of clinically qualified biomarkers, inadequate 
knowledge regarding mechanisms of action and resistance and unestablished 
evidence-based guidelines for toxicity management, complicate the development of 
potential strategies. This Section discusses such obstacles from both the preclinical 
and clinical perspectives and summaries the attempts that have been made to 
overcome these hurdles.  

1.5.1 Lack of clinically qualified predictive and response biomarkers  

A biomarker is an indicator of a biological (normal or pathological) process, or response 
to a therapeutic agent or toxic substance, which can be objectively measured and 
evaluated (Wagner et al., 2007). Of the many types of biomarkers, predictive 
biomarkers are highly valuable for their prospective identification and prioritisation of 
patients who will obtain benefit from a specific therapy (Halford et al., 2012). The 
appropriate use of predictive biomarkers enables effective and prompt treatment of the 
responding patients and exclusion of the non-responding patients to avoid ineffective 
treatment, unnecessary treatment-associated toxicities and high costs (Lambrechts et 
al., 2013). Hence, predictive biomarker-directed use of therapy is not only a clinical 
benefit but also an economic advantage.  

To date, the attempts to discover predictive biomarkers of VEGFA inhibitors have 
explored several candidates but none has become clinically qualified (Ferrara and 
Adamis, 2016). For example, as the direct target of VEGFA inhibitors, VEGFA has 
been expected to be a predictive biomarker (Murukesh et al., 2010). Many 
retrospective studies of clinical trial data have rigorously evaluated the correlation 
between baseline plasma VEGFA levels and patient response to VEGFA inhibitors. 
Different from the expectation, analysis of data from multiple randomised Phase II/III 
trials suggests that pre-treatment total circulating VEGFA is a prognostic biomarker 
(i.e. indicative of disease progression irrespective of treatment, with higher circulating 
VEGFA levels correlated with poorer prognosis) rather than being predictive of patient 
response to VEGFA inhibitors (Hegde et al., 2013; Kontovinis et al., 2009; Lambrechts 
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et al., 2013). In addition, the randomised Phase III MERiDiAN study used prospective 
biomarker evaluation to stratify patients with metastatic breast cancer according to 
their baseline plasma VEGFA levels before randomisation to chemotherapy or 
chemotherapy plus bevacizumab (Miles et al., 2017). The results reflected a significant 
improvement in PFS of patients treated with the combination but no predictive value of 
baseline plasma VEGFA on patient selection for bevacizumab-related benefit (Miles et 
al., 2017). Many more candidate predictive biomarkers besides circulating VEGFA 
have also been evaluated in clinical studies assessing different VEGFA inhibitors in 
different tumour types. These include other circulating angiogenic factors (e.g. soluble 
VEGFR1, interleukin-8 (IL-8), ANGPT2) (Lambrechts et al., 2013), circulating miRNAs 
(Wang et al., 2018) and circulating ECs (Simkens et al., 2010); tumour imaging (Backer 
and Backer, 2012; Murukesh et al., 2010); tumour vascular features (e.g. microvessel 
density and vessel heterogeneity) (Bais et al., 2017; Jubb et al., 2006; Sitohy et al., 
2011); tumour expression and polymorphisms of VEGF pathway genes (e.g. VEGFR1 
and 2, NRP1, VEGFC, IL-8) (de Haas et al., 2014; Lambrechts et al., 2013; Schneider 
et al., 2012); and systemic adverse effects such as hypertension (Jubb and Harris, 
2010). Similar to circulating VEGFA, none of these proposed markers has been 
validated due to variable results. These unsatisfactory results potentially reflect that 
inhibition of a complex process such as tumour angiogenesis may involve affecting 
multiple components in the TME, which can vary during different tumour stages and 
treatment phases (e.g. adjuvant versus metastatic settings; pre- versus post-
treatment) (Ye, 2016). Hence, using a single biomarker may not be sufficient to fulfil 
the predictive role (Lambrechts et al., 2013). A more promising solution is to use 
composite biomarkers (i.e. a combined panel of biomarkers; for example, circulating 
plus imaging biomarkers) for different tumour stages and treatment time points (Halford 
et al., 2012; Jain et al., 2009).  

Furthermore, response biomarkers which monitor the effect of a therapeutic 
intervention are also important to develop. When clinically validated, response 
biomarkers can be used as a surrogate end point (Halford et al., 2012). Prolonged OS 
is currently the gold standard for assessing clinical benefit. However, surrogate end 
points such as tumour shrinkage are frequently used because of the ease of 
assessment (Ye, 2016). Most often, patient response is assessed by the Response 
Evaluation Criteria in Solid Tumours (RECIST) (Eisenhauer et al., 2009) which provide 
radiographic guidelines for measuring tumour size. However, this system is inadequate 



 
40 

for detecting early signs of disease progression and cannot optimally assess agents 
targeting the tumour stroma, especially VEGFA inhibitors which usually cause tumour 
stabilisation rather than tumour shrinkage (Desar et al., 2009; Halford et al., 2012). 
The actual therapeutic benefits of VEGFA inhibitors may therefore be misinterpreted 
based on the results of tumour size alteration. Hence, qualified response biomarkers 
for VEGFA inhibitors will not only assist in developing a better design of clinical trials 
(e.g. as a more representative surrogate end point) but also enable more accurate 
assessment and monitoring of patient response during routine treatment.  

1.5.2 Elusive mechanisms of action and resistance  

1.5.2.1 Complicated mechanisms of action  

Originally, VEGFA inhibitors were proposed to starve tumours and constrain them in 
the dormant state by inhibiting new blood vessel formation (Folkman, 1971). However, 
many preclinical and clinical studies have indicated that VEGFA inhibitors may exert 
their anti-tumour effects through multiple mechanisms (Ellis and Hicklin, 2008; He et 
al., 2014; Jain, 2014).  

Firstly, it is important to appreciate that VEGFA is a pleiotropic molecule in the 
TME (He et al., 2014). On one hand, VEGFA affects its main cellular target, ECs, in 
multiple ways by promoting survival, proliferation, migration, tube formation and 
vascular permeability (Section 1.2.1.1). Indeed, preclinical and clinical evidence 
shows that inhibition of VEGFA signalling causes regression of pre-existing blood 
vessels, reduction in perfusion, inhibition of new blood vessel growth and decreased 
permeability in different tumour types (Burger et al., 2011; Chinot et al., 2014; 
O'Connor et al., 2009; Willett et al., 2004). On the other hand, although ECs are the 
main cell type expressing VEGFRs and most responsive to VEGFA, other cell types in 
the TME may also respond to VEGFA (Figure 1.5). For example, expression of VEGF 
ligands and/or VEGFRs (VEGFR1–3 and co-receptors NRP1 and 2) has been 
detected in multiple human cancer types (Goel and Mercurio, 2013). VEGFA can 
therefore act as a pro-tumour factor for cancer cells expressing VEGFRs and directly 
promotes tumour initiation, growth and survival as well as enhances tumour 
invasiveness for greater potential of metastasis, via autocrine and paracrine signalling 
(He et al., 2014). In addition, VEGFA signalling appears to be important for sustaining 
survival and proliferation of cancer stem cells, which further reinforces tumour growth 



 
41 

and progression (Elaimy et al., 2018; Grun et al., 2016). Important stromal cells such 
as infiltrating immune cells (Elamin et al., 2015; Voron et al., 2014), CAFs (Yaqoob et 
al., 2012), BMDCs (Ellis and Hicklin, 2008) and mural cells (pericytes and VSMCs) 
(Moens et al., 2014) can also be affected by VEGFA signalling and contribute to 
tumorigenesis (see Figure 1.5 for details of selected examples). Hence, VEGFA 
inhibitors may exert a direct anti-tumour effect as well as indirectly suppress tumour 
growth and progression through modulating the tumour stroma. Importantly, recent 
clinical studies combining immune checkpoint inhibitors (ipilimumab or atezolizumab) 
and bevacizumab have shown promising results, with improved anti-tumour immunity 
and/or patient outcomes in metastatic melanoma (Hodi et al., 2014), metastatic renal 
cell carcinoma (Wallin et al., 2016) and metastatic non-small-cell lung cancer (Socinski 
et al., 2018), demonstrating the additional mechanisms of VEGFA blockade on 
immune regulation.  

Secondly, biological VEGFA inhibitors (e.g. bevacizumab) are often used in 
combination with chemotherapy in many indications because they are ineffective when 
used as a single agent (Section 1.4.2). Although the combination has clearly 
demonstrated clinical benefits, interpretation of patient outcome as well as the 
mechanisms for therapeutic effects can be confounded due to the multiple activities of 
both agents (He et al., 2014). For example, VEGFA inhibitors can act on cancer cells 
directly as discussed above and cytotoxic chemotherapeutic agents also affect multiple 
cell types, including tumour ECs and other pro-angiogenic cell types, and can therefore 
inhibit angiogenesis (Ferrara and Kerbel, 2005; Jain et al., 2006). Currently, there is 
no clinically validated mechanism by which exactly the combination acts. A prominent 
hypothesis is “vascular normalisation” which proposes that the judicious use of VEGFA 
inhibitors can selectively target the abnormal ECs (e.g. those are not covered by 
pericytes and lack basement membrane) and remodel the rest rather than eliminate all 
blood vessels (Jain, 2005). This can, at least in part, reverse the vascular abnormalities 
(Section 1.3; e.g. leakiness and IFP), improve perfusion and enhance the delivery of 
chemotherapeutic agents (Carmeliet and Jain, 2011b; Goel et al., 2011). This 
hypothesis has been supported by some preclinical and clinical data in different tumour 
models and tumour types but not fully validated because of conflicting results (El 
Alaoui-Lasmaili and Faivre, 2018). For example, Van der Veldt et al. (2012) reported 
that rapidly reduced tumour perfusion and decreased chemotherapeutic delivery were 
observed following administration of bevacizumab to patients with metastatic non-



 
42 

small-cell lung cancer. In addition, pharmacological promotion of angiogenesis has 
been shown to increase tumour vessel leakiness but enhance perfusion and 
chemotherapeutic delivery in mouse tumour models of lung and pancreatic cancer 
(Wong et al., 2015).  

Lastly, whether the use of VEGFA inhibitors promotes tumour invasiveness and 
metastasis remains debatable (Ebos and Kerbel, 2011). As discussed above, VEGFA 
inhibitors act to prune pre-existing blood vessels and limit new blood vessel formation. 
The hypoxic and acidic TME may therefore be exacerbated because of less effective 
exchange of oxygen and metabolic wastes. Cancer cells which are more invasive and 
can escape these hostile conditions may be “selected” to accumulate, leading to a 
more aggressive tumour (Ebos and Kerbel, 2011; Simon et al., 2017). Preclinical 
studies have shown increased invasiveness and metastasis after VEGFA inhibitor 
treatment in several mouse tumour models (Ebos et al., 2009; Paez-Ribes et al., 2009). 
However, results from other studies did not report such effects using the same or other 
mouse tumour models (Chung et al., 2012; Rigamonti et al., 2014; Singh et al., 2012) 
and clinical data failed to associate sunitinib treatment with accelerated tumour growth 
in patients with metastatic renal cell carcinoma (Blagoev et al., 2013). In addition, 
discontinuation of VEGFA inhibitor treatment has been correlated with increased 
revascularisation and metastasis in mouse tumour models (Mancuso et al., 2006; 
Yang et al., 2016). Nonetheless, pooled analysis of five randomised Phase III trials 
involving more than 4000 patients with advanced breast, colorectal, renal and 
pancreatic cancer does not support increased metastasis and mortality after cessation 
of bevacizumab treatment (Miles et al., 2011).  

Hitherto the mechanisms of how VEGFA inhibitors may act in the TME, with or 
without other cancer therapy, have been discussed. It is apparent that the original 
concept of VEGFA inhibitor-induced anti-tumour effects requires a revision because 
these mechanisms are complicated by the interactions between the TME and VEGFA 
blockade. Importantly, these mechanisms are not mutually exclusive and may act in 
parallel in some cases. Specifically, they may play different roles according to different 
conditions. For example, different tumour types (e.g. VEGFA-inhibitor-sensitive renal 
cell carcinoma versus VEGFA-inhibitor-resistant pancreatic cancer) and tumour stages 
(e.g. early localised versus advanced metastatic) may have an impact on the 
characteristics of cancer cells themselves as well as the composition of the stroma, 
which could change the tumour response to VEGFA inhibitors. The different classes 
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of VEGFA inhibitors may also be influential because monoclonal antibodies and small-
molecule TKIs act in a distinct manner. Given that results from many preclinical and 
clinical studies are variable, further investigation into how VEGFA inhibitors interact 
with the TME is warranted.  

1.5.2.2 Putative mechanisms of resistance  

De novo and acquired resistance (Figure 1.4) largely limit the efficacy of VEGFA 
inhibitors and possibly represents one of the reasons for variable patient outcomes 
(Jayson et al., 2016). Although the mechanisms of resistance still remain largely 
elusive, several hypotheses have been proposed from the alterations in the TME, 
which may involve dynamic and complex interactions between cancer cells and their 
stromal components (Figure 1.6). Importantly, these mechanisms have only been 
identified in the advanced and metastatic disease states in which most VEGFA 
inhibitors are used clinically (Carmeliet and Jain, 2011a).  

1.5.2.2.1 Hypoxia-induced TME modification and compensatory angiogenic 
signalling pathways 

As discussed in Section 1.5.2.1, VEGFA blockade often leads to vessel regression 
and therefore a more severe hypoxic and acidic TME. This may select for more 
invasive cancer cells, stimulate cancer stem cell proliferation and/or enhance 
invasiveness by, for example, promoting EMT and/or b1 integrin function (Bergers and 
Hanahan, 2008; Depner et al., 2016; Gilkes et al., 2014; Heddleston et al., 2010; 
Jahangiri et al., 2014; Jain, 2014; Jayson et al., 2016; Markowska et al., 2017). Cancer 
(stem) cells may undergo additional mutations, alter their metabolism and/or 
autophagy to adapt to the hostile conditions by exploiting a survival advantage and 
eventually evade the therapeutic effects (McIntyre and Harris, 2015; Mehta et al., 2016; 
Rapisarda and Melillo, 2012; Simon et al., 2017; Sounni et al., 2014) (Figure 1.6A). 

Furthermore, VEGFA blockade-enhanced hypoxia stabilises HIF-1 and 
upregulates a variety of alternative pro-angiogenic factors in the TME (Chung et al., 
2010; Jayson et al., 2016) (Figure 1.6A). Tumour angiogenesis and tumour growth 
therefore become VEGFA-independent due to activation of compensatory angiogenic 
signalling pathways. Many examples of such pathways have been demonstrated in 
preclinical experiments and these include signalling induced by the other VEGF family 
members — VEGFB (Yang et al., 2015), VEGFC (Li et al., 2014a; Michaelsen et al., 
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2018), PlGF (Fischer et al., 2007) and NRP1 (Liang et al., 2007) — as well as signalling 
other than VEGF signalling — FGF–FGFR signalling (Casanovas et al., 2005; Lieu et 
al., 2011; Welti et al., 2011), PDGF–PDGFR signalling (Crawford et al., 2009), 
ANGPT2–TIE2 signalling (Rigamonti et al., 2014; Saharinen et al., 2017), DLL4–
NOTCH signalling (Benedito et al., 2012; Li et al., 2011) and HGF–MET signalling 
(Gherardi et al., 2012; Jahangiri et al., 2013; Sennino and McDonald, 2012) — 
cytokines such as IL-1 (Carbone et al., 2011; Carbone et al., 2016), IL-6 (Eichten et 
al., 2016; Incio et al., 2018) and IL-8 (Huang et al., 2010), soluble E-cadherin (Tang et 
al., 2018), microseminoprotein (Mitamura et al., 2018), tumour-derived extracellular 
vesicles (De Palma et al., 2017), and microvesicle-dependent VEGF receptor 
activation (Feng et al., 2017). In addition, studies have further shown that several 
miRNAs (e.g. miR-182, miR-194) mediate VEGFA-independent angiogenesis by, for 
example, downregulating TSP1 in cancer cells (Amodeo et al., 2013; Sundaram et al., 
2011).  

1.5.2.2.2 Alternative modes of neovascularisation  

Although angiogenesis is the main means for formation of new blood vessels, tumours 
also exploit other modes of neovascularisation to fulfil their metabolic demand, 
especially when angiogenesis is inhibited by, for example, VEGFA blockade (Hillen 
and Griffioen, 2007). These include intussusception (also known as vessel splitting) 
(Viallard and Larrivee, 2017), vessel co-option (i.e. pre-existing vessels co-opted by 
cancer cells) (Frentzas et al., 2016), vascular mimicry (i.e. vessel lining by cancer 
(stem) cells) (Angara et al., 2017; Kirschmann et al., 2012; Schnegg et al., 2015; 
Williamson et al., 2016) and ECs derived from EPCs (Farnsworth et al., 2014; 
Patenaude et al., 2010; Ricci-Vitiani et al., 2010) (Figure 1.6B). Vessels generated by 
these activities are largely VEGFA-independent and therefore less sensitive to VEGFA 
inhibitors. For example, vessel co-option is promoted in some tumours which adapt to 
angiogenesis inhibition and these tumours show sustained progression after VEGFA 
blockade (Frentzas et al., 2016; Leenders et al., 2004; Paez-Ribes et al., 2009; 
Rubenstein et al., 2000).  

1.5.2.2.3 Involvement of tumour stromal components  

Both infiltrating stromal cells and tumour-resident stromal components contribute to 
tumour resistance to VEGFA inhibitors (Figure 1.6C). Recruitment of bone-marrow-
derived myeloid cells, lymphoid cells and vascular progenitor cells into tumours is 
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promoted by hypoxia and tumour-derived factors (e.g. VEGFA, CSF1, SDF1) (Bergers 
and Hanahan, 2008; Gilkes et al., 2014; Huijbers et al., 2016). Many of these cell types, 
including TAMs (Kreuger and Phillipson, 2016; Varricchi et al., 2018), neutrophils 
(Liang and Ferrara, 2016), immunosuppressive monocytes (Jung et al., 2017), 
myeloid-derived suppressor cells (Rivera et al., 2015; Shojaei et al., 2007), fibrocyte-
like cells (Mitsuhashi et al., 2015), Treg cells (Facciabene et al., 2011; Liu et al., 2015b), 
helper T (TH) cells (Chung et al., 2013) and mast cells (Wroblewski et al., 2017), have 
been shown to change the tumour response to VEGFA inhibitors by producing a variety 
of growth factors, cytokines and proteases to promote tumour angiogenesis and 
inflammation. In addition, as discussed above, circulating EPCs recruited by hypoxia 
can be incorporated in tumour neovascularisation and generate VEGFA-independent 
blood vessels.  

CAFs represent a considerable proportion of cells residing in tumours and are 
mainly derived from tissue-resident fibroblasts, although other origins such as smooth 
muscle cells, ECs, epithelial cells and bone-marrow-derived mesenchymal stem cells 
have been reported (De Palma et al., 2017; Shi et al., 2017b). CAFs are a major source 
of VEGFA in tumours and also secrete other pro-angiogenic factors such as FGF2, 
PDGFCC and SDF1 to promote VEGFA-independent angiogenesis (De Palma et al., 
2017). CAFs also indirectly regulate vascularisation and perfusion by modifying the 
properties of the ECM and IFP (Egeblad et al., 2010) and therefore contribute to 
resistance to VEGFA inhibitors. In addition, different modes of ECM remodelling (e.g. 
increased hyaluronic acid induced by VEGFA blockade-enhanced hypoxia) (Rahbari 
et al., 2016) and ECM-associated proteins such as periostin (Keklikoglou et al., 2018; 
Park et al., 2016) and epidermal growth factor-like protein 7 (EGFL7) (Dudvarski 
Stankovic et al., 2018; Johnson et al., 2013) have been shown to affect vascular 
function and the tumour response to VEGFA inhibitors. Furthermore, although tumour 
vessels are usually poorly covered by pericytes, observations suggest that VEGFA 
blockade induces increased pericyte coverage of surviving tumour vessels, which 
renders them less vulnerable to VEGFA inhibitors (Bergers and Hanahan, 2008). More 
details and examples of stromal contribution to tumour angiogenesis and resistance to 
VEGFA inhibitors are discussed in two recent comprehensive reviews by De Palma et 
al. (2017) and Huijbers et al. (2016). 
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1.5.2.2.4 Heterogeneity of tumour blood vessels  

Blood vessels in tumours are not uniform and may show great heterogeneity and 
resistance to VEGFA inhibitors (Figure 1.6D). At least six vessel subtypes have been 
identified in tumours (Nagy and Dvorak, 2012). Of these, the large, thin-walled, leaky 
and pericyte-poor mother vessels are first formed from pre-existing angiogenic small 
blood vessels (Nagy et al., 2010). Mother vessels are usually unstable and 
subsequently remodelled to develop glomeruloid microvascular proliferations 
(resembling renal glomeruli with minimal vascular lumen areas and multi-layered 
basement membrane; often poorly perfused), capillaries (formed from mother vessels 
by intra-luminal bridging and intussusception) or vascular malformations (derived from 
mother vessels with an irregular smooth muscle/connective tissue coat) (Nagy and 
Dvorak, 2012). In addition, remodelling of pre-existing large vessels such as arteries 
and veins results in formation of feeder arteries and draining veins which supply and 
drain the angiogenic vessels within tumours (Nagy et al., 2010). Importantly, recent 
studies have shown that four vessel subtypes formed in the late stages of tumour 
development (i.e. capillaries, vascular malformations, feeder arteries and draining 
veins) are VEGFA-independent and thus less susceptible to VEGFA blockade (Nagy 
and Dvorak, 2012). This may explain intrinsic resistance to VEGFA inhibitors in some 
patients who have a large amount of VEGFA-independent tumour vessel subtypes. 
Moreover, for patients who respond initially but acquire resistance, VEGFA blockade 
may alter the proportion of VEGFA-dependent and VEGFA-independent vessel 
subtypes, which renders the tumour gradually less sensitive to VEGFA inhibitors 
(Jayson et al., 2016).  

1.5.2.3 Therapeutic implications  

Preclinical studies have shown success in targeting the escape mechanisms 
discussed above to improve the anti-tumour effects of VEGFA inhibitors. Many of these 
approaches have been, or are being, evaluated clinically (Belli et al., 2018; Itatani et 
al., 2018; Jayson et al., 2016; Kreuger and Phillipson, 2016; Martinez-Outschoorn et 
al., 2017; McIntyre and Harris, 2015; Rapisarda and Melillo, 2012; Saharinen et al., 
2017; Sennino and McDonald, 2012; Zhao and Adjei, 2015). However, translation to 
the clinical setting has been proven difficult as the results are overall unsatisfactory 
(De Palma et al., 2017; Sennino and McDonald, 2012; Viallard and Larrivee, 2017). 
This is also reflected by that the clinical performance of approved VEGFA inhibitors 
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which target multiple pro-angiogenic signalling components (e.g. aflibercept and small-
molecule TKIs; Table 1.2) is variable and suffers from overall modest efficacy and 
resistance (Ferrara and Adamis, 2016). These findings collectively demonstrate that 
regulation of tumour angiogenesis is influenced at multiple aspects and its inhibition 
causes complex consequences. Better understanding of the role of each TME 
component in the tumour response to VEGFA blockade may facilitate more broadly 
applicable approaches for overcoming resistance to VEGFA inhibitors and also provide 
functional criteria for development of biomarkers.  

1.5.3 Risk–benefit assessment and toxicity management  

The use of VEGFA inhibitors is associated with diverse toxicities with various 
frequencies (Section 1.4.2). Although most of the common adverse effects are 
clinically manageable, some rare events can be life-threatening and sometimes fatal 
(e.g. haemorrhage and gastrointestinal perforation) (Chen and Cleck, 2009; Jain et al., 
2009). In addition, combining VEGFA inhibitors (especially small-molecule TKIs) with 
chemotherapy or other cancer therapies may cause additive toxicities and a higher 
incidence of severe adverse effects (e.g. neutropenic infection) and increased mortality 
(Chen and Cleck, 2009). Toxicity-related mortality may negate the benefits of 
treatment, if any. It is therefore important to assess risk and benefit when using VEGFA 
inhibitors, for example, by identifying and applying toxicity biomarkers. However, 
identification of such biomarkers is difficult because of the relatively low incidence of 
severe adverse effects (Jain et al., 2009). A few candidates have been suggested. For 
example, retrospective analysis of two randomised trials (Phase II and III; involving 
almost 1000 patients in total) assessing bevacizumab plus chemotherapy in advanced 
non-small-cell lung cancer indicated baseline tumour cavitation as a potential 
biomarker for pulmonary haemorrhage (Sandler et al., 2009). Interestingly, Cao (2014) 
proposed that different levels of baseline circulating VEGFA could be a reason for the 
paradoxical clinical observation of a correlation between the adverse effects and 
survival benefits. In some cases, high plasma VEGFA levels often cause systemic 
complications which are relieved by VEGFA inhibitors, thereby providing overall 
benefits (Cao, 2014). In contrast, when such VEGFA levels are low, the same 
treatment may cause harmful effects in healthy blood vessels, particularly in organs 
which are highly dependent on VEGFA activities for normal functions (Cao, 2014). Low 
circulating VEGFA is therefore a plausible toxicity biomarker for VEGFA inhibitors.  
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Currently, a comprehensive evidence-based set of guidelines for toxicity 
management (including managing adverse effects and adjusting the treatment plan) 
has yet to be established for the use of VEGFA inhibitors in clinical oncology. Instead, 
the bases for these procedures are largely empirical (Chen and Cleck, 2009). Hence, 
well-designed clinical trials are not only required to assess the therapeutic effects of 
VEGFA inhibitors but also to identify the risk factors of these drugs (for developing 
toxicity biomarkers) and to evaluate effective means for toxicity management (for 
minimising adverse effects and maximising treatment benefits). The rational use of 
VEGFA inhibitors in a cost-effective and safe manner is the ultimate goal.  

1.6 Exploring the Role of Endothelial Cells to Understand the 

Tumour Response to VEGFA Inhibitors  

As discussed above (Section 1.5.2.3), tumour response to VEGFA blockade reflects 
a complex and dynamic involvement of multiple components in the TME, which shows 
great interpatient, intertumour and intratumour heterogeneity. Understanding the role 
of each TME component in the tumour response to VEGFA inhibitors could facilitate 
clinical development of biomarkers and therapeutic strategies to overcome resistance. 
In particular, exploring the role of the main cellular target of VEGFA inhibitors — ECs 
— in treatment response may provide insight into vascular biology and further 
understanding of VEGFA blockade-induced effects on tumour neovascularisation and 
response to VEGFA inhibitors. This Section highlights tumour ECs by describing their 
altered features compared to normal ECs and by discussing their interaction with the 
other cell types in the TME, with a focus on their role in tumour development and 
response to cancer therapy. A discovery strategy for investigating how tumour ECs 
may contribute to the tumour response to VEGFA inhibitors is also described.  

1.6.1 Tumour endothelium as a central component of the tumour 
response to VEGFA inhibitors  

1.6.1.1 Tumour endothelial cells are distinct from normal endothelial cells 

Under normal physiological conditions in a healthy adult, ECs are quiescent most of 
the time (Section 1.2). In cancer, however, ECs become hyperactive due to the 
constant stimuli they received from the TME. Cancer cells and other stromal cells, 
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including infiltrating immune cells and CAFs, secrete growth factors, cytokines and 
chemokines (Section 1.3) to alter the properties of tumour ECs and render them 
distinct from their normal counterparts. For example, tumour ECs are morphologically 
abnormal — they tend to have irregular cell surface and intra-luminal projections with 
excessive fenestrations; the intercellular junctions are usually loosened and cells can 
also grow in multiple layers with variable coverage by abnormal pericytes (Aird, 2012; 
Morikawa et al., 2002; Potente et al., 2011). These characteristics facilitate vascular 
leakage and reduce blood perfusion (Hida et al., 2016b). In addition, tumour ECs 
upregulate several growth factor receptors (e.g. VEGFR1, VEGFR2, EGFR) for 
enhanced paracrine and autocrine signalling activation (Amin et al., 2006; Kurosu et 
al., 2011; Matsuda et al., 2010), leading to increased survival, proliferation, migration, 
tube formation and metabolism (e.g. tumour ECs are hyperglycolytic) (Aird, 2012; 
Bussolati et al., 2006; Eelen et al., 2018; Hida et al., 2016b; Hida et al., 2013b; Zecchin 
et al., 2017).  

Furthermore, many studies have identified distinct gene expression profiles in ECs 
isolated from different types of tumours and many of these genes are upregulated and 
associated with enhanced angiogenic activities (Lambrechts et al., 2018; Lu et al., 
2007; Seaman et al., 2007; St Croix et al., 2000; van Beijnum et al., 2006). For 
example, Lu et al. (2007) validated that 23 genes were specifically upregulated in 
tumour ECs isolated from invasive ovarian tumour tissue compared with ECs from 
normal ovaries. siRNA-mediated knockdown of some of these genes, such as JAG1 
and PTK2, inhibited EC migration and tube formation in vitro (Lu et al., 2007). In 
addition, a more recent study using single-cell RNA-Seq to analyse hallmark pathway 
gene signatures in tumour stromal cells revealed many differences between normal 
and tumour ECs in samples isolated from patients with untreated, non-metastatic non-
small-cell lung cancer (Lambrechts et al., 2018). For example, the gene signatures of 
MYC targets and metabolic pathways such as oxidative phosphorylation and 
glycolysis, all important for angiogenesis, were significantly enriched in tumour ECs 
(Lambrechts et al., 2018). In contrast, genes involved in immune activation (e.g. 
antigen presentation and chemotaxis) and immune cell homing were downregulated 
in tumour ECs (Lambrechts et al., 2018).  

Although conventionally thought of as genetically normal, some tumour ECs 
possess cytogenetic abnormalities, including aneuploidy, supernumerary centrosomes 
and translocations, as well as altered epigenetic profiles (Hida et al., 2004; Hida and 
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Klagsbrun, 2005; Hida et al., 2016b; Luo et al., 2013). In addition, tumour ECs share 
cancer cell-specific features via horizontal DNA transfer and can sometimes be 
differentiated from cancer cells or cancer stem-like cells (Ehnfors et al., 2009; Ricci-
Vitiani et al., 2010; Soda et al., 2011; Wang et al., 2010). Direct evidence has shown 
that tumour ECs isolated from mice with spontaneous prostate cancer acquire 
stemness and multipotency and can undergo a mesenchymal-like transition (Dudley 
et al., 2008). Because of genomic instability and altered angiogenic properties, some 
tumour ECs show resistance to multiple cancer therapeutics, in particular through 
upregulating the ATP-dependent efflux pump, p-glycoprotein 1, which is responsible 
for multiple drug resistance (Akiyama et al., 2015; Akiyama et al., 2012; Hida et al., 
2013a; Hida et al., 2016a; Xiong et al., 2009). The pro-angiogenic TME has also been 
associated with chemoresistance of tumour ECs through, for example, VEGF-induced 
upregulation of the inhibitor of apoptosis — survivin (Tran et al., 2002).  

Moreover, tumour ECs themselves show inter- and/or intratumour heterogeneity 
(Aird, 2009; Hida et al., 2016a; Hida et al., 2013b; Ohga et al., 2012). For example, 
ECs isolated from “high-metastatic” tumours are more pro-angiogenic and invasive to 
the ECM versus those from “low-metastatic” tumours (Ohga et al., 2012). They also 
show a higher rate of aneuploidy, increased expression of stem cell markers and 
enhanced drug resistance (Ohga et al., 2012). In addition, blood vessels in “high-
metastatic” tumours are profoundly more immature and covered by fewer pericytes 
(Ohga et al., 2012). It is evident that the TME influences the characteristics of the 
resident ECs and represents a major source for tumour EC heterogeneity. Indeed, 
normal ECs co-cultured with highly metastatic cancer cells show a similar phenotype 
to isolated tumour ECs (Ohga et al., 2012).  

1.6.1.2 Tumour endothelial cells contribute to tumour development and 

resistance to cancer therapy  

As discussed above, tumour ECs acquire an enhanced pro-angiogenic phenotype with 
many altered characteristics in the TME. The interaction between tumour ECs and the 
other components in the TME directly or indirectly affects tumour growth, metastasis 
and response to cancer therapy. The roles of tumour ECs in tumour development and 
during anti-cancer treatment are discussed below.  
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1.6.1.2.1 Supporting cancer cell survival and proliferation  

Angiogenesis is an important driver of tumour growth, proliferation and survival 
(Hanahan and Coussens, 2012). Indeed, tumour growth is restricted (1–2 mm3) unless 
angiogenesis is activated to form new blood vessels. ECs forming blood vessels are 
not only essential for supplying nutrients and oxygen, but also represent a major 
means of delivering multiple mitogenic growth factors and/or anti-apoptotic molecules 
(Hanahan and Coussens, 2012). Quiescent ECs limit tumour growth and promote 
tumour dormancy by, for example, secreting angiocrine tumour suppressors (e.g. 
TSP1) (Franses et al., 2011; Ghajar et al., 2013). In contrast, tumour ECs secrete 
angiocrine factors to promote cancer cell growth (Butler et al., 2010). For example, 
tumour ECs release soluble JAGGED1 and induce the cancer stem cell phenotype 
(with enhanced growth, metastasis and chemo-resistance) in human colorectal cancer 
cells or enhance growth and invasiveness of B cell lymphoma cells through a paracrine 
NOTCH signal (Cao et al., 2014; Lu et al., 2013).  

Furthermore, tumour ECs can maintain cancer stem cell activities such as self-
renewal by direct cell–cell contact or producing maintenance signals (e.g. NOTCH 

signalling and TGFb signalling) (Butler et al., 2010; Calabrese et al., 2007; Eyler and 
Rich, 2008; Krishnamurthy et al., 2010; Markowska et al., 2017; Plaks et al., 2015). 
The secreted factors (e.g. FGF2) by tumour ECs induce cancer stem cell features in 
undifferentiated and differentiated cancer cells (Calabrese et al., 2007; Fessler et al., 
2015). The enhanced cancer stem cell activities and features contribute to accelerated 
tumour initiation, augmented growth and survival (Batlle and Clevers, 2017).  

1.6.1.2.2 Assisting cancer cell invasion and metastasis  

The process of tumour metastasis includes intravasation of cancer cells from the 
primary site to bloodstream and extravasation from bloodstream to the distant organ 
(Reymond et al., 2013). Both movements require the disruption of EC–EC junctions 
for transendothelial migration of cancer cells (Reymond et al., 2013). The endothelial 
barrier is therefore critical for controlling the metastatic process. An intact endothelial 
barrier averts effective transendothelial migration and a weakened barrier (e.g. 
generated by endoglin deficiency) is associated with endothelial-to-mesenchymal 
transition and increased metastasis (Anderberg et al., 2013). Tumour ECs usually 
have loosened intercellular junctions (Section 1.6.1.1) which facilitate the metastatic 
process. In addition, the endothelial barrier may be further damaged by cancer cell-
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related mechanisms to promote metastasis. For example, cancer cells release miR-
105 which targets a migration-related gene TJP1 (encoding tight junction protein 1) to 
destroy endothelial tight junctions and promote metastasis (Zhou et al., 2014b). 

Tumour ECs may secrete factors to promote tumour invasiveness and metastasis. 
As discussed above (Section 1.6.1.2.1), soluble JAGGED1 secreted by tumour ECs 
renders cancer cells more invasive and metastatic. Another example is a metastasis-
related molecule, lysyl oxidase (Cox et al., 2016). Tumour ECs can secrete lysyl 
oxidase to promote angiogenesis and metastasis via activation of focal adhesion 
kinase (Osawa et al., 2013). Moreover, host inflammatory reactions triggered by 
endothelial injury (e.g. as a result of anti-cancer treatment) as well as alterations in the 
TME (e.g. hypoxia and the modified ECM) may promote metastasis (Gilkes et al., 
2014; Solinas et al., 2010).  

1.6.1.2.3 Escaping anti-cancer immune surveillance  

Although a loosely connected endothelial network facilitates transmigration of cells in 
the TME, it is still insufficient for adequate influx of many anti-tumour immune cells 
(e.g. natural killer T-cells, cytotoxic lymphocytes) (Hanahan and Coussens, 2012). 
Leukocyte recruitment to tumours is a key step for enabling anti-cancer immune 
surveillance and ECs play a critical role in regulating this process (Kreuger and 
Phillipson, 2016). Normal ECs, in response to inflammatory cytokines, upregulate 
several important molecules that control leukocyte–EC interactions (e.g. E-selectin, 
vascular cell adhesion molecule 1, intercellular adhesion molecule 1, VE-cadherin) to 
facilitate leukocyte recruitment to the inflamed tissues (De Sanctis et al., 2018). In the 
hypoxic TME, tumour ECs constantly receive pro-angiogenic signals (e.g. VEGFA, 
FGF2) and this establishes an “endothelial anergy” state — tumour ECs lose their 
responsiveness to inflammatory signals (De Sanctis et al., 2018). Recruitment of anti-
tumour immune cells is therefore compromised because key molecules for this process 
are downregulated in tumour ECs. In addition, environmental changes due to 
dysfunctional ECs such as increased IFP and ECM stiffness as well as reduced blood 
flow and shear stress also contribute to insufficient infiltration of anti-tumour immune 
cells (De Sanctis et al., 2018; Kreuger and Phillipson, 2016). Furthermore, tumour ECs 
can express specific adhesion molecules (e.g. stabilin1, mucosal vascular addressin 
cell adhesion molecule 1) to favour recruitment of immunosuppressive immune cells 
such as Treg cells and TAMs (Karikoski et al., 2014; Nummer et al., 2007).  
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Notably, tumour ECs can directly regulate T cell functions and activation. For 
example, the death mediator Fas ligand is specifically upregulated in tumour ECs to 
selectively induce apoptosis of cytotoxic T cells but not Treg cells (Motz et al., 2014) 
and tumour ECs also express the immunosuppressive molecule programmed cell 
death protein 1 (PD-L1) to inhibit cytotoxic T cell activation (Allen et al., 2017; Rodig et 
al., 2003). In addition, tumour ECs secrete angiogenic factors (e.g. VEGFA), cytokines 
(e.g. IL-6, IL-10), lipids (e.g. prostaglandin E2) and amino acid-metabolising enzymes 
(e.g. arginase, indoleamine 2,3-dioxygenase) to suppress anti-tumour T cell activities 
(Mondanelli et al., 2017; Mulligan and Young, 2010).  

1.6.1.2.4 Altering tumour metabolism  

Cancer cells preferentially use glycolysis for generating energy even in the presence 
of oxygen and fully functional mitochondria, which is termed the Warburg effect 
(Warburg, 1956). Proposed benefits of the Warburg effect include more efficient use 
of a limited energy source, facilitating biosynthesis for uncontrolled proliferation, 
establishing the hostile TME, and conferring signalling functions to support cancer cells 
(Liberti and Locasale, 2016). In the dynamic TME that is hypoxic, acidic and deprived 
of nutrients (as a result of constantly remodelling dysfunctional tumour ECs), the 
Warburg effect may be enhanced or altered (Hsu and Sabatini, 2008; Pavlova and 
Thompson, 2016). For example, the metabolic demand of cancer cells is increased as 
they keep growing. The TME may become progressively more hostile because of 
elevated hypoxia and acidosis. Cancer cells may alter their metabolism to be more 
efficient in order to adapt and survive in this environment (Hsu and Sabatini, 2008). In 
addition, in a changing TME, induction of target genes by HIFs, activation of additional 
oncogenes (e.g. RAS, MYC, AKT) and mutations (e.g. loss of tumour suppressor 
genes) all contribute to metabolic adaptation (Hsu and Sabatini, 2008). The ongoing 
metabolic reprogramming, associated with tumour EC-involved TME heterogeneity, 
profoundly impacts activities of both cancer cells and the stroma (Pavlova and 
Thompson, 2016).  

1.6.1.2.5 Evading anti-cancer treatment   

As discussed in Section 1.3.2, dysfunctional blood vessels and hypoxic conditions 
compromise the delivery and efficacy of cytotoxic chemotherapeutics and 
radiotherapy. In addition, tumour ECs acquire enhanced drug resistance (Section 

1.6.1.1), which potentially protects cancer cells from eradication. Furthermore, tumour 
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ECs can directly induce tumour resistance to cancer therapy. For example, in response 
to DNA damage, tumour ECs secrete IL-6 and TIMP1 which induce chemo-resistance 
in lymphoma and hepatocellular cancer cells (Gilbert and Hemann, 2010). Another 
example is soluble JAGGED1 described in Section 1.6.1.2.1. It has also been reported 
that remodelling of the tumour EC surface glycome (resulting in enhanced EC–
galectin1 interaction) activates VEGF-like signalling, promotes VEGFA-independent 
angiogenesis and renders tumours resistant to VEGFA blockade (Croci et al., 2014).  

1.6.2 A strategy to investigate the role of endothelial cells in the tumour 
response to VEGFA inhibitors  

This Thesis will employ a discovery strategy to investigate the role of ECs in the tumour 
response to VEGFA inhibitors, which integrates the elements listed in Table 1.3.  

Given that the detailed mechanisms of action of VEGFA inhibitors still remains 
elusive, an unbiased and systematic screening approach combining large-scale 
molecular perturbation (e.g. genome-wide genetic loss-of-function (LOF) or gain-of-
function (GOF)) and functional assays in high-fidelity model systems will establish a 
causal, rather than only correlative, relationship between the endothelial response 
modifiers and the EC response to VEGFA inhibitors. With understanding of identified 
molecular modifiers of the EC response (e.g. genes or gene sets responsible for the 
EC phenotype of resistance or sensitisation), it is possible to evaluate the role of the 
specific EC phenotype in the whole tumour response to VEGFA inhibitors. For 
example, examination of a pre-defined EC gene or gene-set status and/or protein 
activities in tumour samples from human patients who respond differentially to VEGFA 
inhibitors may evaluate the biomarker value in predicting and/or monitoring patient 
response. In addition, such knowledge may be useful in defining mechanism(s) of 
resistance and/or identifying new drug targets so that potential therapeutic strategies, 
for example, using combination therapy or new therapeutics for broader target 
inhibition, can be developed to overcome resistance.  

In this Thesis, bevacizumab is selected as the model VEGFA inhibitor for 
evaluating the role of ECs because of its substantial use in the clinical setting and its 
highly specific molecular interaction with VEGFA.  
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Table 1.3. Key elements of a discovery strategy for investigating the role of endothelial cells in the tumour response to VEGFA inhibitors 

Element Features Enabling technologies and resources  

High throughput  

Permits systematic screening on ‘omic’ scales (i.e. 
systematic and comprehensive)  Second- and third-generation DNA sequencing  

Automation RNA-Seq 

Supports identification of multiple novel response 
modifiers 

Microarrays (nucleic acid- and protein-based)  
Mass spectrometry  
High-throughput cell imaging equipment  

Unbiased  

Extends the identification of response modifiers 
beyond those with established or suspected roles in 
angiogenesis 

Genome-wide CRISPR–Cas9 for systematic LOF, GOF 
and epigenetic analysis 

Genome-wide RNAi and antagomiR collections for 
systematic LOF analysis 

Knowledge of mechanism of action is not a 
prerequisite  

Genome-scale miRNA and ORF collections for systematic 
GOF analysis  
Transposon-driven random genomic mutagenesis for 
simultaneous LOF and GOF analyses 
Chemical library-driven screens  

High-fidelity model 
systems  

Reflective of activity of VEGFA inhibitors in vivo 
In vitro EC culture and co-culture 
Sources of conditioned media representing the angiogenic 
secretome 

Screens for identification of specific response 
modifiers can be designed by manipulating 
properties of the model system  

Genetically engineered cell and animal models  

Biobanks of well-annotated clinical specimens  
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Functional output  
In a screen for a specific phenotype (e.g. resistance 
to VEGFA inhibitors), emerging candidates are 
functionally evaluated in the model system  

Assays for parameters of angiogenesis (e.g. migration, 
sprouting, proliferation, tube formation, regression, 
normalization and permeability)  

Insight into mechanism  
High-frequency identification of causal relationships 
between anti-VEGFA activity and response modifier 
status 

Bioinformatics tools  

AntagomiR, antagonistic miRNA; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR-associated protein 9 nuclease; EC, 
endothelial cell; GOF, gain-of-function; LOF, loss-of-function; ORF, open reading frame; RNA-Seq, RNA sequencing; VEGF, vascular endothelial growth 
factor. 
 
Table modified from a review by Halford et al. (2012).  
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1.7 Key Technical Components for Developing a Screening 

Platform to Identify Molecular Modifiers of the Endothelial Cell 

Response to Bevacizumab  

This Section introduces and describes the key technologies and resources mentioned 
above (Table 1.3) for developing a screening platform to identify molecular modifiers 
of the EC response to bevacizumab.  

1.7.1 Microcarrier-based cell cultures  

The use of suspended microcarriers provides a much larger surface-area-to-volume 
ratio than does monolayer culture, with simplified scale-up and process control (Chu 
and Robinson, 2001; Rodrigues et al., 2013). It is therefore often used in large-scale 
applications with mammalian cells for high productivity. Cell adaptation is usually 
required for anchorage-dependent cells to grow in suspension unless alternative 
methods are used (Rodrigues et al., 2013). Three-dimensional (3D) microcarrier-
based culture systems have been developed for large-scale culture of adherent cells 
in suspension without cell adaptation (Costa et al., 2013; Rodrigues et al., 2013).  

In 1967, van Wezel reported the first use of a beaded anion exchanger, N,N-
diethylaminoethanol (DEAE)–Sephadex A-50, termed “microcarriers”, to successfully 
cultivate human diploid and primary cells that cannot grow in suspended culture by 
themselves (van Wezel, 1967). Indeed, by growing adherent cells on microcarriers 
suspended in culture medium with gentle stirring in spinner flasks (≤ 3 L culture) or 
bioreactors (> 3 L culture), normally difficult-to-culture and/or highly sensitive cell lines 
(e.g. ECs) can be effectively adapted to large-scale culture (Chen et al., 2013; Kim, 
2005). In addition, microcarriers generate a large and adjustable (by changing 
microcarrier concentration) surface area per unit volume for cells to grow as well as 
create a homogeneous environment that is easy to control while still providing the 
surface matrix that adherent cells require (Rodrigues et al., 2013).  

Under development for more than five decades, microcarrier-based culture 
systems have become the most well-known technology for large-scale culture of 
adherent cells (Costa et al., 2013). In biotechnology, microcarrier-based culture 
systems have been widely used for industrial-scale production of virus, vaccines and 
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recombinant proteins as well as culture of human mesenchymal stem cells (hMSCs) 
for clinical applications such as regenerative therapy (Blüml, 2007; Bunpetch et al., 
2017; Chen et al., 2011; Chen et al., 2013; Marinho et al., 2013; Pohlscheidt et al., 
2008; Rafiq et al., 2016; Sharfstein and Kaisermayer, 2010; Wurm, 2004). The use of 
microcarriers in adherent cell culture provides additional benefits which monolayer 
culture cannot easily match (Jakob et al., 2016). For example, in addition to being a 
platform for large-scale culture of difficult-to-culture and/or highly sensitive cell lines, 
microcarriers allow establishment of co-culture models of different cell types with 
simple procedures (Chen et al., 2013; Eglinger et al., 2017; Zhang et al., 2017). 
Furthermore, the 3D environment created using microcarriers is more physiologically 
relevant and better simulates in vivo conditions than does two-dimensional (2D) 
monolayer culture (Eglen and Randle, 2015; Jakob et al., 2016). In addition, cell 
detachment using, for example, proteolytic enzymes such as trypsin, is not generally 
necessary in microcarrier-based culture because cells can migrate from occupied to 
empty fresh microcarriers (via bead-to-bead transfer) (Blüml, 2007; Chen et al., 2013). 
This is particularly useful when studying cell surface proteins that are vulnerable to 
proteolysis. Due to these advantages, microcarriers are also frequently used in basic 
academic research such as in cell biology studies (Jakob et al., 2016; Justice et al., 
2009; Kim, 2005; Tashiro et al., 2012).  

A successful microcarrier-based culture system delivers optimal culture 
performance (e.g. cell attachment, spreading, proliferation, differentiation and cellular 
function). Important determinants of success are microcarrier properties and culture 
conditions, as discussed below (Sharfstein and Kaisermayer, 2010). A wide variety of 
microcarriers have been developed and are available commercially (Table 1.4). These 
microcarriers can be classified into two structural groups according to their porosity — 
solid (including microporous) and macroporous (Rodrigues et al., 2013). Cells attach 
to the external surface only of solid microcarriers whereas large pores on the surface 
of macroporous microcarriers are continuous with inner channels to provide extra 
surface area on which cells can grow (Rodrigues et al., 2013). Although macroporous 
microcarriers can protect the entrapped cells from shear stress created by stirring, 
harvesting cells from them can be more difficult (Chen et al., 2013; Leber et al., 2017; 
Rodrigues et al., 2013). Microcarriers further differ in relative density, size, core 
material and surface features such as coating and charge. A relative density slightly 
greater than 1 (1.020–1.050) allows suspension at minimal agitation speed (Chen et 
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al., 2013) and diameters of 100–230 µm are reported as the preferred microcarrier size 
(Chen et al., 2013). The core material for producing microcarriers is generally rigid and 
heat-tolerant (Chen et al., 2013). In attempts to support cell growth, several 
modifications have been made to the microcarrier surface. These include coating with 
mammalian proteins such as gelatin or collagen; recombinant proteins, peptides or 
chemicals such as cationic amines. Additionally, the positively charged functional 
groups (e.g. cationic amines) render microcarriers electrostatically attractive to 
negatively charged cells, which may enhance cell attachment (Chen et al., 2013). 
Optimal culture conditions are also critical for successful microcarrier-based culture 
(Kim, 2005; Sharfstein and Kaisermayer, 2010). Culture medium composition is of 
great importance because it not only delivers nutrients but also buffers pH (Kim, 2005; 
Sharfstein and Kaisermayer, 2010). Other key parameters include temperature, gas 
supply, humidity, osmolality, removal of metabolic wastes, choice of culture vessel 
(e.g. bioreactor versus spinner flask; different vessel designs) and agitation (e.g. speed 
and mode) (Kim, 2005; Sharfstein and Kaisermayer, 2010).  
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Table 1.4. Properties of common commercially available microcarriers (data provided by manufacturers)  

Microcarrier 
Brand name Manufacturer Relative 

density 
Diameter 

(µm) 
Surface area 

(cm2/g) Core material Surface coating Surface 
charge Porosity 

Hillex® II 
SoloHill 
Engineering, Pall 
Corporation 

1.090–
1.150 160–200 515 Modified 

polystyrene 
Cationic trimethyl 

ammonium + Microporous 

Star-Plus 
SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene None + Solid 

Plastic (SPM) 
SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 90–150 480 Cross-linked 

polystyrene None None Solid 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene None None Solid 

1.034–
1.046 125–212 360 Cross-linked 

polystyrene None None Solid 

Plastic Plus 
SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene None + Solid 

Fact III 
SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene 

Type I porcine 
collagen (gelatin) 
containing protein 

+ Solid 

Collagen 
Coated 

SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 90–150 480 Cross-linked 

polystyrene 

Type I porcine 
collagen (gelatin) 
containing protein 

None Solid 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene 

Type I porcine 
collagen (gelatin) 
containing protein 

None Solid 

1.034–
1.046 125–212 360 Cross-linked 

polystyrene 

Type I porcine 
collagen (gelatin) 
containing protein 

None Solid 
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Glass 
Coated* 

SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene High silica glass None Solid 

Pronectin F* 
SoloHill 
Engineering, Pall 
Corporation 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene 

Recombinant 
RGD-containing 

protein 
+ Solid 

Synthemax® II Corning 1.022–
1.030 125–212 360 Cross-linked 

polystyrene Synthemax® II None Solid 

SphereCol Advanced 
BioMatrix 

1.022–
1.030 125–212 360 Cross-linked 

polystyrene 

Type I human 
collagen 

(VitroCol®) 
None Solid 

Cytodex 1 GE Healthcare 1.030 147–248 4400 Cross-linked 
dextran DEAE + Microporous 

Cytodex 3 GE Healthcare 1.040 141–211 2700 Cross-linked 
dextran 

Type I porcine 
collagen (gelatin) 
containing protein 

None Microporous 

Cytopore GE Healthcare 1.030 200–280 11,000 Cross-linked 
cellulose DEAE + 

Macroporous 
(porosity: > 

90%; pore size: 
30 µm) 

Cultispher-G Percell Biolytica 1.040 130–380 15,000 
Cross-linked 
type I porcine 

gelatin 
None None 

Macroporous 
(porosity: 50%; 

pore size: 10–30 
µm) 

*Discontinued for sale in 2018. 
DEAE, N,N-diethylaminoethanol; RGD, Arg-Gly-Asp; SPM, SoloHill Plastic microcarriers.  
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1.7.2 Methods for genetic perturbation  

Genetic perturbation technologies are a powerful tool for manipulation of the genome, 
epigenome and transcriptome and contribute to important applications in biological 
research, biotechnology and clinical-medical sectors (Cox et al., 2017; Hsu et al., 2014; 
Klann et al., 2017). RNA interference (RNAi) has been widely used for gene silencing 
since its discovery by Fire et al. (1998). Moreover, recent advances have harnessed 
the clustered regularly interspaced short palindromic repeats (CRISPR)–CRISPR-
associated protein 9 nuclease (Cas9) gene editing (CRISPR–Cas9) system to 
revolutionise the field of genome engineering by virtue of the ease with which deletions, 
insertions or replacements in the genome can be introduced (Barrangou et al., 2015; 
Hsu et al., 2014; Shalem et al., 2015). Both RNAi and CRISPR–Cas9 are commonly 
used methods for genetic LOF (Figure 1.7) and CRISPR–Cas9 has also been used 
for genetic GOF.  

RNAi is a conserved biological process in which RNA molecules mediate 
sequence-specific gene suppression (Hannon, 2002). Endogenous miRNAs use this 
pathway to regulate gene expression (Doench et al., 2003). Artificial targeted gene 
knockdown uses the RNAi pathway to mimic endogenous miRNA activities (Ameres 
et al., 2007). This process involves delivery of various exogenous RNAi reagents by 
transfection of appropriately designed synthetic small interfering RNAs (siRNAs), 
transfection of DNA encoding promoter-driven short hairpin RNAs (shRNAs) or 
miRNA-embedded shRNAs (shRNAmirs); or viral transduction of vectors containing 
an shRNA or shRNAmir expression cassette (Shalem et al., 2015). Upon expression 
in the nucleus, shRNAmirs are processed by the RNAse III enzyme Drosha and the 
double-stranded (ds) RNA-binding domain protein DiGeorge Critical Region 8 
(DGCR8). The product, shRNA, is exported to the cytoplasm and further processed by 
the cytoplasmic RNAse III enzyme Dicer into the active form — siRNA. The antisense 
strand of siRNAs (derived from shRNA or synthetic ds siRNA) is incorporated into the 
RNA-induced silencing complex (RISC) which is guided to the target mRNA transcripts 
to initiate mRNA degradation or translational repression (Ameres et al., 2007). 
Ultimately, partial gene knockdowns at the mRNA and/or protein level are achieved.  

CRISPR–Cas9 is derived from an RNA-regulated adaptive immune system in 
bacteria and archaea (i.e. the type II CRISPR system) (Hsu et al., 2014; Mali et al., 
2013; Sander and Joung, 2014). This system was later adapted to edit the mammalian 
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genome where LOF mutations are dependent on precise double-stand breaks (DSBs) 
created by Cas9 nuclease which is guided to specific genomic locations by single guide 
RNAs (sgRNAs) (Shalem et al., 2015). For Cas9 derived from Streptococcus pyogenes 

(SpCas9; referred to as Cas9 for simplicity unless specified otherwise), the sgRNAs 
commonly contain a 20 nt sequence which forms Watson–Crick base-pairs with the 
complementary DNA sequence (i.e. protospacer); sgRNAs also interact with Cas9 by 
forming a complex (Shalem et al., 2015). A three base pairs (bp) sequence known as 
the protospacer adjacent motif (PAM) is located immediately after the 20 bp target 
sequence on the DNA molecule and is essential for DSB generation by Cas9 (Mali et 
al., 2013; Sander and Joung, 2014). The major DSB repair mechanisms in mammalian 
cells are the precise homology-directed repair (HDR) pathway, which requires a 
homologous DNA template (resembling the role of sister chromatid during mitosis), 
and the error-prone non-homologous end-joining (NHEJ) pathway, which generates 
insertion and deletion (indel) mutations at the repair site (Ceccaldi et al., 2016). When 
DSBs are generated within coding regions and repaired by NHEJ, the resultant indel 
mutations may cause a frameshift, leading to a premature stop codon and a C-
terminally truncated, non-functional protein product and/or non-sense-mediated decay 
(NMD) of the mRNA transcript (Barrangou et al., 2015; Joung et al., 2017; Popp and 
Maquat, 2016). Overall, CRISPR–Cas9 can be used to target at the genomic DNA 
(gDNA) level to induce LOF mutations for complete gene knockout.  

In addition to generating LOF mutations, CRISPR–Cas9 is capable of inducing 
gene suppression or activation without changing the genomic sequence (i.e. CRISPR 
interference (CRISPRi) or CRISPR activation (CRISPRa), respectively) (Dominguez 
et al., 2016). This is achieved using catalytically inactive Cas9 (dCas9) fused with 
different repressor or activator domains that inhibit or activate transcription, 
respectively (Dominguez et al., 2016; Zalatan et al., 2015). Furthermore, epigenetic 
manipulation of gene expression or base editing can be achieved when dCas9 is fused 
with epigenetic regulators (e.g. histone demethylase for transcription repression or 
HAT for transcription activation) or deoxyadenosine deaminase enzymes and TadA 
fusion proteins, respectively (Dominguez et al., 2016; Zhang et al., 2018).  

Delivery of CRISPR–Cas9 into mammalian systems is performed using different 
options. For example, Cas9 or dCas9–effector fusions can be delivered by transfection 
or viral transduction with vectors encoding Cas9 or dCas9–effector with/without an 
sgRNA or direct delivery of recombinant Cas9 or dCas9–effector (Graham and Root, 



 
64 

2015). In the case that Cas9 or dCas9–effector is delivered alone, subsequent delivery 
of sgRNA by transfection or viral transduction of vectors encoding U6 promoter-driven 
sgRNA is performed (Graham and Root, 2015).  

1.7.3 In vitro pooled genetic screening  

CRISPR–Cas9 is widely used in cell biology and cancer research (Sanchez-Rivera 
and Jacks, 2015; Zhang et al., 2018). One of the powerful research applications is 
forward genetic screens that can be performed in a high-throughput and unbiased 
manner (Hsu et al., 2014; Wang and Qi, 2016). Forward genetic screens are useful in 
identifying casual relationships between phenotype and genotype and are based on 
‘phenotype-to-genotype’ approaches (Joung et al., 2017; Shalem et al., 2015). In 
general, these approaches involve gene expression modification ((epi)genetic 
perturbation), selection based on a phenotype of interest (screening selection) and 
characterisation of specific (epi)genetic perturbations that are responsible for the 
phenotype (Shalem et al., 2015). Forward genetic screens in cultured cells are often 
conducted in an in vitro arrayed or pooled format. Arrayed screens can evaluate cell 
migration and morphology assessed using high-content imaging whereas pooled 
screens are limited to survival and/or proliferation or cell-autonomous phenotypes 
(Shalem et al., 2015). However, pooled screens are less expensive and laborious as 
well as more suitable for experiments that require long culture periods because this 
format does not depend on special robotic equipment for handling multiple individual 
reagents at once (Joung et al., 2017; Shalem et al., 2015).  

To date, in vitro pooled genetic screens have been successfully performed based 
on genetic LOF conferred by RNAi-mediated gene knockdown or CRISPR–Cas9-
mediated gene knockout (referred to hereafter as RNAi screens or CRISPR screens, 
respectively) (Joung et al., 2017). Importantly, according to the screening conditions 
(e.g. the phenotype of interest and the available selective pressures), screening 
selection can be positive (e.g. for enriched shRNAs or sgRNAs) which enables 
identification of genes responsible for drug, toxin or pathogen resistance; or negative 
(e.g. for depleted shRNAs or sgRNAs) which facilitates discovery of essential genes 
and the study of mechanisms of toxicity (Joung et al., 2017; Shang et al., 2017) (Figure 

1.8). In addition, CRISPRi enables partial LOF screens which are similar to RNAi 
screens but involve direct inhibition of transcription to allow, for example, the targeting 
of genes involved in the endogenous RNAi pathway which cannot be done in RNAi 
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screens (Shalem et al., 2015). Similarly, CRISPRa enables GOF screens by activating 
gene transcription. Furthermore, screens using CRISPR–Cas9-based epigenome 
editing have been emerging (Klann et al., 2017). CRISPRi- and CRISPRa-based 
screens are reviewed by Dominguez et al. (2016) and not discussed further in this 
Section; RNAi screens and CRISPR screens are described in detail below.  

Both RNAi-based positive and negative selection screens have contributed to 
many biological advances through interrogation of gene function (Joung et al., 2017; 
Sims et al., 2011). However, their applicability is limited and interpretation of the screen 
data difficult because of insufficient gene knockdown efficiency and significant off-
target activity (Joung et al., 2017; Shalem et al., 2015). Side-by-side comparisons in 
positive or negative selection screens have shown that CRISPR–Cas9 is more robust 
and specific than RNAi, and CRISPR screens outperform RNAi screens (Joung et al., 
2017). For example, in one of the first pooled genome-wide CRISPR screens in human 
cells, Shalem et al. (2014) compared the results with a previously published shRNA 
screen for resistance to vemurafenib (a BRAF-V600E inhibitor) and found that the 
CRISPR screen delivered more consistent results with higher sensitivity for detection 
(78% of sgRNAs versus 20% of shRNAs enriched for the same target). This advantage 
of generating more consistent results has also been observed in recent comparative 
shRNA and CRISPR screens for resistance to the EGFR inhibitor gefitinib in human 
cancer cell lines, where the authors concluded that the CRISPR screen had more 
power to detect candidate genes (Liao et al., 2017). In addition, parallel shRNA and 
CRISPR screens for essential genes demonstrate that the CRISPR screens are more 
effective because much more candidates (2–5 times more than RNAi screens) can be 
detected with lower noise and fewer off-target effects (Evers et al., 2016; Morgens et 
al., 2016; Munoz et al., 2016). The power to detect more candidates (i.e. lower false-
negative rates) in CRISPR screens suggests a potentially important role for complete 
gene knockout in efficiently identifying gene dependencies (Munoz et al., 2016).  

The false-positive results from RNAi and CRISPR screens are usually caused by 
off-target activity that silences unintended target transcripts (RNAi) or modifies 
genomic loci with similar sequences to the target site (CRISPR–Cas9) (Sheel and Xue, 
2016). However, recent studies indicated an unexpected CRISPR–Cas9-specific off-
target activity that can cause gene-independent lethality in many cancer cell lines 
(especially aneuploid lines) (Aguirre et al., 2016; Munoz et al., 2016). It is likely due to 
a lethal phenotype generated by sgRNAs targeting highly amplified genomic regions 
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(including intergenic loci and nonexpressed genes) (Aguirre et al., 2016; Munoz et al., 
2016). Furthermore, this survival and/or proliferation-inhibiting effect is positively 
correlated with copy-number gain at target regions and is caused by persistent DNA 
damage and G2–M cell-cycle arrest (Aguirre et al., 2016). This example shows that 
CRISPR–Cas9 targeting DNA has complex mechanisms during genetic screens and 
requires better understanding and more experience in order to improve performance. 
Indeed, both RNAi and CRISPR screens generate distinct false-negative and false-
positive results due to the complexity of the respective machinery (Joung et al., 2017). 
In reality, there are unique candidate genes that are only identified in RNAi or CRISPR 
screens and each screen may reveal non-overlapping gene sets (assessed by 
enrichment of Gene Ontology (GO) terms) (Deans et al., 2016; Liao et al., 2017; 
Morgens et al., 2016). For example, parallel shRNA and CRISPR screens to identify 
targets of an anti-viral lead compound performed by Deans et al. (2016) suggested 
that these two approaches can be complementary in terms of identification of gene 
function in biological pathways. These authors found that essential genes (e.g. these 
involved in nucleotide biosynthesis and metabolism) appeared as significant 
candidates in the shRNA screen but not in the CRISPR screen because targeting 
essential genes may result in a total dropout of the sgRNAs that cannot be recovered 
for detection (Deans et al., 2016). In contrast, non-essential genes, for example those 
regulating the mechanistic target of rapamycin kinase (mTOR) signalling, only 
appeared as candidates in the CRISPR screen and the authors concluded that this 
may be due to failure of generating a detectable phonotype by insufficient knockdown 
(Deans et al., 2016). Another set of parallel RNAi and CRISPR screens for essential 
genes demonstrated different GO term enrichment of biological pathways, indicating 
further complexity in how these two technologies may operate (Morgens et al., 2016). 
In addition to technical aspects related to on-target and off-target effects, a complex 
non-monotonic dose-response relationship between genotype and phenotype may 
exist — partial knockdown mediated by RNAi may produce a totally different rather 
than less prominent phenotype compared with complete knockout mediated by 
CRISPR–Cas9 (Morgens et al., 2016). Hence, it should be clear that RNAi and 
CRISPR–Cas9 are different in altering gene function and genetic screens based on 
these two technologies may be used in a complementary manner to investigate 
complex biological systems.  
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1.7.4 Endothelial cell-multicolour competition assay (EC-MCA) 

The multicolour competition assay (MCA) is an arrayed assay format based on 
competition for survival and/or proliferation between two cell populations (experimental 
and control) that differ in a genetic perturbation which can be identified by the colour 
of a co-expressed fluorescent protein (Smogorzewska et al., 2007). The results are 
calculated using the viable cell proportions under specific experimental conditions 
using flow cytometry (FC). Consequently, the effect of a specific genetic perturbation 
on survival and/or proliferation can be evaluated. There are several advantages of 
using the MCA to explore gene function and signalling pathways. First, diverse 
methods for genetic perturbation can be applied. For example, these include genetic 
GOF by complementary DNA (cDNA) overexpression or using CRISPRa; and genetic 
LOF by RNAi-mediated gene knockdown or CRISPR–Cas9-mediated gene knockout 
or using CRISPRi (Dominguez et al., 2016; Joung et al., 2017). This diversity provides 
opportunities for verifying the on-target effects of certain technologies by applying 
different ones targeting the same genes for a more rigorous determination of gene 
function (Morgens et al., 2016). Furthermore, the assay is internally controlled because 
the experimental and control cells are mixed together and exposed to identical 
conditions, which delivers highly robust and consistent results. Importantly, the assay 
results are quantitative and qualitative. Candidates can therefore be prioritised to allow 
a more efficient analysis and target selection for subsequent study.  

Containing the essential elements of the MCA, the EC-MCA uniquely incorporates 
VEGFA-dependent serum-free culture conditions and use of bevacizumab or an 
isotype-matched control antibody (palivizumab, a humanised mAb reactive with 
respiratory syncytial virus F protein). Wild-type ECs will eventually die under these 
conditions in the presence of bevacizumab, rendering this system suitable for 
evaluating the relationship between gene function and EC phenotype of survival and/or 
proliferation (i.e. in vitro surrogates for angiogenesis). In addition, a unique feature of 
the serum-free culture conditions is a mimic of the colorectal cancer secretome 
(Appendix 4) prepared from the colorectal cancer cell line LIM1863-Mph (Vincan et 
al., 2007), which may simulate the TME in vitro.  

In conclusion, the EC-MCA can serve as a useful tool for low-throughput 
evaluation of molecular modifiers of the EC response specific to bevacizumab — as 
either mediators of resistance or sensitisation (Figure 1.9).  
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1.8 Summary  

Angiogenesis is a fundamental developmental and physiological process and its 
dysfunction has been recognised as one of the hallmarks of cancer. VEGFA signalling 
is the master regulator of angiogenesis and is associated with many of the 
abnormalities in tumour ECs and the TME. VEGFA blockade has therefore been 
proposed as a strategy for inhibiting tumour growth and progression and has shown 
substantial success in many preclinical studies. Clinical application of VEGFA 
inhibitors demonstrated efficacy in multiple solid cancer types but limitations have 
emerged in terms of variable patient responses and the inevitable occurrence of 
resistance. Many confounding issues, such as a lack of clinically qualified biomarkers 
and inadequate knowledge of resistance mechanisms, pose challenges to the rational 
use of VEGFA inhibitors. To address these issues, this Thesis focuses on ECs 
because they are the main cellular target of VEGFA inhibitors and play an important 
role in promoting tumour development and shaping therapeutic responses. A discovery 
strategy using an unbiased and systematic screening approach with advanced 
technologies will uncover the role of ECs in the tumour response to VEGFA inhibitors. 
Ultimately, this may facilitate clinical development of biomarkers for predicting and/or 
monitoring patient response and therapeutic strategies for overcoming tumour 
resistance to VEGFA inhibitors.  
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1.9 Hypothesis and Aims  

1.9.1 Hypothesis  

The central hypothesis of this Thesis is that functional perturbation of genes that 
regulate EC survival and/or proliferation will alter the EC response to bevacizumab.  

1.9.2 Aims  

The overall aim of this Thesis is to identify genes that are important in controlling the 
EC response to bevacizumab and to characterise the signalling pathways involved. To 
achieve this, the specific aims are listed below.  

1. To develop a 3D pooled screening platform for ECs using a microcarrier-based 
culture system and CRISPR–Cas9 (Chapter 3);  

2. To perform a kinome-wide CRISPR screen using the platform developed in Chapter 

3 and identify candidate genes (Chapter 4);  

3. To validate the candidate genes identified by the kinome-wide CRISPR screen and 
prioritise them for characterisation (Chapter 4);  

4. To investigate function of the validated candidate genes for characterising signalling 
pathways involved in altered EC response to bevacizumab (Chapter 5).  
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Figure 1.1. The VEGF family in humans: signalling and functions  

The VEGF receptor tyrosine kinases (VEGFRs), primarily expressed on the surface of 
ECs, share similar structural features which include seven extracellular 
immunoglobulin (Ig)-like domains, a transmembrane helix and a split intracellular 
protein tyrosine kinase (PTK) domain. They form receptor homo- or hetero-dimers 
upon binding the dimeric VEGF ligands to activate intracellular PTK activity, induce 
downstream signal transduction and exert different biological effects. NRP, neuropilin; 
PlGF, placental growth factor; VEGF, vascular endothelial growth factor.  
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Figure 1.2. The angiogenic switch in cancer  
In cancer, a reduction of anti-angiogenic factors (e.g. TSP1, red) as a result of LOF 
mutation of tumour suppressor genes and/or an elevation of pro-angiogenic factors 
(e.g. VEGFA, green) due to oncogenic, hypoxic and/or inflammatory conditions, can 
constitutively activate the “angiogenic switch” and promote growth of new blood 
vessels. Figure modified from Weinberg (2007).  
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Figure 1.3. Tumour vessels are structurally and functionally abnormal  

(A) A highly organised and well-functioning capillary bed in healthy tissue with a normal pericyte–endothelium interaction. (B) Tumour vessels 
are structurally and functionally abnormal and contribute to the formation of a hostile microenvironment. BM, basement membrane; IFP, interstitial 

fluid pressure. Figure extracted from a review by Carmeliet and Jain (2011b).   
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Figure 1.4. Schematic representation of clinical responses of a tumour to VEGFA 

inhibitors  

In the clinical setting, the tumour response can vary over a wide range in individual 
patients who are treated with VEGFA inhibitor (with or without chemotherapy). For 

example, when a tumour is treated (a), efficacy is demonstrated when reduction in 
vascularisation occurs accompanying with a shrinking (b) or static (c) tumour volume. 

De novo resistance occurs when a tumour and the associated blood vessels are 
intrinsically non-responsive to the treatment (d). Acquired resistance is observed 

following an initial reduction in both vascularisation and tumour volume (b) as a relapse 
— the tumour regrows with re-vascularisation (e) or little vasculature (f).  
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Figure 1.5. Response of various cell types in a tumour to VEGFA  
Both cancer and stromal cells in the TME can respond to VEGFA by expressing VEGFRs and/or VEGF co-receptors (NRPs). VEGFA signalling 

in cancer cells may be important for tumorigenesis, and activation of this signalling pathway in different stromal cell types can generate a tumour-
promoting microenvironment for cancer cell growth and metastasis. Figure modified from a review by He et al. (2014).  
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Figure 1.6. Putative mechanisms of resistance to VEGFA inhibitors in cancer 
Putative mechanisms of de novo or acquired resistance to VEGFA blockade have been 
proposed at multiple aspects in the TME. These mechanisms are not mutually 
exclusive and several may act simultaneously in a single tumour. (A) VEGFA blockade 
may cause rapid reduction in oxygen levels and hypoxic conditions, which can induce 
a large range of pro-angiogenic factors in addition to VEGFA as well as enhance 
tumour aggressiveness. Cancer cells which undergo additional mutations may develop 
tolerance to hypoxia. (B) Alternative modes of neovascularisation are VEGFA-
independent and may result in resistance to VEGFA blockade. (C) Various stromal 
cells and ECM components contribute to revascularisation and/or tumour regrowth. 
(D) Some tumour vessels (represented by magenta coloured vessels) are intrinsically 
VEGFA-independent and therefore may be not sensitive to VEGFA inhibitors. Figure 
modified from a review by Carmeliet and Jain (2011a).   
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Figure 1.7. Methods for genetic loss-of-function  
(A) RNAi-mediated gene knockdown. (B) CRISPR–Cas9-mediated gene knockout. 
DGCR8, DiGeorge Critical Region 8; DSB, double-strand break; Indel, insertion and 
deletion; NHEJ, non-homologous end joining; NMD, non-sense-mediated decay; PAM, 
protospacer adjacent motif; RISC, RNA-induced silencing complex; sgRNA, single 
guide RNA; shRNA, short hairpin RNA; shRNAmir, microRNA-embedded shRNA; 
siRNA, small interfering RNA.   
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Figure 1.8. In vitro pooled loss-of-function genetic screening  
Plasmids encoding RNA reagents (coloured bars in plasmids) that target different 
genes are constructed to generate pooled libraries. For CRISPR–Cas9, an sgRNA can 
be co-expressed with Cas9 in a single-vector system or expressed from a separate 
vector (two-vector system). Pooled genetic screening is limited to viral delivery. Most 
often, plasmid libraries are packaged into lentivectors which are used later to transduce 
the cell type of interest to generate stable integrations of transgene reagents. Viral 
transduction at a low MOI is desired because it delivers a low transgene copy number 
(ideally, one integration of transgene reagent per cell). An antibiotic resistance gene is 
usually co-expressed to facilitate elimination of any non-transduced cells. After 
antibiotic selection, a pure transduced cell population with different integrated 
transgene reagents is ready for screening selection. Genomic DNA is isolated at 
different time points for NGS evaluation of the integrated transgene reagents from each 
sample. With this information, comparisons of shRNA or sgRNA representation (reads 
per shRNA or sgRNA; as a surrogate for number of cells with a specific genetic 
perturbation) between experimental and control samples are made for candidate gene 
identification. In terms of the final readout, negative or positive selections are of the 
most interest for detecting the depleted or enriched candidates, respectively. MOI, 
multiplicity of infection; NGS, next-generation sequencing.   
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Figure 1.9. An example of the EC-MCA 
When the final EC-MCA ratio (M) equals 1, the genetic perturbation (e.g. siRNA-, 
shRNA- or CRISPR–Cas9-mediated genetic LOF) does not alter the EC response to 
bevacizumab. In this example, M is greater than 1 (1.6), indicating that the genetic 
perturbation confers EC resistance to bevacizumab. In the case where M is less than 
1, the genetic perturbation confers EC sensitisation to bevacizumab. The green-to-red 
live cell ratio under palivizumab treatment normalises for any general effect of the 
genetic perturbation on EC survival and/or proliferation, rendering the results specific 
to bevacizumab treatment.  
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Chapter 2  

Materials and Methods  
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2.1 Antibodies and Chemicals  

2.1.1 Antibodies  

The primary and secondary antibodies used for western blotting are listed in Table 2.1 
and the neutralising antibodies are listed in Table 2.2.  

Table 2.1. Primary and secondary antibodies used for western blotting 

Primary antibodies 

Antibody Company, Cat. No. Host Antigen 
(kDa) Dilution 

Monoclonal anti-a-
tubulin 

SCBT, Dallas, TX, 
USA, #sc-8035 Mouse 55 1:200 

Monoclonal anti-FLAG 
M2 conjugated with 
IRDye 800CW* 

Sigma-Aldrich, Castle 
Hill, NSW, Australia, 
#F3165 

Mouse – 1:5000 

Monoclonal anti-
GAPDH 

CST, Danvers, MA, 
USA, #2118 Rabbit 37 1:2000 

Secondary antibodies 

Antibody Company, Cat. No. Host Dilutions 

Polyclonal anti-mouse 
immunoglobulin G (IgG) 
(IRDye 680) 

LI-COR Biosciences, 
Lincoln, NE, USA, 
#926-32220 

Goat 1:15,000 

Polyclonal anti-rabbit 
IgG (IRDye 800CW) LI-COR, #926-32211 Goat 1:15,000 

*Conjugation was performed using the IRDye 800CW Labeling Kit - High Molecular Weight (LI-
COR, #829-08881). 
CST, Cell Signaling Technology; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SCBT, 
Santa Cruz Biotechnology. 

Table 2.2. Neutralising antibodies  

Neutralising antibodies 

Antibody Company Form Application 

Bevacizumab 
(monoclonal) 

Genentech/Roche, South 
San Francisco, CA, USA 

Recombinant, 
humanised 

Neutralises all isoforms of 
human VEGFA  

Palivizumab 
(monoclonal) 

MedImmune, 
Gaithersburg, MD, USA 

Recombinant, 
humanised 

Targets an epitope in the A 
antigenic site of the F protein 
of respiratory syncytial virus 
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2.1.2 Proteins and chemicals  

Bioactive low-endotoxin recombinant human VTN (rhVTN) was produced as described 
by Halford et al. (2014). The pan-BETi JQ1 and I-BET762 (Selleckchem, Houston, TX, 
USA, #S7110 and #S7189, respectively) and the small-molecule tousled-like kinase 1 
(TLK1) inhibitor thioridazine HCl (THD; Sigma, #9025) were reconstituted and stored 
according to the manufacturer’s instructions. The small-molecule thousand-and-one 
amino acids protein kinase (TAOK) inhibitor, N-[2-oxo-2-(1,2,3,4-
tetrahydronaphthalen-1-ylamino)ethyl]biphenyl-4-carboxamide (referred to hereafter 
as compound 43; described and tested by Koo et al. (2017)), was synthesised by 
SYNthesis med chem (Parkville, VIC, Australia), dissolved in dimethyl sulfoxide 
(DMSO), aliquoted and stored at −20 ºC under N2.  

2.2 General Solutions  

Ultrapure water was generated by a Milli-Q Integral Water Purification System (Merck 
Millipore, Bayswater, VIC, Australia; referred to hereafter as Milli-Q water). If not 
indicated otherwise, the solvent for solutions was Milli-Q water. Dulbecco's phosphate 
buffered saline, no Ca2+, no Mg2+ (DPBS−/−), DBPS with Ca2+ and Mg2+ (DPBS+/+), 
2,2',2'',2'''-(ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA) pH 8.0 at room temperature 
(RT), Tris-borate-EDTA (TBE) buffer, Lysogeny broth (LB)-Lennox medium, LB agar, 
LB agar plates and LB agar plates with 75 µg/mL ampicillin (referred to as L-Amp 
plates) were prepared by Media and Laboratory Services (Peter MacCallum Cancer 
Centre (PMCC), Melbourne, VIC, Australia). Details of solution preparation are 
described in Appendix 1.  

2.3 Monolayer Cell Culture  

All polystyrene culture vessels used in monolayer culture (i.e. flatware) were from 
Corning (NY, USA) unless mentioned otherwise.  

2.3.1 Cell lines and culture  

The immortalised XSEB113C1 cell line (Lonza, Mount Waverley, VIC, Australia) was 
generated from primary human female dermal microvascular blood ECs by 
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transduction with a g-retrovirus expressing the human telomerase reverse 
transcriptase (hTERT) catalytic subunit by the manufacturer. XSEB113C1 cells were 
maintained in Endothelial Cell Growth Medium-2 Microvascular (EGM-2MV; 0.2 
mL/cm2) prepared from Endothelial Cell Basal Medium-2 (EBM-2; Lonza, #CC-3156) 
supplemented with 5% v/v fetal bovine serum (FBS), 1000× ascorbic acid, 2500× 
hydrocortisone, 1000× gentamicin sulfate and amphotericin-B (GA-1000), 250× rh 
basic fibroblast growth factor (rhFGF2), 1000× rhVEGFA165, 1000× long-R3 insulin like 
growth factor 1 (LR3-IGF1) and 1000× rh epidermal growth factor (rhEGF) (supplied 
together as EGM-2MV BulletKit, Lonza, #CC-3202) according to the manufacturer’s 
instructions. If not mentioned otherwise, cell culture vessels for monolayer culture of 
XSEB113C1 cells were briefly incubated with 5 µg/mL human fibronectin (hFN; BD 
Biosciences, North Ryde, NSW, Australia, #356008; in 1× DPBS−/−) then air dried at 
RT. XSEB113C1 cells were incubated in a humidified atmosphere of 5% CO2, 5% O2 

(normoxia according to Spence and Walker (1984)) and 90% N2 at 37 °C. Medium was 
changed every 48 h until cells reached approximately 80–90% of maximum density.  

The human embryonic kidney 293T (HEK293T) cell line was from Open 
Biosystems (TLA-HEK293T, #HCL4517). HEK293T cells were maintained in D10 
medium (0.2 mL/cm2) prepared from 1× Dulbecco's Modified Eagle Medium (DMEM; 
Life Technologies, #11965092) supplemented with 10% v/v FBS (SAFC Biosciences 
Pty. Ltd., Brooklyn, VIC, Australia, #12003C), 1 mM sodium pyruvate (Life 
Technologies, #11360070), 2 mM GlutaMax-I (Life Technologies, #35050061), 
penicillin-streptomycin (100 U/mL, 100 µg/mL, respectively; Life Technologies, 
#15140122) in 10% CO2 at 37 °C. Medium was changed every 3–4 days or when 
medium started to turn yellow (i.e. evidence of acidification).  

2.3.2 Cell detachment, passage and counting  

2.3.2.1 Blood endothelial cells  

XSEB113C1 cells were washed with 1× DPBS−/− plus 0.5 mM EDTA (0.2 mL/cm2) 
then treated with Accutase (Sigma, #A6964; approximately 0.05 mL/cm2) for 
detachment. After 8 min incubation at 37 °C and vigorous tapping of the culture vessel 
to complete detachment, an equal volume of Flow Buffer (FB: 1× DPBS−/−, 20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Life Technologies, 
#11344041), 0.5% w/v bovine serum albumin (BSA; Sigma, #A7906), 0.5 mM EDTA, 
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pH 7.4 at 23 °C) was added to the Accutase solution containing the detached cells. 
The triturated single cell suspension was then collected. For cell passage, an aliquot 
of the single cell suspension was added to fresh warm EGM-2MV in a new culture 
vessel and the culture was incubated as described in Section 2.3.1.  

For counting, cells were pelleted at 250 × g, RT for 5 min and the supernatant was 
aspirated. The cell pellet was resuspended in an adequate amount of diluent (20% v/v 
FB, 80% v/v AccuMax (Sigma, #A7089), EDTA at a final concentration of 2.5 mM). For 
high precision, cell counting was performed by volumetric FC (vFC) in a 96-well plate 
assay format. Cell suspension (50 or 100 μL) was mixed with the pro-fluorescent stains 
calcein violet-acetoxymethyl ester (CV-AM; final concentration, 160 nM; Life 
Technologies, #C34858) and SYTOX Red (final concentration, 5 nM; Life 
Technologies, #S34859) in each well. The plates were incubated at RT in the dark for 
15 min then analysed by vFC (FACSVerse flow cytometer, BD Biosciences). Total 
number of events acquired per sample was 10,000. Data acquisition was performed 
using FACSuite software (BD Biosciences) and analysis was performed using 
FlowLogic software (version (v) 600.0A; Inivai Technologies, Mentone, VIC, Australia) 
or FlowJo software (v10.0.8r1; FlowJo, LLC, Ashland, OR, USA). For applications that 
did not require high precision, cell counting was performed using an imaging-based 
benchtop assay platform (Countess II automated cell counter, Life Technologies, 
#AMQAX1000) according to the manufacturer’s instructions. Briefly, cell suspension 
(e.g. 30–50 µL) was mixed with an equal volume of 0.4% trypan blue solution (Life 
Technologies, #C10228). After mixing, 10 µL of the sample mixture was loaded per 
chamber of the counting slides (Countess cell counting chamber slides, Life 
Technologies, #C10228). The counting results (i.e. total, live and dead cell 
concentrations and cell viability) provided by the counter were recorded for further 
calculations. Estimation of cell concentration in monolayer culture was also performed 
by counting nuclei released without cell detachment (see Section 2.4.3.1).  

2.3.2.2 Other cells  

HEK293T cell monolayers were washed with 1× DPBS−/− then treated with 0.05% 
trypsin-EDTA (Life Technologies, #25300062) for detachment. After 3–5 min 
incubation at RT, an equal volume of D10 was added to the trypsin-EDTA solution 
containing the detached cells. The triturated single cell suspension was then collected. 
For cell passage, an aliquot of the single cell suspension was added to fresh warm 
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D10 in a new culture vessel and the culture was incubated as described in Section 
2.3.1.  

Cell counting was performed using the Countess II automated cell counter 
(Section 2.3.2.1). Estimation of cell concentration in monolayer culture was also 
performed by counting nuclei released without cell detachment (see Section 2.4.3.1).  

2.3.3 Phase-contrast imaging of attached cells  

Imaging was performed using phase-contrast microscopy (Zeiss Axio Vert.A1 
microscope, Carl Zeiss Microscopy GmbH, Jena, Germany; phase-contrast mode, 5× 
or 10× objective lens (numerical aperture (NA), 0.15 and 0.25, respectively), zoom 
1.0). Images were captured using SPOT 5.0 software (SPOT Imaging Solutions, 
Sterling Heights, MI, USA).  

2.4 Microcarrier-Based Cell Culture  

2.4.1 Microcarriers and microcarrier suspension preparation  

Plastic microcarriers (SoloHill Engineering, Pall Corporation, Port Washington, NY, 
USA, #P-221-050; referred to hereafter as SoloHill Plastic microcarriers or SPM) are 
non-porous, non-charged styrene copolymer spheres with a diameter of 125–212 µm, 
a relative density of 1.022–1.030 and a specific surface area of 360 cm2/g. 
Microcarriers were weighed, washed with and resuspended in Milli-Q water to a final 
concentration of 20% w/v. The microcarrier suspension was sterilised by autoclaving 
(121 ºC for 15–30 min) and stored at 4 ºC.  

2.4.2 Microcarrier-based culture of endothelial cells using spinner flasks  

2.4.2.1 Preparation of microcarriers and spinner flasks for inoculation  

Sterilised SPM were coated with 0.1 mL/cm2 of 5 µg/mL rhVTN in 1× DPBS−/− at 4 ºC 
overnight with continuous gentle mixing. The next day, coated microcarriers were 
washed with warm (37 ºC) seeding medium (SM) containing EBM-2 supplemented 
with 0.2% v/v FBS (Lonza), 75 µM L-ascorbate ((+)-sodium L-ascorbate; Sigma, 
#A4034)/500 µM 2-phospho-L-ascorbic acid (2-phospho-L-ascorbic acid trisodium 
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salt; Sigma, #49752) in Milli-Q water neutralised to pH 7.4 at RT, 10 µg/mL gentamicin 
(Life Technologies, #15750060), 1 µg/mL hydrocortisone (Sigma, #H0888; dissolved 
in 100% v/v ethanol) and 20 mM HEPES (Life Technologies, #15630080). The washed 
microcarriers were resuspended in SM at 40 mg/mL (equivalent surface area, 14.4 
cm2/mL) and aliquots were added to 25 mL glass spinner flasks (referred to as 25 mL 
SFs; Celstir Complete, Wheaton, Millville, NJ, USA, #356873) or 125 mL disposable 
SFs (referred to as 125 mL SFs; Corning, #3152). The 25 mL glass SFs were pre-
siliconised by coating the entire inner glass surface with Sigmacote (Sigma, #SL2) 
according to the manufacturer’s instructions. The glass SFs were subsequently left in 
a fume hood overnight. The next day, the siliconised glass SFs were washed with 1% 
w/v Alconox detergent (Sigma, #Z273228), rinsed with Milli-Q water and autoclaved 
before use. The 125 mL disposable SFs were supplied sterile and ready to use. SFs 
containing washed microcarriers in SM were incubated at 37 ºC in 5% CO2, 5% O2 and 
90% N2 with stirring (59 revolutions per minute (rpm) for 25 mL SFs or 67 rpm for 125 
mL SFs) on a magnetic stirrer (Micro-Stir, Wheaton, #W900701-F) for 2–5 h before 
inoculation. This allowed equilibration of the medium, thereby enhancing cell 
attachment (measured as seeding efficiency, i.e. the percentage of viable cells that 
attach to the culture surface during a defined period of time before proliferation begins). 
The stirring speed was calculated using the formula described by Tashiro et al. (2012) 
to achieve an integrated shear factor (ISF) of 11.8 s–1, where the vessel diameter was 
38 mm or 63.5 mm for 25 mL SFs or 125 mL SFs, respectively, and the impeller 
diameter was 25 mm or 39.9 mm for 25 mL SFs or 125 mL SFs, respectively.  

2.4.2.2 Inoculation and maintenance of microcarrier-based cultures  

XSEB113C1 cells were harvested from monolayer culture and counted using vFC as 
described in Section 2.3.2.1. A workflow representing microcarrier-based culture from 
the inoculation step is shown in Figure 2.1. On day 0 (usually in the late afternoon), 
XSEB113C1 cells were used to inoculate microcarriers at 7000 cm–2 in SM via a 
sidearm of the SFs in a drop-wise manner while stirring. After 1 h of incubation (i.e. 
attachment time (AT) was 1 h) at 37 ºC in 5% CO2, 5% O2 and 90% N2 with stirring, 
master mix of serum and growth factors (SGF MM; prepared from an EGM-2MV 
BulletKit (Section 2.3.1) by gently mixing the components together) was added to the 
culture (with the corresponding volume of medium supernatant removed first). The final 
FBS and GFs concentrations were 5% v/v and 1×, respectively (equivalent to the 
concentrations in EGM-2MV). The culture was then incubated at 37 ºC in 5% CO2, 5% 
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O2 and 90% N2 with stirring for 17 h. The next day (day 1, 18 h after inoculation), FBS 
was added to the culture in EGM-2MV to an extra 10% v/v (with the corresponding 
volume of medium supernatant removed first) to achieve a final FBS concentration of 
15% v/v (referred to as microcarrier growth medium). Samples (in duplicate) were 
taken for counting nuclei (1 mL; for assessing seeding efficiency) and for fixation, 
staining and imaging (500 µL; for observing cell distribution), respectively. Meanwhile, 
the stirring was changed from constant to intermittent: a 3 min on/30 min off (i.e. stirring 
for 3 min then stopping for 30 min) cycle for 6 h (to promote cell migration between 
microcarriers for an even cell distribution). After 6 h, intermittent stirring was changed 
to an 11 h on/1 h off cycle. Intermittent stirring (11 h on/1 h off) was used throughout 
the culture period after day 1 unless mentioned otherwise. Samples (in duplicate) were 
taken on day 1 and every 48 h thereafter to monitor cell number and distribution. Fifty 
per cent of microcarrier growth medium was changed on day 2 and every subsequent 
48 h.  

2.4.3 Culture sampling and analysis  

The general procedure for culture sampling was to acquire a sample while stirring, in 
one action (i.e. pipetting without adjustment). This ensured that the sample was taken 
from a homogenous microcarrier culture suspension, which is important for sampling 
consistency and precision.  

2.4.3.1 Release of nuclei, counting and nuclear DNA content analysis  

Nuclei were released, counted and analysed as described by He et al. (2017b). Briefly, 
after microcarriers in a sample sedimented, the supernatant was removed and the 
microcarriers were washed with 1× DPBS−/− twice. Nuclei were released using cell 
lysis solution (CLS: 0.1 M citric acid (Sigma, #251275), 1% v/v IGEPAL CA-630 
(Sigma, #I8896); stored at RT in the dark) with vortexing and the microcarriers were 
then removed by applying the microcarrier slurry to a cell sieve (pore size, 70 µm; 
EASYstrainer, Greiner Bio-One, Kremsmünster, Austria, #542070) followed by a spin 
at 150 × g, RT for 1 min. The nuclei suspension was collected and the volume was 
measured. If not analysed immediately, the nuclei suspension was stored at 4 ºC for 
up to two weeks. Nuclei counting was performed by vFC (FACSVerse flow cytometer) 
in an experiment format using 5 mL polystyrene tubes or in an assay format using a 
96-well plate. Nuclei suspension was mixed with the pro-fluorescent nucleic acid stain 
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SYTOX Red (final concentration, 5 nM) in each tube or well. Total number of events 
acquired per sample was 20,000. Data acquisition was performed using FACSuite 
software and analysis was performed using FlowLogic or FlowJo software.  

For analysis of nuclear DNA content, nuclei were pelleted at 1500 × g, 4 ºC for 10 
min, resuspended in 1× DPBS−/− and treated with 0.1 µg/mL DNase-free RNase A 
(Life Technologies, #12091021) for 30 min at RT before mixing with propidium iodide 
(PI; final concentration, 5 µM; Life Technologies, #P1304MP). Samples in tubes or 
plates were acquired by FC (FACSVerse flow cytometer). Total number of single nuclei 
acquired per sample was 10,000. Data acquisition was performed using FACSuite 
software and analysis was performed using FlowLogic or FlowJo software.  

Counting released nuclei was also used as an alternative method to estimate cell 
concentration in monolayer culture without a separate cell detachment step. Cells in a 
six-well plate were washed with 1× DPBS−/− once and 500 µL of CLS per well was 
added directly to cells to release nuclei. The nuclei suspension was collected into a 
1.5 mL tube. Wells were washed with another 250–500 µL per well of CLS which was 
pooled with the previous collection in the 1.5 mL tube. The volume of CLS used for 
other sized culture vessels was changed proportionally according to surface area. The 
total collection volume was recorded for calculating nuclei concentration. Nuclei 
counting by vFC and nuclear DNA content analysis were performed as described as 
above (Section 2.4.3.1).  

2.4.3.2 Fixation, staining and imaging of nuclei on microcarriers 

After microcarriers sedimented, the supernatant was removed and the microcarriers 
were washed with 1× DPBS+/+ twice. Cells on microcarriers were fixed in 2% v/v 
paraformaldehyde (PFA; ProSciTech, Kirwan, QLD, Australia, #C004-1L; diluted in 1× 
DPBS−/−) and stored at 4 ºC. PFA was removed and the fixed nuclei were stained with 
1 µg/mL Hoechst 33342 (Life Technologies, #H3570) at 37 ºC for 20 min. The 
microcarriers were subsequently washed with 1× DPBS+/+ once and stored in 2% v/v 
PFA at 4 ºC in the dark. Imaging of the stained nuclei was performed using 
epifluorescence (Zeiss Axio Vert.A1 microscope; 4',6-diamidino-2-phenylindole (DAPI) 
filter and 5× objective lens (NA, 0.15), zoom 1.0; images captured using SPOT 5.0 
software).  
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2.4.3.3 Cell detachment from microcarriers for counting and detecting 
fluorescence  

After microcarriers sedimented, the supernatant was removed and the microcarriers 
were washed with 1× DPBS−/− plus 0.5 mM EDTA once (using a volume equal to the 
sample taken) then treated with Accutase. After 15 min at 37 °C (with inversion every 
2–3 min to mix), an equal volume of FB (relative to Accutase) was added and the 
suspension was triturated. The microcarriers were removed by passing the 
microcarrier slurry through a cell sieve (pore size: 70 µm; EASYstrainer) followed by a 
spin at 150 × g, RT for 1 min. Cells were then pelleted at 250 × g, RT for 5 min and the 
supernatant was aspirated. The cell pellet was resuspended in diluent and cells were 
counted using vFC as described in Section 2.3.2.1. 

2.4.3.4 Epifluorescence imaging of cells expressing a fluorescent protein  

Imaging of cells expressing a red fluorescent protein (DsRed-Max) on microcarriers 
was performed using epifluorescence (Zeiss Axio Vert.A1 microscope; Texas Red filter 
and 10× or 20× objective lens (NA, 0.25 or 0.35, respectively), zoom 1.0; images 
captured using SPOT 5.0 software).  

2.5 Bacterial Culture, Molecular Biology and Nucleic Acid 
Processing 

2.5.1 Bacterial culture  

Escherichia coli (E. coli) strains were streaked or spread from glycerol stock, agar stab 
or liquid culture onto LB agar plates with appropriate antibiotics (working concentration 
of the antibiotics used: ampicillin, 75 µg/mL; carbenicillin (Sigma, #C9231), 100 µg/mL; 
chloramphenicol (Sigma, #C0378), 25 µg/mL; kanamycin (Sigma, #K4000), 30 µg/mL; 
Zeocin (Life Technologies, #R25001), 25 µg/mL). Agar plates were incubated 
overnight at 37 ºC, or at 30–32 ºC for prevention of undesirable homologous 
recombination if necessary. Single colonies were picked and expanded in liquid culture 
(LB medium with appropriate antibiotics). The liquid culture was incubated at 37 ºC, or 
at 30–32 ºC, with shaking at 250–300 rpm for 18–24 h. The bacteria were pelleted at 
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5500 × g, 4 ºC for 10 min. After removal of the supernatant, the pellets were stored at 
–20 ºC or immediately processed for DNA isolation (Section 2.5.3).  

Electrocompetent bacterial cells were prepared using the Endura E. coli strain 
(Lucigen, Middleton, WI, USA) and salt-free yeast extract nutrient broth (YENB) 
medium as described by Sharma and Schimke (1996).  

2.5.2 Molecular biology  

2.5.2.1 Plasmids  

2.5.2.1.1 Individual plasmids 

The third-generation lentivector (LV) transfer plasmid lentiCRISPRv2 (Addgene, 
Cambridge, MA, USA, #52961) was a gift from Feng Zhang (Sanjana et al., 2014). 
lentiCRISPRv2 contains a human codon-optimised Cas9 gene, a puromycin N-

acetyltransferase (pac) gene (conferring puromycin resistance) and a 2 kilobases (kb) 
filler sequence flanked by BsmBI sites for single guide RNA (sgRNA) cloning (Figure 
2.2). The LV packaging plasmid pCD/NL-BH*∆∆∆ (Addgene, #17531) and envelope-
encoding plasmid pLTR-G (Addgene, #17532) were gifts from Jakob Reiser (Reiser et 
al., 1996; Zhang et al., 2004).  

The enhanced green fluorescent protein (EGFP)-expressing plasmid pEGFP-N2 
was from Clontech Laboratories, Inc. (Mountain View, CA, USA). The red fluorescent 
protein (RFP)-expressing plasmid pDsRed-Max-N1 (Addgene, #21718) was a gift from 
Benjamin Glick (Strack et al., 2008). The turboGFP (tGFP)-expressing LV transfer 
plasmid pLV-tGFP and the RFP-expressing LV transfer plasmid pLV-DsRed-Max are 
derivatives of the LV transfer plasmid pGIPZ (Dharmacon, Inc., Lafayette, CO, USA) 
kindly provided by Dr. Michael Halford (Tumour Angiogenesis and Microenvironment 
Program, PMCC).  

2.5.2.1.2 Pooled Cas9/sgRNA library targeting the human kinome 

The pooled single-vector Cas9/sgRNA library targeting the human kinome (referred to 
hereafter as hCKL for human CRISPR kinome library; Addgene, #75314) was a gift 
from John Doench and David Root (Doench et al., 2016). The hCKL contained a total 
of 3152 sgRNAs, including 3052 sgRNAs targeting 763 genes (four individual sgRNAs 
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per gene) in the broadly defined human kinome and 100 non-targeting sgRNAs. The 
library plasmid backbone was based on lentiCRISPRv2 (Figure 2.2).  

Endura electrocompetent cells (Section 2.5.1) were transformed with the hCKL 
by electroporation (20–25 ng of plasmid DNA (pDNA) per 40 µL of bacteria; 
transformation: see Section 2.5.2.2). After 1 h of incubation at 30 ºC and 250 rpm, 100 
µL of a 20,000-fold or 100,000-fold dilution was spread on one LB agar plate plus 100 
µg/mL carbenicillin and 25 µg/mL zeocin (referred to as L-Carb-Zeo plate). Bacteria in 
the remaining undiluted culture were pelleted at approximately 5000 × g, RT for 3 min, 
resuspended in 300 µL of LB medium and spread on three L-Carb-Zeo plates (100 
µL/plate). Plates were incubated at 30 ºC for 18 h. Single transformants on the 20,000-
fold and 100,000-fold dilution plates were counted to estimate the transformation 
efficiency. The total number of transformants was the number from the 20,000-fold or 
100,000-fold dilution plate multiplied by 20,000 or 100,000, respectively. The following 
steps were only performed if the total number of transformants was greater than 100 
per sgRNA (i.e. the minimum representation = total number of transformants = 100 × 
3152 = 315,200) (Joung et al., 2017). All transformants from the three plates inoculated 
with the undiluted culture were harvested by adding 2.5 mL/dish of cold LB medium, 
gently scraping the surface using a cell lifter (Corning, #3008) and transferring the 
liquid to 50 mL tubes (repeated for a total of two collections; using 1 mL/dish of LB 
medium for the second collection). The tubes were centrifuged at 5500 × g, 4 ºC for 
10 min and the supernatant was removed. Bacterial pellets were weighed and 0.45–
0.5 g was used per anion-exchange column for low-endotoxin isolation of pDNA 
(Section 2.5.3).  

2.5.2.2 Transformation  

Transformation of electrocompetent bacterial cells via electroporation was performed 
as described by Sharma and Schimke (1996). See Section 2.5.1 for details of bacterial 
culture after the 1 h post-electroporation recovery.  

2.5.2.3 Polymerase chain reaction (PCR)  

PCR was performed using DNA polymerase (Q5 Hot Start High-Fidelity 2× Master Mix, 
New England BioLabs, Inc. (NEB), Ipswich, MA, USA, #M0494S; or OneTaq Hot Start 
Quick-Load 2× Master Mix with Standard Buffer, NEB, #M0488L) according to the 
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manufacturer’s instructions. Primers were designed with the aid of SnapGene software 
(v3.2.1; GSL Biotech LLC, Chicago, IL, USA) and synthesised by Integrated DNA 
Technologies (IDT, Coralville, IA, USA). The NEB Tm Calculator was used to 
determine the optimal annealing temperature for a given set of primers used with 
specific polymerases. PCR products were stored at 4 ºC or –20 ºC.  

2.5.2.4 Molecular cloning  

Molecular cloning was performed using exonuclease, DNA polymerase and DNA 
ligase (NEBuilder HiFi DNA Assembly Master Mix, NEB, #E2621S) according to the 
manufacturer’s instructions. After assembly, Endura electrocompetent cells (Section 
2.5.1) were transformed (Section 2.5.2.2) with the assembled products and were 
cultured to amplify the resulting plasmids. Plasmid identity and/or structure verification 
was performed as described in Section 2.5.3. Subsequently, pDNA from candidate 
transformants was prepared for Sanger sequencing (Section 2.10.1) for sequence 
verification.  

2.5.3 DNA isolation and analysis  

Bacterial pDNA was extracted and purified using silica-membrane technology 
(QIAprep Spin Miniprep Kit, QIAGEN, Chadstone, VIC, Australia, #27106) for quick 
isolation or using anion-exchange chromatography (PureLink HiPure Plasmid 
Maxiprep Kit, Life Technologies, #K210006) for low-endotoxin isolation according to 
the manufacturer’s instructions. pDNA was stored at –20 ºC.  

For preparation of crude gDNA from human cells, QuickExtract DNA Extraction 
Solution (Epicentre, Madison, WI, USA, #QE09050) was used. Approximately 1 × 105 
cells were thoroughly suspended in 50 µL of QuickExtract DNA Extraction Solution and 
heated at 65 ºC for 15 min, 68 ºC for 15 min and 98 ºC for 10 min and the extract 
(containing gDNA) was stored at –20 ºC. For preparation of high purity gDNA from 
human cells, anion-exchange chromatography (Blood and Cell Culture DNA Mini Kit, 
QIAGEN, #13323) was used according to the manufacturer’s instructions. The gDNA 
was stored at 4 ºC. DNA concentration was measured using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA, #ND-2000).  

Plasmid DNA was digested using restriction endonuclease(s) according to the 
manufacturer’s instructions. All restriction endonucleases were from NEB or Promega 
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Corporation (Madison, WI, USA). If necessary, digested pDNA was purified using 
silica-gel particle technology (QIAEX II Gel Extraction Kit, QIAGEN, #20021) according 
to the manufacturer’s instructions. PCR products were purified using silica-membrane 
technology (QIAquick PCR Purification Kit, QIAGEN, #28106) according to the 
manufacturer’s instructions.  

Analytical restriction digestion of pDNA using restriction endonuclease(s) was 
used to verify plasmid identity. After digestion, pDNA fragments were separated by 
electrophoresis in agarose/TBE gels containing 0.5 µg/mL ethidium bromide (Merck 
Millipore, #1116150010). Certified molecular biology agarose was from Bio-Rad 
(Hercules, CA, USA, #1613102) and was dissolved at 0.8% w/v, 1% w/v or 2% w/v in 
1× TBE buffer. DNA was visualised using UV light, images were captured using 
Quantity One 1-D Analysis software (Bio-Rad) and signals were quantified using 
Image Studio Lite software (LI-COR).  

Colony PCR was used to verify plasmid structure without isolation of pDNA and 
was therefore suitable for large-scale screening of transformants. Single colonies of 
transformants on plates were picked into 96-well plates (Deepwell 96/1000 µL plates, 
Eppendorf, Hamburg, Germany, #951032603) containing 200 µL/well of LB medium 
plus appropriate antibiotic(s). The plates were sealed with gas-permeable sealing film 
(AeraSeal films, Sigma, #A9224) for preventing cross-contamination, spillage and 
excessive evaporation and incubated at 37 ºC, or at 30–32 ºC, at 250 rpm overnight. 
The next day, 1 µL of the culture from each well was used as the template for PCR 
using DNA polymerase (OneTaq Hot Start Quick-Load 2× Master Mix with Standard 
Buffer, NEB; Section 2.5.2.3). The PCR products were loaded directly onto an 
agarose/TBE gel containing 0.5 µg/mL ethidium bromide for electrophoresis, 
visualisation and imaging.  

2.5.4 RNA isolation  

All steps were performed using RNase-free reagents and equipment. Total RNA was 
extracted and purified using silica-membrane technology (RNeasy Plus Mini Kit, 
QIAGEN, #74134) according to the manufacturer’s instructions. RNA was treated with 
RNase-free DNase (TURBO DNA-free Kit, Life Technologies, #AM1907) according to 
the manufacturer’s instructions to remove any remaining DNA. RNA concentration was 
measured using a NanoDrop 2000 spectrophotometer.  
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2.6 Lentivector Production and Titre Determination  

2.6.1 Lentivector packaging and concentration  

HEK293T cells with a passage number less than 10 were used. HEK293T cells were 
maintained in D10 medium as described in Section 2.3.1. Cells were passaged when 
they reached approximately 70% of maximum density. Twenty-four h prior to 
transfection, cells were counted and used to seed T225 flasks (Corning, 431082; 
surface area, 225 cm2; 45 mL medium/flask) at 1 × 105 cm–2 in LV collection medium 
(LVCM) containing Advanced DMEM (Life Technologies, #12491015) supplemented 
with 2% v/v FBS (SAFC, #12003C), 0.01 mM L-a-lecithin (Sigma, #P3556; dissolved 
in 100% v/v ethanol), 1× CD lipid concentrate (Life Technologies, #11905031), 0.01 
mM cholesterol (Sigma, #C4951; dissolved in 1× DPBS−/−) and 2 mM GlutaMax-I (Life 
Technologies, #35050061). The LVCM composition was defined by Mitta et al. (2005). 
The next day (day 1, 24 h after seeding), cells were co-transfected with the LV transfer 
plasmid, the LV packaging plasmid and the envelope-encoding plasmid (see details of 
plasmids in Section 2.5.2.1) at a mass ratio of 2:1:1, respectively, using 
polyethylenimine (PEI)-mediated transfection (Section 2.7.1.1). Cells in a 6 cm dish 
(seeded 24 h prior to transfection) were transfected with pEGFP-N2 or pDsRed-Max-
N1 as a positive control for transfection (this step was not necessary when the LV 
transfer plasmid encoded a fluorescent reporter protein). Sixteen h after transfection 
(day 2), the cells in the 6 cm dish were observed by epifluorescence to verify that 
transfection was successful. If the cells were successfully transfected, all supernatant 
in the T225 flasks was removed, disinfected and discarded then replaced with a 
reduced volume of warm LVCM (30 mL/flask). This was the first medium change. 
Twenty-four and 48 h after the first medium change (days 3 and 4, respectively), all 
medium supernatant was collected (fresh warm LVCM was used for replenishment on 
day 3) and filtered via 0.45 µm cellulose acetate (CA) membranes (250 mL Vacuum 
Filter/Storage Bottle System, Corning, #430768) or using syringes (Terumo Medical 
Corporation, Somerset, NJ, USA) plus syringe filters with 0.45 µm CA membranes 
(Minisart 0.45 µm CA HighFlow syringe filters, Sartorius, Goettingen, Germany, 
#16555) into 50 mL tubes. The day 3 filtrate was stored at 4 ºC. On day 4, the pooled 
day 3 and day 4 filtrates containing the LV were gently and thoroughly mixed with 0.25× 
volume of 50% w/v poly(ethylene glycol) with average molecular weight of 8000 
(PEG8000; Sigma, #P5413; dissolved in 1× DPBS−/− and sterilised via a 0.22 µm 
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filter). The LV–PEG8000 mixture was incubated at 4 ºC overnight. The next day (day 
5), the LV–PEG8000 mixture was centrifuged at 1500 × g, 4 ºC for 30 min. The majority 
of the supernatant was carefully removed, disinfected and discarded and the pellets 
were further centrifuged at 1500 × g, 4 ºC for 5 min before removal of the residual 
supernatant. The LV pellets were gently resuspended in cold sterile 1× DPBS−/− plus 
1% w/v bovine serum albumin (BSA) (Probumin, Merck Millipore, #821006) by 
incubation on ice for 1 h with occasional gentle swirling. The LV suspension was then 
gently and thoroughly mixed by pipetting, aliquoted, frozen on crushed dry ice and 
stored at –80 ºC.  

2.6.2 Lentivector titre determination using endothelial cells  

2.6.2.1 Titre determination in monolayer culture  

XSEB113C1 cells were used to seed 12-well plates at 2.3–2.5 × 104 cm–2. Twenty h 
after seeding (day 1), the viable cell number was determined using vFC (in triplicate) 
as described in Section 2.3.2.1 and this cell number was considered the target cell 
number (n) for transduction. Twenty-four h after seeding (day 1), cells were transduced 
as described in Section 2.7.2.1 using serial dilutions (e.g. 2-fold, 5-fold or 10-fold) of 
LV suspension prepared from the original stock. Sixteen h after the beginning of 
transduction (day 2), cells were passaged into six-well plates. If cells were transduced 
with LV encoding a fluorescent reporter protein (GFP is used as an example herein), 
cells were cultured for another two days from day 2 and the GFP positive (GFP+) cell 
population was quantified using FC on day 4. If cells were transduced with LV encoding 
only an antibiotic resistance gene (puromycin resistance is used as an example 
herein), cells were cultured with or without 0.5 µg/mL puromycin (Life Technologies, 
#A1113803) for another three days from day 2. The viable cell number in wells with or 
without puromycin was determined as described in Section 2.3.2.1 using vFC on day 
5 (i.e. three days after the start of puromycin treatment on day 2). The proportion of 
puromycin-resistant (PuroR) cells was calculated using cell number from wells treated 
with versus without puromycin. The LV titre was calculated using the formula:  
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! = 	
− ln	(1 − )*+!) × 	.

/  

or 

! = 	
− ln	(1 − +012") × 	.

/  

where t is the LV titre (in transduction units (TU)/mL), GFP+ is the proportion of GFP 
positive cells, PuroR is the proportion of puromycin-resistant cells, n is the target cell 
number determined on the day of transduction (day 1), and V is the volume of the 
original undiluted stock LV suspension (in mL).  

2.6.2.2 Titre determination in microcarrier-based culture  

XSEB113C1 cells were cultured as described in Section 2.4.2. Transduction was 
performed when the cell density reached 1.2–1.5 × 104 cm–2 (referred to as the 
transduction day) according to the steps in Section 2.7.2.2. The target cell number (n) 
was determined immediately before transduction by nuclei counting (Section 2.4.3.1). 
If cells were transduced with LV encoding a fluorescent reporter protein (GFP is used 
as an example herein), cells were cultured for another three days from the transduction 
day and the cells were detached from microcarriers for GFP+ cell population 
quantification using FC (Section 2.4.3.3). If cells were transduced with LV encoding 
only an antibiotic resistance gene (puromycin resistance is used as an example 
herein), cells were cultured for another two days from the transduction day. Forty-eight 
h after the beginning of transduction, 1 mL of culture was sampled (in triplicate) and 
the cells were detached from microcarriers. Two wells in a six-well plate were seeded 
equally using the detached cells (in triplicate). The cells were cultured with or without 
0.5 µg/mL puromycin for another three days. The cell number in wells with or without 
puromycin was determined using vFC as described in Section 2.3.2.1. The LV titre 
was calculated as described in Section 2.6.2.1.  
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2.7 Transfection and Transduction  

2.7.1 Transfection  

2.7.1.1 PEI-mediated transfection of HEK293T cells  

PEI solution (7.5 mM) was prepared by dissolving PEI HCl MAX, linear, 40,000 
(Polysciences, Inc., Warrington, PA, USA, #24765) in Milli-Q water and adjusting the 
pH to 7.4 at RT, then it was sterilised by filtration through 0.2 µm polyethersulfone 
(PES) membrane (Minisart 0.2 µm PES HighFlow syringe filter, Sartorius, #16532) and 
stored at 4 ºC for up to three months or at –20 ºC for up to 12 months. Transfection 
was performed as described by Kuroda et al. (2011). For LV packaging, HEK293T 
cells were used to seed T225 flasks at 1 × 105 cm–2 before transfection (Section 2.6.1).  

2.7.1.2 Lipofectamine-mediated transfection of endothelial cells  

Transfection of XSEB113C1 cells for delivering siRNA was performed using a cationic 
lipid-mediated transfection reagent (Lipofectamine RNAiMAX transfection reagent, 
Life Technologies, #13778150) according to the manufacturer’s instructions. In brief, 
XSEB113C1 cells were used to seed hFN-coated plates or dishes at a high density 
(usually at 2.3–2.5 × 104 cm–2). Transfection was performed 24 h after seeding. Cells 
were subsequently transfected for 24 h and fresh warm EGM-2MV was then added for 
further incubation.  

2.7.2 Transduction  

2.7.2.1 Transduction of endothelial cells in monolayer culture  

The volume of LV suspension required for a pre-determined multiplicity of infection 
(MOI; the average number of integrations per target cell) was calculated using the 
formula:  

/ = 	
3	 × 	.
!  

where V is the volume of LV suspension required (in mL), m is the pre-determined 
MOI, n is the target cell number and t is the LV titre (in TU/mL).  



 
97 

XSEB113C1 cells were used to seed plates or dishes at 2.3–2.5 × 104 cm–2. On 
the day of transduction (24 h after seeding), the medium was removed and replaced 
with a reduced volume (80 µL/cm2) of warm (37 ºC) transduction medium (EGM-2MV 
plus 0.075% w/v Pluronic F-127 (Sigma, #P2443)). The required volume of LV 
suspension was thawed on ice (usually 30 min before starting transduction), added to 
the warm transduction medium and gentle swirling was applied to ensure that cells 
were uniformly exposed to LV. Sixteen h after the beginning of transduction, all 
medium was removed, disinfected and discarded. Cells were passaged and incubated 
in fresh warm EGM-2MV. Forty-eight h after the beginning of transduction, antibiotic 
treatment (e.g. 0.5 µg/mL puromycin for XSEB113C1 cells) was applied for three days 
to kill non-transduced cells. Then antibiotic treatment at a maintenance dose (e.g. 0.3 
µg/mL for XSEB113C1 cells) was applied throughout the experiment.  

2.7.2.2 Transduction of endothelial cells in microcarrier-based culture  

The volume of LV suspension required for a pre-determined MOI was calculated as 
described in Section 2.7.2.1. On the day of transduction (when cell density was 
approximately 1.2–1.5 × 104 cm–2), 0.075% w/v Pluronic F-127 and the required 
volume of thawed LV suspension were added to the culture. Sixteen h after the 
beginning of transduction, medium was removed as much as possible (without 
aspirating microcarriers; then disinfected and discarded) and replaced with an equal 
volume of fresh warm microcarrier growth medium. Forty-eight h after the beginning of 
transduction, antibiotic treatment (e.g. 0.5 µg/mL puromycin for XSEB113C1 cells) was 
applied for three days to kill non-transduced cells. Then antibiotic treatment at a 
maintenance dose (e.g. 0.3 µg/mL puromycin for XSEB113C1 cells) was applied 
throughout the experiment. Stirring during the period from the beginning of 
transduction to the completion of antibiotic selection was changed from intermittent 
stirring (11 h on/1 h off) to constant stirring. After the completion of the antibiotic 
selection, stirring was changed back to intermittent stirring (11 h on/1 h off).  
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2.8 Methods for Genetic Loss-of-Function  

2.8.1 RNAi-mediated gene knockdown  

siRNAs targeting specific genes were purchased as siGENOME siRNA SMARTpools 
from Dharmacon (each SMARTpool is an equimolar mix of four siRNAs targeting the 
same gene provided as a single reagent; referred to as siGENOME SP siXXX or siXXX 
for simplicity; XXX is the official gene symbol). The lyophilised siRNAs were dissolved 
in 1× siRNA buffer (prepared from 5× (Dharmacon, #B-002000-UB-100); diluted using 
RNase-free water). Delivery of siRNA pool to XSEB113C1 cells was achieved by 
transfection as described in Section 2.7.1.2. The siGLO Red Transfection Indicator 
(Dharmacon, #D-001630-02-05; final concentration in medium, 7.5 nM) was used as 
a positive control for transfection. The ON-TARGETplus Non-targeting Control Pool 
(referred to as OTP-NT; each pool contained an equimolar mix of four non-targeting 
siRNAs; Dharmacon, #D-001810-10-05; final concentration in medium, 10 or 20 nM) 
was used as a negative control for transfection. siGENOME SP siGAPDH 
(Dharmacon, #M-004253-02-0005) was used to evaluate siRNA function in 
XSEB113C1 cells. The knockdown efficiency was assessed at the protein expression 
level by western blotting (Section 2.14).  

2.8.2 CRISPR–Cas9-mediated gene knockout  

2.8.2.1 Individual sgRNA design and cloning  

The sequences of sgRNAs were designed using an sgRNA designer provided by 
Doench et al. (2016). This tool generated ranked lists of sgRNA sequences for the 
target genes based on predicted on-target and off-target activities. For cloning 
individual sgRNAs into the lentiCRISPRv2 backbone (Figure 2.2), a ss oligonucleotide 
(oligo; displayed below) was synthesised by IDT as an Ultramer product. This encoded 
a 20 nt sgRNA sequence plus a partial sequence of the human U6 promoter 
(underlined) and a partial sequence of the chRNA scaffold (double underlined):  
5’-ATCTTGTGGAAAGGACGAAACACC(N)20GTTTTAGAGCTAGAAATAGCAAGTT-3’. 
This design allowed for single-step cloning of the sequence encoding the sgRNA into 
the lentiCRISPRv2 backbone. Cloning was performed using BsmBI (NEB, #R0580S) 
digested lentiCRISPRv2 plasmid, the ss oligo design shown above and the NEBuilder 
HiFi DNA Assembly Master Mix according to the manufacturer’s instructions. After 
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transformation of Endura electrocompetent cells (Section 2.5.2.2), candidate 
transformants were verified as described in Section 2.5.2.4. The plasmid encoding an 
sgRNA targeting the gene XXX is referred to as lentiCRISPRv2_sgXXX. The purified 
LV transfer plasmid lentiCRISPRv2_sgXXX was used for LV production (Section 2.6).  

For evaluation purposes, an oligo encoding an sgRNA targeting the AAVS1 locus 
(sequence: 5’-GGGGCCACTAGGGACAGGAT-3’ (Wang et al., 2014)) was cloned into 
lentiCRISPRv2 as described above. The resulting LV transfer plasmid 
lentiCRISPRv2_sgAAVS1 was used for LV production.  

2.8.2.2 Evaluation of CRISPR–Cas9 activity in endothelial cells 

XSEB113C1 cells were transduced with the LV encoding lentiCRISPRv2_sgAAVS1 at 
an MOI of 0.3–0.4 as described in Section 2.7.2.1. Puromycin treatment at 0.5 µg/mL 
was started 48 h post-transduction (referred to hereafter as days post-infection (dpi) 
2) and applied for three days (Figure 2.3). On dpi 5, puromycin concentration was 
reduced to, and maintained at, 0.3 µg/mL. Cells were harvested for total protein 
extraction (Section 2.14) or for gDNA extraction using QuickExtract DNA Extraction 
Solution (Section 2.5.3) on dpi 5, 6, 7, 10 and 12 (Figure 2.3). Total protein and gDNA 
from untransduced cells were also extracted and used as a negative control for 
assessing Cas9 protein expression and gene editing efficiency, respectively.  

Cas9 protein expression was assessed by western blotting (Section 2.14). For 
evaluation of CRISPR–Cas9-induced genomic cleavage, part of the AAVS1 locus was 
amplified by PCR (using Q5 Hot Start High-Fidelity 2× Master Mix, forward primer 
AAVS1_R1: 5’-CCCCGTTCTCCTGTGGATTC-3’ and reverse primer AAVS1_R1:  
5’-ATCCTCTCTGGCTCCATCGT-3’; these primers were described by Wang et al. 
(2014)). The PCR product was subjected to T7 endonuclease I (T7E1) assay (a 
mismatch cleavage assay) using the EnGen Mutation Detection Kit (NEB, #E3321) 
according to the manufacturer’s instructions or Sanger sequencing (Section 2.10.1; 
primer used: AAVS1_R1). The T7E1 assay products were analysed using gel 
quantification (Section 2.5.3; on a 2% w/v agarose/TBE gel containing 0.5 µg/mL 
ethidium bromide) and the signals were used to calculate the total indel frequency 
using the formula:  
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#
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where fraction cleaved = signals of digested products ÷ (signals of digested products 
+ signals of undigested products); signals of the products were normalised for length 
before use in calculation.  

Sanger sequencing results were decomposed and analysed using a 
bioinformatics tool, Tracking of Indels by DEcomposition (TIDE) (Brinkman et al., 
2014).  

2.9 Kinome-Wide CRISPR Screen for Identification of Molecular 
Modifiers of the Endothelial Cell Response to Bevacizumab 

The kinome-wide CRISPR screen was performed using a microcarrier-based culture 
system. The timeline of the screen is displayed in Figure 2.4. XSEB113C1 cells were 
incubated for expansion and monitored in a total number of two 125 mL SFs under 
identical conditions as described in Section 2.4.2. Pooled transduction of cells with 
the hCKL was performed when the cell density reached 1.2–1.5 × 104 cm–2 at an MOI 
of 1–1.5 (with an average coverage of at least 2000 cells per sgRNA according to the 
steps in Section 2.7.2.2; day −5). Twenty-four h after the beginning of transduction 
(day −4), the culture medium was removed as much as possible (then disinfected and 
discarded) and replaced with the same volume of warm microcarrier growth medium. 
Forty-eight h after the beginning of transduction (day −3), 0.5 µg/mL puromycin was 
added to the culture to kill non-transduced cells for three days. During this period, a 
stepwise reduction of serum concentration was also applied as follows. Twenty-four h 
after the addition of puromycin (day −2), the culture medium (FBS concentration, 15% 
v/v) was removed as much as possible (then disinfected and discarded) and replaced 
with the same volume of warm EGM-2MV (FBS concentration, 5% v/v) plus 0.5 µg/mL 
puromycin. Twenty-four h after the last medium change (day −1), the culture medium 
was removed as much as possible (then disinfected and discarded) and replaced with 
the same volume of warm BCM-2+ (Appendix 2; FBS concentration, 1% v/v) plus 0.5 
µg/mL puromycin.  

Twenty-four h after the last medium change (day 0), the cultures from two SFs 
were transferred into one 250 mL centrifuge tube (Corning, #430776), gently washed 
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with MCA wash solution (Appendix 3) twice (SFs were washed with 1× DPBS−/− once 
to remove residual serum on the flask wall) then transferred 1:1 back into the two 
original SFs. A final wash was performed using endothelial serum-free medium for 
microcarrier-based culture plus the anti-VEGFA mAb bevacizumab or the isotype-
matched control mAb palivizumab (ESFM-3D + mAb, Appendix 5). Subsequently, the 
volume of the culture in each SF was adjusted by adding ESFM-3D + mAb for a final 
microcarrier concentration of 40 mg/mL. The cultures were then maintained in ESFM-
3D + mAb for 21 days (with 50% of medium changed every 48 h) and were monitored 
by nuclei counting and imaging every 72 h.  

On days 0, 12 and 21, nuclei were released from a sample of the microcarrier-
based cultures as described in Section 2.4.3.1 and stored at 4 ºC before gDNA 
isolation. The number of nuclei required per sample was calculated to maintain a 
coverage of 2000 cells per sgRNA at each time point (with the exception of the day 0 
sample, 1000 cells per sgRNA) to enable detection of depleted sgRNAs during 
screening selection. The collected samples at each time point were referred to as D0, 
D12B, D12P, D21B and D21P samples (e.g. D21B, bevacizumab-treated sample 
collected on day 21). The nuclei sample at each time point was used for gDNA 
isolation, sequencing library preparation and deep sequencing (Section 2.10.2).  

2.10 DNA Sequencing  

2.10.1 Sanger sequencing  

2.10.1.1 Sample preparation and processing  

The template, for example, pDNA (200–400 ng) or PCR products (5–10 ng for 100–
200 bp; 10–25 ng for 200–500 bp; 25–50 ng for 500–1000 bp; 50–100 ng for 1000–
2000 bp), was mixed with 3.2 pmol of primer in a total volume of 16 µL in Milli-Q water. 
The mixtures were sent to the Gandel Charitable Trust Sequencing Centre (Monash 
Health Translation Precinct, Clayton, VIC, Australia) for cycle sequencing and capillary 
electrophoresis using an Applied Biosystems 3130xl Genetic Analyser (Thermo Fisher 
Scientific).  
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2.10.1.2 Analysis  

The sequencing results were aligned with a reference sequence using SnapGene 
software.  

2.10.2 Next-generation sequencing (NGS) for quantification of sgRNA 
representation 

2.10.2.1 Genomic DNA isolation from microcarrier-based culture  

Genomic DNA from XSEB113C1 cells on microcarriers was extracted and purified 
using anion-exchange chromatography (Blood and Cell Culture DNA Mini Kit, 
QIAGEN) according to the manufacturer’s instructions with subtle modifications as 
follows. In the samples taken from the kinome-wide CRISPR screen, nuclei were 
pelleted at 1500 × g, 4 ºC for 15 min. After removal of the supernatant, nuclei pellets 
were resuspended in Buffer G2 from the kit and all the following steps were performed 
according to the manufacturer’s instructions. If the cell number exceeded 5 × 106, 
multiple columns were used. DNA concentration was measured using a NanoDrop 
2000 spectrophotometer.  

2.10.2.2 Sequencing library preparation  

The sgRNA-encoding cassettes were amplified by PCR using isolated gDNA or 
purified pDNA as templates. The sequences of the forward (i.e. P5 XPR/LKP1 primer 
mix, an equimolar mixture of eight single P5 primers) and reverse (i.e. P7 XPR023 with 
a unique P7 barcode sequence for each primer) primers are listed in Appendix 8. The 
forward P5 XPR/LKP1 primer mix and reverse P7 primers were synthesised by IDT as 
Ultramer oligos. For PCR amplification, each 50 µL reaction contained up to 2.5 µg 
gDNA or 1 ng pDNA, 1 µM P5 primer mix, 1 µM P7 primer (different one was used for 
different sample) and 1× NEBNext Ultra II Q5 Master Mix (NEB, #M0544S). The 
following thermocycling parameters were used: 98 ºC for 30 s, 16 cycles of (98 ºC for 
10 s, 65 ºC for 75 s), 65 ºC for 5 min, then held at 4 ºC. The PCR products (expected 
size, 285 bp) were purified using silica-membrane technology (QIAquick PCR 
Purification Kit, QIAGEN). PCR product concentration was determined (Section 2.5.3) 
and samples were submitted to the PMCC Molecular Genomics Core (MGC) for 
subsequent processing (Section 2.10.2.3).  
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2.10.2.3 Fragment analysis, size selection, further purification and deep 
sequencing  

Fragment analysis, size selection, further purification and deep sequencing were 
performed by the MGC. Briefly, the purified PCR products were analysed by 
electrophoresis (High Sensitivity D1000 ScreenTape assays, Agilent Technologies, 
Santa Clara, CA, USA) with an analyser (Agilent 4200 TapeStation instrument, Agilent 
Technologies) for fragment and concentration measurement. If necessary (e.g. 
contamination with gDNA was observed), DNA size selection for the amplified sgRNA-
encoding cassettes (285 bp) was performed using electrophoresis in agarose gels 
(Pinpin Prep, Sage Science, Inc., Beverly, MA, USA). Subsequently, the samples were 
purified using magnetic beads (Agencourt AMPure XP, Beckman Coulter, Brea, CA, 
USA, #A63880). The purified samples were sequenced on a NextSeq instrument 
(Illumina, San Diego, CA, USA) with a single-end or paired-end 75 bp run (SE75 or 
PE75, respectively) using the high-output mode. Approximately 5–6 million reads were 
generated for each sample (i.e. for each condition and time point).  

2.10.2.4 Bioinformatics  

Raw reads generated from the NextSeq platform (as fastq files) were quality checked 
using FastQC (Andrews, 2010) and de-convoluted for assignment to different 
conditions of the screen (e.g. bevacizumab or palivizumab treatment at specific time 
points; Section 2.9) according to the barcode included in the P7 primers. The quality 
control and de-convolution steps were performed by the PMCC Bioinformatics 
Consulting Core (BCC).  

The aligned reads were trimmed to remove the 5’ adapter sequence (by searching 
for the common 5’-CACCG-3’ sequence) using Cutadapt v1.13 (Martin, 2011). After 
trimming, the next 20 nt sequence represented the sgRNA insert. Median 
normalisation and alignment of the reads to the hCKL (Section 2.5.2.1) were 
performed using the statistical package Model-based Analysis of Genome-wide 
CRISPR/Cas9 Knockout (MAGeCK; v0.5.6) (Li et al., 2014b). Briefly, enrichment and 
depletion of sgRNAs were analysed by comparing the normalised reads of each 
sgRNA in the bevacizumab-treated versus palivizumab-treated samples at each 
respective time point. Identification of candidate genes was performed using the 
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sgRNA ranking results with a modified robust rank aggregation (a-RRA) algorithm and 
multiple comparisons.  

2.11 RNA-Seq  

2.11.1 Baseline gene expression in endothelial cells  

XSEB113C1 cells in monolayer culture (cell culture conditions, see Section 2.3.1) 
were harvested and counted (Section 2.3.2.1; using the Countess II automated cell 
counter) from 10 cm dishes five days after seeding (starting at 7000 cm–2). The nuclei 
from a sample of XSEB113C1 cells in microcarrier-based culture (cell culture 
conditions, see Section 2.4.2) were counted and cells from an appropriate volume of 
culture were detached (Section 2.4.3) from microcarriers in 25 mL SFs five days after 
seeding (starting at 7000 cm–2). The detached cells were washed once using 1× 
DPBS−/− before being stored at –20 ºC or processed immediately for RNA isolation. 
Total RNA was extracted and purified, treated with DNase and quantified as described 
in Section 2.5.4. Approximately 550 ng of total RNA per sample in 5.5 µL RNase-free 
water was sent to the MGC for RNA-Seq library preparation using reverse 
transcriptase and DNA polymerase (QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for 
Illumina, Lexogen, Vienna, Austria, #015.96). The samples were sequenced on a 
NextSeq instrument with a SE75 run using the high-output mode. The sequencing 
depth was 7–8 million reads per sample. Two independent replicates per condition 
were processed for sequencing.  

Alignment of the reads to a reference genome (human HG19) was performed 
using HISAT2 v2.1.0 (Pertea et al., 2016). Transcripts and frequencies were 
determined from the aligned reads using featureCounts (Liao et al., 2013). Differential 
gene expression analysis was performed using DESeq2 v3.5 (Love et al., 2014).  

2.11.2 Differentially expressed gene (DEG) profiling in endothelial cells 
treated with small-molecule inhibitors in ESFM 

XSEB113C1 cells were used to seed 10 cm dishes (starting at 8000–9000 cm–2; each 
dish was coated with 0.1 mL/cm2 of 5 µg/mL rhVTN in 1× DPBS−/− at 37 °C for 1 h 
then rinsed twice with 0.2 mL/cm2 1× DPBS−/−) in BCM-2+ (0.2 mL/cm2) to allow 
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adaptation to a low-serum (1% v/v) medium. Approximately 20 h later (day 0), BCM-
2+ was aspirated and the dishes were gently washed with warm (37 °C) MCA wash 
solution (0.2 mL/cm2). Cells were subsequently incubated with ESFM for monolayer 
culture plus bevacizumab or palivizumab (ESFM-2D + mAb; Appendix 6; 0.2 mL/cm2) 
plus JQ1 at 300 nM, I-BET762 at 1000 nM or DMSO at 0.1% v/v. After five days in 5% 
O2, 5% CO2 and 90% N2 at 37 °C with medium changed every 48 h, cells were 
harvested and washed for RNA isolation and RNA-Seq (Figure 2.5). See Section 
2.11.1 for details of sample preparation and submission for sequencing. The 
sequencing depth was 6–7 million reads per sample. Three independent replicates per 
condition were processed for sequencing.  

Standard service analyses were performed by the BCC. In brief, alignment was 
performed using HISAT2 v2.1.0 (Pertea et al., 2016) to a reference genome (human 
HG19). Transcripts and frequencies were determined from the aligned reads using 
HTSeq v0.10.0 (Anders et al., 2015). DEG analysis were performed using the EdgeR 
Voom–limma workflow (Law et al., 2014; Ritchie et al., 2015; Robinson et al., 2010). 
Gene set enrichment analysis (GSEA) was performed using the Molecular Signatures 
Database (MSigDB; with the C2 collection) (Subramanian et al., 2005). Mean-centring 
and unsupervised hierarchical clustering on both samples and genes were applied. 
The distance between the clusters was calculated according to Euclidean distance (on 
sample-wise comparisons) or correlation (on gene-wise comparisons).  

2.12 EC-MCA  

XSEB113C1 cells transduced at an MOI of 0.3–0.4 with LV encoding tGFP or DsRed-
Max (referred to as XSEB-tGFP or XSEB-DsRed-Max cells, respectively) were 
provided by Dr. Michael Halford. XSEB-tGFP cells were transfected with gene-specific 
siGENOME SP siRNAs (final concentration in medium, 20 nM) to generate 
experimental cells and XSEB-DsRed-Max cells were transfected with non-targeting 
siRNA pool (OPT-NT; final concentration in medium, 20 nM) to generate negative 
control cells.  

Twenty-four h after the beginning of transfection, green experimental and red 
negative control cells were harvested, counted using vFC and mixed at a ratio of 1:1. 
The mixed cell population was used to seed rhVTN-coated six-well plates in BCM-2+ 
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at 12,000–14,000 total cells cm–2. Approximately 20 h later (day 0), BCM-2+ was 
aspirated and the wells were gently washed with warm (37 °C) MCA wash solution. 
Subsequently, cells were incubated with ESFM-2D + mAb. After nine days of 
incubation in 5% O2, 5% CO2 and 90% N2 at 37 °C with medium changed every 48 h, 
cells were harvested and analysed by FC (Figure 2.6). A final EC-MCA ratio (M) was 
calculated based on the green-to-red viable cell ratios using the formula:  

M = 
(Green/Red)B
(Green/Red)P

 

where B or P represents inclusion of bevacizumab or palivizumab, respectively.  

2.13 Small-Molecule Inhibitor Assay (SMIA)  

2.13.1 SMIA using serum-free medium  

The SMIA is conceptually similar to that of the EC-MCA (Section 2.12) except that 
wild-type cells treated with small molecule or vehicle were incubated separately and 
the cell number in each well was determined by counting released nuclei on day 9 
(Figure 2.7). Specifically, untransduced XSEB113C1 cells were used to seed rhVTN-
coated six-well plates at 4000 cm–2 in BCM-2+. ESFM-2D + mAb plus a small-molecule 
inhibitor or vehicle was added to the wells after washing with MCA wash solution on 
day 0 and then changed every subsequent 48 h. The small-molecule inhibitors 
assessed were THD (dissolved in Milli-Q water and tested at 0, 1, 3, 5 or 7 µM), 
compound 43 (dissolved in DMSO and tested at 0, 1, 5, 10 or 20 µM), JQ1 (dissolved 
in DMSO and tested at 0, 100, 300, 500 or 1000 nM), and I-BET762 (dissolved in 
DMSO and tested at 0, 100, 300, 500 or 1000 nM). The vehicle used was Milli-Q water 
(for THD) or 0.1%–0.2% v/v DMSO (for compound 43, JQ1 and I-BET762). After nine 
days of incubation, cells in the wells were imaged (Section 2.3.3) then nuclei were 
released and counted by vFC (Section 2.4.3.1). The nuclei number from each well 
was used to calculate a final SMIA ratio (S) using the formula:  

S = 
(Drug/Vehicle)B
(Drug/Vehicle)P

	= 	
(B/P)Drug

(B/P)Vehicle
	 

where B or P represents inclusion of bevacizumab or palivizumab, respectively.  
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2.13.2 SMIA using serum-reduced medium 

The procedures were identical to those described in Section 2.13.1 except that 
endothelial serum-reduced medium (ESRM; Appendix 7; 0.2 mL/cm2) was used 
instead of ESFM-2D.  

2.14 Western Blotting  

2.14.1 Sample preparation 

Cells were detached, pelleted at 250 × g, 4 °C for 5 min, washed with cold 1× DPBS−/−, 
re-pelleted and whole cell lysate (WCL) prepared by lysis in 10× pellet volumes of 1.2× 
lithium dodecyl sulfate (LDS) sample buffer without dyes or reducing agents (for 4×: 
106 mM Tris HCl (Sigma, #93363), 141 mM Tris base, 2% w/v LDS (Sigma, #L9781), 
10% w/v glycerol (Sigma, #G5516), 0.51 mM EDTA, pH 8.5); stored at 4 ºC and diluted 
with Milli-Q water) at 70 °C for 10 min. Sonication was performed to shear gDNA and 
reduce viscosity, then insoluble material was pelleted by centrifugation at 17,000 × g, 
4 °C for 10 min. Total protein concentration in the supernatant was determined using 
a colourimetric assay (bicinchoninic acid (BCA) Protein Assay Reagent Kit, Thermo 
Fisher Scientific, #23225; reagents A:B, 25:1). When the sample volume to load in the 
gel well exceeded the maximum, 4× volumes of cold acetone (–20 °C) was added, 
mixed briefly by vortexing and incubated with WCL overnight at –20 °C. Next day, 
protein precipitate was pelleted at 17,000 × g, 4 °C for 10 min then dissolved in 1× 
LDS sample buffer (Bolt LDS sample buffer, Life Technologies #B0007 or NuPAGE 
LDS sample buffer, Life Technologies #NP0007; diluted with Milli-Q water) containing 
25 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCl, a reducing agent; 
Thermo Fisher Scientific, #77720). Otherwise, WCL was directly mixed with 1× LDS 
sample buffer containing 25 mM TCEP-HCL and 1× dyes (0.06 mM Coomassie 
Brilliant Blue G 250 (SERVA, Heidelberg, Germany, #17524) and 0.04 mM phenol red 
(Sigma, #114529)). The mixture was heated at 70 °C for 10 min.  

2.14.2 Sample processing and analysis 

After heating, the sample was subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE; Bolt 4–12% Bis-Tris Plus Gel, Life Technologies, 
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#BG00102BOX or NuPAGE 3-8% Tris-Acetate Gel, Life Technologies, #EA0375BOX) 
with 1× SDS running buffer (20× Bolt MES SDS Running Buffer, Life Technologies, 
#B0002 or 20× NuPAGE Tris-Acetate SDS Running Buffer, Life Technologies, 
#LA0041; diluted with Milli-Q water) then electroblotted to nitrocellulose membrane 
(Life Technologies, #IB23001) using an iBlot 2 Dry Blotting System (Life Technologies, 
#IB21001). After 1 h incubation at RT in blocking buffer (0.5× Odyssey Blocking Buffer 
(OBB), LI-COR, #927-40000; diluted with 1× DPBS−/−), membranes were briefly 
rinsed with 1× DPBS−/− then incubated with primary antibodies (Table 2.1) in 0.5× 
OBB, 0.1% v/v Tween 20 (Surfact-Amps 20, Thermo Fisher Scientific, #28320) and 
0.1% w/v NaN3 for 48 h at 4 °C. Membranes were washed with 1× DPBS−/− + 0.1% 
v/v Tween 20 (Sigma, #P7949) (1× PBST), four times, shaking at 55 rpm (5 min each) 
and incubated with secondary antibodies (Table 2.1) in 0.5× OBB, 0.1% v/v Tween 20 
Surfact-Amps 20 and 0.1% w/v NaN3 for 1 h at RT. Membranes were washed again 
(as described above) three times with 1× PBST and once with 1× DPBS−/− before 
being dried on filter paper and scanned using an infrared fluorescent imager (Odyssey 
CLx, LI-COR). Quantification was performed using Image Studio Lite software (LI-
COR; the background method was set as median).  

2.15 In Vitro Functional Assays for Assessing Endothelial Cell 
Activities  

2.15.1 Assay evaluating cell survival and/or proliferation  

2.15.1.1 Evaluation of effect of BETi under complete growth conditions  

XSEB113C1 cells were used to seed hFN-coated six-well plates at 4000 cm–2 in EGM-
2MV. EGM-2MV containing JQ1 at 300 nM, I-BET762 at 1000 nM or vehicle (0.1% v/v 
DMSO) was added approximately 20 h after seeding (day 0) and changed every 
subsequent 48 h. On days 0, 1, 3, 5, 7 and 9, cells in the wells were imaged (Section 
2.3.3) then nuclei were released and counted by vFC (Section 2.4.3.1). For 
quantification, the nuclei number per well per condition at a specific time point was 
normalised to the nuclei number per well on day 0.  
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2.15.1.2 Evaluation of interaction between BETi and bevacizumab  

2.15.1.2.1 Evaluation in serum-free medium  

XSEB113C1 cells were used to seed rhVTN-coated six-well plates at 4000 cm–2 in 
BCM-2+. Approximately 20 h later (day 0), BCM-2+ was aspirated and the wells were 
gently washed with warm (37 °C) MCA wash solution. ESFM-2D + mAb plus JQ1 at 
300 nM, I-BET762 at 1000 nM or vehicle (0.03% v/v or 0.1% v/v DMSO for JQ1 or I-
BET762, respectively) was added to the wells after washing with MCA wash solution 
on day 0 and changed every subsequent 48 h. On days 0, 1, 3, 5, 6, 7 and 9, cells in 
the wells were imaged (Section 2.3.3) and nuclei were released and counted by vFC 
(Section 2.4.3.1). For quantification, the nuclei number per well per condition at a 
specific time point was normalised to the nuclei number per well on day 0.  

2.15.1.2.2 Evaluation in serum-containing media  

The procedures were identical to those described in Section 2.15.1.2.1 except that 
ESRM or EGM-2MV was used instead of ESFM-2D and JQ1 at 300 nM was tested.  

2.15.2 Nuclear DNA content analysis  

XSEB113C1 cells were used to seed hFN-coated 10 cm dishes at 4000 cm–2 in EGM-
2MV. EGM-2MV containing JQ1 at 300 or 1000 nM, I-BET762 at 1000 nM or 0.1% v/v 
DMSO was added ~20 h after seeding (day 0). Nuclei were released after three days 
of incubation and were used for analysis of nuclear DNA content as described in 
Section 2.4.3.1.  

2.15.3 Scratch wound migration assay  

XSEB113C1 cells were used to seed hFN-coated 96-well flat clear-bottom black-
walled polystyrene microplates (Corning, #3904) at 15,000 per well in EGM-2MV. 
EGM-2MV containing JQ1 at 300 nM, I-BET762 at 1000 nM or 0.1% v/v DMSO was 
added ~20 h after seeding. Cells were incubated for another 48 h. Subsequent staining 
with 5-chloromethylfluorescein diacetate (CellTracker Green CMFDA dye, Life 
Technologies, #C2925) for 20 min, scratching, washing using EGM-2MV (fresh EGM-
2MV plus JQ1, I-BET762 or DMSO was added after washing) and imaging were 
performed as described by Williams et al. (2017) at 0 h (T0). Fixation, actin staining 
with phalloidin CF488A (Biotium, Hayward, CA, USA, #00042) and imaging were also 
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performed as described by Williams et al. (2017) 24 h after scratching (referred to as 
T24). Relative EC migration was calculated using the formula:  

A78<!>?7	BC	3>D1<!>2.	(%) = E
F0	 − 	F24

F0	 I × 100 

where A0 is the scratch area at T0 and A24 is the scratch area at T24. 

2.16 Statistical Analysis  

All statistical analyses (except the analyses of factorial experiments, NGS and RNA-
Seq) were performed using Prism 7 (GraphPad Software Inc., La Jolla, CA, USA) 
software. All error bars represent + or ± standard error of the mean (SEM). Analyses 
of the factorial experiments were performed using MiniTab 18 (Minitab Inc., State 
College, PA, USA).  

For analysis of EC-MCA and SMIA ratios (i.e. M and S, respectively), data were 
first log2-transformed because the assumption was made that log2M and log2S were 
normally distributed. Log2 transformation was also applied to ratios used in analysis of 
the surviving EC fraction. Statistical significance was determined by a two-tailed 
unpaired Student t-test for two-group comparison or one-way analysis of variance 
(ANOVA) for multiple comparisons (Dunnett’s multiple comparison test performed with 
adjusted P-values reported). For all statistical analyses, a P-value or adjusted P-value 
< 0.05 was considered sufficient to reject the null hypothesis.  
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Figure 2.1. Microcarrier-based culture of endothelial cells using spinner flasks 
Cell density was calculated using the nuclei number obtained on day 1 (18 h after 
inoculation) or on later days using the formula:  

J7.K>!L =	
[.0=87>] 	× 	/.0=87>

MF	 × 	/  

where [nuclei] is the concentration of nuclei in the sample (per mL), Vnuclei is the 
nuclei sample volume (in mL), SA is the surface area of microcarriers in the sample (in 
cm2/mL) and V is the volume of culture taken per sample (in mL). Seeding efficiency 
(in %) is the ratio calculated as density on day 1 versus density used for inoculation. 
Proliferation (expressed as fold-change) is the ratio calculated as density on a specific 
day versus density on day 1.  
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Figure 2.2. Important features of the lentivector transfer plasmid lentiCRISPRv2 
lentiCRISPRv2 encodes FLAG epitope-tagged, NLS-appended and human codon-
optimised Streptomyces pyogenes Cas9 (SpCas9) and puromycin N-acetyltransferase 
(pac). Top, lentiCRISPRv2 containing a 2 kb filler sequence flanked by BsmBI sites, 
serving as a backbone for cloning individual sgRNAs. Bottom, modified 
lentiCRISPRv2 encoding a 20 nt sgRNA after replacement of the 2 kb filler sequence. 

bp, base pair; cPPT, central polypurine tract; EFS, elongation factor 1a short promoter; 
FLAG, Flag octapeptide tag; LTR, long terminal repeat; NLS, nuclear localisation 
signal; P2A, porcine teschovirus 2A peptide; p(A), polyadenylation signal; psi+, 
packaging signal; RRE, Rev-responsive element; sin, self-inactivating; U6, human U6 
promoter; WPRE, Woodchuck hepatitis virus posttranscriptional regulatory element.  
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Figure 2.3. Timeline of sample preparation for evaluating CRISPR–Cas9 activity 
in endothelial cells  
See text in Section 2.8.2.2 for details of experimental procedures.    
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Figure 2.4. Timeline of the kinome-wide CRISPR screen  
See text in Section 2.9 for details of experimental procedures.   
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Figure 2.5. Schematic representation of transcriptomic analysis using RNA-Seq 
XSEB113C1 cells were cultured in ESFM + bevacizumab (orange) or ESFM + 
palivizumab (light purple) plus vehicle (DMSO) or a small-molecule inhibitor (blue dots, 
JQ1 or I-BET762). Total RNA was isolated after five days culture in ESFM and 
subjected to RNA-Seq and subsequent analysis.  
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Figure 2.6. Schematic representation of the EC-MCA using siRNA 
Gene-specific or non-targeting siRNA pools are used to transfect XSEB-tGFP cells 
(i.e. XSEB113C1 cells expressing tGFP) or XSEB-DsRed-Max cells (i.e. XSEB113C1 
cells expressing DsRed-Max), respectively. Twenty-four h after the beginning of 
transfection, transfected green and red cells are mixed 1:1 and incubated in ESFM 
plus bevacizumab or palivizumab. After nine days of incubation, the EC-MCA ratio (M) 
is calculated using results from flow cytometry according to the formula shown. See 
Section 1.7.4 for interpretation of M. B, bevacizumab; P, palivizumab.   
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Figure 2.7. Schematic representation of the SMIA 
XSEB113C1 cells are incubated in ESFM + bevacizumab or ESFM + palivizumab plus 
vehicle or drug. Empty wells are filled with DPBS−/− only. Nuclei are released from 
each well after nine days of incubation, stained using SYTOX Red and quantified by 
volumetric flow cytometry. A SMIA ratio (S) is calculated using results from flow 
cytometry according to the formula shown. Interpretation of S is similar to M (see 
Figure 2.6). B, bevacizumab; P, palivizumab.   
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Chapter 3  

Development of a 3D Pooled Screening Platform 

for Endothelial Cells Using a Microcarrier-Based 
Culture System and CRISPR–Cas9  
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3.1 Introduction  

In order to identify molecular modifiers of the EC response to bevacizumab by 
interrogating gene function, a model system combining VEGFA-dependent culture 
conditions, genetic perturbation in ECs and VEGFA blockade was previously 
established in the Tumour Angiogenesis and Microenvironment Program (PMCC). 
Proof-of-principle studies validated this model system in an EC-MCA format (Section 
1.7.4) by showing that shRNA-mediated knockdown of DNA-dependent protein kinase, 
catalytic subunit (DNA-PKcs) conferred EC resistance to bevacizumab (Halford et al., 
2018a; manuscript in preparation, see Page IX). In an effort to evaluate the effects of 
genetic perturbation on the EC response to bevacizumab in a high-throughput manner, 
this Chapter describes the development of a 3D pooled screening platform, including 
the development of a microcarrier-based culture system for efficient large-scale culture 
of ECs, implementation of CRISPR–Cas9 technology for systematic genetic LOF and 
modification of selective pressure for adapting screening selection in microcarrier-
based culture.  

3.1.1 Selection of the experimental endothelial cell culture model  

As described in Chapter 1, angiogenesis predominantly occurs in the microvascular 
network. The XSEB113C1 cell line used in this Thesis is derived from human 
microvascular blood vessels and has been validated for important phenotypic features. 
For example, XSEB113C1 cells express the major pan-EC markers (e.g. VWF, 
VEGFR2, VE-cadherin, PECAM1) but not those considered lymphatic EC specific (e.g. 
prospero homeobox 1 (PROX1)), are responsive to VEGFA and can form tubes 
(Halford et al., 2018a; manuscript in preparation, see Page IX). In addition, the 
immortality of XSEB113C1 cells (Section 2.3.1) enables use in long-term experiments 
such as genetic screening.  

3.1.2 Rationale for development of a microcarrier-based culture system 
for endothelial cells  

Large-scale monolayer culture of the adherent XSEB113C1 cell line is challenging 
because it requires a relatively very large surface area to grow and 2D flatware culture 
vessels offer a low surface-area-to-volume ratio. For example, when grown to 
maximum density in monolayer culture, XSEB113C1 cells occupy approximately 12 
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times the surface area of the same number of HEK293T cells (experimental 
observations). In CRISPR screens, a sufficiently high coverage (expressed as the 
number of cells per integration of each unique sgRNA-expressing cassette; referred to 
hereafter as cells per sgRNA) at all key steps (from transduction, screening selection 
to sample collection) is critical to avoid loss of individual sgRNAs and prevent 
introducing bias into the screen results (Joung et al., 2017; Miles et al., 2016). 
Consequently, to support a high coverage of cells per sgRNA, a 3D microcarrier-based 
culture system for XSEB113C1 cells was used to provide a large surface area per unit 
volume of culture. Additional advantages of using a microcarrier-based culture system 
for pooled genetic screening are further discussed in Section 3.3.1.  

3.1.3 Factorial design in development of a microcarrier-based culture 
system for endothelial cells 

To develop a microcarrier-based EC culture system, multiple parameters including 
microcarrier properties and culture conditions (Section 1.7.1) needed to be evaluated. 
A factorial design is efficient for evaluating the effects of two or more factors on a 
response variable and, importantly, interactions between them (Montgomery, 2012). 
Figure 3.1 shows an example of a 23 full factorial design to illustrate its principles.  

3.1.4 Modification of selective pressure for adapting screening selection 
in microcarrier-based culture  

XSEB113C1 cells have a long doubling time (~40 h in EGM-2MV and > 40 h in ESFM; 
experimental observations and technical information from Lonza) and grow much more 
slowly than other cell types such as the human melanoma cell lines A375, G361 and 
HMV-1 which have a doubling time of 6–12 h (Benga, 2001). The duration of screening 
selection (positive or negative selection or both) in pooled CRISPR screens using 
cancer cell lines is commonly approximately two weeks. For example, in positive 
selection screens, Shalem et al. (2014) selected A375 cells treated with vemurafenib 
for up to 14 days (for identifying genes conferring vemurafenib resistance) and Liao et 
al. (2017) selected the human non-small cell lung cancer cell line PC9 (doubling time, 
~37 h (Huang et al., 2013)) treated with gefitinib for up to 17 days (for identifying genes 
conferring gefitinib resistance). In negative selection screens for identifying essential 
genes, Evers et al. (2016) selected the human urothelial carcinoma cell lines RT112 
(doubling time, ~25 h (Skowron et al., 2015)) and UM-UT-3 (doubling time, ~20 h 
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(McKeown et al., 2003)) for up to 14 days and Hart et al. (2015) selected the human 
colorectal cancer cell line HCT116 (doubling time, ~29 h (Yao et al., 2005)) for up to 
18 days. In a screen which involved both positive and negative selection, Fei et al. 
(2017) selected the human prostate cancer cell line LNCaP (doubling time, ~29 h 
(Ballangrud et al., 1999)) for up to 14 days. However, there is no such information in 
the literature about microvascular blood ECs. Hence, the appropriate duration for 
screening selection in a kinome-wide CRISPR screen was estimated to be 21 days 
with consideration given to doubling time (by comparing conditions used in the 
previous studies discussed above), detection of changes in sgRNA representation in 
both positive and negative selection (duration needs to be sufficiently long) and 
economy (ESFM is expensive).  

In the EC-MCA, the selective pressure was ESFM plus mAb in monolayer culture 
and the duration was nine days (Halford et al., 2018b; manuscript in preparation, see 
Page IX). However, such selective pressure cannot be applied directly to a kinome-
wide CRISPR screen because microcarrier-based culture will be used instead of 
monolayer culture (so that the dynamic of cell survival and/or proliferation may be 
different) and the duration of screening selection will be 21 days. In addition, given that 
ESFM is VEGFA-dependent, the cell number in ESFM plus bevacizumab rather than 
palivizumab is the limiting factor for obtaining sufficient cells to maintain a high 
coverage of cells per sgRNA at sample collection. Previous results in monolayer 
culture showed a net decrease of viable XSEB113C1 cell number during incubation in 
ESFM plus bevacizumab with a day 9 surviving cell fraction (i.e. the ratio of viable cell 
number on day 9 versus that on day 0) of approximately 50% (Halford et al., 2018b; 
manuscript in preparation, see Page IX). This surviving cell fraction was expected to 
further decrease if incubation continued. Hence, the selective pressure must be 
modified by engineering ESFM composition to provide for a sufficient level of EC 
survival (≥	50%) in ESFM plus bevacizumab at the end of the screen. This will allow a 
high coverage of cells per sgRNA to be maintained at sample collection and sufficient 
gDNA to be isolated for analysis by NGS.  
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3.2 Results  

3.2.1 Development of a 3D microcarrier-based culture system for 
endothelial cells  

3.2.1.1 Screening of microcarrier types  

Selection of the most suitable microcarrier type for a specific cell line is fundamental 
to successful development of a microcarrier-based culture system (Leber et al., 2017). 
To identify the appropriate microcarrier type for cultivating XSEB113C1 cells, pilot 
experiments using 125 mL SFs were performed (by Dr. Michael Halford) to assess 
seeding efficiency on eight solid microcarrier types with diverse properties, namely, 
Hillex® II, SPM, Plastic Plus, Fact III, Collagen Coated, Glass Coated, Pronectin F and 
Synthemax II microcarriers (see Table 1.4 for properties of these microcarriers). In 
addition, coating of microcarrier surfaces with rhVTN (at 20 µg/mL) was tested for SPM 
and Plastic Plus microcarriers. In summary, the highest and the second highest 
seeding efficiencies were achieved using SPM (46%) and SPM coated with rhVTN 
(34%), respectively. All other microcarriers provided a low seeding efficiency (< 30%). 
Of these, all microcarriers with a positive surface charge (i.e. Hillex II, Plastic Plus, 
Fact III and Pronectin F) as well as Synthemax II microcarriers provided a seeding 
efficiency less than 20%, indicating a poor compatibility with XSEB113C1 cells. SPM 
were therefore selected for further development of a microcarrier-based culture system 
for XSEB113C1 cells.  

3.2.1.2 Improvement of seeding efficiency and proliferation on microcarriers  

To develop a microcarrier-based culture system for XSEB113C1 cells, cell behaviours 
needed to be satisfactory. The monolayer culture performance of XSEB113C1 cells 
(i.e. average seeding efficiency ≈ 80% and maximum density ≈ 2.8 × 104 cm–2; 
experimental observations) was used as a benchmark for improving seeding efficiency 
and proliferation on microcarriers. To achieve comparable values in microcarrier-
based culture, potentially important factors for seeding efficiency and proliferation were 
identified (see Section 3.3.1.4 for justification of factor selection) and evaluated 
following the procedures described in Section 2.4. The details of these factors, their 
levels tested and the corresponding response variables are shown in Table 3.1.  
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Table 3.1. Factors and their levels evaluated for improvement of seeding 
efficiency and proliferation on microcarriers  

Response variable Factor (unit) Levels 
Low High 

Seeding efficiency 
[rhVTN] (µg/mL) 5.5 11 

AT (h) 1 2 
Cell density (cm–2) 7000 10,000 

Proliferation  
(measured by fold-change 

of cell density) 

ISF (s–1) 11.8 17.8 
[FBS] (% v/v) 5 15 
MCI (day(s)) 1 2 

AT, attachment time; [FBS], FBS concentration; ISF, integrated shear factor; MCI, medium 
change interval; [rhVTN], rhVTN concentration for microcarrier coating.  

3.2.1.2.1 Factorial design identifies conditions for improved seeding efficiency 

To improve seeding efficiency of XSEB113C1 cells on SPM, a 23 full factorial 
experiment using 25 mL SFs was performed to investigate the roles of three suspected 
key factors (i.e. rhVTN concentration for microcarrier coating, attachment time and cell 
density) on seeding efficiency (Figure 3.2A). Eight (2 × 2 × 2 = 8) experimental 
conditions (also referred to as “runs”) were generated according to all possible 
combination of the levels (Figure 3.2A). These runs were evaluated to allow statistical 
detection of main effects and interactions between the factors (see Figure 3.1 for 
definition of main effects and interactions).  

From two independent experiments, eight runs generated a total of 16 (2 × 8 = 16) 
values of seeding efficiency. Analysis of all 16 values of seeding efficiency indicated a 
normal distribution of the residuals (Figure 3.3A). In addition, the residuals were 
randomly distributed with constant variance and were independent from each other 
(Figures 3.3B and D). The data were not skewed and there were no outliers (Figure 
3.3C). The data were therefore suitable for further statistical analysis to detect main 
effects and interactions using ANOVA.  

ANOVA revealed that both rhVTN concentration and cell density had a statistically 
significant main effect at the selected levels (P-value = 0.001 and 0.013, respectively, 
n = 2). Analysis of main effects further illustrated that the low levels of these two factors 
were responsible for a higher seeding efficiency (Figure 3.4A). There was no 
difference in terms of the effect of attachment time at the levels chosen (P-value = 
0.498, n = 2). In addition, no interaction was statistically significant at the levels tested 
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and this was also reflected by approximately parallel lines in the interaction plots 
(Figure 3.4B). Based on these results, the low levels of rhVTN concentration and cell 
density (5.5 µg/mL and 7000 cm–2, respectively) were selected to improve seeding 
efficiency. The low level of attachment time (1 h) was selected because of convenience 
(i.e. shorter waiting time).  

3.2.1.2.2 Factorial design identifies conditions for improved cell proliferation 

Next, investigation of the effects of factors on cell proliferation in growth medium was 
performed. With application of the newly defined conditions for seeding, three factors 
(i.e. ISF, FBS concentration in the growth medium and medium change interval (MCI)) 
were assessed in a 23 full factorial experiment using 25 mL SFs (Figure 3.2B). 
XSEB113C1 cells were incubated for seven days after inoculation and cell proliferation 
(expressed as fold-change in viable cell number) was the response variable.  

Although the statistical analysis for main effects and interactions was not 
performed because of insufficient degrees of freedom (n = 1), it showed a trend that 
the low level of ISF and the high level of FBS concentration promoted cell proliferation 
(Figure 3.5A). In addition, both levels of MCI produced similar effects and there were 
no obvious trends showing a potentially strong interaction between factors (Figures 
3.5A and B). Hence, the low level of ISF (11.8 s–1) and the high level of FBS 
concentration (15% v/v) were selected as candidates to improve cell proliferation. The 
high level of MCI (two days) was chosen because of convenience and economy (less 
frequent medium changes).  

3.2.1.2.3 Evaluation of conditions for improved seeding efficiency and proliferation 
in 125 mL spinner flasks  

Assessment of multiple factors was initially performed using 25 mL SFs (Sections 
3.2.1.2.1 and 3.2.1.2.2) because small amounts of cells and culture medium were 
required. However, the larger 125 mL SFs will be used in a kinome-wide CRISPR 
screen. Hence, it was evaluated whether the improved conditions identified using 25 
mL SFs could be translated to 125 mL SFs.  

Nine days of incubation in 125 mL SFs revealed a seeding efficiency of 71% ± 7% 
(mean ± SEM, n = 3 independent experiments) and a mildly sigmoidal growth curve 
with a maximum density close to 3 × 104 cm–2 on day 9 (Figure 3.6). These results 
were comparable to the benchmarks (i.e. those obtained in monolayer culture of 
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XSEB113C1 cells, Section 3.2.1.2), suggesting that these values of seeding efficiency 
and proliferation on SPM in the 125 mL SFs were satisfactory.  

3.2.1.3 Improvement of cell migration between microcarriers via bead-to-bead 
transfer 

Seeding efficiency and proliferation are important parameters for assessing culture 
performance in both 2D monolayer and 3D microcarrier-based cultures of adherent 
cells. In monolayer culture, cells attach to a flat surface after seeding and occupy it by 
proliferation until they reach the maximum density. However, in microcarrier-based 
culture cells can potentially migrate from populated microcarriers to adjacent empty 
microcarriers via bead-to-bead transfer (Ohlson et al., 1994; Wang and Ouyang, 
1999). Cells therefore occupy microcarriers by two mechanisms — attachment and 
proliferation on the same microcarrier and/or migration between adjacent microcarriers 
after inoculation (mechanism 1 and/or 2, respectively, Figure 3.7). This dynamic 
process allows real-time equilibration of cell density on microcarriers, which eventually 
leads to a uniform cell distribution over all microcarriers in culture. Promoting this bead-
to-bead cell transfer is necessary because the representation of certain sgRNAs may 
otherwise be artificially altered due to spatial limitation of proliferation when confluence 
is reached on individual microcarriers.  

A high concentration of SPM was used to provide a large surface-area-to-volume 
ratio during cell expansion. Consequently, only a small proportion of microcarriers were 
seeded by XSEB113C1 cells at an early stage of culture (Figures 3.7A and B, day 1). 
Subsequently, constant or intermittent (11 h on/1 h off) stirring was applied to the 
culture and the effects of different stirring modes on cell migration between 
microcarriers were compared. The cell distribution became homogenous on 
microcarriers during incubation (up to day 7) with intermittent stirring (Figure 3.7B, 
days 5 and 7) whereas only a small portion of microcarriers were populated under 
constant stirring conditions during the same period (Figure 3.7A, days 5 and 7). These 
results suggest that intermittent stirring allowed cells to migrate by promoting bead-to-
bead transfer, which happened minimally in the culture with constant stirring. In 
addition, cell bridges (evidence of bead-to-bead transfer) were observed between 
multiple adjacent microcarriers when intermittent stirring was applied (Figure 3.7C), 
further confirming cell migration between microcarriers.  
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To further explore the effects of different intermittent stirring cycles on cell 
proliferation, a side-by-side comparison was made between an 11 h on/1 h off cycle 
and a 6 h on/1 h off cycle which involved more frequent stops. With application of 
intermittent stirring from day 1, the 6 h on/1 h off cycle led to a delayed reduction in 
cell proliferation from day 3 and an overall low cell density on day 9 whereas the 11 h 
on/1 h off cycle generated a mildly sigmoidal growth curve with a high cell density on 
day 9 (Figure 3.8). The 11 h on/1 h off cycle was therefore selected as the intermittent 
stirring cycle for improved cell migration without adversely affecting cell proliferation.  

3.2.2 Evaluation of CRISPR–Cas9 activity in endothelial cells  

The Cas9/sgRNA library (i.e. the human CRISPR kinome library, hCKL; see Section 
2.5.2.1 for details) used for a kinome-wide CRISPR screen in this Thesis was 
constructed by Doench et al. (2016) based on the LV transfer plasmid backbone 
lentiCRISPRv2 (Section 2.5.2.1). To evaluate whether this vector was functional in 
XSEB113C1 cells, an sgRNA sequence targeting the endogenous AAVS1 locus 
(Wang et al., 2014) was cloned into lentiCRISPRv2 (see Section 2.8.2.1 for sgRNA 
cloning) to generate lentiCRISPRv2_sgAAVS1 for LV production.  

3.2.2.1 Cas9 protein expression  

Cas9 protein expression in XSEB113C1 cells transduced with LV encoding 
lentiCRISPRv2_sgAAVS1 was assessed by western blotting of WCL using an anti-
FLAG antibody (when expressed, a FLAG–Cas9 fusion protein was generated with a 
FLAG octapeptide tag at its N-terminus). Western blotting analysis showed that a 
signal at approximately 160 kDa was constitutively detected in transduced cells at all 
time points tested but not in untransduced parental XSEB113C1 cells (Figure 3.9), 
confirming stable expression of Cas9 protein (the reported molecular weight, 160 kDa) 
with minimal background.  

3.2.2.2 Editing efficiency of CRISPR–Cas9  

Next, the editing efficiency of CRISPR–Cas9 towards AAVS1 in XSEB113C1 cells was 
evaluated using the mismatch-specific nuclease T7E1 (T7E1 assay) and Sanger 
sequencing. Gel analysis of the DNA fragments generated from T7E1 digestion of 
mismatched DNA heteroduplexes demonstrated moderate and similar levels (42–
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45%) of indels in transduced cells at different time points (Figure 3.10A). In addition, 
decomposition of Sanger sequencing data using TIDE showed an increase of indels 
in transduced cells from 84% on day 5 post-infection (dpi 5) to 95% on day 12 post-
infection (dpi 12) (Figure 3.10B). Analyses using both methods indicated no genomic 
cleavage in untransduced cells (Figures 3.10A and B). Furthermore, analysis of 
Sanger sequencing results using TIDE revealed that the most dominant mutation type 
in transduced cells was a single base deletion in the target sequence (≥	70% of indels) 
at all time points (Figure 3.10C), which may explain the different results generated 
using the T7E1 assay and Sanger sequencing (see Section 3.3.2 for discussion).  

3.2.3 Quality control of the Cas9/sgRNA library  

It was critical to confirm that sgRNA representation in the Cas9/sgRNA library (hCKL) 
was maintained before performing a kinome-wide CRISPR screen. The plasmid pool 
of hCKL was sequenced for this purpose because sequencing data using plasmid DNA 
is a more appropriate reference than other methods such as using cDNA generated 
from the library packaged in LV (causing greater variance in representation) (Sims et 
al., 2011). NGS results showed that less than 0.1% of the total 3152 sgRNAs were 
under-represented (i.e. ≤ 10 reads) and more than 99% of all sgRNAs had a 
representation between 1000 and 10,000 reads (Figure 3.11). These results indicate 
that sgRNA representation in the plasmid pool of hCKL was maintained at a high level 
and the plasmid pool was appropriate for LV preparation and use in a kinome-wide 
CRISPR screen.  

3.2.4 Improvement of endothelial cell survival under selective pressure in 
microcarrier-based culture  

To define conditions that can maintain a sufficient surviving cell fraction (≥	50%) after 
three-week incubation in ESFM plus bevacizumab, the effects of ingredients in ESFM 
(Appendix 5) which may have a strong mitogenic and/or pro-survival effect on ECs 
were investigated. The potent pro-angiogenic factor FGF2 and the mitogen serotonin 
were initially evaluated. Five combinations of FGF2 and serotonin concentrations were 
tested and the combination of 5.05 ng/mL FGF2 and 0.65 nM serotonin resulted in the 
highest surviving cell fraction (close to 30%, Figure 3.12A) after 18 days of incubation. 
Although the combination of 10 ng/mL FGF2 and 1 nM serotonin produced similar 
results (Figure 3.12A), the combination of 5.05 ng/mL FGF2 and 0.65 nM serotonin 
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was selected for subsequent testing because of economy (i.e. less reagents will be 
consumed). To further increase the surviving cell fraction from 30%, the pro-angiogenic 
factor LR3-IGF1 and the serum substitute Nutridoma were evaluated. Five 
combinations of LR3-IGF1 and Nutridoma concentrations were tested and the 
combination of 27.5 ng/mL LR3-IGF1 and 1.5% v/v Nutridoma successfully achieved 
a surviving cell fraction that was greater than 50% after 18 days of incubation in ESFM 
plus bevacizumab (Figure 3.12B).  

Although the results from the two serial experiments revealed conditions (i.e. 5.05 
ng/mL FGF2, 0.65 nM serotonin, 27.5 ng/mL LR3-IGF1 and 1.5% v/v Nutridoma) that 
generated a satisfactory surviving cell fraction (> 50%) after 18 days of incubation, 
each experiment was performed only once because of the long experimental period 
necessary and the high cost associated with ESFM preparation. These conditions will 
therefore be further evaluated when a kinome-wide CRISPR screen is performed. 

3.3 Discussion  

3.3.1 Development of a 3D microcarrier-based culture system for 
endothelial cells  

3.3.1.1 Advantages of microcarrier-based culture for pooled genetic screening  

As discussed in Section 1.7.1, there are many advantages of using a 3D microcarrier-
based culture system versus conventional 2D monolayer culture for cultivating 
adherent cells, including cell lines that are difficult to culture and/or highly sensitive 
(e.g. human ECs and hMSCs). In a large-scale pooled genetic screen, microcarrier-
based culture provides multiple distinct advantages.  

Firstly, microcarriers provide a larger surface area per unit volume than 2D 
flatware culture vessels, thereby enabling more economical use of space and culture 
medium (Davies, 1981). For example, a kinome-wide CRISPR screen will require more 
than 60 million XSEB113C1 cells in total for transduction. To generate this large 
number of cells, at least 15 standard T175 flasks versus only two 125 mL SFs (with 40 
mg/mL SPM) would be required. In addition, for each medium change at two-day 
intervals, 787.5 mL of culture medium for 15 T175 flasks would be needed versus 75 
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mL for two 125 mL SFs because only 50% of medium would be changed in SFs each 
time. Further, a related advantage is that cells under the same conditions can be 
incubated using a single or a minimal number of SFs instead of being separated into 
multiple 2D flatware culture vessels because of limited surface area per vessel. This 
could reduce the number of handling steps per procedure and thereby increase the 
signal-to-noise ratio (by decreasing variability) in the screen results as well as lower 
the risk of contamination and shorten processing time (Chen et al., 2013).  

Secondly, the 3D culture environment created by gentle stirring of microcarriers is 
more relevant to in vivo conditions than 2D monolayer culture (Eglen and Randle, 
2015; Jakob et al., 2016). Blood ECs are constantly exposed to flow on their luminal 
side and it was discussed in Section 1.2.2.4 that flow-mediated shear stress plays an 
important role in vascular biology and regulation of angiogenesis. The microcarrier-
based culture system is a useful mimic of shear stress that is not provided in 2D static 
monolayer culture (Tashiro et al., 2012). Furthermore, cell bridges were observed 
between adjacent microcarriers (Section 3.2.1.3). It is speculated in this Thesis that 
such bridging may represent formation of “pseudo-lumens” that mimic blood vessels. 
Hence, the 3D microcarrier-based culture system enables a better simulation of in vivo 
conditions and may represent a more physiologically relevant assessment of EC 
activity and/or angiogenesis than 2D monolayer culture.  

Thirdly, the suspended and stirred microcarrier-based culture creates a 
homogenous environment that is easy to monitor and control (Rodrigues et al., 2013). 
For example, quantitative monitoring of cell seeding, survival and/or proliferation by 
cell/nuclei counting becomes simple because a small representative sample can be 
taken at any time point without disturbing the remaining culture (He et al., 2017b). In 
monolayer culture, cell/nuclei counting is not possible without detaching/lysing cells 
from the whole well in a plate or whole dish or flask. The ease of monitoring these cell 
activities in microcarrier-based culture is therefore useful in evaluating the appropriate 
conditions for the screen.  

Lastly, ECs were observed to proliferate on microcarriers and migrate between 
microcarriers via bead-to-bead transfer (Section 3.2.1.3). This is an important feature 
for a kinome-wide CRISPR screen because proliferation as a result of being resistant 
to bevacizumab will not be restricted due to cells reaching the maximum density on 
individual microcarriers (as they can migrate to other microcarriers which are not fully 
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occupied). As an important consequence, sgRNA representation of such cell 
populations will not be distorted by unnecessary growth limitation.  

3.3.1.2 Challenges of developing a microcarrier-based culture system for 
endothelial cells  

In vitro cultivation of ECs is difficult at large scale because they require specific growth 
factors and ECM to grow (Tashiro et al., 2012). To date, only a few attempts have been 
made to grow ECs derived from animals (e.g. bovine or porcine origins) using 
microcarriers and limited research has been conducted using human ECs (Busch et 
al., 1982; Davies, 1981; McArthur et al., 1986; Ryan et al., 1980; Tashiro et al., 2012; 
Zhang et al., 2017). Furthermore, in those experiments involving human ECs, HUVECs 
are the type used most often (Tashiro et al., 2012; Zhang et al., 2017). However, 
HUVECs are not the most appropriate model for angiogenesis research because they 
are derived from large vessels that do not participate in angiogenesis. Currently, there 
are no reports of microcarrier-based culture of human microvascular blood ECs. 
Hence, challenges were faced because of technical hurdles and lack of knowledge.  

The first challenge came from the slow-growing, difficult-to-culture human 
microvascular blood ECs used in this Thesis, XSEB113C1 cells. The slow-growing 
nature (characterised by a long doubling time, Section 3.1.4) of this cell line led to a 
longer experimental period for assessment of proliferation than using fast-growing cell 
lines such as HUVECs and cancer cell lines. In addition, XSEB113C1 cells are very 
sensitive to environmental fluctuations. For example, low viability was observed when 
gentle handling was not applied or incubation conditions (e.g. temperature, humidity 
and gases) were not optimal (experimental observations).  

Another major challenge of developing a microcarrier-based culture system lays 
in the technical aspects (Eglen and Randle, 2015). Compared to monolayer culture, 
many parameters need to be evaluated to optimise growth of specific cell types in 
microcarrier-based culture. These were discussed in Section 1.7.1 and include the 
unique parameters of microcarrier-based culture such as microcarrier properties (type, 
surface coating and concentration) and stirring settings (speed and mode) as well as 
common parameters such as culture conditions (e.g. medium, temperature, humidity, 
pH and oxygen) (Blüml, 2007; Sharfstein and Kaisermayer, 2010). In addition, current 
assay protocols for assessment of important parameters are not standardised. For 
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example, precise quantification of cell number on microcarriers is key to assessing 
culture performance (e.g. seeding and proliferation). In the literature, counting 
detached cells or released nuclei has been reported in the context of microcarrier-
based culture (Chen et al., 2011; Costa et al., 2013; Hewitt et al., 2011; Leber et al., 
2017; Rodrigues et al., 2013; Takahashi et al., 2017; Tashiro et al., 2012). However, 
counting detached cells is tedious as multiple steps including washing, detaching, 
removing microcarriers, pelleting and resuspending before counting are necessary. In 
addition, the method for detachment may need optimisation for specific cell types (e.g. 
incubation time for trypsin treatment). Counting released nuclei is an alternative 
method which does not require cell detachment. Nevertheless, even in recent 
publications (Leber et al., 2017; Takahashi et al., 2017), nuclei were counted using 
time-consuming and imprecise image-based methods according to a protocol originally 
developed by Sanford et al. (1951). To address this issue, the current protocol was 
modified by incorporating a pro-fluorescent nucleic acid stain for nuclei identification 
and using vFC for high-throughput counting to achieve high precision (He et al., 
2017b).  

3.3.1.3 Initial selection of microcarrier types  

In general, microcarriers are classified into two broad categories according to their 
porosity properties — solid (including microporous) and macroporous (Section 1.7.1). 
In Section 3.2.1.1, solid but not macroporous microcarriers were selected for initial 
evaluation, for the reasons discussed as follows. Firstly, cell detachment from 
macroporous microcarriers for harvesting is difficult (Leber et al., 2017). Secondly, ECs 
may not grow on macroporous microcarriers. Takahashi et al. (2017) showed that 
hMSCs grew well on microporous Cytodex 1 microcarriers but poorly on macroporous 
Cytopore microcarriers (see Table 1.4 for properties of these microcarriers). The 
authors further demonstrated using scanning electron microscopy that the diameter of 
cells attached on the surface of Cytodex 1 microcarrier was larger than the pore size 
(30 µm) of Cytopore microcarriers (Takahashi et al., 2017). This may be the reason 
that hMSCs grow poorly on Cytopore microcarriers because limited suitable surface is 
available for attachment and proliferation. Given that ECs are very large in size 
(Adamson, 1993), macroporous microcarriers are a poor candidate for cultivating 
XSEB113C1 cells for the same reason. Thirdly, it is possible that the internal surface 
of macroporous microcarriers adsorbs metabolic wastes which may adversely affect 
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culture conditions when accumulated (Davies, 1981). Hence, eight solid microcarrier 
types were selected in evaluation for cultivating XSEB113C1 cells.  

3.3.1.4 Identification of conditions for comparable culture performance versus 
monolayer culture  

One of the aims of developing the microcarrier-based culture system for XSEB113C1 
cells was to achieve a seeding efficiency and maximum density comparable to those 
typical of monolayer culture (Section 3.2.1.2).  

For improving seeding efficiency on SPM, rhVTN concentration for microcarrier 
coating and cell density were identified as important factors (Section 3.2.1.2.1). VTN 
is an ECM protein that interacts with many EC surface adhesion molecules including 
avb3 and avb5 integrins, synergises with VEGFA signalling (Leavesley et al., 2013) and 
may enhance seeding efficiency (Kim, 1992). Previous evaluation by Dr. Michael 
Halford showed that XSEB113C1 seeding efficiency was lower using SPM coated with 
rhVTN (at 20 µg/mL) than using non-coated SPM (Section 3.2.1.1). This phenomenon 
was proposed to be caused by an inhibitory effect of the high rhVTN concentration. 
The results from the factorial experiment confirmed this hypothesis and indicated that 
rhVTN coating at 5.5 µg/mL was more favourable (Section 3.2.1.2.1), which was 
consistent with the concentration (5 µg/mL) used in monolayer culture during the EC-
MCA (Section 2.12). In addition, the finding that a cell density of 7000 cm–2 (equivalent 
to 1 × 105 mL–1; surface-area-to-volume ratio = 14.4 cm2/mL) favoured higher seeding 
efficiency was in agreement with the condition (1 × 105 mL–1) used for inoculating 
microcarriers (gelatin beads; Gelibeads, Hazleton/KC, Lenexa, KS) using HUVECs 
(Tashiro et al., 2012).  

For improving cell proliferation, ISF and FBS concentration were identified as 
potentially important factors (Section 3.2.1.2.2). ISF is a measure of stirring-mediated 
shear stress in microcarrier-based culture for a given SF size and stirring speed 
(Tashiro et al., 2012). Shear stress is considered an important factor in microcarrier-
based culture. Heavy cell aggregation on microcarriers occurs if shear stress is 
insufficient, and while cell aggregation can be reduced by high shear stress, it may 
hamper cell proliferation (Takahashi et al., 2017). It is therefore critical to identify an 
appropriate stirring speed for specific SF and cell type combinations to avoid cell 
aggregation and promote cell proliferation. ISF levels for assessment were chosen 
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based on results from a study using HUVECs on microcarriers (Tashiro et al., 2012), 
which was the most relevant information available from the literature at the time. 
However, the low level of ISF (11.8 s–1) supported greater proliferation of XSEB113C1 
cells (Section 3.2.1.2.2) whereas the authors indicated that the high level (17.8 s–1) 
was preferred for HUVECs (Tashiro et al., 2012). In terms of the effect of serum 
concentration, greater proliferation of XSEB113C1 cells was associated with a higher 
serum concentration (Section 3.2.1.2.2), which is consistent with the results from the 
HUVEC study (Tashiro et al., 2012).  

Given that statistical analysis was not performed in the second factorial 
experiment (for improvement of cell proliferation) and 125 mL SFs would be used in a 
kinome-wide CRISPR screen, these conditions identified using 25 mL SFs were 
therefore evaluated using 125 mL SFs. Importantly, a seeding efficiency and maximum 
density comparable to the values from monolayer culture were achieved (Section 
3.2.1.2.3), confirming that these conditions were satisfactory.  

3.3.1.5 Promotion of bead-to-bead transfer  

Bead-to-bead transfer was reported in microcarrier-based cultures of Vero cells (Wang 
and Ouyang, 1999), Chinese hamster ovary (CHO) cells (Ohlson et al., 1994) and 
hMSCs (Leber et al., 2017; Sart et al., 2009). It is suggested from these studies that 
specific stirring parameters may need to be determined for individual cell types to 
promote cell transfer given the different settings (e.g. constant versus intermittent and 
different intermittent stirring cycles) applied to different cell lines (Leber et al., 2017; 
Ohlson et al., 1994; Sart et al., 2009; Wang and Ouyang, 1999). Indeed, cell 
characteristics such as propensity for migration and cell surface molecules expressed 
may affect cell transfer (Leber et al., 2017). Bead-to-bead transfer of XSEB113C1 cells 
occurred minimally under constant stirring but was promoted by intermittent stirring 
(Section 3.2.1.3). Two different intermittent stirring cycles were subsequently 
compared and the cycle with more frequent stops (6 h on/1 h off) was found to hamper 
cell proliferation and the cycle with fewer stops (11 h on/1 h off) promoted a high cell 
density (Section 3.2.1.3). The efficiency of bead-to-bead transfer is associated with 
cell–microcarrier interaction (Leber et al., 2017). It was possible that there were 
inadequate interactions between XSEB113C1 cells and microcarriers under constant 
stirring such that the cells had limited access to microcarriers. In contrast, under the 
intermittent stirring cycle 11 h on/1 h off, the stops offered opportunities for cells on 
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one microcarrier to move in close proximity to adjacent microcarriers and bead-to-bead 
transfer was promoted. The cell–microcarrier interaction was further confirmed by the 
observation of cell bridges that linked adjacent microcarriers (Section 3.2.1.3) which 
have also been seen by others when bead-to-bead transfer occurred (Leber et al., 
2017). However, frequent interactions caused by the intermittent stirring cycle 6 h on/1 
h off may lead to a high cell aggregation rate which inhibited cell proliferation. The 
intermittent stirring cycle 11 h on/1 h off was therefore identified as suitable for 
generating an appropriate level of cell–microcarrier interaction for promoting bead-to-
bead transfer without inhibiting cell proliferation.  

3.3.2 Assessment of editing efficiency of CRISPR–Cas9  

Mismatch cleavage assays using a mismatch-specific nuclease such as T7E1 or 
Surveyor nuclease (referred to as T7E1 assay or Surveyor assay, respectively) 
represent a simple and inexpensive method for estimation of editing efficiency (Huang 
et al., 2012; Zischewski et al., 2017). The T7E1 assay was initially used to quantify the 
indel mutations induced by CRISPR–Cas9 in XSEB113C1 cells because T7E1 is more 
sensitive and cost-effective than Surveyor nuclease (Zischewski et al., 2017). It was 
shown using the T7E1 assay that the total indel frequency was 45% at dpi 12 using an 
sgRNA targeting AAVS1 in XSEB113C1 cells (Section 3.2.2.2). However, the same 
sgRNA sequence targeting AAVS1 was shown by Wang et al. (2014) using the 
Surveyor assay to induce a total indel frequency of 72% at dpi 6 in the human chronic 
myeloid leukaemia cell line KBM7. Although this disparity may be due to different 
editing efficiencies in different cell lines, it was unknown whether the results were valid 
because mismatch cleavage assays usually underestimate the mutation rate 
(Zischewski et al., 2017).  

To confirm whether CRISPR–Cas9 can efficiently induce genomic cleavage in 
XSEB113C1 cells, a different method for detection was tested: the same gDNA 
extracted for the T7E1 assay was used to generate PCR products containing the 
cleavage site for Sanger sequencing. Analysis of the sequencing results using TIDE 
showed a very high total indel frequency of 95% at AAVS1 at dpi 12 (Section 3.2.2.2). 
In addition, the observation that the total indel frequency gradually increased from dpi 
5 to 12 was consistent with ongoing genomic cleavage by constitutively expressed 
Cas9 and sgRNA. However, this was not reflected in the results from the T7E1 assay 
as the total indel frequency was similar at all time points. Moreover, analysis of Sanger 
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sequencing results using TIDE revealed additional information about the type and rate 
of indel mutations. It showed that more than 70% of indels at each time point 
represented deletion of a single bp (Section 3.2.2.2). This may explain the lower total 
indel frequency observed in the T7E1 assay because T7E1 usually fails to detect single 
nucleotide indels and may not detect small indels, while sequencing can capture all 
events (Vouillot et al., 2015; Zischewski et al., 2017). Overall, the data indicated that 
Cas9 activity at AAVS1 was able to efficiently induce indel mutations and 
lentiCRISPRv2 was functional in XSEB113C1 cells.  

3.3.3 Conclusions 

The first part of the results in this Chapter described the development of a 3D 
microcarrier-based culture system that achieved satisfactory levels of seeding 
efficiency and proliferation as well as migration of XSEB113C1 cells. Subsequently, 
evaluation of CRISPR–Cas9 activity confirmed stable Cas9 protein expression and a 
high editing efficiency in XSEB113C1 cells using an sgRNA targeting AAVS1. Quality 
control of the Cas9/sgRNA library (hCKL) validated a high level of sgRNA 
representation in the plasmid pool and confirmed its use in a kinome-wide CRISPR 
screen. Lastly, modifications of the ESFM composition enabled an adequate surviving 
cell fraction over approximately three-week application of selective pressure in 
microcarrier-based culture, allowing sufficient viable cells for sample collection to 
maintain a high coverage of cells per sgRNA at the end of the screen. Overall, this 
Chapter summarised the development of a 3D pooled screening platform using 
microcarrier-based culture and CRISPR–Cas9, which will be used in Chapter 4 for 
identification of molecular modifiers of the EC response to bevacizumab.   
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Figure 3.1. Schematic representation of a 23 full factorial design 
In this example, there are three factors (A, B and C; blue, red and green, respectively) 
with two well-separated levels per factor, i.e., a low level (−1) and a high level (1). Each 
axis of the cube represents a factor with two levels and each coloured corner point 
represents a unique combination of levels of each factor. All possible combinations of 
the levels of all three factors are represented by eight (23) corner points of the cube. 
These eight conditions (also referred to as “runs”) are tested in a randomised order to 
enable statistical evaluation of the effects of individual factors on the response variable 
(i.e. main effects). In addition, interactions (i.e. failure of one factor to produce the same 
effect on the response at different levels of another factor) between two factors (AB, 
AC and BC) or three factors (ABC) are also inferred.   
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Figure 3.2. Factors evaluated using a 23 full factorial design for seeding 
efficiency and proliferation on microcarriers  
Factors evaluated for (A) seeding efficiency; or (B) cell proliferation, using a 23 full 
factorial design. See Section 2.4 for microcarrier-based culture. AT, attachment time 
(unit, h); cell density (cm–2); [FBS], FBS concentration (% v/v); ISF, integrated shear 
factor (s–1); MCI, medium change interval (day(s)); [rhVTN], rhVTN concentration for 
microcarrier coating (µg/mL).  
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Figure 3.3. Residual plots for seeding efficiency in 23 factorial experiments 
The normal probability plot of residuals (A) reveals that the residuals are normally 
distributed (i.e. the points follow a straight line). The residuals versus fits plot (B) 
reveals that the residuals are randomly distributed and have constant variance (i.e. the 
points do not follow obvious patterns). The histogram of residuals (C) assesses 
whether the data are skewed or contain outliers. The residuals versus order plot (D) 
shows that the residuals are independent from each other when displayed in 
observation order (i.e. the points do not follow obvious patterns or trends).   
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Figure 3.4. Identification of conditions for improved seeding efficiency on 
microcarriers  
(A) Representation of main effects on seeding efficiency. (B) Representation of 
interactions of factors on seeding efficiency. Results represent means from two 
independent experiments (n = 2). AT, attachment time; [rhVTN], rhVTN concentration 
for microcarrier coating.   
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Figure 3.5. Identification of conditions for improved cell proliferation on 
microcarriers  
(A) Representation of main effects on cell proliferation. (B) Representation of 
interactions of factors on cell proliferation. Results represent means from one 
experiment (n = 1). Proliferation is expressed as fold-change increase in viable cell 
number. [FBS], FBS concentration; ISF, integrated shear factor; MCI, medium change 
interval.   
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Figure 3.6. Evaluation of conditions for improved seeding efficiency and 
proliferation of XSEB113C1 cells on microcarriers in 125 mL spinner flasks  
Seeding efficiency was assessed on day 1 (indicated by the arrow) and proliferation 
was assessed every 48 h from day 1 (up to day 9; the stirring was intermittent (11 h 
on/1 h off) during the proliferation phase (i.e. from day 1 to day 9) in 125 mL SFs. 
Seeding efficiency represents mean ± SEM (n = 3 independent experiments) and error 
bars represent ± SEM (n = 3 independent experiments).   
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Figure 3.7. Intermittent stirring promotes cell migration between microcarriers 
Cell distribution on microcarriers in 125 mL SFs with (A) constant stirring or (B) 
intermittent stirring (11 h on/1 h off) is shown schematically below images of Hoechst 
33342-stained nuclei. Cells occupied the microcarriers by proliferation on the same 
microcarrier (mechanism 1) and/or migration between adjacent microcarriers 
(mechanism 2) during the incubation period. Scale bars, 100 µm. See text in Section 
2.4.3.2 for imaging of nuclei. (C) Representative image of XSEB-DsRed-Max cells (i.e. 
XSEB113C1 cells expressing the red fluorescent protein DsRed-Max; Section 2.12) 
on microcarriers. XSEB-DsRed-Max cells on microcarriers were imaged after seven 
days of incubation in 25 mL SFs with intermittent stirring (11 h on/1 h off) as described 
in Section 2.4.3.4. White arrowheads indicate cell bridges. Scale bar, 50 µm.   
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Figure 3.8. Effects of intermittent stirring cycles on cell proliferation in 
microcarrier-based culture  
Microcarriers seeded with XSEB113C1 cells were incubated in 25 mL SFs under 
identical conditions before being stirred using two different intermittent stirring cycles 
(11 h on/1 h off, green curve; 6 h on/1 h off, red curve) started on day 1. Error bars 
represent ± SEM (n = 2 independent experiments).  
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Figure 3.9. Western blotting analysis of FLAG–Cas9 protein expression in 
endothelial cells transduced with lentivector encoding lentiCRISPRv2_sgAAVS1 
The size of detected bands for FLAG–Cas9 was approximately 160 kDa (the reported 
molecular weight of Cas9 is 160 kDa). GAPDH (38 kDa) was used as a loading control. 
See text in Section 2.8.2.2 for transduction conditions and sample preparation and 
Section 2.14 for western blotting. dpi, days post-infection.  
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Figure 3.10. Evaluation of CRISPR–Cas9-induced genomic cleavage in 
endothelial cells transduced with lentivector encoding lentiCRISPRv2_sgAAVS1  
(A) Agarose gel analysis of genomic cleavage using a T7E1 assay. Briefly, a 500 bp 
PCR product from AAVS1 containing the sgRNA target sequence was generated, 
denatured and re-annealed to form homoduplexes and heteroduplexes. T7E1 
recognised and cleaved mismatched heteroduplexes into smaller DNA fragments 
(expected sizes, 320 bp and 180 bp). A negative (−ve) control was included using a 
PCR without gDNA. Total indel frequency was calculated as described in Section 
2.8.2.2 using results from one experiment (n = 1). (B) Total indel frequency as analysed 
from decomposition of Sanger sequencing results using TIDE. Percentages represent 
results from one experiment (n = 1). (C) Characterisation of indels induced by 
CRISPR–Cas9 from the analysis in (B). See text in Section 2.8.2.2 for transduction 
conditions and sample preparation. dpi, days post-infection.   
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Figure 3.11. Deep sequencing analysis of sgRNA representation in the plasmid 
pool of the Cas9/sgRNA library  
Individual sgRNA representation is displayed by the normalised log10 sgRNA reads 
generated by NGS using the plasmid pool of the Cas9/sgRNA library, hCKL (Section 
2.5.2.1). sgRNAs which have fewer than 10 reads (the red dotted line) are defined as 
under-represented.   
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Figure 3.12. Improvement of endothelial cell survival under selective pressure in 
microcarrier-based culture  
(A) Effects of the culture conditions with different serotonin and FGF2 concentrations 
on EC survival. (B) Effects of the culture conditions with different Nutridoma and LR3-
IGF1 concentrations on EC survival. Surviving EC fraction is the ratio of relative viable 
cell number on a specific day versus that on day 0. The green or red dotted line 
represents a surviving cell fraction of 50% or 30%, respectively. All curves represent 
results from one experiment (n = 1). Wild-type XSEB113C1 cells, SPM and 25 mL SFs 
were used throughout the experiments.  
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Chapter 4  

A Kinome-Wide CRISPR Screen Reveals 

Molecular Modifiers of the Endothelial Cell 
Response to Bevacizumab  
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4.1 Introduction  

In vitro pooled genetic screening is a useful and powerful approach for interrogation of 
gene function in biological systems (Section 1.7.3). In the recent literature, many 
genome-wide CRISPR screens have been described and a majority of these were 
performed using cancer cell lines cultured with simple medium compositions (Arroyo 
et al., 2016; Deans et al., 2016; Fei et al., 2017; Hart et al., 2015; Koike-Yusa et al., 
2014; Ma et al., 2015; Park et al., 2017; Parnas et al., 2015; Shalem et al., 2014; Shi 
et al., 2017a; Steinhart et al., 2017; Toledo et al., 2015; Tzelepis et al., 2016; Wang et 
al., 2014; Zhou et al., 2014c).  

The culture conditions have been well established for generating large numbers 
of cancer cells in monolayer culture to fulfil the high demand for cell number when 
using large libraries (e.g. those targeting the whole genome) in genetic screens. 
Although a microcarrier-based culture system has been developed for this purpose 
(Chapter 3), there was apparently no previous experience in using microcarrier-based 
culture nor human ECs in a CRISPR screen. The human kinome (comprised of 
approximately 2% of all human genes) rather than the whole genome was targeted in 
this Thesis for the reasons discussed below. Firstly, a focused library (e.g. targeting 
parts of the genome) requires less resources (e.g. cells, culture medium, LV, drugs) in 
the CRISPR screen. As a pilot study, using a small focused library will effectively 
reduce the risk of wasting a large amount of resources and time invested than, for 
example, using a genome-wide library. Knowledge and experience obtained from such 
an initial screen can guide appropriate application of larger libraries in the future. 
Secondly, kinases encoded by the human kinome mediate phosphorylation of diverse 
signalling molecules and modulate most of the signal transduction in human cells 
(Johnson and Lewis, 2001; Manning et al., 2002). Kinases therefore play a critical role 
in important cellular processes such as transcription, proliferation, survival, apoptosis, 
cell movement, differentiation and metabolism (Adams, 2001; Manning et al., 2002). 
Dysregulation of kinase function has been implicated in human diseases including 
cancer and many small-molecule kinase inhibitors have been approved for treating 
cancer (Brognard and Hunter, 2011; Wu et al., 2015; Zhang et al., 2009). Thirdly, as 
an important biological target, kinases have been extensively studied for almost eight 
decades since the 1950s (Burnett and Kennedy, 1954; Manning et al., 2002). 
Research tools (e.g. antibodies, small-molecule inhibitors, experimental models) and 
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information about individual kinases are therefore likely to be readily accessible, which 
may facilitate subsequent investigation.  

The successful development of a 3D pooled screening platform (Chapter 3) is the 
foundation for high-throughput and minimally biased assessment of the human kinome 
in the context of VEGFA blockade in human microvascular blood ECs. This Chapter 
describes the identification of molecular modifiers of the EC response to bevacizumab 
using a kinome-wide CRISPR screen. The subsequent validation of these candidates 
using an alternative method for genetic perturbation (siRNA) in the EC-MCA or 
pharmacological inhibition in the SMIA is also presented.  

4.2 Results  

4.2.1 A kinome-wide CRISPR screen identifies 18 candidate genes as 
molecular modifiers of the endothelial cell response to bevacizumab  

To identify molecular modifiers of the in vitro EC response to bevacizumab, a kinome-
wide CRISPR screen (Figure 4.1) was performed using the 3D screening platform 
developed in Chapter 3. A LV Cas9/sgRNA library (hCKL) targeting 763 genes in the 
human kinome (with four individual sgRNAs per gene and 100 non-targeting control 
sgRNAs; 3152 sgRNAs in total) was used to transduce human microvascular blood 
ECs (XSEB113C1 cells) that were expanded in microcarrier-based culture. After killing 
non-transduced cells, selective pressure was applied to transduced cells by adding 
bevacizumab or palivizumab to the modified conditions for screening selection 
(Section 3.2.4). Genomic DNA was isolated from the surviving cells in each treatment 
group for comparison of differential sgRNA representation by NGS and identification 
of candidate genes.  

4.2.1.1 Quality control of the screening conditions  

Quality control of the screening conditions focused on monitoring cell attachment, 
survival and/or proliferation during key screening steps and evaluation of transduction.  
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4.2.1.1.1 Monitoring of cell attachment, survival and/or proliferation   

During the steps before screening selection (i.e. day −9 to day 0, Figure 4.2A), seeding 
efficiency and cell proliferation were in agreement with the previous results of 
microcarrier-based culture (Figure 3.6), with a slight decrease in cell number during 
antibiotic selection and serum reduction (Figure 4.2A), confirming the expected cell 
attachment and proliferation. In addition, these results were consistent in the two SFs 
that were treated identically during this period (Figure 4.2A), showing minimal 
variability.  

During the period of screening selection (i.e. day 0 to day 21, Figure 4.2B), the 
cell number in each treatment arm was examined to monitor overall survival in ESFM. 
Differential cell survival was observed between bevacizumab versus palivizumab 
treatment throughout the selection period (Figure 4.2B), confirming that VEGFA-
dependent culture conditions were maintained during this period. Importantly, the 
surviving EC fraction in ESFM plus bevacizumab was above 50% at the end of the 
screen (i.e. day 21) (Figure 4.2B), suggesting that modification of the selective 
pressure (Section 3.2.4) was successful and the cell number would provide sufficient 
gDNA to maintain the high coverage of cells per sgRNA.  

4.2.1.1.2 Evaluation of transduction  

To evaluate whether transduction was successful, sgRNA representation was 
assessed by sequencing PCR amplicons prepared using gDNA isolated on day 0 (i.e. 
the beginning of screening selection; five days after transduction). NGS results showed 
that less than 0.1% of the total 3152 sgRNAs were under-represented (i.e. ≤ 10 reads) 
and more than 97% of all sgRNAs had a representation between 1000 and 10,000 
reads, which was consistent with sgRNA representation in the plasmid pool of hCKL 
(Figure 4.3). These results confirmed effective transduction to enable sgRNA 
integration into the host EC genome with representation maintained to that in the 
plasmid pool.  

4.2.1.2 Identification of candidate genes 

After the screening conditions were validated (Section 4.2.1.1), NGS samples were 
processed for analysis of differential sgRNA representation. Volcano plots were used 
to show the enriched and depleted sgRNAs in the bevacizumab-treated (compared 
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with palivizumab-treated) samples prepared on day 12 and day 21, with the 
corresponding P-value for each sgRNA (Figure 4.4). A modified robust rank 
aggregation (a-RRA) score was subsequently calculated according to the P-value-
based sgRNA ranking and corrected for multiple hypothesis testing to identify 
candidate genes. If a gene is associated with a small a-RRA score, it indicates that the 
sgRNAs targeting this gene are ranked consistently high and this gene is likely a 
candidate for the resultant phenotype (Li et al., 2014b). In addition, if the sgRNAs are 
enriched or depleted, the gene targeted would be defined to be identified from positive 
or negative selection, respectively.  

At a false discovery rate (FDR) ≤ 0.3, 18 candidate genes with small a-RRA scores 
and P-values were identified from positive selection or negative selection (as potential 
resistance-mediators or sensitisers, respectively, of the EC response to bevacizumab) 
(Table 4.1 and Figure 4.5). The individual sgRNAs targeting these genes are 
highlighted in Figure 4.4. Importantly, almost all of the non-targeting sgRNAs had a 
relatively large P-value (i.e. less statistically significant) and their representation in the 
two treatment arms was similar (i.e. minimal biological significance) (Figure 4.4), 
suggesting relatively low noise in the screen results.  
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Table 4.1. Candidate genes identified from the kinome-wide CRISPR screen at FDR ≤ 0.3 

  

Gene Description a-RRA 
score P-value FDR (%)* Selection  

(B versus P) Time point 

BRD2 bromodomain containing 2 5.93E-08 4.96E-06 0.0009 positive (+) Day 21 
MAP3K11 mitogen-activated protein kinase kinase kinase 11 7.51E-07 4.96E-06 0.0009 positive (+) Day 21 

CDK12 cyclin dependent kinase 12 3.23E-06 4.96E-06 0.0009 positive (+) Day 21 
YES1 YES proto-oncogene 1, SRC family tyrosine kinase 4.84E-05 1.93E-04 0.03 positive (+) Day 21 
BRD3 bromodomain containing 3 4.54E-05 1.93E-04 0.04 positive (+) Day 21 

TGFBR2 transforming growth factor beta receptor 2 5.73E-05 2.03E-04 0.04 positive (+) Day 21 
PTK2 protein tyrosine kinase 2 1.35E-04 5.21E-04 0.07 positive (+) Day 21 
TLK1 tousled-like kinase 1 4.64E-05 1.93E-04 0.07 negative (–) Day 12 

TAOK1 thousand and one amino acid protein kinase 1 5.79E-05 2.03E-04 0.08 negative (–) Day 21 
LATS2 large tumour suppressor kinase 2 1.05E-04 4.02E-04 0.10 negative (–) Day 21 
ACTR2 ARP2 actin related protein 2 homolog 3.93E-04 1.50E-03 0.16 positive (+) Day 21 
CDKL3 cyclin dependent kinase like 3 1.16E-04 4.41E-04 0.17 positive (+) Day 12 
TLK2 tousled-like kinase 2 2.79E-04 1.05E-03 0.20 negative (–) Day 21 
ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase 4.71E-04 1.77E-03 0.23 negative (–) Day 21 

C17orf75 chromosome 17 open reading frame 75 5.01E-04 1.83E-03 0.23 negative (–) Day 21 
STK25 serine/threonine kinase 25 6.55E-04 2.47E-03 0.27 negative (–) Day 21 
TRRAP transformation/transcription domain associated protein 8.57E-04 3.32E-03 0.29 positive (+) Day 21 
DYRK4 dual specificity tyrosine phosphorylation regulated kinase 4 8.99E-04 3.42E-03 0.29 positive (+) Day 21 

*FDR for each gene was calculated using the combined data from two independent experiments (n = 2) except BRD3 and TGFBR2 (n = 1).  
Genes identified from positive or negative selection are shaded in green or red, respectively.  
 
a-RRA, modified robust rank aggregation; B, bevacizumab; FDR, false-discovery rate; P, palivizumab.  
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4.2.2 Validation of candidate genes  

4.2.2.1 Expression of candidate genes in endothelial cells  

To confirm that the candidate genes were expressed in ECs, total RNA isolated from 
XSEB113C1 cells cultivated in microcarrier-based culture was processed for NGS. 
RNA-Seq analysis showed that all candidate genes were highly expressed at the 
mRNA level (compared with that of GAPDH, a highly expressed housekeeping gene 
in most cells) except CDKL3, whose expression was relatively low (Figure 4.6). In 
addition, given that BRD4 and BRDT are highly related to BRD2 and BRD3 (all belong 
to the BET family of proteins; Section 1.2.2.2), their expression was also examined. 
The expression of BRD4 was detected at a similar level to that of BRD2 and BRD3 
(Figure 4.6) whereas BRDT was not expressed in XSEB113C1 cells. BRD4 was 
therefore also evaluated in subsequent EC-MCA experiments to exclude the possibility 
of a false negative result.  

4.2.2.2 Phenotypic evaluation of candidate gene knockdown  

To functionally validate the candidate genes, the EC-MCA (Sections 1.7.4 and 2.12) 
was used as a complementary system to the CRISPR screen. In addition, siRNA was 
selected as an alternative method for genetic LOF rather than CRISPR–Cas9. Since 
the effect of siRNA delivered by transfection is transient and cell type-dependent, 
suitable conditions for siRNA-mediated gene knockdown in XSEB113C1 cells were 
established using an siRNA pool targeting the highly expressed GAPDH gene before 
performing the EC-MCA. Western blotting analysis showed that siRNA-mediated 
knockdown of GAPDH was detectable at a late time point (day 7) and was more 
prominent than that on day 3 (Figure 4.7). In addition, 20 nM of the GAPDH-specific 
siRNA pool (siGAPDH) effectively reduced GAPDH protein expression to 
approximately 10% of that in the negative control sample on day 7 and this represented 
the highest knockdown efficiency among all concentrations tested (Figure 4.7). Hence, 
siRNA pools at 20 nM were used in the EC-MCA because this concentration was likely 
to provide for effective knockdown of candidate genes plus BRD4 (whose expression 
were all lower than that of GAPDH; Section 4.2.2.1) in ECs over a nine-day period of 
the EC-MCA.  
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The effect of individual knockdown of all candidate genes plus BRD4 using siRNA 
was evaluated in the EC-MCA. A final EC-MCA ratio (M) was generated from FC data 
analysed using the gating strategy displayed in Figure 4.8A. Of these, BRD2, BRD3, 
BRD4, TAOK1, ACTR2, and TRRAP knockdown conferred EC resistance to 
bevacizumab (M > 1) whereas TLK1 and TLK2 knockdown sensitised ECs to 
bevacizumab (M < 1) (Figure 4.8B). These results were consistent with the screen 
results except for TAOK1, whose LOF was shown to induce EC sensitisation to 
bevacizumab in the screen (Table 4.1 and Figure 4.5).  

4.2.2.3 Assessment of small-molecule inhibitors  

To further validate the results of the screen and the EC-MCA, small-molecule inhibitors 
including the pan-BETi JQ1 and I-BET762; the TAOK kinase inhibitor compound 43; 
and the TLK1 kinase inhibitor THD were assessed in the SMIA (Section 2.13). TLK2, 
ACTR2 and TRRAP were excluded from the SMIA assessment due to unavailability of 
specific small-molecule inhibitors at the time.  

Similar to the EC-MCA, the SMIA generated a final ratio (S) to indicate the effect 
of small-molecule inhibitor treatment. In agreement with the EC-MCA results, JQ1 (at 
all concentrations tested) and I-BET762 (at 1000 nM) produced a phenocopy of siRNA-
mediated knockdown of individual BET protein but with a more profound effect (S > 
1.5) (Figure 4.9). Compound 43 (at 5, 10 and 20 µM) also confirmed the effect of 
TAOK1 knockdown (S > 1) (Figure 4.9). In contrast, THD (at all concentrations tested) 
conferred EC resistance to bevacizumab (S > 1) (Figure 4.9), which was opposite to 
the results of the screen and the EC-MCA (Table 4.1, Figure 4.5 and Figure 4.8B).  

4.3 Discussion  

4.3.1 Identification of candidate genes from the screen  

An FDR threshold for a significant result (e.g. a-RRA score) is usually defined for 
identification of candidate genes from CRISPR screens. However, there is no absolute 
definition for such a cut-off. In the recent literature, candidate genes were identified 
using an FDR threshold from 0.01 to 0.3 (Arroyo et al., 2016; Fei et al., 2017; Hart et 
al., 2015; Klann et al., 2017; Liao et al., 2017; Steinhart et al., 2017; Toledo et al., 
2015; Tzelepis et al., 2016). The kinome-wide CRISPR screen performed in this Thesis 
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used a relaxed threshold (FDR ≤ 0.3) as the cut-off for identification of candidate genes 
to allow more genes to be evaluated during validation.  

A total of 18 candidate genes, of which 11 from positive selection and 7 from 
negative selection, were identified by the screen (Section 4.2.1.2). This suggests that 
the screening conditions were not biased towards either positive or negative selection. 
In addition, the majority of these candidate genes (16) were identified only at the end 
of the screen (day 21), indicating that a longer time period may be required for 
detecting the dynamics of most genes in microvascular blood ECs given that they grow 
slowly. Indeed, most CRISPR screens only process the end-point samples for 
identification of candidate genes that affect a phenotype of interest (Arroyo et al., 2016; 
Deans et al., 2016; Fei et al., 2017; Grevet et al., 2018; Koike-Yusa et al., 2014; 
Korkmaz et al., 2016; Liao et al., 2017; Ma et al., 2015; Najm et al., 2018; Park et al., 
2017; Shi et al., 2017a; Toledo et al., 2015; Tzelepis et al., 2016; Wang et al., 2015; 
Wang et al., 2014; Zhou et al., 2014c). Nonetheless, two unique genes were identified 
on day 12 but not day 21, indicating a distinct temporal relationship between genetic 
LOF and the corresponding phenotype.  

4.3.2 Validation of candidate genes using the EC-MCA and the SMIA  

False positive screen results have been reported due to potential off-target effects 
induced by the current CRISPR–Cas9 technology (Section 1.7.3). Using different 
methods and assay formats is therefore an important step for elimination of false 
positive results. In this Thesis, the EC-MCA was such a system that incorporated these 
elements (see Section 1.7.4 for details). RNAi was selected as the alternative and 
mechanistically independent method for genetic LOF because it can be efficiently 
employed in the EC-MCA. The EC-MCA results validated seven candidate genes (i.e. 
BRD2, BRD3, TAOK1, ACTR2, TRRAP, TLK1 and TLK2) plus BRD4 (Section 
4.2.2.2). Signalling activities of the proteins encoded by these genes and specificity of 
the selected small-molecule inhibitors are shown in Figure 4.10. These small-molecule 
inhibitors were subsequently assessed in the SMIA, a modification of the EC-MCA that 
enabled assessment of pharmacological inhibition (Section 4.2.2.3). Table 4.2 
summarises the results of the kinome-wide CRISPR screen, the EC-MCA and the 
SMIA in regard to the validated candidate genes, with discrepancies highlighted.  
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Table 4.2. Summary of validated candidate genes and their results in the screen, 
the EC-MCA and the SMIA  

Gene Kinome-wide 
CRISPR screen EC-MCA SMIA 

BRD2 R R 
R BRD3 R R 

BRD4 R R 
TAOK1 S R R 
TLK1 S S R 
TLK2 S S n/a 

ACTR2 R R n/a 
TRRAP R R n/a 

EC-MCA, endothelial cell-multicolour competition assay; n/a, not applicable (due to 
unavailability of small-molecule inhibitors); R, resistance (shaded in green); S, sensitisation 
(shaded in red); SMIA, small-molecule inhibitor assay.  

4.3.2.1 BET proteins  

BRD2 was the top-scoring gene from the screen (with the smallest a-RRA score, P-
value and FDR among all candidate genes) and validation using siRNA targeting 
BRD2, BRD3 or BRD4, as well as two BETi all showed consistent results (Sections 
4.2.1.2 and 4.2.2; Table 4.2). These rendered BRD genes the most appealing 
candidates.  

To date, BET proteins have been most studied for their role in epigenetic 
regulation of gene transcription through multiple mechanisms such as acetyl-lysine 
binding (Figure 4.10) and are implicated in regulating important cellular activities 
including survival, proliferation, DNA repair and cell cycle progression (Belkina and 
Denis, 2012; Floyd et al., 2013; Fujisawa and Filippakopoulos, 2017; LeRoy et al., 
2008; Li et al., 2018; Shao et al., 2016; Shi and Vakoc, 2014; Stathis and Bertoni, 
2018; Winter et al., 2017). However, much less is known about their controversial 
protein kinase activity. In fact, BET proteins do not contain a typical kinase domain and 
are classified as atypical kinases (Denis and Green, 1996; Devaiah et al., 2012; 
Manning et al., 2002; Nakamura et al., 2007). For example, increased nuclear kinase 
activity of BRD2 is associated with cell proliferation and involved in signal transduction 
(Denis and Green, 1996). BRD4 can directly phosphorylate RNA Pol II at its serine 2 
(Ser2) site and regulate transcription (Devaiah et al., 2012). Although BETi such as 
JQ1 inhibit BET protein binding to acetyl-lysine residues by competitively binding the 
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bromodomains (Filippakopoulos et al., 2010), Devaiah et al. (2012) showed that the 
JQ1 derivative CPI203 and siRNA-mediated knockdown of BRD4 diminished Ser2 
phosphorylation in vivo. It remains to be evaluated whether kinase activity of BET 
proteins is present in ECs and if present, whether such activity is involved in EC 
resistance to bevacizumab.  

In addition, recent studies reported an anti-angiogenic effect of BETi in vitro and 
in vivo (Bid et al., 2016; da Motta et al., 2017; Huang et al., 2016; Mumby et al., 2017). 
It is therefore interesting that either BRD2/3/4 LOF or BETi caused EC resistance to 
another anti-angiogenic agent — bevacizumab. Further mechanistic studies are 
necessary to understand this phenotype.  

4.3.2.2 TAOK1  

TAOK1 knockdown by siRNA generated the highest EC-MCA ratio among all tested 
siRNAs (Section 4.2.2.2), which rendered it quantitatively the top resistance-mediating 
candidate in the EC-MCA. However, although reaching statistical significance, the EC-
MCA result contradicted the screen result (Sections 4.2.1.2 and 4.2.2.2; Table 4.2). 
The results of additional validation using the selective TAOK inhibitor compound 43 
(targeting all TAOKs — TAOK1, TAOK2 and TAOK3) were concordant with the EC-
MCA results (Section 4.2.2.3; Table 4.2).  

To reconcile these different results, it is important to appreciate that the screen 
and the validation assays were distinctive in terms of, for example, the methods used 
for functional perturbation (e.g. CRISPR–Cas9-mediated TAOK1 knockout versus 
siRNA-mediated TAOK1 knockdown versus simultaneous pharmacological inhibition 
of all TAOK kinase activity) and the duration of applying selective pressure (21 days 
versus 9 days). TAOKs are involved in regulating multiple cellular processes (Figure 
4.10), affecting MAPK signalling, Hippo signalling, microtubule dynamics and 
organisation (and therefore microtubule-dependent events such as mitosis and 
chromosomal stability) and cell shape transition (Boggiano et al., 2011; Draviam et al., 
2007; Gomez et al., 2012; Koo et al., 2017; Liu et al., 2010; Martin et al., 2018; Poon 
et al., 2011; Raman et al., 2007; Shrestha et al., 2014; Westhorpe et al., 2010; Wojtala 
et al., 2011). For example, the effects of TAOK-activated p38 MAPK signalling on cell 
survival, proliferation and apoptosis are context-dependent. While p38 MAPKs can act 
as negative regulators of cell survival and proliferation and promote apoptosis in 
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different human cell types including ECs (Matsumoto et al., 2002; Wagner and 
Nebreda, 2009; Yilmaz et al., 2003), pro-survival, pro-proliferative and anti-apoptotic 
effects have also been reported (Wagner and Nebreda, 2009). In cancer, p38 MAPKs 
can act as tumour suppressors or promoters in a stimulus- and context-dependent 
manner (Igea and Nebreda, 2015; Koul et al., 2013). In addition, TAOK1 has been 
shown to have tumour suppressor functions by negatively regulating Hippo signalling-
induced growth-promoting activity in Drosophila (Boggiano et al., 2011; Poon et al., 
2011). Knockdown of TAOK1 by siRNA in HeLa cells promotes errors in microtubule–
kinetochore attachment and thereby induces abnormal segregation of chromosome 
and disrupts mitosis (Shrestha et al., 2014). Compound 43 induces mitotic cell death 
in centrosome-amplified cancer cells but not in normal bipolar cells (Koo et al., 2017). 
The consequences of TAOK inhibition are therefore complex and dependent on 
specific conditions. Given that the role of TAOK1 in ECs remains largely unexplored, 
the effects of different methods for perturbation of TAOK1 activity with varied duration 
of applying selective pressure will need further investigation in order to explain the 
discrepancies. To speculate, the different results from the CRISPR screen and the EC-
MCA may be due to a non-monotonic dose-response relationship between genotype 
and phenotype discussed in Section 1.7.3, suggesting that TAOK1 activity in ECs 
could be totally different from TAOK1 knockout versus knockdown. In addition, 
pharmacological inhibition of the kinase activity can lead to a different result compared 
to genetic perturbation as well.  

4.3.2.3 TLKs  

TLK1 or TLK2 knockout by CRISPR–Cas9 or knockdown using siRNA conferred EC 
sensitisation to bevacizumab (Sections 4.2.1.2 and 4.2.2.2; Table 4.2), rendering 
these two genes the only sensitising candidates for which the screen and EC-MCA 
results were concordant.  

Although identified at different time points during the screen (TLK1 on day 12; 
TLK2 on day 21; Section 4.2.1.2), TLK1 and TLK2 are highly related and the encoded 
serine/threonine kinases TLK1 and TLK2 share 84% sequence similarity with each 
other (Sillje et al., 1999). TLKs and several splice variants (e.g. TLK1B) are critical in 
chromatin assembly (Carrera et al., 2003; Groth et al., 2003; Sunavala-Dossabhoy and 
De Benedetti, 2009), DNA repair and cell cycle progression (Awate and De Benedetti, 
2016; Bruinsma et al., 2016; Kelly and Davey, 2013; Sen and De Benedetti, 2006; 
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Singh et al., 2017; Sunavala-Dossabhoy et al., 2005; Sunavala-Dossabhoy and De 
Benedetti, 2009), DNA replication (Klimovskaia et al., 2014), transcription (Han et al., 
2003; Wang et al., 2007), and chromosome segregation at mitosis (Han et al., 2005; 
Sunavala-Dossabhoy et al., 2003). In addition, largely redundant roles of TLK1 and 
TLK2 have been shown in the maintenance of genome integrity (De Benedetti, 2012; 
Segura-Bayona et al., 2017).  

The selective TLK1 kinase inhibitor THD has been reported to impair DNA repair 
and potentiate chemotherapy in killing cancer cells in vitro and in vivo, and also has 
an anti-tumour effect when used alone (Ronald et al., 2013). However, in the SMIA, 
THD conferred EC resistance to bevacizumab, which conflicted with results from the 
screen and the EC-MCA (Section 4.2.2.3; Table 4.2). THD interaction with 
bevacizumab treatment in ECs may be more complex than with chemotherapy or alone 
in cancer cells. Firstly, ECs are not usually associated with genomic instability and may 
have distinct responses to THD. Secondly, THD may have unique on-target (i.e. 
towards TLK1) and off-target profiles in ECs. Thirdly, bevacizumab does not affect ECs 
directly; rather, it alters the environment by neutralising VEGFA. This may complicate 
the EC response to THD through mechanisms which need to be further defined. Lastly, 
some TLK1-related functions such as DNA repair are independent of its kinase activity 
(De Benedetti, 2012; Sunavala-Dossabhoy and De Benedetti, 2009). Loss of TLK1 in 
the screen and the EC-MCA may therefore lead to a different phenotype compared to 
kinase inhibition in the SMIA.  

Overexpression of TLK2 has been observed in aggressive luminal breast cancers 
and TLK2 inhibition by RNAi impairs cell cycle progression, induces apoptosis and 
selectively inhibits tumour growth in vitro and in vivo (Kim et al., 2016). To date, no 
specific TLK2 kinase inhibitor has been identified or developed (Mortuza et al., 2018). 
As a result, no TLK2 inhibitor was available for evaluation in the SMIA. Nonetheless, 
some candidates (e.g. the protein kinase C (PKC) inhibitors Staurosporine, Gö 6983 
and GF109203X) have been proposed and show strong inhibition of TLK2 kinase 
activity (Kim et al., 2016; Mortuza et al., 2018). Although their use in vivo may be limited 
due to off-target effects and lack of potency, they may represent backbones for 
developing new TLK2 inhibitors (Kim et al., 2016; Mortuza et al., 2018).  

Taken together, considering that inhibition of TLKs has been associated with 
tumour suppression, the results of the screen and the EC-MCA which showed a 
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synergistic or additive effect between loss of TLKs and VEGFA blockade are 
promising. Future development of more specific and potent TLK inhibitors (targeting 
TLK1, TLK2 or both) are therefore required for evaluation of the therapeutic potential 
to improve bevacizumab use.  

4.3.2.4 ACTR2 and TRRAP  

The results of the screen and the EC-MCA were consistent in showing that ACTR2 
and TRRAP LOF conferred EC resistance to bevacizumab (Sections 4.2.1.2 and 
4.2.2.2; Table 4.2). Evaluation using the SMIA was not performed because no specific 
small-molecule inhibitors were available at the time.  

The ATP-binding ACTR2 (better known as actin-related protein 2 or ARP2) is one 
of the seven subunits of the actin-nucleating protein complex ARP2/3 (Gournier et al., 
2001; Welch et al., 1997). ARP2/3 is responsible for actin polymerisation to form 
highly-branched filament networks in the cytoplasm which regulate membrane 
trafficking, cell shape, movement and adhesion (Firat-Karalar and Welch, 2011; Goley 
and Welch, 2006; Mogilner and Oster, 1996; Pollard and Cooper, 2009; Rotty et al., 
2013; Vasioukhin et al., 2000; Wu et al., 2012). Actin polymerisation also occurs in the 
nucleus where the APR2/3 complex plays a key role in cell cycle progression and DNA 
repair, thereby contributing to genome maintenance (Caridi et al., 2018; Heng and 
Koh, 2010; Schrank et al., 2018; Yi et al., 2011). Although there is no ACTR2-specific 
inhibitor, several inhibitors targeting the ARP2/3 complex (e.g. CK-666 which stabilises 
the inactive form of ARP2/3) have been reported (Hetrick et al., 2013; Nolen et al., 
2009). Inhibition of ARP2/3 activity using RNAi or CK-666 causes impaired DNA repair 
and unstable chromatin organisation (Caridi et al., 2018; Schrank et al., 2018). 
Accordingly, it might be reasonable to predict that genetic LOF of the single subunit 
ACTR2 would sensitise ECs to bevacizumab. However, loss of ACTR2 was shown in 
this Thesis to cause EC resistance to bevacizumab. It would therefore be interesting 
to compare the effect of ARP2/3 inhibition or knockdown of other subunits with loss of 
ACTR2 on the EC response to bevacizumab in future investigation to assess, for 
example, the role(s) of ACTR2 and/or ARP2/3 in regulating EC functions.  

TRRAP is a member of the highly conserved family of PI3K-related kinases 
(PIKKs) but has no intrinsic kinase activity (Lovejoy and Cortez, 2009). In fact, TRRAP 
is a common cofactor for many HAT complexes and plays a vital role in coordinating 
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many chromatin-based cellular processes (i.e. those that need access to DNA) 
including transcription, DNA repair and replication (Herceg and Wang, 2005; Murr et 
al., 2006; Murr et al., 2007; Robert et al., 2006). In addition, TRRAP in association with 

HATs or other proteins (e.g. b-catenin, MYC, E2Fs, TP53) is important in cell cycle 
progression and cell proliferation (Herceg and Wang, 2005; Jethwa et al., 2018; 
McMahon et al., 1998; Murr et al., 2007; Sierra et al., 2006; Tapias et al., 2014). The 
consequences of inhibition of TRRAP activity may be context-dependent. For example, 
in HEK293T cells, pre-mitotic degradation of TRRAP and TRRAP-associated HATs by 
ubiquitin–proteasome-mediated degradation is essential for appropriate chromatin 
condensation and chromosome segregation (Ichim et al., 2014). Failure to degrade 
TRRAP, or its overexpression, leads to defects in chromosome segregation and 
chromosomal instability (Ichim et al., 2014). In murine B cells, deficiency of TRRAP 
causes defective proliferation and increased cell death (Leduc et al., 2014). In addition, 
knockdown of TRRAP in glioblastoma tumour-initiating cells promotes differentiation, 
sensitises cells to apoptosis and impairs cell cycle progression (Wurdak et al., 2010). 
These results suggest a complex role of TRRAP in regulation of cell cycle progression 
and cell proliferation. Interpretation of EC resistance caused by TRRAP LOF will 
therefore need further investigation given that its function is dependent on specific 
conditions and little is known about its role in ECs.  

4.3.3 Candidate selection for characterisation  

Current knowledge regarding functions of the validated candidate genes in vascular 
biology and tumour angiogenesis is limited and no data exist concerning their roles in 
the EC response to VEGFA blockade. Although there are many outstanding questions 
about the mechanistic details of each candidate in altering the EC response to 
bevacizumab, it was not possible to pursue all in this Thesis due to limitations of time 
and resources. Consequently, BET proteins were prioritised for the further study 
(described in Chapter 5) for the reasons discussed below. Firstly, BRD genes were 
the top-scoring candidates and the results from two independent experimental systems 
using three different methods for functional perturbation were consistent. Secondly, it 
is suggested that resistance to AAT, including VEGFA inhibitors, may have a reversible 
(epigenetic) nature (Jayson et al., 2016). Hence, better understanding of epigenetic 
regulation of angiogenesis and the EC response to therapy is of great interest and 
important for improving the therapeutic outcome. Lastly, targeting BET proteins has 
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shown therapeutic potential in treating different cancer types and many high-quality 
inhibitors and degradation-inducers have been, or are being, developed (Dawson, 
2017; Fujisawa and Filippakopoulos, 2017; Perez-Salvia and Esteller, 2017; Stathis 
and Bertoni, 2018; Xu and Vakoc, 2017). Using resources and expertise from this 
highly active area will benefit the current and future investigations.  

4.3.4 Conclusions  

This Chapter described the outcomes of a kinome-wide CRISPR screen using the 3D 
pooled screening platform developed in Chapter 3. Validation of the screen conditions 
enabled identification of a total of 18 candidate genes from positive or negative 
selection. Validation of the candidate genes using siRNA and small-molecule inhibitors 
confirmed eight candidate genes as novel molecular modifiers of the EC response to 
bevacizumab. Intriguingly, the functions of these genes seem to encompass several 
common themes, namely, regulation of transcription, chromatin structure, cell cycle 
progression, DNA repair and chromosomal stability. However, further investigation of 
the activities of these genes in ECs is required to understand more details about the 
mechanisms. The top-scoring candidates, BRD genes (as a group; encoding BET 
proteins), were selected for further characterisation in Chapter 5.  
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Figure 4.1. Workflow of the kinome-wide CRISPR screen  
Wild-type blood ECs are expanded in microcarrier growth medium (orange) and transduced with a lentivector Cas9/sgRNA library (i.e. hCKL, 

Section 2.5.2.1) to create mutant ECs (blue; as a result of stable integration of a dual Cas9/sgRNA expression cassette into the genome and 
target gene knockout). Screening selection using bevacizumab under VEGFA-dependent culture conditions results in either enrichment (as a 

result of being resistant) or depletion (as a result of being sensitised) of mutants in the bevacizumab treatment arm (purple). An isotype-matched 
monoclonal antibody (palivizumab) is used as a control treatment. The identities of these mutants (identified as the genes targeted by specific 

sgRNAs) are tracked by massively parallel sequencing of the integrated sgRNA-encoding sequences. Candidate genes, targeted by specific 

sgRNAs, are identified using a statistical package (Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout, MAGeCK). See text in 
Section 2.9 for details of experimental procedures. gDNA, genomic DNA.   
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Figure 4.2. Cell number during key screening steps  
(A) Viable cell number determined before screening selection. Seeding efficiency 
(assessed on day −8) represents means ± SEM and all error bars represent ± SEM (n 
= 2 independent experiments). (B) Cell survival during screening selection. Surviving 
EC fraction is the ratio of relative viable cell number on a specific day versus that on 
day 0. Curves represent results from one experiment (n = 1). The gap between the 
curves represents the effect of VEGFA on cell survival and/or proliferation. B, 
bevacizumab; ESFM, endothelial serum-free medium; gDNA, genomic DNA; P, 
palivizumab.   
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Figure 4.3. Comparison of sgRNA representation between the plasmid pool and 
microcarrier culture samples collected on day 0  
Individual sgRNA representation is displayed as normalised log10 sgRNA reads 
generated by NGS using the plasmid pool of the Cas9/sgRNA library (hCKL, Section 
2.5.2.1) or gDNA isolated from transduced cells on day 0 (i.e. the beginning of 
screening selection). sgRNAs which have fewer than 10 reads (the red dotted line) are 
defined as under-represented.   
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Figure 4.4. Volcano plots of differential sgRNA representation in bevacizumab- 
versus palivizumab-treated samples  
Fold-change in sgRNA representation (shown as log2 sgRNA reads) compared with a 
P-value (shown as –log10 P-value) is illustrated on (A) day 12 or (B) day 21. Large 
circles (l) or triangles (p) represent the significantly enriched or depleted sgRNAs in 
the bevacizumab-treated samples, respectively. Small grey or green circles (�) 
represent the neutral or non-targeting sgRNAs, respectively. Results represent two 
independent experiments (n = 2).   
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Figure 4.5. Identification of candidate genes using the a-RRA score  
Candidate genes identified using the a-RRA score (shown as –log10 a-RRA score) are 
illustrated on (A) day 12 or (B) day 21. Large circles (l) or large triangles (p) represent 
candidate genes identified from positive or negative selection (bevacizumab versus 
palivizumab), respectively. Small grey circles (�) represent the neutral genes (i.e. those 
with an FDR > 0.3). Results represent two independent experiments (n = 2).  
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Figure 4.6. RNA-Seq analysis of baseline expression of candidate genes 
identified by the kinome-wide CRISPR screen plus BRD4  
Baseline expression of the candidate genes and BRD4 was assessed in XSEB113C1 
cells cultivated in microcarrier-based culture. Gene expression is represented by log2 
3’ mRNA-Seq reads. Expression of GAPDH is used as a reference for relative 
expression. Error bars represent + SEM (n = 2 independent experiments). See text in 
Section 2.11.1 for details of experimental procedures.  
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Figure 4.7. Effects of siRNA concentration and incubation time on expression of 
GAPDH in XSEB113C1 cells  
(A) Western blotting analysis of siRNA-mediated knockdown of GAPDH. a-tubulin was 
used as a loading control. (B) Quantification of GAPDH protein expression. GAPDH 

signal is normalised to that of a-tubulin. The normalised GAPDH signals in all samples 
are expressed relative to the control (non-targeting). Error bars represent + SEM (n = 
3 independent experiments). XSEB113C1 cells were transfected with increasing 
concentrations of siGAPDH or the non-targeting siRNA pool (OTP-NT; final 
concentration in medium, 10 nM) for 24 h. Cells were then maintained in EGM-2MV. 
Cell lysates were prepared three days or seven days after the beginning of 
transfection, i.e., on day 3 or day 7, respectively (for cells transfected with OTP-NT, 
the lysates were prepared on day 7). See text in Section 2.8.1 for further details.  
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Figure 4.8. Validation of candidate genes using the EC-MCA  
(A) Gating strategy for flow cytometry-based determination of M. Total number of 
events acquired per sample was 10,000. Percentages shown are those of the parent 
population. (B) EC-MCA analysis of the effect of siRNA-mediated knockdown of the 
candidate genes and BRD4. A ratio of 1 (red dotted line) indicates no effect of siRNA 
on the EC response to bevacizumab. Error bars represent + SEM (n = 2 independent 
experiments). *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001; ****, P-value 
< 0.0001 (versus M = 1, two-tailed unpaired t-test; see text in Section 2.16 for details).   
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Figure 4.9. Quantification of the endothelial cell response to small-molecule 
inhibitor treatment using the SMIA 
Effects of pan-BETi, JQ1 and I-BET762; TAOK kinase inhibitor, compound 43; and 
TLK1 kinase inhibitor, THD were assessed using the SMIA. A ratio of 1 (red dotted 
line) indicates no effect on the EC response to treatment. Error bars represent + SEM 
(n = 2 independent experiments). *, adjusted P-value < 0.05; **, adjusted P-value < 
0.01; ***, adjusted P-value < 0.001; ****, adjusted P-value < 0.0001 (versus S = 1, one-
way ANOVA with Dunnett’s multiple comparison test performed; see text in Section 
2.16 for details).  
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Figure 4.10. Signalling activities of ACTR2, BET proteins, TAOK1, TLKs and 
TRRAP and selected small-molecule inhibitors 
ACTR2, as the ATP-binding component of the ARP2/3 complex, is important for actin 
polymerisation and involved in regulation of cell adhesion, motility, shape as well as 
DNA repair and the cell cycle. BET proteins (BRD2, BRD3 and BRD4) regulate gene 
transcription by selectively binding to acetyl-lysine residues on histone tails and/or 
transcription factors and interacting with several effector molecules (e.g. P-TEFb, 
Mediator, JMJD6) which are important regulators of transcription by RNA Pol II. BET 
proteins are therefore involved in regulating many important cellular activities such as 
survival, proliferation, cell cycle progression and DNA repair. BETi (e.g. JQ1, I-
BET762) inhibit BRD protein function by competitively occupying the bromodomains 
to prevent their interaction with acetyl-lysine residues. TAOKs (including TAOK1, 
TAOK2 and TAOK3) activate MAPK signalling, phosphorylate Hippo kinases, cause 
microtubule destabilisation and affect cell shape transition. Compound 43 is a selective 
small-molecule kinase inhibitor targeting all TAOKs. TLKs are important in chromatin 
assembly (e.g. by interacting with the histone H3–H4 chaperone ASF1), DNA repair 
and cell cycle progression (e.g. by interacting with the RAD9–RAD1–HUS1 complex) 
as well as other cellular activities including DNA replication, transcription and 
chromosomal stability. THD is a selective small-molecule TLK1 kinase inhibitor. 
TRRAP is a common cofactor for many HAT complexes and therefore plays a key role 
in transcription, DNA repair and replication. Its activity is also implicated in controlling 
cell cycle progression and proliferation. Ac, acetylation; ACTR2, ARP2 actin related 
protein 2 homolog; ASF1, anti-silencing function 1; BRD, bromodomain containing; 
CAF-1, chromatin assembly factor 1; HAT, histone acetyltransferase; HUS1, 
checkpoint protein HUS1; JMJD6, bifunctional arginine demethylase and lysyl-
hydroxylase JMJD6; LATS1/2, large tumour suppressor kinase 1/2; MAPK, mitogen-
activated protein kinase; MAP4K, MAPK kinase kinase kinase; MKK, MAPK kinase; 
MOB1, MOB kinase activator 1; MST1/2, mammalian STE20-like kinase 1/2; P, 
phosphorylation; Pol, polymerase; P-TEFb, positive transcription elongation factor; 
RAD1, cell cycle checkpoint protein RAD1; RAD9, cell cycle checkpoint control protein 
RAD9; SAV, salvador family WW domain containing protein 1; TAOK1, thousand and 
one amino acid protein kinase 1; TAZ, transcriptional coactivator with PDZ-binding 
motif (also known as WWTR1); TF, transcription factor; THD, thioridazine; TLK, 
tousled-like kinase; TRRAP, transformation/transcription domain-associated protein; 
YAP, Yes-associated protein.   
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Chapter 5  

Interaction Between BET Inhibition and VEGFA 
Blockade Alters the Endothelial Cell Response 
via Epigenetic Regulation of Chromosomal 

Activity  

  



 
178 

5.1 Introduction  

BET proteins are important for epigenetic regulation of gene transcription and regulate 
fundamental cellular activities including survival, proliferation, DNA repair and cell 
cycle progression (Section 4.3.2.1). Over the last eight years, functional inhibition of 
BET proteins (BET inhibition) by pharmacologically interrupting bromodomain activity, 
using acetyl-lysine mimics (i.e. BETi) or degradation-inducers of BET proteins (BET 
degraders), has been widely studied, particularly in the context of preclinical models of 
different cancer types including haematological malignancies1 and solid tumours2. In 
these studies, BET inhibition was associated with downregulation of key oncogenes 
(e.g. MYC) and/or other genes that are important for regulating cell cycle progression 
(e.g. CDK6), cell proliferation (e.g. FOSL1) and/or apoptosis (e.g. BCL2), resulting in 
tumour growth arrest and/or apoptosis by, for example, impairment of cancer cell 
survival and/or proliferation (Bandopadhayay et al., 2014; Baratta et al., 2015; 
Bernasconi et al., 2017; Dawson et al., 2011; Delmore et al., 2011; Fiskus et al., 2014; 
Hogg et al., 2016; Lockwood et al., 2012; Mertz et al., 2011; Shimamura et al., 2013; 
Siu et al., 2017; Winter et al., 2017; Zuber et al., 2011). In addition, BET inhibition has 
shown anti-inflammatory (e.g. by inhibiting NF-kB activation) and immunomodulatory 
effects (e.g. via regulating expression of the immune checkpoint ligand PD-L1) (Brown 
et al., 2014; Hogg et al., 2017; Huang et al., 2017; Nicodeme et al., 2010; Zhu et al., 
2016) and can modulate autophagy, adipogenesis and cachexia (Brown et al., 2018; 
Sakamaki et al., 2017; Segatto et al., 2017). Safety and/or effectiveness of different 
BETi (e.g. I-BET762) in patients with various haematological or solid cancers are 
currently being evaluated in Phase I/II clinical trials (Stathis and Bertoni, 2018; Xu and 
Vakoc, 2017) (visit https://clinicaltrials.gov for the most up-to-date information).  

                                                

1 Such as leukaemia, lymphoma and myeloma (Bernasconi et al., 2017; Bhadury et al., 
2014; Bhagwat et al., 2016; Chaidos et al., 2014; Dawson et al., 2011; Fiskus et al., 2014; Fong 
et al., 2015; Gilan et al., 2016; Hogg et al., 2016; Hogg et al., 2017; Mertz et al., 2011; Ozer et 
al., 2018; Siu et al., 2017; Stewart et al., 2013; Winter et al., 2017; Zuber et al., 2011);  

2 Such as breast cancer, colorectal cancer, glioblastoma, lung cancer, medulloblastoma, 
melanoma, NUT midline carcinoma, ovarian cancer, pancreatic cancer, prostate cancer, and 
sarcoma (Andrieu et al., 2016; Andrieu and Denis, 2018; Asangani et al., 2014; Bai et al., 2017; 
Bandopadhayay et al., 2014; Baratta et al., 2015; Bid et al., 2016; da Motta et al., 2017; 
Filippakopoulos et al., 2010; Garcia et al., 2016; Kurimchak et al., 2016; Leal et al., 2017; Liu 
et al., 2015a; Lockwood et al., 2012; Mazur et al., 2015; McCleland et al., 2016; Muralidharan 
et al., 2017; Sahni et al., 2016; Sahni et al., 2017; Segatto et al., 2017; Shi et al., 2014; 
Shimamura et al., 2013; Shu et al., 2016; Stratikopoulos et al., 2015; Zhu et al., 2016). 
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In contrast to the extensive investigation of the effects of BET inhibition in cancer 
cells, research regarding BET function in vascular biology and tumour angiogenesis is 
in its infancy. During the preparation of this Thesis, two studies by Bid et al. (2016) and 
da Motta et al. (2017) that described the effects of BET inhibition on tumour 
angiogenesis were published. These studies showed that the pan-BETi JQ1 
downregulated several key angiogenic factors including VEGFA and inhibited tumour 
angiogenesis in animal models of triple negative breast cancer and childhood sarcoma 
(Bid et al., 2016; da Motta et al., 2017). In terms of vascular biology, the same study 
by Bid et al. (2016) and another one by Huang et al. (2016), using HUVECs, 
demonstrated that JQ1 suppressed in vivo angiogenesis and in vitro EC tube 
formation, migration/invasion and proliferation. Huang et al. (2016) additionally showed 
that JQ1 reduced VEGFR2, PAK1 and eNOS activation in HUVECs and thereby 
inhibited vascular permeability in vivo. The effects of inhibiting in vitro proliferation and 
migration by JQ1 were later confirmed by Mumby et al. (2017) in human pulmonary 
microvascular ECs and these authors further showed that JQ1 prevented cell cycle 
progression (Mumby et al., 2017). These data highlight a role for BET proteins in 
vascular biology and tumour angiogenesis and suggest anti-angiogenic activities of 
BETi.  

The results in Chapter 4 revealed a previously unreported relationship between 
BET protein activity and the EC response to bevacizumab. This Chapter investigates 
the effects of BET inhibition in human dermal microvascular ECs and explores the 
molecular mechanisms for the modified EC response to bevacizumab when BET 
bromodomain activity is inhibited.  

5.2 Results  

5.2.1 BETi suppress in vitro endothelial cell activities under complete 
growth conditions  

5.2.1.1 BETi suppress endothelial cell survival and/or proliferation  

To assess the effect of BETi on EC survival and/or proliferation under complete growth 
conditions, XSEB113C1 cells were treated with JQ1 or I-BET762 in EGM-2MV. The 
viable cell number under JQ1 treatment at 300 nM or I-BET762 treatment at 1000 nM 
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was less than that in DMSO over nine days of incubation (Figure 5.1), suggesting a 
survival- and/or proliferation-inhibiting effect of both BETi. In addition, such effect of 
JQ1 appeared to be more potent than that of I-BET762 because there was no net 
proliferation under 300 nM JQ1 treatment whereas a reduced rate (relative to DMSO) 
of net proliferation under 1000 nM I-BET762 treatment (Figure 5.1).  

5.2.1.2 Endothelial cells undergo morphological changes upon BETi treatment  

Alterations in cell morphology were observed in association with impaired EC survival 
and/or proliferation upon treatment with BETi in EGM-2MV. These morphological 
alterations may be caused by primary effects (e.g. through changing intracellular 
signalling) and/or secondary effects of BET inhibition (e.g. through inducing low cell 
density and/or limiting paracrine signalling). ECs treated with either I-BET762 or JQ1 
showed heterogeneous distorted shapes (i.e. irregularly enlarged or elongated) versus 
homogeneous normal morphology in DMSO (Figure 5.2). These morphological 
changes were apparent after merely 24 h of treatment (day 1, Figure 5.2) and became 
more prominent with incubation (days 3 and 5, Figure 5.2), indicating a rapid effect. In 
agreement with the results in Section 5.2.1.1, cell morphology was more severely 
affected by JQ1 at 300 nM than I-BET762 at 1000 nM in EGM-2MV (Figure 5.2).  

5.2.1.3 BETi disrupt cell cycle progression in endothelial cells  

To examine whether BETi affected cell cycle progression in ECs, nuclei were released 
from XSEB113C1 cells cultured in EGM-2MV on day 3 of treatment and subjected to 
nuclear DNA content analysis. JQ1, at both low and high concentrations (300 and 1000 
nM), and I-BET762 at 1000 nM, significantly enriched the G1 cell population (Figure 
5.3). Both concentrations of JQ1 also significantly reduced the G2/M cell population 
(Figure 5.3). These results suggest that both BETi prevented and/or delayed cell cycle 
progression in a subset of cells by accumulating them in G1 phase and JQ1 additionally 
inhibited cell cycle progression towards G2/M phase. In addition, these small but 
significant changes were detected after merely approximately 1.5–2 cell cycles (the 
doubling time of XSEB113C1 cells in EGM-2MV is approximately 40 h; Section 3.1.4), 
showing a strong inhibitory effect of BETi on cell cycle progression in XSEB113C1 
cells.  
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5.2.1.4 BETi suppress migration of endothelial cells  

The effect of BETi on EC migration in EGM-2MV was evaluated using a scratch wound 
migration assay. Twenty-four h after scratching, wound closure in DMSO was 
approximately 70% of the initial wound area whereas treatment with either I-BET762 
or JQ1 reduced the closed area to approximately 40% (Figure 5.4). These results are 
mainly attributable to EC migration because cells were not likely to proliferate within 
24 h as the seeding density was close to maximum during inoculation (this leads to 
contact inhibition of ECs) and XSEB113C1 cells have a long doubling time in EGM-
2MV (~40 h). BETi therefore significantly suppressed EC migration in EGM-2MV.  

5.2.2 Co-treatment with BETi and bevacizumab offsets the survival- and/or 
proliferation-inhibiting effect of each other under VEGFA-dependent 
culture conditions  

5.2.2.1 JQ1 does not alter the endothelial response to bevacizumab under 
VEGFA-independent culture conditions  

To further investigate the effects of BETi treatment on the EC response to 
bevacizumab, XSEB113C1 cells were treated with DMSO or JQ1 at 300 nM in EGM-
2MV. The relative EC response to bevacizumab was expressed as a ratio calculated 
as surviving EC fraction in medium plus bevacizumab versus that in medium plus 
palivizumab (referred to hereafter as the B/P ratio; Figure 5.5A). The difference 
between the B/P ratio in DMSO on day 9 and the ratio 1 (i.e. no difference) was not 
statistically significant (P-value = 0.27; two-tailed unpaired t-test), indicating that ECs 
were insensitive to bevacizumab in EGM-2MV and the culture conditions were 
therefore VEGFA-independent. In addition, the B/P ratio under JQ1 treatment did not 
differ from that in DMSO on day 9 (Figure 5.5A), demonstrating that addition of JQ1 
did not change the EC response to bevacizumab under VEGFA-independent culture 
conditions.  

5.2.2.2 BETi mitigate endothelial cell sensitivity to bevacizumab under VEGFA-
dependent culture conditions  

To further explore dynamics of the EC response to bevacizumab in the presence of 
BETi, XSEB113C1 cells were treated with DMSO or BETi (I-BET762 at 1000 nM or 
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JQ1 at 300 nM) under previously defined VEGFA-dependent culture conditions (i.e. 
ESFM). During nine days of incubation, the B/P ratio in DMSO gradually fell from 1 
(Figure 5.5B) and was significantly smaller than 1 (~0.6) on day 9 (P-value < 0.0001; 
two-tailed unpaired t-test), confirming the VEGFA dependence of ECs in ESFM. In 
contrast, the B/P ratio under either I-BET762 or JQ1 treatment increased during 
incubation (Figure 5.5B). Specifically, the B/P ratio under I-BET762 or JQ1 treatment 
was significantly higher than that in DMSO on day 9 (Figure 5.5B), suggesting that 
BETi altered the EC response by mitigating sensitivity to bevacizumab in ESFM.  

To exclude the possibility that the above results were artefacts of the serum-free 
culture conditions, alternative VEGFA-dependent culture conditions using a reduced 
serum concentration (i.e. ESRM) were evaluated. The B/P ratios in ESFM plus DMSO 
or JQ1 were reproduced in ESRM at all time points tested (Figure 5.5B) despite the 
very different compositions of these two media. These results indicate that the effects 
of BETi on the EC response to bevacizumab were not restricted to specific conditions 
and can be detected in different VEGFA-dependent culture conditions.  

5.2.2.3 Bevacizumab attenuates the survival- and/or proliferation-inhibiting 
effect of BETi under VEGFA-dependent culture conditions  

Surprisingly, it was found that bevacizumab modified the EC response to BETi under 
VEGFA-dependent culture conditions when the data in Section 5.2.2.2 were re-
analysed from a BETi perspective. The relative cell response to BETi was expressed 
as a ratio calculated as surviving EC fraction in medium plus BETi versus that in 
medium plus DMSO (referred to hereafter as the BETi/DMSO ratio; Figure 5.5C). All 
BETi/DMSO ratios regardless of mAb treatment and medium composition continuously 
decreased during nine days of incubation such that all were below 0.5 on day 9 (Figure 
5.5C), indicating that ECs were highly sensitive to BETi treatment. However, the 
BETi/DMSO ratio in ESFM or ESRM plus bevacizumab was significantly higher than 
that in ESFM or ESRM plus palivizumab on day 9 (Figure 5.5C), demonstrating a 
desensitising effect of bevacizumab on the EC response to BETi.  
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5.2.2.4 Cell morphology is largely preserved under co-treatment with BETi and 
bevacizumab under VEGFA-dependent culture conditions   

In agreement with their effects in EGM-2MV (Section 5.2.1.2), I-BET762 and JQ1, 
compared to DMSO, caused strong morphological changes in XSEB113C1 cells in 
ESFM plus palivizumab due to primary and/or secondary effects of BET inhibition. The 
changes were first noticeable on day 5 of BETi treatment (Figure 5.6A) and became 
most prominent on day 9 of BETi treatment — cells lost cytoplasm and/or displayed 
irregular shapes (e.g. narrow and elongated) (Figure 5.6). In contrast, cell morphology 
under BETi treatment was largely preserved in ESFM plus bevacizumab. This is 
illustrated in Figure 5.6 that most cells under co-treatment with BETi and bevacizumab 
maintained their morphology, as did those in DMSO, and did not show the distorted 
shapes observed under treatment with BETi plus palivizumab.  

5.2.3 Transcriptomic analysis of co-treatment with BETi and bevacizumab 
reveals mechanisms involving epigenetic regulation of chromosomal 
activity  

5.2.3.1 Analysis of differentially expressed genes (DEGs) 

To explore mechanisms behind altered EC response caused by co-treatment with BETi 
and bevacizumab, RNA-Seq was performed using total RNA isolated from 
XSEB113C1 cells treated with DMSO or BETi (I-BET762 at 1000 nM or JQ1 at 300 
nM) in ESFM plus bevacizumab or palivizumab. DEGs between bevacizumab plus 
BETi and palivizumab plus BETi were identified using the criteria: FDR < 0.05 and |log2 

fold-change| > 1. In addition, to ensure that differential gene expression was specific 
to the comparison between bevacizumab plus BETi and palivizumab plus BETi, any 
DEGs were excluded if they were also identified in the comparison between 
bevacizumab plus DMSO and palivizumab plus DMSO. A heat map of relative 
expression of the remaining DEGs under different treatment combinations is shown in 
Figure 5.7. Full details of all DEGs identified between bevacizumab plus DMSO and 
palivizumab plus DMSO; bevacizumab plus I-BET762 and palivizumab plus I-BET762; 
bevacizumab plus JQ1 and palivizumab plus JQ1 are listed in Appendices 9, 10 and 
11, respectively.  



 
184 

Mean-centring and unsupervised hierarchical clustering analysis showed that 
gene expression in all three biological replicates of the same treatment condition 
clustered together, indicating reproducibility (Figure 5.7). Samples from cells treated 
with bevacizumab plus DMSO and palivizumab plus DMSO clustered together as 
expected because all DEGs were deliberately removed from this comparison to 
exclude results attributable to bevacizumab treatment alone (Figure 5.7). Differences 
in gene expression between I-BET762 and JQ1, with either bevacizumab or 
palivizumab, were minimal (Figure 5.7), showing that two BETi had similar effects on 
gene transcription in ECs. Importantly, samples from cells treated with palivizumab 
plus BETi clustered independently from those treated with mAb plus DMSO and 
bevacizumab plus BETi (Figure 5.7), indicating that the transcriptomic profile of cells 
treated with bevacizumab plus BETi resembled that of cells in DMSO.  

5.2.3.2 Gene set enrichment analysis (GSEA)  

RNA-Seq data were further analysed for evaluation of gene set enrichment. All RNA-
Seq data were processed and correlated with a priori defined gene sets which were 
compared between the following different treatment combinations — bevacizumab 
plus DMSO versus palivizumab plus DMSO; bevacizumab plus I-BET762 versus 
palivizumab plus I-BET762; or bevacizumab plus JQ1 versus palivizumab plus JQ1 — 
using GSEA.  

All enriched gene sets identified from the comparison between bevacizumab plus 
DMSO versus palivizumab plus DMSO were omitted to exclude results attributable to 
bevacizumab treatment alone. No enriched gene sets were identified in either 
bevacizumab plus I-BET762 or bevacizumab plus JQ1 because of large FDRs (above 
0.5). Enriched gene sets in palivizumab plus I-BET762 or palivizumab plus JQ1 were 
identified using an FDR threshold of 0.3 or 0.2, respectively (Figures 5.8A and B). 
Interestingly, two enriched gene sets which are related to epigenetic regulation of 
chromosomal activity — “signalling events regulated by Class II HDACs” (identified by 
Schaefer et al. (2009)) and “genes involved in deposition of new CENP-A-containing 
nucleosomes at the centromere” (described in the peer-reviewed pathway database, 
Reactome: available at https://reactome.org/) — were identified in both palivizumab 
plus I-BET762 and palivizumab plus JQ1 (Figures 5.8A and B). The enrichment plots 
of these two gene sets showed a similar normalised enrichment score (NES) between 
palivizumab plus I-BET762 and palivizumab plus JQ1 (Figure 5.8C), suggesting that 



 
185 

genes in these two gene sets were significantly upregulated in palivizumab plus BETi 
versus bevacizumab plus BETi. In relative terms, they were downregulated in 
bevacizumab plus BETi.  

5.3 Discussion  

5.3.1 BETi suppress in vitro endothelial cell activities  

Recent studies have shown an anti-angiogenic effect of BET inhibition and that in vitro 
treatment with JQ1 suppressed proliferation, migration and/or cell cycle progression of 
HUVECs and human pulmonary microvascular ECs (Bid et al., 2016; Huang et al., 
2016; Mumby et al., 2017). In this Chapter, the effects of BETi on in vitro activities of 
human dermal microvascular ECs were evaluated using I-BET762 and JQ1. Cell 
survival and/or proliferation, migration and cell cycle progression were all inhibited by 
both BETi under complete growth conditions (Section 5.2.1). In addition, I-BET762 
and JQ1 adversely affected cell survival and/or proliferation under VEGF-dependent 
culture conditions (Section 5.2.2.3). Abnormal cell morphology was observed upon 
BETi treatment when used alone or with palivizumab under all conditions tested 
(Sections 5.2.1.2 and 5.2.2.4). These results are consistent with the previously 
reported inhibitory effects of BETi on ECs (Bid et al., 2016; Huang et al., 2016; Mumby 
et al., 2017).  

5.3.2 An interaction between BETi and bevacizumab is observed under 
VEGFA-dependent culture conditions  

BETi did not modify the EC response to bevacizumab under complete growth 
conditions where ECs were unresponsive to VEGFA blockade (Section 5.2.2.1). 
When cultured in ESFM or ESRM, ECs were sensitive to VEGFA blockade and such 
sensitivity was significantly mitigated by BET inhibition (Section 5.2.2.2). Specifically, 
co-treatment with BETi and bevacizumab resulted in improved EC survival versus 
treatment with BETi plus palivizumab. This was also reflected by the findings that cell 
morphology and transcriptomic profile in bevacizumab plus BETi were most similar to 
those in bevacizumab plus DMSO — the BETi-free conditions where ECs had a higher 
survival and/or proliferation rate (Sections 5.2.2.4 and 5.2.3.1). In addition, the 
observation that bevacizumab modified the EC response to BETi by attenuating the 
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survival- and/or proliferation-inhibiting effect of BETi (Section 5.2.2.3) indicates an 
interaction between BET inhibition and VEGFA blockade in ECs.  

Combining epigenetic therapy and VEGFA blockade represents an evolving 
strategy in clinical oncology. Epigenetic modulation using HDAC or DNMT inhibitors 
has been reported as an alternative anti-angiogenic strategy and some of these agents 
have been, or are being, evaluated in combination with currently approved VEGFA 
inhibitors, including bevacizumab, in several Phase I/II clinical trials for patients with 
solid cancers (Berndsen et al., 2017). For example, completed Phase I/II studies have 
assessed the combination of bevacizumab and HDAC inhibitor vorinostat in recurrent 
glioblastoma (ClinicalTrial.gov identifier: NCT01266031) and the combination of 
bevacizumab, chemotherapy and HDAC inhibitor valproic acid in advanced sarcomas 
(ClinicalTrial.gov identifier: NCT01106872). In addition, a current Phase I/II study 
(ClinicalTrial.gov identifier: NCT01896856) is recruiting patients with metastatic 
colorectal cancer to evaluate the combination of regorafenib, chemotherapy and 
DNMT1 inhibitor guadecitabine. There was no clinical study investigating the 
combination of BETi and VEGFA inhibitor in treating cancer although each of them has 
been evaluated individually. Given that an interaction between BETi and bevacizumab 
was identified using VEGFA-dependent in vitro EC culture conditions in this Chapter, 
it would be important to evaluate in the future, for example, the effects of BETi plus 
bevacizumab on in vivo angiogenesis, tumour angiogenesis and tumour response, 
which might be consistent with or different from the in vitro findings. Biomarker and/or 
therapeutic potential for clinical application may be explored from these results.  

5.3.3 Transcriptomic analysis reveals a potential role for epigenetic 
regulation of chromosomal activity in altered endothelial cell response to 
co-treatment with BETi and bevacizumab  

Upregulation of two gene sets — “signalling events regulated by Class II HDACs” and 
“genes involved in deposition of new CENP-A-containing nucleosomes at the 
centromere” — in both palivizumab plus I-BET762 and palivizumab plus JQ1 (i.e. 
downregulation in both bevacizumab plus I-BET762 and bevacizumab plus JQ1) was 
identified as potential mechanisms (at least in part) for altered EC response under co-
treatment with BETi and bevacizumab (Section 5.2.3.2). Importantly, these two gene 
sets are related to epigenetic regulation of chromosomal activity.  
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5.3.3.1 Class II HDACs and vascular biology  

In humans, there are 18 HDAC enzymes (divided into four classes) which regulate Kac 
events by removing acetyl groups from lysine residues on histone and non-histone 
proteins (Marmorstein and Zhou, 2014; Seto and Yoshida, 2014). HDACs therefore 
play an important role in epigenetic regulation of chromatin structure and transcription 
as well as many other molecular (e.g. protein PTMs) and cellular (e.g. cell cycle, 
apoptosis, DNA repair, angiogenesis, autophagy) processes (Li and Seto, 2016; 
Nicolas et al., 2007; Seto and Yoshida, 2014).  

Specifically, Class II HDACs are further divided based on sequence homology — 
IIA (HDAC4, 5, 7, and 9) and IIB (HDAC6 and 10). Regulation of vascular biology by 
Class II HDACs was introduced in Section 1.2.2.2. These enzymes play prominent 
but different roles to exert pro- or anti-angiogenic effects. For example, HDAC5 acts 
as a negative regulator of angiogenesis by downregulating expression of pro-
angiogenic factors and guidance factors (e.g. FGF2 and SLIT2, respectively) in 
HUVECs and knockdown of HDAC5 by siRNA confers enhanced EC migration, 
sprouting and tube formation (Urbich et al., 2009). HDAC6 and HDAC9 promote in 
vitro and in vivo EC sprouting by deacetylation of the actin-remodelling protein cortactin 
and downregulation of the anti-angiogenic miRNA-17-92 cluster, respectively, and 
inactivation of either leads to reduced angiogenesis (Kaluza et al., 2013; Kaluza et al., 
2011). HDAC7 is important in maintenance of vascular integrity and siRNA-mediated 
knockdown of HDAC7 impairs migration and tube formation in HUVECs and EPCs 
(Chang et al., 2006; Mottet et al., 2007; Turtoi et al., 2012; Yu et al., 2014). However, 
nuclear activity of HDAC5 and HDAC7 can repress the activation of MEF2 transcription 
factors and MEF2-dependent expression of genes important for EC proliferation and 
migration (Ha et al., 2008a; Ha et al., 2008b; Wang et al., 2008). VEGFA-induced 
phosphorylation of HDAC5 and HDAC7 promotes their nuclear export and facilitates 
VEGFA-responsive gene expression for angiogenesis (Ha et al., 2008a; Ha et al., 
2008b; Wang et al., 2008).  

Hence, the consequences of downregulation of Class II HDAC signalling on EC 
activity are complex given that each member has unique targets and may be regulated 
differently. This is further complicated by potential compensatory feedback which, for 
example, directs upregulation of HDAC9 when HDAC7 signalling is reduced 
(Haberland et al., 2007).  
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5.3.3.2 CENP-A deposition at centromeres and chromosomal activity  

Centromeres are chromosomal loci for kinetochore assembly, which allows for proper 
attachment of spindle microtubules and accurate chromosome segregation during 
mitosis (Fukagawa and Earnshaw, 2014; McKinley and Cheeseman, 2016). The 
location of centromere on the chromosome is epigenetically defined by the histone H3 
variant centromere protein A (CENP-A) which replaces histone H3 in nucleosomes 
(Black and Bassett, 2008; Black and Cleveland, 2011; Logsdon et al., 2015; Okamoto 
et al., 2007; Panchenko et al., 2011; Regnier et al., 2005). During DNA replication in S 
phase of the cell cycle, CENP-A-containing nucleosomes are equally distributed into 
the replicated sister chromatids and this leaves vacant DNA sequences which are 
occupied by canonical H3-containing nucleosomes (Dunleavy et al., 2011; Jansen et 
al., 2007). CENP-A-containing nucleosomes therefore become interspersed with H3-
containing nucleosomes at centromeres such that the former are found exclusively on 
the external surface and the latter are located exclusively on the internal side (Marshall 
et al., 2008; Ribeiro et al., 2010; Sullivan and Karpen, 2004). This mixed composition 
is thought to stabilise centromeric chromatin and is essential for specific interaction 
with the constitutive centromere-associated network (CCAN) which forms the 
foundation for kinetochore assembly during mitosis (Cheeseman and Desai, 2008; 
Chittori et al., 2018; De Rop et al., 2012; Foltz et al., 2006; Jansen et al., 2007; Stellfox 
et al., 2013).  

To compensate for replicative dilution during each cell cycle, CENP-A-containing 
nucleosomes are replenished by deposition of new CENP-A into existing centromeres 
during G1 phase in human cells (Jansen et al., 2007). This spatial (only on existing 
centromeres) and temporal (only during G1 phase) control of new CENP-A deposition 
fundamentally involves two protein complexes — the Mis18 complex (containing 

Mis18a, Mis18b and M18BP1 (also known as KNL2)) (Fujita et al., 2007; Maddox et 
al., 2007) and the CENP-A chaperone Holiday junction recognition protein (HJURP) 
complex — in human cells (Dunleavy et al., 2009; Foltz et al., 2009). Recent studies 
further revealed that CDK1 and CDK2 (Spiller et al., 2017; Stankovic et al., 2017) and 
polo-like kinase 1 (PLK1) (McKinley and Cheeseman, 2014) can inhibit or promote, 
respectively, CENP-A deposition by phosphorylating the Mis18 and/or HJURP 
complex. In addition, the CCAN proteins (e.g. CENP-C, CENP-I, CENP-H–I complex) 
play an essential role in facilitating CENP-A deposition (Falk et al., 2015; Okada et al., 
2006; Shono et al., 2015). Other regulatory events include PTMs of CENP-A (e.g. 
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phosphorylation, methylation, ubiquitylation) (Bailey et al., 2013; Eot-Houllier et al., 
2018; Niikura et al., 2016; Niikura et al., 2015; Sathyan et al., 2017; Srivastava and 
Foltz, 2018), PTMs of histone H4 (e.g. acetylation, methylation) (Hori et al., 2014; 
Shang et al., 2016) and transcription at centromeres (Bobkov et al., 2018).  

Importantly, dysregulation of CENP-A deposition causes abnormal chromosomal 
activity and disrupted mitosis. For example, CENP-A overexpression or deletion of 
Mis18a causes mislocalisation of CENP-A to chromosome arms and therefore 
chromosomal instability (Fujita et al., 2007; Shrestha et al., 2017). In addition, 
constitutive CENP-A deposition throughout the cell cycle is associated with severe 
defects of chromosome segregation and multipolar spindles during mitosis and may 
adversely affect centromere function and genomic integrity, showing the importance of 
cell cycle restriction of CENP-A deposition (McKinley and Cheeseman, 2014).  

5.3.3.3 A postulated model for altered endothelial cell response caused by co-
treatment with BETi and bevacizumab  

Given that constitutive CENP-A deposition causes mitotic defects and chromosomal 
instability (Section 5.3.3.2) and that genes involved in CENP-A deposition were 
upregulated in ECs treated with BETi plus palivizumab (Section 5.2.3.2), it is 
postulated that inhibited EC survival and/or proliferation in palivizumab plus BETi may 
be a consequence of abnormally frequent CENP-A deposition. Accordingly, improved 
EC survival and/or proliferation in bevacizumab plus BETi may stem from alleviation 
of this otherwise defective process. Specifically, acetylation of lysine 124 on CENP-A 
inhibits recruitment of the key CCAN protein CENP-C and thereby hinders CENP-A 
deposition (Bui et al., 2012; Bui et al., 2017). Hence, downregulation of Class II HDAC 
signalling in bevacizumab plus BETi may potentiate this inhibitory effect by facilitating 
acetylation of CENP-A lysine 124. In addition, CDC25B was identified as the most 
significantly upregulated gene in both bevacizumab plus I-BET762 and bevacizumab 
plus JQ1 but not in bevacizumab plus DMSO (see Appendices 9, 10 and 11). 
Importantly, its protein product — the phosphatase cell division cycle 25B (CDC25B) 
— activates CDK1 and CDK2 (Loffler et al., 2006; Timofeev et al., 2010; Varmeh and 
Manfredi, 2009) which are negative regulators of CENP-A deposition (Section 
5.3.3.2). Upregulation of CDC25B may therefore account for suppressed CENP-A 
deposition in bevacizumab plus BETi due to activated CDK1/2 activities.  
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In summary, altered EC response (improved survival and/or proliferation as well 
as preserved cell morphology) caused by co-treatment with BETi and bevacizumab 
(when compared to BETi plus palivizumab) may be a consequence of ameliorated 
abnormal CENP-A deposition through reinforced negative regulation involving HDAC 
and CDK activities and eventually improved centromere function and chromosomal 
stability (Figure 5.9). Further investigation will require to validate this model and define 
the molecular link between changes in HDAC/CDC25B/CDK activities and co-
treatment with BETi and bevacizumab.  

5.3.4 Conclusions  

This Chapter evaluated the effects of BETi on in vitro EC activities under complete 
growth conditions (EGM-2MV) and VEGFA-dependent culture conditions (ESFM and 
ESRM). In these experiments, BETi inhibited several important EC activities including 
survival and/or proliferation (in all media), migration (in EGM-2MV) and cell cycle 
progression (in EGM-2MV). Further investigation of co-treatment with BETi and 
bevacizumab under VEGFA-dependent culture conditions (ESFM and ESRM) showed 
that BETi and bevacizumab mitigated the survival- and/or proliferation-inhibiting effect 
of each other, indicating an interaction between BET inhibition and VEGFA blockade. 
Lastly, analysis of RNA-Seq data revealed that altered EC response caused by co-
treatment with BETi and bevacizumab may be attributed to improved centromere 
function and chromosomal stability through modified HDAC and CDK activities.  
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Figure 5.1. BETi suppress survival and/or proliferation of XSEB113C1 cells 
under complete growth conditions  
XSEB113C1 cells were incubated in EGM-2MV plus DMSO (0.1% v/v) or BETi (I-
BET762 (1000 nM) or JQ1 (300 nM)) for nine days. Cell number was determined by 
counting nuclei released from attached cells. Fold-change is the ratio of relative viable 
cell number (calculated as nuclei number on a specific day versus nuclei number on 
day 0). Error bars represent ± SEM (n = 2 independent experiments).   



 
192 

 
 

 
Figure 5.2. BETi cause morphological changes in XSEB113C1 cells under 
complete growth conditions  
XSEB113C1 cells were treated with DMSO (0.1% v/v), I-BET762 (1000 nM) or JQ1 
(300 nM) in EGM-2MV. Phase-contrast images were taken on days 1, 3 and 5 of BETi 
treatment. Red arrowheads indicate examples of cells with abnormal morphology. 
Scale bars, 100 µm.   
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Figure 5.3. Effects of BETi on nuclear DNA content of XSEB113C1 cells under 
complete growth conditions  
Nuclei were released and analysed on day 3 of BETi treatment. Error bars represent 
± SEM (n = 2 independent experiments for all conditions except n = 3 independent 
experiments for DMSO). *, adjusted P-value < 0.05; **, adjusted P-value < 0.01; ***, 
adjusted P-value < 0.001 (versus DMSO, one-way ANOVA with Dunnett’s multiple 
comparison test performed).  
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Figure 5.4. BETi suppress migration of XSEB113C1 cells under complete growth 
conditions  
(A) Scratch wound migration assay analysis of the effect of BETi (I-BET762 at 1000 
nM or JQ1 at 300 nM) in EGM-2MV. For imaging, XSEB113C1 cells were stained using 
Celltracker Green CMFDA dye at 0 h (T0) then fixed and stained with phalloidin 
CF488A at 24 h (T24). Images were assembled as collage. Scale bar, 200 µm. (B) 
Quantification of EC migration. See Section 2.15.3 for calculation details. Error bars 
represent + SEM (n = 3 independent experiments). ***, P-value < 0.001(I-BET762 or 
JQ1 versus DMSO, two-tailed unpaired t-test).   
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Figure 5.5. Interaction between BETi and bevacizumab under VEGFA-dependent 
culture conditions  
(A) Relative cell response to bevacizumab in EGM-2MV plus DMSO or JQ1. (B) 
Relative cell response to bevacizumab in ESFM or ESRM plus DMSO or BETi. (C) 
Relative cell response to BETi in ESFM or ESRM plus bevacizumab or palivizumab. 
Error bars represent ± or + SEM (n = 2 independent experiments). *, P-value < 0.05; 
**, P-value < 0.01; ***, P-value < 0.001; ****, P-value < 0.0001; n.s., not significant 
(two-tailed unpaired t-test; see text in Section 2.16 for details). B, bevacizumab; 
ESFM, endothelial serum-free medium; ESRM, endothelial serum-reduced medium; 
P, palivizumab.   
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Figure 5.6. Cell morphology during treatment with BETi in ESFM plus 
bevacizumab or palivizumab  
XSEB113C1 cells were treated with DMSO (0.1% v/v), I-BET762 (1000 nM) or JQ1 
(300 nM) in ESFM plus bevacizumab or palivizumab (cells spread themselves when 
cultured in serum-free conditions regardless of treatment). Phase-contrast images 
were taken on (A) day 5 and (B) day 9 of BETi treatment in ESFM. Red arrowheads 
indicate examples of cells with abnormal morphology. Scale bars, 100 µm.   
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Figure 5.7. Differentially expressed genes in bevacizumab-treated versus 
palivizumab-treated samples under I-BET762 (I-BET) or JQ1 treatment 
Mean-centring and unsupervised hierarchical clustering on both samples and genes 
were applied to generate the heat map. Genes shown were identified based on their 
differential expression (FDR < 0.05 and |log2 fold-change| > 1) in the comparison 
between bevacizumab-treated and palivizumab-treated XSEB113C1 cells in ESFM 
plus I-BET or JQ1 but not DMSO. B, bevacizumab; P, palivizumab.   
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Figure 5.8. Gene set enrichment analysis  
(A) Gene sets enriched in XSEB113C1 cells treated with palivizumab and I-BET762 
(FDR ≤ 0.3). (B) Gene sets enriched in XSEB113C1 cells treated with palivizumab 
and JQ1 (FDR ≤ 0.2). (C) Enrichment plots of the gene sets enriched in both conditions 
of palivizumab plus I-BET762 and palivizumab plus JQ1 (indicated by red arrowheads). 
B, bevacizumab; NES, normalised enrichment score; P, palivizumab.  
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Figure 5.9. Postulated model for altered endothelial cell response caused by co-
treatment with BETi and bevacizumab  
(A) Proposed constitutive CENP-A deposition in palivizumab plus BETi causes 
centromere defects and chromosomal instability. (B) Low HDAC and high CDK1/2 
activities are induced by mechanisms which need to be further defined in bevacizumab 
plus BETi. These lead to a high level of acetylation on CENP-A lysine 124 (thereby 
preventing recruitment of CENP-C and CENP-A deposition) and phosphorylation of 
M18BP1 and HJURP complexes (thereby inhibiting their activities and CENP-A 
deposition). The reinforcement of these inhibitory events may contribute to 
amelioration of the abnormally high frequency of CENP-A deposition, thereby 
improving centromere function and chromosomal stability. Ac, acetylation; CDC25B, 
Cell division cycle 25B; CDK, cyclin-dependent kinase; CENP, centromere protein; 
HDAC, histone deacetylase; HJURP, Holiday junction recognition protein; K, lysine; P, 
phosphorylation.   
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Chapter 6  

General Discussion and Concluding Remarks  
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6.1 General Discussion  

6.1.1 Brief summary of research background and key findings 

VEGFA inhibitors have demonstrated efficacy in treating patients with multiple solid 
tumour types in the clinical setting (Section 1.4.1). However, limitations such as highly 
variable response in individual patients and the inevitable occurrence of resistance 
hamper their therapeutic value and potentially their range of indications (Section 
1.4.2). Such variability may be a consequence of tumour heterogeneity at all different 
levels (i.e. interpatient, intertumour and intratumour) (Sections 1.5 and 1.6). To better 
understand the tumour response to VEGFA inhibitors, an approach focusing on the 
role of individual TME component was proposed in this Thesis (Section 1.5.2.3). To 
pursue this concept, this Thesis explored the in vitro EC response to bevacizumab 
because tumour ECs play an important role in affecting tumour development and 
shaping therapeutic responses as well as being the main cellular target of 
bevacizumab (Section 1.6.1). Given that the detailed mechanisms of action of 
bevacizumab are poorly understood, a discovery strategy using functional genetic 
screening was devised to establish a causal rather than merely correlative relationship 
between gene activity and the EC response to bevacizumab (Section 1.6.2).  

Development of CRISPR–Cas9 as a genetic perturbation technology has 
revolutionised the field of genome manipulation (Section 1.7.2). The last five years 
witnessed the rapid adoption of CRISPR screens as the mainstream method for 
identifying essential genes and those responsible for drug response (Section 1.7.3). 
To date, the majority of published CRISPR screens have been performed using cancer 
cell lines and there was no study of human microvascular blood ECs (Section 4.1). In 
order to perform a CRISPR screen using ECs, this Thesis described how the technical 
hurdles in developing a 3D microcarrier-based culture system for large-scale 
cultivation of ECs were overcome, validation of CRISPR–Cas9 activity in ECs and 
modification of selective pressure to adapt screening selection in microcarrier-based 
culture. Together, these led to successful establishment of the 3D pooled screening 
platform (Chapter 3). Based on this platform, a kinome-wide CRISPR screen revealed 
several candidate genes as novel molecular modifiers of the EC response to 
bevacizumab (Chapter 4).  
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Further analysis of the most significant candidate gene BRD2, and the related 
genes BRD3 and BRD4, using BETi demonstrated their roles in regulating EC survival 
and/or proliferation, cell cycle progression and migration (Chapter 5). Importantly, 
investigation of the EC response under co-treatment with BETi and bevacizumab 
indicated an interaction between BET inhibition and VEGFA blockade (Chapter 5). 
Mechanistically, this appeared to involve epigenetic regulation of signalling in control 
of chromosomal activities such as histone modification, centromere function and 
chromosomal stability (Chapter 5).  

6.1.2 Limitations  

The discovery strategy developed in this Thesis enabled minimally biased and 
systematic searching of novel molecular modifiers of the EC response to bevacizumab. 
However, as a pioneering study, limitations were inevitable due to restricted time and 
resources. This Section discusses these limitations in the context of the pre-screen 
development, the kinome-wide CRISPR screen and the post-screen characterisation.  

6.1.2.1 Pre-screen development  

The successful development of a 3D microcarrier-based culture system was a key to 
fulfil the high demand for cell number in a kinome-wide CRISPR screen, given that 
large-scale cultivation of human microvascular blood ECs (XSEB113C1 cells in this 
Thesis) was difficult in monolayer culture (Chapter 3). After the working conditions for 
microcarrier-based EC culture in both 25 mL and 125 mL SFs were identified and 
validated (Chapter 3), attempts were made to translate these conditions to a larger 
scale (i.e. 500 mL SFs; maximum culture volume, 300 mL versus 75 mL in 125 mL 
SFs) to enable use of a larger Cas9/sgRNA library targeting more genes (e.g. the entire 
human genome) and/or application of a higher coverage of cells per sgRNA. However, 
even though adjustments of conditions (e.g. stirring speed (in rpm) and volume of 
culture medium) were carefully applied during scale-up, culture performance (e.g. 
seeding efficiency and proliferation) of ECs in 125 mL SFs could not be reproduced in 
500 mL SFs (data not shown), suggesting that different conditions may be required. A 
large demand for cells, medium and microcarriers in 500 mL SFs, plus a long period 
of time for evaluation (because of slow-growing ECs), eventually prevented further 
exploration of appropriate conditions for ECs in 500 mL SFs. Future evaluation may 
need to explore the possible reasons (e.g. different headspace-to-volume ratios 
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between 125 mL and 500 mL SFs) for defining the working conditions of microcarrier-
based EC culture in 500 mL SFs.  

6.1.2.2 Kinome-wide CRISPR screen  

One limitation of the screen performed in this Thesis was that only a small part of the 
human genome (i.e. the kinome) was screened by systematic LOF. This was due to 
the limited culture capacity of 125 mL SFs as well as incorporating a strategy of risk 
management, given that there was no experience in 3D screening using microcarrier-
based culture before this Thesis (Section 4.1). Nonetheless, the screen using 125 mL 
SFs was successful as a proof-of-principle experiment and provided valuable 
information that could facilitate evaluation of other non-kinome genes in the future.  

Another limitation might be the duration of screening selection. A 21-day period 
was estimated as appropriate, as discussed in Section 3.1.4. In the kinome-wide 
CRISPR screen, the majority of the candidate genes (16 out of 18) were identified on 
day 21 versus day 12 (Section 4.2.1.2), indicating that a longer period was necessary 
for detection. It is therefore possible that additional candidate genes could be identified 
if selection continued beyond 21 days. Although the selection duration in most CRISPR 
screens was less than 21 days (Section 3.1.4), a study by Steinhart et al. (2017) 
selected the human pancreatic ductal adenocarcinoma (PDAC) cell lines HPAF-II and 
AsPC-1 (doubling time, 42 h and 38–40 h, respectively (Deer et al., 2010)) for up to 35 
days and collected samples on days 15, 27, 31 and 35. These authors showed that 
different durations affected the fold-change distribution of sgRNAs and therefore the 
dynamic range for detecting candidate genes (Steinhart et al., 2017). The fact that 
these PDAC cell lines have a similar doubling time to XSEB113C1 cells suggests that 
a longer selection duration may be useful for detecting additional candidate genes.  

6.1.2.3 Post-screen characterisation  

The post-screen characterisation focused on BET proteins (for reasons discussed in 
Section 4.3.3) and evaluated the effects of BETi on ECs when used alone or with 
bevacizumab (Chapter 5). An interaction between BETi and bevacizumab under 
VEGFA-dependent culture conditions was identified in terms of effects on EC response 
(i.e. survival and/or proliferation and cell morphology) (Section 5.2.2). GSEA and DEG 
analyses of RNA-Seq data further identified two enriched gene sets common in both 
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palivizumab plus I-BET762 and palivizumab plus JQ1, and the most significantly 
upregulated gene — CDC25B — common in both bevacizumab plus I-BET762 and 
bevacizumab plus JQ1, respectively (Section 5.2.3). A model for altered EC response 
caused by co-treatment with BETi and bevacizumab was proposed based on these 
common enriched gene sets and the common upregulated gene (Section 5.3.3.3).  

It is possible that other enriched gene sets that were unique to I-BET762 (e.g. 
genes involved in nuclear b-catenin signalling) or JQ1 (e.g. genes involved in DNA 
methylation) (Section 5.2.3.2) may play a role in defining how BETi and bevacizumab 

interact and how this interaction affects the EC response. Interestingly, nuclear b-
catenin signalling (Olsen et al., 2017) and DNA methylation (Section 1.2.2.2) both 
relate to the regulation of transcription, which is affected by BETi. In addition, WNT 
signalling (both b-catenin-dependent and -independent) and DNA methylation affect 
VEGFA signalling and angiogenesis (Sections 1.2.1.6 and 1.2.2.2). These events 
may therefore contribute to the interaction between BETi and bevacizumab. Further 
analysis (e.g. using pathway analysis tools such as MetaCore™) of the downregulated 
and other upregulated (in addition to CDC25B) genes in bevacizumab plus I-BET762 
and/or bevacizumab plus JQ1 (Appendices 9, 10 and 11) may reveal additional 
mechanistic details.   

6.1.3 Future directions 

6.1.3.1 BET protein-related studies  

Future studies of the role of BET proteins in the EC response to bevacizumab, 
including further in vitro mechanistic investigation, ex vivo/in vivo studies and clinical 
studies, are discussed below.  

6.1.3.1.1 In vitro mechanistic investigation 

The postulated model for altered EC response caused by co-treatment with BETi and 
bevacizumab in this Thesis (Section 5.3.3.3) would need to be validated. For example, 
immunofluorescence analysis of ECs treated with bevacizumab plus BETi or 
palivizumab plus BETi under VEGFA-dependent culture conditions will provide useful 
information about differences in the status of DNA, centromeres, microtubules; and 
localisation/activation of key molecules such as CENP-A, CDK1/2, Mis18 and HJURP 
complexes, and HDACs (McKinley and Cheeseman, 2014). These experiments could 
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provide direct evidence regarding whether amelioration of centromere defects and 
chromosomal instability is involved in the interaction between BETi and bevacizumab 
in modifying the EC response. In addition, as discussed in Section 6.1.2.3, RNA-Seq 
data analysis would need to be further explored to obtain deeper mechanistic insight.  

To understand the basis for the interaction between BETi and bevacizumab on 
chromatin structure and function, chromatin immunoprecipitation sequencing (ChIP-
Seq) (Ostrow et al., 2015; Pillai and Chellappan, 2015) and assay for transposase-
accessible chromatin using sequencing (ATAC-Seq) (Buenrostro et al., 2013; 
Buenrostro et al., 2015) can be performed. Crucial information regarding modification 
of DNA–protein interactions and chromatin accessibility can be provided by ChIP-Seq 
and ATAC-Seq analysis, respectively, in BETi-treated ECs or ECs with individual BRD 
gene LOF (e.g. BRD2, BRD3, BRD4 knockdown by siRNA or knockout by CRISPR–
Cas9) cultured in the absence or presence of bevacizumab under VEGFA-dependent 
culture conditions.  

Lastly, quantitative assessment of drug interaction using, for example, the Chou-
Talalay method (Chou, 2006, 2010) to further define the interaction between BETi and 
bevacizumab may offer additional insight into how their effects are modified by each 
other in ECs.  

6.1.3.1.2 Ex vivo/in vivo studies in angiogenesis and tumour models 

To evaluate whether observations relating to in vitro EC activities can be translated to 
ex vivo/in vivo angiogenesis assays which are regulated by a complex 
microenvironment involving multiple cell types, the effects of co-treatment with BETi 
and bevacizumab on angiogenesis can be assessed in ex vivo angiogenesis models 
(e.g. the aortic ring assay (Baker et al., 2011)) and/or in vivo angiogenesis models (e.g. 
the CAM assay (Ribatti, 2012) and the murine Matrigel plug assay (Malinda, 2009)). 
These experiments may validate the in vitro observations or provide different 
interpretations.  

In vivo evaluation of the interaction between BET inhibition and VEGFA blockade 
may be further complicated when tumours are involved because of tumour 
heterogeneity (e.g. from different tumour types). Hence, in vivo effects of co-treatment 
on tumour angiogenesis and tumour development may be context-dependent and 
possibly very different from in vitro EC response and/or results from ex vivo/in vivo 
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angiogenesis assays. A thorough plan for testing the combination of BETi (e.g. I-
BET151) and the cross-species anti-VEGFA antibody (B20-4.1.1; neutralises both 
human and mouse VEGFA (Liang et al., 2006)) in mouse tumour models has been 
established in the Tumour Angiogenesis and Microenvironment Program. Tumour 
types which show distinct sensitivity to BET inhibition or VEGFA blockade have been 
identified. These experiments could reveal the therapeutic potential and/or enhance 
the understanding of how these drugs interact to affect tumour angiogenesis and/or 
tumour development.  

Alternatively, ex vivo/in vivo genetic perturbation can be used to evaluate the 
function of BET proteins using the above angiogenesis and tumour models. These 
include knockdown of BRD2, BRD3 or BRD4 by transfection of aortic rings with siRNA, 
EC-specific knockout in mice using the Cre/LoxP recombination system (Wang, 2009) 
or inducible genetic perturbation in mice using CRISPR–Cas9 (LOF or GOF) (Dow et 
al., 2015; Platt et al., 2014) or RNAi (LOF) (Bolden et al., 2014).  

6.1.3.1.3 Clinical studies  

Transcriptomic evaluation of bevacizumab-treated tumour samples from responding 
versus non-responding patients with glioblastoma has been performed by bulk RNA-
Seq of RNA isolated from whole tumour samples (Urup et al., 2017). Although 
providing information about the relationship between overall genetic alterations and 
tumour response, the value of such information is largely confounded by the variable 
contributions of different TME cell types between different samples and there is no 
detail regarding how specific cell types contribute to tumour response. Recent 
advances in single-cell RNA-Seq of patient tumour samples enable investigation of 
specific cell types in a tumour without the need for cell isolation before RNA-Seq (which 
can be inefficient and/or inaccurate) (Lambrechts et al., 2018). This could be a powerful 
tool to dissect the role of individual cell types (e.g. tumour ECs) in the tumour response 
to VEGFA inhibitors. Because the identity of tumour ECs can be established using 
transcriptomic criteria, a feat that cannot be achieved by bulk RNA-Seq. Hence, with 
application of single-cell RNA-Seq, previous BET protein-related in vitro and in vivo 
findings from EC culture, angiogenesis and tumour models discussed above (e.g. 
altered gene expression, protein activation, epigenetic activity) can be compared with 
clinical data from patients with differential responses to VEGFA inhibitors (e.g. 
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responders versus non-responders), providing a direct link to establish clinical 
relevance regarding the role of BET protein activity in the setting of VEGFA blockade.  

6.1.3.2 Characterisation of other validated candidates 

In addition to BET proteins, the kinome-wide CRISPR screen and subsequent 
validation assays revealed other candidate genes (i.e. ATCR2, TAOK1, TLK1, TLK2 
and TRRAP) as molecular modifiers of the EC response to bevacizumab (Chapter 4). 
In vitro, ex vivo/in vivo and clinical approaches used for investigating the role of BET 
proteins discussed in Section 6.1.3.1 can also be applied for these genes.  

As mentioned in Chapter 4, the functions of all validated genes (including BRD 
genes) seem to encompass several common themes — regulation of transcription, 
chromatin structure, cell cycle progression, DNA repair and chromosomal stability. 
Although this observation may be confounded by the use of a kinome-wide library, it 
suggests a possibility that these events (in part epigenetically regulated) are implicated 
in modifying the EC response to bevacizumab. Hence, studying these epigenetically 
regulated events as a cluster (versus individual genes or pathways) may define a 
common signature for predicting and/or monitoring patient response to bevacizumab. 
Importantly, this is in agreement with the concept of composite biomarkers (Section 
1.5.1).  

6.1.3.3 Broad implications of the discovery strategy  

The 3D pooled screening platform developed in this Thesis provided, by design, an 
opportunity to evaluate the cell response to a specific therapy. Other parts of the 
genome in addition to the kinome can be screened using diverse CRISPR–Cas9-
related methods in addition to CRISPR–Cas9-mediated knockout — CRISPRi, 
CRISPRa, CRISPR–Cas9-directed epigenetic manipulation of gene expression, or 
base editing (Section 1.7.2) — in ECs. Furthermore, other VEGFA inhibitors (e.g. 
ligand traps, small-molecule TKIs; Section 1.4.1) or other related cell types (e.g. 
lymphatic ECs which also play an important role in cancer development (Stacker et al., 
2014)) can be screened using this system. Lastly, co-culture of cancer cells with ECs 
or lymphatic ECs in microcarrier-based culture is possible (Section 1.7.1), potentially 
allowing better modelling of the TME.  
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6.1.3.4 Clinical implications  

A recent Phase III clinical trial combining bevacizumab, chemotherapy and the anti-
PD-L1 antibody atezolizumab in patients with metastatic nonsquamous non-small-cell 
lung cancer showed significant improvements in PFS and OS (Socinski et al., 2018), 
indicating a role for bevacizumab in regulation of anti-tumour immunity. Indeed, 
accumulating evidence suggests a multi-faceted function of bevacizumab in the TME 
(Section 1.5). The role of epigenetics in resistance to VEGFA inhibitors has just begun 
to be appreciated (Jayson et al., 2016), but understanding of the interaction between 
epigenetics and VEGFA signalling needs to be further developed. The future of VEGFA 
inhibitors, including bevacizumab, in clinical oncology will rely on rational use directed 
by clinically qualified predictive and/or response biomarkers, as well as strategies to 
overcome resistance. This Thesis has confirmed the involvement of epigenetic 
regulation in modifying the EC response to bevacizumab by showing a previously 
unreported role of BET proteins in this process. Further investigation in this area is 
therefore encouraged to facilitate biomarker and therapeutic development. Eventually, 
not only patients with cancer but also those with other angiogenesis-dependent 
diseases, such as ocular diseases and rheumatoid arthritis (Folkman, 2007), will 
benefit from these advances in knowledge.  

6.2 Concluding Remarks  

This Thesis addressed a current vacancy with respect to large-scale genetic screening 
in human microvascular blood ECs by developing a 3D pooled screening platform 
using microcarrier-based culture and CRISPR–Cas9. This established the foundation 
for identification of novel candidates as molecular modifiers of the EC response to 
bevacizumab. Characterisation of the most significant candidates — BET proteins 
(best known as epigenetic readers) — revealed an interaction between their activity 
and VEGFA signalling in the context of bevacizumab treatment in ECs. Collectively, 
these results highlighted a role for epigenetic regulation in altering the EC response to 
bevacizumab and will drive investigation to develop predictive and/or response 
biomarkers and therapeutic strategies to overcome clinical resistance, overall leading 
to the rational use of bevacizumab and potentially other VEGFA inhibitors in treating 
cancer and other angiogenesis-dependent diseases.   
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Appendix 1. Preparation of General Solutions 

Solution Preparation 
1× DPBS, no 
Ca2+, no Mg2+ 
(1× DPBS−/−) 

2.68 mM KCl, 1.47 mM KH2PO4, 136.7 mM NaCl, 8.06 mM 
Na2HPO4·7H2O, pH 7.4 at RT; sterilised by filtration; store at RT 

1× DBPS with 
Ca2+ and Mg2+ 
(1× DPBS+/+) 

2.68 mM KCl, 1.47 mM KH2PO4, 136.7 mM NaCl, 8.06 mM 
Na2HPO4·7H2O, 0.9 mM CaCl2, 0.49 mM MgCl2·6H2O, pH 7.4 at RT; 
sterilised by filtration; store at RT 

0.5 M EDTA pH 
8.0 at RT 

372.24 g/L EDTA; dissolved in Milli-Q water, pH 8.0 at RT and 
sterilised by autoclaving at 121 ºC for 15 min; store at RT 

10 × Tris-borate-
EDTA (TBE) 
buffer  

0.89 M Tris base (Sigma, #93362), 0.89 M boric acid, 20 mM EDTA; 
store at RT 

LB medium, 
Lennox 

10 g/L casein hydrolysate, 5 g/L yeast extract, 5 g/L NaCl; dissolved 
in Milli-Q water and sterilised by autoclaving at 121 ºC for 15 min; 
store at RT 

LB agar  
10 g/L casein hydrolysate, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L 
agar; dissolved in Milli-Q water and sterilised by autoclaving at 121 
ºC for 15 min; store at RT 

LB agar plates  Mixing melted LB agar and dispensing to a 10 cm Petri dish (Greiner 
Bio-One, #632161; 20 mL/dish); store at 4 ºC 

LB agar plates 
with 75 µg/mL 
ampicillin 
(referred to as L-
Amp plates) 

Mixing melted LB agar with 75 µg/mL ampicillin (Sigma, #A9518) 
and dispensing to a 10 cm Petri dish as above; store at 4 ºC 

DPBS, Dulbecco's phosphate buffered saline; EDTA, 2,2',2'',2'''-(ethane-1,2-
diyldinitrilo)tetraacetic acid; LB, Lysogeny broth; RT, room temperature.  
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Appendix 2. BCM-2+  

BCM-2+ 

Component Final 
concentration 

EBM-2 (Lonza, #CC-3156)  n/a 
1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
Life Technologies, #15630080)   10 mM 

FBS (Lonza, #CC-3202)  1% v/v 
75 mM ascorbic acid (Sigma, #A4034)/500 mM 2-phosphoascorbic 
acid (Sigma, #49752) in Milli-Q water neutralised to pH 7.4 at RT  75 μM/500 μM 

50 mg/mL gentamicin (Life Technologies, #15750060) 10 μg/mL 

2.5 mg/mL hydrocortisone (Sigma, #H0888) in 100% ethanol 1 μg/mL 
 
NOTE: 0.3 or 0.5 µg/mL puromycin-2HCl (Life Technologies, #A1113803) was added when 
the puromycin resistance gene was expressed.  
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Appendix 3. MCA Wash Solution 

MCA wash solution 

Component  Final 
concentration  

EBM-2 (Lonza, #CC-3156)  n/a 
1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Life 
Technologies, #15630080)   10 mM 

20% w/v AlbuMAX II (Life Technologies, #11021037) in 1× DPBS−/−  0.25% v/v 
75 mM ascorbic acid (Sigma, #A4034)/500 mM 2-phosphoascorbic 
acid (Sigma, #49752) in Milli-Q water neutralised to pH 7.4 at RT  75 μM/500 μM 

50 mg/mL gentamicin (Life Technologies, #15750060)  10 μg/mL 
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Appendix 4. Preparation of LIM1863-Mph Serum-Free 
Conditioned Medium  

The following descriptions about the preparation of LIM1863-Mph serum-free 
conditioned medium are extracted from a manuscript in preparation (Halford et al., 
2018b; manuscript in preparation, see Page IX).  
 
Cells and reagents  
• LIM1863-Mph human colon carcinoma cell line (Ludwig Institute for Cancer Research) 
• 0.05% Trypsin-EDTA (1×), phenol red (Life Technologies, #25300062) 
• Advanced DMEM/F12 (Life Technologies, #12634-010) 
• BSA Fraction V (Roche Applied Science, #10735078001) 
• GlutaMAX I (Life Technologies, #35050-061) 
• HEPES (Life Technologies, #11344-041) 
• N-acetyl-L-cysteine (Merck, #106425) 
• N-2 supplement (Life Technologies, #17502-048) 
• B-27 supplement without vitamin A (Life Technologies, #12587-010) 
• 1-thioglycerol (Sigma-Aldrich, #M6145) 
• Hydrocortisone (Sigma-Aldrich, #H0888) 
• 50 mg/mL Gentamicin (Life Technologies, #15750-060) 
• RPMI 1640 (Life Technologies, #11875-093) 
• FBS (Life Technologies, #10099-141) 
• 100× Penicillin/streptomycin (Life Technologies, #15140-122) 
• Insulin Actrapid Penfill 3 mL (Novo Nordisk) 
• Proteome Profiler human angiogenesis antibody array (R&D Systems, #ARY007) 
• IRDye 800CW streptavidin (LI-COR Biosciences, #926-32230) 
• Dulbecco’s phosphate-buffered saline without calcium chloride and magnesium 

chloride (DPBS-A; e.g. Sigma-Aldrich, D8537) 

Reagent setup  
DPBS-A/0.5 mM EDTA To 500 mL of sterile DPBS-A, add 0.5 mL of sterile 0.5 M EDTA 
pH 8.0. Mix thoroughly and store at room temperature. 
HEPES-NaOH, 1 M, pH 7.4 To 450 mL of mQ-H2O, add 119.2 g of HEPES while stirring. 
Adjust the pH to 7.6 at 23 °C (7.4 at 37 °C; the ΔpKa of HEPES is –0.014/°C) with 10 M 
NaOH. Sterilize using a 0.22 μm pore size 500 mL filter unit and store at 4 °C protected 
from light.  
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BSA, 20% (Roche Fraction V) To 20 mL of DPBS-A, add 6 g of Roche Fraction V BSA. 
Incubate at room temperature on a tube roller to allow gentle solubilisation. Adjust the final 
volume to 30 mL with DPBS-A and filter-sterilize using a 50 mL syringe and a 0.2 μm 
syringe filter. Store at 4 °C for up to 8 weeks protected from light.  
RF-10+ To 500 mL of RPMI 1640, add 50 mL of FBS (heat-inactivation is not necessary), 
10 mL of 1 M HEPES-NaOH pH 7.4 at 37 °C (pH 7.6 at 23 °C), 5 mL of GlutaMAX I, 5 mL 
of 100× penicillin/streptomycin, 0.129 mL of insulin, 0.2 mL of 2.5 mg/mL hydrocortisone 
and 4.33 μL of 1-thioglycerol. Sterilize using a 0.22 μm 500 mL filter unit and store at 4 °C 
protected from light for no more than 4 weeks. The final composition is 10% (v/v) FBS, 20 
mM HEPES-NaOH, 2 mM GlutaMAX I, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.9 
μg/mL insulin, 1 μg/mL hydrocortisone and 0.1 mM 1-thioglycerol in RPMI 1640. 
LSFM To 500 mL of Advanced DMEM/F12, add 2.5 mL of 20% (w/v) BSA (Roche fraction 
V), 5 mL of GlutaMAX I, 5 mL of 1 M HEPES-NaOH pH 7.4 at 37 °C (pH 7.6 at 23 °C), 1 
mL of 0.5 M N-acetyl-L-cysteine, 5 mL of N-2 supplement, 10 mL of B-27 supplement 
without vitamin A, 4.33 μL of 1-thioglycerol, 0.2 mL of 2.5 mg/mL hydrocortisone and 0.05 
mL of 50 mg/mL gentamicin. Sterilize using a 0.22 μm 500 mL filter unit. Store at 4 °C 
protected from light for up to 4 weeks. The final composition is 0.1% (w/v) BSA, 2 mM 
GlutaMAX I, 10 mM HEPES-NaOH, 1 mM N-acetyl-L-cysteine, 1× N-2 supplement, 1× B-
27 supplement without vitamin A, 0.1 mM 1-thioglycerol, 1 μg/mL hydrocortisone and 5 
μg/mL gentamicin in Advanced DMEM/F12.  

PROCEDURE  

Preparation of LIM1863-Mph conditioned medium � TIMING 1 month  
1│ Culture LIM1863-Mph cells in RF-10+ at 5% CO2 as described in Vincan, E., 
Whitehead, R.H., and Faux, M.C. (2008). Analysis of Wnt/FZD-mediated signalling in a cell 
line model of colorectal cancer morphogenesis. Methods Mol. Biol. 468, 263-273.  

2│ Two weeks later, harvest the adherent cells. Aspirate the medium and free-floating 
organoids, wash twice with 0.2 mL/cm2 DPBS-A to remove FBS and loosely attached cells, 
add 50 μL/cm2 of warm 0.05% trypsin solution, incubate at 37 °C for 5 min, add an equal 
volume of warm RF-10+ to neutralise the trypsin, triturate gently to generate as many single 
cells as possible and pass through a 40 μm cell strainer (Coring, #352340) into a 50 mL 
tube.  

3│ Count cells using a hemocytometer. Exclude cells that stain with trypan blue. If clusters 
are present, score each as one cell. Seed flasks at 3000 cells/cm2 in 0.2 mL/cm2 RF-10+ 
and return to the incubator.  
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4│ Grow for approximately 3 weeks, changing the medium as dictated by falling pH 
indicated by an orange colour. When changing medium, stand the flasks on end and allow 
the organoids to sediment for a few minutes. Remove 80–90% of the spent medium 
(without organoids) and replace with fresh warm RF-10+.  

5│ Adapt to LSFM and prepare conditioned medium as shown below.  

Day Replace 90% medium with 

0 75% RF-10+/25% LSFM 
2 50% RF-10+/50% LSFM 
4 25% RF-10+/75% LSFM 
6 100% LSFMa 
8 Collect 48 h conditioned medium; replace 
10 Collect 48 h conditioned medium 

a Remove as much medium as possible (without also collecting 
organoids) to avoid carryover of FBS into the conditioned 
medium. 

6│ From each collection of conditioned medium, remove cells by centrifugation at 150 g, 
4 °C for 5 min and save the supernatant. Add 1 M HEPES-NaOH (pH 7.6 at 23 °C, pH 7.4 
at 37 °C) to 20 mM and pass through a 500 mL 0.22 μm filter unit. Sterility must be 
maintained hereafter. Remove a 1 mL sample and store on ice. Store the conditioned 
medium from the first collection at 4 °C and pool with the cleared and filtered conditioned 
medium from the second collection (after removing a 1 mL sample).  

7│ Probe two Proteome Profiler human angiogenesis antibody arrays overnight at 4 °C 
with the 1 mL conditioned medium samples according to the manufacturer’s instructions to 
generate a profile of angio-regulatory proteins. Substitute the HRP-conjugated streptavidin 
provided in the kit with IRDye 800CW streptavidin to permit quantification of signals over 
a wider linear dynamic range with an Odyssey infrared scanner (LI-COR Biosciences).  

8│ Concentrate the pooled conditioned medium 10-fold using an Amicon stirred cell 
(model 8400, 400 mL; Millipore, #5124)   and a 3000 NMWL polyethersulfone membrane 
(Millipore, #PLBC07610).  

9│ Prepare 0.5 and 5 mL aliquots and store at –80 °C.  

¢ PAUSE POINT The conditioned medium is stable at –80 °C for at least 6 months.   
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Appendix 5. Endothelial Serum-Free Medium for Microcarrier-
Based Culture (ESFM-3D) Plus Bevacizumab or Palivizumab 

ESFM-3D plus bevacizumab or palivizumab 

Component Final 
concentration 

EBM-2 (Lonza, #CC-3156)  n/a 
1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
Life Technologies, #15630080)  20 mM 

20% w/v AlbuMAX II (Invitrogen, #11021037) in 1× DPBS−/−   0.25% v/v 
50 × Nutridoma-CS (Roche, Sydney, NSW, Australia, 
#11363743001)   

0.75× (1.5 % 
v/v) 

Chemically defined lipid concentrate (Life Technologies, 
#11905031)   0.50% v/v 

Monoclonal antibody (bevacizumab or palivizumab)   100 nM 

100 × MEM Non-Essential Amino Acids solution (Invitrogen, 
#11140050; neutralised to pH 7.4 at RT)   1× 

2.5 mg/mL hydrocortisone (Sigma, #H0888) in 100% ethanol   1 μg/mL 

200 mM dibutyryl cyclic adenosine monophosphate (Sigma, 
#D0627) in 1× DPBS−/−   0.5 mM 

60 mM serotonin-HCl (5-hydroxytryptamine-HCl; Sigma, #H9523) in 
1× DPBS−/−  700 μM 

2 mM sphingosine-1-phosphate (Avanti Polar Lipid, Inc., Alabaster, 
AL, USA, #860492P) in 95% v/v methanol   200 nM 

1 mg/mL heparin (Sigma, #H3149) in Milli-Q water   0.1 μg/mL 

75 mM ascorbic acid (Sigma, #A4034)/500 mM 2-phosphoascorbic 
acid (Sigma, #49752) in Milli-Q water neutralised to pH 7.4 at RT   75 μM/500 μM 

1000 × Trace Elements C (Mediatech, Inc., Manassas, VA, USA, 
#25-023-CI)   1× 

50 mg/mL gentamicin (Invitrogen, #15750060)   1 μg/mL 

50 μg/mL rhFGF-2 (PeproTech, Rocky Hill, NJ, USA, #100-18B)   10 ng/mL 

100 µg/mL Long R3 rhIGF1 (PeproTech, #100-11R3)  27.5 ng/mL 

100 μg/mL rhVEGFA165 (PeproTech, #100-20)   20 ng/mL (500 
pM homodimer) 

10 × LIM1863-Mph serum-free conditioned medium   0.1× (1% v/v) 

1 mg/mL puromycin-2HCl (Life Technologies, #A1113803)   0.3 μg/mL 
 
See Appendix 4 for the preparation of LIM1863-Mph serum-free conditioned medium.  
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Appendix 6. Endothelial Serum-Free Medium for Monolayer 
Culture (ESFM-2D) Plus Bevacizumab or Palivizumab 

ESFM-2D plus bevacizumab or palivizumab 

Component Final 
concentration 

EBM-2 (Lonza, #CC-3156)   n/a 
1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
Life Technologies, #15630080)   20 mM 

20% w/v AlbuMAX II (Life Technologies, #11021037) in 1× 
DPBS−/−   0.25% v/v 

50 × Nutridoma-CS (Roche, Sydney, NSW, Australia, 
#11363743001)   0.5× (1% v/v) 

Chemically defined lipid concentrate (Life Technologies, 
#11905031)   0.50% v/v 

Monoclonal antibody (bevacizumab or palivizumab)  50 nM 

100 × MEM Non-Essential Amino Acids solution (Invitrogen, 
#11140050; neutralised to pH 7.4 at RT)  1× 

2.5 mg/mL hydrocortisone (Sigma, #H0888) in 100% ethanol   1 μg/mL 

200 mM dibutyryl cyclic adenosine monophosphate (Sigma, 
#D0627) in 1× DPBS−/−   0.5 mM 

60 mM serotonin-HCl (5-hydroxytryptamine-HCl; Sigma, #H9523) in 
1× DPBS−/−  300 μM 

2 mM sphingosine-1-phosphate (Avanti Polar Lipid, Inc., Alabaster, 
AL, USA, #860492P) in 95% v/v methanol   200 nM 

1 mg/mL heparin (Sigma, #H3149) in Mill-Q water  0.1 μg/mL 

75 mM ascorbic acid (Sigma, #A4034)/500 mM 2-phosphoascorbic 
acid (Sigma, #49752) in Mill-Q water neutralised to pH 7.4 at RT  75 μM/500 μM 

1000 × Trace Elements C (Mediatech, Inc., Manassas, VA, USA, 
#25-023-CI)   1× 

50 mg/mL gentamicin (Life Technologies, #15750060)  1 μg/mL 

500 ng/mL rhFGF-2 (PeproTech, Rocky Hill, NJ, USA, #100-18B)  82.5 pg/mL 

50 μg/mL rhVEGFA165 (PeproTech, #100-20)  10 ng/mL (250 
pM homodimer) 

10 × LIM1863-Mph serum-free conditioned medium   0.1× (1% v/v) 
 
NOTE: 0.3 µg/mL puromycin-2HCl (Life Technologies, #A1113803) was added when the 
puromycin resistance gene was expressed.  
 
See Appendix 4 for the preparation of LIM1863-Mph serum-free conditioned medium. 
  



 
275 

Appendix 7. Endothelial Serum-Reduced Medium (ESRM) Plus 
Bevacizumab or Palivizumab 

ESRM plus bevacizumab or palivizumab 

Component  Final 
concentration  

EBM-2 (Lonza, #CC-3156)  n/a 

1 M HEPES (Life Technologies, #15630080)  10 mM 

Human serum (Sigma, #6914)  1% v/v 
75 mM ascorbic acid (Sigma, #A4034)/500 mM 2-phosphoascorbic 
acid (Sigma, #49752) in Milli-Q water neutralised to pH 7.4 at RT  75 μM/500 μM 

50 mg/mL gentamicin (Life Technologies, #15750060)   10 μg/mL 

2.5 mg/mL hydrocortisone (Sigma, #H0888) in 100% ethanol  1 μg/mL 

Monoclonal antibody (bevacizumab or palivizumab)  50 nM 

50 μg/mL rhFGF-2 (PeproTech, Rocky Hill, NJ, USA, #100-18B)  1.2 ng/mL 

100 µg/mL Long R3 rhIGF1 (PeproTech, #100-11R3)  1.5 ng/mL 

50 µg/mL rhEGF (PeproTech, #AF-100-15)  3 ng/mL 

50 μg/mL rhVEGFA165 (PeproTech, #100-20)  10 ng/mL (250 
pM homodimer) 

 
NOTE: 0.3 µg/mL puromycin-2HCl (Life Technologies, #A1113803) was added when the 
puromycin resistance gene was expressed.  
  



 
276 

Appendix 8. Primers Used in Next-Generation Sequencing for 
Quantification of sgRNA Representation  

P5 XPR/LKO1 primer mix 

Name Sequence (5'–3') 

P5_XPR/LKO1_1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTCTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTGCTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTAGCTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTCAACTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTTGCACCTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTACGCAACTTGTGGAAAGGACGAAACACCG 

P5_XPR/LKO1_8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTGAAGACCCTTGTGGAAAGGACGAAACACCG 

P7 primer 

Backbone sequence 
P7 XPR023 (5'–3') 

CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

Barcode ID Barcode sequence (NNNNNNNN, 5'–3') 

A01 CGGTTCAA 

A02 GCTGGATT 

A03 TAACTCGG 

A04 TAACAGTT 

A05 ATACTCAA 

A06 GCTGAGAA 

A07 ATTGGAGG 

A08 TAGTCTAA 

A09 CGGTGACC 
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Appendix 9. RNA-Seq Analysis: Differentially Expressed Genes 
(Bevacizumab Plus DMSO Versus Palivizumab Plus DMSO)  

Gene Log2 fold-
change 

Average 
expression t-value P-Value Adjusted 

P-Value B-value 

LTB 1.43 8.16 12.15 4.75E-10 5.71E-06 13.08 
DCBLD2 1.10 6.79 9.34 2.80E-08 8.41E-05 9.23 

IFIT3 1.05 6.85 9.35 2.77E-08 8.41E-05 9.25 
MX1 1.01 8.14 9.37 2.67E-08 8.41E-05 9.35 

CXCR4 -1.62 3.91 -8.31 1.54E-07 3.10E-04 6.55 
XAF1 1.00 6.21 8.33 1.49E-07 3.10E-04 7.63 
BIRC3 1.64 3.72 8.15 2.03E-07 3.49E-04 6.24 

ANGPTL2 -1.07 5.35 -8.07 2.35E-07 3.53E-04 7.06 
CX3CL1 2.03 4.24 7.89 3.21E-07 3.65E-04 6.23 
FLRT2 1.20 4.84 7.87 3.37E-07 3.65E-04 6.59 
LYVE1 -1.36 6.89 -7.42 7.57E-07 6.71E-04 6.12 
VCAM1 2.05 3.79 7.27 9.96E-07 7.99E-04 5.02 

ANGPTL4 1.02 6.59 7.05 1.52E-06 1.07E-03 5.46 
RSAD2 1.56 3.92 6.80 2.45E-06 1.40E-03 4.49 

MX2 1.46 5.25 6.77 2.58E-06 1.41E-03 4.87 
SERPINE2 1.11 4.29 6.61 3.52E-06 1.69E-03 4.39 

AC090651.1 -1.23 4.12 -6.36 5.77E-06 2.39E-03 3.87 
DLL4 -1.46 3.43 -6.28 6.80E-06 2.64E-03 3.36 

KCNJ2 -2.43 2.59 -6.02 1.13E-05 3.03E-03 1.96 
FABP5 -1.10 4.73 -5.91 1.42E-05 3.55E-03 3.25 
ICAM1 1.16 5.29 5.84 1.66E-05 3.83E-03 3.17 
CCL2 1.03 7.20 5.40 4.07E-05 7.63E-03 2.26 
C5orf4 -1.20 3.75 -5.16 6.80E-05 1.04E-02 1.68 
CMPK2 2.07 2.12 4.76 1.60E-04 2.07E-02 0.08 
TRAF1 2.20 1.32 4.76 1.63E-04 2.08E-02 -0.68 
ACE -1.54 2.10 -4.37 3.80E-04 3.88E-02 -0.43 

CCL20 1.64 3.23 4.36 3.90E-04 3.89E-02 0.09 
MMP2 1.06 3.25 4.34 4.01E-04 3.89E-02 0.09 
OASL 1.54 1.93 4.29 4.52E-04 4.30E-02 -0.61 

C13orf15 -1.01 4.73 -4.24 5.08E-04 4.59E-02 -0.01 
INHBB -2.39 0.82 -4.24 5.05E-04 4.59E-02 -1.76 
EGR1 -1.65 2.35 -4.21 5.35E-04 4.73E-02 -0.53 

Genes with |log2 fold-change| > 1 are ranked by adjusted P-value (overall < 0.05).  
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Appendix 10. RNA-Seq Analysis: Differentially Expressed 
Genes (Bevacizumab Plus I-BET762 Versus Palivizumab Plus I-
BET762) 

Gene Log2 fold-
change 

Average 
expression t-value P-Value Adjusted 

P-Value B-value 

ESM1 -1.97 10.01 -16.61 2.30E-11 2.70E-07 16.22 
CDC25B 1.28 8.47 14.94 1.10E-10 4.31E-07 14.72 

EPN3 -1.67 6.46 -15.11 9.35E-11 4.31E-07 14.59 
HBEGF -1.69 6.01 -13.94 3.03E-10 8.90E-07 13.44 
CCND1 -1.14 11.82 -12.18 2.12E-09 4.98E-06 11.96 

ACE -2.32 4.02 -11.46 5.05E-09 7.32E-06 9.80 
ADAMTS4 -1.61 6.01 -11.57 4.42E-09 7.32E-06 11.06 

FNDC5 -1.36 7.15 -11.37 5.60E-09 7.32E-06 10.96 
MYEOV -1.56 6.50 -11.65 3.98E-09 7.32E-06 11.23 
F2RL3 -1.33 9.38 -10.95 9.55E-09 1.12E-05 10.48 

CYB561 -1.17 6.29 -10.65 1.40E-08 1.49E-05 10.04 
SLC12A2 -1.01 8.99 -10.46 1.80E-08 1.77E-05 9.85 
EXOC6 1.05 6.72 10.15 2.72E-08 2.28E-05 9.43 
RSAD1 -1.15 6.54 -10.16 2.68E-08 2.28E-05 9.44 
ETS2 -1.07 6.69 -10.00 3.36E-08 2.47E-05 9.23 
ITGB4 1.11 7.11 9.81 4.34E-08 3.01E-05 8.99 
AIF1L -1.39 5.51 -9.46 7.12E-08 3.68E-05 8.42 

CXCR4 -1.57 7.03 -9.54 6.36E-08 3.68E-05 8.61 
RASSF4 -1.21 6.37 -9.45 7.19E-08 3.68E-05 8.48 
RIMKLB -1.55 6.10 -9.48 6.86E-08 3.68E-05 8.51 

ADAMTS18 1.09 6.19 9.30 8.98E-08 4.23E-05 8.26 
CLDN14 -1.19 6.32 -8.94 1.52E-07 6.62E-05 7.76 

C1QTNF1 -1.68 4.84 -8.79 1.89E-07 7.50E-05 7.39 
MCTP1 1.12 5.45 8.79 1.88E-07 7.50E-05 7.52 

DNASE1L3 1.80 3.79 8.65 2.34E-07 8.89E-05 6.80 
ARHGEF10 -1.18 6.81 -8.33 3.80E-07 1.31E-04 6.87 

ID1 1.48 4.52 8.20 4.65E-07 1.56E-04 6.53 
LHX6 1.49 4.42 8.13 5.23E-07 1.71E-04 6.40 

TACSTD2 1.29 6.67 8.10 5.46E-07 1.73E-04 6.51 
ITPKB -1.19 5.92 -8.06 5.86E-07 1.77E-04 6.45 

C6orf15 -1.62 3.79 -7.98 6.65E-07 1.96E-04 5.95 
STC1 -1.20 5.39 -7.89 7.67E-07 2.20E-04 6.18 
MME -1.15 5.17 -7.83 8.40E-07 2.25E-04 6.08 

SPRY4 -2.02 3.01 -7.66 1.11E-06 2.81E-04 4.97 
RAB15 -1.87 3.74 -7.35 1.87E-06 4.07E-04 5.01 



 
279 

LXN -1.18 4.31 -6.87 4.23E-06 7.56E-04 4.49 
SPRY1 -1.16 5.02 -6.87 4.24E-06 7.56E-04 4.53 

RASGRP3 -1.04 4.60 -6.86 4.32E-06 7.59E-04 4.50 
UNC5B -2.15 2.78 -6.66 6.08E-06 9.80E-04 3.48 
SYNM -1.04 5.51 -6.57 7.10E-06 1.09E-03 4.03 
ITGA1 -1.06 5.01 -6.48 8.44E-06 1.22E-03 3.88 

AE000661.28 -1.91 2.63 -6.46 8.78E-06 1.26E-03 3.14 
SIRPA -1.24 4.16 -6.32 1.13E-05 1.52E-03 3.56 

MAN1A1 -1.58 2.94 -6.20 1.39E-05 1.82E-03 3.03 
BMP4 1.82 3.08 6.07 1.79E-05 2.25E-03 2.86 

NCKAP5 -1.27 3.87 -6.04 1.86E-05 2.26E-03 3.07 
CCL2 1.10 5.44 5.94 2.26E-05 2.53E-03 2.90 

PRDM1 -1.24 3.52 -5.89 2.47E-05 2.67E-03 2.76 
FAM117A 1.34 3.56 5.84 2.74E-05 2.87E-03 2.68 
RASSF2 -1.96 2.58 -5.79 3.02E-05 3.11E-03 2.17 
CCBE1 -1.59 3.09 -5.75 3.22E-05 3.29E-03 2.39 
GRRP1 1.67 2.51 5.70 3.55E-05 3.54E-03 2.07 

MYCBPAP -2.26 3.09 -5.58 4.48E-05 4.32E-03 2.05 
UBE2J1 -1.11 3.91 -5.54 4.79E-05 4.51E-03 2.21 
DGKD -1.28 3.50 -5.34 7.12E-05 6.30E-03 1.81 
NID2 -2.47 2.59 -5.20 9.34E-05 7.85E-03 1.24 

RP3-523C21.1 1.49 2.63 5.14 1.05E-04 8.56E-03 1.28 
NOX4 -1.10 4.34 -5.13 1.08E-04 8.72E-03 1.46 

RASD1 -1.76 4.52 -5.07 1.22E-04 9.46E-03 1.35 
GNG2 -2.11 2.15 -5.05 1.26E-04 9.63E-03 0.84 

LGALS3BP -1.73 2.17 -4.93 1.61E-04 1.15E-02 0.71 
KCNJ2 -1.72 2.43 -4.92 1.62E-04 1.16E-02 0.82 
IGFBP6 -1.20 2.89 -4.86 1.84E-04 1.28E-02 0.88 
SPRED2 -1.53 2.57 -4.85 1.89E-04 1.30E-02 0.77 
FLRT2 1.35 2.76 4.67 2.70E-04 1.74E-02 0.53 
HDAC9 -1.35 2.54 -4.64 2.86E-04 1.82E-02 0.42 
LYVE1 -2.60 0.96 -4.55 3.43E-04 2.04E-02 -0.70 

CHRNA1 -1.47 2.22 -4.51 3.78E-04 2.22E-02 0.09 
PPARGC1B -1.52 2.63 -4.43 4.45E-04 2.52E-02 0.07 

SORBS1 -1.93 1.73 -4.39 4.82E-04 2.63E-02 -0.35 
NIPAL1 3.40 -1.18 4.34 5.33E-04 2.86E-02 -1.84 

CCDC149 1.72 1.67 4.32 5.55E-04 2.93E-02 -0.43 
RCSD1 -1.62 1.95 -4.28 5.99E-04 3.09E-02 -0.37 
TRIB1 1.13 3.08 4.25 6.45E-04 3.23E-02 -0.18 
SELP 3.25 -1.25 4.23 6.64E-04 3.31E-02 -1.96 
KISS1 -1.51 2.41 -4.21 6.98E-04 3.44E-02 -0.35 
RASA4 1.28 2.48 4.20 7.14E-04 3.47E-02 -0.34 
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C6orf225 -1.18 3.75 -4.18 7.32E-04 3.53E-02 -0.30 
ACSS1 -1.68 1.75 -4.04 9.78E-04 4.46E-02 -0.81 
HRCT1 2.05 1.18 4.03 1.01E-03 4.51E-02 -1.11 
RP11-

177H13.2 -3.15 -0.18 -4.01 1.04E-03 4.56E-02 -1.97 

CCND2 -2.07 1.08 -4.01 1.05E-03 4.59E-02 -1.21 
RBM38 -1.02 3.52 -3.98 1.11E-03 4.79E-02 -0.67 

Genes with |log2 fold-change| > 1 are ranked by adjusted P-value (overall < 0.05).  
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Appendix 11. RNA-Seq Analysis: Differentially Expressed 
Genes (Bevacizumab Plus JQ1 Versus Palivizumab Plus JQ1) 

Gene Log2 fold-
change 

Average 
expression t-value P-Value Adjusted 

P-Value B-value 

CDC25B 1.65 8.69 15.37 8.54E-11 5.07E-07 14.98 
MYEOV -2.92 5.49 -16.06 4.48E-11 5.07E-07 14.76 
F2RL3 -1.72 9.03 -13.90 3.68E-10 1.42E-06 13.62 
HBEGF -1.72 6.42 -13.64 4.79E-10 1.42E-06 13.22 
EPN3 -1.99 5.98 -13.24 7.35E-10 1.75E-06 12.74 

CCND1 -1.51 11.54 -12.68 1.37E-09 2.70E-06 12.39 
EMCN -1.85 5.58 -12.04 2.85E-09 4.84E-06 11.45 

NEDD4L -1.22 7.90 -11.34 6.59E-09 8.69E-06 10.84 
RSAD1 -1.34 6.63 -11.40 6.11E-09 8.69E-06 10.88 

ADAMTS4 -1.35 6.51 -11.00 1.00E-08 9.16E-06 10.40 
ESM1 -1.57 10.63 -11.14 8.40E-09 9.16E-06 10.61 

FNDC5 -1.52 6.02 -11.00 9.98E-09 9.16E-06 10.37 
KCTD12 1.28 7.11 11.08 9.05E-09 9.16E-06 10.52 

C1QTNF1 -2.03 4.65 -10.85 1.22E-08 1.03E-05 9.86 
ARHGEF10 -1.50 7.07 -10.63 1.61E-08 1.13E-05 9.96 

CXCR4 -1.58 6.80 -10.62 1.62E-08 1.13E-05 9.95 
SLC12A2 -1.21 8.83 -10.62 1.62E-08 1.13E-05 9.97 

UACA -1.03 9.37 -10.42 2.12E-08 1.40E-05 9.70 
ACE -2.66 3.64 -10.37 2.25E-08 1.40E-05 8.64 
ETS2 -1.21 6.78 -9.97 3.86E-08 2.19E-05 9.11 
ITGB4 1.34 7.46 9.97 3.87E-08 2.19E-05 9.11 
AIF1L -1.78 5.01 -9.83 4.63E-08 2.50E-05 8.80 
ITPKB -1.36 5.88 -9.63 6.14E-08 3.17E-05 8.64 

ADAMTS18 1.24 5.73 9.40 8.44E-08 4.08E-05 8.33 
SHE 1.12 7.25 9.39 8.59E-08 4.08E-05 8.33 

EXOC6 1.14 6.38 9.29 9.89E-08 4.52E-05 8.19 
PCDH12 -1.17 8.07 -9.08 1.34E-07 5.89E-05 7.88 

RASGRP3 -1.61 4.46 -9.06 1.39E-07 5.89E-05 7.69 
TACSTD2 1.43 6.05 8.79 2.06E-07 8.19E-05 7.47 

UNC5B -2.63 2.94 -8.79 2.07E-07 8.19E-05 6.37 
STC1 -1.22 5.43 -8.72 2.27E-07 8.68E-05 7.37 

CYB561 -1.47 5.98 -8.65 2.53E-07 9.39E-05 7.27 
FAM101B -1.21 5.89 -8.51 3.13E-07 1.09E-04 7.07 

SYNM -1.11 5.84 -8.44 3.49E-07 1.18E-04 6.96 
LHX6 1.91 3.62 8.41 3.63E-07 1.20E-04 6.55 
HLX -1.14 6.89 -8.09 5.98E-07 1.73E-04 6.41 

ITGA6 -1.05 9.66 -8.13 5.64E-07 1.73E-04 6.42 
SPRY1 -1.67 4.25 -8.12 5.75E-07 1.73E-04 6.36 
CLDN14 -1.17 6.25 -8.05 6.38E-07 1.76E-04 6.36 
DGKD -1.57 3.97 -7.98 7.16E-07 1.93E-04 6.10 

DNASE1L3 2.20 3.34 7.89 8.19E-07 2.15E-04 5.70 
INPP5A -1.10 5.26 -7.84 8.92E-07 2.21E-04 6.05 
BMP6 1.20 5.76 7.45 1.68E-06 3.59E-04 5.42 

NEURL1B 1.44 4.05 7.47 1.62E-06 3.59E-04 5.39 
RIMKLB -1.65 5.87 -7.39 1.84E-06 3.84E-04 5.33 
MCTP1 1.34 4.80 7.27 2.26E-06 4.63E-04 5.14 
LAPTM5 -1.03 7.42 -7.25 2.32E-06 4.67E-04 5.05 

SLC9A3R2 -1.17 7.16 -7.11 2.94E-06 5.64E-04 4.82 
ST8SIA4 -2.62 2.02 -6.74 5.62E-06 1.03E-03 3.16 
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MMP1 -1.19 5.50 -6.70 6.05E-06 1.09E-03 4.18 
KIAA1274 -1.25 6.06 -6.44 9.59E-06 1.60E-03 3.69 
TMEM140 -1.11 4.75 -6.34 1.14E-05 1.80E-03 3.59 

JUB 1.22 4.30 6.21 1.44E-05 2.14E-03 3.37 
TLE4 1.21 7.27 6.21 1.43E-05 2.14E-03 3.23 

NCKAP5 -1.37 4.24 -6.20 1.47E-05 2.16E-03 3.35 
SIRPA -1.38 3.73 -6.18 1.52E-05 2.20E-03 3.29 

ID1 1.80 4.43 6.10 1.77E-05 2.40E-03 3.17 
SPRY4 -2.13 2.76 -6.04 1.97E-05 2.62E-03 2.80 

RASSF4 -1.04 6.32 -5.86 2.75E-05 3.40E-03 2.62 
BMP4 1.99 2.79 5.67 3.92E-05 4.27E-03 2.25 

PPARGC1B -1.65 3.07 -5.56 4.82E-05 4.90E-03 2.15 
RELB -1.08 4.74 -5.56 4.81E-05 4.90E-03 2.19 

FABP5 1.34 4.36 5.48 5.60E-05 5.54E-03 2.07 
EFCAB4A 1.24 3.68 5.47 5.76E-05 5.66E-03 2.06 

IL1RL1 -1.09 5.36 -5.45 5.95E-05 5.75E-03 1.93 
PLA2G4C -1.29 4.83 -5.45 5.93E-05 5.75E-03 1.98 
SOCS2 -1.10 3.66 -5.32 7.68E-05 6.85E-03 1.79 
DUSP5 -1.07 5.89 -5.29 8.12E-05 7.05E-03 1.58 
UBE2J1 -1.20 3.67 -5.28 8.31E-05 7.15E-03 1.71 
IGFBP3 -2.57 1.69 -5.27 8.46E-05 7.16E-03 1.02 
KCNJ2 -1.79 2.86 -5.27 8.40E-05 7.16E-03 1.62 

MYCBPAP -1.75 3.58 -5.27 8.53E-05 7.16E-03 1.68 
PRDM1 -1.37 3.24 -5.09 1.20E-04 9.60E-03 1.36 
C3orf54 -1.50 3.23 -5.07 1.26E-04 9.97E-03 1.31 
GNG2 -1.64 2.30 -5.02 1.39E-04 1.07E-02 1.07 
NID2 -2.09 2.12 -4.87 1.87E-04 1.35E-02 0.73 

AL121833.1 -1.04 5.14 -4.79 2.19E-04 1.53E-02 0.67 
RASA4 1.45 2.49 4.77 2.27E-04 1.58E-02 0.71 

ST3GAL5 1.04 3.86 4.74 2.40E-04 1.64E-02 0.71 
TRAM2 1.11 9.38 4.67 2.80E-04 1.84E-02 0.16 
RASD1 -1.51 4.59 -4.63 3.00E-04 1.96E-02 0.44 
VWCE 1.02 3.50 4.58 3.37E-04 2.13E-02 0.41 

ZNF521 1.16 3.08 4.55 3.52E-04 2.19E-02 0.38 
MAN1A1 -1.10 3.32 -4.34 5.47E-04 3.11E-02 -0.03 
MMP15 -1.72 2.44 -4.28 6.11E-04 3.36E-02 -0.16 
LPIN3 -1.36 2.17 -4.26 6.39E-04 3.47E-02 -0.22 
LBH -1.17 3.42 -4.14 8.16E-04 4.14E-02 -0.41 

C15orf54 3.29 -1.19 4.10 8.82E-04 4.31E-02 -1.84 
TBXA2R -2.27 0.96 -4.08 9.17E-04 4.42E-02 -0.96 
DNMT3A -1.11 3.20 -4.06 9.61E-04 4.57E-02 -0.55 

OTOF 3.25 -0.68 4.06 9.74E-04 4.61E-02 -1.81 
HTR1D 1.48 2.25 4.05 9.83E-04 4.63E-02 -0.58 

KIT -2.01 1.45 -4.05 9.95E-04 4.67E-02 -0.80 
AC011306.2 1.41 2.15 4.01 1.07E-03 4.92E-02 -0.66 

Genes with |log2 fold-change| > 1 are ranked by adjusted P-value (overall < 0.05).  

 

 


