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ABSTRACT  

Excess blood vessel growth contributes to 

the pathology of metastatic cancers and age-related 

retinopathies (1). Despite development of improved 

treatments, these conditions are associated with 

high economic costs and drug resistance (2). 

Bevacizumab (Avastin®), a monoclonal antibody 

against vascular endothelial growth factor (VEGF) 

is used clinically to treat certain types of metastatic 

cancers (3,4). Unfortunately, many patients do not 

respond or inevitably become resistant to 

bevacizumab (5), highlighting the need for more 

effective anti-angiogenic drugs with novel 

mechanisms of action (6). Previous studies 

discovered quininib, an anti-angiogenic small 

molecule antagonist of cysteinyl leukotriene 

receptor 1 and 2 (CysLT1-2) (7-9). Here, we 

screened a series of quininib analogues and 

identified a more potent anti-angiogenic novel 

chemical entity (IUPAC name: (E)-2-(2-quinolin-

2-yl-vinyl)-benzene-1,4-diol-HCl) hereafter 

designated Q8. Q8 inhibits developmental 

angiogenesis in Tg(fli1:EGFP) zebrafish and 

inhibits human microvascular endothelial cell 

(HMEC-1) proliferation, tubule formation and 

migration. Q8 elicits anti-angiogenic effects in a 

VEGF-independent in vitro model of angiogenesis 

and exerts an additive anti-angiogenic response 

with the anti-VEGF biological bevacizumab. Cell-

based receptor binding assays confirm Q8 is a 

CysLT1 antagonist and is sufficient to reduce 

cellular levels of NF-kB and calpain 2 and  secreted 

levels of pro-angiogenic proteins, ICAM-1, 

VCAM-1 and VEGF. Distinct  reductions of VEGF 

by bevacizumab explains the additive anti-

angiogenic effects observed in combination with 

Q8. In summary, Q8 is a more effective anti-

angiogenic drug compared to quininib. The VEGF-

independent activity coupled with the additive anti-

angiogenic response observed in combination with 

bevacizumab demonstrates that Q8 offers an 

alternative therapeutic strategy to combat resistance 

associated with conventional anti-VEGF therapies. 

 

INTRODUCTION 

Angiogenesis is a highly regulated 

physiological process in health and disease which 
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enables the formation of new blood vessels (10). 

Enhanced angiogenesis occurs pathologically in 

response to hypoxia and inflammation in disorders 

such as cancer, psoriasis, blindness, diabetes and 

arthritis (11) impacting on the health of millions of 

people worldwide (2,11-13).  
Angiogenesis is regulated by a balance of 

pro- and anti-angiogenic factors and arises from a 

stepwise process wherein endothelial cells 

dissociate from pericyte cells and their basement 

membrane moving towards the target tissue 

requiring vascularisation (14,15). Secreted factors 

can enhance or inhibit this process. Inducers of this 

process include vascular endothelial growth factors 

(VEGFs), angiopoietins, transforming growth 

factors (TGFs), platelet derived growth factors 

(PFGF), tumour necrosis factor-α (TNF-α), 

interleukins and fibroblast growth factor (FGF) 

proteins (16). Angiogenesis is also regulated by 

membrane bound proteins, including vascular cell 

adhesion protein-1 (VCAM-1) and intercellular 

adhesion molecule-1 (ICAM-1) which enable cell-

matrix or cell-cell interactions (17-19). 
Angiogenesis is a frequently targeted process in the 

discovery of new drugs for cancer and blindness. 

Annual costs of cancer treatment and care are 

estimated to escalate to $173,000,000 in 2020 and 

the majority of new therapies cost ~$5,000 per 

month (20,21). Unfortunately, these expensive 

therapies often exert limited overall therapeutic 

benefit (22). 
Bevacizumab (Avastin®), a monoclonal antibody 

against soluble VEGF, restricts the progression of 

tumor angiogenesis (23) and choroidal 

neovascularization (24) by preventing VEGF from 

interacting with vascular endothelial growth factor 

receptor-2 (VEGR2). However, a combination of 

this anti-VEGF biologic in combination with 

chemotherapy has limited therapeutic effects, 

merely prolonging the survival of metastatic 

colorectal cancer patients by ~4.7 months (25), lung 

cancer patients by ~13 months (26) and increasing 

progression-free survival of breast cancer patients 

by ~2-25 months (27,28). The clinical efficacy of 

bevacizumab is only apparent in combination with 

chemotherapy as it can stabilise leaky tumour 

vessels, enhancing delivery of chemotherapy to the 

tumour.     

 There is an unmet clinical need for the 

development of more effective treatments which 

have the ability to inhibit alternative regulators of 

angiogenesis, overcoming treatment resistance to 

anti-angiogenic therapy. New drug discovery is 

impeded by the small number of novel and 

validated disease targets (29). Target-based drug 

discovery focuses on specific known protein targets 

and overlooks the possible importance of less well 

functionally understood proteins that may be 

involved in disease mechanism. Hence, phenotype-

based drug screening is re-emerging as an effective 

means of moving beyond well understood targets to 

discover novel drug targets and understand the 

physiology and pathophysiology of disease (29). 

Previous phenotype-based chemical screens 

discovered quininib, a small quinoline molecule 

with novel anti-angiogenic activity (7-9). Quininib 

antagonizes cysteinyl leukotriene receptors-1 and 2 

(CysLT1-2), does not target VEGF receptors and 

inhibits p-ERK, a CysLT1 downstream effector (7). 

Cysteinyl leukotrienes, LTC4, LTD4 and LTE4 are 

lipid mediators produced from arachidonic acid via 

the 5-lipoxygenase pathway (30). They are agonists 

for the G-protein coupled cysteinyl leukotreine 

receptors CysLT1, CysLT2 and the less functionally 

studied GPR17 and  GPR99 (CysLT3) (31).  
CysLT receptors are abberantly expressed in 

tumours; enhanced expression of CysLT1 in 

colorectal cancer negatively correlates with patient 

survival (32) and antagonism of CysLT1 

significantly reduces angiogenesis in rodent models 

(33). Collectively, this reveals an important 

biological role for cysLT signalling during 

neovascular disease and as an alternative 

therapeutic target.  
Here, 24 structurally distinct analogues of 

quininib were ranked. Analogues Q22, Q18 and Q8 

were significantly more effective than quininib at 

inhibiting angiogenesis in vivo with Q8 being the 

most potent analogue. Q8 inhibits human 

endothelial cell tubule formation and migration. 

Ligand binding assays confirm that Q8 is also a 

CysLT1 antagonist. Further to what we previously 

reported regarding the mechanism of action of 

quininib (7), the structurally distinct Q8 analogue 

significantly reduces cellular levels of pro-

angiogeneic signals NF-kB and calpain-2 and 

secreted levels of ICAM-1, VCAM-1 and VEGF 

compared to quininib. Additionally, Q8 inhibits in 

vitro models of angiogenesis which do not rely on 

endogenous VEGF and exerts an additive anti-

angiogenic effect with bevacizumab. 
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RESULTS 

Analogues have enhanced anti-angiogenic 

effects in vivo compared to Q1. The small molecule 

quininib (Q1) was previously identified to inhibit 

ocular angiogenesis in the zebrafish hyaloid 

vascular assay and tumour angiogenesis (7-9). 

Here, we sought to identify novel chemical entities 

with more potent anti-angiogenic effects in vivo 

using the zebrafish intersemental vessel assay. 

Preliminary analyses of 37 structural quininib 

analogues identified drugs that robustly inhibited 

developmental angiogenesis in larval zebrafish 

eyes (34). In these analogues, the position of the 

phenyl ring hydroxy group and/or the linkage 

between the quinoline and phenyl ring was 

modified (Fig. 1A). Initially, we ranked the 

bioactivity of 24 salt or amine analogue 

formulations by comparing the ability of 10 µM of 

the drugs to inhibit developmental angiogenesis in 

the intersegmental vessel (ISV) assay using 

Tg[fli1:EGFP] zebrafish (Fig. 1B, 1C). Twelve 

analogue formulations produced a statistically 

significant inhibition of developmental 

angiogenesis compared to control (Fig. 1C). Of 

these, one analogue Q22 produced anti-angiogenic 

activity equivalent to quininib, and two analogues 

Q22 and Q18 produced a greater anti-angiogenic 

activity compared to quininib at 10 µM (p<0.05) 

(Fig. 1C). Q22 (IUPAC name: 2-quinolin-2-yl-

ylethynyl-phenol) includes an alkyne linkage 

between the quinoline and phenyl ring whereas Q18 

(IUPAC name: (Z)-2-(2-(quinolin-2-yl)vinyl) 

phenol HCl) is the Z-enantiomer of quininib. 

Notably, Q7 in amine and hydrochloride salt forms 

was toxic to larvae at 10 µM. Q7 (IUPAC name: 

(E)-2-(2-quinolin-2-yl-vinyl)-benzene-1,4-diol) 

includes two hydroxy groups in the phenyl ring at 

positions R1 and R4. Quininib, Q18, Q22 and Q8 

were  re-screened in the ISV assay at concentrations 

increasing from 0.1-10 µM (Fig. 1D-E). All novel 

analogues tested resulted in a dose-dependent 

inhibition of ISV development. Interestingly, only 

Q8 and Q18 were significantly bioactive at 1 µM, 

reducing ISV development compared to control, by 

75% and 30%, respectively (Fig. 1E). Q8 reduced 

ISV development more potently than any other 

analogue tested and was the only analogue 

significantly active at 0.5 µM inhibiting 

developmental angiogenesis by 12.4%. All 

analogues produced varying degrees of pericardial 

oedema at 2 dpf. No other adverse morphological 

defects were detected following treatment with the 

analogues at 2 dpf (Fig 1. D). In summary, using an 

analogue ranking system based on maximum 

inhibition of ISV and potency, Q8 was identified as 

the most effective quininib analogue (Table 1. 
Quininib analogues reduce endothelial cell 

number after 24 hours and inhibit endothelial cell 

migration. Quininib and the highest ranking 

analogues were tested for effects on HMEC-1 

endothelial cell number following 24, 72 and 96 

hours treatment (Fig. 2A). 10 µM quininib and 

analogues had no effect on HMEC-1 cell number 

compared to control at 24 hours. However, at 72 

hours, 5-Fluorouracil (5-FU), Q8 and Q18 

significantly reduced endothelial cell number 

compared to vehicle controls (p>0.001). At 96 

hours treatment, all compounds reduced cell 

number significantly compared to 0.1% DMSO 

controls.  

Using a CIM-plate 16 xCELLigence® 

RTCA platform, the migratory behaviour of drug 

treated HMEC-1 endothelial cells was quantified 

over 8 hours (Fig. 2A). All analogues except 

quininib (Q1) significantly inhibited HMEC-1 

endothelial cell migration with Q8 producing the 

most significant effect, inhibiting endothelial 

migration by ~79% (p<0.001). (Fig. 2B). We also 

investigated if a combination of either 1 or 3 µM 

Q8 with bevacizumab had additive effects on 

HMEC-1 endothelial cell migration (Fig. 2C). 

Compared to control, 2.5 µg/µl bevacizumab, 1 µM 

or 3 µM Q8, or 2.5 µg/µl bevacizumab in 

combination with 1 µM Q8 treatments did not 

significantly reduce HMEC-1 migration. However, 

2.5 µg/µl bevacizumab in combination with 3 µM 

Q8 significantly reduced migration compared to 

control (p<0.046) and to 2.5 µg/µl bevacizumab 

(p<0.039) but not to 3 µM Q8 alone (p<0.2615). As 

observed with previous migration analyses, 10 µM 

Q8 induced the most statistically significant 

reduction of HMEC-1 cell migration compared to 

control (p<0.002).  

In summary, Q8 and Q18 significantly 

reduced HMEC-1 endothelial cell number at 72 and 

96 hours, whereas quininib (Q1) and Q22 showed 

significant reductions in cell number at 96 hours 

only. Analogues of quininib, particularly Q8, 

impede endothelial cell migration, a surrogate 

measure of angiogenesis.   
 Quininib analogues inhibit human 

endothelial cell tubule formation and do not affect 
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HMEC-1 viability. Previous studies demonstrated 

that 10 µM quininib (Q1) had modest effects on 

endothelial tubule formation in human dermal 

microvascular endothelial cells (HMVECs) (35). 

Here, we tested the dose-dependent effects of 

quininib (Q1) and its analogues (Q8, Q18, Q22) on 

HMEC-1 tubule formations using µ-slide 

angiogenesis plates (IBIDI). Quininib (Q1) 

significantly inhibited tubule formation at 3 and 10 

μM, but not at 1 μM (Fig 3. A). Following 16 hours 

treatment, Q8 and Q18 were significantly more 

effective than quininib at inhibiting HMEC-1 

tubule formation at all concentrations tested (1-10 

μM) (p<0.01). Q8 and Q18 were the most effective 

compounds, inhibiting tubule formation at 10 μM 

by ~98% and 78%, respectively (p<0.05). Potential 

cytotoxic effects of analogue Q8 were ruled out by 

co-staining HMEC-1 endothelial cell tubules with 

calcein and propidium iodide (PI) following 16 

hour exposure (Fig 3. C). No concentrations of Q8 

tested (0.01 – 20 μM) induced any significant 

endothelial cell death as shown by a lack of PI 

staining (red) compared to cells treated with 10 μM 

sunitinib which stained positively for PI (Fig 3. C). 

In addition, calcein was taken up by the cells treated 

with all concentrations of Q8 (green) indicating that 

HMEC-1 cells are viable following 16 hour 

treatment with the Q8 analogue.  
Quininib analogues inhibit VEGF-

independent angiogenesis in vitro. We investigated 

the effects of the clinically used VEGF neutralizing 

antibody bevacizumab on tubule formation by 

incubating HMEC-1 cells with varying 

concentrations of bevacizumab ranging from (2.5-

10 µg/µl), all of which had no effect on tubule 

formation compared to control or IgG isotype 

control (Fig 4. A, B). Furthermore, higher 

concentrations of bevacizumab (5 and 10 µg/µl) did 

not significantly affect HMEC-1 tubule formation 

(data not shown). The addition of 10 ng/ml 

recombinant VEGF increased endothelial cell 

tubule formation by ~20% compared to control 

(p=0.0082). Following addition of both 2.5 µg/µl 

bevacizumab and 10 ng/ml VEGF, tubule 

formation was significantly decreased by ~45% 

compared to 10 ng/ml VEGF alone (p<0.05) (Fig 4. 

A, B). We conclude that our HMEC-1 in vitro 

tubule formation assays are not dependent on basal 

VEGF but exogenous VEGF is sufficient to induce 

enhanced tubule formation. We examined the 

effects on tubule formation when treating cells with 

quininib or Q8 in the presence of exogenous VEGF-

induction. Interestingly, ectopic VEGF could 

suppress the anti-angiogenic effects of quininib 

drugs but not the anti-VEGF biological, supporting  

distinct mechanisms of action of these anti-

angiogenic drugs. In the presence of exogenous 

VEGF, quininib or Q8 produced a more modest 

inhibition of tubule formation compared to 

treatment with either alone (Fig 4. C, D). In 

summary, the quininib small molecule drugs are 

efficacious at inhibiting a VEGF-independent 

model of in vitro angiogenesis. The VEGF-

independent anti-angiogenic action of these drugs 

is further supported by a lowered anti-angiogenic 

activity in the presence of recombinant VEGF.  

Q8 has additive anti-angiogenic effects 

with an anti-VEGF biologic, bevacizumab. The 

distinct mechanisms of actions inferred above led 

us to investigate the in vitro anti-angiogenic effects 

of our lead small molecule drug Q8 in combination 

with bevacizumab. HMEC-1 endothelial cells were 

treated with a combination of either 3 µM Q1 and 

2.5 µg/µl bevacizumab or 1 µM Q8 and 2.5 µg/µl 

bevacizumab (Fig. 5 A, B). Concentrations of Q1 

(3 µM) and Q8 (1 µM) producing equivalent 

(p=0.1163) (~45-65%) intermediate responses were 

selected for the combination study (Fig 3. A). As 

bevacizumab requires the presence of exogenous 

VEGF to bring about an anti-angiogenic effect (Fig 

4. A), combination treatment groups were 

supplemented with 10 ng/ml recombinant VEGF. 

Compared to either Q8 or bevacizumab treatment 

alone, treatment of HMEC-1 cells with the 

combination of Q8 and bevacizumab induced an 

additive significant reduction in tubule formation 

(p=0.0174) (Fig 5. A, B). This additive effect was 

observed with Q8 and not with quininib (Q1) (Fig 

5. A, B). There was no statistically significant 

difference in tubule formation observed between 

Q8 alone and bevacizumab alone treatment groups. 

In addition, an isotype control which consisted of a 

combination of 1 µM Q8 and 2.5 µg/µl IgG did not 

alter tubule formation compared to Q8 or 

bevacizumab alone. However, compared to the 

isotype control combination treatment, 1 µM Q8 

and 2.5 µg/µl bevacizumab combination treatment 

significantly reduced tubule formation, signifying 

the specificity of bevacizumab in the anti-

angiogenic combination effect. In conclusion, 

specific, enhanced anti-angiogenic effects are 

demonstrated following treatment of human 
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endothelial cells with a combination of both Q8 and 

an anti-VEGF biologic, bevacizumab. 

Quininib analogue Q8 is a cysteinyl 

leukotriene receptor-1 antagonist and regulates 

inflammatory and angiogenic signalling pathways. 

The CysLT1 receptor was previously identified as a 

quininib target (7). Here, we determined the IC50 of 

Q8 for CysLT1 receptor to be 4.9 µM in a CHO cell-

based receptor antagonism assay. The highest 

concentration of Q8 tested (50 µM) inhibited 

CysLT1 activation by 113% (Fig 6. A). In contrast, 

Q8 produced only a 22.9% antagonism of CysLT2 

receptor activation in HEK-293 cells. Thus, Q8 was 

excluded as a CysLT2 antagonist as inhibition lower 

than 50% is considered insigificant. In relation to 

VEGF receptors, above threshold inhibiton was 

only observed with VEGF2 or VEGF3 at higher 

concentrations. Using a cell-based ligand binding 

assay, 10 µM Q8 only inhibited [125I]VEGF binding 

to VEGFR1 by 23%, well below the 50% inhibition 

cut-off regarded as significant 

(http://www.eurofins.com/biopharma-

services/discovery/). Similarily, 1 or 3 µM Q8 did 

not inhibit the kinase activity of VEGFR2, or 

VEGFR3 producing inhibitions (-34 to -24% or 29 

to 46%, respectively) below the 50% threshold. 

However, 10 µM Q8 inhibited VEGFR2 kinase 

activity by 65% and VEGFR3 kinase activity by 

78%.  

We correlated the expression levels of 

CysLT1 in Tg[fli1:EGFP] zebrafish larvae and in 

HMEC-1 endothelial cells during time-points when 

quininib analogues induced anti-angiogenic 

phenotypes (Fig 6. B). Levels of CysLT1 gene 

expression were highest in 2 dpf Tg[fli1:EGFP] 

larvae (stage of intersegmental vessel growth 

analyses) compared to 6 hpf and 3 dpf larvae (Fig 

6. B) The CysLT1 receptor is traditionally 

associated with a cell membrane location, however, 

CysLT1 also resides within the nuclear 

compartment (32). We  demonstrate that the nuclear 

form of CysLT1 is abundantly expressed in the 

HMEC-1 cells utilised for tubule formation and 

migration assays (Fig 6. B). We treated HMEC-1 

endothelial cells for 5 hours with 10 µM Q1, Q8 and 

the clinically used bronchodilator and anti-

inflammatory CysLT1 antagonist, montelukast. Q8 

reduced expression levels of the putative 

downstream CysLT1 mediator calpain-2 by ~22% 

compared to control (p=0.0425) but there was no 

significant change in levels of calpain-2 following 

treatment of HMEC-1 cells with Q1 or montelukast 

(Fig 6. C). Furthermore, we analysed activated NF-

kB p65 in HMEC-1 cell lysates and found 10 µM 

Q8 reduced NF-kB levels by ~32% (p<0.001) 

compared to control. In contrast, there were no 

significant changes in activated levels of NF-kB 

p65 following treatment with Q1 or montelukast 

(Fig 6. D). To determine if levels of positive 

regulators of angiogenesis were altered by quininib 

analogues, secretions of Ang-1, Ang-2, bFGF, 

VEGF, ICAM-1 and VCAM-1 were quantified 

from HMEC-1 endothelial cells following 

treatment with 10 µM quininib, Q8, Q22, Q18 and 

2.5 µg/µl bevacizumab (Fig 6. E). Ang-1 secretion 

was reduced by quininib, Q8 and Q18, but not by 

the anti-VEGF bevacizumab. VEGF levels were 

significantly decreased by Q8 and bevacizumab 

only. Ang-2 secretion was reduced by all 

compounds including bevacizumab. Q8 was the 

only drug which significantly reduced the 

secretions of soluble VCAM-1 and ICAM-1 (Fig 6. 

E). The dual attenuation by bevacizumab and Q8 

on VEGF levels, together with the exclusive 

attenuation by Q8 on levels of ICAM-1 and 

VCAM-1 may explain the additive anti-angiogenic 

effect observed with bevacizumab and Q8 in 

combination  

In summary, Q8 is a CysLT1 antagonist 

with an IC50 of 4.9 µM. CysLT1 is expressed in the 

zebrafish developmental stages and human 

endothelial cells in which quininib analogues exert 

anti-angiogenic effects. Q8 significantly reduces 

endothelial cell secretion of the pro-angiogenic 

CysLT1 downstream mediators VEGF, ICAM-1, 

VCAM-1, NF-kB and calpain-2. Q8 can produce 

anti-angiogenic effects independent of VEGF, 

supporting a distinct mechanism of action. Q8 also 

exerts an additive anti-angiogenic response in 

combination with the anti-VEGF bevacizumab, 

likely due to some key pro-angiogenic factors being 

mutually reduced by both drug agents and others 

specifically reduced by bevacizumab or Q8. 

 

DISCUSSION 

Organ growth and reparation relies on the 

growth of additional vasculature through 

angiogenesis. However, a disparity in the regulation 

of this process leads to various pro-angiogenic 

diseases including cancer, blindness and 

rheumatism and it is estimated that ~500,000,000 

people will benefit from the development of anti-
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angiogenic therapies over the next 20-30 years (12).

 The most recognized anti-angiogenic 

therapies are the anti-VEGFs, particularly the 

VEGF165 recombinant humanized monoclonal 

antibody bevacizumab (Avastin®) (12). Despite the 

promising effects that bevacizumab exhibited in 

animal models of tumour growth, it only extends 

life in colorectal cancer patients by ~4.7 months 

(25), in non-small-cell lung cancer (NSCLC) by 

~13 months (26), in cervical cancer by ~17 months 

(36) and it failed to show any overall survival 

benefit in breast cancer patients (28). Given the 

evolving evidence that mediators other than VEGF 

promote the angiogenic switch in malignancy (37), 

the clinical potential for combining an anti-VEGF 

biological with an inhibitor of a novel pro-

angiogenic target is irrefutable (12). Such an 

approach could reduce clinical resistance to anti-

angiogenic therapy and increase treatment efficacy 

(38).  

Phenotype based screening of a library of 

small molecules led to the identification of the 

CysLT1 antagonist quininib, a novel inhibitor of 

ocular and tumour angiogenesis (7,9). Through 

structural modification of quininib, analogues 

which more effectively and potently inhibit 

intersegmental vessel formation in zebrafish larvae 

were developed. Indeed, the anti-angiogenic effects 

of clinically tested agents such as SU5416 have 

been validated using zebrafish vasculature assays 

(39). Our highest ranking anti-angiogenic analogue 

from in vivo dose-dependent screening was Q8, also 

a CysLT1 antagonist. Stimulation of CysLT1 

signaling by endogenous ligand LTD4 leads to 

activation of downstream mediators phospholipase 

C (PLC), phosphoinositide 3-kinase (P13K) and 

protein kinase C-alpha (PKCα) (40). These 

mediators converge to promote angiogenic 

processes through activation of cell migration and 

motility, cell proliferation and survival and 

increasing levels of secreted VEGF through 

activation of NF-kB (Fig 7. A). Thus, antagonism 

of CysLT1 can inhibit these pro-angiogenic 

processes. The parent compound, quininib (2-[(E)-

2-(quinolin-2-yl)vinyl] phenol), was first 

chemically described as an antagonist of CysLT1 by 

Zamboni et al (41). The positional substitution of 

quininib by way of inclusion of a hydroxy group in 

the R1 position of the phenyl ring and incorporation 

of an (E)-ethenyl linkage between the quinoline and 

the phenyl ring gave rise to optimal CysLT1 binding 

(41). The enhanced potency of Q8 compared to 

quininib and other analogues is likely due to the 

additional phenyl ring hydroxy group in the R4 

position. A structure-activity relationship study 

(42), highlighted the importance of hydroxy group 

positioning for the biological activity of the anti-

estrogen drug tamoxifen, demonstrating that 

specific hydroxy positioning enabled correct 

configuration of the alkylaminoethane side chain of 

tamoxifen facilitating binding to the estrogen 

receptor. It is suggested that the carboxylate groups 

of the endogenous CysLT1 ligand LTD4 are 

recognized by the hydrophilic (ionic) binding site 

of CysLT1 (41) and it is probable that the additional 

R4 hydroxy group of the Q8 aryl ring leads to 

enhanced interaction with CysLT1 through either 

additional hydrogen bonding or through the more 

electron-rich aryl system through π-π interactions.  

Emerging evidence highlights the functional 

importance of the leukotrienes acting via CysLT1 

during blood vessel growth (7,43). LTC4, LTD4 and 

LTE4 are lipids that induce inflammation by binding 

to and activating CysLT1 and CysLT2 and the less 

functionally studied GPR17 and GPR99 (CysLT3) 

(31). Increased production of TNF-α and NF-kB 

following CysLT1 activation leads to upregulation 

of VEGF and matrix metalloproteinases leading to 

enhanced endothelial cell proliferation, migration 

and vascular tubule formation (30). Endothelial cell 

proliferation and inflammation is induced via 

CysLT2/Rho kinase and CysLT1/Erk dependent 

pathways (44) and indeed quininib is known to  

inhibit LTD4 induced phosphorylation of ERK (7). 

Interestingly, treatment of murine aortic explants 

with the CysLT1 antagonist montelukast blocks the 

growth of vascular sprouts, however, antagonism of 

the CysLT2 using BAY-cyslt2 did not prevent 

sprouting, suggesting that CysLT1 signaling has a 

more significant pro-angiogenic role (43). There is 

also a significant reduction in the incidence of 

cancer among asthmatic patients treated with the 

CysLT1 antagonist montelukast (45,46). Given the 

apparent opposing biological role of these 

receptors, we demonstrate in this study that our 

most effective anti-angiogenic analogue Q8 is 

indeed an antagonist of CysLT1 but not of CysLT2, 

outlining the potential biological specificity of its 

effects.      

 The formation of new blood vessels under 

developmental and pathological conditions is 

dependent on the ability of endothelial cells to 
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migrate beyond the capillary basal lamina 

following its degradation, proliferate and form 

capillary tubules with lumens to conduct the flow 

of blood (47). Here, we show the CysLT1 antagonist 

Q8 significantly inhibits human endothelial cell 

proliferation and has the most prominent inhibitory 

effects on cell migration and tubule formation 

compared to all other analogues. The effects of Q8 

are not associated with significant changes in 

endothelial cell viability suggesting that the 

reduction in tubule formation and cell number 

following Q8 treatment is not due to endothelial cell 

death. The anti-angiogenic effect of quininib 

analogues does not depend on the inhibition of 

endothelial cell proliferation.        

Concentrations of 1–10 μM of all analogues tested 

significantly inhibit tubule formation at 16 hours 

post treatment compared to control, yet 10 μM of 

each analogue does not affect cell proliferation in 

the MTT assay at 24 hours. This data taken together 

suggests that higher concentrations of analogues 

may exert their anti-angiogenic effects by causing 

endothelial cell growth arrest and lower 

concentrations may inhibit endothelial cell 

migration but have negligible influence on cell 

growth. 

 Pathological angiogenesis is associated 

with consistent upregulation of many pro-

angiogenic mediators including bFGF, Ang-1, 

Ang-2, VCAM-1, ICAM-1 and VEGF-A. VEGF-A 

induces endothelial cell proliferation, migration 

and vessel permeability and is the most recognized 

driver of cancer related vascular growth and 

vascular leakage in age-related macular 

degeneration (48). In vitro tubule formation 

(tubulogenesis), first described in 1980 (49), 

mimics the fundamental later stage processes of in 

vivo angiogenesis such as endothelial cell adhesion, 

migration, protease activity and tubule formation 

(50) and can be significantly enhanced using the 

native ligand VEGF-A165 (47,48,51). Here, the in 

vitro tubule formation assay applied does not rely 

on VEGF-A as demonstrated by the ineffectiveness 

of bevacizumab to significantly reduce total tubule 

length in the absence of recombinant VEGF165. The 

anti-angiogenic activity of bevacizumab is only 

apparent in this tubule formation assay following 

co-administration with recombinant VEGF165, a 

result similarlily exemplified by Han and 

Papadopoulos (48,51). In this manner, our 

quinoline compounds do not rely on the presence of 

VEGF to induce an anti-angiogenic phenotype 

suggesive of a novel mechanism of action. 

Furthermore, treatment of human endothelial cells 

with both quininib analogues and VEGF165 reduces 

the anti-angiogenic activity of the quininib 

analogues which supports the hypothesis that these 

novel compounds do not directly inhibit VEGF. 

The absence of exogenous VEGF165 in the 

combination migration assay (Fig 2. C) could 

explain the lack of effects on endothelial cell 

migration observed with bevacizumab and 

consequential lack of significant effects following 

treatment of cells with a combination of 

bevacizumab and Q8 compared to Q8 alone (Fig 2. 

C).    

The effects of combining anti-angiogenic 

treatments which have distinct mechanisms of 

action in cancer models is largely under-

investigated (12). We demonstrate for the first time 

that a combination of the anti-VEGF biological 

bevacizumab and the novel CysLT1 antagonist Q8 

has enhanced additive anti-angiogenic effects in 

vitro compared to treatment with either alone. Jia et 

al, 2007 demonstrated an additive therapeutic effect 

where pancreatic tumour growth reduction and 

decreased tumour VEGF expression occurred 

following treatment of tumour bearing mice with 

bevacizumab and the Sp1 inhibitor mithramycin A 

(52). This highlights the importance of this current 

study concerning the anti-angiogenic additive 

effects of bevacizumab and Q8 in vitro. Moreover, 

two of the Q8 concentrations (1-3 µM) 

demonstrating a significant additive inhibitory 

effect on tubule formation in combination with 

bevacizumab show no significant inhibition of 

VEGFR1, VEGFR2 or VEGFR3. This supports a 

VEGF-independent action of this novel analogue at 

these concentrations. In cell-based ligand binding 

assays, inhibition of VEGFR1 with 10 µM Q8 was 

~27%, well below the threshold regarded as 

significant. Also, in human KDR or FLT-4 kinase 

assays, 1 or 3 µM Q8 inhibited VEGFR2 or 

VEGFR3 below threshold levels. Interestingly, 10 

µM Q8 inhibits VEGFR2 or VEGFR3 above the 

threshold regarded as significant. This data 

suggests  a dual role for Q8 at higher concentrations 

wherein the compound may inhibit some VEGF 

receptors in addition to antagonising CysLT1. 

However, the relevance of these in vitro kinase  

results to the anti-angiogenic activity in cell lines 

and in vivo has yet to be determined. 
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The evidence supporting the pro-

angiogenic and pro-tumorigenic role of leukotreine 

signalling has never been more ostensive (6). We 

show for the first time that Q8, a novel quinoline 

antagonist of CysLT1 inhibits pro-vascular 

phenotypes and also reduces endothelial cell 

secretions of fundamental pro-angiogenic 

mediators including VEGF, ICAM-1, VCAM-1, 

NF-kB and calpain-2. As the activity of the pro-

angiogenic cysteine protease calpain-2 is calcium 

dependent and CysLT1 signalling activates inositol 

trisphosphate (IP3) (53), we investigated whether 

the CysLT1 antagonist Q8 would affect levels of 

this enzyme (54). Calpain-2 is a calcium activated 

cysteine endopeptidase and a known regulator of 

VEGF mediated angiogenesis (54). Calpain-2 

facilitates IkBα degradation (55), enabling 

translocation of the VEGF inducer NF-kB to the 

nucleus. The association between calpain, NF-kB 

and VEGF expression has been reported (56). In 

addition, an inhibitor of calpain reduces the levels 

of phospho-IĸBα and inhibits release of pro-

inflammatory mediators in mast cells (57). Western 

blot analysis demonstrates that Q8 significantly 

reduces calpain-2 levels and this enzyme has been 

reported to mediate IkBα degradation (55), 

enabling translocation of the VEGF inducer NF-kB 

to the nucleus. It is likely that antagonism of 

CysLT1 by Q8 leads to decreased levels of secreted 

VEGF through inhibition of NF-kB (30,58). 

Indeed, in the current study we show that Q8 

significantly reduces the activation of the NF-kB 

p65 unit compared to control. Prevention of 

angiogenesis through inhibition of NF-kB has long 

been a focus of anti-cancer therapy and immense 

efforts have been made to develop specific NF-kB 

inhibitors (59-61).  

The discernible reduction in levels of 

secreted ICAM-1 and VCAM-1 following 

treatment of HMEC-1 cells with Q8 may be a result 

of inhibition of Akt/PKB induced Rho and Rac 

signalling (17,19) following antagonism of 

CysLT1. It is well understood that ICAM-1 and 

VCAM-1 signaling and function is regulated by the 

Rho-GTPases (18). Leukotriene signaling enhances 

the expression of ICAM-1 and VCAM-1 (30), 

where ICAM-1 is known to mediate endothelial 

progenitor cell (EPC) recruitment (62) and VCAM-

1 facilitates endothelial cell-cell interaction (63). 

VEGF has also been shown to mediate upregulation 

of endothelial cell VCAM-1 and ICAM-1 through 

NF-kB activation (64). Q8 reduced secretions of 

ICAM-1 and VCAM-1 by ~48% and ~44%, 

respectively, but the parent compound Q1 only 

reduced the secretions of ICAM-1 and VCAM-1 by 

~28% and ~8%, respectively. Analogue Q22 

reduced secretions of ICAM-1 and VCAM-1 by 

~0% and ~6%, respectively and analogue Q18 

reduced secretions of ICAM-1 and VCAM-1 by 

~24% and ~9%, respectively. Ang-2 enables 

vascular de-stabilisation and endothelial activation, 

enabling access of pro-angiogenic mediators to the 

endothelium. A reduction in Ang-2 may be the 

mechanistic output common to all of the quininib 

series of compounds as Ang-2 was the only 

angiogenic factor to be significantly down-

regulated by all quininib drugs. However, Ang-2 

was also downregulated by bevacizumab 

suggesting that regulation of other factors may be 

more important for the improved anti-angiogenic 

effects of the higher ranking quininib analogue Q8. 

The survival of endothelial cells and the 

recruitment of pericytes is highly reliant on Ang-1 

(65). Q1 and analogues Q8 and Q18 were the only 

compounds to significantly reduce enothelial cell 

secretion of Ang-1 by ~66%, ~75% and ~67%, 

respectively. Q8 reduced endothelial cell secretions 

of VEGF by ~40%. Q1 and analogue Q22 failed to 

elicit any changes in secreted VEGF and Q18 

reduced VEGF secretion neglibibly by ~4%. The 

additive anti-angiogenic effects of Q8 in 

combination with the anti-VEGF bevacizumab may 

be clarified by the more significant effect of Q8 on 

levels of ICAM-1 and VCAM-1 in additional to the 

dual effect of Q8 and bevacizumab on levels of 

VEGF. A significant up-regulation of bFGF 

secretion was associated with Q8, possibly due to 

functional redundancy to compensate for lowered 

levels of VEGF (64,66). 

In conclusion, using an iterative phenotype 

based ranking approach, we have developed 

structural analogues of quininib with novel and 

additive mechanisms of action, most notably 

analogue Q8, which has the most potent anti-

angiogenic activity in vivo and in vitro compared to 

all other analogues and is active in VEGF-

independent models of angiogenesis. The dual 

effects of bevacizumab and Q8 on VEGF levels 

together with the exclusive effects of Q8 on levels 

of ICAM-1 and VCAM-1 may explain the additive 

anti-angiogenic effect observed with bevacizumab 

and Q8 in combination. Such novel small molecules 
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as the quininib series of compounds offer a novel 

therapeutic strategy to combat the inefficient 

clinical efficacy and resistance associated with 

conventional anti-VEGF therapies.  
 

EXPERIMENTAL PROCEDURES 

Ethical Approval. Prior to commencing 

zebrafish ISV (intersegmental vessel) screens, the 

study was approved by the UCD Animal Research 

Ethics Committee under protocol number AREC-P-

11-22. 
Small molecule chemicals for in vivo and in 

vitro experiments. 2-[(E)-2-(quinolin-2-

yl)vinyl]phenol (quininib) analogues were 

synthesised by Celtic Catalysts (Ireland). 

Analogues were dissolved in 100% DMSO and 

diluted in embryo medium to test concentrations of 

10-0.1 μM in vivo (final DMSO concentration was 

0.1%). For in vitro experiments, 5-fluorouracil 

(Sigma F6627), Montelukast (Selleckchem S4211), 

quininib and its structural analogues, Q22, Q8, and 

Q18 were dissolved in 100% DMSO as 10 mM 

stock solutions and stored at -20°C. Working 

concentrations (0.1 – 10 μM) were prepared by 

dissolving stock solution in cell culture media or 

H2O giving a final DMSO concentration of 0.1%.  
Zebrafish (Danio rerio) Husbandry. Adult 

transgenic Tg(fli1:EGFP) zebrafish which express 

enhanced green florescent protein (EGFP) in all 

endothelial cells, were kept on a 14 hr light/10 hr 

dark cycle at 28°C. Male and female adult 

Tg(fli1:EGFP) zebrafish were in-crossed to 

produce embryos which were subsequently staged 

using morphological assessment to obtain 6 hpf 

embryos (67).  
Intersegmental Vessel Assay. During the 

primary screen, all compounds were tested at 

10µM. During dose dependent screening, the parent 

compound quininib (Q1) and its analogues Q8, Q18 

and Q22 were tested at 0.1-10 μM by incubating 

with five 6 hpf Tg(fli1:EGFP) embryos in 48 well 

plates for 48 hours. At 2 dpf, the larvae were 

removed from their chorions and fixed in 4 % 

paraformaldehyde, left for 2 hours at room 

temperature, washed with PBS and left at 4°C 

before analysed using fluorescent microscopy. 
Fluorescent Microscopy. An Olympus 

SZX16 stereo zoom microscope with an Olympus 

DP71 camera and cellSens software (Olympus) 

captured fluorescent and brightfield images of fixed 

2 dpf larvae. Intersegmental vessels were manually 

counted using high magnification and fluorescent 

images of Tg[fli1:EGFP] larvae obtained by EGFP 

excitation/emission filters (400 nm/509 nm).  

Intersegmental vessel assay scoring system 

for efficacy potency and toxicity. To rank efficacy, 

compounds which inhibited intersegmental vessel 

growth in 2 dpf Tg(fli1:EGFP) larvae by 80-100% 

were allocated a score of 5, by 60-79% were 

allocated a score of 4, by 40-59% were allocated a 

score of 3, by 20-39% were allocated a score of 2, 

by 1-19% were allocated a score of 1 and inhibition 

by 0% scored 0. To rank potency, compounds 

which could significantly inhibit ISV formation at 

0.1 µM were allocated a score of 6, at 0.5 µM 

scored 5, at 1 µM scored 4, at 2.5 µM scored 3, at 5 

µM scored 2 and only at 10 µM scored 1. Potency 

and efficacy scores contributed to a total ranking 

score for each compound. Following determination 

of the lowest concentration of each compound 

which significantly reduced intersegmental vessel 

growth, this data was compared to the degree of 

larval death. Compounds at the lowest effective 

concentrations which induced larval death by 80-

100% were allocated a score of 0, by 60-79% were 

allocated a score of 1, by 40-59% were allocated a 

score of 2, by 20-39% were allocated a score of 3, 

by 1-19% were allocated a score of 4 and if larval 

death was 0% these compounds scored 5. 
Preparation of clinical drugs and 

recombinant protein for cell based assays.  
Bevacizumab (Avastin®) (Genentech) (25 mg/ml) 

was, unless otherwise stated, tested at 2.5 μg/μl. 

Recombinant VEGF165 (R&D Systems cat: 293-

VE-010) was reconstituted from lyophilized form 

to 100 μg/ml using sterile PBS containing 0.1% 

bovine serum albumin and stored at -20°C in 10 μl 

aliquots.  
Cell culture. HMEC-1 (human 

microvascular endothelial cells) were sourced from 

American Type Culture Collection (ATCC), and 

maintained at 37°C / 5% CO2 in MCDB-131 

medium (Gibco/cat: 10372) supplemented with 

10% FCS, L-Glutamine (Gibco/cat: 25030-032), 1 

μl/ml Hydrocortisone (Sigma/cat: H0396), 10 

ng/ml EGF (BD Biosciences 354001) and 1% Pen-

Strep (Gibco/cat: 151040-148).  
MTT Assay. HMEC-1 cells were 

trypsinised using 2 ml TrypLE™ Express (1X) 

(Invitrogen) and centrifuged at 1200 rpm for 4 mins 

at RT. The cell pellet was resuspended in full media 

and cells were counted and seeded into 96 well 
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plates at a density of 10,000 cells/well. Cells were 

left to adhere for 24 hours and serum starved for 24 

hours. Media was removed and replaced with 5, 10 

or 20 μM drug. 5-fluorouracil (5-FU) was used as a 

positive control and DMSO as the vehicle control. 

HMEC-1 cells were treated with 10 μM analogues 

only for 24, 72 and 96 hours. Drug solution was 

removed and wells were washed with PBS before 

adding 100 μl 100% DMSO to dissolve the 

formazan crystals. The absorbance values were 

read at 570 nm using SpectraMax® M2 microplate 

reader.  
Migration Assay. The migration of HMEC-

1 human endothelial cells towards a 10% FBS 

medium solution was observed using a CIM-plate 

16 (RTCA DP Analyser, xCelligence Roche). To 

prepare the CIM-plate, media containing 

chemoattractant or serum free media was pipetted 

into each lower well and the upper chamber was 

clicked into position above these wells. 30 μl serum 

free media was added to cover the surface of the 

microporous membrane and the plate was incubated 

at 37°C in 5% CO2 for ≥ 1 hour. After this time, a 

background reading of the plate with no cells was 

taken. HMEC-1 cells were trypsinised and 

resuspended in MCDB-131 medium with 10% 

FBS. 50,000 cells were seeded in duplicate and 

treated with 10 µM quininib, Q22, Q8, and Q18 

analogues or with 0.1% DMSO control. Each CIM-

16 plate well has a lower chamber containing 10% 

FBS as a chemoattractant and an upper chamber 

containing cells (+/- treatments) in serum free 

medium. The chambers are separated by a 

microporous membrane with gold electrodes on the 

lower side. Cells bind to the gold electrodes when 

they migrate from the upper chamber through the 

membrane and cause an electrical impedance which 

is recorded by an electric sensor plate and which 

correlates to the number of cells bound. HMEC-1 

cells were treated with 2.5 µg/µl bevacizumab and 

either 1 µM or 3 µM Q8 for combination migration 

experiments. Cells were left to settle at room 

temperature for 30 minutes and the CIM-PLATE 

was placed into the RTCA DP analyser at 37°C in 

5% CO2 and recording of the Cell Index (CI) 

occurred every 15 minutes. At the 8 hour time 

point, the CI values were analysed and graphed 

using the RTCA software (Roche). 
 In vitro tubule formation assay. The wells 

of a μ-slide angiogenesis plate (IBIDI) were coated 

with a layer of matrigel matrix (BD Biosciences) 

which was left to form a gel for 45 minutes at 37oC. 

HMEC-1 cells were grown to 80% confluence, 

washed with DPBS (Invitrogen) and trypsinised 

using TrypLE™ Express (1X) (Invitrogen). 7.5 x 

103 cells were pipetted into each matrigel coated 

well of the μ-slide angiogenesis plate and treated 

with either 0.1% DMSO or 1, 3 or 10 μM quininib, 

and analogues Q22, Q8, Q18, recombinant 

VEGF165 or bevacizumab. The slide was kept at 

37oC/5% CO2 during tubule formations. Following 

16 hours, the cells were imaged by phase contrast 

microscopy using the Zeiss Axiovert 200 M 

microscope. Total tubule length (μM) was 

quantified using Zeiss Axiovision image analysis 

software.  
Calcein AM staining. Calcein AM stain 

(C3099 Invitrogen) was prepared at 2 μg/ml final 

concentration and incubated with HMEC-1 cells 

following tubule formation for 30 minutes at 37oC. 

The stain was removed and cells were washed with 

PBS and serum supplemented cell media was 

replaced. Cells were visualised and imaged under 

fluorescent microscopy using the Olympus SZX16 

stereo zoom microscope with an Olympus DP71 

camera and cellSens software (Olympus).

 Cysteinyl leukotriene receptor-1,2 

antagonism assay. Q8 was assessed for antagonism 

of the cysteinyl leukotriene receptor-1 and cysteinyl 

leukotriene receptor-2 using cell based (CHO and 

HEK-293) assays (7). 
Vascular Endothelial Receptor Assays. For 

the ligand binding assay, the percentage of bound 

[125I] VEGF in human recombinant Sf21 cells 

overexpressing VEGFR1 was quantified by 

scintillation counting. Evaluation of the inhibitory 

effects of Q8 on the activity of human KDR kinase 

(VEGFR2) and human FLT-4 kinase (VEGFR3) 

were quantified by measuring the phosphorylation 

of the substrate Ulight-

CAGAGAIETDKEYYTVKD (JAK1) using a 

human recombinant enzyme and the LANCE® 

detection method (Eurofins Cerep SA). Inhibition 

higher than 50% is considered significant.  

    Zebrafish larval 

CysLT1 expression analysis. RNA was isolated 

from larvae using Trizol® (Invitrogen) as per 

manufactures protocol. RNA samples were stored 

at -80°C. Concentrations of RNA were obtained 

using spectrophotometry and quality of samples 

was deciphered using optical-density (OD) 

measurements. RNA extracted from larvae was 
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reversed transcribed to produce cDNA using the 

SuperScript® III First-Strand Synthesis System for 

RT-PCR according to the manufacturer’s 

instructions. CysLT1 forward primer [5-

GGCATCTTGCGCACTCTACT-3] and CysLT1 

reverse primer [5-

GCAAAGCGTGATGACCACAG-3] were used to 

generate PCR products which were electrophoresed 

for 50 minutes/110V. Gels were visualised with a 

gel image analysing system (UVP products). 

Intensities of PCR product bands were normalised 

to β-actin and sizes verified by loading 5 µl DNA 

HyperLadder™1 onto the gel.  

HMEC-1 CysLT1 and downstream protein 

expression analysis. HMEC-1 (human dermal 

derived endothelial cells) were seeded at 250,000 

cells per well and following adherence, cells were 

serum starved for 24 hours. To assess CysLT1 

expression, cytosolic and nuclear proteins were 

extracted from cells using Buffer A (10 mM 

HEPES pH 8, 1.5 mM MgCl2, 10 mM KCl, 200 

mM sucrose, 0.5 mM DTT, 0.25% IGEPAL and 1x 

protease inhibitor) and Buffer B (20 mM HEPES 

pH 8, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM 

MgCl2, 0.5 mM DTT, 25% glycerol and 1x protease 

inhibitor) respectively. Following treatment of 

HMEC-1 cells with 10 µM Q1, Q8 or montelukast 

for 5 hours, total protein was extracted from cells 

using RIPA lysis buffer supplemented with sodium 

fluoride (Sigma), β-glycerol-phosphate (Sigma) 

protease inhibitor (Sigma) and phosphatase 

inhibitor (Sigma). Protein concentrations were 

determined using the BCA protein assay kit 

(Pierce). Expression of proteins of interest were 

determined by immunoblotting. 20 µg of protein 

was prepared in 5X sample buffer and separated by 

12% SDS/PAGE, transferred to PVDF membranes 

(Millipore), and probed with primary antibodies 

(CysLT1: Abcam, [ab151484] 1:2000, Lamin A/C: 

Cell Signaling [2032] 1:1000, Alpha tubulin: Santa 

Cruz [sc-32293] 1:200, calpain-2: Aviva Systems 

Biology [OALA08938] 1:2000, β-actin: Sigma 

[A5441] 1:5000). Membranes were subsequently 

probed with anti-rabbit horseradish peroxidase 

(HRP)-labelled secondary antibody: (Cell 

Signaling, [7074] 1:2000, or anti-mouse 

horseradish peroxidase (HRP)-labelled secondary 

antibody: Cell Signaling [7076] 1:2000). Protein 

bands were visualized by chemiluminescent 

detection using Pierce ECL western blotting 

substrate. Optical densitometry was used to 

quantitatively measure levels of expressed protein 

using ImageJ software. 
  Enzyme Linked Immunosorbent Assays. 

Following treatment of HMEC-1 cells  for 16 hours 

with 10 µM quininib analogues, secretion of VEGF 

ICAM-1, VCAM-1, Ang-1, Ang-2 and bFGF were 

analysed using multi-plex ELISAs (Meso Scale 

Discovery (MSD) on cell conditioned media 

according to manufacturer’s instructions. 

Following treatment of HMEC-1 cells  for 5 hours 

with 10 µM quininib analogues, cells lysates were 

isolated using using RIPA lysis buffer 

supplemented with sodium fluoride (Sigma), β-

glycerol-phosphate (Sigma) protease inhibitor 

(Sigma) and phosphatase inhibitor (Sigma) and 

protein concentrations were determined using the 

BCA protein assay kit (Pierce). 20 µg of cell lysates 

were analysed for levels of activated  NF-kB p65 

using a TransAM® NF-kB p65 kit (Active Motif) 

as per manufacturers instructions.  
Statistical analysis. Graphpad Prism 

version 5 was used for statistical analysis. 

Differences between group means were determined 

using a one-way ANOVA with Dunnett’s post hoc 

multiple comparison or Bonferroni’s multiple 

comparison test and student’s t-test.  
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FIGURE LEGENDS 

FIGURE 1. Analogues more effectively inhibit developmental angiogenesis compared to quininib in 

vivo. Structural skeleton of the quininib drug series and table listing the differences in chemical structure 

of all quininib analogues – a synthesis scheme for each chemical is included on patent WO 2014012889 

A1 (A). Schematic of the intersegmental vessel assay; male and female Tg(fli1:EGFP) zebrafish are in-

crossed yielding embryos which are treated with quininib analogues at 6 hpf; larvae are dechorionated and 

fixed at 2dpf and intersegmental vessels are counted by visualising under fluorescent microscopy (B). 

Ranking graph of the bioactivity of 24 salt or amine analogue formulations comparing the ability of 10 µM 

of each analogue to inhibit developmental angiogenesis in the intersegmental vessel (ISV) assay using 

Tg[fli1:EGFP] zebrafish (C). Fluorescent images of Tg[fli1:EGFP] treated with most effective 

concentrations of analogues (0.1% DMSO, 10 µM sunitinib, 10 µM Q1, 10 µM Q22, 1 µM Q8 and 5 µM 

Q18) (D). Dose response graph following re-screening of quininib analogues in the ISV assay at 

concentrations increasing from 0.1-10 µM (E). Individual experiments consisted of treating 5 embryos per 

well in duplicate (10 embryos) and individual experiments were conducted three times (N=3). Statistical 

analysis was performed by ANOVA and Dunnett’s or Bonferroni’s post hoc multiple comparison test. Error 

bars are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 

TABLE 1. Analogue ISV dose response and ranking of quininib analogues based on efficacy, potency and 

toxicity 

FIGURE 2. Quininib analogues reduce endothelial cell number after 24 hours and inhibit endothelial 

cell migration. Effect of 10 µM quininib analogues on HMEC-1 endothelial cell number using the MTT 

assay following 24, 72 and 96 hours treatment; 10,000 cells were seeded and treated in duplicate for each 

individual experiment and individual experiments were conducted three times (N=3) (A). Effect of 10 µM 

quininib analogues on HMEC-1 endothelial cell migration; 50,000 cells were seeded and treated in 

duplicate for each individual experiment and individual experiments were conducted three times (N=3)  

(B). Effect of Q8 in combination with bevacizumab on HMEC-1 endothelial cell migration; 50,000 cells 

were seeded and treated in duplicate for each individual experiment and individual experiments were 

conducted three times (N=3) (C). Migration was assessed using the xCELLigence system (Roche) and 

RTCA software allowing real time monitoring of cell migration over 8 hours;  The real-time traces represent 

averaged data of all detected/bound cells at one time point (8 hours) (C). Statistical analysis was performed 

by ANOVA and Dunnett’s post hoc multiple comparison test and student’s t-test. Error bars are mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001 

FIGURE 3. Quininib analogues inhibit human endothelial cell tubule formation and do not affect 

HMEC-1 viability. Total tubule length following tubule formation of HMEC-1 endothelial cells treated 

with 1, 3 or 10 µM quininib analogues for 16 hours; 7,500 cells were seeded in μ-slide angiogenesis wells 

(IBIDI) and treated in duplicate for each individual experiment and individual experiments were conducted 

six times (N=6) (A). Representative tubule images following treatment of HMEC-1 endothelial cells with 

10 µM quininib (Q1) or analogues Q8, Q18 and Q22 for 16 hours (B). Viability images of Q8 (0.1-20 µM) 

treated HMEC-1 endothelial cell tubules stained with calcein AM and propidium iodide; 7,500 cells were 

seeded in μ-slide angiogenesis wells (IBIDI) and treated in duplicate for each individual experiment and 

individual experiments were conducted three times (N=3) (C). Statistical analysis was performed by 

ANOVA and Dunnett’s post hoc multiple comparison test. Error bars are mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001.  

FIGURE 4. Quininib analogues inhibit VEGF-independent angiogenesis in vitro. HMEC-1 endothelial 

cell tubule formation is not affected following 16 hour treatment with bevacizumab alone, however, when 

cells are treated with a combination of recombinant VEGF and bevacizumab, a significant reduction in 

tubule formation occurs following 16 hours; 7,500 cells were seeded in μ-slide angiogenesis wells (IBIDI) 

and treated in duplicate for each individual experiment and individual experiments were conducted three 
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times (N=3) (A). Representative tubule images of HMEC-1 cells treated with bevacizumab alone or in 

combination with recombinant VEGF (B). The effects of quininib (Q1) and analogue Q8 on HMEC-1 tubule 

formation are significantly diminished when cells are treated in combination with VEGF; 7,500 cells were 

seeded in μ-slide angiogenesis wells (IBIDI) and treated in duplicate for each individual experiment and 

individual experiments were conducted three times (N=3) (C). Tubule images of HMEC-1 cells treated with 

quininib (Q1) or analogue Q8 alone or in combination with VEGF (D). Statistical analysis was performed 

by ANOVA and Dunnett’s or Bonferroni’s post hoc multiple comparison test and student’s t-test. Error 

bars are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 

FIGURE 5. Q8 has additive anti-angiogenic effects with an anti-VEGF biologic, bevacizumab. 

HMEC-1 endothelial cell tubule formation was significantly reduced following 16 hour treatment with 

analogue Q8 in combination with bevacizumab compared to treatment with Q8 or bevacizumab alone. 

Quininib (Q1) did not significantly reduce tubule formation in combination with bevacizumab compared to 

treatment with quininib or bevacizumab alone; 7,500 cells were seeded in μ-slide angiogenesis wells 

(IBIDI) and treated in duplicate for each individual experiment and individual experiments were conducted 

three times (N=3) (A). Representative tubule images of HMEC-1 endothelial cells treated with analogue 

Q8 or quininib (Q1) alone or in combination with bevacizumab for 16 hours (B). Statistical analysis was 

performed by ANOVA and Dunnett’s or Bonferroni’s post hoc multiple comparison test and student’s t-

test. Error bars are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001  

FIGURE 6. Quininib analogue Q8 is a cysteinyl leukotriene receptor-1 antagonist which affects 

inflammatory and angiogenic signalling pathways. The CysLT1 receptor IC50 of analogue Q8 was 

determined to be 4.9 µM following testing in a cell-based CysLT1 receptor antagonist assay in CHO cells 

(Eurofins Cerep SA). The assay measured calcium mobilisation using fluor-3-loaded CHO cells 

overexpressing CysLT1 and stimulated with the CysL1TR agonist LTD4. 20 µM Q8 inhibited CysLT1 

activation by 105.4%. In contrast, 30 µM Q8 produced only a 22.9% antagonism of CysLT2 receptor 

activation in HEK-293 cells. Thus, Q8 was excluded as a tangible CysLT2 antagonist as results showing an 

inhibition lower than 50% were not considered significant; treatment of cells for individual experiments 

were carried out in duplicate and each experiment was condicted 3 times (N=3). (A). CysLT1 is present in 

our angiogenesis models shown by presence of the CysLT1 transcript in zebrafish larvae at 6 hpf, 1 *dpf, 2 

dpf and 3 dpf following PCR and presence of the nuclear form of the receptor in HMEC-1 endothelial cells 

by western blot; PCR was carried out using RNA isolated from larvae during three separate experiments 

(N=3) and western blots were conducted three separate times using protein lysates from cells treated in 

duplicate during three separate experiments (N=3) (B). Western blot of HMEC-1 cells treated for 5 hours 

with 0.1% DMSO or 10 µM Q1, Q8 and montelukast. Expression of calpain-2, a putative calcium sensitive 

downstream target of CysLT1 signalling and pro-angiogenic mediator is reduced following treatment of 

endothelial cells with 10 µM Q8; the calpain-2 western blot was conducted on protein lysates from cells 

treated during three separate experiments (N=3)  (C). The levels of activated NF-kB p65 were significantly 

reduced following treatment of HMEC-1 cells with 10 µM Q8 for 5 hours, whereas treatment of cells with 

10 µM Q1 or the clinically used CysLT1 antagonist Montelukast for 5 hours had no effect on levels of 

activated NF-kB p65; NF-kB p65 ELISA was conducted using protein isolated from cells treated on three 

separate occasions in duplicate (N=3) (D). ELISA of HMEC-1 endothelial cell conditioned media following 

16 hour treatment of cells with 10 µM quininib (Q1), Q8, Q22 and Q18  revealing significant reductions in 

important pro-angiogenic mediators angiopoietin-2, VEGF, ICAM-1 and VCAM-1. Compared to other 

analogues of quininib (Q1), Q8, our highest ranking analogue, was the only compound to significantly 

reduce soluble ICAM, VCAM and VEGF; conditioned media collected from three separate experiments 

was analysed in duplicate by ELISA (N=3) (E). 10 µM Q8 does not inhibit VEGFR1 and 10 µM Q8 inhibits 

VEGFR2 and VEGFR3 by 65% and 75% respectively. However, 1-3 µM Q8 does not significantly inhibit 

VEGFR2 and VEGFR3 where 1 and 3 µM Q8 inhibited VEGFR2 by -34% and -25% respectively and 1 

and 3 µM Q8 inhibited VEGFR3 by 29% and 46% respectively. Results showing an inhibition higher 

than 50% are considered to represent significant effects of the test compounds; experiments were carried 
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out using duplicate samples during one experiment (Eurofins Cerep SA) (N=1) (F). *dpf = days post 

fertilization. Statistical analysis was performed by ANOVA and Dunnett’s post hoc multiple comparison 

test and student’s t-test. Error bars are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 

FIGURE 7. Proposed effects of combined targeting of CysLT1 and VEGFR2 during angiogenesis. 
Signalling schematic of CysLT1 and VEGFR2; following antagonism of  CysLT1, Q8 inhibits many of the 

instrumental processes which regulate angiogenesis such as cell motility, cytoskeletal reorganization, 

proliferation and survival. Ca2+ influxes following Q8 antagonism are prevented and the calcium activated 

cysteine endopeptidase, calpain-2, can no longer facilitate IkBα degradation. Hence, NF-kB is stabilised 

and will not translocate to the nucleus to induce expression of the angiogenic mediator, VEGF. 

Additionally, antagonism of CysLT1 by Q8, as demonstrated by ELISA, decreases the expression of ICAM-

1 and VCAM-1, preventing endothelial cell motility and endothelial cell precursor recruitment. The 

enhanced additive anti-angiogenic activity of Q8 is likely due to dual downregulation of VEGF by Q8 and 

bevacizumab and the exclusive effects of Q8 on secreted levels of ICAM-1 and VCAM-1 (A). 
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A.  Structures of quininib analogues             B. ISV assay  

 

 

 
 

 C. ISV screening of quininib analogues              D. ISV images - analogue treated larvae (2dpf)  

   

E. ISV dose response highest ranking analogue salts 

 

Figure 1. Analogues more effectively inhibit developmental angiogenesis compared to quininib in vivo 
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A. MTT Assay HMEC-1 cells    

                              

 

 

 

 

 

       

B.    HMEC-1 migration over 8 hours and real time migration chart 

 

 

C.  HMEC-1 combination migration over 8 hours and real time migration chart 

 

 

 

Figure 2. Quininib analogues reduce endothelial cell number after 24 hours and inhibit endothelial cell 

migration. 
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A. HMEC-1 tubule formation –analogue dose response                

 

 

 

 

 

 

 

 

 

B. Tubule images of analogue treated HMEC-1 cells          C.   Q8 treated HMEC-1 viability                                              

(Calcein AM/Propidium Iodide) 

 

Figure 3. Quininib analogues inhibit human endothelial cell tubule formation and do not affect 

HMEC-1 viability.  
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A.   Tubule formation –                                                  B.  Tubule images - Bevacizumab + VEGF165  

       Bevacizumab + VEGF165   

 

C.  Tubule formation – analogues + VEGF165                    D. Tubule formation images - analogues + 

VEGF165   

   

 

 

 

 

 

 

Figure 4. Quininib analogues inhibit VEGF-independent angiogenesis in vitro. 
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 A. Tubule formation – Q8 or Q1 + VEGF165 + bevacizumab 

 

 

 

 

 

 

 

 

 

 

 

B. Tubule formation – analogues + VEGF165 + bevacizumab 

 

Figure 5. Q8 has additive anti-angiogenic effects with an anti-VEGF biologic, bevacizumab. 
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A.  Q8 IC50 of CysLT1                     D. Analogue effect on NF-kB activation 

 

 

 

        

 

 

 

B. Expression of CysLT1 in zebrafish larvae and HMEC-1 cells 

                
 

      

      

 E. HMEC-1 ELISA    

     

                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C.  Analogue effect on calpain-2 expression                                      

                                                            

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Quininib analogue Q8 is a cysteinyl leukotriene receptor-1 antagonist which affects 

inflammatory and angiogenic signalling pathways. 
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Figure 7. Proposed effects of combined targeting of CysLT1 and VEGFR2 during angiogenesis. 
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