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1.1.1.2 Intravasation 
 

To intravasate, invading carcinoma cells must first enter into lymphatic or blood 

vessels derived from the tumour neovasculature or located next to the tumour 

(Reymond et al., 2013). Whereas lymphatic spread of cancer cells is usually 

investigated in human tumours and represents a significant prognostic marker 

for cancer progression, spread through the haematogenous circulation 

represents the main mechanism by which metastatic cancer cells disseminate 

(Gupta and Massague, 2006). Intravasation is facilitated by molecular 

alterations that enhance the ability of cancer cells to pass barriers of endothelial 

cell that form the micro-vessels walls (Sonoshita et al., 2011). The mechanisms 

of intravasation are likely to be strongly impacted by the structural 

characteristics of tumour associated blood vessels through the mechanisms 

shown in Figure 2, many of which converge on the actions of vascular 

endothelial growth factor (VEGF). Cancer cells develop and form new blood 

vessels in their local microenvironment by the process of neoangiogenesis 

(Carmeliet and Jain, 2011).  
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Figure 2: Mechanisms of tumour angiogenesis. 

Angiogenic factors such as VEGF, vascular endothelial growth factor; PDGF, platelet-derived 

growth factor and FGF, fibroblast growth factor are secreted from the tumour and surrounding 

cells to regulate and enhance main stages in angiogenesis. Endostatin directly interacts with 

VEGFR-2 to inhibit VEGF and bFGF, binding, and inhibits integrin function and MMP-2 activity in 

endothelial cells. Angiopoietin (Ang-1) and Ang-2, angiostatin and platelets factor 4 are also 

involved. Adapted from (Zhao and Adjei, 2015).  
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1.1.1.4 Extravasation 
 

Cancer cells in the blood stream may begin growth and form a microcolony 

that ultimately breaches the walls of surrounding vessels and extravasates into 

the tissue parenchyma (Al-Mehdi et al., 2000). Otherwise, tumour cells may 

pass from the lumina of vessels into the tissue parenchyma by crossing 

pericyte layers and the endothelial cells that separate the lumina of vessels 

from the stromal microenvironment (Wyckoff et al., 2007). 

Primary tumours are able to secrete factors that disrupt these 

microenvironments and enhance vascular hyperpermeability in order to 

conquer physical barriers to extravasation that work in tissues with low 

microvascular permeability (Padua et al., 2008). For instance, the secreted 

protein angiopoietin-like-4, in addition to the pleiotropically acting factors such 

as EREG, COX-2, MMP-1, and MMP-2, perturb pulmonary vascular 

endothelial cells junctions in order to promote the extravasation of breast 

cancer cells in the lungs (Gupta et al., 2007). In addition, MMP-3, MMP-10, 

angiopoietin-2, VEGF and placental growth factor secreted by different types 

of primary tumours are able to induce pulmonary hyperpermeability prior to the 

arrival of cancer cells in the lungs, thereby facilitating the subsequent 

extravasation of cancer cells in the bloodstream (Hiratsuka et al., 2011; Huang 

et al., 2009; Weis et al., 2004). Lastly, inflammation monocytes recruited to 

pulmonary metastases by CCL2-dependent mechanisms induce the 

extravasation of breast cancer cells in the lungs by releasing VEGF (Qian et 

al., 2011). 
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1.1.1.5 Micro-metastasis formation 
 

Extravasated cancer cells need to survive in the foreign microenvironment that 

they encounter in distant tissues. The micro-environment of the metastatic site 

typically varies significantly from that in the existing site of primary tumour 

formation. These micro-environmental variations may include the ECM 

components, stromal cells, cytokines and growth factors, in addition to 

hematopoietic progenitor cells that adapt to the local microenvironments by 

producing MMP-9.  Activation of MMP-9 at the new locus of metastasis may 

lead to stimulation of many integrins, as well as the release of molecules  such 

as the chemoattractant stromal cell-derived factor-1 (SDF-1), that have been 

isolated in the ECM (Psaila and Lyden, 2009). Significantly, it is believed that all 

of these events occur prior to tumour cells arriving in metastatic sites. In order 

to survive in these foreign locations and produce small micro-metastases, it has 

become clear that tumour cells organise complex mechanisms to adapt distant 

microenvironments (Zhang et al., 2009). 

 

1.1.1.6 Metastatic colonisation 
 

Most of the disseminated tumour cells persist as micro-colonies over periods of 

weeks or months. The metastatic tumour cells could proliferate continually. Due 

to the counterbalancing effects of a high apoptotic rate, a net increase in their 

overall number may not occur, however. The underlying mechanisms of high 

tumour cell attrition rate remain unclear.  A failure of the spreading tumour cells 

to trigger formation of new blood vessels is suggested as one explanation for 

this phenomenon, however (Chambers et al., 2002).  
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Furthermore, the capacity of spreading tumour cells to escape and to start 

effective proliferation may rely on cell non-autonomous mechanisms which are 

required to switch foreign microenvironments into most hospitable niches. For 

instance, the outgrowth of tumour cells may rely on the activation and 

mobilisation into the bone marrow-derived cell circulation and the sequential 

recruitment of these cells to a metastatic site. In some conditions, these 

processes might be activated by systemic signals secreted by cancer cells, 

such as SDF-1 (Hiratsuka et al., 2011; McAllister et al., 2008). 

Investigating blood samples of cancer patients has shown the number of cancer 

cells (circulating tumour cells) far exceeds the number of overt metastatic 

lesions that develop. Tumour cells that survive after infiltrating certain organs, 

known as disseminated tumour cells, can be found in the bone marrow of 

tumour patients for a long time and yet only almost half of these patients 

progress overt metastasis. These clinical observation indicate that metastatic 

colonisation is a very ineffective process in which the majority of cells die and 

only small numbers survive and form macro-metastases (Massague and 

Obenauf, 2016). 

Findings using experimental mouse models are in agreement with clinical data. 

For instance, intravenous injection of cancer cells in mouse models leads to the 

death of the majority of cells within two days after they are filtered by the lungs 

(Wong et al., 2001), also happens when arterially injected cancer cells  reach 

the liver and brain (Minn et al., 2005).  
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1.2 Basic processes of leukaemia  
 

Leukaemia is an uncontrolled proliferation of white blood cells leading to 

increased numbers in the bone marrow and blood. Leukaemias are categorised 

as acute or chronic, and on cell type, such as myelogenous or lymphocytic. The 

key classes of leukaemia are acute myeloid leukaemia (AML), chronic myeloid 

leukaemia (CML), acute lymphoblastic leukaemia (ALL), and chronic 

lymphocytic leukaemia (CLL) (Ball and Kagan, 2007).   

The process of leukaemia transformation is based not only on increased 

proliferation but also, at least to some extent, on decreased apoptosis. 

Dysregulation of the processes controlling programmed cell death lead to 

prolong the life span of cells, leading to spread of leukaemia cells (Schnerch et 

al., 2012). 

Moreover, the formation of new blood vessels and angiogenic factors are 

involved in the dissemination of some leukaemias. Increased vascularity has 

been reported in paediatric ALL (Perez-Atayde et al., 1997), AML (Hussong et 

al., 2000) and myelodysplastic syndrome (MDS). VEGF expression is a 

prognostic factor in AML (Aguayo et al., 1999). This suggests that  angiogenic 

factors might have a direct impact on vascularity of bone marrow as well as on 

leukaemia cells (Aguayo et al., 2000).  

Spreading in ALL involves migration of leukaemia cells within the bone marrow 

microenvironment and into the peripheral circulation. This migration is promoted 

at least partly because of VEGF/placental-derived growth factor (PDGF) 

stimulation of leukaemia cells within the bone marrow (Fragoso et al., 2006).  

Also, PLGF or VEGF stimulation of AML cell lines leads to an increase in cell 

migration over non-stimulated cells (Casalou et al., 2007). The 
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A specific characteristic of integrins is their increasing ligand binding through 

affinity maturation which progresses from low affinity (inactive) to a high affinity 

(active) state (Figure 6) and which can be induced by high affinity ligands or by 

inside-out signalling (intracellular signalling events). Ligand binding enhances 

allosteric alterations in the receptor conformation, resulting in the activation of 

intracellular signalling pathways, including PI3K-PKB-mTOR, Ras-MAPK and 

small GTPases such as Rho, Rac pathways (outside-in signalling) (Alghisi et 

al., 2009; Hynes, 2002b).  Integrin activation involves binding the cytoplasmic 

tail to talin. Talin is a high molecular weight cytoskeletal protein capable of 

linking integrins (Burridge and Connell, 1983). This leads the headpiece of the 

extracellular domain to extend to a vertical position above the cell surface, 

exposing the ligand binding site. This, in turn, permits the instigation of several 

signalling pathways (inside-out and outside-in signalling pathways) by enlisting 

intracellular molecules to bind to the cytoplasmic tail (Kim et al., 2011).  
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Figure 8: Integrin mediated signalling pathways. The composition of the ECM, its mechanical 

properties, and the environment of growth factors regulate the outside-in signalling by integrins in 

interacting with growth factor receptors. Growth factor signalling co-operates with integrin-

mediated signalling on different levels: by regulating the affinity of the integrin for ECM ligands (I), 

by regulating the activity of integrin-intracellular effector proteins such as FAK, PI3K, and Src (II), 

and by regulating the downstream effectors activity such as, Akt, JNK, ERK and Rho GTPases 

(III). The essential signalling module downstream from integrins is the Src/FAK complex, which 

stimulates ERK and JNK and ERK to regulate proliferation, differentiation and cell survival. Also, 

through activation of Crk/Dock180 or alternatively PIX/GIT pathways, the Src/FAK complex 

regulates activity of Rho GTPase, leading to cytoskeletal reorganization and regulation of 

adhesion, migration and polarity. Integrins also activate PI3K, which in collaboration with integrin 

linked kinase (ILK) and mTOR, controls cell survival by Akt. Cross-talk between the several 

pathways. Adapted from (Legate et al., 2009).  
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Table 2: Primary antibodies (PAbs) and secondary antibodies (2Abs) used in immunofluorescence studies and flow cytometry. 
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2.3.3.6.5  Fixation and paraffin embedding of spheroids  
 

Spheroids were collected using a micropipette into 20 ml universal tube and 

they were left to settle as sediment. Media was removed, and PBS added for 

washing. The cell pellets were then fixed with 2 ml Bouin's solution (composed 

of 70% acetic acid, 5% picric acid and 25% formaldehyde in an aqueous 

solution) for 75-100 minutes at room temperature. 

Bouin's solution was drained off, and spheroids were washed with 70% ethanol 

3 times until the solution became colourless as much as possible (removing 

yellow colour of Bouin's solution) and then left in 70% ethanol at room 

temperature until the embedding processing.  

Spheroids were then immersed in 90% ethanol/water for 1hr., followed by two 

changes of absolute (100%) ethanol after 30 minutes for each change and 

replaced with 100% xylene twice for 30 minutes. Afterwards, spheroids were 

transferred for embedding moulds with a small amount of xylene, then covered 

with liguid paraffin and left in an oven at 68 °C for 30 min. The paraffin/xylene 

mixture was removed, and the melted paraffin was added and left again in the 

oven for 5 minutes. This step was repeated two times. In the final stage 

spheroids were centered in the middle of the mould covered with fresh paraffin. 

Transfer moulds were stood on a cold plate for 2 - 3 hours then stored in the 

freezer at -20 °C. 
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2.3.3.6.6 Immunohistochemistry 
 

2.3.3.6.6.1  APES coating slides 
 

Slides coated with 4% 3-aminopropyltriethoxysilane (APES) in acetone before 

using for paraffin-embedded (PE) spheroids sections. The slides were 

sequentially immersed in 100% acetone and 4% APES, then washed in running 

tap water twice for 2 minutes each.  

 

2.3.3.6.6.2  Paraffin-embedded spheroids 
 

Sections (5 µm thick) of paraffin embedded spheroid blocks were cut using a 

microtome and mounted on super frost plus slides (BDH, Poole, UK). The slides 

were dried on a hot plate at 40°C for 2 - 3 hrs. Then the sections were 

subjected to H&E staining and immuno-detection. 

 

2.3.3.6.6.3 H&E staining for Formalin Fixed Paraffin Embedding (FFPE) 

sections 
 

Sections on APES slides were dewaxed by incubating for 5 min in 100% xylene 

(two times) and 50% xylene-ethanol and then rehydrated by incubating 

consecutively for 5 min in absolute ethanol (twice), 90% ethanol and finally 70% 

ethanol. Slides were stained first with Harris haematoxylin for 10 minutes 

followed by washing in running tap water, and then incubated in acid alcohol 

(0.5% HCl in 70% ethanol) for 5 seconds. Then excess haematoxylin was 

removed from the cells leaving the nuclei, but not cytoplasm strongly stained 

red. Again, the slides were briefly washed in tap water. Excess stain was 

removed from the section by washing with tap water for 5 minutes and 
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sequentially in 70% ethanol, 90% ethanol, absolute 100% ethanol, 50% xylene-

ethanol, 100% xylene and 100% fresh xylene (5 minutes each). Slides were 

mounted with coverslips by using DPX slide mount medium. 
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Figure 9 : Cellular growth curves. (A) K562 were assessed using a haemocytometer method and growth curves of prostate cell lines, (B) PC-3, (C) DU-145 and (D) 

LNCap, were assessed by the MTT assay (see sections 2.3.3.3 and 2.3.3.3 for details). Data are shown as mean ± SE of 3 independent experiments.

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 1 2 3 4 5 6 7

Ab
so

rb
an

ce

Time (days)

DU145
1X10² cell/ml

5X10² cell/ml

1X10³cell/ml

5X10³cell/ml



































  

84 
 

successful model for spheroids due to increasing in their size without coherent 

compacting together (Figure 20 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Formation of spheroids in 96 well plates. (A) Transmission microscope images of 

MCF-7 and K562 spheroids. Scale bar = 100 µm at 20X objective lens. (B) Effect of time of 

incubation on spheroid diameter. Values are the average of 3 independent experiments and error 

bars are SE. 

A Day 1 Day 3 Day 5

M
C

F-
7

 K
56

2

B

0

200

400

600

800

1000

1200

Day 1 Day 3 Day 5

S
ph

er
oi

ds
 d

ia
m

et
er

 (µ
M

)

MCF-7

K562



  

85 
 

 

2.4.4.2 Spheroid histology  
 

Haematoxylin and Eosin (H&E) staining was carried out on MCF-7 spheroid 

sections at day 3. Microscopic examination revealed the spheroid to be clearly 

differentiated with the presence of mitotic nuclear and cytoplasmic regions and 

absence of necrotic or hypoxic regions (Figure 21). 

  

   

Figure 21: Histology of MCF-7 cell spheroids. Spheroids were processed and stained with 

H&E staining at day 3. Scale bar = 25 µm and 100 µm at 10X and 40X objective lens 

respectively. 

 

  

 10X 40X

M
C

F
-7

























  

97 
 

3.3 Materials and methods 

3.3.1 Materials 

 

Human tumour cell lines K562 and DU145 were maintained as described in 

section 2.2.2.1. All reagents if not specified, were obtained from Sigma-Aldrich 

(Poole, UK). Primary antibodies and secondary antibodies used in 

immunofluorescence and flow cytometry are as listed in Chapter 2, Table 2. 

Primary antibodies and secondary antibodies used in Western blotting are 

summarised in Table 5
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Figure 39:  Effect of PMA (40nM) on K562 cell viability. Cells were treated with 40 nM PMA for 

24 and 40 hours. Cell viability was determined using the MTT assay as described in section 

2.3.3.4. Data are shown as mean ± standard error of 3 independent results. ** indicated p <0.01, 

*** indicated p < 0.001. 
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Table 6 : Molecular weights of novel antagonists. See insert card for 

structures (confidential due to intellectual property embargo). These compounds 

were synthesised by Dr. Helen Sheldrake.  

        ICT compounds Molecular weight (g/mol) 

ICT9001 305 

ICT9025 517 

ICT9026 475 

ICT9055 542 

ICT9066 345 

ICT9072 474 

ICT9073 516 

ICT9085 500 

ICT9094 557 

ICT9099 542 

ICT9101 514 

ICT9103A 600 
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Figure 41: Diagram of Transwell migration assay. Cells are added to the upper chamber and 

then migrate through the porous membrane and adhere to the bottom surface of the membrane in 

response to the chemoattractant added to the lower chamber. This diagram was modified from 

(Strazielle et al., 2016).  
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Outlines of counted migrated cells

Fluorescence image   

Clipboard (blue)  

Binary image   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42: Analysis of Transwell migration assay using ImageJ. The fluorescence images 

were analysed through Image J and images converted to binary for Image J recognition then cells 

were counted using Image J.  
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Figure 43: Evaluation of the cytotoxicity of GR144053 and cRGDfV on K562 cells using the 

MTT assay. Cells (± 0.04 µM PMA) were exposed to the drugs for 4 hrs and 96 hrs. 
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Figure 44: Measurement of the cytotoxicity of GR144053 and cRGDfV on MCF-7 cells using 

the MTT assay. Cells were exposed to the drugs for 4 hrs and 96 hrs.  
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Figure 51: Effects of GR144053 and cRGDfV on K562 adhesion to fibrinogen. K562 cells 

(±0.04µM PMA) were treated with the compounds for 4 h. Values are the average of 3 

independent experiments and error bars are SE. P values: * p<0.05 and ** p<0.01.     
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Figure 53: Effect of small molecule integrin antagonists on K562 cell adhesion to fibrinogen. (A) Representative images the fibrinogen adhesion assay 

with K562 cells treated with the indicated concentrations of ICT9055 for 4 hours compared to untreated cells. (B) Quantification of anti-adhesive effects of 

ICT9055, ICT9072 and ICT9073 on K562 cells with (red lines) and without (blue lines) 0.04µM PMA * p <0.05, ** p < 0.01, *** p < 0.001. 
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Figure 54 A: Effect of small molecule integrin antagonists on K562 cell adhesion to fibrinogen. Quantification of anti-adhesive effects of ICT9001, 

ICT9025, ICT9026, ICT9066, ICT9085 and ICT9094 on K562 cells with (red lines) and without (blue lines) 0.04µM PMA. * p <0.05, ** p < 0.01. 
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Figure 54 B: Effect of small molecule integrin antagonists on K562 cell adhesion to 

fibrinogen. Quantification of anti-adhesive effects of ICT9099, ICT9101 and ICT9103A on K562 

cells with (red lines) and without (blue lines) 0.04µM PMA. * p <0.05, ** p < 0.01. 
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Figure 56: Effect of small molecule integrin antagonists on MCF-7 cell adhesion to fibrinogen. (A) Representative images the fibrinogen adhesion assay 

with MCF-7 cells treated with the indicated concentrations of ICT9055 for 4 hours. (B) Quantification of anti-adhesive effects of ICT9055, ICT9072 and ICT9073 

on MCF-7 cells. * p <0.05, ** p <0.01.  
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Figure 57 A: Effect of small molecule integrin antagonists MCF-7 cell adhesion to fibrinogen. Quantification of anti-adhesive effects of ICT9001, 

ICT9025, ICT9076, ICT9066, ICT9085 and ICT9094 on MCF-7 cells compared to untreated cells. * p <0.05, ** p < 0.01.  
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Figure 57 B: Effect of small molecule integrin antagonists MCF-7 cell adhesion to 

fibrinogen. Quantification of anti-adhesive effects of ICT9099, ICT9101 and ICT9103A on MCF-7 

cells compared to untreated cells. * p <0.05.  
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4.4.3.6.1 Effect of ICT9055 on the viability of non-adherent cells.  
 

To further investigate the mechanism of action of ICT compounds on cancer cell 

lines, the most active compound, ICT9055, was selected for use in a viability 

assay. The viability of non-adherent cells collected during adhesion assays was 

determined using the trypan blue exclusion test. The results showed no 

apparent effect on the K562 cells (±PMA) after 4 hours of treatment. However, 

at 24 hours, cell viability was reduced by both ICT9055 and control compounds. 

The viability of MCF-7 cells was decreased after both 4 and 24 hours. Hoechst 

staining was used to determine whether the cell death in this assay was 

associated with apoptotic changes by IF. Cells with signs of apoptosis 

(fragmented nuclei) were observed (Figure 58 A and B and Figure 59 A and B). 
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Figure 58 B: Viability of K562 non-adherent cells upon ICT9055 treatment. (A) Viability of 

K562 (±PMA) cells treated with ICT9055 for 4 hrs determined using the trypan blue assay. (B) 

Viability of K562 (±PMA) cells treated with ICT9055 for 24 hrs determined using the trypan blue 

assay. * P<0.05. 
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Figure 59 B: Viability of MCF-7 non-adherent cells upon ICT9055 treatment using the 

trypan blue assay. (A) MCF-7 cells treated with ICT9055 for 4 hrs determined using the trypan 

blue assay. (B) Viability of MCF-7 cells treated with ICT9055 for 24 hrs determined using the 

trypan blue assay. * p<0.05.  
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Figure 65: Effects of ICT9055 on MCF-7 cell adhesion. Cells were treated with the stated 

concentration of compound for 2, 4 and 6 hours, then number of detached cells quantified by 

counting with haemocytometer. (A) Number of detached cells (B) Number of remaining attached 

cells. Values are the average of 3 independent experiments and error bars are SE. * p <0.05 ** p 

< 0.01 and *** p < 0.001.
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Figure 68: Induction of MCF-7 cells from fibrinogen by ICT compounds. Cells were treated with the stated concentration of compound for 6 h, then number of 

detached cells quantified by counting with haemocytometer. (A) Number of detached cells (B) Number of remaining attached cells. Values are the average of 3 

independent experiments and error bars are SE. * p <0.05 ** p < 0.01, *** p < 0.001.
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4.4.5  Transwell migration assays 
 

The ability of K562 and MCF-7 cells to migrate through a porous membrane 

was investigated in order to determine whether models are fit for measuring 

inhibition of migration. 

 

4.4.5.1 Cell migration  
 

Cell migration depends on the ability of cells to move from one area to another 

in response to a chemoattractant. The transwell migration assay was optimised 

using different concentrations of FCS as a chemoattractant. The best results 

were obtained with unstimulated K562 and MCF-7 cells.  K562 cells treated with 

PMA were unable to migrate through the pores successfully (Figure 69 and 

Figure 70)
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Chapter 5: General discussion, conclusion 

and future work 

 

  



 

224 
 

4.6  General discussion 
 

Metastasis depends on the regulation of some specific cellular properties, 

amongst them cell survival/programmed cell death, cell migration/invasion and 

cell proliferation. These processes are partially regulated by cell attachment and 

detachment, which require the involvement of integrin receptors. Integrins are 

also recognised as being important for mediating cell migration in tumours 

(Felding-Habermann et al., 2001; Huttenlocher and Horwitz, 2011), in addition 

to interactions of tumour cell and tumour cell-platelet binding (Weber et al., 

2016), functions which are essential for immune evasion and metastasis 

(Yacobovich et al., 2016). 

The expression of selected integrins is upregulated, often dramatically, during 

human cancers and inflammatory diseases (Raab-Westphal et al., 2017). 

Therefore, due to their involvement in these process have become popular 

targets in the battle against metastasis (Ganguly et al., 2013).  

Small molecule drugs are popular as antagonists as they have better stability 

and are less costly to manufacture than antibodies (Millard et al., 2011). For 

example, pharmacokinetics of small molecules are often better than antibodies 

in vivo; half-life, typically less than 5 hours and attractive plasma protein binding 

and daily dosing. Antibodies may have half-lives of many weeks and require 

monthly dosing and no renal filtration. They are also subject to target mediated 

clearance (Carter, 2006; Hatley et al., 2017; Vugmeyster et al., 2012). 

Integrin targeted therapies are employed in two strategies: blockade of integrin 

function; and the utilisation of integrin expression patterns to facilitate drug 

delivery (Currier et al., 2016). Blockade of integrin function has so far been the 

main therapeutic strategy that has reached the clinic (Raab-Westphal et al., 
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Appendix II: Analysis of Scratch assay of MCF-7 
 

Migration of MCF-7 cell lines was assessed by the scratch assay. 1x105 

cells/ml were seeded into 24-well plates and incubated at 37 °C for 24 hours. 

After 24, 48 and 72 hours, the appearance of the monolayer was examined 

visually. The scratch was not healed after 72 hours due to slow wound closure, 

meaning MCF-7 could not be used in this migration assay.  
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Appendix XIII: Table 14: Summary of the effect of ICT compounds on the functional assays. NT: Not Tested  
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NT NT
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